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Abstract: We consider two strictly related models: a solid on solid interface growth
model and the weakly asymmetric exclusion process, both on the one dimensional lattice.
It has been proven that, in the diffusive scaling limit, the density field of the weakly
asymmetric exclusion process evolves according to the Burgers equation [8, 13, 18] and
the fluctuation field converges to a generalized Ornstein-Uhlenbeck process [8, 10]. We
analyze instead the density fluctuations beyond the hydrodynamical scale and prove that
their limiting distribution solves the (non linear) Burgers equation with a random noise
on the density current. For the solid on solid model, we prove that the fluctuation field of
the interface profile, if suitably rescaled, converges to the Kardar—Parisi—Zhang equation.
This provides a microscopic justification of the so called kinetic roughening, i.e. the
non Gaussian fluctuations in some non-equilibrium processes. Our main tool is the
Cole-Hopf transformation and its microscopic version. We also develop a mathematical
theory for the macroscopic equations.

1. Introduction

The hydrodynamic behavior of physical systems is usually described by (non linear)
PDE’s. This description is in most of the cases approximate and, to model various
neglected effects, a random forcing term can be added to the macroscopic equation. One
is particularly interested in scale invariant forces, of which the space-time white noise
is a typical example. This choice however introduces small scale singularities and poses
the problem of the existence of the stochastic dynamics even when the deterministic
equation is known to have good smoothing properties. Most rigorous results are restricted
to one space dimension and several substantial problems appear in higher dimensions,
see e.g. [1, 16]. On the other side, the question whether non linear stochastic PDE’s, at
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least when they are well defined, are faithful descriptions of the evolution of suitable
quantities defined on some particle dynamics is very natural. Moreover, by looking at
some particle models, one may hope to understand how to construct infinite dimensional
diffusions associated to some ill-posed stochastic PDE’s. The aim of this paper is to
derive a stochastic version of the viscous Burgers equation and the Kardar—Parisi—Zhang
(KPZ) equation as scaling limits of microscopic particle models. We shall focus mainly
on the latter topic referring to Appendix B for a precise statement of our results on the
stochastic Burgers equation.

Consider a random growth model, as an example one may consider a Glauber
dynamics for a ferromagnetic model at low enough temperature with an external positive
magnetic field: if initially the system shows regions in which there is predominance of
plus spins (favoured phase) and others in which there is predominance of minus spin
(unfavoured phase), the favoured phase will expand, invading the regions occupied
by the unfavoured phase. The separation layer between the two regions is then called
interface; we refer to [20] for a more detailed introduction as well as an overview of
different models. We stress that, unless the temperature is zero, the interface cannot be
described microscopically as a separation line, because it has a thickness [20]. We are
however going to study an effective model in which the interface is sharp and we will
not face this problem.

The KPZ Eq.[17] has been proposed to describe the long scale behavior of the inter-
face fluctuations. In this theory, through a coarse groaning procedure, the fluctuations
of a d dimensional interface (embedded in R%*') are described, in a local coordinate
system, by a single valued function R¢ 5 r — h(r) which represents the interface
height and evolves according to the (ill-posed) non linear stochastic PDE,

Oihy = %Aht - %(Vh,)z + W, 1.1)

where V is the space gradient, A the Laplacian and W, is the space-time white noise,
ie.

E (W.(r) We(r")) =6t — ') 6(r — 7). 1.2)

A striking feature of growth processes is the roughness of the cluster surface, the
so-called kinetic roughening. This is reflected by the presence of large and non Gaussian
fluctuations, i.e. in the non-linearity of (1.1). The KPZ Eq.(1.1) is heuristically motivated
within the renormalization group ideas: a general local dependence on the gradient Vh
is assumed, but the only non irrelevant term is the second order one. Accordingly, it
is believed to be universal, i.e. independent, within a certain class, of the particular
microscopic model.

We consider here only the one dimensional case, d = 1. We note that even in this
case the mathematical interpretation of (1.1) is not obvious. This is best seen by trying
to solve (1.1) as a perturbation of the associated Ornstein—Uhlenbeck process, defined
by the same equation with the non linear term missing. The typical realizations of that
process are in fact continuous in r, but not differentiable: the interpretation of the non
linearity becomes then a non trivial point. Through a limiting procedure and a Wick
renormalization of the non-linearity, see [1, 16] for the somehow analogous problem of
the stochastic quantization of P(¢),, we shall characterize uniquely a process associated
to the Eq. (1.1). On the other hand we will not prove that it is the solution of a limiting
equation. In fact we are not even able to write a meaningful version of (1.1).

We are going to focus on the derivation of the stochastically perturbed hydrodynamic
Eq.( 1.1), as ascaling limit of a microscopic interface model. Therefore proving, in a very
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particular case, the universality hypothesis of the KPZ model. The conventional picture
in the hydrodynamic limit [27] presents the deterministic equation as a law of large
numbers for the density fields and the fluctuations around the hydrodynamic behavior
as a central limit theorem. The fluctuations are thereby described by a Gaussian process
(generalized Ornstein—Uhlenbeck process). We stress that such a process is the solution
of a linear stochastic PDE, precisely the linearization of the hydrodynamic PDE, to
which a random force term is added. To see the randomness and the non-linearity in
the limiting process, as in (1.1), one is thus forced to analyze the fluctuations fields
beyond the hydrodynamic scale. This possibility has been successfully pursued for one
dimensional (non equilibrium) critical fluctuations in a local mean field theory (4, 12]
and for other one dimensional long range models [25].

More precisely, in this paper we prove that Eq. (1.1) can be derived as the scaling
limit of the fluctuation field for a microscopic growth model, the weakly asymmetric
single step solid on solid process (SOS), which can be roughly described as follows.
It is a model in which the microscopic interface is given as a single valued function
¢ : Z — Z. 1t furthermore obeys the single step constraint |((z + 1) — {(z)| = 1. The
random dynamics is then specified by the following growth rules: local minima become
maxima with rate 1/2 + 1/ whereas local maxima become minima with rate 1/2. This
occurs independently at each site, no other transition is allowed. This process models
a local evaporation/deposition and establishes a growth direction. We stress that, for
future convenience, we have denoted by /¢ the strength of the asymmetry. We finally
mention that this model can be obtained from the Metropolis dynamics for a two-dimen-
sional Ising model in the limit in which the external magnetic field and the temperature
converge to zero but their ratio is fixed and given by /€, see [20].

To explain the scaling we shall consider, let us first recall the hydrodynamic limit
and the Gaussian hydrodynamic fluctuations for this model. These results follow from
the fact that SOS can be easily represented, as we shall see, in terms of the weakly
asymmetric exclusion process (WASEP) for which the analogous results are proven in
[8, 10, 13, 18].

Let us introduce a macroscopic coordinate ¢ = 1/¢ x such that the strength of the
asymmetry coincides with the scaling parameter. In this coordinate system the interface
position is given by

mi(g) = V& ey (71/%) (13)

where ((z) is defined by linear interpolation for non integer . Above we scaled the
microscopic coordinate z, the interface height ¢ and the microscopic time ¢ diffusively,
namely z ~ ¢ ~ ¢~1/2,t ~ ¢~!. Assuming that m§ converges, as ¢ — 0, to a
differentiable function my, then (see [8, 13, 18] for a precise statement) m¢ converges
in probability to a function m, = m,(g) which solves

1 1
dymy = 5 Am, + 5 [1- (Vm,)?] (1.4
in which the Laplacian is due to the symmetric part of the evolution and the other term
to the asymmetric drift, which is of order one in this time scale since the force is ~ €!/2.

In order to understand the structure of the (random) forcing term which describes
the corrections to (1.4) for non zero &, one introduces the interface fluctuations as

Yi@y=eT (/2 ¢ e 2g) — my(9)] s
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in which £~1/4 is the usual (CLT) normalization. In [8, 10] the central limit theorem
associated to the law of large numbers (1.4) is proven. It states that Y* converges in
distribution to a process Y, = Y,(q) which solves the linear stochastic PDE

8,Y, = % AY, — Vm, VY, + /1= (Vm,)? W,, (1.6)

in which the deterministic function m, is given and it is precisely the solution of (1.4).

As we mentioned above we shall consider the fluctuation field for SOS beyond the
first non trivial hydrodynamic scaling, which is here the diffusive scaling ¢ = !/ ,
s = e t. To this end let us note that, according to (1.3), (1.4) the evolution of an
homogenous flat interface { = const. is given by {; = (o + (1/2)€!/%. We shall
consider a ¢!/2 perturbation which varies on the (longer) scale r = ¢ z. Set Z§(r) :=
€!/2 (¢o(e'r) — {o); we therefore assume there exists a function (it may be random)
ho € C(R) with at most linear growth for r — 00 such that

Z§(r) = ho(r) + o(1), [i%))

where o(1) is infinitesimal as ¢ — 0.

We then look at the interface height on the diffusive scaling = € z, T = €2 t. Recall
in fact that the asymmetry is €!/2, so that this new scaling is different from the previous
one. Set Z¢(r) := €'/2 ((,-2,(¢~'r) = {;-2,); we shall prove that

Z7(r) = h:(r)+o(1), (1.8)

where h, = h,(r) is the solution of the KPZ equation (1.1) with initial condition h.

The KPZ equation is then to be interpreted as describing the long scale behavior
of small fluctuations around a flat interface. We note in fact that in [17] is introduced
a small gradient assumption. In our setting it is precisely formulated as the condition
(1.7) on the initial profile. We also note that such a condition is quite natural in the
analysis beyond the hydrodynamic scale. It is what has been called, in the context of the
derivation of the Navier-Stokes equation as next order correction to the Euler Eq.[11],
the incompressible limit condition. We finally mention that the (informal) statement
(1.8) is not completely correct: in our analysis we shall find a contribution from the
fluctuations to the deterministic growth of the homogeneous profile. In particular the
function ; has to include a lower order correction, i.e. {; = (o +1/2¢'/2t — 1/24¢3/2¢.

The real issue behind this result is whether a profile satisfyirig (1.7) is stable under
the microscopic evolution. In other words we are asking what happens to a perturbation
of order £'/2 (varying on the space scale ¢~!) after a time ¢~2 and, to derive the non
linear Eq.(1.1), some propagation of chaos type result is needed. We note that for the
weakly asymmetric exclusion process the propagation of chaos has been proven in a
very strong form up to the hydrodynamic scale [8, 13], however those results do not
hold in our regime; for instance we are exactly at the time scale in which the analysis in
[9] breaks down.

Our results are obtained by using a non linear map, the Cole-Hopf transformation,
which reduces (1.1) to a linear equation with multiplicative noise. For the microscopic
process a similar transformation has been introduced in [13] and the transformed process
solves a semimartingale equation with a linear drift. This technique is peculiar of the
model introduced and the type of results we obtain do not seem to be, at the moment, in
the domain of application of more general tools.
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Outline of the paper. In the next section we explain the rigorous meaning of the KPZ
equation, define the microscopic processes and state our main result on the convergence
of the fluctuation fields to the solution of the KPZ equation. In Sect. 3 we introduce the
Cole-Hopf transformation which reduces (1.1) to a linear equation with a multiplicative
noise and the corresponding transformation for the microscopic process. At the end
of that section it is also shown how the results on the transformed process imply the
main result (convergence to the KPZ equation). The proof of the scaling limit for
the transformed process is carried out in Sect. 4. Finally in Sect. 5 we prove some
properties of the macroscopic Eqs. . The (equivalent) formulation of our results for the
stochastic Burgers equation and the weakly asymmetric exclusion process can be found
in Appendix B.

2. Notation and Main Results

Throughout all the paper the space of continuous functions on the real line C(R) is
equipped with the topology of uniform convergence over compact sets. As test functions
we use the space D(R), i.e. the function in C§°(R) with the inductive limit topology; its
strong topological dual D’(R) is the space of distributions. For H a topological space
and T > 0, D([0, T]; H) is the Skorohod space of #-valued functions with cadlag
trajectories [23]. Since the Skorohod topology relativized to C([0,T'}; 1) coincides
with the uniform topology [5], we may (and sometimes do) consider random functions
in C([0, T'}; H) as elements of D([0, T]; H).

The processes we are dealing with are to be considered over an arbitrary but fixed
macroscopic time interval [0, T']. We will be mainly concerned with the weak conver-
gence of sequences of stochastic processes; following the usual notation we denote this
convergence by the double arrow = stressing this notion of convergence depends upon
the topology used on the path space.

2.1 The KPZ equation. Before stating our main result on the convergence of the
fluctuation field of the microscopic interface model, we explain the rigorous meaning
of the KPZ Eq.(1.1).

Let W;, t € [0, T'], be the cylindrical Wiener process on L*(R,dr). Itis canomcally
realized as a distribution valued continuous process, i.e. the probability space is given
by (C([0, T}; D'(R)), A, P), here A is the o-algebra generated by the cylindrical sets
and P is the Gaussian measure with covariance

/ dP Welo) Wa(o2) = t A5 (o1, 92), @1

where ¢, 2 € D(R), are test functions, a Ab := min{a, b} and (-, -) is the inner product
in L2(R, dr). We denote by .A° the natural filtration of W;, i.e. the minimal o-algebra
such that s — W, is A? measurable for all s € [0, t].

We shall characterize the solution of the KPZ equation through a limiting procedure.
Accordingly we introduce a mollified version of the cylindrical Wiener process which
will define a family of approximating problems. Let J € C§°(R) be an even positive
function such that f dr J(r) = 1. Introduce, for k > 0, the molllﬁer O0F(") ==k J(k(r—
r’)) and define W (r) := W, (6F); its covariance is

E(WFEWEE)) =tAsCe(r—1') , Ck(r):= / dr' 85(r") 65 ("). (2.2)
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We then write a mollified KPZ equation against test functions as

t
1
B =hot)+ [ ds 5 {he") - (VR - L0 @)} + W), 23)
0

where ¢ € D(R). It is formally obtained from (1.1) integrating by parts. We have
also added the term C,(0) ~ !, which corresponds to take the Wick product of the
non-linearity (VA )%

We assume the initial condition kg = ho(r) to be a random function in C(R) which
is independent of P and satisfies the following growth condition: for each p > 0 there
exists a = a, such that

sup e~ E (e7P P < oo, 24)
reR
We have thus assumed the initial datum to be a continuous trajectory ho = hor) which
has for every r € R an exponential moment that grows at most exponentially in 7. One
can obviously take hq to be a deterministic function with at most linear growth. We also
introduce the filtration A; := oc{ho} V A? = o {ho, W, ; 5 € [0,1]}.

The limit £ — oo in (2.3) can be taken according to the following strategy. When the
cutoff « is finite W/ (r) is smooth so that (2.3) makes sense in the space of differentiable
functions; we thus obtain a processes h* in C([0, T]; C(R)) NC((0, T1; C'(R)). Since a
limiting process will not be differentiable in space we have no hope to get a convergent
sequence in this space; however {h*}.5o does form a weak convergent family as
Kk — oo in the topology of C ([0, T']; C(R)). We have in fact the following result.

Theorem 2.1. Let hg be a random functlon in C(R) which satisfies the assumption
(2.4), then:

(i) Forallk > 0, T > 0, there exists a process hf = hi(r) in C([0,T];CR))N
C((0, T1; C'(R)), adapted to the filtration A;, which solves almost surely (2.3) for
allp € DR)and every t € [0, T]. It is furthermore unique in the class of adapted
processes X, = X;(r) satisfying also the growth condition

sup sup e~alrl /d‘P e~ < o 2.5)
te[0,T]reR .

for some a > 0.

(ii) Consider h{, t € [0,T] as a random element in C([0, T]}; C(R)); then the family
{h*} is weakly convergent as k — 0o. The limiting process is denoted by h, i.e.
h* = hin C([0,T]; C(R)).

Although this result characterizes uniquely the solution of the KPZ equation through
the approximating problems (2.3) it is not completely satisfactory since it avoids the
issue of showing that A satisfies a limiting equation. In particular we have not defined the
Wick product in (2.3) for the limiting process; to our knowledge this problem has been
solved only for infinite dimensional diffusions which are either Gaussian or constructed
as perturbations of Gaussian measures [1, 16].

2.2 Solid on solid model of growing surfaces. We next define precisely the microscopic
interface model we shall consider. The weakly asymmetric single step solid on solid
process (SOS) is defined as follows.

On the state space
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0= {CeZ: :VzeZ |((z+1)-{(z)| =1} 2.6)

introduce the jump Markov process generated by

Lf©) =Y {c'@ QU +28:) — FOI+¢ (2,O € - 28:) - O}, 27)

where ¢ > 0, f is a cylindrical function on £2, §, € ZZ is defined by 8,(y) := §(z — y)
(the Kronecker symbol) and

+ _ 1/2+€e'2 if (@+1)—20(@)+Cl(z—1)=2,

@0 = { 0 otherwise

- B 1/2 if C+1)—2¢(@)+l(z—-1)=-2,
@0 = { 0 otherwise. 28

The structure of the generator (2.7) preserves the single step constraint, { € Rinthe
dynamic rules. The allowed transition are indeed either when local minima of {(z) are
raised to local maxima, {(z) — {(z)+2, withrate 1/2++/¢ orlocal maxima are lowered
to local minima, {(z) — ((z) — 2, withrate 1/2. In Sect. 2 we will introduce a mapping
from a certain exclusion process which will, in particular, establish the existence of the
dynamics we just introduced.

We shall consider ¢ as a continuous function by linear interpolation on its value on
the lattice Z, i.e. for » € R we define {(r) by

Cr) =¢rD + (¢ — [rDC(r]+ D = C(ArD), 2.9

where [-] is the integer part. When viewed this way, the process (;, t € R* is then a
random element in D(R*; C(R)).

Definition 2.2. The initial profile. The initial distribution for SOS is given by a family
{2 }e>0 of probabilities on 2 which satisfies the following conditions:

(i) Set(*(r) := \/e((cr). There exists a randomfunction with trajectories ho = ho(r)
in C(R) such that
¢ =ho (2.10)

as ¢ — 0 in the topology of C(R).
(ii) Foreach n € N there are a = a,,, ¢ = ¢, > 0 such that

sup e~¢¢l=l /‘alﬁe exp{-nvel()} <c (2.11)

T€Z

foralle > 0;
(iii) For each n € N there are a’ = al,, ¢’ = ¢}, > 0 such that

/ dfie (VEIC(=) — C)))™" < e e U=HuD (g7 — y)” 2.12)

Joreveryz,y € Zandalle > 0.
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Condition (2.11) entails that the random function h¢ defined by (2.10) satisfies the
assumption (2.4); the inequality (2.12) implies also hg is a.s. Holder continuous with
exponent less than 1/2. We remark that the moment conditions (2.11) and (2.12) can be
somewhat weakened. A careful reading of Sect. 4 shows we really need them only for
n < 10.

The conditions in Definition 2.2 are satisfied if the increments {(z + 1) — {(z) €
{1, —1} are independent with marginals

fie (@ +1) — (@) = €7 [m(ez) — mle(x — 1))] (2.13)

in which m = m(r) is a a—Holder continuous function (o > 1/2) on R which satisfies
the following condition: there is a > 0 such that for every r € R, |m(r)| < a(1 + |r)).
The initial datum for the KPZ equation is then the random function hy, taking values in
C(R), given by (in law) hg = m + b, where m is the deterministic function in (2.13) and
b = b(r) is abilateral Brownian motionon R, i.e. b;(r) := b(r),» > Oand by(r) := b(—r),
r > 0 are independent Brownians on R.

Admissible initial data include however also deterministic profiles, i.e. the case in
which ji. is concentrated on a single configuration. For example take /i, independent of
¢ and concentrated on the configuration o such that {o(z + 1) — {p(z) = 1 if z is even,
Co(z + 1) — {o(x) = —1 if z is odd. This gives ho = 0.

2.3 The scaling limit. We may now state our main result on the convergence of the
fluctuation of SOS to the KPZ equation.

Theorem 2.3. Fort € [0,T], r € R, let
Z{ (r) :=VE (Ce-2u(e™'r) = vet) (2.14)

where v, = %5‘3/2 - ﬁs"/z and regard Z¢ as a random element in D ([0, T]; C(R)).
The family {Z¢ } ¢ is weakly convergent as ¢ — 0; furthermore the weak limit is
concentrated on C ([0, T']; C(R)) and coincides with the process h defined in Theorem

2.1, ie
Zf =>h (2.15)

in the topology of D ([0, T']; C(R)).

We remark that the Wick counterterm, which has been introduced ad hoc in (2.3)
arises naturally in the scaling limit. This possibility was suggested, for the two di-
mensional Landau-Ginzburg equation with noise, in [15]; see ‘also [6] for a related
discussion.

We also note that Theorem 2.3 gives a rather strong convergence as a process
in D([0,T]; C(R)) and not in a distribution space. This is due to the fact that the
microscopic process (;(z) can be written as a function of the empirical average for a
particle system which will be introduced below. More directly it follows from the fact
that an elementary step of the dynamics changes Z¢ by a factor of order £!/2 so that no
space averaging is needed.

In the physical literature, see e.g. [20], it is well-known that the one-dimensional
KPZ process has an invariant (but not reversible) state in which V4 is distributed ac-
cording to the white noise measure on D’ (R), which is also the invariant (and reversible)
state for the same equation without the non linear term. Once the KPZ process is rig-
orously constructed, the proof of this fact is a fairly simple computation; it is however
remarkable that in our setting it is a straightforward consequence of the invariance of the
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Bernoulli measure on Z under the asymmetric exclusion process. Thc precise statement
and proof are given, in Appendix B, as Proposition B.2.

2.4 The weakly asymmetric simple exclusion process. We conclude this section by
explaining the relationship between SOS and the weakly asymmetric simple exclusion
process, which will be the basic object in the proofs. Via the results in [22] on (infinite
volume) exclusion processes, this mapping will also build a version of the SOS process
and hence it will establish its existence.

For notation convenience, i.e. to have centered variables, we describe the particle
model in terms of spin variables. The state space of the microscopic process is thus
2 := {—1, 1}, its elements (spin configurations) are denoted by o = {o(z) , z € Z},
where o(z) = +1 (resp. —1) is interpreted as the site in = being occupied (resp. empty).

The weakly asymmetric simple exclusion process (WASEP) is the process generated

by
1,
L = 5 (+ ) (2.16)

where L* are the generators of the totally asymmetric exclusion processes, defined by

LEf(o):=) ! +;’(”) 1= "(2” D (5=t _ (o) 2.17)

z

in which f is a cylindrical function over {2 and given z,y € Z

o(x) if z=y
o¥(z) = oy) if z==z (2.18)

o(z) otherwise.

We stress in (2.16) we adopted the (unusual) convention of an asymmetry /¢ toward
the left. The details on the construction of the process can be found in Liggett [22]. We
consider the WASEP o, t > 0 canonically realized on the Skorohod space D(R*; §2)
and denote by P;,_ its law when the initial distribution is p., probability on 2. The
expectation with respect to P}, _ is denoted by E;, .

Let z? be the position of the tagged particle for WASEP. We recall that the tagged
particle is the particle that at time zero was closest to the origin on the positive half-axis,
i.e. given gy, zJ is defined by z3 := min{r € Z : z > 0, o(z) = +1} and z{ is its
position at time ¢ under the WASEP dynamics.

The generator of the joint Markov process (0:,z?) on the state space {(o,z) €
N2xZ: o(x)=1}is

H, :=%(H++(l+2\/E)H‘), (2.19)
where
H:f(0,2% = 2 Z(l +o(@)1 - oz = D) [f(e™**!,2%) - f(e,27)
z;&:o

+5(1 - 0@ £ 1) [fe™"t!, 2% £ 1) - f(o,2%)] (2.20)

and f is a cylindrical function.
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It is then a simple check to verify that a version of SOS is given by

Hey<s Tt — 2 if 2>
G(x)=¢ - Zz<y5,,g o(y) — z‘,’ if z< z? 21)
_z? if z= z?,

where o, is WASEP. We shall work with this version and assume the initial distribution
pe be such that the hypotheses in Definition 2.2 hold.

In the reverse direction, given {; SOS , to obtain a version on WASEDP it is enough
to look at the increments, i.e.

01(z) = (x) — G(z — 1). (2.22)

3. Non-Linear Transformation Method

In this section we introduce the main tool in proving the stated results. We shall use a non
linear map, the so called Cole-Hopf transformation, which reduces the KPZ equation to
a linear equation with multiplicative noise.

The scaling limit of SOS is analyzed through a microscopic analogue of this trans-
formation, introduced by Girtner in [13]. In this case we do not get a linear equation, but
the process obtained is easier to handle and we shall prove that it converges to a linear
equation in the limit ¢ — 0; taking the inverse map, this will imply the convergence to
the KPZ equation.

3.1 Cole-Hopf transformation. The heuristic observation is the following. Let k; be a
solution of the KPZ Eq.(1.1) and introduce the process 8; := exp{—h;}, it then solves
the linear equation

1
dﬂt = EAngt - BthV, (31)
often called the stochastic heat equation.
The rigorous analysis starts by giving a meaning to the above equation when the
stochastic differential is interpreted in the Ito sense. We assume the initial datum 6y =

fo(r) to be a random function in C'(R) which is independent on P and satisfies the
following growth condition: for each p > 0 there exists a = a, such that

sup e~ °I"l E (|6o(r)FP) < oo. ,. (3.2)
reR
In the application to the KPZ equation we shall consider 6o(r) = exp{—ho(r)}, where

ho satisfies the hypothesis (2.4).
Introduce the heat kernel

1 z?
Gt(t) = —m €xXp {—E} (33)

and formulate the stochastic heat equation in mild form as
t
6, =Gy % 6p — / Gi—s x 0,dW;, 34)
0

where * denotes convolution in space and
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t t
[ GCros * 8,dW, (r) = ] (Gemstr = 30, , W, 3.5)
0 0

is the Ito integral with respect to the cylindrical Wiener process.
It is convenient to formulate this problem also for the mollified Wiener process, i.e.

t
9% =Gy * 6 — / Giy  0%dWF. (3.6)
0

We finally introduce
C:R):={feC®R)) : YreR f(r)>0}. 3.7
Theorem 3.1. Under the assumption (3.2) on 6y:

(i) Forallk >0, T > 0, there exists a process 0F = 05 (r) in C([0, T; C(R)), adapted
to the filtration A;, which solves almost surely (3.6) for every t € [0,T]. It is
Jurthermore unique in the class of adapted processes X; = X.(r) satisfying also
the growth condition

sup sup e~olrl /dP X:(r)’ < (3.8)
te[0,T] reR

for some a > 0.

(ii) Forallp > 1, 67 (r) — 6,(r) in LP(P) and P a.s.; the convergence is uniform for
(t, r) in compact subsets of [0, T] x R. The limiting process is the unique solution
of (3.4) in the class of A: adapted processes satisfying (3.8).

(iii) If 6y € C.(R) a.s. then 6 € C([0,T]; C+(R)) a.s.

Remark. In Sect. 4.3 we shall introduce an equivalent formulation of the stochastic heat
equation in the form of a martingale problem and we will use this new formulation to
identify the limit.

The existence and uniqueness result (when R is replaced by a bounded interval)
for the stochastic heat Eq. (3.1) goes back to Walsh [28]. Referring to the mollified
process W/, the statement (i) is trivial. Point (ii) is proven in [2] where a Feynman-Kac
formula for 4, is also given. In that paper the initial condition is assumed to be bounded,
but the extension to the exponential growth as in (3.2) is straightforward. The (for us
fundamental) positivity property (iii) is due to Miiller [24].

We are now ready to give an equivalent definition, at this point the third (and last),
for the solution of the KPZ equation.

Theorem 3.2. Let & : C([0, T]; Cs(R)) — C([0, T); C(R)) be defined by f;(r) —
— log f;(r) and 8 be the solution of the stochastic heat Eq.(3.4) with initial condition 6 =
exp{—ho}. Theorem 3.1 entails that ¥(0) is a.s. well defined and in C ([0, T'}; C(R)).
Then W (9) coincides (in law) with the process h defined in Theorem 2.1.

3.2 The Giirtner transformation. Here we introduce the microscopic analog of the
Cole-Hopf transformation. A similar transformation has been used in [9, 10, 13]. In
our case it maps the problem of the convergence of the fluctuation field of SOS to the
KPZ equation into the problem of the convergence of the transformed process to the
Stochastic heat equation above discussed.
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The transformed process &; = £:(r), 7 € R is defined as

&(r) = exp{—'YsCt(r) + Ast]’a 39

where

ve 1= %log(l +2e3) |, Aci=l4ei—V1+2ed (3.10)
and (;(r), by linear interpolation on the values (;(z), is SOS as constructed in (2.21).
As 4. = /€ + O(¢) the first term at the exponent in (3.9) is the fluctuation field so
that (3.9) is the microscopic analogue of the Cole-Hopf transformation. The other term
Act has been added in order to obtain the convergence of the process &; and takes into
account the homogeneous deterministic drift of the interface. The inverse map to SOS
is given by
1 Ae
G(r)=——log&(r)+ —t (3.11)
Ye Ye

and, for z € Z, to WASEP by
1
ou@) =~ [togéu(@) — logéstz — 1)]. 3.12)

For f : Z — R, let us define the discrete gradients as

Vif@) =xfz £ 1) - f(@)]

and the discrete Laplacian as
Af(2) ="V~ f() = f(z+ D+ f(z — 1) - 2f().

Let F; be the natural filtration of 0., i.e. the o-algebra generated by o,, s € [0,]. A
direct computation [13] shows that §;(z), z € Z, satisfies the semimartingale equation

dé,(z) = —;-e" A &(z) dt + dM,(z), | (3.13)

where the F; martingales M;(z) have brackets

d(M(z), M(y)):

= 2@ -9&E) (3.14)
J(1+e7) (1 = ae(@) o2z + 1))+ (1 — e727) (04(2) — oz + 1)) dt
1

= 70—y (3.15)

Ja-o7 6@+ 6@ A6@) - (1+67) v 6@ v &) dt.

In the scaling limit Eq. (3.13) converges to the stochastic heat quation. The precise
statement is the following.
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Theorem 33. Fort € [0,T], r € R, let £{(r) = &.-2,(¢~'r) and regard it as a
random element in D([0, T]; C(R)). The family {£¢ }. > is weakly convergent as € — 0;
furthermore the weak limit is concentrated on C ([0, T]; C(R)) and coincides with the
solution of the stochastic heat equation, i.e.

=0 (3.16)

in D ([0, T]; C(R)). Here 0 is the solution of (3.4) with initial datum 8y = exp{—ho},
hg as in Definition 2.2.

3.3 The proof of Theorem 2.3. Here we show how Theorem 3.3, together with the
properties of the limit point 6, implies our main result.

Proof of Theorem 2.3. Bearing in mind (3.11), the process Z*, as defined in (2.14), can
be rewritten in terms of the scaled transformed process £° as

Zi(r)= —:/‘/—E log (& (r)) +/2 [gie-Z - ve} t. 3.17)

Since lim, _,0/€/7. = 1 and there is a constant ¢ such that |(\. /7. )e~% — v | < ¢ for
all € € (0, 1), we are left with establishing the weak convergence of — log (£§ (rﬁ to h.
In ordAer to do this, we extend the map ¥, as defined in Theorem 3.2, to the measurable
map ¥ : D([0, T]; C(R)) = D([0, T]; C(R)) defined by

¥ (fu(r) = { > log fur) it f € DO, T C.(R)) (3.18)

and clearly ¥ (£(r)) = — log (£5(r)).

By Theorem 3.3, £ = 6 in D([0, T]; C(R)). We next note that ¥ is continuous
on the open subset D([0, T]; C.(R)) C D({0, T]; C(R)). Using Theorem 3.1, (iii) we
have P (8 € D([0, T1; C.(R))) = 1, so that we can apply [5, Theorem 5.1] and conclude
y"}(g) = @(0) = ¥(0) a.s. By Theorem 3.2, ¥(f) = h (in law) and we are done. O

4. Convergence of the Transformed Process

In this section we prove the scaling limit for the transformed process £°. We first obtain,
in Sect. 4.1, some moments estimates that imply the Holder continuity of the process.
In Sect. 4.2 we then establish a key estimate on the decay of the correlations. In Sect.
4.3 we finally complete the proof of Theorem 3.3 by showing compactness of £° and
that any weak limit solves the stochastic heat equation. We will use some properties of
the transition probability for a random walk in Z that are proven in Appendix A.

We have to introduce some more notation. Let pf (z) be the Green function associated
with the drift term in Eq. (3.13), i.e. the function which solves

%e”" A pi(z),
(). 4.1

O pi (x)
po(x)

We note that it can be interpreted as the transition probability for a symmetric random
walk in continuum time over Z.
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The semimartingale Eq. (3.13) can then be rewritten as
§:(z) = pf o o (2) + N{(2), 4.2

where

pi 0 b0 (2) = Y_ p§(x — y) boly) 43)
Yy
and fors <t

Ni@):= / B, odM, ()= / pi_.(z — ) dM, (y). (4.4)
0 v J0
We note that for every fixed ¢t > 0, N!(z), s < t is a F, martingale with bracket

(N'(@), N @)y = 3 [0 P -2 dM@), M@).. @45
y

4.1 Moments estimates. In this section we estimate the moments of &;(z), & (z) — &:(y)
and & (z) — &,(z). By Eq. (3.14) we have

d
= (M), M@)): < ce&ez)’ (4.6)

for some constant c. This bound allows o close the equations for the moments. In fact
it is the only property of the martingale term in (3.13) we are going to use here.
Before starting we note that there is the following a priori bound:

&(z) < exp {27:|20| +7e 2] + At} , @7
and for all n, € and ¢t we can find b = b, such that
E;, (exp {2n7.|2)| + nye|z| + nAct}) <. 4.8)

This follows directly from the fact that |z?| is stochastically dominated by a Poisson
random variable with mean 2¢ (since the jump rates for z° are bounded by 2). From the
definitions (2.21) and (3.9), we obtain that for every m there is ¢ such that forall¢ > 0,

ee(@)™ = &-(@)™] < ce &)™, 49)
and by using again the fact that the jump rates are bounded (by 2) we have also that
P;, (I —&-@)|>0)=0 (4.10)
which, together with (4.7) and (4.8), implies that for all n, m,
E;, (6@™ - &-@™[") =0. 4.11)

We start by proving that the L? (P, ) norm of £ (z) is bounded uniformly in e.
Lemma4.1. Foranyp > 1, T > O there are a, ¢ > 0 such that

sup  sup e~*I |lg, @), (rr) <° 4.12)
te[0,e—2T] z€Z He

foralle > 0.
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Proof. For s < t we have

ES, (pf_, o£u(@)" = E5, (o} 0o (2)" +E, /0 dr 0, +H.) (5, 0:(@)",

4.13)
where we recall H, is defined in (2.19), £;(x) in (3.9) and we shall use the representation
(2.21) for (;(x).

The first term on the right hand side of (4.13) can be bounded using the hypothesis
on the initial condition. Indeed

|t o &o (r)llL,.(,,‘.") DI ACEEN YOI (¥:.)
Yy

<c Zp:(z — y)enelyl
v

< ¢; eelel ij(y) e Wl < 2¢) e¢l#l exp {coale?t} 4.14)
y

in which we used (2.11) and the fact that exp{ Az} is an eigenfunction of A with
eigenvalue 2(cosh A — 1).

Taking the limit s 1 ¢ in (4.13) and expanding the power on the right hand side we
get

E, &) < c3e™®€1%l exp {ﬂ02a262t}

B /dr 2. @ +H€)H(Pt (&= ¥) & W), (4.15)

Yi,--Yn

where we used (4.11), to exchange the limit with the expectation, and (4.14).
We next observe that

Heﬁ(r)" - né@)" " Heé(z)
- Lo {155 a1 (o)

+ 1to@+D) e [e72" % —1—n (6"2'7' - l)]

2
l+o(@) 1+o0(x+1) 2Ye _ 1 _ o2Ve (o=20Ye _
-— > [e277e — 1 — ®e (7™ 1)]}
< caeé()”. (4.16)

On the other hand, if we apply the generator to a product of £ computed at different
points, H, obeys the Leibniz rule. That is if x; # z; for i # j,

H, [€(x1) - --&§(zn)] = 26(1‘1)- - [He&(2i)] - - -&(2n). 4.17)

i=1

Recalling that p{ solves (4.1), formulae (4.15), (4.16) and (4.17) imply
E, &) < cse"=lexp {ncyafe’t}

t n
sacky, [ar 5 [ A G-wew @

Y, HYn 1Yz =1
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and by using Holder inequality the second term in the right hand side of (4.18) can be
bounded by

t hid 1
cae /0 ar > [Ieo.c-w[E, Gw)]™. @19

Y1, Yn Y15Y2 =1

Fort < T, a = na,, define

f@) = sup e=*FI B}, (€-u@)), (4.20)
z€

the bounds (4.18) and (4.19) yield
-2

£ n
f@) < cs+cee / dar Y ] e @y el £ 2. @21)
0

Y1, Yn i Y1SY2 i=1

It will be shown in Appendix A that for any 7' > 0 there is a constant ¢ = ¢(7") such
that forallt € [0,¢2T), ¢ > 0,

sup pi(z) < 1Act™1/2 4.22)
r€EZ

By repeating the estimate done in (4.14) we then obtain

S I #ur@-wed v <oE-nt @23

Y1, HYn tY17Y2 =1

Finally, (4.21) and (4.23) imply that for every n there exists cg > 0 such that

t
ft)<cs (1 + A ds \/J:(_i);) , “4.24)

hence the estimate (4.12) follows from the singular generalized Gronwall’s Lemma (see
[14, Lemma 6, p. 33]) which states that (4.24) implies that for all 7" there is a constant
C = C(T), cg) such that Sup < f@) <C. ()

We now state and prove an Holder estimate in z for the process &;(z).

Lemmad.2. Forallp > 1,T > 0, o < 1/2 there are a, ¢ > 0 such that

sp [|6@) — &Iy gy ) < e (ela—ul)® 429
t€[0,6—2T) He

foranyz,y € Zandalle > 0.
Proof. Recall the decomposition (4.2) and set

Ri(z,9) = N!@) - Ny =3 fo G @ uDdMG)  (426)

in which we have introduced

9 (z,y52) =pi_,(x— 2) — pt_,(y — 2). 4.27)
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We shall apply the Burkholder-Davis-Gundy (BDG) mequallty to the martingale
Ri(z,y):
E;, (R(z,9)™) < aE;, ([R!(=z,y), Rz, y)I?), (4.28)

where ¢; = ¢;(n) is a universal constant and

2
> (Ri@,y) - R (z,v))
7<s

N @y @) - - (429

7<s 2z

[R'(z,y), R (z, )],

is the quadratic variation of R’(z,y), since R'(z, y) is a bounded variation martingale.
The sum over 7 stands for the sum over the jump times 7, i.e. the (a.s. countably many)
times for which the term in the sum does not vanish. This form of the BDG inequality
can be found in [23, 6 E.3].

We observe that if we could replace the quadratic variation on the right hand side of
(4.28) with the bracket process

(Rz,y), Rz, y)s =Y /0 g5z, y: 2 d(M (), M(2))r, (4.30)

then the bound (4.25) would follow from Lemma 4.1 and the Holder property for p$ ().

‘We thus first show that the bracket process and the quadratic variation are close.
To do this, we take advantage of the fact that the quadratic variation minus the bracket
process is a martingale [23] and apply the BDG inequality also to this martingale. Let
us introduce

Dy(z,y) = [Rt(?, ), R'(z, )15 — (R (z, ), R'(z, 9)s 4.31)

which quadratic variation is

[D'(z,y), D' (=, y),

3 (Riz,9) - R (z,)*

7<s

D) 6@y () - &, (432)

7<s 2

since (R!(z, y), R'(z, y))s is continuous and of bounded variation.
Partition [0, ¢] into subintervals Z; := [¢,i+1] fori = ., [t1-1and I = [[t], 1].
Using (4.9) we get
1290 D, e oy

[t]

< 30D swp [, ¥’

z 1:0"

(4.33)

A @t

7€Z;

L~(es,)

Calling Q; the number of exchanges between the sites z and z + 1 in the interval Z;,
we have

D (@) <&@ Qi (1 +cV/E) A e 434)

T€Z;
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as it follows from (2.21), (3.9) and (4.9). But the jump rates are bounded above by 2
and so by the fact that (4.34) is monotone in (); and that the random variable Q); is
stochastically dominated by a Poisson random variable with mean 2 we obtain

Y &@*

e L~ (rs.)
< (B, {6." E;, [@F A+ ev® @ e | 71D
< [l& @l n ey ) CccPM”
exp {2(1 + c/E)*™ /n} exp(4)) < ¢4 €217l (4.35)
in which ¢.(n) is the nth moment of a Poisson random variable with mean 2(1 +c+/¢ ),

The last inequality is then a consequence of Lemma 4.1 and ¢4 = c4(n) is independent
one € (0,1).
From (4.33) and (4.35) we get

[t]
10,9, D@ )] gy S 582 D2 D sup (47,2, %:2)") el

z  i=0 °€
< 8cse? E E [sup pi_,(z,2)") + sup (P5_,(y, 2 )4)] e*?l. (4.36)

From (A.S) we have that for all z, z and all ¢ = 0, ... ., [t] and ¢ sufficiently small
Sup, ez, Pi-s(z,2) < 2epi_;(x,2). Using the inequality exp(ac|y]) < exp(acy) +
exp(—acy), the fact that exp(aey) is an eigenfunction of A with eigenvalue 2(cosh(ag)—
1) and (4.22) we finally obtain, since t < ¢~27,

I[P, 9, D' (z, )], "Ln(r;“)

t
2
< cs 62 cr€ t+as(|z|+|y|)/

-&—?)-I-:Eds S 6862_2beae('x'+|yl), (437)
0 -

where b > 0 can be arbitrarily chosen.
By using (4.6), (4.26), (4.28), (4.30), (4.32) and (4.37), we have

2
1V:@) = Ny on (o)
s
- 2
< gt Pereleltiul 4o 222 /0 dr g (@, 2" |6 || ey )
s
< g Pl yoipe D / dr ¢i_,(z,y; 2)* e, (4.38)
0
2

where we used again Lemma 4.1.
As indicated in Appendix A, forany T' > 0, 3 < 1/2 there is a constant ¢ = ¢(3, T")
such that for all ¢ € [0,~2T) and any z,y € Z,

sup |g¢_,(z, y; 2)| = sup -2 —piy— ) <o B (439
2eZ t—71 ’ 2€Z t t - ‘\/i tp
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Let us now take the limit s 1 ¢ in (4.38) keeping in mind that lim,¢; | N!(z) — N{(z)| =0

P, —as. (and that the same quantity is bounded by c\/e€;(z), for which all the moments

exist). Choose 3 = a < 1/2in (4.39) and b < 1/2. We get

I8 @) = M@ (g ) < 1120 (e 4 (el — 91)") - (4.40)

On the other hand, because of our hypothesis (2.12) on the initial measure ., we
have

1
llp? © &o(z) — P © LoV 2. (ps,) S 12 e U= vD (g — y|)? (4.41)
which used together with (4.40) in (4.2), yields (4.25). O

An analogous Holder estimate holds in the time variable ¢.

Lemma4.3. Forallb>0,p> 1,T >0, a < 1/4 there are a, c > 0 such that
supe—ash" ||§t(z) - {,(z)”LP (P‘ ) S C [(Ezlt - sl)a + El-b] (4.42)
zez be

foranyt,s € [0,e *T and all¢ > 0.
Proof. Let h > 0, in order to analyze the martingale term in (4.2) we write
NiR@) - N{@@) = [N @) — Nf™@)] + [Nf*™(2) - N (@) (4.43)

In Appendix A we verify that for all § < 1 there is ¢ such that for all t € [0,¢~2T],
h >0,

1 (h)’
sup Pt (2) — PE(@)] < ‘7 (7) . (4.44)

By repeating the same steps of the previous lemma and choosing 3 = 2a < 1/2 in the
above inequality, we obtain

2
" lim [N} (@) ~ N, @)]

L (P;')

aclz| 6_2--2l>

Scle +

t
+oe Z/o dr [piun_r@— ) — P,z —9)] e @2l 2o ey
Yy

<e¢ eaelzl 2%,

t
+c3 eoelzl p2a o / dr @t — T)—%—Za <c eaelel [(&.2’1)20: +62_2b] ., (4.45)
0

where we used Lemma 4.1.
By the same argument



590 L. Bertini, G. Giacomin

2

lim [NEh(z) — NEh(2)]

L2n (P;')
< ¢ eae|:z:| 62—26 +
- t+h ) )
+C] € Z dT p§+h_f(1’ - y) "&T(y) "L"(P; )

t e
y
t+h
<a %€zl g2-2b 4 o) eaclel ¢ dr(t+h—1)"1/?
t

< czecelel [(ezh)z' + 52-’-”] (4.46)

in which we used Lemma 4.1 and the bound (4.22).
Hence the bound (4.42) is implied by (4.45), (4.46) and the following estimate on
the initial datum &

I1Pf11 © 0(2) = P © 0@l on g ) < 76171 (2R)°,
which is a direct consequence of (2.12). (|

The next step is to obtain uniform Holder estimates from the lemmata we just proved.
We will use Kolmogorov Theorem as stated in [26, Th 2.1]. In our notation it becomes

Proposition 4.4. Let K be a compact subset of R® and let { X, }.ck be a real valued
process for which there exist three strictly positive constants o1, o and a3 such that

E (IX; — Xo|*) < aglz — 2/|#* (4.47)

for all z,2’ € K. Then there exists a modification X of X such that for every o €
[0, a3/a)), there is a constant ¢ > O for which

X -% N\
E sup ———— <e. (4.48)
272! IZ -2z |a -

Since we are interested only in the distribution of { we shall not distinguish between
¢ and the modification in the above proposition. The additional problem comes from
the fact that for ¢ > 0, £:(z) is not continuous in ¢, so that (4.47) cannot be satisfied.
This problem will be overcome by defining a new process &,(z), which is simply the
interpolation of the values of the previous process at integer times, and by estimating
the distance of £ and £ uniformly in space and time.

We start by establishing the uniform Holder estimate in the space variable for fixed
time.

Lemmad4.5. Foranyp > 1, T > 0, b < 1/2 and any compact set K C R there is
¢ > 0 such that

l&e—zt(e_lr) - Ee-zt(s_lr,)l
sup

sup
rr’€K Ir - rllb

tel0,T]

<c (4.49)
Le(P;,)

foralle > 0.
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Proof. From the definitions (2.21) and (3.9) we get

&e(r) = & ([r]) {cosh (v (r — [r])) — o¢([r] + D) sinh (7 (r — [F])} - (4.50)

It is then straightforward to verify for each b’ € (0, 1/2) there is constant ¢; such for all
ri,72 € Rand e € (0, 1),

KsCr) — & (ra)| b €s([r1]) — &s([r2D)

[rp—mf® — |[r1] = [r2]]¥

+o1 Y G+ D+&(rD) . 451)

i=1,2

The p-moment of first term (resp. the second) on the right hand side can bounded by
using Lemma 4.2 (resp. Lemma 4.1). We then obtain that for all p > 0 there is a constant
¢3 such that for all , 7' € K we have

E,. (lﬁe—n(e"r’) — &2 ' ) < e’ — |, (4.52)

Choose p and b’ such that ¥’ = b + (1/p) < 1/2 and apply Proposition 4.4 with a; = p,
as = ¢ and a3 = b'p — d = bd to get the result. a

Let us consider now the time dependence. To this purpose we introduce a new
process £,(r), t € R*, r € R, which is defined as

& (r) = (L1 + 1 = ) E(r) + ¢ — D Epa (7). (4.53)

Lemmad4.6. Foranyp > 1, T > 0, b < 1/4 and any compact set K C R there is
¢ > 0 such that

—_ 16_1 _"_ 5.—1 /
O 1) = Eeoe” )| <e (4.59)
rr'€K tt'el0,T) (lt -t | + |1' -r l) LP(P““)
foralle > 0.

Proof. 1t is very similar to the proof of Lemma 4.5. In fact
€, 20 (€™ 11") — € 2y (€™ 1)]
(' =t|+|r' =¥

< Bemae™ ) —Eeap eI | [Eemrer(eT!r) — a7 )|
N I =¥ [t~

. (4.55)

Choose b’ € (b, 1/4)and note that £,(r) < &pej(r)+&e1 and &, (r) < &([rD+E([r]+1).
The result (4.54) follows then by using the bound (4.51) (and the analogous one for the
time dependence) to estimate the right hand side of (4.55) and by applying Lemmata
4.1, 4.2, 4.3 and Proposition 4.4. O

We are left with proving that ¢ and £ are uniformly close, i.e. if K is a compact
subset of R, T, 6 > 0, we want the measure of the set

B(®) ;={ sup sup [€ -2, (e7'r) — Ec—2e(e7 )| > 5} (4.56)
te[0,T] reK

to be small, i.e. vanishing with €. We need only a statement in probability, but a stronger
statement is available too, see formula (4.60) in the proof below.
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Lemma 4.7. For anyé > 0, T > 0 and any compact set K C R,
lim PZ (B(@)) =0. @4.57
e=0 "

Proof. Define I C Z* x Z as follows
I:={(n,z) : n=0,...[72T], min min |z — e~ 'r| < 1} (4.58)
and observe that the cardinality of I is bounded by Cx 7¢~3, where Cx 1 < oo for

every T' € (0, 00) and any compact set K. We claim that for b € (0, 1/4) there is ¢ such
that for all (n, z) € I,

<ceb. (4.59)
Le(ps,)

If (4.59) is granted, (4.57) follows because for all p > 0,

sup sup |&,(r) — &(r)]

r€lz,z+1] t€[n,n+l]

E.. {SUP sup €c-20(e™"7) = Ee-ne(e™ r)I}

€K te[0,T

< Cgre™® sup E, { sup sup |§g(r)—£t(r)lp}
(n,z)el r€lz,z+1] t€[n,n+l)
< CgpcPe >t ) (4.60)

Choose then p > 3/b and apply the Chebyshev inequality to obtain (4.57).
We are left with the proof of (4.59). Let us fix (n, z) and start by observing that for
s€n,n+1landr € [z,z + 1],

£, () = &M < Y (n(x +0) = &u(a + )| +[€nn(@+D) — En(@ +D)])  (4.61)

i=0,1

by using Lemma 4.3 we thus get

sup  sup [&,(r) - &(r)]

r€(z,z+1] t€[n,n+l)

Lr(r;,)

<ce+ 3| sl el ) @6

i=0,1 t€n,n+l]

In order to bound the second term in the right hand side of formula (4.62) we recall
that the jump rates are bounded by 2 so that if m = [p] + 1, we obtain

E., ( sup  |én(z +10) — &(z + i)I"‘) <E,, (En(r +i)™ [e}e(1+evE)? — 1]"')
te[n,n+l1]
%1}

[e* (1 +cvE)! - l] <cre™? (4.63)

< E, {g,,(z +i"ES, { [e’\'(l +ea? —1]"

E,, {tz+)™) Y —
q=0

IA
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in which @ is the number of jumps involving site z + 7 in the time interval [n,n + 1].
We have dominated @ (in the stochastic sense) by the number of jumps which occur in
a Poisson process with rate 2 in a unit time. The last inequality is finally a consequence
of Lemma 4.1 and what follows. Given N € N we have

i 2%

q=0
N-1

<X e
q=0

Choose then N = |loge| and ¢ < &(< 1), so that cN 1/ < 1. Elementary computations
and the fact that e*<(1 + c\/2)? — 1 < exp(\. +¢g\/€) — 1 < 2ecqg /e forallg < N
yield that the right hand side of (4.64) is bounded by

-2
— (M1 +cvE)? — nH”

2N(m+l)

TR CY 7

(e ‘A+ey/e) —1)" + v

ad 29 -2 m 2N(m+l)
(2ec)™e™/? (E ° 'q ) + N exp{2™*! — 2} (4.65)
por q! ) !
o0
2qe—2qm 2N(m+l)
< [((2ec)m§T) v (exp{2™* —2})] (5’”/2+ 0 )
q

By the choice of N, the proof of (4.63) is completed. The claim (4.59) is then proven
by using (4.63) in (4.62). a

4.2 The key estimate. Up to now we did not fully exploit the content of the martingale
term in (3.13). In fact we only used the bound (4.6). In order to study the convergence of
&: we have to show that, on the space-time scale we are cons1dermg, (M(z), M(z)): =
€&:(z)?, and this will require some control over the decay in time of the correlations for
&:. This is the key point in the proof of the scaling limit for &;.

Lemma4.8. ForallT > 0, § > 0, there are a, ¢ > 0 such that

sup eI ES [ES, (V*€-20(2) V™ €e-2(2) | Fumay)| < ced~0 (¢ —5)"1 (4.66)
z€Z .

forall \Je <s<t<Tandalle >0.

The idea of the proof is to express the conditioned expectation in term of the process
£ until one obtains a closed scheme that can be iterated. It is however important to note
that the result does not reflect a scaling property: the statement of the lemma would be
false if in the left hand side of (4.66) we replace 7*¢ 7~ € with [\7£¢]? and the bound
we find (¢3/2-¢, not optimal) it is the result of a cancellation.

Proof. Let us introduce the notation
Ki(z) = v'pi(z) V™ pi(2). 4.67)

For 0 < s; < s; < t, recalling (4.5), we have



594 L. Bertini, G. Giacomin
E;, (V'N,(@) v~ NL@) | F.,) = V*Ni(2) v~ N (2)

+E;, (Z / Ki—r(z — y) d(M (), M@))- f) (4.68)
y U

By using the decomposition
V() = VEp; 0 & (2) + VEN{ (@),
we thus get
E,, (V'6@ V™ &@| F:) =v'pf 0o (@) V™ pf 0o (@)

+ V'piobo(x) V™ Ni(z) + V' Ni(z) v~ pi oo (z)
+ V'Ni(@x) v~ Ni(z) +

t
E,, (Z/ Ki_-(z —y) d(M(y), M©¥))-
y S

T,) ) (4.69)

where we considered the limit s, 1 ¢ using the fact that, as in (4.11),
E, (V'6-@) vV &-@)| F) =E,, (V6@ v &@)]| F).
The lemma will be proven by estimating the L' (PZ‘) norm of the various terms in

the right hand side of (4.69).
We start by looking at the terms containing the intial datum &,

E;, ([v*p: oo (z)]z) <Y v - y) v P — ) ES, (o) éo@)
vy .

2
< cpe*lel [E vEPi(y) e“'y']
Yy
< crell 3 [gpi(y)]” e@ el 3 emelul
Yy Yy

< czedclel g=1y=3, (4.70)

where we used the hypothesis on y. , Cauchy-Schwarz inequality and the last inequality

follows from ) s
Y [VEE @) el < et @.71)
KJ

which is verified in Appendix A.
Now we control the martingale terms 7% N¢. From (4.6) and (4.4) we get

E, ([v*V@)]) =B, 3 /0 [V*pi_.@ - v)]" dM @), M@)-
y
< c4€ Z/ dr [Vipf_r(a: - y)]2 ed¢lvl <es e%el7l g (¢ — s)‘% 4.72)
v Jo

in which we used Lemma 4.1 and (4.71).
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In order to estimate the last term in (4.69), we express (M (y), M (y)), as a function
of &; as in (3.15); keeping in mind (3.10) we obtain
f,)

2
= (1 -V1 +2e%) [It‘,,(x)+ % Ig,(z)] + (1 +e%) 2@, @13

t
E.. (Z/, Kir(z —y) d(M(y), M(y))-
Yy

where
Itl,s(z) = Z/tdr Ki (z—y) EE, (Er(y)z | fs) )
y s
Itz,,(x) = Z /tdr Kir(z—E, (&AW Fs), 4.74)
y s
@ =Y [ dr Ko - DB, (VEG Y 6| 7).
y s

We start by estimating the easiest, which is I}y_,(:c). By the definition of £;(z) we
‘have

|AE(2)] < cret &), (4.75)

and, by Lemma 4.1, we then conclude

E,.

.
@] <cset Yy / dr |Ke—r(z — 9)| ES, (6:@)) < coe™lle3. (4.76)
N y s

To obtain a useful estimate of I}’, (z) is more difficult: we have to exploit a hidden

cancellation which is revealed in Lemma A.1. As a consequence of that result It“,(a:)
can be rewritten as

t
1@ = ¥ [drkee-0E, (66 - a6 %)
y S

[o0]

+E;, (&@?|F) - t dr K.(z — y). @477
y -3

By Lemma 4.1 the L! (PZ. ) norm of the second term in the right hand side of (4.77)
is bounded by

00 (o o]
coe®l”! / dr E [V+pi(r)]2 < eqp el / drr=% =2¢y el ¢ — 5)71
t—s t—s
‘ 4.78)

in which we used (4.71). But the L' (P<, ) norm of the first term on the right hand side
of (4.77) is smaller than



596 L. Bertini, G. Giacomin

t
Y [ ar (Kirta =)
1€~ (@) + &)l (r) |17 () — & ()| L2(rs.)
t
< epe™l©l ) / dr |v*'pi_.(v) v~ pi_. )|
y 3

et [(elyl)™ + (2 — i)+ e¥] . 479)

where o < 1/4. The second inequality follows from Lemmata 4.2 and 4.3.
In order to estimate the right hand side of (4.79) we observe that, by (A.3),

2T
S [ 90 v R @] e (P )
Yy

e~
< cu / driAT"? Ep‘r(y) oyl (|y]2°‘ + T°‘)
0 yeZ
e~2T
< e¢s / drr® 1AT"3 <c6 (4.80)
0

Keeping in mind that @ < 1/4, the right hand side of (4.79) is thus bounded by
c17 €217l ¢34 We have hence proven that, for some a € R* and every § > 0,

E;, |1,@)] < cigel®l (ed=0 4t - 5)71). 4381)
Instead of estimating 1,3 s» We note that it is of the same form of the left hand side

in (4.69). We have thus obtained a closed inequality. We next show it can be iterated
giving the bound (4.66). For /¢ < s < t < T let us define

fr0@) =7 E |E; (V' E-2(2) V7 &e-2(@) | Feny)]
From (4.69), (4.70), (4.72), (4.73), (4.76) and (4.81) we obtain

fos(@) < croe®lel gh=¢ [1 +et(t— s)‘i] +e2 (1 +ei)

_/ dr Z |Ke2¢-n(@ — )| fr,s®), (4.82)

yeZ

and if we define
fa(t,s) =sup e~%I=l £, (),
z€Z

the inequality (4.82) implies
fa(t,s) < czoezi“s [1 +el t - s)":‘] +e72 (1 +e%)

t
/ dr Y |Ke-2g_n@)| eI fo(r, 5). (4.83)
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Because of the results stated in Lemmata A.3 and A.4, the above inequality can be
iterated, for € sufficiently small, and we obtain a convergent series. The estimate (4.66)
is thus proven. O

4.3 Proof of the scaling limit. In this section we prove the scaling limit for the process £
as stated in Theorem 3.3. We study the family of random variables & (r) = £, -2,(¢~!r),
€ > Oover D ([0, T]; C(R)) and we show that such a family is tight. We then prove that
the limit is concentrated on C ([0, T]; C(R)). Taking the limit of £° along a convergent
subsequence we show it satisfies a suitable martingale problem. By the existence of a
unique solution to the martingale problem, we finally conclude the proof.

The space C(R) is metrizable and a bounded metric which generates the topology
of uniform convergence over compact sets is

1
of9=3 5 {1 A max |f(z)~ y(z)l} : (4.84)
n=1

€[-n,

We recall that for a, b € R, a A b = min(a, b).

Proof of Theorem 3.3.
— Tightness and support properties

We use a tightness criterium due to Aldous and Kurtz [21, Th. 2.7], which in our
notation becomes

' Proposition 4.9. Let£&¢ € D ([0, TT; C(R)). Suppose that for each t € [0, T the family
of random functions {£}.>o is tight in C(R) and that for any § > O there exists a
process {Ac(8)}e>o such that

E {0(&s:&)| Fe} <ES, {AO)|F} (4.85)
and 3
lim Tim B, {4.0)} =0, (4.86)

then the family {£¢ }. > is tight in D ([0, T']; C(R)) and hence, by Prohorov’s Theorem,
there is a sequence {€, }n=12,... Such that £~ converges as n — co.

First of all observe that Lemma 4.1 and Lemma 4.5, together with [S, Theorem 8.2],
imply that {£f }.> is tight in C(R).
It is sufficient to choose

A= sup o(&.s,&5)- (4.87)
t€[0,T]

The condition (4.85) is then obvious. We denote by 1g the characteristic function of the
event B(6) defined in (4.56) and we choose K = [—N, N] in that definition. For any
4,0’ > 0and every N € Z* we have

1
E, {4@}< D 5+
n=N+1

N
1
+ Z 2—nEZ‘ { sup [1 A maxn] |£€—2(t+5)(3,‘) — fe-z,(z)l] (lB(&l) + ch(al))}

o tel0,T] z€l-n,
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{Ef,, (L) +20 +E, | sup max  [€:-xeia(®) - Z:-z:(m)l] } ,

hence, by Lemmata 4.6 and 4.7,
: € ~-N / a
eh-%E“' {Ac(0)} <27V 428 +¢6°,

where o € (0, 1/4). By the arbitrariety of §’ and N we have verified also condition
(4.86) and this completes the proof of the tightness.

We observe that by Lemma 4.5 any limit point £;(r) of &; (r) is a.s. a—holderian,
a € (0, 1/2) in r for every t. By using Lemmata 4.6 and 4.7 it is straightforward to see
that £ € C([0,T1, C(R)).

— Identification of the limit

In order to identify the limit of £ we formulate the stochastic heat Eq. (3.1) as a
martingale problem which will be shown to be equivalent to the mild formulation (3.4).
In the following f;(r) denotes the canonical coordinate in C(R*, C(R)). Recall that 8,
is a random element in C'(R) satisfying the growth condition (3.2).

Definition 4.10. The martingale problem. Let Q be a probability measure on C(R",
C(R)) such that forall T > 0,

sup supe~?"! / f:(r)?dQ < o0 (4.88)
t€[0,T1r€R

for some a > 0. The measure Q solves the martingale problem if Q(fo € A) =P(6p €
A) for all Borel sets A C C(R) and for all ¢ € D(R),

M:(p)

1 t
Gu) = Go)= 5 [ ds o, (489)

t
@) = M) — /0 ds / dr f,(rPe(r)? 4.90)

are Q-local martingales.

The connection between the process 6 as defined in (3.4) and the martingale problem
in Definition 4.10 is made by the following proposition, which will be proven in Sect. 5.

Proposition 4.11. For every random function 6y € C(R) satisfying (3.2), the martin-
gale problem has a unique solution Q. Moreover Q coincides with the law of the process
of the process 6 which solves (3.4).

By Lemma 4.1 and Fatou’s Lemma, we obtain that any limit point £ of the family
{€¢ }e>0 satisfies

sup sup e°l"l E;, (&) < o0
te(0,T] reR

so that the condition (4.88) is met.
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Since, by (2.10) and (3.9), £ = 6o in C(R) the initial condition in the martingale
problem is also satisfied.

- Martingale relations.
In order to analyze the martingale structure of £°, we introduce the density field for
the transformed process. For all t € [0, T, ¢ € D(R) let us define

Yi(p) =€ Y plex) €.-2(2). 4.91)
We also introduce
Mi@) = Yoo -V -z [ tdsezx:c"z B €2, (@) ple2),
Ap) = M{(p) - /0 tdse;se-z,(z)zso(ez)z+Ri(so)+R;«o), (4.92)
where

t
Ri(p) = /0 dse 3 plen)?
X [(6 -(@1- 67‘)2) &s—zs(z)z - %5—1 a- 6‘7')2&'—%(3) A £€-—2,(:L')] »

t
R5(yp) = /0 dse ;go(ez)z %e"

(1+€%%) U~ €e2,(2) V" &e-20(2). (4.93)

The semimartingale Eq. (3.13) and (3.15) directly imply that M; (p) e A(yp) are

P, —martingales. We are then left with studying the limit (along subsequences) of (4.92).

Let us first show that the error terms in (4.93) vanish in the limit ¢ — 0. From Lemma
4.1 and (4.75) it follows that for all ¢ € D(R) and all ¢t € R* there is ¢ such that

E;, (Ri(¢)?) < ce'l?, (4.94)

and so the L?—norm of Rj(yp) vanishes as € goes to zero. To prove the same for R5(y)
we have to use the key Lemma 4.8. We have

t s
ES, (R3()) = (1+¢)’ /o ds /0 ds' 2" plez) pley)? e~
z,y
X EZ, {V—ﬁe-za'(l‘) V" €e-250(2) EE, (V'&:—zs(y) v 65-23(3/)' fs"’s’)}
t s
< e / ds / ds' 2 plex) pleyy
0 0 T,y

X B {be-2p @V e B, (VT Em2,(0) V' o2, (0)| Fe-2y) |}, (4.95)

since ; .
|VE&(@)| < c1e? (). (4.96)
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By Lemma 4.1 and the above inequality, we may assume s’ > /. By Lemma 4.8
for every § > 0 there are ¢y, a > 0 such that for any =,y € Z, k € R*,

EZ. {1{6._2'1(2)5,;} fs—zs’(x)z E—l IEE, (V—gs—zs(y) V+ 52—23(3/)' fe—zs’) I}
< cpeellelyl 2 1/2=5, 4.97)

Moreover by (4.96), Lemma 4.1 and the Cauchy—Schwarz inequality, there exists a
constant ¢3 such that forall z,y € Z, k € R*,

EZ, {1{5,-2,:(-‘8)>K} 5:'23’(17)2 e! |EZ, (v_fe—ls(y) v* fe—%(y)’ fs—zs’) I}
< c3 e UM P (£ o (2) > k) < cqe? S0oIHUD 2, (4.98)

where we used, in the last step, Chebyshev inequality and again Lemma 4.1.
By using the bounds (4.97) and (4.98) in (4.95), letting ¢ — 0 and then k — oo we

have proven that )
lim E,_ (R3(p)") =0. (4.99)

Fix ¢ € D(R) and rewrite M; () as
1 t
M@ =Y - Y55 [ dsVie+ RS, @100

where R5(y) contains the errors coming from the approximations Ap(ex) ~ 29" (ex)
and e?= ~ 1. They are easily controlled.
For all N € Z* let us define the stopping time 7 on D([0, o0); C(R)) by

v =inf{t : |[Mi(p)| A [A(p)] > N}

with the standard convention that 7x = +oo if |M;(p)] < N and |A:(p)] < N for all
t € R*. We denote by M~ () (respectively A7V (o)) the stopped martingale M. 5., (¢)
(respectively A.arp (9)).

Let Q¢ the law of the canonical coordinate process over D([0,T], C(R)) which
has the same law as £°. We have already proven the tightness of {Q°}. . For all s, 1,
0 < s <t <T, and every function F' : D([0, T]; C(R)) — R which is measurable
over D([0, s]; C(R)), continuous and bounded if restricted to C([0, T'}; C(R)), we have
that for all converging subsequences Q°~ = Q,

0

lim / dQe [M]™ (p) — MI™(P)] F = / dQ [M™(p) — MI™ (@)1 F,

0

lim / dQ*" (AT () — ATV ()] F = / dQ A (p) — AT () F,

which follows from (4.92), (4.100), (4.94),(4.99) and [5, 5.2]. In fact [M;V(p) —
MIN(p)]F is continuous and bounded if restricted to C([0, T']; C'(R)). By the arbitra-
riety of F, s,t we conclude that M "~ (p) and A™ () are Q-martingales. Moreover

lim 7y =400 Q —as.,
Nooo

which follows directly from the fact that any limit point Q is supported by C([0, T,
C(R)) for all T > 0. This implies that M () and A(p) are Q-local martingales. ]
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5. Properties of the Macroscopic Equations

In this section we characterize the solution of the KPZ equation as the weak limit
of the corresponding approximating problems. This is carried out by using the Cole-
Hopf transformation and the existence and uniqueness theorem for the stochastic heat
equation. We next prove the martingale formulation of the latter equation which has
been used in the identification of the limit for the transformed process.

Proof of Theorems 2.1 and 3.2. Fix k > 0 and let 67 (r) be the solution of (3.6). A
straightforward application of Ito calculus, see [3] for a similar computation, shows that
hf(r) := —log8f (r) is a.s. differentiable and solves

hE = ho + % /0 'ds {an; - [(w;)2 - C,;(O)] }+wr, G.1)

where we recall C is defined in (2.2). The renormalizing coefficient C (0) arises from
the extra term in the Ito’s calculus.

Since hf(r) is a.s. differentiable, Eq. (5.1) is equivalent to (2.3). To complete the
proof of (i) we need only to show (2.3) has a unique solution in the class of adapted
processes satisfying (2.5). Using the Cole-Hopf transformation this is equivalent to
the uniqueness of (3.6) under the growth condition (3.8), by Theorem 3.1, (i) we then
conclude.

Recall that the map ¥ is defined in Theorem 3.2 and note that the weak conver-
gence of {h"}.s0 in C ([0, T]; C(R)) is now equivalent to the weak convergence of
{¥(6")}x>0. The latter follows from the a.s. convergence, uniform in compact subsets
of R* x R, of 8¥(r) to 6,(r), Theorem 3.1 (ii) and from the a.s. positivity of 6,(r),
Theorem 3.1 (iii).

This argument in fact proves Theorems 2.1, (ii) and 3.2 at the same time. O

Proof of Proposition 4.1 1. The existence result for the martingale problem may be easily
deduced from Theorem 3.1. However we do not need it since it follows, as shown in the
previous section, from the convergence (along subsequences) of £°.

'We show next that we can extend the probability space to accommodate a suitable
Wiener process W; together with the martingale solution f;: on this extended space f;
and W, solve (3.4) (this is usually referred to as a Representation Theorem). By the
strong uniqueness of the stochastic heat equation, Theorem 3.1 (i7), we then conclude
that Q coincides with the law of 6. In particular this will prove that the martingale
problem has a unique solution.

To prove the Representation Theorem we follow the line of [19, Lemma 2.4]. By
Definition 4.10, there exists a sequence of stopping times {7y } such that limy_, o, 7§ =
+00 Q-a.s., MV (p) is a square integrable martingale and A"V () is a martingale. Let us
then consider the martingale measure, see [28, Ch.2], M (ds dr) associated to M ™~ (p)
and notice that it is an orthogonal martingale measure, its quadratic variation measure
(M)(ds dz)is fs(r)*ds dr.

Possibly by extending the probability space (and consequently the filtration), we
introduce a cylindrical Wiener process W, independent of f;. Let us denote by Q' the
probability measure on the extended space. Set

tATN 1 tATN .
W (p) = - / / 7. Ly ()M (ds dr) - / (As.00p0: W) -
0 s() 0 52)
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By direct computation one checks that WY = W/~ , where W, is a cylindrical Wiener
process, and that

tATN
M (p)=— /0 (s, dW,) (5.3)

so that

1 tATN tATN
G = o dr=3 [ ttor= [ om0

Q’-as.. By letting N go to infinity in (5.4) and using the hypothesis (4.88) one directly
shows that

t 2
/dQ' [(fz, @) = (Gt * fo, <P)+/o (fs(Gi-s * ), dW,)] =0 (5.3)

so that the quantity between square brackets is zero Q’—a.s.. By using a countable family
{} which separates points in C(R) we obtain that f; and W; solve the stochastic heat
Eq. (3.4). a

A. Some Properties of the Transition Probability
We here state and prove some elementary properties of p; (z), which is the probability
kernel for a symmetric random walk on Z defined in (4.1).

Let ¢:(z) be the transition probability kernel defined by

1
Brgqe(z) = 3 Aglz) , qo(z)=0(), (A.1)

and let us express it in Fourier series

n
qt(z) = _1_ dk eikx e—-t(l—cosk)_ (A.2)
2 J_ .
Hence p{(x) = gevet(z). By using (A.2) it is straightforward to verify the inequalities
(4.22), (4.39) and (4.44). In the same way one easily shows that there is ¢ > 0 such that
forallt > 0, € (0, 1),

sup |7Epi(2)| < c 1At~ (A3)
z€Z
and this implies (4.71).
Another useful representation for ¢;(z) is
t — "
@@= e Y —pa(@), (A9
n=0

where py(z) is the probability that S, = z, where {Sy, }n=0,1,2,... is a simple symmetric
random walk starting at 0. From this representation we immediately obtain that for any
0<Ti <T;and any z

sup q:(z) < exp(T> — T1) g, (2). (A5)
te(T, T2l
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Lemma A.1. Let K;(x) be defined as in (4.67), then

> / "t Ku(z)=0. (A.6)
z YO

Proof. It follows from a straightforward computation by using the representation of
p; (z) in Fourier series (A.2). O

Lemma A.2. Let q;(z) be defined as in (A.1), then
oo
> / dt |V*q:(x) V™ qu(@)| < 1. (A7)
2 Jo

Proof. By Cauchy-Schwarz inequality

1 1

Y v 0@ v* @) < {E [v‘qt(:c)]z}i {Z [v"qt(ac)]z}I :

r T r

and we stress that the inequality is strict because 7" ¢;(z) # V™~ ¢:(2).
By summing by parts and using (A.1), we obtain

> [ [vra@) =~ [ @ To @) =1,

and (A.7) is proven. O
Lemma A3. ForeachT > 0, a > O, there exist g > 0 and 8 < 1 such that

e~2T
> / dt |K.(z)|e*!*l < 8 (A.8)
z Y0

Jor every € < ¢y.

Proof. Let k > 0 and start by considering

2,

e~°T
/ dt Y |Ki(@)| el (A9)

By using (A.3) it can be bounded by

2T s
01/ dtt™2 Zpﬁ(z)e“"l
K z
€_2T 2.2 ZT 1 1
52c,/ dtt™ 1 et <acie® Th =k,  (A10)
K

since
Epf(:c)e“" <c3exp{caa’e’t}).
xz

On the other side
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lim /0 dt Y |Ki(@)| el = fo dt Y|V e@ v @) (A11)

by the dominated convergence Theorem.
Choose « sufficiently large and then ¢y small. Inequality (A.8) is then a consequence
of (A.10) and Lemma A.2. O

Lemma A4. Forevery T > 0, a > 0, there is ¢ > 0 such that
T 1
> / dt |Ki(z)| e®V! (T—€%)"2<e¢ (A.12)
0
z

foreverye > 0.

Proof. Let us start by considering

T 1
3 / dt |Ky(z)| e!?! (T - )72
z JeT[2

which can be bounded by proceeding as in (A.10). We obtain

-2

€
/ dtt=3er’T (T—ezt)'*gc,s.
e-2T/2

On the other side
2T (2 _1
> / dt |Ky(z)| e*l®l (T - e%)™?
0
x

. e=T/2
<(T/2)7* )] /0 dt |Ky(z)] %1 < cy. (A.13)

By Lemma A.3. [m|

B. Derivation of the Stochastic Burgers Equation as Scaling Limit of WASEP

The relation of the KPZ Eq. (1.1) with the (viscous) Burgers equation with conservative
noise it is rather well-known. The latter can be in fact obtained by introducing u; := Vh,
and formally differentiating (1.1)

Opuy = -;-Aut - %V (u?) + VW (B.1)

The stochastic Burgers equation has been recently analyzed for the case of non
conservative noise, i.e. when the term VW, in (B.1) is replaced by W,, and in that case
it has been shown that the process has continuous (in time and space) trajectories [3, 7].
Due to the extra spatial gradient in front of the stochastic term of (B.1) the natural state
space of the process is a distribution space. Thanks to the correspondence between SOS
and WASEP, see Sect.2.4, we have also a microscopic derivation of (B.1).
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In this case the macroscopic process u = u; is a distribution valued process on the
path space C ([0, T1; D'(R)) and it defined by

u(p) = — / dr h(r) @' (r) = / dr log0.(r) ' (v), (B.2)
where h; = h;(r) is the KPZ process and 6 = 6,(r) the solution of the stochastic heat
Egq. (3.4).

Theorem B.1. For ¢ € D(R), t € [0, T, introduce the fluctuation field for WASEP as

X; (@) :=vE Y plex)o,—2(x) (B.3)

and regard X¢ = (X[ ):ci0,7) as a random element in D ([0, T, D (R)).
Assume the initial distribution ¢ is such that the law of i, of (o(-) (defined in 2.21)
under y° satisfies the hypotheses in Definition 2.2. Then

X =2u B.4)

in the topology of D ([0, T1; D'(R)).
Sketch of the proof. It is analogous to Theorem 2.3. In fact it is easier to prove
the weak convergence in a finer (and metrizable) topology than in the natural topology

of D([0, T1; D’'(R)). This will be possible because u.(-) is (a.s.) not worse than the
derivative of an Holder continuous function. Let

G = {X eD'R) : Ifx € CR)
such that, Yy € D(R), X (p) = — / dr /() fx ()}, ®B.5)

note that fx is unique up to a constant. Eliminate this ambiguity by requiring fx(0) = 1
and endow G with the metric

20(X,Y) = e(fx, fr), (B.6)

where g is the metric in C'(R) defined in (4.84).

Using the Cole-Hopf transformation as in Theorem 2.3, one shows X = u in the
topology of D ([0, T']; G); the statement in Theorem B.1 follows since the topology of
D ([0, T1; D'(R)) is coarser. ]

As an application we now show that the white noise is an invariant measure for the
stochastic Burgers equation.

Let v the white noise measure on D’(R), i.e. the Gaussian measure with mean zero
and covariance

/dv X(p1) X(p2) = (1, ¥2) (B.7)
with ¢; € D(R).

Proposition B.2. The measure v is invariant for the process u;.
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Proof. We consider WASEP with initial distribution //,, the Bernoulli measure on {2
with marginals v/, (6(x) = 1) = 1/2. Let F be a bounded and continuous function
on D’'(R), by [22, VIII 2.1}, which characterizes the invariant measures for WASEP, we
have

Eil/l (F (X:)) =/‘d"l/Z F(Xs) (B.8)

Since 1
lim [dvi;e* @ =exp {—— (p, <p)} (B.9)

e—0 2

forall ¢ € D(R), the right hand side of (B.8) converges to f dv F and thus the invariance
of v follows from Theorem B.1. (]
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