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ABSTRACT. We derive, from a class of asymmetric mass-conservative interact-
ing particle systems on Z, with long-range jump rates of order | - |~(1+®) for
0 < a < 2, different continuum fractional SPDEs. More specifically, we show
the equilibrium fluctuations of the hydrodynamics mass density field of zero-
range processes, depending on the stucture of the asymmetry, and whether the
field is translated with process characteristics velocity, is governed in various
senses by types of fractional stochastic heat or Burgers equations.

The main result: Suppose the jump rate is such that its symmetrization is
long-range but its (weak) asymmetry is nearest-neighbor. Then, when o < 3/2,
the fluctuation field in space-time scale 1/« : 1, translated with process char-
acteristic velocity, irrespective of the strength of the asymmetry, converges to
a fractional stochastic heat equation, the limit also for the symmetric process.

However, when o > 3/2 and the strength of the weak asymmetry is tuned
in scale 1 — 3/2q, the associated limit points satisfy a martingale formulation
of a fractional stochastic Burgers equation.

1. INTRODUCTION

The purpose of this paper is to derive from a class of microscopic zero-range
interacting particle systems on Z, with asymmetric long-range jump rates, cer-
tain continuum ‘fractional Burgers’ and other stochastic partial differential
equations (SPDE). Our motivations are three fold:

First, these results will be seen to complement recent work and conjectures
in [10] which infer certain ‘long-range’ KPZ class variance orders from the
study of occupation times in asymmetric exclusion processes on Z with long-
range jump rates of order | - |~(1+®) for a > 0.

Second, given the interest in anomalous scales and previous work on de-
terministic fractional Burgers equations [12], [34], [50], [52], it is a natural
problem to try to understand the corresponding SPDEs.

Third, although with respect to nearest-neighbor mass-conservative inter-
acting systems on Z, there has been much interest in KPZ Burgers equation
which has been interpreted and understood in several ways (cf. [1], [3], [11],
[22], [23], [25], [28], [45] and references therein), there does not appear to be
much work on deriving such equations in the long-range setting.

We now expand on these motivations before discussing results.

1.1. Occupation times and KPZ class exponents. Consider the exclusion
process on Z with single particle jump probability p(z,y) = p(y — z). In such
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a process, each particle jumps at rate 1 and displaces according to p, except
in that jumps to already occupied vertices are suppressed. The configuration
7; at time ¢ > 0 is a collection of occupation numbers 7, = {n:(z) : = € Z}
where 7,(z) is particle number at = at time ¢. The system is a Markov process
with a family of invariant measures v,, each indexed on configurations with
asymptotic density p € [0,1]; in fact, v, is a product of Bernoulli measures,
with success probability p, over the lattice points in Z, [38].

Suppose now the system is begun with distribution v,. It is known that the
variance of the occupation time at the origin satisfies

Var/ot (ns(z) — p)ds ~ Zt/OtP(RS — 0)ds,

where R is the position of a ‘second-class’ particle initially at the origin (cf.
Subsection 1.1 [10]). Such a particle moves as a regular particle but also must
exchange places when other regular particles decide to displace to its location.

When p is finite-range and with a drift )~ ap(z) # 0, it is known (cf. [5],
[43]) that Var(R;) = O(t*/3). Such second-class particle variances are known
to connect to the variance of the height function for certain interfaces formed
from the particle configuration, [4]. Now, suppose p = 1/2 so that E[R;] = 0.
With a Gaussian ansatz, one posits decay P (R, = 0) ~ (Var(R,)) 71/2, which in
particular would give Var fot (ns(0) — 1/2)ds ~ t*/3. Although this type of local
variance estimate has not been proved, superdiffusive lower bounds have been
shown [9].

For the purposes of this article, we say KPZ class variance orders are those
of the second-class particle (or the occupation time), as the correspondence
with a height function is not obvious in the long-range setting.

Now, when p is long-range, that is s(z) = (p(z)+p(—z))/2 = O(|z|~(1**)) and
a(z) = (p(z) — p(—x)) /2 is say supported on nearest-neighbor steps a(+1) # 0,
one can ask about the occupation time variance orders. Surprisingly, in [10],
it was shown, for several types of asymmetric jump probabilities including p,
when o = 3/2, the variance is of order O(t*/?). Also for a« > 2, when the
jump law has more than 2 moments, it was proved that the variance is of the
same order as that for the finite-range system with a jump probability with the
same drift. Then, it was conjectured (cf. Conjecture 2.17 in [10]), given that the
system is more volatile as a grows, that the variance should be of order O(t*/3)
for all &« > 3/2, a ‘long-range’ extension of the standard KPZ class variance
orders.

When 0 < « < 3/2, as shown in [10], the variance has the same order as
for the corresponding symmetric process with symmetrized jump probability
s, computed to be O(t>~1/%) for a > 1 and O(t) for 0 < a < 1. Therefore, in
a sense, the long-range KPZ class variance orders should match those of the
finite-range class when o« > 3/2, and those of the symmetrized system when
a < 3/2.

These are in a sense ‘local’ fluctuation results. One can ask whether the
long-range ‘bulk’ fluctuations, that is those of the empirical density field, also
follow such a-dependent characterizations. Given that the computations in
[10] were done for the exclusion process, one can ask in addition whether the
phenomenon extends to other mass-conservative interacting particle systems.
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1.2. Hydrodynamics and deterministic fractional Burgers equations.
For an array of weakly asymmetric nearest-neighbor exclusion processes on Z,
with jump probability p(1) = 1/2 + ¢/n'/? and p(—1) = 1/2 — ¢/n'/?, it is well
known that the diffusively scaled empirical density field,
m _ 1 ,
i = m Z nnt(x)d 1/2 y

n 1

when started from an initial measure 7" with density profile po(-)~that is 7\
converges weakly to J,,)—under appropriate entropy conditions, converges
weakly to the unique solution of the hydrodynamic equation

1
Op = 5Ap—2cVp(l=p); p(0,2) = po(2). (1.1

See [35] for a complete account.

However, when 1 < o < 2, for long-range weakly asymmetric processes,
that is when s(z) = O(|jz|~*®) and «a is nearest-neighbor, a(1) = ¢/n'~/
and a(—1) = —¢/n' "'/, the long-range density field (1/n"/*) 3" nni(2)0, /p1/a,
under an initial condition with density profile py(-), formally converges to the
solution of

aip = A%?p—2cVp(1 = p); p(0,2) = po().
Here A“/? is the standard fractional Laplacian, defined in (2.4).

When 0 < a < 1, no matter the order of the asymmetry a(+1), the long-range

density field formally converges to the solution of

aip = A*2p; p(0,2) = po(w).
However, when o > 2, under diffusive scaling and a(+1) = +cn~'/2, the
density field 7rt(") formally tends to the solution of (1.1). Also, when a = 2,
under ‘log’ adjusted a(£1) = +clog(n)/(nlogn)'/?, the field

1
(nlogn)172 Z Mt ()04 /(1 10g n)1/2

converges formally to the solution of (1.1).

For different particle systems, such as zero-range processes (cf. Section 2),
which also have a family of invariant measures v, indexed by density, the for-
mal long-range hydrodynamic equation, when 1 < a < 2, takes form

Op = A*25(p) —2cVi(p); p(0, ) = po(). (1.2)

Here g is a (nonlinear) ‘flux’ function defined in (2.1). When 0 < o < 1, the
formal hydrodynamic equation is 9;,p = A®/2j(p). When a > 2, the formal
equationis d;p = (1/2)Ag(p)—2¢Vg(p), corresponding to the limit of the density
field seen in diffusive or ‘log’-adjusted scales as for the exclusion system.

See [32] in the long-range context which addresses hydrodynamics, and also
[12], [50], [52] which consider uniqueness and regularity of related equations.

It is natural to ask about the equilibrium fluctuations corresponding to these
hydrodynamic limits. In particular, starting from an invariant measure v,
what are the limits of the fluctuation field (1/n'/2*) 3> (11n¢(x)—p) 8, /n1/« When
0 < a < 2? When the process is symmetric, that is p = s, such limits were con-
sidered in [33] (cf. Proposition 2.1). The general answer, well understood from
a perturbative view and in many finite range examples, is that the fluctuation
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limit should be a linearization of the hydrodynamic equation, forced with a
certain white noise, [14], [18], [44], [48].

1.3. KPZ and stochastic Burgers equations. The KPZ equation,
dih = alh+b(Vh)® + W,

has stimulated much recent activity in the probability/math physics literature,
[17]. Here, h(t,z) represents the continuum height of certain interfaces with
certain growth rules. Part of the equation’s mystique is that it is ill posed:
The noise is not regular enough to allow a strong solution, and the square
nonlinearity prevents a weak formulation.

Nevertheless, formally, the Cole-Hopf transform Z(t,z) = et with A =
a/b satisfies the linear stochastic heat equation 9, Z = aAZ + (ac/b)ZW, which
is well-defined (cf. [36], [51]). One then declares log Z(¢,z) as the ‘solution’
to the KPZ equation. In a recent tour-de-force, [28], what actual equation
log Z(t, x) satisfies and its relation to the KPZ equation was made precise. See
also [26] and [37] for recent alternative approaches.

From the microscopic point of view, the microscopic height function satisfies
h(t,x) — h(t,x + 1) = n:(x) where as before 7;(z) is the particle number at z at
time ¢. In nearest-neighbor exclusion processes, starting from v,, with jump
probability which is weakly asymmetric in that a(+1) = O(n~'/?), instead
of O(n~'/2?) as in the last subsection, using a microscopic Cole-Hopf trans-
form, it was shown that the diffusively scaled height fluctuations converge
to log Z(t,x), [11]. In [1], different initial conditions are considered, as well as
importantly ‘exact’ statistics of the Cole-Hopf solution process.

Consider now the KPZ Burgers equation,

Ou = alu+ bVu? + VW, (1.3)

which formally governs the gradient u = Vh of the KPZ equation solution.
Again, the equation is ill posed. However, since 7;(x) is the discrete gradient
of the microscopic height function, to try to derive (1.3), it is natural to look at
the fluctuation field which represents a microscopic form of w.

In [23] and [25], in a class of mass-conservative systems starting from v,
with nearest-neighbor weakly asymmetric jump probability so that a(+1) =
O(n~'/*) as above, it was shown that all limit points Z; of the field,

" 1
Zt( ) = WZTantJ (1t () _'0)6”"1/27

in a shifted frame with a characteristic speed vnt, satisfy a martingale formula-

tion of (1.3). Namely, Z,(H)— )—c1 jo (AH)ds—ca A (H) is a martingale
corresponding to ¢V W,. Here, the term A;(H) is defined,

hm/ /VH TG ) dsdz,

10 Jo

where G, is a smoothing of the delta mass at 0, and 7yn(x) = n(z + y) and
7,G(z) = G(z + y). The constants ¢; and ¢, are homogenized factors reflecting
the density p and the rates of particle interactions. Although uniqueness of
a limit process has not been shown for this type of martingale formulation, it
does indicate a structure corresponding to (1.3).
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In this context, what is the behavior in long-range systems when s(z) =
O(|z|~(+*)) and a is nearest-neighbor of certain strength?

When a > 2 and a(+1) = O(n~'/*), following the calculations in [25], one
may see that the field Zt(") has the same limit behavior, with different con-
stants v, ¢; and cg, as in the nearest-neighbor setting detailed above. Sim-
ilarly, one can see that the same sort of behavior holds, when « = 2 and
a(£1) = O((logn)/(nlog(n))'/*), with respect to the ‘log-adjusted’ field

1

W zm: TLn’UtJ (nnt (-7/') - p)(sz/(n log n)1/2 .

These computations are left to the interested reader.

Part of our motivation then is to ask, when 0 < o < 2 and a(+£1) is of certain
strength, whether the limits of the fluctuation field ‘solve’ a type of fractional
KPZ Burgers equation,

Ou = alA* %y + bVu? + eV 2W,. (1.4)

Such an equation, in the finite volume, has been considered in [27] where
it is shown that a ‘controlled solution’ exists when o« > 1 and that such a so-
lution is unique when o > 5/2. We comment that there does not seem to be a
‘Cole-Hopf’ formula to analyze (1.4). It would be of interest to understand the
equation also from the point of view of Hairer’s rough paths approach, [29]. In
this respect, it appears that (1.4) formally can be made to make sense when
a > 3/2,[42].

1.4. Discussion of main results. To introduce the main ideas and to be con-
crete, we will concentrate in the article on zero-range processes (cf. definitions
in Subsection 2) with jump probability p such that s(z) = O(|z|~(**+), for
0 < a < 2, and a(+) is nearest-neighbor with varying strengths, often depend-
ing on the scaling parameter n. It seems such systems are rich enough to
capture a diverse range of fluctuation behaviors, depending on parameters.

We remark that the zero-range process is a representative system: In prin-
ciple, the main results in the article should hold in a more general setting as
in [25].

Although not our focus, we comment, as discussed in Subsection 1.3, that
the fluctuation behavior, when o > 2, is similar to that in the ‘nearest-neighbor’
interactions framework of [25]. Such a finding is in accordance with the ‘local’
fluctuation discussion in Subsection 1.1 for oo > 2.

Our first result (Theorem 2.3) sets the stage for later limits and identifies, in
a fixed frame of reference, the equilibrium fluctuations of the density field, for
long-range zero-range systems with the same nearest-neighbor weak asymme-
tries as in Subsection 1.2, namely a(+1) = O(n~(1~/®), as corresponding to
linearizations of the hydrodynamic limits near (1.2). The limits are two types
of fractional stochastic heat equations (2.3) and (2.11), one without and one
with a linear drift term, depending on whether 0 < @ < 1 or 1 < a < 2 respec-
tively. Such equations were considered in the literature with respect to limits
of certain branching particle systems [20], [19].

Next, after absorbing linear drift terms, by observing these fluctuation fields
in a moving frame with a characteristic velocity, we obtain a transition point
at a = 3/2 (Theorem 2.6). Namely, for 3/2 < a < 2, when a(+1) = O(n~1+3/2%),
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the equilibrium fluctuation limit points satisfy a martingale formulation of
a fractional stochastic Burgers equation (2.12). While for 0 < a < 3/2, no
matter the order of the asymmetry a(£1), the equilibrium fluctuation limit is
the unique solution of a fractional stochastic heat equation without drift.

As mentioned in Subsection 1.1, this result complements the work in [10]
with respect to ‘local’ fluctuations of the exclusion occupation time, and shows
a certain ‘universality’ of the transition point a = 3/2 with respect to ‘bulk’
fluctuations, in a general class of zero-range systems, with ‘long-range’ tran-
sitions and nearest-neighbor asymmetries, across process characteristics. In
particular, the presence of the ‘gradient of the square’ term in (2.12), when
a > 3/2, is more evidence for the ‘strongly’ asymmetric system, when a(+1) is
a nonzero constant, to be in the standard KPZ class. In this respect, we note
for the parameter o = 3/2, the process is not weakly asymmetric but ‘strongly’
so. We mention also it remains open to show that the martingale formulation
uniquely characterizes a limit solution of (2.12), although it suggests much of
the structure of the equation (cf. Remark 2.7).

One may ask about the fluctuation field behavior of the process when its
asymmetries are also ‘long-range’, for instance when a(x) is proportional to
sgn(z)|z| =49 for # > a. The results in [10], also valid for such ‘long-range’
asymmetries, would indicate a dichotomy in the limits according to when o >
3/2or a < 3/2, as in Theorem 2.6, should hold. Although informal calculations
seem to verify such an o = 3/2 transition point, we do not pursue this here. In
this context, see the recent arXiv paper [24], which discusses some results for
exclusion processes with ‘long-range’ asymmetries.

The methods of the article are to develop the stochastic differential of the
fluctuation field Zt(”), and to close the equation by averaging nonlinear rate
terms in terms of the field itself. Such averaging, in the fluctuation field con-
text, known as a Boltzmann-Gibbs principle, has been proved in a sharp form
in [25] for nearest-neighbor models. Taking advantage of a long-range adapta-
tion, one can pass to the limit and obtain formally different SPDEs depending
on parameters. However, to make this passage rigorous, unlike in the nearest-
neighbor setting, as the fractional Laplacian A®/? does not take the class of
Schwartz class functions to itself, one needs to ‘lift’ the processes considered to
larger domains, as in [20], [19], which considered related limits.

In the next section, we define the zero-range model and state the results. In
Section 3, in several subsections, the main statements are proved. In Section
4, the proof of a Boltzmann-Gibbs principle for long-range systems is given.

2. MODELS AND RESULTS

After defining the zero-range model and stating assumptions, we proceed to
the main results.

2.1. Notation and Assumptions. Define the symmetric jump probability s =
Sq 1 Z — [0,1] by

Ca
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and s(0) = 0 for @ > 0 where ¢,, is a normalization constant. Let alsoa : Z — R
be an anti-symmetric function given by

1 forz=1
a(x) = -1 forz=-1
0 otherwise.

For v, > 0 and n > 1, define the jump probability p = p,, .5, : Z — [0,1] by

B
p() = 5()+ a()
Here, 8 = f(«) is fixed small enough so that 0 < p(£1) < 1.

Let g : Ng — R, denote a ‘rate’ for the process, satisfying ¢(0) = 0 and
g(k) > 0 for k > 1. Informally, the zero-range system is described as follows: If
there are k particles at a location, g(k) is the rate at which one of these particles
jumps. Then, the location to where it jumps to is governed by p. Such systems
are well-studied in the literature, with respect to various applied models (cf.
[21]), and include the case of independent particles when g(k) = k.

More formally, let {nt(") : t > 0},>1 be a sequence of zero-range particle
systems on the state space = N4 where Ny = {0,1,2,...}. The configuration
ne = {n:(z) : * € Z} specifies the particle occupation numbers 7;(z) at sites
r € Z at time ¢t > 0.

To prepare for later scaling limits, we specify, in the nth process r].("), that
time is sped up in scale n. That is, the dynamics of n@ is given by the genera-

tor
Lof(n) = n Y p)g(@){f>*+) = f(m)}.

TEL YEL
Here, n¥'" is the configuration after a particle moves from v to w:
> N

n(v) —1 whenz=v
n"Y(z) = ¢ nw)+1 whenz=w
n(z) otherwise.

Since 7 € 1 is a configuration where v is occupied, the particle number n(v) > 1
and so """ also belongs to €.

We will assume ¢ satisfies the following condition, which bounds the depar-
ture rates.

(LIP) There is a constant M such that sup, [g(k + 1) — g(k)| < M < 0.

Under condition (LIP), the process n§"> can be constructed as a Markov

process on 2 with a family of invariant measures {7y : 0 < 6 < 6.} where
6. = liminfi4 g(k) < co. These probability measures, indexed by ‘fugacities’,
are products over lattice points in Z with common marginals given by

k_
wna) = k) = Z—

for k > 0. Here, g(k)! = g(k)---g(1) when & > 1, g(0)! = 1, and Zj is the
normalization.

It will be convenient to index these measures by ‘density’, that is p(f) =
J n(0)dig. One can see that p is a strictly increasing function of 6. Let 6 =
f(p) be the inverse function and define v, = vy, for 0 < p < p. where p, =
limgtg, p(6).
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Moreover, with respect to a fixed v,, the process can be associated with a
Markov semigroup on L%(v,) with a Markov generator L, and a core of local
L*(v,) functions. The adjoint L}, can be seen to be the generator with respect to
reversed jump probability p*(-) = p(—-). Moreover, the measure v, is invariant
with respect to the adjoint process, and is reversible when p = p* = s. See
[2] and [47] for more details about construction and invariant measures of the
process.

Here, a local function is one which depends only on a finite number of occu-
pation variables {n(z) : € Z}. Also, in the following, we denote by P,, and E,,
the measure and expectation of the process when started from initial measure
k. Also, E,, Cov,, and Var, will denote expectation, covariance, and variance
with respect to x. Occasionally, when the context is understood, the subscript
will be dropped from these notations.

Define, for local f, the function f(z) = E,_[f], when the expectation makes
sense. We remark that the ‘flux’,

g(z) = E, [g], 2.1

will feature in later results

The mixing properties of the system will play a role in the analysis. Consider
the localized, ergodic process, corresponding to the symmetric jump probability
s(+), on the interval Ay = {z € Z : |z| < ¢} with k > 0 particles and generator

Seefm) = > gm@){F0™) — F(n)}s(y — ).
z,yENy

For this Markov chain, the canonical measure vy, = v,(:| >0, n(z) = k}
is reversible and invariant. Let A\, , be the spectral gap, that is, the second
smallest eigenvalue of —S), ¢ (with 0 being smallest). Denote W (&, () = )\,:}{ and
recall Poincaré’s inequality

Var,, ,(f) < W(k,€)Dye(f)

where Dy, ; is the canonical Dirichlet form

Dielh) = 5 3 B o)L F6r) — )} )sty — ).

z,yENy
We will suppose the following condition which guarantees sufficient mixing
for our purposes when 0 < a < 2:
(SG) There is a constant C' = C'(p) such that

B, |W (Z n(x),£> < or*e,

TEA,

The condition (SG) is one on the rate g, useful in the proof of a certain ‘ergodic
replacement’, namely the Boltzmann-Gibbs principle in Theorem 3.1.

There is a large class of rates for which this condition holds. Consider the
process, on the complete graph with vertices in A, governing k particles, with
generator

S = = 3 gm@) o) — )}

( Z) T, yENAy
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The measure vy ¢ is also reversible for this process, and the associated Dirichlet
form is as follows:

DRt(f) = @ S B [on@) {70 - Fn)}?).

z,yeNy

Often, the spectral gap \,, with respect to this mean-field process is easier to
estimate. Suppose the bound A,,! < r(k, /), in terms of a quantity (k, ¢), holds.
Then, one can derive a bound on W (k, ¢) for the long-range dynamics because

[(20*/¢a)Diye = DEF(S)-

Hence,
(20)*r(k, L)
Ca
which gives the estimate W (k, £) < r(k, £)[(20)*/cq4)-
In passing, we observe that a calculation with the canonical measure vy, ¢ (cf.
property (MP) in [15]) shows, with respect to a universal constant C, that

Vary, ,(f) < r(k, ODRYH(f) < Dye(f)

2
DY) < OF Y Euy [om@) {07 — 1Y) < SDi).
lo—y|=1 «
z,y€EN,

Then, although not our focus, for o > 2, one concludes W (k, £) < Cl?c_'r(k,¥).

Suitable mean-field spectral gaps, which lead to verification of (SG), have
been proved for a large class of processes. In the following, C' is a constant not
depending on k or 4.

e When there exists ky € N and mg > 0 fixed, such that g(k + ko) — g(k) >
myg for all £ > 0, we have r(k,¢) < C, [15].

e When g(k) = k%, for 0 < 8 < 1, we have r(k,£) < C(1 + k/¢)?, [41].

e When g(k) = 1(k > 1), we have r(k,¢) < C(1 + k/¢)?, [40].

2.2. Results. We first define spaces needed to state the main theorems.

Let S(R) be the standard Schwartz space of smooth, rapidly decreasing func-
tions equipped with the metric d(f,g) = Y ;2,2 *min{1, ||f — g|[x}, given in
terms of norms || f||? = maxo<r<n Sup,egr(l + 22)*|92 f(x)| where 97 is the jth
order derivative in x. Let Hj be the completion of the compactly supported
C* functions with respect to || - ||x. Then, Hy1 C Hy. Moreover, the inclusion
operator f € Hyy1 — f € Hy is a Hilbert-Schmidt operator. We observe that
S(R) is a nuclear Fréchet space.

Let Hj, be the dual of H), equipped with the strong topology, and note H;  ; O
Hj.. The dual space of S(R), consisting of tempered distributions on R, endowed
with the strong topology, may be written S’'(R) = U2 H,.. The recent papers
[6], [7], and [8] and references therein discuss in more detail these spaces, their
duals, and associated topologies.

For a fixed 0 < T < o0, denote by D([0,7],S'(R)) and C([0,7],S'(R)) the
function spaces of cadlag and continuous maps respectively from [0, 7] to S’ (R).
Throughout, we equip both function spaces with the uniform topology. The
bracket denotes (-, -) the dual pairing between S’ (R) and S(R), but also between
other pairs of spaces when the context is clear.
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Further, let C be the space of infinitely differentiable functions whose sup-
port is contained in (—dy,T") for some §, > 0 fixed. The completed tensor prod-
uct SR) ® 6, topologized by norms ||®||; = maxo<¢, +e,<k supmeR’te[_(;o,T](l +
22)*|94 082 ®, (x)| is also a nuclear Fréchet space (cf. [49] where the notation &
is used in place of ®).

Throughout the article, the initial configuration 17(()”) will be distributed ac-
cording to a fixed v,.

For 0 < a < 2, let now y.(") be the density fluctuation field, acting on func-
tions H € S(R), given by

) = e SO () (@)~ ),

We may view V") as a member of D([0,T],5'(R)). By the central limit theo-

rem, for each fixed ¢ > 0, yt(") converges in distribution to W, the spatial white
noise taking values in §'(R) with standard covariance

Cov (Wo(G), Wo(H)) = o*(p) /R () H (2)dz 2.2)

where o%(p) = E,, [n(0) — p)?].
Define also the space-time white noise V,, which indexes spatial white
noises in time, with covariance

Cov (Wt(G),WS(H)) = 6t —s)a?(p) / G(z)H (x)dx.
R
When 8 =0and 0 < « < 2, that is when p = s and the process is symmetric,
a martingale form of the following ‘equilibrium fluctuations’ result was shown
in [33]. See also Theorem 2.3 which, when 5 = 0, recovers this statement.
Throughout, the phrase ‘with respect to’ will be abbreviated ‘w.r.t.’

Proposition 2.1. When 8 = 0 and 0 < « < 2, starting from initial measure

v, the sequence y.(”), as n 1 oo, converges weakly w.r.t. the uniform topology on
D(]0,T],S’(R)) to the unique process ). which solves the equation

Ve = 7 (pAV +Va(p) VW 2.3)
in the generalized sense as in Definition 2.2 below.

Here, the fractional Laplacian operator A®/?, acting on H € S(R), is given
by
1
(APH)@) = 5 [ ) Ho+y) - 2H(e) + Ha-y)ldy, @4
R
where s(z) = ¢, /|z|'T* is extended to x € R.
For G, H € S(R), the noise
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when integrated in time, is a spatial white noise with covariance

t t
E,, [ / VY2 W, (H)ds - / vaﬂwu(c:)du}
0 0

= ()t / / sw)(H(z +y) — H@) (Clz +y) - Clx))dydz
= UQ(p)t/G(x)AO‘/QH(x)dx. (2.5)
R

2
When G = H, we say V2G| 3@ .p) = 0°(p) Jp Jo 5(v) (Gle+y) - G(x)) dyda.
Let {T} : t > 0} be the semigroup of symmetric bounded linear operators on
L?*(R) generated by A®/2 (cf. [30]). Symbolically, (2.3) translates to

t
Vi = 70T Yo + i) / 7 V2 W,ds, 2.6)
0

where * refers to the adjoint action in the definition (7}*)y, H) = (Yo, T3 H) and
Ty V2W, HY = (VO2W, Ty H).

Unfortunately, A®/2H and T;H do not in general belong to S(R), and so
the terms in (2.3) and (2.6), in weak formulation, do not make apriori sense.
Nevertheless, suppose that all the terms of (2.3) and (2.6) have extension
and make sense when integrated against test functions in the nuclear space,
®,(z) € S(R) ® C.

Specifically, suppose the terms corresponding to maps, which take ®. €
S(R) @ C variously to

T T
Vo, ®0), / (Vi, &), and / (N3, Do)t @7
0 0

and also
T T T T

/ Ve Ay, (0, / T,d,dr), and / (., / Tio0,dt)ds, (28)
0 0 0 s

can be seen to define (S(R) ® C)'-valued random variables.
Suppose also that the equation, which lifts’ (2.3),

T T
/ (Vi 0:®y + § () A 2Dy)dt = — (Yo, Do) + \/ﬁ(p)/ (Ng, Oy®y)dt  (2.9)
0 0

holds for ®. € S(R) @ C. Then, as discussed in Proposition 3.3 and Remark
3.4(a) in [20] (see also [19]), one can conclude that the evolution equation,

/0 " = 7030, /0 "Lt - /i) /0 " (. / ot

N (2.10)
also holds for ¢. € S(R) ® C.

We remark that, by the Hahn-Banach theorem, the maps given by (2.7) and
(2.8), and the associated equations above can be extended to larger domains (cf.
Remark 3.4(a) in [20] and Remark 3.3 in [19]). As at most one functional ¢. —
fOT<yf,, ®,)dt can satisfy the evolution equation (2.10), and this map determines
Y. (cf. Lemma 2.3 in [19], and also [13]), we obtain that (2.9) has a unique
solution.
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Definition 2.2. We will say that equation (2.3) holds in the ‘generalized’ sense
when the terms in (2.9) and (2.10) define (S(R) ® C)’-valued random variables
on a common probability space, and the equation (2.9) is satisfied.

Part of the proof of our later results, those which aim to identify the limit
behavior of fluctuation fields in terms of linear limit SPDEs, is to adopt the
following strategy: One argues, with respect to any limit point, that all terms
in (2.7) and (2.8) define (S(R) ® C)'-valued random variables, and that the
evolution equation (2.9) holds.

When 5 > 0, the strength of the weak-asymmetry v should be specified. It
turns out that v should depend on « to obtain nontrivial limits.

Theorem 2.3. Starting from initial measure v,, the sequence y.<"), asn 1 oo,
converges weakly w.r.t. the uniform topology on D([0,T],S’(R)) to the unique
process ). which solves the following equations:

When >0, v=1-1/,and 1 < a <2,

Ve = G (p)A2Y, + B7 (0)VIr + Vi(p) VW, (2.11)

in the generalized sense discussed in Remark 2.4.
When 8 > 0and 0 < a < 1, no matter the value of v > 0, ). is symmetric and
satisfies the limit equation (2.3) in the generalized sense of Definition 2.2

Remark 2.4. We interpret the equation (2.11) in terms of (2.3) by introducing
a reference frame shift: That is, let Z,(G) = V,(G(- — 8¢’ (p)t) for G € S(R) and
t > 0. Then, we say ). satisfies (2.11) in the ‘generalized’ sense if Z. satisfies
the driftless (2.3) in the sense of Definition 2.2. Hence, well-posedness and
uniqueness of the solution of (2.11) follows from that of (2.3) in the sense of
Definition 2.2.

The limit equations for 3/.(”) change type according to when o < 1 or o > 1,
and may be thought of as linearizations of the hydrodynamic equations men-
tioned already (cf. near (1.2)).

We note a ‘crossover’ effect is implied straightforwardly by the proof of The-
orem 2.3: When 1 < a < 2 and v > 1 — 1/a«, the extra drift term in (2.11)
disappears. More precisely, the limit of y.(") converges weakly w.r.t. the uni-
form topology on D([0,T],S’(R)) to the unique solution of (2.3) in the sense of
Definition 2.2.

To probe second-order effects, we now absorb the drift in (2.11) and observe
the fluctuation field moving with a ‘characteristic’ velocity. Define Y™, in
terms of its action on H € S(R), as

n),— 1 z 1 6(7 p)tn n
yt( ) (H) = n,l/QOLZH(nl/a ~ pl/e { 757) }) (nt( )(x)—p).

Again, Y™ belongs to D([0,T],S'(R)). The possible limits of Y™, when
B > 0, depend on the strength of the weak-asymmetry ~.

It will turn out that, as discussed in the introduction, when v = 1 — 3/2a
and 3/2 < « < 2, the asymmety is significant enough to introduce a ‘quadratic’
term in the limit. Formally, the limits of yt(”)’* satisfy a type of (ill-posed)
fractional KPZ-Burgers equation,

Ve = G (p)A2Y, + BG" (0)VYE + V3(p) VO * W (2.12)
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Note that if one replaces A*/2 and V*/2 by A/2 and V, respectively, then the
equation reduces to a KPZ-Burgers equation which governs Vh,;, where h; sat-
isfies a KPZ equation. We also note that (2.12) reduces to (2.3) if 55" (p) = 0,
for instance, in the case of independent particles when g(k) = k and §(p) = p.
To give sense to this equation, as in [25], we define the notion of an ‘L?-
energy’ martingale formulation of (2.12). Let . : R — [0, 00) be given by «(z) =
(1/2)1_14j(2) and, for e > 0, let 1.(2) = e 'i(e7'2). Let G. : R — [0,00) be a
smooth compactly supported approximating function in S(R) such that

IG:]72(g) < 2lleellfz@ =" and Efgf’”zllGeﬂellw(R) =0 (213

Such approximating functions can be found by convoluting .. with smooth
kernels. For x € R, let 7, denote the shift so that 7,n(z) = n(z + =) and
T:Ge(2) = Ge(T + 2).

With respect to a process V. € C([0,7];S’(R)), define the process A° €
C([0,T],S8'(R)), for € > 0, by its action on H € S(R),

AE(H) = /O t /R VH(z) [yu(uc;s)rdxdu. (2.14)

We say the process ). satisfies an L? energy condition if, for H € S(R), A°(H)
is a ‘uniformly L? Cauchy’ sequence, as ¢ | 0, with respect to the space of ran-
dom trajectories equipped with the complete metric d(z.,y.) = E[supte[O’T] (z¢ —

y:)?]Y/?, that is,

lim E[ sup (Afl(H)fAfz(H))z} =0, (2.15)
ene2d0 Lielo,1)

and the limit does not depend on the specific smoothing family {G.}. The limit
process A.(H) belongs to C([0,7)), and is defined by the uniformly L? Cauchy
limit

A(H) = lim A;(H).

Definition 2.5. We will say that ). is a fractional L*-energy solution of (2.12)
if the following holds.

(i) For each fixed ¢t € [0,T], ): is a spatial white noise with covariance (2.2).

(ii) The process V. satisfies the L2-energy condition (2.15).

(iii) There exists a process A. € C([0,77,S’(R)) whose action on H € S'(R)
is the uniformly L? Cauchy limit A.(H).

(iv) There is a process M. € C([0,7],S5(R)), such that, for H € S(R),
M. (H) is a continuous martingale with quadratic variation (M(H)); =
§(p)tHV“/2HII%z(RxR)-

(v) The maps, which take variously H. € S(R) ® C to fOT Vi(AY2Hy)dt,
fOT Vi (Hy)dt, fOT M, (Hy)dt, fOT Ay (Hy)dt, and Yy (Hy), can be seen to de-
fine (S(R) ® C)'-valued random variables.
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(vi) Moreover, for ®. € S(R) @ C, we have a.s. on a common probability
space that

T T
/ M(9,®,)dt = y0(<1>0)+/ V(0 by)dt (2.16)
0 0

T T
+5(0) / Vi(A28,)dt — B (p) / A, (0,8,) .

We remark that one can interpret (2.16) as a way to lift the formal equation
Mi(H) = Y(H) = Yo(H) + 7' (p) [ V(A2 H)ds + 85" (p) [ A(H)ds or (2.12),
much as (2.9) lifts (2.3), to give the equation a precise meaning, in view of the
ambiguity of the term fot YV.(A“/?H)ds as a process in time. An intermediate
form of item (vi), concentrating on functions ®;(x) = f(¢t)H (z), where H € S(R)
and f € C, would also suffice in this regard, in which case (2.16) reduces to

T T
/ FOM(H)dt = FO)YVo(H) + / F )V (H)dt (2.17)
0 0

() / FOYUAH )t~ 55" () / J () A (H)dt.

Although, we have pursued the more general form, as it might be useful in
later development, to verify part (vi), our strategy will be to show (2.17) and
then to derive (2.16) by approximations. We also note that M.(H) is a Brown-
ian motion by Levy’s theorem, and so M. is a version of the noise 1/§(p)N..

Theorem 2.6. Starting from initial measure v,, when 3/2 < a < 2,y =1-—
3/2a, and 34" (p) # 0, the sequence {y.(")ﬁ :n > 1} is tight w.rt. the uniform
topology on D([0,T],S'(R)), and any limit point ). is a fractional L*-energy
solution of (2.12).

However, when 0 < a < 3/2 or 83" (p) = 0, no matter the value of v > 0,

the sequence y.("“, as n 1 oo, converges weakly w.rt. the uniform topology
on D([0,T],S'(R)) to the unique symmetric process Y. which solves the limit
equation (2.3) in the generalized sense of Definition 2.2

Remark 2.7. The result indicates a transition point with respect to the long-
range strength parameter value o = 3/2, consistent with the ‘local’ fluctuation
results in [10] (cf. Subsection 1.1). Namely, when a < 3/2, the characterter-
istic velocity translated fluctuation field limit, no matter the strength of the
asymmetry, is the limit for the symmetric process.

However, when o > 3/2, under an appropriate asymmetry scale v = y(«),
the limit points satisfy a martingale formulation of a ‘fractional’ KPZ-Burgers
equation, involving a ‘quadratic gradient’ term. Note, although quite sugges-
tive, the uniqueness of this martingale formulation is still open. Part of the
difficulty is that the process A.(H) is understood only as a Cauchy limit, and
how it relates further to ). is not clear.

Again, by the proof of Theorem 2.6, there is a ‘crossover’ effect in that, for
3/2<a<2and~y > 1-3/2a, the ‘quadratic’ term drops out and the sequence
V™7 converges weakly w.r.t. the uniform topology on D([0,7],S'(R)) to the
unique solution of (2.3).
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3. PROOFS

The arguments for Theorems 2.3 and 2.6 adapt the ‘hydrodynamics’ scheme
of [25], with some new features, to the long-range context, developing the sto-
chastic differential of J/t(n) and y,f”)’* into drift and martingale terms, before
analyzing their limits. Since the arguments of the two theorems are similar, to
simplify the discussion, we only prove in detail Theorem 2.6, the most involved.

In Subsection 3.1, various generator actions are computed in general. Then,
in Subsection 3.2, a general ‘Boltzmann-Gibbs’ principle is stated which will
help close equations. In Subsection 3.3, tightness of the processes in Theo-
rem 2.6 is shown. In Subsection 3.4, we identify several features of the limit
points. In Subsection 3.5, we discuss essential notions which put the fractional
stochastic heat equation (2.3) and the energy solution equation (2.16) on a firm
footing. In Subsection 3.6, we finish the proof of Theorem 2.6.

3.1. Stochastic differentials. For H € S(R), x € Z,0 < a < 2, and n > 1,
define scaled and unscaled operators:

n) . z+y T—y\ T
Ar,yH = H ( nl/a ) +H < nl/a 20 (nl/a) ’

1/« -1 -1
O St I
vm H = 2 {H (nl/a) H(nl/a ’

Define, for v, s > 0,

H.() = H('—nll/a LWU (3.1)
and ﬁ'\/,s(') = H(_ﬂ}/(}{%})’

functions seen in frames along n~!/*Z and R respectively which will be useful.

3.1.1. Fields in a fixed frame. We develop

LYWWH) = oo 303 sw)aln @) AL H
2n TEZYEL
2np () () V()
n'y+3/2a Zg " v " H.
€L
Then, we have

1 SN P 1 P ATty

M (H) t()yo()onys()s

is a martingale. In these and following calculations, we note ( (”)(H ))*¥ and

later below F (s, o™, n)* for k > 1, although not local, are L?(v,) functions
which can be approximated by local ones and are in the domain of L,,.
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Noting

we may decompose

MM (H) = Y(H) - Y (H) -1 (H) - B (H) (3.2)
where

n 1/t 1 1 N N ~ N

100 = 5 [ 7m0 e 2 sl (o @)~ ) AL as
0 z€e =/

n Qnﬂ n ~ n

B(H) = m+3/2a/ > (9 (@) = d(p)) VI Hds.
TEZL

In the last two lines, centering constants were inserted noting ), A;”g =

>, v =
The integrand of the quadratic variation (M) (H)), equals

Lo (VI (H))* = 20 (H) L, Y (H)
= e SO sy g0l ) (A

rEL YEL
77/5 n n n
to e ZZ (g™ (@) = g™ (w + 1)) @YV H)?.
rE

Then, (M\")(H))? — (M®)(H)), is a martingale with

<M(n) /n2/oz ZZ y/nl/a 77(")( ))(dScZZH)QdS
TEL YEL
4 [ S [otl () — g+ )] LB s,
0 TEL

We remark, in passing, as s(1) = ¢, > [, the negative terms in the last line are
compensated by the positive ones in the first line of the above display. Given
0 < a < 2, the L?*(v,) norm of the second term in the quadratic variation is of
small order O(n'~2/®).

By stationarity of v, and the Burkholder-Davis-Gundy bound, E[M*(t)] <
CE[(M)?], we have

E,, [(MM™(H) = MM (H)Y < C(B,a,p, g, H)|t — s[>

3.1.2. Fields in a moving frame. Let F(s, o™ H, n) = ys")’H(H) and write, as
before in the fixed frame,

TEZ YEL

2np " )
+ n,\/+3/2a § g(ng )( ))vgl )H’sz'
TEL
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Also,
0 —2B3' (p)n\ 1 ~ z
(n). — = (n) _
8SF(S s )= { nY }ng/m %VH ® (nl/a) (775 (z) p) ’
Then,
M2 (HY = F,™ H,n) — F(0,n"; H,n)

t
d
—/ 3 —F(s,n{™; H,n) + L,F(s,n™; H,n)ds
0 OUs
is a martingale. We write

Mﬁ”“(ﬂ) (3.3)
= V") = 95T ) — 7T () - BT () - KT ()

where
n | 1 y N B N
10078 = [ 5 3 [ 3 s (@) - (o) AL s
0 z€E yEZ
B (H)
__2nB oV — 5 () (™) YO H. 4
= — o Z —3(p) — 7 (p)({™ (x) — p)) VIV H, ods

TEZ

£ - [ [gnbm > {nf/a 3 () O, ) 0 @) — )|
0 z€EZL yeZ

S R (H, ) (g0 (@)~ 3(0) — 7 (D) ) — ) .
TEL

Here, as ) A;@HMS =3, ng.")H%S = 0, centering constants were introduced
in 7"~ and B . By Taylor expansion,

H::;(H, s) = A(")( s H%S)
= O ). A H |

+O(2) - [HO (0 +y + 20) /)
+HN (2 =y + 22)/n"*) + 2H) ((z + 23) /n'/)
and
kP2(H,s) = O(n~Ye). AH%S(x/nl/o‘) +0(n=2/%). H' ((x + z4) /')

where |z;| < 1for1 <k < 4.

As in the fixed frame calculation, (M\™" 7 (H))2 — (M)~ (H)), is a martin-
gale with

(M /WZZ g @) A T o s

TELZ YEL

+/0 n“ﬁf/a > (9™ (@) — g™ (@ +1))] 00V H,, ) *ds.

T€EZ
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Also, we have the bound, as in the fixed frame,
E,, [(M{"™7 (H) = M= (H))'] < C(B,a,p,9, H)t — 52, (3.4)

3.2. Boltzmann-Gibbs principle. We will need to approximate terms in the
stochastic differential of y<”) "~ in order to close and recover limiting equa-
tions. The main tool for this approximation is the ‘Boltzmann-Gibbs principle’.
Define, for n € Q and ¢ > 1, that

1

O () —

n(x) : 2€+1§ n(x +y).
YyEN,

For h : Z - R, K > 0 and ¢ € R, define h., : [0,K] x Z — R by h.(z) =
h(z — |es]). Also, for £ > 1 and 0 < a < 2, denote

{ o1 forl<a<?2

we(f) = log(¢)+1 fora=1 (3.5)

1 forO<a<l.

Theorem 3.1. Suppose 0 < a <2 Let f bealocal L°(v,) function supported
on sites Ay, such that f(p) = f'(p) = 0. There exists a constant C' = C(p, a, ly)
such that, for K > 0, { > {y and h € (*(Z) N (%(Z),

B, OE?EK /Z Txmn)
L (641061 - S22 ot
< 0||f|L5(Vp)(Kf”"1§?(nfmZh2(x)) | K 32/a( 1/a2|h ) )
€L

On the other hand, when only f(p) = 0 is known,

£,, [ sup /Z Fran®) = FO{ (16) @)~ p}hes(w)ds) |

O<t<K

< C||f||2Ls(up)( = l/a( WZhQ ) i 22/ ( UaZ'h >>

We remark Theorem 3.1 is a long-range version of Theorem 3.2 in [25]. A
proof of the theorem is given in Section 4.

3.3. Tightness. We now prove tightness of the fluctuation fields in Theorem
2.6, using this Boltzmann-Gibbs principle.

Proposition 3.2. Starting from v,, with respect to the range of parameters in
Theorem 2.6, the sequences {7 :n > 1}, {M™ 7 i n > 1}, {7 :n > 1},
(B i > 1), {K™ 7 10 > 1}, and {(M™=). 0 > 1} are tight w.rt. the
uniform topology on D([0,T],S'(R)).

Proof. By Mitoma’s criterion [39], for each H € S(R), it is enough to show
tightness w.r.t. the uniform topology of {¥\™" 7 (H) : n > 1}, {M™ 7 (H) :
n> 1% {27 H) 0 > 1}, {B™TH) 0> 1), {K™ T (H) cn > 1) and
{{M™):=(H)). : n. > 1}. Note that all initial values vanish, except y<"> T(H).
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Tightness of
VT H) = YT ) + T H) BT ) KT (H) + M (),

is accomplished by showing each term is tight. All initial values of the con-
stituents vanish except y"” ~(H), which is tight as it converges weakly to a
Gaussian random variable given that we start from v,,.

Tightness of the martingale term follows from the standard technique of
dividing into subintervals of size 6!, stationarity of v, /\/l(n) 7 (H) =0, Doob’s
inequality, and (3.4):

Py, (s (M7 (H) = MU ()| > <)

[t—s|<6

0<s,t<T
3T "
< 2P, (sup |MMT ()| > )
0 0<t<T
3rc n 4
"5 B, (MG (H))T] < C(B.a,p.e.g. H)O.

The proof of tightness for Bt(")‘ﬁ (H) makes use of Theorem 3.1. One obtains
for/>1and 0 <t < T that

< C(p,o, B, 9, H) [ twa () — t?n2/* 22/
:| - n27v+3/a—=2 {nlfl/a 3 + 02

Ey, | sup (B (H))?

0<s<t

}. (3.6)

Indeed, since V' (n(0)) = g(n(0)) — g(p) — (p)(n(O) p) is a function of single
site, and V(p) = V'(p) = 0 and V"(p) = §"(p), we apply Theorem 3.1, with
respect to Bt(")’ (H) = 28n'~7~ 3/2°‘f > ( ")H s)V(Tams)ds and £y = 1, to
estimate

E,, | (87 (#)

o [ S (0@ ) - g )]

TEZ
Cla,p, B,9) [ twa(€) | t2n*/®
n27v+3/a=2 {nl—l/a + 3 }

<[ Svem) + (o S e ) |
TEZL TEZL

However, squaring the integral, noting the fourth moment, £, [(n)(0) — p)*] <
C¢~2, gives the third term on the right-side of (3.6).

For the sequence in Theorem 2.6, when 3/2 < a < 2 and v = 1 — 3/2q, or
1 < a < 3/2, choose ¢ = [t!/(@+pl/a| > 1. Since w,(f) = (*~! in these cases,
we have E, [(B{""7(H))?] < Ct2*/(2+1) where the exponent 2a/(a + 1) > 1.
However, when ¢ = [t'/(tDpl/®| < 1, by squaring, taking expectation and
using independence under v,, one gets a similar bound:

2a+1

n e 1 n
By, (B (H))?] < Clp, 8.9)*n"/* [ 3 [V HIP] < Clp. v, 5.9, H)E =51

One may now apply the Kolmogorov-Centsov criterion and stationarity of v, to
(n),—~

obtain tightness of B; in these cases.
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However, when 0 < « < 1, we use the following argument. By station-
arity of v,, the standard technique of dividing into subintervals of size 5,

B(()n)a*)(H) =0, and (3.6), for ¢ > 1, we obtain

]P’Vp( sup |[BM(H) — B (H)| > 5) < Tp, (sup |BM(H)| > €)
0<t<s

|s—t|<8 ° 5
0<s,t<T
3T (n),— 2 C we (0) Sna
< a ’ < . .
< Gt [ s (BT[] < s T+ T .1

Choose now ¢ = |n'/®]. From the definition of w,(¢) in (3.5), we see (3.7) is
variously of order O(n~27"1log(n)) when o = 1, and of order O(n=27=20""+1)
when 0 < a < 1. Hence, for 0 < o < 1, the bound (3.7) vanishes as n 1 oc.

The tightness arguments for Z.")” (H), (M\™"7(H)) and K\ (H) are
simpler and follow by squaring all terms, using independence and stationarity
under v,, and the Kolmogorov-Centsov criterion. For instance,

C(p, g)tz{nll/a Z [nl% Zs(y/nl/a)AS};Hr}
x y

< Clp,a, g, H)t. O

IN

E,, (2" (H))?]

3.4. Identification. We now identify some features of the structure of the
limit points with respect to Theorem 2.6. Let 1(™) be the distribution of

( t(n),—>7j\/ll(er),—>7Ilt(n)7—>’[),)gn),—>7lc§n),—>7 <M(n),—>>t te [O,T]) )

By Proposition 3.2, we have that {x(™)} is tight w.r.t. the uniform topology on
D([0, T}, (S'(R))S). Suppose n’ is a subsequence where ;" converges weakly to
a limit point . Let also V., M., Z,, B, K. and D. be the respective limits in
distribution of the components, all realized on a probability space, which we
will call the ‘underlying common probability space’ forthwith. Since tightness
of the components in Proposition 3.2 is shown w.r.t. the uniform topology on
D(]0,T),S'(R)), we have that Y., M., Z., B, K. and D. have a.s. continuous
paths, and therefore belong to C ([0, 7], S’(R)).

For e > 0, let G. : R — [0,00) be a smooth compactly supported function
which approximates t.(z) = e '1;_1 3j(2¢ ') in the sense (2.13). For H € S(R)

and 0 < a < 2, define the process A" € C([0,T],S'(R)) by its action on
H e S(R):

l/a SV H) [r Y0 (Ge))  du.

1
n
TEZ

t
AP (H) = /
0

Lemma 3.3. For fixed 0 < ¢ < 1 and H € S(R), the transformation F. :
D([0,T]; §'(R)) — C([0, T)), given by

t
Fy(n.) = / du/dl‘(VH(.Z‘)){ﬂ'u(T_IGE)}Q,
0 R
is continuous w.r.t. the uniform topology.

We prove this lemma at the end of this subsection.
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Lemma 3.4. The sequence .A.(n/)’g, as n’ 1 oo converges weakly w.r.t. the uniform
topology on C([0,T],S'(R)) to A%, defined in (2.14), with respect to the limit point
Y.. Moreover, for H € S(R), we have

sup Cov(Af(H), Aj(H)) < C(p)€_2T2||VHH%1(R). (3.8)

te[0,T]

Proof By Lemma 3.3, and the weak convergence Y oy forHeS (R),
we have in distribution w.r.t. the uniform topology that

lim ATS(H) = / du / de(VH () {Vu(r_aGo)}? = A°(H),
n/tToo 0 R

Also, by the weak convergence w.r.t. the uniform topology, y.‘"')’* = )., we
have for times ¢1,...,t; and Hy,..., H; € S(R) the weak convergence,

(AT ), AT (H)) = (A (H), . A ().

Then, invoking the proof of Theorem 5.3 in [39] (or Theorem 6.15 in [51]), we

conclude 4™ converges weakly w.r.t. the uniform topology to .A°.
We now show (3.8). Note that the fourth moment

E(V(G.))! < lim inf E,, QM7 (G))" < Clp)e?

holds by Fatou’s lemma for weakly converging variables, using Skorohod’s the-
orem. Then, the covariance of A:(H), noting E(yt(T,IGE))4 = ]E(yt(Gs))4, is
bounded

sup Cov(Af(H), A;(H))

te[0,T]

IN

4
T|IVH| L o) E(Ve(Ge))

IN

Clp)e T |V HI[ 71 z)- U

Proposition 3.5. Consider the systems in Theorem 2.6. Let H € S(R).
(1) When 3/2 < a < 2, v = 1 —3/2a, and B§"(p) # 0, there is a constant
C=C(B,a,p,g,T) such that
~1 ) 2
= (H) = 53" (p) AP ()] ]

hmE [ sup
ntoo 0<s<T

< O« +e7Ge — telfamy) [IVHIR 22y + IVHIR s )]

Consequently, on the underlying common probability space, {A°(H)} is a uni-
formly L? Cauchy sequence, as € | 0, as specified in (2.15). Therefore, the
limit lim. o A5(H) =: A.(H) € C([0,T]), does not depend on the specific fam-

ily {G.}, and is stationary, A;(H) — As(H) 4 Ai_s(H) for 0 < s <t < T.
Also, a.s. on the underlying common probability space, for 0 < t < T, we have
85" (p)Ae(H) = B:(H).

(2) When 0 < o < 3/2 or B§"(p) = 0, we have lim,1oo B 7 (H) = By(H) =
0, uniformly over 0 < t < T, in L? with respect to the underlying common
probability space.
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(3) When 0 < a < 2,

lim sup E, _It(")’_> /JJ Aa/2H)dsH =0
nToo tefo,T) L

- 2
lim sup E,, <M<”>’H<H>>tfg<p>t||va/2HH%z<RxR)]} =0
nToo te(o,T) L

- 2
lim sup E,, IC?L)’_)(H)‘ ] = 0.
nToo te(o,T) L

Then, in L?, with respect to the underlying common probability space, we have
K«(H) = 0and Dy(H) = g(p)t||V“/2H||%2(RxR). Moreover, M.(H) is a continu-
ous martingale with quadratic variation D.(H), and hence, by Levy’s theorem,
M. is a version of the noise in (2.3).

Proof. We first verify (1) and (3). Suppose the limit display for B (H) holds.
Recall Lemma 3.3 and the definition of F,. Since y" converges weakly w.r.t.
the uniform topology, we have, by the continuous mapping theorem, with re-
spect to continuous function (b.,y.) € C([0,T], (S’( ))?) = supg<s<r |bs(H) —
83" (p)Fi(y.)|, that supgc,<p |B§n')’ (H) — Bg"(p) A" (H H)| converges weakly
to supg< <7 |Bs(H) — 87" (p)AS(H)|, as n’ 1 oc.

Hence, by Fatou’s lemma, valid with respect to weakly converging random
variables using Skorohod’s theorem, we conclude

E[ sup |Bs(H)— B3"(p))As(H )H

0<s<T
< Cle™ e MGe = telFam [HIVHI T2 ) + IVHI 1wy} (3.9)

Therefore, by the triangle inequality, A°(H), as ¢ | 0, is a uniform L? Cauchy
sequence satisfying (2.15), and the following limit holds: 55" (p)A:(H) = B:(H)
for all 0 < ¢ < T a.s. with respect to the underlying common probability space.

We now argue the limit for 8"~ assumed before. Let ¢ = [en'/|. To move

the shift by n=1/%|ag (p)sn/n” | in 7 V™7 (12) to VIV H,, , (cf. (3.1)), write
SV, (1) (@)~ o)

TEZL
SO (s X G0 —p)

€L |z|<enl/x

1 -1/«
= O ) S ) [y )

TEL

Since v = 1 — 3/2a and w, (¢) = (>~ for 3/2 < a < 2, by Theorem 3.1, as in the
proof of estimate (3.6), we have

lim E, [ sup (ngn)’_> B3"( / /e Z ) H) 7, Y (1) du) }

ntoo 0<s<T weZ
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equals
i B, [OS:ET Sl
0 [ S {00 - £
< lim C(B,p,9,T) (66“_1 + m%m)

<[ 2 (70 )°) + (G X9 81) |

Here, as the sum of vg”)H%S on z vanishes, the centering constant (2¢ +
1)~'o2(p) was inserted above.
Now,

yvsn)’ﬂ(bs)Q_ngn)’%(Gsy = [ylsnL%(Ls)_ngn)’%(Gs)}'[yz(znxﬁ(%)"‘ngn)’%(c’vs)]

By Schwarz inequality and stationarity of v,

2
lim E, | sup / e E VI H)r, M7 (1) du, — Ag"%E(H)) ]
n

ntoo o< <T

is less than

2
lmE,, / — Z\vw H[m Y0 (1) = 2V (G |du) |

1 2
s C<p>s*nGewn%z(mT?(me;mm) ~

TEZL

These estimates with the inequality (a + b)? < 2a? + 2b? finish the proof of the
B limit.

The proof for the limit of Z™" ™ is analogous, since A%/2G € C, o(R) is uni-
formly continuous, and is omitted.

The arguments for IC.(")’_>(H ) and (M=) and identification of limits K.
and D.(H), noting their forms, and that the process starts from invariant prod-
uct measure v, follow by straightforward L? calculations.

We now address the martingale convergence. By the identification given
before, any limit point of the quadratic variation sequence equals D.(H). Also,
the limit of martingale sequence, w.r.t. to the uniform topology, M.(H), is a
continuous martingale. Now, by the triangle inequality, Doob’s inequality and
the quadratic variation bound (3.4),

SupEy, | sup (MU= (1) = MO ()|

0<s<t

1/2
< 2supEl,p[ sup |M£Ln)—>(H)|2}
n w€e[0,t]

1/2
| < oo b ).

< 2supE,, {(M(")7_’(H)>t
n
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Then, by Corollary VI.6.30 of [31], (M7 (H), (M)~ (H)).) converges in
distribution to (M.(H), (M(H)).). Since (M)~ (H)). converges in distribu-
tion to D.(H), we have (M(H)); = g(p)t||VO‘/2H||2L2(RxR) for 0 <t < T. Hence,
by Levy’s theorem, M. is a version of the noise \/§(p)N. desired. This finishes
the proof of (1) and (3).

We now consider part (2). When 3§ (p) = 0, trivially 8™ (H) = 0 and the
statement follows. When 0 < a < 3/2, by the use of Fatou’s lemma, as above
in the argument for (1), we need only show lim;, 1o SUp,c(o, 7] |B£”)’H(H )] =0in
L?(P,,) to finish. To this end, we invoke the estimate (3.6) with ¢ = |nt/e].
Noting (3.5), since w,(¢) = (! for 1 < a < 3/2, and w,(¢) < log(f) + 1 for
0 < o <1land/ > 1, we have, uniformly over 0 <t < T, that

B (1) = O(n=7H1=3/2¢)  for1 < a < 3/2
t O(n=7t1/2=1/21og(n))  for0 < a < 1.

Hence, for 0 < a < 3/2, the desired limit of B~ (H) holds as n 1 cc. O

We now identify a version of the limit of A° as ¢ | 0 in terms of B;, which
will be used later in the proof of Theorem 2.6 to verify Definition 2.5.

Proposition 3.6. When 3/2 < o < 2, v = 1 — 3/2a, and 83" (p) # 0, there
is a unique process A. € C([0,T],S'(R)) such that A® converges weakly to A.
in C([0,T),S'(R)), and whose action on H € S(R) is the uniform L? Cauchy
limit A.(H) given in Proposition 3.5. Also, (33" (p))~'B. is a version of A. on
the underlying common probability space. Moreover, the covariance of A,(H) is
bounded

Proof. By part (1) of Proposition 3.5, for each H € S(R), we have that A5(H)
converges to A,(H) uniformly over s € [0,7], as € | 0, in L?, and also that
As(H) = (B"(p)) " 'Bs(H) for 0 < s < T a.s. with respect to the underlying
probability space. Therefore, trivially, {A°(H) : 0 < ¢ < 1} is tight in C([0,T)).
Also, we may also conclude that the vector (A7 (H;) : 1 < i < k) converges
weakly to (A, (H;) : 1 <i<k),for Hy,...,H, € S(R), t1,...,t; > 0, which has
the same distribution as ((33"(p)) ' By, (H;) : 1 <i < k).

Then, the existence of A. € C([0,7T],S’(R)), and convergence of A° to it w.r.t.
the uniform topology, now follows by Theorem 5.3 in [39] (or Theorem 6.15 in
[51]). Also, since A. and (33" (p))"'B. € C([0,T],S'(R)) have the same finite
dimensional distributions, (33”(p))~!B. is a version of A. on the underlying
common probability space.

To show the relation (3.10), write A;(H) = [A,(H) — A} (H)] + A} (H) with
respect to ¢ = 1. The term in square brackets is bounded through (3.9), using
B3" (p)A(H) = Bi(H) a.s. But, the other term is bounded through (3.8). The
covariance bound follows by combining the bounds on the two terms. |
Proof of Lemma 3.3. We first make a preliminary bound. Suppose rlm
converges to 7> w.r.t. the uniform topology on D([0,T];S'(R)). Then, for each

¢ € S(R), we have that sup,, ., sup<;<r (7™ $)| < co. Hence, {m\™ :m <
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oo, t € [0,T]} is weakly bounded. By the Banach-Steinhaus theorem, the family
is strongly bounded on a neighborhood U of 0:

sup sup sup \(ng),gbﬂ < L < oo
$€U m<oo t[0,T)

As the neighborhood U contains a base set A = {¢ : Hd)|| ¢ < 0} for some
k> 0and d > 0, we have SUPge 1, SUP <00 SUPse[0, 7] \(wt ,¢>| < (2L/9)| o |lk-
In other words, ||7rtm)|| g, < (2L/0) uniformly over m and t. In particular,
as a consequence, for each m. € D([0,T];S'(R)) there is a £k > 0 such that
supyeqo,r) l|mellmy < oo.

We now show, for =. € D([0,7],S'(R)), that F.(w.) belongs to C([0,7]). Note
that

|7_2Gellx = O(|z|*) and H € S(R) rapidly decreases. (3.11)
Then, as sup,¢jo 1 H7TtHH’ < oo for some k£ > 0, we have, uniformly over s,t €
[0, 7], that [F(7.) — Fy(m.)| = O(|t — s]).

We now prove that F is continuous w.r.t. the uniform topology. For a se-
quence 7™ 7(0) in D([0,T],5'(R)), converging w.r.t. the uniform topology,
we have sup,,, <. sup,cjo,r) |||/, < oo for some k > 0. Then, noting (3.11), we
may approximate, uniformly in m < oo and ¢ € [0, T], for a J large that

(m) /du/ da: VH(z {7r (T—2 }2.

Further, as the family {r_,G. : |z| < J} is bounded in Hj, and S’(R) is
equipped with the strong topology, we have

hm sup sup [(x(™ —7(>) 7 G| = 0.
mToo |41 < J uel0,T]

Hence, by the relation a* — b*> = (a — b)(a +b), uniformly over ¢ € [0, T|, we have

¢ J
lim du[J d:ZT(VH(i/T)){W&m)(T_xGE)}2

- / du / da(VH (i/r) {7 (r_,Ge) ),
0 —J

from which the desired continuity of F. follows. O

3.5. Generalized domains. The goal here is to develop results which will
allow to determine that the terms in (2.7) and (2.8), also in part (v) of Definition
2.5 are well-defined. Recall the discussion after Proposition 2.1. We now state
some notions from [19] and [20]. For p > 0, define the Banach space

Cro®) = {#€C®):6/0, € R},

where ¢,(z) = (1+]z|?) P and Cy(R) is the set of functions vanishing at infinity.
The norm on C, ¢ is ||¢]|, = sup, |¢(z)/¢p(x)].
We now state part of Proposition 2.1 in [20] and Lemma 2.5 in [19]: For
1/2<p<(l14+«)/2andt >0,
e The space C), o(R) and its dual C;, ,(R) are intermediate in that S(R) C
Cpo(R) C L*(R) C C) o(R) C S'(R).
e S(R) is densely and continuously embedded in C, o(R).



26 SUNDER SETHURAMAN

e AY2 T, : S(R) — O, (R) are continuous linear mapings.
e t — T;¢ is a continuous map in C), o(R) for each ¢ € S(R).
Note also, by the density of S(R) in C, ¢(R), that S(R)®C is dense in C, o(R)&C
(cf. [49]).
Let now V; be a process belonging to C([0,7],S’(R)). For . € S(R) ® C' and
fixed ¢t € [0,T], we may extend straightforwardly the domain of V;, and define
Vt(q)t) = <Vt,(pt>.

Lemma 3.7. The map ®. € S(R)®C — f0T<Vt, ®,)dt defines a (S(R)®C)'-valued
random variable on the probability space where V. lives.

Then, for processes Y. and N. in C([0,T],S'(R)) on a common probability
space, the maps involving integrals in (2.7) define (S(R) ® é)' -valued random
variables. The map ®. — (Y, ®o) also defines a (S(R) ® C)'-valued random
variable. All of these random variables are defined on the common probability
space where ). and N. reside.

Proof. The main statement is a part of the proof of Corollary 2.2 in [19] (which
refers to the statements and proofs of Lemma 3.3 and Theorem 3.4 in [13]).
For the convenience of the reader, we give the details.

We first argue, as in Lemma 3.3, that sup, (o 1) [V¢||m; < oo for some . Since
V. belongs to C([0,77],5'(R)), for each ®. € S(R), we have sup,¢(o 71 [(Vi, )| <
oo. Then, the family {V; : t € [0,T]} is weakly bounded. Therefore, by the
Banach-Steinhaus theorem, the family is strongly bounded on a neighborhood
U c S(R) of 0:

sup sup |[(V;, ®)| < L < oo.
PEU te[0,T)

The neighborhood U must contain a base set A = {® : ||®||; < ¢} for some k& > 0
and ¢ > 0. Hence,

sup sup |(Vy, ®)| < (2L/6)||P|-
PEH te[0,T)
In other words, ||Vi||x; < (2L/6) uniformly over ¢ € [0,T].
Now, we show that the map ¢ — (), ®;) is continuous so that the integral
[ (Vi, ®,)dt is well-defined. Write

|(Ve, @1) = (Vs, @) < [(Ve, @ = @) + [(Ve = Vs, D))
< Vil 1®r = sk + [(Ve = Vs, @)

Since . € S(R) ® C, we have that {®, : s € [0,T]} is a bounded family in S(R).
Then, by continuity of V. (in the strong topology on S’(R)), lim,_,: sup,. [(Vs —
Vs, ®,)] = 0. Also, we have ||®; — @]l < |t — s|sup, ||0,P,||x. Therefore,
hms—>t<V37 (bs> = <Vta (I)t>'

Finally, define the linear functional V(®.) := fOT(Vt, ®,)dt for ®. € S(R) @ C.
Let @™ be a sequence converging to ®. in S(R)®C. Then, as sup;ejo,7) Vel <
2L/5, we have V(@™ — &.)| < T(2L/5)|®™ — ®.||. Hence, V(-) is a linear
continuous random functional on the probability space where V. is defined. By
Ito’s regularlization theorem (cf. Lemma 2.4 in [19]), as S(R) ® C is a nuclear
Fréchet space, there is a unique (S(R) @ C)'-valued random variable V on the

same probability space such that (V,®.) = V(®.) a.s. for ®. € S(R) @ C. O
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Denote, by Q(G,H) = Cov(V4(G),V:(H)), the covariance of the process V.
with respect to time ¢ € [0,7] and G, H € S(R).

Proposition 3.8. Suppose, with respect to a constant Cyy and 1/2 < p < (1 +
«)/2, that the covariance satisfies, for H. € S(R) ® C, the estimate

sup |Q:(Hy, Hy)| < Cy sup | H,
t€[0,T7] telo,T

Then, the L? limit

I2. (3.12)

T T

lim [ (V, ®")dt =: / (Vi, ®,)dt
ktoo Jo 0

where {CIJ,(k)} C S(R) ® C approximates . € Cro(R) ® C, is well-defined and

does not depend on the approximating sequence.

As a consequence, all maps given in (2.8), in terms of processes ). and N.
in C([0,7],S'(R)) on a common probability space with covariances (2.2) and
(2.5) respectively, are linear continuous random functionals on S(R) ® C, which
define unique (S(R) ® 6)’ -valued random variables on the common probability
space.

Proof. The argument follows part of the proof of Theorem 4.1 on pages 59-61
in [20] for similar processes. For the convenience of the reader, we give the
argument.

By Proposition 3.7, for each k > 1, the map ®. € (S(R) ® C) fOTWt, @Ek)>dt
defines a (S(R) ® C)'-valued random variable. Write

]E)/ WV, oya / W, @) dt‘ - IE‘/ v, o —o® dt’
0

< T? sup Qi(@" — o olF) — o)
0<t<T

< T2Cy sup Hcpg’” — o2,
0<
Hence, { fo Vs, ® dt} is an L2-Cauchy sequence. The limit fo (Vy, ®;)dt does
not depencl on the approximation taken, and is linear and continuous in ®; €
Cp}o (R) ®C.
To finish the proof of the proposition, note that

/G2(a:)d:c < (/(1+|x\2)*2pdz)||auf, and (3.13)
R R

[e@aricmar < ( [+lef) dn) 61,1526,

R R

Also, recall that A*/? is a continuous operator from S(R) to C, o(R). Then, the
covariances (2.2) and (2.5) satisfy (3.12) for any 1/2 < p < (1 + a)/2.

Since also T} is a continuous operator from S(R) to C, o(R) and ¢ — T;¢ is
continuous in C), o for ¢ € S(R), one observes, from the above Cauchy limit de-
velopment, that the maps in (2.8) define linear continuous random functionals.
Hence, by It6’s regularization theorem (cf. Lemma 2.4 in [19]), the maps corre-
spond to (S(R) ® C)'-valued random variables on the probability space where
Y. and N. are defined. O

IN
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3.6. Proof of Theorem 2.6. We now combine the previous results in two help-
ing propositions, and prove Theorem 2.6 at the end of the Subsection.

Proposition 3.9. Consider the processes in Theorem 2.6 when 0 < o < 3/2 or
83" (p) = 0. All limit points are such that the terms in (2.7) and (2.8) define
(S(R) ® C)'-valued random variables on the underlying common probability
space. Moreover, equation (2.9) holds for . € S(R) ® C.

Proof. As discussed in the beginning of Subsection 3.4, let n’ be a subsequence
so that u(") converges weakly to u. By Proposition 3.2, the limit points ).
and M. belong to C([0,T];S'(R)). Also, since the particle systems start from
v,, the covariance of ); is given by (2.2). In addition, by Proposition 3.5, M.
is a version of the noise \/g(p)N. in (2.3) corresponding to covariance (2.5).
Then, by Proposition 3.7 and Proposition 3.8, the terms in (2.7) and (2.8) define
(S(R) ® C)'-valued random variables on the underlying common probability
space.

We now claim that (2.9) holds for a function of the form ®,(z) = ®(z)f(¢)
for ® € S(R) and f € C. Linear combinations of such functions are dense in
S(R) ® C. Hence, given this claim, by L? approximations, as in the proof of
Proposition 3.8, one may verify (2.9), for . € S(R) ® C.

To show the claim, we multiply the decomposition (3.3) by f’(¢) and then
integrate over t € [0, 7] to obtain

T T T
| reyc@a = [ o @ s [ ros? s @
0 0 0

T ot T
+ / 0 / Y= (A28 dsdl + / FOMD ™ (@)dt+ & (n) (3.14)
0 0 0

where &;(n) represents the errors. By parts (2) and (3) of Proposition 3.5, we
conclude that

T
hTm IEVP| / f/(t)ngz,)ﬁ(cI))dﬂQ =0 and liTm E,, [€1(n)?] = 0.
nitoe 0 ntoo

Since f(T) = 0, we have [ f/(1)dtV{""” (®) = — f(0)VS" (@) and, for ¥ €
S(R), we write

T t T
/ £(t) / V= (AY29)dsdt = — / FOVM T (W)dt + Ex(n).
0 0 0

Here, by the covariance structure (2.2), and (3.13), we have E,, [Eg(n)Q] <
C(£,T,p,p)|¥ — A0 5,

Now, we observe that 7. € D([0,T],S'(R)) — fOT h(t)m:(¥)dt is continuous
w.r.t. the uniform topology for fixed ¥ € S(R) and h € C. Then, in distribution,

T , T
im [ fOY")7(@)dt = F ()Y (®)dt and
( 0

n’too Jo

im ! ! (n’),—) = ! ! t .
1 /0 FOM)™ (@)dt /0 P M, (®)dt

n’too
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Let now {¥;} be a sequence in S(R) which approximates A®/2® in Cp o for
1/2 < p < (1 + «)/2. Then, by Proposition 3.8, we have in L2, that

Jim / FOYi (W) / FOV(A2D)dt,

Finally, noting the development starting from (3.14), we may take the limit
asn =n' 1 oo and then k 1 oo to obtain

T T T
[ ey = —rom@ - [ foyiactods [ romie
0 0 0
a.s. with respect to the underlying probability space. O

Proposition 3.10. Consider the processes in Theorem 2.6 when 3/2 < o < 2,
v =1-=3/2a and B§"(p) # 0. All limit points are such that the corresponding
maps in part (v) of Definition 2.5 define a (S(R) ® 6)’ -valued random variables
on the underlying common probability space, and that the equation (2.16) holds.

Proof. We begin as in the proof of Proposition 3.9, and consider a subsequential
limit in distribution x(*) = u. With respect to this limit point, the proof of
Proposition 3.9 shows that all the maps in part (v) of Definition 2.5, except for
the map with respect to .A., which was not considered there, define (S(R)® C)'-
valued random variables on the underlying common probability space.

By Proposition 3.6, (33" (p))~'B. is a version of A. € C([0,T],S’(R)) where,
for each H € S(R), A.(H) is the uniform L? Cauchy limit of A°(H). In the
following development, we will use this version of A., which belongs to the
underlying common probability space.

We now consider the map, . € S(R) ® C fOT A (0:P;)dt, with respect to
A.For3/2<a<2and1/2 <p< (1+«)/2, we have

[ #2 @y < |1 [ 1+ 1aP) 2o and [ |H@)do < A, [0l s,
R R R R

Then, the covariance of A;(H), given in (3.10), satisfies (3.12). Hence, by
Proposition 3.8, the map associated to A., in part (v) of Definition 2.5, defines
a (S(R) ® C)'-valued random variable on the underlying common probability
space.

To show that equation (2.16) holds, we again follow the argument of Proposi-
tion 3.9: We will establish (2.16) with respect to a function of the form &, (z) =
®(x)f(t) for H € S(R) and f € C. Then, as linear combinations of such func-
tions are dense in S(R) ® 6, L? approximations, as in the proof of Proposition
3.8, will derive (2.16) on functions in S(R) ® C with respect to the underlying
common probability space.

The only difference with the proof of Proposition 3.9, in establishing (2.16)
on such product functions, that is equation (2.17), is that 5, (n), "7 (®) is not neg-
ligible, and needs development.

By part (1) of Proposition 3.5, we have

/f B @)t = B (p /f (DA (@)t + E(n, ),

where lim, o limy1 By, E3(n/, €)* = 0. Now, by Lemma 3.4, AT )’E(d)) converges
weakly in C([0,T]), as n’ T o0, to A%(®), defined with respect to limit point ). in
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the underlying common probability space. Since 7. € C([0,T]) — fo (t)medt
is a continuous function, we have in distribution that

i, [ oA e = [y

By the uniform L? limit, lim. | .A°(®) = A.(®), in part (1) of Proposition 3.5,
we have in L? of the underlying common probability space that

i [ riosions - [ soaon

Following the sequence of steps in the proof of Proposition 3.9, starting from

(3.14), with the input above on the analysis of fOT 1 (t)Bt("/)’ﬁ(cb)dt, we recover
(2.17), by passing to the limit as n’ 1 oo, and then & T co and ¢ | 0. O

Proof of Theorem 2.6. When 0 < o < 3/2 or 83" (p) = 0, by Proposition 3.9,
any limit point ). is such that the terms in (2.7) and (2.8) are well-defined on
the underlying common probability space, and the equation (2.9) is satisfied.
Hence, by uniqueness of the ‘generalized’ solution to (2.9) (cf. discussion after
(2.10)), the limit point ). is identified as the solution of (2.3) in the sense of
Definition 2.2.

On the other hand, when 3/2 < o < 2,y = 1—3/2« and 8§"(p) # 0, we claim
that any limit point ). satisfies Definition 2.5, and is therefore a fractional L?
energy solution of (2.12). First, for part (i), since we start from an invariant
measure v, for each t € [0,77], ); has covariance (2.2) and is therefore a white
noise. Next, for part (ii), by Proposition 3.5, ). satisfies the energy condition
(2.15). Parts (iii) and (iv), on specifications of A. and M., hold by Propositions
3.5 and 3.6; the latter proposition also identifies the version of A. on the under-
lying common probability space that we use. Finally, by Proposition 3.10, the
maps, in part (v), are well-defined and the equation (2.16), in part (vi), holds
on the underlying common probability space. O

4. PROOF OF THE GENERALIZED BOLTZMANN-GIBBS PRINCIPLE

We adapt the proof of Theorem 3.2 in [25] to the long-range setting. We first
recall some preliminary notions and estimates, before proving Theorem 3.1 at
the end of the section.

We will need an ‘equivalence of ensembles’ estimate for the zero-range in-
variant measure v,. Since v, is a product measure which satisfies the assump-
tions of Proposition 5.1 in [25], the following case of this result holds.

In the following, we will abbreviate n(*) (0) = n(*) for ¢ > 1.

Prop051t10n 4.1. Let f be a local L(v,) function, supported on sites Ay,, such

that f(p) = f'(p) = 0. Then, there exists a constant C' = C(p,{,) such that for
£ > {y we have

a*(p)\ [” ClifllLs,
|t {0 2 = 52} ] T 7
On the other hand, when only f (p) = 01is known,
; Clfllzsw,)
(Z) / < P
"Eyp[f —{n =p}s (p)’ Ty
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We now define notions of H; and H_; norms which will be useful. Let S,, =
(L, + L%)/2 be the generator of the process with respect to jump probability
s(+). Define the H; ,, semi-norm || - |1, on local, bounded functions by

||inn = EVp [f(_sn)f] = nDVp(f)a
where D, (f) is the grand-canonical Dirichlet form

Do(f) = 5 3 B, [9010) (Ve 0) ] 50)

z,y€Z

Let H; ,, be the Hilbert space consisting of the completion of functions with fi-
nite H; , norm modulo norm-zero functions. Note that local bounded functions
are dense in H .

Let || - ||—1,, be the dual semi-norm with respect to the L?(v,) inner-product
given by

E,
Wl = s {1

Denote H_, ,, as the Hilbert space corresponding to the completion over those
functions with finite || - |1, norm modulo norm-zero functions.

We now state a long-range form of Proposition 4.1 in [25], specialized to the
case when v, is a product measure. Denote the A-restricted Dirichlet form, on
local, bounded functions, by

Doped) = 5 3 B, [s0(@) (Vaasyon)’] s0)

2 ¢ # 0 local, bounded}.

Proposition 4.2. Let r : Q — R be a local L*(v,) function, supported on sites
in Ay, for by > 1. Suppose that E,, [r|n(®)] = 0 a.s. Then, for local, bounded
functions ¢, we have

B, rmom]] < By [W( S n@.0) ] Irllis,) DY (0)

IGA(O

Proof. Recall the notation for the canonical process in Subsection 2.1. Since
By, [r] 3 101<e, 1(@) = k] = Ey,, [r] = 0, the function r restricted to Gi¢, = {n :
Doz Ay n(xz) = k} is orthogonal to constant functions. Hence, r belongs to the
range of —Sj ¢,, and the equation r = —S, ¢, u holds for a function v on Gy, 4, .

With & = ZIEAZO n(z), write
‘Eyp [T(b” - |Eup [EVp [T(bln(/o)]] ‘
- |EUP [EVP[(_Sk;ZOU)(ém(KO)H ’
< By, B [u(=Sk eI )2 By, [6(= S0 8) 002,

To obtain the last line, as —5,, ¢ is a nonnegative symmetric operator, we used
that it has a square root.
Since W (k, {p) is the reciprocal of the spectral gap for —Sj, ,, we have

Ey, [ruln®] < W(k,)E,, [r*[n'“)].
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Inputting this estimate into the previous display, we obtain

1/2
Bl < B [W( Y @) B, 20| D% ().
wEAgU
We now use Schwarz inequality to finish the proof. O

To simplify notation, for the rest of the section, we will drop the superscript
‘n’ and write (") = 1.

We now give a useful estimate on the variance of additive functionals. See
the proof of Theorem 2.2 in [46], Lemma 4.3 in [16] and Appendix 1.6 in [35]
for similar estimates. Recall the translation 7.7 given by 7.n(z) = n(z + 2).
For ¢ € R and r € L?(v,), let r(i,n) : Z x & — R be a function such that
I (3, )| =1,n < ||7||=1, for each i € Z.

Proposition 4.3. Let r : Q — R be a mean-zero L*(v,) function, 7(p) = 0. Then,
there exists a universal constant C such that

Eup[ sup (/Osr(Lcsj,nu)ds)z} < CK||r||2_17n.

0<s<K
We give a proof of the proposition at the end of the section.

We now adapt several lemmas in [25] to the long-range setting. Their ar-
guments are similar to those for nearest-neighbor processes in [25], although
there are some differences. Recall the definition of &, ,, for c € R and s € [0, K],
above the statement of Theorem 3.1.

Lemma 4.4. Let f : Q — R be a local L*(v,) function supported on sites in Ay,
such that f(p) = 0. Then, there exists a constant C = C(p) such that, for ¢ > {,
and h € (Y(Z) N 3(Z),

0<t<K

B[ s ([ e {56 - B O wi}as) ]
z€Z

<CKE 2 h?
< CK— I ey D2 12().
TEL

Proof. Since h € ('(Z), the expectation is well-defined. We may write the
integrand function as follows:

> hew@{ F(em) = B, [F(mm @ @)} = r(les),n)

TEZ
where
v = 3 h@){FFiran) = By, [ (Fiam) Il + )]}
T€Z
By translation of invariance of v, and s(-), we have that ||7(¢,-)||=1,n = |7||=1,n

where r(n) = r(0,7n). Hence, by Proposition 4.3, we need only a sufficient esti-
mate of the H_; ,, norm of r to finish.
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Using Proposition 4.2, bound n times the H_; ,, norm as follows:

su 1/ Tx V Tx O X
w {0y} OE, (L he {ram) = B, [ )@ @) fo] |
= sup > D (0), [ (F) = B, )l (o) D)
TEZL
< suprp ) S (@) E, (W (S 020,01 1l DE, (6(r—am)).
x€Z 2€A,

By translation-invariance of v,, and counting the number of repetitions,
> Due(d(r—am) < (20+1)D,, ().
TEZ

In passing, we comment that, in the nearest-neighbor setting, the last inequal-
ity could be taken as an equality.

Then, by the spectral gap assumption (SG), and 2ab = inf,~¢[xa® + £~1b?],
we bound (4.1) by

supD;p%((;S) 1nf {nC€a||fHL4(l, ZhQ )+ K7ICID, (¢)}
¢

TEZ
< (CTN o,y Y12 @) )
TE€ZL

The size of the box in the conditional expectation is now doubled.

Lemma 4.5. Let f : Q) — R be a local L5(v,) function supported on sites in Ay,

such that f(p) = f'(p) = 0. There exists a constant C = C(p,{y) such that, for
0> 4o, and h € (1(Z) N 2(Z),

£, ([ bt

0<t<K
2
x{Eup [ (mam )i @) = Eu, 1f (rans) 0 ()] fds) |
fO‘_l
< CKHinS(VP)T Z h*(z)
T€EZ
On the other hand, when only f(p) = 0 is known,

I/ Sup / Z h(‘ 9

O<t<K
x {Eu,, [ )n® @) — B, [ ) n@ ) bas) |
KOA
< CKHfH%S(Vp)Z > ()
TEZ

Proof. We prove only the first statement since the second has a similar argu-
ment. Define the sigma-field 7, = o{n'¥),n¢} where 1§ = {n(z) : = & A,} for
¢ > 1. Since Fop C Fy, £ > Ly, f is supported on sites A, and v, is a product
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measure, we have that
E,, [Eyp KO In(”)} = B, [Eup [F() [0, mg] [, 7754

= B, [f[n®.n5] = By, [f(n)|n?9].

Therefore, we may follow similar steps as in the proof of Lemma 4.4 to the
last line, with

= 3 h@{ B, [ ieamln® i+ 2)] = B, [f (im0 + )]}

TEL

and r(n) = r(0,7n).
We now claim that the following variance is bounded as

1B, LF () In“] = B, [F) M7,y < ClFIZs,) 0>
Indeed, by the inequality (a + b+ ¢)? < 3a? + 3b? + 3¢?, the variance is bounded

by
sl s - L2 - 2 - B 1

ﬁwahw%ykwwW%ﬁﬁﬁhwﬂ;w

3| P g, [0 7 - 0]
8, (000 2~ 2Oy

The first two terms are bounded by Proposition 4.1 of order O(| f||2; (Vp)f_?’).

LA(v,)

However, the last term, by a fourth moment bound of (n*) — p)? with variously
k = {and k = 2¢ is of order O(Hf”m(y ) ~2). Combining the two estimates, we

obtain that the variance is of order O(|| f||75(, ,¢~*) as desired.
Replacing now || f \\%4(%) in the last line of Lemma 4.4 by this variance esti-
mate, one recovers the bound in the first statement. O

Lemma 4.6. Let f : Q — R be a local L?(v,) function supported on sites in Ay,
such that f(p) = f'(p) = 0. Then, there exists a constant C = C(p,a,ly) such
that, for £ > {y, and h € (*(7) ﬁ€2( )s

2
1% hc s xT (Ko) - EV T (E) d
5 g, ([ Shes (Bl 0] - B el Ol}s)

< CK||f||2LS(Vp)
€L
On the other hand, when only f (p) = 01is known,

2
u hc s x (¢o) - Eu x ® d
[, / > [F(mam) [n0) ()] — B, [f (ram)ln® ()] }ds) |

< Cann%S(Vp);Zh?(x)

TEZ
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Proof. As the second statement has a similar proof, we only demonstrate the
first display. Write £ = 2™/, 4+ r where 0 < r < 2m*+1/; — 1. Then,

B, [f ()] = B, [f()In®©] = B, [f(m)n®"" ) = B, [f(n)In®]

3 ABL ) = B, [F)ln® ).

Now, by Minkowski’s inequality and Lemma 4.5, we obtain that the left-side
of the display in the lemma statement is bounded by

CK(2m+1g)>~ s CK lo)
{( (2 0) +Z 2° 0 )1/2} ||f||%5(;/p)zh2($>

n
=0 TEZ

When o > 1, one obtains an estimate for the last display of order O(¢*~1).
However, when « = 1, the order is O(log(¢) + 1). When 0 < « < 1, the series in
the display is summable, and so the order is O(1). These orders correspond to
the different cases in the definition of w,(-) in (3.5). Hence, the last display is
further bounded by

CKHfH (v, Wa (!

SWRE

TEZ
to finish the proof. O

The last step is an ‘equivalence of ensembles’ estimate.

Lemma 4.7. Let f : Q — R be a local L*(v,) function supported on sites in Ay,
such that f(p) = f'(p) = 0. Then, there exists a constant C = C(p, ly) such that,
for ¢ > (o, and h € (*(Z),

E,,| sup /Zh Ey, 1f (ans)Inf ()]

0<t<K
e (mg@(@ o= TN 4s)]

20+1
< O,y o ( e S hG)’
TEL
On the other hand, when only f(p) = 0 is known,
2
V hcs x'[s —f (e) - d
o /Z ) @)~ (o) (00 (@) — p) pas) |

ne 1 2
< CK2||f||%5(Vp)Tg(mZm(x)\) :
Z

TE

Proof. By squaring and using stationarity and translation-invariance of v,, the
left-hand side of each display is bounded by

E,, /chs Wonlds)] < 628, [( X Ih@) )]

TEL
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where ¢ (z,n) is the expression in curly braces. Now, for each 7, by Schwarz
inequality,

(S i@et.m)” < (Sih@]) 3 ). n).

TEL TEL TEZL
Since v, is translation-invariant, E, [¢?(x,1)] = E,,[/*(0,n)]. The desired
bound now follows, noting the form of (0, n), from Proposition 4.1. O

Proof of Theorem 3.1. With the above ingredients in place, the estimate
follows now by first applying Lemma 4.4 with ¢ = ¢;, and then Lemmas 4.6
and 4.7. O

Proof of Proposition 4.3. Recall the canonical measure v, in Subsection

2.1. Let Ay = {n: > ",cp, n(x) = k}.

Divide [0, K) into J + 1 = [¢K ] intervals, [0, K) = U/_[t;, ti+1), where to = 0,
tyy1 = K,and t;;1 —t; = 1/cfor 0 <i < J — 1. Let r)(n) = r(i,n) and define
the resolvent u{"” by Au{” — 5,u$") = () for 0 < i < .J and A > 0. By multiplying
by u(;) and taking expectation, we have

MuS 122, + 1113, = B, [rOud] < e Dm0

Hence, both Alul[2.,, 1, [0l 1, < [FO1[21, < (721,

Write the integral
S i+1
/ r(leul,ny)d Z / nu )du +/ (Lsej)(nu)du
0 iiti41<s t Lsel
it1 . s
= Z / )\u Snuf\l))(nu)du + / (/\ug\LSC — Spu LSCJ))( ).
itip1<s ti tise)

We comment that the index set {7 : t;11 < s} equals 0, {7 : i + 1 < |sc|}, and
{i:i+1<J+1}whens < c !, s< K and s = K, correspondingly.
Now,

MO () = u{) () — u (o) / Lo () du

is a martingale with respect to the process 7.. On the other hand, with respect
to the time-reversed process n*(-) := n(K — -), the process

M) = ) ) - [ L )
0
is a martingale. By the invariance of v,, we have

< 2fs—ulllrl2; ,

I,n =

i i 2
E,, (MO (s) =MD (u)” = 2|s—ul[ul’|2,, < 2ls—ulllr?|?

and similarly E,, (M*(s) — M*’(i)(u)) <205 —uf||r||2,,
Given L,, + L} = 25,,, we may write

. . . . t1+1 -
M@ (ti1) — MO (&) + M (K —t;) — M*H(K — ti4) = —2/ Spul? (m, ) du.
t

(3
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Then,
2/ r(leu],ny)du = M(s)+ M"(K)—- M"(K —s)
0
tiv1
w2 Y [Tl madurz [l
it +1<8 ti tisc)
where
M(u) = Z {M(i)<ti+1) _ M(i)(ti)} + M(LuCJ)(u) _ M(LuCJ)(tLUCJ)
i:t1+1Su
W) = Y (MO — 1) - MK ~ t0))
jitit1i>K—u

+M*7( (K —u)c]) (U) _ M*v(L(K_“)CJ) (K — tL(K*’u.)CJ)

are martingales respectively with respect to the forward and time-reversed
processes.
By stationarity of v, and orthogonality of increments, the variances of both
M(K) and M*(K) are less than 2[J/c+ (K — ¢ [eK |)]|[r||? 1, = 2K]|7|* 1,
Hence, by Doob’s inequality and (a + b + ¢)? < 3(a? + b? + ¢?), we have

By, | sup (M(s)+ M*(K) - M*(K —9))°] < 72K]r|2,,
0<s<K

Also, by Schwartz inequality and stationarity of v,, when A is chosen as
A= K1, we have

E,, [ sup Z /L+1 )\ugj (N dqu/ uE\Lst)(nu)qu}
tlse)

0<s<K N

< MK sup [l < Kl
The desired statement, with C = 152/4 = 38, now follows by the inequality
(a+0b)? < 2a? + 2b°. O
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