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Abstract

Through a few selected examples (and counterexamples) we will explore how stochastic
PDEs arise naturally in the study of spatial stochastic processes. We will introduce
models from population genetics, the evolution of phase fields, quantum field theory
and growth models, with an emphasis on the connection between small-scale dynamics
and macroscopic behavior. We will obtain on overview of the methods available to
solve stochastic PDEs, study their qualitative behavior.
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1 Branching Brownian Motions

In the study of the evolution of populations, what is the driving force between the
diversity of species that we observe in nature? Spatial dispersion (this is just one aspect,
on which we choose to focus) plays a key role: as members of the same species separate
over space, they develop mutations independently of one another, leading to the evolution
of different species.

A crucial question is whether there are fundamental (universal) laws that apply to
the evolution of populations over space and time (see for example the Wright—-Malécot
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formula for the probability of common descent). Small populations are driven by “local”
laws: the particular geography in which they live for example. Or the structure of
the randomness in the reproduction mechanism, which can be so strong as to lead to
extinction of a species (so-called genetic drift). The quest for universality is to identify
how these forces act on large populations. While one can come up with a miriad
of different “local” laws, most of them share more or less the same effect on large
populations, perhaps up to a couple of parameters.

Mathematically, this leads to generalisations of the law of large numbers and the
central limit theorem to processes that evolve both in time and in space. Population
genetics is but one setting in which such studies are meaningful: other applications of
similar ideas are fundamental in the study of phase fields, quantum field theory, growth
processes, etc. . .

We start by looking at these questions from the perspective of population genetics,
so let us introduce a few classical models. For this chapter, we refer to the very nice
exposition [Ethoo] for further reading.

1.1 The Moran model

The Moran model considers the evolution of n € IN particles that form a population.
Each particle can be either of type A or of type B. Evolutionary reproductive events
take place at random exponential times. When such events take place, one member of
the population, chosen uniformly at random, dies and another reproduces (the type of
the new particle is inherited from its parent). Let X" be the number of particles of type
A. Then X™ is a Markov process on {0, ..., n} with generator
x
L)) = plx)(1 — p(x)) Z (fx+y) = f@), pa)=—.

n
y==%1

In general, continuous-time jump Markov processes are characterised by their generators,
which in the simplest setting take the form:

L(f)a) = /S (F) — f@)aCe, dy) , (1.1)

where g(x, dy) is a measure that indicates the rate of transition from « to y and S is the
state space. If g(x, dy) is a finite measure (as in our case) one can think of

p(z, dy) = q(z, dy) ,

1
[ q(z, dy)

as the transition probabilities from z to y of a discrete time Markov chain. And [ ¢(z, dy)
indicates the total speed (or rate) at which a transition (chosen according to p) happens.
Crucially, & helps us in computing expectations:

OE[f(X)] = E[Z f(Xy)],

and we will make use of the following result (we will be a bit reckless and omit writing
domains of generators and other assumptions: for now, take the state space S to be
finite).

Theorem 1.1 If (X¢)1>0 is a jump Markov process with generator £ of the form (1.1)),
with q a finite measure, then

t
Mtf=f(Xt)—/ L(f)(Xs)ds,
0
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is a martingale with predictable quadratic variation

t
(M7, = /O LAX,) - 2f LX) ds .

Proof. For a proof of the first statement see [EK86, Proposition 4.1.7]. For the second
statement, we can compute

2

t t
M) = F(X0)? — 2f(X0) / 5£(f)(Xs)d8+( / saf)(Xs)ds) L (2)
0 0

We need only concentrate on the last two terms. Here we have
t t t
2/(X) / L)X ds =2 / FXOL((X)ds +2 / M (XL ds
0 0 0

t t
vz [ [ e asno e
0 s
The second term here cancels via the tower property under expectation (we have defined

M Sf , = M — M) and the last term cancels with the last term in (1.2). O

It turns out that the martingale problem is a great tool to study scaling limits of Markov
processes. For example, from our motivation it is natural to consider the behaviour of
X} for n > 1. Of course, for times of order 1 nothing happens as a huge population
will not suddenly change its size. Instead, we must look at the behaviour at large times.
The correct scaling is parabolic: we must find (a);>0 such that

1
( ﬁzt> = ()0 -
n t>0

We must study therefore the limit of the generator

L)) =nPad —a) Y (fla+1/n)— f(a)).

y==x1
Note that this is a discrete approximation of the Laplacian A f = Zle 8% f.

Exercise 1 Prove that for f € C?(R?; R) (meaning that the second derivative is locally
continuous)

lim n? Y f(@+y) - f@) = Af(),

n—oo
Y~nT

where 1y ~,, x if y is of the form y = x £ n~"'e; for some basis vector e; € R

Therefore, if there is any right in the world, the limit (c¢):>0 should be the diffusion

dO[t = 1/ 20[t(1 — Oét) th ,

for (W;)¢>0 a Brownian motion. Indeed, X" is a martingale itself (check this by taking
f(x) = x). Presuming the limit is continuous, the martingale is characterised by its
quadratic variation, which is given via Dynkin’s formula.

Exercise 2 Check that for f(a) = «

$”(f2)(a) —2fL"(Ha) = 2a(1 — @), n — 0o .
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1.2 Large scale dynamics with critical branching

The aim of this mini-course is to study the limiting processes that arise in analogy to the
example just seen, but in presence of an additional spatial component. This means that
for instance particles are not only allowed to reproduce and die out, but can just as well
move in space. For instance consider Z¢ the unit lattice and on it a system of particles
defined as follows:

e All particles behaves independently of one another.

e Each particle reproduces at rate one (giving birth to a new particle at the same
location of the parent).

e Each particle dies out at rate one.
e Each particle performs a random walk with unit rate on the lattice.

The system of branching Brownian motions just described is equivalently defined through
the generator:

LHm = n(x){ > FomTY) - f(n)}

z€EZ? Yy~

+n@{f@™) = fa} +n@{f0") — f} .
Here 77: Z% — IN represents the umber of particles alive at z. And in addition

1. n® 7Y represents the movement of one particle from z to y:

n(z) if 2 ¢ {z,y},
V) =nx) -1 ifz=u=x,

ny+1 ifz=y.

2. " (2) = n(z) £ 14} (2) stands for the birth or death of a particle at x.

Our Markov process (1;);> is therefore a sequence of functions 7, : Z¢ — IN such that
7 (x) counts the number of particles alive at time ¢ > 0 in location . How can we
describe the large-scale effective dynamic that arises from this model?

First, we must consider the evolution of a large cloud of particles. Therefore we fix
an initial condition with n® particles (the parameter o € IN will be tuned later on). For
simplicity, we position all particles at z = 0 in the initial state:

no (v) = n%1yoy(x) .
Then we associate to its evolution n;* the empirical density of the particles
Hr=— Y M)
zeEN—1Z7

Note that here we have zoomed out in space and time: particles seen from far away live
on a smaller lattice n~'Z¢, and we have scaled time parabolically by a factor n2. Then
u € M(R?), the space of finite positive measures on IR?. For later convenience we
note that this is a topological space

(M(RY),7)
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when endowed with the topology 7, of vague convergence, meaning that u” — u
vaguely if

(W™, 0) = (up), Vo€ CX(RYLR),

we denote with C°(IR%; IR) is the space of such functions with compact support.

Our objective is to show that the empirical measure of the critical spatial branching
process (/43 )¢ >0 has a limit in distribution as a process with values in J(RY). To see
this, we can test the empirical measure against continuous and bounded functions. We
find

1
(uis @) = e Z?ﬂfat(nm)go(x) )

To see how (i}, ) evolves in time we can use the generator:
dpimzy, ©) = (finzy, A"p) dt + dM7, (1.3)

for some cddldg martingale (M,"?);>0. For example, if we choose ¢ = 1, we obtain an
a-priori bound on the total mass of the process.

Lemma 1.2 Let u™ be defined as above and fix o > 2. Then for any t > 0

2

sup (uy,1)| <oo.

0<s<t

sup E
n€eN

Proof. From (1.3), Theorem|[1.1] and a short calculation, we know that N;* = (u?,1)
is a martingale, with predictable quadratic variation

d(N™); = 2027y, 1) dt .
If follows that

E sup (u7,1)* < (ug, 1) + B(N]') = 1+ 0>t
0<s<t

As a consequence of this a-priori estimate we obtain tightness of the sequence ™.

Corollary 1.3 For a > 2, the sequence (113 )0 is tight in the space ID([0, 00); J(RYY).
In addition any limit point lives in C([0, 00); J(RYY).

The proof of this corollary is slightly technical, because it involves understanding tight
sets in the Skorokhod space: we refer the reader to [Ethoo, Proposition 1.19]. The
fundamental question we must ask now is whether there exists a unique limit point p of
p', and how to characterise it. Taking naively the limit n — oo in we would hope
that any limit ;. satisfies identities of the following form for any ¢ € C°(R%; R):

d(pe, @) = (e, Ag) dt + dMY (1.4)

In addition, the limiting martingale should have quadratic variation given by the limit of
the discrete quadratic variations, by Theorem|1.1

d(M™2), =(ui', =Y |oy) — p(@)*)n’n = dt

y~x
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+ (ug, p*)nn= " dt .
Then choose v = 2. The first term does not contribute, and the limiting variance is
d(M¥®); = (ug, 0% dt .

Instead for o > 2 the limiting variance is zero (we therefore expect the limit y to be
deterministic in this case, corresponding to a law of large numbers). We have concluded
the following

e A law of large numbers if the number of particles is very large (o > 2).
o A limiting stochastic process if the number of particles is chosen correctly (o = 2).
For the limit we have furthermore identified a martingale problem.

Definition 1.4 We say that a Markov process (j1+):>0 € C([0, 00); J(RY)) solves the
Dawson-Watanabe martingale problem, if for any o € C°(R4HL; R) we have for some
continuous square-integrable martingale (Mf )0

d</j/ta <p> = </’('t7 ASO> dt + dMLp > d<Mw>t = <,U/t7 ¢2> di .

Can we be more precise in characterising the limit? Is there a unique solution to the
Dawson—Watanabe martingale problem?

1.2.1 The law of large numbers

Before we proceed to answer this question, let us obtain a complete picture in the case
a > 2, when the limit is deterministic, as this is in any case useful later on. If we choose
a > 2, then the limit will be deterministic and satisfy

A, ) = (i, Apydt,  V¢=0, ¢ € C(RGR) .
Since A is self-adjoint, this is just the weak formulation of the heat equation

Orpue(x) = Apg(x),  Vt=0, z€RY,  polx) = do(x). (1.5)

Remark 1.5 For the particular choice of initial condition o = 0o, the solution to (1.5))
is explicit and given by the heat kernel

1 . ( |x|2)
X —_— .
2rt)s P\

For arbitrary initial condition one deduces that

p(t, x) =

(@) = Poo(a),  Pof(a) = /IR e = fw)dy.

We call (P;);>0 the heat semigroup.
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1.3 Duality

To prove uniqueness of solutions to the martingale problem there is a trick that is very
common in the study of population genetics, as it relates to observing the population
evolve “backwards in time”, and prescribe the evolution of a genealogical tree rather than
the evolution of the particles “forward in time”. In the case of the Dawson—Watanabe
martingale problem the key observation is that by Itd’s formula the following holds for
f € C%(R; R) (now we are working with martingales in continuous time):

df({ut, ) = {f/(<ﬂt7@t>)<ﬂt7ASO> + ;f”(<ﬂt7§0>)<ﬂt»¢2>} dt + dI; |

for some continuous martingale Mf. Because of the linearity in the variance, there is a
simpler structure appearing if one chooses ¢ > 0 and f(z) = exp(—Az). In this case

A2 _
s £ = {280+ 5 b+ o]

This suggests that if ¢ were the solution to
A o
*ASDJriSO =0, (1.6)

then we would be able to characterise the law of (., ). Of course, only ¢ = 0 solves
(L.6). Yet, this idea is fruitful: if instead of choosing  time-independent one considers
the solution ¢ to

A
o =Ap — 5& . 90,) = po() € C°(RYR) . (1.7)

Then fix T € (0, co) and consider, again for f(z) = exp(—Ax) the process

[0, 712t f({pe, pr—1)) = Xt .

We can again apply 1t6’s formula to obtain

)\2
dXy = f({pu, @Tt>){<ﬂta AOror—t — AMpr—_¢ + 2@2Tt>} dt + dM" .

We see that the drift vanishes because of our choice of ¢. Therefore (X;)¢c[o,77 is a
martingale and in particular

Elexp(—A{ur, o)l = E[X7] = E[X(] = exp(—A(1o, o)) -

In this way, we have characterised uniquely the law of (u):>0. We have proven the
following theorem.

Theorem 1.6 For any g € J(RY) there exists a unique-in-law solution ()0 in
C([0, 00); M(R?)) to the Dawson—Watanabe martingale problem of Deﬁnition

Proof. Existence follows from approximations via particle systems, while unique-
ness follows from the previous calculation. Here we use that the law of a measure-
valued random variable is characterised by the law of the one-dimensional projections
{{pe, @)+ 9 € C(RYR)} (see [Dawgs, Lemma 3.2.4]). O
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1.4 Weak formulations and white noise

Theorem is incredibly strong, but can we obtain a different understanding of the
limiting object? A stochastic PDE should be an equation of the kind

O = Ap+ f(p) +o(ws, (1.8)

where £ is some noise - in analogy to stochastic ODEs, which are of the form
(X = f(X) +o(X)E .

Is there a way by which we can cast our equation into the setting of (L.8)? We might
expect that (1.4)) can also be rewritten as the weak form of some equation of the kind

dp(z) = Apg(x)dt + dM(x) ,

where M is a martingale, which must somehow depend on space as well. This turns
out to be intuitively correct, but is rather delicate. Naively choosing ¢(-) = () as a
test function leads to (M 6$>t = 00, so there is no clear meaning to M;(x) evaluated
at a single point. The correct way to rewrite the martingale term in is through
space-time white noise.

Definition 1.7 Space-time white noise on R? is equivalently defined as one of the
following:

1. A sequence of Gaussian random variables &, indexed by functions ¢ € L2(R4H1)
and with covariance

E[§p&p] = (¢, ¥) -
2. A random Gaussian distribution (that is with values in 8'(IR*t1)) such that
E(,0)(6,0) = (0, ¥), VYo, € COMR™).
Informally, £ is a random Gaussian field with covariance

E[E(¢, 2)E(s, )] = d(z — y)o(t — 5) .

This is not rigorous, as above for M (x), because £ can not be evaluated at a point
x € R,

Exercise 3 Prove that the two points of the definition above are equivalent, namely that
given & according to the first point there is a §~ € 8'(R1Y) such that <§~, ©) = (& p)
almost surely for all o, and §~ satisfies the second property. Hint: Choose an orthonormal
basis of L>(R%1).

From the definition, it follows that it is possible to give meaning to the integral of
space-time white noise against deterministic functions in L?(IR%*t1). Much in the
same way as for the Itd isometry, we can extend this integration to adapted space-time
processes.

Lemma 1.8 Let ¢: Q x [0,T] x R? — R be an adapted spatial process such that

T
IE/ / lo(s, 2)[2 drds < oo .
0 Jre
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Then the stochastic integral

t
Mt = / / @(S,f)g(dl’, dS) ’
0 JR4

is well-defined and a continuous martingale on [0, T'] with quadratic variation

t
(M), = / 94 22y s -

Proof. By approximation it suffices to prove the result for ¢ : R*! — IR an adapted,
simple function. That is, of the form (form some n € IN and {¢;};eny € R)

@(ta x) = Z l[ti,tul)(t)@i(x) s

=0

where @; is F¢,-measurable (the filtration %; is formally the one generated by £(s, =)

such that s < ¢,z € R?) and IEH%-HQLQ(W) < 00. Then

M7 = (& plion) :/ (s, 2)&(s, x)ds dx
[0,t)x R4

n tit1AL
= Z/ / wi(@)&(s,x)dsdx
i=0 7 ti R4

is a square-integrable martingale with quadratic variation

t
(M), = / 101112t e (5) s -
]

From Lemma if follows that our candidate equation for the Dawson—Watanabe
martingale problem should be the following:

Orp = Ap+/ué (1.9)

where ¢ is space-time white noise. The main issue with is that in order for it to
even make sense, one must make sense of /u, but p is a-priori only a measure. Indeed,
this issue can only be overcome in dimension d = 1: the reason is the irregularity of the
noise (see later sections).

Theorem 1.9 If d = 1, then the unique solution to the Dawson—Watanabe process
satisfies for all o € (0,1/2) that p, € C2.(R% [0, 00)) for all t > 0. In addition (up
to extending the probability space) there exists a space-time white noise & such that |

solves (1.9).

1.5 Some properties

Super-Brownian Motion (SBM) has a number of interesting properties, which shed light
on its qualitative behaviour. The most interesting consequence of these properties is
that SBM behaves fundamentally different from the heat equation (0; — A)u = 0. For
instance solutions to the latter equation stay strictly positive for all times. Moreover, the
equation is critical, in that it satisfies a scaling invariance (as it should, since it appears
as the universal large scale limit of systems of branching particles).
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1.5.1 Extinction

First, we observe that the noise is so strong that the population almost surely dies out
in finite time. This is known as the effect of genetic drift, which leads to one type
overcoming the other simply because of the inherent randomness of the evolutionary
process.

Exercise 4 Prove that (ju, 1) is a weak solution to the Feller diffusion

d{pe 1) = Ve, 1) AW
where Wy is a Brownian motion. Then if
T=inf{t >0: (u,1) =0},
deduce that P(1 < oo) = 1. Hint: Apply Ito’s formula to \/Zy, with Zy = {ju, 1).

What can we say about the probability of extinction? We have that
1 o = li — A)) .
{u=o0y = Jim_exp (—(ur, A))
Therefore
P(ue = 0) = lim exp (—(uo, 7)) »
A—00

where (7 is the solution to the dual equation with initial condition A. Now observe
that the ODE

Qo =—¢°,

has a unique solution such that ¢y = oo, and it is given by ¢; = ¢t~!. Hence

P(pe = 0) = exp (—(uo, 1)t 7).
1.5.2 Scale invariance

In dimension d = 1 the SPDE for super-Brownian motion satisfies formally some scale
invariance. Here we will make use of the following fact.

Exercise 5 For any € > 0 define £.(t,x) = E%f(EQt,EI). Then, if d = 1, we have
& 4 & Remark: of course, the previous formulation is purely formal (€ is a distribution)
and must be made sense of through a change of variables, in a distributional sense.

Because of the scale-invariance of white noise we find that if (¢, ) = ep(e?t, ex),
then (as usual in d = 2)

O = Dp'® = Vg,

which means that the equation is “critical” in the sense that the heat operator (9; — A) is
not of leading order on small scales.

2 An intermezzo with two counterexamples

Let us conclude with two examples of stochastic PDEs in which things can go wrong.
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2.1  Dean-Kawasaki fluctuations

Consider the martingale problem associated to the SPDE

Oupp = Ap+ v div(y/p)

where £ is a vector-valued space-time white noise £ = (£1,&2) and div(pq, p2) =
Oz,1 + Oz, 2 . By martingale problem we mean measure-valued solutions (f1¢):>0
such that for all p € C>°(R%; R)

d{pe, @) = (e, Agp) dt + dMy . d(M?) =7 (ue, [V?) . (2:1)
where M’ is a continuous martingale.

Theorem 2.1 There exists a solution to the martingale problem if and only if
2v~=2 =n € IN. In this case

1 n
Nt:ﬁ;(SWj,

where {W}}ien is a collection of i.i.d. Brownian Motions with diffusivity V2.

Proof. We only prove that a system of i.i.d. Brownian Motions does solve the equation,
and is the unique solution if n = =2 € IN. The non-existence result can be found in
[KLvR 19, Theorem 2.2].

First, we show that u; =
compute

% Dy 5W,}' solves the martingale problem. We can

1 — , , ,
d{ur,0) = — > VeWH AW + Ap(W))dt .

i=1
Now, the first term is a martingale, and it has quadratic variation

n

2 & : 2
d(M?), = 553 IVeWHI® = = (i, [Vl)
=1

For uniqueness, we follow the same strategy as for super-Brownian motion, by
finding a dual. If we consider f(z) = exp(—Ax) for A > 0 and ¢ smooth in time and
space on [0, 1] x R and positive, then we obtain for all ¢ € [0, 7]

df ((pes or—1)) =F (e, er—eN{ —Mpe, —Opor—t + Apr_y — Xy?[Veor_[*) } dt
+ dM, .

Therefore, the law of the solution will be unique if we can solve the dual equation
drp = Ap = M| Vepl? .

The solution to this equation is given by the Cole-Hopf transformation of the solution to
a linear equation.

ou = Au , ug = 0,
Then v = log u solves
O =AY — [Vy[*, 4o = log (uo) -

Then ¢ = (\y?)~ 14, with matching initial conditions. O
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2.2 Ito vs Stratonovich

Next we consider a toy model in stochastic fluid dynamics, namely viscous “passive
scalar advection” driven by a white-in-time noise

Oro=A0p+~v(¢-V)o. (2.2)

The physically most relevant case appears when the noise £ is incompressible. For
the moment let us choose ¢ = (dA3', d3?) for a couple of real-valued independent
Brownian motions (independent of space, so that naturally the incompressibility condition
div(¢) = 0 is satisfied). Of course, this being a multiplicative equation there is a choice
between [t6 and Stratonovich noise. Following the (wrong) intuition from stochastic
ODE:s, we may try to treat the It case as it might be somewhat “simpler”.

Theorem 2.2 Equation admits a solution for all gy € C° if v* < 2.

Remark 2.3 The result is tight, in the sense that (as will appear from the proof), for
72 > 2 the problem is linked to solving the heat equation backwards in time.

Proof of Theorem[z.2] The reason for the restriction to v < 2 comes from the It6—
Stratonovich corrector. Recall that the formula for the corrector is as follows for a
semimartingale (X)s>0:

t t
1
/ X, 0 dW, = / X, dW, + 5<X, W . (2.3)
0 0

We want to apply this formula to 9, o(t, ) d3}. We find
0,03, 0 = Ay, 0+ (02 0)dB" + 70y, 00 -
And hence by we obtain

72
’Y(f'V)QZ’Y(f'V)OQ—?AQ-

We can therefore reformulate as
do=(1-7/200+(E V)oo.

The solution theory to this equation follows the one for deterministic PDEs from fluid
dynamics, via energy estimates. Indeed we immediately find that

1
SOledlZ: = A =7/ Vel <0

3 The @] equation and related problems

In this second part of the course, we study (and motivate the study of) solutions to the
®4 equation

Ou=Au+mu—u®+¢, w0,z)=ux). (3.1)

There (¢,z) € [0,00) x R? and d € N is for now arbitrary. The noise ¢ will be
space-time white noise. In absence of noise, and when m > 0, the evolution of this
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equation is roughly described by the evolution of phase fields on which v ~ £1. In
particular, the interface that separates two phases is expected to evolve (at large scales)
via mean curvature flow. It is therefore not entirely surprising that the ®* equation (with
m > 0) is linked to a classical microscopic model for the description of two phases: the
Ising model. Indeed, the link appears in presence of “intermediate range” correlations,
in what is called the Ising model with Kac interaction.

3.1 The Ising model with Kac interaction

In this section we start the study of the Glauber dynamics of the Ising model with
Kac interaction. This will be a jump Markov process on the state space of all possible
spin configurations. A spin configuration is a map o: Z¢ — {—1, 1}, or alternatively

a collection (0,),cza € {—1, 1}Zd. Now we prescribe an evolution on these spin
configurations - these are usually called the Glauber dynamics associated to the Ising
model. Namely, we define the following generator, for a parameter v € (0, 1):

Ly =Y ey, ) f(r0) — f(o)} .
z€Z4

Here the operator 7% flips the value of the spin at the location z:

i ’

(TP0)y = {Uy Y # e
—0y ify=ux.
Furthermore, the rate associated to the flip is given by
e (2, 0) = e~ @) [efhw(ac,a) n ehw(w,o')]71 i (3.2)

where the interaction term h., depends on the configuration of spins in a ball of distance
of order y~! about z:

hy(@,0) =Y Jy(@,)o) .
Y

Here

Jy(@y) = Gle -y,  Vety, and  Jy(z,2) =0

where J is a smooth radial function with compact support and ¢ is the normalisation

&= "I,
z#0

and we observe that ¢, — 1 as v — 0. Understanding the large-scale dynamics of this

model is quite challenging, so we start with a simplification of the model, which can be
considered as a form of “linearisation”.

3.2 The voter model as high temperature limit of Ising

In particular, we will consider an expansion of in the case h,(z, o) < 1. Note that
when h., = 0, each spin behaves independently of one another, so this is one way to
dampen the interactions between the particles in the model. At first order in h(z, 0),
the rate cy(x, o) is given by

A(@,0) = %(1 — 0ohy(,0)) = cy(x,0) + o(h2) .
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We then start with studying the large-scale dynamics of the generator 55,9 associated to
c9, and given by

LYoy =D S@, o) {fT70) - f(o)} .

zEZ?

Now if we look more closely, the transition rates are given by
1
@ 0) =5 Y @y = 020y) = D L@ e, £0,) -
Y y

were we used that J,, is normalised to a probability measure. This is quite naturally
called the voter model, in which a particle changes opinion at a rate proportional to the
number of neighbouring particles with different opinions. As usual, we study the large
scale behaviour of this system through the associated martingale problem. For every
smooth function ¢ with compact support, let us define (o¢, @) = > o(x)p(x). Then

d{or, ) = —{Zc% o)2at<x>so<x>} dt + dM? |

for a cadlag martingale M,”. We can rewrite the drift term as

—(x, 00204 (x)p(@) = Y Ty (@, y)ou(y) — or@)p(@) ,
Y

which summing over x becomes (since J,(x,y) = J,(y, x)):

D ou@) > Iy (@ y)ey) — @) -
x Yy

Now we can also compute the quadratic variation of the martingale

d(M?), =" (@, 0)4p*@) =2 Jo(@,y)(1 — 0,0,)p"(x)
€T T,y
=2 Z ©*(x) — 2 Z ©*(x) Z Jy(x, y)ozoy .
T T y#T

Here the second term will eventually be irrelevant in our analysis, because neighbouring
spins tend to decorrelate. To see this, we must introduce the appropriate scaling.

3.3 Convergence to the stochastic heat equation

To capture the large-scale behaviour of the voter model, we must introduce the appropriate
space-time scaling. Let us define the measure-valued process, for a parameter o > 0
that we will choose later on:

X;/ = ,7,3 Z 0772(%(1‘)(5,},14&1% .
xr
Then, by the previous calculations we would obtain

d(X7,0) =77 A 0 0y@) Y Ty (@, e Ty) — p(y @) + dNY
z Y



THE @3 EQUATION AND RELATED PROBLEMS 15

The drift term is well approximated by

VIXT(wAp), V) = Z Jy (@, yyir —y)? v = /d J(|z)|z)* dz .
R
y

Instead, for the quadratic variation we obtain following the previous heuristic:

d(N?), = 47292 " (@, )1 — 020,)0° (' )
z,Y
=772 2) P () + o)

Therefore, we obtain a nontrivial limit under the assumption that
—2a+28=010+a)d,
which leads to 8 = % + %a. In fact, this heuristic can be made rigorous.

Theorem 3.1 If d = 1, then the process X; converges weakly in ID([0, c0); J(R)) to
the unique martingale solution X to

d(X, ) = (X, Ap)dt + AN, d(N¥); =2(p, ¢) . (3:3)

The complete proof of this result can be found in [BBPSo03, Theorem 3.1], together with
the proof of the convergence of the full dynamical Ising—Kac model.

Remark 3.2 The fact that the solution to (3.3) is unique follows from the fact that it is
Gaussian. Indeed, we can rewrite X (in the case v = 1 for simplicity) as the solution to

X =AX +¢, (3-4)

where £ is space-time white noise. In particular, if (P;);>0 is the heat semigroup, then

t
Xt:Pth—F/ Pt_s§ds,
0

and the second term is a centered Gaussian for which one can compute explicitly the
correlation function (say Xo = 0):

tASs
ELX, (1) X, ()] = / / Pemr (@, Ips—r(y, 2) dz dr
0 R4

tASs
= / Dits—2r(T,y)dr .
0

3.4 From linear problems to interactions: stochastic estimates

In this section we introduce a martingale approach to study nonlinear functions of the
solution X to (3.4). To simplify the issue, we consider the process on the torus, and at
invariance. We write

Td — IRd \ Zd
for the d-dimensional Torus, which is obtained from IR? by quotienting via translations
in integer directions. In other words, we are considering PDEs on [0, 1] with periodic

boundary conditions. The torus is particularly convenient, as we can consider the system
in Fourier coordinates.
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3.4.1 Intermezzo on the Fourier transform

Define the Fourier transform:
B0 =T = [ gt = (g,
T

where ¢ = +/—1. Then the Fourier transform satisfies the following properties.
1. The output is a function on the lattice Z¢, namely F[¢]: Z¢ — R.

2. The Fourier transform is invertible (in the space of Schwartz distributions)

FYI@) = Y dk)er@) .

kezd

3. The Fourier transform is an Isometry between L?(T¢) and L?(Z%):

[N

follzern = ([ le@P o) = I5tallan = | 3 o0

kezd

We can use the Fourier transform to solve the Heat equation through the following
lemma.

Lemma 3.3 Let ¢ be the solution to

1
Op = §A<p +f, ©(0,-) = @o(-) .

Then
t

@(t,k):e*z’ﬁ‘k'?@o(k)ju/ e 2 =9Ik f(5 kY ds .

0

3.4.2 A martingale approach to nonlinearities of distributions

Now, let us pass again to analyze non-linear functionals of X;. As we mentioned, to
simplify matters we consider the system at invariance, and with a mean-zero noise.
Namely if IT is the projection

M p(2) = () — /

e(z)dz,
Td

then let us consider

t
Xt :/ Ptfs]._.[xgdS .

— 00

Then the law of X is invariant in time. Our objective is to eventually define the non-linear
functional

X3(x) .
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The issue is that for given ¢ > 0, X; does not even lie in LQ(Td), if d > 2. Indeed, we
can compute

E|| X |32 :/ E|X;(2)*dz = o0,
Td
because formally

ELX, (2)X,(4)] = / par( — ) dt = G — ) |
0

where po; is the heat kernel of the periodic mean-zero Laplacian and € the associated
Green’s function. Since 6(x — y) ~ log |z — y|~! in d = 2 (and the explosion is even
worse in d > 3), we see that the variance at a given point explodes.

Remark 3.4 Instead, in dimension d = 1, these problems do not appear, and almost
1 . . .

surely, X; € C275(TY) for any t,e > 0. Also, note that in dimension d = 1 the

invariant measure associated to X, is a Brownian motion conditioned to have zero

mean.

Since (Xy);>0 is invariant in time, we now simply write X for Xy, and consider a
time-independent problem. In any dimension, one can still make sense of X as a
distribution, since

EL(X, o) (X, )] = /(W B — Pp(@)(y) dzdy < 0o, (3.5)

as long as o, € L°. But this does not help us in defining nonlinear functions of
X. Here it is fundamental to use probability theory. Rather than a classical approach
via decomposition into homogeneous Itd chaoses, we follow here a new approach via
martingales, that has been recently outlined in [BCG23|]. To this aim consider the space
J of all continuous martingales:

M = {(My)u>0 : M, is areal-valued martingale } .

There is a natural notion of product on this space, given by imposing that after a product
we still have a martingale:

(: MN ), = M,N, — (M,N), .

Here we use colons : M NN : to distinguish the product in Jl from the product in R. The
fundamental idea is to consider M, an approximation of a possible terminal value M,
(if this exists - which is not guaranteed, since we are not assuming that the martingales
are, for example, uniformly integrable). For example, we may approximate our X as
follows

1 0
X, = P_ Il 6ds 2 Py / P_II.&ds.

— 00 —

The last calculation shows that for any Given u > 0, the distribution X, is actually a
smooth function. Then we can define the product X (z)X (y) € 4l as the martingale

¢ X(@)X(y) Do = Xu(@)Xu(y) — d(X (@), X@))u -
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The quadratic variation process is given by a correlation function

<X($), X(y)>u - Cu(xv y) s

which is deterministic and satisfies lim, o ¢, (z,y) = €(z, y). To see that this is the
case, we can represent ¢, (z, y) = ¢, (x — y) in Fourier coordinates

“ 2 1 2 1
s2|k — k| /u
e ds1 0y = N R SR L0} -

Fleu (k) = /

—o00
where the last limit appears as u — oc.

Remark 3.5 Although neither X () nor X (y) make sense as random variables, we are
still formally able to compute their covariation, which is given by

def

Cov(X(z), X() = lim Cov(Xy(z), Xu(¥))
u—r 00
= lim cy(z,y) =6 —-y), Vr#y.
uU—r 00
So far we have given some meaning to X 2(x), not as a random variable, but as a

non-closed martingale. The next step is to observe that the X 2(x) we have constructed
is actually a spatial distribution.

Remark 3.6 In the language of Wiener-1to chaoses, we have approximated X through a
smooth family X, for u > 0. Then, since X is Gaussian, the square X2 has components
in a second homogeneous and first inhomogeneous Wiener—Ito chaos. The first chaos
component is given by c,(x, x), which is diverging. Our procedure is a way to remove
the diverging zeroth chaos, or expected value (which is referred to as s renormalisation),
leaving us with a well-defined random field.

Lemma 3.7 It holds that
Cov(: X7 : (2),: X* : () = 26°(z,)
Proof. We find that for some martingale (M,,),>0
di: X2 @) X2 @) = d(: X2 1 (@), X2 2 () + dM, -
As we are only interested in the quadratic covariation term, we find
d(: X2 1 (@),: X2 1 () = 4Xu(@) Xu @)Ducu(@, y) du .
Therefore
Ed(: X?: (@),: X? : @)u = deu(@, )ucu(z, y) du
Integrating in time, we obtain the desired result. O

Corollary 3.8 The Wick square : X? : is, up to considering a modification, a random
distribution, in dimension d < 4.

Proof. This follows since €%(x, ) ~ |z —y|*?¢~? is integrable if and only if 2d —4 < d.
Therefore we obtain

IE[( X2 o) X? :,w] = 2/T Gz, y)e(x)Y(y)dedy < oo,
(Td)?
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for all ¢, € L*°. From here one can construct a random distribution by defining:
ZE (X% e, Z=%F'Z,
and by observing that (Z, ¢) is equal in distribution to {: X2 :, @), forany ¢ € L. [

Similarly we can proceed to define the cube : X3 : (). Here the compensation that is
required to build a martingale starting from X (z) is given by

dX3(x) = 3X,(z) d(X (), X (x))y + dM,, , dM,(z) = 3X2(x) dX,(x)3.6)

Therefore it would seem natural to consider in this case the martingale

CX3: @)y =X3x)-3 / ' X, (2)0ycr(x, z)dr .
0

Unfortunately, this is not enough, you can check that this choice gives rise to an exploding
covariance matrix for : X3 : (covariances are taken formally as the limit in Remark @)
Instead, the correct choice of higher degree Wick powers is

di: X™(@) D)y = nC: X" (@) )y dX, (3-7)

Exercise 6 Forn = 3, one way to obtain the expression (3.7)) is to start from and
observe that for some martingale N,

/ X, (x)0rcr(z,x)dr = Xu/ orcy(z,x)dr — N, , dN, = ¢, dX, .
0 0

Hence one can rewrite
X3(x) = 3X,cy — 3N, + M, ,
and M, — 3N, is the martingale appearing in (3.7). In particular
¢ XP(@) Du = Xu(@)(: X2(@) )u = Xu(@) X (@) = cul, 2)) .

Now, the expression (3.7) leads to an inductive way of computing the correlation
functions of the Wick powers.

Lemma 3.9 It holds that
Cov(: X™(x) :,: X" (y) ) = nl€"(x,y) .
Proof. This follows if we can show by induction that
Cov(: X™(@) 1y, X™(y) ) = nleg(z,y) .
If the above identity holds for n — 1, then

Cov(: X™(x) :: X" (y) ) = / n*(n — D" X, y)o,c.(x, y) dr = nlc(x,y) .
0
|

Corollary 3.10 From Lemma@]we conclude that - X3(x) : is a random distribution
ind < 2. Instead, in d = 3, the covariance

Cov(: X3(x) :,: X3(y) ) = 6G°(w,y) = & — y|~>7?

is not integrable.
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3.5 Towards singular stochastic PDEs

We are now ready to give a meaning to in dimension d = 2 (d = 1 is much simpler,
and d = 3 significantly more complex). For simplicity we stick to the case m = 0, since
the case m # 0 follows in exactly the same way. Following the idea of “linearisation”
that appeared already in the scaling of the Ising model, we start with the ansatz that the
solution ¢ to is a perturbation of the Gaussian process (X;);>¢ that solves (3.4).
Namely, let us (formally, since the existence of ¢ is not guaranteed) defined ¢/ by

p=X+1.
Then we expect v to solve the equation
O = Ay —¢° = 3X% = 3X¢* = X7, (0,) = po() — Xo() -

As we have learned, the products X 3 and X2 are not well defined, and we replace them
with their (well-defined) Wick products instead:

Oh = Ap—p® —3: X2 1 p —3Xy2—: X3, (3.8)
which is sometimes formally written as the effect of an infinite renormalisation
Oh = A — 3 — 3(X?% — 0o — 3X9? — X(X? — 0) .

Now we are able to use classical PDE arguments to solve (3.8). To this aim, we need a
couple of results, which we will not prove. The first one is a quantitative estimate of the
(ir-)regularity of the driving noise terms. The second one is a quantitative estimate of
the regularising effect of the heat semigroup: these are known as Schauder estimates.

To state these results we need a notion of negative regularity (for distributions that
are not functions). Here we use Besov spaces 6~ of negative regularity (o > 0), which
in first approximation can be though of spaces of distributions that are derivatives of
functions in €1~ (assuming that « € (0, 1)). Rigorously, Besov spaces can be defined
through the norm

lpllee = sup 2°7]| Ajepll =
JEN

there A ¢ is the j-th Paley block A;¢ = F (g, - F(¢)), defined in terms of a dyadic
partition of the unity (see [BCD11]] for the complete definition), which can be thought
of roughly as a projection on frequencies of order 27, namely 0;(k) ~ 1{[2j—172j)}(‘k|)).

Lemma 3.11 In dimension d = 2 the process X, and any of its Wick powers : X[* :
satisfies for any o > 0

E sup ||: X{:|lge <Cn,0,T) <00.
0<t<T

Lemma 3.12 (Schauder estimates) For any « € R and 8 > 0 we can estimate
uniformly over ¢ € 8'(T%):

_B
[Pepllgars =172 [[¢llga -

The final ingredient is a rule for the product of distributions, which is allowed if the sum
of the regularities of the two distributions is strictly positive (so at least one must be a
sufficiently smooth function).
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Lemma 3.13 For any o, 8 € R such that o + 8 > 0, one can estimate uniformly over
¢, € 8'(TY

e Yllgans S llellalldlls -

We are now ready to prove well-posedness of (3.8)). For simplicity we will assume that
o = Xo.

Theorem 3.14 Assume that pg = Xo. Then almost surely there exists a unique mild
solution 1 to (3.8)) in the space L°°([0, T]; 8“(T%)), for any a € (0,2) and T > 0.

Proof. By mild solution we mean that 1) solves the following fixed point problem
t
Wy = _/ P [P +3X¢° +3: X% i+ X7 1] ds.
0
We will shot that the map .¥ defined by

t
F(f) = —/ P [fP4+3Xf2+3: X% f+:X":]ds
0
is well defined .F: L*>°([0,T];6%) — L*°([0,T];6%) and is a contraction for suf-
ficiently small 7' > 0. Extending the solution to all 7' > 0 is then more involved
(and requires a-priori estimates that use the negative sign appearing in front of the
non-linearity).
As for the contraction property over small times, we can estimate

a+te

t
1T Dellee < / el + 5~ 1 X ogme | FI2

ate

577 X7 gl fllee + 57

at

= || : X3 |lgcds .

This holds for any € > 0, but let us choose ¢ sufficiently small such that € + « € (0, 2),
which is possible since a € (0,2). Then we can estimate

at

LIl

IFHllle < T

where ||| f[||l; = supg<s<r || fsl|6~ and M is a random constant such that

sup {[1Xullg-c + 1+ X2 ¢ llo-e + 12 X7 ¢ fle-e} < M
<s<T

IS%

Therefore, if we denote with I the space (and X the ball):
X =L>(0,T;6%, Ar={feX: (Iflly <R},

we find that for T' < T, (R), for some T, (R) > 0 sufficiently small, .¥: Xr — Xg, and
moreover, by the same estimates as above

a+t+

T+ RHA+M||f - gl

15— F @l STV

so that (again provided T, (R) > 0 is sufficiently small), leads to .¥ being a contraction
on Xr. Therefore, there exists a unique fixed point ¥, which is the local solution of the
theorem. |
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4 Construction of the ®] measure

In this last section we address the study of long-time properties of the ®* model (although
many results extend to other SPDEs). In the case of ®*, the invariant measure can be
somewhat easily guessed, in analogy to finite-dimensional Langevin dynamics:

dy, = —VU(Y,)dt + dB, , (4.1)

where ¥ is some for of potential. In the case of (4.1)), the invariant probability measure
is given by

1
p(dy) = Ze_“’(y) dy ,

provided that the right hand-side is integrable, otherwise the invariant measure would not
be a probability measure. In the case of U(y) = y*, this would lead to Z ! exp(—y*) dy.
‘We observe that in finite dimensions there is a natural reference measure, which is the
Lebesgue measure. In the case of ®%, the closest possible analogue of the Lebesgue is
the Gaussian measure associated to the free field (X;);>0. The invariant measure P®
to in the case m = 0 is then formally given through the following density with
respect to the invariant measure PX of (X £)t>0:

o
%:%exp (—/Fd:X‘l:(aﬁ)dx) . (4.2)

One way to construct the &4 measure is by proving ergodicity of (this is possible
in dimension d < 3). In dimension d = 2 a different construction is possible, which
builds solely on the analysis of Wick powers (this is known as Nelson’s construction
[Nel66], see also [Hai21), Chapter g]). The key difficulty in constructing is to prove
that the right hand-side is integrable. Here we must make use of the negative sign that is
appearing in front of the fourth power, yet this is not entirely obvious since : X* : is not
positive (in fact, it has mean zero).
Nonetheless, for finite > 1 we can still find an upper bound, as

XD = OV H X/ cu(0)) 2 —c2(0) ~ —log (u)* . (4.3)

Then we can write
XY= X4y, Yu:4/ (X2 dX, .
We now want to control, for K > 0 large, the tail probability
P((: X*:,1) < -K) =P((: Xp : +Y,,1) < —K) . (4.4)

The key idea of the proof is to suitably divide between high and low frequencies. For the
low frequency component we want to use (4.3)), while for the high frequency component
we want to use a moment estimate on Y. Here we find that

E[Y, ()Y ()] = 4(€ (@ — ) — ¢z —v)) .

It follows therefore that for a suitable ¢,, (which is in L2(T% uniformly over w)

E(Yu,1>2 ~ / C§4(x—y)—cﬁ(:v—y)davdy
(T4)?
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~ /Td(ﬁ(w) — cu(@)p(@) dz S {6 — cul| 2 -

Now for the last term, 6 — ¢,, acts like a projection on frequencies 2 u. Therefore, we
find for any ¢ > 0

1% = cullzs Sou>*e.

Now we can go back to (4.4)), to find that if we choose u such that K — ¢ log? (w) € [1,2],

then

P((: X*:,1) < —K) < P(|(Ya,1)| > K — clog® (w))
< 1E|Yu\2p < Cppu(—2+a)p )

Now recall that

uzexp(\/}a.

Therefore, we have found that

P((: X*:,1) < —K) < Cpe=VEYP

Choosing p = e2VEK for co < cq leads to

IP((: X1:1) < —K) < exp(—cs exp(caVK)) .
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