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Abstract

These are the lecture notes for a course at the Max Planck Institute for Mathematics
in the Sciences in the winter semester 2018/19.

1 Introduction

Consider a domain O C R¢ and the potential

Vo = [ [Votldn+ [ (o) ow? iz

We are interested in the measure

plde) = exp(~V (o) [ do(w) (1)

z€O

where ], ., d¢(z) should be interpreted as the “Lebesgue measure” on the space of real-
valued functions on @ (which of course does not exist). This measure is called the ®3
measure (4 because of the power ¢(z)* in the potential, d because of the dimension of the
base space), and it is important in quantum field theory, see for example [15].

It is also a sort of continuum version of the Ising model: Recall that the Ising model
on the finite lattice A C Z? is the measure on {—1,1}* formally given by the density (the
value of Z will change throughout, it is always taken as the positive constant for which
the total mass of the measure becomes 1)
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?exp< Z JiO'j)H dai—iexp(—g Z (i —0j) )H do;,
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where [],., do; should be interpreted now as the counting measure on {1, 1}, This
is a model for a ferromagnet, and the spin o; is the magnetization at point i (positive or
negative). The Ising model has the tendency of favoring configurations o € {—1,1}* for
which neighboring spins are aligned, i.e. for which o;=0; if |i — j|=1. On the other hand
the counting measure introduces randomness.

In our case the potential V' is also small for those ¢ with small gradient (i.e. for which
[V ¢(z)|*dz is small), and the “Lebesgue measure” introduces randomness. But now there
is an additional contribution to the potential, which can be motivated as follows: For the
Ising model the spins o; only take the values 41, while the functions ¢ take arbitrary
values in R and shifting ¢ by a constant does not change the value of [ |Vo(z)|?dz. So
the second contribution to the potential in a way anchors ¢ around the values +1. Indeed,
the double well potential is minimized exactly in the points +1:
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Figure 1.1.

Of course all of the discussion above is purely formal because the Lebesgue measure
[I,cod¢(z) does not exist. An attempt to make it rigorous could be to note that, at
least if we ignore boundary terms from the integration by parts (this is for example ok if
O=T=(R/7Z)%is the torus or if O =R and we consider functions with sufficient decay
at 00)

oo - [ votPar ) =exn( [ote)note)is ) =exp( - [ oo)(-2)ote)is )

The operator —A is symmetric and positive, so this expression looks very much like a
Gaussian density: If C'is a symmetric and strictly positive definite matrix on R", then the
measure

m(dx) :%exp(—@v, C’x>)H dx;,

. . . . . . P
where (-, -) is the inner product on R", is centered Gaussian with covariance 5C L ie. for
all a,b we have

/(x,a)(x,b)w(dx):%<a,0_1b>.

So in our case we would expect

v(a)=gexo( - [ IVoto)ae ) I dote)

zeO

to be a Gaussian measure with

[ (6. 0.9)(00) =57, (=) g) = (=82 (-8) o),

where now (-, -) is the inner product on L?(O). Modulo technicalities (it is for example
not always possible to invert —A, and it may be better to consider 1 — A instead), such a
measure exists, and it is called the Gaussian free field.

This brings us a good step closer towards making sense of the ® measure that we
formally defined in (1.1). A “rigorous candidate” seems to be

u(dg) —%exp(— / (%qﬁ(x)‘*— ¢<x>2>dx)u<d¢>-
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And indeed this measure is well defined if d =1. Unfortunately for d > 1 the measure v is
only supported on generalized functions (Schwartz distributions), and v(LP(O))=0 for all
pE (L, oa].

Exercise. (Suggested by Scott Smith):

Consider the “massive Gaussian free field on R% i.e. the centered Gaussian process
(n(¥))pe.» with covariance E[n(¢)n(v)] :%<cp, (m— A)_1¢>L2(Rd) for mass m > 0. The
covariance is well defined, and therefore 7 exists. Show that if (p,) C C:° is an approxi-
mation of the identity with supp(p,) C B(0,1/n), then E[n(p,(x —-))? — oo if and only
if d >1. This shows that the formal expression n(z)=n(§(x —-)) for the Dirac delta does
not exist (a sequence of Gaussian random variables with diverging variance cannot even
converge in distribution).

Solution. We can represent

(m / —mt/ (t,z—y)f(y)dydt

for the centered Gaussian density with covariance 2t1, i.e.

—d/2 |z
p(t,z) = (4nt) = 2exp| — )
Thus we get

{pn(z =), ((m—A) " pn(z -
:/ pn(z — 2 / —mt [ op(t,r — 2z — y) pay)dydtdz
R4 R4

_[Rd / /p(t,z y) prly)dydidz.

We can restrict the integration to |z|,|y| <1/n because otherwise p, vanishes. But then
|z —y| <2/n and thus

4
—d/2
p(taz_y)zt / eXp<_4tn2>7

i.e.

(e =)ulm =) pulo =2 [ pule) [ e[ dt-d/ﬁexp<—#)pn<y>dydtdz

> 1
:/ e_mttd/zexp(——2>dt
0 tn
0 1
;/ emttd/Qexp(—l)dtz/ t=9 24,
n—2 n—2

which diverges as n— oo if d >2. On the other hand the uniform bound p(t,z) <t~ /2
shows that for d=1 the variance converges.

Since v is only supported on distributions, it is unclear how to interpret the expression

[ (5ot~ otap Jaa

for typical ¢ € supp(v), and we are still stuck with the construction of ¢. This problem
can be overcome for d <4 with the help of renormalization group techniques from quantum
field theory [15], and indeed one has to suitably renormalize the potential %¢(w)4 — ¢(x)?
by subtracting infinite counterterms. Let us stress that d is the dimension of space-time
so we would like to take d =4 for physical applications. Unfortunately this case is just out
of reach of the existing theories!
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Here we will follow a different route towards constructing . Consider a smooth poten-
tial function V:R™ — IR, such that

/exp(—V(x))H dz; < 0o,
i=1

for example V (z) =22 Then p(dz) :%exp(V(w)) [ [, dz; defines a probability measure, and
it is a classical result that the following n-dimensional SDE, sometimes called overdamped
Langevin dynamics, has p as a reversible measure:

AX, =~ V'V (Xp)dt +dW.

To see this note that the generator of X is L= —%VV-V —|—%A and show that L is self-

adjoint in L?(u) (which is not a proof, but at least explains intuitively why X should be
reversible). In coordinates and formal notation we can also write

QX (t,1) = —5OV (X (1,)) + (¢, 1),

where we set £(f)=", |, R, f(t,i)dW; and thus we can interpret ¢ is a “space-time white

noise on Ry x {1,....,n}”, i.e. a centered Gaussian process indexed by L?(Ry x {1,...,n})
(with product measure of Lebesgue and counting measure) such that

E[E(f)E(9)]=(f,9)= Z A f(t,9)g(t,3)dt.

This provides a way of constructing p: simply let the dynamics of X run and apply the
ergodic theorem (this still requires ergodicity of X, which we take for granted here) to get

1 /(7
dr)= lim — Xs)ds.
[ r@ntar) = tim 7 [ rexas
If we apply this philosophy to the ®} measure, we would formally get a dynamic process

that satisfies

8t¢(t7 w) = —%533V(¢(t, )) + f(tv w) = A(b(t? Z’) - (b(t? w)?, + (b(t? Z’) + §(t, Z’), (1'2)

where £ is now a space-time white noise on R4 x O, i.e. £ is centered Gaussian and

EIEU)E) =)= [ f(t.0)gltadeds
Ry xO
for all f, g€ L?(Ry x O). The functional derivative §,V (¢) is a bit subtle and can be
computed by taking first the functional derivative in the direction of some function v, and
then formally setting ¢ =(z — -) for the Dirac delta in z.

The equation (1.2) is called the <I>§ equation, or the stochastic quantization equation for
the @) measure [33]. We should not expect a free lunch though, and we cannot overcome the
essential difficulties in the construction of the ®; measure by simply writing the problem
in the language of stochastic differential equations. In fact (1.2) is still badly ill posed,
because as we will see the solution ¢(¢,-) is at fixed times ¢ only a distribution in the
space variable, and therefore we have again a problem with the nonlinearity, this time
given by ¢°. In fact at least for d=3 the solution theory for the ®3 equation (1.2) is much
younger than the construction of the ®3 measure, and it was one of the first big successes
of Hairer’s regularity structures [22] respectively paracontrolled distributions [16, 10]; the
®3 equation had been previously solved with Dirichlet forms [1] or with the “Da Prato-
Debussche method” [13].
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Regularity structures and paracontrolled distributions take a new point of view on regu-
larity, and point out that from the right perspective the solution ¢ to (1.2) is actually quite
“smooth”, and working with this new notion of regularity allows us to derive good estimates
for ¢ and to solve the equation. More precisely, ¢ can be interpreted as a perturbation of
a Gaussian process X, where the perturbation becomes negligible on small scales. Indeed,
consider the rescaling operation Sx¢(t, ) = ¢(A\%t, A\x) and set ¢y = M/2-18, 6. Then

Oupat, x) =A2HTY27IS  (Ap — ¢° + ¢+ €)(t, )
=(A gy — XG5 4+ N2y + N TY28,6) (¢, ).

Exercise. Let £ be a space-time white noise and set &) := A/ 28,¢, interpreted rigorously
as &\(f) = )\Hd/gf()\_g_dSA—lf). Show that &) is a new space-time white noise.
Hint: It suffices to show that &) is centered Gaussian with the right covariance.

By the exercise we have
Biprn = Adx — M99% + N2oa + &y, (1.3)

and since we are interested in small scales we want to take A < 1. If d <4 the nonlinearity
formally drops out and we remain with the equation

hp=A¢+¢,

whose solution we will denote by X . Note that X is Gaussian because it depends linearly on
the Gaussian process £ and because linear functionals of Gaussian processes are Gaussian.
There is a small subtlety here because actually the white noise &\ should depend on A,
but let us ignore this. By the above discussion we expect that for d <4 and on small
scales ¢ should resemble X, and as a first step we can then try to make sense of X3,
which is indeed possible (at least modulo renormalization). Since the difficulty we have in
making sense of ¢3 comes from its irregularity, and irregularity is a small scale property
and on small scales ¢ is essentially X, we can thus hope to make sense of ¢3. Regularity
structures and paracontrolled distributions provide different tools for implementing this
intution. Regularity structures are based on controlling increments, while paracontrolled
distributions are based on Fourier descriptions of regularity.

Paracontrolled distributions are less general than regularity structures. To get a feeling
of the range of applicability of regularity structures, note that above we ignored the case
d >4 until now. Looking at (1.3), we see that for d =4 the nonlinear term does not change
with A, and therefore this case is called (locally) critical in the language of Hairer [22]. For
d >4 things are even worse and the nonlinearity blows up as we zoom into the small scales;
this case is called supercritical. Accordingly the case d <4 is called subcritical. Regularity
structures provide a general theory to treat subcritical equations, and by now there exist
black box type results that give a (local-in-time) renormalization and existence-uniqueness
theory for large classes of subcritical equations [22, 8, 11, 7].

The following intuitive description might or might not be useful: Paracontrolled dis-
tributions are at the moment restricted to equations where the scaling exponent « in the
factor A* that we pick up in front of the nonlinearity by a scaling argument as above is
bounded from below by some a > g > 0 (with g depending on the specific equation), while
in regularity structures it suffices if & > 0. On the other hand paracontrolled distributions
are based on classical tools and function spaces from PDE theory, which might make
them easier to learn and easier to implement in some applications. We may also consider
regularity structures as generalized Taylor expansions, and then the restriction of paracon-
trolled distributions is that we can only deal with first order expansions while regularity
structures allow expansions of arbitrary order; see however [4, 27] for some progress towards
generalizations of paracontrolled distributions.
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In the following we will learn the basics of paracontrolled distributions on the guiding
example of the ®J equations (d=2,3) and then see some applications to these and other
equations.

Bibliography: The discussion above is partially inspired by the nice survey papers
[12, 30].

2 Besov spaces and paraproducts

Here we introduce some basic tools from harmonic analysis to measure the regularity of
tempered distributions and to control the product of a distribution and a function in the
case of compatible regularities. An excellent reference is [3], where much of the material
here is taken from.

Recap: Tempered distributions

We will work with tempered distributions on IR%. Recall that the Schwartz functions are
S ={peC®RY,C):||¢|k.» <ooVk € No},

where

ok, = sup [[(1+|-[¥)0"p |~
lu|<k

The Schwartz distributions are the linear maps u: . — C which satisfy

[u() <Cllellk,

for some C' >0 and k € Ny. In that case we write u €.7’.

Example. Clearly LP = LP(R%) C .’ for all p € [1, o0] if we identify u € LP with the map
o R Ju(r)p(z)dr, and more generally the space of finite signed measures on (R?, Z(R%))

is contained in .#’. Another example of a tempered distribution is ¢+ d#p(z) for pe N¢
and z € R% A continuous function v is in .#’ if and only if it has at most polynomial
growth at infinity.

Many maps on .’ can be defined by duality: Let A:.% —.¥ be such that there exists
a linear map A% .7 — . which satisfies for all ¢, €.

/ (Ap) (@) (x)dz = / (@) (HAp) (2)dz
R4 R4

and also for all m € Ny there exist ky, € No, Cp, >0 with ||*A¢||m..» < Cnll¢]lk,,.»- Then
we define for u € .’

(Au)() :=u("Agp).
Example.
i. For € N§ and A=9" we have 'A = (—1)/#lor.

ii. For f e (C® with all partial derivatives of at most polynomial growth and Ay = fyp
we have tA=A.
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iii. For the Fourier transform

we have tA = A.

iv. For the inverse Fourier transform

we have tA = A.

v. For x €.¥ and the convolution

Ap=x*p= /Rdx(' —y)e(y)dy

we have YA = (x(—-)) * ¢. In this case one can show that y xu € C>®N.¥ for all
ue.S’.

The main reason for considering test functions in . rather than in the simpler space
CS° is that for elements of .¥’ we can define the Fourier transform by duality, which is not
true for elements of (C:°)’ because C¢° is not closed under Fourier transformation.

Example. Let u €.’ and ¢, 1 € .. The following relations will be used all the time:
o ' Fu=2F 'u=uforall uec.’’;

e Parseval’s identity:

<>

[ p@ayar= [ payit) da

and by extension u(p*) =a(p*);
o Obyu=— (—2mix) u;
o UPp=1ux P,

o uxp=1up;

e supp(p* ) Csupp(yp) +supp(y) = {x + y: x € supp(p), y € supp(4)}-
Recall also the following fundamental inequalities that we will constantly use:

Lemma. (Holder’s inequality) Let p, q,r € [1,00] be such that %—k%:%. Then

[uvller <lwllzellvflze.

Lemma. (Young’s inequality for convolutions) Let p, q,r € [1,00] be such that %—i—%:
1+ % Then

[uwx vl < lullzellvflze.

We will refer to this as “Young’s inequality”’, omitting “for convolutions”. If we need
Young’s inequality for products we will distinguish this by explicitly mentioning “for prod-
ucts”.
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2.1 Besov spaces

The main difficulty we encountered in the introduction was that we had to multiply distri-
butions. Note that for u € .7’ and ¢ € C* with partial derivatives of polynomial growth
we can define the product wp by duality. But if ¢ is a non-smooth function or even
a distribution, then the duality approach breaks down completely and we need other
arguments. If say u, o € L2, then up € L' is of course also well defined, so we might hope
to find another approach that makes sense of u¢ for all u, ¢ €.%’. But this is not possible:

Example 2.1. (Schwartz) In d=1 we can turn % into a tempered distribution via the

so called principal value. The details of that construction are not important for us, but
with it we obtain for the Dirac delta § (i.e. 6(¢)= ©(0))

O:(éx:v):(éx:c)x%#éx(xx%>:5><1:5.

This example shows that a general extension of the product uy to distributions or non-
smooth functions ¢ is not possible. Our way of overcoming this difficulty is to restrict both
w and ¢ to suitable subspaces of .#’. Of course the example u, ¢ € L? from above works,
but we are interested in situations where at least one of u, ¢ is a bona fide distribution and
not a function. The simplest solution is to require v and ¢ to have compatible regularity.
For that purpose we need to introduce regularities on distribution spaces.

To measure the regularity of distributions we first note that if v € .%’ with supp(a) C K,
where K C R? is a compact set, then there exists ¢ € C° with o|x=1 and therefore

u=F i) = F (i) = (Fp) «

Since .Z ~lp € .7 we get u € C°°. Moreover, if |z]|~ X for all z € supp(@), then essentially
we can picture u as a sine-function with period (27A\)~!. So if X is small, u is smooth
and oscillating very slowly but if A>> 1, then w is very wild. This suggests that smooth
functions have some decay in their Fourier transform. It turns out that measuring the size
of single Fourier coefficients does not provide enough information and instead it is more
useful to group the different frequency ranges into blocks. More precisely, we would like
to decompose

w=F @) = P T+ 32 P T (D) = Ayt 3 A
j=0 7=0

Then Aju is the projection of u onto its frequencies of order ~2J. Since frequencies of

order 27 correspond to spatial scales of order 277, the sum >_._ . A;u provides a description

1<
of u up to the spatial scale 277. For a smooth function u Jthls should already give a
very accurate picture of u, and therefore we expect Aju to rapidly decay as j — oo.
Measuring the strength of that decay will provide us with a notion of regularity. But
there are two problems with the above formal decomposition: First of all it is not even
well defined, because we are multiplying 4 € .’ with non-smooth indicator functions.
And even in situations where we can make sense of this product, it still turns out that
the operation u+— Aju is quite badly behaved. For example, we would like to estimate
[AjullLr < ||971(]I[2j oi+1)([[)llzillulLe via Young’s inequality, but the L! norm on the
right hand side is infinite because while %~ 1(H[2j72j+1)(|")) € O™, it is not in L.
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Definition 2.2. For u €.’ and j > —1 we define the Littlewood-Paley blocks of u as

Aju=F N psi),

where (pj) C C is a (smooth, dyadic) partition of unity with

p—-12=Tjo 1y(|]), pi = Ipgi pi+1)([1]), 5 2 0.

Here we choose the p as radial functions that sum up to 1 everywhere (“unity”) and such that
the support of pj only overlaps with the supports of pj—1 and pj+1 (“smooth partition”). We
also take the p such that p;= po(277-) for j=0. We write Kj=.F ~1p;, so that Aju=Kj*u.
We also use the notation

Agjuzz A, AqUzZ A, A>ju:2 A, A>ju:2 A,

1<J 1<j 2] (2]
ng: E Kz‘, K<j: E Ki-
1<J 1<j

The kernels K;, K<j, K<; are all bounded in L', uniformly in j. Moreover, for j >0 we
have the scaling relation K;=21K(27.).

Note that no nice kernel exists for A ;, because we would need to take K- ;=0 — Kj,
where ¢ is the Dirac delta and K¢ is a smooth kernel.

It is easy to see that u= Zj>_1 Aju=lim;_, o Agju for all u e <" and with Young’s
inequality we get uniformly in j:

1A ulley <K llprllullnr S e

As discussed above, we want to describe the regularity of v €.’ by the decay (or growth)
of Aju. For that purpose we first have to decide how to measure the size of Aju. A canonical
choice is to consider the L? norm for p € [1, o0].

Definition 2.3. For a €R and p, q € [1,00] the Besov space By , is defined as

By g={ue " |lullpg,, = (27 | AjullLr)jz-1lles < 00}

So the index p describes the integrability and the index « the “regularity” (i.e. the decay
of the blocks). The index ¢ provides some fine-tuning and is not very important: Indeed
we have for ¢; < g2 and a € R the inclusions

By C Bp.a, C Bp.gy
whenever o <. By, is a Banach space for all a, p, ¢. The Gaussian noises that we will
consider have the same regularity index « in any Besov space B, ;, which, as we will see, is
a consequence of the comparability of moments for Gaussian random variables. Therefore
we mainly work in the easiest setting p= q =00, for which we introduce a special notation:

a__ pa _
(3 —Boo,om HHQ_HHB&oo

Exercise 2.1. Let § denote the Dirac delta, d(¢) = ¢(0). Show that dy € Bp_folgl_l/p) for

all p. So when dealing with equations involving the Dirac delta (say as initial condition),
it may be advantageous to work in Besov spaces with finite integrability index.
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Exercise 2.2. Show that ||u||o <||u||g for a < B, that ||u||re S |Jul|q for a >0, that ||ullo S
|u|lzee for o <0, and that ||Agjulpe 277 |ullo for a <0 and ||As jullpe <277 u||ga
for a > 0. We will often use these inequalities without explicitly mentioning it.

If a€(0,00)\N, then € is the space of |« | times differentiable functions whose partial
derivatives of order || are (o — |« |)-Holder continuous, with norm equivalent to

K — oM
ulaxullcp= Y I0Rul=+ 3 sup 2T = O
u| <o ul=Ta) oty |z =Yl

But for k € N the space €* is strictly larger than CF, the space of k times continuously
differentiable functions with bounded partial derivatives of all order. We will see the equiv-
alence for a € (0,1) as an exercise below, but before that we need the following Bernstein
inequality, which is very useful when dealing with functions with compactly supported
Fourier transform.

Lemma 2.4. (Bernstein inequality) Let & be a ball, k €Ny, and 1 <p< g<oo. There
exists a constant C >0 that depends only on k, B, p and q such that for all A >0 and
u € LP with supp(-Zu) C \A we have

k+d(E-21
max  [[9Pule<ON TGTD

i [[ee]| -

Proof. Let 1) € C° with 1) =1 on £ and write ¥\(z) =1 (A~ x). Young’s inequality gives
[0#ulpa= 10"~ (at) Lo = [[(O*F ~H(¥n)) * ullLa < ([0 F ~ () - [,

where 1+ % = % + % Now it suffices to note that
1/r
uaﬂf—lwouuz( / |a“<Adﬁ—1w<Ax>>|fdx)
Rd
1/r
_<A<Iul+d>r / \(auylw)(xxwdx>
]Rd

:()\(Iuler)rd/ |3ugl¢(x)|rdx>
IRd

1
:A'“Hd(l*?)Ha“L@*lw -

1/r

The claim follows by plugging in the equality 1 — % = % — %. O

It follows immediately that for « € R, u € €<, and p € Ng, we have
[0 ull o) S 1t

We also use the Bernstein inequality to see the claimed equivalence of € and C}', at least
in the case a € (0,1) (the case a > 1 is similar but more technical). The next exercise is
extremely instructive, because it is based on many arguments we will often encounter later
(convergent and divergent geometric series, smuggling in constant terms into integrals
against K, treating small and large scales separately).

Exercise 2.3. Let a€(0,1). Then ¥*=C}', the space of bounded a-Hélder continuous
functions, and

[[e]]ov 2= [l e
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Solution. Let u € C§'. Then
A yullpe S flullze < luflcg

and for j >0 we have [ Kj(z —y)dy =0 and thus
1Au(z)] =\ [t~ y)u(y)dy‘ - \ [ Kita = ) ats) ute)ay
< [ IKsta =)l x ly=aldy|ulcy
=24 [ o2 = )] x 20y =)y fullcy

- / Ko(y)] % y]°dy2ful] cp = 2799 |u g

where in the last step we used that Ky is a Schwartz function and thus |Ko(y)| X |y|* is
integrable. Thus, we showed that

ulla= sup 29%[[Ajullre S [lullcgp
jz-1

Conversely, let u € €. Since a > 0 the following geometric series converges and we have

lullzee <Y Ao <Y 277 Jufla= .
j j

To control |u(z) —u(y)| it suffices to assume that |z — y| <1. Indeed, for |z —y|>1 we
can simply estimate |u(z) —u(y)| <2||ullpe S ||ulla < ||u]|olz — y|*. So consider x, y with
|z —y| <1 and let jo> —1 be such that 2770~ |z — y|. We estimate for j < jo with the
help of the Bernstein inequality

[Aju(z) — Aju(y)| S Sup [0 Aju ool — y] S 270 Jul|ale - yl,
pl=1

and thus, since 1 —a >0,

> 1Au(@) = Aju(m)| S D lulla2/M Ve — y| S lufla2?C Ve — y| = |[uflo]z — y|*

J<Jjo J<Jo
For j > jo we estimate

|Aju(z) — Aju(y)] < 2| Ajullpe $279%|ullq

and thus, since o > 0,

> Agu(@) = Au(m)| S D 27 ulla S 270 ulla |z — y|*|u]a-
J>Jjo J>Jjo

Another simple application of the Bernstein inequality is the Besov embedding the-
orem, whose proof we leave as an exercise.

Lemma 2.5. (Besov embedding) Let 1 < p1<p2<oo and 1 < q1 < g2 <00, and let
a €R. Then for all ue .’

Ul| oo _ <||lullge .
Il o —ac/os-1ma S llullsg, o,
The next lemma, a characterization of Besov regularity for functions that can be decom-
posed into pieces which are localized in Fourier space, will also be immensely useful. Recall
that an annulus is a set &7 = {x € R% a <|z| < b} for some 0 <a <b, and a ball is a set
B ={xcR%:|z|<b}.
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Lemma 2.6.
1. Let o CRY be an annulus, let a €R, and let (uj) be a sequence of smooth functions
with supp(:Fu;) C 27e/ and such that |uj||p $279% for all j. Then
u= Z uj EC” and lulla < sup {27%(Ju; L}
i>—1 jz-1
2. Let C R be a ball, let >0, and let (uj) be a sequence of smooth functions with
supp(-Fu;) C 2% and such that |uj||p~ <279 for all j. Then

u=3 we?® and |lufaS sup {27°us]z).
=1 7zl

Proof. If Fu; is supported in 27.¢7, then A;u;#0 only if 2°~ 27 and therefore
il 3 IAiugle < sup {25 unlli=} 3 270 sup {28 jugflpe} 277,
ji2ime2i kz-1 202 k=z-1
If Fuj is supported in 299, then A;u;+# 0 only if 2¢ < 27. Therefore,

Al < Y [[Aiujllpee < sup {25 [Juglle} Y 279% sup {259|ug|pee} 270,
k>—1 1

j:29>2i j:29>9i k2=

where in the last step we used that a > 0. O

A similar result also holds for Besov spaces Bj , with general p, ¢ € [1,00]. As a first
application, one can use this lemma to show that while the norm ||-||ps  depends on the
specific partition of unity used to define it, the space B ;, does not and every other partition
of unity induces an equivalent norm.

2.2 The paraproduct and the resonant term

Now that we know how to measure the regularity of distributions, let us come back to the
problem of multiplying distributions. We will follow Bony [6] who introduced paraproducts
which provide a useful tool to decompose the multiplication into simpler problems. The
usefulness of the paraproduct comes from the following simple observation:

Lemma 2.7. There exists an annulus &/ such that for all j>1 and all i < j—2
supp(-Z (AuAp)) C 2/, u,veS.
Moreover, there exists a ball # such that for all i,j>—1 with |i — j|<1

supp(-Z (AuA)) C 2/5.

Proof. This is quite simple:

supp(.Z (AjulAv)) =supp(F Aju* FAju) Csupp(F Asu) + supp(F Aju)
C2ied + 2l =29(21Iof + o )
for an annulus <7 . By our assumptions on the dyadic partition of unity we can choose o
such that 2°~J.¢/ + .o/ C &/ for a new annulus &/ and all i < j — 2.

If on the other hand |i — j| <1, then all we can say is that supp(.Z (Aulw)) C 2/%
for a ball £A. ]
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Intuitively, this means that multiplying Ajv, a function that lives on the spatial scale
279, with Aju for i < j —2, we obtain a new function A;uA v which still lives on the spatial
scale 277, The multiplication does not create any effects on larger scales. If on the other
hand |i — j| <1, then Aju and A; live on the spatial scale 277, but multiplying the two
together can create effects on the scale 1, i.e. small scale contributions work together to
create an effect on large scales. We interpret this as a resonance phenomenon.

Example 2.8. Below we see a slowly oscillating function u (red curve) and a fast sine
curve v (blue curve). The product uv is shown under the two curves. We see that the local
fluctuations of uv are due to v, and that uv is essentially oscillating with the same speed
as v.

Figure 2.1. w oscillates slowly. Figure 2.2. v is a fast sine curve.

e e

Figure 2.3. wuw still lives on the same scale as v.

Formally we can decompose the product uv of two distributions as

uv = Z AjuAjv=uv+uSv+udu.
ij>—1
Here u©w is the part of the double sum with ¢ < j — 2, uSwv is the part with ¢ > j+ 2, and
u ® v is the “diagonal” part, where | — j| < 1. More precisely, we define

UV =v8u = Z Agjo2uljv and u@v= Z AjulAjv.
i>—1 i,J:li—jI<1
We call u©v and uSv paraproducts, and u ® v the resonant term.

Bony’s crucial observation is that u©v (and thus uSwv) is always a well-defined dis-
tribution. Heuristically, u©v behaves at large frequencies (i.e. small spatial scales) like v
and thus retains the same regularity, and u provides only a frequency modulation of v.
This can also be seen in Example 2.8 above, where the product uwv is actually equal to the
paraproduct u@v because u has no rapidly oscillating components. The only difficulty
in constructing uwv for arbitrary distributions lies in handling the diagonal term u ® v.
The following key estimates provide the analytically precise formulation of the preceding
heuristic discussion:

Theorem 2.9. (Paraproduct estimates) For all $€R and u,v €.’ we have

[uevllp S llullze]lv]is, (2.1)
and for a <0 furthermore

[udvllats S llullallvlls. (2.2)
If a4 >0 we have

lu©vllatsSllullallvlls. (2.3)
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Proof. By Lemma 2.7 there exists an annulus &/ such that supp(Z (A¢;j_oulAp)) C 2/,
and for u € L* we have

A —2uljollpee < |Agj—ou[roo]| Ajv|[zoe S [|uflLos 27780

Inequality (2.1) now follows from Lemma 2.6. The proof of (2.2) and (2.3) works in the
same way, except that for estimating u ® v we need o+ § > 0 because now the terms of
the series are supported in balls and not in annuli. O

The ill-posedness of u ® v for oo+ S <0 can be interpreted as a resonance effect since
u ® v contains exactly those part of the double series where u and v are in the same
frequency range. As discussed above, the paraproduct u©uv can be interpreted as frequency
modulation of v.

In combination with Exercise 2.2 above we deduce the following simple corollary:

Corollary 2.10. Let a+ >0. Then the product (u,v)+— uv of smooth functions can
be extended to a bounded bilinear operator from €% x €P to €. While u&v, uSwv, and
u®v depend on our specific dyadic partition of unity, the product uv does not.

The condition oo+ 3 >0 is essentially sharp:

Example 2.11. Let o, 3 € R and consider the functions u,(x) = n"%"* on R, and
vp(x) =n"Pe Tt is easy to see that ||u,|lg — 0 and [nllz— 0 for all @ <« and 5 < 8.
Nonetheless

UnUp, = n~(a+h)
diverges to oo whenever o + 3 < 0, and stays constant for o+ 5 =0.

Example 2.12. Let (Bi)c[o,7] be a Brownian motion and extend B|(_ =0 and
Bl(7,00)=Br. Then B € € for all a <1/2 almost surely, and as we saw above this
implies 0;B € €~ !. Therefore, the sum of the regularities is 2o — 1 < 0 and the product
BO:B is ill-defined. This manifests itself in the probabilistic phenomenon that there are
different reasonable interpretations for the integral f g B,dBs= f g (Bs0sBs)ds, for example
It6, Stratonovich, or backward Ito, roughly speaking because different approximations
lead to different limits. In d =1 there is actually a certain stiffness, because if (B") is
a sequence of smooth paths that converge to B in €%, then we always have

1 1
B"o;B" = §3t((3n)2) - 5615(32)7

i.e. there appears to be a canonical interpretation for the product B9, B, which corresponds
to the Stratonovich integral [ Ot BsodBs. However, nobody is forcing us to approximate B
with smooth functions, and if we take piecewise constant approximations and compute

| g B{'dB{ as a discrete sum, then the limit is the It6 integral | g BydBs.

Remark 2.13. So far we only considered tempered distributions on R?, but the same
works also on the torus T¢= (R /Z)%. In that case we simply have .#(T)=C>(T), and
the Fourier transform Zu(k) = Frau(k) = a(k) := u(e 2™*0)) is defined for k € Z?. The
Littlewood-Paley blocks are then defined in exactly the same way, and all the results of
this section continue to hold. The proofs are mostly the same, only that we have to find a
replacement for some scaling arguments: For example it is not true that (:/qulpo@*j )=
2jd(§fdl p0)(27-). But usually we can apply the Poisson summation formula to overcome
this difficulty. See e.g. [19] for details.
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3 The ®1 and ®3 equation

Here we work on the torus T¢, and from now on we will slightly restrict the space € and
take it as the closure of C°°(T¢) with respect to ||-||o. This is a strict subspace of B, ., and
it is nicer in some respects, for example it is separable. An alternative characterization is

%W::{ueJWﬁ1nnzmHAﬂmLm:o}.
J—00

So to show that v €.’ is in the new €’“ it suffices to show that ||u ||, < oo for some o’ > av.

3.1 Regularity analysis

Equipped with these tools, we now aim to solve the ®4 equation ¢: Ry x T?— IR,
Op=0¢— ¢+ ¢+,

where ¢ is a space-time white noise on R x T%. Originally we were interested in R? instead
of T¢, but as will see later, in infinite volume there are considerable technical problems
additionally to the regularity problems that already appear in finite volume. So at least
for now we work on T% and we first learn how to deal with the regularity problems.

Let (P:)t>0 be the semigroup generated by A, i.e.

Pu=p(t,-)*u
for the heat kernel

2
_ 2mik-x ,—|2mk|*t _ —d/2 . |z + k|
p(t,z)= E e e = E (4nt) exp< )

keZd kezd

where the second step follows from the Poisson summation theorem, see Lemma 3.6 of [19].
By Duhamel’s principle (= the variation of constants formula) the solution u to
Ju=Au+ f, u(0) =wug

is given by
t

u(t, z) = (p(t, ) * uo)(x) +/ (p(t—=s,)* f(s,-))(x)ds,

0

or in slightly shorter notation
t
u(t) = Pug —1—/ Pi_sf(s)ds.
0

This can be easily shown with the help of the Fourier transform and the finite-dimensional
variation of constants formula.

Let’s apply Duhamel’s principle to our equation, and for simplicity we take ¢(0) = ¢g=
0. Then

o= [ o (= 651+ 6(s) + £(s))ds = / P (= () + 6(s))ds + / P E(s)ds.

We do not expect any substantial cancellations between the first and the second term on
the right hand side, so ¢ should have the same regularity as

Z(t)—/OtPtsﬁ(s)ds.
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So to see in which function space we can hope to solve the equation for ¢, let us compute
the regularity of Z. For that purpose we use the following type of Kolmogorov continuity
criterion, where we write for a Banach space X and T >0, v €0, 1]:

HUHC%X:: sup Hu(t)||X+ sup M
te[0,7] o<s<t<T |t =5

Note that for v =0 this is equivalent to the supremum norm, and in that case we also write
CrX :=CYX.

Lemma 3.1. Let (u(t)):e[o,1) be a stochastic process with values in (T and assume
that for all j > —1, for all 0< s <t<T, and for all x € T¢

|Aju(t,z) = Agu(s, )]/
|t —s|?

EllAu(0, ) /7 + E < K2, (3.1)

where v >1/p. Then we have for ally'<~v—1/p and all &’ < «

E ||ull”

1/p 1/p
< P <K. .
trgaran] | SB[l [T SK (3:2)

Proof. The first inequality is simply the Besov embedding theorem. To see the second
inequality, note that

[ Ju(t) ~u()g, -3 [ 1At ) - Ans, )Pl
<Y o | Kt s|rierde S Kl s,
j=2—-1

where we used that o’ < a and that T? has finite volume. Similarly ]E[Hu(O)Hga,] S KP,
p,p

and since v —1/p >0 we can apply Kolmogorov’s continuity criterion (for Banach space
valued processes) and obtain for 7' <~y —1/p

1/p

IIUIIPW SK.
Ct B

O

Remark 3.2. The proof crucially used that fT ,1dz <o0o. On R¢ a uniform bound as

in (3.1) would only show that u has trajectories in a weighted Besov space, and this induces
the technical difficulties alluded to above. We might get back to that point later.

As an application, we get the regularity of Z:

Lemma 3.3. We have for ally<1/2 and alla<1—d/2 and all p € [1,00)

E[1Z I2gga + 1Z1E55a-1] < oo.

Proof. By Lemma 3.1 it suffices to show for all A € [0, 1], for all p € [1, 00), and for all
zeT?and 0<s<t<T

E[AZ(t,x) — AjZ(s,2) |17 S 2302140 g2, (3.3)
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Indeed, if we apply this inequality with A=1 we get ]E[ 1z ||g%<€a,1] < 00, and if we apply
it with A=~ 0 (but positive) and p large enough so that pA >1 we get E[|| Z[|f o] < 0o for
some £ >0 and thus ]E[HZHZ,%%Q] < 00.

So let us derive (3.3). Since A;Z(t) — A;Z(s) is a Gaussian random variable (it is a linear
functional of the Gaussian process ), we have with ¢, =IE[|X |?] for a N/(0,1) variable X,

and using the orthogonality of the integrals [ (‘; and fst,

BlAZ(t, 2) — AjZ(s, 2)P2/P = /PEI|AZ (L, 7) — AjZ(s, ) )
(K (00 1) = pls = 1) = 26, s |
// |(K* p( t—r))(x—z|2dzdr+// |(K* (p(t —7r) — p(s —7)))(x — 2)|*dzdr

Td
:/ Z |pi(K)|? e~ 212mk|?(t— Tdr+/ Z 1p;(k)[2 e~ 22wk 2 (s =r) (o= |27k *(t=5) _ 1)24;

(Kj*p(t—r))(x—=2)&(r, z)dzdr

’1E|:
Td

v

¥ kezd keZd
< lpik)Phmin {[t — s|, [k[ =2} + min {|k[ 2, [k| [k 2|t — s]}]
kezd
<2dtmin{|t — 5[, 2727},
because p;(k) # 0 for O(279) values of k. Now (3.3) follows by interpolation. O

These computations are essentially sharp and a slight modification of the proof shows
that 1E[||Z(t)||gl_d/2] =oo for all p€[1,00) and all ¢ >0. Therefore, Z is function valued if
p,p

and only if d= i, and the regularity gets worse with increasing dimension. This is a first
indication why also the solution theory gets more and more complicated with increasing
dimension. Let us first see how to solve the ®; equation in the easiest case d=1.

3.2 The ®} equation

We now assume that d=1 and we fix a € (0,1/2) and consider a general initial condition
$o € € (not necessarily ¢o=0). We also replace the drift —¢>+ ¢ by —¢? to simplify
the notation, because the linear term does not introduce any additional difficulties. Then
Duhamel’s formula gives

t

6(t) = Pudo -+ /O Pro(—0(s))ds + 2(t) = /0 Pr-s(~(s))ds + (1)

for Z(t) = Z(t) + Pigo. It is not hard to see that Z € C7€* for all T >0 (here we need the
new definition of %, otherwise ¢+ Pi¢p might have a discontinuity at 0). Also, we have
by Young’s inequality

1Prall = sup 27| p(r) * Agu|ze < sup 27| p(r) |1l Agul|zee = [|u]|a
j j
uniformly in r, and therefore we can set up a Picard iteration by defining

V. Cr6*— Cr6”
W(6)(t) = Z(t) + /0 Py o(—(s)¥)ds.
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Indeed, we have by the paraproduct estimates (Corollary 2.10, here we need « > 0) for
some K >0 which is independent of T’

~ t
sup [[¥(¢)(t) /| <sup HZ(t)IIaJrsup/ [¢(5)?[lads
t<T t<T t<T Jo

<sup || Z(t)]|a+ KT sup || p(t)]|2,
t<T t<T

which shows that ¥ maps to C7%€*. Set

M =sup ||Z(t)Ha
t<1
If T €(0,1] is small enough, depending on M, then ¥ leaves the ball B, 4«(0,2M) in
C7€* with center 0 and radius 2M invariant. Moreover, since

168 = 931l < (lorlla + | d2ll2) | 1 = P2l

we get that for possibly smaller T'> 0 the map W is a contraction on %, «(0,2M). By
the Banach fixed point theorem we thus find a unique solution to (3.2) on the interval
[0, T], where T' depends on Z through M and thus may be random. We can iterate the
construction, but since the initial condition is part of Z the time interval in the second
iteration step might be strictly smaller. Ultimately we get the existence of a T* € (0, o]
and a unique solution ¢ € Cr€“ for all T < T™, such that in the case T < oo

li t)]|o= 0.
lim [[9(8)|a=oc

In other words, [0,7*) is the maximal existence interval, and the solution blows up at T,
or it exists for all times and T = oo. Thus, we have established the following result:

Proposition 3.4. Let d=1 and a € (0,1/2) and ¢o € €*. There exists a random time
T* € (0,00] and a unique ¢ € Cr+«€*:=Jp . CTC such that

t

ww=3m+ﬂg14—w@%h+ﬂw, te (0,17,

By slightly refining the analysis we could show that the solution ¢ depends continuously
on Z € Cr6* and on ¢p € € “.

And actually we would not expect the solution to blow up, and indeed it does not. But
to see this we would have to use the sign of the nonlinearity: The above analysis works
also for the equation with +¢2 instead of —@3, and in that case we expect it to blow up
in finite time.

At least for now we do not worry about these problems, and instead we start increasing
the dimension. The previous discussion breaks down if d > 1 because then we have to take
a <0 and then the estimate ||(5)3]|o < ||0(s)||2 is false (and ¢(s)? is not even well defined
for ¢ € CT%O‘).

3.3 Schauder estimates and the ®3 equation

In d=2 we have Z € Cr¢°~ :=J_.,Cr¢ ¢, and therefore even Z(s)? is ill-defined, let
alone ¢(s)3. We ignore this problem for now and decompose ¢ = Z + v, a strategy which
is due to Da Prato and Debussche [13]. Then v should solve

(O — A)yv=—¢*=—(Z3+32%0 + 320> + ), v(0) = ¢o — Z(0) = o,
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where we used that Z(0) = 0. If we ignore that the products Z3 and Z? are ill-defined and
we simply apply the paraproduct estimates to them anyways, then we get Z2, Z3 € Cr¢°~
(convince yourself that if we ignore the constraint a4+ 8 >0 for f © g, then the product
fg=fog+ fog+ fOgof fe€*and ge %P should have regularity fge @A a+h))y,
So let us continue our computations under the assumption that Z2, Z3 € C7€°~ are given
— this may look like a bold assumption, but Z is a a Gaussian process, and in probability
theory we deal with ill-defined nonlinear operations of Gaussian processes all the time:
Recall the integral [ BdB for a Brownian motion; the reason why we can do more in the
stochastic setting is that the analytic paraproduct theory gives only worst case estimates,
while in the stochastic case there are cancellations coming from independence properties
of the noise, and we are not in a worst case situation.

If 72,73 € Or¢ " are given, the right hand side of the equation for v is well defined as
long as we can estimate v € Cr€ %+ = | .50 C1€*, and in that case this right hand side is
in C7¢Y~. To close our estimate we need Schauder estimates, which tell us that inverting
the operator (0; — A) gains two space derivatives:

Lemma 3.5. (Schauder estimates) Let a € R and let (P;);>0 be the semigroup generated
by A. Given f € Cr€ 2 and ¢ € €2, let u be the unique weak solution to

(Or—A)u=f, u(T) = ¢.
Then
[ullcrge SA+T)( fllopga—2+@lla)-

Proof. Recall that by Duhamel’s formula u(t) = Py + fOtPt_sf(s)ds. To derive the esti-
mate for ||ul/cpze note that for j >0 the term At only has frequencies of the order 27

and since A;Pp) :]:71(67‘2”'|2tpj(-)1£) we get at least formally for all ¥ >0 and € R
(and some ¢ > 0)

|8 P || oo e~ | Ajip | oo = (£1/227) = Ysup(r7e =) | A ) | o0
r>0
<t=1/20730 8|1 ll5-

This can be made rigorous by using similar arguments as in the proof of Bernstein’s
inequality. For A_11 we can only estimate

1AL Pllzoe < A1l < 2772748 o] 5
Thus, we have

1P g4+ S A+ |9l (3.4)
for all v>0 and g €R. We apply this with y=0, 8=, and ) = ¢ to obtain

[t = Pep)llorze S @ lla-

Also,
t t
< /0 | Prof (5)a—eds < /O (14 [t — 5] 4/2)| flloepa—sds
oa—E

SEFE)| fllopga—2

For € =0 there is a problem because |t — s|~! barely fails to be integrable. But here we
already see that if we wanted to regularize f by 2 — e degrees of regularity, then we would
get an estimate for u. To gain two full derivatives we have to be slightly more careful and
use two different estimates, one for s close to 0, and one for s close to ¢, see Lemma A.9
in [16] for details. O

/tPtsf(s)ds
0
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Proposition 3.6. Let d=2 and a € (1,2) and ¢o € €. Assume that Z,7Z? 73 € C(Ry,
€2=2) are given. Then there exists a time T* € (0, 00] depending on Z, 72 Z3 and ¢¢ and
a unique v € Cp+€*:= UT<T* Cr6“ such that
t
v(t) = Pipo+ / Py (—(Z3+3Z%v+ 3Zv* +v3)(s))ds, te[0,T7).
0

Moreover, v depends continuously on (¢o, Z, 22, Z3).
Proof. Let o’ € (1,a) and T € (0,1]. We define the map
U: O — Cree
t
\Il(v)(t):Pth0+/ Py o(—(Z3+3Z%0+3Zv2 +v3)(s))ds.
0
From the proof of Lemma 3.5 we get
19 ()l o0 Sl olla+ 12 lopge + T2 28+ 32%0 + 3Zv2 + 03| ¢ pega—.
Now we apply the product estimates (which is ok since o’ +a —2>2—2=0) to obtain
12° +32% +320* + 0¥ gpga—2 SN 22| opga—2+ |1 2% cpga—2llv]l gpega’
+1Zlopga—2lv?l gpgar + 1Vl crge
SN2 opga—2+ 122 opga—2lv | oygar
1 Z N cpgn-2lvllp g0+ 016,

where in the second step we used that o’ >0 and applied once more the product estimates.
So overall

19 ()l 0,0 < l@olla+ 1 Z]lcrge+ T 21+ |1Z)) (1 + 13,00
where
1ZI| =1 Z |l cpga—24 122 cpge—2+ 123 cpge—2

and where we used that |z|+ |22 <1+ |z]3. Now we get a unique solution v € C76* by
the same argument as for Propsition 3.4. Moreover, Lemma 3.5 shows that

[vllcrge S I dolla+112°+32% + 320 + %[l gpga—2 < o0,

i.e. a posteriori we even get v € C76® instead of CT‘KO‘/.

The solution depends continuously on the data because all the operations in the equa-
tion are continuous (and we made the discontinuous parts Z2, Z3 part of the data).

To obtain the solution up to an explosion time 7™ >0 we need to iterate the construc-
tion. A subtlety is that at time 7" we no longer have Z(7T) =0 (which was needed before
to get a nice initial condition for v). But in fact we should take now v(7') as new initial
condition, and we just saw that this is in €%, so we can indeed iterate the construction up
to a (possibly finite) explosion time. O

This analysis works as long as Z2, Z3 are given. To construct theses terms we use a
Fourier truncation and set

Za(t) = ﬂ*l(@e(.)ﬂZ(t’ ))

for p.(k) = p(ek) for a compactly supported bounded and even function ¢ which is contin-
uous around 0 and satisfies ¢(0) =1 (you may think of ¢ € CZ° with ¢(0)=1or p=1_; 1))
If we can show that ZF converges in C7%°~ to a limit as € — 0, then this limit would
provide a natural interpretation of Z*.

But it turns out that Z¥ diverges for all k> 1! However, the divergence is not so bad,
and we can cure it by subtracting simple counterterms.
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3.4 Stochastic computations

Unlike for k=1 and/or d =1, the construction of Z* for k>1 and d > 1 is nontrivial. Here
we introduce the main tools for this (renormalization, hypercontractivity), and sketch the
estimates. The presentation is strongly inspired by [28, 30].

Recall that Z(t fOPt $£(s)ds, so
¢
2= [ PN, BT =5 )
0

Lemma 3.7. We have
E[A;(Z2)(t,x)] = 0j=-1C:(t),

where § is the Kronecker delta and we have for t >0

(k)] 0(1), d=1,
—t+§j'“ 1— e 227 = & O(Jlog(e)]), d=2,
2|2m k|2 2-d

k0 O(e*~%, d=3.

Proof. We have with Fp°(t, k) = p-(k)Fp(t, k)= @E(k)e_p”k‘zt

E[A;(Z2)(t, )] —/Tddij(x —y)E(Z2)(¢, y)]

t
=/ dy Kj(x — y)/ dS/ dep*(t — s,y — 2)?
Td Td

/ dyKj(z —y /dsz |¢ *\27Tk|2t|2

2 2
() (e 5 )

from where the claim follows. O

So for d >1 we cannot construct Z2 in this way, since the expectation of A_;Z?2
diverges. However, it turns out that we can cure this divergence by simply subtracting the
expectation. To see this, we need the Hermite polynomials:

Definition 3.8. For t € R and t >0 we set
Hy(z,t) =1, Hy(x,t)=xH,_1(x,t) —t0:Hp—1(x,1).

The first few Hermite polynomials are
Ho(z,t)=1, Hy(z,t)==x, Ho(x,t) =22 —t,
Hs(x,t) =23 —3tx, Hy(z,t) =x* — 6ta?+ 3t2.
Note that for n =2 we get
Hy(Z:(t,2), C:(t)) = Ze(t, 2)° — Ce(t) = Z:(t, x)* — B[ Zc(t, )7,

and this suggests that Ha(Z.(t,r), C-(t)) might be better behaved than Z.(t, )2 It turns
out that also the higher order Hermite polynomials H,(Z(t,x),C.(t)) are better behaved
than Z.(t,z)". Intuitively this can be explained by the fact that the H,(Z:(t,x), Ce(t))
are (multiples of) orthogonal projections:
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Exercise 3.1. Show that for ¢ >0

Hy(z,t) = (—t)ne®/ Cgre—=2/(21) (3.5)
Conclude that the family (H,(-,t))nen, is orthogonal with respect to the centered Gaussian
measure with variance ¢. Show also that

e A (3.6)

i.e. that each Hermite polynomial solves the backward heat equation (at +—82> n=0.

OHy=nH,_1,  OH,=—

Solution. We use induction. For n =0 the identity is obvious, so assume that it holds for
n —1. Then

(_t)nezQ/(%)a;Lefz ( t)n 12/(215 ((_t)f(nfl) f:z:2/(2t) n—l(x t))
( t)n x /(2t ((_t)— Te f:z:2/(2t) (x t)
( t) (n—1) 7332/(21‘/)6 Hn 1(1’ t))
=rHy,_1(x,t) —t0,Hp—1(x,t)
=H,(x,1).

Consequently, we have for m <n € Ny and p(dz) = ﬁe*ﬂ/(%)dx

/H T, 6) Hy(z, t) pe(da) = m/@" —=*/ @) g m(z,t)dx
@D H,(x, t)da.

\/ﬁ

Since H,, is an m-th degree polynomial the right hand side is equal to zero whenever n >m.
For n=m we use that the leading coefficient of H,, is 1, and thus 0y H" =n!, leading to

t" 2
\H 2, t)Pu(da) = e —2%/COplde = t7n).
Ner
2x1

Finally let us show (3.6): For n =2 we have 0,H; =2x =2H; and 0;Hy=—1=— >—Ho,
so assume that the identities hold for n — 1:
OrHyp =0, (v Hy—1 — t0:Hy, 1)
n-1+x0,Hp_1—10,(0:Hp—1)
n-1t+z(n—1)Hy,_o—td.((n —1)Hy,_2)
n—1+(n—1)(xHy_9 — t0zHp_2)
=nH,,

and similarly

8tHn :8t(an—1 - taan—l)
=x0iHp—1 — 0y Hyp—1 — t0,0:H,, 1

=203 Hy 1) — 1020, Hy ]
:—%82[51:}[71—1 — t0pHyp 1]

1
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where we used that

a:%(anfl) = az(anl + xaanfl) - Qaan,1 + l'aan,l.

Remark 3.9. One can also show that if (X,Y") are jointly centered Gaussian, then
E[Hnw(X,E[X?)H,(Y,E[Y?)] =Lnh—nn!E[X Y],

see Lemma 1.1.1 in [32].

With the help of Hermite polynomials we can do very efficient computations. However,
to control

Aj(Hn(Ze(t, ), Ce())) () —/Kj(w — y) Hn(Z(t, y), C=(t))dy
we also need to understand sums of Hermite polynomials. This leads to the so called
Wiener-Ito chaos. The n-th Wiener-Ito chaos will be described by a bounded map
Wi L2(Ry x TH™) — L2(9).

Let us write £ =Ry x T¢ from now on. We start by defining for ¢ € L?(E)

Wa(0®") := Hn(&(9), llpIZ2).
and then for 1, ..., om € L2(E)

m

Wn(Z w?”) = Waled™) =) Halé(wr), loxli2)-
k=1

k=1 k=1
With this definition we get from Remark 3.9

(&)

E[H,(E(er), | orll7z) Ha(E(20), | @ell72)]

I
NE

JR‘
~
|
—

!k, 012

—_

JW JW
nNGERNNE

—_

nl(op", o™ 12(Em)

2

Il
=

)

L2(E™)

k=1

i.e. Wy is (the multiple of) an isometry from the functions of the type > ;" 0™ in L*(E™)
to L2(€2). Therefore, we can uniquely extend W, to the closure of these functions in L3(E™).
By polarization we see that the closure contains all linear combinations of functions of

the type %ZJGE" o) @ -+ ® gy for @1, ..., pn € L?(E). Indeed, if ¥, denotes the
permutations of {1,...,n}, then

1 1
! Z 900(1)®-'-®(P0(n):m Z al-...-an(alcpl—i—---—|—an<pn)®"
'O'EZn ’ a1,..,an==%1
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which can be shown by expanding the bracket on the right hand side. Based on this we see
that the closure contains L2(E™), the subspace of functions in L2(E") that are symmetric

in their n arguments. For a generic function ¢ € L?(E™) we now simply set W,,(¢) = Wi (%),
where

- 1
@(1'1, ceey wn) :m Z (P(xo'(l)g ceey xa(n))

ogEY,

is the symmetrization of ¢. Since ||@||r2< ||¢]|r2 by the triangle inequality, we have estab-
lished the following result:

Theorem 3.10. For all n € Ny the map W, defines a bounded linear operator
Wy LA2(E™) — L*(Q).

We write H,, C L*(Q) for the image of Wy, which we call the n-th chaos. One can show that
=D .
n=0
for a(&):=0(&(p): p € L?), which is called the chaos decomposition of L?(2, 0 (€)).

To see that L*(Q,0(€)) has the chaos decomposition property, it suffices to note that
x™ can be written as a linear combination of Hy(z,t) with £ <n, and therefore any random
variable which is orthogonal to @ZO:() ‘H,, is orthogonal to all polynomials £(¢)™ for all
¢ € L? and all n € Ny. See Theorem 1.1.1 of [32] for details.

To apply the Besov-Kolmogorov type result from Lemma 3.1 we need to control high
moments. This can be done with the help of the following proposition:

Theorem 3.11. For all p € (0,00) there exists a constant Cp, >0 such that
E[|[Wa(9)|7] < CRE[Wa( @) PP < CR ()P | 2 gmy
for all o € L2(E™). This is called the hypercontractivity of the n-th chaos.

We will use martingale arguments to prove this theorem. We start by noting that for
¢ € L*(E) the process M = (¢l ) is a continuous martingale in the filtration

=o{&(¢lj,q): € L*(E),s<t}.

The martingale property follows from the independence of & over disjoint intervals, and if
 is bounded the continuity can be shown by Kolmogorov’s continuity criterion and then
it follows for general ¢ by approximation together with Doob’s L? inequality. Moreover,
we have for 0 <s <t

E[(M})? = (M| F] =E[(MY — M) Fs] = BlE(eT)s ) F] = 015,12

/ / (r,z) dedr
from where we deduce that

(M#), = /O t /T olr)dadr, (M2, M), = /0 t /T o{r, )b (r,a)drdr.
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We want to write elements of the n-th chaos as martingales, and for that purpose we
need the following simple lemma, which shows that Hermite polynomials are intimately
connected to continuous martingales.

Lemma 3.12. Let M be a continuous local martingale. Then

Ho (M, (M)g) =n /O Hy (M, (M))dM,.

Proof. We apply Ito’s formula to H,,(My, (M );): Since Hy,(0,0) =0 and <6t —i—%@%)HnE 0
by (3.6), we get

t t 1
Hn(Mt7 <M>t) —/ aan(Msa <M>s)dMs +/ (at +§a§>Hn(M37 <M>s)d<M>s
0 0

t

= [ Hoa(M, 00, )aM
0

where the last step follows from the first identity in (3.6). O
Consequently, for all ¢ € L2(E) the process
(n—1)7®(n—1)
LACER E / W1 ( )II[ g Mg =0,

is a continuous martingale, and the quadratic covariation of two such martingales is
(Wil 0= IR, Wa($EPIRT)) e
=n /W —1(e®"(= )H%(ﬁil))wnq(@b@n(za ‘)H%,(;ﬁ]hl))ﬂ[o,t}(s)dza

where we write z = (s,x) € E. By taking linear combinations of such ¢®" and by approx-

imation we deduce that for all ¢ € L2(E™) the process W, (go]l[o 'g)s t 20, is a martingale
with quadratic variation

(Wa(@I™))e=n2 /E Wi1((z, )5 Y) 2 (s)d.

Proof. (of Theorem 3.11) For p < 2 there is nothing to show, so let p > 2. By the
Burkholder-Davis-Gundy inequality, see Exercise 3.2 below, together with the Minkowski
inequality || [, (.. )dz(pr2q) < Sl |lppr2(0ydz we have

E[|[Wa(v)] ]<]Ehup\W(<PIIOt])\p}<C E[( /Wn ) H([X)(? 1))2d )p/T

9 ®(n—1) 2/ p/2
ng n/E]EHWnl(QO(Zla')H[O,sl] )‘p] fdz

p/2
<C2( n?(n — 1)2//IE)HWn—Q(sO(Zl,22,')H%,(?Q]_Z))‘p]2/p1[52<51d22d21>
EJE

p/2
--<C£<(n!)2/.../ |g0(z1,...,zn)|2Hsn<...<sldzn...dz1>
p/2
—Cg(n'/ /|g0 21, .oy 2n) |2 2. dz1> ,
E JE

N
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where in the last step we assumed without loss of generality that ¢ is symmetric in its n

arguments. In that case the right hand side equals C[,‘(n!)p/ 2|l ||£2( gy, and this completes
the proof. O

Remark 3.13. It seems to have been important that there was a designated “time variable”
in the computations above. But in fact we can use the arguments whenever £ is a white
noise on L*(E) and E =1 x E’ for some interval I C R, for example if E=T% we can
interpret this as F~[0,1] x T¢~! and this gives us an “artificial” time variable to work with.

Similar martingale arguments also allow to prove hypercontractivity results in discrete
settings, see for example Lemma 5.1 in [26].

Exercise 3.2. Let M be a continuous local martingale with My=0 and let p > 2. Show that

E[sup |Ms|p] SE[(M)??)].

s<t
Hint: Apply Ito’s formula to |M|P.

Solution. We have by Ito’s formula

t t
1
= [ plarl-2anad+ g [ pto= 1M,

Assume now that M is bounded. Then the stochastic integral on the right hand side is a
true martingale, and we get

- — -2
E[|M,|7] gwm[sup \MS\P2<M>t} gME[SUP |Ms‘p](p )/pE“Mﬁ/z]z/p’
s<t s<t

where in the second step we applied Holder’s inequality with r=p/(p—2) and g=p/2.
Now Doob’s LP-inequality gives

E[sup |Mt|p} <E[| M7 5E[sup | M, [P E[ (M)}/?]2/?

s<t s<t

}(p—2)/p

and thus we can bring E[sups<; | M,|[?]?=2)/P to the left hand side to estimate

]E[sup \Mt\p} SE[(M)?].

s<t

This is still under the assumption that M is bounded, but for the general case we can use
a stopping argument.

Corollary 3.14. Let d=2 and T >0 and define
Z(t, x) = Hp(Ze(t, x), C(1)), tel0,T).
Let <2 and y<1/2. There exists Z'™ € CYE*"2NCIE >3 such that for all p € [1,00)

BB 1227 — 27y 127 = 27 2ggga-s] =0. (3.7)

Proof. 1. We have

t
Ze(ta) = [ [ gt =2 = (s pinds = €lopt—a =)
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and in Lemma 3.7 we saw that C.(t) = ||Ljo,qp°(t — -, = — |72, so that
220 () = Wa gy (t = = )="),

and by construction W,, is a continuous linear map, which means that we can exchange it
with integrals and we obtain

A2 ()= [ K~ ) WalIgpe(t = .y = )")dy
=Wa (/ K5 oyp (t—-,y—-)®”dy>.
So by Theorem 3.11 we have
. 2
BlaZ PP S [ | K= o) T] Byeaft -5,y - o)ldy| e
n ]:1

—/ Kj(z —y1) Kj(z — y2)
n JTd

n
X H Is; <ep®(t — 85, y1 — x5) p°(t — 85, y2 — ) |dyr1dyadzy...d2
J=1

n
/ Kij(x—y1)Kj(x —y2 H —y1)dy1dyadsy,...ds;
n ’]I‘d :

t

Kj(z —y)Kj(x — yz)(/ P°(2s,y2 — yl)d3> dy1dys,
0

where Zp°(t, k) = p(k)2Zp(t, k) and we used the semigroup property p(r,-) * p(s,-) =
p(r+s,-). Now we apply Parseval’s identity and obtain
E[|A;Z2" (t, 2)[7]*/P

n t
<Y gt k] ( / |%f<2s,kj>\2ds)
j=1 /0

k1y.eokn,

Td

n

1_ 74‘2ﬂ'k|t
_ . 2 2 2
=n! Z pi(k1+ -+ kn) 20 (k1)2... 0 (k) H (ﬂkaotﬂkﬁow

k1, kn Jj=1
1
2
N”tklzk pilkyt e+ kn) H T+ ]k

2. Next, we use Lemma 3.15 below and get for all § >0 with nd <2 and with (k)= ,/1+|k|?

> pilkit+ k)T (k)2
Ktyeooskin j=1

<Z Z pi(ki+-+kn_o2+ln_1) H 22 <€n71_kn*1>72+5<k”*1>72+6

b1 k1yeykon 2

DY pj(k1+---+kn_2+fn1

Zn—l klv'-'7kn—2

S S pit)X ) S spins 2410 M
£

—2426

H::]w;
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3. Thus, we have shown that B[|A;Z:™ (¢, 2)[P]'/P < 27%/2 for all § >0 and p> 0. Combining
the above analysis with similar arguments as in the proof of Lemma 3.3, we also get

E[|8,Z(t, @) — AZE (s, 2)|P]/P S 27 /24 V) — g M2
for all A € [0, 1], and therefore it follows from Lemma 3.1 that we can bound

E[|Z: | Gg a2+ 128 (18 a-s]

uniformly in e. Since moreover ¢ /(k)? — (k)2 — 0 as €,&’— 0 for all k, and the difference
is uniformly bounded, we see from the dominated convergence theorem that (Z.™). is a
Cauchy sequence in LP(C%€*~2N CJ€*~3). Therefore it converges to the limit

Z:n:(tv $) = Wn(H%g]p(t R ')@m)a
which is of course not defined pointwise in x but only as a distribution. O

Lemma 3.15. Let o, 3 <d be such that a+ >d and write (k)= ,/1+ |k|?>. Then
Y (k=) E) TP S (k)R

ke 7zd
Proof. See [30], Lemma 4.1. O

Remark 3.16. Most of the proof is independent of the dimension. However, in step 2. we
crucially used that d=2. Convince yourself that in d =3 the same construction works for
Z*% but not for Z'3, and in d =4 it does not even work for Z:%.

For much more details on the Wiener-Ito chaos and related concepts see [25, 32].

3.5 Back to the ®3 equation

In Section 3.3 we saw that if we were able to construct Z2, Z3 in d=2, then we would be
able to solve the ®3 equation by setting ¢ = Z + v, where

(O — A)v=—(Z3+3Z% +3Zv% +v?3), v(0) = ¢o.
However, then we saw in Section 3.4 that we can only construct the renormalized products

Z(t, x) zsliir(l]Z;”:(t, x),

where the convergence is in O76*~2NCH€ >3 whenever a <2, y<1/2, and T >0. So it
is natural to replace the equation for v with the “renormalized” equation

(Or— A)w=—(Z%+3Z%v+3Zv?+v%),  v(0)= ¢y,

which can be solved by the same arguments as in Section 3.3. Of course, this changes
the equation and the question is whether we still have a useful interpretation for the new
equation. For that purpose we go to the approximations Z."*". Since we saw that the solution
v depends continuously on the data, we have v =lim._,gv., where

(01— A)ve =—(Z + 322 v+ 3Z02 +02)

(23 —3C.Z.) +3(Z% — C.)ve + 3Z02 + 03]
123+ 3220+ 3Z.02 +v2 — 3C(Z. +v.)]
:_(¢g - 3C€¢€)7
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where ¢. = Z. + v.. In other words, ¢ = Z + v is given as the limit of ¢. solving the
renormalized equation

(815 - A)‘bs = _(¢§ - 30€¢5) + &,
where & = e x €.

Exercise 3.3. It may seem like a small miracle that replacing ZZ* by Z.™ leads to a closed
equation for ¢.. In fact, this follows from a general result on Hermite polynomials: Show
that for £ >0 and z, y € R and n € Ny we have

n
Hy(z+y,t) =) (Z)Hk(w t)y" "
k=0
Solution. For n =0 this is obvious. Then

Hn(x + v, t) :(SU + y)Hn—l(x +y, t) - taan_1($ + v, t)

n—1

=((z+vy)— t@x)z (n; 1>Hk(x, tyyn—1-k
k=0
S (" it Hie
k=0
e () ()t kst
k=1

Combining this exercise together with a similar analysis as in Section 3.3 we can construct
for all n the limit ¢ of ¢, solving

(815 - A)¢€ = _(bzsn: + §€ = _Hn(¢€7 Cs) + 557
i.e. the ®3"! model.

Remark 3.17. We have some freedom how to choose the renormalization, because of
course also the equation with renormalization C; + A for A € R converges to a limit. Our
renormalization depends on time:

(81‘/ - A)¢€(t= x) = _(¢g(t7 x) - 3C€(t)¢s(ta x)) + §€(t7 x)7

where
k)|? _ 2
C.(t)=t |SO(€ 1— 2|27k |*t )
k#0
2
To obtain a more natural time-independent renormalization, note that with c.=3 " ot 0%

we have for all ¢ >0
lim (Ce(t) —ce) =t,

e—0

i.e. the difference of C.(t) and the constant c. converges to a finite limit. This suggests
that also the solution (55 to

(8t - A)Q{;E = _(Qgg - 365¢;5) +&

should converge, and this provides a more natural renormalization because the original
equation was time-homogeneous in law and thus also the renormalized equation should be
time-homogeneous in law.



30 SECTION 4

The only problem is that while for all ¢ >0 the convergence C¢(s) — ¢. — s is uniform
on (t,00), there is a divergence at t =0 (since C.(0) =0). This can be cured by allowing
the solution ¢, to have a singularity at t =0, i.e. by considering the norm

sup t7[|¢=(t)||ge = [|(t—= 170e(t)) || orge
tel0,T

A closely related problem is that in Section 3.3 we had to take an initial condition ¢g€ €“
while the solution ¢ = Z 4 v only has regularity ¢ € C7%*~2. It is more natural to take ¢q
of the same regularity as Z, and this also can be done by allowing for a singularity at t=0.

In fact, once we are able to solve the equation with more singular initial conditions, we
can also take a stationary version of Z, so that the expectation C.(t) becomes independent
of t. Of course, then we no longer have Z =0 and thus the new initial condition for v
becomes ¢g — Z(0), which is typically in €*~2 since Z(0) € € 2.

4 The ®3 equation and paracontrolled distributions

Let us now consider the case d=3. Then Z € Cr& /%~ by Lemma 3.3, so if we assume as
for @4 that we can construct the renormalized powers Z*™ with their canonical regularities,
then we would get Z% € Cr¢ '~ and Z% ¢ Cre 3%, Therefore, we expect that by
Schauder estimates the solution v to

(0 — Ayv=—(Z3+3Z%v+ 3202+ 0v?)

has 2 degrees of regularity more than Z'%, i.e. v € Cr€'/?~. But now we have a problem,
because the product Z%v is ill-defined if Z'% € C7¢ '~ and v e Cr€/?~ since the sum
of the regularities is well below 0. We try to overcome this problem by cancelling again
the most irregular term on the right hand side, let us write

_ ¢ o :3:5 s
Y_/Ozw Z%(s))ds,

so that (3y — A)Y =—2Z% and v =¢—Z —Y. Then v=Y + v, and therefore
(8 — AP =—B3Z2(Y + v +3Z(Y +v@)2 (Y +0@)3).

The right hand side contains the product Z:%(Y + 1)(2))7 and we saw that a product has
at best the lower of the two regularities of its factors, i.e. Z:2(Y 4+ v®) e Cr¢ 1~ should
have the same regularity as Z'%. So by Schauder estimates we expect v e O, and
this means that the product Z'%(Y +v?) is ill-defined.

Unfortunately, this problem is more substantial than before, and we cannot solve it by
expanding v further, say by setting v =U +0® for an arbitrary U: In that case we
would still get the term 32 2:4(3) in the equation for v(?’), and by the same arguments as
above we expect v3) € Cr€1~ so that the product Z 2:(3) ig ill-defined.

The solution is to use a more complicated expansion of v(g), based on paraproducts. But
before that, let us introduce more efficient notation: Already in the considerations above we
needed Z,Z™,Y, and we would need even more letters in the expansions below. To make
the variable names more transparent and compact, we use trees to denote the polynomials
of ¢ that appear in the expansion of ¢. We use a dot e to represent an instance of &, and
a line \ to denote the convolution with the heat kernel. If two trees are multiplied with
each other, we simply join them. So for example

Z=t, z22=~, 3=, v=-—Y  yvz=_C,
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In some cases we will also write \{/2 etc. if this seems simpler than writing out the full tree.
For now we do not worry about the fact that these trees are not well defined analytically
and that we may have to renormalize them, we will address this point after developing
the paracontrolled solution theory under the assumption that each tree in our expansion
is given with its canonical regularity. At this point the attentive reader may recall the
observation from Remark 3.16 that Z'% cannot be constructed in d =3. This will not be
a problem because we only encounter Y in the expansions below, and while \ is not
a continuous function of time with values in a space of distributions, it is a space-time
distribution and we can construct its convolution against the heat kernel. We expand on
this after developing the analytic theory under the assumption that all trees are well defined
and have the right regularity.

4.1 The main commutator estimate

With our new notation, the expansion for v := v = ¢ —1 —i—\V can be rewritten with

L =0;— A as
L :—(3\/(—\V+v) +31 (—\V—l—v>2+ (—\Vﬂ)g)
:—3(1) — W)'\/—}—Tg + 710 + Tov? — 03,

where we wrote

T0:=—31 X\VZ—F\VB, T = 6%—3\{/2, Ty = —31 +3\V'

Let us use the underbrace X to express that we expect X € C7€“. Then

a

KRR R TR T IS
1= [ Tf'/ \f'_/1— W 1—

Lv==3(

2 2 2 2

which as we discussed before means that v/ is ill-posed. Note however that if 79, 71, 79
are given with their canonical regularities, then the other products involving v are all well-
defined. The idea for dealing with the ill-defined product is to decompose it further with
the help of paraproducts: Ignoring the fact that the resonant product is ill-defined, we
would expect to have the regularities

(v —\V)\/:(v —\V)@\/Jr (v —\V)®v+ (v —\V) O\,

Y- RE I
2

T2

and therefore

Lu= —3(1} —\V>@V+CT<5_1/2_7

by which we mean that Zv +3<v —\V)@VGCT%A/%. In other words, we expect Lv

to be given by a paraproduct plus a more regular remainder. We will see below that the
convolution with the heat kernel in a certain sense commutes with the paraproduct (modulo
a smoother remainder term), and this leads to the paracontrolled ansatz

=1 —\V—H), v:v’@Y—H)ﬁ, v'e Cret/?, veCre!t, vie O’/
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Why should this be useful? First note that we can now expand the ill-defined resonant
product further as

vov=weY)o Vv + ot
~ =~

—— -
1—

D
1

3
2

and the second term on the right hand side is well defined. Therefore, it remains to
understand the resonant product (v’ @Y) ®\/. Recall that we saw in Example 2.8 that the

paraproduct v’ @Y is a “frequency modulation” of Y and it looks like Y on small scales.
But the difficulty we have with defining (v’ @Y) ®\ comes from interactions of small scale
contributions of v’ @Y and VvV which in the product might create diverging resonances.

So if we understand how the small scale contributions of Y interact with those of \ and

that no diverging resonances arise in the product, then we might also hope that v’ @Y has
no diverging resonances with \. This can be made precise with the help of the following
commutator estimate, the main technical result in paracontrolled distributions:

Lemma 4.1. Assume that a €(0,1) and 3,y €R are such that a+ +~v >0 and 5+ v <0.
Then the trilinear operator on .3, defined by

C(f,g,h)=((fog)oh)— f(goh),

satisfies
1CC(fs 9, M)lla+ sy SIF lallgllsllPlly, (4.1)

and can thus be canonically extended to a bounded trilinear operator from €*“x€Px€ 7 to
gotp+y,

Remark 4.2. It would be aesthetically more pleasing to have the same estimate for

(feg) ©h— fo(g®h),

but unfortunately this is not true.
To prove Lemma 4.1 we need the following auxiliary result:
Lemma 4.3. Let a € (0,1) and BER and let f €€ and g€ € P. Then for all j > —1

18;(f©9) = FAs Il S 277D fllallg s

Proof. We give the proof on R% on T it is slightly more complicated because there is no
exact scaling relation Kj(z)=2/4K(2/z), but we can use Poisson summation to overcome
this problem. We have

Aj(fog) = FAg=> (Aj(Acio1fAig) — FAAY)

i~
=D (Aj(Acio1fAg) — A1 fAAG) = Asi1fAjA.
i~ inj

Since a > 0, the second term on the right hand side is easily estimated by

Z Asi1fAjAg

i~ ]

S 27 flla2 P lglls =27 fllallg

[,© i~g
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For the remaining term we write the action of A; as a convolution:
[(Aj(Aci1fAig) — Aci—1 fA;Aig) ()|
—‘ /Kj(w —)(Acim1f(y) = Aci—1f(2))Aig(y)dy

S [ 1Kia =)l max |9 Aciaf ke =yl A iedy

20 |00 o lgls | 1Ko = ke = pldy

20D flallgls [ 15 wllyldy.

where we used that « —1 < 0. If j =—1 this estimate is sufficient. For j >0 we have
[ lyldy= [ 1R 2yldy =2 [ 1Ko(w)] < yldy=2-,
from where our claim follows. OJ

Proof. (of Lemma 4.1) We have
C(f,g.h)= > [Alfog)— fAiglAh

ji—j1<1
= Y [AdAgifeg) - AifNiglAjh+ D AnifAigAjh
ji—j1<1 [i—j1<1

::Cl(f7 g, h) + CQ(fa g, h)a
where C] and Cs are defined by the equality. Note that for fixed ¢ the term

Z L ji<ilAi(A<ifog) — A<ifAiglAjh
J

has spectral support in a ball 2:%. Moreover, since o € (0,1) we get from Lemma 4.3

Z L ji<ilAi(A<ifog) — A<ifAiglAjh
J

LOO

S L2 AL (lallglls2 =R ]l
J
27| fllallgls Ly,

so since o+ 3+ > 0 the claimed regularity for C1(f, g, h) follows from Lemma 2.6. Let
us get to Cao( f, g,h):

Colf g.h)= Y AzifAigAjh=Z< > ﬂigkAkaigAjh>,
li—jl<1 Eo\li—jl<1

and the term inside the brackets has spectral supprt in a ball 2°.%. Moreover, since §+ v <
0,

> LickAefAighAjh

li—jl<1

SR fllay - 27 lglls Rl
oo iSk

S| fllallg s 1R

and now we use once more that o+ 8+ v >0 and apply Lemma 2.6 to conclude the
proof. O
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So if ¢ satisfies the paracontrolled ansatz, our commutator estimate suggests to define

(UI@Y>®V:C\U/ Y \/ )+ v (Y@V)

— — *1* — T
2 —

| =

The sum of the regularities of the arguments of C' is strictly positive, and therefore C'(v’
Y,\/) is well defined and in C7€/2~ by Lemma 4.1. For the remaining term, the resonant

product Y@’\/‘ is still not defined, but if we make it part of the data, call it \ﬁ/, and assume

it has its canonical regularity \@EC’T%O*, then v’\ﬁ/ is well defined and in C7%°~.

In the following we make this rigorous by defining a suitable Banach space of paracon-
trolled distributions in which we can set up a fixed point iteration to solve the &3 equation.
To not obscure the presentation with technicalities we first consider a simplified linear
equation which, from the regularity analysis point of view, contains all the difficulties of
the ®3 equation.

4.2 A linearized ®3 equation

@ —Ap=(v+Y)v

In the previous discussion we considered function spaces of the type C76“, thus we only
quantified the space regularity. It turns out however that we also need to make more precise
assumptions on the time regularity. For that purpose we define the following function
spaces:

Consider now the equation

Definition 4.4. For a € (0,2] and T >0 we set
28 =02 LN Cree,

equipped with the norm |lul 2 = ([ul| fos2 + ||ul|cree. We also write
T

£o=CM2R, L) N C(R, €%),

loc

with the obvious definition of the space of locally Hélder continuous functions C’f)/z(IR, L®).

C

We assume that VeC(R, 4 1), \}/631/2—’ and also that the resonant product
\KI/:\V@'\/GC(]R, % ~1/27) is given. We define

t
YY) :/ P N(s)ds,  t>0,
0
which as we will see below is in .ZTl* for all T'>0, and we also assume that \<V:Y®'\/€C’ (R,

€°7) is given. We parametrize the regularities as 1/2 —=«, —1 —=2a -2, —1/2 —=
a—1,0—=2a—1 for «€(2/5,1/2) which will be fixed in what follows. We write

TO=LYx CC**2x CE* ' x CE?1

N AV A

for a generic element of 7, as well as for T'>0

and

1Zl 7= Yl zp + [Vl oggza—2+ | Plleggas + || Yo,
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where we implicitly restrict all the functions inside the norms to the time interval [0, 7.
We also need a modified version of the paraproduct:

Definition 4.5. We define the modified paraproduct as
t
u=o(t) = / Pr_(u(s)0L0(s))ds + Pi(u(0)&v(0)),
0

whenever this is well defined.

This definition is due to Bailleul, Bernicot and Frey [5], although they did not include
the term Pi(u(0)©v(0)), which we will need to compare u <« v and u©uv. They beauty of
the definition is that by construction £ (u < v) =u©.2v, and this will be very useful for
deriving paracontrolled Schauder estimates below.

Definition 4.6. Let 5€(2/5,a] and T >0. We say that
(v, v, %) EZﬁJFﬁ X LF X ngaJrﬁ
is paracontrolled by 7 and write (v,v’,v¥) € ,@7@2 if

v :v’—«Y—}—vﬁ.

If there is no ambiguity about v’ and v¥, we also write v € 97@2, orveE 97@ if there is no
ambiguity about Z. We set

ollgs = ol g+ 10| g + 1] 2,
and if 0 € Dr, then we also define
o=l s =l = 8l gvs 10" = L 5+ 0% — 5] e

Note that |[v — 7|,z is only formal notation, this is not a norm since v and v do not
. - T
even live in the same space.

Remark 4.7. We sometimes call v’ the derivative and v# the remainder. Note that in
general v’ and v! are not uniquely determined by v and Z: Consider e.g. arbitrary U,Y,

v'e 5%20&67 then we always have vf=v —v' < Ye.ﬁfﬁ‘”ﬁ. So we really have to keep track
of the tuple (v,v’,v?).

Our aim is now to make sense of the product (v —|—\V)V for v € Qrﬁ. We use the
paracontrolled structure and get

w+ Y=+ Vovt o+ Vovivoviw < Y)ovs &.
If instead of v < Y we had v’ @Y7 then we could set

weY)ov=Cw,Y ) +u ¥

This leads us to compare the modified paraproduct with the “usual” paraproduct, and for
that purpose we need the following auxiliary estimate. The result is from [34], Lemma 5.3.20,
but the formulation here is stronger and the technical details of the proof are slightly
simpler, although the idea is the same as in [34].
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Lemma 4.8. Let a<1, €, and 6 > —1. Then we have uniformly in € >0
17 =1 p(e) * (uov) — u©F ~H(p(e7) * vllat g+
S (laF e lppa + 17 e gy )lullaliolls

Proof. Let us write . =F !(¢(e)). The proof is similar to that of Lemma 4.3, and we
argue again on R¢ because here we can use scaling.

1. By Lemma 2.6 it suffices to control for all j the L® norm of
Oe ¥ (Acj1uljv)(x) — Acj_1uPe * v(2)
= [@ula =il — Acyru(@) Ap(u)dy.

2. For €29 > 1 we use that A-;_juAjv and A; are both spectrally supported in an

annulus 274, and thus we can find v € C2° with 1| 4—1 and replace @. by @e* ¥y,
where

hy-i=F Hp(277)).

As in Lemma 4.3 we get, using that a <1,

‘ [oex sl = )@y 1u0) — Ay (o) Ay

< / (Bex Pams(y)] % [y1dy2 == Dljullullo]15.

so it suffices to bound the integral on the right hand side. For that purpose note
first that

y@e* y-5(y) =47~ (p(e)(277)(v) | |
=7 (Vo) () (277))(y) +277.7 () (V) (277)) ()
= AF T (Ve)y(e™277))(e7My)
+277e 4T (V) (e71277))(e7My),
and therefore
/ |y@e * o-i(y)|dy = [|F ~H(Vipip(e71277)) |1+ 277 | F (V) (e 1277)) |
The first term on the right hand side can be estimated by
17 (Veule 2 < Y AT x F (127

1:28~e2d

<0 ATVl F T

1:21~g2d

<Y A

i:2i~e2d

~(e29) 2 o,
and by the same argument

|7 (V) (e 127)) 1 S €2) | F el
so overall

[P (Acj—1uAv) — Acj1upe * V|0
5(6(62]')’5’1\\969’1@\\)9@ +279(e29) ). F ol ps oo>2j(17a75)HUHallvHﬁ

—So—1i(8 _ _
Se IOt D o F g s + |1 F g lullalol
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which is the desired bound if £27 > 1.

3. For €27 <1 we do not make use of the function . Then we obtain

/@e(AQ—w(y) —Acju(z)Ap(y)dy

< / 16:(9)] % lyldy27 == ullullo]ls

— / 1 () y|dy2 0= ulla v 15

=e20277F )|z, F | |pallulallv]lg
S(e29) 727Dz F o || gaalulallo s,

where in the last step we used that 6 > —1 and thus £27 < (27) 7% and ||2.Z ~1p |11 <
I 0

We will apply this with ¢(x)= e~ 12 ” and e = /2, so that F 1 p(e)) xu= Pu.
Corollary 4.9. Let a« €(0,1) and B €R. We have
[u < w —uSw|gygars S (1+T)|Jul 2p(lw(0)lls+ [ Lwl cpegn—2)-
Proof. We decompose
u=<<w(t) —uw(t)
- /0 P ()0 Lu(s))ds + Pi(u(0)ow(0))

—u(t)©< /0 tPtsDwa(s)ds—l—th(O))

—/OtPts((u(s) —u(t))eLw(s))ds+ /Ot[PtS(u(t)@fw(s)) —u(t)OP—Lw(s)]ds

+ Py((u(0) — u(t))ow(0)) + [P(u(t)ow(0)) — u(t)©Paw(0)]
=: A1+ A+ Az + Ay.

Now we simply estimate each A; separately and apply the commutation estimate between
paraproduct and P; (Lemma 4.8), the estimate || P.f || +5 <t ~%/?|| f|l, and the time regu-
larity of u along the way: For example we get with o/ < «

||A1||o/+ﬁ§/0 1P —s((u(s) = u(t))©Lw(s))ary pds
,S/O (L+(t =)~ T ) (u(s) — ult) @Lw(s) ]| s-2ds
,S/O (L+ (¢ =) ) uls) = u(t) |p=] L] opegs-2ds

t
< /0 (It — 572 1 (¢ — )71+ @=0/2) | g | L0 | o -2l

<rle=a)/2( 4 T)|[ull 2 |-Lw]| ¢ peps—2-

As indicated in the proof of Lemma 3.5, we can estimate the individual blocks A;A; and
refine the analysis to avoid the loss of regularity and get the same result for o/ = . U



38 SECTION 4

Definition 4.10. For v € 227 we define

(w+ Vv i=(+ Vot + Vevviov+w < Y —veY) o

+ C(v', Y, V) + v’\ﬁhr%f.
Lemma 4.11. Forwve .@ﬁZ we have
1w+ V)V lloggza—2t 10+ VIV =0+ V)V llgggmn-2 < Mr(1+ o]l s),

where Mp >0 depends polynomially on ||Z| 7. Moreover, if 0 € DI, then
I+ Y=+ VNl ogpra2 < Mr(1Z = Tz + v =5l ),

where now Mt >0 depends polynomially on ||Z|| 7z, HzHTjg, ||’UH@7@Z, ||17||%@Z, and only
on ||Z||7—7g if Z=17.

Proof. We simply have to estimate each term in the definition of (v +\V)V:
I+ V)V llopgra-2 S(Illcren+ 1V lerse ) IVlcypm2,

|0+ NV lergsa2S(Ivlleren+ 1V llexen [V oz
[0F O\ | gpptact 52 S0l opagzats IV [l cpgra-z,
1" <Y =&Y ) OVl ggpianrs—2 S| g (I Ollza+ 1LY llggagaa—2 )V |y

S AP
1C@, Y ) lggiar -2 S lenga Y llcpgza [Vl oppza-2,
10" Yl pigzat IV |y | Cllpipzar,

1 epgos S lloggat,

where we used that 3a>1 and 4« + 8 > 2, which both follow from the fact that o >
B>2/5>1/3. The term with the lowest regularity is (v —1—\}/)@\/601“‘520"2, and if
we subtract it from the product the remaining terms all have at least regularity 3o — 2.
Therefore, the first claimed estimate follows.

The estimate for the difference of the two products follows from the same arguments
by using the bi- or tri-linearity of all the operators involved. O

To recap, by now we defined a Banach space of paracontrolled functions .@1@ that can
be decomposed into a paraproduct plus a more regular remainder, and we showed that
for such functions the right hand side of our equation is well defined and again given as
a paraproduct plus a more regular remainder. The last ingredient we need to set up a
paracontrolled Picard iteration is a paracontrolled Schauder estimate, but by the definition
of the modified paraproduct this is a triviality:

Proposition 4.12. Let v € (0,2), then for all v' € (0, 7]

lu = < wll o < u(0) — ' (©)@w(0) |y + T2 4 T)|.Lu — w'ew g -2

’
~y
7

Proof. We have by definition of the modified paraproduct
Z(u—u' <Kw)=Lu—u'ow, u(0) — u/(0)ow(0),
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so the claim follows from the usual Schauder estimates in parabolic spaces, see Lemma 4.14
below. OJ

By the very definition of the modified paraproduct, paracontrolled Schauder estimates
are a triviality, and therefore we can now set up a Picard iteration in a space of paracon-
trolled distributions:

Corollary 4.13. Let T >0, Z€ T, and vo€ €>*+8 for Bc(2/5,a). Then the map
II: .@ﬁ—) _@7@’ (v, v, v%): =(v, (ITv)’, (Tv)#): =(w, w’, wh),
where
t
w(t) : =Pro+ / P+ Y)(s)ds,  te(0,T]
0
w':=v —i—\V,
wh: =w —w'—«Y,

is well defined. If T' >0 is sufficiently small (depending only on ||Z||7e but not on vg), then
12 is a contraction and therefore I1 has a unique fized point.

Proof. We have to estimate w, w’, wf. Throughout the proof M7 denotes a changing
constant that only depends on ||Z||7¢ and T and that is increasing in 7.

1. We have by Lemma 4.11
12w = (v+ V)N epigro—2 < Mr(1+ 0] ),
so since Y(O) =0 we can apply Proposition 4.12 and obtain
1wt 20+ S lvollaar s+ T~ D21+ T)Mr(1+||v] ).

Note that ||vol|2a+s does not come with a small factor, but this term drops out if
we compare 1lv — I1o.

2. Again by Lemma 4.11
|-Lw || epig2a—2 < Mr(1+ [v]l5p),

so a direct application of Lemma 4.14 gives

lwll govs S llvollzas s+ T P21+ T)Mp(1+ o] 5)-

3. So w and w’ have the right regularity, and the factor T' (a=B)/2 gives us a contraction
for small T depending on M7, i.e.

) ) 1,
v — TI5]| gyo 5 + | (T0)* — (T0)F]| 25 < 5|0 = 0| -

Since the equation is linear we can choose M7 to only depend on Z but not on vg
or v, 7.

4. Let us get to w'=wv +Y: We have

')l g < [0l s+ 1V Lz S U 1207 (14 ] ),
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so w’ also has the right regularity. But unlike for w?, we do not gain a small factor
here and thus II is not a contraction.

. Therefore, we consider I12 instead. Clearly I1? is a contraction for v and v¥ (possibly

after reducing the value of 7' some more), because
1(11%0)F — (I1%6)¥| 20+ <T@ B2 Mg |(Tw, ', Tvt) — (6, a8, oY)
ST NMp|lv — 5|,
T

H@f,

and similarly

| (I120) — (1126) | g5 S T2 My 0 — 3] .

So let us look at the derivative:

120y = (1P5) | zp =110+ Y (115 + )
<JMw — Hﬁ”gﬁ**’:’

which proves the contraction property of II? (for small T > 0).

. By Banach’s fixed point theorem II? has a unique fixed point, and it only remains

to show that also II has a unique fixed point. Uniqueness is clear, because any fixed
point of IT is one of I1? as well. So it suffices to show that the fixed point v of II? is
also a fixed point of II. Let us write w :=1lv. Then

Hw=1T%v =,
and thus
12w =T (TIw) = ITv = w.
Hence w is a fixed point of I12, and by uniqueness we have w=wv, i.e. IIv=wv.

O

We needed the following parabolic Schauder estimate, which is a refinement of

Lemma 3.5:

Lemma 4.14. Let v €(0,2), then we have for all v" € (0, 7]

1= Peo)l| 2 Sl

t
H<m / ptsﬂs)ds) T2 L T)|| f g2
0

!
‘,%’Y
T

Proof. The space regularity is controlled in Lemma 3.5 (we saw in its proof that we can

gain a factor T(=7)/2 by giving up some regularity). Therefore, we only have to control
the time regularity.

1. For that purpose note first that for 3 € (0, 2)

t t ‘
||<Pt—id>Ajw||Loo—H [orapas| < [larapls <o),

and also
1(Ps = 1d) Aji e S 277790 |,
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so with jo such that 2790~ ¢1/2 (if ¢ <1, otherwise we take jo=—2)

(P —id) 9| <Z 1(P; = id)Agh|ee

J

s( S i 4 3 wﬂ)nwuﬁ

Jj<Jjo Jj>Jo
(232 4 2
St .

2. This gives for example
1Psp = Papllpee = [|(Pe—s — 1d) Pup o= S [t = s/ |0 ]

3. For the convolution, note that it suffices to show

H(tn—>/0tPtsf(s)ds>

the estimate for the C’%//QLOo norm then follows from |t — s|(?=7)/2<T(=7)/2 for
s,t€10,T]. We have

S A+ flleree
3/ ?Lee

<
LOO

/tPt_rf(r)dr

s

/0 P f(r)dr /0 P f(r)dr

LOO

+

Y
Lo

’(Pt_s—id) /0 P f(r)dr

and the second term on the right hand side is controlled with our estimate from
above together with the Schauder estimates from Lemma 3.5:

/SPSTf(r)dfr
0 gl

Slt = s+ D) f lloger-—=

Slt =72
oo

H(Pts—id) /O "B f(r)dr

For the remaining term, we decompose again into high and low frequencies and

obtain with 2=~ |t — 5|1/2

t t
S| HPtrAjf(r)HLooerrHA>jo [ Prertteyar

/ P f(r)dr

s

Lo

§<jo V8 Lee
t

S = sl gt 20| [P pryar

J<Jo s v

St = s[277°072) 4 27507 || £ oy

~|t =5[] fllerge.
]

Remark 4.15. The following estimate from the proof is often useful in its own right:

(P —id)vfle S 72|91, BE(0,2).
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4.3 The full $3 equation

To study the full ®3 equation we first need to define a space of extended data where all
analytically ill-defined trees live. To simplify the renormalization, we replace the operator
A in the equation by A=A — 1. This has the advantage that now the semigroup (e4 =
e~ 'P;)¢>0 is integrable over all of R4. Of course, we can recover the original equation by
considering (0; — A)¢ = —¢3 + ¢ + £ instead, but as discussed before the linear term +¢
on the right hand side poses no additional difficulty for our small scale solution theory and
therefore we simply omit it. On the other hand this term might have a strong effect on the
long time behavior of the solution, but at least for now we do not care about that.
In the following we write for a Banach space X

CrRX =C(R,X) and  Cpg(X)={ucCrX:IkeNs.t. |ut)||lx <1+]t|,

equipped with the distance
Z Hu| —n,n| U| nn]HC([—nn] X)/\l)

under which CrX is complete (of course the subspace CpgX of polynomially growing
functions is not closed). By adapting the proof of Lemma 3.5 is not hard to see that for
u € Cpg6’™ we have

tr—>/ (t=s) s)ds € Cy, ‘50‘+2

Definition 4.16. Let o« €(1/3,1/2) and let
T>C C]Pffa_l X CRCKQO‘_Z X CchZa X CRE “ X CchZa—l X Ccha—l X C]Rcf%‘_l,
be the closure of the image of the map

O: CpgL™® xR xR
_}Ccha—l X CRCK2O‘_2 X CRCK2O‘ X CRCKO‘ X CRCK%V_l X CRCKO‘_l X CchQa—lj

O(Z,c1,¢2) (T \/Y\V\K/\Q/\@)

where
1) =2(t),
V() =(T (1) =),
Yio=[ o
MO :/_t I (5)? = 3erl (5))d
S =Yweor .
i)=Y (1) o\ (1) 6t (1),
\ﬁf(t) :( / t e<ts>A\/(s)ds> OV(t) — 2.
We write T = Ua€ (1/3.1/2) T®. We also write |Z||7p ||Z — Z| 75 for the canonical norm

on the product space T|jo, 1] of functions in T restricted to the time interval [0,7].
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Remark 4.17. We did not use the canonical regularities that we would guess from para-
product and Schauder estimates. It would be more natural to take

\VECR%BO‘_l, \KXECRCK%‘_Z, %ECR%E)O‘_?’, \@ECR%%‘_Q.

But since we are interested in the case « =1/2 — ¢ and to simplify the presentation we
formally identify 2a 4+ ko =1 + ka whenever k > 0.

Our aim is now to solve the ®4 equation for given data Z e 7. For that purpose we
define a Banach space of distributions, depending on 7, in which we can use paracontrolled
arguments to make sense of the equation and in which we can set up a Picard iteration:

Definition 4.18. Let a€(1/3,1/2), B€(1/3,a], T >0, and Z€T*. We say that
(¢, 0,0} € CT€ 1 x Cr€ P x O P+
is paracontrolled by 7 and write (¢,v’,v%) € DTQZ if
p=1 —\V—H), v=0" <Y tot.
If there is no ambiguity about v’ and v¥, we also write v € DIBZ or ¢ € DTQZ.
Definition 4.19. For (¢,v’,v%) ED?Z we define the space-time distribution
— 3 i=— (0 — A)\V—3<v — \V>V+T0 + 110 + v — 03

where the coefficients 1,1, 2 € CRE >~ are defined as

To:=—31 x\V2+\V3::—3(T oV 1Y @(\VQ\V) n QC(Y,\V, 1 ) +\V\</) +Y°
n=6—3Y"—6 Y6 Vet 46Vt —3Y,

=31 4+3Y,

and where

w+ Vv =+ V)ev+@+ V)evtrtov+w < Y —vaY)ov

+ C(v’,Y,v) +v’\ﬁf+\§f.

The following lemma gives a more intuitive representation of ¢** in the case of regular
data Z:

Lemma 4.20. If Z=0(Z,c1,c2) for Z € Cpgl™, then

—¢F=—¢3+3(c1+ 2) 9.

Proof. If ¢; =cy=0, then this immediately follows from the considerations at the begin-
ning of this section, so we only have to keep track where c; and ¢y appear. This can be done
in a lengthy but straightforward computation, noting that now all products are well defined
and we can combine all the paraproducts and commutators etc. to form usual products. [

While (0; — A)\V is not necessarily a function of time with values in a space of distri-
butions, the renormalized cube ¢ is indeed a function of time once we subtract its most
singular contribution:
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Lemma 4.21. Let o€ (1/3,1/2), € (1/3,a], T>0, and Z,Z€T* as well as (¢p,v’,
o) € DEZ and (¢, 0, 5%) € DEZ. Then

3 _ 3 _ _ _

o - @= Y] o[ 6% - @ ¥ 3= o]

SPUZI72) A+ 101 s + 105G ep51)

for a polynomial P, and also
o7 - @-a¥-(6*- 0=V )]
to% = @-Y-3(v-Y)ov-(6% - @- 0¥ -3(s - ¥ )e)

SM1(|Z — Zl| 7 + 0" = & ll ggegn + 10F = 0¥ cypnn),

CTcga—l

CT%a—l

where for another polynomial P
Mr = P(|Zll72, 12l 78 10| opog 41, 10l opgms 197 g 19l o)

Proof. This easily follows by combining the Definition 4.19 of ¢*3' with the paraproduct
estimates from Theorem 2.9 and the commutator estimate from Lemma 4.1. O

Now consider the equation
(O —A)p=—¢" +¢,
where we wrote

€= (0, — AT,

which is a space-time distribution. We are looking for paracontrolled solutions, so we should
decompose ¢ =1 —\V—H), and the equation for v is

(O — Ao=—¢3+ (0, - A) Y, 0(0)=go—1(0)+ Y (0),

which we can control with Lemma 4.21. From here we can set up a Picard iteration and
solve the equation uniquely on a small time interval, just as in the case of the linear equation
of Section 4.2. Unlike in the linear case, now the length of the time interval on which we
obtain a contraction depends on the initial condition, and therefore we only obtain local
existence up to an explosion time. To show that the explosion time is infinite, we have to
use the sign of the nonlinearity —¢*3 and apply more refined estimates, see [29].

5 Parabolic Anderson model & Anderson Hamiltonian

5.1 The parabolic Anderson model

Let now & be a space white noise on T?, i.e. a centered Gaussian process with values in
" such that for all ¢, 1) € C°°(T?) we have E[(¢)&()] = (¢, V) r2(T2). We want to study
the parabolic Anderson model (PAM)

Lu=(0:—A)u=1ué,

which is a continuum model for a branching population in a random potential: We con-
sider independent diffusing particles on T? that in the point z branch with rate &(z)* =
max {{(x),0} and get killed with rate &(x)” =max {—&(x),0}. Of course £(x) does not
make any sense because £ is only a distribution, and also the solution w is not integer
valued; but we can derive u as a continuum limit of a discrete model behaving as described
above [26].
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Exercise 5.1. Show that if 7 is a space white noise on T¢, then

E[[n]|24/5- ) <0
for all k, p>0.
Hint: Compare with Lemma 3.3.

Thus we have £ €€ ~1~* for all x> 0, which is the same regularity that we had for the
tree \/ in the linearized <I>§ equation. In other words, the parabolic Anderson model is a
simplified linearized ®3 equation and we can solve it by using the same arguments as in
Section 4.2. Since ¢ does not depend on time we can now work with “extended data” that
does not depend on time either: Let o € (2/3,1) so that £ € €*~2, and consider

X=(1-A)"ler
Then
LX=-AX=(1-A)X-X=¢-X=+7F“
Exercise 5.2. Let p:IR? = R be an even, compactly supported function which is contin-
uous in 0 and which satisfies p(0) = 1. Define
&=F Nple)FE),  X:=(1-A)"'¢=F " (p(e)FX),
as well as
¢ i= E[X*(0)¢5(0)].
Show that for all z € T?
& =E[X*(2)&*(2)] = E[X® © &(x)] = O(|loge|)
and that there exists Xo¢ such that for all p €[1, )
lmEf[1€° — Ella—p + X7 = X lo + [ Xo€ = (X0 &~ )l5a—0] =0.

Hint: Use the tools from Section 3.4.

From here it is not difficult to slightly adapt the arguments from Section 4.2 to show
that for all € (2/3,a] and for all ug with ug — up©X € €**# there exists a unique
paracontrolled solution u=u < X 4+ u! with v € .2 and ufe £ to

Lu=ul =uf +usSt+ul O+ (U< X —ueX)®E+Cu, X, &) +u(Xof)

with initial condition u(0) =ug. Note that unlike before we do not have .Z(u <« X) =u¢,
but instead

Lu<KX)=ueZX =uef —ueX,

but the term u©X has positive regularity and therefore [ Ot P,_s(ueX)dse Ly +h
Moreover, since Xo& =lim. (X¢©® £ — ¢f), we have u=lim.u®, where

Luf=uf (& — ).

(It is a good exercise to convince yourself of this! Where does the ¢© enter the equation?)

Our aim is now to analyze this equation in a bit more detail. We will first extend the
solution theory to much more general initial conditions, then we will present a strong
maximum principle, then we will study the Anderson Hamiltonian, i.e. the infinitesimal
generator of the solution semigroup, and finally we will combine all these tools to obtain a
quite precise understanding of the long time behavior of the (periodic) parabolic Anderson
model.
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5.2 General Besov spaces and more general initial conditions

As before, the condition on the initial condition is quite unnatural. A canonical initial
condition for our population would be the Dirac delta, which would model the start from
a unit mass at 0, and then we could explore how this mass diffuses through the system.

By Exercise 2.1 we have ¢ € Bpfz(l*l/p)

~ for all p€[1,00) (since we redefined the space ¢’
as the closure of the smooth functions we only have § € ¢ ~27* for x> 0).
The estimate || Pyp|[g4 S (1 +t77/2)| @5 for >0 from (3.4) can be easily generalized

to

P <(14-¢77/2 .
| t@llgg’pw( + )HwHBgﬂ

To obtain an integrable singularity at t =0 we need ~ < 2, so since the initial condition for
the paracontrolled remainder would be u#(0) =8 — §©X € ¢ ~27" we could at best obtain

t
ub(t) = Put(0) + / Pi_Lul(s)ds € €%
cg—Q»i 0

77

Of course, this is way too irregular to make sense of uf(t) ® &. If on the other hand we
could work in the space Bj oo, then we would have u#(0) € B%oo and then Puf(0) € Bi;g,
which gives us some hope to make sense of uf(t) ® ¢, because o +2 — £ > 0.

This is the purpose of the current subsection: We develop the solution theory for
paracontrolled distributions in general Besov spaces, and we finally give details on how to
include singularities at ¢ =0 which allow us to take less regular initial conditions. We start
by defining the following function spaces:

Definition 5.1. Let pe[l,00] and a € R, f€(0,2), v€[0,1). Then we define
. B/2
G =B,  Lpi=CPPLPNCOrE),
both equipped with their canonical norm, as well as

///T%Kpa ={feC([0,T],"):t—tVp(t) € CT%;‘},
20 ={pe (0,1, ")t t0p(t) € L7},

with canonical norms

lellazeg == o@)llores,  ellgne:=IE= @)l L,

Now we need to translate the ingredients for paracontrolled distributions to this new
functional setting. Most of this was worked out by Prémel and Trabs in [35] in more
generality than we need it here, and the following lemma is a collection of weaker versions
of their results:

Lemma 5.2. ([35], Lemma 2.1)
Let pe[1,00] and let B€R and u,v € .¥’. Then we have for all o> 0

v lqgp < min {lullo folls, fullzsloll s )
and for o <0 furthermore

luev goss Smin { ullp vlls, lullallv s}
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If a4 >0 we have
lu© v llgers Smin {Jullgllvlls, lullalvllgs
If a €(0,1) and v €R is such that B+ v <0 but o+ + >0, then

1C(u, v, w)llgarsrr S lullgg vlisllwlly.

We also need Schauder estimates in .25 spaces:

Lemma 5.3. ([20], Lemma 6.6)
Let a €(0,2) and yv€1[0,1), as well as pe [1,00] and T >0. Then we have

It Pac) L g Sl o

H(tHAtPt_Su(s)dsN

Adapting the proof of this lemma to deal with the modified paraproduct leads to the
following generalization of Corollary 4.9

<O+l gope»

v,
Z)r

Lemma 5.4. Let a€(0,1), B€R, and y€[0,1), as well as p€[1,00] and T >0. Then

lu < w —uSwl|_yaepars S (1+T)ull zye(lw0)ls+ [Zwlcpes-2)-

And finally we need an interpolation estimate:

Lemma 5.5. ([20], Lemma 6.8)
Let « €(0,2), v€(0,1), and k€ [0, A27), as well as p € [1,00] and T >0. Then

e P

We now fix p € [1, 00] consider an initial condition ug € %;). As before we let a € (2/3,1)
and [ € (2/3,a] We define paracontrolled distributions in our new setting as follows:

Definition 5.6. We say (u,u’,u®) is paracontrolled, u € ‘@1967T’ if
u=u' <X +uf
with
B/2,8 B/2,8 +8)/2,a+p
uefp} , u’ezp} : uﬁefp(f} J/2ath

Now consider u € Z;'p, and note that by the interpolation estimate we have .@ﬁ rC Dy
Thus we get from the estimates by Promel and Trabs, using that 2a+ 5> 2,
w= usé + udé + wto € + U< X -veX)ot
~— ~— ——
%;/2%5(172 //{7@/2%;72 %%a+6)/2<gp2a+372 //ljg/zcgzaJr,a—z
p

+ O, X, §) + u/(Xof) .

2 2
MPPEONIE g f g2

Therefore,
ué —uet e Mg,
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and then
Hfuﬁll//z%gw < H“@XH//(%%I?Q* + [ug — U@ﬁ\\/fzg%If“*?ﬁT(a_ﬁ)/Q,

which gives us the small factor for the contraction. We also have
t P (0) = Py(ug — uo < X) € M3,

2
and thus we can control uf e Z,'7". Moreover,

(a=B)/2
Jul oz S 0l o + T2 204 Xl s gaat 0@ X g
and
Lu<X)= uot — uoX .
B/2
//[1@/2%;72 PP

We can now apply the same strategy as in Section 4.2 to obtain the following result:

Theorem 5.7. Let p€[1,00], let (£, X,X0€) €CY 2 x € x €%*2, and let up € Cfpo.
Then for all T >0 there exists a unique u € D% such that

Lu=ug, u(0) = uo.
Moreover, u depends continuously on (ug, £, X, Xo&), and for all t >0 we have u(t) € €.

Proof. Everything is clear by now, only the last point u(t) € €* merits some discussion.
By construction, have u(s) € €, for all s >0. So by Besov embedding (Lemma 2.5) we
: 11\ _ ..
have for p; > p with o — 2(; — E) =0:
1

_ofl_1
u(t/2) €%, (5 m>=%p01.

From here we can bootstrap to increase the integrability to the L* scale: We now use
u(t/2) as new initial condition for the equation on [t/2,2t/3], so at u(2t/3) we get an
even better integrability %pOQ with p2 > pp such that o — 2(% — i) =0. This bootstrapping

p2
ends after finally many steps, when we arrive at the L scale. O

5.3 A strong maximum principle

We saw in the previous section that u(t) € €“ is a continuous function for all ¢ >0, even if
the initial condition is only a Dirac delta 6 € €. In particular, it makes sense to speak of
the sign of w(t,z). By approximation it is not hard to see that whenever v is a positive
measure in 6, for some p € [1,00], then u(t,z) >0 for all ¢ >0 and = € T2 Here we present
a nice argument due to Cannizzaro, Friz, Gassiat [9], inspired by Mueller [31], which
shows that in fact the solution becomes instantly strictly positive, as long as ug can be
approximated by positive functions.
We start with a simple observation about the heat kernel:

Lemma 5.8. (][9], (5.3))
Let p; the Gaussian density on R® with variance 2t. For all p>0 there exists tp>0
such that whenever u >0 satisfies u>1 on the ball B(z, k), then for all t €[0,1,]

1
pexu(y) =7, yEB(@,mttp).
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Proof. Without loss of generality we take x =0. For any y € B(x, ) there exists a unique
|z] <1 with y=2 X (k+tp). So if Z is a standard Gaussian variable, then

pexu(y) = Pillp(o,x)(y) =P(ly + V2t Z| < k)
_ Y K
»(ze (7))

K t K
=P| Ze€B — -0, — 1
and for t— 0 we have

t K
lim inf P| ZeB| z( —=+,/=p |,—=
tl—r>r(l)|z1\n<1 ( (z<\/2_t+\/;p> \/2_t>>
t K
=lim inf P{ Z€ B e | e
i“|< ('Z'el<m+ﬁp>7¢2—t>>
—imP| Ze B e <t JLp )2 ) ) =Pz 0)=2
0 "\ Vet 2’ ) /o ! 2

This proves the claim. O

Theorem 5.9. (Strong maximum principle, [9], Theorem 5.1)
Let ug € Cfpo be a positive measure. Assume furthermore that ug#0. Then

u(t,z) >0, t>0,2€ T2

Proof. By the previous discussion we know that u(s) € €% for all strictly positive times
s> 0. Moreover, from a convolution argument the positive measure u( can be approximated
by a sequence of positive functions u{, and therefore u(s) > 0 by approximation, and
for sufficiently small s >0 we have u(s) # 0 by continuity. By considering u(s) as a new
initial condition, we may assume without loss of generality that ug is a positive continuous
function with ug#0. Moreover, it turns out to be easier to interpret u as a periodic function
on R2.

Then there exists a ball B(z, ) CR? on which ug > ¢ for some & > 0. Since the equation
for w is linear, e~ 'u solves the same equation but with initial condition e 'ug. Since
e~ >0 if and only if u > 0, we may forget about the multiplication with e~!, and thus
we assume without loss of generality that

ug>1 on B(z,r) C R~
We can decompose

u(s) = Psug+ /OSPS_T(U(T)S)dT =: Psup+w(s).

By adapting the proof of Theorem 5.7 to initial conditions in €% (for which we get a
smaller blow-up factor ) we see that w € C’%/ZLOO. Let now ¢ > 0. Since w(0) =0, there
exists C' > 0 such that for all s € [0, ]

|w(s)|Le < C's*/2.
Moreover,

Pgup= Z ps(' + k) *UQ = Ps * HB(:):,/{)7
kez?
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so that by Lemma 5.8 we get for all p>0 and s <1,

1
Paug >~
sUo 4
on B(z,k+sp). So if s€(0,t,) is small enough such that
1
a2 o~
Cs**< 3’
we get
1
U(S,y)2§, yeB(:’UaK/—f—SP)’

Using the linearity of the equation, we can repeat the argument on [s, 2s] and obtain
u(2s,y) >1/64 for y€ B(x, k+ 2sp), and so on, until we arrive at

u(t,y) >0,  ye€DB(x,k+tp).
Since p >0 was arbitrary, this completes the proof. O

This argument is very flexible, essentially we only used that the equation is linear.
In particular, it extends to all linear equations that can be solved with paracontrolled
distributions or regularity structures.

5.4 The Anderson Hamiltonian
The parabolic Anderson model can be written as
Ou=Au+u=(A+&u=:u,
where JZ is the Anderson Hamiltonian,
H =0+

(or, taking renormalization into account, 5 = A + £ —00). So we formally have u(t) =
e!?ug, and we hope to obtain information about the behavior of u from JZ.
To do this, we first have to construct 7. In principle, we can define JZu for all

paracontrolled (with slightly different definition than before) u of the form
u=u'©X +u,
where X = (1 - A)" Y% €%, u,u' €62, uf € €7 for a € (2/3,1), because then we have
Hu=Au'oX)+Auf+ust +uef +ufe £+ O/, X, &) +u'(Xo€).

The problem is that while the right hand side is well defined, it is still only in %,*~* and
thus only a distribution and not a function. Also, we would like to construct JZ as a self-
adjoint operator on a Hilbert space, so that we can use spectral theory.

The first problem could be overcome very easily by restricting our attention to a sub-
space of the paracontrolled distributions: If we write T} for the map that sends ug to u(t),
where u is the solution of the PAM, then for all ug € Cfpo both Tiug and the integral f g Tiupds
are paracontrolled, and

t t t
I / Tiugds = / T upds = / OsTsupds = Tyug — ug,
0 0 0

so if wp is “nice enough” (depending on the space on which we want to define J#), then
f g T,upds is in the domain of 7. Since also ¢! f g Tiuopds converges to ug, we would obtain

that the domain is dense. The problem with this approach is that it seems not so easy to
obtain information about the spectrum of .77 from that construction.
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Therefore, we take a different approach which goes back to Allez and Chouk [2]: For
A >0 we consider the resolvent equation

A=) u=v
for v e L2 C €. We can rewrite this equation as a paracontrolled PDE as follows:
A =Au=ul+v & u=(\—A)" (uf +v)

As there is no time variable, we do not need the modified paraproduct and for large A
the equation is actually easier to solve than the parabolic Anderson model. The space of
paracontrolled distributions for this problem is with € (2/3, )

(u,u’,u) € 65 x € x €7 uf=u—v'oX.
We obtain a small factor for the contraction property by choosing A large (which we fix
from now on). The solution  is then in %’ C 325/2 for all 5"€ (0, ).
Exercise 5.3. For v € R we define the L? Sobolev space

HY= {u e SN(TY: Jullfni= 3 Jalk)2(1+ [k ) < oo}.

kezd

i. Show that HY = By 5 with equivalent norms.
ii. Show that H?= L2
iii. Show that bounded sets in H” are relatively compact in H 7" whenever v >

By the exercise we see that the operator
Ry L23v— (A=) lv=uec L?

is compact (i.e. it maps bounded sets to relatively compact sets). Moreover, it is self-
adjoint: Assume for the moment that £ is a bounded function, then A — =X — A — £ is
self-adjoint because multiplication operators are trivially self-adjoint and A is self-adjoint
as well, and therefore

(Ryv,w)r2=(Ryv, (A = F)Ryw)r2= (A — ) Ryv, Rxw) 2= (v, Ryxw) 2.

By approximation, this carries over to our situation.

So Ry is a compact self-adjoint operator on the Hilbert space L*(T?), and by the
spectral theorem for compact operators there exists an orthonormal basis of eigenfunctions
(en)nen and real valued eigenvalues (kp)nen such that k1| > |ko| = -+ with |k,| — 0 and

Rye, = knen, n € N.

We just need one more information about the k,:
Lemma 5.10. We have k, >0 for all n € N.

Proof. By definition of Ry = (\ — )~! we have Ryv #0 for all v+ 0, and therefore
|n| > 0 for all n. Thus it suffices to show that s, >0, which follows immediately once we
show that R) is a positive operator, i.e. that

(Ryv,v)220
for all v € L?. Indeed, then

Kn = Kn{€n, €n)r2= (Rxen, en)r2 > 0.
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To see that R) is positive, we use the representation

Ryv —/ e~ MTdt.
Indeed, we have for S >0 0

S S
(A= ff)/ e MTwdt = / —Oy(e ™ MTw)dt =v — e Ty,
0 0

and since the PAM is linear we have ||Tsv || 2 < Ke®5|jv||;2 for some K >0. Without loss of
generality we assume that A > K (in fact we already had to take A > K in the construction
of R)), and then we can send S — oo to get

(A— %”)/ e~ MTwdt =v,
0

which proves the representation for Ry. So now it suffices to show that 7; is a positive
operator for all t. But

(Tw,v)r2= (T 2T} jov,v) 2= (T jov, Ty o) 2 = ||Tt/2UH%2 20,

where we used the semigroup property of (73), and that 7; is self-adjoint for all ¢: If £ is a
bounded function, this follows for example from the Feynman-Kac formula, because we may
interpret v as a periodic function on IR? and then obtain with a two-dimensional Brownian
motion

[EQTw(m)w(m)dx —AQE[v(x+Bt)eXp</Otf(x—i—Bs)ds)}w(x)dx

_E A ot Bt)exp< / ot Bs)ds)w(x)dx]

:]E Xp( / ¢(v+ By— Bt)ds>w(x—Bt)dx}
:IE) exp(/gx— (Bi— By s))d3> (x — (B — By t))dx]

:IE) exp(/§x+B ds) (x+Bt)dx]

—/W(mw()

where we used that s+ —(B;— Bi_s), s € [0, ], is a Brownian motion. By approximation,
T; is also self-adjoint in the white noise case. O

Consequently, the eigenvalues k, are not only decreasing in absolute value, they are
actually decreasing. We claim that the e, are also eigenfunctions for 7. Indeed,

(A= )ep,= /i;l()\ — I )knen= /i;l()\ — H)Ryen, = /i;len,
and thus
Hen=(\— /qgl)en =: \nén

Since the k,, are decreasing, also the A, are decreasing, and since k,, — 0 we have A\, — —o0
for n — co. We thus obtained a spectral decomposition

O = Z An €, V) 1260,

n=1
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which is valid whenever v is in the domain of 7.

5.5 Long time behavior of the periodic parabolic Anderson model

We formally have T} = e*”* | and with spectral calculus we can make this rigorous:
o
Tiuw= Z e len, u)p2en.
n=1

For w such that (u, ey)2#0 only for finitely many n this representation follows immediately
from the fact that both Tyu and Y7 et (e, u)p2e, solve the equation Oy = 7, and
then it extends to general u by approximation.

Lemma 5.11. The operator F has a spectral gap, i.e. A\1 > Xa. Moreover, e1(x) >0 for
all z € T2

Proof. Consider the cone
K={vel*v>0}CL>

We say v > w (resp. v>>w) if v —w is in K (resp. in the interior K° of K), or in other
words if v —w >0 (resp. v —w >0) almost everywhere. Then 7; is a compact linear operator
that is strongly positive, i.e. such that

Tiw>0

whenever v > 0; indeed, this follows from the strong maximum principle Theorem 5.9.
By (a consequence of) the Krein-Rutman theorem, see Theorem 19.3 in [14], we have
A1 > A9 and e; > 0. Since e; = /fl_lR,\el we know that e; is paracontrolled, i.e. there exist
e1=ej0X + e§ with e} € ‘526 and e% € ‘55”6. The paraproduct estimates together with the
Besov embedding theorem thus show that e; € €€ for some € > 0 and thus e; is a continuous
function and e;(z) >0 for all . O

We now collected all ingredients needed to describe the long time behavior of the PAM:

Theorem 5.12. There exists k>0 such that for all u € L? with u>0 and u+#0

o | T
t—oo || €1 (u, €1) 1 2€1 oo
Consequently, we have for v’ >0 with u'#+0
. T
lim tu, - (u/, €L =0,
t—o0 Ttu (u ,€1>L2 oo

1.e. the ratio of two solutions for different initial conditions becomes constant for large
times.

Proof. First note that (u,eq)r2> 0 since ei(z) >0 for all z, and therefore the division by
e {u, e1)2e1 is allowed. We also have e1(x) > ¢ > 0 for all x, because e; is continuous and
T? is compact and thus e; attains its minimum. Thus

[e.9]

Liu 1 t(An—A1)
:1 + e n 1 u’ e e .
e (u, er)p2e1 <u,el>L2612 (u, en)r2en

n=2
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Tiu
et>\1<u7 61>L261
to work a bit more the get the convergence in L>°. We have for 7 >0 and ¢t > 7

U 61>L2€1( )

From here it is trivial to show that — 1 converges to zero in L?, but we have

N X

o0

EZ A=A, )2l len()]

<

<u e1)r2e1

1/2 / oo 1/2
<l ex)raz | (}j o "Awe<)|> (}jew—ﬂwfhwummmv>

n=2

oo 1/2 oo
S(E:e%MkA@P> Y TP

n=1 n=2

oo 1/2
s(Eje%MwamP) TN

n=1
Now we use that A1 > Ay by Lemma 5.11, so the claim follows once we show that

S e2™|en()|* < 0o. But if pf is a smooth approximation of the Dirac delta, then

o0

o
Z e, (2)|? <liminf e?™ (e, p(x — )\ p2len, p5(x — )2

e—0 1

= [w e er ey

where u”"®~") is the solution to PAM with initial condition p°. By our previous results
u”"®=)(27 ) converges uniformly to u*®~) and thus we get

Z e2™n e ()2 <u’® ) (27, ) < 0.

To derive the limiting behavior of Tyu/Tu’, note that

Tiw Tiu e (ul, e1)r2eq " (u,e1)r2
ﬂul et)‘1<u, €1>L2€1 Eul <’U/, 61>L2

)

and now note that if || f, — 1|z — 0, then also ||1/ f, — 1||r~ — 0, from where we deduce
the second claimed convergence. O

Consequently, the initial condition does not influence the limiting shape of the solution
to the PAM at all and only contributes through the scalar factor (u,e;).

We can also solve the PAM on R?, and there the situation is much more complicated.
Then the operator ¢ does not have discrete spectrum, its spectrum is unbounded from
above, and it does not generate a continuous contraction semigroup. While we can still
solve the PAM on R?, the solution at time ¢ lives in a larger space than at time 0, with
more permissive weights capturing the growth/decay at infinity; see [24] or [26] for details.

5.6 Some related linear equations

The spectral point of view provides us with easy solution theories for some other linear
equations, for example the stochastic Schroedinger equation

10w = Au 4 u& = FE
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with ¢ =+/—1, or the stochastic wave equation
&gtu = (% - )\)f

for A> \1. In the first case we can set
o0
u(t) = Z e (u, ep)r2en,
n=1

and in the second case we consider the equation as a system,

Ou =v
O =(H — Nu,
so that we can set
K(ug, vo),
where
_ cos(t(A — )'/?) (A= 22) " 2%sin(t(A — )1 /?)
t‘( (A= 2)Y2sin(t(\ — )12 cos(t(\ — A)1/2) )

Based on this point of view we can then introduce nonlinear perturbations to the equations,
for example by considering the mild formulation based on (e**7¢); resp. (K);, see [21] for
details.

6 Relation with regularity structures

Hairer’s regularity structures [22]| provide another approach towards dealing with singular
SPDEs, and they are based on closely related ideas, although they use very different
technical tools. They are based on generalizations of the Taylor expansion and of increment
characterizations of regularity. Here we discuss some links between paracontrolled distrib-
utions and regularity structures, essentially how the different descriptions of regularity are
compatible.

My aim is not to give an introduction to regularity structures, this section addresses
mainly readers with some previous exposure and in the beginning we only collect the main
notions from [22] without any motivation or intuitive explanation. For nice introductions
to regularity structures see for example [23, 12].

Definition 6.1. A regularity structure is a triple T = (A, T, G), where A C R without
accumulation point except possibly at oo, where

T:@ T,

acA

and each Ty, is a Banach space, and where G is a group of bounded linear operators on T
such that for all I' € G and all T €T,

FT—TG@TB, reG,rel,.
B<a

We call T the model space and G the structure group.

A regularity structure is a purely abstract construct that provides a framework in which
we can set up new notions of regularity and new function spaces. These function spaces
depend on concrete realizations of regularity structures, that are encoded in models.

For : RY— R we define

er=A"%(A\ " (-—2)), A>0,zeR%
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For a« € A and 7 € T we write Q,7 for the projection of 7 onto T, and

17 [l := 11 Qa7 |

Definition 6.2. Let T =(A,T,G) be a regularity structure and d € N. A model for T on
R? consists of maps

ILRY— L(T,.'(RY), T:RIxR!=G,
such the algebraic relations
erxy = Hya nyryz —lzz

hold, and such that with r > —« for all o € A the following analytic relation holds: There
exists C' >0 such that

L7 (o) SO 1T llar  Toy7lls < Clz = yl* 7|17 o,
for all p € Cf with ||¢||cy <1, for all A€ (0,1], for all z,y € R? and for all o, B € A.

Models provide the framework in which to model regularity, and given a model we can
define new function spaces:

Definition 6.3. Let T =(A,T,G) be a regularity structure with model (IL,T"). For v>0
the space of modelled distributions 97 consists of the maps f:R%— @ T, CT such that

1fe=Leyfylla <Clz—y"7% | falla<C

for all a <~ and x,y € R, where C >0. We write || f| o~ for the smallest such constant.

a<y

Modelled distributions take values in the abstract Banach space T'. But we can associate
to each modelled distribution an element of .#/(R%):

Theorem 6.4. (|22], Theorem 3.10) Let v > 0. Then there exists a bounded linear
operator

KDV —C,

where qg=mingec 4, such that for some C' >0

\Zf(92) — W fu(pd)] <CAY (6.1)

for all ¢ € Cf with |l¢|lcp <1, for all A€ (0,1], and for all x € R Here r is as in
Definition 6.2. Moreover, Zf is the unique element of %' that satisfies (6.1).

We now want to link the theory of regularity structures with paracontrolled distribu-
tions. More precisely, we give descriptions of modelled distributions based on paraproducts.
The material here is from Section 6 of [16] and from [27].

Definition 6.5. For f:R?— T we define

P(f,T)(2):=Y" / Kejor(o — o) K — )L 0, (2)dydz

i>1
P(f,I‘)(x):—Z/ Koj_i(x —y)Kj(z — 2)I3y fydydz
i>1

whenever these are well defined. Note that P(f,I1) takes values in .#'(R?), while P(f,T)
takes values in T.

and
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We can extend our Besov spaces %" easily to distributions with values in a Banach

space X, by writing

Hu“cgn(x) = Ssup 2jHHKj *uHLoo(X) =! Sup 2jn||AjuHLoo(X)
j=-1 j=-1

Lemma 6.6. Let v>0 and f € 27. Then for all a <~
1Qalf = P(f, TN gy SN f 27,

and also

12f —P(f, Iy S -
Proof. First observe the trivial estimate
| QaA<of levr) S fllpeory <1 fll2
Moreover, since [ K;j_i(x)dz=1 for all j > 1:
Qu(f = Acof = P(f,T))(z)

_Z //K<J 1z —y)Kj(z — 2) Qal fo — Ly fy)dydz.
j>1

By Lemma 2.7 it suffices to bound each addend of the series, and using that f € 27 we have

/ Kejr(@ = y)K; (2 — 2)Qul fo — Tuyf,)dydz

< [ IEeiate = Kyfa =) x |2 = ol oy

SHfII@W/ [K<j1(z —y)Kj(z —2)[ x (|2 =277+ [z — y [T~ %)dydz

Sl fllgr2790),

which shows that [|Qa(f — P(f,I))llg-e(z) S fll2-
The second bound holds by very similar arguments:

[1A<Zf Iy S 2 flloo S |27

by definition of A and the reconstruction operator, and

(Bo0 = P(£ @) =Y [[ Kesrla = p)Kyta =)@ 1) L1y ()) g

j=1
Again it suffices to bound each addend individually, and

‘ [[Eeimta = e =)0 - g )ave:

| [ esste - s (27) - ()
< / Kejoi(e—y)(#(K27) —fox(Kg%"'))dy‘

+ /K<j1(35 — y)L(fs — nyfy)(K:%j)dy‘

</ K<j—1(x—y)2‘”\|f||@vdy‘

a<'y
277 f N2,

/Kq (& — )27z — |~ f | ondy
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which completes the proof. O

Note that Z f itself is much more irregular than €7, in general we only get Z f € € 0.
So the lemma gives a decomposition of Z f into a paraproduct and a smooth remainder.
To do: paracontrolled distributions are modelled.

7 A nonlinear stochastic wave equation

7.1 Dimension 2
Here we follow Gubinelli, Koch and Oh [18] and study the equation

Zu=Au+u+¢

on R x T?, where £ is a space-time white noise. While at first sight this looks very similar
to the ®3 equation, it behaves were differently because the wave equation has much worse
regularizing properties than the heat heat equation.
We can bring the equation to first order in time by rewriting it as a system, u = (u, v),
with
Oyu =v
Ow=~Av+u’+¢,

()0 (e )

01
A=(20)
Then we have with |V|:= (—A)Y/2

ol A — cos(t|[V])  |V|™lsin(¢|V])
< —|Vsin(t[V])  cos(t|V]) )’ (7.1)

or

where

where cos(t|V|) and sin(¢|V|) are defined in terms of spectral calculus, or explicitly through
the Fourier transform:
cos(t|V])u= > cos(t|2mk|)i(k)e? .
kez?

We can verify this representation for e*4 by differentiating the matrix in (7.1) and by
showing that the derivative equals Aet4.
In particular, the variation of constants formula gives

(50 )= >+/ote(t_5)’4( e+ 05 )ds’

and since we are mainly interested in u:

Esin((t — s)|V|)

u(t)=S(e) (o) + [ I eyt s

where
sin(t|V])

S(#) (o, vo) := cos(t|V]Juo + ==&
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Here we see an important difference compared to the heat equation: While P, =e'® = eIVl

is infinitely regularizing (with a blow-up for ¢ —0), the same is not true for sin(¢|V|) /| V|,
which only seems to gain one derivative.

Let us proceed anyways, and apply the tools that we developed for dealing with the &3
equation: We make the Ansatz

u=27Z+w,

sV,
Z(t) = /0 o (e

where

To simplify notation, we also write
t .
sin((t —s)|V
71ty [ S as,
0
so that for example Z =7¢. Then
w =8 (ug, vo) + Z(w?+2wZ + Z?).

Of course, there will be problems with defining Z? because of the irregularity of Z. We
can derive the regularity of Z along the lines of Lemma 3.3, and this gives

ZeCre—"r

almost surely for all x> 0. This may be surprising, because it is the same regularity
that we got for the convolution of ¢ with the better behaved heat kernel, but at least
an estimate in the Sobolev scale is actually very easy to obtain: We have for a family of
complex valued standard Brownian motions (B¥),cz (i.e. both real and imaginary part
of B* are independent standard Brownian motions) such that E[Bf B! =20k, _ss At the
representation

Z(t,l’) 27rzkz/ Sln |2ﬂ_k||2ﬂ-k|)dB§7
keZ?

and thus

B2l = Y @+ b2 [ U g ¢ 57 e

keZ? ke7Z2

which is finite as soon as o < 0. Since also

t
/ e—Z(t—s)\kaFdS _ O(|k‘|_2),
0

this explains to some extent why we see the same regularity as for the heat equation. See
Proposition 2.1 of [18] for the precise derivation of the regularity of Z, where it is also
shown that for all n

Z" = lmZ" :=lim H,(Z, var(Z.)),

e—0 e—0

for a suitable mollification Z, of Z, satisfies Z™ € C1% ~* for all n and all x > 0. Hence,
we modify the equation for w to take the renormalization into account and try to solve

w =S8 (ug, vo) + Z(w?+2wZ + Z*%).

For that purpose we have to understand the regularizing properties of Z better, which are
provided by the Strichartz estimates for Z. To formulate them, we need a definition:

Definition 7.1. ([18], Lemma 3.1)
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Let s€(0,1). A pair (q,r) € (2,00] X [2,00) is s-admissible if

E+?:1_S and 2<r<q 3—-4s’ 4 .

0, else

A pair (q,7) €[1,2) x (1,2] is dual s-admissible if the conjugate exponents (', 7') are
(1 — s)-admissible, or equivalently if

6

%4_%:3—8, and max{l—i——}é?:g 2

2—35s’

"7 —4s
where 7 >1+ means 7> 1.

We also need suitable function spaces to work in. It turns out that the regularizing
properties of Z are best seen in L?Sobolev spaces, therefore we set

H:=H*x H5™1, seR.
We also write
LipX = L¥([0,T], X)
for a Banach space X
Lemma 7.2. ([18], Lemma 3.2)

Let s €(0,1) and let (q,r) be s-admissible and (q,T) be dual s-admissible. Then we
have for

u=38(ug,vo) +Zf
and T € (0,1] the following Strichartz estimates:

1(u, O [lLgeres + l[llger S M1 (o, v0) s +min {1 f Nl g e 1LF lpgars—1}-

In other words, we gain one derivative on the Sobolev scale H* for u, but we can also
gain integrability instead.

Now let us try to set up a Picard iteration for w in LF*H® with s € (0,1). Then we have
to control the right hand side of the equation, which is done in the following lemma:

Lemma 7.3. We have for s€(0,1) and k€ (0,s N\ (1—s))

[w? 42w Z + Z%|| e gs—1 SNw|Fse prs + |wlgors | Z | psog—n + |1 275 || oo —n-

Proof. We decompose

w?=w O w+ 2wow
and estimate for x € (0, s) via Besov embedding (and using that d=2)
lw ©wllzgers—1 S w O wllggp1+x S w Ol pgregpen STl oo S Wi,
as well as
lwow||Lgps—1 SlwOwl|goqps—1++
SHWHL%O%;““HWHL%O%S

Slw gy lwllrses

Sllwllzgene.
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Next, we let kK € (0, (1 —s) As) and get
lwZ g s SwZ | gy SNwlleges |2 g — S llwlngeme | Z |pgoss —-
And finally

1Z% Lo s -1 SN Z7% || e~
]

Combining this with the Strichartz estimate, we can set up a Picard iteration for (u,0u)
in C7H?® and get existence and uniqueness of solutions for small 7" > 0.

It may seem surprising that we stated the Strichartz estimates in such a complicated
way, when the regularization effect in H® was all we needed. But that is very much due
to the fact that here we only considered the nonlinearity u?. If we replace u? by u”* for
k > 2, then things become more complicated because we lose more integrability, and then
we need to start keeping track also of the integrability. Moreover, we pick up additional
constraints for the regularity s of the initial condition.

7.2 Dimension 3
Now let us try to see what could be done for the same wave equation
Zu=Au+u+¢

in d=3, i.e. u: Ry x T3 — R. Here we follow Gubinelli, Koch and Oh [17]. As before, we
start with the ansatz

u="1+w,
where we use tree notation now and

1=T¢.

The same simple computation we did above to derive the regularity of Z also works in this
setting, and it suggests (correctly) that 1 €C7%¢ ~'/?>~. The next term in the expansion is

Y=z(1%),

and if we apply the usual heuristic for guessing the regularity, we get 1 %#cCr¢ '~ and
then, since Z should gain one derivative because of the factor |V| ™!, we guess

Y=1(1%) e Cre°-.

But unlike in the parabolic setting, this guess is in fact suboptimal, and we can show that
Yecrel/2-,

i.e. it is “half a derivative” better than expected. But to see this we have to estimate Y
directly and cannot first construct 1:% and then apply Strichartz estimates. See [17],
Proposition 1.6.

We thus make the ansatz

u=" —f—Y—f—w

and obtain the following equation for w:

w = S(uo, vo) +Z((w +Y)2—|—2(w+Y)T ).
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Since 1 €C7€ /2=, we expect w at best to have regularity 1/2—, so that w! is not well
defined. To proceed, we use the paracontrolled ansatz, although in a slightly different
formulation that goes back to Mourrat and Weber [29]. Namely, we make the Ansatz

w=wy + w2
with

w =T(2(w; +ws + Y)er)
wao =S (ug, v0) + (w1 +wa+ Y2+ 2w+ Y) Ot +2(w+ Y)o!).

By the usual power counting we would guess the regularities wy € C’TB(} /2~ and wy € C’TB%f,
where B> denotes a suitable Besov space that will be determined later. We also see that
we would expect having to control

Y@f ECT(gof,

and indeed this is possible. Now it looks like we are in good shape to put our usual
paracontrolled machinery in place, provided that (ug,vo) are regular enough and we control
(Z1) ® 1. However, there is one major problem: When solving parabolic paracontrolled
equations, we essentially used that the heat semigroup commutes with the paraproduct
up to a smoother remainder (this was hidden in Corollary 4.9), and that is no longer true
for the operator Z. We can however control the relevant resonant product with stochastic
computations, i.e. show that

f=I(Z(fer)o!)

is a bounded random operator between suitable Sobolev spaces. From here the analysis is
similar to what we have seen before.
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