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Introduction

Stochastic partial differential equations (SPDEs) are simply PDEs with “noise”. Just as
there are many different types of PDEs, there are at least as many different types of SPDEs.
In this lecture we will only be interested in semilinear parabolic SPDEs, which are of the
form

Du= A+ f(u, V) + g(u, V)&, u(0)=uo, (1)

where u: Ry x R?— R with (¢,2) € Ry x R? and ¢ is the noise. The equation is called
parabolic because if d=1 and if we interpret the highest order differential operators as
polynomials and ignore the nonlinearities (i.e. d;—t and A = 0, — x?), then the identity
t =122 describes a parabola. It is called semilinear because it depends linearly on the highest
order derivatives and the nonlinearities only involve lower order derivatives.

We will learn two approaches to SPDEs. First we discuss the classical approach from
Walsh’s Saint Flour notes [51]. This is based on an extension of It6 calculus to multiple
parameters. We construct It6 integrals [ g fR Lp(s,x)&(ds, dx) using the same ideas as for

the construction of the It6 integral [ g H.d B; for a Brownian motion B. This will allow us
to solve SPDEs with space-time white noise (which we will define) in dimension d=1 as
long as f and g do not depend on Vu. We can also solve linear equations (linear f and
g=1) in d > 1. If the noise is less singular than white noise (sufficiently “correlated” and
not “white”), then we can treat equations in any dimension with Walsh’s approach.

Then we will be interested in certain equations with white noise and f depending on
Vu in d=1, or nonlinear f in d > 1, or in equations with a noise which only depends on
space but which is constant in time. For these equations our previous tools break down.
Therefore we will learn a pathwise approach to SPDEs which overcomes this problem. To
understand the philosophy of the pathwise approach we will first learn some basic rough
path theory, a pathwise approach to stochastic ordinary differential equations. Then we will
extend the ideas of rough paths to higher dimensions, in the framework of paracontrolled
distributions from [22|, which combine techniques from Fourier analysis with the rough
path philosophy and apply this to SPDEs.
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1 Some motivating examples

Example 1. (Interface growth) SPDEs arise naturally as scaling limits of microscopic
systems, similarly as Brownian motion arising as scaling limit of random walks. Consider
for example an exclusion process on Z, i.e. a system of particles which perform continuous
time independent random walks with rate p (resp. 1 — p) of jumping to the right (resp.
the left), but which are not allowed to jump on top of each other; each site has at most
one particle.
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Figure 1. Simple exclusion process

If the random walks are symmetric, i.e. p= %, then on large scales this particle system
resembles (converges to) the SPDE

1
Opu= §8xazu +0:€,
on Ry x R, where ¢ is a space-time white noise (roughly speaking (¢, x) is independent of
&(s,y) whenever (t,x)# (s,y)) and where 0, is the derivative in the sense of distributions
(we will learn how to interpret that). This equation is called the infinite-dimensional
Ornstein- Uhlenbeck process. If we take a small perturbation around the symmetric jump

rates and consider p= % + Xe, with A € R and € — 0 as we scale out, then the scaling limit
is given by the stochastic Burgers equation

Dy — %@mu D+ Oyt

Since formally Oyu? = 2ud,u, this equation is of the type (1), with a very singular noise
E=0x¢.

One motivation for studying this particle system is that it corresponds to a simple
interface model: We can imagine a piecewise linear curve (h(t,k):t >0,k € Z) over Z, such
that h(t,k+ 1) — h(t, k) =1 if there is a particle at site k, and h(t,k+1) —h(t, k) =—1
otherwise. We can convince ourselves that then local maxima become local minima with
rate p, and local minima become local maxima with rate 1 — p.

Figure 2. Simple exlusion as interface model
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The oscillations of this random interface could for example be a toy model for snow
crystals piling up on a windshield (see Figure 3). Except in that case up and down are not

symmetric, so we would not expect to have p:% but rather p < % On the other hand if
there is some melting, we also would not expect to have p=0. The large scale behavior

for pe (0, %) is very difficult and not well understood yet. But if we take p:%— e (“slow
growth”), then the scaling limit for the interface is the KPZ equation

Oih = %@mh —(0,h)2 + €.

By formally differentiating h in x we see that its derivative should solve the stochastic
1

Burgers equation with A= 3 which is not surprising given how we constructed the interface.
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Figure 3. Snow crystals. Lowe et al., Geophys. Res. Letters, Vol. 34, L21507, 2007.

Example 2. (Filtering) Let B, W be independent Brownian motions and consider a
signal given by the solution to the SDE

dXt:b(Xt)dt-f-dBt, X()Np(SU)dCL‘,

where p is a probability density on R. We would like to know the current state of X;, but
unfortunately we cannot observe X directly, but only

t
yt:/ F(X)ds + Wi
0

Our aim is to compute the conditional probability distribution of X; given the entire
observation until now, (Ys)se(o,4- That is, we want to compute E[p(X;)[(Ys)seo,q] for all
continuous and bounded test functions . One can show that this conditional expectation
is given by
Jrult, ) p(x)dx

Jru(t,x)dz '

Elo(X)[(Ye)sep,q] =
where u solves the Zakai equation

O =2 0ru—0,(b0) + fudY . u(0)=p.

By a Girsanov transform we can construct an equivalent probability measure under which
Y is a Brownian motion, we write I/, and then the equation becomes

o= S0 -0, bu) +u, ()=,

where formally £(t,x) = f(z)0:W (t).
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Example 3. SPDEs also arise as scaling limits of population models: Consider indepen-
dent continuous time random walkers on Z¢ which can branch into new particles or die,
according to a random landscape. More precisely, let (7(z)),cz¢ be an ii.d. family of
centered random variables with sufficiently many moments. If a particle is at site  and
n(x) is positive, then we interpret this as a favorable environment and the particle can
reproduce with rate n(z)* =max {n(z),0}. If the reproduction event happens, then the
particle splits into two new independent particles, which both follow the same dynamics
as the other particles. If however n(z) <0, then the environment is unfavorable and the
particle is being killed with rate n(z)~. On large scales and for large numbers of particles
this system approaches the parabolic Anderson model

Opu = %Au +ué,
on R, x R%, where ¢ is a space white noise and independent of time.

Conventions and notation Throughout these notes, (2, F, (Ft)t>0, P) is a filtered
probability space satisfying the usual conditions. We write a <b if there exists a constant
C >0, independent of a and b, such that a < Cb. Similarly for 2 and ~. For example,
it follows from Holder’s inequality that (x4 y)? < 2P~ (2P + yP) for p>1 and =,y >0,
so we would write (x + y)? S aP + yP. If we want to stress that the implicit constant
depends on one of the (unimportant) variables, we denote it with a subscript. For example
(z+y)P Spa?l + yP.

1 Classical approach to SPDEs

Here we present the approach of Walsh [51]. It is based on a multi-parameter extension of
It6 calculus, in which the time variable plays a distinguished role because it gives rise to
the flow of information (filtration) and to the martingale structure.

1.1 Gaussian martingale measures and stochastic integration

Our first task is to mathematically model the noise appearing in the SPDEs. For simplicity
we restrict our attention to noise on R x R%, but we could replace R? by any Polish space
(S,S) (for example if we want to solve an equation on a domain D C R? we could take
(D.B(D)).

Recall that a signed measure K is the difference of two (positive) measures K+, K,
that is K = K+ — K ~, where at least one of the two is finite (we cannot have both K +(RR%) =
K~ (RY) = 00, because then K (R?) would not be defined).

Definition 1.1. Let K be a signed measure on (R? x R%, B(R%) @ B(RY)). We say that K
is symmetric if K(A x B)=K(B x A) for all A, B € B(R%. K is positive definite if for
each bounded measurable function f for which the integral makes sense we have

/ f(2) F(y) K (da, dy) > 0.
RIx R4

If K is symmetric, positive definite, and o-finite, and if there exists a symmetric, positive
definite, and o-finite positive measure |K | with |K(A x B)|<|K|(A x B), then we call K
a covariance measure and we define

(Froh= [ J@eK(da.dy). =TT P
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We define Ax = {A € B(RY): K(A x A) < }. Ak is a ring of sets (closed under finite
unions and A, B € Ax= A\ B € Ak), but this will not be important for us.

Remark 1.2.

i. If K is a positive measure, we can take |K|= K. Similarly, if —K is a positive
measure (so Kt =0), then we can take |[K|=—K.

ii. In general |K| will not be the total variation of K, because the total variation is
not necessarily positive definite.

iii. The measure |K | will be needed for the construction of the stochastic integral below.
If we were not interested in stochastic integration, we could remove the assumption
that | K| exists.

iv. For A, B € A we have
K(Ax B)=(1a,1p)x
by definition.

v. Since (f,g)— (f, 9)k is a symmetric and positive definite bilinear form, it satisfies
the Cauchy-Schwarz inequality and the triangle inequality for the (semi-)norm:

(fs 9 <[ flxllglle, I +glx < fllx+ gl

If this is not clear to you, you should prove both of these. You could use the same
proof as in R".

Question: Can you interpret a covariance matrix in R"*™ as a covariance measure, if
we take a different measurable space than IR? in the definition of covariance measures?

Recall that a real valued stochastic process (X;)ier is called Gaussian if for all g, ..
an€R and 41, ..., %, € [ the random variable o1 X;, + -+ + @, X;,, is normally distributed.

e

Definition 1.3. Let K be a covariance measure. A centered Gaussian process
(Wi(A): (t,A) € Ry x Ag)
is called a Gaussian martingale measure with covariance K if for all A, B € Ag:
i. Wo(A)=0;
it. (Wi(A))e=0 is a continuous martingale in the usual augmentation (Fi)i>o0 of
FP=0(Ws(B):s<t,Be Ag);
iti. BW(A)Wi(B)]=(sAt)K(Ax B) for all s,t>0.

Lemma 1.4. Let K be a covariance measure. Then there exists a Gaussian martingale
measure with covariance K and its law is unique.

Proof. We know from Stochastics II or III that if I is any index set and I': I x I — R is any
positive definite covariance function, then there exists a Gaussian process with covariance
I' and its law is unique. Here we have I =R, x Ax and

I((s, A), (t, B)) =s ALK (A xB):/
Ry

( / n[ovtmmo,s}(r)me(y)K(dx,dy))dr.
R4 x R4

Therefore,
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Z 04204] tu z) (tj7Bj))

i,7=1

_/IR /RdedZ il 1 (r) Lo, (1) Lay(2) 1, (y) K (dz, dy) |dr

i,7=1

:A{ (/Rded<Z il (7 )(Z ailp,(r)La,(y ))K(dx,d@)d?«)().

So let (Wi(A))s>0, 44, be the Gaussian process with covariance I’ which we obtain from
Kolmogorov’s extension theorem. Then we have for s <t and for all p> 1, using the

Gaussianity of W;(A) — Wi(A):
E[[Wi(A) = Wy(A)"] = E[1X PIE[Wi(A) = Wa(A)P]P/2 = E[|IX[P]]t — s|P/%[|La]

for a standard normal random variable X. So by Kolmogorov’s continuity criterion the
process (Wi(A))¢>0 has a continuous modification (Wi(A))¢>o0. Moreover, for any 71, ...,
€0, s] and By, ..., By € Ax we have

E[(Wi(A) = Ws(A))Wr(Bi)] = (t Ari — s Ari) K(A X By) =0,

so by Gaussianity W;(A) — W;(A) is independent of (W, (By), ..., W,,(By)). A monotone
class argument shows that W;(A) — W;(A) is even independent of Fs and therefore the
martingale property follows. O

Question: Which p could we use for Kolmogorov’s continuity criterion in the proof?
Which Hélder regularity does the process (W;(A))¢>0 have?
Note that point iii. of the definition implies that W (A) is a multiple of a Brownian

motion, more precisely W (A) has the same distribution as /K (A x A) B for a Brownian
motion B.

Lemma 1.5. Let W be a Gaussian martingale measure with covariance K. Let (Ap)nenC
Ak be disjoint sets with |, An € Ax. Then for all t>0:

m(u An) =" Wi4,)
where the series on the right hand side converges in L*(PP).

Proof. Exercise 1.1. O

Remark 1.6. We could call W; an L?-valued measure. But in general it is not true that
Wi(w,-) is a measure for fixed w. Indeed, even if )~ W;(A,) converges almost surely and
not only in L2(IP) (which we did not show), the identity

()

is only true outside of a null set. And the null set may depend on the sequence (A4,,), of
which there are uncountably many. In most cases of interest there exists no modification
of W which is a measure.

Remark 1.7. We formally have
E[Wy(2)Ws(y)] =t nsf(z,y),
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where f(x,y) is the density of K with respect to the Lebesgue measure. Of course, K
does not have to be absolutely continuous and W;(z) does not have to be defined for single
points x. But if we ignore that and proceed formally, assuming that W;(x) is continuous
in z, then we get with the ball B(z,r)={y: |z —y|<r}:

1

B{W @) W(y)] = lim 1o BB, 1)) W(B(y, )]

1
=lim ———<tAsK(B B .
rg% ‘B(Z’,T)‘Q S ( (x,T)X (y,r))
If K has a continuous density f with respect to the Lebesgue measure, then the right hand
side indeed converges to t A s f(x,y).

Example 1.8.

i. Consider n independent one-dimensional Brownian motions B!, ..., B™ and let o1, ...,
o € Cp(RY) be such that for each k either ox(z) >0 for all z € RY, or o € L'(RY).
Then

n
Wi(A) = / (@) Wi(w)d, Wi(x) = ox(x)Bf,
R k=1

is a Gaussian martingale measure (Exercise 1.2).
ii. The most important example for us is K(dx,dy)=|K|(dx,dy) = 0z(dy)dzdy for

the Dirac delta
1, z€A,
0, else.

0z(A):= {
We mostly write

K(dz,dy)=0(x —y)dxdy

and interpret d(z — y) as the “density” of K (which of course does not exist, but
formally it is oo if =y and 0 otherwise). In that case we call W a space-time
white noise (or rather the formal derivative 0;W; is called space-time white noise).
Heuristically, we have

E[0:Wi()0sWs(y)] = 0:05(s N )o (2 — y) = 6(t — 5)0(x — y),

i.e. 0:Wi(x) and 0;Wj(y) are independent unless s=¢ and =y (and in that case the
variance is infinite). So space-time white noise is completely decorrelated, the noise
is independent in any two distinct space-time points. More rigorously, whenever

[81, tl] x A1 N [SQ, tg] X Ag= @,

then Wi, (A1) — Ws, (A1) is independent of Wi, (A1) — Wi, (A1).

iii. We will see later that we can define Wi( f) for f with || f[|||x| < oc by an extension
argument. For now we take this for granted and use it to define a mollified space-
time white noise: Let W be a space-time white noise and let p € C>°(R% R) be a
positive function with f]R ,P@)dz=1. Then we define the mollification of W as

follows: Let W be a space-time white noise and let for A\(A) < oo (A is Lebesgue

measure) W(A):—W}<[4p(x_')dx>’

which should be formally interpreted as

A(/de(x a y)‘%(y)dy)dx = /A(P* Wi)(x)dx.
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Vi(A) is well defined because

H AP(SU T 2K :/IRdled /Ap(x ~u)dz Ap(x — y2)dz
[ ([ uaota- yndx)gdyl

]Rd
< / La(2)2p(z — y1)dadys = A(A),
R4.) R4

§(y1 — y2)dyr dy2

where we applied Jensen’s inequality which is allowed because p(z — y1)dz is a
probability measure. This new Gaussian martingale measure has the covariance

(o= [ ([ nte =z )( [ sty 2)ay Ja:
=] f@ow)e e = ydady.

where p(x) = p(—x) and a*xb(x) = fRda(:r: —2)b(z)dz. Since

(o= [ [ fpte=21as ) as o

K is positive definite. We can take |K|= K, since K is positive.
iv. For aw € [0,d) the fractional kernel
|K|(dz,dy) = K(dz,dy) = |z — y|"*dzdy

is positive definite (Exercise 1.2).

Next we want to construct stochastic integrals against Gaussian random measures. We
take the same approach as in the construction of the usual Itd integral: We first define the
integral for simple integrands, then prove It6’s isometry, and then extend the integral to
general integrands by a continuity argument.

Definition 1.9. The bounded elementary processes b€ are all processes of the form

n—1 Ly

H(S, ,SU) = Z Z hk,ﬁﬂ(tk,tzwrﬂ XAk,l(S’ SU),

k=0 ¢=0

wherene N, Lye N, 0<tg<...<tp, hiy € L®(Fy,), Ar € B(IRd).

The predictable o-algebra P is the smallest o-algebra on € x Ry x R with respect to
which all H € bE are measurable. A stochastic process is predictable if it is measurable with
respect to P.

Definition 1.10. Let W be a Gaussian martingale measure with covariance K. We define
for a predictable process H:

=] [Nt | =5 (7 G0l K e apas |

and we write

L*(W)={H predictable s.t. || H|w <oo}.
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One can show that after identifying predictable H, H € L*(W) with ||H — H||w =0 the
space L?(W) is a Banach space; see Exercise 2.5 in [51]. We will see in the Ito isometry

that the norm
IE)[/ / H(s,z)H(s,y)K(dz,dy)ds
0 Rix R4

would be more canonical, but for proving the Banach space property and for showing the
following density statement it is convenient to replace K — |K| and H — |H|.

Since H € b€ could involve sets Ay with K (Ay X Ag) =00 it is not necessarily true that
b€ C L*(W). But we can simply intersect with L2(W):

Lemma 1.11. The set b€ N L2(W) is dense in L2(W).
Proof. See Walsh [51], Proposition 2.3. O

Definition 1.12. For H € b N LA(W) we define
n—1 Ly
/ H(s,z)W(ds,dz): Z Z LW ne(Ar,e) = Winit(Ag o)) t>0.
[O,t}XRd k=0 ¢=0

Since Wy (AU B) = Wi(A) + Wi(B) for disjoint A, B (by Lemma 1.5), it is not hard to
check that this definition is independent of the specific representation

n—1 Ly

z)= Z Z hk,eﬂ(tkvtkﬂ}xf‘\k,z(sax)

of H. k=0 ¢=0

Proposition 1.13. (It6 isometry) Let H € b€ N L?*(W). Then
Mt—/ H(s,z)W(ds,dx), t>0,
[0,¢] x R4

18 a continuous square-integrable martingale with quadratic variation

z\4>t:/0 ||H(s,-)\|%(ds:/0 /RdXRdH(s,x)H(s,y)K(dm,dy)ds.

In particular, Ito’s isometry holds:

=/ /meH(s,x)W(ds,dx))z] —i| [T s < e

Proof. To simplify notation let us write W** =W (A ,). M is a finite sum of usual
It6 integrals with respect to the martingales W%, Therefore, it is a continuous local
martingale and its quadratic variation is

- Lk, Ly

o[ Y,
t_ Z Z Z </ hkl’zlﬂ(t’“l’tklﬂ}(S)dmkl 17/0hkz,@]l(%?%“](s)deQ 2>

kle 0@1 0 ¢5=0

—Z Z / P, oot 0Lt 1 41) (8) B (A g X Ak g,)ds

k=0 ¢1,05=0

- /0 | H (s, ) [2ds,

t
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where we used that the intervals (tg,, tx,+1] and (tg,, tk,+1] are disjoint unless k1 = k. Since
|H||w < oo by assumption, we get that IE[(M )] is bounded in ¢ >0 and therefore M is a
uniformly integrable and square-integrable martingale and It6’s isometry holds. O

Let M? be the family of uniformly integrable continuous martingales M such that
My=0 and E[MZ2Z]<oo.

Here we identify two martingales if they are indistinguishable. We know from the stochastic
analysis lecture (based on Doob’s L%inequality) that M2 is a Hilbert space with inner
product

(Mv N)Mg = E[MOONOO] = EKMa N>oo]

We have just shown that for H € b€ N L2(W)

H/ H(s,x)W(ds,dx)
[0,-] x R®

< H [|L2w)-
M2
Hence, the map
Jw:bENLAW) — M2,

H+— H(s,z)W(ds,dz),
[0, ] x R4

is Lipschitz continuous, and it is linear by construction

Theorem 1.14. (It6 integral) There is a unique continuous linear map
L*(W)>H— H(s,z)W(ds,dz) € M2
[0, ] x R4
which extends Jw from bE N LA(W) to all of L>(W). We call f[ H(s,x)W(ds,dx)
the stochastic integral or Itd integral of H with respect to W.

0, ] x R4

Proof. By Lemma 1.11 we know that b€ N L?(W) is dense in L%(W). So let H € L2(W)
and let (H™) CbE N L*(W) be such that ||H — H"|| 2y — 0. Then by the It6 isometry
(f[07_}deH”(s, x)W(ds,dz)), is a Cauchy sequence in M2 and therefore it converges to
a limit f[o,}ledH(S’ )W (ds,dz) € M2. Using once more the isometry we see that the
definition of f[o,-]ledH(S’ x)W(ds,dz) does not depend on the specific sequence (H"),

and any other approximating sequence gives the same limit. Linearity, It6 isometry and
Lipschitz continuity of H +— [ 0.]xR JH(s,z)W(ds,dx) are inherited from the linearity, It6

isometry and Lipschitz continuity of the map on b€ N L2(W). O
Let us formulate more explicitly what the previous theorem says:

Corollary 1.15. For all H € L>(W), there is a sequence (H™) C b€ N L*(W) such that
H" — H in L>(W). And for any approzimating sequence H™ — H in L*(W), we have
f[07.}deH"(s,x)W(ds,d$) %f[ov_]deH(s,x)W(ds,dx) in M2. Moreover, It6’s isometry
holds: For all t € [0, c0] we have

Bf([ | Aeownin) | =u] [k <12

It is possible to localize the integral using stopping times, but we will not need this.
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Theorem 1.16. (Burkholder-Davis-Gundy inequality) For all p >0 there exists a
constant Cp, >0 such that for all H € L2(W) and for all t € [0, c0]:
P
sup

1 t p/2
—E[( / ||H<s,->u%<ds> }@E
Cp 0 s€[0,t]

<cm| ([t ->u%<ds)p/2}

where it may happen that one (and then both) of the terms is infinite.

/ H(r,z)W(dr,dx)
[0,s] x R®

Proof. This is just the usual Burkholder-Davis-Gundy inequality for the continuous mar-
tingale M;= f[o q et (8,2)W (ds,dx) with quadratic variation (M )= f; |H(s,")||kds. O

Question: Assume you wanted to localize the stochastic integral to extend it to more
general H. How would you go about it (without working out the details)?

1.2 Weak and mild solutions

Let W be a Gaussian martingale measure. Our aim is to solve the SPDE
Ou=Au+ f(u)+g(w)OW,  u(0)=wuo, (1.1)

where purely formally we interpret 0;W (¢, ) as the density of W with respect to Lebesgue
measure, i.e.

/ H(s,x)W(ds,dw)—/ H(s,x)0sW(s,x)dsdx.
IR+XRd IR+XIRd

If this is confusing, you can just see (1.1) as notation and our aim is to find a rigorous
interpretation now.

As for stochastic (ordinary) differential equations we could try to interpret (1.1) as an
integral equation:

u(t,x)—u(O,x)—|—/OtAu(s,x)ds—l—/Otf(u(s,w))ds—|—/Otg(u(s,x))W(ds,3c),

for all x € R% But there are two problems with this: First of all, the stochastic integral on
the right hand side looks weird, it is not of the form

/ H(s,x)W(ds,dx)
[0,t] x R4

like the integrals which we constructed. And as mentioned before, in general W is not
actually of the form W (-,z)dz (absolutely continuous in z). Moreover, we will see later that
in most interesting examples the solution u to our equation is not actually differentiable,
so Au makes no sense. The solution to both these problems is to consider weak solutions:

Definition 1.17. A predictable stochastic process u is called a weak solution to (1.1) if
for all o € C(RY) all of the following integrals are well defined and

/]Rdu(t,x)go(x)dx _/ (0, d:r:—l—//Rd (5, 2) Ap(x)dads
// fu(s,z))p(x)dzds (1.2)

/ g(uls, 2))p(x)W (ds, dz).
[0,t] x R4
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Note that if u(s,-) € C2, then integration by parts gives

Au(s, ) go(x)d:r::/ u(s,x)Ap(x)dx,

R4 R4

and this motivates why we moved the Laplacian to A in the definition. Indeed, if we
formally assume that W (dt,dx)=0W (t,x)dx and that v and ;W are smooth in space
and time, then the definition becomes

/ - (Osu(s,z) — Au(s,z) — f(u(s,z)) — g(u(s,x))0sW(s,x))p(x)dxds =0

for all p € C°(RY), and this would then imply that
Osu(s,x) — Au(s,x) — f(u(s,z)) — g(u(s,z))0sW(s,x) =0

for Lebesgue-almost all (s, ) (and thus for all (s, z) if u€ CL2(Ry x RY)). So weak
solutions (formally) generalize classical solutions.

The intution behind the definition is that we “test” the solution u against the test
function ¢, and the result has to show the right behavior. For example we could imagine
u as a temperature and ¢ as a thermometer which picks up the average temperature in
some region.

Weak solutions make intuitive sense and the definition is more permissive than the
classical definition and in particular we will see that, under appropriate conditions, weak
solutions exist and are unique. But to show this, we will use an equivalent charaterization
of weak solutions.

Example 1.18. Consider the equation
Ow = Av, v(0) = vo.

By differentiating the following expression we see that

v(t, x) = Ppo(z) =Elvo(z + v/2By)| = /de(t, x — y)vo(y)dy = py * vo(x),

where

|2

e 4t

[V1EsH

p(t, ) = (4xt)
satisfies Oi;p = Ap and

p(0, ) vo(a) i=lim plt, ) () = vo(e)

if vg is continuous. Therefore, we formally get for “nice” f:

o[ [ pe—sa—)s@y=[ p0.0-nsdv+ [ [ owi—s.e- sy

—rw+a( [ [ pa-sa-nsoa)

In other words, w(t, ) fo fde — s,z —y) f(y)dy solves

ow=Aw+ f, w(0) =0.
Moreover, u =v + w solves

ou=Av+Aw+ f=Au+ f, u(0) = vo.

This is essentially the variation of constants formula from ODE theory, only applied in a
more complicated context.
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For the remainder of this section we use the notation

d _Jef?
Qe 4t

p(t, x) = (4nt)
and

Puf(@)=pix f(a) = | fa =ity
and we call (P;)¢>0 the semigroup generated by A.

Definition 1.19. A predictable stochastic process u is called a mild solution to (1.1) if
all of the following integrals are well defined and

u(t, ) —/ p(t,z — y)uo(y dy—i—//Rd (t—s,z—y)f(u(s,y))dyds

+ p(t—s,z—y)g(u(s,y))W(ds,dy).
[0,¢] x R4

(1.3)

Remark 1.20. Under appropriate assumptions one can show that mild solutions and
weak solutions are equivalent: u is a weak solution if and only if it is a mild solution. See
for example the proof of Theorem 3.2 in Walsh [51], or Proposition 3.2.2 in Pardoux [44].

Question: We formally have P; = e*®. Replace A by a bounded linear operator (say
multiplication with a € R) and convince yourself, that then

ou=au+ f, u(0) =up

is equivalent to
¢
u(t) —et“uo+/ et=5)2f(s)ds
0

This is just the usual variation of constants formula.

1.3 A general existence-uniqueness result

Based on the mild formulation (1.3) we can now prove the existence and uniqueness of
solutions to (1.1), under appropriate conditions.

Definition 1.21. A predictable stochastic process u is called locally L*-bounded if for all
T>0

sup  Efu(t,z)? < .
te[0,T),z€R4

Similarly, (v(z))yera 15 called L2-bounded if sup,E[v(x)?] < co.

Definition 1.22. Let K be covariance measure. For a >0 we write K € K% if for allT >0
there exists C(T) >0 with

sup / p(t,x —y1)p(t,x — y)| K |(dyr, dy2) <C(T)t 7%, t€[0,T].
reRA RIx R4

We will see that we can solve (1.1) as long as K € K* for some a €[0,1) (and of course
under appropriate conditions on f and g and wuyg).
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Example 1.23.

i. Let K(dyi,dy2) =0,,(dy2)dy: (i.e. the covariance measure of the space-time white
noise). Then K =|K| and

/ p(t,x —y1)p(t, x — y2)| K |(dy1, dy2) —/ p(t,y)*dy
RIx R4 R4

_ly?
—/ (4rt)~de” 2t dy
R4
=(2mt) 2 (4rt) e =2,
So K € K%? and d/2 <1 only for d=1.
ii. For the mollified space-time white noise we have |K|=K = (p* p)(y1 — y2)dy1dy2

and
/ Dt — y)p(t, @ — y2) K| (dys, dy)
R4 x R4
<llo* pllos / p(t, 31)p(t, y)dindys
R4 x R4
0% Flloos
so K € K.
iii. For the “finite-dimensional noise”
n
W) =3 [ La@onla)deBE
k=1 /R4

we have |K'|(dy1, dy2) = >, _, |ok(y1)ok(y2)|dy1 dys, and therefore |K|(dy1, dy2) S
dy1dys, which as in the previous example yields K € k0.

iv. The fractional kernel K (dy1, dy1) = |y1 — yo| " *dyrdys with o € (0,d) is in K*/?
(Exercise 2.1).

For our existence and uniqueness proof we need the following simple bound:

Lemma 1.24. For all « €[0,1) there ezists a constant C'=C(«) such that for all A > 0:

t
/ e?AS(t — 5) "% s < Ce?MN\~ 1, t=>0.
0
Proof. We have

t t
/ezAS(t—S)adS _62)\1‘,/ efQAssfadS
0

0

t
262)\1‘,)\&/ 672)‘3()\8)70‘d8
0

At
_62)\15)\04—1/ 6_258_ad8,
0

so that we can take C'= [ OOO e~ 2557 s < oo (here we need o < 1, otherwise the singularity
in s =0 is non-integrable). O

Theorem 1.25. Let a€[0,1) and let W be a Gaussian martingale measure with covariance
measure K € K®. Let ug be Fo® B(R?)-measurable and L?-bounded. Let f and g be Lipschitz
continuous. Then there exists a unique predictable process u which is locally L?-bounded
and which is a mild solution to (1.1).
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Proof. For simplicity we assume that C'(T") from the definition of ¢ is uniformly bounded
in T, so that for all ¢t > 0:

sup / p(t,x—y1)p(t,x — y2) [ K |(dyr, dy2) < Ct™
zeR4 J REX R4
For A € R we define the Banach space
M, = {u predictable s.t. ||u]p, = sup e ME[|u(t,z)|?]"/? < oo}.
t>0,zcR4

We will prove the theorem by a Picard iteration in M)y for suitable A > 0: Define

@w)t.)= [ plta =y + [ [ ple=s.o =) fulsn)dyds

4 / p(t — 5,2 — y)g(u(s, y)) W (ds, dy).
[0,t] x R4

We first have to show that ® maps M) to M. The first thing to show would be that ®(u)
is predictable, which can be done by an approximation argument and which we skip. Next,
we have to show that ®(u) has the right growth for its L?norm. Let L >0 be a Lipschitz
constant for both f and g. Since p(t,z — y)dy is a probability measure, Jensen’s inequality
applied to the first term and the It6 isometry applied to the third term yield

B[|(@() (¢, )1}
<8 | [ ptt.o—vpuntan| |+ |

/[0 t]Xde(t —s,x—y)g(u(s,y))W(ds,dy)

/Ot/de(t_S’x_y)f(“(svy))dyds
2
|

// p(t— 5,2 — y)(|£(0)| + Llu(s, y)|)dyds
0 JR4

+E|

<ysgﬂ§>dE[luO(y)l2] +E[ 2]

HEM%W de(t—s,x—yl)p(t—s,x—yQ)Q(U(S,yl))g(u(,g’yg))K(dyl’dyQ)dS}

We treat the last two terms on the right hand side separately. For the middle term we
apply Minkowski’s inequality to pull the L2(]P) norm inside the integral:

| [ [ pte= .o 50+ Liuts.y)dvas| |
<( [ pte=sse = )00+ Liats, )l dvds )

<( [ pte=s.0- 0501+ Liulin)avas )

<EFO)] + Llulla,CAt eX)2 S e,

if A > 0; here we used Lemma 1.24. For the stochastic integral we use that K € K% and
obtain

t
]E[// p(t—&w—yl)p(t—&x—yz)g(u(S,yl))g(u(&y2))K(dylady2)d3}
0 JRIx R
t
< / / Pt — 5,2 — y)plt — 5, — yo)| K |(dyn, dy2) (19 (0)[2 + L2 [u|3e,)ds
0 JRIxRE

t
</ (t =) *(|g(0)* + L% [[ullfr,)ds < [9(0) P!~ + L2||ul R, A* e < e,
0

~ ~
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where we again applied Lemma 1.24 and we used that A > 0. So for all A >0 we have ®:
M) — M. Next we will see that ® is a contraction for large enough A, and therefore the
claim follows from the Banach fixed point theorem.

Indeed, the same argument as above shows that

B(u)(t, 2) - B(o)(t, 2)
t 2

[// plt — s, — y)(Llu(s, y) — v(s, y) ) dyds ]
0 JRd

t
+// p(t—s,x—y1)p(t —s,x — y2)E[Z(s, y1, y2)| K (dy1, dy2)d s,
0 JRixRA

E[
<E

where

E[Z(s,y1,92)]| = E[(g(u(s, y1)) — g(v(s,91))) (g(uls, y2)) — g(v(s,y2)))] < e L?|Ju — v | fs,.
As above, this yields
E[[®(u)(t, @) — D(0) (¢, 2) 2] SL2u— v [RiA262N + L2[u— v |3 A2~ L2,
If A >0 is large enough (depending on o and L) we can bound the right hand side by
ce?||lu —v||3y, for some ¢< 1, and thus
@ (u) = @(v)[ln, < Vel —vlna,,
i.e. @ is a contraction.

Strictly speaking this only proves the existence and uniqueness of solutions in My, but
there might be a locally L?-bounded solution which grows too fast as t— oo and is therefore
not in IM,. But to rule out that possibility we could simply restrict to a compact time
interval [0, 7] and use that any locally L?-bounded predictable process restricted to [0, 7]

is in M([0,T]) (with its obvious definition). Then we would get uniqueness on [0,7] and
since T' > ( is arbitrary we get uniqueness on R. OJ

Question: Why did we need o € [0,1)? What goes wrong for o> 17

Example 1.26. This result does not cover any of the examples which we discussed in the
introduction: For the KPZ equation

1
Oth = 58”]1 —(0:h)?+ €.
we have the term —(9,h)? which does not fit into Theorem 1.25. For the Zakai equation

O = %Gmu — Ox(bu) +u&

we have the term —0,(bu) which does not fit into Theorem 1.25. For the parabolic Anderson
model

1
Opu = §Au +ué,
the space white noise £ does not depend on time, so it does not correspond to a Gaussian

martingale measure.

i. However, things are not as bad as they look. For the KPZ equation we can use a
trick: For simplicity we normalize the coefficients of the equation (set them all equal
to +1), and we assume that

Oth = Oyzh + (0:h)% + €. (1.4)
Let us pretend that h and £ are smooth functions of space and time. Then

u=e
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ii.

iii.
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solves
Oy = e"Oth = u(0peh + (0:h)% + €),
and
uOpzh = Oppu — u(0zh)?,
leading to

Ot = Ozt + ué.

Now recall that £ is a space-time white noise, so we can interpret the equation for
u using Theorem 1.25 as

o= Au~+uoW, u:Ry x R—R.

So f=0 and g(u)=wu are Lipschitz continuous functions, and we are indeed in the
setting of Theorem 1.25 as long as

supE[ug(z)? = supE[e?*®)] < co.

z€R z€R
(And in fact it is possible to extend Theorem 1.25 to allow for much more general
initial conditions, see Theorem 2.4 in [48]). One can then show that almost surely
u(t,z) >0 for all ¢, z, and therefore we could define h:=logu.

The map h— u=e" is called the Cole-Hopf transformation and it was applied
to the KPZ equation already by Bertini and Giacomin in |7]. This approach is not
completely satisfactory, because through the transformation we avoided talking
about what we mean by a solution to (1.4). The intrinsic solution theory to KPZ is
much younger and it goes back to Hairer [27]. We will learn later in the course about
Hairer’s approach, for now let us just mention that while the Cole-Hopf transform
does not define an equation for A but only the solution, it turns out that it indeed
gives the “physically meaningful” solution.

The Zakai equation can be covered by slightly generalizing Theorem 1.25 and
allowing for an additional term:

Owu(t,x) =Au(t,z) + f(z,u(t,x)) + V-h(z,u(t,z)) + g(z, u(t,x))0:W,
see Exercise Sheet 3.

But for the PAM there is nothing we can do, it is completely outside the realm of
Theorem 1.25.

(Difficult) question: Consider the ®7 equation:

Ou=Au—u3+0,W,

where u: Ry x R— R and 0, is a space-time white noise. Can you solve this equation
with Theorem 1.257 If not, do you have any ideas how we could try to “locally” solve the
equation?

1.4 Regularity of the solutions

Let us study the space-time regularity of the solution. To simplify the computations we
restrict to g=1 and f=0. But the result remains valid for general Lipschitz continuous f
and g, as long as ug is L%-bounded for all ¢ > 1 (see [51], Corollary 3.4). Note that in our
special case the solution is explicit:

o) = (O w0)e) + [ s W (ds,dy)



CLASSICAL APPROACH TO SPDES 19

Since p € C*°((0,00),RY) (with a singularity at ¢t =0) we have
070y, (p(t) * uo)(x) = (0F Iy p(t) x uo)(x),

and therefore (p(t) * ug) € C>°((0,00), R%) (with a singularity at ¢ =0 unless ug € C°(R%)).
Therefore, the regularity is dictated by the stochastic term

Ztw)= [ plt-sa-pWsdy),  (a)eRyxRY
[0,t] x R4

which we also call the stochastic convolution.
The compute the regularity of Z we need the following simple observation, which is
often useful, not just in this section.

Lemma 1.27. (Interpolation) Let 0 <a<min{b,c}. Then we have for all A€ [0,1]:

a=atal =A< Pl

Lemma 1.28. Let K € K® for a €[0,1). Then Z is a Gaussian process and we have for
allg=1, e (0,1—a), and T >0:

E(|Z(t+s,2+y) = Z(t, )1/ +1yl%, (t,2),(s,y) €[0,T] x R

Proof. We only consider the special case K(dz1,dz2) =0, (dz2)dz1 in d=1, for which

a=1—a= % The general case follows from similar arguments, but the computations

become even more involved; see Appendix A.

Z is the stochastic integral of W against the deterministic function p, and therefore
it is Gaussian (if we replace p by a deterministic bounded elementary function then this
follows from the Gaussianity of W, and it extends to p by a limiting argument). Since
Z is centered Gaussian, the ¢-th moment is bounded by the ¢/2-th power of the second
moment and we get

E[|Z(t+s,0+y) = Z(t,2)| I SE[Z(t+ 5,2 +y) = Z(t +5,2)]]"/?
+E[|Z(t+s,2) = Z(t,2)]]"/2

In the nonlinear case with nontrivial f, g we would use the Burkholder-Davis-Gundy
inequality instead of Gaussianity. The first term on the right hand side is bounded by

E[|Z(t+s,z+y)— Z(t+s,7)|
t+s
/ / (t+s—r,x+y—2)—pt+s—r,z—2))>dzdr (1.5)

_ /0 o /R<p<r, 2+ y) - plr,2))2dzdr.

By a Taylor expansion together with Exercise 2.3 we have for ¢ > 1:

Ip(r, 2 +y) —p(r,2)|=

1
/ Vp<r,z+Ay>-ydA‘
0

1
<T1/2|y|/ pler, z+ Ay)dA.
0
On the other hand we also have the trivial bound

lp(r,z+y) —p(r,2)| < p(r,z+y) +p(r, z),
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and therefore by interpolation with 3 € [0,1]:
p(r, 2 +y) —p(r, 2)|
<=2 [ nter. e+ aan ) (oir. 2 ) +plr 2
We plug this back into (1.5) and obtain
E[|Z(t+s,z+y)— Z(t+s,1)|

t+s 1 23
< / / <r—1/2|y| / p(cr,z+Ay>dA) (p(r, 2+ ) + p(r, 2))2~Pdzdr
0 R 0

5/()t+sr_5|y|25</R</01 (er,z+ Ay d)\> ) ( p(r,z+y)+p(r, z))%lz)lﬁdr,
7

and m' = i 5 Now recall that

where we applied Hélder’s inequality with m = =1

/p(t,z)de,St z,
and therefore R

t+s 1 1
E[|Z(t+s,x+y) = Z(t+5,2)]] ,S/ =By 26T 2dr < (20)' 72|y 20 < |y 2P,
0

if B+ l <l,ie B< l. Similarly, we get for the time difference:
E[|Z(t+s,xz)—Z(t

// T,z 2dzdr+// (r+s,2)—p(r,z2))%dzdr
S,/ r 2dr+//< / c(r+As), )d)\>26(p(r+s,z)—l—p(r,z))g_%dzdr
S,s;_|_/Ot<;)6</R</Olp(c(r+As),z)dA)de)B

x </R(p(r—|—s,z)+p(r,z))2dz>1_ﬁdr

1 t 1 1 1
Ss2+ / PP 2y < T2 Peh 1P 348 <sh.
0
This concludes the proof. O
Question: Why did we get less space regularity than time regularity?

Remark 1.29. Note the difference between the time regularity and the space regularity: Z
is “twice as regular” in the space variable (3-regularity as a function in LP) as in the time-

variable (g—regularity). If we trace back where this difference comes from, we see that it
is due to the fact that by Exercise 2.3 for all ¢ > 1:

1
|0z,p(t, )| St 2p(ct, x), |O(t, x)| St 1p(ct, x).

So taking a time derivative gives us a singularity which is twice as bad as the singularity
we get by taking a space derivative. Intuitively, this makes sense: convolving against p in
space-time essentially means that we invert the operator 9; — A, taking (9; — A)~!. And
this should gain us two space derivatives, but only one time derivative. So time derivatives
should “count twice as much” as space derivatives. Alternatively, we also see from the
identity dyp = Ap that one time derivative “counts two space derivatives”.

This also motivates the definition of the “parabolic distance” in Remark 1.32 below.
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To obtain almost sure sample path properties from the moment bound in Lemma 1.28,
we need a multi-parameter version of the Kolmogorov continuity criterion:

Theorem 1.30. Let (X¢)iern be a stochastic process indexed by R™ and assume that for
all m >0 there exists a constant C(m) >0 such that

E[[ X = X1 P <Cm)lt —s|® sl [t|<m,

where ap >n. Then X has a continuous modification X such that for all m >0 and all
vE (0, a— %) :
[ Xi(w) = Xs(w)|

P <Cpw), wel

sup
Is],[t]<m

Proof. See [51]|, Theorem 1.2. O
The theorem remains true if t = (t1,...,t,) € Ry x R* 71

Corollary 1.31. Let K € K. Then the solution u to

W) =GO )@+ [ plt—s g W(ds,ay

restricted to (0,00) x R¢ has a continuous modification which is almost surely in

07/2((0,00) x R¥):={feC((0,00) x R: erC'V/Q((O,oo) x R ¥y € C°((0,00) x RY)},

loc

forallv<1—a.

Proof. As discussed above we have p(t) * ug € C°°((0,00) x R?), so we only have to deal
with Z. Lemma 1.28 yields for s,t € [0, m] and |z|, |y| <m and p>1:

E(|Z(t,2) = Z(s,y)""P S|t = |+ e =yl S|t — |7+ e — y |2 S| (8, 2) — (5. 9)]72,

for any 5 <1— . For p6/2>d+1 we get a locally g — % — ¢ Hoélder continuous

modification, and since p > 1 is arbitrary the claim follows. ]

Remark 1.32. In the corollary we “threw away” some space regularity of the LP norm of
Z, by estimating

E[|Z(t,2) - Z(t, y)I") P Sle = y|? S o — y|P/?
for x, y in a bounded set. We could introduce the following parabolic metric:
d((t,2), (s,y)):=t —s|"/2+ ]z —y|.
With this metric we would get
E(|Z(t,2) = Z(s, y)|"]/? S d((t,2), (s,))",
and then a slight refinement of Kolmogorov’s continuity criterion would yield almost surely
lu(t, z) —u(s, y)| S d((t, z), (s, )7,

locally uniformly in (¢, z), (s, y) and for all y<1—a.

Question: How would you define the equivalent of the parabolic distance if we would
consider the SPDE

O = N2+ O,W?
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Remark 1.33. In the specific example of the space-time white noise in d=1 we get local
%— € Holder continuity in space and local %— ¢ Holder continuity in time. Therefore, for
fixed x € R the process

(u(t,z))i=0

is more irregular than a typical semimartingale path (which would be locally %— € Holder

continuous like the Brownian motion). And in fact this process is not a semimartingale, and
in particular we cannot apply 1t6’s formula to f(u(x,t)). This is a problem for applications,
but there are some alternative change of variable formulas which may be useful in different
contexts. See Bellingeri [6] for various such results.

While (u(t,r)): for fixed  is not a semimartingale, ([ru(t, )¢ (x)d)i>0 is a semi-
martingale for any ¢ € CZ°(IR) because u solves the weak formulation (1.2) of the SPDE.

Question: How can it be that Z is a stochastic integral but not a local martingale?

1.5 A glimpse into the variational approach

Example 1.34. Let us consider again the filtering problem which lead us to the Zakai
equation, but now we allow the observation noise to be correlated with the noise in the
signal dynamics:

dX;=0b(Xy)dt + o1d By + 02d W, Xo~up(x)dx,
t
;= / F(Xo)ds + Wi,
0

where 07 +05=1and 67 >0 (so 03 < 1) and where we recall that B and W are independent
Brownian motions. In that case we still have

_ Jre(@)u(t,z)dx
Jru(t,x)dz

but now u solves a more complicated version of the Zakai equation:

E[@(Xt)lff]

O = %(%xu — 0z(bu) + (fu — 020,u)0Y u(0) =uo,
which under an equivalent probability measure becomes

Dy — %amu — By(bu) + (fu— 020,0) 05V,
for a one-dimensional Brownian motion V. Let us set b= f =0, because we already know
how to deal with those terms. Then we remain with

Ou = % el + 00 u0 W,

where for simplicity of notation we now write —o2 — ¢ and V — W and where we recall
that 02 < 1 which will be important later. If we try to solve this equation with the Walsh
approach, we immediately run into a serious problem: For v € M), where M) was defined
in the proof of Theorem 1.25, the natural definition of ®(u) is

B(u)(t,2) =p(0)#uo(o) + | < [ tt= 5.0 pouats pay Ja.

R

=p(t) x up(x) + /

0

t<[Razp(t—8,x—y)u(S’y)dy )dWs,
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where we used that W does not depend on the space variable. But then [t6’s isometry gives

EK/ot(/Ra’”p(t — s,z —yu(s, y)dy )dWs>2]
:/OtIEK/R@xp(t ez g)uls. y)dy ﬂds
,S/Ot(/RII@xp(t — 5,2 — y)u(s, vl dy >2d5

t 2
< /0 ( /Rmxp(t—s,x—y)uy) 3, e2ds.

By Exercise 2.3 we have

1

/ Oaplt — 5,2 — )| dy S (t —5) / plelt —8),2 — y)dy=(t—s) "2,
R R

and this estimate is sharp up to multiplication by a constant (you can check that by
explicitly writing out d,p). So we get

t 2 t
/0 ( [R |azp<t—s,x—y>|dy) e eP5ds < /O (t — )3, e2ds = 0.

And unfortunately, all of our estimates were quite sharp. The only possibly non-sharp
estimate was when we pulled the L?(IP) norm inside the time integral. Instead of doing
that we could write a double integral. Then we could get a smaller upper bound if we were
able to say that E[u(s, y1)u(s, y2)] becomes small when |y; — y2| > 1. But it seems unclear
how to obtain such information about u, so we are stuck.

If on the other hand we knew a priori that E[|d,u(t, y)|?] is bounded, then we would not
have to move the derivative 9, onto p and could instead write the integral as [ g ([ ]Rp(t —
s,z — y)Oyu(s, y)dy )dWs. This suggests that an approach which directly analyzes the
regularity of u and not just the “amplitude” E[|u(¢, z)|?] might be more suitable for this
equation.

We take Example 1.34 as motivation to have a brief look into another method for solving
SPDES, the so called variational approach, which is exposed in the monograph [32] and a
very accessible introduction is given in the lecture notes [44]. We limit our discussion to our
example of the Zakai equation for correlated noise. To make it even simpler, we consider
the equation on a bounded domain with periodic boundary conditions:

Definition 1.35. The d-dimensional torus is T¢= (R /Z)*=R%/Z%. We can identify any
function f: T*— R with a 1-periodic function f:R¢—1R, i.e. an f for which

flx+k)= f(z), kel

Conversely, any 1-periodic function f:R%— R is canonically associated with a function f:
T¢— R by setting

11

where [z] € [—5, E)dC RY is the unique representative of x that is in [—%, %)d In the

following we will not distinguish between f and f. In that way we define for k € Ny:
CH(T?) = { f € CK(RY): f is 1-periodic}.
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For integration purposes it is useful to identify T¢ with [—% %)d. We thus write
LP(T?) = {f € Lp([—% %)d dx), extended to a 1-periodic function on IRd}.

Then one can show that the Fourier monomials

ek( ) — 2mk:):’ kEZ,

form an orthonormal basis of L*>(T% C) (i.e. with values in C ), which is equipped with the
inner product

()= [ f@)aloyda
Td
where g(x) is the complex conjugate of g.

Question: Show that for f, g€ C(T%): )t [paOnif (2)g(z)dz = — [, f(2)0n,9(x)dx (inte-
gration by parts without boundary terms).

Example 1.36. Let us consider again equation

Ot = <Dyt + 0O, u(0) = o,

2

where W is a one-dimensional Brownian motion, and for now we do not make any restric-
tion on o. To simplify the discussion, we consider the equation on T, i.e. u: Ry x T — R.
Assume that ug only has finitely many Fourier coefficients, i.e. there exists N € Ny with

uo(x) = > ex(w)io(k), ﬁo(k):<“0a€k>L2=/TU()(x)e_2mk'$dx.

. |kI<N
Since

Oger, =2mikey, Opeer = —(27k) ey,

and since W does not depend on the space variable, we formally get

u(t,z)= Y exii(t, k), at, k)= (ult,-), ex)r2,

[kI<N

where integration by parts yields (there are no boundary terms due to the periodicity of u):

Dyi(t, k) = A u(t, 2)Dmmen(@)dz — 0 A u(t, 2)Daen(z) O
—(27k)?a(t, k) + o2miki(t, k)o,W .

This is a decoupled family of linear ordinary stochastic differential equations, which we
can solve explicitly, and if IE[||ug||72] < co, the solution satisfies

max | sup |a(t, k)| | < oo.
[KISN | t<T

Since the equations for the Fourier coefficients are decoupled it is principle not even nec-
essary to assume that ug only has finitely many non-zero Fourier coefficients. But then we
should make sure that our candidate solution

u(t,r) =" ex(x)alt, k)
keZ

still lives in a reasonable function space.
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This is the starting point of the variational approach to SPDEs: Assume again that
Uo(k) =0 for |k| > N. We just saw that there exists a unique solution, such that u(¢,-) is
in C*°(T) for all t >0 because it is a finite sum of Fourier monomials. Now we want to
derive energy estimates for v which do not depend on N. For that purpose we define a
“Gelfand triple” consisting of three Hilbert spaces

H~Y(T)c L(T) c H(T),
where
HY(T)={feL*T): f is weakly differentiable and 8, f € L?},
with norm

LF 17 == 1LF 122 + 1102 f 122,

and where H ! is the dual space of H'. Recall that a function g € L*(T) is called a weak
derivative of f and we write 0,f := g if for all ¢ € C°(T): (g, p)r2=—(f, Owp)r2. If
f € CYT), then the weak derivative is just the usual derivative, and the weak derivative
is always unique as an element of L!(T).

We apply Ité’s formula to the L2 norm (the “energy”), and we write [X] for the quadratic
variation, to avoid confusion with (-)z:

dllu 20, —/Td\u(t,x)|2dx—/T2u(t,x)du(t,x)dw—i—Ad[u(t,x)]dw

:/ u(t,x)ﬁmu(t,x)dxdt—i—Qa/ u(t,x)@xu(t,x)dxdm—f—UQ/ |8xu(t,x)|2dxdt
T T T
:—(1—02)/ |8xu(t,x)|dxdt—|—20/ u(t, z)0zu(t, z)dxdW;

T T

=—(1 —?)||u|Zdt + (1 — 0?)||u||Z2dt + 20/ u(t, z)0zu(t, z)dzd W,
T

where we applied integration by parts to move one of the derivatives from the Laplacian
(and again we used that there are no boundary terms because u is periodic). Note that

/u(t,w)@xu(t,x)dx—%/ Opu(t,r)?dz =0
T T

by the periodic boundary conditions, and therefore the stochastic integral vanishes. If the
stochastic integral would have a less peculiar form, we could introduce the stopping times
Tp:=1nf{t > 0: [|u(t)||z1 = n} and derive bounds for the stopped process u™, before sending
n — 0o to derive bounds for u. The point is that after stopping, the stochastic integral is
a true martingale, so its expectation vanishes. We do not carry out the stopping argument
but directly use that the stochastic integral vanishes and therefore

IE[IIU(t)H%ﬂJr(l—GQ)A EHIU(S)H?ﬂ]dSZ(l—GZ)A [u(s)||Z2ds + B[] uol|Z2]-

If 02< 1, the two terms on the left hand side are positive, and therefore Gronwall’s
inequality gives us the a priori “energy estimate”

T
sup E[||u(t)||72] + (1 — 02)/ E[[[u(s)[|7)ds SrE[||uol72].
t<T 0

If ug does not have finitely many Fourier coefficients, we define

ud = Z erto(k),

|k|<N
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so that

lud'IZ2= > lao(k)P< Y lao(k)|* = [luollZz,

|k|<N keZ

and therefore for the solution uy with initial condition uf:

T
Sgg}EHIUN(t)II%ﬂ +(1- 02)/0 Elllun(s)l7]ds SrE[lluolZ2].
<

If (1 —0?) >0, this is sufficient to pass to the limit and to construct a unique weak solution
u € C([0,T), L3(Q; L3(T)) N L2([0, T); L*($; HY(T))) for any T >0, where LP(X;Y) are
the LP functions from X — Y. This is the main idea of the variational approach and the
strategy works in much more general situations, see [32, 44].

Question: Formally derive similar energy estimates for u: Ry x T¢— R,
8tu =Au+ f(’LL) + g(u)atw> U(O) = up,

where W is a one-dimensional Brownian motion and f and g satisfy the weak coercivity
condition

2f(wu+ g*(u) S1+u?

Note that this condition seems useful for treating our previous example f(u)= —u?.

Example 1.37. What goes wrong in Example 1.36 if 62=1 or even 02> 1? For 0?=1
we can find the solution explicitly: If ug€ C?(T), then

u(t, x) :=up(x + ocWp)
solves by Itd’s formula

2
du(t, z) :%ﬁmu(t,x)dt+08$u(t,x)dm/,g, u(0) = uy,
which is our equation (since 02=1). Note that u(t,-) is exactly as regular as ug, which is
very different from what we observed for the case 02 < 1, where we had an H'-estimate
for v depending only on the L?norm of ug. This was due to regularization coming from
the Laplacian, which we now lost. This becomes more clear if we write our equation in
Stratonovich form:
dul(t, z) :%&mu(t, 2)dt + oBgu(t, ) 0 Wi~ ZdDyu(-, ), W,
1 o2
=533 Ozzu(t, x)dt + 00zu(t, x) o dW;.

So we see that for 02 =1 the Laplacian disappears (and this is why we no longer see any
regularization), and for 02> 1 the factor in front of the Laplacian becomes negative, which
should ring all alarm bells. Indeed, this would be like solving the heat equation backwards
in time, which in general is a severely ill-posed problem: The forward heat equation maps
any bounded measurable initial condition to C°° at any positive time, so going backwards
in time would mean that the solution has to become more and more irregular and it might
stop being a function or even a generalized function.

Question: Define v(t, x) :=u(t,z — cW;) and show that at least formally

1 o2

do(t, z) _<§ - 7)&”1}(75, z)dt.

So for 02> 1 v would indeed be a solution to the backward heat equation.
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1.6 Restrictions of our solution theories

Example 1.38. (KPZ equation) Consider again the KPZ equation
8ﬂl:i%xh*‘A(aJ02ﬁ‘aﬁV

where W is a space-time white noise. Let us try to solve it now without applying the Cole-
Hopf formula. In the Walsh approach there is no built in regularity analysis of h, but
maybe we could try a different method that is better suited for regularity analysis, such
as the variational approach?

Unfortunately not: If A =0 then the equation is well posed, and by the regularity

analysis of Remark 1.33 we have h(t,-) € CH27¢ for all &> 0, and this is sharp, the

loc
solution is not better than that. For A # 0 we do not expect to gain any regularity from

the nonlinearity, so d,h would be the derivative of a non-differentiable function. We could
try to make sense of it as a generalized function (we will discuss this more precisely later
in the lecture), but then we would not be allowed to take the square. So we are stuck.

Example 1.39. (Distributional regularity of SPDEs in d > 1) Consider the stochatic
heat equation with additive noise

OZ=ANZ+0W,  Z(0)=0,

where O;W is a space-time white noise. As we discussed, the solution should be given by

Z(t,2) = / p(t— 5,2 — y)W(ds, dy),
[0,t] x R4

but this is not defined if d > 1 because W has a covariance measure in K~%2 and —d /2< —1

for d > 2. However, we could try to make sense of Z as a generalized function: We formally
define for ¢ € C°

20)()= [ 2(t.0)ow)ds = /[Ovﬂde( [ p@m = 5. s w(ds.a).

We verify that the right hand side is well defined: Since p(t — s, -) is a probability density,
Jensen’s inequality gives

//IRd/Rd p(t—s,z—y)dx

1-2_
On Sheet 4 you will use this point of view to show that almost surely Z(t) € Cy,.? * for

dyds<// lo(x)|’p(t — 5,2 — y)dxdyds
R4/ R4

=t[l ol

all ¢ >0 and all £ >0, where C|,J" is a space of generalized functions or distributions.

Example 1.40. (<I>§ equation) Consider now the 3 equation

hp=A¢— ¢+ OW, $(0) = ¢o

where ¢: Ry x R* - R and where 9, is a space-time white noise. This equation is
for example of interest in quantum field theory, and it arises as scaling limit of certain
Ising type particle systems. As for the KPZ equation we do not expect that ¢ has better

regularity than the solution Z to the linear equation, so we expect ¢(t) € Cllozd/ 7 for all

t>0. If d > 2 this regularity is negative, and therefore the interpretation of the nonlinearity
¢? is dubious.

Example 1.41. (PAM, once again) The parabolic Anderson model
o= Au~+uf,
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where ¢ is a space white noise, is problematic for similar reasons: We will see that almost
surely £ € C’lgf / 2757 and therefore the meaning of the product u¢ is unclear: In general, we

can only multiply distributions with C°° functions, and the solution u will not be in C°°.

In all these examples we have problems because there is a lack of regularity. This is
somewhat similar to the problem that we had when constructing the It6 integral: Since
the Brownian motion is not of finite variation, it was not immediately clear how to make
sense of fé H,dBs. But then we were able to use the flow of information generated by
the underlying filtration together with the martingale structure of B to make sense of
the integral for adapted H. But in our SPDE examples the irregularity is always in the
space variable, and there does not seem to be any useful flow of information in space.
So martingale arguments seem quite useless here. Instead, we will find regularity based
pathwise arguments to make sense of our equations. For that purpose we have to go well
beyond what we could usually do in analysis and find new arguments and techniques to
deal with very irregular equations (because we want to study very irregular noise). To learn
the philosophy of the pathwise approach, it is easier to first study it on stochastic ordinary
equations, where it is just Lyons’s rough path theory [33].

2 A very short introduction to rough paths

Here we give a very brief introduction to the main ideas and techniques of Terry Lyons’s
rough path theory [33]. We use Gubinelli’s approach [21], which is beautifully exposed in
the monograph [18], see also [34] for nice lecture notes on rough paths.

2.1 Young’s integral and Young equations

Brownian motion is the most important example among a class of Gaussian processes called
fractional Brownian motions. A continuous and centered Gaussian process (Bi)i>0 with
By=0is called a fractional Brownian motion with Hurst parameter H € (0,1) if it has the
covariance
1
E[BsBy =T(s,t):= §(S2H + 2 — |t — s|?).

It is not entirely trivial to see that I' is indeed a covariance function (i.e. positive definite),
but one can show that

F(s,t)-A@(s,T)@(t,r)dr,

for
®(s,r)
and from that representation we easily obtain that I' is indeed positive definite.
We would like to solve stochastic differential equations
dXt:b(Xt)dt—i-J(Xt)dBt, Xo==x. (21)

If B is a Brownian motion (H =1/2), then of course we can do this by Ito6 calculus. But
if H+1/2, then B is no semimartingale and therefore we cannot use It6 calculus and the
meaning of the integral

/0 (XD
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is unclear (one can also show that B is almost surely not of finite variation, for any
H €(0,1)). However, there is a way to define such integrals in a pathwise sense if B is not
of finite variation, at least if o(X) and B have “compatible regularities”.

Lemma 2.1. If B is a fractional Brownian motion of Hurst index H, then almost surely

(Bt)tefo,r) € C*([0,T]) for all « € (0, H) and all T >0, where
([0, 7) =020, 7|, R) =1 FeC(0.7): [ flla= sup OB 0
ogs<t<T |t — 5]
1s the space of a-Hdélder continuous functions.

Proof. We have
E[| Bt — Bs]?] =T(t,t) + T'(s,s) — 20 (s, t) = t2H 4 §2H — ($2H 4 42H _|¢ — g|2H) = |t — 5|21,
Since B is Gaussian we get

E[|B:— BJ7)"/P~E[| B, — B,|)"/2 = [t — |

for all p>0. For p>1/H we thus obtain that B has an a-Holder continuous modification
for any a € (0, H —1/p). Since B itself is continuous, it is indistinguishable from this
modification, and thus B is a.s. a-Hélder continuous for any o € (0, H —1/p). Since p>0
is arbitrary, the claim follows. O

For H >1/2 will make use of this regularity to solve SDEs like (2.1) with the help of
Young integration. For H <1/2 this no longer works and in that case we will use rough
path integration (at least if H >1/3). Both rough path integration and Young integration
rely on the following fundamental result:

Theorem 2.2. (Sewing lemma) Let X’ be a Banach space with norm |||, let T >0 and
let Z:[0,T)?— X be continuous and such that Z;=0 for all t €[0,T]. We assume that
there exist C,e >0 such that for all 0 <s<u<t<T:

10Z s u,tll := 11256 = B = B gl < CJt — 5[,
Then there exists a unique function TZ:[0,T] — X with Z=o=0 and such that
|1Z25:— Zs 4| SCJt—s|tte, 0<s<t<T, (2.2)

where we use the notation

Yst ' =Yt — Ys-
Moreover, T= is continuous and
Kn—1
IZi= lim > Egaep,ae LE[0,T], (2.3)

where the convergence is uniform int and {0=t{ <ty <---<tgn=T1} is any sequence of
partitions with mesh size going to 0, i.e. maxy [tg 1 —ti|—0.
Proof.

1. Construction of Z=: We define with t}; =k2="T

2"—1

n__ =
1= § St e, At
k=0
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Since tf =5t <thil <thil =71, we have
n n+1
1Z8 =27
2n—1
§ : (:¢?At¢?+1At_':%;let¢§gjiAt_'zwggjiAt¢;gjéAt)
k=0
2n—1

< E : H:ztg,jl/\t,t;,ijQAt_:t;,let,t;,jlet_:t;,jlet,tggH/\tH
k=0
2n—1

= E : H5:tg,jlm,t§,j+11/\t,tg,j+12/\t
k=0

2n—1
< Z C(Tan)lJre 5 CleJrz-:Qfm-:7
k=0

and the right hand side does not depend on ¢ and it is summable in n. Therefore,
(Z™),, is a Cauchy sequence in C'([0, 7], X) (continuity of Z" follows from continuity
of 2 and since =5 ,=0), and thus it converges to a limit Z= € C([0, T], X'). This
essentially concludes the main part of the proof. Everything which follows now is
only needed for proving that ZZ satisfies (2.2).

2. We can slightly improve the estimate above by noting that for k& with ¢ >t we have

[1]

LA A T Senagn At T S L A AT 0,

and therefore we only have to sum [2"t/T'] terms and this gives the bound

n.
27 -7 < Bt [ewamye s cervae
whenever Q—;t> 1/2. Similarly we get for s <t with —intT_ sl 1/2 (e2"t—s|>T/2)
178 = T S Ot — s T2 (2.4)

3. T= satisfies (2.2): Let 0< s <t<T and let n € N be maximal such that 271" > |t — s|
(so in particular 27T < 2|t — s| < 2"|t —s| >T'/2). Then

1ZZs,0 = Zs,ell <ITEs 0 = Ll + 1285 = Zs -

We treat the two terms on the right hand side separately. For the first one we apply
the bound (2.4) and obtain

o o
Hzim—zﬁH<§:HIﬁJ_I&H§§:(ﬂﬁ—ﬂTQﬂwﬁcﬁ—Sﬁﬁ7
k=n k=n
where we applied the simple lemma which follows after this proof. To bound the
remaining term we note that if k is such that s € (¢, ti 1], then ¢ € (tf, i, 2) and
thus

1Z8¢ — Es tll =1Zep.tp o nt + Zap,  ate — Eeps — Zs |
<Eipt = Evpapone = Eep el 11 Zepe — Erp s — Zs |
=[10Z4p,ep,  At,tll + [0 s 2]l

SOt —s+27"T eSOt —s|t e,

Therefore, Z= satisfies (2.2).
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4. Finally we show that (2.2) uniquely characterizes Z= as the limit in (2.3). Indeed,

we have
n— K,—1
VASTES E Etpatp At < g HIEt,’;At,t;gHAt—EtgAt,tgHAtH
Kp—1
SO R A=t AL
k=0
Kn—1
n n n n
<Cm2x|tk+1—tk|5§ |th1— tk]
k=0

—C max [t~ T,

and by assumption the right hand side converges to zero as n — oo. This concludes
the proof.

O

Lemma 2.3. Let a«>0. Then for allneN

("+1)04 1 > e 9—na

Z koc 1 N2noc’ Z 9= ko —9- naz 2—ka: 5ma ~ QN0

k=n k=0

Question: Show that 6= ,, =0 for all s <w <t if and only if there exists a function f:
[0,T] — X such that 5 ;= f; — fs.

Remark 2.4. If = was given by the increments of a function, i.e. =5 ; = x4 — x5 for some x:
[0,T] — X, then we would have Z, } ==, ,, + =4+, so we could call = an additive function.
In that case 0= .t = Ts,t — Ts,u — Tt =0 and 7' = 2, — xo for all n and thus Z=; =z, — xo.

So [|6Zs,u,¢|| measures “how far = is from being an additive function”. If ||0Z ¢ S
|t — s|17¢, then in general = is not an additive function, but the sewing lemma shows
that there exists a unique (up to addition of constants) additive function Z= such that
122+ —Zst| S |t — s|'*¢. This additive function is obtained by “sewing together” =, since

n—1—
1= =lim, oo Zk SERAL Ry AL

Exercise 2.1. Show that if z:[0,7] — R is a-Holder continuous for o > 1, then z is
constant: x; =z for all t € [0, 7.

Corollary 2.5. (Young integral) Let T >0 and let a, 8 € (0,1] be such that o+ 3> 1.
Let x € C([0,T]) and y € CP([0,T]). Then the Young integral

2"—1

¢
/l’sdys— lim Z TLPYLp AL R AL ty=k27"T,
0

n— o0

exists and it is the unique function such that for all [s,t] C [0,T]:

t
xrdyr — TslYs,t

H/ xsdys

Slellallyllslt —s[*+o. (2.5)

Moreover,

S (LT (wol + lzfla) [y ll5- (2.6)




32 SECTION 2

Proof. We define
Esti= Zs(Yt — Ys)

which is continuous in (s,t), satisfies = ;= x+(y: — y¢) =0, and

10Zs u,tl =|2s(Yt — Ys) — Ts(Yu — Ys) — TulYt — Yu)|
=[(zs — 2u) (Yt — Yu)|
lzllallyllslu — st —ul?
<z llallyllglt —s|*+7,

and since a+ > 1 we can apply the sewing lemma. To prove (2.6) we use (2.5) and the
[£-Holder continuity of y:

t t
/ Trd Yy / Trdyr — TsYs,t
s s

Slellallyllslt = 5177 + |zo,sys,el + |zoys
<T||zllallyllslt — 17+ @l [yllslt — 517+ |wollly ]t — ]
SA+T) (ol + lzlla) 1y llslt — 1.

< + |z5ys ¢

O

Question: Let y; = By(w) for a typical sample path of a Brownian motion. Which x can
we integrate using the Young integral? Is x;= f(Bi(w)) for a smooth function f ok? Or
1= Xi(w), where X solves the Itd6 SDE d X; =b(X;)dt + o(X)d By?

Remark 2.6. If y is of finite variation (e.g. Lipschitz continuous), then by definition the
Young integral agrees with the Lebesgue-Stieltjes integral fo'xsdys (since both are limits
of the same sums).

Remark 2.7. Let X', ) be Banach spaces and let L(X',)) be the space of bounded linear
operators from X to Y. Then for x € C*([0,T], L(X,Y)) and y € CA([0,T], X) the Young
integral [ zsdys € CB([0,T],Y) can be constructed in the same way and it satisfies the
same estimates.

If we want use Young integration to solve the equation
dxy=b(x)dt + o(xs)dys

for y € C*([0,T]) (for example y = B(w) for a fractional Brownian motion with Hurst
index H > a), then we should assume that o(x) € C3([0,T]) with 8>1— . We will see
that for nice functions o the path o(z) has the same regularity as z, and therefore we
need z € C#([0,T]). Then Joo(zs)dys € C*([0,T7), and since [ b(zs)ds is Lipschitz, also
x € C*(]0,T]) and this means that we need to take 5=« and then we require a >1— «
or equivalently o> 1/2. This is what we call the Young regime.

Essentially we have everything we need to solve linear equations. But to handle non-
linear equations we need to understand how nonlinearities interact with Holder regularity.
To state the result we need the following function space and norm:

CY(RE,R™) :={ f € CLURE,R™): || f ||y < o0},

where

Hf”Cl;Y:: Z ||8Mf||oo—f- maLX sup |a“f(x) _auf(y)‘

i<t) p=blay o -y
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In words, Cy (R4 R™) is the space of functions which are |7 | times continuously differen-
tiable with bounded partial derivatives, and the partial derivatives of order | v | are v — | ]
Holder continuous. For =1 this means that f is Lipschitz continuous. For v = |~ this
means that the partial derivatives of order || are continuous. We also write

[z llog == ll2lla+ 2 ]loo
for a € (0,1] and =z € C*([0,T7).

Lemma 2.8. Let a€(0,1] and let z,% € C*([0,T],R?). Let o0 € CL(RY,R™). Then o(z) €
C*([0,T],R™) and

lo(@)lla < llollcglllla-
For o € CZ(R%, R™) we have

lo(z) = (@)lla S llollcp(t + |z = Z[loo) 2 = Z|a-

Proof. The first bound is easy:
| (2)s.i <llollegles. i <llollepllzllalt — 5|

The bound for the difference is a bit more technical. Taylor’s formula gives
1 1
lo(x)s,t— 0 (Z)s,4 :‘/ Vo (Ti+ ANz —T4)) (v — T)dA — / Vo (Zs+ Mzs—Ts)) (s — is)d)\‘
0 0

<

1
A [Va(i“t + )\(SUt — ft)) — VO'(CZ‘S -f- )\(SUS — :ES))](azt — ﬂ}t)d)\‘

+

1
/ Vo (&5 + Aas — #5))- (5.4 — :z«s,t)dA‘
0

<o lloal@e+ A(we — o) — (Fs + Aws — &) l]J2 — T
+2lollgplle — zllalt — 5|

Sllollezglz = Zllallz = Zlloclt — s|*+ o]l gl — Zllalt — s|*

Sllolle(X+ {1z = Zllco) |z — & [alt — 5|

Question: Show that for o € Cf and = € C* we have
|o(2)s,0 = ' (@s)ws ol < [l ll gl a1t — s>

Deduce that for o >% we have

o(xy) =0o(xo) + /Ota’(xs)dms.

Theorem 2.9. (Young equation) Let a € (%, 1], let y € C*([0,T),R") and let be CE(RY,
RY) and o € CZ(RL,RY*™). Then for all xo € R® there exists a unique solution z € C*([0,T],
RY) to the Young integral equation

t t
xt—xo—i—/ b(ws)ds—i-/ o(xs)dys,
0 0
t noot ,
::g:0+/b(xs)ds+2/a.7j(azs)dyg, te0,T].
0 = Jo
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Moreover, x depends locally Lipschitz continuously on (xo,y): If T solves the same equation
for Zo, y, then there exists K >0 depending only on b,o,T and |zo|,|Zo| and ||yla, [T |las
such that for all o' € (%, a):

|z — 2o < K(Jxo — Zo| + [y — Flla)-
Proof.

1. We use a Picard iteration on a small time interval. Let o’ € (%, a). For 7€ (0,1 AT
we consider

BT = {3j € C([Oa T]v ]Rd): SU(O) = X0, HQSHCY/ < 1}7
where we write ||z || and ||y||o for the norms restricted to [0, 7]. For x € B, we define

t t

b(as)ds + /0 olz)dys  te[0,7).

O (), :—xo—i-/

0

2. We first show that ® leaves B, invariant if 7 > 0 is sufficiently small. We have
®(x)o=x0 and by the bound (2.6) for the Young integral

(26
[@(@)lar S 7' blloc+ (L +7¥)(|o (o) + o (2)]lar)[y [l
Lem.2.8 ,
S T bllso+ X+ T (o lloo + o llpllzllan |y llar
(2.7)

S 7 blloo + 7ol gl e
where we used that

s t] s t| [t —s|® —a
lyllas= sup ———==< sup : sup ——— 5= |ly[laT (2.7)
T ogscter [t— 812 T ogscicr It =8| %0csctcn |t — 5|2 “ 7

and also that 7 < 1 so any positive power of 7 can be bounded by 1. So if 7€ (0, T A1]
is small enough (depending only on b, o, y but not on xg), then ® leaves B; invariant.

3. Next, we show that ® is a contraction on the complete metric space (Br, ||]|a)
(possibly after further decreasing the value of 7). Note that ||-|| is only a seminorm
because ||c||o =0 for any constant function c. But since in B, we fix the initial value
70, ||| becomes a norm. Using the completeness of R? it is not difficult to show
that (B, ||"||la) is indeed complete.

To see the contraction property of ®, note that o+ a’> 1 by assumption (since
a,a’ > %), and therefore the bound for the Young integral below is justified:

() —¢<f>ua/<\

/ (b(ws) — b(F5))ds
0

Y

[ )=o)

0

’ /

« «

<t Ib(x) = () [loo + 7

/ (0(2s) — o)) dys
0

(2.6)

< 7 b(@) — b(@) o + 7 (14 7 0(2) — o (@) larl[y]la
Lem.2.8 L , B / ~
S bl gglle = Elloo+ T o (14 12 — # o)
% =7 oyl
’ / ~ —a’ T
< bllgyr e = #llar+ 7l eglle = F el o
<

p— / ~
(Tlollcg + 7=l llczllyllan)llz = Zllar,
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where we used that since x and Z both start in xq:
|2 = F oo <72 — Flar S 1.

So if 7 is sufficiently small, then @ is indeed a contraction and there exists a unique
fixed point.

4. The length 7 of the interval on which ® is a contraction does not depend on zq, so
now we can interate the construction on [7,27], then on [27,37], etc., until we reach
[0, T]. This concludes the proof of existence and uniqueness of solutions. However,

so far we only showed that the solution z is in C'([0,T], R%). To show that z is
even a-Holder continuous we use the fact that x solves the equation and that the
right hand side of the equation is in C® for any z € C.

5. The continuous dependence of x on (xg, y) will be shown on Sheet 5.

O

Question: C*([0, T], R?) is compactly embedded in C®'([0, 7], R?) for all o’ < a. Use
this to show existence of solutions to Young equations under the assumption that o € C}f
(instead of o € C?).

Corollary 2.10. Let (Bt)ic[o,1) be an n-dimensional fractional Brownian motion of Hurst
parameters H > 5 (i.e. the components (B',...,B") are i.i.d. and each component is a
fractional Brownian motion). Let b€ Ci(R% RY) and o € CA(R?Y, R¥*™) and let xo€ R?.
Let a € (%, H) Then there exists a unique (up to indistinguishability) process X such that
almost surely (Xy)epo,r € C*([0,T],R?) and

Xt:XO+/
0

where the integral against B is a Young integral which is well defined almost surely.

If (B™)men C CH[0,T],RY) is a sequence of paths such that almost surely ||B —
B™||cg—0, then X =lim,, o X™, where

t t

b(Xs)ds + /0 o(Xs)d Bs,

X" =b(X{") +o(X[M)0B",  X{'=Xo.

Remark 2.11. In this result we first freeze the realization B(w) of the noise, and then we
do deterministic analysis with this given path. This is very different from It6 stochastic
differential equations, which do not make sense for a fixed w and for which the solution is
only defined “modulo null sets”. Also, if here we take the canonical probability space

Q=C([0, T],R™),

for av € (%, H), then the map w+— X(w) is continuous. While for It6 SDEs it is only
measurable.

Our theorem excludes exactly the most interesting case H = %, which corresponds to

the Brownian motion. On Exercise Sheet 5 we will see that the conditions on the Young
integral are sharp. So to treat the Brownian case with a similar philosophy and to cover

the case H <% we need to do more. The solution is to “enrich” the path y by equipping it
with more information. In that way we can construct a continuous pathwise integral which

applies to paths of regularity <%.
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2.2 Idea and definition of a rough path

To be able to treat the Brownian motion, we would like to extend the theory of Young
equations to driving signals y € C*([0, 7], R™) with a < % Unfortunately this is not possible.

Example 2.12. Consider the case d=n=2 and

t t
- / dyl, o= / 2ldy?, (2.8)

with initial condition y(0)=0. This equation has the explicit solution 2! = y! and 2% =
f(']yldyz. For m € N we set

L 2
. —cos(m“t)

(2
—sin(m?t)

From Sheet 5 we know that (y™) converges to 0 uniformly and in C* for all « <1/2, and

that x%m%% as m— o0o. But of course, the solution to (2.8) with y=0 is equal to (0,0)

and not (0,¢/2), and therefore = does not depend continuously on y in C*norm if a<1/2.

The problem is that the fast oscillations of y™ interact with the nonlinearity in our
integral equation and this interaction creates nontrivial effects, even though the amplitude
of y™ is very small.

Note that all paths involved in this example are smooth (C°), so the problem is not
the lack of regularity but the topologies in which the (y") converge. In the following we
will introduce rough path topologies which help us to overcome this lack of continuity.

We could imagine two possible approaches for doing so. The naive one would be to
try to find a better suited function space, which contains Brownian paths and paths of
solutions to SDEs and in which the integral [ O'xsdys becomes a continuous functional (i.e.
not to work with Hoélder norms). However, this is impossible! A counterexample by Lyons
shows that there cannot exist a Banach space & of real-valued functions on [0, 1] such that
X contains almost all sample paths of the Brownian motion and such that there exists a
continuous functional X23 (z,y) — I(x,y) with I(z,y) = folxsasys whenever y € C; see
Section 1.5.1 of [34].

The second approach is to accept this lack of continuity, and to enhance the path y
to make the map y+— = continuous. To understand this philosophy, let us consider the
following trivial example:

Example 2.13. The map f:R— R,

] -1, =<0,
f(x)_{'f‘la x>0,

is obviously discontinuous in 0. The problem is that we can approach 0 from the left or from
the right, and R is not rich enough to encode the information “from where we are coming”.
To obtain a continuous map, we could enhance the input space to encode the information
whether we approach 0 from the left or from the right. More precisely, we consider

A= ((=00,0) x {=} U ({0} x {= +}U((0,00) x {+}) CR x {—, +}

instead, where R x {—, 4} is equipped with the product topology (and {—, +} is equipped
with the discrete topology). Note that R C X, i.e. there exists a (non-canonical) injection
¢ from R to X' by setting ®(z) = (z,+) if >0 and ®(z) = (x, —) if  <0. We define

g(z,+)=+1, g(z,—)=-1.
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Then g is continuous, and we have

f(x) = g(®(x)).

In other words, we have decomposed f as the concatenation of the continuous map g with
the discontinuous and non-canonical map ®.

X

Q
R & {_4\ 4—5

Figure 2.1. Commuting diagram.

Example 2.14. To understand how we should enhance our path space let y € C'(]0,T],RY)
and let us try to construct f 0 (ys)dys in a way that depends continuously on y in C*

topology for a < 1/2, where f:R%— L(R% R) is a smooth bounded function with bounded
derivatives. Since y and f(y) are both Lipschitz continuous, we have along a sequence of
partitions with mesh size going to zero:

1
s d s — 1 n n4n o,
/O f(ys)dy ngrgozk: Fyep) g,

But we would like to control this using only the C'*norm of y, and for that purpose we
want to apply the sewing lemma. With =, ;= f(y(s))ys,: we get

105,06l = [= F (0)s,utputl < | Flcpllylalt — s

Since o < 1/2, this is not good enough to apply the sewing lemma, and therefore we are
stuck. But we can try to improve the approximation:

1 d 1 A
/Of(ys)dys:izl/ofi(ys)dy;

d tk+1 tk+1 A
:; (ZZ /tk dys+2/ (filys) fi(yt,g))d.%)

d

i d tk+1 )
filyg)yip g, + Z 0;fi(yer) / ytn Yyt
=1 j=1 ti

d tht1 . .
Z / fl ys fz ytk Z 8fz ytk —yt]g) dys.

i=1

2
k
For the last term on the right hand side we expect to get

Z Z/ O([th 1 — R dy= Z O(Jtiy1 —til’ )<ml§X|t1?+1—tZ|3a_l,

which converges to 0 if o > 5 (we have not shown fully rigorously that this term is really
of order O(|tily1 — t£]3%), but it can be justified).
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On the other hand, for the second term on the right hand side we expect to have

k=1 k 7=1

and if a < %, then this is not negligible (unlike for the Young case o > %) This suggests
to consider a different = in the sewing lemma, namely

Esti= f(%)ys t+ Df(?/S) s,ts

of
where D f —( 1 ) is the derivative of f and
Oaf

t t . . .
Ys,t::/ (yr—ys)®dyr=</ (yﬁ—yé)dyi> e RI®4,
s s i,j=1,...,d

) [RRRS]

and
d
Z Y)Y = Z Oifi(y)Yhi,  YeR®
=1 i,7=1
Then
5Es,u,t: _f(y)S,uyu,t'f‘Df(yS)(Y‘?,t _Y ) Df(yu) u,ts (2'9)
and

t u
Ys,t_Ys,u:/ (yr_ys)®dys_/ (yr_ys)®dyr
s s

t
=/ (Yr — Yu) @AY + Yu @ Yurt — Ys @ Ys,t + Ys @ Ys,u
u
:Yu,t + Ys,u & Yu,t-

Therefore, we obtain in (2.9)

10Zs,u,t] <|=F(Y)s,ubu,t + D f(Ys)Ys,u @ Yu,el + =D f (¥)s,uYul (2.10)
< fllepllylidlt = sP+ lollcallyllalYll2alt — s = O(|t — s]3). '

So if > é, we can apply the sewing lemma to bound the integral in terms of f, y, and
Y. In other words, the knowledge of the simple functional Y allows us to construct the
integral [ f(y)dy for all f e CE(RY, L(R%R)) — as a continuous functional of (y,Y). As
we will see soon, it also allows us to solve differential equations driven by (y,Y) and that
the solution depends continuously on the signal.

Question (difficult): What could we do if a € (%, %]7

Notation 2.15. Since y is more complicated to type than Y, we will always write Y for
the iterated integrals. For consistency we also write Y for the path, instead of y.

Let us write Ap={(s,t) €[0,T]* s <t} and

C3(Ar, R = { f: Ap = RI% | f |20 < 00},
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where

HfHro:: sup %‘
o<s<t<T |t 5]

Definition 2.16. (Rough path) Let o € (é,%] and d€N. A d-dimensional a-rough path

is a pair (Y,Y)=:Y with Y € C*([0,T],RY) and Y € C3%(Ar, R¥®%), such that Chen’s
relation

OV 0t = Y50 @Yyt (2.11)
holds for all 0 < s<u<t<T. We define

Y e := 1Y lla+ V1Y 20
We say that a sequence of a-rough paths (Y'™) converges to 'Y in a-rough path topology if

lm [[Y™=Y]o:= lim (Y™ =Y |la+ /Y™ = Y]2a) =0.
m— oo m—00

Remark 2.17.
i. We think of Y as postulating “iterated integrals” of Y,

t rry t
Y= [ [Tav,eav, = [Vod-vev.
S S S

Since Y € C for a < %, the right hand side is not well defined in general, so the left
hand side should be read as its definition.

ii. The space of rough paths is not a linear space, because Chen’s relation (2.11) is not
preserved under linear operations. Intuitively, knowing fStYT ® dY, and fst};r ® dffr
does not mean that we know f; Y, +Y,)@d(Y,+Y;).

iii. Also, [||Y|||o is of course not a norm. The reason for considering /|| Y||2o rather
than || Y||2 is that the natural dilation on rough path space is (Y, Y) — (A\Y, A2Y).
Indeed,

t
/ (AY ), @AY )y, — (AY)e® (AY )y = XY
So by taking \/||Y||2o, we make [||-]||o homogeneous under dilations.

Lemma 2.18. Let a € (%, %] and d € N. An alternative definition of a d-dimensional c-

rough path is as follows: It is a pair (Y,I) with Y € C*([0,T],R%), I € C*([0,T], RI®%),
such that

| st —YsRY; 4

sup —————=2—

(2.12)
(sear  [t—sl*

The link with Definition 2.16 is
I =Y 1+ Y @Y 4.

)

Proof. If (Y, I) are as claimed, then the function Y ;:= I ; — Y; ® Y; ; satisfies Chen’s
relation:
5Ys,u,t :5s,u,tl - Y:e ® Y;,t + Yg X sz,u + KL X Kt,t
=0+ Y54 ® Yoz,
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since I is an additive function. By assumption, Y € C3.
Conversely, if (Y,Y) is an a-rough path, then we define

I :=Yo ¢+ Yo ® Yo,.

Then
Is 1 =Yo,:+Yo® Yo, — (Yo,s + Yo® Yo,5)
Ch
Yt Yo, @ Yo + Yo @ Yo — Yo Yo
— S,t+YS®YS,ta
and therefore |Is; — Y@ Ys ¢ S|t — s[> O

Question: Show that if B is a d-dimensional Brownian motion, then B, ;:= f Bs ,®dB,
(Ito integral) and B ;:= f B » ® od B, (Stratonovich integral) both satisfy Chen’s relation.

Example 2.19. Let a € (%,%)
i. Let g >% and Y € C5(]0,T],R%). Then we could define

t
fo= [ Yewar,
0
and by the estimate (2.5) for the Young integral we have

L= Yo @ You SNV I3l — s <T2O= Y| 3t - s>

Therefore, (Y, ) is an a-rough path in the sense of Lemma 2.18. However, while
I=] (')Y; ® dYs is a canonical choice, it is by far not the only option: Indeed, for any

Z € C?*(]0,T], R4®9) we could also define
t
Iti—/ Y@ dYs+ Z.
0

Indeed, since Z € C?“ this I obviously still satisfies the estimate (2.12).

ii. More concretely, let us take d=2 and Y =0. Then a possible choice for I would be
I;=0, but we could also take

t
0o L
I= L
0
If we consider
icos(mgt) t
ym=| ™ , I{”z/ Ym e dY,m,
isin(mZt) 0
m

then Y™ —Y in C* and by Example 2.12 [} — I; for all t € [0, T]. In fact one
can strengthen this result and show that (Y™) converges to Y in a-rough path
topology. So by keeping track of I, we remember that we approximated Y =0 by
the oscillatory paths (Y"). This is reminiscent of Example 2.13, where by enhancing
the state 0 to (0, —) and (0,+) we could keep track whether we had approached 0
from the left or from the right, respectively.

Lemma 2.20. Let f € CZ(R? L(R% R)) and let Y be a d-dimensional a-rough path for
a€ (1 %] Then for all t €[0,T] the integral

t
/Of(Y;)dYs:—IEt, for B 1= f(Ys)Ys :+ D f(Ys)Ys 1,
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1s well defined, and it is the unique function such that

Y)dY, — f(Y)Yeu = D (Vo) Yo SIF lca(IY 11+ 1Y lalYll2a) [t — s[>

for all (s,t) € Ar. If (Y™)meN is a sequence of a-rough paths converging to Y in rough
path topology, then
t t
[ romaxe— [ iy,
0 0

Proof. For the first part of the statement it suffices to combine the sewing lemma, The-
orem 2.2, with the estimate (2.10). To obtain (2.10) we did not use that ¥ was a smooth
path, but only that its iterated integrals satisfy Chen’s relation.

For the continuity statement we note that fgf(Y;m)dYSm - féf(Yg)dYs =TZ7", where
Een=(f(E")Y+ D (™) — f(Yo)Yer — D f (Y)Y yt),
and therefore as in (2.10)

10557t <I=F(Y™)s Yt + f(Y)s,uYu,e + D F(YE™) YT @Yyt — D f (Y5) Yo, 0 ® Yy
+|_Df(Ym)s uYy t+Df( )s,uYu,t|-

By using a Taylor expansion and rebracketing like ab —cd=a(b—d) + (a — ¢)d we obtain
that

6ol SIS g (IY1E + Y™ IDINY =Y ™ alt — s[>
+ (1Y ™l2a + 1Y 20) [ f g Y = Y™ {l2aft — s[>
1 e Nla+ 1Y ™[ IIY = Y™ 20t — s[>,

and the right hand side converges to 0 as m — oco. OJ

Example 2.21. As an application, we obtain that in the setting of Example 2.19
t /1 t . ) t
lim f(—cos(mgs))mcos(mgs)ds— lim [ f(Y,")dY," = lim [ F(Y,")dY,™,
m—o0 J( m m—o0 J( m—oo J(

where F(y)= (0 s(s") ), ie. F(y)y=f(y")y? Now observe that with tf ="

n

t 1
m m : m m 1
/OF(YS )dY;"=lim > F(ngmgmﬁo(ﬁ))

n— oo

™) 4.
= lim (FY Y, , + F' (Yl )

n—00; =0 +t k
t
- [ Poemaxn
0
where in (*) we used that m is fixed and thus Y™ is smooth and Ytk = ( ) Since

t

Jim f(%cos(m%))mcos(m%)ds- / F(Y))d

m—o0 J(

Y™ =Y in rough path topology, where Y « (0, ) with I, = ( 2 > we get
-t
2
S
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Let us compute the integral on the right hand side: f 0 Y,)dY,=17Z;, where

Zoa= J2+ POV =0=0+ f1(0) 5.
Therefore,

t
/ F(V)dY:=T2,= ['(0)L.
0

Of course, it is possible to compute this limit directly. But with our technology it comes
out nearly for free.

Question: Let Z™ — Z in C'2 . Show that fo f(Z™)ym cos(m?s)ds— 0.

2.3 Controlled paths

Throughout this section we fix a € (— %] and 7' > 0. In the previous section we defined
rough paths and we showed that for any a-rough path Y we can construct the integral
Jof( 0 Y;)dY; as a continuous map in a-rough path topology. But ultimately our goal is to

solve 1ntegral equations

dXt = b(Xt)dt + O'(Xt)dyz,

and the integral [ o( Ny X,)dY; is of a different form than [ f( 0 Y;)dY;, because the integrand
is not just a function of Y..

A potential solution would be to enhance our rough path Y so that it also “contains
X”. This strategy works and Terry Lyons originally used it in [33], when he developed the
general theory of rough paths. Here we follow instead the later approach of Gubinelli [21],
who extends the integral [ oXs d¥; to more general integrands, while still keeping its con-
tinuity properties. The space of integrands should include functions X, = f(Y;) for f € CZ,
and it should include o(Xjs), where X solves our integral equation. So in particular it has
to contain functions of regularity C'*. But as Example 2.12 shows, we cannot hope to have
a continuous integral [ g X,dY; for generic X € C°.

So we need to impose some structure on X, and this structure should be richer than
just requiring sufficient regularity. To understand what we need, let us recall what we used
to derive the estimate (2.10) which allowed us to construct [ f(¥s)d¥; as a continuous map:

o f(Y),Df(Y)eC
o |f(Y)su—Df(Ye)Yerul Slu—sl>*
e (Y,Y) is an a-rough path (in particular Chen’s relation holds).

So whenever similar conditions hold, we could hope to apply the sewing lemma. Note that
the second condition simply says that the increments of f(Y) are well approximated by
the increments of Y, times a “derivative” D f(Y;). This motivates the following definition:

Definition 2.22. Let Y € C%([0,T],RY). A path X € C*([0,T],IR™) is controlled by Y if
there exists X' € C*([0,T], L(RY, R™)), such that RX € C3%([0,T],R™), where

R X’Y
In that case we write
(X, X" e 230, T],R™)
or simply (X,X') € D% and we define
1X, X'lIx 20:= | X"la + [| R |20
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Z2% is a Banach space with respect to the norm |Xo| +|X¢| + | X, X'||x 2a-

Question: Find an example where X is controlled by Y but X’ is not unique, i.e. there
exist X' X’ such that that (X, X'), (X, X’) € 2¢% (Hint: what if Y is actually C?* and
not just C'“)?

Notation. In the following we will often have estimates up to T-dependent constants. To
simplify the presentation we do not keep track of them explicitly and write <t instead.
But later it will be important to have a locally uniform control of the T-dependence, so by
convention a Stb means a < C(T)b for an increasing function C: Ry — Ry. For example,
[t— s[* S 6= 5|2 for 5, te [0,7]

Theorem 2.23. Let Y be a d-dimensional a-rough path and let (X, X') € 28%([0, T],
L(R%R™)). Then for all t € [0,T)] the sewing integral

t
[ XAV TEL B XY XY
0
1s well defined and satisfies

t
/erK—XsKnt—Xé ot] S URX 2 lY o+ 1X al Yl2a) [t — s> (2.13)
S

for all (s,t) € Ar. Consequently, the map
72200, T), L(R%, R™)) 3 (X, X') s < / X.dY,, X> € 22(0,T), R™)
0

s a continuous linear operator and satisfies

Proof. Estimate (2.13) follows easily from the sewing lemma and we leave its proof as an
exercise (see also the derivation of (2.10)). Given (2.13), we get

/ XsdYs, XH Sr (IR 2allY o+ 11X o 1Y 120) + 1 X oo Y ll2a + | X [l (214)
0 X, 2a

S RS 20 lY o+ X Nlal[YWll2a) [t = 52+ [ X ool Y l2a [t — 5%,

t
/ XY, — X.Y,
S

and now we simply estimate |t — s[3% <r |t — s]2%. The estimate for the derivative is trivial:
1X o < X 0

Question: Let Y = (Y, Y) be an a-rough path and let Z € C2*([0,T],R%®?) and Y = (Y,
Y) with Y, ;= Ys ¢+ Zs¢. Let (X,X') € 2% and compute

t _ t
/XSdYS—/XSdY;.
0 0

Remark 2.24. In the setting of Theorem 2.23 let Y = (Y, Y) be another d-dimensional
a-rough path, and let (X, X') € D3*([0, T], L(R? R™)). Define

pa(Y,Y) =Y =Y [la+ Y = Y20,
dY Y,Qa(X’leXvX/) = ||X/_X/H06+ ||RX _RXHQOM

)
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and M = max {|[Y [la, [|Yl2a, [Xol, X, X"y 20 Y llas 1Y ll20s [ X3, X, X[l 20} Set

(Z,Z')_</O'Xdes,X), (ZZ’)_</0XYX)

You show in Exercise 7.1 that

dy v 2o(Z, 2", 2, 2") STM(pa(Y, Y ) + | X§ = X{| + dy 3 50 (X, X', X, X7)).

Question: Let (X, X") € 22%([0, 7], R™) and let A € R¥*™. Show that AX is a con-
trolled path. What is its derivative?

We have shown that controlled paths are stable under integration against Y. When
solving an equation of the type

dX,=b(X,)dt + o(X,)dY;,

we not only need to integrate against Y, but we also need to apply a nonlinear map o
to a controlled path. The next theorem shows that controlled paths are stable under the
application of nonlinear maps.

Theorem 2.25. Let Y € C*([0,T],R%) and let (X, X') € 22%([0,T],R™). Let f € CZ(R™,
R™). Then

(f(X),Df(X)X") € 73°((0, T, R"),

and

1£(X), DF(X)X v 20 S (1+ M) Fllop(l+ 1Y o) (1 Xl + 11X, Xy 20), (2.15)

with M = | X§| + | X, X' lv 20- If (X,X")€ 282([0,T],R™) is another controlled path with
|X6| + HXaX,HX,Qa <M and if f€CP, then

I(£(X).DFX)X") ~ (F(X). DFE)X )y 20 o 210
<o | F lop(t+ 1Y la)2(1X0 = Kol + 13— Xt + (X, X') = (X, X) |y 20).

Proof. We show (2.15). First, we control the derivative f(X) =D f(X)X":

(DS (X)X s, el <D f(X)s,1 X + D f (Xo) X
<l X llalt = s1IX oo + L ol X lalt — 5]
<l X Nlalt = s|*(1 X6l + T X o) + 1L f lopll X el = 51
STl a1+ 11X o) (1X6| + [ X la) [ — 5]
To bound || X || note that
|Xs,t| <|AXs,t - Xsl,t}/s,t| + |X5,Y9,t|
SR [l2alt = 51+ [|X oo | Y [laft — 5]
Sr(1X0 + 11X, Xly 20) (1+ 1Y [|a) £ — 5]
STM (1 +[[Y [la) [t — 5[
Next, we show that f(X) is controlled with derivative D f(Xs)X.:
[F(X)st —Df(X) XiYs 4| <|F(X)st — D f(Xs) Xs.t| + |Df(Xs) X5t — D f(Xs) XiYs 4]
< el X a1 = s+ I gl B N2a) |t = s>
SIFlp(+ M)A+ (Y [la) (1 X0l + 12X, Xl 20) [t — 5]
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The derivation of (2.16) is more involved. Conceptually it is similar to the proof of the
second estimate in Lemma 2.8, but technically it is more complex. See Lemma 7.3 in Friz-
Hairer [18]. O

Remark 2.26. In the setting of Theorem 2.25 let Y = (Y, Y) be another d-dimensional
a-rough path, and let (X, X’) € 2¢°([0, T], L(R™)). Let pa(Y,Y), dy ¢ 5o(X, X', X, X),
and M be as in Remark 2.24. Set

(2,2")=(f(X),DF(X)X"),  (Z,2")=(f(X),DF(X)X’).
Then Theorem 7.5 of Friz-Hairer [18] shows that
dy v 2(2, 2", 2, 2") <100 (pa(Y, Y) + | Xo — Xo| + | X6 — Xo| +dy 3 50(X, X', X, X))
We now have all the ingredients that we need in order to solve rough differential
equations of the type d Xy =b(X3)dt + o(Xy)dY;, Xo==x, where Y =(Y,Y) is an a-rough
path and we look for solutions (X, X') € 2¢%. For simplicity of notation we will take b=0

from now on, but it is not difficult to adapt the arguments to include a drift b. By definition,
(X, X') solves the equation if

¢
X'=o(X), Xt:x—f—/ o(X)dY,,  te0,T].
0
From Theorem 2.23 we know that |- o( 0 X;)dY; is the unique function which satisfies

t
[ (Y. = o (X)¥e = Do (X)o (XY | = s
S

for all (s,t) € A, where we used that (0(X))'=Do(X)X’'=Do(X)o(X). In other words,
we have the following simple observation, which often is useful:

Lemma 2.27. Let Y =(Y,Y) be a d-dimensional a-rough path, let o € CE(R™, L(RY,
R™)), and let x € R™. Let X:[0,T] —R™. Then (X,0(X))€ 2% and

t
Xt T+ / (Xs)d}/;a te [Ov T]v
0

if and only if Xo=x and for all (s,t) € Ar
| Xs,t — 0(Xs)Ys 1 — Do (Xs)o(Xs) Y o| S |t — ]2

Question: How does this lemma look like in the Young case? Can you find a formulation
for classical ODEs which is equivalent to the formulation as a differential equation?

Theorem 2.28. Let Y = (Y,Y) be a d-dimensional a-rough path, let o € C3(R™, L(RY,
R™)), and let x € R™. Then there exists a unique solution (X, X") € 2%([0,T],R™) to
the equation

t
X, = x—f—/ o(X)Y,  Xi=o(X),  te[o,T).
0

Proof Now that we know that the maps (X, X') — (0(X), Do(X)X') and (o(X),
Do (X fo s)dY;, 0(X)) are bounded and continuous, the proof is conceptu-

ally Very smular to the one in the Young case (Theorem 2.9), although of course more
technical. See Theorem 8.4 of Friz-Hairer [18]. O
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Remark 2.29. One of the key results of rough path theory is the continuity of the Ito-
Lyons map: In the setting of Theorem 2.28, write

X=o(z,Y).
It follows from Remarks 2.24 and 2.26 that if Y is another a-rough path and if £ € R™, then
1@(2,Y) = @(Z,Y )|l S0 (|2 = 2|+ pa(Y, Y)),
where M =max {|z|,|Z|, |Y |lla: |[|Y |la}. See Theorem 8.5 of Friz-Hairer [18].

Question: Let as in Example 2.19

icos(mzt) t
Y;m — m ’ = Y;m ® dYSm
%sin(mQt) 0

Let 0 € C3(R?, L(R%, R?)). Let
t
Xtm:x—f—/ o(X"0sY,"ds, te[0,T].
0

Derive the equation that X =lim,,— ., X"" solves.

2.4 Stochastic processes as rough paths

We have seen that if Y € C*([0, T], RY), then there is no unique choice of a second order
process Y which turns (Y,Y) into an a-rough path. Indeed it is not even obvious whether
such a Y exists at all (by the Lyons- Victoir extension theorem it does, but we will not prove
this). However, if Y is a stochastic process, then there often is a canonical choice for Y.

2.4.1 Brownian motion

Let us start with the easiest example, where B is a d-dimensional standard Brownian
motion on [0,77]. In that case we have almost surely B € C%([0,7], R?) whenever a <1/2,
and we define

t
IBLIGE?—/ B, ®dB, — Bs® Bs,t7

s

where the stochastic integral d B, is understood in the It sense; in particular, B is con-

tinuous. By construction we also have Chen’s relation. It thus only remains to show that

almost surely |BL¢| < [t — s|?®. This is a consequence of the following result.

Theorem 2.30. (Kolmogorov’s continuity criterion for rough paths) Let (X,X) be
a stochastic process which almost surely satisfies Chen’s relation. Assume that there exist

p=2, ﬁ>%, C >0, such that for all (s,t) € Ar
B[ X 7P <Clt—s]%,  B[X PP <Clt— 5],

Then there exists a modification X = (X, X) of (X,X) satisfying Chen’s relation, and
such that

E[[IX|[5]"? < C
for all a € (0, —%).

Proof. See Friz-Hairer [18|, Theorem 3.1. O
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To apply this to (B, B'°) we only need to bound 1E[|1B§f?|p/ 2] for sufficiently large p.
We apply the Burkholder-Davis-Gundy inequality twice to obtain

t p/4
E[| B[P/ f:]E[(/ \BT—BS|2ds> }gE[ sup |B, — B,|P/? ||t — s|P/*

re(s,t

~lt—sP/ x|t — P/ = |t — s |P/2.

Moreover, E[| By ¢|?] = |t — s|P/2, by another application of the Burkholder-Davis-Gundy

inequality or alternatively because B is Gaussian. Taking p > 6 we obtain that B"*°= (B,
B™©) is almost surely an a-rough path for any o € (é,%
because p > 6. Note that we do not have to take a modification of (B, B!*°), because the
pair is already continuous.

We also define the Stratonovich iterated integrals of B by

— %), which is a non-empty interval

t
]Bssftrat = / (By — Bs) ® od B, = Bg?'f‘%l[d(t —s),
S
where [ is the identity matrix on R? and od B, denotes the Stratonovich integral. We set
BStrat — (B BStrat)'

Theorem 2.31. If (X, X') is an adapted process such that almost surely (X,X') € 25,
then almost surely

/ X, dBMto = / X,dBs, / X, dBSvat — / X,0dBs,
0 0 0 0

where the left hand sides denote the rough path integrals of X with respect to B and
B3%at respectively, and the right hand sides denote the Ité and the Stratonovich integral
(for the Stratonovich integral we should also assume that X is a semimartingale).

Proof. By stopping in
Tn=1nf{t > 0:[|X, X[ 520 0,4y = 0},

we may assume that BE[|| X, X'||3 24 < 00. For the Ito integral, we estimate
271/2
d !
¢ 1/2
:]E[/ X, — X, — X, 57r|2dr]
S

t 1/2
<E[\\X,X'||%,2a]l/2( / |r—s|4adr)

242
~E[| X, X||B 20] /[t — 27

2]1/2

t
/ erBr - XsBs,t - Xs/]Bs,t
s

t
/ (XT" — X5 — Xs/Bs,r)dBr
s

Since %—f— 2a > 1, this gives for fixed ¢t € [0,T] and with ty =kt /n:

i

-1 : t .
Therefore, Z,, = ZZ:O (Xt;?Bt;’évt?H + X{gBt;},tQH) converges in L? to fo X.dBs. But it also

converges almost surely to [ g X dBM°, and therefore almost surely J g XdBs= |, g X dBM.
A priori the null set depends on ¢, but both processes are continuous, and therefore they
are indistinguishable.

. n—1 271/2 1
t |s+2a
/XSdBS— Z (XtZBtg7tZ+l+Xt/]7€LIBtE7t}?+1) ] S/E[HX’X/H%,Za]l/Qn‘E 2 — 0.
0 k=0
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The Stratonovich integral can be rewritten in terms of the Itd integral, and this can be
used to establish the claim also follows in that case. See Section 5 of Friz-Hairer [18] for
details. g

Question: Let Xy =z + f N dBIto and determine which “Stratonovich equation” X
solves (i.e. derive an equation for X which involves only an integral against BStrat),

2.4.2 Fractional Brownian motion

What follows is not part of the videos and not relevant for the exam.

Recall that B is a d-dimensional fractional Brownian motion with Hurst parameter
H € (0,1) if By=0 and if the components of (B!, ..., BY) are independent continuous
centered Gaussian processes with covariance

:%(t2H+32H—|t—s\2H), ie{l,...d},s,te0,T).

E[B{Bj]
Our aim is to construct the interated integrals By ; = ( fstB;‘,TdBﬂ)i, j. First observe that
for : =7 we could simply set

t
. 1
[ Blasi= B2
S

This is the only possible choice under which we have the integration by parts rule from
classical calculus, and it satisfies Chen’s relation on the diagonal::

1, . 1, . 1, . 1 .
5 (BL? = 5 (Bl = 5(Bh0? =5 (Bl Bt BLuBli) = (Buu® Bud)™

Moreover,

t—s|?a
<= ypy,

1 .
RS

so we get the right regularity.

Remark 2.32. For any sequence of partitions (¢) of [0,¢] we have

Bi,+Bi, .,
22 Btk+1 Btk) ]_Z %B%Imtk-&-l’
k

so our definition of fstB};,rdB}; corresponds to Riemann sums taking the average of the

left point and the right point of the integrand. In the It6 case we can also take left-point
B} + B: .
Riemann sums (replacing % by Bj,). We could try to do the same for H < % The

difference between the two Riemann sums is %Z & (B,?k 2 which should converge to the

tk+1)
quadratic variation. But for H <% the quadratic variation does not exist, because

E[Z (B%'k7tk+1)2:| =) lterr —tr = o0

1 k k
ifH<5.

The off-diagonal terms are more complicated.

Lemma 2.33. Let (Bt)icjo,1) and (Wi)¢e(o,1) be indepdendent one-dimensional fractional
Brownian motions with Hurst parameter H € (0, l). Define for ne N

I.(B,dW)( Z BepWep p, |, te[o,1]
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where 110 := k27" and k' = max {k: 7} <t}. Then for all t €[0,1] and p € (1,00) we have
E[[n1(B,dW)(t) = In(B, dW)(t)[}]'/* S 2727,
So for H >% the sequence (I,(B,dW)(t)), converges in L*(Q) to a limit I1(B,dW);.

Proof. Let us write I,,(t) = I,(B,dW)(t). Then

ki—1
In+1(t) — In(t) =— Z B _nt1 _nt1 V[/;n+1 +1,
k=0

n
T2k >T2k+1  T2k+1T2k+2

and therefore by independence of B and W

E[|Ln+1(t) — In(t)|?]
kP —1

== :[E[B n+1 n+1B n+1 n+1]E[Wn+l n+1Wn+1 n+1]
Z T2k 1 T2k41

Toe HT20+4+1 Tok+1T2k+2  T20+4+1:T20+42
k,£=0
ky—1
gz (2—n)2H(2—n)2H
k=0
kf—1 k-1

+23 > (BB g1 nst BB pe net ) EW pr ot Wonsr nea]].

Tok T2k+1 yT20+ 2k+1T2k+2  T20+1:720+42
k=0 ¢=0

The first term on the right hand side is clearly bounded by <2mt2-4H — (272H=1/2) /p)2,
To bound the second term we need the following estimate, which we leave as an exercise:

IE[Wz s+nWe tn)| S (¢ — s)2H 2R, 0<s<t, 0<h<t-—s.

This leads to
kP—1 k—1
Z Z (]EHB n+1 n+1|2]]E[|B7_2nl+177_2n£t11|2])1/2|]E[W7_n+1 7_2nk+1Wn+1 n+1]|

T2k T2k+1 2k+1T2k+2  T2041:720+2
k=0 £=0
kf—1 k-1 k=1 k-1
—n2H n+1 n+112H —2|9—n|2 —n2H —n|2H —-2|9—n|2
2 R AT Ak T P R > ) (k=027 22
k=0 ¢=0 k=1 ¢=0
kif—1k—1 Ep—1 paz—1
:2—n4H§ : § : |k—€|2H_2§2_"4H/ / |x—y|2H—2dydx.
k=1 (=0 1 0

The integral on the right hand side is bounded by

kf—1 px—1 A k?—11_|x|2H—1 <in
— Y|P 2y dr = B ge < kp <2,
[ [ e ryda= [T AR e da s

and this completes the proof. O

Remark 2.34. The threshold H >% does not appear because our estimates are inadequate.
For H g% the sequence (I,(B,dW)) does not converge (see [15]) and there is no known
canonical definition of [ BsdWs. See [50, 43] for two non-canonical constructions based

on renormalization arguments (roughly speaking based on subtracting random diverging
counterterms from the diverging sequence I,(B,dW)).
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So far we only control I(B,dW) in L?(Q2). To show that it has sufficient regularity we
need the following deep result on moments of polynomials of Gaussian random variables.
Maybe later in the course we will see a proof in a special case.

Theorem 2.35. (Gaussian hypercontractivity) Let I be an index set and let (X;)ier
be a centered Gaussian process. Let P:IR™ — R be a polynomial of degree n. Then for all
0 < p<oo there exists a constant Cy, , >0 (which is independent of m) such that

-1

5 Xi )IYP SE(IP(Xiys oo Xiy) P12 < C p B P(Xiy oo X

im

P

19+ 19 00

Proof. See Janson [31], Theorem 3.50. O

Theorem 2.36. Let (Bt)ico0,1] be a d-dimensional fractional Brownian motion with Hurst

index H € (é,%) Forie{l,...,d} we set gft::%(3i7t)2 and for i+ j let

BY,:=1(B',dB7)s;— BiB,.
Then
E[|Bs,?]/P S [t — s

for all p € (0,00), and in particular we can apply Theorem 2.30 to obtain a modification
B of B such that (B,B) is an a-rough path for all « € (1/3,H).

Proof. Let i# j and 0 <s <t < 1. Define

In(t) = In(B', dBI)(t) + Bip Bl o

t
where I, is as in Lemma 2.33. Using similar arguments as in the proof of Lemma 2.33, one
can show that

E[|(Jn)s.t — [(B,dBY), 43/2 <2 n(2H=1/2) /r—5,

The extra term in (2.36) makes the calculation longer but not more difficult; similarly
estimating the difference of the time increments is more technical but not more difficult
than estimating the difference at a fixed time.

Pick now ng with 270~ |t — s| <2770, Using the same decomposition that appeared
in the proof of Theorem 2.2, we get

E(|I(B,dB), = BIBI |P|"/? <E[|I(B,d B)s = (Jng)s )P+ E[|(Juo)s e — BiBL |P]/P
§|t - S|2Ha

where the last step used Gaussian hypercontractivity. Now the claim follows from Kol-
mogorov’s continuity criterion for rough paths. O

3 Besov spaces and paraproducts

To develop a similar “rough path type” approach for SPDEs we need some tools from
analysis, for example tempered distributions, notions of regularity for them, and results
which control the product of a distribution and a function in the case of compatible regu-
larities. An excellent reference for further reading is the monograph by Bahouri, Chemin
and Danchin [3]|, where much of the material here is taken from.
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3.1 Tempered distributions

Definition 3.1.
1. The Schwartz functions are
S ={pe C®(R%,C): ||¢|k,.» < coVk € No},
where

¢ llk,7= sup (14 |-1¥)0¥0]|oo-
lu|<k

ii. The (Schwartz) distributions or (tempered) distributions are the linear maps u:
< — C which satisfy

lu(P) <Cliellk,»
for some C >0 and k € Ny. In that case we write u € .’.

iii. A sequence (u,) C .7 converges to u €. if upn(p) = u(p) for all p€.. One can
show that then there exist k € Ng and C >0 with |un(¢)| < C||¢|lk,» for allneN;
see [49], Theorem V.7.

Example 3.2. Clearly LP= LP(R%) C.#’ for all p € [1,00] if we identify u € L? with the map
o fRdu(x)cp(x)dx. Also, the space of finite signed measures on (R%, B(IR?%)) is contained

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

o Question: Find yet another example of a tempered distribution, which is not of the
same type as the ones above.
Using duality, we can define many linear maps on tempered distributions. If A:. —.%
is such that there exists a linear map A”:.# — .7 which satisfies for all ¢, ¢ €.

/ (Ag) () (x)da = / () (ATp) (z)d,
Rd R4

and such that for all m € Ny there exist &k, € Ny, C,,, > 0 with ||ATg0Hm7y < Cunllellk,.-
Then we define for u € ./ the tempered distribution Au via

(Au)() :=u(ATp).
Example 3.3.

i. We can differentiate distributions: For e N¢§ and A =" we have AT = (—1)‘“‘8“.

ii. We can multiply distributions with (very) nice functions: For f € C* with all partial
derivatives of at most polynomial growth and Ag = fo we have AT = A.

iii. We can take the Fourier transform of distributions: For the Fourier transform

Ape) = F ()= 92) 1= [ pla)e e d

we have AT = A. See Theorem 1.19 of [3].

iv. We can take the inverse Fourier transform of distributions: For the inverse Fourier
transform

Ap(z) = F\p(z) = / ()X 2
Rd
we have AT = A.
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v. We can convolve distributions with nice functions: For x € . and the convolution

Ap = x* soz/ X( =) e(y)dy
R4
we have ATp = (x(—)) * . In this case one can show that x*u € C®N.7’ for all
ueS.
vi. We can rescale distributions: For A >0 and «, 5 € R and
Ap(x) = Xp(\z)

we have ATo(x) = X\*~Fd)(A~Bx). More generally, if L € R?*?is an invertible matrix
R? and Ap(x) = ¢(Lx), then ATyp(z) =|det L| (L 12).

The main reason for considering test functions in .# rather than the simpler space
Ce° C .7 is that in this way we can define the Fourier transform by duality. Since CZ° is
not closed under Fourier transformation (if ¢ € C:°, then in general .# ¢ ¢ CS°), this would
not be possible if we allowed only test functions in CZ°.

o Question: Check that if 7 is a finite measure on R%, then

Fr(z) = / e~ (dg),
R4
in the sense that (Z7)(p) :fRdﬁw(z)cp(z)dz.

Example 3.4. Let u €.’ and ¢, €.7. The following relations will be used all the time:
o 7 ' Zu=2F tu=ufor all ue.?’ (see Theorem 1.19 of [3]).
e Parseval’s identity:
(. )we)= [ p@wie)rde= [ p)iayds =3, 0)mo

where (-)* denotes complex conjugation. See Theorem 1.25 of [3] which proves the
identity for ¢ = 1; apply polarization to deduce it for general ¢, ). By extension
we have u(¢*) =u(p").

o OMu= (2miz)0 (Proposition 1.24 of [3]), where (2miz)* = (2mi)Flah x ... x 2.
o up=1ux@ (Proposition 1.24 of [3]).
e uxp="1p (Proposition 1.24 of [3]).

e supp(y * 1) Csupp(y) + supp()) := {z + y: © € supp(yp), y € supp(¢))} (easy to
check).

Remark 3.5. The cited results in [3] sometimes have additional factors of 2m. This is
because in [3] the Fourier transform is defined as Z(z) = fRdcp(x)e_”'de. Including

the additional 27 in the exponential has the advantage that Parseval’s identity and many

other results hold without factors. The only point where we see the 27 appear is in Oy =
(—2miz)Hu, which would be 0#u = (—ix)H u with the definition in [3].

Definition 3.6. Sometimes we will talk about the support of u€.#’. If U CR? is open,
then u vanishes on U if u(p) =0 for all p €. with supp(¢) CU. The union of all open
sets on which u vanishes is still an open set. The support supp(u) of u is the complement
of this open set (and therefore always closed).
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We will also constantly use the following fundamental inequalities:

Lemma 3.7. (Holder’s inequality) Let p, q,r € [1,00] be such that %—kl

L Then

T
[wvllpr < [lullzel[vfles.

Proof. See 3], Proposition 1.1. O

Lemma 3.8. (Young’s inequality for convolutions) Let p, q,r € [1, 00| be such that
%—f—%: 1—|—%. Then

lux vl < [lullzrlv]lLe.
Proof. See [3], Lemma 1.4. O

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”.

e Question: Check that the support of the Dirac delta d(¢) = (0) is {0}.
Define U = R?%\ {0}. If ¢ is such that supp(y) C U, then »(0)=68(p)=0. On the
other hand the only larger open set U’ D U would be U’ =R, and it is not true that
©(0) =0 for all p with supp(¢) C R?% Therefore, U is the largest open set on which &
vanishes and thus supp(¢) ={0}.

3.2 Besov spaces

The main difficulty we encountered when trying to solve singular SPDEs like the KPZ
equation was that we had to multiply distributions. For u € .’ and ¢ € C* with partial
derivatives of polynomial growth we can define the product uy by duality. But if v is a
non-smooth function or even a distribution, then the duality approach breaks down and
we need other arguments to define uv. If say w,v € L2, then uv € L' is of course also well
defined, so we might hope to find another approach that makes sense of uv for all u,v € ..
But this is not possible:

Example 3.9. (Schwartz) In d=1 we can turn l into a tempered distribution via the
so called principal value. The details of that constructlon are not important for us, but
with it we formally obtain for the Dirac delta ¢ (i.e. d(p)=¢(0))

0—(5><x)—(5><x)><%7é5><(xx%>—5><1—6.

This example shows that a general extension of the product uwv to distributions or
non-smooth functions v is not possible. But we will see that if we restrict both v and v to
suitable subspaces of ./, then wv is canonically defined as a continuous extension of the
product of Schwartz functions. Of course, the example u,v € L? from above works, but we
are interested in situations where at least one of u, v is a bona fide distribution and not
a function. The simplest solution is to require u and v 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(i) C K,
where K C R? is a compact set, then there exists ¢ € C° with o|x=1 and therefore

u=F"Na)=F pi) =(F'p)*u
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Since .# ~lp € .7 we deduce that u € C°°. Moreover, if |z|~ ) for all z € supp(4), then
essentially we can picture u as a sine-function with period (27\)~! (imagine d =1 for
simplicity). So if A is small, then u is smooth and oscillating slowly but if A>>1, then wu 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

u=F"Ya)=F (Lon(-Da +Z T (Ljgi pi+y(|-]) ) 1U+Z Aju.
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

of w up to the spatial scale 277. For a smooth function u this should already give a very
accurate picture of u, and therefore we expect Aju to rapidly decay as j — 0co. 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
1Ajulley < [[F 1 (L5 95+1y(|-])[za[|ullr via Young’s inequality, but the L' norm on the
right hand side is infinite because while 9’*1(1[21-72j+1)(\-|)) € C*, it is not in L.

Definition 3.10. A (smooth, dyadic) partition of unity consists of two positive and radial
functions p_1, po € C°(RY, R) such that the support of p_1 is contained in a ball B C R?,
the support of po is contained in an annulus A= {x € R:0<a<|z|<b}, and with

pj = po(277")
the following conditions are satisfied:

L. Z;’i_l pi(r) =1 for all x € RY;
i. supp(pi) Nsupp(p;) =0 if |i —j|>1.

Such a partition of unity exists, see Proposition 2.10 of [3]|. For the rest of these lecture
notes we fix one partition of unity (p;)j>—1.

Definition 3.11. For u €.’ and j > —1 we define the Littlewood-Paley blocks of u as

ZXﬂL::é?AJ(ﬁyﬁ)

Notation. We write K; :ﬂ\*lpj, so that Aju= Kj;*u. We also use the notation

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

i<y i<j 2] i>j
1(<j::g B@, }(<j::E Bﬁ.
1<J 1<j

The kernels Kj, K. ;, 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.
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e Question: Check that || Kj|| 1= | Kol for j>0.
We have
Kj(z)=F "'pj(x)= / po(2772)e* ™ Ad 2 = 2jd/ po(2)emie 2 ; = 231K (203),
R4 R4
and therefore

/d|Kj(x)\dx—/d|27dK0(2jx)|dx—/d\Ko(x)\dx.
We have R K R

Acjule) =Y F e Fu)(0) =Y (nFu(F ) =u Y F (070 ),
i<j i<y i<
and therefore
U= Aju= lim Agju
j;1 T e
for all ue .7’
If we LP, then by Young’s inequality we have uniformly in j:

1A ully <K llprllullne S flullze-

As discussed above, we want to describe the regularity of u € . 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 LP-norm for p € [1,00]. Recall that .# Aju is compactly supported,
and therefore Aju € C*°N .. In particular,

||A’U/HL1’:: (fIRd|AJu(x)‘pdx)l/p7 p<OO,
’ essSUp,e e | Au(z)], p= 00,

is well defined (but possibly infinite). Actually ||Ajul/re =sup,cgra |Aju(z)| because Aju
is continuous and therefore the essential supremum is the supremum.

Definition 3.12. For a € R and p, g € [1,00] the Besov space By, is defined as
By g={ue " lullzg,, = (27 | AjullLr)jz-1lles < 00}
By , is a Banach space for all o, p, q.

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

!
(e} (e} (e}
BPle - BPvQQ - BPle

whenever o’ < a (Exercise: if this is not clear to you, check that [|-||ye2 <||||¢ea for g1 < go;
see also Sheet 2).

The Gaussian noises that we will consider have the same regularity index « in any
Besov space By ,, 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=g=o00,

for which we introduce a special notation:
¢*=B%oor  |lla=I"lBg .-

Exercise 3.1. Let § denote the Dirac delta, d(¢) = ©(0). Show that § € Bpji(jlfl/p) for

all p €[1,00]. 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 3.2. Show that ||u||o S||u||g for a < B, that ||u||re S |Jul|q for a >0, that ||uljo S
|u|zee for a <0, and that [|Agjullpe <277 |ulo for @ <0 and ||As ju|gee <279 |ul|4 for
a > 0. We will often use these inequalities without explicitly mentioning it.

If « € Ry\ Ny, then one can show that €’“ is the space of bounded || times con-
tinuously differentiable functions, with bounded partial derivatives, and whose partial
derivatives of order |« | are (o — |« |)-H6lder continuous, with norm equivalent to

H —_ ¢
ulla==|lullcg= Z (|0 0o + Z sup 0" u(x) au(y)\.

— a—Ta]
ui<la) ui=la) #y 12—l

But for k € Ny the space €¥ is strictly larger than CF. In fact € is even larger than L°°.
We will see the equivalence 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 3.13. (Bernstein type inequality) Let B C R? be a ball, let k € Ny, and let
1< p<g<oo. There exists a constant C' >0 which depends only on k, B, p, q, such that
for all A\ >0 and for all u € LP with supp(-Z#u) C AB we have

=)

q

ktd(t—
max |9 ue< A TG
HEN || =k

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

where 1 +%:%+%. Now it suffices to note that (if r < 0o0)
1/r
jor= e~ | d|aﬂ<Adﬂ—1w<Ax>>|rdx)
R:
1/r
—(stear [ forz 1) parde )
1/r
<)\(,u|+dr d/ |8“ﬂ 1¢( )|rd$>

=N a1

The claim follows by plugging in the equality 1 — % = % — %. The case 7 = o0 is similar and

slightly easier. O
o Complete the proof by treating the case r =00
Corollary 3.14. For a €R, peN&, and ue €, we have

[0 u o~ S llwlla-

Proof. We have by the Bernstein type inequality:

18(0#u) Lo = K % (9#u)| o = [|0#(K # w) [l = ([ 0" Aju [
S Aule S277 T u .
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We can also use the Bernstein type 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 3.3. Let a€(0,1). Then ¥*=C}' is the space of bounded a-Hglder continuous
functions, and

[ulla= [ullcp-

Another simple application of the Bernstein type inequality is the Besov embedding
theorem:

Theorem 3.15. (Besov embedding) Let 1 < p1<pa<oo and 1< g1 < <00, and let
a€R. Then for allue.’

Ioll oz S el o
BPQv‘ZQ

o Question: Give the proof yourself. It is only 2 lines.

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 A= {r € R%:a <|z|<b} for some 0 <a <b, and a ball is a set
B={reR%|x|<b}.

Lemma 3.16.

i. Let AC R be an annulus, let « € R, and let (uj)j>0 be a sequence of smooth
functions with supp(Fu;) C27A and such that ||u;j||Lee <277 for all j. Then

u=3"w e and fulla S sup {29 u =
730 720

#i. Let BCIR® be a ball, let >0, and let (uj)j=—1 be a sequence of smooth functions
with supp(:Fu;) C 2B and such that |uj||p~ <279 for all j. Then

u=3 we?® and |lufa sup {27°u;]z).

j>—1 jz-1

Proof.
i. If Fu; is supported in 274, then A;u;#0 only if 2/ ~27 and therefore
[Aiuflie< D Al S sup (2K flugllp=} Y 277
ji29~20 ji2920

~ sup {2’“‘ |l || Lo} 9t
k>—1

ii. If Fu; is supported in 2B, then A;u;#0 only if 2/ <27, Therefore,
[Aiullie< D Al < sup {28 flugllp=} Y 27
§:29>2 k>-1 §:27>20
=~ sup {2 ||up|p} 277,
-1

=

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



58 SECTION 3

A similar result also holds for Besov spaces B) , with general p, ¢ € [1,00]. As a first
application, one can use this lemma to show that while the norm ||-[|pa 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.

o Use the previous lemma to prove that if (p;);>—1 is another dyadic partition of unity,

and Aju=2(5;7u) and [[ullze = (27 | A;ullco)js1lle, then flullgs = |lullsg,

3.3 The paraproduct and the resonant product

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 [8] 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 3.17. There exists an annulus A such that for all j =1 and all 1 < j — 2
supp(.Z (AuAjv)) C2IA, u,ve.S.
Moreover, there exists a ball B such that for alli,j > —1 with |i —j|<1

supp(.Z (AuAjv)) C 2/B.

Proof. This is quite simple: If i >0, then

supp(.Z (AjulAv)) =supp(F Aju* FAju) Csupp(F Au) + supp(F Aju)
C2A+21A=21(2""TA+ A)
for an annulus A. By our assumptions on the dyadic partition of unity we can choose A
such that 2= *AN A= for all k> 2 and therefore 21=74 + A C A for a new annulus A and

all i < j — 2. The argument for i = —1 is similar.
If on the other hand |i — j| <1, then all we can say is that supp(.-Z(A;uAjv)) C 2/B
for a ball B. g

For the following heuristic discussion we assume that v and .#u are functions. Recall
that if u is such that Zu(z)#0 only for |z| ~ A, then w is essentially a superposition of
e?™#% for |z| ~ X. So on spatial scales r < A\™1, u is nearly constant:

lu(x+7r) —u(x)| SAr<1.

On spatial scales 7> A~!, u looks highly oscillatory, and its average over a region of size
r nearly vanishes: Let’s consider d =1 for simplicity, then

+
l/$ Te2ﬂi)‘ydy‘ :l
T T

r

e2m’)\(:v+r) — p2midx
2miA

2
<—<K 1.
A <

We say that u “lives on the spatial scale 2777

Therefore, Lemma 3.17 shows that multiplying Ajv, a function that lives on the spatial
scale 279, with A¢;_ou, we obtain a new function A¢;_suAj;v which still lives on the
spatial scale 277, The multiplication does not create any effects on larger or smaller scales.
If on the other hand |i — j| <1, then A;u and Ajv 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. Therefore, the large scale contributions
of Z|z‘—j\ <1 AsuAjv might diverge, and we interpret this as a resonance phenomenon.
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Example 3.18. 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 u v is essentially oscillating with the same speed
as v.

Figure 3.1. w oscillates slowly. Figure 3.2. v is a fast sine curve.

e e

Figure 3.3. uw still lives on the same scale as v.
Formally we can decompose the product uv of two distributions as

wv= > Ajuldju=udv+ucSv+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

uQU =v8u = Z AgjoulAjv and uOU= Z AjuAjv.

i>—1 i,:)i—jI<1

We call u©v and uSwv paraproducts, and u ® v the resonant product.

Bony’s crucial observation is that u©v (and thus uSv) is always a well-defined distrib-
ution. 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 3.18 above, where the product uwv is actually equal to the
paraproduct u®uv 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 3.19. (Paraproduct estimates) For all B€R and u,v €.’ we have

[uevllp S llullze]lv s, (3.1)
and for a <0 furthermore

[udvllats S llullallvlls. (3.2)
If a+ >0 we have

[u©vllats S llullallvlls. (3.3)

Proof. By Lemma 3.17 there exists an annulus A such that supp(.# (Ag;_2ulv)) C 274,
and for u € L* we have

A —2udjv|e <[|Agj—oullzel| AL S ullze 2778 v 5.
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Inequality (3.1) now follows from Lemma 3.16. The proof of (3.2) and (3.3) works in the
same way, except that for estimating u ©® v we need a + 3 > 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 the estimates from Exercise 3.2 above we deduce the following
simple corollary:

Corollary 3.20. Let a+ 8>0. Then the product (u,v)+— uv of Schwartz functions can
be extended to a bounded bilinear operator from € x € P to €“"B. While uov, ucv, and
u®v depend on our specific dyadic partition of unity, the product uv does not.

The condition a+ § > 0 is sharp:
Question: Find a counterexample to show that for o+ 3 < 0 there exists no continuous
extension of the product to € x €. Hint: Think of u(z) =n"%"* for a > q.

Example 3.21. Let o, 3€ R and consider the functions u,(x) = n~%* on R, and
vp(z) =n"Pe=_ Tt is easy to see that ||up|lo — 0 and ||vp]la — 0 for all @ < @& and 8 < 3.
Nonetheless

UnpUn = n~(@+0)
diverges to oo if &+ B <0, and stays constant for & + 3=0. To obtain a counterxample
for a+ =0 we could consider a superposition u = Znn_o‘e%”m% for C'> 0 such that
Aju = n~1/2e2miC%z anq similarly for v.

Example 3.22. Let d=1 and v € €® and v € €” with a+ 8>1. Then dw € €%~ by
Corollary 3.14, and since o+ 8 — 1> 0 the product u0v is well defined. We could also
construct this product by differentiating the Young integral:

t
u@tv:—(%/ usdys,
0

where the derivative is taken in the sense of distributions. Conversely, integration is a linear
map and thus we can make sense of | 0' (uOw)dt and this gives an alternative construction
of the Young integral.

Example 3.23. Let (B)cpo,r] 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 | g BydB;= [, g (Bs0sBs)d s, 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 4%, then we always have

1 1
B"@tB" = 5815((3”)2) — 58{/(32),
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i.e. there appears to be a canonical interpretation for the product Bd;B, which corresponds
to the Stratonovich integral |, Ot Bs odBs. However, nobody is forcing us to approximate
B with smooth functions, and if we take piecewise constant approximations and compute

ngg?dB;‘ as a discrete sum, then the limit is the Ito integral ngSdBS.

o Show that for f € ¥° and the Dirac delta ¢ the product Jf is well defined and a
continuous function of f, despite the fact that 6 € € % Do you have any intuition why?

Remark 3.24. 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 .7 (T%) =C>(T¢%), and
(T consists of all linear maps u: C>°(T%) — C such that |u(y)| < C’ngk |0*¢ |0
for some C, k> 0.

The Fourier transform Zpau(k) = (k) :=u(e 2™*)) is defined pointwise for all k €
Z% and all u €.&'(T9), with inverse Fourier transform Zpin(z) = > hezd e?mkTn (k). A
sequence (1(k))jeze is the Fourier transform of some u € .#/(T9) if and only if |(k)| grows
at most polynomially in k.

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
(Fpd po(277)) = 274 Fpi po) (27).

Usually we can apply the Poisson summation formula to overcome this difficulty: For
¢ € .7 (RY) we have

Frbo(a)i= 3 Fkrpky= 3 F (e + k). (3.4)
keZd kezd

See e.g. [25] for details. We will not work out the details here, and if necessary we simply
apply the results of this section on T¢ without commenting on it.

4 First examples of pathwise SPDEs

Here we discuss how to use our new tools to solve some interesting SPDEs. We work on
the torus T, and as mentioned before, all results from Section 3 remain valid on T

Convention. From now on we slightly re-define the space €“: We define it as the closure
of C*°(T?) with respect to ||||lo. This is a strict subspace of BZ ., so all results from
Section 3 remain valid. Some aspects of this new space are nicer, for example it is separable
while BS, o is not (generally L*>°-based function spaces tend not to be separable). An
alternative characterization of our new €% is

6o = {u €. lim 29| Aju | = 0}.
Jj—00

So to show that u € .7’ is in the new ¢’ it suffices to show that ||ul|, < oo for some o’ > a.

4.1 Regularity of the linearized ®; equation
Equipped with these tools, we now aim to solve the ®4 equation ¢: R, x T? — IR,
hp=A0¢— ¢+ ¢+, (4.1)

where ¢ is a space-time white noise on Ry x T¢ (we now use the notation ¢ rather than
0:W because It6 integration will not play a big role any more and rather we understand &
as a space-time distribution).



62 SECTION 4

Originally we were interested in the equation on R? instead of T¢, but as will under-
stand later, in infinite volume there are considerable technical problems additionally to
the regularity problems that already appear in finite volume. After we understand how to
deal with the regularity problems, we could return to the infinite volume problem. But we
will not do this here and instead refer to [38].

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

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

2
_ ik =20k |2 _ —d/2 |z + k|
= E e T LTI g (4mt) exp< — )

kezd kezd

where the second equality follows from the Poisson summation formula (3.4). Recall that
the definition of a mild solution to (4.1) is

o) =P+ [ Pr(—6(s) + 6(s) + €(5))ds

~Pi+ [ P o)+ B(s))ds + / P (s)ds

We do not expect any substantial cancellations between the different terms on the right
hand side, so ¢ should have at best the same regularity as

Z(t):/OPt_Sf(s)ds

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]:

[ullozx == sup [lu()||x+ sup M
tel0.7] ogs<t<T |t 5]

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

Proposition 4.1. Let (u(t))iepo,r) be a stochastic process with values in #'(T%) and
assume that for all 5> —1, for all 0< s <t < T, and for all x € T¢

E[Azu(t, z) — Aju(s, z)[7)/”
=57

E[|Au(0, z)|7]/? 4 < K279, (4.2)

where v>1/p. Then (there exists a modification such that) for all v' € (0,~ —%) and all
o' <a
1/p 1/p
BNl gurars) SB[l ]S K (4.3)

Proof. The first inequality in (4.3) is simply the Besov embedding theorem. To see the
second inequality, note that

B llu(t) ~u(s) [, .Z Jap/ [Agu(t, z) — Agu(s, z)|P)dz

<y zw/ KP|t — s|Wo-iordy < KP|t — 5|,
j=2—-1



FIRST EXAMPLES OF PATHWISE SPDES 63

where we used that o’ < a and that T? has finite volume. Similarly E[||u(0 )||p /] S KP,
p,p

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

E|lul”

T/p<K
C'YB“ ~o

O

Remark 4.2. The proof crucially used that fT ,ldx <oo. On R? a uniform bound as

in (4.2) would only show that u has trajectories in a weighted Besov space, and this would
lead to the technical difficulties mentioned above.

As an application, we get the regularity of Z:
Proposition 4.3. We have for all y<1/2 and alla<1—d/2 and all p>1:
E[1Z 1B gga+ |1 Z]Eans] < oo.

Proof. By Lemma 4.1 it suffices to show for all A € [0, 1], for all p € [1, 00), and for all
re€T?and 0<s<t<T

E[|AZ(t,x) = AjZ (s, )|P]/P S 292714 N g — 5 M2, (4.4)
Indeed, if we apply this inequality with A=1 we get E[[|Z ||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] < 00 for
some £ >0 and thus E[||Z||7é%<ga] < 00.

So let us derive (4.4). Since A;Z(t) — A;Z(s) is a Gaussian random variable (it is a linear
functional of the Gaussian process ), we have with ¢, =E[| X |P] for a N'(0,1) variable X,

and using the orthogonality of the integrals | (‘; and fst,
E[|AZ(t, 2) — AjZ(s,2) [P]2/7 = VB[ A2t ) — A2 (s, 2) ]
]
2
(B % (p(t — 1) — p(s — 7)) (& — 2)&(r, 2)dzdr }
= [ [ sy pte == 2)Pazars [ 15 (ol =) = pls =) (@ - 2)Pazar

Td
/ Z |p; (k) [2e 2127 (=) g +/ Z | s (k) [2e~212mkI3(s =) (—l2mk (t=5) _ )2,

(Kjxp(t—r))(x —2)&(r, z)dzdr

:]E[
Td

+E|

kezd kezd
S |pi(k)Plmin {[t — s, [k| 72} +min {|k] 72, k| 72[k[*]t — s|}]
kezd

<2imin{|t — s|,272%7},
because p;j(k)# 0 for O(279) values of k. Now (4.4) follows by interpolation. O

These computations are essentially sharp and a slight modification of the proof shows
that E[|| Z (¢ )||p1 4/2) =00 for all p€[1,00) and all ¢ >0. Therefore, Z is function valued if
p,p

and only if d=1, 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.
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Remark 4.4. Let us try to get an intuitive understanding why this is the regularity of
Z: By Exercise 9.1 the white noise in dimension d has regularity —g — €. The space-time
white noise has a d 4+ 1 dimensional index, so we might be tempted to guess that it has
regularity —dL; — . But time and space are not equal for our problem, recall the parabolic

distance from Remark 1.32! In fact, one time derivative counts two space derivatives.

So from this “parabolic regularity” point of view, we would guess that £ has regularity

—% —e= —g — 1 —¢e. This can be made rigorous, but we will not need it. In any case,

then convolving ¢ against the heat semigroup should gain two derivatives, so we would
guess that Z has regularity 1 — g —e. Which is exactly what we proved.

Question: Where did we use the Gaussianity of Z7

4.2 Schauder estimates

Here we study the regularizing effect of the heat semigroup (P;):>0 generated by A. Recall
that Pau=p(t,-) *u for the heat kernel

2
_ omik-x,—|2mk|?t _ —d/2 _|$+k|
p(t,z)= g e e = g (4rt) exp< — )

kezd kezd

We start with the following fundamental bound:

Lemma 4.5. We have for all >0 and o € R:

_B
[Prullats S (LVE 2)]|ufla (4.5)
and for vy € (0, 2]

X X
[1Pru—ulla—y SAAE2)[[ulla, ([P —ulpoe S (LAE2)]|ull,. (4.6)

Proof. Estimate (4.5) is shown in Exercise 9.2. To see (4.6) we may assume that ¢ <1
because the estimate for ¢ > 1 is trivial. We use that 0;Pyu = Au, and therefore

t t
||Ptu—u||a7—‘/63Psuds g/ AP [la—-rds

0 a—r 0

(45) rt _(a=m-(a=2) bty

S [T tullads= [ 57 fulads
0 0

ol
St2|ulla

The second estimate in (4.6) is roughly speaking the first estimate for o= ~. Except that
this would only give a bound in €°, which is worse than the claimed L> bound. To get
the L*° bound we thus distinguish the small and large blocks: We have the two estimates

18 (P — ) |poe S 29| Prw — |y —2 S 203Vt ||,
and

14 (Prs = u) |z < [[PrAju[loe + [|Agullzee S | Agu e S 277wl

~

Let 2790~ ¢1/2. We apply the first estimate for j < jo and the second one for j > jo. Then

o . 21 x X
1P —wllee S 27 Deffufly+ > 279 fully St fully 4 £2 ully =2 |ul),.

J<Jjo J>Jo
O
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Theorem 4.6. (Schauder estimates) Let a € R and let (P;):>0 be the semigroup gen-
erated by A. Given f € Cr€® and p € €2, let u be the mild solution to

@O =Au=f,  u0)=¢.
Then we have for all 6 € [0, 2]

s
2

1—
[ullopgats S(TVT )| fllorge + l@llare

Proof. By definition u(t) = Py + ngt_sf(s)ds. We apply (4.5) with 5 —0, a = a+ 2,
and obtain

[t = Pip)llcpgate S e llate:

The continuity of ¢t — Pyp in t =0 is a bit subtle and here we need the new definition of
¢, more precisely that 27%||Ajp||r— 0 for j— co. We leave that problem as an exercise.
For the space-time convolution we have for § € [0, 2)

t t t 8
‘/Ptsf(s)ds </ HPtsf(S)HaJrédSS/(th—S\ W llopga—2ds
0 ats Jo 0
s
SEVE 2| fllopge—

For § =2 there is a problem because |t — s| ™! barely fails to be integrable. In that case we
have to be slightly more careful and use two different estimates, one for s close to 0, and
one for s close to t, see Lemma A.9 in [22] for details. O

4.3 The ®1 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 —¢3+4 ¢ by —¢> to simplify the
notation, because the linear term does not introduce any additional difficulties. Then the
mild formulation of our equation is

t

t ~
6= Pint [ Pios(=o(s)ds+ 2(0)= [ Pros(=o(s))ds + 210
0 0
for Z(t)= Z(t) + Pipo. Theorem 4.6 applied to Pipg shows that Z € C7€® for all T > 0.

Theorem 4.7. Let d=1 and a €(0,1/2) and ¢o € €. There exists a random mazximal
existence time T* € (0,00] and a unique ¢ € Cr«€*:= 1. C1€* such that

t

wwza%+[}14—w$%m+zw, te (0,17,

If T* < 00, then limur+ || p(t)]|o = 00.

Proof. We set up a Picard iteration by defining

U Cree— Cre®, (o)) =2Z(t) + /0 Py (—(s)P)ds

We have by the Schauder estimates with 6 =0 and by the paraproduct estimates (Corol-
lary 3.20, here we need a > 0) for ¢ € [0, 7] and some K >0 whose value may change in

each line:
Schauder

1 (D)llcree < N ZM)llerea+ KT (6% |lopee
Cor. 3.20

< 2o+ KT 6% ore,
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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 Bo,w(0,2M) in
C7€ ™ with center 0 and radius 2M invariant. Moreover, since

16° = ¥3lla S (O3 + 121216 = ¥ o,

we get that for a possibly even smaller 7' > 0 the map V¥ is a contraction on Bo,xa(0,2M).
By the Banach fixed point theorem we thus find a unique solution to (4.3) 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, oc]
and a unique solution ¢ € C7€¢* for all T < T*, such that in the case T* < co we have
lime+ || @(t)||o = 0. In other words, [0, T*) is the maximal existence interval, and the
solution blows up at T, or it exists for all times and 1™ = co. O

Question: What goes wrong if d > 27

Remark 4.8.
i. By slightly refining the analysis we could show that the solution ¢ depends contin-
uously on (¢g, Z) € €* x Cr6“.

ii. 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 +¢?3 instead of —?, and in that case we expect it
to blow up in finite time.

Remark 4.9.

i. Our arguments break down in d > 1, because then we no longer have o >0 and
therefore we cannot estimate ||¢%||cpze S || 6]|2,4« (and in fact we do not have an
estimate for ¢ at all).

ii. When we applied the Schauder estimates in the proof, we did not use the regular-
izing effect of (P;) at all and we chose 6 =0 in Theorem 4.6. If we would instead
take 0 =2, then we would obtain that

¢ —Z e Cret?,
This observation is the starting point for our solution of the 4 equation.

Question: Which equation should v= ¢ — Z solve?

4.4 The ®3 equation

In d=2 we have Z € Cr¢°~ :=(_.,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
goes back Da Prato and Debussche [16]. Then v should solve

(O — A)yv=—¢*=—(Z3+32%0 + 3202 + 1), v(0) = ¢o — Z(0) = o,

where we used that Z(0) = 0. If we ignore that the products Z3 and Z? are ill defined and if
we simply apply the paraproduct estimates to them anyways, then we get Z2, Z3¢€ Cr¢"~.

Question: Convince yourself that if we ignore the constraint a+ 5 >0 for f ® g, then
the product fg= fog+ fSg+ f® g of f €€ and g€ €7 should have regularity fg e
cga/\ﬁ/\(a-i— ﬁ)'
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So let us continue our computations under the assumption that Z2, Z3 € Cr¢°~ 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 [ B ® dB 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, so we are not in a worst case situation.

If 72,73 € Cr6 " are given, the right hand side of the equation for v is well defined
as long as we can estimate v € Cr€ = .>0C1%¢, and in that case this right hand side
is in C7¢"~. But this can easily be achieved with our Schauder estimates.

Theorem 4.10. Let d=2 and a € (1,2) and ¢o € €. Assume that Z,Z% 73 € C(Ry,
€>~2) are given. Then there exists a time T* € (0, 00] depending on Z,Z? Z3 and ¢¢ and
a unique v € Cp+€*:= UT<T* CrE€“ such that

t
v(t):Pt¢0+/ Pi_o(—(Z3+3Z%0+3Zv* +v3)(s))ds, tel0,T).
0

Moreover, v depends continuously on (¢o, Z, 22, Z3).
Proof. Exercise 10.1. O

This works as long as Z2, Z3 are given. To attempt constructing theses products we
use a Fourier truncation and set

Z(t) := Fpd (e () FraZ(t, ),

where ¢ (k) = p(ck) for a compactly supported bounded and even function ¢ which is

continuous around 0 and which satisfies ¢(0) =1 (think of ¢ € C° with ¢(0) =1 or

¢ =1[_1,1])- If we can show that ZF converges in C7€%~ to a limit as e — 0 and that the

limit does not on the specific truncation function ¢, then we can just define Z* as that limit.
Unfortunately, already Z2 diverges:

Lemma 4.11. We have
E[A;(Z2)(t, x)] = 65, 1C:(t),

where § is the Kronecker delta and fort >0

ek 2 O(1), d=1,

— § : —2[27k %ty _ 1 -9
t+ 2|2 k|2 —€ ) O(| Ogc(lg)‘)7 d )
024,  d>3.

Proof. We have with Frap®(t, k) = . (k) Frap(t, k) = %(k)e—\%k\Qt:

EIA(Z3)(t )] = [ dyKila = pEIZ3)(.v)

t
—/ dij(x—y)/ ds/ dzp(t—s,y —2)?
T Td

dyKj(z—y /ds we(k)e ~ |2k [t 2
-/ > |

lo(ek)|* —9)2mk |2t
</TdyK >>< t—i—z 2[2m k|2 —e ) |,

k0
from where the claim follows. O
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One can show that if a sequence of fixed degree polynomials of Gaussians converges in
probability, then they also converge in LP for any p>0. So for d>1, (23) < does not converge
since the expectations (E[A_;Z?]). diverge. We will cure this problem by renormalizing
Z2. For that purpose we need a bit of Gaussian analysis

4.5 Elements of Gaussian analysis

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 needed for the construction (renormalization, hypercontrac-
tivity), and sketch the estimates. The presentation is inspired by [37, 40].

Definition 4.12. For x € R and t >0 we define the Hermite polynomials recursively via
Ho(z,t)=1, Hy(x,t)=xH,_1(x,t) — tOzHp_1(x,1).

The first few Hermite polynomials are
Ho(z,t)=1, Hy(z,t)==x, Ho(x,t) =22 —t,
Hy(z,t) =23 —3tx, Hy(z,t) =x* — 6ta+ 3t2.
Recall that Z(¢) :ngt,sg(s)ds, SO

t
Z.(t) = / PrE(s)ds,  Pif=Fok(pee 2P Fag).
0

For n =2 we get with C.(t) = E[Z(t,z)¥:
Hy(Z(t,x),C=(t)) = Zo(t, x)* — C=(t) = Z(t, x)* — B[ Z(t, x)?],

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 orthogonal projections:

Exercise 4.1. Show that for ¢ >0
Hp(z,t) = (—t)me®"/ 2Dgre=—"/(21) (4.7)

Conclude that the family (Hy(-,t))neN, is orthogonal with respect to the centered Gaussian
measure with variance ¢. Show also that

Mﬂn_Qz _%82}[717 (4.8)

OcHy=nHu-1,  OiHy=———

i.e. that each Hermite polynomial solves the backward heat equation (8t +%8§>Hn =0.
Question: Compute E[H,(X,1)? for X ~N(0,1).
Remark 4.13. One can also show that if (X,Y") are jointly centered Gaussian, then
E[H(X, E[X?))Ho(Y, E[Y?])] = 0 o0 E[XY]",
see Lemma 1.1.1 in [42].

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

Aj(Hn(Ze(t, ), Ce(t))) () —/Kj(w — Y Hn(Z(t, y), C=(t))dy
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we also need to understand sums of Hermite polynomials. This leads to the so called
Wiener-Ito chaos.

Definition 4.14. Let E:=R, x T For n €N we write
LY(B™):=L*(E™) ] ~,
where the equivalence relation f~ g holds if for some permutation o of {1,...,n}:
(21, 20) = 9(25(1)s o) Zo(n))

as elements of L>(E™). We interpret LZ(E™) as the symmetric functions in L*(E™), which
are such that f(z1,...,2n) = f(25(1)s -+, Zo(n)) for any permutation o. Indeed, every equiva-
lence class has exactly one symmetric representative, and for a general f € L*(E™) we can
always write its symmetric representative as

2 1
f(zh 7zn) :m Z f(z(r(l)a "'7zd(n))7

oEY,
where ¥, is the symmetric group on {1,...,n}. For f GLE(E“) we write

1 £1lz2¢mm) == | Fllzacsmy.

Note that for f € L?(E™) with symmetric representative f we have by the triangle
inequality for the L?(E™)-norm:

~ 1 1
I fll2emy ST Z I f (2o (1)s -+ Zo(m) IL2(Em) :mn!\\f\\ﬂ(m) =1 fllz2(zmy-
ogEYX,

Definition 4.15. For f € L%(E™) with symmetric representative f we define the n-th
Wiener It6 integral as

Wi f):=Wio(f) :=n! F(21y e 20)E(dtr, dar)+E(dtn, dzy).
(it Pmnt [ d Gl e de) et dn)

Lemma 4.16. The Wiener-Ité integral is a (multiple of a) linear isometry:
IWa(H)Z20) = EWa( )2 = nll| f 1 720m) = 2 F 1225

Proof. This follows by repeated application of It6’s isometry. O

Definition 4.17. We write H,, C L?>(Q2) for the image of Wy, and we call H,, the n-th
Wiener-Itoé chaos. One can show that for (&) :=a(£(): ¢ € L?(E)) we have the chaos
decomposition

L2 0(€)) = €D Ha
n=0

Our next goal is to relate Wiener-Ito integrals and Hermite polynomials. For that
purpose we need the following simple observation, which shows that Hermite polynomials
are intimately connected to martingales.

Lemma 4.18. Let M be a continuous local martingale with My=0. Then

Ho(M, (M)g) =n /0 Hy My, (M)A M,
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Proof. We apply Ito’s formula to H,,(My, (M );): Since Hy,(0,0) =0 and <6t —i—%@%)HnE 0
by (4.8), we get

1,00 00 = [ out, 0t opans+ [ (004508 08, ) )a0n),

—n / Hy (M, (M),)dM,,
0
where the last step follows from the first identity in (4.8). O]
o Question: Define E(M);:=5 "7 H (M, (M)4). (Formally) show that £(M), =

L n=0 n
eMt_5<M>t'

To apply this result, we need to find a suitable continuous martingale. But for ¢ € L?(E)
the process M,” = ¢ (pljo,g) is an integral against a Gaussian martingale measure and
therefore a continuous (Gaussian) martingale in the filtration

Fr=0{&(pljq): ¢ € LA(E),s<t},

with deterministic quadratic variation

(M“’>t—/0t/ng0(r,x)2dxdr, (Mo, Mw>t_/0t/w<p(r,x)¢(r,x)dxdr.

Corollary 4.19. For ¢ € L*(E) we have with ©®™(21, ..., zn) 1= p(21)--¢(2n):
Wa(®") = Ha(&(0), |0 lI22(m))-

Proof. Consider the continuous martingale M;” = ¢ (]1[ 0,6/0)- Then
Hy(£(9), 1@ E2 (i) =Hn(MZ, (M*#)oq

Lem 4.18 / /tn /tsztfdMip dMS@

We have for all adapted and progressively measurable, square-integrable processes F":

/ TP dMS = / o(t, 2)F(t)¢(dt, dz).
0

[0,00) x T¢

Indeed, for step functions F’ this is obvious and for general F' it follows by an approximation

argument. Therefore,
oo ftn to
n!/ / / AMEAME--dMF =Wy (o),
0 0 0

and the proof is complete. O
Consequently, for all ¢ € L2(E) the process
AEED —n/ Woo1 (P 0150 "N ang, >0,
is a continuous martingale, and the quadratic covariation of two such martingales is
(W= 150, W (@0@ L)t
= [ Woa(7(z, 1 %ir”)wn,l(w@n(z,-m%f;ﬁ—”)n[o,ﬂ(s)dz,
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where we write z = (s, ) € E. Linear combinations of such ¢®" are dense in L2(E™), so
by approximation we deduce that for all ¢ € L2(E™) the process W, (cp]l[o ), t=0, s a
martingale with quadratic variation

(Walpigl))e= nZAWnﬂ(P(z, -)1%7(;3_1))211[07t](s)dz.

Remark 4.20. To see that L2(£2,(¢)) has the chaos decomposition property, it suffices
to apply Corollary 4.19 and to note that the monomial ™ can be written as a linear
combination of Hy(x,t) with k <n. Therefore, any random variable which is orthogonal
to @, -, Hn is orthogonal to all polynomials £()™ for all ¢ € L?(E) and all n € Ny. See
Theorem 1.1.1 of [42] for details.

To apply the Besov-Kolmogorov type result from Proposition 4.1 we need to control
high moments. This can be done with the help of the following theorem:

Theorem 4.21. (Gaussian hypercontractivity) For all p € (0,00) there exists a con-
stant C,> 0 such that for all n € Ny and all p € L2(E™):

E[|Wa(9)17] < Cp ()P |1 2y = CRE[ Wal( ) 7]P/2.

Proof. (of Theorem 4.21) For p <2 there is nothing to show, so let p>2. By the Burk-
holder-Davis-Gundy inequality, together with the Minkowski inequality || [,.(...)dz || » /2(0) S
s -l /2y d %, we have

E[[Wa(0)l"] <1E[sup W1l | <C (o [ stz

120
/2
/IE ‘Wn 1( (21, .)1%(:1]—1))|p]2/pdzl>p

p/2
CI%(nQ n—1) //IE ‘Wn 2( (21, 22, - )11[0(”] 2))‘p]2/p1152<51d22d21>

p/2
---gC’g((n!)Z/.../ \ap(zl,...,zn)\Q]lsng...gsldzn...dzl>
p/2
—C’”<n'/ /\ap 21, ey 20) |2 2. dzl) ,

where in the last step we used that ¢ is symmetric in its n arguments. In that case the
right hand side equals Cg(n!)p/ 2||g0||£2( gy, and this completes the proof. O

N

Can you do similar things if there is no designated time variable, e.g. for space white
noise on T9?
Remark 4.22. It seems to have been important that there was a designated “time variable”
in the computations above. But in fact we can use similar arguments whenever £ is a white
noise on L?(E) and E =1 x E’ for some interval I C R, for example if £=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 [36].
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Theorem 4.23. Let d=2 and define
ZM(t,x) = Hp(Z(t,x), C(t)), t>0,2€ T2

Let a <2, v<1/2, and T > 0. There exists Z'™ € C7¢* 2N CFE =3 such that for all
pE(l,00)
B[ [| 23— 27 g ga-at |28 = 27 gopa-a] =0. (49)

Proof. (Voluntary, not contained in the videos)
1. We have

t
Ze(t.) = [ [ gt —s.2 = (s pduds = €Lt — o =)
and in Lemma 4.11 we saw that Cc(t) = 1) gp°(t —-, 7 — |22, so that
Z;n:(tv $) = Wn(l%z}pe(t R ')@m)a

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

AT () = / K — ) Wa(150p5(t — -y — )®")dy

So by Theorem 4.21 we have

BliaZ s [ | [ K= )T (Ll — s - 2)ldy] daedes
7j=1

:/ Kj(z —y1) Kj(z — y2)
n ) d

n
[T [sy<ep™(t = s, y1 — 25)p*(t — 55, yo — 7)]dyrdyadzn...dz
J=1

n
_/ n ’]I‘dKJ v yl 1‘ Y2 H yl)dylddesn .dsq

t n
Kj(x —y1)Kj(x — y2)(/ (28, y2 — y1)d5> dyidyo,
0

Td

where Frapf(t, k) = (k)2 Frap(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 (¢, @) |P]*/P

n t
<> etk ( %dzsf(zs,kjn?ds)
j=1 M0

kfh---yk'n

n 1 — p—4l2mk;|*t
! Z pilks + -+ k) ek, H L=t + Lo g —
kh 7 : ’

. 2 —

klv 7
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2. Next, we use Lemma 4.24 below and get for all § >0 with nd <2 and with (k)= ,/1+|k|?

D okt k)T (ki)

1y kin j=1

n—2
Y ikt kot b)) ] BT = k1) T2 (k) T2
V4 ] k‘nfl

n—1 Kki,.kn—2 =1
n—2
SZ Z pj(k1+"'+kn—2+€n—l)21_[ <kj>_2<£n—1>_2+2(S
bo1 Kiyoofin 2 j=1
S S Z pj(€1)2<€1>*2+”5 S 22j2j(—2+n6) — 9Jnd
121

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 4.3, we also get

E[|8,Z(t, @) — AZE (s, 2)|[P]/P S 27 /24 V) — 5| M2
for all A €0,1], and therefore it follows from Lemma 4.1 that we can bound

E[[1Z2" (180 a-2 + 122" (185002

uniformly in e. Since moreover p./(k)? — p.(k)?— 0 as e,&’— 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(C9€*~2N CJ€ *~?). Therefore it converges to the limit

Z™(t,x) =Wa(Ljgygp(t — -,z —)®"),

which is of course not defined pointwise in x but only as a distribution. O

Lemma 4.24. Let o, 3 <d be such that a+ 3>d and write (k)= ,/1+ |k|?>. Then
Y (k=K k)P S (k)R

k'ezd
Proof. See [40], Lemma 4.1. O

Remark 4.25. 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'%, and in d=4 it does not even work for Z:%.

For more details on Wiener-Ito chaos and related concepts see 31, 42].

4.6 Revisiting the ®3 equation

In Section 4.4 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

(0r— Ayv=—(Z3+3Z% +3Zv* +v3), v(0) = ¢yp.
However, we just showed that we can only construct the renormalized products

Z(t, x) zsliir(l]Z;":(t, x),
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where the convergence is in O76 2N C1€*~3 whenever a <2, v<1/2, and T > 0. So it
is natural to replace the equation for v with the “renormalized” equation

(O — A =—(Z3 43220 +3202+0%),  v(0)= ¢,

which can be solved by the same arguments as in Section 4.4.

Of course, this raises the question whether we still have a useful interpretation for the
new equation. For that purpose we go to the approximations Z;*. Since the solution v
depends continuously on the data, we have v =lim._,gv., where

(0 — A)ve _—(213: +3Z% 0. + 3251)3 +03)

*—Z ( )Hk Ze, Co)v?

Ex. 11.2
= - H3(Z5+'U57 Cs)

:_((b? - 3CE¢6)7
where ¢. = Z. + v, and we recall that Exercise 11.3 shows that

Hp(z+y.t)= i (Z)Hk(x t)y" "

k=0

Therefore, ¢ = Z + v is given as the limit of ¢. solving the renormalized equation

(815 - A)‘bf = _(¢§ - 30€¢6) + fav
where £, = ﬁfdl(apeﬁqrdf ).

Combining Exercise 11.2 with a similar analysis as above, we can construct for all n
(locally in time) the limit ¢ of ¢. solving

(0r = A)pe = =" + & := —Hn(¢e, C) + &,

(p’n+1

which we would call the model.

Remark 4.26. (Voluntary, not contained in the videos) We have some freedom how
to choose the renormalization, because of course also the equation with renormalization
C:+ X 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

|p(ek)* 9|2k |2
_t+z 22 k:\g —e ).
k20

It would be more natural to use a time-independent renormalization because the original

equation was time-homogeneous in law and thus we would like also the renormalized equa-

|p(ek)|?

tion to be time-homogeneous in law. For that purpose, note that with cc=>" k0 22nh ]

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 ¢~>5 to

(815 - A)(gs = _((52 - 306(56) + fe

should converge, and indeed it is possible to show that by allowing for a “singularity” near 0.
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4.7 Local subcriticality

We will see in the next section that for the <I>§ equation the trick of decomposing ¢ =2+ v is
no longer sufficient. But then we will learn new tools (“paracontrolled distributions”) to deal
with the three-dimensional case. These new tools break down in dimension 4, but now the
problem is more serious and at the moment there is no known theory for the 4 equation,
which would be the physically relevant model (see the discussion in the appendix).

Here I want to briefly sketch why dimension 4 is different from lower dimensions. Reg-
ularity structures and paracontrolled distributions take a new point of view on regularity,
and from that new point of view the solution ¢ to the ®3 equation actually has relatively
good regularity. For example, our solution to the 4 equation can be decomposed as

b=7+Cre?,

meaning that ¢ — Z € C762~. So ¢ can be interpreted as a perturbation of the Gaussian
Z, and on small scales this perturbation is nearly constant (because it has such good
regularity). If we set the problem up in such a way that the initial condition for the
perturbation is 0 (which we could do by changing the initial condition for Z), then the
perturbation is negligible on small scales.

This can also be seen from a scaling argument: Consider the space-time rescaling oper-

ation Syu(t, 2) =u(N\2t, Az) and set ¢y = AY?718\¢. Then

QoA =NT2TIS\ (Mg — ¢° + €)
=(Adx— X196} + AFI2S)¢).

Exercise. (Exercise 11.3) Let £ be a space-time white noise and set &) := A+d/ 285¢,
interpreted rigorously as &,(f) = M1%2¢(A\"2749S, _1f). Show that & is a new space-time
white noise.

By the exercise we have
Oipr= Doy = N3+ &, (4.10)

and since we are interested in small scales we want to take A < 1. So we see that the
equation should behave very differently depending on whether the dimension is d < 4,
d=4, or d>5. For d <4 the nonlinearity formally vanishes as A — 0 (in the language of
Hairer [28] the equation is locally subcritical). For d =4 the equation is formally scaling
invariant (critical). For d >5 the nonlinearity dominates the small scales (supercritical).
We say that 4 is the critical dimension.

Remark 4.27. Another way of checking whether an equation is (sub-/super-)critical is
based on regularity, and it 1s often easier to apply: We formally treat the space-time white

noise as an element of C 5 ! and we are allowed to multiply distributions by applying
the formal regularity estimates for the product which we get by ignoring the constraint
a+ >0 for the resonant product; we also gain two derivatives by Schauder estlmates

Then we guess that the solution to the ®3 equation should have the regularlty c'” 2 (two

derivatives more than the noise). Therefore, in d > 2 we guess ¢> € c? 34 . Now we have to
compare this regularity with the regularity of the noise:

(O —A)p=— ¢* + ¢ |
—~ =~

3 d
3—5d  —5-1
and

3 d
3—§d>—§—1 & 4>d.
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For d =4 the nonlinear term and the noise have the same regularity, so we say that the
equation is critical. For d >4 the nonlinear term has worse regularity than the noise (and

d
in particular our ansatz ¢ € ¢'"2 was not justified) and thus the equation is supercritical.

Remark 4.28. In the locally subcritical case we formally obtain for A — 0 the equation

dhp=A¢+¢,

whose solution we denote by Z. There is a small subtlety here because actually the white
noise &) should depend on A, but let us ignore this. By this discussion we expect that for
d <4 and on small scales ¢ should resemble Z, and as a first step we can then make sense
of Z3 (with suitable 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 Z, we can thus hope to make sense of ¢. Regularity structures and para-
controlled 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. Regularity
structures provide a general theory to treat subcritical equations, and by now there exist
deep black box type results that give a (local-in-time) renormalization and existence-
uniqueness theory for large classes of subcritical equations [28, 9, 13, 10].

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.

Yet another formal explanation is that we may consider regularity structures as gen-
eralized Taylor expansions, and then the restriction of paracontrolled distributions is that
we can only deal with first order expansions while regularity structures allow expansions
of arbitrary order; see however [4, 35| for some progress towards generalizations of para-
controlled distributions.

Question: In which dimension is (9 — A)u =u& (sub-/super-)critical?

5 The ®3 equation and paracontrolled distributions

5.1 Tree notation
Let us now consider the case d=3. Then Z € Cr¢ ~ /2~ by Lemma 4.3, so if we assume that
as for ®3 we can construct the renormalized powers Z™ with their canonical regularities,
then we would get Z'% € Cr¢ 1~ and Z3 € Cp¢ ~3/>~. Therefore, we expect that by
Schauder estimates the solution v to

(0r— Ayv=—(Z3+3Z%v+ 3202+ 0v?)

has 2 degrees of regularity more than Z'% ie. v € Cr€'/?~. But now we have a problem,
because the product Z%v is ill-defined for Z:% € Cr¢ '~ and v € C’T‘gl/Q_ 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

y = /0 By~ 2 (s))ds,
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so that (8; — A)Y = —Z** and thus we expect Y € C76'/2~. We set v =¢ - Z -V
Then v=Y + v(g), and therefore

(8 — A)o@ =—(3Z°%(Y +v@) 4 3Z(Y +vP)2 4+ (Y +0@)3).

The right hand side contains the product Z%(Y 4+v®?) of Z2eCr€ 1~ and Y +v? e
Cre/?. However, Y is explicit and thus Z*Y might be constructed using stochastic
arguments. The problematic part is Z :2:1)(2)7 which will at best have the regularity of
Z% e Cr¢ 7. So by Schauder estimates we expect v® e Cr¢'~, and this means that
the product 729 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 +v® for some U: In that case we would
have the product Z:%v®) in the equation for v(3), and by the same arguments as above we
then expect v(®) € €1~ so that the product Z 2:(3) is ill-defined.

The solution is to use a more sophisticated expansion of v(2), based on paraproducts.
But before that, let us introduce more efficient notation: Already for the considerations
above we needed Z, Z°™, Y, and soon we would need even more letters. 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=x, 23=w, v=-Y, vyvz=-"Y,

Sometimes we will also write A& etc., if this seems simpler than writing out the full tree. For
now we do not worry about the fact that many of these trees can at best be defined by using
stochastic arguments, and that even this needs a proof and probably some renormalization.
Instead, we work under the assumption that each tree in our expansion is given with its
canonical regularity.

Remark 5.1. At this point a very attentive reader might recall from Remark 4.25 that our
construction of Z% fails in d=3. This will not be a problem because we only encounter

in the expansions below, and while W is not an element of any C7%* space (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.

Question: Write out .

5.2 The main commutator estimate

Let us write

L =0y—A.
With our new notation, the expansion for u:= v = ¢—1 —i—\V can be rewritten as
Lu :—<3\/(—\V—i—u> +3t (—\V—i-u)Q + (—\V+u)3)
:—3<U — \V)\/—HO + 1+ mu? — ud,

where we wrote

T0:=—31 .\V2+\V3, T = 6%/—3\}/2, T := —31 +3\V.
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Let us use the underbrace to express that we expect X € C1€“. Then

X
~—
o
Lu=3u -~ V)NV + 1+ 71 u+ 7 owd— P

1= [ ff'_/ \_\f/p \f'_j\lf 1=

2 2 2 2
which, as discussed before, means that (u — \V)\/ is ill defined. Note however that if 7o,
71, To are given with their canonical regularities, then this is the only ill defined product.

The idea is now to decompose (u —W)'\/ further with the help of paraproducts:

Ignoring the fact that the resonant product is ill defined, we would expect to have the

regularities
(u —W)V:(u —\V)@v + (u - \V)®v+ (u —\V) OV,

_J_ S Y

2 2

and therefore

Lu= —3(u - \V)@V-l-CT(g_l/Q_’

by which we mean that Zu + 3(u —Y)@VGCT%_UQ_. In other words, we expect that
Zu is 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 more regular remainder term), and this leads to the paracontrolled ansatz

o=1 —\V—}—u, u:u’@Y—f—uﬁ, u’:—3<u—\V) e Cre'/?,
ueCre=,  uteCred/*.

This is somewhat similar to the notion of a controlled path in rough path theory, recall
Definition 2.22: We consider u with a very specific structure which is adapted to the
problem at hand.

Why should this specific decomposition be useful? Well, now we can expand the ill-
defined resonant product further as

woNv=weY)o VvV + ut o Vv,
— - 3 -

and the second term on the right hand side is well defined. Therefore, it remains to
understand the resonant product (u’ @Y) OV.
Recall that we saw in Example 3.18 that the paraproduct u’ @Y is a “frequency mod-

ulation” of Y and it looks like Y on small scales. But the difficulty we have with defining
(u @Y) ©%\ comes from the fact that small scale contributions of u/@Y and \/ might
create diverging resonances in the product. So if we understand how the small scale con-
tributions of Y interact with those of \* and that no diverging resonances arise in the
product, then we might also hope that u’ @Y has no diverging resonances with V. This
can be made precise with the help of the following commutator estimate, the main technical
result in paracontrolled distributions. Here we write € = ﬂa>0 €.

Lemma 5.2. (Commutator estimate, Lemma 2.4 of [22]) Let a €(0,1) and let 3,
v ER be such that o+ B+ v >0 and 5+ v<0. Then the trilinear operator C: € — € °,

C(f,g,h)=((feg)©h)— f(goh),
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satisfies
1CCf g W)llatsery S lallglislilly- (5.1)

Therefore, it has a unique extension to a bounded trilinear operator from €“x€Px€ 7 to
gatB+y
Remark 5.3.

i. It would be aesthetically more pleasing to have the same estimate for
(fog)oh— fo(goh), (5.2)
but unfortunately this is not true.

ii. The constraint S+ v <0 is not very important: If 84 + >0, then we can easily
control C using the estimates for paraproduct and resonant product. If g+ ~v=0,
we have to “give up a bit of regularity” and slightly lower 3 or ~.

Question: Using Lemma 5.2, convince yourself heuristically that the operator in (5.2)
does not satisfy the desired estimate.
To prove Lemma 5.2 we need the following auxiliary result:

Lemma 5.4. Let o€ (0,1) and BER and let f €€ and g€ € P. Then for all j > —1

18;(f©9) = FAsg Il S277F P fllallg s

Proof. We give the proof on R% On T it would be slightly more complicated as there
is no exact scaling relation Kj(x)=2/9Ky(2/z), but we could use Poisson summation to
overcome this problem.

~ Recall that fog= > i Aci—1fAig and that .F (A<;—1fAg) is supported on an annulus
2'A. Therefore,

Aj(feg) = fAg= D> (A(Aci—1fAig) - fAjA)

$:28~ 27
= > (DA fAig) — A fAAg) — D AsiifAAg.
$:28~ 27 $:28~ 27

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

Z Asi1fAjAg

:20~27

< S0 27 £ a2 glls =27 flallglls
[oo 2027

For the remaining term we write the action of A; as a convolution:
[(Aj(Aci-1fAig) — Aci—1fAjAg)(2)]
—‘ /Kj(w — Y (Aci—1f(y) — Acim1f(2))Aig(y)dy
Taylor
< /|Kj($ =)l lfillffi||3”ﬁ<i71f\\m°\$ —yll|Aig||edy
=00 w04 -l s 1o )lle — wldy
20D flallgls [ 1 wllvldy.
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where we used that 1 —a >0 and thus Zj<i_1 2i(1=0) ~ 9i(l=a) ¢ j=—1, this estimate
is sufficient. For j >0 we have

[ lyldy= [ 12K 2yldy =2 [ 1Ka(w)] < [yldy=2,

from where our claim follows. O

Proof. (of Lemma 5.2)

Decomposition C'=C7 + Co:

Since f, g,h€.¥, all the series are absolutely summable and we can exchange the
order of summation at will. By the spectral support properties of the paraproduct,
there exists N € N such that A;(Axf©g)=0 for k> N. This allows us to decompose

C(frg,h)= Y [Ailfog) - fAiglAh

[i—jl<1
= Y [AdAcifog) - AufAiglAh+ Y AsifAigAjh
li—jl<1 li—j|<1

::Cl(fa g, h) =+ CQ(fa g, h)7
where C] and Cs are defined by the equality, and where

A<if i =Acitnf,  Asifi=f-Agf.
Bound for Cy:
For fixed ¢, the term

A= Z L ji<1lAi(A<ifog) — A<if AiglAjh

J

has spectral support in a ball 2'B. Therefore, the regularity of C; = > ; Ai can
be controlled using Lemma 3.16 if we derive a suitable L°°-bound for A;. Since
a€(0,1), Lemma 5.4 yields

Z 1 ji<1[Ai(A<ifOg) — A<ifAiglAjh

J

LOO

f,z 1\i7j|<127i(a+5)”A§if||a\|9||[327h||h‘|7
J
27| flallg sl
so since a+ B+ v >0 the claimed regularity for Ci(f, g, h) indeed follows from
Lemma 3.16.

Bound for Cs:
We write

Co(f,9,h)= > AzifAigAjh—Z< > ILiSkAkaigA]h)
li—j]<1 koo\ li—jl<1

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

> LiskBfAigAjh

li—jl<1

SR f ey 27 g s Rl
oo i<k

S27MOHEEY fllall g sl
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and now we use once more that o+ 8+ v >0 and apply Lemma 3.16 to conclude
the proof of the estimate for C'(f, g, h).

e Existence/uniqueness of the extension:

Recall that we redefined €0 as the closure of 4> with respect to the |-||5 norm.
So €’ *° is dense and the existence and uniqueness of the continuous extension follows
from the fact that any uniformly continuous map on a dense subset can be uniquely
extended to a continuous map on the full space. O

So if ¢ satisfies the paracontrolled ansatz, our commutator estimate suggests to define

<u@Y)@v 0\1/ Y M+ (Y@V)

2 5 0—

The sum of the regularities of the arguments of C' is strictly positive, and therefore C(u’
Y,'\/‘) is well defined and in C€1/%~ by Lemma 5.2. For the remaining term the resonant

product Y@'\/ is still not defined, but if we make it part of the data, call it \@7 and assume

it has its canonical regularity \@EC’T%O_, then u’\ﬁf 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 simplify the presentation we consider a linearized equation which, from the regularity
analysis point of view, contains nearly all the difficulties of the ®3 equation.

Question: Why do we need o < 1 in the commutator estimate?

5.3 A linearized ®3 equation

Consider now the linearized equation
(0r— A)v=mn.

Since in this equation we only have to deal with two noise terms, we abandon the tree
notation and write 7 instead of \/. But as discussed above, for dealing with the full ®4
equation it is convenient to use tree notation.

In the previous discussion we considered function spaces of the type C7% *, thus we only
quantified the space regularity. It turns out that now we also need to make more precise
assumptions on the time regularity. For that purpose we define the following function
spaces:

Definition 5.5. For o€ (0,2] and T >0 we set
Zp =0 LN oree,

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

L= CM Ry, L) N C(Ry, €%),

loc

with the obvious definition of the space of locally Hélder continuous functions C’lo(;éz(R+,
L*>).
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We fix a € (%, 1), and we assume that 7 € C'(R, €“2). We define
t
In(t) —/ P_m(s)ds, t>0,
0

which, as we will see below, satisfies || Zn|| ze S (1V T)||n||cpga-2 for all T'>0. We also
assume that In ©® n € C(R, € 2~2) is given with its natural regularity (note that 2o —2 <
0). We write

TY= C(RJ” %a72) X C(R+, %20[72)
and

Z=(n,In®n)

for a generic element of 7<, as well as for 7> 0

1Z|| 7z := 1nllcrge—2+ [0 © nllcpeg2e—2-

We also need a modified version of the paraproduct:

Definition 5.6. We define the modified paraproduct as
t
u=o(t) = / Pr_s(u(s)0.20(s))ds + Pi(u(0)2v(0)),
0

whenever this is well defined.

Remark 5.7. This definition is due to Bailleul, Bernicot and Frey [5], although they did
not include the term P;(u(0)©v(0)), which we will need to compare u <« v and u©v. The
beauty of their definition is that we trivially have .2 (u < v) =u©.Zv. This will be very
convenient for deriving paracontrolled Schauder estimates.

You should compare the following definition with Definition 2.22 of a controlled path.
What are the similarities and what are the differences?
Definition 5.8. Let 8 € (2770‘, al and T >0. A function v € ;Z”TB is paracontrolled by
7€ T if there exists v’ € 37?, such that vt e Zﬁﬁ, where
vhi=v—v K.
In that case we write
ve DUT) or (v,v') € DE(Z),
and we define
_ / 4
100l 1L+ 101+ o1 2
97@(2) is a Banach space. If there is no ambiguity about v’, we also write v € ,@7@(2), or

vE 9:,@ if there is no ambiguity about 7Z.
If ZeT* and if € DUZ), then we also define

lv =5l gg=llv =0l g+ 10" = ']l g + |vF — T¥[| 2.
T T T T

Note that |[v —7]|,s is only formal notation, this is not a norm since v and v do not
. - T
even live in the same space.
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Question: Find an example where v is paracontrolled by 7Z but v’ is not unique, i.e.
there exist v’ # 0’ such that that (v,v'), (v,3') € 2. You may use that for ~ € (0,2]

H<t|—>/0tPtsf(s)ds>

Hint: what if n is actually in C7€*P~2 and not just in L2

Our next aim is to make sense of the product vn for v € 97@ . We use the paracontrolled
structure and set

STV flleper—-

‘xg

v =ven+ven+ vt © 7n + (v <In)on,
2p 2
ol

and since 25+ « —2 >0 by assumption on 5 (3 > Q_Ta), the resonant product v ® 7 is well
defined. If instead of the modified paraproduct v/ < Zn we had v'©Zn, then we could set

'oT —C(v | T ' (T,
WeIn)on=C(v' , In, n )+ v (InGn),
B Ie% a—2 B 200 —2

and using that §+2a —2>28 4+ a —2 >0, the right hand side would be well defined.
Therefore, we should compare the modified paraproduct with the “usual” paraproduct and
hopefully we can show that the difference is more regular. For that purpose we need the
following auxiliary estimate. Recall that

oD)u=FoFu)=F tpxu.

Lemma 5.9. (Improved version of [46], Lemma 5.3.20) Leta<1, B€R, and 6 > —1.
Then we have uniformly in e >0 for u€ €* and v €€ P:

lo(eD) (uev) — u&(p(eD)v)la+ s+
< (e llpg + 17 lag ) lulaliols

Proof. (Voluntary, not part of the lecture videos) Let us write ¢. = F (¢(c")).
The proof is similar to that of Lemma 5.4, and we argue again on R because here we can
use scaling.

1. By Lemma 3.16 it suffices to control for all j the L°° norm of
Qe * (Acj1uljw)(z) — Acj_1u@e x v(x)
Z/sba(ﬂf = y)(A<j-1u(y) — Acj-ru(z))Aju(y)dy.

2. For €27 > 1 we use that Acj_quAj and A; are both spectrally supported in an
annulus 274, and thus we can find ¢ € C2° with 1|41 and replace ¢. by @c* 1y,
where

Yy-i=FH((27).

As in Lemma 5.4 we get, using that o < 1,
[ 6e byt = B gorat) - By rule) Aoy

< / (Get s ()] X lyldy270==Bluallo]ls,
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so it suffices to bound the integral on the right hand side. For that purpose note
first that

ype ys(y) =yF ~H(p(e)$(277)) ()
—Eff H(Ve)(e)p(2” 7))( ) +270F () (V) (279))(y)
=c! 4T~ 1(( p)p(eT127)) (e 1Y)
+279e 70T (V) (e71277)) (e 1y),

and therefore
/ |y@e * Py-i(y)ldy = | F T (Vorp(e71277)) 1 +277 | F 7 (V) (77277 |
The first term on the right hand side can be estimated by

1F7 7 (Ve 27 < Y 1AF (V) x F (e 279 |

1:28~e2d

<Y ATVl F T

1:28~e2d

< S A )
i:20~e2d

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

17 e(V4) (1273 12 S (2) | # ol

so overall
H@E * (A<]’,1UA]"U) — A<j,1u@g0€ * 'UHLoo
S(ee@) P o F gy +279(e2) | F gl )20 Dullallolls
S92 104t D) (o F | o + |1 F ol ) lulallo s,

which is the desired bound if £27 > 1.

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

[ 6811 = By )y

< / 16e(9)] % [y1dy2I =B ullalv 15

— / 1)y ldy2 D o o |5

21279+ D |0 Z g s ulla ]
<(e2) 027D e T o ullalo |,

where in the last step we used that 6 > —1 and thus £27 < (¢27) 7% and ||2.Z ~'p||;1 <
o2 ol =

We will apply this with ¢(x) = e~ 127” and e =/2, so that o(eD)u= Pu.

Corollary 5.10. Let a € (0,1) and 5 €R. We have for u and v such that the right hand
side is finite:

lu < v —uevlgygare SV T)|ullzp(([v(0)lls+ 20| oppe—2)-
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Proof. We write
t
v(t) = / Pi_sZv(s)ds + Pw(0)
0

and decompose
u < v(t) —uu(t)
_ /0 Po_y(u(s)2.20(s))ds + Pi(u(0)2v(0))

—u(t)©< /0 tPtsDva(s)ds—i-Ptv(O))

—/OtPtS((u(s) —u(t)eLv(s))ds+ /Ot[Pts(u(t)@fv(s)) —u(t)OPi—sZLv(s)|ds

+ Py((u(0) —u(t))ov(0)) + [P(u(t)©v(0)) — u(t)© Pw(0)]
= A1+ Ao+ Az + Ay.

Now we simply estimate each A; separately and we apply the commutator estimate for
paraproduct and P; (Lemma 5.9), the estimate || Pyf|,+s < (1Vt7%/2)||f]l, and the time
regularity of u along the way: For example we get with o/ <«

||A1||o/+5§/0 [1P;—s((u(s) —u(t))@Lv(s))|| ar pds

(4.5) pt /
S / 1V (t =) )| (u(s) — u(t))©Lu(s)||5-2ds
0

t
§/O LV (t =) [uls) —ut)|L=]-L0 | oy —2ds

t
5/0 AV (=) "B AN = 5[ [ull2g |- Lo ¢ pepr-2ds
S(TVTEP) lu 2| L0 o2

As indicated in the proof of Theorem 4.6, we can refine the analysis to avoid the loss of
regularity and get the same result for o/ = «.
For A9 we have

t
[Az2llar+s </0 1P —s(u(t)©Lu(s)) — u(t)O P —sL0(s)||ary pd s

Lem. 5.9

S /Ot<1V<t—s><2<aa’””)||u<t>ua||zv<s)uﬁst
S(TVTEI2) lu)| zp | Lol o g2,
and again we can improve the estimate to handle also o’ = «. O
Question: Derive the bound for As.
Definition 5.11. For v € Z5(7Z) we define

v :=ven+ven+vton+ (v < In—v'eIn) on
+C W, In,n) +0"(In©n).

Lemma 5.12. For a € (%, 1), Be (Q_Ta,a], Z.eT® and v e D9(Z) we have

lonllopge—2+llon —venllgpgars—2 < Mrl|v| g,
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where Mt >0 is a polynomial function of ||Z||1a. Moreover, if v € .@{fz, then
lvn = 67l g yegats—2 < Mr(1Z = Zl 7z + v = 0l 55).

where now Mt >0 is a polynomial function of |Z| 1z, HzHTIQ, HUH@?(Z)’ HﬁHgg(z), and
only of ||Z||7e if Z=".

Proof. We simply have to estimate each term in the definition of vn:

B8>0
[vonliciga-2 S lvllopeslinlicrgs—2
a—2<0
[venllggers—2 S vllopgsllnlicrge-2
a+28-2>0
[t Onllcpgatas—2 S vlopgzellnllcga-s
B<1
1(v" < In —0'@In) © nl|gygrars—2 S [Vl 2p(IZn(0)]la + 10l crgo-2) 1]l crgn—2

=[10"l| gl l1E g2,
B+20—2>0

1CW,In, nllcpgzats—=2 S 1V lopeslInllorseInllopea—2
B+2a—2>0

[W'@Inonlcpeza—2 < IVlopeslIn©nllopgza—2

The term with the lowest regularity is v@n € C76*~2, and if we subtract it from the
product the remaining terms all have at least regularity o+ 8 — 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. O

To recap, we defined a Banach space of paracontrolled functions .@ﬁ that can be decom-
posed into a paraproduct plus a more regular remainder term, 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 term. The last ingredient we need to set up a
paracontrolled Picard iteration is a paracontrolled Schauder estimate. By the definition of
the modified paraproduct this is quite easy, but as a preparatory step we need to extend
our Schauder estimates from Theorem 4.6 to parabolic spaces:

Theorem 5.13. Let v € (0,2]. We have for all 4" € (0, ~]:

1= Pep)ll 2 Sl

H<t|—>/0tPtsf(s)ds>

Proof. (Voluntary, not part of the lecture videos) The space regularity is controlled
in Theorem 4.6. Therefore, we only have to control the time regularity.

1. Recall from (4.6) that for v € (0, 2]

=+’

ST 2 (VD[ f llopeg—2

‘xg

il
(P —id)ullpe S (LAE2)||ul
This gives

| Pp = Pspllree = |(Pr—s —id) Psp |l <

~

Anft=slelly,
and thus

1= Pip)llcgre < lelly-
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2. For the space-time convolution, it suffices to show the bound

‘(t»—> /OtPtsf(S)d8>

Indeed, the estimate for the C’%,/ L> norm then follows from [t — s|(V"7)/2 <
TO=7)/2 for s,t €[0,T]. The bound in (5.3) is shown as follows:

| [ rrtwrtr = [Cecsorin] <] [ st
(Pi—s—id) /0 P f(r)dr N

0 0 s
and the second term on the right hand side is controlled by (4.6) together with the
Schauder estimates from Theorem 4.6:

(Pr—s— id)/OsPS_rf(r)dr

SAVD)|flieree. (5.3)
cy/?Lee

< ‘

Lo L

_l’_

(4.6)
< [t —s]7?

/0 P f(r)dr

LOO
Thm. 4.6
S t=sPATV D flloger—

Y

To deal with the remaining term, we assume first that [t — s| <1. In that case we
decompose it into high and low frequencies and we obtain for jg> —1 such that
2o |t — s|1/2:

‘/tPt_rf(r)dr
t t
< [ 1Pt @llmdr+ | A, [ s

LOO

i<jo V8 Le

SIS Jt = 2730 £ gyt 297 / P f(r)dr

i<Jo $ v
Thm. 4.6

S (jt=s[27007D 1270 (Jt — 5| V1) flloyep-2
~|t —s ") oy

If |t — s| > 1, we simply bound

‘ /tPtTf(T)d’l“

Proposition 5.14. (“Paracontrolled Schauder estimate”) Let « € (%, 1) and p €
(_2;1’ al. Then we have for all v,v’ such that the right hand side is finite:

. SAVIE=sDIfllepgr-2 St = ATV f g2
O

o=’ < T 25 S 10(0) o + T P/2(1V T) L0~ v'En ]| gpegas a2

Proof. We have by definition of the modified paraproduct
Z(v—1v'<In)=Lv—v'en, (v—v"=<In)(0) =v(0),
so the claim follows from the Schauder estimates in parabolic spaces, Theorem 5.13. [

Question: Let (X, d) be a complete metric space and let U: X — X be such that for
some k €N the map U¥=Wo ..o ¥ is a contraction. Show that ¥ has a unique fixed point.
N—_——

k times



88 SECTION 5

Finally, we can set up a Picard iteration in a space of paracontrolled distributions:

Theorem 5.15. Let T >0, o € (%, 1), Be (%Ta, a), ZeT?, and vo€ €>P. Then for all
T >0 there exists a unique v € .@7@(2) such that

v(t) = Py + /OtPts(vn)(s)ds, tel0,T).

Moreover, v depends continuously on (v, Z).

Proof. Throughout the proof, Mr denotes a changing constant which depends polyno-
mially on ||Z||7z and which is increasing in 7', but which is independent of vyg. We show
below that the map

U: .@ﬁ—).@j@, (v, v, v8): =(Vv, (Vo) (Tv)h): =(w, w’, wh),

where
t

w(t): =Py + / Pr_(v(s)n(s))ds,  te[0,T]
0
w':=v,
wh:=w —w' < In,

is well defined and that for 7' > 0 sufficiently small (depending only on ||Z||7 but not on
v0), U2=Wo ¥ is a contraction. Then we show that this implies that ¥ has a unique fixed
point. In that way we obtain a unique solution on a small time interval, and as in the proof
of Theorem 4.10 we can then extend the solution to [T",27], [27",3T1], and so on.

1. We have by the estimate for the paracontrolled product in Lemma 5.12
|Lw —venllgygars—2=ln —vonllgygars—2 < Mrloll s
Thus, the paracontrolled Schauder estimates from Proposition 5.14 give
f < (a=B)/2
[w] 20 < Mr(|lvoll2s + T [I[PEE (5.4)

Note that ||vg||2p does not come with a small factor, but this term drops out if we
compare Wy — Uo.

2. Again by Lemma 5.12
LWl crge—2=lvnllcrge—2< Mrl|v]l s,

so the Schauder estimates in parabolic spaces from Theorem 5.13 give

lwll g < Mr([lvollzg + T2 |lv]] ). (5.5)

3. The estimates (5.4) and (5.5) both come with a factor T(@=8/2 5o for small T,
with the maximal size of T depending depending on M7 but not on vy, we get

. . 1 -
190~ W] 4 + | (0)% — (WD) a0 < g0 — 0]
4. Tt remains to bound the derivative w’=wv: We have
/ _
ol g5 =lloll - (5.6)

so w’ has the right regularity. But unlike for w and w¥, we do not gain a small factor
and thus ¥ is not a contraction.
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5. Therefore, we consider W2 =W o ¥ instead. We first apply (5.4) and then (5.4), (5.5),
(5.6) to obtain

1(020)F = (W25)4]| 20 ST~ D2 M| (Wo, B0/, Wof) — (U5, W', Ui)

gT(Oé—B)/ZMTH,U _ﬁ||@7§,

H@f,

and similarly we get from (5.5) and then (5.4), (5.5), (5.6):
2,0\ _ (W25 (a=p)/2 "y
1(920) = (25)] s <T@ D/2gljw — 5] 5.

For the derivative, we now get by applying (5.6) and then (5.5):
1 (W20)! — (925)'| =] W0 — W5

<T@ Mp|v =5 4,

T

which proves the contraction property of ¥2 (for small T > 0).

6. By Banach’s fixed point theorem, ¥? has a unique fixed point, and it only remains
to show that also ¥ has a unique fixed point. Uniqueness is clear, because any fixed
point for ¥ is one for U2 as well. So it suffices to show that the fixed point v of W?
is also a fixed point of . Let us write w:=Wv. Then

Vw="U%=u0,
and thus
Uy =¥ (Yw) = Vv =w.

Hence, w is a fixed point of W2, and by uniqueness we have w=uv, i.e. Yv=v. O

Remark 5.16. This concludes the lecture taught at FU Berlin in summer 2020. The
following material is included for interested readers, but it is not relevant for the course.

After we solved the linearized equation, solving the full ®3 equation is not much more
difficult, although the notation gets more tedious, see the next subsection. Since the ®3
equation is non-linear, we can only solve it on a small time interval. To construct it for all
times, we need to make use of the negative sign of the nonlinearity, which played no role
in our estimations so far. In that way we can obtain very strong estimates for the solution
which are way better than estimates for linear equations, see for example [39].

Section 6 solves the two-dimensional parabolic Anderson model for Dirac delta initial
conditions, presents the relation with the Anderson Hamiltonian, and studies its long time
behavior on the torus.

Section 7 presents a link between paracontrolled distributions and Hairer’s regularity
structures.

Section 8 presents some results on nonlinear stochastic wave equations.

5.4 The full ®5 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 (e!4 =
e"'Py)i>0 is integrable over all of Ry. Of course, we can recover the original equation by
considering (9; — 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.
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In the following we write for a Banach space X
CrX =C(R, X) and Cpe(X)={u€ CrX:3Ik € Ns.t. |lu(t)||x S1+[t|*},

equipped with the distance
o0
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 Schauder 4.6 is not hard to see that for
u € Cpg6’™ we have

tr—>/ (t=s) s)ds € Cy, ‘50‘+2

Definition 5.17. Let a€(1/3,1/2) and let
T>C CR%O‘_l X C]R%ZO‘_Z X C]R(gga x CRE “ x C]R(g%‘_l X Ccha—l X CR%QO‘_l,
be the closure of the image of the map

O: CpgL® xR xR
_>C’ng0‘*1 X C]chzafz X C]Rcfza X CRE“ x C]ch%zfl X C]Pffafl X C]R(gQafl,

O(Z,c1,c2) (T \/Y\V\K/\Q/\@)

where
1) =2(1),
V() =(1(t)* - a),
Y(t)= / =94 (5)ds,
MO :/_t eI ()~ 3eal (5))d
Yin=Yworo.
i)=Y (1) o\ (1) 6t (1),
\@(t) :</t e(t_s)A\/(s)ds> OV (t) — 2ca.
We write T = T, We also write ||Z|| g | % — Z|| ¢ for the canonical norm

ae(1/3,1/2)
on the product space T|jo, 1) of functions in T restricted to the time interval [0,T].

Remark 5.18. 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%?’O‘*R \KXECR%ZM*Q, %EC]R(K%‘*B’, \@ECR%%‘*?

But since we are interested in the case «=1/2 — ¢ and to simplify the presentation we
formally identify 2a+ ka =14 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:
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Definition 5.19. Let a€(1/3,1/2), B€(1/3,a], T >0, and Z€T*. We say that
(¢, 0,0} € CTE€ 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 € DgZ or ¢ € DgZ.
Definition 5.20. For (¢,v’,v%) E’D?Z we define the space-time distribution
— 3 i=— (0 — A)\V—3<v - Y)V—i—m + 10+ 1v? — 03

where the coefficients 19,11, 2 € CRE*~" are defined as

T0:=—31 x\V2+\V3::—3(T oV eV @(\V@\V) n ZC’(\V, Y ) +\V\</) +Y°
=63V 6 Vet 416Vt —3Y2,

T :=—31 —|—3\V,
and where
w+ V)vi=w+ V)ev+w+ Vevtiovt+w < Y —vaY)ov
+ C(v’,Y,V) + v'\ﬁ/—i-\%/.
The following lemma gives a more intuitive representation of ¢*3 in the case of regular

data Z:

Lemma 5.21. If Z=0(Z,c1,c) for Z € CpgL™, then

— ¢ =—¢3+3(c1+ c2) @

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 co 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:

Lemma 5.22. Let o€ (1/3,1/2), € (1/3,a], T>0, and Z,Z€T* as well as (¢p,v’,
vh) e DgZ and (¢, 7, 5%) € Déiz Then

|o% @Y .. +|6%-@-aY-3(0-Y)ev|

CT%QQ—
<SP(IZl72) A+ 1015 + 0¥ g 51)

for a polynomial P, and also
o - - aV-(5%- P ...
+]|o% — @ Y -3(0-Y)ov—(5% - (@ - Ay - 3( s —\?)@\})‘

SMr(|Z = Zl|7z + 0" = ¥l gpgn + 10F = 0¥l cppinn),

CT%a—l

CT%a—l
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where for another polynomial P

Mr = P(|Z|72, | Zl7g: |0y s+ 0% cpeg o 167 g 19| )
Proof. This easily follows by combining the Definition 5.20 of ¢*3' with the paraproduct
estimates from Theorem 3.19 and the commutator estimate from Lemma 5.2. O

Now consider the equation
(0= A)p=—¢'* +&,
where we wrote

532(8,5—14)1',

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

@— Ap=—¢3+@—A)Y,  00)=—1(0)+ Y(0),

which we can control with Lemma 5.22. 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 5.3. 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 [39)].

6 Parabolic Anderson model & Anderson Hamiltonian

6.1 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[£(9)&(¥)] = (o, V) 2(T2)- We want to study
the parabolic Anderson model (PAM)

Lu= (00— 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 = branch with rate &(z)+ =
max {£(z),0} and get killed with rate £(z)~ =max {—¢{(z),0}. Of course &(z) 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 [36].

Exercise 6.1. Show that if 7 is a space white noise on T¢, then

Eflln)? 475 ] < o0
for all k, p>0.
Hint: Compare with Lemma 4.5.

Thus we have £ € 4~ for all x> 0, which is the same regularity that we had for the
tree \V/ in the linearized <I>§ equation. In other words, the parabolic Anderson model is a
simplified linearized ®4 equation and we can solve it by using the same arguments as in
Section 5.3. 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
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Then

LX=-AX=(1-A)X-X=¢-X=+7F“
Exercise 6.2. Let p:IR?— R be an even, compactly supported function which is contin-
uous in 0 and which satisfies p(0) =1. Define

€= F U pe) T, XT=(1-8) =T () FX),
as well as
¢®:=E[X*(0)£%(0)].

Show that for all 2 € T?

¢ =E[X*(z)¢(2)] = B[X®© £ (2)] = O(|loge|)
and that there exists Xo¢ such that for all p € [1, c0)

L Ef[1€° — Ella—p + X7 = Xl + [ Xo€ = (X0 &~ )l5a—0] =0.

Hint: Use the tools from Section 4.5.

From here it is not difficult to slightly adapt the arguments from Section 5.3 to show
that for all € (2/3,a] and for all ug with ug — ug©X € €*+5 there exists a unique
paracontrolled solution u=wu < X +u? with u € fTﬁ and uf€ £P to

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

with initial condition u(0) =wu¢. Note that unlike before we do not have .2 (u <« X) =u¢,
but instead

Lu<X)=ueZLX =uf —uX,

but the term u©X has positive regularity and therefore [ g P_s(ueX)dse Ly +8,
Moreover, since Xo& =lim. (X¢©® £ — ¢f), we have u=lim.u®, where

Luf =uf(&F — ).

(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.

6.2 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 3.1 we have ¢ € B};z(l*l/p)

,00
as the closure of the smooth functions we only have § € ¢ ~27* for x> 0).
Our estimate ||Pypl/g+~ S (1 +t_7/2)\|g0||5 can be easily generalized to

for all p€[1,00) (since we redefined the space €7

P, <(14-¢77/2 .
I tcpllngN( + )HsOHng
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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
uf(t) = Put(0) +/ Py o Lub(s)ds € € 2",
€ 2k 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 B o, then we would have u#(0) € BY ., and then Pu*(0) € Bi;g,
which gives us some hope to make sense of uf(t) ® &, because o +2 — k> 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 6.1. Let pe[l,00] and a € R, f€(0,2), v€[0,1). Then we define
. B/2
G =B,  Lpi=CPPLPNCOE),
both equipped with their canonical norm, as well as

MFCG = [ C(0.T],.7"):t s (1) € o),

with canonical norms

lellapes == e@)llorsy,  lellgrne:=1E= %) 4, -

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 [47] in more
generality than we need it here, and the following lemma is a collection of weaker versions
of their results:

Lemma 6.2. ([47], Lemma 2.1) Let p € [1,00] and let $ €R and u,v €.'. Then we
have for all o >0

fugvll g < min {fulloolfo . Jullo= ol
and for a <0 furthermore

luev goss Smin { g vlls, lullallv s}
If a4 >0 we have

lu©vllgers Smin {Jullgllvlls, lullalvllgs
If «€(0,1) and v €R is such that B+ v <0 but o+ S+ v>0, then

1C(w, v, w)llgetstr S llullgg [vllsllwlly.

We also need Schauder estimates in £ ;" spaces:
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Lemma 6.3. ([26], Lemma 6.6) Let a € (0,2) and y€[0,1), as well as p € [1,00] and
T >0. Then we have

It Pal gz Sl oo
t

(1= [Peatons)| s+ Dlull -
0 Zr ’

Adapting the proof of this lemma to deal with the modified paraproduct leads to the
following generalization of Corollary 5.10

Lemma 6.4. Let o€ (0,1), € R, and y€[0,1), as well as p€[1,00] and T >0. Then

lu < w —uSwl|_gagars S (1+T)|ullzye(lwO)ls+ [ Zwlcpes-2)-

And finally we need an interpolation estimate:
Lemma 6.5. ([26], Lemma 6.8) Let a € (0,2), y€(0,1), and K €[0,a A27), as well as
p€[l,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 6.6. We say (u,u’,u®) is paracontrolled, u € ‘QJET’ if
u=u' <X +ul
with
B/2,8 B/2,8 +8)/2,a+8
uezp} . uez’P?r uﬁezp(f} J/2ath

Now consider u € 7, 7, and note that by the interpolation estimate we have 91,67 rC Dy
Thus we get from the estimates by Promel and Trabs, using that 2a + 8 > 2,
ufé=  uc¢ + udf + ut® ¢ + (<X —veX)o¢
~—~ ~—~ —— —~
%;/2%1)204—2 %7@/2%;72 //{7(9+5)/2<gp204+ﬂ—2 %ZQ/ch?forﬁ*Q
p

+ C(u, X, + u'(Xof) .

2 2
%7,(3/ (gﬁcr%ﬁfQ %ﬁ/ <gp2a—2

Therefore,
uE —uek € ///T(a+ﬁ)/2<gp2a—2’
and then

‘|$uﬁ||//[%<€5a72 < HU@X H%%%pme + ||u§ — u@fu/ﬁ%%pmfg S, T(afﬁ)/2’
which gives us the small factor for the contraction. We also have
t P (0) = Py(ug — uo < X) € M3,

and thus we can control uf € Xpaj’? “. Moreover,

i (a—p)/2
lull goga.n S Nl e+ TODNL (< X yarmga-2+ u0SX o
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and
Lu<X)= uf -— udX .
~~ S~~~
A e

We can now apply the same strategy as in Section 5.3 to obtain the following result:

Theorem 6.7. Let p € [1,00], let (£, X,X08) €€ 2x € x €22, and let ug € €.
Then for all T >0 there exists a unique u € D¢ such that

Lu=uf,  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 3.15) we
1

: 1 S
have for p; > p with a_Q(;_E) =0:

1

_ofl_1
ut/nee” 07 g

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 ps > p1 such that o — 2(% — é) =0. This bootstrapping
ends after finally many steps, when we arrive at the L scale. O

6.3 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 = € T?. Here we present
a nice argument due to Cannizzaro, Friz, Gassiat [11], inspired by Mueller [41], 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 6.8. ([11], (5.3)) Let p; the Gaussian density on R? with variance 2t. For all
p >0 there exists t,>0 such that whenever u >0 satisfies u>1 on the ball B(x, ), then
for all t €10,

1
pexu(y) 2, yEBa, k+tp).

Proof. Without loss of generality we take x =0. For any y € B(x, k) there exists a unique
|z] <1 with y=2z-(k+1tp). Soif Z is a standard Gaussian variable, then

pexu(y) = Pilpo,x(y) =P(ly + V2t Z| < k)
_ Y K
»(ze5(Jg 7))

K t K
_P<Z€B(Z<ﬁ+ §p>,ﬁ>>7



PARABOLIC ANDERSON MODEL & ANDERSON HAMILTONIAN 97

and for t — 0 we have

K t K
lim inf P Ze B[ [ 2+, /5p | =
vt ( ({mﬂﬂ”) m))

t K

—lim inf P| Z€ B AT L) I
T ( <|Z|el<\/2—t+\£f’> \/27))

K t K
—limP| ZeB| es| 2=+, L)), £
e ( (el(\/g—ﬁ\/gp) \/27)

This proves the claim. O

>_]P(Zl>0)—%.

Theorem 6.9. (Strong maximum principle, [11], Theorem 5.1) Let ug € 6, be a
positive measure. Assume furthermore that ug+0. Then

u(t,z) >0, t>0,ze€T>

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 ug can be approximated
by a sequence of positive functions ug, 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, ) CIR? 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,k) CR%

We can decompose
S

u(s) :PSUO‘FA Ps_(u(r)&)dr =: Paug+w(s).

By adapting the proof of Theorem 6.7 to initial conditions in €% (for which we get a
smaller blow-up factor ) we see that w € C’%/ ?L>°. Let now ¢ > 0. Since w(0) =0, there
exists C' >0 such that for all s € [0, ]

[w(s) || < Cs72.
Moreover,

Pauo= Y ps(-+k) xu0> ps* Lp(e ),
keZ?

so that by Lemma 6.8 we get for all p>0 and s <1,

Pug >

B~ =

on B(x,k+ sp). Soif s€(0,t,) is small enough such that

a2 1
Cs*=< 3’

we get

WV
ool —

u(s,y) >z,  yeEB(x,k+s5p).
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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, y € B(xz,k+1tp).
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.

6.4 The Anderson Hamiltonian
The parabolic Anderson model can be written as
Ou=Au+u=(A+&u=:u,
where 2 is the Anderson Hamiltonian,
H =0+

(or, taking renormalization into account, 7 = A + £ —00). So we formally have u(t) =

et g, and we hope to obtain information about the behavior of u from 7.

To do this, we first have to construct . In principle, we can define JZu for all
paracontrolled (with slightly different definition than before) u of the form

u=u'©X +ul,
where X = (1 - A)" Y% €%, u,u' €62, uf € €7 for a € (2/3,1), because then we have

Hu=AW'0X)+ Auf +usé +uaé+uf o E+C(u/, X, €) +u/(XoE).

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 T;ug and the integral f g Tiugds
are paracontrolled, and

t t t
Jf/ Tsupgds = / HTupds = / OsTzuopds = Trug — ug,
0 0 0

so if wg 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.

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 € L? C €Y. We can rewrite this equation as a paracontrolled PDE as follows:
A =Au=ué+v & u=(\—A)"(u +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’,uﬁ)ecgf‘x‘gfx‘fzmrﬁ: w=u—veX.
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We obtain a small factor for the contraction property by choosing A large (which we fix
from now on). The solution u is then in ‘526 C Bg; for all 5’ € (0, B).

Exercise 6.3. For v <€ R we define the L? Sobolev space

HY= {u € L (TY: ||u||f~:= Z la(k) 2 (1 + [k]?)7 < oo}

keZd

i. Show that HY = By , with equivalent norms.
ii. Show that H®= L2
iii. Show that bounded sets in H” are relatively compact in H? whenever v > +/.
By the exercise we see that the operator
Ry L?sv— (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) 2= (A — ) Ryv, Ryw) 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 (ky)nen such that k1| > |ko| = -+ with |k,| — 0 and

Rye, = knen, n € N.
We just need one more information about the k,:

Lemma 6.10. We have k, >0 for all n € N.

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

<R)\U7 ’U>L2 2 0
for all v € L?. Indeed, then

Kn = Kn{€n, €n)p2= (Rxen, en)r2 = 0.

To see that Ry is positive, we use the representation

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

S S
(A— ff)/ e NTwdt = / —O(e MTw)dt =v — e MTsv,
0 0
and since the PAM is linear we have ||Tsv || 2 < K e ||v|| 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 Ry), and then we can send S — oo to get

(A—%”)/ e~ MTwdt =v,
0
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which proves the representation for Ry. So now it suffices to show that T; is a positive
operator for all t. But

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

where we used the semigroup property of (7;), and that T; 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

AQTw(x)w(x)dx :/]I‘QE[U(x—f-Bt)eXp(/tf(x—|—Bs)d5>:|w($)d$

:IE)/ v(z + By) exp</§x+B)ds> (2 )dx]

:]E Xp( / ¢(v+ By— Bt)ds)w(x—Bt)dx}
:]E exp(/fx— (B~ By s))ds) (¢ — (Bi— By t))dx]

:]E exp(/fx—i—B ds) (x—i—Bt)dx]

=[p<mw<>

where we used that s+— —(B;— B;_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,

(AN=)e, = /@;1()\ — ) knen = /@;1()\ — A)Ryen, = /@,Zlen,
and thus
Hen=(\— ﬁgl)en =: \pen

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

I = Z An €y V) 1260,

n=1

which is valid whenever v is in the domain of 7.

6.5 Long time behavior of the periodic parabolic Anderson model

We formally have T; = e??* | and with spectral calculus we can make this rigorous:

o0

ﬂu = Z et)‘”<€n, u>L2€n.

n=1

For u such that (u,ey)r2# 0 only for finitely many n this representation follows immediately
from the fact that both Tiu and ZZO:1 et)‘"<en, u)r2e, solve the equation dyw = .#v, and
then it extends to general u by approximation.

Lemma 6.11. The operator S has a spectral gap, i.e. A1 > X\a. Moreover, e1(x) >0 for
all x € T2,
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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

Tiv>0

whenever v > 0; indeed, this follows from the strong maximum principle Theorem 6.9.

By (a consequence of) the Krein-Rutman theorem, see Theorem 19.3 in [17], we have
A1 > Ao and e1 > 0. Since e = nl_lR,\el we know that e; is paracontrolled, i.e. there exist
e1=ej0X + e§ with e} € ‘526 and e% € ‘KQ‘HB. 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 z. O

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

Theorem 6.12. There exists k>0 such that for all u € L? with u>0 and u#0

lim || Tw 4l =0
t—oo || €M1 (u, e1) 1261 o0
Consequently, we have for v’ >0 with u'#+0
lim || 2 {weiz) g
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,ej)r2>0 since ej(z) > 0 for all x, and therefore the division by
et’\1<u, e1)r2e1 is allowed. We also have ej(z) > > 0 for all x, because e; is continuous and
T? is compact and thus e; attains its minimum. Thus

[e.9]

Tiu 1 tAn—X
=1 + € ( " 1) u, e 2€n .
u, e1)r2e1 (u, el>L2e1nZ::2 (u, en)r2en

et)q(

Tiu
et 1<uvel>L251
to work a bit more the get the convergence in L°°. We have for 7 >0 and t > 7

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

Tiu(x) _q
et (u, e1)p2e1(x)
1 - tOn—A1)

< 7\ " ! y En n

T exyzaen | 2t e [(u, en)r2llen()]

1/2/ oo 1/2
<|{u, ex)ze] (Z n<x>\2> (Z e2<”’“n*1>\<u,en>p\2>
n=2

Wk

AN

1/2 ()
e2T)\n‘en(x)|2> e2(t—r)(>\2 Z u, en LQ‘

(

Il
—

1/2
62”"\en(w)l2> =N |y 7,

A
N
Wk

3
Il
—
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Now we use that A1 > Ao by Lemma 6.11, so the claim follows once we show that
o0 e2™nle,(x)|? < 0o. But if pf is a smooth approximation of the Dirac delta, then
p

n=1
00 00
S €2, (@)[2 <limint 3 €2 (e, o7 (x — palens p5(x — )12
n=1 e=0 n=1

- / W27, ) () dy,

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 e ()2 <ul® ) (27, ) < 0.

To derive the limiting behavior of Tyu /T, note that

Tiw _ Tiu " eMu!, e1)r2eq " (u,er)r2
T e (u, e1)p2e1 Tiu! (u, ex)rz

Y

and now note that if || f, — 1||zee — 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 spectrum of the operator #Z 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 t lives in a larger space than at time 0, with more permissive weights capturing
the growth/decay at infinity; see [30] or [36] for details.

6.6 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

10 = Au~+ué =&
with ¢=+/—1, or the stochastic wave equation
Gttu = (% — )\)§

for A > \1. In the first case we can set

oo
E ZM" (u, en)r2en,

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

O =v

O =(H — Nu,

so that we can set

Kt(u07 UO)a
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where
K= cos(t(A — )'/?) (A= 22) " 2%sin(t(A — ) 1/?)
SO = )Y 2%t — )V cos(t(\ — )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**), resp. (K)s, see [20] for
details.

7 Relation with regularity structures

Hairer’s regularity structures [28| 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 [28] without any motivation or intuitive explanation. For nice introductions
to regularity structures see for example [29, 14].

Definition 7.1. A regularity structure is a triple T = (A, T, G), where A C R without
accumulation point except possibly at oo, where

T:@Ta

acA

and each T}, is a Banach space, and where G is a group of bounded linear operators on T
such that for oll T € G and oll 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 ¢:R?— R we define

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

17 lloc:= | Qo |l

Definition 7.2. Let T =(A,T,G) be a regularity structure and d € N. A model for T on
R? consists of maps

ILRY— L(T,.'(R%), T:RIxR!=G,
such the algebraic relations

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

(@) SCX|7llay  [Tey7lls <Cla = y|* =PI la,

for all p € Cy with cr<1, for all x€(0,1], for all z,y € R* and for all o, B € A.
¥ wlicy

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

Definition 7.3. Let T =(A,T,G) be a regqularity structure with model (II,T"). For ~ >0
the space of modelled distributions 27 consists of the maps f: R*— ®a<7Ta C T such that

[fo=Teyfylla <Clz —y[7%  [[falla<C

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

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

Theorem 7.4. ([28], Theorem 3.10) Let v>0. Then there exists a bounded linear
operator

KDY —C,

where ag =minge 4, such that for some C' >0

\Zf(92) — W fu(pd)] <CAY (7.1)

for all ¢ € Cf with |l¢|lcp <1, for all A€ (0,1], and for all x € R%. Here r is as in
Definition 7.2. Moreover, Z [ is the unique element of ¥’ that satisfies (7.1).

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 [22] and from [35].

Definition 7.5. For f:R?— T we define

P(f (@)= / Kejor(@ — y) Ko — )T, f,(=)dyd>
j>1
and

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

Jj=21

whenever these are well defined. Note that P(f,11) takes values in .#'(R%), while P(f,T)
takes values in T.

We can extend our Besov spaces %" easily to distributions with values in a Banach
space X, by writing

Hu“cgn(x) = Sup QJ'HHKJ. *uHLoo(X) =! Sup 2jl€||AjuHLoo(X)
j=-1 j=-1

Lemma 7.6. Let v>0 and f € 27. Then for all a <~
1Qalf = P(f T llgr-er,y S f 2,
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and also

12f = P(f, Il S

Proof. First observe the trivial estimate

| QaA<of levmy) S fllneory < fll2
Moreover, since [K.;j_i(xz)dz =1 for all j > 1:
Qu(f —Acof — P(f, F))( )
—Z / / Koj1(z — ) K@ — 2)Qa(fo — Tuyf,)dydz.

By Lemma 3.17 it sufﬁces to bound each addend of the series, and using that f € 27 we
have

‘/ K<J 11’— )K (l'—Z)Qa(fz—Fnyy)dde
/ Kjo1(z — 9)Kj(z — 2)] % |2 — y 7= | grdydz

<17l / Ko joa(z — y) Kz — 2)| % (Jz — 21~ + |z — y|~*)dydz
<[ llgn2 i),

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

1A<0Z flly SN2 fllao SN fll2o

by definition of A and the reconstruction operator, and

(Bo0 = P(£TN@) =Y [[ Kejosla =) o —2)(@ ) =11, )y

j>1

Again it suffices to bound each addend individually, and

[ Kot = st~ )50 - gy ey

= /K<j—1($—y)(f%f(Kﬂ%_j)_Hyfy(Kg_j))dy‘
< /K<j1(90—?4)(«%7]”(}(3j)_H:vfz(K:%j))dy‘

+ /K<j—1($ —y)a(fz — nyfy)(Kg_j)dy‘

</ K<j1(w—y)2”\\f||@vdy‘ S | [Hesmite =2l = P2 fllandy
a<vy
<27 fllom,
which completes the proof. U

Note that Z f itself is much more irregular than €7, in general we only get Z f € € *°.
So the lemma gives a decomposition of Zf into a paraproduct and a smooth remainder.
To do: paracontrolled distributions are modelled.
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8 A nonlinear stochastic wave equation

8.1 Dimension 2
Here we follow Gubinelli, Koch and Oh [24] 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
Ou =v

Ow=Av+u>+¢,
o(2)a(0) ()

01
A_< " 0).
Then we have with |V|:= (—A)Y/2

ol A — cos(t|V])  |V| Isin(t|V])
< —|Vsin(t[V])  cos(t|V]) )’ (8.1)

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= Z cos(t|2mk |)a(k)e2mike.
kez?

We can verify this representation for e*4 by differentiating the matrix in (8.1) and by
showing that the derivative equals Aet4.
In particular, the variation of constants formula gives

(50 )= )*/ote(”m( e+ 05 )ds’

and since we are mainly interested in u:

Esin((t — s)|V|)

= to, v u(s)? s))ds
where =st 0)% V] _< ()24 €(s))ds,
S(t) (uo, vo) := cos(t|V|)u +%UO

Here we see an important difference compared to the heat equation: While P, =¢'2 = e~tIVI?

is infinitely regularizing (with a blow-up for ¢t — 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 4
equation: We make the Ansatz

u=7+w,
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where

=9IV s
2= [ L (s)as,

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

Of course, there will be problems with defining Z2 because of the irregularity of Z. We
can derive the regularity of Z along the lines of Lemma 4.3, and this gives

ZeCre—"

almost surely for all k> 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¥)ixcz (i.e. both real and imaginary part
of B* are independent standard Brownian motions) such that E[BfB!] = 26y, _ss At the
representation

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

and thus

B2l = Y 1+ ez [ S g 57 (1 gy

kez? keZ2

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

t
/ efQ(tfs)\erdeS — O(|k|72),
0

this explains to some extent why we see the same regularity as for the heat equation. See
Proposition 2.1 of [24] for the precise derivation of the regularity of Z, where it is also
shown that for all n

g . hmZEn = l1mHn(Za Var(ZE))’

e—0 e—0

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

w =38 (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 8.1. ([24], Lemma 3.1) Let s€ (0,1). A pair (q,r) € (2,00] X [2,00) is s-
admissible if
6 3
l—f—zzl—s and 2<r<g 3—-4s’ S<Z.
a T 0, else
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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

9
1 -
T T T s

2—35s’

l~+g:3—s, and max{
q T

where 7 >1+ means 7> 1.

}éfé

We also need suitable function spaces to work in. Unfortunately, the operator Z only
has good regularization properties in L?-Sobolev spaces. Therefore, we set

H:=H*x H5™ 1, seR.
We also write
LpX =LP([0,T], X)

for a Banach space X

Lemma 8.2. ([24], Lemma 3.2) Let s € (0,1) and let (q,r) be s-admissible and (q,7)
be dual s-admissible. Then we have for

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

1(u, O [lLgeres + N[l g S M1 (uo, v0) s +min {1 f Nl g pms 1F 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 L7*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 8.3. We have for s€(0,1) and k€ (0,sN\ (1 —5))

[w?+2wZ + Z% || e o1 S lw e rrs + 1w e sl Z || pgeg—n+ 1277 | e

Proof. We decompose

w?=w O w+ 2wow
and estimate for x € (0, s) via Besov embedding (and using that d=2)
[wOwlpgm-1SlwOwllpegs 146 S [w Owlpgegptn S [Jw ||z%o<,52(s+n>/2 SllwllZse s,
as well as
08w lspe—+ oS gz -1on

Slwllpgeeeellwllzzss

<l ez o e

SllwllEsepre.
Next, we let k € (0, (1 —s) As) and get

lwZl| g rs—1 S lwZlpgegy» S Nwllnges 21 e —= S llwllpgemsll 2 | Lgee -

And finally

1Z% Lo s -1 SN Z7% || e~
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Combining this with the Strichartz estimate, we can set up a Picard iteration for (u,du)
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 u2. 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.

8.2 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 [23]. 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 €Cr¢ /2~ The next term in the expansion is

Y=z(1),

and if we apply the usual heuristic for guessing the regularity, we get 1:%#€Cr%¢ '~ 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 [23],
Proposition 1.6.

We thus make the ansatz

u=1 —i—Y—i—w

and obtain the following equation for w:
w=38(uo,vo) + Z((w+ Y )2+ 2w+ Y)T).

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 [39]. Namely, we make the Ansatz

W= w1 + wsy
with
wy =Z(2(w1 + wo +Y)@T )
wa =8 (up, vo) + Z((w1 + wa +Y)2 +2(w +Y) OT+2(w +Y)®T )-
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By the usual power counting we would guess the regularities w; € C’TB?1 /2~ and wa € C’TBf}f,
where B> denotes a suitable Besov space that will be determined later. We also see that
we would expect having to control

Yorecr s,

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 5.10), and this is no longer true for
the operator Z. We can however control the resonant product with stochastic computations,
i.e. show that

f=I(Z(fel)ol)

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

Appendix A Regularity for Walsh type SPDEs

Proof. (of Lemma 1.28) Z is the stochastic integral of W against the deterministic
function p, and therefore it is Gaussian (if we replace p by a deterministic bounded ele-
mentary function then this follows from the Gaussianity of W, and it extends to p by a
limiting argument). Since Z is centered Gaussian, the ¢-th moment is bounded by the ¢ /2-
th power of the second moment and we get

E[|Z(t+s,0+y) = Z(t,2)| I SE[Z(t+ 5,2 +y) = Z(t +5,2)]]"/?
+E[Z(t+s,2) = Z(t,2)]]'/2

In the nonlinear case with nontrivial f, g we would use the Burkholder-Davis-Gundy
inequality instead of Gaussianity. The first term on the right hand side is

B[ Z(t+s,2+y)— Z(t+s,2)7
_E[(/OHS]XW( (t+s—raty—2)- (t+5—r,x—2))W(dr,d2)>2]

/t+3/ p(riz+y—z1)—p(r,x—2z1))(p(r,x+y—22) —p(r,x — 22)) K(dz1,dz2)dr,
IRdeRd

where in the last line we used the substitution ¢t + s —r — r for the time integral.
Next, we observe that for ¢>1

lp(r,z+y—21)—p(r,z—21)| =

1
[ 9ntr.ta—= +Ay>-ydx‘
0

1
/0 wp(r, (r—2z1)+ )\y)-yd)\‘

2r

1
<12y / pler, (z — 21) + Ag)dA,
0

where we used that for all m >0 (and here we take m=1/2)

|Z|2 —d/2 |Z|2 -1 /2 By &
. p(r, z) = (47r) e 4 S (4mer)TY%e i ~p(er, z). (A.1)

r
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On the other hand we also have the trivial bound
Ip(r,z+y—21)—p(r,z—z1)|<p(r,z+y—21) + p(r,z —21),
and therefore by interpolation with & € [0, 1]:

Ip(r,z+y—21) — p(r,z —21)|
=|p(r,z+y—z1)—plr,z—z1)|"|p(r,z+y—2z1) —p(r,z —21)

K

1
§(T1/2|y|)ﬁ(/o pler, (z —2z1) + Ay)d)‘> (p(r,z+y—21)+p(r,z—2))' "

|1f/€

1
§(T1/2|y|)ﬁ(/0 pler, (x —21) + Ay)dA + p(r,z +y —21) +p(r,z — 21)>,

where the last step follows from Young’s inequality for products, ab < %ap —i—%bm, where
p, m>1 are such that %—i— % =1, and which we applied with p= % We apply this bound
with k= and obtain with some more fiddling and using that K € K¢

/H—S/ p(rix+y—2z1)—plr,z—21))(p(r,x+y—22) — p(r,x — 22)) K (d21,dz2)dr
]Rd><]Rd

< / (12 y]2Bredr < |y 2,
0

where we used that —3 —a > —1 and therefore the pole r—#~¢ is integrable in r = 0.
Similarly, we have for the time difference (substituting ¢ + s —r— 7 in the first integral
and ¢t —r —r in the second integral

E[|Z(t+s,z)— Z(t, )|
// p(r,x —z1)p(r,z — 22) K(dz1, dzg)dr
IRdXIRd

+/ Aded(p(T+s,x—Z1)_p(?“,x—zl))(p(r—i-s,x—zg)—p(r,x—zg))K(dzl,dz2)dr_

The first term is bounded by

p(r,z —z1)p(r,x — 22) K (dz1,dz2)dr
R4x R4

S
< / r=%dr <stmeg Ti-a=BgB < sP.
0
For the second term we bound for ¢ > 1

p(r+5,2) = p(r, 2)| =

1
_/0 <4(r|i—|is)2 - g(‘“("" + /\8))1>p('r +As, 2)sdA

1
5/0 . _s)\sp(c('r + As), z)dA

1
. p(1 + As, z)sd)\‘

1
gé/ ple(r+ As), z)dA,
0

where we applied (A.1) with m =1. By another interpolation argument this yields

/t/ (p(r+s,z—2z1)—p(r,z—2z1))(p(r+s,x —22) — p(r,x — 22)) K(dz1,dz2)dr
Rex R4

t
5/ (i)ﬁr*adr§sﬁ.
o \7
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This yields the claim. O

Appendix B Motivation for the ®3 model

Consider a domain O C R and the potential

V(¢)—/O|V¢($)|2dx+/o<%qﬁ(x)4—qﬁ(x)2>dw.

We are interested in the measure

plds) =exp(~V () [] do() (B.1)
€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 ®
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 [19].
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}" given by the density

%exp( Z J’UJ)H dai:%exp(—% Z (Ui—gj)2>H do;,

i,5:li—j|=1 ieA i,gili—jl=1 ieA

where now [],_, do; is the counting measure on {1, 1} the value of Z will change
throughout this discussion, it is always taken as the positive constant for which the total
mass of the measure becomes 1. This is a model for a ferromagnet, and the spin o; is
the magnetization at point 7 (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
oi=o0; if |i — j| =1. On the other hand, the counting measure introduces randomness.

In our case the potential V' is also small for ¢ with small gradient (i.e. for which
[ IV ¢(z)|*dx is small), and the “Lebesgue measure” introduces randomness. But now there

is the additional contribution f0<%¢(x)4 - ¢(x)2)dx to the potential, which can be moti-

vated as follows: For the Ising model the spins o; only take the values £1, while the
functions ¢ take arbitrary values in R and shifting ¢ by a constant does not change the

value of [ |V@(z)|*’dz. So the term f0<%¢(w)4 - ¢(x)2)dw in a way anchors ¢ around the

values +1. Indeed, the double well potential is minimized exactly in the points +1:

Figure B.1.
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Of course, this whole discussion is purely formal because the Lebesgue measure
[I,codo(x) does not exist. To attempt making it rigorous, we could note that, at least
if we ignore boundary terms from the integration by parts (this is for example ok if O =
T?¢=(R/Z)%is the torus or if O=R% and we consider functions with sufficient decay at o)

e - [ Vo ) =esp( [ o186z ) exo( - [ s(a)-a)otoz )

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;,

. . . . . . 11 -
where (-, -) is the inner product on R", is centered Gaussian with covariance 5C' Lie. for
all a,b we have

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

So in our case we would expect

v(do) =oxn( — [ 1Vo(@)Paz ) T doo

zeO

to be a centered Gaussian measure with covariance

[ (616 01(a0) = 5. (=8) 1) = {(=A) 21 (~8) ),

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 ®4 measure that we
formally defined in (B.1). A “rigorous candidate” seems to be

u(de) —%exp<— / (%qﬁ(x)‘*— ¢<x>2>dx)u<d¢>-

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[1,00].

Exercise. (Suggested by Scott Smith) Consider the “massive Gaussian free field on

R®, i.e. the centered Gaussian process (1(¢))ye.» With covariance

Bln(e)1()] =5 (@, (m — A) )12z,

for mass m > 0. The covariance is well defined, and therefore 1 exists. Show that if (p,) C
CS® is an approximation of the identity with supp(p,) C B(0,1/n), then E[n(pn(x —-))?] —
oo if and only if d > 1. This shows that the formal expression n(x)=n(é(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=2)" @)= [ e [ pita =) fapar
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for the centered Gaussian density with covariance 2tlg, i.e.

—d/2 |z [?
p(t, z) = (4nt) = 2exp 5 )
Thus we get

<pn( Pn Tr—

:/ on x—z/ mt/ 2 — 2 — ) puly)dydtdz
_ /R n(2) /0 et /de(t, » — y) puly)dydtds.

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.

(oule =, (= 8 =) 2 [ pute) [T [ dtd/Qexp<—#)pn<y>dydtdz

> 1
—/ e‘mtt_d/Qexp<——2)dt
0 tn
00 1
;/ emttd/Qexp(—l)dtz/ =424,
n—2 n—2

which diverges as n— oo if d > 2.

On the other hand, for d =1 the uniform bound p(t,z) <t~'/2 shows that the variance
converges.

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

[ (5o = ot )as

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 [19], and one has to suitably renormalize the potential %(b(av)‘l — ¢(z)? 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!

Here we will follow a different route towards constructing p: We will construct a Markov
process with invariant measure p. To understand how to do that, let us consider a smooth
potential function V:R"™ — R, such that

/exp Hdﬂ:,<oo

for example V (z)=22. Then pu(dz) :%exp(V(x)) [ I, dx; 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:

dX;, = —%VV(Xt)dtJr AW,
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To formally show this, observe that the generator of X is L= —%VV-V + %A and L is self-

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

OX(1,1) =50V (X(t,) +&(t,0),

where we set {(f)=>", fIR+ 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 measure and counting measure) such that

E[E(f)E(9)]=(f,9)= Z A f(t,9)g(t,i)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

1T
/f(x),u(dx)— lim —/ f(Xs)ds.
T—oo I 0
If we apply the same philosophy to the ®3 measure, we would formally get a dynamic
process that satisfies

Qu(t,2) = —58V (9L, ) + E(t,2) = Ad(t, 2) — 6(t, 2)°+ 6lt, ) +E(t,0),  (B2)

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

EIEUE@) = (f0)= [ f(t.)g(t.o)itds
Ry xO
for all f, g€ L?>(Ry x O). The functional derivative 5,V (¢) is a bit subtle and can be
computed by taking first the functional derivative in the direction of some function %, and
then formally setting 1) =d(x — -) for the Dirac delta in x.

The equation (B.2) is called the <I>§ equation, or the stochastic quantization equation for
the ®J measure [45]. 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 (B.2) is still badly ill posed,
because the solution ¢(t,-) is at fixed times ¢t only a distribution in the space variable,
and therefore we have again a problem with the nonlinearity, this time given by ¢3. In
fact, at least for d =3 the solution theory for the ®3 equation (B.2) is much younger than
the construction of the ®j measure, and it was one of the first big successes of Hairer’s
regularity structures [28] respectively paracontrolled distributions [22, 12]; the ®3 equation
had been previously solved with Dirichlet forms [1] or with the “Da Prato-Debussche
method” [16].

Bibliography: The discussion is partially inspired by the nice survey papers [14, 40].
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