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Comparing the stochastic nonlinear wave and heat
equations: a case study
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Abstract

We study the two-dimensional stochastic nonlinear wave equation (SNLW) and stochas-
tic nonlinear heat equation (SNLH) with a quadratic nonlinearity, forced by a fractional
derivative (of order a > 0) of a space-time white noise. In particular, we show that
the well-posedness theory breaks at a = % for SNLW and at o = 1 for SNLH. This
provides a first example showing that SNLW behaves less favorably than SNLH. (i) As
for SNLW, Deya (2020) essentially proved its local well-posedness for 0 < a < %
We first revisit this argument and establish multilinear smoothing of order i on the
second order stochastic term in the spirit of a recent work by Gubinelli, Koch, and
Oh (2018). This allows us to simplify the local well-posedness argument for some
range of a. On the other hand, when a > % we show that SNLW is ill-posed in the
sense that the second order stochastic term is not a continuous function of time with
values in spatial distributions. This shows that a standard method such as the Da
Prato-Debussche trick or its variant, based on a higher order expansion, breaks down
for a > % (ii) As for SNLH, we establish analogous results with a threshold given by
a=1.

These examples show that in the case of rough noises, the existing well-posedness
theory for singular stochastic PDEs breaks down before reaching the critical values
(a = % in the wave case and a = 2 in the heat case) predicted by the scaling analysis
(due to Deng, Nahmod, and Yue (2019) in the wave case and due to Hairer (2014) in
the heat case).
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Comparing stochastic NLW and NLH

1 Introduction

1.1 Singular stochastic PDEs

In this paper, we study the following stochastic nonlinear wave equation (SNLW) on
T? = (R/27Z)*:

(z,t) € T? x Ry, (1.1)

{c’),?u + (1= A)u+u® = (V)€
(u, Oput) [4=0 = (uo,u1)

and the stochastic nonlinear heat equation (SNLH) on T?:

(z,t) € T? x Ry, (1.2)
U|t:0 = Ug

{atu + (1= Autu? = (V)¢
where (V) = /1 — A and « > 0. Namely, both equations are endowed with a quadratic
nonlinearity and forced by an «a-derivative of a (Gaussian) space-time white noise £ on
T? x Ry.

Over the last decade, we have seen a tremendous development in the study of singular
stochastic PDESs, in particular in the parabolic setting [32, 33, 28, 10, 36, 39, 12, 11, 8, 9].
Over the last few years, we have also witnessed a rapid progress in the theoretical
understanding of nonlinear wave equations with singular stochastic forcing and/or rough
random initial data [51, 29, 30, 31, 44, 48, 41, 43, 46, 49, 47, 42, 7]. While the regularity
theory in the parabolic setting is well understood, the understanding of the solution
theory in the hyperbolic/dispersive setting has been rather poor. This is due to the
intricate nature of hyperbolic/dispersive problems, where case-by-case analysis is often
necessary (for example, to show multilinear smoothing as in Proposition 1.4 below). Let
us compare the hyperbolic and parabolic ®3-models on the three-dimensional torus T?
as an example. In the parabolic setting [24], the standard Da Prato-Debussche trick
suffices for local well-posedness, while in the wave setting, the situation is much more
complicated. In [30], Gubinelli, Koch, and the first author studied the hyperbolic ®3-
model by adapting the paracontrolled calculus [28] to the hyperbolic/dispersive setting.
In particular, it was essential to exploit multilinear smoothing in the construction of
stochastic objects and also to introduce paracontrolled operators. While this comparison
on the hyperbolic and parabolic ®3-model shows that it may require more effort to study
SNLW than SNLH, the resulting outcomes (local well-posedness on T? with a quadratic
nonlinearity forced by a space-time white noise) are essentially the same.

The main purpose of this paper is to investigate further the behavior of solutions to
SNLW and SNLH and study the following question: Does the solution theory for SNLW
match up with that for SNLH? For this purpose, we study these equations in a simpler
setting of a quadratic nonlinearity on the two-dimensional torus T? but with noises more
singular than a space-time white noise (i.e. a > 0). In this setting, we indeed provide a
negative answer to the question above.

When a = 0, the equations (1.1) and (1.2) correspond to the so-called hyperbolic
®3-model and parabolic ®3-model, respectively,! whose local well-posedness can be
obtained by the standard Da Prato-Debussche trick; see [17, 29]. In this paper, we
compare the behavior of solutions to these equations for more singular noises, i.e. a > 0.
We now state a “meta”-theorem.

“Theorem” 1.1. (i) Let 0 < a < % Then, the quadratic SNLW (1.1) is locally well-posed.
When o > % the quadratic SNLW (1.1) is ill-posed in the sense the standard solution

1Strictly speaking, the hyperbolic @%-model would require a damping term O:w in (1.1). Since this modifica-
tion does not change local well-posedness properties of the equation, we simply consider the undamped wave
equation (1.1).
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theory such as the Da Prato-Debussche trick or its variant based on a higher order
expansion does not work.

(ii) Let 0 < a < 1. Then, the quadratic SNLH (1.2) is locally well-posed. When a > 1, the
quadratic SNLH (1.2) is ill-posed in the sense described above.

For precise statements, see Theorem 1.3, Proposition 1.6, Theorem 1.10, and Propo-
sition 1.9. Let a, = % for SNLW (1.1) and o, = 1 for SNLH (1.2). Then, for 0 < a < a,
we prove local well-posedness of the equation via the second order expansion:?

u=1-Y+u. (1.3)

Here, we adopt Hairer’s convention to denote the stochastic terms by trees; the vertex
“.” in 1 corresponds to the random noise (V)“¢, while the edge denotes the Duhamel
integral operator:3

T=(#+(1—A))  for SNLW and Z= (9 +(1—A))" for SNLH.

With this notation, the stochastic convolution 1 and the second order stochastic term
can be expressed as

1=Z((V)°€) and Y =Z(V), (1.4)

where V denotes a renormalized version of 12. See (3.2) and (5.2) for precise definitions
of the stochastic convolutions. In particular, we impose 1(0) = 0 in the wave case and
1(—o0) = 0 in the heat case. We then solve the fixed point problem for the residual term
v=u—14+7Y. See(1.11) and (1.17).

On the other hand, for o > a, we show that the second order term Y does not belong
to C([0,T]; D'(T?)) for any T > 0, almost surely (see Propositions 1.6 and 1.9 below).
This implies* that a solution « would not belong to C([0, T]; D'(T?)) if we were to solve
the equation via the second (or higher) order expansion (1.3) or the first order expansion
(= the Da Prato-Debussche trick):

w140 (1.5)

since the second order term Y appears in case-by-case analysis of the nonlinear contri-
bution for the residual term v = u — 1.

In Subsection 1.2, we go over details for SNLW (1.1). In Subsection 1.3, we discuss
the case of SNLH (1.2).

Remark 1.2. Our main goal in this paper is to study to what extent the existing solution
theory® extends to handle rough noises in the context of SNLW and SNLH. For this
purpose, we consider the simplest kind of nonlinearity (i.e. the quadratic nonlinearity) in
(1.1) and (1.2).

There are several reasons for considering the “fractional” noise (V)¢ in (1.1) and
(1.2). In studying stochastic PDEs, we often consider a noise of the form ®¢, where ® is a
bounded operator on L?(T?). Furthermore, we often assume that ® is Hilbert-Schmidt®

2As we see below, for small values of «, the first order expansion (1.5) suffices.

3In the case of SNLW, this corresponds to the forward fundamental solution to the linear Klein-Gordon
equation: 92u + (1 — A)u = 0.

4In some extreme cases, it may be possible to have u € C([0,T]; D'(T2)) even if Y ¢ C([0,T]; D' (T2)),
namely when the singularities of Y and v in (1.3) cancel each other. We, however, ignore such a “rare” case
since it is not within the scope of the standard solution theory, (where we postulate that v is “nice”).

5In this paper, we restrict our attention to the solution theory based on the Da Prato-Debussche trick or its
higher order variants.

5In the Banach space setting, we often assume that & is a y-radonifying operator from L2(T?) to some
Banach space B.
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from L2(T?) to H*(T?). See [18, 19, 45]. It is also common to make a further assumption
that a noise is spatially homogeneous. Namely, ¢ is given by a convolution operator. The
Bessel potential (V) is one of the simplest operator of this kind, which also allows us to
tune the (spatial) regularity of the noise.

Since the work [37], fractional noises have been considered as very natural stochastic
perturbation models. Stochastic PDEs with fractional noises (including (V)“¢) have been
studied by many researchers (see, for example, [52, 14, 54, 3, 15, 2, 34, 35, 21, 22]
and the references therein). In stochastic PDEs, the first examples studied in this
direction are those given by white-in-time fractional-in-space (or colored-in-space) noises
[56, 18, 52, 14]. In view of the close relation of the Fourier series representation
of the noise (V)*¢ and the fractional-in-space noise (see Subsection 5.2 in [50]), the
models (1.1) and (1.2) provide good substitutes for white-in-time fractional-in-space
noises, enabling us to make an essential point without being bogged down with technical
difficulties related to fractional noises. See Remark 1.13 for the case of fractional-in-time
(and general fractional) noises.

1.2 Stochastic nonlinear wave equation

Stochastic nonlinear wave equations have been studied extensively in various settings;
see [18, Chapter 13] for the references therein. In [29], Gubinelli, Koch, and the first
author considered SNLW on T? with an additive space-time white noise:

u+(1—Au+uf =¢, (1.6)

where k > 2 is an integer. The main difficulty of this problem comes from the roughness
of the space-time white noise. In particular, the stochastic convolution 1, solving the
linear stochastic wave equation:

1+ (1—An=¢,

is not a classical function but is merely a distribution for the spatial dimension d > 2.
This raises an issue in making sense of powers * and a fortiori of the full nonlinearity
u* in (1.6). In [29], by introducing an appropriate time-dependent renormalization, the
authors proved local well-posedness of (a renormalized version of) (1.6) on T2. See
[30, 31, 48, 41, 46, 49, 47] for further work on SNLW with singular stochastic forcing.
We also mention the work [21, 22] by Deya on SNLW with more singular (both in space
and time) noises on bounded domains in R? and the work [55] on global well-posedness
of the cubic SNLW on R2.

We first state a local well-posedness result of the quadratic SNLW (1.1) on T2. Given
N € N, we define the (spatial) frequency projector 7y by

TNU 1= Z u(n) ey, (1.7)

In|<N
where @(n) denotes the Fourier coefficient of u and e,,(z) = 5=¢"* as in (2.1). We also
set

H(T?) = H5(T?) x H*1(T?). (1.8)

Theorem 1.3. let(0 < a < % and s > «. Then, the quadratic SNLW (1.1) on T? is
locally well-posed in H*(T?). More precisely, there exists a sequence of time-dependent
constants {on(t)} nen tending to oo (see (3.5) below) such that, given any (ug,u1) €

H*(T?), there exists an almost surely positive stopping time T = T(w) such that the
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solution uy to the following renormalized SNLW with a regularized noise:

{%N + (1= Auy +uy —on = (V)*7n¢ (1.9)

(un, Orun)|t=o0 = (uo,u1)

converges almost surely to some limiting process u € C([0,T]; H=“~¢(T?)) for any & > 0.

In [22], Deya proved Theorem 1.3 on bounded domains on R? but the same proof
essentially applies on T2.” For 0 < a < % the standard Da Prato-Debussche argument
suffices to prove Theorem 1.3. Indeed, with the first order expansion (1.5), the residual
term v = u — 1 satisfies

v+ (1—Aw=—(v+1)?

= —v? — 21—V, (1.10)
At the second equality, we performed the Wick renormalization: 1? ~ V. It is easy
to see that 1 and V have regularities® —a— and —2a—, respectively (see Lemma 3.1
below). Then, thanks to one degree of smoothing from the wave Duhamel integral
operator, we expect that v has regularity 1 — 2a—. The restriction a < % appears from
(1 — 2a—) + (—a—) > 0 in making sense of the product v! in (1.10).° Then, by viewing

(u07u17 T7V)

as a given enhanced data set,' one can easily prove local well-posedness of (1.10).
For % <a< % the argument in [22] is based on the second order expansion (1.3). In
this case, the residual term v = u — 1 4+ Y satisfies

v+ (1-Aw=—-(v+1-Y)?+v

—(v=Y)% =201 4+ 2Y1.

(1.11)

If we proceed with a “parabolic thinking”,!! then we expect that Y has regularity

1—-2a—=2(—a—) +1,

where we gain one derivative from the wave Duhamel integral operator; see (3.6). With
this parabolic thinking, we see that the last product Y in (1.11) makes sense (in a
deterministic manner) only for a < i so that (1 — 2a—) + (—a—) > 0. Nonetheless,

3
for % <a< % one can use stochastic analysis to give a meaning to > := Y -1 as a

random distribution of regularity —a— (inheriting the bad regularity of 1). Using the
equation (1.11), we expect that v has regularity 1 — a— and, with this regularity of v, all
the terms on the right-hand side of (1.11) make sense. Then, by viewing

(uo,u1,1,Y, V) (1.12)

7One may invoke the finite speed of propagation and directly apply the result in [22] to T2. We also point
out that the paper [22] handles noises with rougher temporal regularity than the space-time white noise and
Theorem 1.3 is a subcase of the main result in [22].
8In the following, we restrict our attention to spatial regularities. Moreover, we use a— (and a+) to denote
a — € (and a + ¢, respectively) for arbitrarily small € > 0. If this notation appears in an estimate, then an
implicit constant is allowed to depend on € > 0 (and it usually diverges as € — 0).
9Recall that a product of two functions is defined in general if the sum of the regularities is positive.
10Namely, once we have the pathwise regularity property of the stochastic terms ! and V, we can build a
continuous solution map: (ug,u1,',V) — v in the deterministic manner.
1 Namely, if we only count the regularity of each of ! in ¥ and put them together with one degree of
smoothing from the wave Duhamel integral operator without taking into account the product structure and
the oscillatory nature of the linear wave propagator.
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as a given enhanced data set, a standard contraction argument with the energy estimate
(Lemma 2.4) yields local well-posedness of (1.11).

In view of “Theorem” 1.1, the restriction o < % in Theorem 1.3 is sharp. See
Proposition 1.6 below. There is, however, one point that we would like to investigate in
this well-posedness part. In the discussion above, we simply used a “parabolic thinking”
to conclude that Y has regularity (at least) 1 — 2a—. In fact, by exploiting the explicit
product structure and multilinear dispersion, we show that there is an extra smoothing
for'.

Given N € IN, let Y to denote the second order term, emanating from the truncated
noise mny (V)“¢. See (3.7) for a precise definition. We then have the following proposition.

Proposition 1.4. Let 0 < a < 1 and s € R satisfy

. 1
l-—a, ifa<y,

(1.13)
g —2a, ifa> i.

s < Sq :—12a+min(a,i)_{

Then, forany T > 0, {Yn} nen is a Cauchy sequence in C([0, T]; W*°°(T?)) almost surely.
In particular, denoting the limit by Y, we have

Y€ C([0,T]; W ==2(T?))

for any € > 0, almost surely.

See also Proposition 3.2 below for another instance of multilinear smoothing. In [30],
such an extra smoothing property on stochastic terms via multilinear dispersion effect
played an essential role in the study of the quadratic SNLW on the three-dimensional
torus T3. We believe that the multilinear smoothing in Proposition 1.4 is itself of interest
since such a multilinear smoothing in the stochastic context for the wave equation is not
well understood. See also Remark 1.5 below.

In our current setting, this extra smoothing does not improve the range of « in
Theorem 1.3 since, as we will show below, the range a < % is sharp. Proposition 1.4,
however, allows us to simplify the local well-posedness argument for the range % <a<
%. While the discussion above showed the Da Prato-Debussche argument to study (1.10)
breaks down at a = % the extra smoothing in Proposition 1.4 allows us to study (1.10)
at the level of the Duhamel formulation:

v =5(t)(ug,u1) *I(Uz +201) = Z(V)

1.14
= S(t)(ug, u1) — Z(v?> +201) =Y, (1.14)

where S(t¢) denotes the linear wave propagator defined in (2.6). Thanks to Proposition 1.4,
we expect that v has regularity % — 2a—, thus allowing us to make sense of the product
vtaslongas i < a < 3, ie. (2 —2a—)+ (—a—) > 0. In this refined Da Prato-Debussche
argument, the relevant enhanced data set is given by

(uo,ur, 1,Y). (1.15)

See Theorem 3.3 for a precise statement.

Alternatively, we may work with the second order expansion (1.3) and study the
equation (1.11). In this case, Proposition 1.4 allows us to make sense of the product
Y1 in the deterministic manner for a < 15—2 This in particular shows that for the range
3 < a < 5, we can solve (1.11) for v = u — 1 4+ with a smaller enhanced data set in
(1.15). Namely, when a < 1—52 there is no need to a priori prescribe the last term " in
(1.12). See Theorem 3.4 (i) for a precise statement.

For the range of o under consideration, i.e. a > % the extra gain of regularity in

Proposition 1.4 is 1, regardless of the value of o. When % < a < 1, this extra smoothing
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is unfortunately not sufficient to make sense of the product Y in the deterministic
manner. Recalling the paraproduct decomposition (see (2.3) below), we see that the
resonant product ? :="Y ©1is the only issue here. Thus, for 1—52 <a< % we solve (1.11)
with an enhanced data set:

(u()aul;TaY» ?),

where we use stochastic analysis to give a meaning to the problematic resonant product
“f»; see Proposition 3.2.

Remark 1.5. Note that the extra smoothing is at most i in Proposition 1.4, while a
%-smoothing was shown on T? in [30]. This i-difference in two- and three-dimensions
seems to come from the effect of Lorentz transformations along null directions. The same
situation appears in bilinear estimates for solutions to the linear wave equation; see, for
example, Subsection 3.6 in [16]. See also Remark 4.1 for a further discussion, where
(i) we show that our computation on T? is essentially sharp and (ii) we compute the
maximum possible gain of regularity on T¢, d > 3. Lastly, we point out that Proposition
1.4 states that the extra smoothing vanishes as a« — 0.

Next, let us consider the situation for oo > % In [22, Proposition 1.4], Deya showed
that E[||Vy(t)||3.] diverges for any s € R, when a > 3. This can be used to show that
the Wick power V is not a distribution-valued function of time when o > % The following
proposition shows that the same result holds for V.

Proposition 1.6. Let o > % Then, given any T > 0, {Yn}nen forms a divergent

sequence in C ([0, T); D'(T?)) almost surely.

We point that Proposition 1.6 is by no means to be expected from the bad behavior
of vV for a > % For example, in the parabolic ®3-model, it is well known that the cubic
Wick power ¥ does not make sense as a distribution-valued function of time but that
Y = (8; — A)~'w belongs to C(R;Cz~(T?)); see [24, 40].12 Furthermore, in Proposition
1.9 below, we prove that, for the quadratic SNLH (1.2), (i) the Wick power V is not
a distribution-valued function for a > % but (ii) Y in the heat case makes sense as a
distribution-valued function for a < 1. Therefore, we find it rather intriguing that for the
wave equation, both Vv and Y have the same threshold o = %

In the proof of Proposition 1.6, we show that each Fourier coefficient Y y (n, t) diverges
almost surely for a > % See Remark 4.3. This divergence comes from the high-to-low
energy transfer. Namely, the divergence comes from the nonlinear interaction of two
incoming high-frequency waves resulting in a low-frequency wave.'3 Such high-to-low
energy transfer was exploited in proving ill-posedness of the deterministic nonlinear

wave equations in negative Sobolev spaces; see [13, 43, 26].

Remark 1.7. (i) The proof of Proposition 1.6 also applies to T<. See Remark 4.3 (ii) for
details. In particular, {Yy}yen forms a divergent sequence in C([0, T]; D’(T%)) almost

surely fora > 1 — %.

(ii) It is interesting to note that we can prove local well-posedness of SNLW (1.1) for
the entire range 0 < a < % without using the paracontrolled approach as in the three-
dimensional case [30].

Remark 1.8. In a recent preprint [20], Deng, Nahmod, and Yue introduced the notion
of probabilistic scaling and the associated critical regularity. This is based on the

12A more fundamental example of this kind may be the space-time white noise ¢ which does not make
sense as a distribution-valued function of time, while we can define the stochastic convolution Z(§) as a
distribution-valued function by a limiting procedure.

131n (4.58), this corresponds to the interaction of two functions of spatial frequencies k and n — k giving rise
to an output function of spatial frequency n with |n| < |k| ~ [n — k|.
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observation that the Picard second iterate!* should be (at least) as smooth as a stochastic
convolution (or a random linear solution in the context of the random data well-posedness
theory). In their terminology, the quadratic SNLW (1.1) on T2 is critical when o, = %.
Proposition 1.6, however, shows that the Picard siecond iterate VY is not well defined for
o> % in the sense that each Fourier coefficient YN(n, t) diverges as N — 00.1% This in
particular implies that the existing solution theory such as the Da Prato-Debussche trick
or its higher order variants [4, 44]'® breaks down at o = £ before reaching the critical
value o, = g. See also Remark 4.3 for the general d-dimensional case.

We now make several remarks. (i) The discrepancy between the critical value a, = %
predicted by the probabilistic scaling and the actual value o = % for the non-existence of
the Picard second iterate Y (in the limiting sense) stems from the fact that, as discussed
in [20], the probabilistic scaling only takes into account several simple!” interactions
(high-to-high and high-to-low) in computing a critical value. In the proof of Proposition
1.6, we make a more precise computation in proving the divergence of the Picard second
iterate. (ii) As we see in the next subsection, an analogous phenomenon occurs for
the quadratic SNLH (1.2) on T2. More precisely, while the critical value predicted by
the scaling analysis for (1.2) is a = 2, the Picard second iterate Y fails to exist already
at @ = 1 in the heat case. See Remark 1.12 below. In both the wave and heat cases,
this pathological behavior (i.e. the divergence of the Picard second iterate and thus
the breakdown of the existing solution theory) before reaching the predicted critical
values seems to be closely related to the fact that we are dealing with very rough noises
(rougher than the space-time white noise). This is in particular relevant in studying a
stochastic PDE (or a deterministic PDE with random initial data) with a nonlinearity
of low degree (and also in low dimensions). For example, we may expect a similar
discrepancy for the nonlinear Schrodinger equation (NLS) with a quadratic nonlinearity:

i0u — Au+ N (u, @) =0

2

with rough random initial data, where A (u,u) = u?, u?, or |u|? (with a proper renormal-

ization).

1.3 Stochastic nonlinear heat equation

In this subsection, we go over the corresponding results for the quadratic SNLH
(1.2) on T2 With 7 = (9, + (1 — A))fl, let 1t and VY be as in (1.4) and Vv be the Wick
renormalization of 12. We first state the crucial regularity result for the stochastic terms.

Proposition 1.9. (i) For 0 < o < % and ¢ > 0, {Vn}nen is a Cauchy sequence in

C(Ry;C~27¢(T?)) almost surely. In particular, denoting the limit by V', we have

V€ C(Ry;C275(T?))

14More precisely, the Picard second iterate minus the linear solution (= the Picard first iterate). For the
sake of simplicity, however, we refer to this as the Picard second iterate. For example, a Picard iteration
scheme for SNLW (1.1) with the zero initial data yields the jth Picard iterates P;, j = 1,2, given by P; =1
and P, =1-Z(V)=1-— Y For simplicity, we refer to Y as the Picard second iterate in the following (where
we also dropped the insignificant — sign).

In the random data well-posedness theory for the quadratic NLW: Bfu +(1—A)u+ u? = 0 with random
initial data (u¥,uY’), the first two Picard iterates are given by P1 = S(t)(u¥,uy) and P, = P, — Z(P3), where
a proper renormalization is applied to Pf. Once again, for the sake of simplicity, we refer to P, — P; =
I(P?) = Z((S(t)(ug,uy))?) as the Picard second iterate in this discussion.

15While we work on the quadratic nonlinear wave equation (NLW) with a stochastic forcing, the same
divergence result also holds for the quadratic NLW with random initial data considered in [20].

16This includes the paracontrolled approach used in [30].

17A “critical” value should be something which can be computed in advance without too much difficulty. In
this sense, the simplification made in [20] in capturing main interactions seems appropriate.
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almost surely. On the other hand, for a > i, {Vy}nen forms a divergent sequence in
C([0,T); D'(T?)) for any T > 0, almost surely. Here, C*(T?) denotes the Holder-Besov
space defined in (2.2).

(ii) For0 < a < 1 and € > 0, {Yxn}nen is a Cauchy sequence in C(R;C?7227¢(T?))
almost surely. In particular, denoting the limit by Y, we have

Y € C(R4;C72075(T?))

almost surely. On the other hand, for o > 1, {Y y}nen forms a divergent sequence in
C([0,T); D'(T?)) for any T > 0, almost surely.

In short, Proposition 1.9 states that V' is a distribution-valued function if and only if
a < % while VY is a distribution-valued function if and only if o < 1. Hence, for the range
3 < a < 1, while V(t) does not make sense as a spatial distribution, v = (8; + (1 — A))Y
makes sense as a space-time distribution. As mentioned above, such a phenomenon is
already known for the parabolic <I>§-model; see [24, 40]. Proposition 1.9 exhibits sharp
contrast with the situation for SNLW discussed earlier (Proposition 1.6 above), where
the threshold o =  applies to both v and VY.

We now state a sharp local well-posedness result for the quadratic SNLH (1.2).

Theorem 1.10. Let 0 < a < 1 and s > —« — ¢ for sufficiently small ¢ > 0. Then, the
quadratic SNLH (1.2) on T? is locally well-posed in C*(T?). More precisely, there exists
a sequence of constants {kn}nen tending to co (see (5.4) below) such that, given any
ug € C*(T?), there exists an almost surely positive stopping time T = T (w) such that the
solution uy to the following renormalized SNLH:

{8,51”\/ + (1= Auy +ud — kn = (V)*7nE

UN|t:0 = Uo

converges almost surely to some limiting process u € C([0,T]; C~*~¢(T?)) for any € > 0.

In [17], Da Prato and Debussche proved Theorem 1.10 for a = 0. The same proof
based on the Da Prato-Debussche trick also applies for 0 < a < % In this case, with the
first order expansion (1.5), the residual term v = u — 1 satisfies

O+ (1 — Ay = —v? — 201 =V, (1.16)

where 1 and ¥V have regularities —a— and —2a—, respectively. Then, by repeating the
analysis in the previous subsection with two degrees of smoothing coming from the heat
Duhamel integral operator, v has expected regularity 2 — 2a— and thus the restriction
o < % appears from (2 — 2a—) + (—a—) > 0 in making sense of the product v! in (1.16).
Then, local well-posedness of (1.16) easily follows with an enhanced data set (ug, 1, Y).

For % < a < 1, the proof of Theorem 1.10 is based on the second order expansion
(1.3) and proceeds exactly as in the wave case (but without any multilinear smoothing).'?
In this case, the residual term v = v — 1 + Y satisfies

o+ (1= Ay =—(v—Y)? =201 +2VY1. (1.17)

When o > % we can not make sense of the last product V't in the deterministic manner.
Using stochastic analysis, we can give a meaning to 't as a distribution of regularity
—a— for % < a < 1. See Lemma 5.2. In this case, v has expected regularity of 2 — a—
and thus the restriction a < 1 also appears in making sense of the product v1, namely

18Since there is no multilinear smoothing for the heat equation, “parabolic thinking” provides a correct
insight.
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from (2 — a—) + (—a—) > 0. Then, by applying the standard Schauder estimate, we can
easily prove local well-posedness of (1.17) with an enhanced data set:

(o, 1Y, %).

Remark 1.11. Let us compare the situations for SNLW (1.1) and SNLH (1.2). In this
discussion, we disregard initial data. For the quadratic SNLH (1.2), the required
enhanced data set consists of 1 and Y when 0 < o < % Namely, it involves only (the
powers of) the first order process 1. When % < « < 1, it also involves the second order
and the third order processes Y and ‘Y. It is interesting to note that for the quadratic
SNLW (1.1), thanks to the multilinear smoothing effect (Proposition 1.4), there is now an
intermediate regime % <a< % where the required enhanced data set in (1.15) involves
only the first and second order processes (but not the third order process). Furthermore,
in this range, while the usual Da Prato-Debussche argument with (1.10) fails, the refined
Da Prato-Debussche argument (1.14) at the level of the Duhamel formulation works

thanks to the multilinear smoothing in Proposition 1.4.

Remark 1.12. Consider the following scaling-invariant model for the quadratic SNLH
(1.2):

Oru — Au +u? = |V|*¢.

As in [39], we now apply a scaling argument to find a critical value of «. By applying the
following parabolic scaling (and the associated white noise scaling for ¢):

Uz, t) = Xu(Az,A\%t)  and  &(z,t) = A2E(Ax, A%t)

for A > 0, we obtain B
it — AU+ N27u% = |V|*€.

Then, by taking A — 0, the nonlinearity formally vanishes when « < 2. This provides the
critical value of o, = 2, (which agrees with the notion of local subcriticality introduced
in [33]). It is very intriguing that, for the quadratic SNLH (1.2), the solution theory
based on the Da Prato-Debussche trick or its higher order variants breaks down at
a = 1 before reaching the critical value o, = 2. See [34] for a similar phenomenon
in the context of the KPZ equation with a fractional noise. For dispersive equations
including the quadratic SNLW, the scaling analysis as above does not seem to provide
any useful insight,'® unless appropriate integrability conditions are incorporated. See,
for example, [25] for a discussion in the case of the stochastic nonlinear Schrodinger
equation.??

Remark 1.13. Lastly, we state a remark on SNLW and SNLH with a fractional-in-time
noise. The space-time white noise £ in (1.1) and (1.2) is given by a distributional time
derivative of the L2-cyhndrical Wiener process W (see (3.1) below). We may instead
consider a noise £/ = 9,/W# induced by a (spatially white) fractional-in-time Brownian
motion W# with the Hurst parameter 0 < H < 1. When H = 1, the noise ¢ reduces to
the usual space-time white noise &.

We recall that the stochastic convolution Z(£) = Tpea(¢), emanating from the
fractional-in-time noise ¢, has (spatial) regularity 2H — 1—. See, for example, Theorem 4

19For example, applying the hyperbolic scaling (z,t) + (Az, M\t), the scaling invariant version of SNLW (1.1)

yields a critical value of a = % even higher than the heat case but the well-posedness theory for SNLW breaks

down at a = %
2011 a recent preprint [20], a notion of probabilistic scaling was introduced. While the criticality associated
with this notion seems to provide a good intuition for many problems, it does not provide a good prediction for

the quadratic SNLW (1.1). See Remark 1.8.
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in [54]. Namely, SNLH (1.2) with the noise (V)¢ formally corresponds to the quadratic
SNLH with the fractional-in-time noise ¢# with the Hurst parameter H = 5% and the
well-posedness result in Theorem 1.10 for o < 1 seems to carry to the fractional-in-time
noise case with 0 < H < % Note that the threshold value o = 1 in Theorem 1.10 (and
Proposition 1.9 (ii)) corresponds to the H = 0 case, which we do not discuss here. See,
for example, [27] for the study of the fractional Brownian motion with H = 0 (which is a
Gaussian process with stationary increments and logarithmic increment structure).

In the case of the wave equation, the stochastic convolution Z(£%) = Tyave(¢H),
emanating from the fractional-in-time noise ¢, has (spatial) regularity H — %—. See
Proposition 1.2 in [21]. Thus, SNLW (1.1) formally corresponds to the quadratic SNLW
with the fractional-in-time noise ¢ with the Hurst parameter H = 1 — o. In this case,
local well-posedness of the quadratic SNLW with the fractional-i 1n tlme noise ¢ is known
to hold for 0 < H < 1 (corresponding to the range 0 < a < 5 in Theorem 1.3). See
[21, 22]. Note that the threshold value a = 5 in the wave case also corresponds to the
H = 0 case. We also point out that in this fractional-in-time noise case, the regularities
of the stochastic convolutions Zyaye () and Tpeat(€) for the wave and heat equations
agree only when H = 3

It is also possible to consider a noise § A = 0 wh coming from a space-time fractional
Brownian motion W# with the Hurst parameter H = (Ho,H1,Hs), 0 < H; < 1, where
Hj corresponds to the temporal direction and H; and H, correspond to the two spatial
directions. See, for example, [21, 22] in the wave case. In this setting, the threshold
value a = 1 for SNLW (1.1) corresponds to Hy + H; + Ho = 1 and in this case, we
expect the d1vergence of Y5.?! In the heat case, the stochastic convolution I(§H ) =
Theat (€7 ) emanating from the space-time fractional noise §H has (spatial) regularity
2Hy + H1 + Hy — 2—. In this case, the threshold value a = 1 for SNLH (1.2) corresponds
to 2Hy + H; + H, = 1, at which we expect an analogous divergence of the second order
process Y (in the limiting sense). We do not pursue this direction in this paper.

This paper is organized as follows. In Section 2, we introduce some notations and
recall useful lemmas. In Section 3, assuming the regularity properties of the stochastic
objects, we prove local well-posedness of SNLW (1.1) (Theorem 1.3). We then present
details of the construction of the stochastic objects in Section 4. In particular, we prove
the multilinear smoothing for Y (Proposition 1.4) and divergence of Y (Proposition 1.6).
Finally, in Section 5, we present proofs of Proposition 1.9 and Theorem 1.10.

2 Basic lemmas

In this section, we introduce some notations and go over basic lemmas.

21In the fractionill noiseﬂcase, a subscript N signifies that it is a stochastic process, coming from a certain
approximation W]I\? of WH . See [21, 22].

In [22], the divergence of V' is established for Hy + Hi + H2 < 1. In the dispersive setting, however,
it is more important to study the property of Y ~- i.e. Vy under the Duhamel integral operator since a
common practice in dispersive PDEs is to make sense of a product under the Duhamel integral operator,
exploiting multilinear dispersion. For example, if we consider the stochastic cubic NLS on T, forced by a
space-time white noise: :9yu — 8§u + |u|?u = ¢ (with a proper renormalization), then the renormalized product
W =:|Z(£)|2Z(€): of the three copies of the stochastic convolution Z(£) = Zgchrsdinger(€) does not make sense
as a distribution-valued function. On the other hand, it is not difficult to see that the Picard second iterate
\V =Z(:|Z(&)|?Z(€):) is a well defined distribution-valued function of time. The strength of Proposition 1.6
lies in showing that Y n indeed diverges at the same threshold as V' (which is not something we expect
commonly in the study of dispersive PDEs).
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2.1 Notations
We set

1 .
en(z) == %em'w, n € 72, (2.1)
for the orthonormal Fourier basis in L?(T?). Given s € R, we define the Sobolev space
H*(T?) by the norm:

o~

[f s w2y = [1{n)° f (1) lle2(z2)
where f(n) is the Fourier coefficient of f and (-) = (1 + | - |?)2. We then set H*(T2) =

H*(T?) x H*~!(T?) as in (1.8). Similarly, given s € R and p > 1, we define the LP-based
Sobolev space (Bessel potential space) W*?(T?) by the norm:

1 lwsr = [(9)* Flee = |77 (0)* F))]| -

When p = 2, we have H*(T?) = W*2(T?). When we work with space-time function
spaces, we use short-hand notations such as CrH: = C([0,T]; H*(T?)).

For A, B > 0, we use A < B to mean that there exists C' > 0 such that A < CB. By
A ~ B, we mean that A < B and B < A. We also use a subscript to denote dependence
on an external parameter; for example, A <, B means A < C(«)B, where the constant
C(a) > 0 depends on a parameter «.

2.2 Besov spaces and paraproduct estimates

Given j € Ny := INU {0}, let P; be the (non-homogeneous) Littlewood-Paley projector
onto the (spatial) frequencies {n € Z? : |n| ~ 27} such that

f=> Pif
j=0

We then define the Besov spaces Bj (T?) by the norm:

£5(No)

115, = |

27(|P; fl

Note that H*(T?) = Bj ,(T?). We also define the Holder-Besov space by setting
C*(T?) = B3, o (T?). (2.2)

Next, we recall the following paraproduct decomposition due to Bony [5]. See
[1, 28] for further details. Given two functions f and g on T? of regularities s; and s,
respectively, we write the product fg as

fog=f0g+feg+fOy
= Y PifPuw+ Y PifPig+ ) P;fPu. (2.3)

j<k—2 lj—k|<2 k<j—2

The first term f ® g (and the third term f © g) is called the paraproduct of g by f (the
paraproduct of f by g, respectively) and it is always well defined as a distribution of
regularity min(ss, s1 + s2). On the other hand, the resonant product f @ g is well defined
in general only if 51 + s2 > 0.

We have the following product estimates. See [1, 38] for details of the proofs in the
non-periodic case (which can be easily extended to the current periodic setting).
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Lemma 2.1. (i) (paraproduct and resonant product estimates) Let s1,s2 € R and 1 <
P, p1,P2,q < oo such that% = p% + p%- Then, we have

1f @ 9lipzz, S I fllzenllgllpsz

P2.a’

When s; < 0, we have

1f @ gl s < 17115y, Il 52z

P1,9 P2,4

When s1 + s3 > 0, we have

Ifegl

g S 1z ooz

(ii) Let s1 < s9 and 1 < p,q < oo. Then, we have

[ull gy, S llullwes.r.

2.3 Product estimates and discrete convolutions

Next, we recall the following product estimates. See [29] for the proof.
Lemma 2.2. [et0 < a < 1.
(i) Suppose that 1 < p;,q;,r < 00, p%» + L =1 45—1 2 Then, we have

qj r
||<v>a(fg)||LT(Td) < (Hf”LPl(Td)H<v>ag”L‘11 (Td) + ||<V>af||Lpz(1rd)||9||qu(1rd))~

(ii) Suppose that 1 < p,q,r < oo satisfy the scaling condition:
have

1
+ =< ;—i—%. Then, we

1.1
P q

V)= (f9)l

ray S VYT fll e ey 1KV) gl La (-

Note that while Lemma 2.2 (ii) was shown only for % + é =1+ % in[29], the general
case % + % < % + ¢ follows from a straightforward modification of the proof.
We also recall the following basic lemma on a discrete convolution.

Lemma 2.3. (i) Letd > 1 and «, § € R satisfy
a+p>d and «o,08<d.

Then, we have

1 n d—a—
2 Tyt S

n=ni—+ns

for any n € Z°.
(ii) Let d > 1 and «, 8 € R satisfy a + 8 > d. Then, we have

1 o
Z <TL1>O‘<TL2>B S <n>d B8

n=ni+ns
[n1[~[nz|
for any n € 7.

Note that we do not have the restriction o, 8 < d in the resonant case (ii). Lemma 2.3
follows from elementary computations. See, for example, Lemmas 4.1 and 4.2 in [40].
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2.4 Linear estimates

In this subsection, we recall linear estimates for the wave and heat equations. First,
we state the energy estimate for solutions to the nonhomogeneous linear wave equa-
tion T<:

7 1-Au=F
Ofu + ( Yu (2.4)
(u, 3tu)|t:0 = (Uo, Ul).
By writing (2.4) in the Duhamel formulation, we have
u(t) = S(t)(uo,u1) + Z(F)(t), (2.5)
where the linear wave propagator S(¢) is defined by
in(¢(V
(00, 1r) = cos(t¥)uo + = 2.6)
and the wave Duhamel integral operator Z is defined by
t s oyl
T(F)(t) = / sin((t = )V)) gy g 2.7)
0 (V)

Then, the following energy estimate follows from (2.5), (2.7), and the unitarity of the
linear wave propagator S(t) in H*(T4).

Lemma 2.4. Let s € R. Then, the solution u to (2.4) satisfies
lullzgemry S M(uo, wn) e + [1F NIy gz

forany T > 0.

In [29, 46], the authors used the Strichartz estimates to study local well-posedness of
the stochastic nonlinear wave equations. Note, however, that the Strichartz estimates
are not needed for proving local well-posedness of the quadratic NLW in two dimensions.
More precisely, the energy estimate (Lemma 2.4), Sobolev’s inequality, and a standard
contraction argument yield local well-posedness of the quadratic NLW in H*(T?) for
s> 0.

Next, we recall the Schauder estimate for the heat equation. Let P(t) = e~ *(1=4)
denote the linear heat propagator defined as a Fourier multiplier operator:
Pt)f =Y e " fln)e, (2.8)
nez?
for t > 0. Then, we have the following Schauder estimate on T4,
Lemma 2.5. Let —o0 < s1 < s9 < 0o. Then, we have
IP@)fllesa 77| flles (2.9)

for anyt > 0.

The bound (2.9) on T follows from the decay estimate for the heat kernel on R (see
Lemma 2.4 in [1]) and the Poisson summation formula to pass such a decay estimate
to T.
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2.5 Tools from stochastic analysis

Lastly, we recall useful lemmas from stochastic analysis. Let {g, }nen be a sequence
of independent standard Gaussian random variables defined on a probability space
(Q,F, P), where F is the o-algebra generated by this sequence. Given k € IN;, we
define the homogeneous Wiener chaoses Hy, to be the closure (under L?(2)) of the span
of Fourier-Hermite polynomials [[ >, H, (¢9,), where H; is the Hermite polynomial of
degree jand k = Y _.°7 | k,. We also set

n=1
k
Her = EPH,
§=0

for k € IN.

We say that a stochastic process X : R, — D’'(T?) is spatially homogeneous if
{X(-,t)}er, and {X(xo + -, 1) }+er, have the same law for any z € T?. Given h € R, we
define the difference operator ¢, by setting

X () =X{E+h)—X(2).

The following lemma will be used in studying regularities of stochastic objects. For
the proof, see Proposition 3.6 in [40] and Appendix in [43]. In the following, we state
the result in terms of the Sobolev space W*°°(T9) but the same result holds for the
Hoélder-Besov space C*(T?).

Lemma 2.6. Let {Xn}nyen and X, be spatially homogeneous stochastic processes
: Ry — D'(T9). Suppose that there exists k € IN such that Xy (t) and X,(t) belong to
H<y, foreacht € Ry.

(i) Lett € R. If there exists sg € R such that
E[|Xo(n,t)[?] < (n)=d-20 (2.10)

for any n € Z%, then we have Xo(t) € WS’OO(Td), s < sg, almost surely. Furthermore, if
there exists v > 0 such that

E[|Xn(n,t) — Xar(n,t)|2] S N7V (n)~42% (2.11)
for anyn € Z% and M > N > 1, then {Xn(t)} nen is a Cauchy sequence in W*>(T4%),
s < s8¢, almost surely, thus converging to some limit X (t) in in W*°°(T4).

(ii) Let T > 0 and suppose that (i) holds on [0,T]. If there exists 0 € (0,1) such that
E[|0,Xo(n,t)[*] < (n) =420 p?, (2.12)
for anyn € Z4, t € [0,T), and h € [-1,1],%? then we have X, € C([0,T]; W*>(T4)),
§ < 89 — g, almost surely. Furthermore, if there exists v > 0 such that
E[16, X (1,t) — 8, X ar(n, 8)]2] S N7 (n) =420+ ||, (2.13)

foranyn € 74, t € [0,T], h € [-1,1], and M > N > 1, then {Xy}nen is a Cauchy
sequence in C([0,T]; W*>=(T%)), s < sy — 4, almost surely, thus converging to some
process X in C([0,T]; W#>(T%)).

Lastly, we recall the following Wick’s theorem. See Proposition I.2 in [53].

Lemma 2.7. Let g1, ..., 92, be (not necessarily distinct) real-valued jointly Gaussian
random variables. Then, we have

Elgi--gon] = Z ﬁ E[g:.95.],

where the sum is over all partitions of {1,...,2n} into disjoint pairs (i, j)-
22We impose h > —t such that t + h > 0.
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3 Stochastic nonlinear wave equation with rough noise

In this section, we consider SNLW (1.1). We first state the regularity properties of
the relevant stochastic terms and reformulate the problem in terms of the residual term
v=u—1orv=u—"1+"Y. We then present a proof of Theorem 1.3. The analysis of the
stochastic terms will be presented in Section 4.

3.1 Reformulation of SNLW
Let W denote a cylindrical Wiener process on L?(T?):
)= Bult)en, (3.1)
nez?

where {f, },czz2 is a family of mutually independent complex-valued Brownian motions on
a fixed probability space (2, F, P) conditioned so that?® 3_,, = 3,,, n € Z>. By convention,
we normalize 3, such that Var(g,(¢)) = t. Then, the stochastic convolution 1 = Z({V)%¢)
in the wave case can be formally written as

_ [ sin(t = )V)) sin( (n))
T_/o (V)r-e g% / i (). (3.2)

We indeed construct the stochastic convolution ! in (3.2) as the limit of the truncated
stochastic convolution 1 defined by

= % "/o e Ba(t): (3.3)
Inl<N

See Lemma 3.1 below. We then define the Wick power V' by
vy = (In)? — o, (3.4)
where oy is given by

on(t) = E[(1n(z,1))? Z / [sm ((t—t) < >)rdt,

|n\<N

- Z { - S;?SSZ?}WNM (3.5)

In|<N

for a > 0. We have the following regularity and convergence properties of 1y and Vy
whose proofs are presented in Section 4.

Lemma 3.1. Let T > 0.

(i) For any o € R and s < —a, {In}nen defined in (3.3) is a Cauchy sequence in
C([0,T); W#°°(T?)) almost surely. In particular, denoting the limit by 1, we have

1€ C([0,T); W*=52(T?))

for any € > 0, almost surely.

(ii) Forany 0 < a < % and s < —2a, {Vn}nen defined in (3.4) is a Cauchy sequence in
C([0,T); W#°°(T?)) almost surely. In particular, denoting the limit by \/, we have

v e C([0,T]; W275(T?))

for any € > 0, almost surely.

231n particular, we take §g to be real-valued.

EJP 26 (2021), paper 9. https://www.imstat.org/ejp
Page 16/44


https://doi.org/10.1214/20-EJP575
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Comparing stochastic NLW and NLH

Next, we define the second order stochastic term Y by

() = TOV)(t) = /O t Wv(t’)dt’, 3.6)

Then, Proposition 1.4 shows that Y is a well-defined distribution and is a limit of the
truncated version:

Yy =Z(Vn), (3.7)

provided that 0 < o < 3.

Next, we give a meaning to the third order process ““» = Y1”. As mentioned in
Section 1, we need to use stochastic analysis for this purpose when % <a< % Formally
write the product Y as

Yi=Yeor+Yoer+VYor.

The paraproducts Y @1 and Y © 1 are always well defined as long as each of 'Y and 1 is
well defined. Thus, we need stochastic analysis only to give a meaning to the resonant
product Y ©1.

1

Proposition 3.2. et 0 < a < 5 and s < s, — «, where s, is as in (1.13). Set pN =
Yy ©1tx. Then, given T > 0, {?N}NEJN is a Cauchy sequence in C([0,T]; W*°>°(T?))
almost surely. In particular; denoting the limit by “(-, we have

T € C([0,T]; W= —o7=(T?))

for any € > 0, almost surely.

Recall from Section 1 that the standard Da Prato-Debussche trick yields local well-
posedness of SNLW (1.1) for 0 < a < 3. When § < a < 3, we use the first order
expansion (1.5) and study the Duhamel formulation (1.14).

Theorem 3.3. Let + < o < 5 and s > a. Then, the equation (1.14) is locally well-
posed in H*(T?). More precisely, given any (ug,u1) € H*(T?), there exists an almost
surely positive stopping time T = T(w) such that there exists a unique solution v €
C([0,T); H° (T?)) to (1.14), where o > « is sufficiently close to o. Furthermore, the

solution v depends continuously on the enhanced data set:
== (Uo,ul, T,Y)

almost surely belonging to the class:
Xp© =H(T?) x C([0, T|; W—*=5°(T?)) x C([0, T|; W*==°(T?)) (3.8)

for some small ¢ = ¢(a, s) > 0. Here, s, is as in (1.13).

When % <a< % we use the second order expansion (1.3) and study the equa-
tion (1.11) satisfied by the residual term v = u — t + . With the paraproduct decomposi-

tion (2.3), we write (1.11) as

{8§v+(1—A)v——v2—2v(r—Y)—Y2+2(Y@T+?+Y®r) 5.9)

(v,0v)]t=0 = (uo, u1).
We now state local well-posedness of the perturbed SNLW (3.9) for the entire range

1
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Theorem 3.4. et < a < % and s > «. Then, the Cauchy problem (3.9) is locally

well-posed in H*(T?). More precisely, given any (ug,u;) € H*(T?), there exists an
almost surely positive stopping time T' = T'(w) such that there exists a unique solution
v e C([0,T); H°(T?)) to (3.9), where o < s and a < o < 1 — . Furthermore, we have the
following continuous dependence statements for some small ¢ = e(a, s) > 0.

(i) ForO0 < a< % the solution v depends continuously on the enhanced data set:
E= (UOaula TaY)

almost surely belonging to the class X;:° defined (3.8).

(ii) For 15—2 <a< % the solution v depends continuously on the enhanced data set:
E = (uo,u1,1,Y, %) (3.10)
almost surely belonging to the class:

Vi = H(T?) x C([0, T W= (T2)
X (0, T W52 (T2)) x C(0, T); We~2~55(T2)).

In Subsection 3.3, we present a proof of Theorem 3.4. In view of the pathwise
regularities of the relevant stochastic terms, we simply build a continuous map, sending
the enhanced data set = to a solution v in the deterministic manner.

Remark 3.5. If we take = = (ug,u1,1,Y, ") as the enhanced data set, then in order
to prove Theorem 3.4, it is enough to have Y € C([0,T]; W—*7°°(T?)) almost surely.
Namely, we do not need to exploit the extra multilinear smoothing for (». See Remark 4.2
for a further discussion. While it is possible to replace Y in (3.10) by > := Yor+ +Yeor,
we chose not to do so in order to emphasize the fact that the resonant product “y» is the

only term which needs to be defined a priori. (As mentioned above, given Y and 1, the
paraproducts Y @1 and Y © 1 are well-defined distributions.)

We point out, however, that, in Theorem 3.4 (i), the extra smoothing on VY plays an
essential role in making sense of the product 't in the deterministic manner in the range
0<a< 3.

We conclude this subsection by presenting a proof of Theorem 1.3.

Proof of Theorem 1.3. We only consider the case 1—52 <a< % and s > «a. For (up,u;) €
H#(T?) and N € NN, we set

EN = (u07u17TN7YN7? )

N
By Theorem 3.4 (ii), there exists a unique local-in-time solution vy € C([0,7]; H°(T?))
to (3.9) with the enhanced data set =p, where a < o < 1 — . Then, we see that
un =N +Iv — YN

satisfies the renormalized SNLW (1.9).

It follows from Lemma 3.1 and Propositions 1.4 and 3.2 that =y converges almost
surely to = in (3.10) with respect to the );:*-topology. In particular, Theorem 3.4 (ii)
implies that the sequence vy = uy — 'y + Yy converges to v € C([0,T]; H° (T?)). Then,
we conclude that uy converges to

u=v+1=-Y
in C([0, T); H-~=(T?2)). 0
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3.2 Proof of Theorem 3.3

In the following, we study the Duhamel formulation (1.14). Let % <a<
0 < T <1 and fix € > 0 sufficiently small. Define a map I' by

T(v)(t) = S(t)(uo,u1) — Z(v* + 20M)(t) — Y(t)

5

= and

where S(t) and 7 are as in (2.6) and (2.7). In the following, we take a < o < s.
By the energy estimate (Lemma 2.4), we have

IP@) g az S Mo, ullses +T (102l + 107 gz ) + IV legmz. (311)

By Sobolev’s inequality, we have

2N e =l s Slien, (3.12)
LF Ly LL:™°

Wl Lo g1 S llv
T

for 0 < o0 < 1. From Lemmas 2.2 and 3.1, we have
HUTHL;CH;’—l < H<V>7Q7€(”T)”L%’L§

S IV 0l pgerz (V) ™ MLz 1 (3.13)

S Collvllnse s
for some almost surely finite constant C,, > 0, provided that a < 0 < 1 — «.

Then, from (3.11), (3.12), (3.13), and Proposition 1.4, we obtain
2
Iz az S (o, un)lee + T (lollaz s +C) + Coo (3.14)

Note that we need o < %—204 in estimating the last term in (3.11). This can be guaranteed
by taking o > « sufficiently close to a as long as a < 1—52 Similarly, we have

I0(@) = D@2)lez g S T(lorlogens + loallogens +Co)lor = vallizng.  (3.15)

Therefore, we conclude from (3.14) and (3.15) that a standard contraction argument
yields local well-posedness of (1.14). Moreover, an analogous computation shows that
the solution v € C([0,T]; H° (T?)) depends continuously on the enhanced data set = =
(uo, Uy, T, Y). This completes the proof of Theorem 3.3.

3.3 Proof of Theorem 3.4

Next, we study the perturbed~SNLW B39).leta<o<sandO<T <landfixe>0
sufficiently small. Define a map I'" by

() (t) = S(t)(uo,w) = Z(v? +20(1 = Y) +Y* = 273) (¥),
where "> stands for

Y=Yor+%+VYor (3.16)

ForO0 < a< % we see from (1.13) that s, —a > 0. Hence, Proposition 1.4 and Lemma 3.1

with Lemma 2.1 imply that V> = Yt belongs to C([0,7]; W ~*~°°(T?)), almost surely. On
the other hand, for 5 < a < 3, Proposition 3.2 implies

Ve C([0,T); W—5%(T?)) (3.17)

almost surely.
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By the energy estimate (Lemma 2.4), we have

IEO)agre < o)l + 7 (e + 100 =Vl
2 .
IV ogerrg—r + Pz )

Proceeding as in (3.13) with Proposition 1.4, we have
lo(t =Y)gge gz S V)™= = Y))llLger2

SV 0l pee 2z (V)71 =Yg 1o (3.19)

S Collvll e mg
for some almost surely finite constant C,, > 0, provided that « < ¢ < 1 — . From
Proposition 1.4, we also have

2
IV ez < Y17 Lo < Clon (3.20)

Putting together (3.18), (3.19), and (3.20) with (3.12) and (3.17), we obtain
~ 2
IE@lezrs < o, un) s + T (el gz +Co)
Similarly, we have
IP@) = To)llegaz S T(lorllagaz + ool sz + C ) lon = vall s

The rest follows as in the previous subsection. This completes the proof of Theorem 3.4.

4 On the construction of the relevant stochastic objects

In this section, we go over the construction of the stochastic terms for SNLW (1.1).
As in [30], our strategy is to estimate the second moment of the Fourier coefficient and
apply Lemma 2.6. In Subsection 4.1, we briefly discuss the regularity and convergence
properties of ' and v (Lemma 3.1). By exploiting multilinear dispersive smoothing for
Y, we then present a proof of Proposition 1.4 in Subsection 4.2. In Subsection 4.3, we
establish analogous multilinear smoothing for “(» (Proposition 3.2). Lastly, in Subsection

4.4, we show that, when a > % the second order stochastic term Y(t) is not a spatial
distribution almost surely for any ¢ > 0 (Proposition 1.6).

Let 1 = Z({V)?¢) be the stochastic convolution defined in (3.2). Given n € Z? and
0 <ty < t;, we define o, (t1,t2) by

et B ) S 2)] = /Otz sin((ts — /) (m) sin((t2 — t')(n)) .,

(n)t=e (n)t=e @.1)
_cos((ty — t2)<n>)t . sin((ty — t2)(n)) B sin((t1 + t2){n))
T 2(n)2(-a) 2 4(n)3—20 4(n)3—2a
Then, from (3.5) and (4.1), we have
1
on(t) =13 > onltt). (4.2)
In|<N

Moreover, from Wick’s theorem (Lemma 2.7), we have

E[(ﬁ(”lﬂh)\2 — o, (t1,11)) ([T(na, t2) [ — Ung(tmtz))} =1p,tn, 05, (t1,t2).  (4.3)

In the following, we fix T' > 0.
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4.1 Proof of Lemma 3.1

(i) From (4.1), we have
]E[ﬁN(n, t)|2] =o,(t,t) Sr <n>_2+20‘ (4.4)

forany n € Z? and 0 < t < T, uniformly in N € IN. Also, by the mean value theorem and
an interpolation argument as in [30], we have

E[[Tx(n,t1) = Tn(n,t2)]] S (n) 7207+ ty — 2’

forany § € [0,1], n € Z2, and 0 < t5 < t; < T with ¢; —t5 < 1, uniformly in N € N. Hence,
from Lemma 2.6, we conclude that 1y € C([0,T]; W~275°(T?)) for any € > 0, almost
surely. Moreover, a slight modification of the argument yields that {1y} yen is almost
surely a Cauchy sequence in C([0, T]; W~%~5°(T?)), thus converging to some limit 1.
Since the required modification is exactly the same as in [30], we omit the details here.

In the remaining part of this section, we only establish the estimate (2.10) in
Lemma 2.6 for each of Vy, Yy, and ?N, uniformly in N € IN. The time difference
estimate (2.12) and the convergence claim follow from a straightforward modification as
in [30].

(ii) Next, we study the Wick power V. In view of Lemma 2.6 and the comment above, it
suffices to prove

E[[Vy(n,t)]?] Sr (n) =24 (4.5)

forneZ?and0<t<T, uniformly in N € IN. From (3.4) and (4.2), we have

Vn(n,t) = T/Qz;(”a t) — 1,—o - 2mon(t)

1 N

== 2 ()i, t) ~ Lo o0, (11))
n=ni+nz
[nal,[n2|<N

and thus we have

BT 0] =g 5B (it 0 ) oo (40)

n=ni+nsz +n2
[nal, |n2|<N|n’\ [ny|<N (4.6)

o~

x (/T\(n’pt)T(n’Q,t) oo oy (1, t))} .

In order to have non-zero contribution in (4.6), we must have n; = n} and ns = n), up to
permutation.
By Wick’s theorem (Lemma 2.7), we have

E[[t1(n,t)[*] = 202(t,1). (4.7)

Then, for n = 0, it follows from (4.6), (4.3), and (4.7) that

E[Vn(©0,0P] < Y E {(w (k, )] —o’k(t,t)>2] — Z <1E[T(k,t)4] —a,‘j‘.(t,t)>

kez? kez? (4.8)
1 .
= 2 < -
= Z O'k(t,t) ~T Z <k>4(170‘) < 0,
kez? keZ2
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provided that a < % Similarly, for n # 0, we have

~ 1 ~ ~ 1 ~
E[Unmt)f] =55 Y E[fwn )P nne 2] + 15 - Lncszor o) B[ [T (3:0)|]
n=ni-+ns
ni1#+ng

1
o2 Z Ony (6 1)0n, (2, 1)
n=ni+nz

n1+ne#0
[nal;|n2|<N

1
< § < —2+4o
~T <n1>2(1*0‘)<n2>2(1*°‘) ~ <7’L> )

n=ni+nsq

(4.9)

provided that 0 < a < % In the last inequality, we used Lemma 2.3. This proves (4.5).

4.2 Proof of Proposition 1.4
LetO<a< % and let s, be as in (1.13). In view of Lemma 2.6, it suffices to show

E[Yy(n,)2] S (n) =272+ (4.10)

forany n € Z? and 0 <t < T, uniformly in N € IN. Our argument follows closely to that
in the proof of Proposition 1.6 in [30] up to Case 2 below, where our argument diverges.
We, however, present details for readers’ convenience. See also Remark 4.1 below.

By the definition (3.6), we have

o o [Pl — ) [ ) o=
(4.11)

Let us first consider the case n = 0. It follows from (4.11) and (4.6) that
~ 1 t t
E[|YN(O,1€)|2] = m/@ sin(t — tl)/o sin(t — tq)
Y E[(|?(k1,t1)|2 — o, (t1, 1)) (o, t2) 2 — akQ(tg,tg))}dtgdtl.

ki,k2 €22
[k1l,|k2| <N

By symmetry, (4.3), and (4.1), we obtain

UYN 0 t / / Z Uk tl,tz dtzdtl ~T Z 4(1 a)

kez? keW

provided that o < % This proves (4.10) when n = 0.
In the following, we consider the case n # 0. With (4.6) and proceeding as in (4.9),
we have

Bumf) = > [ o)

n=ni+nz
ni#Eng
[n1],|ne|<N

o /0 sin((t <—n§2)<n>)
. # sz (o) /Ot sin((t <—n;f1)<n>) /0“ sin((t <—n§2)<n>)
x ]E[?N(g7t1) m}dtzdtl
=:I(n,t) + I(n,t), (4.12)

O’n1 (tl, t2)0’n2 (tl, tg)dtgdtl
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where I(n,t) denotes the contribution from n; = ny =nj =ny = 3.

We first estimate the second term I(n,t) in (4.12). By Wick’s theorem (Lemma 2.7)
with (4.1), we have

,ST <n>—4(1—a)

E[i(3.0)°7(5 )

under 0 <ty <t; <t <T. Hence, from (4.12) with (1.13), we conclude that

L, )] S (n) 04 < ()220, (4.13)

verifying (4.10).
Next, we estimate I(n,t) in (4.12). As in [30], we have

1 51526i(51+€2)t<n> it (n)
I(n,t) = e Z Z (n)2 Z / it
k1,ka€{1,2} e1,e0€{—1,1} n=ni+ns
ni#+tnsg
[n1],n2| <N (4.14)
t1 2
X / s T o) (ty, ) dtadty = Y 100k (n,1),
0 j=1 k1.ka€{1,2}
where o )(tl, ts) and ol )(tl, to) are defined by
M) _ cos((t1 — ta)(n)
T, (tl,tg) = 2<n>2(1*a) tg, (4.15)
2 (4 ) sin((t1 —t2)(n))  sin((ts +t2)(n) 416
oy (t,t2) A(n)3-2a 4(n)3-20 ( )

such that o, (t1,t2) = o4 (t1, 1) + 032 (1, 12).
By Lemma 2.3, the contribution to I(n,t) in (4.14) from (k1,k2) # (1,1) can be
estimated by
1 1 < —2-2(1—a)+

W Z (n1)2(1=a) (ny)3-2a ~ (n)

n=ni+nz

f0r0<a<%,

(k1,k2) = (1,1):

verifying (4.10). Hence, we focus on estimating I(n,t) coming from

1 6162€i(51+€2)t<n>
IO () = ———
(n,t) 6472 Z Z <n>2<n1>2(1—a)<n2>2(1_a)
€1,62,63,64€{—1,1} n:'f;élj‘:‘rnQ
ni no
[n1],|n2| <N (4.17)

t t1
x/ e—”l'“(ﬁ)/ t2e~it2r2(M) gt
0 0

where k1 (7) and k2(72) are defined by
nl(ﬁ) =£&1 <n> — 53<n1> — €4<n2> and Hg(ﬁ) = €2<n> + €3<TL1> + €4<n2>. (418)

When [n| < 1, it follows from Lemma 2.3 that [I:V(n,¢)| <r 1 for 0 < a < 3. Hence,
we assume |n| > 1. As in [30], we must carefully estimate 1(1’1)(n,t), depending on
& = (e1,¢e9,€3,€4), by exploiting either (i) the dispersion (= oscillation) or (ii) smallness of
the measure of the relevant frequency set.
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Fix our choice of & = (g1, €2, 3,¢4) and denote by Ié—l’l)(n, t) the associated contribu-
tion to I(X1)(n, t). By switching the order of integration and first integrating in ¢,, we

have
t t1
’ / e—ith,l (ﬁ) / t%e—itgfiQ(ﬁ) dthtl
0 0

ttz _it%z(ﬁ)e—iml(ﬁ) _ e—itaka(R) al < o (4.19)
- /0 5€ Zira @) 2| St (L+ [k1(n)]) .
From (4.17) and (4.19), we have
(1:1) 1
1m0 S Y o

(n)?(n1)20=) (ng) 21 =) (1 + |1 (n))

n=ni+nz

In the following, we assume |n1| > |n2| without loss of generality. Under n = nq + ny we
then have

(n1) ~ (n) + (na). (4.21)

When (e1,e3,e4) = (£1,F1,F1) or (£1,F1,+1), we have |k1(7)| > (n). Then, the
desired bound (4.10) follows from (4.20) and Lemma 2.3.

Next, we consider the case (e1,¢3,€4) = (£1,£1, F1). In this case, we have |k1(7)| =

(n) + (n2) — (n1). By (4.20), the contribution to Ig-l’l)(n, t) from ny = 0 is estimated by

1

Y2 n)2—a) (n) =420 < (p) 225

satisfying (4.10). Hence, we assume n, # 0 in the following. By viewing n; as a vector
based at n,, we see that three vectors n, nq, and ny form a triangle. Hence, it follows
from the law of cosines that

In|? + [na|? — [n1|? = 2|n||nz| cos (Z(n,ng)), (4.22)

where Z(n,nsy) denotes the angle between n and ny. Then, from (4.21) and (4.22), we
have

((n) + (n2))* = (n1)* _ 2(n)(na) + [n|? + [nof* — |ma* +1
(n) + (n2) + (n1) (n) + (n2) + (n1)
S 1+ |n||nz2|(1 — cos 6)

2 ) :

where § = Z(n2, —n) € [0, 7] is the angle between ny and —n.
Using (4.20), the contribution to Ig-l’l) (n,t) from no # 0 is estimated by

k1 (n)| =
(4.23)

S Z 2 2(1 12 1 =
2 R G (1 ()
1<|n2|<|n |
1—cos 621

D> :
2 TGP g I+ ()
1< |n2|<|nq|
1—cos k1

=1 (0, 0) + 185 (n, 1), (4.24)

In the following, we separately estimate Igil)(n, t) and Igél)(n, t).
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eCase 1: 1 —cosf 2 1. In this case, from (4.24), (4.23), and Lemma 2.3, we have

(1,1) 1

I (n, t) ,ST - B

g1 n:nzlg_m (n)3(ny)1=2a(ny)3—2a
S (n)TH2eF < (n) TR

~

provided that 0 < a < 3. This verifies (4.10).

e Case 2: 1 —cosf < 1. In this case, we have 0 < § < 1, namely, n and nsy point in
almost opposite directions. In particular, we have 1 — cosf ~ 62 <« 1. By dyadically
decomposing ny into |ne| ~ No for dyadic N2 > 1, we have

(1) 1
I (nt)Se > > TS i I A T I (4.25)

No>1n=ni+n2
dyadic 92«1
[n2|~Nsg

We see that for fixed n € Z?2, the range of possible n, with |na| ~ Ny is constrained to an
axially symmetric trapezoid R whose height is ~ N5 cosf ~ Ny and the top and bottom
widths ~ Ny sinf ~ Nyf with the axis of symmetry given by —n. See Figure 1. Hence,
we have

> 1S 14vol(R) ~ 1+ N36. (4.26)

’I’LQEZ2
0?1
[n2|~N2

Figure 1: A typical configuration in Case 2
We now use the following seemingly crude bound:
L+ ()] 2 [ ()] (4.27)

Then, from (4.23) and (4.27) with |n;| ~ N;, j = 1,2, we have

Nfw

1+ N30
1+ |k1(n)]

[ V)

1
@1 : SNf

2 3
1+ N36 ]\ZIN | 128)

1+ <n>%N2%9 T o(m)e

provided that N3 > (n). The bound (4.28) follows from separately considering the

cases: (n) < Ny and Ny < (n) < N3, using the condition Ni > (n). When Nj <

(n), the bound (4.28) also holds under an additional assumption N226 2 1 (which also
1

implies (n)z N2 > 1). When N3 < (n) and N20 < 1, we simply use the lower bound:

1+ |xk1(R)] = 1.
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Hence, from (4.25), (4.26), (4.27), and (4.28) with Ny ~ |n1| ~ max( ), we have
(1,1) 1
152 (n,t) Sr Z =) a(i=a) O1° <1N3><n> +Ing<(ny 1N20>1>
No>1 <n>2N1( )Nz( ) ’ ’ ’
dyadic

1
+ Z o n2(1—a) r2(l—a) “Anzo<a
1 (n)2Ny Ny
1« N2k (n)3
dyadic (4.29)

1
’S Z 3 1-2a

Naz1 (n)? max((n), Na)2 20Ny

dyadic
- 2 + Z
2 J\B Ar2—4da "
4-2
1< faeny ()42 N No>(n N2
dyadic dyadlc

The first term on the right-hand side of (4.29) is bounded by

—t2at if g <1

3 1 (n) ;

i-2a ’S - +4a

L <Aooy (Y1720 N2 (n)~z ,
7dyadic

if a > i
< (n) 7%t

where s, is as in (1.13). As for the second term on the right-hand side of (4.29), we have

1 9
Z s S ()T EH S ()
Nos(ny (VENSTH

dyadic

for a < 1.

Lastly, when (e1,e3,4) = (£1,+£1,41), we can essentially reduce the analysis to
Cases 1 and 2 above. See Case 3 in the proof of Proposition 1.6 in [30]. This completes
the proof of Proposition 1.4.

Remark 4.1. As mentioned in Section 1, the extra smoothing for Y on T? is at most 1,
while %-extra smoothing on T3 was shown in [30]. This difference comes from Case 2 in
the proof of Proposition 1.4 above, where we applied (4.27). We point out that the bound
(4.27) is used to cancel the powers of # in (4.29). Furthermore, we can show that the
estimate shown above is essentially sharp. More precisely, we have the following the
lower bound of 1) (n, t) in (4.17):

10D (n,8) > t4(n) 2725 (4.30)

forO0<a< % and (n)’% < t < 1, where s, is asin (1.13).

For simplicity, we drop the truncation |n;|, |ne| < N in (4.17) with the understanding
that a rigorous computation is to be done with the truncation |n4],|n2| < N in (4.17)
and then by taking N — co. Namely, we consider that (1)) (n, t) in (4.17) is written as
follows:

0 m,) = — 3 // sin( Hl )(n >>sin(<t<§2><n>>
n
”?&I” (4.31)
cos((t1 — t2)(n1)) cos((t1 — t2)(n2)) ,
X <n1>2(1_0‘) <n2>2(1_0‘) ththtl.
EJP 26 (2021), paper 9. https://www.imstat.org/ejp
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A direct calculation shows that
sin((t — t1)(n)) sin((t — t2)(n)) cos((t1 — t2)(n1)) cos((t1 — t2)(na))
- i(— cos((21 — ty — t2)(n}) + cos((ty — £2) (n)) )
X (COS((tl —t2)((n1) + (n2))) + cos((t1 — t2)((n1) — <n2>)))

= i(‘ cos((2t — t1 —ta)(n)) cos((t1 — t2)((n1) + (n2)))
) )

((
—cos((2t — t1 — ta)(n)) cos((t1 — t2)({n1) — (n2)))
+ cos((tr — t2)(n)) cos((t1 — t2)({n1) + (n2)))
+ cos((t1 — t2)(n)) cos((t1 — t2)({n1) — <N2>))>
4
=3 AQ) (Gt ). (4.32)

j=1
We denote the contribution to (4.31) from A%j)m,nz (t,t1,t2) by I;(n,t):

1
. — E ( 2
Lyn. ) = 472 (ny2(ny)20- a) (ng)2(1-a) / / A"]”I na (tr 1, 1)t dtadty (4.33)

n=ni-+nz
ni1#+tng

As we see below, the main contribution comes from I4(n,t).
First, we show that I; and I, satisfy

T3 (n, )] + [Ta(n, £)] S t3{n)~ 32 (4.34)
for0<a< % 0<t<1,and n € Z2. In the following, we only estimate I, since Is can
be handled in an analogous manner. By applying a change of the variable 71 = 7“?2,

Ty = % to (4.33), we have

1
Ii(n,t)] <
‘ 1( )| n:nzﬁm <n>2<n1>2(1—a) <n2>2(17a)

nﬁéizm (4.35)
/02 / 1 cos(2(t — m2)(n)) cos(271((n1) + (n2))) (11 — 72)%dradry|.

By integration by parts, we can bound the inner integral by

[ et - v
‘ bm( )

(27‘1 — t)

1(n
) {n) (4.36)
<— / sin(2(t — 72)(n)) (11 — T2)d72

N
(n)
orb=m = % = % It follows from (4.35), (4.36), and Lemma 2.3 with 0 < a < % that
> v
[Ti(n, )] < ! _
n=ni+ns <n>3<n1>2(1 O‘)<n2>2(1 a)
n1#+ng
S t3n) e < ¢ ()2
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for 0 <t <1 and n € Z>. This proves (4.34).
Next, we prove the lower bound (4.30) on from I(lfl)(n,t). From (4.32) and the
product formula, we have

AR, b1, 12) = 5 (cos((t1 = 12) () + (m) + (2)))
+ cos((t1 — t2)(n) = (1) = (n2))).
AW, o tt1,82) = 5 ((on((tr = t2) () + (1) = (n2)
+cos((tr — t2)({(n) = (m) + (n2))).

Moreover, we have

sin(t1a)
/ / COb t1—t2 )tgdtzdtl—/ a <t1 a )dtl

2
- 2% (4.37)
a a

2 t2 2
= g(cos(ta)—l—i—Ta) >0

forany a € R\ {0} and ¢ > 0. When a = 0, then the left-hand side of (4.37) is obviously
non-negative. Hence, from (4.33) and (4.37), we see that I3(n,t),I14(n,t) > 0. Hence,
from (4.33) and (4.34), we obtain

10D (n,8) > Ly(n,t) — Ot} (n) =325

. (4.38)
> J(n,t) — Ct3(n) =2 2%

for 0 < t < 1, where J(n,t) is defined by

1 1
s W " Z+ Lna 0 ) 0= (1)20=4 () — {rr) + ()
ni#Eng
x (cos<t<<n> — ) + () — 1 4 R ) > () ) (4.39)

L ! t
76872 (n)4—2a"

Once we have
J(n,t) 2 tH(n) =272 (4.40)
for 0 <t < 1 and n € Z2, (4.30) follows from (4.38) and (4.40):
10D (n,6) 2 85(t — (n)™ %) (n) 72720 2 ¢ (m) 722
for (n)~2 < t < 1.
Hence, it remains to prove (4.40). First, consider the case 0 < a < %. In this case,
from the second term on the right-hand side of (4.39), we have
J(n,t) > t4(n) =420 = ¢t (p)—272(1-2) (4.41)

for 0 < t < 1. In view of (1.13), this proves (4.40) in this case.
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Next, we consider the case i <a< % Given a dyadic number M, we setn = (M, 0) €
7? and

Ky = {(a,b) €Z%:2M < a < 4M, |b] SM%}

With ny = (a,b) € K, we have

o o —1
(n) =M = g S M
1+ b2
g = —— <
(n1) —a <n1>+aN1, (4.42)
2
(n—ny)—(a— M) = L0 1

Then, it follows from (4.42) that
my—(n)+(n—ny=M—-a+(a—M)+0(1) < 1. (4.43)

Hence, from (4.43) and the Taylor remainder theorem, we obtain

1 1
J(n,t) 2 Z (n)2(n1)20=2)(n — n1)20=0) ({n) — (n1) + (n —ny))4

t2((n) — (m1) + (n — n1>)2) (4.44)
2

x ((cos(t((n) = (m) + (n—m))) = 1+

~ t4M—g+4a N t4<n>—2—2(g—2a)

for 0 <t < 1. In view of (1.13), this proves (4.40) when « > %.

We also point out that the calculation above can easily be extended to the higher
dimensional case. More precisely, the right-hand side of (4.41) is unchanged on T¢ since
we did not perform any summation. By setting

K = {(a,b) €7 x 741 2M < a < 4AM, |} gM%}

and repeating the same computation on T¢, the power on the right-hand side of (4.44)
becomes —1—21 + % + 4da.
By writing

—4+2a=-d-22-%-a) and Y +9¢44a=-d-2(4 -3 -20),

this computation indicates that the regularity of Y on T¢ is at best

d 11 3d 24 _q, if 0 < a < 324,
min<2——a,——2a>:{ 2 @ ' O,t_ 4

2 4 4 A _3d_92q, ifa> 374

When d = 3 and a = 0, this agrees with the %-smoothing shown in [30].

4.3 Proof of Proposition 3.2

In this subsection, we present a proof of Proposition 3.2 on the resonant product
@N =Yy ©1y. As in the previous subsection, we follow the argument in [30] but, as we

see below, our argument turns out to be simpler than the proof of Proposition 1.8 in [30].
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From (2.3) and (3.6), we have

S 1 sm t—t ny +no))~ ~ ~
Vymh=gs D / i +n1> 25, o (3, )T (13,1
n=ni+nz+ns 1 2

[n1+na|~[ns|

n1+ne#0
1 ¢ . .
+ 13 > 1|n‘~1/0 sin(t —t') - ([T(n1,t))? = o0, (¢'))dt" - Tn(n,t)
ny€Z?
1<
= Ri(n,t) + Ra(n,t), (4.45)

where the conditions |n; + ng| ~ |ng| in the first term and |n| ~ 1 in the second term
signify the resonant product ©. From (4.3) and Lemma 2.6, we easily see that R, €
C(Ry4;C*>(T?)) almost surely, provided that v < 3. Therefore, it suffices to show

E[|R1(n,t)]?] Sr (n) 22—t (4.46)

forne Z?and 0 <t < T, uniformly in N € N, where s, is as in (1.13). As in [30],
decompose R; as

_ 1 sin((t — t'){n1 + na))
 4r? Z /0 (n1 + na)

n=ni+nz+ns
[n1+nz|~[ns|
(n14n2)(n2+nsz)(nz+n1)#0

X /T\N(nl,t/)TN(ng, t)dt’ - N(ng,t)
n2)

Ri(n,t)

1 [ sin((t — ') (n + n2))
+ - [ Tn(n,t) [ >
2
272 J, e (n+n2)
|na|~|n+n2|#0
In2| <N

X (?(ng, VT (—na, t) — o, (t, t’))} dt’

+ i ,T\N(TL, t/) |: Z Sin((t — tl)<n + TL2>) Oy (t, tl):| dt’

272 J, et (n+ ng)
|nz|~[n+n2|#0
\712|<N
1 K sin((t - t

=: 7%11(71, t) + 7/?\,12(77,, t) + 7?,13(717 t) + ’R14(n, t), (4.47)
where R12 and R4 correspond to the “renormalized” contribution from n; +ng =0 or

ng + ng = 0 and the contribution from n; = ne = n = —ng, respectively.

Proceeding as in [30] (and noting that |n + ns| ~ [no| implies [na| 2

estimate ng and R14 and show that they satisfy (4.46). As for Ru, by applylng Jensen’s
inequality as in [30] (see also Section 10 in [33] and the discussion on g in Section 4 of
[40]) and then (4.4), (4.10), and Lemma 2.3 (ii) (noting that |m/| ~

E[Rum )] S Y E[Y(m, 0P )E[[f(ns,t)?]

n=m-+ns
[m|~|ns|

~T 2250 — 2-2
n=m-+ns <m> ° <n3> “
|m|~|ns]

< <TL>7272(8"‘7O‘)+,

~

(4.48)
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provided that 0 < a < %

Lastly, we consider 7/?\,13 in (4.47). Let 0 <ty <t; <T. Then, from (4.47) with (4.1),
we have

~ 1 b
E[|Ris(n,t)]?] = 71 Lini<n > // )(t1,t2)

ko,kl,k)Qe{l 2}

[ sin((t — t1)(n+n2)) ]
2 e
L n2€Z2 A
[n2|~|n+nz|#0
[n2| <N
[ sin((t — t2){n + n’ k |
o = <ni)fu> ottt | o
n/ZEZ2 2 -
[ng|~|n+n|#0
Iny| <N

=y IRk g

ko,k1,k2€{1,2}

where o, (t,t') = 0(1)(t t') + ol )(t7t’) as in (4.15) and (4.16). In the following, we only

consider the contribution from (ko, k1, k2) = (1,1, 1), since, in the other cases, the desired

bound (4.46) trivially follows from Lemma 2.3 (ii) without using any oscillatory behavior.
By a direction computation with (4.15), we have

1LY (g ¢)

515261‘15(51<n+n2>+62<n+n'2>+63<n2>+64<”,2>)
~ Linj<n Z Z Z 2(1—a) 2(1—a) NI/ \2(l—a)
(n) (n+ n2)(n2) {n +nj)(ny)

e;je{-1,1} no €72 nyEZ?
=15 |na|~ \n+n2|¢0|n2\ |n+n2\;ﬁ0
n2|< Inj|<N
t ) - 11 ) .,
X / e Hrrs(n) / t2e~ 200 ot | (4.49)
0 0

where k3(7) and r4(71) are defined by

k3(n) = e1(n +na) +e3(n2) — e5(n),
/€4(’FL/) = €2<7”L + Tl/2> + E4<n/2> + €5<TL>.

Note that for a < % the sums over ny and n), in (4.49) are absolutely convergent.
This makes our analysis simpler than the proof of Proposition 1.8 in [30], where the
corresponding sums in ny and nf, were not absolutely convergent and hence, it was crucial
to exploit the oscillatory nature of the problem and also apply some symmetrization
argument.

By first integrating (4.49) in ¢t; when |x3(7)| > 1 and simply bounding the integral
in (4.49) by C(T') when |x3(71)| < 1, and then applying Lemma 2.3 (ii), we have

1,1,1) 1 1
|1 (n,t)| < (n)2(1=0) Z (n + n2) (n2)20-0) (1 + |r3(71)])

ng EZ2
[ntnz|~|na|

1
X
2
2
[ntnj|~[ns|

1 1
‘ — (4.50)
W 2 G A )

[n+nz|~|nz|

<
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fora < % In the following, we only consider the case (e1,¢3,¢5) = (£1,F1, £1), since the
other cases are handled in an analogous manner. See also the proof of Proposition 1.4.

In this case, by repeating the argument in Case 2 of the proof of Proposition 1.4 (in
particular, (4.23) with (n,n + na, —n2) replacing (n,n1,n2)), we have

< 14 n||nz|(1 — cos )

T R R R @.51)

where 6 = Z(n,ny). Then, as in (4.28), it follows from (4.51) and 1 + |ks(n)| > |k3(7)|2
with ‘77,2‘ ~ NQ that

1+ N30 _ N
1 1 ~ 1>
L4 (myENGe " ()

2
L+ N30 (n+ny)?

O3 = ——=—
ST 14 k()] ™

(4.52)

since N3 2> (n) under the condition |n + na| ~ |na|.
When 1 — cosf = 1, by summing over ns in (4.50) with (4.51) and Lemma 2.3, we
obtain

|I(1’1’1)(n,t)| S,T <n>75+6a < <n>7272(5°‘7°‘)

for a < 1.

Next, consider the case 1 — cosf ~ #? < 1. We see that for fixed n € Z?2, the range of
possible ny with |ns| ~ Na, dyadic N, > 1, is constrained to a trapezoid whose height
is ~ Ny|cosf| ~ Ny and the width ~ Nysinf < Nof. Then, from (4.50) with a dyadic
decomposition as in (4.25) and (4.26), and (4.52), we have

1 1
1,1,1
‘I( )(n, ) Sr (n)3—4a Z 3752 O3

NoZ(n) 2
dyadic
1 1
rg I _4a z : 1—2«
<’I’L> 2 N22<n> 2
dyadic

S () 7EO S () B0
for o < 1. We therefore obtain (4.46).

Since the summations above are absolutely convergent, a slight modification of
the argument yields the time difference estimate (2.11) and the estimates (2.12) and
(2.13) for proving convergence of ?N to " by Lemma 2.6. This completes the proof of
Proposition 3.2.

Remark 4.2. As pointed above, the sums in (4.49) is absolutely convergent for a < %
Therefore, even without exploiting multilinear dispersion, we can make sense of Y. In
the following, by a crude estimate, we show

Y€ C([0, T]; Wh3e—2o(T2)) (4.53)

almost surely.

Note that 7%12 and ﬁm satisfy (4.46) without making use of any dispersion. Thus,
we only need to consider ﬁu and ﬁlg. Let I(n,t) be as in (4.12). Then, by applying
Lemma 2.3 to (4.14) with (4.1), we have

5 <’fl> —4+4o
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for0 < a< % Together with (4.13), this implies

B[ (n,6)]?] Sr (n)~++e (4.54)

even when we do not exploit multilinear dispersion. Then, using (4.4) and (4.54), we can
replace (4.48) by

E[[Rumt)?) S S E[[V(m,0)PE[[{(ns, )]
n=mt g (4.55)

[m|~|ns|

< <n>—4+6a — <n>—2—2(1—3a).

~

By ignoring all the oscillatory factors in (4.49), we obtain

~ 1 1 1
E[|Rus(n, O)2] <r ——r—
[1R13(n, 1)[?] <1 (n)20-a) 22 (n + 12) (ng)20—a) ZQ (n + nb)(nh)20—a)
no€Z ny€EZ
[ntna|~|nz| [n4nj|~|ns|

< (n) 0o, (4.56)

~

ThereforeA, (4.53) follows from Lemma 2.6 with (4.55), (4.56), and the trivial bounds for
ng and R14.

4.4 Divergence of the stochastic terms

In this subsection, we present the proof of Proposition 1.6. By (3.6) and (3.4) with
(4.2), for n € Z2? and t > 0, we can write

s 1
Yyn,t) = — Xi(n,t), (4.57)
N t) = o > (n,)
kez?
kxn—k
[kl,[n—k|<N

where < denotes the lexicographic ordering of Z2 and

Xp(n,1) = (2 = 1p_op) /O W (T(k,t/)’f(n ket — 1o - ak(t’,t’)>dt’.
(4.58)

Note that Xj(n,t)’s are independent. We show that the sum in (4.57) diverges almost
surely. We only consider the case |k| ~ |n — k| > |n|. Otherwise, we have either
|k| ~ |n| 2 |n — k| or |n — k| ~ |n| > |k|. In either case, for fixed n € Z?, the sum in k is a
finite sum and hence is almost surely convergent. This allows us to focus on the case
|k| ~ |n — k| > |n|. In particular, we assume k # 3.

As in (4.12), we have

E[X(n,t)] =0,

E[|Xe(n,1)[2] =8 /0 sin(t <_n§1)<”>) /0 " sin((t <_n§2)<">) (4.59)

X O'k(tl, tQ)O'n_k(t1, tg)dtgdtl.

When n = 0 (which implies £ # 0 under the assumption k # %), we used (4.7). From
(4.1) and |k| ~ |n — k|, we have

cos((t; — t2)((k) — (n — k)))
8(k)2(1=a) (n — f)2(1-a)

ok(t1,t2)on—k(ti, t2) = t%

cos((ts — t2)((k) + {n — k))) » (4.60)
8<k>2(1—°‘)<n _ k>2(1—(x) 2
+ O((t2) (k) ~714).
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The contribution to (4.59) from the first term on the right-hand side of (4.60) is worst.
Indeed, we can use the dispersion to estimate the contribution to (4.59) from the
second term on the right-hand side of (4.60). Namely, by integrating in ¢, and using

|k| ~ |n — k| > |n|, we have
tSin((t —t1)(n)) t1 sin((t — t2)(n)) cos((t1 — t2)({k) + (n — k)))
’ ~/0 <n>1 ‘/O <Tl>2 <k>12(170?) <TL _ k>2(170‘) ththtl
1
<

~ ()2 (k)2(0=a) (n — k)2(1—a)

t t1 )
x ¥ nA té e-ita(r (n)+ea()+n=)) g2y,

e1,e2€{—1,1}
<« L
~St (n)2(k)>—4a"

(4.61)
dtq

Now, let us estimate the contribution to (4.59) from the first term on the right-hand
side of (4.60). Given n € Z2, we choose small ¢ > 0 such that t(n) < 1, which implies

sin(t(n)) >

Y and  cos(t(n)) 2 1. (4.62)
Noting that
kP = I — kP
(k) = (n— k)| = m < Inl,

it follows from (4.62) that

/t sin(t = 1) (n) / sin((t = t2)(n)) cos((tr — t2) (k) = (n = K))) o\
- - 2at2aty
0 (n) 0 (n) (k)2(1=e) (n — k)20=e)
1 t t1 5
> (W“a)/o (t—tl)/o (t — to)tadtadt
46
>
R Tia=a) (4.63)
By (4.59), (4.60), (4.61), and (4.63), we obtain
E[|X P = > 4.64
U k(n, 1) ] ~ (k)4(—a) B (n)2(k)s—4a ~ (k)4(-a) (4.64)
for |k| > t=5(n)~2 and t(n) < 1. This implies that
1 log N ifoao =1
Z E[|Xk(n t)|2} >tn Z TiNA(l—c) >tn { 7 2
’ ~b (1—a) ~H —2+4a 1
kez? kez? (k) N , ifa>5
k<n—k t=%(n) 2K |k|<N

In|<|k|<N

— 0

as N — oo. Hence, Kolmogorov’s three-series theorem ([23, Theorem 2.5.8]) yields

that P(|limy_e Yn(n,t)] < o0) < 1. Moreover, recalling the independence of
{Xk(n,t) }kez2 k<n—k it follows from Kolmogorov’s zero-one law ([23, Theorem 2.5.3])
that

P(| ]\}i_r)noo\?N(n,tﬂ < oo) =0.

In particular, we obtain that {'y} yen forms a divergent sequence in C([0, T]; D’(T?))
almost surely for any 7" > 0.
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Remark 4.3. (i) From (4.12), (4.13), and (4.59) we have

E[|\?N(n,t)|2] - ﬁ Z E[|Xk(n>t)|2] + 1he2z2\ {0} -O(<n>_6+4o‘),

kxn—k
|kl |n—k| <N

This shows that Proposition 1.6 is a consequence of limy ;oo ]E[P?N(n, t*] =

(ii) Note that the calculations in (4.61), (4.62), and (4.63) are independent of dimensions.
In particular, the lower bound (4.64) is also valid on T<. From this observation, we
conclude that {Y'y}newn forms a divergent sequence in C([0,7]; D'(T?)) almost surely
ifa>1-— %. Note that for d > 5, we need to apply smoothing (i.e. a < 0) in order to
construct the second order process VY as a limit of {YN}NE]N

Since the critical value given by the probabilistic scaling is o, = min (274, 354),
we see that the existing solution theory such as the Da Prato-Debussche trick or its
higher order variants breaks downata=1- ¢ before reaching the critical value a, in

dimensions d =1,...,5.

5 Stochastic nonlinear heat equation with rough noise

In this section, we consider SNLH (1.2). In Subsection 5.1, we first state the regularity
properties of the relevant stochastic terms and present a proof of Theorem 1.10 by
reformulating the problem in terms of the residual term v = u — ! + Y. We then proceed
with the construction of the stochastic terms in the remaining part of this section. This
includes the divergence of ¥ (and Y, respectively) for o > % (and « > 1, respectively)
stated in Proposition 1.9.

5.1 Reformulation of SNLH
Let o > 0. We define the truncated stochastic convolution 1y = Z({(V)*7mn&) b

> / M myedg ¢y (5.1)

Ty = /t Pt — ) (V) mnd W (¢') =

for ¢ > 0, where 7y, P(t), e,, and W (t) are as in (1.7), (2.8), (2.1), and (3.1), respectively.
We denote the limit of ' by 1:

N —o0

t
'— lim TN:/ Pt — ) (V) dW (1)), (5.2)

We then define the truncated Wick power V' by
Vy = (TN)2 — KN, (5.3)
where xy is defined by
2
HNZ:IE[(TN(Zt o) Z / 7(t t)n>< > )dt/
In|<N

=53 Z o~ N (5.4)

|nM<N
Then, by proceeding as in the proof of Lemma 3.1 (i), we have the following regularity

and convergence property of 1. Since the argument is standard, we omit details.
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Lemma 5.1. Let T > 0. Given a € R and s < —«, {In}nen defined in (5.1) is a Cauchy
sequence in C([0,T];C*(T?)) almost surely. In particular, denoting the limit by 1, we have

1€ C([0,T);C~25(T?))

for any € > 0, almost surely.

We now define the second order stochastic term:

Then, a slight modification of the proof of Proposition 1.9 (ii) presented below shows that
Yy converges to

t
V(1) = T(W)(t) = / P(t — ¢W(t')dt
— 00
in C([0, T]; C?>~2%~(T?)) almost surely, provided that 0 < o < 1.

From the regularities 2 — 2a— and —a— of Y and 1, there is an issue in making sense
of the resonant product Y ©1 in the deterministic manner when « > % For the range
% < a < 1, we instead use stochastic analysis to define the resonant product “Y ©1” as a
suitable limit of ?N =YNOlnN.

Lemma 5.2. Let 0 < a < 1. Given any T > 0, {?N}NG]N is a Cauchy sequence in

C([0,T];C*73%=¢(T?)) for any € > 0, almost surely. In particular, denoting the limit by "¢,
we have
"€ C([0,T];c*77(T?))

almost surely.

In the following, we only consider the range % < «a < 1 since the case 0 < o < % can
be handled by the standard Da Prato-Debussche trick as mentioned in Section 1. As in
Subsection 3.1, we proceed with the second order expansion (1.3). Then, after a proper
renormalization, the residual term v = u — 1 + Y satisfies the following equation:

{6tv+(1—A)v= =21 =V) =Y +2Yer+ %+ Yor 5.5
UltZO = Vo, .
where vy = vj is given by

vo = up — 1(0) + Y(0). (5.6)

Given s < o and T > 0, define X(T') C C([0,T];C*(T?)) N C((0,T];C°(T?)) by the
norm:

[vllx ) = l[vlleres + [lolly @),

where the Y (T')-norm is given by

[y = sup t°7 |[u(t)]lc
0<t<T

We point out that the Y (T')-norm is needed to handle rough initial data in C*(7"?), which
does not belong to C?(T?). The use of this type of norm, allowing a blowup at time ¢ = 0,

is standard in the study of the parabolic equations. See, for example, [6, 39]. We then
have the following local well-posedness of the perturbed SNLH (5.5).
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Theorem 5.3. Let0 < o < 1 and s > —a—¢ for sufficiently small € > 0. Then, the Cauchy
problem (5.5) is locally well-posed in C*(T?). More precisely, given any ug € C*(T?),
there exist an almost surely positive stopping time T = T(w) and a unique solution v
to (5.5) in the class:

X(T) ([0, T];€*(T*)) N C((0, T];C7(T?)),

where —s < o < s+2. Furthermore, the solution v depends continuously on the enhanced
data set:

Y= (’LL(), T7Y7 ?)
almost surely belonging to the class:

23" =C*(T%) x C([0,T];C~*7(T?))
x C([0,T];€*72275(T?)) x C([0, T); C*2*7=°(T?%)).

Once we prove Theorem 5.3, Theorem 1.10 follows from the same lines as in the
proof of Theorem 1.3 and thus we omit details.

Proof of Theorem 5.3. Let 0 < T <1 and fix € > 0 sufficiently small. Define a map I" on
X(T) by
K 2
L(v)(t) = P(t)vg — / Pt —t)[v?+20(1 =Y)+ Y =20 (t)at,
0

where v is as in (5.6) and Y is as in (3.16). From Lemma 5.2, Proposition 1.9, and
Lemma 5.1 with Lemma 2.1, we see that

Y € C([0, T];C~5°°(T?)) (5.7)

almost surely.
For simplicity, we only consider the case s = —a — ¢. From Lemmas 2.5 and 2.1 along
with Lemma 5.1, Proposition 1.9, and (5.7), we have

t
IEOzes < loolles + | [ (Iole + o = Yol ) )t

Ly
2
+ (I leges + [Wllize:)
S lluolles + 11(0)[les + 1Y(0)[les
T B (5.8)
+/0 )"z dt"- ([vllzsees + 11— Ylzse:) vy

+ T(IVIE gz-zam + [Vllize:)
< lluolle +T° (el r) + Cullollxery ) +Cu

for some almost surely finite constant C,, > 0 and 6 > 0, provided that o < 1 and
—s<o<s+2.

Next, we estimate the Y (T')-norm of I'(v). Under the condition o < s + 2, a change of
variable yields

o—s

t
t7 / t—t)y =T () Td'=t"""7T B(1-22,1-22) ST "2 (5.9)
0

2
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for 0 < t < T, provided that o < s + 2. Here, B(z,y) = fol(l — 1)~ 17¥=1dr denotes the
beta function.

Let V'(v) = v2 + 2v(t — V) + Y — 2. Then, for 0 < ¢ < T, it follows from Lemmas 2.5
and 2.1 and (5.9) along with Lemma 5.1, Proposition 1.9, and (5.7) that

t = |[L(@)(#)lleg < llvol

s t o—s
I / (t — )= N () () o dt
0

t
S luolles +4°5 [ (¢ =) "7 ()" ae (5.10)
i .
X (Ivllzses + 11 =Yllzeees)

< lluolle +T° (ol cry + Collolxery ) + Cos

[vlly (1) + Co

provided that « < 1 and —s < o < s+ 2.

Taking a supremum of the left-hand side of (5.10) over 0 < t < T, it follows from (5.8)
and (5.10) that

IC@)lxery < Tuolles +T° (ol + Collvlxn) + Co (5.11)
By a similar computation, we also obtain a difference estimate:
IT(1) = T(2)lxery S T (Jlorllxery + loallxery + Co)llor = vallxry. (5.12)

Therefore, we conclude from (5.11) and (5.12) that a standard contraction argument
yields local well-posedness of (5.5). Moreover, an analogous computation shows that the
solution v € X(7T') depends continuously on the enhanced data set ¥ = (uo, LY, ?) O

5.2 Proof of Proposition 1.9 (i)
Given n € Z? and 0 < t, < t;, define x,,(t1,t2) by

ta
Fon(t1,t2) 1= Eﬁ(n,tl) T(_n@)} :/ e (ti—t )<n>2<n>ae—(t2—t )<”>2<n)adt’
- (5.13)

e~ (t1—t2)(n)?
- 2<n>2(1—a) :
First, we prove that Vy € C(R;C~2*~(T?)) with a uniform (in V) bound, almost

surely. In view of (3.4) and (5.3), by repeating the computation in the proof of Lemma
3.1 (ii) (in particular (4.8) and (4.9)) and applying Lemma 2.3, we have

E[‘\/}N(n7t)‘2] S Z Kony (5 1) Kin, (2,1)

n=ni+nz
1
~ < (n)~2Tae (5.14)
o,
provided that 0 < a < % Since the time difference estimate follows from a slight

modification, Lemma 2.6 implies that vy € C(R;C~2*~(T?)) almost surely. Moreover,
a slight modification of the argument yields that {Vy}nyen is almost surely a Cauchy
sequence in C(R,;C~2%(T?)), thus converging to some limit V. Since the required
modification is standard, we omit the details here.
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Next, we show that when o > % we show that {Vxy} nven forms a divergent sequence
in C([0,T); D'(T?)) for any T > 0 almost surely. From (5.14), we have

~ 1 log N, ifoo=1
R S et = P
gt (n1)2=2)(n — n;)20-a) N2+ jfq > 3 (5.15)
[n|<L|n1 | <N
—

as N — oco. Then, from Kolmogorov’s three-series theorem, Kolmogorov’s zero-one law,
and Remark 4.3 with (5.15), we have

P(’ A}i_r>noo\7N(n,t)| < oo) = 0.

In particular, we obtain that {V'y}nen forms a divergent sequence in C([0, T]; D'(T?))
almost surely for oo > % This concludes the proof of Proposition 1.9 (i).

5.3 Proof of Proposition 1.9 (ii)

First, we prove that Yy € C(R;C? 2%~ (T?)) with a uniform (in N) bound on each
bounded time interval [0, 7], almost surely. As in Subsection 4.2, it suffices to show

B[V (1, 1)2] Sp (n) 2722720 (5.16)

forany n € Z? and 0 < t < T, uniformly in N € IN.
We only consider n # 0 for simplicity. Proceeding as in (4.12), we have

E[[Y v (n,6))%]

1 t 2 tl 2
=3 Z / e~ (tmt)m) / e~ Ut e (t1, 19 Ko, (1, ta)dtadt
™ 0

n=ni+nz 0

nliing
[ni],|n2|<N
L R A LV R Y Y N ZIPRY
+ﬁ'1n€2Z2\{0}/ e ! / e : E{TN(i’tl) TN(§7t2) }dt?dtl
0 0
=:I(n,t) + I(n,t), (5.17)

where k,, (t1,12) is as in (5.13). From (5.13), we see that the contribution from I(n,t)
satisfies (5.16). Hence, we focus on I(n,t). By (5.17) and (5.13), we have

1
I(n,t) ~ Z 2(1— 2(1—
n=ni+mnsz <n1>( 04)<n2>( ®
ny#+ng
[nil,In2 | <N

t t
Xe_2t<">2/ et1(<n>2—(m>2—<nz>2)/1et2(<n>2+<n1>2+<nz>2)dt2dt1
0 0

1
- n:;-nQ <n1>2(17a) <n2>2(1ia) (5.18)
ni#Eng
[nal,[n2| <N
1 1 — e—2t(n)? 21 — ot —(n1)2—(n2)?)
% ( _ —2t(n) )
(n)? + (n1)? + (n2)? (n)? (n1)? + (n2)? — (n)?

1 1 1
ST, 2 G (B (4 G T
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By separately estimating the contributions from |n| ~ |ng| > |n| and |ni| ~ |n| = |n2|
(or |ng| ~ |n| 2 |ni|) with Lemma 2.3, we see that the contribution from I(n,t) also
satisfies (5.16) for 0 < a < 1. This proves (5.16).

Next, we show that when o > 1, {Y'y } yew does not converge in C([0, T]; D’(T?)) for
any T' > 0 almost surely. From Remark 4.3, it suffices to show that

A}iinw]E[WN(n,t)ﬂ =00 (5.19)

for & > 1 under an appropriate assumption on ¢ > 0.

Since the second term I(n,¢) in (5.17) does not involve any summation, it is finite.
From (5.18), it is easy to see that the contribution to I(n,t) from |n| ~ max(|ni], |ns|) is
finite. Indeed, assuming |ni| < |n| ~ |ng| without loss of generality, the contribution
to (5.18) from this case is bounded by

1 1 —6+4a
(n)6—20 ) <n1>272a§<n> :
cz?
s <]

It remains to estimate I(n,¢) under the constraint |n| < |n1| ~ |n2|. When t >> |n|~2,
the contribution to I(n,t) from this case is bounded below by

Z 1 > log N, ifa=1
m? o S, ()P T N e > 1
In|<nt|<N

—~
\/H

— 0

as N — oo. This proves (5.19) for ¢t > |n|~2, when a > 1.

5.4 Proof of Lemma 5.2

As in Subsection 4.3, it suffices to show
E[|F[Yy © tn])(n, )] S (n) 272G 73 (5.20)

forne Z?2and0<t<T, uniformly in N € N. As in (4.45), we decompose Yy © 1y into
two parts:

1 ¢ , N A N
I[YN ) TN](n’t) = m E e—(t—t )<n1+n2>2TN(n1,t/)TN(nQ,t/)dt/ . TN(nZSat)
n=ni—+ns+ns 0
[n1+nz|~[ng]

ni+ns#0

1 o ~
+ 13 > 1m|N1/ e ([T, )2 — ko, () dt - T (0, t)
nleZZ 0
[n1|<N

= Ry(n,t) + Ra(n, t).
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Moreover, we decompose R as

~ 1 ¢ , ~ ~ ~
Rl(”at) = ﬁ Z / 6_(t_t )<"1+"2>2TN(nl,t')TN(ng,t’)dt’ . TN(n37t>
n=ni+nz+ns 0
[n1+nz|~[ns|
(n1+n2)(n2+n3)(nz+n1)#0
t

o~ _ t*t/ 2
+ ﬁ TN(TL, tl) |: Z e ( )(ntn2)
0 2
no€Z
[nz|~[n+na|#0
[n2|<N

X (?(ng, VT (—na, t) — ki, (, t’))} dt’

1 [t ,
+—2/ TN(n,t’){ > e—(t—t)<n+nz>2,fn2(t,t’)} dt’
™ Jo

2 2

no€Z
In2|~|n+n2|7#0
[n2|<N
1 g N am? o, o
_— 1n7$0/ 6_(t_t )(2n) (T\N(n,t/)) dt/ . TN(—n,t)
47T2 0
=: 7/?\,11(71, f) + 7/?\,12(717 t) + 7/3\,13(77/, t) + 7%14(’&, t). (5.21)

Proceeding as in the proof of Proposition 3.2, we can easily show that ﬁu, ﬁlg, and ﬁ14
satisfy (5.20).

It remains to consider R;3. Under the constraint |[ny| ~ |n + ny
Then, from (5.21) with (5.13), we have

~ 5 1 1
]E[\R13(n,t)| } St (71)27—20‘ Z (n+ n2)2(ng)2— 22

, we have |ns| 2 |n|.

n2€Z2
[nz|~[n+tnsz|
1
X Z <7’L + n’ >2<n/ >2—2a
nbez? 2 2
[ng|~|n+ny)
—6+6«
< (n)

for 0 < a < 1, verifying (5.20).
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