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The study is devoted to the interpretation and wellposedness of the
stochastic NLS model

(zath)u:\u|2+B, ug =0, teR, z€eT,

where B stands for a space-time fractional noise with index H = (Ho, H1)
in a subset of (0, 1)2.

We first establish that in the situation where 0 < 2H(y+ H < 2, the equa-
tion cannot be interpreted in a (classical) functional sense.

Our investigations then focus on the rough regime corresponding to the
condition % < 2Hy + Hy < 2. In this specific case, we exhibit an explicit
renormalization procedure allowing to restore the (local) convergence of the
approximated solutions.

We follow a pathwise-type approach emphasizing the distinction between
the stochastic objects at the core of the dynamics and the general determinis-
tic machinery.
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1. Introduction.

1.1. General considerations. In this paper, we propose to explore a few fundamental
issues related to the 1-d quadratic Schrédinger model with additive noise, i.e. the equation:

(1.1) (10 — Nu=ANul>+ B, up=0, teR, zeT,

with T =R/277Z, A € {—1,1} and where B stands for a space-time real valued noise, defined
on a complete filtered probability space (£2,§,P). In this setting, we actually intend to pursue
two main objectives, that can be roughly summarized as follows:

(7) Identify and treat situations where the unknown u cannot be treated as a function, but
only as a space of general distributions, using some additional renormalization procedure.

(1) Try to go beyond white-noise situations and handle the more sophisticated structure of a
space-time fractional noise. In other words, we would like to deal with a centered Gaussian
noise B whose covariance is given for all test-functions ¢, on R? by

(1.2)  E[(B,¢)(B.v)] = /R dsdt /R drdy (s, )it y)|s — 102w -y P2,

for some indexes Hy, H; in a subset of (0,1) to be specified. Recall that the standard white
noise would correspond to the case Hy = H; = % and that the fractional noise is known for

its fundamental past-dependence properties when Hy, Hy # % (see e.g. [60, 61]).

The influence of randomness on nonlinear Schrédinger (NLS) dynamics, and more gen-
erally on dispersive models, has been a topic of great interest and the source of an abundant
literature in the past years. These investigations can essentially be structured around two main
directions.

The first line of research, initiated by Bourgain [8, 9], is concerned with the propagation
of randomness within (deterministic) NLS dynamics, that is the influence of a random initial
condition ® on the general equation

(1.3) (10, — Au= A aPu?, u(0,)=®, te[0,T], zeRorT?,
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for fixed integers p,q > 0 and A € {—1,1}. This approach has been developed by
Tzvetkov [75, 76] for the Schrodinger equation in various geometries, and extended by Burq
and Tzvetkov [13, 14, 16] who considered more general random initial conditions for the
wave equation, and since then, there have been many contributions to the study of dispersive
equations with random initial conditions. Such a randomization procedure is typically moti-
vated by the possibility to improve the classical wellposedness results associated with (1.3)
or other dispersive models (see e.g. [13, 74, 16, 19, 4, 5, 6]), and the developments along this
approach have also led to the exhibition of fundamental invariant measures for dispersive
equations, see e.g. [8, 9, 75, 76, 15, 14, 12, 33, 77, 78, 37, 68]. Some progress have been
made in the last few years regarding local wellposedness theory for (1.3) thanks to the works
of Deng, Nahmod and Yue [34, 35, 36]: the so-called theory of random tensors now provides
us with an extensive covering of the important class of Hamiltonian equations (take ¢ =p+1
in (1.3))

(1.4) (10 — A)u= —|ulPu, u(0,.)=®, te[0,T], z€ ']I‘d,

for ® in a suitable (Gaussian-type) space of random distributions. We also refer to the recent
work [11] on the probabilistic wellposedness of NLS on the sphere.

The second field of investigations, which can be traced back to works by de Bouard and
Debussche, focuses on the influence of a random perturbation within the differential dy-
namics of the equation. This so-called stochastic forcing can take the form of an additive
[25, 26], multiplicative [24] or even dispersive [27, 31, 18, 42] noise. As far as applications
are concerned, random perturbations can for instance be regarded as natural ways to model
the influence of temperature variations on some molecular aggregation process [2], or the
evolution of nonlinear dispersive waves in a totally disorder medium [21, 48]. In the con-
text of optically trapped Bose-Einstein condensation, the fluctuation of laser intensity can be
modeled by a temporal noise [46].

From a mathematical point of view, NLS models with stochastic forcing are part of the
general SPDE theory [23, 80], just like stochastic heat equations or stochastic wave models.
However, it is a well known fact that the properties of Schrédinger propagation, and espe-
cially the relatively weak regularization effects in this setting, makes the analysis of stochastic
Schrodinger equations particularly delicate. As a consequence, the literature related to this
specific field turns out to be more scarce than its heat or wave counterpart.

Schrodinger equations with random perturbation have been mostly investigated along a
fully stochastic approach, that is in the presence of a white noise in time and through the
use of sophisticated It6-type controls. On top of the aforementioned papers by de Bouard
and Debussche (see [24, Lemma 3.1] or [26, Lemma 4.2] for examples of It6-type lem-
mas), we can here refer to recent works by Hornung about stochastic NLS on R% [55], or to
Brzézniak-Millet [10] and Cheung-Mosincat [17] for results on compact domains (see e.g.
[10, Theorem 3.10] and [17, Lemma 3.6] for [t6-type estimates in such a framework). Ob-
serve that in all of these studies, the implementation of stochastic analysis is permitted by
the fact that the equation can be interpreted and solved in a space of functions (typically a
subspace of L2([0,T] x R%) or L2([0, T] x T%)), leading to restrictive conditions on the noise
spatial regularity.

Pathwise-type strategies - in the vein of our subsequent developments - have also been
developed in a few studies, especially in the multiplicative situation, where specific rescal-
ing transformations are available. This is for instance the case in the results by de Bouard-
Fukuizumi [28], Pinaud [70] for a temporal noise, Barbu, Rockner and Zhang [3, 81] for a
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white-in-time smooth-in-space noise on R?, or in a recent series of papers by Debussche,
Liu, Martin, Tzvetkov, Visciglia and Weber [29, 30, 32, 79] for a rough spatial noise.

Let us now turn to the presentation of several previous works related to the pathwise ap-
proach of NLS in the additive case, which is precisely the category our model (1.1) falls
into - note indeed that our consideration of a fractional noise rules out any possible Itd-type
control, i.e. control in LP(2), for the stochastic integral.

First, and albeit restricted to a white noise, the two references [62, 66] by Oh, Okamoto,
Pocovnicu and Wang offer us an insightful example of a pathwise procedure in the addi-
tive situation, with a clear separation between the stochastic arguments (see the study of the
stochastic convolution therein) and the deterministic analysis of the problem. In both works
[62, 66], the noise under consideration happens to be sufficiently regular (in space) for the
equation to be directly treated in a space of functions, with no need for any renormalization
trick.

Such a renormalization trick can be found in the reference [41] about the NLS model
on R? with additive fractional noise (see also [73]). Although the latter setting may look
similar to the one in the present study (i.e. to the setting in (1.1)), it should be noted that
the analysis in [41] strongly relies on a specific local regularization effect of the Schrodinger
operator on R? (see [20]), which is no longer available on the torus, making a huge difference
between the two problems.

Last but not least, let us report on the results by Forlano, Oh and Wang in [44] and Liu
in [59]. Although these two references are concerned with white-noise situations, their under-
lying dynamics are close to ours, which in particular will give us the opportunity to discuss
about renormalization methods and ultimately specify our objective in the study.

In [44], the authors are interested in the following rescaled cubic NLS model with additive
noise

(15) (0 —A)a= —<ya|2 - 2/ ya\z)a v B, ay=®eLXT), (t,z)cRy xT,
T
while the author in [59] investigates a quadratic NLS model with random initial condition
(1.6) (29 — A= |a)? — 2/ a2, dg=® e L*(QH *(T)), (t,x)€eRy x T
T

In both [44] and [59], the roughness of the random data (either B in (1.5) or ® in (1.6))
justifies the involvement of a renormalization trick, namely

ul? —lal> =2 [ |al?.
|ul | i

This transformation ensures the cancellation of specific resonant terms at the Fourier level,
and it is in fact directly inspired by the renormalization used by Bourgain in [9] for the cubic
NLS equation with irregular initial condition, that is the equation

(1.7) (z@t—A)a:—(]ﬂ\2—2/|<I>\2)&, io=®€G, (tz)eR, xT,
T

where G stands for a space of rough distributions (see also [68, 36] for higher-order gener-
alizations of this rescaling trick). In the analysis of the original equation (1.7), the choice of
such a rescaling can be further justified through at least two reasons:

(i) When working with a regular enough initial condition, say ® € L?(T), the two mod-
els (1.4) (with p = 2) and (1.7) turn out to be equivalent. Indeed, in this case, it is readily



RENORMALIZATION OF A 1D QSM WITH ADDITIVE NOISE 5

checked that if @ is a solution to (1.7), then u := e~ 2% J21®7 G is a solution to the standard
cubic NLS equation.

(#) The renormalization term 2 [, |®|? in (1.7) is (obviously) explicit, i.e. it does not depend
on the (unknown) solution % but only on the (known) initial condition ®, which offers a better
control on the rescaling procedure.

With these two features in mind, recall that the main wellposedness result for (1.7) can be
summed up as follows (see e.g. [19, Theorem 1]):

Given ® in a suitable space of random negative-order distributions on T (with full Gaussian
measure), there exist a natural approximation (™), of ® with ®™ € C®(T) and a time
7 > 0 such that by setting A(™) := 2 fT (&™) |2, the sequence of classical solutions

(1.8) (10 — A)a™ = —(ja™ P2 — A a™ | g —e™ te0,7], z €T,

is well defined and converges almost surely in C([—7,7]; H(T)), for some a > 0.

Due to the explicitness of the sequence (A(”))nzl, the latter statement shows a strikingly
similar pattern to other well-known renormalization results in the heat or the wave settings.

In the heat setting, we can quote for instance (and among many other examples) the case
of the dynamical (I>§ model, whose main wellposedness theorem reads as follows (see [54,
Theorem 1.15]).

Given a space-time white noise B on Ry x T3, there exist a smooth approximation (B (”))nzl
of B, a time T > 0, as well as an explicit sequence of constants (U("))n21 depending only on
(B (”))nz 1, such that the sequence of classical solutions

(1.9) (@ — A)al™ = —((@™)? —o™)a™ + B g =0, tefo,7], T,
is well defined and converges almost surely in C([0,7]; H=%(T?)), for some o > 0.

In the wave framework, let us recall for instance the following result - obtained in [53,
Theorem 1.1] - about the three-dimensional stochastic equation with quadratic nonlinearity
(see also [64, 65, 67] for similar results).

Given a space-time white noise B on R x T3, there exist a smooth approximation (B (”))nzl
of B, a time T > 0, as well as a sequence of time-dependent constant (o™ (t)),>1 explicitly
described in terms of (B (”))nzl, such that the sequence of classical solutions

(1.10) 2™ 4+ (1 - A)a™ = —(@™)? + o™ + BM, @M =0, te(0,7], zeT?,

is well defined and converges almost surely in C([0,7]; H=%(T?)), for some o > 0.

REMARK 1.1. Although we have stuck to white-noise-driven dynamics in both (1.9)
and (1.10), it should be noted that similar renormalization results can also be found in the
fractional setting (see e.g. [38, 39]).

Unfortunately, the explicitness property (7i) satisfied by (1.7), and which allows such a
close comparison between the heat/wave models (1.9)-(1.10) and the Schrodinger equa-
tion (1.8), is no longer true for both (1.5) and (1.6). Indeed, there is no reason for the
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renormalization term 2 [, |@|? in (1.5) to be independent of the whole dynamics of the “un-
known” .

In light of these elements, and going back to our fractional Schrédinger model (1.1), we
are now in a position to clarify the main objective of our study, namely:

In situations where the noise is too rough (i.e., Hy, Hy in (1.2) are too small) for equa-
tion (1.1) to be treated directly, we would like to find out an explicit renormalization proce-
dure, similar to the one in (1.8), (1.9) or (1.10), allowing to offer a non-trivial interpretation
of the problem.

This search for a renormalization term depending only on B(™ can also be seen as an
attempt to minimize the deformation of the model, as opposed to the fully-twisted prod-
uct in (1.5), or even to the trivial rescaling (:9; — A)u™ = X (Ju(™|? — ¢() 4 B with
o™ := |u(™|2. In the same spirit, we shall obviously exclude from our considerations any
renormalization method that would significantly hinder the effect of random perturbation,
th(e )most't(ri;/ial of which being the example (29; — A)u(™ = X\u™ > — ¢ + B with
o™ =B,

To avoid such trivial situations, and in light of the rescaling procedures used in (1.8), (1.9)
and (1.10), we propose to restrict the class of admissible renormalization procedures through
a few natural requirements. We will thus be able to prove the following result:

THEOREM 1.2. Assume that the indexes Hy, Hy satisfy the three conditions

1 1 7
(L.11) §<H0<1, Z<H1<1 and Z<2H0—|—H1<2.

Then for a natural smooth approximation (B (n) Jn>1 of B, there exist two sequences
(A)nz1, (021
such that:

(i) For everyn > 1, A1 : Q xR — C is a time process, while ™ : R — C is a deterministic
time function.

(i1) For every n.> 1, both A" and o™ depend only on B(™.

(i7i) There exists a (random) time Ty > O such that the sequence (i™),>1 of classical
solutions to the renormalized equation

(1.12) (10 — A)a™ = A [W _ AW} a™ — o™ 4 B
converges almost surely to some limit G in the space of distributions on [—Tp, Ty] x T.

We refer to Theorem 2.5 and Theorem 2.6 for more quantitative results.

The above properties (i)-(ii7) can thus be read as follows. Property (i) ensures the non-
triviality of the renormalization method: A(™) is reduced to a time process (independent of
x), while (™ is just a time function. Property (i) emphasizes the explicit nature of the
procedure, a major improvement over existing methods: A and o(™) only depend on the
data we are given a priori, and not on (u(™),,>1. Finally, property (i) guarantees the success
of the method, by restoring the (asymptotic) wellposedness of the problem.

As indicated in item (477), our analysis will only focus on the exhibition of a local solu-
tion, satisfying the equation on a (possibly small) time interval [—Tg,Tp], with Ty > 0. In
particular, the choice of A € {—1,1} in (1.1) or (1.12) will not play any essential role in our
analysis: for simplicity, we assume from now on that A = 1.
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REMARK 1.3. Observe that our condition (1.11) on (Hy, H;) can still cover situations
where B is rougher than a white noise in space, that is for which H; < % On the other hand,
B must always be more regular than a white noise in time, i.e. Hy > % for our subsequent
arguments to hold.

REMARK 1.4. The result of Proposition 2.3 below ensures that the assumption 2Hy +
H; <2 in (1.11) corresponds to a singular situation, that is, one in which the solution u
cannot be defined as a function, and hence where the interpretation of the nonlinearity nec-
essarily requires a renormalization procedure.

On the other hand, we are not in a position, at this stage, to assert that the condition
2Hy + Hy > % in (1.11) is optimal. This restriction is mainly used in the proof of Proposi-
tion 2.3, that is, in the construction of the second-order process arising from the dynamics
(see Remark 2.3 for further details).

REMARK 1.5. Although our subsequent study leaves the global-wellposedness issue
fully open, it should be noted that the deterministic NLS equation with |u|? non-linearity
is globally ill-posed for any non-trivial initial condition (see [45]). Thus the equation (1.1)
may blow up as well.

1.2. Reformulation of the equation and main steps of the strategy. Let us now provide
some details about the main steps of our strategy to achieve the above purpose. With proper-
ties (¢)-(7i7) of Theorem 1.1 in mind, we henceforth focus on the rescaled model

(1.13) (10— Au=(@—A)u—0+B, u=0, teR, z€T,

for some fixed functions A : 2 x R — C and ¢ : R — C, whose expression will be determined
later at the level of an approximated equation.

Since we are only interested in local solutions (in time), we introduce and fix once and for
all a smooth temporal cut-off function x : R — [0, 1] such that

(1) x is symmetric, i.e. x(t) = x(—t) forall t € R,
(1) x(t) =1forall t € [-1,1], and x(t) =0 for all |¢t| > 2.

For every time 7 > 0, we will also denote by - the function defined for ¢t € R by x,(¢) :=
x(7):

With this notation, let us recast the dynamics in (1.13) under the following (localized) mild
form:

u(t) = —ax(1) / ds x(5)e =2 B(s,.) — oa (DX (1) / ds e~ 95 ()u(s, )
(1.14)
Lo (X () / ds x(5)A(8)e~ (s, ) +ax (£)x (1) / ds x()e~ =8 ().

The mild formulation (1.14) clearly emphasizes the role of the so-called stochastic convo-
lution in the dynamics, and accordingly let us set (at least formally, since B is only defined
as a distribution)

(1.15) At x) = —ux(t) /Ot dsx(s) (€ZSAB(S)) (z), teR, z€T,
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or otherwise stated

t
ft0) =03 [x) [ dsx(oe [ aye syt ver e
0 T
2

keZ

1
where we use the notation / dzx p(x) = o / dz ¢(x).
T Jo

T
Introduce the (local) time integration operator, that is

(1.16) T u(t) == —ux(t) /Ot dsx(s)v(s),

as well as the auxiliary process

(1.17) a(t) == e ult).

Then (1.14) is equivalent to

(1.18) a(t) =2(t) + X+ ()L M (1, 0)(t) — xr (6) Ty (A~ ) (8) — X+ () Iy (0) (), tER,
where the bilinear operator M is defined by

(1.19) M(v,w)(t) := e ((e 7 Ru(t)) (e~ Aw(t))),

and the product A - @ is basically understood as (A - @) (¢, x) := A(t)u(t, x).

Our next transformation of the model is often referred to as the Da Prato-Debussche trick
in the SPDE literature (in reference to the techniques used in [22]), but similar ideas can
also be found in Bourgain’s work [9] about a Schrédinger model. Namely, we introduce the
remainder process z defined by

Ht) = a(t) - 2(t), tER,
and thus recast equation (1.18) into the remainder equation
E=xr TMEFL240) = xr LA (249) = xr - Iy (),
or otherwise stated
= e LM 2) + X+ [TMED) + TM2)]

(1.20)
— X Ty(A-2) - [TMED) — T (A-9) = Ty (o) ]

At this stage, and based on the latter expansion, let us clarify the general objectives raised
in Section 1.1 through the following two-step procedure:

Step 1. Identify situations where the fractional noise is so rough, i.e. the indexes Hy, H
in (1.2) are small enough, that the central process ¢ - and accordingly the solution w itself -
cannot be treated as a function on R4 x T (for fixed w € §2), making impossible the interpre-
tation of the square term |u|? in (1.14) as a standard product of functions.

Step 2. In some of the situations identified in Step 1, try to find out suitable expressions
for A and o, depending only on B - or equivalently on ¢ -, so that (1.20) admits a non-trivial
interpretation and allows us to set up a fixed point argument in a space of functions.

The treatment of Step 1 will actually reduce to relatively standard moments estimates on ¢
(see the subsequent Proposition 2.3 and its proof). Therefore, as the reader might expect it,
the bulk of our work will consist in the analysis of Step 2.
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In brief, our first idea to achieve Step 2 will be to concentrate the renormalization proce-
dure on the last expression into brackets in (1.20), that is the explicit (but a priori ill-defined)
term

(1.21) I M(0,9) — I (A-2) — Iy (o),

which ultimately offers the guarantee of an explicit rescaling method (see item (7i7) of The-
orem 1.1). The result of this procedure is summed up in the statement of Proposition 2.3
below, and it gives birth to a well-defined renormalization Y of Z,M(S,9). In turn, we can
inject this new object into (1.20) and derive the final formulation of our problem, namely the
renormalized equation

(122) z=xr I M(z,2) + xr- IXM(Z,?)+IXM(?,Z)] —XT~IX(A-z)+XTﬂf@.

The above general rescaling strategy (i.e., the fact that we focus on Z, M(%,?) only) does
not significantly deviate from the one used in [52], [39] or [63] within similar “Da Prato-
Debussche-trick” procedures - except for the shape of our Bourgain-Wick transformation
in (2.8). What actually makes the subsequent analysis very different from those in [52, 39,
63], and what will be the source of our main efforts, is the interpretation and the control of
the - non-renormalized - product terms Z, M(z,%), Z, M(¥, z) in (1.22).

Indeed, in contrast with the heat or the wave situation, one must here cope again with
the fundamental difficulties related to the weak regularization properties of the Schrodinger
operator: since ¢ is only a negative-order distribution, we cannot rely on any known (deter-
ministic) effect of Z, M to bring the product term Z, M(z,7) back into a space of functions
(as regular as z may be).

In order to overcome this problem, we essentially have no choice but to consider the prod-
uct operations

,C;f(’Jr tz—IT,M(2,9) and L;fc’* cz2—= T M(3,2)
as random operators, with stochastically-controlled operator norms. At a heuristic level, our

aim will thus be to highlight random quantities Q;f(’i whose moments can be explicitly esti-

mated, and so that for every function z,
52| < Q5 Il

where ||.|| stands for a functional norm to be suitably chosen. These investigations will be the
topic of Section 6, the main result of which is reported in Proposition 2.4 below.

Fourier analysis will play a prominent role in our study, and for this reason we introduce
the following convention for spatial Fourier transform.

NOTATION 1.6. For every function ¢ : T — R and every k € Z, we will denote

1 2
cpk::/qrda:elkxgo(a:) /0 dre " p(x).

T o

Using this convention, let us emphasize the expression of the bilinear operator M in
Fourier modes (we refer to the appendix for the proof).

LEMMA 1.7.  For any v,w € §'(T), we have that for all k € Z,
(1.23) Mv,w)i(t) =Y ™k Wy,
k1€Z
with QkJﬁ = |]€ + ]{31|2 — ‘kl‘Q — |k"2 = 2kk;.
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2. Main results. We are now in a position to elaborate on our main results about the
model (1.1), in a specific rough regime induced by the space-time fractional noise.

The consideration of such a noise - famous for its past-dependence properties (see e.g.
[60, 61]) - has become a standard topic in the SDE setting. It has also given birth to a quite
extensive literature in the heat or the wave settings (see e.g. [56, 38, 1, 39]). It should be
noted, on the other hand, that this line of investigations still remains relatively unexplored for
Schrodinger equations (see e.g. [41]).

2.1. Fractional noise on R x T. The space-time fractional noise is classically defined
on R?, using the covariance formula (1.2). We will here handle its natural counterpart on
R x T, defined through a basic periodization procedure in space.

In order to motivate this definition, let us briefly go back to the classical white noise case
and consider a white noise W on the whole Euclidean space R?, that is a centered Gaussian
noise with covariance (formally) given for (t,z), (¢, 2') € R? by

E [W(tv .I‘)W(t/, x,)] = 5{t:t/}5{z:a}/}a
where 0 stands for the Dirac mass distribution. Then by setting, for every (¢,z) € R x T,

Wit.o) = 3 ([ are i e,

kEZ

one can check that for all test-functions ¢, on R x T,
E[(W, ) (W, )]

= Z / dtdt’/ dmdx’np(t,x)w(t’,x’)elkxeZk/x// dydy’eilkyelk/y/E[W(t,y)W(t’,y’)]
R? T2 T2

k€7
</Td:c61kx<p(t,:c)> </de'1/1(t,x’)e’kz,> :/RXT dtdx o(t,x)Y(t, x),

- [ay
R kez
which corresponds precisely to the covariance of a space-time white-noise on R x T.

Keeping this general injection procedure in mind, we define, for all indexes Hy, H; €
(0,1) and all (¢,z) e R x T,

2.1 B(t,x) = Z (/Tdy e’kyB(t,y)>em,

keZ

where, in the right-hand side, Bisa space-time fractional noise on R? with indexes H, 0, H1,
as defined through the covariance formula (1.2).
In the sequel, we will make no distinction between B and its space-periodization B.

REMARK 2.1. From a stochastic point of view, the above-introduced fractional noise
is fundamentally different from the spatial regularization of white noise used for instance in
[44, 69], and whose independence properties are essentially the same as those of W. This gap
can easily be observed through the behavior of the corresponding (rescaled) linear solution,
as developed in Remark 4.1 below.
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2.2. Approximation of the noise. For a rigorous treatment of B in (2.1), as well as a
suitable interpretation of the related processes ¢, Z, M(z,7), Z, M(%, z) and (Y) in (1.22),
we propose to follow an approximation procedure. In other words, we intend to define these
objects as the limits of the corresponding processes above a smooth approximation B
of B.

Owing to its convenience in the context of Fourier analysis, we will here consider the
so-called harmonizable approximation of B. To be more specific, we first introduce the ap-
proximation B("™ of a fractional sheet B given for all n > 1 and (t,x) € R? by the formula

—1e™ -1~
(2.2) B t x):=cqg / / d€,dn
jel<een Jipl<2n \f\HC’** |+ e

for some constant cg > 0, and where W is the Fourier transform of a Brownian field W
on R? (defined on some complete filtered probability space (£2, F,P)).

Due to the restricted integration domain in (2.2), it is readily checked that for every fixed
n>1, (t,z) — B™(t,z) is a smooth real-valued process on R2. Besides, it is a well-known
fact that for an appropriate choice of cy (that we fix from now on), the sequence (B("))n21
converges to B in the space C(K) of a continuous function on K, for any compact subset
K C R?, where B is a space-time fractional sheet of index H = (Ho, H1).

Then we set

. 82B(") é‘eztﬁ n TN
@3 B(La)i= L (ta) = —cn / / T (dé, ).
ot el Jygl<an (€[t |yt

Since B (") 5 B, we can immediately guarantee the almost sure distributional convergence
of B(™ to a space-time fractional noise B of index H = (Hy, H ), as desired.

2.3. Stochastic tree-elements. With the smooth approximation (B(™),,>; in hand, we
define the approximated version of the process ¢ at the core of (2.21) (and formally given
by (1.15)) as

t
2.4) #0)(6)i= (0 [ dsx()e s BOs),
0

or otherwise stated
t
x)= —ZZ [X(t)/ dsx(s)e"Ik” / dye "™ B (s y)|e**, tcR, zeT.
ke 0 T

Our wellposedness criterion for ¢ will then be based on the following convergence results,
the proof of which will be examined in the subsequent Section 4.2 (see Notation 2.3 below
for the definition of the Sobolev spaces H~*(T) and W~*P(T), a € R, 1 < p < o0).

PROPOSITION 2.2.  Assume that Ho, Hy € (0,1) satisfy 3 < 2Ho + Hy < 2.

Then the following assertions hold true.
(i) For every a > 2 — (2Hy + H1), the sequence (3),>1 converges a.s. to some limit 9
in C(R;W=*P(T)) forall 1 < p < cc.

(13) Forevery a < 2—(2Hy+ H1) and every T > 0, one has E[H?(”) 2 — 00

”L?([O,T];H—mr))]
as 1 — OQ.
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The above statement allows us to conclude that when 2H + H; < 2, the process T - which
governs the regularity of the equation - can only be defined as a distribution of negative order.
The treatment of such situations is precisely the main objective of this paper, and accordingly,
Jfrom now on, we will only focus on cases for which 2Hy + Hy < 2.

REMARK 2.3. It could be proved that when 2Hy + H; > 2, the process { becomes a well-
defined function (almost surely), and in this case we could rely on the classical Strichartz
estimates to ensure straightforward wellposedness of (1.1) (see e.g. [17] or [41, Section 3]
for treatments of such situations).

Note that in the specific case where 2Hy + H; = 2, the conclusions of our study (from
Proposition 2.3 to Theorem 2.6) would essentially remain the same. However, taking this
situation into account would require a number of technical adjustments in the (numerous)
estimates of the paper, and so we have preferred to avoid such complications.

As a fundamental consequence of the fact that ¢ cannot be regarded as a function, the
interpretation of the “square” element Z, M(%,9) in (1.20) is not clear at first sight. In fact,
such an interpretation can only be obtained through a renormalization procedure.

In this stochastic Schrodinger setting, we are naturally led to the following renormalization
of Z, M(%,?), defined at level of the approximation IXM(?(") ,2(™) along two steps.

We will first lean on the correction term —7. (A(”) . ?(”)) in (1.20) and therein choose

(2.5) AP () = / 2 (¢ / 2 (t, x)

so that
@6  TMEM, 1) T (AM ¢ = T, (M), 27) - / 7m) :“(”

The whole point of this transformation lies in the simplification that takes place at the Fourier
level: namely, using the expression (1.23) of M, we obtain that

M, g) ¢ /T ?W] (1) = ME™, 8 (t) - 17 (£)25" (1)
k

2.7) = 37 @™ 8 (),

k17#0
and so the only resonant term in the product, i.e. the one for which €2, ;, = 0, occurs at k = 0.

Secondly, following a standard scheme in any L?-setting, we proceed with an additional

Wick renormalization of the element :\{O(n) in (2.6). Namely, we consider the sequence of
processes defined for all n > 1 by

(2.8) YO, 2) =" (¢, ) —E[ /T dy:‘{:(n)(t,y)] .

Using the extra correction term —Z, (U) in (1.21), the Wick reduction (2.8) can in fact be
derived from the specific choice

@9 =8| [ay(ME )0 -0 [€70) )

Thanks to the Fourier expression (2.7), the latter quantity can also conveniently written as

(2.10) a(”>(t):EKM(?(”),?("))(t) —o(t) /T ?(")(t)) } :ZEU?,E")@)F]
0

k0
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. (n) .
Let us now examine the convergence of the sequence ((Y) )n>1 in a scale of Sobolev
spaces suited to our problem.

NOTATION 2.4. Recall Notation 1.2 for the Fourier transform in space. For s € R and
1 < p < 0, we define the Sobolev space W*P(T) by
WHP(T) = {ue S'(T): (1-A)*ue LP(T)},

endowed with the natural norm. In the particular case p =2 we set H*(T) = W%2(T) and
we have

ol my = S (k)i
kEZ

The natural framework for the study of (1.1) is given by the Bourgain spaces X5 =
X57b(R x T) which are defined by completion of the set of test-functions on R x T with
respect to the norm

@11 JulFye = 30 02 [ ar (= KPP ) ]

k

where F refers to the Fourier transform in time, and where we have used Notation 1.2.

Equivalently, through the change of variable w = e "2z, we will work in the space Z*"
defined by
(2.12) 20Ze0 = lle™ 25 = Z(k>25/Rd/\ NP F ) (VP

kEZ

For a pedagogical introduction to the Bourgain spaces, we refer to [49] or to [43].

PROPOSITION 2.5. Assume that% < Hy<1 and% < Hi < 1 satisfy % <2Hog+H; <2,

and set H . =2Hy+ Hy — 1€ (%, 1). Consider the sequence of processes defined for every
n>1by

2.13) Y = L ME 8) T (AW 5 T, (o)
with A™ and o™ given by (2.5) and (2.10), respectively.
Then the following assertions hold true.

() For every pair (s,b) satisfying the conditions

1 1 . 3 s
(2.14) 0<s<§—5 and §<b<b5, bs::mln(ﬂ—s,z—iﬂﬂ—l),

the sequence ((Y)(n))nzl converges a.s. in Z*°. We denote its limit by (Y)
(1) For every t > 0, the sequence (0™ (t)),>1 is asymptotically equivalent to

O_(n) (t) n—oo cut 22n(17ﬂ)7
for some constant cg > 0.

The proof of item (i) will be the topic of Section 5, while we have postponed the proof of
item (4¢) to the appendix section A.3.

In light of these two properties, we thus have the following picture:
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(1) When restricting the roughness domain of the noise B to the case % <2Hy+ H; <2
(to be compared with the condition % < 2Hy + Hi < 2 in Proposition 2.3), we can indeed
construct a renormalized version of the product term Z, M(¥,?) in a space Z i adapted to
our purpose.

(#7) The constant (i.e., non-random) sequence (a(”))n>1 at the core of this rescaling method
explodes as n — oo, which provides an additional evidence of how necessary the renormal-
ization step.

REMARK 2.6. As we shall see in Section 5, the proof of Proposition 2.3 relies on the
control of sophisticated fractional expressions arising from the covariance of (") and at this
stage we are not in a position to guarantee the optimality of the condition 2Hy + H; > g
appearing in the statement.

In fact, we believe that this condition could be improved at the cost of a more demanding
renormalization procedure: a result in this direction can be found in [40, Proposition 2.2], in
the particular case H; = %

Before we turn to the treatment of the product terms Z, M(z,9),Z, M(%, z) in (1.22),
let us further investigate the properties of the sequence (A (t)),>; defined by (2.5), and
prove that this sequence actually converges to some process A in a space of (regular enough)
functions. To this end, we recall that according to (2.3), the approximation B™ can be repre-
sented as B™ := 9,0, B, where B(™) - given by (2.2) - converges to a fractional sheet B
on R2,

PROPOSITION 2.7.  For all % <~y < HyandT >0, one has almost surely
(2.15) A A in HY(R),
where A : Q) x R — C is the process given by

7

(2.16) A(t) == 3. X

) [X(t)B(t,%r)— /0 dsy'(s)B(s,27) .

PROOF. Based on the expression (2.2), it is readily checked that B("™ (0, z) = B("™(t,0) =
,B™M (t,0) =0 a.s., and so, for every t € R,

A(")(t):/T?(")(t,x)dxzzx(t)/o dsx(s)/qrdyax&gB(")(s,y)

]

— () /0 ds ()0, (5, 27)

7

= -x(®) [X(t)B(”)(t,%r)— /0 dsx'(s)B™ (s,2m)].

Now, it is a well-known fact B(™) (., 27) — B(., 2) in the classical Holder space C7 ([T, T)
(for every T" > 0), which, by using the standard Sobolev spaces identifications (see e.g. [71,

Section 1.2]), immediately entails the desired convergence A(™ — A in HY(R).
O
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REMARK 2.8. The results of Proposition 2.3 (item (47)) and Proposition 2.3 point out the
fundamental difference between the roles of o™ and A" in the renormalization procedure.

Going back to the definition of %{O(n) in (2.13) and given the convergence result in (2.15),
it becomes indeed clear that the sequence (U(n))nzl is really the one responsible for the final

(n N .
convergence of ((Y) ))nzl, at least as a general distribution. On the other hand, subtracting
Zy (A(") . ?(”)) allows us to guarantee that the latter convergence actually takes place in Z5°
(with s >0 and b > %), a property of paramount importance in our nonlinear setting.

REMARK 2.9. Itis interesting to note that for every fixed ¢ > 0, the limit A in (2.16) only
depends on the behavior of the noise on the boundary, that is in 2.

2.4. Stochastic product as a random operator. Let us now turn to the interpretation and
control of the two product terms

(2.17) LY (2) =T M(2,9) and LY (2) =T M(,2),
involved in the remainder equation (1.22) and in equation (2.21) below.

As reported in Section 1.2, the negative Sobolev regularity of ¢ (see Proposition 2.3),
combined with the lack of (deterministic) regularization effect of the Schrodinger operator,
rules out the possibility of a direct pathwise interpretation, and invites us to consider these
two objects as random operators acting on z.

Just as above, our strategy to implement this idea will be based on an approximation proce-
dure. For the sake of consistency, we shall again rely on the smooth approximation B of B

introduced in (2.3), as well as on the associated smooth process ?(") defined through (2.4).
Thus, for every fixed n > 1, we introduce the approximated operators £+ and £~
along the formulas

(2.18)

(m) (n)
LOF ()= L8 (2) = TM(2,8M), £ (2) = £87 7 (2) = ZME™, 2),
which, in this smoothened situation, are easy to interpret for any function z € L?(R, x T).

Our objective in this setting will thus be to prove the convergence of (,C(”)’Jr)nzl and
(£(”)7_)n21 as sequences of random operators acting on a specific space Z*® (as defined in
Notation 2.3). For a clear and efficient statement of this property, we need to introduce the
following additional notation.

NOTATION 2.10.  For all s,b >0 and p1 € [0,1], we denote by £,,(Z°°, Z*) the space
of linear operators L from Z*° to Z5° such that

1
(2.19) HEHSM(ZW,ZS"’) = oigglzezsﬂl?#oWHXT L(2)]] 5 < 0.

We denote by EM(Z“”’I’7 Zs7b) the space of antilinear operators from Z>° to Z*® satisfying the
same condition.

Our main result regarding the product elements in (2.17)-(2.18) now reads as follows.

PROPOSITION 2.11. Let & < Hy < 1and 0 < Hy <1 satisfy 3 < 2Ho + Hy <2, and
set H:=2Hy+ Hy—1¢€ (%, 1). Fix s > 0 such that

1
(2.20) 1—ﬂ<s<§.
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Then there exists b% € (1,1) such that for every b € (%, b}

E(n)7 n>1 Conve’ges almost Sl/”elv ln S[ Z ’ 7Z ), Iesp. S!L Z ’ 7Z ), Jor some ﬂ E

|, the sequence (L™)F),>1, resp.

We denote the limit by C;ngr, resp. C;ff.

This result, which will be proved in Section 6 below, is thus another step toward the com-
plete interpretation and control of the remainder equation (1.22) (or (2.21) below): on top

of Y, we are endowed with two natural extensions £;f<’+(z) and L’;f(’_(z) of the elements
in (2.18) such that for all z € Z*" and 7 € (0, 1],

+
e - £
for some s € (0,%), b€ (3,1) and p € (0,1).

ze0 ST e

REMARK 2.12. Similar constructions of random operators can be found in the disper-
sive literature: see e.g. [69, Lemma 3.5] for a cubic wave model with additive noise, or [59,
Proposition 3.2] for a quadratic Schrodinger equation with rough random initial condition.
This procedure is also one of the ingredients toward the recent breakthrough results by Deng,
Nahmod and Yue about random Hamiltonian NLS (see e.g. the involvement of the operator
norm H.CCH)(I,M(,C_W) in the statement of [36, Proposition 5.11).

We are not aware of any previous similar construction for a Schrodinger model with ad-
ditive noise. Note also that the above references [36, 59, 69] all involve white noises, and so
the technical random-tensor estimates therein established (see e.g. [69, Lemma C.3]) do not
apply to our fractional setting.

2.5. Wellposedness of the (renormalized) remainder equation. Recall that we are inter-
ested in the (renormalized) remainder equation

221) z=xr I, M(z,2)+ [Xr . £<)f<’+(z) + Xxr - Ei_(z)} —xr (A 2) + xr %Y,
witht € R, x € T, where £;f<’i (z) is interpreted through Proposition 2.4 and ‘Hf’ is interpreted

through Proposition 2.3.

Thanks to the (almost sure) estimates contained in these propositions, we essentially have
all the tools in hand to set up a fully deterministic fixed-point argument for (2.21). The only
additional ingredient we need is a suitable control on Z, M(z, z) and Z, (A - z) in Z*®, which
will be established in Section 3.3 using deterministic estimates only.

For more clarity in the subsequent statement and its proof, let us denote

(222) HAyﬁi,+v5377?“7,(@5),,&

= A gy + 12 g, 0 oy + 1% ety + 1l

for v, b, s, u to be specified later on.

THEOREM 2.13. Let % < Hy <1 and % < Hy < 1 satisfy % < 2Hy + Hy < 2, and set
H:=2Hy+ Hy — 1€ (3,1). Fix s > 0 such that
1

1—ﬂ<3<ﬂ—§
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and with the notation of Proposition 2.3 and Proposition 2.4, set b:=bgs N\ bf > % Also, fix
= s p € (0,1) such that the result of Proposition 2.4 applies almost surely, that is

LOF o fb i g, (20, 2% and L0 = LY in8,(2°0, 2°0).
Then the following assertions hold true.

(1) Almost surely, there exists a time Too > 0 such that for every T € (0,7, the equa-
tion (2.21) admits a unique solution 27 e Z5b,

(i1) Almost surely, there exists a sequence (1), >1 of positive times such that:
(ii-a) 7" — Tog as n— 00;

(i-b) for all n > 1 and 7 € (0,7™), the equation
2Em) T M) S o ()

n),— n n Tn (n)
_|_X7_.£§< ); (z( ) ))_XT'IX(A( ). (7 ))_|_X7_. Y
admits a unique solution z(™") € 7,

(13i) There exists a time To < min (infnzl 7™, TOO) such that 7o > 0 almost surely and for

T’"))nzl converges a.s. to z2\7) in Z5.

every T € (0,70), the sequence ('

REMARK 2.14. Although we have insisted on the dependence on 7 through the nota-
tion (™), it should be noted that the following consistency property holds true (as a conse-
quence of the uniqueness of the solution): if 0 < 71 < 79 < T4, then 2(1) = (™) on the time
interval [—71,71].

PROOF OF THEOREM 2.5. (4)-(ii). Forall0 < 7 <1 and z € Z*?, set

FT(Z) =Xr 'IXM(Z7Z) +Xr- Ei’Jr(Z) + Xr- ﬁ;f(z) — Xr 'Ix(A : 2) + Xr (Y)

By gathering the results of Proposition 2.3, Proposition 2.4, Proposition 3.3 and Proposi-
tion 3.3, we can guarantee that (a.s.) I'; is a well-defined map from Z s to Z5P. Besides,
there exist constants v > 0 and C' > 0 such that for all z, z(1)_ 2(2) € Z5b,

(2.23) L] 0 < C{ Mol + 7" No 2] 700 + No |
and
107 (zD) =T (z@)]| o
@24y <C{ (12Ol gus + 1) 120 = 2P o + 7 Nol| 20 = 2P 700 |

where we have used the shorthand notation Ny := HA, E;ffr, E;f(’_ﬁﬂ‘%(bﬁm.

In a similar way, by setting for every n > 1

n n n),— n (n)
T (2) 1= xr - TM(2,2) + X7 - L8 () 4 xr - L0707 (2) = xr - T (A - 2) 4 x0- Y

we get that for the same constants v, C' > 0 as above,

(2.25) T )| 5.0 < O{T”||z||225,b + 7N |2l gow + Né")}
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and

T8 (z0) =T ()] .,

(226) < C{TV(HZ(DHZSJ’ + HZ(Q)HZS’b) Hz(l) — Z(Q)HZs’b + TVNén) Hz(l) _ z(2)|

Z/s:b } 5
where we have naturally set this time Né") = HA(") , £§<n)’+, E&”)’f,qf(n) H7 (bos) t°

Using (2.23)-(2.24)-(2.25)-(2.26) and the fact that Nén) — No, both assertions (i) and (7)
can be derived from elementary deterministic fixed-point and control arguments (see e.g. the
proof of [39, Theorem 1.6] for details in a similar situation). Besides, it holds that

Ko = sup sup (||Z(T’")|

Zo0 V ”Z(T)”Zs,b) < oo almost surely.
7€(0,min(inf, >1 70 7o, ) n2>1

(7i7) Thanks to the results of Proposition 2.3, Proposition 2.3 and Proposition 2.4, we know
that a.s.

M o= [A®) — A, £+ — 2+ e gl Yl ey =0 asm— 00,

For every 0 < 7 < min (infnzl T(n),Too), both solutions z(™™ and 2(7) are well defined
in Z*", and we can thus examine the equation satisfied z("") — () In fact, using again the
estimates of Proposition 2.3, Proposition 2.4, Proposition 3.3 and Proposition 3.3, it is easy
to check the existence of constants C, 4 > 0 such that for all 0 < 7 < min (infnzl 7(n) , Too)
andn > 1,

Hz(m) _ z(T)‘

VAR

<O (1 e + 12O o) 127 = 2O g 4+ 7 ME 20
F 7 No| 2 — 2 0 4+ SV}
<7 (2Ko+ No) 27 — 20| 1o+ 77 Ko MEW + MV }.

It now becomes clear that we can find 7, € (0, min (infnz 1 T(”), Too)] small enough so that
foral0<7<7,andn >1,

670 = 2.0 L.

Since Mén) — 0 a.s., the conclusion immediately follows.
O

2.6. Convergence of the (renormalized) strong solutions. To end up with this study, we
propose to turn the wellposedness properties of Theorem 2.5 into an approximation result for
the original equation (1.1), and thus provide a final statement following the pattern of those
in (1.8), (1.9) or (1.10).

THEOREM 2.15.  Assume that 3 < Hy <1 and + < Hy <1 satisfy T <2H, + Hy <2.
Then the statement of Theorem 1.1 holds true with A , o) given by (2.5) and (2.9), i.e.
(2.27)

A (3 1= /T 8 (2 de and o™ (t,2) ::E{e_lm (M(?("),?("))(t)—?(”)(t) /T ‘f(”)(t))(a:)].
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In other words, there exists a (random) time Ty > 0 such that the sequence (u(”))nzl of
classical solutions to the renormalized equation

(2.28) 10y — A)u™ = [W - A(”)} u™ — M 4 B

is well defined and converges a.s. in C([—To, To); H*(T)), for every a > 2 — (2Hy + Hy).
Moreover, denoting the limit by u, it holds that

(2.29) u—e 2% € C([~To, To); H(T)),

forevery0 < s<2Hyg+ Hy — %

Observe that the fundamental decomposition of the solution u in (2.29) is an immediate
consequence of the Da Prato-Debussche-trick used in the study.

PROOF OF THEOREM 2.6. Using the setting and notation of Theorem 2.5(ii), we fix
7 := 7o € (0,1] and consider the sequence (z2("™),,>; of solutions in Z*? to the equation

Z(T,n) = xr 'IXM(Z(T’n), Z(T,n)) T xr - Eg{n)ﬂr(z(ﬁn)) +xr - c(n):*(z(’r,n))
T (A M) 4 P

Let us now quickly trace back the steps that led us (in Section 1.2) to this remainder equation.

First, combining (2.6), (2.8) and (2.18), we can rephrase (2.30) as

(2.30)

A = X TMETM M) e TME S xe T ME, 2,
=X (A 20 e [T (ME,8), = T (A 5) = T (o)
or in other words
A7 = M) 490 ) gy
= LA (7 +97) = xr - T (W0 "),

Then, setting

U;;’n)(t)' z\k:\ t[ (T, ( )+?k ( )]7
we get that for every ¢ € R,
e~ Pt () — 2 (1)

t
— 2 y — )
:xT(t)-x(t)/O dsx(s) 3 ey emtslhthly (1) (o) c—tslhn 2 (77 ()
ki1€Z

Cld) [/ ds y(s)e— K2 A (5 /dsX Jetalh? () )}

t 2 T,n T,n
=xr ()X [ asx(e)e Y W7 e )

k1€Z

t 2 Tn t _ 2 (n
xf(t)~x(t)[ /0 ds x(s)eIH” AP ()07 (5) + /0 ds x(s)e =M a;%)}
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that is, with expression (2.4) of 2" in mind,

t 2 . (n t - 2
w70 =x(0) [ dsx()e B @) 4 xr ) x(0) [ dsx(a)e I (ulm (o)),

t 2 n
_Xr(t)'X(t)[/ dsx(s)ez(t_s)lm A(")(s)ué’ )(s)—i—/

t
ds x(s)e't=9) k2 JI(C”) (s)} .
0 0

In particular, for every t € [—7, 7], it holds that

t
w0 = [ st I )

t
+ / ds IR (07 (5)2), = A ()™ () = o[ (s)],
0

which is nothing but the mild formulation of (2.28) on [—7,7]. By uniqueness of the
(mild) solution for the regularized problem, we can thus assert that for every ¢ € [—7,7],
u™™(t,.) = ul™(t,.), or otherwise stated: for all ¢ € [—7,7] and k € 7Z,

w0 =P + 57 0],

namely

(2.31) u™ (1) = e A M (1) 90 (1)].

We know from Proposition 2.3 that for o > 2 — 2Hy — H, the sequence e~ =29 con-
verges (almost surely) to e~“2¢ in C([—7,7); H %(T)). Besides, by Theorem 2.5(iii),

|2 — 2| ., =370, thus by (2.12)

HefztA (Z(T,n) - Z(T)) n—Q0 0

-

Now use that X** C C([—7,7]; H¥(T)) C C([-7,7]; H~*(T)), for b > 1/2, then
from (2.31), we deduce the (almost sure) convergence of u(™ in C([—T, T H *a(’]I')), as
well as the decomposition (2.29) of u. ]

We have thus reached our objective: in contrast with the rescaled models (1.5) and (1.6),
the renormalizing sequences (A(™),>1, (¢(™),>1 in (2.27) are explicit, i.e. they are explic-
itly defined in terms of the approximated noise B(™, which, as far as is new for a stochastic
NLS equation.

Let us now complement the above results with a series of remarks.

REMARK 2.16. In the present study, we have preferred to highlight the impact of an
additive noise and thus chosen to work with a zero initial condition in (1.1). However, the
consideration of a regular enough initial condition f on T (for instance, f € H*(T), with
5> 0 as in Theorem 2.5) could be easily included into our analysis.

REMARK 2.17.  As explained in Section 2.3, the choice of the sequences (A(™),,, (¢(™),,
in (2.27) follows from our renormalization of IXM(?("),?(")), that is from our definition of

¥ in (2.6)-2.9).

REMARK 2.18. Based on the proofs of Theorems 2.5 and 2.6, it should be clear to the
reader that the limit-solution v only depends on the noise approximation through the 4-uplet
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(A, ,C;ff, E;f(’_ , O‘{O) In other words, any alternative approximation é(”) of B such that (with
obvious notation)

3 o) o _ ap(n)\ n—oo -
7+ K 7+ k)
(A0, 28" BT ) 2 (4, 2h e )
for the topology in (2.22), would ultimately lead to the same limit-solution w.

REMARK 2.19. Instead of the Fourier-type approximation B in (2.3), we could
5(n)

have chosen any mollifying approximation B," := py ¢ B of B, where pn(s,x) =
237 p(2%"s,2"x) for some test-function p : R* — R, such that [, p(s, ) dsdx = 1. In this

case, it can be shown that the associated 4-uplet (A,ﬁi’ﬂ[ﬁi’_,%ﬁ), and accordingly the
limit-solution u itself, do not depend on the choice of the mollifying function p.

REMARK 2.20. It turns out that if one replaces the nonlinearity |u|? in (1.1) with ei-
ther u? or @2, then the (local) treatment of the equation becomes essentially trivial, as a
consequence of the following classical bilinear estimates established Kenig, Ponce and Vega
in [57]: for all s > —% there exists b > % such that

Xr / dre= =14 (uv)
0

with a similar control for %o (recall that X refers to the Bourgain space introduced
in (2.11)). Denoting by ¥ the solution of the linear problem (:0; — A)¥ = B with ¥(0) =0,
one can show with similar arguments to those of Proposition 2.3 that ¥ € X $3 a.s. for every
s>2Hy+H1—2> —% (provided 2Hy+ H; > %), and therefore the corresponding equation

(2.32)

| Slllgeslol
X s:b

(2.33) (10 — Nu=u’>+B, ug=0, teR, zeT,

is guaranteed to be (locally) wellposed in the Bourgain scale.

Let us now emphasize that for the nonlinearity |u|?, the bilinear estimate (2.32) is only
known to be true for s > 0 (see Proposition 3.3), with counterexamples at negative regularity
(see [57, Theorem 1.10(7i7)] or [58]). In the fractional situation, the restriction thus corre-
sponds to the case where 2Hy + H; > 2, and so the estimate does not cover the rough regime
% < 2Hy + H; <2 under consideration in the present study.

REMARK 2.21. It should be noted that the case of a standard space-time white noise (i.e.,
Hy=H,= %) in (1.1) is essentially beyond the reach of any expansion method. Indeed, in
this case, and according to [40, Proposition 2.6], the construction of the fundamental second-
order tree Rfo turns out to be impossible.

At this point, it is not clear to us whether a higher-order expansion strategy (with construc-
tion of higher-order random operators) or the consideration of some random tensor ansatz
(along the terminology of [36]) could allow to cover the index domain % <2Hy+ H; < %,
which is not treated in our analysis (see [40] for further results in the fractional-in-time white-
in-space situation).

The rest of the paper is organized as follows. In Section 3, we introduce a few techni-
cal ingredients related to the model and useful for its analysis. Sections 3.3-4-6 are then
devoted to the interpretation and the control of the successive terms involved in the central
equation (2.21). To be more specific, we start with fully deterministic considerations about
the control of Z, (A - z) and Z, M(z,w) for z,w in Z** (Section 3.3), then continue with
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stochastic arguments towards the interpretation of (?,(Y)) (Section 4), and finally conclude
with a mixed deterministic/stochastic analysis of the product terms Z, M(z,?), Z, M(%, 2),
seen as random operators (Section 6). In the Appendix A we gather the proofs of some deter-
ministic results.

3. Preliminary estimates and fully-deterministic controls. We gather a few technical
properties that will play a central role in our analysis of the (renormalized) equation.

We recall that throughout the paper, the notation F stands for the Fourier transform in
time, whereas the notation z; refers to the convention introduced in Notation 1.2. Besides,
we have fixed (once and for all) a time cut-off function y : R — R, and the operator

Too(t) = =(t) [ dsx(o)o(s).

has been introduced in (1.16).
3.1. Basic controls on time integration and time localization.

LEMMA 3.1. ([36, Lemma 4.1]) For all function v : R — R smooth enough, one can
write

3.1 f@ﬁﬂ@ﬁiédhlngﬂF@xhy

for some kernel 1, satisfying

1

(3.2) ’Zd&Aﬁ!SZSCCfE?

We will also need the following elementary lemma related to time localization, i.e. multi-
plication with y- in (2.21) (see for instance [36, Lemma 4.2]).

LEMMA 3.2. For all % <b<lV <l seRandy:R x T — R such that y(0,.) =0, it
holds that

-9l e ST PNl o

3.2. Singular integrals. We first recall the following elementary estimate (see e.g. [44,
Lemma 4.2] or [50, Lemma 4.2]).

LEMMA 3.3. Let 8>~ > 0 be such that v + 8 > 1. Then it holds that

1 d\ 1
e (Z <k—§>v<k—<>ﬂ’/R <A—§>V<A—<>B> SEoe

kEZ

where « is explicitly given by
y+B-1 ifp<l1
a:=qv—¢ ifg=1,
¥ fp>1

forany 0 <e <.
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The second technical lemma in this direction is more specific to our fractional setting, and
is directly related to the covariance function of the linear solution to the problem (see the
definition of (D) A(H)) in Proposition 4.1 below).

LEMMA 3.4. Consider parameters u,v € [0,1).

(i) For all (a,b) € R? such that |a| < |b|, and for every 0 < & < 1, it holds that
g 1 1 _ 1 1

R[SV (€ —a) (E=b) ~ (@) (b—a)l ==

(19) Forallp > 1, |a| > 1 and 0 < € < v, one has
e Ty

R E (€ —a)P ™ () e

and one can choose € = 0 in the case p > 1.

(3.3)

34

(iii) For all (a,b) € R? such that |a| < |b|, and for every 0 < ¢ < 1, it holds that

eJae (a)"
G:3) / E—a)le —B) ~ (b a)ire’

(1v) For all p > 2 and |a| > 1, one has
kd
(3.6) /]R <|§|_ jp < (a)™.

For the sake of clarity, we have postponed the proof of this technical lemma to the appendix
section A.1.

3.3. Fully deterministic controls on the product. We conclude this preliminary section
with the statement of the bilinear estimate allowing to control the product terms Z, M(z, w)
and 7, (A . w), for all A € H7(R) (along the result of Proposition 2.3) and z,w in the scale
75 at the core of our procedure. Recall that the bilinear operator M is defined in (1.19).

PROPOSITION 3.5. For all % <b< g and s > 0, there exists pu > 0 such that for every
7€ (0,1],

(3.7) [xr - ZM(z,w) || oo S T2l 200 [|w]

VARR
PROOF. Inequality (3.7) is a rewriting of a classical estimate in Bourgain spaces. More
precisely, setting u = e "2z and v = e S w, then (3.7) is equivalent to

(3.8)

Xr / XTe_Z(‘_T)A (u@) dr
0 Xs

which we now prove. Let % <b< g, then for 1 > 0 small enough, by [49, Lemme 3.2],

‘ X+ / xre ARy
0

We can then combine the previous estimate with the Bourgain bilinear estimate

Sull o l|0] ens  for some p >0,

STE e

Xs,b

(3.9) el e S lullces ol xeo,

which implies (3.8). For the sake of completeness, we have added the proof of (3.9) in the
appendix (see Section A.06). O
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By applying Proposition 3.3 to the particular case where z = A € H"”(R) does not depend
on the space variable, we immediately get:

PROPOSITION 3.6. Let 1 <b <2 ~v>1 and s> 0. Then for all A € H(R) and
w € Z%Y it holds that

(3.10) X7 Ty (A - w)|

zo0 ST ) W]l 200

for some > 0, and where the product A - w is naturally understood as (A - w)(t,x) :=
A)w(t,z).

4. Study of the tree-elements I: first-order. We now turn to the investigations of the
explicit stochastic terms in (1.20), starting with the (rescaled) linear solution {.

4.1. Covariance estimates for the (rescaled) linear solution. Following (2.4), the pro-
cess $™ is explicitly defined by the formula

2 (6) = x(t) /0 dsx(s)em I B (5) = 7, (= B 1),

where B(™ is the smooth approximation of the noise B introduced in (2.3). It is readily
checked that the covariance of the latter approximation is given for every n > 1 by

“(n S(n d&dn —(t—t') ,—mn(z—a’
(4.1) E[B™(t,2)B >(t’,x’)]:c12q/D AT §(t=t) gmum(a—a’)

where D,, stands for the integration domain D,, := {(&,7) € R?: |¢] < 22" and |n| < 2"}.
Besides, observe that the difference B (nn+1) .— Bn+l) _ B(n) petween two successive ele-
ments can be represented along the same pattern, that is

. 1t ern
B (¢ z) = —CH/ ST N 5 e, dn).
Dyii\Dy, ’E‘HO+§ IW\H1+5
As aresult, it holds that
“4.2)
. . dédn (bt gt
E B(n’n+1)(t,.Z')B(n’n+1)(t/,ﬂj‘,) :CQ / e £ (t t)e wm(x x)
[ } H Dy \D, §|2HU—1W2H1—1

By setting additionally
(4.3) W) =) - 80 () = (e BT 1),

our main estimates about the covariance of ?(") can be stated as follows.

PROPOSITION 4.1.  Fix Hy, Hy € (0,1). Then for alln > 1, k,k' € Z and \, N € R, it
holds that

(n) NG ’ < L n(H) g iy pHY)
(4.4) EJFET) OFE) )| < o ov Lk ALY
where the proportional constant does not depend on n, and where we have set

d¢ 1 1
RSP = (B2 4+ 2) (€ = ([F[2+ X))

Fl(cj,ilz)’ (A N) =

A(H) — d?] 1 1 .
BRI (= E) (n— k)
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Besides, for all 0 < k < %min(Ho, Hy),n>1, k,k' € Z and \,\ € R, one has
4.5)

B E— 2—2nn
E{ nn+1) ( ) ?TLTL+1) ( ”S
| JOF(E) 0T

where the proportional constant does not depend on n.

Ho—k H, H,—k
T 00 AL + T o Al ™)

PROOF. We only focus on the proof of (4.5), keeping in mind that (4.4) could be proved
with similar arguments. Notice that the condition 0 < k < %min(Hg, H,) ensures that the
right hand side of (4.5) is finite.

Using (4.3) and the representation in Lemma 3.1, we can write

FEmm () = / A\ T (N A)F (e FPBI DY ()

(4.6) = / dA (A Ap) / dt et HE) /T dz e @ B (¢ 4.
We can now apply the above covariance formula (4.2) and deduce that
E[FE ) 0FEE) )]
= / AN1AN] Ty (A A1) I (N, N))
[t ORI O [ et ke VB[ BOm  0) B()]
T

2 / dédn
—“H _ —
Do\ Dy [EPFOT 2T

d)\ldxlIX()\aAl)m/dtdt/e_’t()‘lﬂk‘Q)elt/()‘ﬁ""k/‘2)/dwdm’e_mkeml'k,e_zﬁ(t_t/)e_m(x_x/)
T

—

d€dn -
_ 2
_CH/ \D |§‘2H0—1|17|2H1_1 /d)\ld)\l (A, )T ()\, /\,)

( / dtezt<xl+|k|2+s>> ( / dt/ezt’(k’ﬁlk’l“’%)) < / dxem<n+k>> ( / dx/em%m'))
T T
4.7

dgdn ) o
~e / K? —¢) =k 2 (/dwe W(W'Hf)) (/da:/e” (TH-IC)).
1 f, o, et OB QLW ARE O | [

Observe that
‘ / dx efm(nﬂc)’ S : ;
T (n+k)
which, going back to (4.7), easily yields
’ FETNFE) )] \
(4.8)

d¢dn 2 /2 k
g/ o\ — k]2 = O||Z, (N, —|K)? - dme%H)
Dni1\Dy [€]2Ho= 1 p 211 2 NI 3

dédn 2 / /12
< ToOh — k2 = O)||T, (V= K2 — ¢
/|g|>2n /neR |§|2H0*1|TI|2H1*1<77+k><77+k’>| X =k = O~ =)

/d.%'/ ' (n+k')
T




dédn ) ) L
cer Jip|>2n |€[2H0=1|n|2H1— 1<n+k:><77+k'>| O =k = O] (N, = [K* = &)

—2nk df 2 / 12 d77
<2 (/RKPWM“ B =kl = O (W, 1K ‘E)D( R|n2H1-1<n+k><n+k'>>

(4.9)

—onk dg§ 2 I 2 )( dn >
—— |7, (A k] — N, =K - :
+2 (/]R ‘§|2H0—1 |Ix( ) | | €)||IX( ’ | | §)| R ‘7’]|2(H1_H)_1<7’]+k‘><7’]+k,>

The bound (4.5) is now an immediate consequence of (3.2). ]

With similar arguments as in the previous proof, we easily derive the following estimate
for the non-conjugate covariance of g™

PROPOSITION 4.2.  Fix Hy, Hy € (0,1). Then for alln > 1, k,k’' € Z and \, N € R, it
holds that

(n) ()Y (\/ ‘ < L FH) T(H)
(4‘10) ‘E[‘F(?k )(/\)’F(?k’ )(A )} ~ <)\><)\/> kk’ ()‘ )‘ )Ak k'
where the proportional constant does not depend on n, and where we have set

1 1
TLw ) / €T (€~ (RE+ W) €~ (N — [Py’

1
A= / [n|2H =1 (n — k) (n+K)
Besides, for all 0 < k < 1 smin(Ho, Hy), n> 1, k,k' € Z and \, N € R, one has
4.11)
‘IE[ nn+1))( VF (2 nn+1))( ”5 9—2nk
(AN

where the proportional constant does not depend on n.

Ho—k H, H,—k
[E1- (0 AR 4 B 0, )RR ),

The (rescaled) linear solution (") turns out to be the central object of our analysis, and the
two estimates (4.4)-(4.10) for its covariance will be extensively used in the sequel.

REMARK 4.3. To emphasize the specificity of our fractional situation with respect to
previous white-noise models, consider the case of a (spatially regularized) white noise

W (tz) =Y (k)= pF e,
k

where the (3(%))’s stand for independent Brownian motions. In this case, the covariance of
the corresponding (rescaled) linear solution ¥ reduces to the expression

E[f(q/k)(A)f(\pk,)(X)} - (1{k:k,}<k>2a)/cu11 (N AL (Y, M),

which sharply contrasts with the subtle interactions observed in the right-hand side of (4.4)
and echoing the past-dependence properties of the fractional noise.
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4.2. Proof of Proposition 2.3.

(1) Using the result of Proposition 4.1, we get that for all a > 0 and
0 <k < 3 min(Ho, Hy, ©=2=CHot M}y

1 n,n
E[H?(n,nmHQLQ(R;H,Q(T))} :;W/Rd)\E[\}“(?]g’ H))(A)ﬂ

. 1 A d¢
s Z<k>2a[/m<A>2/I£IQ(HO”) |/~c|2 /\nl”’l‘1 k)?
dA 1
/ /|€|2H° ! Ik:I2 /!nPHl —%)=1 (n + k)2 ]

—2kn d)\ 1 dT] 1
2 §<k>2a[/ |§r2<Ho—n>—1/R<A>2<A—<|k12—f>>2 [lPH T (4 k)2

i3 ) 1
* ‘§|2H01/R<)‘> (A= Ikl2 !n\”’l ") <7I+k‘>]

% P T ></|772H1177+k>>
(/ g —er) ([ i)

Now we can apply the inequalities (3.4) and (3.6) to assert that for every € > 0 small enough,
k#0,and p € {2H0 - 1,2(H0 — I{) — 1}, Ve {2H1 - 1,2(H1 —K,) — 1}

d€ 21 2521 dn 1251,

[E1# (K[> =€) ™ [k[21—e " (n+k)> ™ |k[—=

2

then

E {H?(n’nﬂ) Hiz R-H—Q(T))}

1 1 1 1
—2
52 Hn<1+2|k’2a |:“€‘4H0 4k—2— a|k|2H1—1 € + ‘k|4H0—2 8‘k|2H1—2f{ 1— 5:|>
k0

It is readily checked that the sum into brackets is finite as soon as 2ac+ (4Hy — 4k —2 —¢) +
(2H; —1—¢) > 1,thatis @« > 2 —2Hy — H; + 2k + &, where € > 0 is chosen small enough.
As a result, we get the bound

E[H?(n’nﬂ)Hiz(R;H—a(T))] < 9 2,

Once endowed with this moment estimate, the almost sure convergence of (") in 1.2 (R; H™“ (T))
follows from an elementary Borel-Cantelli argument. Using the fact that the random vari-
ables under consideration are Gaussians, it is then possible to upgrade the convergence in
C(R; W~=*P(T)), for any 1 < p < co. We refer to [41, Paragraph 2.2] for the details of the
proof.

(i7) Going back to the definition of ™ in (2.4) and since x = 1 on [0, 1], we have

(n) 9 _9 TAL t _ \k\z (n) 2
EM? HLQ([O,T};H_O‘(']I‘))} ZZ<I€> a/o th|: /0 d8€ s Bk (S)‘ :|

k>1
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(4.12)
TAL
>Z 20‘/ dt//dsdse Ws—s") kI’ {'(")()'()(s’)}
E>1
TN
>Z 20‘/ dt/ / dsds' e "= |k|2/dx/dx ¢ h(e—a) {B(n)(S,x)B(n)(s/,x) .
k>1

We can now apply the covariance identity in (4.1), which yields
2
E {182 o130 ry

_ d€ dn
> 20 S
2D (k) / |€[2Ho—1 /|77|<2" 21

E>1 g <22n [

TA1
/ dt/ / dsds’ e —1(s—s' ‘k‘Q/dx/dx e—zk(z‘ z') —z{(s—s’)e—m(x—x’)

TA1
> ) QQU %/ @t /dse (k|2 — 5)‘ H _dn /dm—mm)
gl<ozn [§]2H07 L o 0 Inl<zn In[#72 |

k>1
/dse s(Ik]*— ’]

2 ¥ oW, e [
Iki2<[e|<3 k2 [€[*0T
e i
Lik|<lnl<3 k| PP
At this point, observe that for every k > 1,

1<k<on—1
TAL t 2
/ df/ dt‘/ dsezsakm)’
Lk2<[g|<2k2 §12o=1 g 0
TAl t 2
_k44H0/ d§ / dt’/ ds t5Ik2(1-8)
L<lel< |§‘2H° ! 0

TAL t , 2 1 YUN! t 2
Zk4‘4H0/ dg/ dt /dse”k 8 27 _2/ d§/ dt‘/ ds e'™*
0<¢<;y 0 0 kAo 0<¢<t 0 0

In the same way, for every k > 1,
2

/ dn /dwezx(kJrT])
Le<Inl<ik |21 Jp
_ k272H1 d77 dr efzxk(1+77)
- 1 s | ‘2H1—1

<< 1M T

2
1
ZkQ_m/ dn’/dﬂce‘”’“" R 13T _1/ dn)
o<p< T k2T Jocn<t

Going back to (4.13), we obtain

]

(4.13)
2

/ d o~ (k+)
T

1
~ JAH -2

2

2
> 1
~ L2H, -1

/dw e
T

Z 1 > 92n(2-2Hy—H —a)
k2a+4H0+2H1 -3 N ’

1<k<2n-1

E[H?(n)Hi?([O,T];H*a(T))} 2
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where we have used the fact that 2oc + 4Hy + 2H; — 3 < 1 to derive the last inequality. This
concludes the proof of Proposition 2.3.

5. Study of the tree-elements II: second-order. This section is devoted to the proof of
the assertion (7) in Proposition 2.3. In other words, we are here interested in the construction

of (Y), one of our main objectives in the study.

For more clarity, let us introduce the (twisted) product operator M defined for all v,w €
S'(T) and k € Z by

Mww)(t)= > e oru g 1wy
k1 EZ\{O}
. . . .. (n) .
With this notation, we can recast the definition (2.8) of Rfo into

Y (6) = 2 (ME™,5)() ~ E[ME 1)) ) (1)

n
For the sake of clarity, we will in fact divide the proof of the convergence of (%f)( ))nZI
into two successive propositions.

PROPOSITION 5.1.  Assume that% < Hy<1 and% < Hy < 1 satisfy % <2Hog+H; <2,
andset H:=2Hy+ H; —1¢€ (%, 1). Then for every pair (s,b) satisfying the conditions

1 1 . 3 s
G.D 0<S<ﬂ—§ and §<b<mm(ﬂ—s,1—§)7
the sequence of processes (%)~ defined in Fourier mode by
(5.2) ‘Ill({:n) (t) = IX (ﬂ(?(n)ﬁ(n))k(') _E [j\\/l/(?(n) 7 ?(n))k()] ) (t)

converges almost surely in Z*°.

PROPOSITION 5.2. Assume that% < Hy<1 and% < Hi < 1 satisfy % <2Hog+H; <2,
and set H.=2Hy+ Hi — 1€ (%, 1). Then for any (s,b) satisfying
1 1
(5.3) 0<s<5 and 5<b<min(2g—1,1—s),

the sequence of functions ( f (n))n21 defined in Fourier mode by
10 (8) =T (BIME 1)) - ELME,2)0()] ) (1)
converges in Z°°.

5.1. Proof of Proposition 5. Setting
g (ntl) . g ntl) _ g®)

9

the following moment estimate allows us to guarantee the almost sure convergence of
(\I'(”))nzl in Z*? (as an easy consequence of the Borel-Cantelli lemma).

PROPOSITION 5.3.  Under the hypotheses of Proposition 5, it holds that

5.4) E[H\I,(n,n—&-l)HZZSb} < g—nn

~

where Kk 1= %min (HO, Hl) > 0.
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PROOF OF PROPOSITION 5.1. We will focus on the proof of the uniform estimate
(5.5) E [H\w) H?Z] <1,

and leave it to the reader to check that the subsequent arguments could be extended to-
ward (5.4) by following the same basic estimation procedure as in the transition from (4.8)
to (4.9).

By using the representation formula (3.1) of Z,, we can first write

F(T (ME™ 57))) (1) = / AN Ty (0 N)F(E™ 20),) (V)

_ Z RdA/IX(Aj)\/)/dte—l)\/teltﬂk,kl?gl)kl (t)?](g)(t)
k170

=3 / i F(E) (M) / o F(O ) (M) / AN T (A, X) / dt e= X1 ems ghegmiN
k170 R
and thus
F(T, (ME™,9M), ) (A) = dAidAa Ty (A, Qg + Ao — A)F ) A FE™, (A
(T (M@E™,3")%)) (V) Z 1A Ty (A, Qg ke, + A2 — A1) F () (M) F (T, ) (A2)-
k170
Based on this expression, and by applying Wick’s formula, we can compute

E[| (2 (ME™ 20 )]

= Z /d)\ld)\g Z /d/\lld)\é Ix()\79k,k1 + Xy — )q)IX()\,Qk’k{ + )\/2 — )\/1)
k17#0 k1#0

E[F O ) F @) Qo) F GO F ) ()
= ‘E[-F(Ix (ME™,5™),) ()] ‘2

+> /d)qd)\g 3 /dA’ldAg T ey + A2 — AN, Qs + Ny — A
k170 k{0

E|FEE) O F )00 |E| 6 ) FE ) ()]

+> /d)qd)\g 3 /d)(ld)\g o Dy + A2 — AN Qs + Ny — A
k1 #£0 k{0

E[FE) ) F 6 ) ) |E|F @) Qo) FE) 0.
Thus, going back to the expression (5.2) of ¥, we deduce the decomposition

E[|F (@) 0] = 1700 + 7,

with

oy=3 /d)\ld)\Q 3 /d)\/ldA’Q TN Qg + A2 = AT Qg + 4 — A))
k170 k) #0

E[FE)O0FE )00 B[O, 02) F O ()
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and

=Y /dhdA2 > /dA’ ANy TN Qo , + Ag = M) T (0, Qg + Ny — X))
k170 kq#0

E[FE) O)F @, 00| E[FEL) 02 FEE)00)].

The following sections 5.1.1 and 5.1.2 are devoted to the exhibition of uniform bounds for
these two quantities, when evaluated in the Z*-topology.

5.1.1. Estimates related to I™. We shall prove that
(5.6) sup HI(")st,b < 00,
n>0

where, for more clarity, we set from now on

5:7) [l .0 = o2 [ ax iyl

k

By using (3.2) and the estimate of Proposition 4.1, we can first assert that

BRIV / dA\dAg / NN, | T

k1,k, €Z\{0}

O Qg + A2 = ATy (A, Qe + A5 — )

[E[FE) 00 FEE ) 00 [E[F O, ) 02 F O (0)]|
1 dA1d)s ANy dX,
= (\)? 2 / (A1) (A2} (A = Qe gy + A1 — A2) / (DG = Qg + A7 = A5)

k1 K, €2\ {0}
[T O XOA] [P, g Qo AN ]

where the proportional constant no longer depends on n.

Set § :=min(2Hy,1) > % By applying the result of Lemma 3.2 (withv =2H; —1 >0 in
the case H; > % and with 4y =1 —2H; > 0 in the case H; < %) to the expression of A(Hl),
we derive that for every € > 0 small enough,

(H1) 1
o Bt S TR A T~ 0
Therefore

1 d\1dAs dX: N,

o, ) /
) khk%\{o} O 2) = Qe + 21— A2) S DGO = Qe + A — )

—~

1 1 1
(k] ARD2HE =Y ([ + Ky | A K+ K [)2H 1 (K — ke )20227

(Ho) 1\(Ho) /
Tt OU AT gy (A2, 29)

and so forall k€ Z

/ A2 I ()]

< Z / d)\ld/\g / d)\/ d)\/ |:/ d\ 1 1
- k1 k’ ez\{0} ></\, > <)\>272b <>‘ - Qk,kl + )\1 - )\2> <)\ - kaki + )\/1 — )\/2>
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(Ho) 1 \p(Ho) / 1 1 1

o) (L AOT (Mg A

K1,k (A1, A1) k+k:1,k+k:1( 2 2)<|k |/\\k’|>2H1 1 <|k—|—k1\/\|k—|—k’|>2H1 1 (K} — kp)26-2e”
1 1 1

<
- k1 ki%z::\{o} ([k1| AR =1k + k| Ak + KL |)2H =1 (B — Ky )20—2€

(5.9)
dhddy [ AN, | 1 L) (4 3y p(Ho) ,
oo | ERIY >[<Qkk1—A1+A2>1 P ny — N, A5 b} by ATy g (A2 X2).

Let us now apply (A.4) with A = ), ;. , then combining this estimate with the subsequent
Lemma 5.2.1, we deduce

/ dX1d)s / d\' d)\! [ 1 1 ]
A A2y J DG (D, — A4+ X210 (g — A+ M)
1(<; k) ()‘17/\/) l(<:+k)1 k+k, ()‘27)‘/2)
D

L dhadN,
: <kak1>1b<9k7k1>1b/<>\1 /O\‘Fkﬂcl feiky (A2, 22)

1 1 1
< .
(e )0 (o | A R ])ZEHOD (K + K| A [k + K )22Ho=D)

’r,ﬁ DALY

By injecting the above estimates into (5.9) and setting H :=2H, + H; — 1, we get that

Jax o)

(5.10)
1 1 1 1 1

< .
S oy TETATRIPET T Rl ATk R P 0 = a2 (@10 (0 )17

We now treat the contributions & # 0 and k = 0 separately.

e Terms with & # 0. We have
/ NNV ARION]
k;ﬁO
(5.11)

<Y e Ly !
Nk - ‘k1‘/\|k'|>2H+1 2b (k _k.1>25 2e - <k>2_2b_25 (‘k—l—kﬂ/\‘k—i—k"l‘yﬂ_l ’

Recallthat%<ﬂ< 1,so%<2H—1<1 and by (5.1), one has 0 < 2 —2b—2s < 1 as well
as (2—2b—2s) + (2H —1) =1+2(H — b— s) > 1. Therefore

1 1
,;0 (k)2=20725 (|k + Ky | Ak + Ky [)2H1

1

1 1 1
< <
;Z 2-2b=25 (|  foy)2H—1 +k% (k)2=26=25 (J 4 k4 )2H=T ~ (||| A [k |)2H—-20=25"
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Going back to (5.11), we deduce
sup (0% [ A2 |1 ()

n20420
: ( 1 ) < ; )
S Sl > <o
~ 7 1+4H A0—2s (1] _ }\20—2 ~ 1+4H—4b—2 N26—2 ’
ki ok (ki A [RL]) S (ky — k1)=07=F oy (k1) B Krez (kp)20—=

duvetol +4H —4b—2s=1+4(H —b—3s)+2s>1and 26 — 2 > 1 for € > 0 small
enough.

o Contribution of the case k£ = 0. Going back to (5.10), we have

n 1 1
/d)\<)\>2b’1(() )(/\)’SJ Z <| 1|/\’k‘/’>4H 1 <k: k1>26 2e

k1 ,k1€z\{0}

<
Zkluflz _k1252a<oo'
= =

As a conclusion, we get (5.6).

5.1.2. Estimates related to J™. With the notation in (5.7), we must prove that
(5.12) sup H‘](n)HEM < 0.
n>0

In fact, by using the same arguments as those leading to (5.10) (replace also the estimate
in Proposition 4.1 with the one in Proposition 4.1), we get that for all k£ € Z,

/ A2 TP ()

(5.13)
1 1 1 1 1

(| ATk + B DL (K + Ry | ARG DZETY (R + K+ k20728 (Qp g )10 (Q g )70

~

k1,k} €Z\{0}
where the proportional constant no longer depends on n.

We now treat the contributions k£ # 0 and k£ = 0 separately.

e Terms with &k #~ 0. We have

b [ a1 o)

1 1 1 1 1
< N (k)28
s k,e%‘\{o} (ol A T+ RV T A TP Gy 252 (@0 )0 (0010

k;ﬁO

Z Z 1 1 1 1 1
~ 11.|12—2b—2s I IN2H -1 I IN2H -1 / 20—2 1-b |/ |1-b
,#Ow kk/ez\{o}<|k1wk+k1|>f (e Fal A TRV (xR + B2 [ ]

1 1 1 1
NZ 2—2b—2s Z Z / 2H—-1 I 2H-1 /N20—2 1-b |/ 1—b
ol \ ok |7<71|Mk (kR AR = B2 (R + K7)2072 (k[P0 [k — K

(5.14)

Z Z 1 1 1 Z 1 1 1
~ /N2H -1 I\26—2¢e 1-b 2—2b—2s I 2H—-1 |/ _ J|1=b"
2 TR AT P (o + R 2 TR e TRP 22 (-l AR — )P [ — &
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Recall that H € (%, 1). For all k1, k] € Z, one has

1 1 1
kg%ﬁ, KPP (ks + KT A TR, — R [k — R

1 1 1 1
S Z 2 2b— 25 1 k>2ﬂ—b + Ek: <k>2_2b_25 <k+k1>2ﬂ—1 <k’1 _ k>1—b'

Since (2—2b—2s)+ (2H —b)=(2—-3b—2s)+2H >1and 2 —2b—2s <2H — b,

Z 1 1 < 1
= (k2207 (k= KPP k)

where v :=min(2 — 2b — 2s,1 + 2H — 3b — 2s). Besides,

Z 1 1 1
(k)2=20=25 (| 4 k1 )2H-1 (k] — k)LD

k
(E e ) (S i)

k

= 11 b ‘31 2b
~ —_b—s 3_op_ o0
a5 ()7
where we have used the fact that 4H —2 > 1 and (2 —2b—2s) 4+ (2 —2b) > 1

As a result, we have shown that for all k1, k’l ez,

Z 1 1 1 < 1 n 1 1
iy T2 o RTATR, = RIPET T = K0 TR Q)0 (g T2

By injecting this bound into (5.14), we deduce that in the above setting, one has

S () / AN I (V)] S 61+ 6,

k0
with
1 1
k%); ([k1| A |k‘/ 2H 1 (k1 _|_k/>26 2 ‘kl‘l_b <k/1>1/
and
Z Z 1 1 ’1
P ([ka] A |k/ YHI=L (K +k/>25 26 |fq |10 (Kq)1bs <ki>§f2b—s

Now, on the one hand,

1 1 1 1 1
S <
1 NZ (k/1>2ﬂ*1+’/ Z <k1 +k’>25 2e <k1>1 b +Z 21: <k1 +k’1>25_25 <k1>2ﬂ—b

K, K,

1 1
S0 P 2 e <
1 1

dueto 2H + v —b=min(2H +2 — 3b — 2s,1 + 4H — 4b — 2s) > 1 for the first series and
71 :=min(26 — 2¢,2H — b) so that v + y; > 1 for the second one.
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On the other hand, for € > 0 small enough,

1 1 1
6252 1 Z 1\25—2 2—2b—
o ()2 =20 S (o + )22 (fy) 22

1 1 1
+
%: <k/1>372b75 %1: <k1 + k/1>25—2€ <k1>2ﬂ+1—26—s
1

1 1
< + < 0
~ 5 3 )
%: <k’1>2H+§_4b_28 %: <k/1>5—2b—s+72

becauseQﬂ+%—4b—2s >1 and%—Qb—S%—W > 1 where 75 := min(20 — 2¢,2H + 1 —
2b — s). Hence, we have proven that

sup > _ (k) / AN 1T ()] < 0.

nz03 20

o Contribution of the case £ = 0. With (5.13) in mind, we have

2b | 7(n) 1 1
[roriws S e

ke ki €2\ {0}
1
<Z 4sz (ky + K})20- 5e <
k:leZ ki€

since 4H —2 > 1 and 20 — 2¢ > 1. As a conclusion, we have shown that (5.12) holds true. [

5.2. Proof of Proposition 5. Just as in the proof of Proposition 5.1, we will only focus
on the uniform estimate

(5.15) sup Hf(”)HZS,b < 0.
n>1
To this end, let us write

[F(E Y] = Lgepy [E[F(TME, 7)) ]|

= Liesoy| Y /dhd/\ﬂ (A Qe + A2 — AE [J'"?(”)( )f?k+k1(/\2)”
er 0
d)\ld)\g 1 (Ho) ( )
1{k7é0} kz:?éo/ )\ Qk by — Ao+ A >Fk1 k+kq ()\1’)\2)A/€1 k+ky -

Therefore by (5.8) (with § := min(2H;,1) > ),

. / DWHIF ()

Z / d)\ld)\g / d)\/ d)\/ (/ dX 1 1 )
><>\/> <)\>2_2b <)‘_Qk,k:1 —>\2+)\1> <)‘_Qk,k’1 —)\/2+)\,1>

k1, #0

(Ho) (H1) (Ho) 1y (H1)
Fkl k+ky (A1, /\2)Ak1,k+k1rk’1,k+k’l (A1, /\Z)Ak’l,kJrk’l
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SOMC

2

Hy) dX\1d)g 1 (Ho)
r A, A
Z ki ktky / <)\1><)‘2> <Qk,k1 + Ay — )\1)1_b kl’k+k1( by 2)

k20 k1 20
1 1 / d\dNs  (Ho) 2
S - - (A1,A2)
,g) 25 2 ,ﬁzﬂ)<7f1|/\|k+/f1|>2Hl U170 (A)P (A0 Btk
1 1P
<
,;) 20 25 >2 2 k%;owﬂl/\|7</‘+/€1|>2[“{_1 (kp)t=b

where we have used Lemma A.2 and Lemma 5.2.1 to derive the third and fourth inequalities.
Due to condition (5.3), we can easily guarantee that for € > 0 small enough,

(1-b)+(2H—-1)>1 and (20 —2¢)+(2—2b)—2s>1,

which achieves to prove (5.15).

5.2.1. An auxiliary lemma. The following technical property has been used in the proof
of both Proposition 5 and Proposition 5.

LEMMA 5.4. Let £ <b<1and 5 < Hy < 1. Then it holds that for all k,k' € Z
d)\d)\’ 1
/ < ‘Fk Kk’ /\ N )

N
PROOF. For every € > 0, one has

NN | (i)
| Gl o

/ dAdN 1 1
PN NP = A AIR? = N (R2 = X = [k 4 X1

:/ dhd\ ( 1 1 )

([B[2 = NP(K 12 = NP (AT A [N])2Ho=1 (A — N)1=e
dAdN 1 1

s /{|)\|<X|} (B2 = N)O(|&[2 = \)P <<)\>2H°_1 (A= /\'>1_5>

+/ AN’ < | 1 )
vty (B2 = NP2 = NP (V)2H0=T (A — \)1-e

dX 1 N 1
< | wmr ey |

Now we apply Lemma 3.2 and obtain

dA 1 ax 1
| i | e

</ !
IR (R = )P (R )

_ / d\ 1 1/2 / d\ 1 1/2
~ |)\‘2Ho—1 (\k|2 _ )\>2b |)\|2H0—1 (\k’|2 _ )\>26—25 :

Finally, we can apply Lemma 3.2 twice to get the desired estimate, provided that € > 0 is
chosen small enough such that 2b — 2¢ > 1. O
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6. Estimate on the random operator. It remains us to proceed with the construction
and the control of the two product terms

LY (2) =T M(2,9) and LY (2):=TM(,2),

involved in the remainder equation (2.21). In other words, we will here develop the arguments
of the proof of Proposition 2.4

To be more specific, we will focus on the convergence of x - LM+ but the convergence
of xr - L")~ could be derived from completely similar arguments.

Let us decompose the operator as

(6.1)
£ (@) =T M(= 1) (Ze k1 2y ?kl<>)=£°f<”><z>k+c#’<”><z>k,
with
£ (2)), =T, (zk<.>a>g"><.>), L) (2), = IX< > el-ﬂk=klzk+kl(.)f,§f)(.)>.

k1 #£0
Following the convention initiated in Section 4.1, we also set
L(n7n+1)7+ = E(n+1)7+ _ E(n)7+ [’o,(n,nJrl) = Eov(n+1) _ Eoz(n)
£ mntl) . pit(ntl) _ pit(n)
and recall that ?(”’"+1) = ?(”+1) — ?(" .

For a clear presentation of our arguments, we will estimate the two operators £°(%7+1)

and £# ("1 separately, and then combine the results towards the desired proof (see Sec-
tion 6.3).

6.1. Estimate for L"), We are looking for an estimate of ||£°(7+1) Hc(stb Zow)
for b’ > b.

PROPOSITION 6.1.  Fix 3 < Hy<1and 0 < Hy <1.
(i) Forall 0 < b,/ <1 and s € R, one has

Hﬁo,(n,nntl)(z)uzm, < (Qz:b,”))%HzHZs,b,

(i) Forall 3 < b,/ <1and 0 < x < 3 min(Hy, Hy), it holds that

B[|05]] 52

with
2
A IO, M) FE Y (A - B)

PROOF. (i) One has

= (B [ ax ()
r =320 [

2
HEO ,(n, n+1)( )‘

/ M LA (208 0) ()




2

dA1 Ty (A A1) / agF (%" ) O = B)F (1) (8)

2
2b’

[
[

[
wM

/ a8 [ F @) O] [ 55 [ MBOAFET) 0 - )]

(S faso o) ([ow® [ G

which corresponds to the desired inequality.

IN

T A)F (5 ) 0 - )

)

(17) Let us write

E[|25”]
/dA( H/dAlz A= B)FE ) (A 1)ﬂ
= [ / / [ TR LN - BE[FE™ ) 0 F 6 04)].

and then combine (3.2) with the covariance estimate (4.5) to obtain that

B[00 2 [ mw [ m

d\i [ d) 1 1 (Ho—k) , (Ho) ,
[ 55 ] S mm oy oo e e o)

where we have used the fact that Aégl) Aé{él_”) < 1 (by Lemma 3.2, item (ii1)).

Y

By applying the Cauchy-Schwarz inequality with respect to the pair (A1, \}), we deduce

B8] 522"’”“[ / <)\>Ci)\2b’ / <;§32b / DN d(AAllﬁ)F]

(6.2)
d\ [ d\ . ) >
Nt i R (RO
(A1)
To ensure finiteness of the first term into brackets, it suffices to observe that

X a8 A\ X 48 X
| o | | mooorar s oew | w5 o

and since b’ < 1, the latter integral is clearly finite.

As for the second term into brackets in (6.2), we can apply Lemma 3.2 (recall that Hy > %)
to assert that

d\ /d)\l (1) . (Ho) . /d)q /d)\’l 1
2L I AL AL + Do o (A, D] S
/ ) Tog ™ (A1) Rl O D n e

d\
< — s <X
N/ (A1)?
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6.2. Estimate for L#:("+1) " Given the higher sophistication of £# (™ (in comparison

with £2(™)), let us introduce an additional notation for the Fourier kernel associated with this
operator. Namely, with the notation of Lemma 3.1, we can write

R0 =F (5 X e 05 0) )0
k170
= 21{,61#0}/@ T, (A A)/dte*l“ Wik gy g ()?k1 (t)

_21{k1¢0} / A1 F (2 ;) (A1) / o F (2 / AN I, (A, X) / dt e Nt Py A1 g1t A2

:Z/dh F(Zhthy ) (A1)
k1

Lik 0} /dA2f(?z(£))(/\2)Ix(/\aQk,iq + A1 - A2)}

_Z/d)\l]: Zkl )\1 [l{kﬁék}/d)\g}_ /\Q)IX()\ Qp K1— AL —)\2)]
that is

F(LH( Z/d)\l () e, S ADF (21, ) (M),

where we set from now on
(KX) i, X A1) = 1{&#}/6“2 F (00 ) Q2)TuA Qi =i+ A1 = Xo).
Let us also set

(6.3) (IC(" n+1>)kk (A A1) _1{k1¢k}/d)\2]-" ?"”“ ) (A2) e (A, Qo gy —k + A1 — A2)

where we recall that "1 := 9("+1) _9(") ' Accordingly, it holds that

(6.4) F(LAm (@) () =D / A (U)o (OGA)F (2,) (M)

Note that we shall later deduce the desired estimate on HXT - L (D) ”g(zsw 70 (for

some b > %) from a suitable interpolation between

and HXT . [ (nntl) Hz(zw Jom for0 < a < 1’

. #7( )
Ixr- £ 5

n,n+1 H
E(Zs,b7Zs,1)
hence our subsequent investigations about these two quantities.

PROPOSITION 6.2. Fix % < Hy<1land 0 < Hy <1 such that 2Hy + Hy > % Set H :=
2Ho + Hi — 1 and recall that the random kernel IC(n n+1)

(i) Forall a,b,s € R, it holds that
|# DG S QEE? Nz,

a,b,s

has been introduced in (6.3).

where the random quantity Qfé(:) is given by
#7(”) Pp—

ab,s T

1 dAdX,
(Z (k1>25<k‘i>25/<A1>2b<k’1>2b

ki k!

1

X

S [ a2 ed ) g A (T g )
k
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(i1) Forall0<a< 4 <b<land1— H < s < 3, one has
#,(n) |2 —4nk,
E||Q 7] sz,
(1-H)

where we have set kg := %min (Ho,Hl, %) > 0.

PROOF. (i) Using the representation (6.4), we can write

oa d)\ 2a 2s
[ = f 32 00|32

-y culdxl(wm () e ) )] [ 04 T T

k1 K,

2
H‘C# n n+1

/d)\1 (K&n,n+1))kkl (\, )\1)]:(Zk1)(/\1)

(<k1>S(k/1>S<)\1>b<)\,1>bz<k>25/d>\<)\>2a(IC§<n’n+1)) ()\ Al)(’C(nn+1))kk’1()\’>\/l))’
k

and we immediately derive the desired estimate by applying the Cauchy-Schwarz inequality
with respect to the 4-uplet (ki, k7, A1, ).

(1) For the sake of clarity, we have reported this moment estimate in Section A.4 below. [
PROPOSITION 6.3. Fix & 5 <Ho<1land0< Hy <1 such that S <2Hy+ Hy < 2.
(i) For every 0 < s < 3, it holds that
[#m D G| 5.n SLST)E +(STH)3Y - 2| 700,
where the random quantity 8™ is given by

S = sup (k)22 ()|
teR,kEZ

(1) It holds that

E|[s™]] 2™
PROOF. (%) Using a standard Sobolev spaces identification, we can first assert that
£+ O = 00 [ ar? e O
< Z 220 ) Gy + 10 (EF O ) ey |-

Recall that for any f: R — R, (Z, f)(t) = —ix(¢ fo dsx(s)f(s), and so one has clearly

12 Ay + 190 (T ) oy S 17 1y

which yields here
2
A @ £ 30 | 3 e 24, (57
k k1540 L>(R)
2

< / D3R

P RROIENGI
k1
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/dtz 25 Z 1 1 ‘<k1> Zkl( )‘

ky — k)2 (k1)®

() 2 CH (k) (8
s [ (kz,<k1—k>2<ka>%>(§<k1—k>2‘<kl> o)
/dtzz | (k1) 2, (1)) < S |22

2

AN

(77) Recall that

9 (1) = —ax(t) /0 dr e~ [y(r) B ()]

and so, with an elementary integration-by-parts argument, we deduce that for all (¢,k) €
R x Z,

2
W21 S B0+ [Car (B0 @ B0

,S/de’B(”)(O,x)’+/de/02dr{‘3(")(r,x)}—1—’(@3(”))(1",1‘)!}.

This immediately entails that

S(")S/Td:v|B(")(O,x)|2+Adx/02dr{}3(”)(r,x)’2—I—’(@B("))(r,xﬂz},

and accordingly

E [S(")] <

~

g/deE[}B(”)(O /dx/ ar {E[|B™ (r.2)"] +E[| 0.8 (r.2) "] }

The moments in the above right-hand side can now be readily estimated by using the repre-
sentation (2.3) of B ("), For instance, one has

2 m‘{ el
GB(") (r,x)=—1c / / 3 1 d€,d
| " iz Jij<on 167073 | |H Ay

and accordingly

: dg dn
E[|(0, B (r, 2)[?] < </ )(/ > < 92n(5-(2Ho+H) < oTn,
[‘( )(r.<)] ] jg<azn [€12H073 )\ Sy <an 2

which was the claim. O

6.3. Proof of Proposition 2.4. Recall that we focus on the convergence of the sequence
(£m-F) | in £,(Z%%, Z*). This property will be deduced from a suitable combination of
the estimates exhibited in the previous sections.

For more clarity, let us organize the arguments along three successive steps.

Step 1: A first general bound. Starting from the decomposition of £ in (6.1), we can
obviously write

[~ - L(n’n+1)’+||ﬁ(zsab,287b) < [lxr - £ty Hz(zsvb,zsvb) +xr- E#’(n’nﬂ)||L(zsvb,zs,b)'
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Then, by Lemma 3.1, we obtain that for all 0 < s < % <b<d <1,

e - £t D+

}E(stb7Zs,h) S Tb/ib |:H£:07(n,n+1

S [CH LR Tas ol

where we have used the result (and notation) of Proposition 6.1 to get the second inequality.

) + Hﬁ#,(n,nJrl

)HE(ZSJ’,ZS'V )HL(Z.<,?77Z.e,b’)i|

Zs,b,Zs,b’)i| 9

In other words, recalling the notation (2.19), we have deduced that for all 0 < s < % <b<
b’ < 1, there exists x> 0 such that

(6.5) Hﬁ(n’nﬂ)’JrHsH(Z&b,Zs,b) N (QZ:lE?))% + H[’#’(n’nﬂ)Hz(stb,Zs,b’)'
Step 2: Interpolation. In order to bound the moments of the norm

[Toaidan HE(ZS=b,ZS~b’)’

we shall now implement the interpolation procedure alluded to in Section 6.2.

To this end, recall that we have fixed s € (1 —H, %) , and introduce two parameters

1 1 , 1 1
=— = - == -1
a:=g 56(0,2), b 2+z~:€(2, )
for € > 0 to be determined later on. Setting
b — 2
(6.6) h.=- - = <(0,1),

S l-a l4e
we get by interpolation, for every b € (3,0'),

HL‘#,(n,n+1 ) S HE#,(n,nJrl) HlfG ﬁ#,(n,n+l

L(Zsb,Z5)

0
)“5(25=b,stb' )H‘C(Zs,b72571)7

which, with the notation of Proposition 6.2 and Proposition 6.2, yields

e )10 4 000,

) ‘}ﬁ(Zs,b7Zs,b’) S (Qa,b,s

As aresult, for every b € (3,V),
E [Hﬁ#v(n,n—kl) Hi(Zs’b,ZS»b’)} S E “ Qﬁéz)‘l—O‘S(n) + S(n-i—l) ‘6}
1-6 o
SE“Qa#,Z;(,s)” E“s(n) _~_S(n+l)u )

We are here in position to apply the moments estimates established in Proposition 6.2 and
Proposition 6.2, which gives, for every b € (3,V'),

#,(n,n+1) || 2 —2n((1-0)k.— 160
E[HL‘ (nyn )Hg(zm,zw')} < 9=2n((1-)x.~36)
1 s—(1-H)
where we have set x5 := 5 min (Ho, Hy, 5 ) > 0.

Then, since ks does not depend on (a,b’), or equivalently on &, and using (6.6), we can
find such € > 0 small enough (depending on s) so that
1 7

7 .1
Qg ::(1—6)m5—§6>0, that is (5—5)2—6>2H )
S
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For such a choice of £ > 0 (that we fix from now on), we have thus shown that for every
be (3,0),

6.7) E [H [ (nn+1 } < g-ma.

2
”’ﬁ(Z”’,ZSw’?’)
with oy > 0.

Step 3: Conclusion. Let us fix s and b/ just as in the above Step 2, and set b} := 1 (5 + V') €

(%, b'). By combining (6.5) and (6.7), we first derive that for every b € (%, 1,

E [||£(n,n+1),+ ||?lu(zs’bvzs’b)} < 9—2nas L | [| QZ:IS’n) ” ’

for some 1 € (0,1), and with og > 0. We can then inject the moment estimates obtained in

Proposition 6.1 to assert that for any b € (%a sl

2

(6.8) E {Hﬁ(n,n+1)7+ e, (Z0,20%)

] < 272n'y7
for some p € (0, 1), and where v := min(as, ks) > 0.

The latter estimate immediately entails the convergence of the sequence (ﬁ(”)’+)n>1
in the space L? (Q;S“(Zs’b, stb)). By combining (6.8) with an elementary Borel-Cantelli
argument, this L?(£)-convergence can then be turned into an almost-sure convergence in

£,(Z%b,Z5Y), as desired.
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APPENDIX A: SOME PROOFS OF DETERMINISTIC ESTIMATES
A.1. Proof of Lemma 3.2. We divide the proof into three steps.

Step 1. Let us establish that
dag 1 1 < 1
R (€—a)(E=b) " (b—a)'~=

In fact, this estimate is an almost straightforward consequence of Lemma 3.2. Write first

¢ 1 1 e 1 1 e 1 1
(A2) / A E—aE b~ /ﬂgl P E—a) E-0) +/|521 P E—a E-D)

The second integral can be trivially bounded as

(A.1)

/ de 1 1 </ d¢ _ 1
g=1 €[V (€ —a) € =b) Y Jp (€ —a)({—b) ~ (b—a)l ==’
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where we have used Lemma 3.2 to obtain the last inequality.

To control the first integral in (A.2), introduce p > 1 close enough to 1 so that 0 < pv < 1.
Then for ¢ > 1 such that ;17 + % =1, one has

/§<1 |Z|€”< : a) (€ —b) : b) ~ & </£|§1 |:!§W>p</ﬂ@ <§—a>cql§€—b>q>q,

and we can again rely on Lemma 3.2 to assert that

(f <£—a>cj§£—b>q>i’§ i

which concludes the proof of (A.1).

Step 2. Let us now show that
d¢ 1 1 < 1 1
r [E7 (€ —a) (€—b) ~ |a]” (b—a)'~*

To this end, write

g 1 I ¢ 1 1 ¢ 1 1
R €]V (€ —a) (£ —b) /§|>' €1 (€ —a><§—b>+/g< [ (€ —a) (€—b)

Just as in Step 1, the integral over {|{| > %‘} can be trivially bounded as

/ de 1 1 1/ d¢ _ 1 1
gz te [V (€ —a) (€ =) ~ |a]” Jr (E—a)(€—b) ~ |al” (b—a)' =

Let us now focus on the integral over {|{| < %‘} and note first that, for symmetry reasons,
we can assume that b > 0.

For |¢] < |a| we have ({ —a) > % Next, we observe that for all |a| < b we have (b — a) <
Ab — ‘“') (b— €). Then

d 1 1 1 1 de
/l_; V(§—a) (£ —D) \a|<b—a>/_; v

1 1
~Tal” b —a)

Step 3. Let us now turn to the proof of (3.4), which again reduces to elementary integral
estimates. Namely, write

1 </ d¢ 1
w € (E—a)p ™ Jo  IE” (€] = lal)?
3al

5oae 1 e 1 Sode 1
A3 <
(A3 <) e */ € Tl = lal)? */;l €17 Tl — lal)?

The first two integrals can be bounded as

5hode 1 ¢ 1 1[5 de ¢ 1
< = <
/0 RGN +/ Je = |a|>p~|a|p/ mv*ﬂ; e~ Jar

A

N
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As for the third integral in (A.3), one has

Jla\ 3la]

/ 1 _ 1 / d¢
€ (JEl = lal)? ~ Jal” S (€] = lal)?

which completes the proof of (3.4).

Z/\

RS 10g(2—|—\a|) ifp=1
la|” ifp>1,

For the proof of (3.5), we write [{|* < (£ — a)* + (a)*, then using similar considerations
as previously,

rds e ¢
L s /R<£—a><s—b>+/R<s—a>1—ﬂ<s—b>
(a)

1
(b—a)l—r—e

<

~ <b _ a>1_
{a)*

~(b—a)l-n—e’

which was the claim.

For the proof of (3.6), we use again that |{|* < ( — a)* + (a)* and the fact that p — > 1
which implies the convergence of the integral.

A.2. A technical result.

LEMMA A.1. Let 0 <b< 1. Then for all A1, 2, \ € R, it holds that
1 1

(A4 ) D) O — O — )8~ (T8 g

PROOF. To begin with, let us observe that for all z,y € R we have
(A5) () <V2(y)(z —y).
Namely, thanks to an homogeneity argument we have 2% < 2(y* + (z — y)?), thus
1+22 <214+ 92+ (2 —y)* + ¥ (z —y)?),
which is the square of (A.5). Now, we apply (A.5) twice to get
() V200 = (A1 = A2)) (A1 = o)
< 20X = (A1 = A2)) (A1) (A2),

which in turn implies (A.4), since 0 < b < 1. O

A.3. Proof of Proposition 2.3, item (). For ¢ >0 and k # 0, one has
2 ! 2y ?
E[\?gp )| ] - E[ / dse™* By (s) ]

0
_ / dsds’ e—z(s—s’)kQE |:BI(€TL) (S)B](Cn) (Sl)]
[0,t]2

:/ dsds'e_’(s_s/)w/ drda’ e z)kE[B(n)(S,x)B(n)(S',xl)
0,42 (0,272
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:/ dsdslel(ss’)kz/ dxdaj‘/el(ﬂf;c/)k‘/ dg / %6725(875/)67“7(55*1'/)
[0,¢]2 [0,27]2 {l¢g]<22n) |£‘ {Inl<2"} ‘7]| 1
t 2 2m
= (/ _d / ds e 5(E+E) ></ _dnp / d e~ @ (k+n) >
flei<2eny 1§12~ Jo (ni<2ey P2 g

[ A GRG0
{lg|<22ny 1§20 € — k2|2 {nl<2ny In2H 1 In — k? Bk

Let us decompose Ilin) and J,in) as Ilin) = I,gn)’_ + I,in)’Jr and J,gn) = J,gn)’_ + J,gn)’+, with

1M ;:/ dg \sin (%(5 — k?)) ’2
: {le|<22nyn[E2 4k2] |€|2Ho—1 € — k2|2 ;
e | de__[sin(5(¢— 1)
g {lg|<22n [ 2 4k2) |¢|2Ho—1 € — k2|2 )
resp.
g = / dp  |sin (n(n— k)|
’ {nl<2m3n(k 2] InPH= I —k2 7
it / dp  |sin (n(n— k)|
{nl<2r (£ 2k) [n|2H2—1 7 — k|2
As aresult,

k0

with P(")(t) := 32 D 1<k<zn ngn)’_ngn)’_ and

t):=32Y 17" +322 I gt gt g s gt
k>2n
Step 1: Estimate of I~ J"™"™ for 1 < k < 27!, Note first that for 1 < k < 2"~L, one has

o [t I RE e ane i
S B2 |€[2Ho~1 |€ — k2|2 - 2 |E[2Ho-1 € — k2|2 :

Now for every 1 < k < 271, let us write

d¢ |sm (1—5))|2 1 : d¢ |b1n(”C §)|
= ), /

1 PR =P iRt e
t st d¢ | sin(&)|2
- 4Hy—2 2 2Hy—1 2
I ST

3tk2

ot > |sin(¢))? t 5 i3 [sin(¢)> [ _|sin(¢)?
- | e d“wffo?[/ﬁfhféf%l et Bt
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Using the subsequent Lemma A.3 and setting

> |sin(§)*
(A7) A ::/ de,
e P
we deduce that forall 1 < k < 2" !and ¢ € (0,1),
(n),— At te
‘Ik T o)AHo—2 S L4Ho—2¢"

With the same arguments, we get that for all 1 <k < 2" ! and ¢ € (0,1),

}J;S,n) - A < 1 ‘
kZHlfl ~ k2H17€
As a consequence of these two estimates, we can write for € > 0 small enough,
2 2
(n),~ y(n),— _ A°mt 1 (n),— y(n),— __A”mt
Z Iy Iy ) Z L2H—1 = Z ‘Ik Iy N 2]{2&71‘
1<k<2n—1 1<k<2n—1 1<k<2n—1
(n),— _ __ At (n),~ (n),— _ __ At 1
S Z ’Ik B 2k4H0—2H']k: kQHl 1 ’ - Z ’Ik B 2k4H0—2‘k2H1—1
1<k<2n—1 1<k<2n—1
1 (n)»f A7T
+ Z L4Ho—2 HJk o k2H171‘
1<k<2n—1
(A.8)

[e.e] o

< 00,

1 1 1
N kz_:l 12(2Ho+H1)—3¢ + kz_:l L2(2Ho+Hy1)—1—2¢ + ];1 12(2Ho+H1)—2—¢
due to the condition 2Hy + Hy > %
Step 2: Estimate offlgn)’_, Jlgn)’_for o=l < < 2" For 2! < k < 2™, one has in fact

- _ /4’“2“2" de |sin (3 M) _ /2 de |sin (3~ k)|’
k - % |£|2H071 ]§—k2|2 - % |€’2H0—1 |§—k‘2|2 :

With the same changes of variables as above, we can then write

221 . 2 2 3
FOSER / ¢ |sin(F(-9)f _ 1 / de_|sin(%5¢)|"
k T 1.4H 2Hpy—1 _ £]2 T L4H n 2Hy—1 2
KT J1 g2 1= KA Jy o [T gHo—T g
2
ot de  |sin(¢)]
- - n 2
2k4Ho—2 %(1_%)‘1_%2’2H0 1 |£‘
3tk2 . 2 3tk? . 2
ot U [sin(©P [ ( 1 _1>|sm<s>|]
2k4Ho—2 #(1_%) |€|2 tk2(1_22n |1773752 2Hp—1 ‘§|2 .

For every 21 <k < 2", one has 1 — kz €[-3,0), and so

3tk2

’/3““ < 1 1>|sin(§)|2 </T 1 IEGL
N NTIEE o A A R AES [Pz I LN SIS

where we have used Lemma A.3 to derive the second inequality.
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Besides, for 21 < k < 27,

3tk

S sin©P °°\sin(€)\2_[ = s [ [sin()P
[Wuf;) €12 _/oo €12 /oo €12 /fk2(1 any €2
_ [ Isin(©) [ 505 [sin(e) °°|sin<§>|2]

/oo rf|2 / G +/ G

:/‘X’ [sin(§)]* [/ lsin(f)!2+/°° ISin(é)IQ]
oo 1P [Juzpem P suz G2
whichgives
= |sin(€)?
< LA
N/“j|1_22"| €17

‘ / [sin(€)[2 /°° [sin(€)?
tk2(1_227n ’£|2 ‘£|2 12

| sin(€ )I2 1 = Isin(ﬁ)P)
S ¢ =22 ).
mm(\tkz 1- 20| —6/ “ €3 [tk 22")\“/0 ¢ €]t

By combining the above estimates, we obtain that for every 2! < k < 2",

p—_ At
k 2]{;4H072

ste 1 t 1
< min = i
~ k.4H07172€ ‘1 22" |775 k4H0 2e ’1 2 |1—5
With the same arguments, we get that for every 2"~ < k < 27,

< 1 1 1 1
~ nin k2H17%75‘1 2”’—75 k2H.— 5|1 2" 1— ’

As a consequence of these two estimates, we can write for € > 0 small enough,

n),— 7(n),— A2t 1 n),— +(n),— At
Z Ilg & Jlg - ; Z k2H—1 < Z ’Il(c s J( - - ’

(n),— Am
Jk © k2H, -1

k 2k2H -1

27L71§k<2n 2n71§k<2n 2n71Sk<2n

(n),— At (n),— _ _Am (n),— At
S Z ‘Ik ) Ty T g2H -1 + Z Iy " 9p4Ho—2 | p2H1—1

oan—1<k<2n oan—1<k<2n
(n AT
+ Z k-4H() 2 H k?Hlfl
2n71§k<2n

1

S H Z H
~ 2(2H -3_-3 92n 1 gn iz T 2(2Ho+ 12
on—1<p<on K (2Ho+Hn)=5 =3 1—2z2 1= 27" 2n—1§k<2nk (2Ho+H1)—1-2¢ 11—

1 1

Z + —2—¢ 2 —e

2(2Ho+H 2 1 "1
2n71<k<2n k; ( 0 1) ‘ - ?'

< 1 ( 1 Z 1 1 1 >
~ 5 on 3 n n
2n(2(2H0+H1)—§—36) AL oni<heon (%)2(2H0+H1)—§—38 11— 22 ‘7—5 11— 2n ‘7—5

+

1 1 Al 1
on(2(2Ho+H1)—2—2¢) on Z (£)2(2H0+H1)71725 |1 22" ‘1 €
2n—1§k<2n 2n

+

1 < 1 Z 1 1 >
—a_ o 9 2m 11— ’
on(2(2Ho+H1)—3—¢) \ 27 an—tehcam (2%)2(2H0+H1) 2—¢ 11— ?|1 €

22n |1—5
=
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and thus, for € > 0 small enough,

2
(n),— y(n),— _ A’mt 1
Z Iy Iy 9 Z K2H-1

2n—1<k<2n 2an—1<p<2n

1 1 dx 1 dx 1 dx
S n(2(2Ho+H1)—3—¢) / 1 1 +/ 1|1-e Jr/ 11—
graT I ER T TR B =] 31—zl

(A.9)

! < ! "9
~ on(2(2Ho+H1)—3—¢) ‘ ~ on(2(2Ho+H1)—3—¢) ’

due to 2Hy + Hy > 5.

Step 3: Estimate of 1 ,gn)’f, J, kn)’f for k = 2" In this particular case, one has

[ LG t)E e (e

I(n)v_
e [EPRT e k2P e [P e~ k7R

k

With the same changes of variables as above, we can then write

3tk2

po—_ ¢ S d¢ |sin(&)[”
k 2k4H0—2 0 ’1_ tk2|2H0 1 |§|2
3tk? | 2 3tk : 2
_ U [sin(9)| +/s < 1 1)|sm<s>}
N N L T G
By Lemma A.3, we have
2.2
/“5( 1 1)|sin(§)2 1
0o \Ji- ZpT e |~ ey
and so
(n)7_ 1 tE
1| S on(4H,—2) [t+ on(2—22) |
In the same way,
(TL),— 1 1 ]
| Jon” | S on(2H, 1) [1 T onio |’
and as a result
()= | 7(n).— 1 1 I
(A.10) ‘I2" HJ ” ‘N on(4Ho—2) 9n(2H,—1) N on(2H—1) — 0.

Step 4. Estimate ofI,gn)’_, J,in)’_ for k > 2™ For k > 2™, one has in fact

2 A92n . 2 2n . 2
R A SLYCT . | i ST
- . — — <9n+1 — .
k 2 |€[2Ho—T € — k2|2 =20} oo Jg2Ho-1 € — k2|2
Now for every 2" < k < 27+l and just as in Step 2, we can write
3tk>

et [ & )
k k4H0 2 (1 2277. ’1 |2H0 1 |£|2

o tk2
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3tk2 3tk2

ot [/s | sin(€)|? +/T ( 1 _1> sin(g)q
= 5pdHo—2 n 2 n 2Ho—1 2|
2ktHo=2 | Jua-2)  [¢] 8223 \1 - 25|20 €]
Note that for every 2" < k < 2"+1 one has 1 — 2%2 € (0, %], and so
Btk . 3tk2 .
’/ < 1 B 1) | sin(€)|? </ 8 1 B | sin(€)|? < 1
(-2 \|1 — 2 |2Hot N §12 ~ (tk)t=e

where we have used Lemma A.3 to derive the second inequality. Since on the other hand

% . 2 00 : 2
/‘ QP 1 [P
‘-2) [l th2(1— 22" Jo T EETE

we deduce that for every k > 27,

(). tate 1
’Ik ’ ’S 1{k§2"+1} k4Ho—1—25 |1 _ 22” |——5
With the same arguments, we get that for every k > 2%,
(n)v_ < ]' ]'
NS sy g
As a result, for every € > 0 small enough,
1 1 1
IF S SRS
4Ho+2H,—2-3 22n 1 2n (12
k>2n 2<k§2"+1k et B = N Ve o

w\»—A

<tat

AL ( 1 1 1 1 )
AHo+2H,—2-3¢) \ on Z k \4Ho+2H,—2—3 22n 1 on |1
2 ( 0+ ! 2 6) 2 271<k§2n+1 (27) 0+ ! 2 © |]‘ - F|2 c |]' - ?|2 c

tate /2 dx 1 1
~ 5 3 1
2n(4H0+2H175735) 1 |x|4H0+2H17573€ ‘1 N ?12|%75 |1 N % ¢

’2
(A.11)
2
<t;+5/ du <t§+s
~ R ,

where we have used the fact that 4Hy + 2H; — % >3 — g > 0.

Step 5: Estimate ofl(n)’+ J(n)’+
If¢¢ [k ,4k?], then of course | — k2| > k2, and so for every ¢ € (0,1),

(m)+ 1 de[sin (§(€—#*)[°
1 S gy L
1

’2H0 1 yg _ k2|1+a
< 1 < 1 1
(k2)1 5 R |§’2H0 1 <§ _ k2>1+5 ~ (kQ)l—a (k?)QHO—l’

where we have used Lemma 3.2 to derive the last inequality. In other words, one has

(A.12) 11| < k41

Hy—¢’
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and with the same arguments, we obtain that

oy 0] 5

Step 6: Conclusion.

By combining (A.8) and (A.9), we immediately deduce that

n 1

1<k<2n

sup
n>1

< oQ.

As far as R("™)(t) is concerned, we can first combine (A.10) and (A.11) to ensure that

3 I,g”)’J,i")" < 0.

k>2n

sup
n>1

On the other hand, by gathering the estimates obtained in Steps 1 to 4, we easily see that for
every k> 1,

n),— 1 mh 1
B 08 g and T O1S g

which, together with (A.12)-(A.13), yields

Z [I’gn),fjlgn)# +I]§n),+(]]gn),f +I’gn),+!]]5n),+]
k=1
oo

o0 oo

1 1 1 1 1 1
S Z kAHo—2 |2H,—¢ - Z kAHo—e 2H,—1 - Z kAHo—¢ [ [2H—¢"
k=1 k=1 k=1

Since 2Hy+ Hy > %, it is readily checked that these three quantities are finite for € > 0 small
enough. We can therefore conclude that

sup ‘R(”) ()] < o0.
n>1

Going back to the decomposition (A.6), we have thus shown that

1
1<k<2n

sup
n>1

< 00,

and we can finally observe that

1 __92n(1-H) 1 1 n—00 5on(1—H) ! dr
Z k2ﬂ71_2 on Z (L2 ~ 2 o |zPE T

1<k<2n 1<k<2n o

It only remains us to deal with the following technical lemma, which has been used during
the proof.

LEMMA A.2. Fixa,b>0, a €(0,2) and e € (0,1). Then for all r > 0, one has
br
1
dg
/ ar 11— % a1
As an immediate consequence, it holds that

[ ISP [ e nOF | cope

—ar |1 — §|a71 €2 —00 52 = orlee

’Sin(f)P < Ca,be,o
52 — 7,1—5 :

(A.14)
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PROOF. One has

e

1 /b g |1-]1—¢*
TR g
<1 [/"Ai de_[L-fi-get / dfll—\l— [~ 1l}
~ — — a— a,b,e a—
ri=e —(an}) ‘£|2 c |1_£| ! —a ‘1 | !

bAL b
Ca,b.c,a 2 dé- / < 1 ):|
S —= — (14— ],
ri-e [/(a/\;) [ |1 — &[]t

hence the first inequality.

sin(&)2 1 f° 1 |1 €2 sin(re)
! /_ad5 1get &

=
—ar ’1_§|o¢ 1

As for (A.14) we can of course bound the quantity under consideration by

[sin(§)|? |sin(§)/?
dg —>2°
52 " /]R\[ar,br} ¢ 62 7

é“
—ar 11— §|a 1

and it only remains us to observe that
: 2 1 1 2
[ a s e [ e
R\[—ar,br] § r (a N b) - |§’

A.4. Proof of Proposition 6.2, item ().

A.4.1. A preliminary estimate. The following technical bound related to the random ker-
nel K" will prove useful in the sequel.

LEMMA A.3. Assume that % <Hy<land 0 < Hy <1, pick 0 < k < %min(Ho,Hl).

Besides, let 0 < a < % <b<1andsetn:=min(2b — 1,1 — 2a,2 — 2Hy) > 0. Then for all
k,k1 € Z, one has

dA1 2a n,n+1 2 9—2ns
/<)\1>2b/d)\ <)\> EU(’C( ))kkl(Av)‘l)‘ :|§1{k75k1} <k‘(l€—k1)>1+n<k—k1>2ﬂ*1*4ﬁ’

where we have set H :=2Hy+ H, — 1.

Proof. Recall the definition (6.3) of K" ™). By combining (3.2) with (4.4), we get
B[ ("), O ADI]

/dAQdAQ\I (0 Qo k+>\2—)\1] T Ry kX = M) [E[FET D) Qo) F L) )|

~ON2 [ ReRRk [(0) </\/2> A=ty k= A2+ A) A= Qg g — Ay +Ap)  Fimkk =k 72
(A.15)
dhy dN, 1 1 H,
A(H1 K) / 2 dAy . {Ho) Ao, M) |
TRk (A2) (A) A= Qp gy —k — A2+ A1) (A= Qe gy~ — Ay + A1) 1=k -k (02:42)

Let us only bound the first term in (A.15), since the second one is similar.
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Thanks to Lemma 3.2, we know that the following uniform bounds hold true:

() 1
(A.16) A D=k S (k — kp)2Hh—1

and

(A17) T (e, X) <

1
<
~ <Hk _ k1]2 +)\2| A Hk _ k1|2 +)\/2’>2H0—1—2n<A2 _ )\/2>1—£
< 1 N 1
~ <|k‘ _ k1‘2 + )\2>2H07172n<)\2 _ )\/2>le <|]€ _ k.1|2 + )\/2>2H07172n<)\2 _ )\/2>le :
Going back to (A.15), and using (A.16) and (A.17), this yields for any small £ > 0
,n+1 2
E{|(K§<nn ))kkl()")‘l)| }
< 9—2nk / dhg dN, 1 1
N N2k = k)2 ] g) () (N = Qg gy -k — A2+ A1) (A= Qg — Ay + A1)
1
<|k _ k1\2 + )\2>2H07172n<)\2 _ )\/2>le

< 9 2nk / d\o 1
~ <)\>2<k _ k,1>2§—1—4m <)\2>2—2H0+2/@ <)\ _ Qk,lﬁ—k _ )\2 + )\1>

/ dN, 1
(A5) A= Qg —k — A+ A1) (A2 — Ap)1—e

where we have used the fact that (A\2)(|k — k1|2 + A2) > (k — k1)? (see (A.5)) to derive the
second inequality.

Then, still by (A.5), we have

(A A = Qo= — Ay + A1) 2 (A — Qi ey -k + A1),
hence

/ dx, 1
(A5) AN = Uy —k — A5 + A1) (A = M) 1=

< 1 / dN, 1
M= Qg+ ATTE S (Ao = AIE (NN — Qi — Ap + A1)E

- 1 / d, 2 / ANy |
M= Qg+ M) (A2 — M) 1=e(X))%e (A2 = XD1=8 (N = Qg oy — MG + M) %

< 1 -
A= Qg+ A1)
On the other hand, by Lemma 3.2,
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Putting all the previous estimates together we get
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Then, since Hy < 1 and a < 3, we obtain that § := min(2 — 2a,3 — 2H,) > 1 and so

i [ R e 000

< 2~ 2nK / dM\1 / dA 1
~ <k _ k1>2ﬂ—1—4m <)\1>2b <)\>2—2a <)\ _ Qk,klfk + )\1>3—2H0+2n—2e

< 2 2nn / d\ 1 < 2 2nn
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where we recall that 7 := min(20 — 1,1 — 2a,2 — 2Hj) > 0. Finally recall that 0y, 1, = 2kk;
and this prove the claim.

A.4.2. Proof of Proposition 6.2, item (it).

Let us write

[|Qabs | }< Z Wz<k>2s<k/>2s/m/d>\d/\/ >2a< >2aj

k1,k! kK
where

7 = E[| (D) D] D) M| ) s (YA

By the Holder inequality and the Gaussianity of the variables under consideration which
implies that

1
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we deduce that J < G, where
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1
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1 1
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Asa consequence,
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where we used the Cauchy-Schwarz inequality in the variables ki, A\; to derive the third
inequality.

Thanks to the bound obtained in Lemma A.4.1 and recalling that s < %, we deduce that

#,(n) |2 1/2 —2nk 1 1 1 1
E[‘Qa,b,s } ’S 2 (Z <k>1+77—2s Z <k1>2s (kl _ k.>1+77 + Z <k1>2s+2ﬂ—1—4n

kez k1#k ki EZ

s Lt 2 )

kEZ ki1€Z

1
—2nk
(A-IS) S 2 (1 + Z <k1>25+2H14/@) :

k1€Z

At this point, recall that s > 1 — H, which guarantees the convergence of the series in (A.18)

H-1
for Kk = kg := 3 min (Ho, Hq, %) Thus we have shown that
E[|of% 7] s27im,

which corresponds to the claim.

A.5. Proof of Lemma 1.2. Recall the definition of M in (1.19), then
M(v,w)g(t) = e (e Po(t)) (e "B w (1)),

= S (e (), (e B u(D)_,,

1

k1€Z
— 2 _ 2 T T e —
——l Zeztlk Bl ye e, () et Py (1)
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ki1€Z

hence the result.

A.6. Proof of a bilinear estimate. For completeness, we write the outline of the proof
of Bourgain’s bilinear estimate for s > 0. Namely, let us show that for all s > 0 and 1/2 <
b < 5/8, there exists 1 > 0 such that we have
(A.19) HUEHXSJ’*HH(RX’]I) S HUHXW(]RXT)HUHXSJ’(]RX'H‘)‘

To begin with, let us recall the fundamental estimate: for any € > 0
lwll e qoayxmy S llwll xo.s/semxt)

which was established by Bourgain in [7].

We interpolate the previous inequality with the identity ||ul[ z2(j0,1)xT) = |t x0.0&xT) and
obtain that for all € >0

lull 230,11 x1) S Ul x0.1/44 (mxT)-

Set b=1/2 + ¢ with € < 1/8. As a consequence for all s € R and for ;> 0 small enough,
we get
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N———
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Now, by duality and (A.20), for s > 0 we can write

[uB| xo1/2 e+ mxm) S 10D Lo/2(j0,1;We0872(T)
S ||UHL3([O,1];W5v3(’JI‘))HUHLS([O,I];W&?’(T))

S llull xor2ve @xmy |0l x0172 4 (RxT)

which proves (A.19).
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