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AN OPTIMAL REGULARITY RESULT ON
THE QUASI-INVARIANT GAUSSIAN MEASURES FOR
THE CUBIC FOURTH ORDER NONLINEAR
SCHRODINGER EQUATION

BY Tabaniro On, Paiiepe Sosok & Nikoray Tzverkov

Asstract. — We study the transport properties of the Gaussian measures on Sobolev spaces
under the dynamics of the cubic fourth order nonlinear Schrédinger equation on the circle.
In particular, we establish an optimal regularity result for quasi-invariance of the mean-zero
Gaussian measures on Sobolev spaces. The main new ingredient is an improved energy esti-
mate established by performing an infinite iteration of normal form reductions on the energy
functional. Furthermore, we show that the dispersion is essential for such a quasi-invariance
result by proving non quasi-invariance of the Gaussian measures under the dynamics of the
dispersionless model.

Résumf (Régularité optimale pour la quasi-invariance de mesures gaussiennes par le flot de
I’équation de Schrédinger non linéaire d’ordre 4)

Nous étudions le transport de mesures gaussiennes par le flot de I’équation de Schrodinger
non linéaire d’ordre 4. La nouveauté principale est une estimation d’énergie améliorée faisant
appel & un nombre infini de transformations de forme normale sur la fonctionnelle d’énergie. De
plus, nous démontrons que la dispersion est essentielle dans cette problématique en prouvant
qu’en son absence le méme résultat de quasi-invariance ne peut étre vrai.
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1. INnTRODUCTION

In this paper, we complete the study of the transport properties of Gaussian mea-
sures on Sobolev spaces for the cubic nonlinear Schrédinger equation (NLS) with
quartic dispersion, initiated by the first and third authors in [34].

The question addressed in this work is motivated by a number of perspectives.
In probability theory, absolute continuity properties for the pushforward of Gaussian
measures under linear and nonlinear transformations have been studied extensively,
starting with the classical work of Cameron-Martin; see [7, 26, 41]. More generally,
questions of absolute continuity of the distribution of solutions to differential and
stochastic differential equations with respect to a given initial distribution or some
chosen reference measure are also central to stochastic analysis. For example, close
to the topic of the current paper, see the work of Cruzeiro [11, 12]. We also note a
recent work [31] establishing absolute continuity of the Gaussian measure associated
to the complex Brownian bridge on the circle under certain gauge transformations.

On the other hand, in the analysis of partial differential equations (PDEs), Hamil-
tonian PDE dynamics with initial data distributed according to measures of Gibbs
type have been studied intensively over the last two decades, starting with the work of
Bourgain [4, 6]. See [34] for the references therein. These Gibbs-type measures are con-
structed as weighted Gaussian measures and are usually supported on Sobolev spaces
of low regularity with the exception of completely integrable Hamiltonian PDEs such
as the cubic NLS on the circle. In the approach initiated by Bourgain and successfully
applied to many equations since then, invariance of such Gibbs-type measures under
the flow of the equation has been established by combining the Hamiltonian structure
of suitable finite dimensional approximations, in particular invariance of the finite
dimensional Gibbs-type measures, with PDE approximation arguments. Invariance of
such weighted Gaussian measures implies absolute continuity of the pushforward of
the base Gaussian measures. If we substitute the underlying measure with a different
Gaussian measure, however, the question of absolute continuity becomes non-trivial.
See also [5] for a related question by Gel’fand on building a direct method to prove
absolute continuity properties without relying on invariant measures.

In [44], the third author initiated the study of transport properties of Gaussian
measures under the flow of a Hamiltonian PDE, combining probabilistic and PDE
techniques. The result proved there for a specific Hamiltonian equation (the gener-
alized BBM equation) went beyond general results on the pushforwards of Gaussian
measures by nonlinear transformations such as Ramer’s [41]. It was shown in [44] that
a key step to showing absolute continuity is to establish a smoothing effect on the
nonlinear part. In [34], the first and third authors studied the transport of Gaussian
measures for the cubic NLS with quartic dispersion. An additional difficulty com-
pared to [44] is the absence of explicit smoothing coming from the nonlinearity, thus
requiring the use of dispersion in an explicit manner. In [34], such dispersion was man-
ifested through the normal form method. In this paper, we improve the result in [34]
to the optimal range of Sobolev exponents by pushing the normal form method to the
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limit. Furthermore, we present a result showing that, in the absence of dispersion, the
distribution of the solution of the resulting dispersionless equation is not absolutely
continuous with respect to the Gaussian initial data for any non-zero time. This in
particular establishes the necessity of dispersion for an absolute continuity property.
Since the linear equation is easily seen to leave the distribution of the Gaussian initial
data invariant, this highlights that the question of transport properties for a Hamil-
tonian PDE is a probabilistic manifestation of the competition between the dispersion
and the nonlinear part, familiar for the study of nonlinear dispersive equations.

1.1. Tue EQUATION. We consider the cubic fourth order nonlinear Schrédinger
equation (4NLS) on the circle T = R/(27Z):

(1.1)

{iat“ S (z,t) e Tx R

u|t:0 = Uo,

where u is a complex-valued function on T x R. The equation (1.1) is also called the
biharmonic NLS and it was studied in [21, 43] in the context of stability of solitons

in magnetic materials. See also [24, 25, 2, 13] for a more general class of fourth order
NLS:

(1.2) 10y = NOPu + pdtu =+ |ul®u.

The equation (1.1) is a Hamiltonian PDE with the conserved Hamiltonian:

1 1
Hu) = §A|a§u\2dzizlr|u|4dx.

In addition to the Hamiltonian, the flow of the equation (1.1) preserves the L?-norm,
or the so-called “mass”:

M(u):/T\uFdx.

This mass conservation law was used in [34] to prove the following sharp global well-
posedness result.

Prorosirion 1.1. The cubic 4NLS (1.1) is globally well-posed in H°(T) for o = 0.

This global well-posedness result in L?(T) is sharp in the sense that the cubic
4NLS (1.1) is ill-posed in negative Sobolev spaces in the sense of non-existence of
solutions. See [19, 34, 37].

The defocusing/focusing nature of the equation (1.1) does not play any role in the
following. Hence, we assume that it is defocusing, i.e., with the + sign in (1.1).

1.2, QUASI-INVARIANCE OF ts. — Given s > 1/2; we consider the mean-zero Gaussian
measures jis on L?(T) with covariance operator 2(Id —92)~%, formally written as

(1.3) dus = Zsfle*%‘l“”?“du = H Z;}le*%m)%m"‘rzdﬂn.
nez
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796 T. Om, P. Sosor &« N. TzveTkov

As we see below, the Gaussian measure pg is not supported on H*(T), i.e.,
wus(H*(T)) = 0, and we need to work in a larger space. See (1.5). This is due
to the infinite dimensionality of the problem.

The covariance operator is diagonalized by the Fourier basis on T and the Gaussian
measure 15 defined above is in fact the induced probability measure under the map)

(1.4) weNr— u(z) =u(rw) = Z g&(;‘i) ene,

where (-) = (1+]-]*)"/? and {g, }nez is a sequence of independent standard complex-
valued Gaussian random variables on a probability space (2, %, P), i.e., Var(g,) = 2.
From this random Fourier series representation, it is easy to see that u* in (1.4) lies
in H?(T) almost surely if and only if

(1.5) o<s—1/2.

ne”Z

Lastly, note that, for the same range of o, the triplet (H®, H?, uy) forms an abstract
Wiener space. See [17, 27].

In the following, we continue to study the transport property of the Gaussian mea-
sure 1, under the dynamics of the cubic 4NLS (1.1). Before proceeding further, recall
the following definition of quasi-invariant measures; given a measure space (X, u), we
say that the measure is quasi-invariant under a measurable transformation 7 : X — X
if 1 and the pushforward of y under T, defined by Typt = poT 1, are equivalent, i.e.,
mutually absolutely continuous with respect to each other.

Our first result improves the quasi-invariance result in [34] to the optimal range of
Sobolev exponents.

Turorem 1.2, Let s > 1/2. Then, the Gaussian measure g is quasi-invariant
under the flow of the cubic 4NLS (1.1).

Theorem 1.2 improves the main result in [34], where the first and the third au-
thors proved quasi-invariance of ps under (1.1) for s > 3/4. Moreover, the regularity
s > 1/2 is optimal since when s = 1/2, the Gaussian measure pu, is supported in
H~=¢(T) ~ L?(T), while the cubic 4NLS (1.1) is ill-posed in negative Sobolev spaces
in the sense of non-existence of solutions.

As shown in [44], to prove quasi-invariance of y, it is essential to exhibit a smooth-
ing of the nonlinear part of the equation. This can be understood at an intuitive
level by an analogy to the Cameron-Martin theorem: the Gaussian measures s are
quasi-invariant under translations by fixed vectors in their respective Cameron Martin
spaces H*(T). Since a typical element under p; lies in H?(T), 0 < s —1/2, one needs
to show that the nonlinear part represents a perturbation which is smoother in the
Sobolev regularity. The Cameron-Martin theorem applies only to translation by fixed
vectors, but Ramer’s quasi-invariance result [41] applies to a more general nonlinear
transformation on an abstract Wiener space, although it requires the translations to

(1)Henceforth, we drop the harmless factor of 27, if it does not play an important role.
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be more regular. This was applied in [44] and [34], where it was noted that a direct
application of Ramer’s result yields a suboptimal range on s. In [34], we applied the
normal form reduction to the equation and exhibited (14 ¢)-smoothing on the nonlin-
earity when s > 1. We then proved quasi-invariance of us by invoking Ramer’s result.
When 3/4 < s < 1, we followed the general approach introduced by the third author
in the context of the (generalized) BBM equation [44]. This strategy combines an
energy estimate with the analysis of the evolution of truncated measures. As in [34],
showing a smoothing of the nonlinear part for (1.1) requires normal form reductions.
The main improvements over [34] here comes from a more refined implementation of
the normal form reductions, inspired by [18].

In the following, we first describe a rough idea behind this method introduced
n [44]. Let ®(t) denote the solution map of (1.1) sending initial data ug to the
solution u(t) at time ¢ € R. Suppose that we have a measurable set A C L?(T) with
ps(A) = 0. Fix non-zero t € R. In order to prove quasi-invariance of ps, we would
like to prove us(®(t)(A)) = 0.%)) The main idea is to establish the following two
properties:

(i) Energy estimate (with smoothing):

d ” _
(1.6) ZleO@IE: « < Clllull2) | @@ulFl o
for some 6 > 0,(%)
(ii) A change-of-variable formula:
MS(@(t)(A))zzs—l/ ez lullis gy « = » Zs—l/ e 312 WIrs gy,
D(t)(A) A

Step (i) is an example of local analysis, studying a trajectory of a single solution,
while Step (ii) is an example of global analysis on the phase space. Combining (i)
and (ii), we can study the evolution of ps(®(¢)A) by estimating 4 i,(®(t)(A)). In
particular, by applying Yudovich’s argument [22], we obtain(®

(17) Hs(@(8)(4)) < C(t,8) (11s(4)°

for any 6 > 0. In particular, if us(A) = 0, then we would have u,(®(¢)(A)) = 0. See
[44, 34, 33] for details.

As the quotation marks indicate, both (i) and (ii) are not quite true as they are
stated above. In [34], we first performed two transformations to (1.1) and transformed

(Q)By time reversibility, this would also yield ®(¢)«pus(A) = ps(P(—t)(A)) = 0.

B)n [35], the first and third authors recently proved quasi-invariance of ps ® ps—1 on (u, dru)
under the dynamics of the two-dimensional cubic nonlinear wave equation (NLW), where they showed
that even when 6 = 0, we can still apply Yudovich’s argument in the limiting case and establish a
desired estimate of the form (1.7). This was crucial in proving quasi-invariance of ps ® ps—1 under
the cubic NLW on T2.

(4)Compare (1.7) with a much stronger estimate in Lemma 3.9.
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the equation into the following renormalized equation:

~ . (A~ = o~ e~ (2~
(1.8) Oy, = —1 E PR Uny Uny Ung + |0n|“Un,s
n=ni—nz+ns
n#ny,ng

where the phase function ¢(7) is given by

(1.9) o(M) = ¢(n1,na,nz,n) = nil - ”% + né —nt

Note that this reduction of (1.1) to (1.8) via two transformations on the phase space
is another instance of global analysis. See Section 3.1. This reformulation exhibits
resonant and non-resonant structure of the nonlinearity in an explicit manner and
moreover it removes certain resonant interactions, which was crucial in establishing
an effective energy estimate in Step (i). By applying a normal form reduction, we
introduced a modified energy E; = |lu(t)||%. + R for some appropriate correction
term R;. See (1.10)—(1.12) below. We then established an energy estimate on the
modified energy E;, provided s > 3/4. In Step (ii), in order to justify such a change-
of-variable formula, we considered a truncated dynamics. Moreover, we needed to
introduce and consider a change-of-variable formula for a modified measure associated
with the modified energy E; introduced in Step (i).

The regularity restriction s > 3/4 in the previous paper [34] comes from the energy
estimate in Step (i), where we applied the normal form reduction (namely integration
by parts in time) once to the equation: d;|u%. = --- satisfied by the H®-energy
functional ||ul|%.. In the following, we prove Theorem 1.2 by performing normal form
reductions infinitely many times. Our normal form approach is analogous to the ap-
proach employed in [1, 28, 18]. In particular, in [18], the first author (with Guo and
Kwon) implemented an infinite iteration scheme of normal form reductions to prove
unconditional well-posedness of the cubic NLS on T in low regularity. In [18], we per-
formed integration by parts in a successive manner, introducing nonlinear terms of
higher and higher degrees. While the nonlinear terms thus introduced are of higher
degrees, they satisfy better estimates. In order to keep track of all possible ways to
perform integration by parts, we introduced the notion of ordered trees. See also [8]
for another example of an infinite iteration of normal form reductions to prove un-
conditional well-posedness.

In establishing an improved energy estimate (Proposition 3.4), we perform an in-
finite iteration of normal form reductions. It is worthwhile to note that, unlike [18],
we do not work at the level of the equation (1.1). Instead, we work at the level of
the evolution equation &;|lul%. = - satisfied by the H*-energy functional. Let us
first go over the computation performed in [34] to show a flavor of this method. Using
(1.8), we have

110) 4 (L) = & (Il

= —Rei § : § : e )25 T Dy Oy Oy

ne€Z n=ni—nz+tns
n#Eni,ng
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where v is the renormalized variable as in (1.8). Then, differentiating by parts, i.e.,
integrating by parts without an integral symbol,®) we obtain

L) 4 (30k) —re g[S ¥

neZ n=ni—nz+ns
n#ni,ng

Ry Y

neZn=ni—nza+nsg
n#ni,ng

emiem@t o
W@W U, Uny UngUn
e—io(m)t

¢(m)

(1)?* 0y (U, Oy Uy O, ) -

This motivates us to define the first modified energy Et(l)(v) with the correction term
BV (0) by

1
B (0) = 5 oll3- + Ry (0)

1.12 1
(42 =l Ry Y

ne€Z n=ni—nz+ns
n#ni,ng

L
) (n)“* U, Uny Oy Un.-
This is the modified energy used in the previous work [34] (up to a constant factor).
Note that the time derivative of Et(l) (v) is given by the second term on the right-hand
side of (1.11).

In the second step, we divide the the second term on the right-hand side of (1.11)
into nearly resonant and non-resonant parts and apply differentiation by parts only
to the non-resonant part. When we apply differentiation by parts as in (1.11) in
an iterative manner, the time derivative may fall on any of the factors v, and v,
generating higher order nonlinear terms. In general, the structure of such terms can
be very complicated, depending on where the time derivative falls. In [18], ordered
(ternary) trees played an important role for indexing such terms. In our case, we
work on the evolution equation satisfied by the H?®-energy functional and we need to
consider tree-like structures that grow in two directions. In Section 4, we introduce
the notion of bi-trees and ordered bi-trees for this purpose.

After J steps of the normal form reductions, we arrive at

d /1 d J+1 ] J+1 ]
13) = (50l ) = = (3 47 0O) + 3 AV @)
j=2 j=2

J+1
+ 3 RD () (t) + A4V (0)(1).

Here, JI{)U )(v) consists of certain 2j-linear terms, while </V1(j )(v) and ZY) (v) consist
of (2§ + 2)-linear terms. In practice, we obtain (1.13) for smooth functions with a

(5)This is indeed a Poincaré-Dulac normal form reduction applied to the evolution equation (1.10)
for %”’U(t) %5 See [18, §1] for a discussion on the relation between differentiation by parts and normal

form reductions.
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truncation parameter N € N. Here, we can only show that the remainder term </V2(J+1)

satisfies the bound of the form:
ATV < F(N, ),
with the upper bound F(N, J) satisfying
lim F(N,J) =00
N—oo
for each fixed J € N. This, however, does not cause an issue since we also show that
lim F(N,J)=0
J— o0

for each fired N € N. Therefore, by first taking the limit J — oo and then N — oo,
we conclude that the error term Jl/2(J+1) vanishes in the limit. See Section 4.5. While
it is simple, this observation is crucial in an infinite iteration of the normal form
reductions.

At the end of an infinite iteration of the normal form reductions, we can rewrite
(1.10) as
d (1 d (S5~ 40 ) -
s 2 _ % J J )
uu>ﬁgmwmywxgm;w@%;;ﬁww+§%wmm

involving infinite series. The main point of this normal form approach is that, while
the degrees of the nonlinear terms appearing in (1.14) can be arbitrarily large, we
can show that they are all bounded in L?(T) (in a summable manner over j). In
particular, by defining the modified energy &;(v) by

(1.15) 8(w) = Sl — AP )0,

Jj=2

we see that its time derivative is bounded:
d
=&)| < Culllullze),

satisfying the energy estimate (1.6) in Step (i) with 8 = 2. See Proposition 3.4 below.

This is the main new ingredient for proving Theorem 1.2. See also the recent work [37]
by the first author (with Y. Wang) on an infinite iteration of normal form reductions
for establishing a crucial energy estimate on the difference of two solutions in proving
enhanced uniqueness for the renormalized cubic 4NLS (see (1.17) below) in negative
Sobolev spaces.

Remark 1.3

(i) Heuristically speaking, this infinite iteration of normal form reductions allows
us to exchange analytical difficulty with algebraic/combinatorial difficulty.

(ii) The “correction term” Rgl) in (1.12) is nothing but the correction term in the
spirit of the I-method [9, 10]. In fact, at each step of normal form reductions, we obtain
a correction term %(j )(v). Hence, our improved energy estimate (Proposition 3.4)
via an infinite iteration of normal form reductions can be basically viewed as an
implementation of the I-method with an infinite sequence {%(j ) (v) }?;2 of correction
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terms. Namely, the modified energy &;(v) defined in (1.15) is a modified energy of an
infinite order in the I-method terminology.(®

(iii) We point out that a finite iteration of normal form reductions is not sufficient
to go below s > 3/4. See (6.14) in [34], showing the restriction s — 1/2 > 1/4.

Remark 1.4. — Let us briefly discuss the situation for the more general cubic fourth
order NLS (1.2). For this equation, the following phase function

O pu(@) = —A(n? —ni +nZ —n?) + p(nt —n3 +n3 —n*)
plays an important role in the analysis. In view of Lemma 3.1 below, we have
(1.16) a,u(m) = (n1 —ng)(ny —n){ —2X + ,u(n% +n3+n3+n?+2(n + n3)2)}.

If the last factor in (1.16) does not vanish for any nq,ne,ns,n € Z, then we can
establish quasi-invariance of ps under (1.2) for s > 1/2 with the same proof as in [34]
and this paper. It suffices to note that, while we make use of the divisor counting
argument in the proof, we only apply it to u(7) = (n1 — n2)(ny — n) and thus the
integer /non-integer character of the last factor in (1.16) is irrelevant.

For example, when A\u < 0, the last factor in (1.16) does not vanish and thus
Theorem 1.2 applies to this case. When Ay > 0, the non-resonant condition 2A ¢ uN
also guarantees the non-vanishing of the last factor in (1.16). It seems of interest to
investigate the transport property of the Gaussian measure us in the resonant case
2\ € uN. In this case, there are more resonant terms and thus further analysis is
required.

Remark 1.5. — On the one hand, the cubic 4NLS (1.1) is ill-posed in negative Sobolev
spaces and hence the quasi-invariance result stated in Theorem 1.2 is sharp. On the
other hand, the first author and Y. Wang [37] considered the following renormalized
cubic 4NLS on T:

(1.17) i = Opu + (|ul* = 2 f |ul?dz)u,

where f. f(z)dz = 3= [1. f(x)dz. In particular, they proved global well-posedness
of (1.17) in H*(T) for s > —1/3. In a very recent work [36], the first and third
authors with Y. Wang went further and constructed global-in-time dynamics for (1.17)
almost surely with respect to the white noise, i.e., the Gaussian measure p,; with
s = 0 supported on H?(T), 0 < —1/2. As a result, they proved invariance of the
white noise po under the renormalized cubic 4NLS (1.17). Invariance is of course a
stronger property than quasi-invariance and hence the white noise is in particular
quasi-invariant under (1.17). The question of quasi-invariance of p for s € (0,1/2]
under the dynamics of the renormalized cubic 4NLS (1.17) is therefore a natural
sequel of the analysis of this paper.

() The highest order of modified energies used in the literature is three in the application of the
I-method to the KAV equation [10], corresponding to two iterations of normal form reductions.
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1.3. NON QUASI-INVARIANCE UNDER THE DISPERSIONLESS MODEL. To motivate our sec-
ond result, note that, by invariance of the complex-valued Gaussian random vari-
able g, in (1.4) under rotations, it is clear that the Gaussian measure p; is invariant
under the linear dynamics:

{iatu = Otu

(1.18)
u|t:0 = Uo,

(z,t) e T xR.
See Lemma 3.2 (i) below. In particular, us is quasi-invariant under the linear dynam-
ics (1.18).

In the proof of the quasi-invariance of u, under the cubic 4NLS (1.1) (Theorem 1.2
above), the dispersion plays an essential role. The strong dispersion allows us to show
that the nonlinear part in (1.1) is a perturbation to the linear equation (1.18). Our
next result shows that the dispersion is indeed essential for Theorem 1.2 to hold.

Consider the following dispersionless model:

{i@tu = |ul?u

u|t=0 = Uo,

(1.19) (z,t) € T x R.

Recall that there is an explicit solution formula for (1.19) given by:
(1.20) u(z,t) = e_it‘uo(”)lzuo(m)

at least for continuous initial data such that the pointwise product makes sense.

Let s > 1/2. Then, it is easy to see that the random function «* in (1.4) is
continuous almost surely. Indeed, by the equivalence of Gaussian moments and the
mean value theorem, we have

1 p/2
£
Z <n>25—2s> |z —y|™

2

Elle(e) = )l") < (B0 - w)P])” ~

neL

S le =yl
provided that e > 0 is sufficiently small such that 2s — 2e > 1. Now, by choosing
p > 1 such that ep > 1, we can apply Kolmogorov’s continuity criterion and conclude
that u“ in (1.4) is almost surely continuous when s > 1/2. This in particular implies
that the solution formula (1.20) is well defined for initial data distributed according
to ps, s > 1/2, and the corresponding solutions exist globally in time. We denote
by ®(t) the solution map for the dispersionless model (1.19).
We now state our second result.

Turorem 1.6. — Let s > 1/2. Then, given t # 0, the pushforward measure Q~3(t)*,us
under the dynamics of the dispersionless model (1.19) is not absolutely continuous
with respect to the Gaussian measure pg. Namely, the Gaussian measure s is not
quasi-invariant under the dispersionless dynamics (1.19).

This is a sharp contrast with the quasi-invariance result for the cubic 4NLS in
Theorem 1.2 and for the cubic NLS for s € N (see [34, Rem. 1.4]). In particular,
Theorem 1.6 shows that dispersion is essential for establishing quasi-invariance of ps.
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We prove this negative result in Theorem 1.6 by establishing that typical elements
under us, s > 1/2, possess an almost surely constant modulus of continuity at each
point. This is the analogue of the classical law of the iterated logarithm for the Brow-
nian motion. We show that this modulus of continuity is destroyed with a positive
probability by the nonlinear transformation (1.20) for any non-zero time ¢ € R~ {0}.

Our proof is based on three basic tools: the Fourier series representation of the
(fractional) Brownian loops, the law of the iterated logarithm, and the solution for-
mula (1.20) to the dispersionless model (1.19). We will use three different versions
of the law of the iterated logarithm, depending on (i) s = 1 corresponding to the
Brownian/Ornstein-Uhlenbeck loop, (ii) 1/2 < s < 3/2, corresponding to the frac-
tional Brownian loop, and (iii) the critical case s = 3/2. In Cases (i) and (ii), we make
use of the mutual absolute continuity of the function u given in the random Fourier
series (1.4) and the (fractional) Brownian motion on [0, 27) to deduce the law of the
iterated logarithm for the random function u. In Case (iii), we directly establish the
relevant law of the iterated logarithm for u in (1.4).(") See Proposition 5.7.

On the one hand, the law of the iterated logarithm yields almost sure constancy of
the modulus of continuity at time ¢ = 0. On the other hand, we combine this almost
sure constancy of the modulus of continuity at time ¢ = 0 and the solution formula
(1.20) to show that the modulus of continuity at non-zero time ¢ # 0 does not satisfy
the conclusion of the law of the iterated logarithm with a positive probability. Lastly,
for s > 3/2, we reduce the proof to one of Cases (i), (ii), or (iii) by differentiating the
random function.

Remark 1.7. The existence of a quasi-invariant measure shows a delicate persis-
tence property of the dynamics. In particular, this persistence property due to the
quasi-invariance is stronger than the persistence of regularity® obtained by the usual
well-posedness theory. While the dispersionless model (1.19) enjoys the persistence of
regularity in H?(T), o > 1/2, Theorem 1.6 shows that the Gaussian measure p is
not quasi-invariant under the dynamics of (1.19).

Remark 1.8
(i) For € € R, consider the following 4NLS:

(1.21) i0pu = 0 + |ul?u.

For smooth initial data, it is easy to show that, on the unit time interval [0, 1], the
corresponding solutions to the small dispersion 4NLS, i.e., (1.21) with small ¢ # 0,
converge to those to the dispersionless model (1.19) as e — 0. See [38, Lem. 4.1]. In this

(MWe could apply this argument to directly establish the relevant law of the iterated logarithm
in Cases (i) and (ii) as well.

(8)In the scaling sub-critical case, by persistence of regularity, we mean the following; if one
proves local well-posedness in H®0 for some sg € R and if ug lies in a smoother space H* for some
s > sg, then the corresponding solution remains smoother and lies in C([—T, T]; H*), where the local
existence time 7" > 0 depends only on the H*0-norm of the initial condition ug.
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sense, the small dispersion 4NLS (1.21) with |¢] < 1 is “close” to the dispersionless
model (1.19).

On the other hand, there is a dichotomy in the statistical behavior of solutions
to the small dispersion 4NLS (1.21) and to the dispersionless model (1.19). When
€ # 0, one can easily adapt the proof of Theorem 1.2 and prove quasi-invariance
of the Gaussian measure ps. When € = 0, however, Theorem 1.6 shows that p is
not quasi-invariant under (1.19). This shows a dichotomy between quasi-invariance
for € # 0 and non quasi-invariance for ¢ = 0, while there is a good approximation
property for the deterministic dynamics of the dispersionless model (1.19) by that of
the small dispersion 4NLS (1.21) with |e| < 1.

(ii) We mention recent work [32, 14] on establishing quasi-invariance of the Gauss-
ian measure us for Schrodinger-type equations with less dispersion. In particular,
Forlano-Trenberth [14] studied the following fractional NLS:

(1.22) i = (—02)* *u + |u*u

and proved quasi-invariance of us (for some non-optimal range of s > s,), provided
that @ > 1. When « = 1, the equation (1.22) corresponds to the half-wave equation,
which does not possess any dispersion. See [15, 40, 16]. It would be of interest to study
the transport properties of the Gaussian measure ug under (1.22) for 0 < a < 1. We
also point out that (1.22) for 0 < a < 1 also appears as a model in the study of one-
dimensional wave turbulence [29] and hence is a natural model for statistical study
of its solutions.

1.4. ORGANIZATION OF THE PAPER. In Section 2, we introduce some notations. In
Section 3, we prove Theorem 1.2, assuming the improved energy estimate (Proposi-
tion 3.4). We then present the proof of Proposition 3.4 in Section 4 by implement-
ing an infinite iteration of normal form reductions. Lastly, by studying the random
Fourier series (1.4) and the relevant law of the iterated logarithm, we prove non quasi-
invariance of the Gaussian measure p, under the dispersionless model (Theorem 1.6)
in Section 5.

Acknowledgements. — The authors are also grateful to the anonymous referees for
their helpful comments that have improved the presentation of this paper.

2. NorATions

Given N € N, we use P¢x to denote the Dirichlet projection onto the frequencies
{In| < N} and set P> n :=Id —P<n. When N = o0, it is understood that Py = Id.
Define Ey and E4; by

En = P<nL*(T) = span{e”* : |n| < N},
Ex = PoyLA(T) = span{e™® : |n| > N}.
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Given s > 1/2, let us be the Gaussian measure on L?*(T) defined in (1.3). Then,
we can write ps as
fs = fis,N @ 1
where ps v and ,uj: n are the marginal distributions of j, restricted onto En and EJJ\;,

respectively. In other words, ps n and ui n are the induced probability measures
under the following maps:

n\W) ina
uN:wEQHuN(z;w):Zg(s)e ,
e (™)

uy w € Qs up(z;w) = Z gn(;i) ene,
n):

(

[n|>N

respectively. Formally, we can write ps n and usl’ N as
(2.1) dys N = Z;}Ve—%lngNuNII?;s duy and d/"sL,N — Z;]]ve_%”P>NUJ]\7H§—Is duﬁ
Given r > 0, we also define a probability measure p,, with an L?-cutoff by

-1
dits,r = Zg (v 2 <rydis.

Given a function v € L*(T), we simply use v,, to denote the Fourier coefficient v,
of v, when there is no confusion. This shorthand notation is especially useful in Sec-
tion 4.

We use a+ (and a—) to denote a + ¢ (and a — ¢, respectively) for arbitrarily small
€ < 1, where an implicit constant is allowed to depend on ¢ > 0 (and it usually
diverges as € — 0). Given x € R, we use |z] to denote the integer part of .

In view of the time reversibility of the equations (1.1) and (1.19), we only consider
positive times in the following.

3. Proor or Tueorem 1.2: (QUASI-INVARIANCE OF 15 UNDER THE cUBIC 4NLS

In this section, we present the proof of Theorem 1.2. The main new ingredient is
the improved energy estimate (Proposition 3.4) whose proof is postponed to Section 4.
The remaining part of the proof follows closely the presentation in [34] and thus we
keep our discussion concise.

3.1. BAsIc REDUCTION OF THE PROBLEM. We first go over the basic reduction of the
problem from [34]. Given ¢ € R, we define a gauge transformation ¢ on L?(T) by
setting

G[f] = e VU1,
Given a function u € C(R; L*(T)), we define ¢ by setting
SLul(t) = (b)),

Note that ¢ is invertible and its inverse is given by ¢~ 1[u](t) = G_+[u(t)].
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Given a solution u € C(R; L(T)) to (1.1), let & = ¢[u]. Then, it follows from the
mass conservation that @ is a solution to the following renormalized fourth order NLS:

(3.1) i0y = 0% + (|2 — 2 £ [u2da) .

This is precisely the renormalized cubic 4NLS in (1.17).

Let S(t) = e~"9: be the solution operator for the linear fourth order Schrédinger
equation (1.18). Denoting by v = S(—t)u the interaction representation of &, we see
that v satisfies the following equation for {v, }nez:

Oy, = —i Z e‘iqﬁ(ﬁ)tvnl@vm + i|vn|21)n
(3.2) I'(n)
= N (V)n + Z(V)n,

where the phase function ¢(7) is as in (1.9) and the plane I'(n) is given by
(3.3) T'(n) = {(n1,n2,n3) € Z*: n =n1 —na +nz and ny,n3 # n}.

Recall that the phase function ¢(7) admits the following factorization. See [34] for
the proof.

Levmma 3.1. Let n = ny — ny + ng. Then, we have
¢(m) = (n1 — n2)(n1 — n)(nf +n3 +n3 +n® +2(n1 + nz)?).

It follows from Lemma 3.1 that ¢(%) # 0 on I'(7). Namely, .4 (v) and Z(v) on the
right-hand side of (3.2) correspond to the non-resonant and resonant parts, respec-
tively. It follows from Lemma 3.1 that there is a strong smoothing property on the
non-resonant term .4 (v) due to the fast oscillation caused by ¢(7).

Given t,7 € R, let ®(t) : L?(T) — L?(T) be the solution map for (1.1) and
W(t,7): L*(T) — L?(T) be the solution map for (3.2),() sending initial data at time 7
to solutions at time ¢. When 7 = 0, we may denote ¥ (¢, 0) by ¥(t) for simplicity. Then,
from v = S(—t) 0 4[u], we have

(3.4) B(t) =91 oS(t)oU(t).
Recall the following lemma from [34].

Lemma 3.2

(i) Let s > 1/2 and t € R. Then, the Gaussian measure ps defined in (1.3) is
invariant under the linear map S(t) and the gauge transformation 9.

(ii) Let (X, p) be a measure space. Suppose that Ty and Ty are measurable maps
on X into itself such that 11 is quasi-invariant under T for each j =1,2. Then, p is
quasi-invariant under T =Ty o Ts.

(9Note that (3.2) is non-autonomous. We point out that this non-autonomy does not play an
essential role in the remaining part of the paper, since all the estimates hold uniformly in ¢ € R.
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When s = 1, Lemma 3.2 (i) basically follows from Theorem 3.1 in [31] which exploits
the properties of the Brownian loop under conformal mappings. For general s > 1/2,
such approach does not seem to be appropriate. See [34, §4] for the proof of Lemma 3.2.

In view of this lemma, Theorem 1.2 follows once we prove quasi-invariance of
under ¥(¢). Therefore, we focus our attention to (3.2) in the following.

3.2. TruncaTED DYNAMICS. — Let us first introduce the following truncated approxi-
mation to (3.2):

(3.5) Opvy, = 1|n<N{—i Z e My T, + i|vn|2vn},
I (n)
where I'y(n) is defined by
Tn(n) =T(n) N {(ny,n2,n3) € Z* : nj| < N}
= {(774,712,77,3) € Zs I n=mn; —ng + ns, 77,1,77,3,# n, and |n]| < N}

Note that (3.5) is an infinite dimensional system of ODEs for the Fourier coefficients
{vn}nez, where the flow is constant on the high frequencies {|n| > N}. We also
consider the following finite dimensional system of ODEs:

(3.6) Opvy, = —i Z ety Trotn, + il vn|*vn, [n| < N,

with v];=0 = P<n|i=0, i.€., Up|t=0 = 0 for |n| > N.

Given t,7 € R, denote by Ux(¢,7) and ¥x(¢,7) the solution maps of (3.5) and
(3.6), sending initial data at time 7 to solutions at time ¢, respectively. For simplicity,
we set

(3.7) Un(t) =Un(t,0) and  Up(t) = Un(t,0)
when 7 = 0. Then, we have the following relations:
@N(t,T):@N(t,T)P<N+P>N and PgN\I/N(t,T):\T/N(t,T)PgN.

We now recall the following approximation property of the truncated dynamics
(3.5).

Lemma 3.3 (Proposition 6.21/B.3 in [34]). — Given R > 0, let A C Br be a compact
set in L?(T). Fiz t € R. Then, for any ¢ > 0, there exists Ny = Ny(t, R,¢) € N such
that we have

U(t)(A) Cc Un(t)(A+ Be)

for all N > Ny. Here, B, denotes the ball in L*(T) of radius v centered at the origin.
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3.3. ENERGY ESTIMATE. In this subsection, we state a crucial energy estimate. The
main goal is to establish an energy estimate of the form (1.6) by introducing a suitable
modified energy functional. We achieve this goal by performing normal form reduc-
tions infinitely many times and thus constructing an infinite sequence of correction
terms.

Let N € NU {co}. In the following, we simply say that v is a solution to (3.6) if v
is a solution to (3.6) when N € N and to (3.2) when N = oc.

Prorosition 3.4. — Let 1/2 < s < 1. Then, given N € NU {0}, there exist multi-
linear forms {,/V( }] o {,/Vl(?v}] 5, and {,9?(])} such that

%(%Hv(t)ll?{s) _ i(;%g@(u)@ + ;mfﬁ(v)(w + ;%%')(u)(t)

for any solution v € C(R; H*(T)) to (3.6). Here, %(17\; are 2j-linear forms, while ,/Vl(ﬁ
and L%’I(\?) are (2§ + 2)-linear forms, satisfying the following bounds on L*(T); there
exist positive constants Co(j), C1(j), and Ca(j) decaying faster than any exponential
rate"?) as j — oo such that

AR @) ()] < Coli)v)| %,
M D)) S CLi) o),
12 (0)(1)] S Cal) 0] 512,

for j =2,3,.... Note that these constants Cy(j), C1(j), and Ca(j) are independent
of the cutoff size N € NU {oo} and t € R.
Define the modified energy &y, (v) by

(3.8) Eni(v) = =) — Z A

Then, the following energy estimate holds:

(3.9) ’dtht v)| < Cs([|v] z2)

for any solution v € C(R; H*(T)) to (3.6

, uniformly in N € NU {oco} and t € R.

In the remaining part of this section, we continue with the proof of Theorem 1.2,
assuming Proposition 3.4. We present the proof of Proposition 3.4 in Section 4. See
Lemmas 4.10 and 4.11. In the following, we simply denote & by &; and drop the
subscript N = oo from the multilinear forms, when N = co. For example, we write

A for AL

(10)1y fact, by slightly modifying the proof, we can make Co(j), C1(j), and C2(j) decay as fast
as we want as j — oo.
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3.4. Weicnrep GAUSSIAN MEASURES. Let s > 1/2. As in [34], we would like to define
the weighted Gaussian measures associated with the modified energies &n ¢(v) and
5,5(’1))2(11)

—1 —-& P v 9
dps, Nt = “Z3 N Aol 2 <rye” ¥ P dy

(3.10) -
= Zs,1 J«FN,r,tdﬂs
and
dpsr = “Z3 3 1o acrye” v
(3.11) |
= Z;r Fr,td/fésv
where &y is the modified energy defined in (3.8) and Fy ; and F,.; are given by
1D Fyeo) = L aen o (X AR Pax0)
=2
Fr(0) = Fro0,t(v) 3= 1yl 2 <r} €XD <Z%(”(v)(t)>~
=2

It follows from Proposition 3.4 that

L{jjuf| 2<r} €XP (Z |%§33(P<NU)|> < exp (ZCo(j)r2j) < C(s,r),
=2

j=2
uniformly in N € NU {oco} and ¢ € R. Hence, we have

Zs,N,r = / 1 FN,r,t(U)d/Js < C(S,T),
H "2~

uniformly in N € NU {oo} and ¢ € R. See also Remark 3.6 below. This shows
that ps v and pg ¢ in (3.10) and (3.11) are well defined probability measures on
Hs=Y 2=¢(T), € > 0. Moreover, the following lemma immediately follows from the
computation above as in [34, Prop. 6.2 & Cor. 6.3]. See Section 4.7.

Levvia 3.5. — Let s > 1/2 and r > 0.

(i) Given any finite p > 1, Fyr1(v) converges to Fy(v) in LP(us), uniformly in
teR, as N — oo.
(ii) For any v > 0, there exists Ny € N such that

|ps,N,T,t(A) - ps,r,t(A)| <7
for any N > Ny and any measurable set A C L*(T), uniformly in t € R.
Remark 3.6. — The normalizing constants Zs n, and Zs, a priori depend on ¢ € R.
It is, however, easy to see that they are indeed independent of ¢ € R by (i) noticing

that the correction terms {%(f\; }512 defined in Proposition 3.4 is in fact autonomous
in terms of u(t) = S(¢)v(t) and (ii) the invariance of ps under S(¢) (Lemma 3.2).

(ll)Noting that we have P¢nv = v for all solutions to (3.6), we have &n ¢(P<nv) = &n,¢(v). In
the following, we explicitly insert P¢y for clarity. A similar comment applies to C/VO(%.
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See also Remark 4.9 below. The same comment applies to the normalizing constant

~

Zs N, defined in (3.13).

3.5. A CHANGE-OF-VARIABLE FORMULA. Next, we go over an important global aspect
of the proof of Theorem 1.2. Given N € N, let dLy = H|n\<N di,, denote the Lebesgue
measure on Ey = C2N+1, Then, from (3.10) and (3.12) with (2.1), we have

oo

_ 71 o
dps,N,rt = Zg N Lo 2 <r} €

= Zo N Yol e e N PN dLy © dpg

2%€Q(P<Nu)dﬂs

where Z s,N,r is a normalizing constant defined by

~

(3.13) ZoNgy = /L Lol axrye” TV dLy @ dppg

Then, proceeding as in [34] and exploiting invariance of Ly under the map T N(t,T)
for (3.6), we have the following change-of-variable formula.

Lemma 3.7. Let s >1/2, N € N, and r > 0. Then, we have
B o ) .
PNt (UN(E,T)(A)) = Zs,zlv,r/ (o)l s <rpei=2 PN Py (v)
Wy (t,7)(A)

= Z;}V)T/A]_{HUHL2gT}e—éaN,t(PgN‘I’N(t,T)(U))dLN ®d/“LSL,N

for any t,7 € R and any measurable set A C L?(T). Here, ¥ n(t, ) is the solution
map to (3.5) defined in (3.7).

3.6. ON THE MEASURE EVOLUTION PROPERTY AND THE PROOF OF Throrem 1.2, — In this
subsection, we use the energy estimate (Proposition 3.4) and the change-of-variable
formula (Lemma 3.7) to establish a growth estimate on the truncated weighted Gauss-
ian measure ps nr under Wy (t) = ¥y (t,0) for (3.5). Thanks to the improved energy
estimate, the following estimates are simpler than those presented in [34].

Lemva 3.8. Let 1/2 < s < 1. Then, given r > 0, there exists C = C(r) > 0 such
that

d
(3.14) 2PNt (PN ()(A4)) < Cps, e (U (8)(A))
for any N €N, any t € R, and any measurable set A C L*(T). As a consequence, we
have the following estimate; given t € R and r > 0, there exists C = C(t,r) > 0 such

that

(3.15) s, Nt (YN (8)(A)) < Cps,nri(A)

for any N € N and any measurable set A C L*(T).

Proof. — As in [45, 46, 44, 34], the main idea of the proof of Lemma 3.8 is to re-

duce the analysis to that at ¢ = 0 in the spirit of the classical Liouville theorem
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on Hamiltonian dynamics. Let ¢ty € R. By the definition of ¥(¢,7), Lemma 3.7, and
Proposition 3.4, we have

d
e Nt (U () (A ‘
penne (N (O],
d
= %pS,NWio-&-t(\I/N(tO +t,t0)(‘1’N(to)(A)))’t:0
~ . d » i
:ZS’}V’T%[II o 1{||UHL2§7'}€ EN o+t (P<N YN (to+t,to)( ))dLN®d:ui_,N _
N(lo
d
= _/ jgN,to+t<PgNWN(tO+t>t0)(7}))‘ dps N rto
W (to)(A) t t=0

< Crps7N,r,t0 (‘IIN(tO)(A))

This proves (3.14). The second estimate (3.15) follows from a direct integration of
(3.14). O

As in [34], we can upgrade Lemma 3.8 to the untruncated measure ps , ;.

Levma 3.9. — Let 1/2 < s < 1. Then, given t € R and r > 0, there exists C =
C(t,r) > 0 such that

Ps,rt(Y(E)(A)) < Cps,re(A)
for any measurable set A C L(T).

This lemma follows from the approximation properties of Wy (t) to ¥(¢) (Lem-
ma 3.3) and ps Nt t0 psr (Lemma 3.5 (ii)) along with some limiting argument. See
[34, Lem. 6.10] for the details of the proof.

Once we have Lemma 3.9, the proof of Theorem 1.2 follows just as in [34]. We
present its proof for the convenience of readers. Recall that in view of (3.4) and
Lemmas 3.2, that it suffices to prove that pg is quasi-invariant under W(¢), i.e., under
the dynamics of (3.2).

Fix t € R. Let A C L*(T) be a measurable set such that j5(A) = 0. Then, for any
r > 0, we have

ps,r(A) = 0.
By the mutual absolute continuity of u, and p,:, we obtain
ps,rt(A) =0

for any r > 0. Then, by Lemma 3.9, we have
ps.rt(U(t)(A)) = 0.

By invoking the mutual absolute continuity of ps, and ps .+ once again, we have

e (R (H(A)) = 0.

Then, the dominated convergence theorem yields

s (U(0)(A)) = Tim g (W (£)(A)) = 0.
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This proves Theorem 1.2, assuming Proposition 3.4. In the next section, we implement
an infinite iteration of normal form reductions and prove the improved energy estimate
(Proposition 3.4).

4. Proor or Prorosition 3.4: NORMAL FORM REDUCTIONS

In this section, we present the proof of Proposition 3.4 by implementing an infinite
iteration scheme of normal form reductions. This procedure allows us to construct
an infinite sequences of correction terms and thus build the desired modified energies
én(v) and &;(v) in (3.8).

Our main goal is to obtain an effective estimate on the growth of the H®-norm of
a solution v to the truncated equation (3.6), independent of N € N. For simplicity
of presentation, however, we work on the equation (3.2) without the frequency cut-
off 1)< in the following. We point out that the same normal form reductions and
estimates hold for the truncated equation (3.6), uniformly in N € N, with straight-
forward modifications: (i) set v,, = 0 for all |n| > N and (ii) the multilinear forms for
(3.6) are obtained by inserting the frequency cutoff 1,,<x in appropriate places.!?
In the following, we introduce multilinear forms such as %(j ), Ji/l(j ), and Z2Y) for the
untruncated equation (3.2). With a small modification, these multilinear forms give
rise to JI{)%, </V1(5\;v and ,%’J(\?), N € N, for the truncated equation (3.6), appearing in
Proposition 3.4. See Section 4.7.

4.1. FirsT FEW STEPS OF NORMAL FORM REDUCTIONS. — In the following, we describe
the first few steps of normal form reductions. We keep the following discussion only
at a formal level since its purpose is to show the complexity of the problem and the
necessity of effective book-keeping notations that we introduce in Section 4.2. We will
present the full procedure in Sections 4.4 and 4.5.

Let v € C(R; H*(T)) be a global solution to (3.2).%) With ¢(7) and T'(n) as
in (1.9) and (3.3), we have!%)

d 1 ; s _—ip(n R _
4 (GIo.) = ~Rei Yo 3 (2™ v, 0,7
(4.1) n€LT(n)
— /D (0)(1).

In view of Lemma 3.1 with (3.3), we have |¢(7)| > 1 in the summation above. Then,

by performing a normal form reduction, namely, differentiating by parts as in (1.11),

(12)Using the bi-trees introduced in Section 4.2 below, it follows from (3.6) that we simply need
to insert the frequency cutoff lln(j) |<N on the parental frequency n(9) assigned to each non-terminal
node a € 79.

(13)While we work with (3.2) without a frequency cutoff in the following, it follows from the
uniform boundedness of the frequency truncation operator P<y that our argument and estimates
also hold for (3.6), uniformly in N € N. Noting that any solution to (3.6) (for some N € N) is smooth,
the following computation can be easily justified for solutions to (3.6).

(14)Recall our convention of using vy, to denote the Fourier coefficient v, .
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we obtain

—ip(n)t
(1), Uy Uy U,

emiomt -
ﬁm)? Oy (vmvn2vn3vn)

e—ib(M)t

¢(m)

<n>28vmvn2vn3w]

(4.2) — Rez Z

+ Vny A (V)13 Vg Une + Uy Urige N (V) s U + Ummvnsﬂ/(v)n}
=1 0457 (0) () + 2 (0) (1) + A P (0)(2).
In the second equality, we applied the product rule and used the equation (3.2) to
replace 0;vy,; (and Oy, respectively) by the resonant part % (v),; (and Z(v)y,, respec-
tively) and the non-resonant part .4 (v),, (and .4 (v),, respectively).

As we see below, we can estimate the boundary term ,/16(2) and the contribution
#?) from the resonant part in a straightforward manner.

Lemma 4.1, — Let %(2) and Z#?) be as in (4.2). Then, we have
AN olte, 12D )< el

See Lemma 4.10 (with J = 1) for the proof.

It remains to treat the last term .42 in (4.2). For an expository purpose, we
only consider the first term among the four terms in 4 in the following. A full
consideration is given in Section 4.4 once we introduce proper notations in Section
4.2. With (3.2), we have

e~ Ho1+¢2)t

(43) AP@)O =Reid, >, Y ()" (0o, TV SO0 T,

n€Z I'(n) ni=mi—mz+ms3
ni1F#mai,ms3

where ¢1 = ¢(n) and ¢ = ¢(m1, ma, m3,n1) = mj —m3 +mi —n? denote the phase
functions from the first and second “generations”.(*>) It turns out that we can not
establish a direct 6-linear estimate on .4 (?) in (4.3).

(151 Section 4.2, we make a precise definition of what we mean by “generation”.
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We divide the frequency space in (4.3) into

(4.4) C1 = {[61 + da| < 6%}
and its complement C¢.(*®) We then write .4 (?) as
(4.5) ND = 4O,

where Ji/l(z) is the restriction of .4 () onto C; and %(2) =3 - Ji/l(Z). On the
one hand, we can estimate the contribution Jl/l(g) from C; in an effective manner
(Lemma 4.11 with J = 1) thanks to the frequency restriction on Cy. On the other
hand, </V2(2) can not be handled as it is and thus we apply the second step of normal
form reductions to %(2). After differentiation by parts with (3.2) as in (4.2), we
arrive at

%(2)(1}) _ at%(?’) (v) —|—<%"(3)(v) + W(g)(v),

where %(3) is a 6-linear form and Z®) and A4 ®) are 8-linear forms, corresponding
to the contributions from the resonant part %(v) and the non-resonant part .4 (v)
upon the substitution of (3.2). See (4.19) below for the precise computation.

As in the previous step, we can estimate %(3) and 2 in a straightforward manner
(Lemma 4.10 with J = 2). On the other hand, we can not estimate .43 as it is and
hence we need to split it as

(4.6) NS = M+ 4
where </V1(3) is the restriction of .4 onto
(4.7) Cy = {|¢1 + ¢2 + ¢3] < 8%}

and %(3) =46 Ji/l(s). Here, ¢;, j = 1,2,3, denotes the phase function from the
jth “generation”. As we see below, </V1(3) satisfies a good 8-linear estimate (Lemma 4.11
with J = 2) thanks to the frequency restriction on Cs. On the other hand, %(3) can
not be handled as it is and thus we apply the third step of normal form reductions
to %(3). In this way, we iterate normal form reductions in an indefinite manner.

As we iteratively apply normal form reductions, the degrees of the multilinear
terms increase linearly. After J steps, we obtain the multilinear terms JI{)(‘]H) of
degree 2J +2 and 2+ and A4 (/+1) of degree 2 4 4. See (4.20). As in the first and
second steps described above, we also divide .# (/+1) into “good” and “bad” parts
and apply another normal form reduction to the bad part of degree 2J + 4, where
time differentiation can fall on any of the 2.J + 4 factors. An easy computation shows
that the number of terms grows factorially (see (4.9)) and hence we need to introduce
an effective way to handle this combinatorial complexity. In Section 4.2, we introduce
indexing notation by bi-trees, which allows us to denote a factorially growing number
of multilinear terms in a concise manner.

(16)Clearly, the number 62 in (4.4) does not make any difference at this point. However, we insert
it to match with (4.11). See also (4.7).
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4.2. NOTATIONS: INDEX BY ORDERED BI-TREES. In [18], the first author with Guo
and Kwon implemented an infinite iteration of normal form reductions to study the
cubic NLS on T, where differentiation by parts was applied to the evolution equation
satisfied by the interaction representation. In [18], (ternary) trees and ordered trees
played an important role for indexing various multilinear terms and frequencies arising
in the general steps of the Poincaré-Dulac normal form reductions.

Our main goal here is to implement an infinite iteration scheme of normal form
reduction applied to the H*-energy functional '™ |jv(t)||%., as we saw above. In par-
ticular, we need tree-like structures that grow in two directions. For this purpose, we
introduce the notion of bi-trees and ordered bi-trees in the following. Once we replace
trees and ordered trees by bi-trees and ordered bi-trees, other related notions can be
defined in a similar manner as in [18] with certain differences to be noted.

Derinirion 4.2. — Given a partially ordered set 7 with partial order <, we say that
be 7 withb<aandb=#aisachildofa€ 7,if b<<c< aimplies either ¢ = a or
¢ = b. If the latter condition holds, we also say that a is the parent of b.

As in [18], our trees in this paper refer to a particular subclass of usual trees with
the following properties.
DeriNiTiON 4.3
(i) A tree J is a finite partially ordered set satisfying the following properties:

(a) Let a1,a2,as,a4 € . If a4 < az < a1 and a4 < as < ag, then we have
az < as or agz < ag,

(b) A node a € 7 is called terminal, if it has no child. A non-terminal node
a € 7 is a node with exactly three ordered™® children denoted by ay,as, and
as,

(c) There exists a maximal element r € 7 (called the root node) such that
a<rforallaec 7,

(d) 7 consists of the disjoint union of .7° and .7°°, where 79 and 7>
denote the collections of non-terminal nodes and terminal nodes, respectively.

(ii) A bi-tree T = J1 U J5 is a disjoint union of two trees .73 and 5, where the
root nodes r; of 7, j = 1,2, are joined by an edge. A bi-tree .7 consists of the
disjoint union of 7 and 7>, where 79 and 7> denote the collections of non-
terminal nodes and terminal nodes, respectively. By convention, we assume that the
root node ry of the tree .77 is non-terminal, while the root node ry of the tree 95 may
be terminal.

(I")More precisely, to the evolution equation satisfied by the H®-energy functional.

(18)For example, we simply label the three children as ai,a2, and a3z by moving from left to
right in the planar graphical representation of the tree 7. As we see below, we assign the Fourier
coefficients of the interaction representation v at a; and as, while we assign the complex conjugate
of the Fourier coefficients of v at the second child as.

JE.P.— M., 2018, tome



816 T. Om, P. Sosor &« N. TzveTkov

(iii) Given a bi-tree J = 7 U 5, we define a projection II;, j = 1,2, onto a tree
by setting
(4.8) ;(7) = 7.
In Figure 1, IT1(.7) corresponds to the tree on the left under the root node rq, while
II5(.7) corresponds to the tree on the right under the root node r.

Note that the number |7 | of nodes in a bi-tree .7 is 35 + 2 for some j € N, where
|79 = j and |.7°°| = 2j+2. Let us denote the collection of trees in the jth generation
(namely, with j parental nodes) by BT'(j), i.e.,

BT(j):={7 : 7 is a bi-tree with |.7| = 35 + 2}.

j=1 j=2 j=3

1 ] T1 T2 T1 T2

AT

Ficure 1. Examples of bi-trees of the jth generation, j = 1,2, 3.

Next, we introduce the notion of ordered bi-trees, for which we keep track of how
a bi-tree “grew” into a given shape.

DeriniTion 4.4
(i) We say that a sequence {.;}7_, is a chronicle of .J generations, if
(a) J; € BT(j) foreach j =1,...,J,
(b) ;41 is obtained by changing one of the terminal nodes in J; into a
non-terminal node (with three children), j=1,...,J — 1.
Given a chronicle {7} } 5]:1 of J generations, we refer to 7 as an ordered bi-tree of the

Jth generation. We denote the collection of the ordered trees of the Jth generation
by BE(J). Note that the cardinality of BT(J) is given by [B%T(1)| = 1 and

(4.9) IBT(J)=4-6-8----- 2J =271 Jl=¢c;, T>2.

(ii) Given an ordered bi-tree .J; € BZ(J) as above, we define projections 7,
j=1,...,J —1, onto the previous generations by setting

m(75) = 7; € BI().

We stress that the notion of ordered bi-trees comes with associated chronicles. For
example, given two ordered bi-trees J; and :?VJ of the Jth generation, it may happen
that 5 = :?\; as bi-trees (namely as planar graphs) according to Definition 4.3, while
Ty + % as ordered bi-trees according to Definition 4.4. In the following, when we
refer to an ordered bi-tree 7 of the Jth generation, it is understood that there is an
underlying chronicle {.7;}7_,.
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Given a bi-tree 7, we associate each terminal node a € 7°° with the Fourier
coefficient (or its complex conjugate) of the interaction representation v and sum over
all possible frequency assignments. In order to do this, we introduce index functions,
assigning integers to all the nodes in .7 in a consistent manner.

DeriNtTION 4.5
(i) Given a bi-tree .7 = J; U Z4, we define an index function n : 7 — Z such that
(a) ny, = n,,, where r; is the root node of the tree 7, j = 1,2,
(b) ng = Ny —Nay, + 1, for a € T9, where ay, ag, and az denote the children
of a,

(€) {na,nay } N {na,, ey} = 3 for a € 79,

where we identified n : 7 — Z with {ng}ecs € Z7. We use W(.7) C Z7 to denote

the collection of such index functions n on 7.

Given N € N, we define a subcollection 9y (.7) C 91(.7) by imposing |n.| < N
for any a € 7. We also define M%(7) € M(F) by imposing |n,| < N for any
non-terminal nodes a € 7.

(ii) Given a tree .7, we also define an index function n : . — Z by omitting the
condition (a) and denote by M(.7) C Z7 the collection of index functions n on 7.

Remark 4.6

(i) In view of the consistency condition (a), we can refer to n,, = n,, as the
frequency at the root node without ambiguity. We shall simply denote it by n, in the
following.

(ii) Just like index functions for (ordered) trees considered in [18], an index function
n = {ngtecr for a bi-tree .7 is completely determined once we specify the values
ng € 7Z for all the terminal nodes a € 7°°. An index function n for a bi-tree .7 =
J1U P, is basically a pair (rn1,n2) of index functions n; for the trees J;, j = 1,2,
(omitting the non-resonance condition in [18, Def. 3.5 (iii)]), satisfying the consistency
condition (a): Ny, = ny,.

(iii) Given a bi-tree .7 € BT(J) and n € Z, consider the summation of all possible
frequency assignments {n € 9M(.7) : n, = n}. While |.7°°| = 2J +2, there are 2.J free
variables in this summation. Namely, the condition n, = n reduces two summation
variables. It is easy to see this by separately considering the cases II5(.7) = {ry} and

Mo (7)) # {r2}-

Given an ordered bi-tree .7 of the Jth generation with a chronicle {%}jzl and
associated index functions n € M(7;), we would like to keep track of the “generations”
of frequencies. In the following, we use superscripts to denote such generations of
frequencies.

Fix n € M(7;). Consider 77 of the first generation. Its nodes consist of the two
root nodes ri, 9, and the children rq1,712, and 713 of the first root node ri. See
Figure 1. We define the first generation of frequencies by

(n(l)’ n§1)7 ngl)v nél)) = (n'f’1 »Try1s Mrygs nT”lS)'
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From Definition 4.5, we have
n — Ny, n® — ngl) . nél) + ngl)7 ngl) ” ngl)vngl)'

Next, we construct an ordered bi-tree 7 of the second generation from 7 by
changing one of its terminal nodes a € 7,°° = {rq, 711,712,713} into a non-terminal
node. Then, we define the second generation of frequencies by setting

(n(2) , n?) , ngz) , néz)) = (NayNag s Mags Nag )-

Note that we have n(?) = n() or n,(cl) for some k € {1,2, 3},

P = @ 4 0@, D 0,02

where the last identities follow from Definition 4.5. This extension of 73 € BEF(1)
to Z € BT(2) corresponds to introducing a new set of frequencies after the first
differentiation by parts, where the time derivative may fall on any of v, and vy,
j=1,2,3.19
In general, we construct an ordered bi-tree .J; of the jth generation from 7;_;

by changing one of its terminal nodes a € ﬂjo_ol into a non-terminal node. Then, we
define the jth generation of frequencies by

(n(j),n(lj),ngj),né])) = (NasMays Magy Nas )-
As before, it follows from Definition 4.5 that

n — ngj) _ ngj) + n:(,,j), ngj) + ngj),ngj).
Given an ordered bi-tree .7, we denote by B; = B;(7) the set of all possible fre-
quencies in the jth generation.

We denote by ¢; the phase function for the frequencies introduced at the jth
generation:

; j j j Ny 4 )y 4 )y 4 NV
61 = 6390 ) o= () = )+ ) - ()
Note that we have |¢1]| > 1 in view of Definition 4.5 and Lemma 3.1. We also denote
by 1; the phase function corresponding to the usual cubic NLS (at the jth generation):
; j j j Ny 2 N 2 ) 2 1y 2
5 = 1319, 00,0, 1) = (19)? = (1) + (n)? - ()
= —2(n(j) - ny)) (n(j) - nz(,)j)).
Then, by Lemma 3.1, we have
(410) &5l ~ @) (0D =) (0D = n)] ~ (0L - s
where n{l)y := max (\n(j)\, \ngj)|, |ngj)|, |ngj) ).
Given an ordered bi-tree 7 € BZ(J) for some J € N, define C; C N(T) by

(4.11) Cj = {lo;nl < (25 +4)°},

(19)The complex conjugate signs on vn and vp; do not play any significant role. Hereafter, we

drop the complex conjugate sign, when it does not play any important role.
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where gj is defined by

J
(4.12) G = Ok
k=1

In Section 4.4, we perform normal form reductions in an iterative manner. At each
step, we divide multilinear forms into “nearly resonant” part (corresponding to the
frequencies belonging to C;) and highly non-resonant part (corresponding to the fre-
quencies belonging to CJC) and apply a normal form reduction only to the highly
non-resonant part.

4.3. AriTHMETIC LEMMA. — As we see in Section 4.4, normal form reductions gener-
ate multilinear forms of higher and higher degrees, where we need to sum over all
possible ordered bi-trees in B%F(J). The main issue is then to control the rapidly
growing cardinality ¢; = [BT(J)| defined in (4.9). On the one hand, we utilize the
divisor counting estimate (see (4.15) below) as in [18]. On the other hand, we split
the argument into two parts. The following lemma shows the heart of the matter in
the multilinear estimates presented in Section 4.4. This allows us to show that there
is a sufficiently fast decay at each step of normal form reductions.

Lemma 4.7. — Let s <1 and J € N. Then, the following estimates hold:
(i)

1
(413) Sup Sup N
TR e 6;9 M-es W H W [17-2(25 +2)*

Nyp=n

J3+

I17=5(27 +2)3-

J
<TL>4S 1
(4.14) sup sup 1A =~
<7J+1€%‘I(.I+1)neznem%J+l) (mj:1 Cj)mcj |¢1|2 ]1;[2 |¢j|2

Before proceeding further, let us recall the following arithmetic fact [20]. Given
n € N, the number d(n) of the divisors of n satisfies

(4.15) d(n) < Csn®

for any § > 0. This divisor counting estimate will be used iteratively in the following
proof.

Proofof Lemma 4.7

(i) We first consider the case J = 1. In this case, from Lemma 3.1 with s < 1, we
have

(4.16)  LHS of (4.13) < sup Z

< sup <.
nez |<l51|2 Z |(n —n) n—ﬂ3)|2

n1,n3€Z nez n1,n3€Z
nl-,n37én ni,n3#n
[p1]>1

Next, we consider the case J > 2. Fix 95 € BT(J). For simplicity of notations, we
drop the supremum over J; € B%(J) in the following with the understanding that

JE.P.— M., 2018, tome



820 T. Om, P. Sosor &« N. TzveTkov

the implicit constants are independent of Z; € BZ(J). A similar comment applies to
the proof of the estimate (4.14) presented in (ii) below.

The main idea is to apply the divisor counting argument in an iterative man-
ner. It follows from the divisor counting estimate (4.15) with the factorization of ¢,
(Lemma 3.1) that for fixed n() and ¢;, there are at most O(|$;|°") many choices for
ngj), ngj), and néj) on Bj. Also, note that ¢; is determined by %, e qNSj and

(4.17) 6] < max(|;-11,6;])

since ¢; = aj — gj_l. In the following, we apply the divisor counting argument to
sum over the frequencies in By, Bj_1, ..., Ba. From Definition 4.4 (ii) and (4.11), we
have

LHS of (4.13) = sup Z T¢i|2 Z Z ‘¢2|2

neZnG’ﬁ(‘fﬂ (7))
|¢31|>1

2 Z Iz/ul2

Y2E€Z Yy EL
|4p2|>6° ¢>2 wz [ps1>(27+2)% ¢ ¢J uu

By applying the divisor counting argument in By with (4.17), we have

< sup Z |<l51|2 Z Z WJ2|2M

neZnE‘ﬂ(ﬂj ?J)) Yo EL
|¢1|>1 42| >6° ¢2 1#2
1 0+ 0+
> > e > y |2|¢J 7T a7
Ysj1€Z By - YyEL
[Ys-11>2)° ¢r1=tp5-1 [ps|>(2T+2)3
By iteratively applying the divisor counting argument in Bjy_q, ..., Bs, we have

Sswp D) |$?— 2 HFM%

"Eznem(w (7)) I€L =2
> (2542
e "”9‘:5,.?.,]’
1

< -
TT7_,(2) +2)3-

where the last inequality follows from (4.16).
(ii) Fix Jy41 € BI(J + 1). We proceed with the divisor counting argument as
n (i). From (4.11), we have |¢J+1‘ < |¢s| + J3 on C; and thus for fixed n(/+1 and
¢J+1, there are at most O(J%F|$,|°) many choices for ng‘lﬂ), EJH), and n(‘]H)
on BJJrl Also, on Cj, there are at most O(J3) many choices for ¢J+1 Hence, for

fixed ¢, there are also at most O(J?) many choices for ¢ ;11 = bs41 — ¢y on Cy.
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Then, the contribution to (4.14) in this case is estimate by

LHS of (4.14) = sup Z |¢ |2 Z Z |1/)2\2

nel nER(T(7711)) =
|¢1|>1 [2]>6° ¢2 w2
> Z L
DS
Y EL |1/)J| Bjt1 )
[ |>(2J42)° <15J TZJJ [¢g+1+s]<(2T4+4)°
By applying the divisor counting argument in B 1, we have
< J3Fsup ..
nez Z |¢1|2 Z Z |’¢)2‘2
ne‘ﬁ(ﬂ'1(<7J+1)) Y2 €L
|¢1|>1 [2]>6° ¢2 ¢2
Z Z W’ 2 [l
YIEL
lvs|>(27+2)% ¢ ¢J ¢J
By iteratively applying the divisor counting argument in By, ..., By and then apply-

ing (4.16), we have

4s
s 3o 3 Mg

neEZ

nEm(;LHL{JJrﬂ) Yy EZ 3] 2
61121 a2
3+
St
[T-2(25 +2)%
This proves (4.14). O
Remark 4.8. — In [18], the authors applied the divisor counting argument even to

the frequencies of the first generation. On the other hand, we did not apply the divisor
counting argument to the frequencies of the first generation in the proof of Lemma 4.7
above. Instead, we simply used (4.16) to control the first generation. By using only
the factor p; = —2(n —ngl))(n(l) —nél)) (and not the entire ¢1) for the summation,
(4.16) allows us to exhibit the required smoothing in Proposition 3.4.

4.4. NormaL rorm REDUCTIONS. — With the notations introduced in Section 4.2, let
us revisit the discussion in Section 4.1 and then discuss the general Jth step. We
first implement a formal infinite iteration scheme of normal form reductions without
justifying switching of limits and summations. We justify formal computations at the
end of this subsection. Let v € C(R; H**(T)) be a global solution to (3.2). Using the
notations introduced in Section 4.2, we write (4.1) as

LG =-Rei Y Y et T v, = A Ow)0).

TLEBT(1) nEN(T) a€T>
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By performing a normal form reduction, we then obtain

</V<1>(v)(t):Reat[ yooy e e 11 vna}

ﬁ1€%$(1)n€9’1(% a€ I

JDID VL S””aﬁ(nm)

T1e€BX(1) neN(T)

s —iprt
:Re@t{ Z Z ¢1 H Una}

(4.18) T1eBT(1) neN(T1) a€g>®
—iprt
“Re > > ) 70w ] v
TLEBT(1) bET> neN(T) ac T ~{b}

<nr> sp—i(P1+e2)t

o1 1L .

a€ I

+Rei Y >

T2€BT(2) neN(T2)
= 9, M P (W) (t) + B (0)(t) + A D () (1)

Compare (4.18) with (4.2). In the second equality, we applied the product rule and
used the equation (3.2) to replace vy, by the resonant part %Z(v),, and the non-
resonant part .4 (v)y,,. In substituting the non-resonant part .4 (v),,, we turned the
terminal node b € 7™ into a non-terminal node with three children by, bo, and bs,
which corresponds to extending the tree .7, € BE(1) (and n € N(7)) to T2 € BT(2)
(and to n € M(Fz), respectively).

Remark 4.9

(i) Strictly speaking, the phase factor appearing in .4 (?) (v) may be ¢1 — ¢ when
the time derivative falls on the terms with the complex conjugate. In the following,
however, we simply write it as ¢; + ¢- since it does not make any difference in our
analysis. Also, we often replace +1 and 44 by 1 for simplicity when they do not play
an important role. Lastly, for notational simplicity, we drop the real part symbol on
multilinear forms with the understanding that all the multilinear forms appear with
the real part symbol.

(ii) Due to the presence of e~**1* in their definitions, the multilinear forms such
as %(2)(11) are non-autonomous in t. Therefore, strictly speaking, they should be
denoted as %(2)(15)(1)(15)). In the following, however, we establish nonlinear estimates
on these multilinear forms, uniformly in ¢t € R, by simply using |e~*?1!| = 1. Hence, we
simply suppress such ¢-dependence when there is no confusion. The same comment
applies to other multilinear forms. Note that this convention was already used in
Proposition 3.4.

It is worthwhile to note that the multilinear forms introduced in this section are
non-autonomous when they are expressed in terms of the interaction representation v,
solving (3.2). When they are expressed in terms of the original solution u to (1.1) (or &
to (3.1)), however, it is easy to see that these multilinear terms are indeed autonomous.
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Thanks to Lemma 4.7, the terms %(2) and Z) can be estimated in a straightfor-
ward manner; see Lemma 4.10 below. We split .4"(?) as in (4.5). As mentioned above,
the good part %(2) is handled in an effective manner (Lemma 4.11) thanks to the
frequency restriction on Cy. We then apply the second step of normal form reductions
to %(2) and obtain

—i(¢1+¢p2)t }

@, e
“* { Z Z f ¢1 o1+ ¢2) H fna

T2€BT(2) neN(Tz) a€ T5°
—i(p1+¢2)t
— ce XA (V) Un,
YOI DD DIl

(4.19) T €BT(2) bE T neN(T) a€ T2 ~{b}

i(p1+pa+d3)t

- XY e II
T 01(01 + 2) e

T3€BZ(3) neN(T3) a€ T

= NP (0) + B (0) + N O (v).

As in the previous step, we can estimate %(3) and Z®) in a straightforward manner
(Lemma 4.10), while we split .4 () into the good part </V1(3) and the bad part %(3)
as in (4.6), where JVI(S) is the restriction of .4 () onto Cy defined in (4.11). We then
apply the third step of normal form reductions to the bad part </1/2(3). In this way, we
iterate normal form reductions in an indefinite manner.

After the Jth step, we have

L%“W»=&[ > > 1 o

)
T €BT(J) neN(Ty) ’= ’ HJ:1¢J‘ aeTpe

-2 > > AW, ] v

(4.20) T1eBI(J) bET® neN(Ty) J: < szl ®; a€ T~ {b}

> se—i(;Jt
T>2Sefi$,]t

A lm%wﬁﬂﬁ?ﬁii Mo

Tr 1 €BT(J+1) neN(Tyy1) - 7 [Ij=1 ¢ a€ T3,
—: 9, (0) + 2V (0) + 4D (),
where 5(; is as in (4.12). In the following, we first estimate %(JH) and 27+ by

applying Cauchy-Schwarz inequality and then applying the divisor counting argument
(Lemma 4.7).

Lemva 4.10. — Let JI/()(J+1) and Z7Y) be as in (4.20). Then, for any s < 1, we
have

(4.21) L%“mwﬂs——————fHW”?
1,25 +2)3
2J +2
(1.22) B ()] g BT T2V Coyiarha,
Hg 2(2 +2)
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824 T. On, P. Sosor & N. Tzverkov

Proof. We split the proof into the following two cases:
(i) Ia(T5) ={r:}  and (i) Ha2(T7) # {r2},
where IIy denotes the projection defined in (4.8).

Cauchy-Schwarz inequality and Lemma 4.7, we have
<n>4s ﬁ 1 )
5 =
¢1 s |94
2 (F5)={r2} Tr=n

Case (i). — We first consider the case IIo(.75) = {r2}. Recall that for general J € N,
|%(J+1)(U)‘ g ||UHL2 Z {Z ( Z 1mJ_
1/2
(> 1 |)}

we need to control the rapidly growing cardinality c; = |BZ(J)| defined in (4.9). By
F7e3%(J) \nezZ “nem(gy) = 7!
n%‘ﬁézj) a€ TP ~{r2}

S =L |l2*2
[—2(27 +2)2~

Case (ii). — Next, we consider the case IIo(.7;) # {r2}. In this case, we need to
modify the argument above since the frequency n, = n does not correspond to a
terminal node. Note that 77 = II; () UIly(7)> and

2
az Y TN eeP=TI( X I lwp)
neN(Ty) a€I;° J=1 *meN(I1;(J;)) a; €11;(Ty)>°

ny=n Ny =N

Then, by Cauchy-Schwarz inequality and Lemma 4.7 with (4.23), we have

AW s Y Z{( 2 In C°¢12H|¢j|2>

T;eBT(J) n€Z neN(Jy)
O2(F5)={r2} "r_"

<7
- H;]:2(2.7 + 2)%_ T;€BT(2) 1. (.
2(T5)#{r2} nrjin

2 1/2
cy
s SIS T )}
neZ i (7.
By Cauchy-Schwarz inequality in n,

1/2
cj
ot e (S 1 )]
[1j=2(2) +2)> H‘i{%“;;gl}j— n nem(n (7)) ayen ()
§ﬁ” v||7572
H 5(25+2)2

This proves the first estimate (4.21).
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The second estimate (4.22) follows from (4.21) and ¢2 C (8, noting that, given

n?

Ty € BE(J), we have #{b:be I°} =2J+2. O
Next, we treat .4 (/+1) in (4.20). As before, we write
(4.24) N URD = Dy D

where %(J+1) is the restriction of 4 (/*1) onto C; defined in (4.11) and </V2(‘]+1) =
NI+ Ji/l(J+1). In the following lemma, we estimate the first term in (4.26):

(J+1) _
(4.25) MV (w) = > > 1((];10;)% Un

7=
Ti+1E€EBT(J+1) neN(Ty41) szl QS] aeﬂfil

<nr>zse—i¢7j+1t

o

Then, we apply a normal form reduction once again to the second term Ji/Q(J+1) as
in (4.20). In Section 4.5, we show that the error term Jl@uﬂ) tends to 0 as J — oo.

Lemma 4.11. Let ,/I/l(J+1) be as in (4.25). Then, for any s < 1, we have

J%+ +Cj
e |11 A

[1-(27 +2)?
Proof. — We only discuss the case II3(F41) = {r2} since the modification for the
case IIo(Ty41) # {ro} is straightforward as in the proof of Lemma 4.10. By Cauchy-

(4.26) PRI

Schwarz inequality and Lemma 4.13, we have

(J+1) ()t & 1
|</V1 + ('U)| S ||'UHL2 Z { Z ( Z l(nj;; C;)QCJW.]']:EW)

9J+1E%T(J+1) nez ne‘ﬁ(ﬂ;+1)
ny=n

M2 (Ty41)={r2}
1/2
(X 1 |vna|2)}

neEN(Ty41) a€ T35 ~{r2}
ny=n

3

< Jitepn 2J+4
S oo el
This proves (4.26). O
Remark 4.12. A notable difference from [18] appears in our definition of C; in

(4.11); on the one hand, the cutoff size on (%.H in [18] depended on aj and ¢;. On
the other hand, our choice of the cutoff size on %4_1 in (4.11) is independent of $j
or ¢1, thus providing simplification of the argument.

Another difference appears in the first step of the normal form reductions. On
the one hand, we simply applied the first normal form reduction in (4.18) without
introducing a cutoff on the phase function ¢;. On the other hand, in [18], a cutoff of the

form(2%) |¢1]| > K was introduced to separate the first multilinear term into the nearly

(20)1n [18], this parameter was denoted by N. Here, we use K to avoid the confusion with the
frequency truncation parameter N € N.
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resonant and non-resonant parts. The use of this extra parameter K = K(||ug||zz2)
allowed the authors to show that the local existence time can be given by T' ~ [lugl| 2"
for some a > 0. See [18] for details. Since our argument only requires the summability
(in J) of the multilinear forms, we do not need to introduce this extra parameter.

We conclude this subsection by briefly discussing how to justify all the formal steps
performed in the normal form reductions. In particular, we need to justify

(i) the application of the product rule and
(ii) switching time derivatives and summations

Suppose that a solution v to (3.2) lies in C'(R; H'/%(T)). Then, from (3.2), we have
ERDIPOINTE ERIPGITE
0wwnllores < ([ F7 (0l ps S 17 (BaDl gy pare = Il

for each T' > 0, where CrB, = C([-T,T); B;). Hence, dyv,, € C([=T,T]; £5°), justi-
fying (i) the application of the product rule. Note that given N € N, any solution v
to (3.6) belongs to C(R; H*°(T)) and hence (i) is justified. Moreover, the summations
over spatial frequencies in the normal form reductions applied to solutions to (3.6) are
all finite and therefore, (ii) the switching time derivatives and summations over spatial

frequencies trivially hold true for (3.6). In general, the proof of Lemma 4.10 shows
)

3
CrHL®

that the summation defining ./16“ converges (absolutely and uniformly in time).
Then, Lemma 5.1 in [18] allows us to switch the time derivative with the summations
as temporal distributions, thus justifying differentiation by parts.

7T In this subsection, we prove that ,/VQUH) in
(4.24) tends to 0 as J — oo under some regularity assumption on v. From (4.20), we

4.5. ON THE ERROR TERM JI/2(

have
Tl <nr>2867i$,]+1t
@421 A Ve =- Y Yol Vn, -
Ty EBT(J+) neN(Typr) 7 [[im1 ¢ wco

fatl
Lemva 4.13. — Let JVQ(JH) be as in (4.27). Then, given ve H*(T), s>1/2, we have
(4.28) A ()] — 0,

as J — oo.

We point out that one can actually prove Lemma 4.13 under a weaker regularity
assumption s > 1/6. See [37]. For our purpose, however, we only need to prove
the vanishing of the error term %(JH) for sufficiently regular functions; our main
objective is to obtain an energy estimate (on the modified energy &y + defined in (3.8))
for solutions to the truncated equation (3.6). Given N € N, any solution v to (3.6)
belongs to C'(R; H>°(T)). Therefore, while the convergence speed in (4.28) depends
on N € N, the final energy estimate (3.9) holds with an implicit constant independent
of N e N.
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Proof. — Givenn € N(T41), it follows from Definition 4.5 and the triangle inequal-
ity that there exists Cy > 0 such that

(4.29) [ < Gy g, |

for (at least) two terminal nodes by, by € 777, Then, by Young’s inequality (placing
U, in 02,k =1,2, and the rest in £1) with (4.9), (4.11), and (4.29), we have

A ()] < _CET e
[T, (25 +2)3

X sup 3 (H<n>|)( 11 lvnal>

.9:]+1 E‘B(I,’(]-‘rl)

neN(Tyy1) k=1 aej;’il\{b],bﬂ’
< C i ” ||2J+4
~ J
IT;- 2(23 + )
as J — oo. O
4.6. ImPROVED ENERGY BOUND. — We are now ready to establish the improved energy

estimate (3.9). Let v be a smooth global solution®") to (3.2). Then, by applying the
normal form reduction J times, we obtain(??)

1 J+1 J+1 J+1
j (J+1
at(§||v||§{s) =0y M () + > N9 () + Z%O )+ AU,
j=2 j=2
Thanks to Lemma 4.13, by taking the limit as J — co, we obtain
ou(5lelise) =03 A @)+ 3 A0+ 3 A (0)
j=2 j=2 j=2
In other words, defining the modified energy &;(v) b
1 =G
&) = oDl =Y A W)0),
j=2

we have

060) = 3 AP W)0) + 32

(2D1p fact, it suffices to assume that v € C(R; H'/6(T)). See [18, 37].

(22)Once again, we are replacing +1 and +i¢ by 1 for simplicity since they play no role in our
analysis.
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Suppose that [[v||c(r;z2) < r. Then, applying Lemmas 4.10 and 4.11 with (4.9), we

obtain
o

-3 4
Cj—1 i Jz G 242
A& (v)] < E J= r2J+§ : J P2+
S (2 +2)5" = [Ti=5(2k +2)5-

J Cj—1 2542
+ T
Z 52k 4 2)3~
< C(r).
In view of the boundedness of the frequency projections and noting that any solution

o (3.6) is in H°°(T), the same energy estimate holds for solutions to the truncated
equation (3.6), uniformly in N € N.

4.7. ON taE PROOF OF LEMMA 3.5. We conclude this section with a brief discussion
on the proof of Lemma 3.5. First, note that Lemma 3.5 (ii) is an immediate corollary
of Lemma 3.5 (i). Moreover, Lemma 3.5 (i) follows from Egoroff’s theorem once we
prove that

0 .
=2 An)
j=2
converges almost surely to

o) =3 A7)

See [34, Prop.6.2]. In fact, one can show that Sx(v) converges to S (v) for any
v e L3(T).

Recall from (4.20) that Jl{)(j )(v) consists of a sum of the multilinear forms asso-
ciated with ordered bi-trees 7;_1 € BT(j — 1). Given N € N, the multilinear form
(/16(5\; (v) is obtained in a similar manner with the following modifications:

(i) We set v, = 0 for all |n|] > N. This corresponds to setting v,, = 0 for all
|n| > N and all terminal nodes a € 7>

(ii) In view of (3.6), we also set v,, = 0 for all |n| > N and all parental nodes in
;1. This amounts to setting v,,, = 0 for all |n| > N and all non-terminal nodes
ae T,

In particular, we have
) <nr>2se—i$j,1t
(430)  AR@ = > > Ine o= I v
T 1 €BT(j—1) neNN(Fj_y) " [Ti=1 o a€ T,

where My (.7;_1) is as in Definition 4.5. Namely, .4, (5\2( ) is obtained from .4 & )( ) by
simply truncating all the frequencies (including the “hidden” "(23) parental frequencies)
by N € N.

(23)Namely, the parental frequencies at the non-terminal nodes do not appear explicitly in the
sum in (4.30) but they implicitly appear through the relation in Definition 4.5.
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Write
AP (w) = A Rw) = {47 @) = AR )} + { AR @) = AP0}
=: Ij + Hj,

(4.31)

where %3\;(1}) is obtained from %(f\;(v) by replacing n € My (F;—1) with n €
Nn% (Jj-1). i.e., we are truncating only the parental frequencies at non-terminal nodes
a € ﬂjo_l. Then, by writing

I = AR () — AW (P<yv),

it follows from the multilinearity and the boundedness in L?(T) (Lemma 4.10) that
the second term II; tends to 0 as N — oo, by simply writing the difference in a
telescoping sum. More precisely, we write II as a telescoping sum, replacing 25 factors
of vn,, a € I, into 2j factors of (P<nv)y,,. This introduces 2; differences, each
containing exactly one factor of v — P<nv (tending to 0 as N — c0). We then simply
apply Lemma 4.10 on each difference.

Similarly, we can show that I, in (4.31) tends to 0 as N — oo by writing the
difference in a telescoping sum. Namely, noting only the difference between %(‘j)(v)
and JI/;(% (v) is the frequency cutoffs 1, <n at each non-terminal node a € ﬂjo_l,
we introduce j — 1 differences by adding the frequency cutoff 1}, <n at each non-
terminal node in a sequential manner. By construction, each of the j — 1 differences
has one non-terminal node a. € %, with the restriction |n,,| > N. Then, from
Definition 4.5, we see that there exists at least one terminal node b € 7,2° which is
a descendants of a, such that

sl > C na.| > C5 /N

for some Cy > 0 (compare this with (4.29)). This forces each of the j — 1 differences
in the telescoping sum to tend to 0 as N — oo, and hence I; in (4.31) tends to 0 as
N — 0.

Therefore, %%(v) converges to %(j)(v) as n — oo for any v € L%(T). Finally,
in view of the fast decay in j in Lemma 4.10, the convergence of Gy (v) to S0 (v)
follows from the dominated convergence theorem.

5. Proor or THEOREM 1.6: NON QUASI-INVARIANCE UNDER
THE DISPERSIONLESS MODEL

In this section, we present the proof of Theorem 1.6. The basic ingredients are the
Fourier series representation of the (fractional) Brownian loops, the law of the iterated
logarithm, and the solution formula (1.20) to the dispersionless model (1.19). More
precisely, we show that, while the Gaussian random initial data distributed according
to ps satisfies the law of the iterated logarithm, the solution given by (1.20) does not
satisfy the law of the iterated logarithm for any non-zero time. We divide the argument
into three cases: (i) s = 1 corresponding to the Brownian/Ornstein-Uhlenbeck loop,
(ii) 1/2 < s < 3/2, corresponding to the fractional Brownian loop (and s > 3/2 with
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s ¢ 1/2 4+ N), and (iii) s € 1/2 + N: the critical case. For simplicity, we set t = 1 in
the following. The proof for non-zero ¢ # 1 follows in a similar manner.

5.1. BrRowNIAN/ORNSTEIN-UHLENBECK Loor. — We first consider the s = 1 case. Un-
der the law of the random Fourier series

(5.1) ule) = u(zsw) = 3 90D ina

ne”Z <’I’L>
corresponding to the Gaussian measure p1, Rew and Imu are independent station-

ary Ornstein-Uhlenbeck (OU) processes (in z) on [0, 27). Recall that the law of this
process can be written as

27
(5.2) u(w) & Pow(a) + go = w(z) — f w()dy + go,

where w is a complex OU bridge with w(0) = w(27r) = 0 and gy is a standard
complex-valued Gaussian random variable (independent from w).

We now recall the law of the iterated logarithm for the Brownian motion (see [42,
1.16.1]):

Prorosirion 5.1. — Let B(t) be a standard Brownian motion on Ry. Then, for each
t>0,

(5.3) lim sup w =
rio +/2hloglogl/h

almost surely.

It follows from the representation (5.2), the absolute continuity**) of the Brownian
bridge with respect to the Brownian motion on any interval [0,7), v < 27, and the
absolute continuity of the OU bridge with respect to the Brownian bridge also on any
interval [0,), that the limit (5.3) also holds for Rew and Imu on [0, 27).

Define ¢ by
w(h) = +/2hloglogl/h, 0<h<1.

Let 0 < < 27. As a corollary to Proposition 5.1, we have

(5.4) Jimn sup Reu(z + h) — Reu(x)

o o(m) =1

almost surely.
In the following, by a direct calculation, we show that Re[e‘““‘zu] does not satisfy
(5.4) with a positive probability. This will show that the pushforward measure ®(¢). s

(24)The absolute continuity property claimed here can be easily seen by the Fourier series repre-
sentations of the Brownian motion/bridge (with (5.1) and (5.2)) and Kakutani’s theorem (Lemma
5.3 below). For example, the Brownian motion B(t) on [0, 27) has the following Fourier-Wiener series

B(t) =got+ Y. In gint
n
neZ~{0}
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under the dynamics of the dispersionless model (1.19) is not absolutely continuous
with respect to the Gaussian measure fis.
On the one hand, we have

Refe~ 40P u(y)] — Rele~ 1) u(z)
~ (Reu(y) — Reu()) cos [u(y)? + (cos u(y)]? — cos u(x) ) Re u(z)
+ (Imu(y) — Imu(z)) sin Ju(y)|* + (sin Ju(y)|* - sin[u(z)]*) I u(z).
On the other hand, by the Taylor expansion with n(z,y) = |u(y)|* — |u(z)|?, we have
2 = cos fu(e)? — sin [u(2)? - n(z, ) + O((z,1)).
sinu(y)[* = sinfu(z)|? + cos u(z)[* - n(z,y) + O (n*(z,y)).

cos [u(y)

Putting together, we obtain
Rele~ @ y(y)] — Re[e 1@y (2))
= (Reu(y) — Reu(x)) cosu(y)|* —sin u(z)|* - n(z,y) Reu(z)
+ (Imu(y) — Imu(z)) sin [u(y)|* + cos [u(@)|? - n(z,y) Imu(z)
+O0((2,y)) - (|Reu(z)| + [ Imu(z)|)
= (Reu(y) — Reu(z)) cos u(y)|?

(5.5) — sin |u(z)]” - {(Reu(y) — Reu(z))(Reu(y) + Reu(z))} Reu(x)
— sin u(z)” - {Imu(y) — Imu(z))(Imu(y) + Imu(z)) } Re u(z)
T (I u(y) — Tmu(e)) sin u(y)|?
+ cos |u(z)|* - {(Reu(y) — Reu(z))(Reu(y) + Reu(z))} Imu(z)
+ cos [u(z)* - { Imu(y) — Imu(z))(Imu(y) + Imu(z)) } Im u(z)

+0(P(@,9)) - (| Reu(@)| + T u()]).

Fix 0 < # < 27. Let {hy, = hn(w)}nen be a (random) sequence achieving the limit
supremum in (5.4) almost surely. Then, for this sequence {h, },ecn, we have

) [Imu(z + hy) — Imu(x)]
5.6 limsu
(56) i b(ha)
almost surely. Divide the expression in (5.5) by ¥(h,,), after replacing y by x + h,.
Then, by taking the limit as n — co and applying (5.4) and (5.6), we have

<1

(5.7 limsup 2ol u(w 4 b))~ Relem 1 u(z)]

n—»o0 ¥ (hn)
—2sin |u(z)|* - (Reu(z))?
— ‘ cos |u(z)|?| — ’bln|u ’ — 2 [sin|u(z)]* - Imu(z) Reu(z)|
-2 ’cos|u( )|* - Reu(z) Imu(z)| — 2 ’COSIU(Z‘)|2|(IH1U($))2,

almost surely.
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Fix M > 1 by
(5.8) M? = —g + 2k,
for some large k € N (to be chosen later). Given € > 0, define the set
A={weQ:|Reu(z;w) — M| <e, [Imu(z;w)| < e}

Noting that under the law of the OU loop, Reu(x) and Imu(x) are independent
Gaussian random variables, we have

P(A) > 6(M,e) >0
for any € > 0. By choosing £ > 0 sufficiently small such that eM < 1, we have
(5.9) |[u(z)]? — M?| < 2e(M +¢) = o(1).
Then, from (5.8) and (5.9), we have

RHS of (5.7) > 2|sin|u(z)|*| - M(M — 3¢) — 2(1 + e(M + 2))
> M?

on A. By choosing M > 1, we see that the set

Rele—ilu(z+n)[? h)] — Refe—ilu(@)]

A, = limsup ele u(z + h)) ele u(z)) _q
h10 ¥ (h)

does not have probability 1 under the law of w. Therefore, p; is not quasi-invariant

under the flow of the dispersionless model (1.19).

5.2. Fracrionar Brownian moTion. — In this subsection, we extend the previous re-
sult to the distribution of the random Fourier series

(5.10) us(x) = Z e emn®,

nez
corresponding to ps. For 1/2 < s < 3/2, the series (5.10) is related to a fractional
Brownian motion. Recall that a fractional Brownian motion with Hurst parameter H,
0 < H < 1, is the Gaussian process BY(t), t > 0 with stationary increments and

(5.11) BB (1) 8" (1)) = 20 (89 1 3 — 1y — 1,2,
where
p(H) = E[(BH(l))Q] = —QUM ['(-2H) when H #1/2 and p(1/2) =1.

™

When H = 1/2, a fractional Brownian motion becomes the standard Brownian mo-
tion. In the following, we only consider the case H # 1/2.
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It is known that there is a subtle issue on building a series representation for a
fractional Brownian motion B¥ . Instead, we consider the following series(*®)

SHo o~ _ cos(nt) —1 _, sin(nt)
B7(1) 7g0t+\/§Z(gn R HT1/2 +gnnH+1/2)’
n>=1

for t € [0, 2], where g, and g, are now independent real-valued standard Gaussians.
Then, Picard [39] showed the following result on the relation between B¥ and BH.

Lemma 5.2 ([39, Th.24 & 27, §6]). — The processes B (t) and B (t) can be coupled
in such a way that R

B (t) - B (1)
is a C>®-function on (0,27]. Moreover, if H # 1/2, then the laws of B and BHE are
equivalent on [0, T] for T < 27 (and mutually singular if T = 27).

Recall Kakutani’s criterion [23] in the Gaussian case.

Levma 5.3, — Let {gntnen and {Gn}nen be two sequences of centered Gaussian ran-
dom variables with variances E[g2] = 02 > 0 and E[g2] = 62 > 0. Then, the laws of
the sequences {gn }nen and {gn}nen are equivalent if and only if

g,

Z (—g - 1) < 0.
ag

neN "1

From (5.10), we have

(5.12) Rewug(x)

R n + R —n 71 n + I -n .
= Rego + E (% cos(nx) + mg<n>s =9 sm(nx)).
n>=1

Then, applying Lemma 5.3 to the sequences

- In g, } { Reg, +Reg_, —Img, +Img_, }
t, V2 2 d R
O e e B L e R

we see that if s = H + 1/2, then the series (5.12) for Reus and
2
(5.13) BH .= pH —][ (B (@) — goar)dar
0

have laws that are mutually absolutely continuous. Therefore, in view of the compu-
tation above and Lemma 5.2 with [39, Th. 35], we see that the laws of B and Reu,
are equivalent on [0, 7] for T' < 27. The same holds for Im us.

We use the following version of the law of the iterated logarithm for Gaussian pro-
cesses with stationary increments [30, Th. 7.2.15]. First, recall the following definition.
We say that a function f is called a normalized regularly varying function at zero with
index o > 0 if it can be written in the form

(@) = Ca% exp (/f E(uu)du>

for some constant C' # 0 and lim, g e(u) = 0.

(25) As mentioned in Section 1, we drop the factor of 27.
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Prorosirion 5.4. Let G = {G(z) : & € [0,27]} be a Gaussian process with station-
ary increments and let
o*(h) = E[|G(h) — G(0)]*].
If 02(h) is a normalized regularly varying function at zero with index 0 < o < 2, then
i sy |G =GO _
90 nj<s v/20%([h]) loglog 1/]h]

almost surely.

Using the covariance (5.11), we have
(5.14) o?(h) = E[|B" (h) — B"(0)|*] = Ch*".
Hence, Proposition 5.4 holds for G(z) = Bf(x), H < 1. Then, by the absolute
continuity, the conclusion of Proposition 5.4 with 0 replaced by any z € (0, 27) also
holds for Reu, and Imug; for any 1/2 < s < 3/2, we have
(5.15) lim sup [Reus(z + h) — Rew, (@) =1

5=0|nj<s  +/20%([h[) loglog 1/]h]

almost surely. Applying the law of the iterated logarithm conditionally on the set
where (5.15) holds, we also have

lim su | Im us(z + h) — Imug(x)] o
0=0|nj<s  /20%(|h]) loglog 1/]hl
almost surely. We can now reproduce exactly the proof in Section 5.1 for % <s< %
This proves Theorem 1.6 for 1/2 < s < 3/2.
Next, we consider the case s > 3/2 such that s ¢ 1/2+ N. We consider the critical
case s € 1/2 + N in Section 5.3. The main point is to note that us in (5.10) has a
C"-version for each integer r < |s — 1/2]. Indeed, we have the following:

Lemma 5.5, — Let X(t), t € R, be a stationary Gaussian process with the covariance
function

p(t) = / ¢oy(da).

If [|af***v(da) < oo for some e > 0, then there is a version of the process X (t)
such that 0, X (t) exists and is continuous. Moreover, O X (t) is a stationary Gaussian
process with covariance

/ e o’y (da).

Since we work on T, the spectral measure v(d«) is the counting measure on Z and

inx

p(x) :2Z<env.

nez
Note that when s > 3/2, we have
|1’L‘2+8

<n>25

2>

nez

< 0
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for sufficiently small € > 0 and thus we can apply Lemma 5.5. Differentiating us in
(5.10) |s — 1/2] times, we obtain a process

Opuy(a) £ Y e

neZ~{0} |’/’L|_T<7’L>5

with r = |s—1/2]. Given s € (1/2+475,3/2+j) for some j € N, we have s—r =s—j €

(1/2,3/2). Noting that |n|~"(n)® ~ (n)*~", we can apply Lemma 5.3 to show the laws

of BH defined in (5.13), RedLu,, and Im dLu, are equivalent. Hence, proceeding as

before, we can apply Proposition 5.4 to Re ,us and Im 9, u,. Namely, we obtain
|Re OLus(x + h) — Re Ohus ()]

5.16 lim sup =1
(516) o Ly /2021 loglog /1A

almost surely. Applying the law of the iterated logarithm conditionally on the set
where (5.16) holds, we also have

(5.17) lim sup | Im &7 us(x + h) — Tm O us ()] <
0-01n1<s  +/202(]h]) loglog 1/]h]

almost surely.

With (5.16) and (5.17) at hand, we can basically repeat the proof in Section 5.1
by differentiating (5.5) and applying (5.16) and (5.17). A straightforward application
of the product rule to compute 0, (e‘““s(w)'Qus (z)) would be computationally cum-
bersome. Thus, we perform some simplification before taking derivatives. First, note
that from (5.16) and (5.17) with (5.14), we have
(5.18) lim sup |Re Dus(x + h) — Re 0lus ()| _o,

20in<s  +/207(|h])loglog 1/[Al
| Tm & us(x + h) — Im Jug(z)]

5.19 lim sup =0
(519 =0lnj<s  /20%([h])loglog1/]h]
almost surely, for j =0,1,...,7— 1.

In the following, we will take r derivatives (in z) of both sides of (5.5) by setting
y = x + h. In view of (5.18) and (5.19), we see that, after taking r derivatives, dividing
by \/202(|h])loglog 1/]h], and taking lims_,o Sup|p|<s, the only terms in (5.5) that
survive are those terms where all the r derivatives falls only on Re us(x+h) —Re us(z)
(or Imug(x + h) — Imus(x)) to which we can apply (5.16) and (5.17). Therefore, we
obtain

r(e—ilus (@+h)|? _ r(p—itlus(@)]?
lim sup 2el%z(e us(z + h))] — Re[d7 (e us ()]
=0 Ini<s V202 ([h]) loglog 1/]A]
> —2sin |uy(2)*(Re us(2))

— | cos |us(x)|2| - ’sin|us(ac)|2| -2 |Sin|us(w)|21mus(:ﬂ) Re us ()|
— 2| cos g () |? Tm ug () Reug(z)| —2-|cos \us(m)|2|(lmus(x))2,

which is exactly the right-hand side of (5.7). The rest follows as in Section 5.1.
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5.3. CriricaL case:s € 1/2+N. In this case, we cannot simply apply Proposition
5.4 directly, because, taking s = 3/2 for example, we have(26)

znT 2
03/2(55) = E[\“:ﬁ/z( ) — uz/2(0 =2 Z (1+ n2)3/2
(5.20) i — cos(nx))? + sin®(nx)
(1 + n2)3/2

- log 1/l

as x — 0. In particular, 05/5(z) is not a normalized regularly varying function at zero
with index 0 < a < 2. Hence, Proposition 5.4 is not applicable.

In [3], the authors considered the Gaussian process on R™ with covariance function
given by the kernel of the inverse of a quite general elliptic pseudodifferential operator
and studied the precise regularity of the process. In particular, they obtained a result
generalizing Proposition 5.4 by very different methods from those in [30].

For us, the relevant operator is 271(Id —92)® on T. In this case, which the authors
of [3] call “critical” owing to the behavior (5.20) of the increments, the relevant result
from [3, Th. 1.3 (ii)] reads as follows.

ProposiTion 5.6. — Let X3/ be the stationary Gaussian process on R with the covari-
ance operator 2(Id — 82)=3/2. Then, X3/2(x) has continuous sample paths. Moreover,
there erists a constant c3/o > 0 such that for each y € R, we have

T |X3/2(9C) - X3/2(y)|
im sup
Yo yl\/log [y logloglog 2o

= C3/2

almost surely.

The loglog from the classical law of the iterated logarithm and Proposition 5.4 is
now replaced by a factor involving the triply iterated logarithm logloglog. In the fol-
lowing, we state and prove an analogue of Proposition 5.6 on T in a direct manner. See
Proposition 5.7 below. Using this almost sure constancy of the modulus of continuity
(Proposition 5.7), we can once again repeat the argument presented in Section 5.1.

The results in [3] are much more general than Proposition 5.6. In particular, they
apply to operators with variable coefficients. In that case, the local modulus of con-
tinuity of the process can change from point to point (although it is constant across
different realizations of the sample path). In our specific case, it is possible to give a
more elementary proof, using the classical Khintchine’s law of the iterated logarithm
for independent sums, that the process us/; has an exact modulus of continuity almost
surely. In terms of the setting in [3], this simplified proof comes as no surprise since
our process ugsp has a particularly simple representation as a sum of independent
terms with respect to which the covariance operator is diagonal.

(26)This computation follows from the computations in the proof of Proposition 5.7 below.
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Prorosition 5.7. Let uz/o be given by the random Fourier series in (5.10) with
s =3/2. Then, for eachy € T, we have

=1

(5.21) lim sup |uzj2 () — us/2(y)|
Ty 23/2|1’ — y|\/log ‘z a1 log loglog ‘z o

almost surely.

Once we prove Proposition 5.7, we can proceed as in Section 5.1 when s = 3/2. For
s € 3/2 4 N, the modification is straightforward following the second half of Section
5.2 and thus we omit details.

Proof. Without loss of generality, set y = 0. By writing

& eine _ 1
Ug/g(x) - U3/2(0) = Z W gn
(522) neZ~{0}
> cos(nz) — 1 sin(n
:Zw(gn'i‘g +ZZ 3/2 (9n — 9-n),
n=1 n=1

we first show that the first term on the right-hand side of (5.22) does not contribute
to the limit in (5.21). Then, we break up the second sum into log 1/|z| pieces, each
with variance of order 1, plus a small remainder, and then apply the classical law
of the iterated logarithm for a sum of i.i.d. random variables. As we see below, the
leading order contribution comes from the sum

[1/]=|] sin(n)
(523) ‘ W (gn - g—n)'

n

We split the first sum on the right-hand side of (5.22) into {n > |1/|z|]} and
{1 <n < [1/]z|]}. The contribution from {n > L1/|xu} is a mean-zero Gaussian
random variable with variance

> (cos(n 1)
(5.24) = Z < L2
In particular, when L = [1/|z|] + 1, we have 07 = O(z?). Then, for A > 0, we have
p 2. cos(nz) — 1 S o) < -
Zw(gn"‘g—n) zopA)l e .

n=L
Taking A = cy/log L for sufficiently large ¢ > 1, the right-hand side is summable in L.
Hence, by the Borel-Cantelli lemma and the variance bound (5.24), there exists C > 0
such that

’Zn L =7 nif/)2 l(gn +g—n)
sup

<1
L>Lo C log L
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for some Lo = Lo(w) < oo with probability 1. As a consequence, we obtain

cos(nz)—1

e S 9+ 9-0)
lim sup
a—0  |z]\/log1/|z| logloglog 1/|z]

almost surely.

The contribution from {1 < n < [1/|x|]} to the first sum on the right-hand side
of (5.22) can be estimated in a similar manner by noticing that it is a mean-zero
Gaussian random variable with variance

[1/]=l] [1/]=l]
(cos(nx) —1)* < gt i < g2
D D DI R
This shows that the contribution from the first sum on the right-hand side of (5.22)
to the limit (5.21) is 0.

Next, we consider the second sum on the right-hand side of (5.22). The contribution
from {n > |1/|z||} can be estimated as above. We split the main term in (5.23) as
follows. Write

[1/]=l] sin(nz) L= [1/]=l]
(5.25) Z W (gn—9g-n) =z Z (n)37? (gn—9-n)+ Z

n=1 n=1

where

h(z) =sinz — z ~ 2°(1 + o(1)).
The second term in (5.25) can be treated as a remainder by noticing that that it is a
mean-zero Gaussian random variable with variance

[1/]=]] [1/]=]]
h? (nf) S I6 Z 77’63 S 582.
n=1 <n> n=1 <n>

It remains to consider the first term in (5.25). First, define a sequence {N(k)}32,CN
by setting N(0) = 0 and

4

N 2
N(k)—min{N>N(k1): 3 Z>3>1}

for k € N. Noting that

Yo & Yo
(5.26) ZTP: Z n—&—O(ZTﬁ):logN—logM—i—O(l/M)
n=M n=M n=M
for N > M > 1, we first see that N(k) > C;e*. Using (5.26) once again,
N(k) ’I’LQ k 1
log N(k)+ 0(1) = — <k ———— <k+0(1),
0g N (k) + O(1) ;W, +;N<n)+1 +0(1)

giving N (k) < Cqe*. Putting together, we have
(5.27) Cref < N(k) < Coet.
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Now, we define a sequence { Xy }ren of independent Gaussian random variables by
setting

n
Xp=1u Z W(gn = g—n).
n=N(k—1)+1

Then, we have
E[|Re Xi|*] = E[|Im X, [*] = 2® (1 + O(N(k)™1)).
Finally, define L(|z|) by
L(jal) = inf {k : N(k) > [1/]z]]}.
Then, from (5.27), we have
L(|z[) = log 1/]x| - (1 + o(1)).
Applying Khintchine’s law of the iterated logarithm to the sum

L(|=z|)
S((I}) = Z Xk,

k=1

we find
lim sup 5(z) =1
2—0  23/2|z]\/log 1/|z| logloglog 1/|z|
almost surely. This completes the proof of Proposition 5.7. O
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