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ON THE UNIQUENESS OF SOLUTIONS TO THE PERIODIC 3D
GROSS-PITAEVSKII HIERARCHY

PHILIP GRESSMAN, VEDRAN SOHINGER, AND GIGLIOLA STAFFILANI

ABSTRACT. In this paper, we present a uniqueness result for solutions to the Gross-Pitaevskii
hierarchy on the three-dimensional torus, under the assumption of an a priori spacetime bound.
We show that this a priori bound is satisfied for factorized solutions to the hierarchy which come
from solutions of the nonlinear Schrodinger equation. In this way, we obtain a periodic analogue
of the uniqueness result on R? previously proved by Klainerman and Machedon [76], except that,
in the periodic setting, we need to assume additional regularity. In particular, we need to work
in the Sobolev class H* for @ > 1. By constructing a specific counterexample, we show that, on
T3, the existing techniques from the work of Klainerman and Machedon approach do not apply
in the endpoint case @ = 1. This is in contrast to the known results in the non-periodic setting,
where the these techniques are known to hold for all a > 1.

In our analysis, we give a detailed study of the crucial spacetime estimate associated to the free
evolution operator. In this step of the proof, our methods rely on lattice point counting techniques
based on the concept of the determinant of a lattice. This method allows us to obtain improved
bounds on the number of lattice points which lie in the intersection of a plane and a set of radius
R, depending on the number-theoretic properties of the normal vector to the plane. We are hence
able to obtain a sharp range of admissible Sobolev exponents for which the spacetime estimate
holds.

1. INTRODUCTION

1.1. Setup of the problem. Let us fix A = R? or A = T¢. We are considering the Gross-Pitaevskii
hierarchy, which is a sequence of functions v*) : Rx A¥ x A¥ — C satisfying the symmetry properties
below for all £ € R. Let T, := (z1,...,2x) and &) := (¥, ..., 2x;) where z;, 2% € Afor j =1,... k.
We suppose that:

YO, Ty ) = B (¢, & )

’Y(k)(tvxo'(l)v" '7'Io'(k);$:7(1)7" azg(k)) = ’Y(k)(tv'rlv" '7$k;$/15' 7‘I;{;)

(1)

Y o € Si. Furthermore, we suppose that the 4*) solve the following infinite system of linear equa-
tions:

10y ®) + (Az, — Af;c)v(k) = by - Z§:1 B i1 (vFHD)

k
”Y(k)|t:0 = ”Y(() ),

(2)

Here, by € R is a coupling constant and Az, := E?:l Amj,Aj‘;e = Z?Zl A;,;;_.
In order to define the collision operator Bj i1, we let Try denote the trace in the x, variable.
For k€N, j e {1,...,k}, and for v*™) : AF+1 x AF+1 5 C we define:

k T k JER
(3) By o1 (8 )@ ) = T [8(2 — 2rin), 2] (@ @)
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= / dxgi1 (5(IJ — :EkJrl) — 5(.%; — :EkJrl)),_Yék-i-l) (f,€7 Tht1; f;c, Ik+1).
A

In the above definition, we note that we are identifying operators on L?(A*+1) with their kernels.

For j,k, and ”yékﬂ) as above, we also define the operators BJJ»)F,CJrl and B i1
k T k - -
(4) B () (@ ) = /Adl’kﬂ 8(zj — sV @y Tt T Trn)-
- k T k - -
(5) By (W) @) = [ dwig 002 — wrp) s (@t T g,
g, A

By construction:

B

(6) Bjy+1 = B} k1

Jk+1

A special case of [2)) which we will study is the Gross-Pitaevskii hierarchy with zero initial data:

{iaw(k) + (Az, — Af;)y(k) = b - 25:1 B pi1(v* )

(7)
7(lv)|t:O =0.

In this paper, we will restrict our attention to the defocusing Gross-Pitaevskii hierarchy, in which
the coupling constant by is positive. For simplicity of notation, we will set by = 1.

Remark 1.1. The functions Wék) : AF x A¥ — C are k-particle density matrices or density matrices
of order k. We will also assume, without explicit mention, that all of the k-particle density matrices
in this paper satisfy the symmetry conditions (I).

1.2. Statement of main result. The study of the Gross-Pitaevskii hierarchy (@) makes both
mathematical and physical sense for the spatial domain A = R? and A = T¢. We will elaborate
more on the physical interpretation in the following subsection. Throughout this paper, we will fix
the spatial domain to be A := T3, Let us fix o € R. For Wék) : A¥ x A¥ — C, we define the fractional
differential operator S,

k
®) Sk = [T - Ag)F (1= A,) 2",
j=1

In other words, S acts on the density matrix Wék) by taking « fractional derivatives on each of
the components. With the above notation in mind, we suppose that we are working in the class A
of sequences T'(t) = (y*)(t)), where each ) : R x AF x A* — C satisfies (), and such that there
exist continuous, positive functions o, f : R — R with the property that for all k € N, 7 =1,... k,
teR:

(k,)

t+o(t)
(9) / ® ||S(k=0t)Bj>k+1(fy(kJrl))(s)HLz(AkXAk)ds < fk+1(t),
t—o(t

Our main result is:

Theorem 1.2. Suppose that T'(t) = (v¥)(t)) is a solution to the homogeneous Gross-Pitaevskii
hierarchy (@) which belongs to the class A for o« > 1. Then, T'(t) is identically zero. In particular,
solutions to the Gross-Pitaevskii hierarchy @) are unique in the class A whenever o > 1.

In order to deduce the second part of the statement of Theorem from the first one, we use
the fact that the Gross-Pitaevskii hierarchy is linear, and the observation that the class A is closed
under taking differences. The latter claim follows from the triangle inequality, and the fact that

ML) 4 5T () < (Fi(t) + fa(t))* L. The following result shows that the class A is non-empty,
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and that it contains the physically relevant factorized solutions of the Gross-Pitaevskii hierarchy.
Suppose that ¢ solves the cubic nonlinear Schrodinger equation on A:

101 + Ap = |¢|?p, on Ry x A
¢|t:0 = ¢07 onA.

Let |-)(:| denote the Dirac bracket, which is defined as |f){g|(z,2") := f(x)g(z'). We define:

(10)

(11) W (t, B T,) Hsb (t,5)b(t, ) = |} (D|%* (¢, s 7).

Then (y*)(t)) solves the Gross-Pitaevskii hierarchy with initial data ('Yo ) (|¢o) {p0|®F). These
are defined to be the factorized solutions. It can be shown that if (|¢)(¢|®*(¢)) solves the Gross-
Pitaevskii hierarchy with the initial data (|¢o){¢o|®*), then ¢ necessarily solves the NLS equation.
Hence, it makes sense to define (7*)(¢)) to be the factorized solution evolving from (|¢o)(¢o|®*).
We can prove the following result:

Theorem 1.3. Suppose that o > 1 and that ¢g € H*(A). Then, the factorized solution I'(t) =
(|p)(@|®* (1)) evolving from initial data (|po){po|®*) belongs to the class A.

From Theorem [[.3] it follows that, for a > 1, the class A is nonempty, and that it contains the
the solutions generated by the phenomenological mean-field equation, namely the NLS (I0I).

Remark 1.4. The key estimate of Theorem[L2 fails at the endpoint « = 1. This is in sharp contrast
to the work by Klainerman and Machedon on R3 [76], in which the authors show that uniqueness
holds for a« > 1. The case a = 1 is important since it corresponds to finite k-particle kinetic
energy. In Subsection[34], we give a detailed explanation why none of the existing techniques in the
Klainerman-Machedon argument apply to the problem of uniqueness in the endpoint case when the
spatial domain is T2. In particular, in Proposition [3.3, we obtain that the key spacetime estimate
for the free evolution does not hold when o = 1. Heuristically, the fact that the presented method
holds for a smaller range of exponents in the case of T3 is a manifestation of the fact that dispersion
18 weaker on periodic domains. It is an interesting open problem to obtain uniqueness when o =1
on T3. In fact if one obtains a T® uniqueness result to the hierarchy ([T) when o = 1, then together
with [46] 48], one would have derived the T cubic NLS from quantum many-body dynamics.

Remark 1.5. The a priori bound @) corresponds to the bound on R? used in the work of Klainer-
man and Machedon [76]. In [76], the upper bound is proved for factorized solutions evolving from
(|po) {d0|®F), with ¢po € H*(R3), whenever a = 1. Moreover, in the case o = 1, the function f
can be chosen to be independent of t. The latter fact uses conservation of energy for the nonlinear
Schrédinger equation, which gives an a priori bound on the H' norm of the solution. There is no
such known conservation law which would give a uniform bound on the H* norm of the solution
when o = 1+. According to Theorem[L.3, in the periodic case, we can still consider factorized solu-
tions when o = 1, but the uniqueness statement in Theorem [.2 requires us to consider the regqularity
a>1.

Remark 1.6. A different non-empty class of local-in-time solutions to the Gross-Pitaevskii hierar-
chy @) can be constructed by using the methods of T. Chen and Pavlovié [26]. The authors study
the Gross-Pitaevskii hierarchy on R, but their analysis can be applied on T without any changes,
assuming that one can prove a spacetime estimate on the free evolution as is given by Proposition
[Z1. In the authors’ notation, given o > 0,€ € (0,1), and ¥ = (c\®)), a sequence of k-particle
density matrices as above, one defines the norm:

“+o00
HEHH? = ng : ||0(k)||H;j(AkxAk)

where:
||U(k) ||H;§ = ||S(k’a)0(k) ||L2(Ak xAk)-
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Let us assume that o € Hg for o > 1. By using the methods of [26], it can be shown that there
exists 1 > 0 sufficiently small, such that for & € (0,n¢), there exists T ~ (£')? and a solution
I' e L‘[’(j’T]’H?, of @) on the time interval [0,T]. Furthermore, this solution satisfies the a priori
estimate:

(12) [1S%) B 1y Y | L2, x AR x ARy < CF

for some C > 0, and for all k € N, and j € {1,2,...,k}, which is exactly the bound from [T0].
One can now use the proof of our Theorem[L.2 to deduce the uniqueness of solutions to the Gross-
Pitaevskii hierarchy on [0,T] in the class B given by the condition (I2). This class is non-empty
by the above arguments. The only condition one needs is that o > 1. In this way, one can use
Proposition [31], which is crucial both in the proof of the existence and uniqueness of local-in-time
solutions in B. We omit the details.

1.3. Motivation for the problem and previously known results.

1.3.1. Link between the Gross-Pitaevskii hierarchy and the BBGKY hierarchy. The Gross-Pitaevskii
hierarchy is related to the BBGKY hiemrchyﬂ:

(13) 0\ + (A, — Az 7y =
1 <& k N-k k+1
5 ST INBV(NO (@ — 25)), 9% + — S Tria [INPV(NO (@) — )]
i<j j=1

Here, N > k is a positive integer, § > 0 is a scaling factor, V : A — R is a potential, and

71(\?) :R x AF x A¥ — C, satisfies the symmetry assumptions in (). Moreover, the sequence (Wj(\f))

satisfies the consistency condition *yj(\f) =Trg41 *yj(\fﬂ).

If 8 > 0, and if we formally let N — oo, we would expect the limiting object 75,’5) to solve
the Gross-Pitaevskii hierarchy () with coupling constant depending on V, since NV (NA(.)) is a
rescaling of the delta function. In the mean field case = 0, there is no such rescaling present, and
we formally expect the limiting object ”yg.f) to solve the Hartree hierarchy:

iy ™ + (Az, — Az )y = Y8 By (D)

(k) _ (k)

Y=o =5 -

where the collision operator is now defined by:

(14)

k
Bj,kJrl(”Y(()kH))(fk?f;c) = ZT’I”kJrl |:V($j - :L‘k+1)7”Y(()k+l)} (Zr; ),
j=1

whenever vékﬂ) (k + 1)-particle density matrix.

The BBGKY hierarchy comes up naturally when one wants to describe the N-boson system on
L2(AY), the subspace of the Hilbert space L?(AY) consisting of permutation symmetric functions,
on which one defines the Hamiltonian:

N

N
1
Hy =Y (~Ag) + v > O NBY(N (25 — x5)),
7j=1 1<J

for some fixed 8 > 0. The N-body Schrodinger equation corresponding to Hyy is:
10Nt = HNUn ¢

Then, the associated k-particle density matrices
k . - T o - o
”y](\;)t = / ANk ON (Tr, YN —k)ON (D YN k) = Triegr,.. NN ) (ON | (T, T)
AN—k
are non-negative trace class operators which solve the BBGKY hierarchy.

IBBGKY stands for Bogolyubov-Born-Green-Kirkwood-Yvon.
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This setup provides us with a method to rigorously derive NLS-type equations from the N-body
Schrédinger equation in the appropriate limit as N — oco. More precisely, if one starts with initial
data ¥ o ~ (;5;38]\] for some ¢¢ in a way which will be made precise later, the goal is to show that:

(15) Trh}ﬁ}t — ) (@|®*] = 0, as N = oo

where ¢ is the solution of (I0) when 8 > 0 and where ¢ solves the Hartree equation:
(16) 1010+ Ap = (V x|9|?) ¢, on Ry x A
¢|t:0 = ¢05 onA.

when 8 = 0. Here Tr|A] := 3 cg,(4) [A] is the trace norm.
The strategy for this derivation consists of two parts:

(1) lim N—»oo’Y](\lfi)t converges to a solution of the appropriate infinite hierarchy with initial data
|d0) (¢o] .

(2) Solutions of this infinite hierarchy are unique in a class which contains the limiting objects
and the desired limit.

1.3.2. Physical interpretation and previously known results: Both the Gross-Pitaevskii hierarchy and
the Hartree hierarchy arise in the study of Bose-Einstein condensation. This is a state of matter of
dilute bosonic gases confined by an external potential at a temperature near absolute zero. At such
a low temperature, the gas particles tend to occupy a single one-particle state, even after an external
trap is turned off. In our previous framework, this state corresponds to the solution of the nonlinear
Schrodinger equation in (I0) when S > 0, and to the solution of the Hartree equation (IG) when
£ = 0. In this context, the cubic nonlinear Schrédinger equation is also called the Gross-Pitaevskii
equation after the work of Gross [65] and Pitaevskii [96]. This phenomenon was predicted by Bose
and Einstein in 1924-1925 [14, [44]. The theory was experimentally verified in the work of the groups
of Cornell, Wieman [8], and Ketterle [4I], who were given the Nobel Prize in Physics in 2001 for
their discovery.

The problem of rigorously deriving NLS-type equations from N-body Schrédinger dynamics had
been studied since the 1970s, the first results being those of Hepp [68], and of Ginibre and Velo
[59, 60]. The techniques used in these papers are different than the ones outlined above and are
based on the Fock space version of the N-body Schrédinger equation, as well as on the use of
coherent states as initial data. The Fock space representation turns out to be necessary since
coherent states do not need to have a fixed number of particles. The Fock space strategy has been
applied in the work of Ammari and Nier [5,[6], Benedikter, de Oliveira, Schlein [12], X. Chen [31}33],
Frohlich, Graffi, and Schwarz [55], Frohlich, Knowles, and Pizzo [56], Grillakis and Machedon [61],
and Grillakis, Machedon, and Margetis [62] [63].

The first application of the strategy outlined in Subsection [3T]was due to Spohn [102]. In this
work, the author gives a rigorous derivation of the Hartree equation: idyu + Au = (V * |ul?) u on
R? with V € L>*(R?), see also [5, 6, ©92]. In further work, Erdés and Yau [53] extend Spohn’s result

to the case of the Coulomb potential V(z) = :l:ﬁ on R3, by the use of operator inequalities. Some

partial results in this direction were also proved by Bardos, Golse, and Mauser [9]. An alternative
proof of the result with Coulomb potential was given in the work of Frohlich, Knowles, and Schwarz
[57]. Furthermore, in [47], Elgart and Schlein consider the case of a Coulomb potential, but with
relativistic dispersion Z;V:1 (1- Aj)% and they derive a relativistic nonlinear Hartree equation. All
of the aforementioned results deal with the mean-field case 5 = 0 and with factorized initial data
P = ¢®N. Subsequent results on this problem were also obtained in the work of Ammari and Nier
[5L 6]

In the case 8 > 0, due to the stronger interaction between the particles, one needs to replace
the assumption of pure factorization with the less stringent assumption of complete Bose-Einstein
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condensation. Complete Bose-Einstein condensation states that there exists ¢ € L?(A) such that:

Tr|y$ = 16)(g]| = 0

as N — oo. The assumption of complete Bose-Einstein condensation is in general difficult to verify.
This is not a purely a condition which simplifies the analysis, but it occurs in the physical study
of the problem. When A = R? and when 8 = 1, Lieb, Seiringer, and Yngvason [87, 88| add an
external confining potential V,; in Hy and study the ground state energy of Hy divided by the
number of particles N. Here, V. is assumed to be measurable, locally bounded, and it is assumed
to tend to infinity as |#| — oo, in the sense that inf, >z V(z) — oo as R — oo. Under these
assumptions, it is shown that the ground state energy converges to the minimum over ||¢||z2 = 1
of the Gross-Pitaevskii energy: Eqp(¢) := [ (|VO(2)|* + Vewr (2)|d(2)|* + dmao|¢(z)|*) dz, where ag
equals the scattering length of the interaction potential V. Here, V is assumed to be positive, radial,
and rapidly decreasing. In later work, Lieb and Seiringer [85] use these results to rigorously verify
the condition of Bose-Einstein condensation in the stationary problem. A systematic expository
summary of these results can be found in the textbook by Lieb, Seiringer, Solovej and Yngvason
[86]. Related results were also proven by Lee and Yin [82], Yin [107], and Yau and Yin [106].

In a series of monumental works, Erdés, Schlein, and Yau [49, 50, 511 [52] give a rigorous derivation
of the defocusing cubic NLS on R3. For the initial data, they need to assume complete Bose-Einstein
condensation, as well as finite energy per particle, i.e.

(Yn,Hytn) < CN.

The interaction potential is again assumed to be sufficiently regular. The coupling constant is given
by by = fde when 0 < 8 < 1. Due to the short scale correlation structure, in the case of the
Bose-Finstein scaling = 1, the coupling constant is determined by the scattering length of V. In
the uniqueness step of the strategy, the authors use a Feynman graph expansion in order to control
the terms which come from the Duhamel iteration. The same problem was also studied in the
one-dimensional case in the work of Adami, Bardos, Golse, and Teta [1], as well as Adami, Golse,
and Teta [2]. We would also like to recall the connection with certain optical lattice models that
have been studied in the work of Aizenman, Lieb, Seiringer, Solovej and Yngvason [3| 4]. For an
expository account of all of these results, we refer the reader to the lecture notes of Schlein [9§].

A different approach to the question of uniqueness was given in the work of Klainerman and
Machedon [76]. The authors use an alternative combinatorial argument which shows uniqueness
under the assumption of an a priori spacetime bound. In the proof, they also have to use Strichartz-
type estimates reminiscent of their earlier work [75]. In subsequent work, Kirkpatrick, Schlein, and
the third author of this paper [74] verify that the above spacetime bound holds for the limiting
objects when A = R? and when A = T? using a trace theorem. For a different treatment of the
derivation of the cubic NLS on R? coming from 3D quantum dynamics, we also refer the reader to
the work of X. Chen and Holmer [36]. The work [74] is the first complete treatment of a periodic
problem. A previous analysis of the periodic problem in three dimensions, without the study of
uniqueness, was done in the work of Elgart, Erdds, Schlein and Yau [46], and in the work of Erdés,
Schlein, and Yau [48]. Elgart, Erdds, Schlein, and Yau [45] previously also considered the mean-field
case 0 = 0, without the uniqueness analysis.

In the work of T. Chen and Pavlovi¢ [27], the spacetime bound has also been verified in the
case of A = R3 under a slightly different limiting procedure when the scaling parameter 3 €
(0,1/4). More precisely, the authors assume that the initial data is slightly more regular than
in H'. By an appropriate truncation in the number of particles, they are able to show that the
limiting object solves the Gross-Pitaevskii hierarchy and satisfies the wanted spacetime bound. The
additional regularity assumption has been removed in further work of T. Chen and Taliaferro [30].
In subsequent work, X. Chen [35] gives a derivation of the NLS with a quadratic potential when
B € (0, %] and proves the Klainerman-Machedon spacetime bound under the limiting procedure
from [49, [50, [51] with initial data of regularity H'. Moreover, in [37], X. Chen and Holmer have
verified the spacetime bound of Klainerman and Machedon for the NLS on R? for 8 € (0,2/3).
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The work [27] is based on techniques developed by T. Chen and Pavlovi¢ to study the Cauchy
problem associated to the GP-hierarchy on R% d > 1 [20, 21| 22, 23, 24, 25, 26] . In addition,
in joint work with Tzirakis [28] 29], they have shown blow-up results for the Cauchy problem,
as well as the existence of multilinear Morawetz identities. A different approach to the study of
the Cauchy problem of the Gross-Pitaevskii hierarchy in several special cases was given in the
work of Z. Chen and C. Liu [39]. We further note that, in this context, a rigorous derivation of
the nonlinear Schrodinger equation with anisotropic switchable quadratic traps has been shown
by X. Chen [34, 35]. Furthermore, in recent work Xie [I05] has given a derivation of a nonlinear
Schrodinger equation with general power-type nonlinearity on R and on R2. In [38], X. Chen and
Holmer established the rigorous derivation of the focusing cubic NLS on R from quantum many-body
dynamics with attractive interactions.

It is a natural question to ask what is the rate of convergence in ([I5). This question was first
addressed by Rodnianski and Schlein [97]. The authors show that, in the case of the Coulomb
interaction potential in R3*!, one has the bound:

(k) ®k et
TT’VN,t - |¢><¢| ‘ < CE-

This result was extended in the work of Knowles and Pickl [77] by using different methods. Subse-
quent results on this aspect of the problem have been proved in |7, [12] 17, 27, B0, 311 33 [36] 37, [38],
47, [55, 58] [611 [62, [RT], 90} 921 941, 95| [T05].

After the appearance of our preprint, an alternative approach for showing uniqueness in Gross-
Pitaevskii hierarchies on R® was given by T. Chen, Hainzl, Pavlovi¢, and Seiringer [I8]. This
uniqueness result is unconditional and it holds for regularity a« > 1. Its proof is based on the
quantum de Finetti theorem, which is a quantum analogue of the Hewitt-Savage theorem from
probability theory [70]. In the version applied in [I8], this theorem was first stated in the work of
Lewin, Nam, and Rougerie [84]. The proof of the uniqueness result in [I8] uses Strichartz estimates
on R3, so this approach does not directly apply to the domain T?. The same group of authors used
these ideas to prove a scattering result for the GP hierarchy [19].

In the analysis of the Gross-Pitaevskii hierarchy based on the technique of Klainerman and
Machedon, it is important to obtain a dispersive spacetime estimate such as (I7) below. This
estimate was proved on R?® by Klainerman and Machedon [76] when o > 1. In [74], Kirkpatrick,
Schlein, and the third author of this paper prove the estimate on R? and T? for a class of regularity
exponents which are below the energy regularity. The authors do not address the issue of optimality
of the regularity exponent, as the aim of this work was to obtain an estimate in the energy space.
Similar estimates for the three-body collisions on R? were proved in the work of T. Chen and
Pavlovi¢ [20]. In subsequent work [34], X. Chen proved the spacetime estimate on R? when d > 2
for a > %, which was noted to be optimal in the non-periodic setting by scaling arguments. In
addition, some variable-coefficient versions of the estimate were obtained. This work builds on the
previous results by X. Chen [32] and Grillakis and Margetis [64]. In particular, when d = 3, the
optimal regularity estimate corresponds to the estimate used by Klainerman and Machedon [76]. In
[11], Beckner gives two higher dimensional generalizations of the spacetime bound. The estimates
proved in [T1] have a slightly different motivation than the study of the Gross-Pitaevskii hierarchy.
In particular, they are viewed as a step in the larger scale dual program for understanding how
smoothness controls restriction to a non-linear sub-variety [10]. Subsequently, in [38], X. Chen and
Holmer prove the optimal range of regularity exponents on R. Let us remark that in the analysis of
the estimate (7)) in the non-periodic setting mentioned above, the arguments used rely on scaling
properties of the delta function. Such arguments can not be applied in the periodic setting.

1.4. Main ideas of the proof. In order to prove Theorem [[.2], we first write an iterated Duhamel
expansion. We then apply the combinatorial boardgame approach from [76]. The combinatorial
reductions in the non-periodic setting apply in the periodic setting without any changes.

The main issue is to check two properties. The first is the spacetime estimate, given by Proposition
[B1] which allows us to contract the terms appearing in the Duhamel expansion. The second property
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one has to check is that, under appropriate assumptions, the factorized solutions to the Gross-
Pitaevskii hierarchy, given by (III), lie in the admissible class A, defined by the a priori bound (@)).
Hence, the class A is non-empty and it contains the physically relevant solutions which are related
to the nonlinear Schrédinger equation. The precise statement is given in Theorem As we will
see, the fact that we are in the periodic setting will cause additional difficulties in checking both
properties.

The spacetime bound we prove is:

A7) 8% B ks U V| 2o mxar xary < CLISEHEAETD | L2y pry.

—it Y A, .
ék)e #25=1 820 Jenotes the free evolution oper-

whenever a > 1. Here, U®*) (t)vék) = ¢ X Beojy
ator. This spacetime bound is proved in Proposition [B.11

In the proof of the estimate (7)), we argue as in [70], and we observe that the left-hand side of
(@) is given in terms of a convolution. The key is then to check uniform pointwise bounds on the

multiplier:

2 2 2Y /) 20
(18) I'=1I(r,p) = Z o |<Z;9 _7; _WTQ>21—<|TZ|2O¢<W|LT;L)<Z)> :
n,mez3

One way to obtain the pointwise boundedness of the multiplier given in (I8)) is based on lattice
counting arguments previously used in work on nonlinear dispersive equations on periodic domains
[15, 40, [74]. In this way, one can show that the multiplier given in (I8) is bounded when o > 2.
The idea is that, in order to count the number of lattice points in a set S C R3, we fix mg € S,
and we then count the number of k € Z? such that mo + k € S. The point is that, if S has a
specific structure, we can obtain additional geometric insight about k£ and so this counting problem
is easier than the original one. For instance, if £ has to lie in the intersection of a plane and a
ball of radius R, then there are at most a uniform constant times R? possible values of k. The
fact that there is a delta function in (I8]) allows us to reduce the dimension by one and to look
at a five-dimensional sum, instead of a six-dimensional sum. This idea was first applied in [74], in
which the two-dimensional analogue of the above sum was shown to be bounded below the energy
threshold o = 1. In the two-dimensional case, the authors had at their disposal sharper lattice point
counting techniques, such as the Gauss Lemma [I3] [7T], [72], which was first used in the PDE context
in work of Bourgain [15], and later in [40]. In three-dimensions, however, this approach only gives
the bound when o > %. We will omit the details of this approach and we will refer the interested
reader to [74] for the discussion in the two-dimensional setting.

In PropositionB] we will use a different method to prove that the expression in ([IJ]) is bounded,
which allows us to obtain the range o > 1. Our idea is to rewrite the sum (I8) as:

_ 3z -+ lpP? = 20n,m)) ()™
(19) I(r,p)= ) %0 %0 5o
momezs (M =p)"" (n—p)~" (p —n—m)

In the non-periodic case [76], it was an important part of the proof to use scaling properties of
the delta function, in order to obtain a decay factor. In the periodic setting, we cannot apply
such scaling arguments. In fact, we observe that there is never any decay along I(|p|?,p), if we
take (m,n) = (p,p). However, having rewritten the sum as (I8]), we can use the concept of the
determinant of a lattice, which allows us to sharpen the counting arguments and obtain the bound
for o > 1. Here, we recall that the determinant of the lattice is defined to be the (positive) volume
of the smallest parallelepiped spanned by the elements of the lattice.

The key point is that we can use more detailed number theoretic arguments to estimate the
number of lattice points which lie in the intersection of a ball and a plane which is normal to
a vector in Z3. The number theoretic properties of the normal vector will be important for our
argument. More precisely, in Lemma B.I0, we prove that for fixed m € Z3, and ¢ € Z, if £ C Z3 is
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a set of diameter R > 1 then
R2
|

Here m., is defined to be m divided by the greatest common divisor of its coordinates, with the
convention that m, := 0 when m = 0. This quantity equals the determinant of a certain lattice. In
particular, in the work of P. McMullen [91], with later generalizations by Schnell [99], it is shown
that, for fixed m € Z3, the determinant of the lattice

Ay i={z € Z® (m,z) =0}

(20) #(EN{zeZ’ (ma)=c}) SR+

equals |m.|. We note that the bound in (20) gives an improvement over the immediate bound of
O(R?) which holds for general planes. Its proof is based on the geometric interpretation of the
determinant of a lattice. The bound (20) is useful since we are also able to give a bound on the sum
of |7r1—*\ More precisely, in Lemma 3.7 we prove that whenever £ C Z3 \ {0} is a set of diameter

R > 1, then:

(21) > |Ti < R2

meé& *|

We can then estimate I(7,p) by using (20) in the inner sum and (2I) in the outer sum. We believe
that this counting approach is of independent interest.

Let us recall that in [76], when one is working on R3, the above mentioned scaling properties of
the § function lead one to study convolution estimates for generalizations of Riesz potentials:

1 1
(22) / e e

where X is a smooth submanifold of R3, and ¢ € R3. In this concrete case, X is taken to be either a
plane or a sphere. More precisely, in equation (16) of [76], the authors use homogeneity properties
of the delta function and the coarea formula to deduce that:

ds (&
B 161 — & — 617 +16af? — 1657 dh = o)
2|6 — &
where dS is the surface measure of a plane in R3.
Similarly, in equation (18) of [76], it is shown that:
dsS(¢&
(7 + 161 — €2 — 17 + 16 — [eh1?) dep = — G
Afés — =52

where now d.S is the surface measure of a sphere in R?. The aim is to obtain a bound on the integral
in (22)) in terms of a negative power of ||, for a suitable choice of a and b.

In Subsection 3.4] we give a precise study of the endpoint case @ = 1. In Proposition B.2] we
prove that, in the case of frequency localized data, we obtain a logarithmic loss of derivative in the
analogue of (IT). Furthermore, in Proposition B.3] we prove that the estimate (7)) does not hold in
the case @ = 1. This shows that the number theoretic method based on the determinant of a lattice
gives a sharp result for the range of a. The proof requires a precise decomposition of the operator
Bj p+1 and a specific choice of data for which one part in this decomposition is bounded and the
other one grows logarithmically in the size of the largest frequency.

Such a result is in drastic contrast with the setting of R [76] and in the setting of T? and R?
[74], where the analogue of (7)) holds for « = 1. Let us remark that in Proposition [5.4] we prove
that the above spacetime estimate holds when « = 1 in the case of factorized objects, i.e. for
*y(()k) = |po) {po|®F for ¢pg € H'. However, it is important to note that the factorization property is
not preserved under the action of the collision operators Bj ;11 in the Duhamel iteration for general
factorized density matrices. As a result, the result of Proposition [5.4] cannot be used to prove a
uniqueness result at the level of regularity a = 1.
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Having these facts in mind, we note that the factorized objects are very special in the class
H! of density matrices containing one derivative in each variable in L?. Namely, they satisfy (7))
for a = 1, whereas general objects do not necessarily have to satisfy this estimate. It would be
interesting to see if there is any other non-trivial class of elements in H' which also satisfy (7))
when a = 1. In the forthcoming work [I01], an affirmative answer is given to this question in the
probabilistic sense. Here, the range of the regularity parameter is a > %. We want to prove that
the factorized solutions to the Gross-Pitaevskii hierarchy lie in the class A if the initial data ¢g for
the NLS ([I0) is sufficiently regular. This fact tells us that the class A is non-empty and physically
relevantd. The analogous fact in the non-periodic setting relies, given in Remark 1.2 of [7@], relies
on the use of Strichartz estimates. If one wanted to take this approach in the periodic setting, one
would need to use the Strichartz estimate on T* due to Bourgain [15]:

Theorem 1.7. (Strichartz estimate on T®; Bourgain [15]) Let p > 4,N > 1. Let P<y denote the
projection onto frequencies |n| < N. Then:

- 3_5
||P§NeZtA¢”LP([O,1]><'JI‘3) S N2TP||P<nd| p2(rs)-

However, the loss of % — % derivatives turns out to be too much to allow for the argument from
[76] to carry through, so we have to use a refinement of Bourgain’s result. We can circumvent the
mentioned difficulty by using multilinear estimates in the atomic spaces U and V. We note that the
U spaces were first defined in the work of Koch and Tataru [78]. See also [T9, 80]. A variant of the
V spaces is originally found in the work of Wiener [104]. The first application of both spaces in the
context of nonlinear dispersive equations appears in [78]. Variants of these spaces have been used in
a class of critical problems in the work of Hadac, Herr, and Koch [67], Herr, Tataru, and Tzvetkov
[69], Tonescu and Pausader [73], and Dodson [42] [43], as well as in the context of low regularity
solutions for the Korteweg-de Vries equation by B. Liu [89]. More recently, these techniques have
been applied in the study of low regularity almost-sure local well-posedness for the NLS in the work
of Nahmod and the third author of this paper [93], as well as in the study of low regularity solutions
for the NLS equation on the irrational torus by Guo, Oh, and Wang [66]. For a detailed account of
U and V spaces, we refer the reader to Section 2 of [67].

In particular, we use variants of these spaces adapted to the Schrédinger equation which were
used in the context of the energy critical NLS on T? [69)], and later in [73]. The key fact that one

has to prove is the estimate, given in Corollary 5.3 (see also (@2)) :
(23) IDg (1812 121 xa) S Nellve o3y S Nelar-

Here, I is a time interval and the function spaces are defined below. In these spaces, the superscript
denotes the order of differentiation. The bound (23] holds when « > 1, and the implied constant
depends on the length of 1. The point is that, in the above estimate, there is no longer a derivative
loss which would be present if one were to directly apply the Strichartz estimates.

We note that the factorized solutions lie in the class A whenever o > 1. Hence, the restriction
to a > 1 in Theorem comes from the fact that we need to have @ > 1 in order to prove the
spacetime bound (I7). In particular, if « = 1, the bound (I7) does not hold. For details, we refer
the reader to Subsection [3.41

1.5. Organization of the paper. In Section 2] we recall some notation and some known facts from
harmonic analysis. In particular, we give the definition of the atomic spaces U and V. In Section
[B1] we prove the spacetime estimate which was mentioned in (I7]) when o > 1. This is the content
of Proposition Bl In Subsection B.2] we introduce some notions from number theory, which allow
us to prove strong lattice point counting results in Lemma 3.7 and in Lemma In Subsection
B3] we put these number-theoretic results together to give a proof of Proposition[3.1] thus obtaining
the key spacetime estimate for the free evolution operator when « > 1. In Subsection [3.4] we discuss
what happens when o = 1. In particular, we prove Proposition [3.2] which states that we obtain a

2For another non-empty class B of local-in-time solutions, see Remark
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logarithmic loss of derivative and Proposition [3.3] which states that the spacetime estimate in ([I7)
does not hold when o = 1. The main result of the paper, Theorem [I.2] is proved in Section [dl We
note that the Duhamel expansion is explicitly given in (T1]) of this section. Theorem concerning
the factorized solutions is proved in Section We note that in this section, we need to use the
theory of U and V spaces. In Appendix A, we present the proof of the local-in-time result given by
Proposition 5.1} which is needed in Section [5.4] in order to prove Theorem
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of U and V spaces and for suggesting the reference [67]. They are also grateful to Boris Ettinger,
Sebastian Herr and Baoping Liu for useful discussions about these spaces. Moreover, the authors
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for a detailed reading and for a lot of helpful comments. P. G. was partially supported by NSF
Grant DMS-1101393 and an Alfred P. Sloan Research Fellowship. V.S. was supported by a Simons
Postdoctoral Fellowship. G.S. was partially supported by NSF Grant DMS-1068815.

2. SOME NOTATION AND TOOLS FROM HARMONIC ANALYSIS

In our paper, let us denote by A < B an estimate of the form A < CB, for some constant C' > 0.
If C' depends on a parameter p, we write A <, B, which we also write as C' = C(p). Throughout
the paper, we fix A = T3.

2.1. The Fourier transform and differentiation. We define the Fourier transform on A = T3
to be:
f(n) = / f(z)e " @™ dy,
A

Here, n € Z3 and (-,-) denotes the inner product. On [0,27] x A, we define the spacetime Fourier
transform by:
u(r,m) == / / u(t, x)e”HTHE) dydt,
[0,27] J T3
Here, 7 € Z.

When we are considering functions vék) : A* x AF — C, for fixed k € N, we define the Fourier
transform to be:

(V) (s i) = / ) (ks T e~ = (s R I 5nD) 7 A
Ak x AF

Here iy = (n1,...,nk), 7 = (n4,...,n,) € (Z*)*. The reason why we take the complex conjugate
in the last k£ variables is in order to be consistent with the definition of the factorized solutions to
the Gross-Pitaevskii hierarchy given by (IIJ).

We also define the spacetime Fourier transform of functions %) : [0, 27] x A* x AF — C as:

(YN (7, 7 71y,) = / YW (8, Tg; T e~ s ) G D) i A d
[0,27] x Ak x AF
The fractional differentiation operator S*:®) was defined on k-particle density matrices in @®). For

a sequence 'y = (*y(()k)) of k-particle density matrices as above, we say that

(24) Ty e H®

if for all k, the quantity ||S(k’a)’Yék)||L2(Ak><Ak) is finite. For fractional differentiation in a single
variable x, we also sometimes write:

D% :=(1-A,)%.
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Finally, we define the free evolution operator U (t) by:
) Ul i hes By 0

‘We note that then:
(300 + (Az, — 2z) ) uP (1" =o.

2.2. Function spaces. We take the following convention for the Japanese bracket (-) :

(x) := /14 |z|2.

Let us recall that we are working in Sobolev Spaces H*®(A) on the the three-dimensional torus whose
norms are defined for s € R by:

~ 1
1y = (3 1)) 2.
nezs3
Given a time interval I, we denote by C,,(I; H*(A)) the space of all functions v = u(t, x), such that
the function ¢ — H®(A) is uniformly continuous on I. With the norm ||- || Leo (7, g (a)), Cu(L; H*(A))
becomes a Banach space.

We now define the atomic function spaces U and V following |78, [79]. We fix H to be a separable
Hilbert space over C. Let Z denote the set of all finite partitions of the real line of the form
—0 <ty <t < - <tg < +4oo. If tg equals +00, we use the convention that all of the functions
v : R — H take value zero at tx. Given a set I C R, we let x; denote its characteristic function.
We can now define the U-space:

Definition 2.1. (U-space) Given 1 < p < oo, and H as above, we call a : R — H an UP-atom if
a = Zi\il Xitp_1,te)Ph—1 for some ¢, € H satisfying Zg/gl okl = 1. Then, UP = UP(R,H) C
L>®(R, H) is defined to be the space given by the norm:

+o00o +o0
”U‘HUP = inf { Z |/\j|,u = Z)\jaj,aj —UP atom}.
j=1 j=1

Let us observe that the procedure to define the U-space above is analogous to atomic decompo-
sition in Harmonic analysis as was studied by Fefferman and Stein in [54].
We now define the V' space:

Definition 2.2. (V-space) Given 1 < p < oo, we define VP(R; H) to be the space of all functions
v:R — H such that:
K

1
lellvei= sup (D2 llete) — vte1) )" < oo,
(tk)?zoez k=1

In the definition, one also takes the convention that v(+00) := 0.

It is shown [78] [79] that the following inclusions hold:

(26) UP(R; H) = VP(R;H) — L™°(R; H), for all 1 < p < oc.
(27) UP(R; H) CUYR; H) C L*®(R; H), forall 1 <p < g < 0.
A key link between the U and V spaces is the following duality statement:
(28) (UP)* = VP, whenever 1 < p < .

More precisely, there exists a bilinear pairing B : UP x V?" — C such that the map T : V¥ — (Up)*
given by T'(v) := B(:,v) is an isometric isomorphism. This statement is reminiscent of the duality
between H' and BMO from [54]. For a precise form of the bilinear form B, we refer the reader to
Section 2 of [67].

As in [79, [80], it is convenient to define:

(29) lullpz o = lle™*2

ullo2 r; e (a)) -
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(30) ||U||V§Ho< = ||e_itAu||V2(]R;HQ(A))-

In 69, 73], as well as in [66] 93], one also considers the following spaces:

(31) lullxa = (3 (€ 1™ u() ()1 m, o)

£ezs
(32) lullye == ( SO [P u®) () 1Z2m,0)) -
cezs

We note that the above spaces are reminiscent of the X*? spaces which are commonly used in the
theory of dispersive equations [16], [103].
In [69)], it is noted that the following bound holds:

(33) e fllxa < |1fll o
as well as the following inclusion of spaces:
(34) UZH® — X® - Y* < VZH®,

Let us also note that:
(35) X% =YY LR, HY(A)).
To deduce the last inclusion, we note that, by unitarity of e~ on H® (A), one has:
l|ull Loo (r; (M) = ||67itAUHL°°(R;Hg(A))
which by (28]), the definition of VAzHO‘ and (B4) is:
S e ullva@me) = [ullvzge S llullye.
Similarly to (28]), the following duality relation holds [69]:
(36) (X)) =y—*().

Here, I is a time interval and X*(I),Y ~“(I) denote the corresponding restriction spaces.
Moreover, Proposition 2.11 in [69] tells us that for f € L*([0,T]; H*(A)), one has:

/ eit=ma f(r)dr € X*([0,77)
0

t
/ €i(t_T)Af(T)dT
0

This is a useful estimate on the Duhamel terms.

Given a dyadic integer N, let Py denote the Littlewood-Paley projection to frequencies of order
N. In other words, we start with a non-negative, even function ¢ € C§°(—2,2), which equals 1 on
[~1,1]. For p € Z3, we let ¥x(p) equal:

{w(?) $(E2), for N > 2.
(IpD), for N =1.

and:

(37)

S e o,y e (a)) -
X ([0,T))

Then, Py is defined on L?(A) as
(Px ) (0) = Un () f ).

In our paper, we will use the following estimate, which was first proved in [?].
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Proposition 2.3. (Proposition 3.5 in [69]) There exists 6 > 0 such that for any Ny > No > N3 > 1,
and any finite interval I C R, one has:

3
(38) I TT Py, us 2y S NaNamax {F " } H 1P, 5 yocry.
j=1
The implied constant depends only on the size of the interval I.

We remark that, in [69], this result is stated with the Y° norm instead of the Y°(I) norm on the
right-hand side. However, the result with the Y°(I) norm immediately follows by the definition of
the restriction norm.

3. SPACETIME BOUND

An important step in our proof will be the spacetime bound for the free evolution 24 *)(t) defined
in ([28). We note that the bound resembles spacetime estimates for the free evolution used in the
theory of dispersive equations. This is a manifestation of the connection between the Gross-Pitaevski
hierarchy and the Schrodinger equation. The bound that we prove is:

Proposition 3.1. For a > 1, there exists C; = C1(«) > 0 such that, for all sequences (”y(()n)) € He,
for all k € N, and for all j € {1,...,k}, one has:

(39) (8% B, ks U V| 20 2mxar xary < CLISEHEOAETD | 12y pry.

We note that, by using a Sobolev embedding argument as in [39], one can directly prove the
bound ([B9) when « > % Furthermore, an application of the number theoretic techniques used in
[74] adapted to the three-dimensional setting gives the bound (39) when o > 2. Moreover, we show
that the condition a > 1 is sharp by proving the following two claims: The first claim states that,
in the endpoint case a = 1, one obtains an upper bound involving a logarithmic loss of derivative.

Proposition 3.2. Suppose that N > 1 and suppose that ('yék])v) € H' is a sequence such that for

all k € N, one has (Wéfc])v)A(nl, oY, -, ng) = 0df some |ng| > N or if some [n)j| > N. Then,
there exists a constant Cy > 0 such that for all k € N and for all j € {1,...,k}, one has:
<m>nwmmHmMWmﬁﬂmmmmwmsameM“w%wmwwmw>

The second claim states that, when a = 1, one cannot choose a uniform constant C; > 0 such
that (B9) holds.

Prop051t10n 3.3. There does not exist C1 > 0 such that for all (v, (n) )€ H, ke Nand j €
{1,...,k} one has:

k (k
1) [IS®Y By U OV 2 0.2mak wary < CoISFHEDASTD|| L piin prsn,.

Remark 3.4. In the subsequent work [I01] of the second two authors, it will be shown that the
spacetime bound holds in a probabilistic sense whenever ac > %. More precisely, the collision operator
1s replaced by a randomized collision operator. A study of the local-in-time theory of the hierarchies
obtained from the randomized collision operators in the work of the second author [100].

Before we give the details of the proofs of the above results, let us make some preliminary
observations. With Bjik 41 defined as in @) and (@), we will prove the bound for the term given by:

S(k’a)B;:k+1 u(k-l—l) (t)’}/ék+1)

instead of for:
S0 By U (1)
The bound for the expression with B} ., is proved in an analogous way (one just exchanges the n’s

and m’s), and the general claim then follows since by (@), we know that Bj i1 = B, | — By

Jik+1
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For simplicity of notation, let us consider without loss of generality the case when j = 1. The other
cases follow by symmetry.
We note that:

(42) (S®BE U (O™ D) (4 s 1) =
Z eit(—\m—nk+1+n§c+1\2—\ﬁk+1\2+|"1\2+\ﬁ;c+1|2)
Nkt1,M) 4 €Z3
k k
x H<nj>a H<”;>a ‘ (V(Skﬂ))A(nl — M1 Ty M2, 15 N ey Ty )
j=1 j=1

Hence, the above expression is periodic in time with period 27. Thus, we need to restrict the time
integral to the interval [0, 27]. For fixed 7 € Z and p € Z3, we define:

(43) I=I(rp)= Y 20l =nomP i~ m )™

<p —-n — m>2a <n>2a <m>2a

n,meZ3

where ¢ denotes the Kronecker delta function on Z. Arguing as in the proof of Theorem 1.3 in [76]
or as in the Propositions 7.2 and 7.5 in [74], the estimate:

(44)  |S®IBS L, U(Hl)(f)%gkﬂ)||L2([o,2ﬂ]xAk xRy < ClHS(HI’Q)%SHI)||L2(Ak+1xAk+1)
follows from:
(45) I < Cy, uniformly in 7 and p.

Let us recall this reduction in more detail. By taking the Fourier transform on [0, 27] x A¥ x A*
of the function on the left-hand side, and by taking the Fourier transform on A*+! x A¥*+1 of the
function on the right-hand side, Plancherel’s theorem implies that (44]) is equivalent to:

1(S®D B U (D) 2z, xzsexzony < CLl (SEFED 4 E D)2 gscern wzsoesny)

It can be shown that: i
« 1)\~ [
(SED B U ) (7 g 1) =

S S+ = g+ np P [k = nal? = [al?)-
nk+1,n§€+1€Z3
k k
(46) H(nj>o‘ H(n;)o‘ Ao (= g1+ Mgy N2y M1 N ).
j=1 j=1

By applying the Cauchy-Schwarz inequality in n441 and nj_,, we observe that, for fixed 7 € Z:
[(S®D B U (05 D) (7 s 1)
2a

< [ Z O(7 + 1 — npegr + 0y ° + [k |2 = [ |2 = |1 [?) (1) }
< (11 — Mt + 1l )2 (g ) 2 ()2

’ﬂk+1,’ﬂ;c+1623

5 . r2 e 2 _ 2 = |2

x [0S A = e v P e = Il = )
nk+1,n;+1€Z3

k+1)\ ~ N
(SEFL N () — gy g gy g ) [

Hence, in order to prove Proposition 3.1l we need to obtain pointwise bounds on:

I(7, ;71 =

> §(7 + |1 — g + 1y [P+ [Tk ]? — [ = |7 2) (n1)?®

(47)
(n1 = neg1 + g )2 (ngeg1) 2 (g, )2

nk+1,n;€+1 €73
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We remark that we are originally looking at:
R L T A e e e (T R W

=T+ |n1 — kg1 + npyq)® + [P+

k k

el s P = P =D gl — Iy, P =
=2 =1

(r+ Z e Z 751?) + [n1 = nagr + ni | + i [ = [0
=1
Hence, by making the change of variable 7 — 7 4+ Z?:Q Ine|? — 25:1 |nj|?, and by taking p :=
n1,Mm = Ngy1, and m = —n;_, it follows that we indeed need to show ([5). The rest of this
section is devoted to the proof of ().

3.1. Rewriting the sum in ([43). The first step is to rewrite the sum I(7,p) from ([@0). By using
the identity

T+’ +p—n>—2(p—nm)
T+ [p]* = 2(p — n,n+m)

T+ lp—n—m|* +|n* —|m|*

we can rewrite the sum as follows:

3(r + [p® = 2(p — n,n +m)) (p)*
mézs (p—n—m)** (n)** (m)**

2

I(r,p) =

_ 8(1 +1pl* +2(n —p,m)) (p
mgejzg (p—m)** (n)** (m — n)**
5(r + Ipl> = 2(n,m)) (p)**

2 2
mmezs (M =p)" " (n=p)™" (p—n—m

(48) = >2a :

We will use the form (@8] in order to prove that I(7, p) is uniformly bounded for any o > 1. The
point is that, for fixed m € Z3, all the points n € Z? satisfying the condition 7 + [p|? — 2(n,m) =0
lie in a plane with normal vector m. By symmetry, the same property holds if we reverse the roles
of m and n. Having rewritten the sum this way, we can use the number theoretic properties of the
normal vector.

Remark 3.5. We observe that there is never any decay along I(|p|?,p), just by evaluating at
(mvn) = (pvp)'

3.2. Some number theory. In order to show that the expression in 8] is bounded for « > 1, we
need to observe some facts from number theory. As was mentioned in the introduction, we want to
estimate the number of lattice points lying in the intersection of a ball with a plane which is normal
to a vector in Z3. The first result which we prove is the following property about sets whose points
are sufficiently separated:

Lemma 3.6. Let X C R? be any set, and let X, be the set of points in R? which are a distance less
than s to the set X. Let A C RY be any r-separated set (meaning that |x — z'| > r for x,x" distinct
points in A). Then for any r’ >0,

#ANX,) S (min{r,7'})” d|XT/|

i.e., the number of points in A at distance less than 1’ to X is at most a universal constant (depending
only on dimension) times (min{r,7’})~% and the Lebesque measure of X,.
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Proof. Suppose x € X and |z —y| < r'. Let 6 := min{j~,1}. By the triangle inequality, every
point in the ball B := {z € R?, [z — (0z + (1 — 0)y)| < 1 min{r,r'}} will have
ror
2=yl <le =@z + 1 =Oy)|+ble -yl < T+ 7=

42
|z —z| < |z = (0 + (1= 0)y)| + (1 - O)|z —y]
1
< Zmin{r, r'} + max {r/ — %,O} <.

Consequently, for each y € A of distance less than 7’ to the set X, we may find a ball B, of radius
2 min{r, '} which is contained both in the ball of radius % centered at y and in X,.. Since A is
r-separated, these balls must be disjoint. Thus we have the trivial estimate that the measure of X,
must be bounded below by the number of points in A of distance less than r’ to the set X times the

volume of the ball of radius %min{r, r'}. The constant clearly depends only on the dimension. O

Given m € Z4, let m. equal m divided by the greatest common divisor of its coordinates (and
define m, := 0 when m = 0). The following lemma gives us a useful way of relating the above
defined quantity m. to the diameter of a set:

Lemma 3.7. Let £ C 73\ {0} be any set of diameter R > 1. Then

(49) >

me€

L g
||

for some universal implied constant.
Proof. For each q € Z3, let (q) equal the number of points m € £ such that m, = q. We have the

equality @
plg) _ 1
d ~ 2 Tl

q€Z3
Several observations are in order. The first is that the sum over all g of ¢(q) is exactly the cardinality
of £. Because £ has diameter R, it will be contained in some ball of radius R, and since the integer
lattice is 1-separated, the number of points in £ will (by Lemma [3.6) be at most a constant times
the volume of the ball of radius (R+ 1), which is (by assumption on R) itself bounded by a constant
times R3. Next we make the observation that

(50) p(q) <1+ Rlg|™".

This follows since ¢(q) = N > 1 implies that there are positive integers ny and ny with |n; —ng| >
N — 1 such that n1q € € and naq € £. On the other hand, by assumption, points in £ are separated
by distance at most R). Hence,

lal - (N = 1) < |g| - [n1 — na| = [gn1 — qna| < R,
which indeed implies (B0). We conclude by estimating:

Z SO(Q) < 2—j+1(1+R2—j+1)23j
=l

2i-1<q|<27
when j > 0 (we have simply bounded |¢|~!, ¢(q) and the number of ¢ in the annulus. Fixing any
N € N, we may sum these estimates over 0 < 7 < N. For the remaining piece, we know that

lg|=! <27 and that the sum over ¢ on the remainder term is at most a constant times R*. Thus
1
> < 22N 4 RN 497N RS,
Lot Ima]

Since R > 1, we can find N € N such that 2V ~ R. The estimate (@9) follows for this choice of
N. O
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Let us recall the definition of a lattice and of its determinant [83]

Definition 3.8. A k-dimensional lattice in RY is a discrete subgroup L of RY of rank k. Given
such an L, we define its determinant to be the smallest positive volume of a k-parallelepiped whose
vertices belong to L.

A fundamental number theoretic fact is:
Lemma 3.9. For fivred m € 7>\ {0}, the determinant of the lattice
A = {x € Z3, (m,z) =0}

is |my| (i.e., the Euclidean norm of the vector m divided by the greatest common divisor of the
entries of m).

Proof. This lemma is an immediate corollary of a theorem of P. McMullen [91]. McMullen’s theorem
states that if F and E’ are orthogonal rational subspaces of Euclidean space, then the determinants
of the lattices Z¢ N E and Z% N E’ are equal. This theorem was later generalized by Schnell [99)].
In our case, A,, has a dual lattice A/, which consists of all integer points which are multiples of m
itself. This lattice is one-dimensional, and its determinant is merely equal to the Euclidean norm of
the smallest nonzero element, which must equal |m.|. |

The concept of the determinant of a lattice allows us to prove the main counting lemma of this
subsection. This is the result which will allow us to estimate the number of lattice points in the
intersection of a ball and a plane. We note that it gives us a substantial improvement over the a
priori bound O(R?), which we would obtain for generic values of the normal vector.

Lemma 3.10. For fired m € 73\ {0} and c € Z, if £ C 73 is any set of diameter R > 1 then

R2

ma|

Proof. Translating £ as necessary, it suffices to assume ¢ = 0 (since if ¢ is any point belonging to
the intersection, then the cardinality of the intersection will equal the cardinality of the intersection

(€ —¢q)NA,. Let a € A, be any nonzero element of minimal norm. On any line in A, with
direction a; := 7z, the points of Ay, will be separated by a distance of at least |a| (if this were not

(51) #(EN{zeZ’ (ma)=c}) SR+

the case, a translation of that line back to the origin would show that |a| cannot be minimal). On
the other hand, since the determinant of the lattice is |m.|, this means that A,, may be written as
a countable union of equally spaced lines in the a;-direction which are separated by a distance of at
least |m.||a|~* (since any parallelogram will have area at least |m.|). Now it’s clear, however, that
if £ has diameter R, then at most 1+ |a||m.| 'R of these lines may intersect £, and the number of
points on each such line which belong to A,, N € can be at most 1 + |a|~*R. Thus

#(EN{z eZ’ (m,z) =c}) <1+ (la| ™" + |a||m.| )R+ |m.| " R>.

Because |a] > 1 (due to the 1-separation of Z3), |a| < R (since £ has diameter R), and R > 1, the
conclusion (BI)) immediately follows. |

3.3. The proof of Proposition 3.1l We can now put together all of the previous estimates and
estimate the sum in Proposition B.Jl More precisely, let us prove the bound (@Hl), which, in turn,
implies Proposition B.1] from the earlier discussion. In the proof, it will be necessary to dyadically
localize all of the factors. We will then argue by cases and sum up all the estimates to obtain the
bound.

Proof. (of PropositionB]) For any j := (j1, j2,j3) € N§, let E; ,(j) be the subset of Z3\{0} xZ3\ {0}
on which

Im —p| <27, In —p| <272, |m+n —p| <27,
and 0 = 7+ |p|? — 2(n,m). If j; > 0, we further assume that |m — p| > 2/1=1 and likewise for jo
(assume |n —p| > 29271) and js (assume |m+n—p| > 27371). Each pair (m,n) € Z3\ {0} x Z3\ {0}
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satisfying the relation 0 = 7+ |p|? — 2(n, m) will belong to E, ,(j) for exactly one index j; for that
specific index we will have

1

5 5 < 2*20t(j1+j2+j373)'
(m—p)™ (n—p)™* (m+n—p)

20 —

The above inequality is immediate when j1, j2, j3 > 0. If any of the indices are non-positive, we use
the fact that (-) > 1. Now consider the sum I(7,p). From (@8], we note that:

1
I(7,p) S 8(r + [p]?) ; e
(52) 00
+ <p>2a Z 2—2a(j1+j2+j3)#ET)p(j)'

J1,J2,33=0

The first sum on the right-hand side arises from those terms in the sum for I(r,p) at which either
m =0 or n =0 (note these cases are symmetric) and is finite whenever o > %. The second sum on
the right-hand side of (52]) is substantially more difficult to control. Let jmin, jmid, and jmax equal the
entries of j arranged in increasing order. By the triangle inequality, [p| < |m—p|+|n—p|+|m+n—p| <
20142924235 Furthermore, since each of ji, jz, js is nonnegative, we also have 1 < I(271+42724273)2,
and so

. . . 16 . . . .
1+ |p|2 <1+ (2]1 4972 2]3)2 < 3(231 4+ 902 1 2]3)2 <16 - 22.7n]ax'
Hence, (p) < 2/max+2 whenever E, ,(j) # (). We can rewrite this inequality as:

(53) Jmax > logy (p) — 2.

If we can establish the inequality

(54) BB, () § 2Pt 2im

then we will have

oo
2 a4 jati )
(p)*™ Y 27IRRILE ())
J1,92,J3=0
oo
5 <p>2a § 2_2a(jmin+jmid+jmax)+2jn)in+2jmid
J1,32,73=0

Jmax >logs(p) —2

2

(55) S 3o a2 | [ §7 9200
=0

Jmax >logs (p) —2

which is uniformly bounded in 7 and p so long as o > 1. Here, we are using the fact that the
sum of the tail of a convergent geometric series is comparable to the largest term with a constant
depending only on the ratio of adjacent terms. This, in turn, implies that the sum over jyax will
cancel the factor of <p>2a. To establish (54]) we must consider several cases.

Case 1: j; = min{j1, jo, j3}. For each fixed m, the pairs (m,n) € E, ,(j) satisfy the inequalities
|m —p| <29 |n —p| <272, |m+n —p| <27, In particular, for m fixed, since p is also fixed, the n
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coordinates must lie in a ball of radius 2™in{72.3s} . We use Lemma B.10 in order to deduce:

#E- ()< D > S+ Ipl - 2(n,m))

|m—p|<291  |n—p|<L292
m#0  |nt+m—p|<273

2 min{jz2,js
5 Z |:2min{j27j3} + 2 | {JT 7
>

|m—p| <271
m#0

Furthermore, by Lemma 37 it follows that:
#E-rp(j) < 93j1+min{ja.ja} 4 92j1+2min{ja.js} < 92j1+2min{jz.js}

Case 2: j» = min{j1, j2,j3}- By symmetry between n and m, we get
#E, p(j) < 92f2+2min{j1,js}

in exactly the same manner just described.

Case 3: j3 = min{j1,j2,j3}. Without loss of generality, we may assume j; and jo are both
positive (otherwise one of the previous cases would also hold). This means we may assume |m—p| >
271~ and |n — p| > 29271 if necessary. For any k := (k1, ko, k3) € Z3, let By := [273ky, 273k + 273 —
1]x [293 kg, 278 kg +273 —1] x [273 k3 +272 —1]. For any pair (k, k') € Z3xZ?, we have E; ,(j)N(By X By)
has diameter at most comparable to 272, and so just as in the previous cases, we will have an estimate

#(Erp(7) N (Be x B)) S 242

Namely, for m fixed, the n coordinates lie in a ball of radius ~ 273. Moreover, the m coordinates lie
in a ball of radius ~ 273. In order to establish the estimate

#Erp(j) S 22t

it suffices to show that the number of pairs (k, k') for which E ,,(j) N (Bj x By) is nonempty can be
at most a uniform constant times 22™*{71.72}=2js  To establish this estimate we appeal to Lemma
For any pair (k, k') € Z3 x Z3, we will have (By, x By )N E; ,(j) # 0 only when the center point
of By, x By is at Euclidean distance less than 273! from the set E. ,(j). Furthermore, the centers
of such boxes form a 273-separated set. We conclude by Lemma that

#{(ka k/) € Zg X ZgaETy;D(j) N (Bk X Bk') # @} 5 276j3|X27'3+1|7

where Xy;5+1 refers to the 293 F1neighborhood of E. ,(j). Here, we note that the dimension d = 6. It
follows that we need only show that the measure of this neighborhood of E- ,(7) is at most a uniform
constant times 22™n{j1,72} 435 Tt will be convenient to rewrite the relation 7 + |p|? — 2(n,m) =0
as

(56) 27 +[p?> +[n —m[* = (m +n —p,m+n+p)

and split into two subcases.

Case 3(a): |n —m| > 2minlindz}+4 for every (m,n) € E, ,(j). By virtue of the inequalities

(57) 2min{|m — p|, [n — p|} > 2"0U0720 > 95 > |m 40— p|
and
(58) |m —n| 4+ min{|m — p|, [n — p|} > max{|m — pl, |n - p[},

we must have that:

(59) 2|ln —m| + 10 min{|m — p|,|n —p|} > |m + n + p|,
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for every pair (m,n) € E. ,(j). In order to prove (59), we can argue by symmetry and assume,
without loss of generality, that |m — p| > |n — p|. Hence, it follows that:

2lm —p| >2|n—p| > |m+n—p|.
In order to obtain the last inequality, we used (B7]). We also note:
Im —pl+|n—pl+|m+n—p|l>]p|

Furthermore, we use (58)) to deduce:

[n—m|+4n—p| =[n—m|+|n—p[+|n—p|+2n—p| =

[m —pl+|n—pl+[m+n—p[=p|.
Consequently,

2ln —m| +10|n — p| = 2[p| + 2|n — p| = 2|p| + |m +n —p| = |m +n+ pl,

which proves (B9). Here, we again applied (51). From (B9)), we can deduce that |[n —m| > ‘m%ﬁp‘.

Namely, we know that min{|m — p|, |n — p|} < 2mintindz} < Lim — n| and so:

5 21
2|n—m|—|—§|n—m|:§|n—m|2|m—|—n—|—p|

which implies that [n—m/| > 8|mg{l+p| > |m+:+p| . Furthermore, by hypothesis [n—m/| > 2min{ii.jz}+4,
From these two bounds, combined with (58), the fact that |m +n — p| < 273 < 2min{iid2} and the
Cauchy-Schwarz inequality, we may conclude that:

(60) 21+ p|? < —ln—m2 + 2% |m +n+p| < _92min{j1,j2}+6

1 .
(61) ’|m—n| — |27 + [p?|?| < 2752,

In order to deduce (G1l), we use observe that:
‘|27+p2|% — |n—m|} - }|27+p2|% + |n—m|} = |27+ p*| = In — m|*| < |27 +p* + [n — m|?|
=[(m+n—pm+n+p)|<|m+n—pllm+ntp| <27 4n—m|

Here, we deduced the fact that |[27 4+ p?| — [n —m|?| < |27 + p® + [n — m|?| by the triangle in-
equality. Since ’|27 + 2|2 4+ |n — m|’ > |n — m|, the estimate (@I follows. Consequently, we have

shown that when (m,n) € E:,(j), the triple m — n must lie between two spheres of radius at
least comparable to 2™*{71.72} whose separation is at most comparable to 273. The first fact fol-
lows from (60]), whereas the second fact follows from (6I)). We note that all pairs (m,n) € E- ,(j)
have to satisfy |m +n — p| < 28 and min{|m —n — p|,|m —n +p|} < |m +n — p| + 2min{|m —
p|, [0 — p|} < 2midi1.92342 gince js < 51, jo. In particular, we know by the triangle inequality that
[m—n—p| <|m+n-—p|+2m—p|land [m—n+p| < |m+mn—p|+2|n—p|. This means that, aside
from lying between two spheres, m —n must also lie in some ball of radius comparable to 2min{i1.72}
Thus, the 273 F1-neighborhood of E; ,(j) will have Lebesgue measure in R? x R? at most a uniform
constant times 22min{i1.i2}+47s  We obtain this bound by first fixing m + n which by assumption
can lie in a set of diameter at most a uniform constant times 272 (even after taking into account
the 27371 neighborhood). Once we fix such an m + n, we then note that m — n will lie in a set
with thickness at most comparable to 273 transverse to the spherical shells and diameter at most
comparable to 247172} in the remaining two directions.

Case 3(b): There is some pair (m,n) € E, ,(j) for which [n —m| < 2minliniz}+4 - Since (59)
still holds, we must conclude that 217132346 > |;m 4+ 5 + p| in this case. Pairs (m,n) € E,, still
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have |m +n — p| < 273. By using these two bounds, (G6]), and Cauchy-Schwarz, the best that can
be said for the annular region in n — m is that

|27 + [p|? + [n — m[?| < 205 tmintin2}+6,
Evaluating at the specific pair (m,n) € E; ,(j) for which |n —m| < 2min{inizi+4 we conclude
|27 + |p|?| < 22mintindz}+9,

We note the calculus fact that, for fixed A > 0 and § > 0, the volume of the §-neighborhood of the
annular region

(62) A+ 2| < A
is a decreasing function of A. In order to prove this claim, we rewrite the annular region as:
—A- X< |z <A-\

We now argue by cases.

Case 1: —A— )\ <0.

The assumption can be rewritten as A € [—A, +00). In this case, the condition for the original set
is equivalent to |22 < A— )\, so the §—neigborhood is given by |z| < /A — XA+ 6, and it has volume
C(vV/A =X+ 0)3, which is a decreasing function of \.

Case 2: —A—X>0
In this case, the condition for the original set is equivalent to vV—A — A < |z| < v/A — A, so the
d—neighborhood is given by

V-A—-X-6 <|z| <VA- X+
where 47 := min{d, v—A — A}. We need to consider the two possibilities separately.
Case 2a: 61 =/ —A — A\

The assumption is equivalent to A € [-A — §%, —A). The original set is then the same as in Case 1,
so the volume is a decreasing function of .

Case 2b: 61 = 6.
Now, we note that A\ € (—oo, —A — §2]. The §—neighborhood is then given by:
O<vV-A- A=< |z|<VA-A+4.

whose volume equals:

C- [(VA=X+0)* - (V=A=X-6)*.
We want to show that the function:

fO) = (VA=X+0)? - (V-A-X-6)3

is decreasing on (—oo, —A — §?].
We compute:
-1 1
‘N =3(VA-A+6)? ———=+3(V-A-1-0)* ———.
f)=3( VoA VA Y

We want to show that f/(\) < 0 for A < —A — §2. This is equivalent to showing that, for such \:

1 1
—A-X—0)? ————= < (VA-X+6)? ,
(V AT Tk A )’
which is equivalent to:

(A= A=26V—A - X+ VA X< (A= A+20VA -+ 6%) - V—A -
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Letting ry := V=A—=Xand rq := \/A——)\, the above inequality can be rewritten as:
(r? — 2611 +6%) - 1o < (13 + 2679 +0°) - 71

This is equivalent to:

(63) (ro —71) - (r1im9 — 0%) + 461179 > 0.

Since by assumption A < —A — 62, it follows that 11 = v/—A4 — X > 6. We also know that r, =
VA —X> 7y since A > 0. In particular, it follows that 7175 > 62, and so (63]) indeed holds.

Hence, the volume of the j—neighborhood of the annular region (G2)) is indeed a decreasing
function of A. Consequently, the volume of the 273! neighborhood of E, ,(j) in R® x R? will be
bounded above by the volume of the 273! neighborhood of the set where |m +n — p| < 272 and

|n _ m|2 — 92 min{j1,52 }+9 < 2j3+min{j1,j2}+6'

We note that the above constraint implies:

gmin{ji,j2}+4.5 _ 9j3+0.5 In—m| < omin{ji,j2}+4.5 | 9j3+0.5

Hence, in order to compute the volume of the set of all possible m —n, we again consider the volume
in R? of a 273 -neighborhood of a sphere with radius comparable to 27172} Arguing as in Case
3a, we first fix m + n, which is allowed to vary in a set of diameter at most comparable to 278 and
we then consider the possible values for m — n. The end result is that the 273 1-neighborhood of
E. ,(j) still has volume at most comparable to 2478 T2min{ji.j2} which proves the claim. O

3.4. Discussion when « = 1 and the proofs of Proposition and Proposition 3.3l We
first prove Proposition in order to obtain the logarithmic upper bound in the endpoint case
a=1.

Proof. (of Proposition B.2)) We recall the bound on the quantity I(7,p) given by (52)), by which:

o0

1 el it )
I(T,p)sé(T+Ipl2)ZW+<p>2 Y 2rRlETR B ()

m < > J1,J2,33=0

with notation as before. The first term is uniformly bounded in (7, p), whereas by using the frequency
localization, and arguing as in (B3]), we can bound the second term by:

logy, N+1
_9j 2
W2 Y 2y Y 1)< (N
Jmaz Zlogz <p>—2 7=0
The claim now follows from the definition of I(T,p). O

The proof of Proposition B3] requires several preliminary steps. Let us note that the our proof of
the uniform boundedness of I(7,p) crucially used the assumption that « > 1 in the estimate (G3l).
We now demonstrate that this is not a feature of the method, but that the uniform boundedness
indeed does not hold when o = 1. More precisely, we now prove:

Lemma 3.11. The expression I(t,p) defined in {A3) is not uniformly bounded when o = 1.
Proof. Let us recall that, when o = 1:

)= 3 <5(T+Ip| —2(n,m)) (p)

m —p)*(n—p)*(p—n—m)

3
m,nEZ3

Let us fix k > 1. We then take p = (x,0,0),7 = —|p|? and we look at the part of the sum where
n = p. In other words, we just sum in m variable. The condition that

7+ [pl* = 2(n,m) = 0
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is equivalent to
(n,m) = 0.

If we write m € Z3 as m = (my, ma, m3), we can deduce that m; = 0. We therefore need to
estimate:

2 2

K K
~Y d =
Z (1+ K2 +m3 +m3) - (1+m3+m3) /Rz (1+ K2+ z?) - (14 |z2) v

ma,m3EZ

1 1
64 = ( - ) dz.
o4 | 5 - )
Let us note that whenever 1+ |9c|2 < k2, it is the case that 1+|1m|2 > 1+N22+|m|2 . Hence, the expression
in (G4) is:
1 1
> = ——dx
2 /1+z2<l~c2 1+ |I|2
which by passing to polar coordinates is
VKZ2—1 _ 7
r 1 r=vk?—1
~ ——dr = = In(1 + 7> =Ink.
/0 T2 2n( +T)r:0 nk
In other words,
I(7,p) 2 Ink.
The proposition now follows. O

We now argue by duality to see how we can relate the unboundedness of I(7,p) when a = 1 to
the original spacetime estimate. Before we prove Proposition 3.3 let us first prove the following
related result for the individual operators Bj'fk 41 and By, given by (@) and (H), since the analysis
of these operators was crucial in the proof of Proposition [3.11

Proposition 3.12. There does not exist C1 > 0 such that for all (”y(()")) €eH, keNandje
{1,...,k} one has:

k k
65)  SEVBE L U V| oo ampearxary < CLISEHIDAETI | 1oy priay.

The analogous statement holds when B]"{'k_i_l is replaced by By .

In other words, Proposition[3.12] shows that the estimates for Bfk 41 and Bj_k 41 Which we needed
to use when a > 1 do not hold when a = 1. We now give the proof of Proposition .12l The main

idea will be to choose a sequence of initial data (*yék))k for which the constant C in the estimate

([65) becomes unbounded.

Proof. Tt suffices to show that (G5) does not hold when j = k = 1. By using the summation index
we used in order to deduce (@8]), we obtain:

(SEYBLUD (1) " (rpiq) =

= w)a) > (7 —laP + bl = 200, m) ) (567 (0 = mp — niq,p — - m).
m,nez3
Let us fix £ > 1, and let us take p := (k,0,0) as in the proof of Proposition B.I1l By the proof of
Lemma .17} it follows that we can find a sequence (cy,.,) € €2, ,,, with all ¢, , > 0 such that:

m,n’

(66) I e 3.0) ) PP,y U

<m_75><n_]5><]5—n—m>c m,n’

m,n€”Z3
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) such that, for all m,n € Z3:

(B —m)(p—n)(p—n—m)( V) (B —m,p— 150, — 1 —m) =

and such that

We now find 7&2

(V) (01, p2i a1, 42) = 0,

for all (p1,p2, q1,q2) € (Z3)* which are not of the form (p—m, p—n; 0, p—n—m) for some m,n € Z3.

We note that, in this way, 752) is uniquely determined, and it satisfies:

2
(67) 1509 N 2a2xaz) = llemnlles, , < oo
Here, we note that the four-dimensional sum defining the above norm of 7(()2) is reduced to a two-
dimensional sum since we only have two degrees of freedom m and n. Now, we observe:

)\ ~
1(SEY B ) (rpi @)l =

TP iq

= [ 35—t 0 — 200, m) )~ o~ migp )|

m,n€L3 TP

Since (762))A > 0, it follows that the above expression is:

> |[@)a) Y (= 200m)(067) (0 = m.p—nig,p—n—m)

m,n€Z3

,
&g

Namely, we just look at the contribution to the sum in 7 where 7 = |¢|> — |p|> and we use properties
of the Kronecker delta function. Furthermore, we can only consider the contribution of the sum in
p and ¢ where p = p and ¢ = 0 to deduce that we can bound this quantity from below by:

> 0 6(=2(n,m))(p)(3”) (P~ m.p—n:0,p—n —m)
m,neZ3
which, by construction, equals:
-y (= 2(n,m))(p)

{(p—m)(p—n)(p—n—m

m,n

m,nez’
By (66) and (67), we can bound this quantity from below by:
2 \/mﬂcm,nﬂegn,n = \/m||5(2’1)%52)||L2(A2xA2)-
In other words, we have proven that for the 7(()2) with ||S(2’1)7(()2)||L2(>\2X>\2) < oo constructed as
above, the following estimate holds:
ISH DB U (0967 2 (o.2mixaxa) 2 VIR [SP D76 2 (a2 ).

We note that the implied constant is independent of k. Hence, (G3]) cannot hold for a uniform

constant C7 > 0. The argument for B i1 1s proved in a similar way. We omit the details. g
We recall that Bj x41 = B;{k 41— Bj 41+ Let us note that Proposition B.12 does not immediately

imply Proposition since, in principle, there could be cancellation in the difference. This is
in contrast to the proof we gave above for boundedness when a > 1 when it was sufficient to
consider either B;k 41 Or B;k 41 and argue by symmetry. We now show that a refinement of the
proof of Proposition will indeed allow us to prove Proposition The key point is the fact
that we can choose initial data *yékﬂ) with the property that there exists frequencies (7, ;p),) €
7 x (Z3)* x (Z*)* at which the contribution from B;{k 41 18 (logarithmically) large, but at which the
contribution from B, ., consists of only a finite number of bounded terms. Hence, for the initial

data Wékﬂ), there is no significant cancellation coming from the operators B;k 41 and B;k 41 at this

frequency.
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Proof. (of Proposition B3] As before, we will fix j = k = 1, and we will choose an appropriate 752)

for which we get logarithmic growth in the implied constant. Let us first note that:

(STV B U (04§~ (r,p39) =

=) D [3((r — Il + p1?) = 2(m.m) ) (o67) " (p = m.p — mig,p—n—m)

m,n€L3

(68) = 3((r + Ipl? = laf*) = 2(n.m)) ()" (p.q = m = niq —n,q —m)

As before, we take p := (k,0,0). Now, we also take g := (0,0,0). By the proof of Lemma BTl it
follows that there exists ¢ € ﬂ,zn, with ¢, > 0 such that:

p—m)(=m) "~

meZ3 meZ?

We now take 7(()2) such that, for all m € Z3:

(p— m)(—=m)(52) (B — m, 0,0, —m) = ¢

and such that

(V) (b1, p2i a1, 42) = 0,

for all (p1,p2,q1,q2) € (Z3)* which are not of the form (p — m,0;0, —m) for some m € Z3. Then,
||S(2’1)752)||L2(A2XA2) < 00. Let us take 7 := [p|? — |g|? and let us estimate:

[(STVB U (09§7) (7,55 9)|

from below. We first note that the non-zero terms in the contribution to (68) coming from Bff 5 (Le.
the first sum) occur when n = p, hence, the first sum is only in m. Moreover, it equals:

S~ SC2BmNE) 000y = 3 C2ETNE)

2 T mym) 2 T mym)
Z lnm( Z cgn)% = \/lnﬁHS@’l)’yém||L2(A2><A2).

meZ3

Here, we used ([69) and the construction of 752). Furthermore, when considering:

(STD B U (04§ (7,55 9),

we note that the only non-zero contribution in the second term in (G8]) occurs when § — m —n =
Gg—n = 0and p = p—G+m. In particular, one only obtains the contribution when m = n = (0,0, 0).
The corresponding term equals:

—8(7 + |p1%) (B) (1) (5, 0: 0, 0).

The latter expression is bounded in absolute value by ||.S (2*1)752)” L2(AxA)- From the previous dis-
cussion, we may conclude that, for 7, p, § as above:

(SOYBLUD W)™ (7,55 0)| 2 Vinw]I S | p2az ).
Consequently, we can take the é?’,p;q norm to deduce that:

1S@D B U (08 12 (0,201 axa) 2 VRSB 202 2.

The Proposition now follows. O
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It is possible to prove that Proposition [3.1] still holds in the case @ = 1 when one is considering
factorized elements of H! (We recall the definition of H® from (24)). This result is proved in
Proposition [5.4] below. Such an estimate, however, is not applicable in the proof of our main result
since the property of factorization is not preserved under the Duhamel iteration given in the proof
of Theorem in the next section.

4. PROOF OF THE MAIN RESULT
We are now able to give the proof of our main result. Let us note the following fact:

Proposition 4.1. Suppose that o > 1 and that T'(t) = (v*(t)) is a solution to @) in the class A.
Then, there exists a continuous, positive function p : R — R such that, for oll 7 € R, T'(1) = 0
implies that T'(s) = 0 for all s € [t — p(7), 7 + p(7)].

We notice how Proposition 1] implies the result:

Proof. (of Theorem assuming Proposition E1): Let T'(t) = (y*)(¢)) be a solution to (). Let

= {t € R;T(s) = 0, for alls € [0,¢]}. Since 0 € S, S is non-empty. We want to argue that
sup S = 400, since then I'(t) = 0 for all ¢ > 0. In order to prove this, we argue by contradiction.
Namely, we suppose that ¢t := sup S < +o0o. We find a sequence (s,) in S such that s,, — ¢. Since
the function p constructed in Proposition [.1]is positive and continuous, it follows that there exists
n sufficiently large such that s, + p(s,) > t. Namely, we use the fact that s, + p(s,) — ¢ + p(¢)
for some p(t) > 0. By Proposition ] it follows that I'(s) = 0 for all s € [sy, sy, + p(sn)], which
contradicts the choice of . By an analogous argument, it follows that I'(t) = 0 for all ¢ < 0. O

We now prove Proposition [4.]]

Proof. Let us define: B*+D .= Z?:l Bjrr1(7**tY). Hence, we are looking at T'(t) = (y*)(t))
which solves, for all k € N:
. k

0™ + (Mg, — Az )v™ =300 Bjger (YD) = BOHD (5 B+

(k) () =0.
We first show that () (¢) = 0 for all t € [r, 7 + p(7)], for some p(7) which will be determined. As
in [76], given n € Nand ¢, = (t1,...,tns1), we let:

T(tyir) = UD (81— t2) BOUP (tg — t3) - - U™ (b — b)) BT (D) (t40),

and we let M denote the set of maps p: {2,...,n+1} — {1,...,n} such that u(2) =1 and u(j) < j
for all j. Then, we can write:

(70)

J(£n+l) = Z J(In+1hu)

peM
where:
(g1 p) = UD (t1 = t2) By o UP (12 — t3)B(3),3" U™ (t, — L‘n+1)Bu(n+1),n+1(7("+1))(fn+1)-

By a repeated application of Duhamel’s principle, one can write, for some ¢ € C with |¢| = 1:

e [ [ it -

(71) —cZ// / tyir; W)ty - - dtzdts,

peM

whenever t; > 7. We recall that the boardgame argument in [76] shows that every p € M can
be encoded in terms of an n x n matrix. This matrix can be reduced to a special, upper echelon
matrix, which by the above identification corresponds to a map us € M. This transformation is
done by a series of acceptable moves. This gives us an equivalence of elements of M. If y and g
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are equivalent, we denote this as u ~ ps. We omit the details of this construction, but we remark
that, for every special upper echelon matrix ps, there exists D = D(us) C [7,t1]™ such that:

t1 to tn
Z/ / / J@nﬂ;u)dtnﬂ-.-dtgdtg:/ J(tysys ps)dtnsr - - dtsdts.
s VT T T D

We also remark that the construction is written out in the case 7 = 0, but the same argument works
for general 7. Finally, it is shown that the number of n x n special upper echelon matrices is at
most 4. Strictly speaking, all of these arguments are given on the spatial domain of R3, but they
carry over to the case of T? without any modifications. From the preceding, it follows that we can
write

(72) V0(0) = [ It peddtnga e
D
s

Here us ranges over the set of all n x n special upper echelon matrices, and hence there are at most
4™ summands. Let us fix one such us. One then obtains:

L2(AxA)

s / (b )il -t
D

= HS(l’O‘) / UD (t) —to)BroUP (ty — t3)B.(3),3" Bus(n-i-l),n-l-l(7(n+1))(tn+l)dtn+l -+ dtg
D

L2(AxA)
For fixed ty € [1,t1], we let Dy, := {(t3,...,tnt1) € [T, 01]" 7 (t2,t3, ..., tnt1) € D}. Hence, since
Se) and UM (t; — ty) commute, it follows that the previous expression equals:

t1
/ Ut — tz)(/ SLIB , UP (L, — t3) By, (3),3 " 'Bus(n+1),n+1(”Y("H))(tnﬂ)dtnﬂ <+ dts)dty
- Dy, L2(AXA)
By Minkowski’s inequality, this expression is:
t1
< / U (t, - t2)(/ SEIBoUP (b = 13) By (35 Buy(n 1)t r (V") byt )by - - dis)
. Dy, L2(AXA)

which by unitarity of U™ (ty — t3) on L*(A x A) equals:

/t1
.

Applying Minkowski’s inequality again, this expression is:

dito
L2(AxA)

/ SCIB o UP (t2 — t3) By, (3)5 - Buotnaynt1 (V") (nn )t - - diy
D

t2

t1
< / (/ [|SE) By, U (ta—t3)B,, (3),3 " - 'Bys(n+1),n+1(7(n+1))(tn—i-l)”Lz(AxA)dtn-l-l -+ dts)dta
T D

to
which by the fact that Dy, C [1,#1]" ! and by Fubini’s theorem is:
S/[ o 1S By U (b — t3) B 3)5 + Buo(n 1)t (V") (1) | L2(axnydtadts - - dtn i
]
By the Cauchy-Schwarz inequality in to, this is:
< (tl—T)é/[ s ST By o U (ta—t3)Bpi3),3 ** B (1)t (V") gt ) L2yt A ) s - -
]
Since UP) (ty — t3) = UP (t)U?) (—t3), we can use Proposition Bl to deduce that this is:

< Ci(ty-7)? / 15U (~t3) By 3)a - Busni 1y msr (V") (nsn) | L2 a2 a2y dts - -~ b

[T,tl]n71

dta
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Since S and U (—t3) commute, and since U2 (—t3) is unitary on L?(A% x A2), this expression
is:

=0 (tl_T)% ‘/[ - ||S(2’Q)B#S(3)73 U (tg—t4) cee Bus(n+1),n+1(7(n+1))(tn—i-l)HL?(A? XAz)dt3 s dtp4
T,t1|™

We iterate this procedure n — 2 more times to deduce that this is:

t1
(73) < (Ci(t - T)%)n_l/ 1S By (n41),m41 (VD) (1) |2 (an s amy A
We now define the function p = p(t) as
. 1

where we recall that Cy is the constant from Proposition Bl and o, f are as in ([@). Since o, f are
continuous and positive functions, so is p. Moreover, we choose ¢; such that:

(75) t1 € [1, 7+ p(7)].

Consequently, by the construction of p, and by the assumption (@), it follows that the expression in

@3 is:

(76) < (Ca(p(m) )" () = [CLf (@) () 2" 2 (7).
We use ([T2)), [T6]) and the triangle inequality to deduce that:
(77) ISy D (t1)[| 2 (axay < AM[CLF(T)(p(7) 2] F2(7) =

AUCF (1) (p(7) 2" f2(7).
By (74), it follows that 4C1 f(7)(p(t))2 < %, hence by (7)), one has:
||S(1’“)”Y(1)(t1)||L2(AXA) <4. (%)nq (7).

We let n — 0o to deduce that v(1(t;) = 0 for all t; € [7,7 + p(7)]. We observe that an analogous
argument shows that for all k& € N, one has y(*)(¢;) = 0 for all ¢; € [r,7+ p(7)]. The same argument
also shows that for all k& € N, one has y(¥)(t,) = 0 for all t; € [T — p(7), 7). O

5. PROPERTIES OF THE FACTORIZED SOLUTION AND THE PROOF OF THEOREM [ 3]

In this section, we study the factorized solutions to (2)) in more detail and we present the proof
of Theorem Let I = [tog — T,to+ T)]. Let us consider ¢ such that:

78) {i6t¢+A¢: 1626, on A x I
Pli=t, = P.
We are also assuming that the length |I] of the interval I satisfies:
(79) 7| < 1.
The factorized solution T'(t) = (y*)(¢)) is given by YR = | ) (6|®F (t). Hence:
(80) A ®) (¢, xk,xk H(b (t,xj)¢ )

We remark that the proof of the analogue of Theorem [[3lin the non-periodic setting in the work
of Klainerman and Machedon [76] is based on the use of Strichartz estimates on R3. Since we are
working on T2, we cannot use all of the Strichartz estimates which one needs to use on R3. One
can apply the periodic Strichartz estimates as in [I5], but in doing so, one ends up losing a certain
number of derivatives which, in turn, require additional regularity on the initial data. Instead of
taking this approach, we use variants of the function spaces U and V', defined in Section As
was noted above, these spaces are typically used in critical problems, but we will see that they will



30 P. GRESSMAN, V. SOHINGER, AND G. STAFFILANI

be useful in the sub-critical setting as well. Namely, we recall that the cubic NLS on T? is energy
sub-critical. The advantage in using these function spaces is that they do not require us to assume
additional regularity on the initial data. In fact, we only need to assume that the initial data lies in
H!(A), the natural space associated to the energy. On the other hand, the function spaces that we
use will have the feature that one has to look at the time of local existence which is not immediately
related to a conserved quantity of the equation.

In the proof of Theorem [[.3] we will need to use the following local-in-time bound:

Proposition 5.1. (1) Given a > 1 and ® € H*(A) and to € R, there exists T = T(tg) > 0
and a unique function v € Cy([to — T (to), to + T (to)]; H*(A)) N X*([to — T'(to), to + T (to)])
which solves:

81
(8 Y=ty = P.

(2) Furthermore, the function T : R — R can be chosen to be continuous.
(3) Finally, there exists a constant C3 > 0, independent of to, such that:

{iatw + AP = |92, on A x [to — T(to), to + T(to)]

(82) 191 x ([to—T(to) to+T(t0))) < C3|® 2

and

(83) [l Loo ([t T (t0) to+ T (o)) ey < C3[| P 1

Except for the step concerning the continuity of T', the proof of Proposition [5.1] is very similar
to the proof of Theorem 1.1 in [69], with some minor modifications since we are considering the
cubic nonlinearity instead of the quintic one. For completeness, we present the proof of Proposition
B in Appendix A. We note that, by uniqueness, on the appropriate time interval, one has that
1 = ¢, where ¢ is the solution to (I given in the work of Bourgain [I5]. To be more precise, let
us without loss of generality consider the case when ¢ty = 0 and we look at non-negative times. We
recall that, in [15], it is obtained that F(u) = e"*2® — i fg e!*=TAy|?u(r)dr is a contraction in a
space B*([0,T1]), with norm given by:

(54 lull = sup(x + D+ 1)7( [ (e )Pdgr) .
K,N €]~ N, |7 —|€]2 |~ K

In the corresponding class, it is shown that the local solutions are unique (we remark that the
standard X*? class is insufficient for uniqueness of solutions, see remark (i) at the end of section
5 of [15]). The point is that we can now consider F to be a contraction on:

B([0,T]) N Cu ([0, T}; H*(A)) 0 X*([0,T]).

(by possibly making T smaller; later we put all the small time intervals together). By the uniqueness
part of Proposition 5] and by the uniqueness part of the result in [15], the fact that ¢ = 1) now
follows. We can hence view Proposition [5.1] as a result which tells us additional local properties of
the solutions to the NLS. The main point is that we can now define:

(85) o(t) == min{T(¢),1}.

By construction, o is a positive continuous function. We can rewrite the result of the proposition
as follows:

(86) 18l xa((t—o ), e+ < Csllo)] me (a)-
Having summarized these facts, we can prove Theorem
Proof. (of Theorem [[3) Let to € R be given. We write I = [tg — o(to), to + 0(to)]. We note that I

has length at most 2 by (83). Let us without loss of generality consider the case when j = 1 and
when we are considering the expression BkaS(k“’a)”y(k“). The estimate for the other indices j,
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as well as for the terms coming from B;; S (k+1.0)~(k+1) follow in a similar manner. We note that

by &0),

k+1 k+1
SEA B A E D (@5 a0) = [D2(16]20)] (1) [[ (D20) () [] (D20) ().
j=2 j=1

Consequently:
IS0 BE A @llane it = DS cgaam I DRI

By (@@ and by applying the Cauchy-Schwarz inequality in ¢, and the fact that the length of the
interval I is of length O(1), this expression is bounded by:

(87) SIDLUSP AN 122 (1w 1017 e
By (83)) from Proposition [5.1] we obtain:
(88) 1175 ey < (Cllg(to) e )21

We need to estimate || Dg(|6]?¢)||L2(1xa)- More generally, let us estimate the expression:

| Dg (d10203) || L2 (1xA)-
We dyadically decompose the factors, i.e. for N1 > Ny > N3 > 1, we consider:
(89) | D3 (P, 1 PN, 2 Py @3)l L2 (1% A) -

One has to consider several cases. Our argument is similar to the proof of Proposition 4.1 in [69].
Case 1: Ny > Ns:

In this case, we estimate the expression ([89) by duality. We fix u € L*(I x A) such that [|u| z2(1xa) =
1. We know that the Fourier transform in space of Py, ¢1 Pn,®2Pn,¢3 has support in [ ~ Nj.
Hence:

// u DY (PN, $1Pn,¢2Pn, ¢3) dedt =
1JA

// Pnyu DS (Pn, ¢1 Pn,¢2Pn,¢3) dedt =
1JA

for some Ny ~ Ni. It follows that the contribution to J := | [; [, uDg(|¢|*¢)dxdt| coming from
this case is:

< > |// Pyyu DG (P, ¢1 P, ¢2 P, ¢3) dadt|
No,...,N3;No~ N1, Ni3>No >Ny V1 /A
Which by applying the Cauchy-Schwarz inequality on I x A is:
< Z | Pnoull 22 (13 ) [ D5 (PN, 1 Py 2 Py $3) | L2 (1x )
No ..... N3;N0~N1,N1>>N22N3
By dyadic localization, we can bound this by:
S Z | Pnoull L2 (2 n) NT | (Pry $1 Py $2 Png #3)1 22 (1x )
No,...,N3;No~N1,N1>N2>N3

By using ([38) and the dyadic localization, this expression is:

3

. Ny 1

S Z [ PrnoullL2(1xa) Ni* NaNs max{maﬁz}[sHHPNj%HY“u)
No,...,N3;No~N1,N1>>N2>N3 j=1

N3 1
< > | Pnoul| L2 (1 A) maX{F7F}‘;HPM%HW(D||PN2¢2||Y1(1)||PN3¢3||Y1(1)
Nos...;Na;No~N1,N13> N3 > Ny L
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which since Ny > N3 is:

N3 1 N2 1 1 1
S Z | Pnoull £2(rxa) maX{(F)Z(F)Z, -— 0
No,...;N3;No~N1,N13>N5>Ns ! L N3 Ny
P, P1lly ey | Pny b2yt ()l Pas @3y ()
N3 [ N2 g 1 1
N > ((F)Z(F)Q"'_g_g)'
No...,Na;No~N1,N13> N2 >Ny ! ! Ny Ng

| Proull L2(1x ) 1Py @1 llye () | Pag @2y ()l P @3y (1)
We apply the Cauchy-Schwarz inequality in Ny and N3 to deduce that this expression is:
S Z | Proull L2 (1xm) 1Py @1 lly e ()| D2llyr () Pally 1)-
No,N1;No~N1

Finally, we apply the Cauchy-Schwarz inequality in Ny ~ N; to deduce that this sum is:

Slullzzaxmy Iy« llé2lly i ll@sllyr o)

Consequently, the contribution to J from Case 1 is:

(90) S lollyenllozllyrylléslly -

Case 2: Ny ~ Na:
In this case, we again use dyadic localization and B8] to deduce that:

Z | DZ (PN, ¢1 PN, 2 PNy 03) || L2 (1% A)
N1,N2,N3;N1~N2>N3

3

a N3 1 5

< > N{'NaN3 maX{E, E} H 1PN, 5llyor)
N1,N2,N3;N1~N2>Nj3 j=1

N3 1
S > max{ﬁaF}5||PN1¢1||Ya(1)||PN2<Z52||Y1(1)||PN3¢3||Y1(1)
N1,N2,N3;Ny~Na>Ns Lo

Since Ny ~ N5, we note that NL2 < %, hence the above sum is:

N3\ s
N > (F) |1Pny @1 llye () 1Py D2y 2 () [ Ps @3l v (1)
Ni,N2,Ng;Ni~Na>Ns
By the Cauchy-Schwarz inequality in V3, this expression is:
S Z I1Pny 01 |y e () |1 Prsd2llve (ny |3 vy
N1,N2;N1~N>

Furthermore, by the Cauchy-Schwarz inequality in N1 ~ N, this is:
(91) Sloillyemlldzllyr o lldslly -

Remark 5.2. We note that in the above proof, we could replace any of the ¢; with ¢; in the
expression B9), and we would still obtain the upper bound given by @I)). The reason for this is that,
in B8)), we can replace any of the u; on the left-hand side of the estimate by u; without changing
the value of the expression.
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From (@0), [@I)), and Remark [5.2] it follows that:

(92) IDg (1612 21 xay S Nellve oy S Nelar-
In the last step, we used ([B4]) and the fact that « > 1. By (8], the above expression is:
(93) < (Csl|p(to)llme)?,

where C3 > 0 is the constant from Proposition 5.1l By 88) and ([@3), it follows that we can take
f(t) == C|l¢(t)||3«, with appropriate C' > 0 and for o as defined in (8H). Then f is a positive

and continuous function by Proposition [51] and the spacetime bound (@) holds for the factorized
solution T'(t) = (|¢)(4|®*(t)). O

By (@2)), we note the following bound:
Corollary 5.3. With notation as above:

IDg (1817 21 xay S Nellve o3y S Nelar-

If one considers factorized solutions, we can prove that the bound in Proposition 3.1l holds when
a = 1. We note that this case is easier since we have more structure than for general k-particle
densities. It is not obvious how to apply this result to the uniqueness statement for the Gross-
Pitaevskii hierarchy since the property of factorization is not preserved under the iterated Duhamel
expansion (T1)).
Proposition 5.4. Suppose that a > 1 and that ¢9 € H*(A). Suppose that k € N and consider
’yékﬂ) = |do)(¢o|®FFTY . Let T be a time interval of length O(1). Then, there exists C > 0,
depending only on «, such that for all j € {1,...,k + 1}, the following bound holds:
04)  IS®Y By U (06 L aawarsary < CISEH G [ Lagams vy,

Proof. As in previous arguments, it suffices to prove the claim for B;k 41 instead of Bj 1. In

addition, one can assume, without loss of generality that j = 1. As was noted in the proof of
Theorem L3t

a k
(95) ISED B U SV 2 rear xary < CllgollFa [ doll -
On the other hand, we also know that:
o) (k
(96) ISEFE DD o rrny = [IgolFa2:
Since a > 1, ([@) and (@) imply the claim. O

6. APPENDIX A: PROOF OF PROPOSITION [5.1]

In this Appendix, we prove the local-in-time result given in Proposition 5.1l For simplicity of
notation, let us assume without loss of generality that to = 0. We just need to keep in mind that
the implied constants depend on conserved quantities for the NLS (i.e. they are functions of the H'*
norm of the solution).

Let us write the Duhamel term as:

t

(07) D()(t) = / =2 f(r)dr.
0

A key tool in our proof will be the following:

Lemma 6.1. For a > 1, and for I CR, a time interval of length O(1), one has:
3

3 3
(98) ||D(H up) | xey S Z Nl xe (1) H llukllx1 (1
k=1 =1

k=1;k#j

where uy, denotes either uy, or uy. The implied constant does not depend on the length of the interval.
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We note that there is no power of the length of the time interval in the above estimate. The
quintilinear version of Lemma was proved as Proposition 4.1 in [69]. The proof of Lemma

proceeds in a similar way, and is based on a duality argument and the use of the good decay factor
s
of max { L, NL} obtained in (B8)). We will omit the details and refer the reader to [69].
1 2
We now prove Proposition 5.1

Proof. (of Proposition 5] Tt suffices to consider non-zero solutions u, since the claim holds in the
case of the zero solution. By time translation, let us consider the case ty = 0.

1: Small data:

Since o > 1, it follows from Lemma that:
ID(Julu = [v*0) || xeo.11) < Clllulliaqo,r + 1015 (o)l = vl xe (0,175
whenever u,v € X*([0,T]). Given €, > 0, we consider:
Be:={f € H*(A); [|f| re < €}
Ds := {u € X*([0,T]) N Cu([0, T]; H*(A)); [[ul| xo 0,27y < 03
We note that Dy is complete with respect to the metric in X*([0, 7). Let us denote:
L(f) := e f, NL(u) := —iD(Ju|?u).
For fixed f € B, we want to solve:
(99) u= F(u):= L(f) + NL(u).

by using the contraction mapping principle in Dy, with f € B.. By (33) and Lemma [6.1] it follows
that, for u € Dy:

IL(f) + NL(w) || xeo,71) < 1€ fllxoo,77) + ID(ulw) | xe o1y < i ay + elulliaor)

(100) <etcesd <o
if we take:
0 1
€:=—,0:= —.
2 (80)5
We also need to show that F' maps D; into C,, ([0, T]; H*(A)). Let us first note that, since f € H*(\):
(101) L(f) = "2 f € Cu((0, T); H*(A)).

We now show that NL(u) € C,([0,T]; H*(A)). For £ > 0, one has:

t+k t
NL@u)(t + #) — NL(u)(t) = /O =TI (|4 20) (7)dr — /O A (| 20) (7)dr =

= [ e e + [ OSP4 0) — () () dr
0 0

Now, by using the Cauchy-Schwarz inequality in ¢ and the unitarity of e’* on H%(A), we note that
for u € Dy:

" 7 K—T 1 o
|| / SR (a2 (7)dr || 1o oo ) < 1 11D ()| 2 (0.2

which by [@2)) is:
1 1
(102) S K2 [|ulla(o,r < K26

~

Furthermore,

t
||/0 e IR ((JuPu)(r + &) — (Jul?w) (7)) d7]| oo (0,770 (0)) S
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t
I [ 8 () + ) = (P () dr e oy

which by Lemma [6.1] is:

(103) S Ml Xa o llu- + &) = wll xeo,17)-

Here - + k denotes translation in time. We now show that:

(104) lu(- + k) — ull xe 0,77y = 0, ask — 0.

Let us fix v € Y~([0,77]) with [|vly-«(o,77) < 1. We note that:

T
| /0 /A(u(t + K, x) — u(t, z))v(t, z)dwdt|

which by using the Cauchy-Schwarz inequality, Holder’s inequality, and (B3] is:
S (- +k) =l Lo o,m;me (an IV ro,rps -+ (a)) < Tllu(-+£) =l Lo o,m; 12 (a)) 1Vl oo (0,77~ (A))
S Tlul(- 4 &) = ull Loo o, 50 (A 1V ]| v == [0,
< T”U( + IQ) — U”Loo([OyT];Hoc(A)) — 0, ask — 0.

since, by assumption u € C, ([0, T]; H=*(A)). (@) now follows by [38). B Combining (1), [T3),
and (I04), it follows that ||[NL(u)(t + &) — NL(u)(t)||Le([o,7);zre () — 0 as & — 0+. An analogous
proof shows that || NL(u)(t+x)—NL(u)(t)| o (jo,7);m2(a) — 0 as & = 0—. We use this fact together
with (I0I) to deduce that:

(105) F:Ds— C,([0,T); H*(A)).
From (I00) and (07, it follows that F' maps Dy into itself. Furthermore:
INL(u) = NL() x o)) < e(llull o, + N0l xe o) ?llu = vl xe o,y < e46%|lu = vl xao,m)

1 1
<dc- @HU — 0| xe(0,1)) < §||U — |l xe([0,7)-

Hence, we obtain a fixed point for F'(u) in Ds.
2: Large data:

Let » > 0 and N > 1 be given. We suppose that 0 < ¢ < rg < r and 0 < § < R. Here,
ro > 0 is a fixed, small constant, and €, § are as before. We consider the sets:
Ber i ={f € H*(A); | fsnllza@) < & fllaam) <7}
and
Ds.pr = {u e X*([0,T]) N Cu([0, T; H*(A)); lusnl xa(o,77) < 6 ullxeao,m) < R}

Let us consider f € B.,. Then: We note that Ds g 1 is a closed subset of a Banach space and hence
is also a Banach space.

IL(f) + NL(u)]s>nl xe o)) < NMEHsNlxaqor + INL(w)]s || xe o))

(106) < e+ [[[NL(w)]s Nl xeo,7))-
Here, we used (B3)).

We write |u|?u = |u<y+usn|?(u<y+usn), and so: NL(u) = NLi(u<n,usn)+NLa(u<y, usn),
where NL; is at least quadratic in usy, and NLg is quadratic in u<y. By using Lemma [6.1] it
follows that:

2
(107) ||NL1(USN;U>N)||XO‘([O,T]) S c0°R.
3Strictly speaking, here we are also using the fact that u can be written as the restriction to [0, 7] of a function in

Cu(J; H*(A)) for some interval J which properly contains [0, 7], for example by letting it be equal to the constant
at the appropriate endpoints outside of [0, T7.
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In estimating N Lo, we use [B1) and we use the Fractional Leibniz rule to consider separately when
the « derivatives fall on the high frequencies and on the low frequencies. From Holder’s inequality,
we deduce that:

INLa(usn, usn)llxeqo.rp < ellulloso.ryme ) lusnl7zqor) - (a))

+er N |ull oo o, r1:zo (a)) <N |72 (o.17:25 () -
Let us note that by the Cauchy-Schwarz inequality, we obtain:

3 1
(108) lgarllooay S Mz2llgnllzzay ~ M2 ||gar || e eay-

1 2
Moreover, by using the fact that [[gas||re(a) < ||gM||22(A)||g]\/[||zoo(A)7 it follows that:

(109) lgaellzocay S Mllgarllzzay ~ llgarll e (a)-
We use the Cauchy-Schwarz inequality in time and (I08) to deduce that:
1 1
lu<nlz2qorizemy < T2 lusnllLeqorsemy ST* Y. lusllzeoriz=)
Me2V;M<N
1 1 1.1
(110) STe Z M2 |lunr || oo jo,17: 11 (A)) S T2N2 |lusn | x1(j0,77)-
Me2V;M<N

For the last inequality, we use the fact that ), con ey M 3 <N 3. Similarly, we can use the
Cauchy-Schwarz inequality in time and (I09) to deduce that:

1 1
lu<nlir2qorizemy < T2 lusnlizeqomzoay ST7 Y, luarllpeoryzey
Me2N:M<N

1 1
ST ) Nusleeoramay ST? Y lulzeqorymay
Me2N;M<N Me2N;M<N
1 1
(111) S T2 N ul poo o130 (0)) S TN Jull x1po,79)-

Here, we have used the fact that the number of dyadic integers M such that M < N is O(logN) =
O(N%).

On the other hand, by similar arguments:

By using (II1]) and (II0), it follows that:

(112) INLa(usn, usn)llxagor)) < ceN*TTR.
We argue analogously as in the proof of (I0T) to deduce that:
(113) ||NL1(USN, u>N)N — NLl('USNa ’U>N)||Xo¢([01T]) S C35R||u — ’U”Xa([o)T]).

Here, it is crucial to use the fact that: u>y —v>ny = (u —v)>ny and usy —vsy = (U — V)sN.
Similarly, we use an analogous argument as for (I12)) to deduce that:

(114) |INLy(u<n,usn)n — NLz(v<n, vsn) | xe(o,17) < caN*TTR?|[u — v| xa(po,77)-

Let us now take C' to be the maximum of ¢, c;. For fixed f € B ,, we consider the map F(u) :=
L(f) + NL(u). For fixed r, N > 0, we take the following choice of parameters:

1 1) 1)
(115) R := 27",6— E,E.— §7T_ m
The constants Ay, As > 0 are chosen such that:

C C 1
11 — F—< =
( 6) Aq + Ay T 2

C C 1

117 < =
(117) 122 T IA A T D
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C C

A, T A Ay

1 4A1Aorg

Here, C and ry are the positive constants defined above.
By using the previous choice of parameters, it follows that, for w,v € Bs g 1, one has:

1
< -
(118) <3

(1) (The high frequency part of F'(u) satisfies the appropriate bound)
ITE ()]s vl xa o,y < ML Nlxaqo,m) + IINL(W)| xaqo,) < €+ C6°R+CNTTR® < 6.
Here, we used ([I06)), as well as (I07) and (I12]).

(2) (F(u) satisfies the appropriate bound)
HF(U)HXOL([O)T]) S HL(f)”X"‘([O,T]) + ||NL(U)HXO&([O7T]) S r+ 052R + CNQ+TR3 S R

(3) Arguing as in the small data case, we show that F' maps Bs g1 into C, ([0, T]; H*(A)).
(4) (F is a contraction on Bs g 1)

[ F(u) — F ()| xaqo,m) = [INL(w) = NL(v)||xa(0,17) < (CSR+ CN*TTR?)||u — v|| xa(0,1]) <

1
< 5”“ — v x([0,1))-

Therefore, F' : Ds rr — Ds g is a contraction, and hence it has a unique fixed point in Ds g 7,
since Ds g7 is a Banach space.

3: Uniqueness in X*([0,7]) N Cy([0,T]; H*(A))

Suppose that u,v € X*([0,T]) N C,([0,T]; H*(A)) solve:

(119) iug + Au = |ul?u, on A x [0, 7]
u|t:0 = ¢ € HQ(A).

(120) vy + Av = |v]?v, on A x [0, T]
’U,lt:o = ¢0 S HO‘(A)

We let > rg > 0 be given. We then define €,6, R as in (II5). Furthermore we choose N > 1
sufficiently large such that ¢g € B¢, and u,v € D5 r. We then make T' possibly smaller such that
T < ﬁ. By Part 2, it follows that u = v on the time interval [0, T]. Uniqueness now follows.

4: Construction of T as a function of time:

We note from earlier that there exists 73 : R — R, which is positive such that for all ¢ € R,
one has:

(121) ||u||X0<([t7T1(t),t+T1(t)]) < 2fju(@) |z (a)-

By construction, T depends on the frequency parameter N given in Step 2, which we cannot control
by the energy. We also note that T, is not necessarily continuous.

We first observe that we can modify T} so that, locally in ¢, it is uniformly bounded away from
zero and such that an inequality similar to (I2I]) holds. More precisely, we show that there exists
T> : R — R such that, for all ¢ € R:

(122) lull o (=7 () 4T o)) S Bl e (a)-

(123) There exist §(t),r(t) > 0 such that Ty > r(t) on [t — 8(t),t + 6(t)].

We construct TQ from Tl. If Tl hag no zero limit points, i.e. theNre doe§ not exist t, € R and a
sequence t,, — to in R such that T (t,) — 0, we can just take 75 := T3. If, on the other hand,
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there exists such a t.,, we note by the continuity of ¢ — |[u(t)||zr«(a) that there exists 7o > 0 such
that:

(124) o) 103y 2 3 (o)l a1 FOT € [toe = Togs o + Toc)
We can choose 7, so that:
(125) Too < T (too)-
By construction of T}, we note that, for ¢ € [too — Toos too + Too), ONE has:
[t — (Ti(too) — Too)s t + (Ti(tos) — Too)] C [teo — T1(too), too 4+ T1(too)],
and hence:
Il (o)) 4 (o)) = N8t (1) e 1)

< 2fJu(too) | (a) < 3l[u(t)] ma(a)-
Thus, for t € [teo — Too, too + Too], We can take:

To(t) := max{T}(t), Ti (tos) — Too }-

By construction, T» does not have a zero limit at too. If Th constructed this way has no limit points,
we are done. Otherwise, we repeat the procedure. We note that the function T, we obtain in the end
might take the value 4+00, hence we have to replace T» by min{TQ, 1}. Such a function T, :R—>R
will be positive and will satisfy (I22) and ([[23). The function T5 is not necessarily continuous.

We now construct the function T'. Let us construct T on [0, +00). An analogous argument works
on (—o00,0]. Let’s start at time ¢ = 0. By continuity of ¢ + [lu(t)| g (), there exists xo € (0, 175(0)]
such that, for all ¢ € [0, ko):

1
lu()l| ey > §||U(0)||HQ(A)-
Consequently, for ¢ € [0, kgl:
HU‘HXQ([t—(Tg(0)—t),t+(Tg(0)—t)]) < ||U||Xa([_T2(o),T2(o)] < 3”“(0)”H0‘(A) < 6||U(t)||Ha(A)-
‘We want:
(126) 0 < T(t) < Tp(0) —t, fort € [0, ko).

We continue the construction inductively. Namely, given x,,, for some n > 0, we construct a maximal
Kn+1 which satisfies:

(127) b1 < K + Tg(mn).
and
1
(128) [t a) = 3 e For £ € [, ]

An analogous argument as above shows that, for ¢ € [ky, kn41], one has:

1ell e (= (o ()= (b))t (T ) = (=) S Ol |10 )
Hence, we want:
(129) 0<T(t) < Tg(/@n) — (t — kn), fort € [Kn, Knt1)-

Let koo := lim k,,. We can construct T : [0, Koo ) — R which is positive and continuous that satisfies
(I26) and ([I29). Namely, we just note that the upper bounds are piecewise linear positive functions
of slope —1. We want to argue that ko, = +00.

We argue by contradiction. In other words, we suppose that x, — koo € R. We know by
construction that Tb is bounded away from zero near k.. Hence, for sufficiently large n, one has:

1.~
Knt+1 < Kp + iTz(lin_H).
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Thus, by (I217) and ([I28)), it follows that, for n sufficiently large, one has:

1
”U(5n+1)HHﬂ(A):: 5”n(mn)HHu<Ay

Namely, we note that equality cannot hold in ([I27). Consequently, |[u(kco)||m(a) = 0, hence
u(Koo) = 0. It follows by uniqueness of solutions to the nonlinear Schrodinger equation that u = 0.
This is a contradiction. Hence, T can indeed be defined on all of [0, +00). We finally note that (83])

follows from (82]). O
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