LOCAL EXISTENCE OF SOLUTIONS TO RANDOMIZED GROSS-PITAEVSKII
HIERARCHIES

VEDRAN SOHINGER

ABSTRACT. In this paper, we study the local-in-time existence of solutions to randomized forms of
the Gross-Pitaevskii hierarchy on periodic domains. In particular, we study the independently ran-
domized Gross-Pitaevskii hierarchy and the dependently randomized Gross-Pitaevskii hierarchy,
which were first introduced in the author’s joint work with Staffilani [128]. For these hierarchies,
we construct local-in-time low-regularity solutions in spaces which contain a random component.
The constructed density matrices will solve the full randomized hierarchies, thus extending the
results from [128], where solutions solving arbitrarily long subhierarchies were given.

Our analysis will be based on the truncation argument which was first used in the deterministic
setting in the work of T. Chen and Pavlovié¢ [39]. The presence of randomization in the problem
adds additional difficulties, most notably to estimating the Duhamel expansions that are crucial
in the truncation argument. These difficulties are overcome by a detailed analysis of the Duhamel
expansions. In the independently randomized case, we need to keep track of which randomization
parameters appear in the Duhamel terms, whereas in the dependently randomized case, we express
the Duhamel terms directly in terms of the initial data. In both cases, we can obtain stronger
results with respect to the time variable if we assume additional regularity on the initial data.

1. INTRODUCTION

1.1. Background: The Gross-Pitaevskii hierarchy and its randomized forms. Given a
spatial domain A = R? or A = T¢, the Gross-Pitacvskii hierarchy on A is defined to be the following
infinite system of linear partial differential equations:

0™ + (Az, — Az )y = 35 B (vEY)

k
’y(k)|t:0 = ’Y(() )

In the above notation, each 'y(()k) is a a function 'y(()k) : AF x A — C, which we henceforth refer to as

a density matriz of order k. Moreover, 4% = ~¥) (t) is a time-dependent density matrix of order
k. By Az, and Az, we denote the Laplace operator in the first and second factor set of k spatial

variables. Namely:
k k
Az, =) Ay, Ay o= ZA%.
j=1 j=1

Finally, B; r+1 denotes the collision operator. This is a linear operator mapping density matrices
of order k + 1 to density matrices of order k and it is precisely defined in Section 2. As in [128], we
will not assume any additional symmetry properties of the solutions (y*)), to (1).

The Gross-Pitaevskii hierarchy is closely related to the nonlinear Schrodinger equation. Physi-
cally, both objects occur in the context of Bose-Einstein condensation. This is a state of matter of
dilute bosonic particles which are cooled to a temperature close to absolute zero. At such a temper-
ature, the particles tend to occupy the lowest quantum state. This one-particle state corresponds
to the solution of a nonlinear Schrédinger equation. Following this interpretation, the nonlinear
Schrédinger equation is sometimes called the Gross-Pitaevskii equation, after the work of Gross
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[87] and Pitaevskii [120]. The physical phenomenon of Bose-Einstein condensation was originally
predicted by Bose [17] and Einstein [64] in 1924-1925. Their theoretical prediction was verified by
experiments conducted independently by the research teams of Cornell and Wieman [6] and Ketterle
[58] in 1995. These two groups were jointly awarded the Nobel Prize for Physics in 2001.

A further connection between these two objects can be seen in the derivation of NLS-type equa-
tions from the equations describing the dynamics of N bosonic particles as N — co. The dynamics
of N bosonic particles are determined by the N-body Schrédinger equation, which, in turn gives
rise to a hierarchy called the BBGKY hierarchy. This hierarchy is similar to (1), but it has de-
pendence on the number of particles N. As N — oo, one formally obtains the Gross-Pitaevskii
hierarchy as the limit of the BBGKY hierarchy. Making this limiting procedure rigorous takes a lot
of effort. This strategy was pioneered by Spohn [129]. In [129], the author was able to rigorously
derive the nonlinear Hartree equation iu; + Au = (V * [u|?)u on RY, for V = V(z) € L®(R?).
We note that a key part of the above analysis was devoted to the study of conditional uniqueness
of solutions to a hierarchy similar to (1). Extensions of Spohn’s result to the singular case of the
Coulomb potential V(z) = :I:ﬁ when d = 3 were given in the subsequent works by Bardos, Golse
and Mauser [10] and Erdés and Yau [72]. In a series of monumental works, Erdés, Schlein and Yau
[67, 68, 69, 70, 71] use this framework in order to provide a rigorous derivation of the defocusing
cubic nonlinear Schrédinger equation on R3. The uniqueness step in the latter works was achieved
by means of a Feynman graph expansion.

Finally, let us note that a structural connection between the Gross-Pitaevskii hierarchy and the
nonlinear Schrédinger equation is given in the framework of factorized solutions. Namely, suppose
that ¢ solves the defocusing cubic nonlinear Schrédinger equation (NLS) on A:

i0;0 + A¢p = |¢|?¢, on Ry x A
¢|t:0 = ¢07 onA.

Let |-){(:| denote the Dirac bracket, which is given by |f){g|(z,2") := f(x)g(z’). Then:

o(t,2;)p(t, ) = o) (¢|¥F (L, Zn: F,)

’y( )txkaxk- =

H:?r

solves (1) with initial data ’y |¢0)<¢0\®k. These are defined to be the factorized solutions of
(1). Physically, they represent the one-particle state that was noted in the discussion above.

An alternative approach to part of the uniqueness analysis of [67, 68, 69, 70, 71] for A = R? was
given in the work of Klainerman and Machedon [97]. Their approach was based on a combinatorial
reformulation of the Feynman graph argument and on a spacetime estimate of the following type:

(2) HS(k’a)Bj,lc+1 u(k+1)(t) (k+1) H,S’(k"'l ) k+1

”Lz( 0,T]x Ak x Ak) HL?(AHlekH)

Here, « is a fixed regularity exponent, T' > 0 is a fixed time and the implied constant depends on
T. The operator U (k)(t) denotes the analogue of the free Schrédinger evolution for density particles
of order k, i.e. the free evolution associated to the operator i0; + (Afk — Agg;c). The operator S*:2)
corresponds to taking « fractional derivatives of density matrices of order k. The precise definitions
of UM (t) and S are given in (22) and (23) below. We note that estimates similar to (2) were
already used in [67, 68, 69, 70, 71] and in the works mentioned above. In [97], the novelty was to
prove (2) by using methods reminiscent of those used in the proof of null-form estimates for the
wave equation in the previous work of the same authors [96]. The Feynman diagram argument from
[67, 68, 69, 70, 71] was reformulated in terms of a combinatorial boardgame argument. By applying
the spacetime estimate and the above combinatorial formulation, the authors were able to prove a
uniqueness result for (1) in a class of density matrices containing the factorized solutions.

The estimate (2) and related bounds are used in the aforementioned works in order to contract
the Duhamel expansions that occur in the study of (1). In particular, by an appropriate use of (2),
it is possible to control very long Duhamel expansions. The range of « for which it is possible to
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prove the spacetime estimate typically determines in what regularity classes one can prove results
for (1) by using the mentioned strategies.

Estimates related to (2) have recently been studied outside of the realm of the Gross-Pitaevskii
hierarchy. In particular, generalizations of (2) for A = R? were recently studied on their own right
in the work of Beckner [12]. The motivation for the latter analysis was to develop a method for
understanding more general forms of Stein-Weiss integrals which involve restriction to a smooth
submanifold [11].

In the work of Kirkpatrick, Schlein, and Staffilani [95], the authors prove that (2) holds on T?
whenever o > %. Using this result and an energy argument, they could obtain a rigorous derivation
of the cubic defocusing nonlinear Schrodinger equation on T? from many-body quantum dynamics
by the strategy outlined above. This was the first treatment of the Gross-Pitaevskii hierarchy on a
periodic domain. We note that this problem also makes physical sense if we assume that the bosonic
particles are interacting in a bounded medium, as would be the case in a laboratory. In [95], the
same arguments were applied to derive the cubic defocusing nonlinear Schrédinger equation on R2.

In the author’s previous work with Gressman and Staffilani [83], (2) was shown to hold on T? for
a > 1. As an application of this result, it was possible to prove conditional uniqueness for (1) on T3
in an appropriate class A of density matrices which posses o > 1 fractional derivatives and which
satisfy a certain a priori bound. We refer the reader to [83] for a precise definition. The relevant
class A was shown to be non-empty. In particular, it was noted that A contains the factorized
solutions of the corresponding regularity.

By constructing an explicit counterexample, it was shown in [83] that the estimate (2) does not
hold on T® when o = 1. This is in sharp contrast with what happens when A = R3 [97] and
when A = T? R? [95], where the spacetime estimate was shown to hold in the case o = 1. Such a
phenomenon is consistent with the intuition that dispersion becomes weaker on periodic domains
and with the intuition that dispersion becomes weaker when the dimension of the periodic domain
becomes larger.

The regularity level @ = 1 gives the natural energy space for (1). Hence, the energy arguments
used to derive the NLS equation from many-body dynamics on T? can not be directly applied on T3.
A rigorous derivation of the NLS equation from many-body dynamics on T2 is still an interesting
open problem.

It was noted in [83] that, on T3, the estimate (2) does hold when o = 1 in the special case of

factorized objects. In other words, it was noted that (2) holds if « = 1 and if 'y(()kH) = |p)(g|@*+D)
for some ¢ € H'(T?). A question which arises in this context is whether the spacetime estimate is
true on T? for a wider range of « in some generic sense.

In the author’s previous work with Staffilani [128], an affirmative answer to this question was given
by the use of probabilistic methods. This approach builds on previous applications of probability
theory to the study of nonlinear dispersive equations. The general idea is that an instability can
be overcome by introducing randomness into the model. The hope is that, for generic values of
the random parameter, the instability does not occur. The first results of this type were the
almost-sure global well-posedness results for the nonlinear Schrédinger equation in low regularity
by Bourgain [18, 19, 20, 21]. They, in turn, build on the previous work of Lebowitz, Rose and
Speer [101], and Zhidkov [144]. A related variant of the probabilistic approach which applies to
equations which have less structure was recently developed by Burq and Tzvetkov [29]. The latter
approach has its precursors in the local-in-time analysis in the work of Bourgain [19]. In all of the
aforementioned works, the general idea was to use the randomness in order to extend the range
of regularity exponents for which one can study the PDE. There has been a lot of work done on
the application of randomization techniques to the study of nonlinear dispersive equations. A more
detailed discussion of these techniques and additional relevant sources are given in Subsection 1.3.

As opposed to the works mentioned above and in Subsection 1.3 below, in [128], we do not ran-
domize in the initial data. Instead, we randomize in the collision operator. More precisely, we replace
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the collision operator Bj jt1 by the randomized collision operator [B; p41]* for a given random pa-
rameter w belonging to an appropriate probability space 2. The operator [Bjx41]¥ is obtained
from Bj ;41 by randomizing the Fourier coefficients by means of a collection of standard Bernoulli
random variables. A precise definition of the randomized collision operator is given in (28), (29), and
(30) below. With [B; x+1]* defined in this way, the following estimate was shown to hold for A = T3:

Theorem 3.1 from [128]: Suppose that o > %, Then, there exists Cy > 0, depending only on

a, such that for all k € N, j € {1,2,...,k}, and for all density matrices vékﬂ) of order k+1 on
T3, the following estimate holds:

3) 1) (B k1) 4 a(@ucman rony < CollSEHE | o oy g
In particular, by unitarity of 2/(*+1)(¢):

(4) 15® (B jga ] U0 (1) 4§V <

Qx[0,T]x T3k x T3k)

CO\/T||S(k+1’a)'Y((Jk+1)||L2(fﬂ~3(k+1>><'ﬂ‘3(k+1))'

We can view the randomized estimate (4) as a randomized extension of the spacetime estimate (2).
As we see, in the randomized setting, it holds for a wider range of regularity exponents o > %. The
ideas in the proof of this estimate were inspired by the original techniques used to obtain an almost
sure gain in integrability as a result of the randomization due to Rademacher [123], with related
work by Paley and Zygmund [117, 118, 119], as well as Marcinkiewicz and Zygmund [106] and
Khintchine, see [141]. The structure of the collision operator required us to perform a combinatorial
analysis of the frequencies which pair up due to the randomization.

Having constructed [B; x4+1]*, in [128] we studied several randomized modifications of the problem
(1). In particular, we studied the dependently randomized Gross-Pitaevskii hierarchy:

. k w
%) 0y ") + (Mg, — Az Y™ = 327 [Bjrsa]* (D)
(k) _ (k)
Y=o =75 -
Here w € Q is a random parameter and each v*) can depend on w. However, ’yék) does not depend
on w.
Furthermore, we studied the independently randomized Gross-Pitaevskii hierarchy:

©) {iaw““) + Az, = Az )1 W = S0 By (5HY)

V(k)\tzo = W’(()k)-

Here, w* := (wg)r>2 is a sequence of elements of the probability space €. In this case, the ran-
domizations of the collision operator are mutually independent at each level. This is emphasized by
denoting the parameters wy; with different indices. Each v(*) can depend on the full sequence of
random parameters w* = (wa,ws,ws,...). As above, vék) does not have any random dependence.
We note that (6) reduces to (5) when all of the w11 are equal to w.

For the independently randomized hierarchy, we were able to apply the estimate (3) in order to
study sequences of Duhamel terms which solve arbitrarily long subhierarchies of (6) with zero initial
data. Namely, we starte from a fixed deterministic sequence of time-dependent density matrices
(y™*)(t))s, which satisfies uniformly in ¢ the following bound:

(7) HS(’C,Q)/}/(}C) (t)HL;’OLZ(TSk XT3’“) S C{C

for some constant C; > 0, independent of k. The condition (7) is natural in light of the Sobolev-
type spaces H¢', which were first introduced in the work of T. Chen and Pavlovi¢ [36]. The precise
definition of these spaces is recalled in (33) below. Furthermore, this bound is motivated by the a
priori estimate needed in the conditional uniqueness proof of Klainerman and Machedon [97].
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Having defined the sequence (7*)(¢)), in this way, we let, for fixed n € N and for independently
chosen random parameters w1, Wgt2, -« -, Wntk € 2
(8) ok (t) :=

Ny We+1,Wk+25--sWn+k

t tht1 tntk—1
(_i)" / / . / u(k)(tk _ tk+1) [B(k+1)]wk+1 u(k+1)(tk+1 _ tk+2)
0 0 0

[B+D]wrtz ... gy(ntk=1) (4

n+k—1 — tn+k: n+k) dtn-‘rk e dtk+2 dtk-‘rl-

) [B(n+k)}wn+k 7(n+k)(t
In this notation, the superscript k denotes the order of the density matrix whereas the subscript n
denotes the length of the Duhamel expansion. Moreover, [B*+1] .= Z?:1[Bj,k+1]w denotes the
full randomized collision operator, as defined in (31) below.

For £ =1,2,...,n, let us define:
(9) 7 =)

n—f+1;we1,Weg2,m Wnt1”

We observe that then, the 79 solve:

i0A®) + (Agz, — A%)ﬁ(k) = Z;?:l[Bj’kH]wmﬁ(kﬂ))
B, _, =0
t=0

for all k € {1,2,...,n —1}. In other words, the ) defined in (9) give us an arbitrarily long subset
of solutions to the full hierarchy (6) with zero initial data. We then say that they solve an arbitrarily
long subhierarchy of (6). For U'Ellé:)ﬁ&)k+1ywk+2;~u7wn+k (t) defined as in (8), we could iteratively apply the

estimate (3) in order to prove:

Theorem 5.2 from [128]: Let a > 2 and k € N. Then, there exists T > 0 depending only
on a and on the constant Cy in (7) such that:

(10) sup HS(k’a)U(k)

te[0,7] T Wht1,Wk+25-Wntk (t> HL2 (Qk+1 X Qo XX Qnyp; L2(T3F ><T3k)) =0

as n — oQ.

It was noted in [128] that it is possible to replace the finite product Q1 X Qg2 X -+ X Qpip
on the right-hand side of (10) with the infinite product ©* := [[ -, ©2; following the work of Kaku-
tani [94] and Kolmogorov [98]. In this way, the convergence obtained in (10) is measured in the
same space. One can view (10) as a randomized analogue of the analysis of the Duhamel terms
which was used in the proof of uniqueness results for the Gross-Pitaevskii hierarchy (1) in [97], and
subsequently in [83, 95]. An important feature of the result is that 7" remains constant as n — oo,
which allows us to work on a fixed time interval.

In the study of the dependently randomized Gross-Pitaevskii hierarchy (5), it is not possible
to iteratively use the estimate (3) as in the independently randomized setting. Furthermore, is it
not possible to directly estimate a full Duhamel expansion for arbitrary initial data, as is shown in
Example 1 of Subsection 6.1 of [128]. However, one can obtain an estimate for the full Duhamel
expansion of non-resonant objects. In other words, we recall that in [128], it was necessary to
consider Duhamel expansions of objects in the non-resonant classes N7 or Na. Let us note that the
non-resonance conditions resemble the idea of Wick ordering, which was used in the study of the
NLS in [20, 54], as well as in a related approach in [111]. Moreover, the objects in A7 and N3 are
assumed to satisfy an a priori bound as in (7). These classes are precisely defined in Subsection 6.3
of [128] and the corresponding estimates are given in Proposition 6.1 of [128] for the class A7 and
in Proposition 6.3 of [128] for the class V5.

In particular, for a fixed (v*)(t))x belonging to the non-resonant class N1 or Ny and for a fixed
w € Q, we define:

o, (t) =
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t tk+1 tn+k—1
(—i)n / / o / U(k)(tk —try1) [B(k-‘rl)}w u(k+1)(tk+1 _ tk+2)
0o Jo 0

[B(k+2)]w . u(n+k*1)(t ) [B(n+k)}w 7(n+k)(

ntk—1— tnik togr) Abpyg - dtg o digyy.
In this way, we obtain solutions to arbitrarily long subhierarchies of (5) similarly as above. The
following result was shown to hold:

Theorem 6.4 and Theorem 6.6 from [128]: Let « > 0 and k € N. There exists T > 0,
depending on «, k, and on the non-resonant class such that, for Jﬁfl} as defined in (11) above:

§ki) (B) (4
S | T D]

(Qx'ﬂ‘3k><'ll‘3k) —0

as n — 0o.
Theorem 6.4 in refers to the class Aj, whereas Theorem 6.6 refers to the class A5. In both cases,
the range of regularity exponents is a > 0.

The Gross-Pitaevskii hierarchy has recently been studied as a Cauchy problem in a series of
works by T. Chen and Pavlovié¢ [36, 37, 39, 40, 41], as well as in their joint works with Tzirakis
[42, 43], and in the subsequent work of Z. Chen and Liu [52]. In these papers, the authors prove
analogues of results known for the Cauchy problem associated to the nonlinear Schrédinger equation
in the context of the Cauchy problem associated to the Gross-Pitaevskii hierarchy. The motivation
for this analysis is that the Gross-Pitaevskii hierarchy (1) can be thought of as a generalization
of the defocusing cubic nonlinear Schrédinger equation in the sense that from each solution ¢
to the defocusing cubic NLS, we obtain a factorized solution to (1). By introducing a coupling
constant, one can also study the focusing problem. Moreover, by defining a different collision
operator, it is possible to obtain a Gross-Pitaevskii hierarchy which is related to the quintic NLS
[36, 37, 38, 39, 40, 42, 43], as well as the NLS with more general nonlinearities [142]. In [128],
it was noted that (5) admits factorized solutions coming from an NLS-type equation with a cubic
random nonlinearity. In this context, we can think of the randomization in the collision operator as
a nonlinear form of randomization. Details of this construction are given in Subsection 4.1 of [128].

The above analysis can be extended to the general case of A = T¢ when d € N without much
change. For the independently randomized hierarchy, the condition o > % gets replaced by a > %,
and for the dependently randomized hierarchy, the condition > 0 does not change. We refer the
interested reader to Remark 3.7 in [128] and to the discussion in the introductory paragraph of
Section 6 in [128]. In the discussion that follows, we will primarily work with the case A = T3 for
simplicity of notation and for its physical interpretation.

There has been a great amount of activity in the study of problems related to the Gross-Pitaevskii
hierarchy, both from the theoretical and from the experimental point of view. Additional references
to those mentioned above are cited in Subsection 1.3 below. In what follows, we will explain the
statement of our problem and we will give the main results.

1.2. Statement of the problem. Main Results. As was explained above, in [128], we were able
to construct solutions to arbitrarily long subhierarchies of the randomized hierarchies (5) and (6).
In this paper, we will be interested in constructing solutions to the full hierarchies (5) and (6), at
least locally in time. Our analysis of this problem was inspired by the work of T. Chen and Pavlovié
[39] in the deterministic setting. In [39], the authors construct local-in-time solutions to (1) for
A = R? by using a truncation method. More precisely, given a parameter N € N, they consider the
truncated Gross-Pitaevskii hierarchy, i.e the system for k < N:

(11) k k
VJ(V)‘t:() = 7(() )

with the additional condition that:
(12) '71(\];) =0, whenever k > N.

{zat W Az, — Ag )N = S8 By (8TY)
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(k)

Similarly as before, each ~yy’ is a density matrix of order k. They show that it is possible to

construct local-in-time solutions 7](\],6) to (11) which satisfy the additional condition (12) by using
explicit Duhamel expansions. Moreover, it is shown that there exists T' > 0, depending on the initial
data, such that 'y(k)( t) has a limit as N — oo whenever ¢ € [0,T]. The limit is observed to solve (1)
on [0 T]. This is purely an existence result and there is no statement involving uniqueness of these
solutions.

In our paper, we would like to adapt this approach to the randomized models (5) and (6) and
construct local-in-time solutions to these hierarchies. As we will see, the randomness in the model
will pose certain challenges. These will be overcome by an appropriate application of the randomized
estimates from [128]. Throughout the following discussion, we will consider the case A = T3 unless
it is stated otherwise.

Let us recall the definition of a Sobolev-type norm associated to (1), which was first introduced
in the work of T. Chen and Pavlovi¢ [36]. If © = (¢(®)) is a sequence such that each ¢(*) is a density
matrix of order k, then for «, £ > 0, one defines:

o= ka NSE DG W| 2 (pan ypa).
keN

The main results that we prove are:

%, and £,& > 0, such that g is sufficiently small. Suppose that

o) := (’yo )k € Hg (T3). Then, there exists T > 0, depending on o, £,&', and [T']*" = ([y®]«7),, €

Lol 2(Q)HE, such that, for all k € N:

Theorem 1: Let us fit a >

¢
w* k . w
91 -0+ [ U ) B P S s e aony = O
Moreover, [['|“" satisfies the a priori bound:
(13) H w HL;-Z[OTLZ(Q*)HEx Se¢a HF(O)HH?/

€ space is defined in elow.
Th L3¢ 0.7 LA Q*YHE is defined in (35) bel

Here, we note that, for every k € N:
[y T x QF x T3 x T3 — C.

The sequence [[']*" from Theorem 1 should be thought of as a local-in-time solution to the inde-
pendently randomized Gross-Pitaevskii hierarchy (6) in the sense given above. Theorem 1 is given
as Theorem 3.14 below. The conditions relating «, T, & and ¢ are given in (62) and (63).

If we add additional regularity assumptions on the initial data I'(0) = (Wok));€7 we can prove the
following stronger result:

Theorem 2: Let us fix a > 3 1, and &', >0, with g sufficiently small. Furthermore, let ay > « be

given. Suppose that T'(0) = (75 Je € HEP (T3). Then, there exists T > 0, depending on «, ag, &, &,
and [T]¢" = ([y®]«"), € C’te[o}T]LQ(Q*)’H@ such that, for all k € N, and for all t € [0,T):

t
181" () =™ () 7§ + i / UD (8= ) [BEHD [ [y B (5) ds| Loy o) oo sepony = O

The sequence [T’ satisfies the a priori bound:

(14) [T

*

L§2 o, L2 () He See a0 HF(O)HH?,'

The space C’te[o’T]LQ(Q*)”H? is defined in (36) below.
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In other words, if assume the initial data to be infinitesimally more regular than «, we can ob-
tain a solution of regularity a for all t in the time interval, as opposed to for almost all t. By
analogy with the theory of nonlinear dispersive equations, we can view Theorem 1 as the construc-
tion of a weak solution and Theorem 2 as the construction of a strong solution to the hierarchy.
This terminology can be found, for example in [133].

From the proof of Theorem 2, it follows that the sequences [F]‘*’* constructed in the above two
theorems coincide on their common domains of definition. It is possible that the time interval in
Theorem 2 is a bit smaller due to the additional dependence on «py. Theorem 2 is given as 3.16
below. The precise conditions on the parameters are given in the statement of Theorem 3.16.

For the dependently randomized Gross-Pitaevskii hierarchy (5), we can prove the following ana-
logues of the above results:

Theorem 3: Let us fit o > 0, and £,& > 0, such that g is sufficiently small. Suppose that

o) = (V(()k))k belongs to H?,(T3) NN. Here, N denotes the non-resonant class, which is pre-
cisely defined in Definition 4.1 below. Then, there exists T > 0, depending on «, &, &', and [I']* =
(WW1)k € Lig oy LA(Q)HE, such that, for all k € N:

0.

t
w k - W1 w .
D910 = U030 +i [ U= ) BB s s ) =

t€[0,T]

Moreover, [T'| satisfies the a priori bound:
(15) ||[F]w||Lt°21L2(Q)Hg Seea ||F(0)||Hg,'

The space L2[07T]L2(Q)H? is defined in (38) below.

The sequence [I']“ should be thought of as a local-in-time solution to the dependently random-
ized Gross-Pitaevskii hierarchy (5). We note that in Theorem 3, the range of regularity exponents
is @ > 0, so it is possible to construct solutions from L? initial data. Theorem 3 is given as Theorem
4.17 below. The conditions relating «, T, £, and £ are given in (106) and (107).

Furthermore, we can prove the following analogue of Theorem 2 for the dependently randomized
Gross-Pitaevskii hierarchy:

Theorem 4: Let us fir « > 0, and &,& > 0, such that g is sufficiently small. Moreover, let
ag > a be given. Suppose that T'(0) = ('yék))k belongs to Hg’ (T3) NN. Then, there exists T > 0,
depending on o, €,€, and [I']* = ([P € Cte[O,T]LQ(Q)'H?, such that, for all k € N, and for all
te[0,7T):

0.

t
™) = U™ @)+ / U (= ) [BITD 0 [y EEDI () ds |y ot ooy =

0

“ satisfies the a priori bound:

The sequence [T]
(16) H[F]WHL;’;ILZ(Q)’HQ Se¢aa HF(O)HH;

The space CtG[O,T]LQ(Q) ¢ is defined in (39) below.

In other words, we can construct strong solutions to (5) of regularity « if the initial data is in-
finitesimally more regular. As in the independently randomized setting, it is the case that the
sequences [I']“ constructed in Theorem 3 and in Theorem 4 coincide on their common domains of
definition. Theorem 4 is given as Theorem 4.19 below. The precise conditions on the parameters
are given in the statement of Theorem 4.19.

These results should be viewed in the context of a low-regularity almost-sure local existence theory.
Here, we adapt the point of view from [36] and the related works cited above, in the sense that we
view the Gross-Pitaevskii hierarchy as a Cauchy problem and proving analogues of known results
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for nonlinear Schrodinger equation. More precisely, we can obtain solutions to the randomized
Gross-Pitaevskii hierarchies (5) and (6) in an almost-sure sense evolving from initial data in a low-
regularity space. In the case of (6), the regularity for the initial data is a > 3 and for (5), it is a > 0.
The difference from the existing literature noted above and in Subsection 1.3 is that the initial data
is not random, but that the randomness is in the collision operators, i.e in the equation itself. Our
solutions [I']*" and [I']* solve the hierarchies in spaces which involve the random parameter, and
not in a deterministic space. In other words, the solutions we obtain exist for all initial data, but
they are solutions in the almost-sure sense due to the random structure of the spaces L%ILQ(Q*)H?
and L,?EILQ(Q)HE‘.

From the construction of the spaces used above, we can obtain bounds on the solutions that we
construct. For example, the solution [I']*" € L;’g[mT]LQ(Q*)’H? to (6) constructed in Theorem 1,
will satisfy for all k£ € N:

(17) || Sk [y (] <ck

L2(Q*)L2(T3k xT3k) =

Lito,m

for some C' > 0, depending on «, T, ¢, &' and T'(0). This follows immediately from the a priori bound
(13). We can view (17) as a randomized version of the a priori bound (7). Hence, we have shown
that the randomized version of the estimate holds for solutions to the full hierarchy. Analogous
results can be deduced from the a priori estimates (14), (15), and (16). Additional a priori bounds
on the constructed solutions, which correspond to probabilistic versions of the assumption used in
the work of Klainerman and Machedon [97] are given in Remarks 3.15 and 4.18 below.

As was noted in the earlier discussion, the analysis of our paper generalizes to the case A = T?,
with a minor modifications in the statements. Namely, Theorem 1 and Theorem 2 hold for A = T¢
if the condition o > % gets replaced by the condition o > %. Here, we need to use Remark 3.7 of
[128] which states that the d-dimensional analogue of (3) holds for @ > 4. Moreover, Theorem 3
and Theorem 4 hold for A = T with no change in the assumptions. The only change is that the
definition of the non-resonant class is now modified as in Remark 4.3. All of the relevant estimates
remain unchanged by the discussion from the introduction to Section 6 of [128]. These observations
are summarized as Remarks 3.2 and 4.7 below.

Let us note that, by time-reversibility, all of the results stated above also hold for negative times,
i.e. on the interval [-T,0] as well. In general, it is possible to construct solutions on any interval I
of length T' given that I'(tg) € H¢ at some to € I. For simplicity of notation, we will consider the
case I = [0,T] and top = 0. We note that the initial data is always taken to be deterministic.

1.3. Previously known results. In this subsection, we will summarize some known results on
the connections between the Gross-Pitaevskii hierarchy and the nonlinear Schrédinger equation in
addition to the ones that we had mentioned above. A more comprehensive discussion about the
history of this problem and of many relevant results is given in the expository works [103] and [127].
Moreover, we will note some further results on the use of probabilistic techniques in the study of
nonlinear dispersive PDE. A detailed summary of the main techniques and of the earlier results
obtained by using these techniques can be found in the expository works [23] and [145].

In addition to the aforementioned references, there is a vast literature on the connection between
the derivation of NLS-type equations and hierarchies of the type (1), as well as on related problems.
Simultaneously with development of the strategy of Spohn [129], mentioned above, a different direc-
tion based on Fock space techniques was taken in the work of Hepp [91] and Ginibre and Velo [79, 80].
Here, the authors were also able to derive NLS-type equations. The Fock space-based technique was
later applied in [45, 46, 76, 77, 84, 85, 86]. Ideas related to the strategy of Spohn were subsequently
applied to similar problems in [1, 2, 10, 14, 15, 16, 41, 44, 47, 48, 49, 50, 51, 65, 75, 78, 107, 142].

The question of the rate of convergence in the derivation of the NLS was first studied by Rod-
nianski and Schlein [126]. Subsequent results on this aspect of the problem have been proved in
[1, 2, 10, 16, 41, 44, 47, 48, 49, 50, 51, 65, 75, 78, 84, 85, 107, 142]. Recently, a proof of unconditional
uniqueness for the cubic Gross-Pitaevskii hierarchy when A = R3 has been obtained in [34]. Related
techniques have been used in order to show scattering results in [35]. The Gross-Pitaevskii hierarchy
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has been studied at the N-body level in [102, 104]. A connection of the above problems with optical
lattice models was explored in [4, 5]. We refer the interested reader to a more detailed discussion
about the previously mentioned works given in the introduction of [83].

Randomization techniques have been shown to be useful in the study of nonlinear dispersive
equations at low regularities. In particular, the idea is to apply some form of randomization in
order to construct solutions in case the deterministic methods such as the high-low method of
Bourgain [22], or the I-method of Colliander, Keel, Staffilani, Takaoka, and Tao [53] are known not
to apply. As was mentioned above, this approach was pioneered by Bourgain [18, 19, 20, 21|, with
precursors in the work of Lebowitz, Rose, and Speer [101] and Zhidkov [144]. The main idea is
that almost-sure global existence can be obtained from the existence of an invariant Gibbs measure
associated to the equation. The Gibbs measure makes sense for low-regularity initial data and it
is supported away from the set of initial data which obstructs the application of the deterministic
methods. The invariance of the Gibbs measure heuristically replaces a conservation law at the level
of low regularity.

The construction of the invariant measure depends on the structure of the equation. In particular,
it is known to be applicable primarily in the Hamiltonian context. In the more general setting, it is
still possible to apply the ideas of randomization without appealing to the existence of an invariant
Gibbs measure. The key point is to note that in [18], the construction of the invariant measure
induces a randomization of the initial data at the level of the Fourier coefficients. This randomization
allows one to prove a local result in time. In a more general context, one can randomize the initial
data without appealing to an invariant measure. In particular, given a function f =3 cne™ in
L?(A) as a Fourier series, one can consider its randomization f“, which is obtained by multiplying
each Fourier coefficient ¢, by an appropriate random variable h,,(w). One typically takes (hy(w))n
to be a sequence of independent, identically distributed random variables with expected value equal
to zero. This method is sometimes called a rough randomization. A precise definition is given in
(27) below.

This more general approach was applied in the study of almost-sure local theory for supercritical
wave equations in the work of Burq and Tzvetkov [29]. In this work, the authors used the fact
that randomization improves integrability almost surely. As was noted in the introduction, this
observation was first made by Rademacher [123]. Related results were proved by Paley and Zygmund
[117, 118, 119], as well as by Marcinkiewicz and Zygmund [106] and Khintchine, see [141]. In the
recent work [7], this question of almost sure improved integrability was revisited by alternative
means in the special case of Gaussian random variables. As was noted earlier, the idea of the proof
of the almost sure gain in integrability is an important step in the proof of (3) in [128]. The gain in
integrability due to randomization is related to the more general phenomenon of hypercontractivity
[73, 81, 88, 89, 112].

Both the invariant measure and the rough randomization approach have been shown to be useful
in the study of nonlinear dispersive equations. We refer the interested reader to the additional
relevant works [24, 25, 26, 27, 28, 29, 30, 31, 54, 61, 62, 105, 108, 109, 113, 114, 115, 116, 125, 130,
131, 132, 134, 135, 136, 137, 138] and the references therein. The rough randomization technique
has recently also been applied in the context of the Navier-Stokes equations in supercritical regimes
[59, 60, 110, 143].

In [128], probabilistic methods similar to those used in the study of nonlinear dispersive equations
were applied in order to study the Gross-Pitaevskii hierarchy. We note that different probabilistic
methods in other contexts had been used in previous work on problems concerning the N-body
Schrodinger equation. In [13], the authors prove a central limit theorem for the fluctuations around
Hartree dynamics obtained in the limit N — oo. This work builds on the results previously proved
in [56, 57, 82, 90, 92, 93, 100]. Furthermore, in [3], the authors interpret a many-body system
of mutually repellent bosons as an expectation with respect to a marked Poisson process. This
formulation is used in order to obtain an explicit variational formulation of the limiting free energy.
Similar methods were used before in the setting without interaction in [74, 124]. Finally, we note
that in [32], the authors give a rigorous proof of the phenomenon of Bose-Einstein condensation with
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positive probability under the assumption that the temperature is sufficiently low. The probability
measure with respect to which this is measured is the canonical Gibbs measure on configuration
states. A more detailed discussion about these problems is given in the introduction of [128].

Let us note that probabilistic methods have also been applied in the study of the N-body
Schrédinger equation in the experimental literature. In particular, we note that the experiment in
[99] is based on an application of a Monte Carlo method of thermodynamic measurements adapted
to a unitary Fermi gas across the superfluid phase transition. This experiment succeeds in confirm-
ing the theory of strongly interacting matter originally proposed by Bardeen, Cooper and Schrieffer
8,9, 55]. The randomization method in this context is the Bold diagrammatic Monte Carlo (BDMC)
method, and it was first developed in the experimental works [121, 122, 139]. The same method
was later used in the context of summation of a formal summation of Feynman graphs in [140].

1.4. Ideas and techniques used in the proofs. We will construct local solutions to the random-
ized hierarchies (5) and (6) by following the strategy given in [39] in the deterministic setting. In
order to adapt this strategy to the randomized setting, we will need to use the randomized estimates
from [128]. In the study of the independently randomized hierarchy (6), it is necessary to pay close
attention to which randomization parameters occur in the expressions which we are considering,
whereas in analyzing the dependently randomized hierarchy (5), one works directly with the initial
data I'(0). Each of these points will be explained in more detail below.

1.4.1. The strategy from [39]. Let us first recall the strategy developed in [39] for the deterministic
problem. The starting point for this strategy is to consider the truncated problem associated to (1),
which is given in (11) above. In other words, for fixed N € N, one replaces in (1) the full initial data
I'0) = ( (()k))k with the truncated initial data P<yT'(0) = (’y§0),7§0), . ,fy](\?), 0,0,...). Moreover,
one assumes that the condition (12) holds. In particular, by using this condition when k = N + 1,

it follows that %(VN) solves:

{z’at W+ (Azy — Az ) =0

[’YJ(VN)]W* |t:0 =%

It is hence possible to directly solve for 'y](VN) as:

(18) W (1) = UM ()5,
One then substitutes (18) into (11) for K = N —1 and uses Duhamel’s principle in order to solve for

'y](VN_l). This procedure is then iterated and one obtains an explicit solution I'y = ('y](\]f))k of (11)

which satisfies (12). This explicit solution is written as a sum of Duhamel expansion terms. Having
constructed 'y, the next step of the strategy from [39] is to show that the sequence of density
matrices 'y converges to a limit I as N — oco. Finally, the last step is to check that I' solves the
Gross-Pitaevskii hierarchy. The norms in which one obtains convergence of I'yy to I' and the sense
in which I' is a solution to the hierarchy are given precisely in the discussion below.

In [39], the authors take the full initial data I'(0) to belong to Hg/, for appropriate o and &' > 0
and they deduce that the sequence (I'y)y is Cauchy in the space L?&QT]H?, for T,& > 0, which
are determined by o and £’. Since L?E[O,T]H? is a complete metric space, the sequence (I'y )y

converges to a limit I" strongly in ng[o T]H?. In practice, the latter step requires an intermediate

step in which one checks that the sequence (]§ I'y)n is Cauchy in L%[O,T]H?” for an appropriate
" e (£¢). The operator B is defined in (41) below. At this point of the analysis, one has
to explicitly estimate the Duhamel expansions obtained in the construction of I'y. In order to
achieve this in the deterministic setting, one recombines the large number of terms that occur in the
Duhamel expansion. The recombination of terms is done by applying the combinatorial boardgame
argument in [97], which is based on the earlier Feynman graph techniques in [67, 68, 69, 70, 71]. The
sequence (§ I'y)n is hence shown to converge strongly to a limit 6 in L;’g[o’T]Hg,. Using this fact
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and recalling (11), the authors are able to show that the sequence (I'y )y is Cauchy in LigonHe
and hence has that it has a strong limit " € L;’g[o T]’H?.
The final step is to show that I € Lfé[o 1] is a local-in-time solution to (1) in the following sense:

t
|T(¢) —U(t) T(0) +i/ Ut —s) BT (s)ds|| o =0
0 telo,T] "€
The strategy in [39] is originally stated for A = R?. Tt carries through to the case A = T? as long
as one can prove the key spacetime estimate (2) for the regularity exponent . For a more detailed
discussion about this point, we refer the reader to Remark 1.6 in [83].

1.4.2. The analysis in the randomized setting. Our goal is to adapt the strategy from [39]
to the randomized setting. As we will see, the randomization will present several challenges in
the analysis. The key to overcome these challenges is to use the tools developed in [128]. In the
discussion that follows, the spatial domain will be A = T3. Moreover, we will always assume that
«a > 0 in our study of the dependently randomized case (5), and that o > % in our study of the
independently randomized case (6). We will first outline the main ideas used in the study of the
independently randomized case (6), since the analysis is simpler in this context. After that, we will
summarize the techniques used in the study of the dependently randomized case (5).

The construction of solutions to truncated hierarchies corresponding to (5) and (6) carries over
without much change from the deterministic setting. The explicit solutions are given in (57) and
(104) below. Here, we use the shorthand notation for the Duhamel expansion terms in the random-
ized setting given in (48), (49), (97), and (98).

The step in which one shows that the solutions to the truncated hierarchies converge in an
appropriate norm to a solution of the full hierarchy is significantly different in the randomized
setting. We first analyze the independently randomized hierarchy (6). In this case, we construct the
solutions [['y]*" to the associated truncated hierarchy and we show that ([B]%"[['n]*")y is Cauchy
in the space L2[07T]L2(Q*)’H?, defined in (35) below. In order to prove that ([B]*"[[n]*" )y is
Cauchy, one needs to have a good bound on the Duhamel terms. As was noted in Subsection 5.1 of
[128], it is not possible to apply the combinatorial recombination argument in this context. Instead,
we argue as in [128], and we use the following integral identity:

tj  rtiva titk—1 té?
[ [ it =5
o Jo 0 :

Let us note that, in this way, we obtain a factorial gain in the denominator. This compensates
for the factorially large number of terms in the Duhamel expansion. We can use this gain due
to the fact that there is no time integral in the estimate (3). A similar method was first used in
the study of the one-dimensional deterministic problem in [38]. The estimate that we use for the
Duhamel expansions in this context is given in Proposition 3.3. The proof of the Cauchy property
of ([E]w* [FN]“’*)N is given in Proposition 3.7.

As was seen in Example 1 from Subsection 6.1 of [128], it is not always possible to estimate
[Bj,kﬂ]‘”q/(k“) by arguing as in the proof of (3) in the case when 4 +1) has some additional w
dependence. In order to avoid this problem when working with 6« = lim N_mo([l? " [CN]“ )N, we
need to record which random parameter occurs in each element of the limiting sequence. In partic-
ular, in Proposition 3.9, we obtain that, for all k£ > 2, (0”*)(k) does not depend on ws,ws, .. .,wk.
Here, we recall the notation w* = (ws,ws,wy,...). In the further analysis, we use Proposition 3.4,
which gives us a way of avoiding the difficulty when we want to apply (3) in the case when there
are several random parameters. In particular, we note that it is possible to estimate [Bj7k+1]‘”*y(k“)
when y#+1) depends on a sequence of random parameters (@;);, all of which are independent from
w. As in [39], we use a limiting procedure and note that, §*" satisfies:

:07

te€[0,T]

(19) Hew*—[é]“*uu)r(o)w/o [B] Ut — )6 (s)ds ||, L@z
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for all £y > 0. This result is given as Proposition 3.11. In the randomized setting, we need to use
the observation from Proposition 3.4 and the known dependence of each component of #«" on the
random parameters in order to finish the proof of (19).

We show that ([[x]“" )y is Cauchy in L2 ., L*(2*) ¢ in Proposition 3.12. Similarly as for

t€[0,T]
6" in Proposition 3.9, we note that the limit [[']*" has the property that, for all k& > 2, ([F]“’*)(k)
does not depend on the random parameters wo, ws, ...,wk. As in [39], in the proof of the Cauchy

property of ([T'x]“")n, we need to use the Cauchy property of ([B]“ [['x]“ )n. This step is given
in (73) below. In Proposition 3.13, we note that [I']*" and #“" are linked by the equation:

*

t
” [F} —U@)T(0) +i/0 Ut —s)0% (s)ds ||Lt°Z[O‘T]L2(Qx)H?O =0,

for all £y > 0. We can put all of these results together and deduce Theorem 3.14, which states that,

for all & > 0 the limit [[']*" satisfies:

IP1 O = +i [ U= (B[00 ds e ey, =0

te[0,T]

If we assume the initial data to be infinitesimally more regular than «, i.e. if I'(0) € H¢" for some
ap > 0, it is possible to prove that [[']*" is continuous in time in the sense that it belongs to the space
C’te[o’T]LQ(Q*)’Hg defined in (39) below. The key in this analysis is to use the difference estimate
from Lemma 3.19, which states that, for all density matrices o(*) of order k, for all 5y > 5 > 0 and
for all t € R, > 0, the following estimate holds:

(20) [(U®t+8) =UD0) 06 || o v sy < 8+ 1106 | g0 (ar xary:

Here, the constants C,r > 0 depend on 3 and By. We use (20) to prove that ([['x]¥")n is equicon-
tinous in L*(*)Hg in the sense of Definition 3.18 below. Here, we use the sequence ([T~ ) w)
which was constructed earlier, but for possibly a slightly smaller T' and for a & chosen to be possibly
smaller in terms of £. The reason for this change in the parameters is the additional oy dependence
in the problem. We will typically not explicitly mention this distinction. The proof of the equicon-
tinuity of ([I'x]*")n and the related results are given in Theorem 3.16. The main point is that we
can now obtain a solution [I']*" of (6), which is a solution pointwise in time, as opposed to being a
solution for almost all times t.

In the context of the dependently randomized Gross-Pitaevskii hierarchy (5), we need to argue
differently. In particular, since there is only one random parameter w, it is not possible to apply
the estimate from Proposition 3.4, which relies on the random parameter occurring in the collision
operator being independent from the random parameters occurring in the density matrix. We
overcome this difficulty by explicitly writing out the Duhamel expansions in terms of the initial
data and leaving them in this form. Let us again recall Example 1 from Subsection 6.1 of [128],
by which we can not estimate Duhamel expansions of order greater than 1 for arbitrary initial
data. Instead, we need to restrict the initial data to to belong to a non-resonant class of density
matrices. The non-resonant class N which we use in our paper is similar to the non-resonant class
N previously used in [128], and it is precisely defined in Definition 4.1 below.

For non-resonant initial data, we recall an important randomized estimate, which can be deduced
from [128] and which is given as Proposition 4.4 below. A crucial observation is that we can use this
estimate in order to bound the Duhamel expansion terms in Proposition 4.5. In other words, we do
not iteratively use (3) as in the independently randomized case. Instead, we use Proposition 4.5 in
order to estimate each separate Duhamel expansion term and we show that ([B]*[['x]*)y is Cauchy

in L2y L? (Q)Hg. This result is the content of Proposition 4.8. The space Lo L? (Q)HE is

defined in (38) below. Consequently, in Proposition 4.10, we obtain that ([B]“[I'y]|¥)n converges

~
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strongly in Lfg[o 7] L? (Q)’H? to a limit 6. In Proposition 4.14, we observe that 8¢ satisfies:

tel

1) o = (B w0 +i [ (Bt =900 ds ]| 2oy, =0

for all £, > 0. The proof of (21) differs from the proof of (19) in the sense that we are not allowed
to iteratively use randomized estimates due to the fact that there is only one random parameter
w. In this context, it is more difficult to estimate 6% — [B]“[['y]*. This expression appears in the
third term on the right-hand side of (116) below. We estimate this term by first considering the
truncation:
[@N]" = [B]”[*u]” - [B]"[rN]",

defined in (120), and by letting M — oo. We hence avoid working with infinite sums of terms
involving only one random parameter.

In Proposition 4.15, it is shown that ([I'y]*)n has a strong limit [I']* in Lgg, 7 L2(Q)Hg. This
step and the rest of the analysis are similar to the arguments given in the independently randomized
case. Finally, in Theorem 4.17, it is shown that [I']“ satisfies:

[P) 0 ~u T +i [ U= [B]* 1)) ds |

o =0
2o L2Hg, T

for all & > 0.

In the dependently randomized setting, it is also possible to consider infinitesimally more regular
initial data and construct solutions of regularity o which are continuous in time. The main difference
is in checking the equicontinuity properties of ([E]M[FN]M) ~» Where the random parameter w
appears more than once. This issue is resolved by looking at the explicit Duhamel expansions as
before. In particular, we recall the analysis from Subsection 6.2 of [128] in Lemma 4.22 below.
Using these ideas, we write out the difference of two Duhamel terms at different times in Lemma
4.24. Tt is important to note that the frequencies in these expansions are treated as mutually
distinct formal symbols to which we can assign the values 1 in the definition of the sum given in
(137) below. An explicit example of the difference of two Duhamel terms is given in Example 1,
following Lemma 4.24. We can then use Lemma 4.24 in order to show that [I' ] belongs to the space
C’te[o’T]LQ(Q)’Hg, which is defined in (39) below. This is the content of Theorem 4.19. As in the
independently randomized setting, we obtain a solution to the hierarchy which is defined pointwise
mn t.

1.5. Organization of the paper. In Section 2, we define the relevant notation and we recall
several useful general facts. Section 3 is devoted to the study of the independently randomized Gross-
Pitaevskii hierarchy (6). In Proposition 3.3, we prove a randomized Duhamel estimate. Furthermore,
in Subsection 3.1, we define and analyze the associated truncated hierarchy. In Subsection 3.2, we
construct solutions in Lz[QT}LQ(Q*)H? to the full hierarchy (6), which evolve from initial data
of regularity a > %. The main result is given in Theorem 3.14. Subsection 3.3 is devoted to the
construction of solutions in L?Z[o,T] L2(%) ¢ which evolve from initial data of regularity g > o
and which are continuous in time. The main result of this subsection is the content of Theorem
3.16.

Section 4 is devoted to the study of the dependently randomized Gross-Pitaevskii hierarchy (5).
In Proposition 4.5, we prove an estimate for Duhamel expansions evolving from non-resonant initial
data. The definition of the non-resonant class is given in Definition 4.1. Subsection 4.1 is devoted
to the study the corresponding truncated hierarchy. In Subsection 4.2, we construct local-in-time
solutions in L2[07T]L2(Q*)’H? to the full hierarchy (5), which evolve from non-resonant initial data
of regularity a > 0. The main result of this subsection is given in Theorem 4.17. Similarly as
Subsection 3.3, Subsection 4.3 is devoted to the construction of solutions in Lyg , 7 L? (2)Hg, which
evolve from initial data of regularity oy > «, and which are continuous in time. Sub-subsection
4.3.1 is devoted to obtaining an explicit formula for the difference of two Duhamel expansions. This
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formula is given in Lemma 4.24. The main result of Subsection 4.3 is Theorem 4.19, which is proved
in Sub-subsection 4.3.2.
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2. NOTATION

Let us introduce some notation and terminology which we will use in our paper. If a and b are
positive quantities, we say that a < b if a < Cb for some constant C' > 0. We also sometimes write
this as a = O(b) and we implicitly keep track of the constant C. If C' depends on the quantities
41,92, - - -, qi, then we write @ Sgy. g0, g 0- If ¢ S b and b < a, then we write a ~ b.

Throughout the paper, A will denote the spatial domain, which we will take to be T3, unless it
is specified otherwise. The discussions in the paper will also apply for A = T¢, when d > 1. For a
more detailed discussion, we refer the reader to Remarks 3.2 and 4.7 below.

We will use the notational convention that the sum Zf; A(--+) equals zero if A > B. This
convention will be used, for instance, in (57) and in (104) below. We will sometimes abbreviate the
Gross-Pitaevskii hierarchy as the GP hierarchy.

I will usually denote a time interval of the form [0, 7] for a fixed T > 0.

In our notation, the greek letter ¢ will be used to denote a frequency variable. Frequency variables
will also be denoted by &, for integer indices k > 1. The symbols &, £ and & will usually denote
regularity parameters in the spaces defined in equations (33), (34), (37) below.

Given a spatial domain A as above, we define a density matriz of order k or k-particle density
matriz to be a function:

o® AR x AF = C.

As was noted above, in our paper, we will work on the spatial domain A := T3, unless it is noted
otherwise. Hence, the frequencies will be elements of Z3. For a given function f € L?(A), and for a
frequency & € Z3, we define the Fourier transform of f evaluated at ¢ by:

fie) = [ s aa.

The quantity (-, -) denotes the inner product on R3.

When defining the Fourier transform of a density matrix, we will use the same convention as in
[83, 128]. In particular, given o(*), a density matrix of order k which belongs to L?(A* x A¥), we
define its Fourier transform (¢(*))™ as follows:

For all & = (€1,...,&), &, = (&1,...,&) € (ZP)*:

<NW@$:/kﬁwmﬂw@me@uwm@m.
AR xA

We will usually write the Fourier transform (o(®))™ of the density matrix ¢*) as ) for simplicity.
Let us consider the operator i0; + (Agk — Af;c), acting on density matrices of order k. Its

associated free evolution operator U (t) is defined as:
(22) UB () o® = e =i Ay U(k)efitzé‘:l Al
Here 0 is a fixed density matrix of order k. By construction:

(i@t 4 (A, — Afk)) U (1) o = 0.

We note that /(%) (t) is the analogue of the free Schrodinger operator for k& density matrices of order
k.



16 VEDRAN SOHINGER

Given a € R, we define the operator of differentiation of order o which acts on density matrices
of order k. This is done by using the Fourier transform. For ¢(®), a density matrix of order k, we
define a new density matrix of order k, S*®) (k) by:

(23) (SHED N> (gy, .. €L, 6 =
(G ()™ D (™ - TP (&, G L G

(2) = I+ o]
denotes the Japanese bracket.

We will sometimes write ||S(k>o‘)a(k)||L2(AkxAk) as ||0(k)HHa(AkXAk). This is consistent with the
definition of fractional Sobolev norms for functions. We will use both notations in our paper.

The collision operator is an operator which acts on density matrices. More precisely, given k € N
and j € {1,...,k}, the collision operator B; ,+1 acts on density matrices of order k+ 1. For ok+1)
a fixed density matrix of order k + 1, we define:

k+1 R +
D) = By 1,

Here,

(0) = By (00),

Bjk+i (o k1

where:

By (") (@ 7) = / 8(xj — wpgr) 0B (Fr, wpgrs Ty, Tagr) dvgeg
A

and
B (U(kﬂ))("k;f%) = / 6(3[:3 — Tpi1) U(k+1)(fk,$k+1;f;€7xk+l) dag1.
A

Here § denotes the Dirac delta function. For example, when j = 1:
By k1 (J(HI))(fk;f;c) = / U(Hl)(fk?u”ﬂl;f%»%) dxy — / U(Hl)(fk,x/hfﬁmxi)dx/r
A A

The calculation for general j € {1,...,k} is similar. In particular, we note that Bj x4 is a linear
operator which maps density matrices of order k£ + 1 to density matrices of order k. We will usually
abbreviate Bj 11 (0**1) by Bj x1 0¥+, The full collision operator B*+1) is given by:

k
(24) Bt = "B 1.
j=1

The Fourier transform of the density matrix Bf kt1 o#+1) can be computed as:
(25) (Bfr,kﬂ U(kH))A(gk;g’k) =

~(k
Z O'( +1) (61 - €k+1 + gllg+17§2a ce 7§k‘7§k+1;§£a e agllwglli;—&-l)'
Ert1,8 11 €L

Analogously, we can compute:
(26) (Bfk+1 U(kH))A(gk;f_;k) =

Z /O-\(k+1) (517 ce a§ka§k+1;§£ - £;€+1 + £k+1’§é7 e ’512H§;€+1).

Eht1, & 11 €EZ3

The formula for general (BjiJcJrl DY (&,:€,) is similar.

Let us recall the definition of the randomized collision operator from [128]. We first define a
sequence of random variables indexed by the set of frequencies. In the case A = T3, this indexing set
will be Z3. More precisely, we consider the sequence (h¢)cezs of independent, identically distributed
real Bernoulli random variables which have expected value zero and standard deviation 1. In other
words, each h¢ takes value 1 or —1 with probability %
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Having defined h¢ as above, we can define the randomization of a function. Namely, given
f € L?(A) and w € Q, we define the function f“ by:

fe(C) i= he(w) - F(Q),
whenever ¢ € Z3. In other words, if f is given as the Fourier series:
=D e
Cezs
then the randomization of f, which we denote by f“’ is givon as:
(27) Z h( s C¢ 6
¢Cezs

By Plancherel’s Theorem, we note that f“ € L?(A) and that ||f“|z2 = ||f||z2. Here, we are using
the precise choice of (h¢)¢ as a sequence of Bernoulli random variables.

As in [128], we use idea of randomizing on the Fourier domain and we randomize the collision
operator Bj 41 in order to obtain the randomized collision operator [Bjj+1]”. For (h¢)cezs, as
above, we recall (25) and we define, for fixed w € Q and for a fixed density matrix o*+1) of order
k+ 1

(28) (1B ia]” 0" )7 (G &) =

Yo he @) he gt (@) he, (@) - b (@)

&1, &4 €23

(6 = Gopr + € E2re e € G €1 6k €.
Furthermore, we recall (26) and we define:

(29) ([Bipsi o) (6 ) =

Yo e W) hg g 60 (@) he (W) - he (@)
Eht1, &)1 €L3
'A(k-‘rl)(gla <o 7£k7§k+1;§i - fl/€+l + £k+17§é’ R 75]’(}751’(}+1)'

The quantity [B k+1] is defined similarly for j € {1,2,...,k}. The randomized collision operator
is then defined as:

(30) [Bj,k+1]w = [B;‘Ck-i-l]w - [B;k+1]w-

By construction, it follows that [Bjr+1]* = Bjk+1, if w € Q is chosen such that h¢(w) = 1 for
all ¢ € Z3 or if h¢(w) = —1 for all ¢ € Z®. Furthermore, by analogy with (24), we define the full
randomized collision operator [B(k‘H) ]w as:

Mw

(31) B(kJrl) B, k+1

j:l
As a convention, will extend the definition of Bj 41 and [Bj 1] to density matrices o) of order
¢ > k+ 1. This is done by acting by the collision operators only in the variables ¥}, and 7,
and by treating all the other variables as parameters. We will use this convention in Subsection 4.3,
more precisely in Sub-subsection 4.3.1. In particular, we apply it in Lemma 4.22, Lemma 4.24, and
in Example 1 of Sub-subsection 4.3.1.

Let us examine more closely the sequence of Bernoulli random variables (h¢)cczs defined above.
We will denote the probability space associated to (h¢)cezs by (€2, %, p). Here, X is the corresponding
sigma-algebra and p is the probability measure. We will usually denote the probability space just
by Q. By L?(9), we will denote the L? space on §), with respect to the probability measure p.
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Let us define:
O = H Q.
k>2
Here, each Q, =  is the probability space associated to a sequence of Bernoulli trials as defined
above. We denote each copy of the probability space by (2, Xk, pr), in order to distinguish the
factors. Here ¥ = X is the sigma-algebra and py = p is the probability measure on Q = Q. By
construction, every w* € (0* is of the form

w* = (wo,ws,wy,...)

where each w; € 2. We know that Q* can be given the structure of an infinite product probability
space, following the work of Kakutani [94], which, in turn, is based on the work of Kolmogorov [98].
The precise statement which we will use is the following:

Theorem 2.1. ([94],[98]) There exists a probability measure p* on Q* such that, for all finite subsets

FC{2,3,...}:
P*( N Wfl(Ai)> = [Ir:49)
ieF ieF
whenever A; € ¥; for all i € F. Here, for j € {2,3,...}, m; : Q* — Q; denotes the canonical
projection map onto §1;.
The obtained probability space is given by (0*, B, p*), where B is the Borel field generated by sets of

the form:
()7 ' (4)
ieF

for some finite subset F C T and for A; € ¥;.

Let us note that there is also related work on infinite product measures by Doob [63]. We will
henceforth denote by L?(Q2*) the L? space on Q*, with respect to the probability measure p*. This
space is well-defined by Theorem 2.1.

When working in 2%, we will also be interested in elements of (2* which do not depend on a
certain component, say wg41. We write:

(32) drp e ]
L#k+1

in order to emphasize that w11 € 0* is a sequence of random parameters in which wg11 does not
occur, i.e. in which all of the elements are independent from wy1. This concept will be useful in
Proposition 3.4 below.

Throughout our paper, we will study sequences of the form ¥ = (a(k))k, where each o(® is
a density matrix of order k, possibly depending on other parameters. ¥ will typically belong to
function spaces such as those defined below. More precisely, let us fix @« € R and £ > 0. We first
define the space Hg = Hg (A) by:

(33) HZHH? = ka ' Ha(k)HHa(AkxAk)
keN

In this case, we assumed that each o(*) was a density matrix of order k& which does not involve any
other parameters. Such spaces were first defined in the work of T. Chen and Pavlovié¢ [36].
If the 0(®) depend on the Q*-variable, i.e. if:

a®)Qr x AP x AF - C,
for all k, then we define:

(34) 12112 @y = D8 No™ | oy mraqarxar):
keN
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means that we first take the H*(A* x A*) norm of ¢(*) to obtain the

w*, ')||Ha(AkxAk)' We then take the L2(£2*) norm of the resulting
function. It is important to note that in (34), we are not taking 7—[? norms of ¥ and then taking
L?(Q*) norms of the result.

If, in addition, the o(*) depend on the time variable ¢t € I

B T x Q x A¥ x A¥ = C,

Here, Ha(k)”m(Q*)HQ(AkxAk)

function of w* given by ||O'(k)(

then we define:

(35) HZHL;’;ILQ(Q*)’HEY = HHE(t)Hm(Q*)Hg

oo
LtEI

Loe = H ng ’ Ha(k)(t)HLQ(Q*)Ha(AkXAk)
el keN

If the map t — || X(¢t is continuous, then we say that:

[
(36) ¥ € Coer L () H.

In this space, we use the norm given by (35).
Similarly, if the o) depend on €, i.e. if:

o™ x AF x AF — C,

for all k, then we use the same conventions as in (34) and we define:

(37) HEHLz(Q)Hg = ng : H‘T(k)HLz(Q)HQ(AkxAk)'
keN
Here, Ha(k)HLQ(Q)HQ(AkXAk) is obtained by first applying the H*(A* x A*¥) norm to ¢(®) and then

applying the L2(2) norm to the result. Similarly as in (35), if there is time-dependence:
oM T x Qx AP x AF 5 C,

then we define:

(38) HZHL;’;ILQ(Q)HQ = HHZ(t)Hm(Q)Hg

- E |5k
L%_H,gf H" (t)Hm(Q)Ha(AkxAk) L,

If the map t — || X(¢ is continuous, then we say that:

Mz @pe
(39) ¥ € Crer L*(Q)HE.

In this space, we use the norm given by (38).

Each of the quantities (33), (34), (35), (37), and (38) defines a norm which gives rise to a Banach
space. Moreover, the spaces in (36) and (39) are Banach spaces if we use the norms given in (35)
and (38) respectively. In addition to [36], the space Hg given in (33) was also used in [38, 39, 40].
The spaces L*(Q*)Hg and L*(Q)Hg coming from (34) and (37) respectively can be viewed as its
probabilistic variants. Both the deterministic and the probabilistic variants will be useful in our
paper.

Given ¥ = (a(k))k as above, we define a variant of the Laplace operator applied to X as in
(36, 38, 39, 40]:

(40) ﬁiE = ((A:i'k — Aﬂ)d(k))k

We also define collision operators applied to X. In the deterministic setting, we recall the definition
from [36, 38, 39, 40]:

(41) By .= (B<k+1> g“““))k.

Here B*+1) is defined as in (24).
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We recall (31) and we define two randomized versions of (41). Given w* = (w2, w3, wy,...) € QF,

we define the operator [E }w* by:

D1 s . (k+1) 1@k+1 _(k+1)
(42) [B]' = ([BUFD ]l |
Given w € €2, we define the operator [E]w by:
DYy . (k+1) 7% _(k+1)
(43) [B]"x:= ([BU+D 76 +D) |

Given N € Nand ¥ = (J(k))k as above, we define the projection operator P<y applied to X as:

(44) PcyY = (0'(1)70'(2),...,O'(N),0707...).
Furthermore, let us define:
(45) PoyY =% —Poy2=(0,0,...,0,6 VD oN+2)

Let us recall the following useful integral identity:

tj rtiva k-1 tk
(46) s dtj+k s dtj+2 dtj+1 =L .
o Jo 0 k!

We will use (46) in order to estimate Duhamel expansion terms in Proposition 3.3 and in Proposition
4.5 below. This type of observation was first used in [38] in the one-dimensional deterministic setting.
It was also subsequently used in the randomized setting in [128].

3. THE INDEPENDENTLY RANDOMIZED GROSS-PITAEVSKII HIERARCHY

In this section, we will study the independently randomized Gross-Pitaevskii hierarchy:

: . N
v {Zaw“f) +(Az, — Az )y ® =300 [Bjpra]orr (D)

k
YO ="

As before, the wyy1 are mutually independent random parameters. We take the spatial domain to
be A = T3, unless it is noted otherwise.
Let us first recall the following randomized estimate, which is the content of Theorem 3.1 in [128]:

Theorem 3.1. For all o > %, there exists Cy > 0, depending only on « such that, for all sequences
of density matrices (’y(()k))k, forallk e N and j € {1,2,...,k}, the following estimate holds:
w  (k+1 k+1
H[Bj’kﬂ] 7(() )HL2(Q)HQ(AkxAk) < CoH%(, )”H“(A’““X/\’““)'
In particular:
k+1 k+1
H[B(k—‘rl)]w')/(() )HLZ(gl)HQ(AkXAk) < Cok - H’Y(g )||H“(Ak+1><Ak+1)-

Remark 3.2. As was noted in the discussions in Subsection 1.1 and Subsection 1.2, the analysis
that we will present in this section can be generalized to the case A = T?, but then the condition
a > % has to be replaced with o > %.

Given a sequence I'(0) = (yék))k of density matrices ' and w* € Q*, we define a new sequence of
time-dependent density matrices Duh‘]*-’* (T'(0))(t) as follows:
Ifj=0:

(48) Duh ™ (T(0) P (t) :== UP () 7§

1Throughout our paper, we will denote the sequence of density matrices ('y(()k))k by I'(0) instead of by I'g, since
the 'y are typically defined to be solutions to truncated hierarhcies.
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Ifj>1:
(49) Duh*" (1(0))®(t) :=

) t t1 tj71
_1)3/ / / U (1 — 1) [BO+D @ D) (1) _ g [BE+D]ors ..
0 0 0

U (45— 1) [BEHD )@ g R (¢ %(J’Hj) dtjdt;_y - dbydt;.

The quantity Duh‘j‘-’*(F(O)) corresponds to an iterated Duhamel expansion in the hierarchy (47).
We note that, in our convention, the subscript j denotes the length of the Duhamel expansion. This
is used in order to be consistent with our notation in [128]. Let us note that a slightly different
convention is used in [39], where the subscript denotes the length of the Duhamel expansion plus
one.

Let us now prove an estimate on the Duhamel terms Duh‘J’?* (T'(0))®)(t). We recall from Section
2 that, for given T' > 0, we denote the interval [0,7] by I. With this convention in mind, we prove:

Proposition 3.3. Let us fix o > %. Suppose that T > 0. There exists C1 > 0, depending only on
a and a universal constant Cy > 0 such that for all j, k € N:

|Duhs” (0(0)) ¥ (2) <(@1) - 5 - e

HL‘X’ T L2(Q*)He (AR xAR) — (A*+i x AR+i)"

Proof. Let us fix t € I and j,k € N. We use Minkowski’s inequality in order to estimate:

|| Duh & (T(0))*)( = [|$%) Dun %" (1(0))*

HL2(Q YHe(AFXAF) — t)HL2(Q*xAkxAk)

/ / / ISR UD (= 1) [BEFDr st 1y — 1) BTz

Z/{(k-"_] 1)( —1—t ) [B(k+])]wk+j u(k+3)(t.]) Yo () HLZ(Q* X Ak XAk)dtJ dtjfl T dt2 dtl

We can now iteratively use Theorem 3.1 in wy41,Wk42,. .. ,Wk4;. This is justified by using Fubini’s
Theorem as in the proof of Theorem 5.2 in [128]. It follows that the above expression is:

11 t] 1
// / Ch -k (k1) woe (k= 1) || ST EED| s pwny g dtj 1 - dtrdty

- ﬁ . Cg) E-(k+1)---(k+j5—1) - ||S(k+j’a)7(()k+j)||L2(Ak+ijk+j)~
In the last equality, we used (46).
We know by Stirling’s formula that:
(50) ml ~ (%)m V2.
It follows that there exists a universal constant C' > 0 such that:

[[8®) Duh§™ (1(0)) (1) HL?(Q* X Ak AR)

(51) CI0 G4 (k) - [|SEHR D)

(AF+3 x AR+i)*
We note that: N
J
r k
oY =(142) <0
for some universal constant Cy > 0.
Hence, the quantity in (51) is

. o) (ki
< (ClT)] . 05 . HSUCJFL )’Y(() +J)||L2(Ak+j></\k+j)

j k+
= (1) G5l HHa(AkaA"'H)'
Here, C; = Cy - C. The claim now follows after taking the supremum in ¢ € I. |
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Another useful estimate which follows from Theorem 3.1 is the following:

Proposition 3.4. Let o > % be given. Let us fir k € N, and j € {1,...,k}. Suppose that

W41 € ]_[e;ﬁk+1 Q¢ as in (32). Suppose furthermore that *y(kH)l is a density matriz of order k 4+ 1,

which depends only on the random parameter @41 (and hence is independent of wi+1). Then, for
the same constant Cy in Theorem 3.1, the following estimate holds:

. k+1)
(52) 1B k411 A6 s 2 eyt ary < Collvimen | z2(@ey e qass sars-
In particular:

y k1
(53) H[B(M—l)] k+1,y(()7w”)1 HL2(Q*)HQ(A’°><A]‘ < Cok - H'yo e ||L2 (QF)Ho (AR+1 x Ak+1)-

Moreover, let us assume that for all k € N, the set of random parameters i1 and density matrices

’yék:;?l are as above (i.e. they are independent from wiy1). We define the sequence:

*

o] = (([Fo]*) ™ 62762

where ([f‘o]w*)(l) is an arbitrary density matriz of order 1 which depends on w*. The following
estimate then holds for all £,&y > 0 such that § < &:

(54) H[E}w [fo]w HL2(Q*)H§‘O Sé60,a H[fo]w ||L2(Q*)H§'

Proof. We observe that (53) follows from (52) and from the fact that [B*+1]ws+1 = Z?Zl [Bj jt1]9% 1
by (31). Let us now prove (52). We note that:

[ S®B; jyq]r1asEt D)

Yo W41 ||L2(Q* x AFx Ak) = ||S(k7a) [Bj,k+1]wk+l (k+1)

Y0,@541 HL2(Q,€+1><]_[H_,C+1 Qo x Ak xAk)"
By the proof of Theorem 3.1, which is given in [128], it follows that we can treat all the w, for
{ # k + 1 as fixed parameters. Hence, this expression is:

. (k+1,a) (k+1)
< Co HS 0,0k 41 ||L2(H£¢k+1 Qe x AR+ AR+1)

By the property of probability measures, this quantity equals:

CO . |h(k+1

. (k+1,a) . (k+1)
Co HS 0Wk+1”Lz(fl*)H<‘(Ak+1xAk+1)

Yo W1 HLQ(Q* X AR+ Ak+1)
The claims (52) and (53) now follow.
In order to prove (54), we multiply both sides of (53) by &5 and use the fact that k-&§ ¢ ¢ €611,
uniformly in k. The claim follows when we sum in k.

Remark 3.5. We note that the quantity ([f‘g]w*)(l) does not appear on the left-hand side of (54).

Remark 3.6. In general, we note that if Op41 does not depend on w; for some j € {2,3,..., k+1},
then we can leave out the L?(§;) component of the norm on both sides of (52) and (53). Namely,
due to the fact that neither side depends on w; and since ; has measure 1 by the property of
probability measures, the norms indeed do not change if we omit this factor. For future reference,
we will keep the whole Q* product in order to simplify the notation and in order to work in the same
space.

3.1. The truncated Gross-Pitaevskii hierarchy corresponding to (47). Let us now consider
the truncated Gross-Pitaevskii hierarchy corresponding to (47). In particular, we fix N € N and

w* € Q* and we look for a sequence ([%(\;;)]w*)k’ where each [fyl(\lf)}w* is a time-dependent density

matrix of order k, which is parametrized by w* = (w2, ws,ws,...) € Q*.
Moreover, we assume that for k£ € N such that k£ < N:
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(55) {iat(k[)fy](\’;z]w* + (A(QZI; — Ag‘g‘je) [’75\];)]0-’* _ Z?:I[B]Hk-i-l]wxwl ([7%€+1)]w*)
[7N ] |t:0 =0 -

For k > N, we will impose the condition that:

(56) M1 =o.

As in [39], our goal now is to find (['yj(\’f)]w*)k, which satisfies (55) and (56) without any statement
about the uniqueness of these solutions.
By construction, for k = N:

{iat [WxNj}w* + (Azy — Az ) [IYJ(VN)]M* =0
[7J(VN)]w |t:0 - 7(()N)'

Hence, we can take:
N)jw™ N
LRV @) = UM (1) 4.
Let us note that the above expression does not depend on w* in the end.

For k < N, we can find a solution [’y](\]f)]w* to (55) by Duhamel iteration. The formula that we
obtain is:

. N—k .
(57) W17 () =" Duny™ (0(0) ™ (1),
j=0

The fact that [’y](\];)} w*, given by (57), solves (55) follows by the definition of Duh‘f and by regressive
induction on k. Let us define [I'y ]w* = (([FN]“’*)(k))k by:

w*y (k) k)qw™
(58) ([rn )™ =17
We will henceforth use this notation. Let us also write the truncated initial data as follows:
(59) Tn(0) := (7§, 4, ....A,0,0,..) = PoyT(0),

for the projection operator P<y defined in (44).

By construction, [FN]w solves:

* ~ *

{if)t [FN]W* +As [Iy]” =[B]” [FN]W*

60 M
o Tl oy = T (0)

Here, we recall the definition of Ay from (40) and the definition of [E }w* from (42).

So far, we have constructed a solution [FN]UJ* to (60). We would like to take the limit as N — oo.
Let us first fix some notation, which we will use for the rest of this section unless it is specified
otherwise:
We will fix:
3
61 > —.
Let us consider a time T' > 0 and the associated time interval I = [0, T]. For this T, we first choose
¢’ > 0 sufficiently large such that:

T

(62) a <1
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Having chosen &, we choose £ € (0,¢’) sufficiently small such that:
C2 ¢
é‘/
Here, Cy and Cy are the constants from Proposition 3.3. Conversely, given &, & > 0 with £ € (0,¢’),
which satisfy (63), we can find T > 0 which satisfies (62). Unless it is otherwise noted, we will

assume that T, £, ¢’ satisfy the above assumptions.

<1

(63)

3.2. A local-in-time result for initial data I'(0) of regularity «. In this subsection, we will
assume that I'(0) € Hg/, for o as in (61).
Keeping in mind (62) and (63), we now prove the following result:

Proposition 3.7. The sequence ([E]w* [FN]M*)N is Cauchy in L2 L* (V) HE.
Proof. Let us fix t € I and let us also take N1, Ny € N such that N7 < Ns. For k € N, we note that:

(181 (Irw ]~ ) 0 =

= [B(k+1)]wk+1 (([FNl]w*)(kﬂ) _ ([FNQ}w*)(kH))(t)

— [BHHD] Z Duh "(T, (0) 4D Z D“h (T, (0) 50 (1))
—k—1
_ [B(k+1)]wk+1( Z Duh;)*(FNl(O)—FNQ(O k+1 Z DUh ())(kJrl)(t))
—o j=Ni—k

j_
By construction, (T'y, (0))) = (T'x,(0))® for all £ < N; and so
Duh¥"(Tn, (0)**D(t) = Duh¥" (T, (0)* ()
for all j =0,...,N; — k — 1. It follows that the first sum above equals zero. Hence:

(1) (181 (ow)* - rnd)) V) -
No—k—1
= > [BEI Dy (T, (0) M ).
j=N1—k

Consequently:

(1 e - ) o)

<y H [BO+]* Duh” (D, (0) (1)
j=N1—k
We recall the definition of Duh“’ n (48) and (49) in order to deduce that, in the above sum, the
terms Duh;’ (T, (0))F+1 () do not depend on wy41. More plreclsely7 ifj =0, Duh“’ (T, (0)F+1 (1)
does not depend on any random parameters, and if j > 1, Duh‘;’ (T, (0))EFD () depends only on
the random parameters wy42, Wi+3, - - ., Wktj+1. In either case, there is no dependence on wy41. In
particular, we can use Proposition 3.4 to deduce that the above sum is:
Na—k—1

<Cok- Y | Duhy Ty (0D VO] ey rear 1 arsn-
j=N1—k

L2(Q*) Ho (Ak x AF)

L2(Q)He (AR xAF)

By Proposition 3.3, this sum is:
No—k—1
< Cok Z (ClT) CkJrlH (k+3+1)
j=Ni—k

|’Ha(Ak+j+1><Ak+]-+1).
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As a result, we may deduce that:

o) w”\\ (k)
ka B [FNl] [FNz] )) (t)HLz(Q*)Ha(AkxAk)

OONle

C C J C k ) .
i Z Z ( ) . ( 52’5) '<§/)k+1+1 ' H’Yékﬂﬂ)HH&(AkHHxAHHl)'
k=1j=N1—
Since in the above sum, k —|—j +1> N1, it follows that:

H (o] = [Poe]” )(t)‘ L2(Q7)He

£

e, Nezhol Oy
< %/2, 3 ( ) Z’f ( 2 ) P> DO, -

J=N1—k
Here, we used the definition of the norm L? (Q*) ¢ in (34) and of the operator Py, in (45). Since,
by the assumptions (62) and (63) we know that 2L, €28 € (0,1), it follows that:

e

(65) H[g]w ([FNJQ) - [FNz]w )(t)HL;?ZILQ(Q*)Hg ST6¢a ||P>N1F(O)||Hg,'

Since I'(0) € Hg, by assumption, it follows that |[Psn, T O)H’H” — 0 as N; — oco. We can now
g/

deduce the claim. O

Remark 3.8. Let us observe that same methods used to prove (65) allow us to deduce the following
bound:

(66) H [B] [FNl] (t)Hng,H(Q*)Hg ST6¢a HF(O)HHg,
uniformly in Ny.
We can now use Proposition 3.7 in order to prove the following result:
Proposition 3.9. There exists 0 ¢ LfgILz(Q*)”Ha such that [E]w [FN]W* — 0% strongly in

LOOILQ(Q*)’HO‘ as N — co. In addition, 0% has the property that, for all k > 2, (Hw*)(k) does not
depend on wo,wWs, ..., W.

Proof. We observe that L2 1L2 (Q*)’H? is a Banach space. Hence, by Proposition 3.7, it follows that

there exists 0" € L7g, L?(2*)Hg such that:

(67) [B]“ [Tn] — 0%

strongly in L2, L*(Q*)Hg as N — oo.
We now fix k € N, and we now study the dependence on the random parameters w; of the density
matrix (8¢ )(*). In particular, we note that, by construction:

(k) Wkt W\ (B+1)
(68) ([B1 (ox]”") ) = [BE1 ([rw] ) )
N—k—1
= > [BEDuky” () HY ()
7=0
_ [Bk+1]wk+1 u(k+1)( ) (()k‘-‘rl) Z/ [B(k+1)]wk+1 Ykt (t*tl)[B(k+2)]wk+2 u(k+2)(t1)’y(()k+2) dty+-- -
0

t rt1 tN—k—2
+(_i)N—k—1/ / . / [B(k+1)]wk+1 U(k+1)(t—t1) [B(k+2)]wk+2 u(k+2)(t1_t2) [B(k+3)]wk+3
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... [B(N)]‘*’N UM (ty_p_1) 7(()1\’) dtn - dtydty.
We note that the above expression depends only on the random parameters wy41, wg42,...,wy. In

particular, if £ > 2, then it does not depend on ws,ws, .. .,wk.
Let us observe that, from (67), it follows that:

o =\ (k) -\ (k)
(B[] ") = (0)
strongly in Lg2,L?(Q*)H*(A* x A*) as N — oco. From this convergence, we may deduce that

whenever k > 2, (9‘“*)(’6) does not depend on ws,ws,...,ws. The claim now follows. O

Remark 3.10. If we use (66) from Remark 3.8 and Proposition 3.9, and if we let Ny — oo, it
follows that:

(69) o

Lz L@z ST6E00 HF(O)HH?'

Since §“" constructed above is only known to be an element of L2 (LA (QF)H, it is defined for
almost every value of t € I. This is in contrast to (57), where the functions were defined for all
t € I by construction. In the discussion that follows, we will hence work with identities in the space
Ly ILQ(Q*)H? and in similar spaces, where the functions are defined for almost all values of t € I.
For a discussion about which additional assumptions we need to add in order to work with pointwise
values for all ¢ € I, we refer the reader to Subsection 3.3.

Let us now apply the strategy from [39] and prove that the 0« constructed in Proposition 3.9

satisfies the following property:
Proposition 3.11. For 0% from Proposition 3.9 and for all & > 0, the following identity holds:

lo=" — [B]* u)r(0) +z’/0 [B]” Ut —5) 6% (s) ds | =0

Lgg L2(Q7)HE,

Proof. Tt suffices to show the claim for some & € (0,&), where ¢ is as in (63). The general claim
then follows. We note that, for all N € N:

* t ~ S w* «
(70) 16« = [B]" u()r(0) +z‘/ [B]” U(t =)0 (s)ds || . 1

. (@ )HE,

<0 = (B (001 [l ae, ooy + 1B17 U@ (00) = D0 |z oo +
t * w ~ w*
+H/O [B] L{(t—s)(@‘” (s) — [B] [FN] (S)) d5||ngIL2(Q*)HgO+

B 0] 0 = BT U0 Tw0) + 1 [ [B] (e =9 [B] (O] () sl iz, e,

tel
Let us now show that each term converges to zero as N — co.
1) The first term on the right-hand side of (70) converges to zero as N — oo by using Proposition
3.9 and the fact that & < &.
2) For the second term, let first note that Theorem 3.1 and the unitarity of &1 (¢) imply that
for all k € N:

I[BHFDT 4D ) (LE+D(0) — 1T (1)
tel

L2(Q%)Ho (AR xAF)
< Cok - [[T*+1(0) — Fg\]/CJrl)(O)HHa(AkJrl X ARF1)"

We recall that I'(0) € Hg, for £ as defined in (62). Since §y < € < £, it follows that the second
term on the right-hand side of (70) is

Sé€o.¢a HF(O) - FN(O)HHS, - ||P>NF(O)HH§,'

Since I'(0) € Hg, by assumption, it follows that HP>NF(O)HHQ —0as N — 0.
El
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3) By Minkowski’s inequality, the third term on the right-hand side of (70) is:

T ~ o w* « ~ o w* w*
< [ IB1 ue =90 ()= (B 0N )z g, 45

tel
Let us now analyze the integrand. Let us fix s € I and k € N and consider:

o . o w* (k)
I([B] e =)0 () = [B]” [P8]" () |l poe (e yrre e war

tel

= H [B(kJrl)]wk-H u(k+1)(t —s) ((ew*)(kJrl)(s) _ [Bk+2] W2 ( [FN]w )(k+1)(5)) ||L$ZIL2(Q*)HW(AICXAI€).

We note that, by Proposition 3.9, there is no wgi; dependence in (9‘“*)(k+1)(s). From for-
mula (68) the proof of Proposition 3.9, we may also deduce that there is no wgy; dependence
in [Bk_;_g]wHQ([FN}w )(kH)(s). In particular, we can apply the unitarity of /**1) (¢t — s) and es-
timate (54) from Proposition 3.4 in order to deduce that the third term on the right-hand side of
(70) is:

Seonea T ng (s) = [B]" [n] (S)HngILZ(Q*)Hg'

By Proposition 3.9, this quantity converges to zero as N — oco. Consequently, the third term on
the right-hand side of (70) converges to zero as N — oo.

4) Finally, we note that the fourth term on the right-hand side of (70) equals zero by the

construction of [I‘N]w .
The proposition now follows. |

In addition to the convergence of the sequence ([E]w r N]w*)  Obtained in Proposition 3.9,

we can also obtain the convergence of the sequence ([T'y]” ). As we will see, the analysis will be
similar, but it will be simpler due to the fact that we already know the convergence of the sequence

([E}w [FN]w*)N. A similar method was used in the deterministic setting in [39]. We now prove
the following result:

Proposition 3.12. The sequence ([FN]N*)N is Cauchy in L$2 Lz(Q*)H?. Moreover, there exists

tel
[F]w* € Ly LA (Y )HE such that [I‘N]w* — [I‘]w* strongly in L2 L*(Q*)HE as N — oo.
. o (k
The obtained [F]w has the property that, for all k > 2, ([F]w )( ) does not depend on the
random parameters ws,ws, . ..,wi. Furthermore, [F}w* satisfies the bound:
(71) H[F]w HLfgIm(Q*)Hg Seea HF(O)HH‘E’,'

Proof. Let us fix N1, No € N with N; < Ns. By construction of [FNj]w*, for j = 1,2, it follows
that:

H[FM]W (t) - [FNz]w (t)HLg;IL'Z(Q*)Hg S Hu(t) (FNl (0) *FNQ(O))HL%L‘Z(Q*)HgJF

+H/O Ut —s) [E]w*([FNl]w*(S) - [FNz]w*(S)) ds || L2(Q)He

tel

We use the fact that I'y, (0) — I'n, (0) does not depend on w*, unitarity, and the fact that £ < ¢’ in
order to deduce that the first term is:

(72) < P22 (0) = Tha(0)]l -

We can use Minkowski’s inequality and unitarity in order to deduce that the second term is:

< H /Ot I[B] (['am ] (s) - [FNZ]UJ*(S))HL?(Q*)H? ds‘

oo
LtEI
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(73) <T-||[[B]" [Pw]” (9) = [B]” ['w]” ), 120y
We recall from Proposition 3.7 that the sequence ([E]w [FN]W*)N is Cauchy in L3, L*(Q )HE .
Consequently, ([FNTU*)N is Cauchy in L2, L*(Q *)H"‘ Since L,?EILQ(Q*)’H? is a Banach space, it
follows that there exists [F]w teIL2(Q*)7-LO‘ such that:

[Cn]* = 0]

strongly in Ly, L*(Q*)Hg as N — oo.
By construction of [I‘N]w* we know that, for all £ € N and for all ¢ € I:

([FNJ“*)('%) U / U0 (¢ — 1) [BED] 7 U000 (1) 3 dy .

t t
N k/ / 1 / N-— k t_ t1 ) l:B(kJrl)}Wk-%—l u(k+1)(t1 _ t2) [B(k+2)]wk+2 o

[B(N NUN (tx i) 7(()N) dtn g1 dtadiy.

which depends only on the random parameters w1, wk42, ..., wy. Hence, if k > 2 then ([I‘N]“J )(k)
does not depend on the random parameters we,ws,...,wk. Since [FN]W — [F]w strongly in

Lg LA (Q)HG as N — oo, it follows that, for all k > 2 and for all t € I, ([F}w*)(k) (t) does not
depend on ws,ws, ..., wWk.
Let us now prove (71). We fix N; € N as before. By using the same arguments as in (72) and

(73), it follows that:

|| [FN1]W HL?ZILQ(Q*)'H? S ||FN1 (O)HHg +T ’ || [E]w I:FN]W ||Lt°zIL2(Q*)’H?
By (66) from Remark 3.8, it follows that this quantity is:
ST,&,&’,O( HFNI(O)H’H? + HF(O)H/H;X,

Since T is chosen to depend on £,&’, and «, it follows that:

H[FNl] ||Loo LQ(Q*)HE‘ 5575/70‘ HF(O)H’H?,

tel

5

We let N1 — 0o and we use the fact that [y, ]w* — [F}w in L2, L*(Q *)Hg in order to deduce
(71). The proposition now follows. O

*

Let us now find the equation which is satisfied by the limiting object [I‘]w . In other words, we

would like to find an analogue of Proposition 3.11 for the limit of ([F N]w*) ~- We will now prove:

Proposition 3.13. For [F]w* from Proposition 3.12 and for all &y > 0, the following identity holds:
t

I[']*" = u(t)r(0) +i/0 Ut —5) 0% (s)ds ||L;°21Lz(m)ﬂ?o =0.

Proof. As before, it suffices to show the claim for & € (0,&), where £ is as in (63). We note that:

*

I[T]" () —u)r(0) +i/0 Ut —5)0“ (s)ds HL;‘EIL"‘(Q*)HSO

=< H [Nw*(t) - [FN] ||L°° L2(Q7)Hg, + ||L{(t) (F(O) - FN(O))||L§ZIL2(Q*)H20+

tel

+H/o Ut —s) (9w*(s) - [E]w* [FN} )dSHLOO L2(Q* )Hg0+

tel
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H[T] () ~ Ut Tn(0) + i / Ut =) [B]* O8] () ds] e sy -

1) The first term converges to zero as N — oo by using Proposition 3.12 and the fact that & < &.
2) By unitarity, the second term equals:

HF(O) - FN(O)HLZ(Q*)H;) = HP>NF(0)HL2(Q*)H30 = HP>NF(O)HHgO
by the property of probability measures. Since & < &, this quantity is bounded from above by
HP>NF(O)HHQ , which converges to zero as N — oo since I'(0) € Hg,.
E/
3) By Minkowski’s inequality, the third term is:
t
o ot w*
<|| [ 1070 = BT N Ol o, 2]

tel

oo
LtEI

<70 5) ~ [B1* 0] ) e -

sel
which converges to zero as N — oo by Proposition 3.9.

4) The fourth term equals zero by construction of [F N} “
The proposition now follows. (Il

We can now prove the main result of this section:

Theorem 3.14. For [F]w* constructed above and for all & > 0, the following identity holds:

* t ~qw* w*
(74) [[T]* () —uU(t)T(0) +¢/0 Ut —s) [B]" [T]” (s)ds HL%LQ(Q*)H?O =0.
In particular, for almost all t € I, it is the case that for all k € N:
* t ~ w* UJ*
@) () O -uOTO +i [ w5 B0 0d) | e a0

In other words, we obtain a solution to the independently randomized Gross-Pitaevskii hierarchy
satisfying the a priori bound (71).

Proof. We note that (74) implies (75). We now prove (74). It suffices to prove the claim for
& € (0,€), where ¢ is as in (63). Let us recall that by Proposition 3.9 and Proposition 3.12, we

know that for all k > 2, (0“’*)(k) and ([F}w*)(k) do not depend on wsy,ws,...,w. Hence, we can
use estimate (54) from Proposition 3.4 in order to deduce that:

* * *

@) 3] ) @ [B]” u(t)r(0)+i/0 [E]“*U(t—5)9‘“*(8)‘15HL§§IL2(Q*)H§0

* t *
Seoc [T17 O -UOTO +i [ Ut =507 (98] 1, gy =0

The last equality follows from Proposition 3.13.
By (76) and Proposition 3.11, it follows that:

(77) IB1 0] @ = 04 Ol oz, = O

tel

Moreover, we observe that, by Minkowski’s inequality and unitarity:

(78) | /0 Ut —s) (0 (s) — [é]w [F]w*(s)) ds HL;-ZILZ(Q*)HgO

= T ) 1 A TR
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This quantity equals zero by (77). Finally, we can combine Proposition 3.13 and (78) in order to
deduce that:

. t S e
01 - T+ [ e =) (31101 65 | oy =0
Theorem 3.14 now follows. 0

Remark 3.15. By using the identity (77) and the estimate (69) from Remark 3.10, we can deduce
that:

~

(79) H[B]w [F}w ||L°° L2(Q*)Hg ST.6¢a HF(O)HH;'

tel

Hence, we obtain a similar a priori estimate as in (71). As before, the T dependence in the implied
constant can be omitted since T is chosen to depend on £,&' and a. We note that (79) is a prob-
abilistic version of the a priori bound that was assumed in the work of Klainerman and Machedon
[97]. Analogous estimates were obtained in the deterministic setting in [39].

3.3. The case of additional regularity in the initial data I'(0). In this subsection, we will
show that the identity (75) in Theorem 3.14 can be improved to hold for all times t € I if one is

willing to take slightly more regular initial data I'(0). Furthermore, in this case, the solution [F]w
is continuous in time as opposed to being only bounded and measurable in time. More precisely,
we will prove:

Theorem 3.16. Let ag > o > % be given. There exists a constant C, = CN’l(a,ao) > 0 and a

universal constant Cs > 0 such that, whenever ¢ > 0 with £ € (0,¢) and T > 0 satisfy the
following assumptions:

i) %,T <1

i) P& <1,
and whenever I'(0) € H?, then there exists [F]w € C’teILQ(Q*)H? such that, for allt € I and for
all & > 0 :

* t ~ o w* w*
(80) 1T ) —U(t)F(O)—H’/O U(t =) [B]* 1] (515 | o e, =0
In particular, for allt € I, it is the case that for all k € N:
t
w* . Sqw” w* (k)

) I O -uOr) i [ U B 60 s

0.

*

Moreover, [F]w satisfies the a priori bound:

(82) (I

tel

LQ(Q*)Hg 5 £ & a0 HF(O) HHZ; ’

Remark 3.17. In the terminology used in the study of nonlinear dispersive equations [133], the

solution [I‘]w in Theorem 3.16 can be thought of as a strong solution to the independently ran-
domized GP hierarchy, whereas the solution in Theorem 8.14 can be thought of as a weak solution.
In other words, by adding additional reqularity in the initial data T'(0), it is possible to upgrade the
weak solution to a strong solution.

The following definition will be useful in the discussion that follows:

Definition 3.18. A sequence (Fy)nen in Crer L* ()M is said to be equicontinuous in L*(Q*)Hg
if for all e > 0, there exists 6 > 0, such that for all N € N, and for all t1,ts € I, [t; —to| < § implies

that ||Fy(t1) — FN(tg)HLQ(Q*)H? <e
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In the proof of Theorem 3.16, we will use the following result:

Lemma 3.19. Let us fizx 5y > p > 0. Suppose that k € N and suppose that o(()k) € HP(AF x AF).
Then, there exist constants C = C(8, o) > 0 and r = r(8, By) > 0, independent of k such that for
allt € R and § > 0, the following bound holds:

(U™t +8) ~u®(1)

Proof. (of Lemma 3.19)
We first observe that, by the semigroup property:

Ut +6) = UP &) UP (5).
Consequently, by unitarity of 2/ *)(t):
(k
[(UP(t+6) —u™ (1) )HHB(MXM) = [[(u™ ()~ 1)

)SC&”

U(()k)HHB(AkxAk : HU((Jk)HHﬁo(AkxAk)‘

U((Jk)HHﬂ(AkxAk)'

Here, by I(*) we denote the identity operator on density matrices of order k. We observe that:

—~ 2T —i *. 2_ &7 2 R &5 =
(83) ((u“ﬂ(a) _ [u«))aék)) (&) = (e UEP=IEP) _ 1) . 50(&: ).
Let us note that:
(84) |e—i5(|5k|2—|52\2) _ 1| < 2.
Moreover, we can use the Mean Value Theorem to deduce that:
LiS(1E 12112 - - o N .
(85) e IGFGR 1 = (cos (I — 184[%) — 1) — isin (S(& I — 1€1%))

= 0(8(& — 18) = 0(s0& +18) =
= 06 (602 (&)? - (€12 -+ (1))

Here, the implied constant is independent of k. The latter estimate follows directly from the fact
that: . _
[€k]? + 1€, 17 < (€0)% - (€k)? - (€1)% - (€)%,
with no implied constant in the estimate.
We now interpolate between the estimates in (84) and (85), and use Plancherel’s theorem in (83)
in order to conclude that, for all r € [0, 1]:

[(96) = 1) gagae ey < )-8 08 gy

Here, C(r) is a positive constant depending on r. The lemma now follows if we take r := 1302—13
whenever 5y < §+ 2 and r = 1 otherwise. In each case, we take C' = C(r), depending on r. We
note that both » and C' are independent of k. O

Proof. (of Theorem 3.16) We will show that [F]w , constructed in Proposition 3.12, has the wanted
properties. As was noted above, the time interval might possibly be smaller due to the additional
dependence of T on ag. Furthermore, £ should be chosen to be smaller in terms of ¢ due to
the additional o dependence. The a priori bound (82) follows from the proof of (71). The «q
dependence in the implied constant comes from the fact that 7" depends on «g. Similarly, we might
have to choose £ to be smaller in terms of &’. For simplicity of exposition, we will not explicitly
mention these distinctions in the discussion below.

As we will see, the continuity in time will follow as a result of the assumption of additional
regularity. We note that (80) implies (81). Moreover, it suffices to prove (80) for &y € (0, &), where
¢ is as in the statement of the theorem. Let us henceforth in the proof consider such a &.

The proof of the theorem will be divided into several steps.

Step 1: The sequence ([I'y ]w*)N, constructed as in (58), is equicontinuous in LQ(Q*)’Hg‘.
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Let us recall the construction of ([FNTJ )N from (58). This is done on the time interval [0, T,
for T satisfying (63), where £ and ¢ are assumed to satisfy (62). This construction applies if we
take T to be smaller, due to the additional «y dependence. We can take T to be a function of
&, ¢ a,aq by the assumptions ) and #7) of Theorem 3.16 .

Let us fix N € N and let us consider [FN]W*. Let us take k € N, ¢t € T and § > 0 small. We
observe that:

(86) TN ) Pt +8) = (O8] O o ey o (ar )

N-—k
<| Z {Duh§" (Cx (0) M (¢ +6) = Duh " (T (0) ™ O] L 0e) e ar sy

N—k
< 3" ||Duh s (Tn(0)® (¢ +6) — Duh¥™ (Tn(0)) M (1)
7=0

By construction:

HLz(Q*)Ha(Ak X AR)

Duh (D (0) S+ 8) — Duh (D (0) (1) =
b tim1 W1 W42
= —Z)J/ / / (u(’“)(t+5—t1)—u(’“>(t—t1)) [B(’H‘l)] + Z/l(k+1)(t1—t2) [B(’H‘Q)] 2.
Uy — ) [B(kﬂ')]“’kﬂ' u(kﬂ)(tj)%()kﬂ) dtjdt;_y - dtydty

t+6 G
/ / / 1 t+ 5 — ) [B(k+1)}wk+1 u(k+1)(t1 _ tQ) I:B(k+2):|u)k+2 .

URHT=D (154 — ) [BEHD] 0 g k) (895 F D s dey - dity dty
— T +17.

Let us now estimate the quantities Z and ZZ in the norm || . HLZ(Q*)HQ(MxAk)'

By Minkowski’s inequality:

ty j—1
[Ea P _/ / / UB (45 —t1) = UF (t—t,)) [BEFD] 1 4y *FD (1) —ty)

(B k+2)]wk+2. U k+i- 1)( _1-t) [B(kﬂ)]‘”“? U+ (¢t D

(k+3)
0 HLQ(Q*)HQ(AkXAk)dtj dtj—l dt2 dtla

which, by Lemma 3.19 is:

t1
Na o / / / B(k-i-l) Wht1 u(k+1)(t1 . tz) [B(k+2)]wk+2

W+ k+19
o Y 1)( —1—tj) [B(kﬂ)] k+ u(kﬂ)(tj)%() +J)||L2(Q*)Hao(Ak><Ak)dtj dtj—1 - dtadty

for some r = r(a, ag) € (0,1). By iteratively applying Theorem 3.1, as in the proof of Proposition
3.3, and by applying the identity (46), it follows that this quantity is:
T Tj j : k+j5)
<o (CoY - k- (k1) - (k45 = 1) - 6| oy ars earson

Here, C} = C{(ap) > 0 is the implied constant which we obtain for the regularity ag in Theorem
3.1. The estimates in the proof of Proposition 3.3 further imply that this quantity is:

T j k+j
(87) <6 (1T - (O3 [ | o (s s

for some constant C] = Cf(ap) > 0 and for some universal constant C% > 0 (which can be taken to
be the universal constant Cy from Proposition 3.3).

Let us fix t € I and § > 0 such that ¢ + € I. We note that:
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t46 t1 tj—1 t+9 t]—l Tj*l
88 / / / dtydt; - diy dt :/ B < ——.
(88) 0 0 0 7o 2 t (j— 1! ! (j— 1!

By the Mean Value Theorem, it follows that (t +6)7 —#/ = § - j - )" for some to € (t,t + 6).
By Minkowski’s inequality:

t+6  pt tj—
H T ’|L2(sl*)Hu(Ak><Ak) < / / .. / i-1 H u(k)(t+5—t1) [B(k-&-l)]wwrl u(k+1)(t1_t2) [B(k+2)]wk+2
t 0 0

N Wr s . [
u(kﬂ 1)( -1—t ) [B(k+J)} o u(kJrj)(tj)'Y((J = ||L2(Q*)Ha(Ak><Ak) dtj dtj—l dt2 dtl

which by iteratively applying Theorem 3.1 is:

T tio1 )
/ / / (k+1)--(k+j—1)- HV(()k+])HHu(A’C+J><A"H)dtj dtj—1--- dtzdty

t+48 j—1 .
J (k
/ / / (k-1 A +J)||Ha(m+jxm+j) dtjdtj_y--- dtydiy

for the implied constant Cy = Cy(a) obtained in Theorem 3.1 corresponding to the regularity o.
By (88), this quantity is:

Ti-1
(j—1)!
By arguing as in the estimate for ||ZZ],,

Gk (kg 1) H%kﬂ)||Ha(Ak+ijk+.7‘)'

(@) Ho (AR X AR)? it follows that, for the same universal
constant C% > 0, and for some C; = Cy(«) (which is the same as the constant C; in Proposition
3.3), we obtain:

. . kb

||II||L2(Q*)HQ(AkxAk) <4-T770Co- ¢ Lok (Cé)k ' ||7((> +J)||Hf1

Cod

< -
C\T

(Ak+i x AR+

(89) (CiTY - (2C3)" -

(k+3)
H 7 HHQ(AHJ X Ak+T)*
We now define:
(90) C1 = max{Cy,C!},Cy := 2C}.

We note that then 6’: depends on a and on «g, and is independent of j and k, whereas 6’; is a
universal constant.

Combining (87) and (89), it follows that:

||DUh;J* (FN(O))(k)(t + 6) - DUh;J* (FN(O))(k (t)HL2(Q*)HQ(AkxAk)

v (T L O || Rt
(91) S,a,ao,T(s '(ClT)]'CQ ||'Y(() +])HH0¢0(Ak+j><Ak+j)'

Here, we used the fact that that, by construction, r < 1.
From (86) and (91), it follows that:

(92) [T ]w*(t +4) - [In ]w*(t)HL?(Q*)Hg‘ =

=3 (w7 P+ 8) — (P 1) O] o ey e arewar

[e'e) N—k
Savanr 0 Y D (CITY - G F g | oo (k43 Ak 49)
k=0 j=0

Cyé\k (CLTN\I . .
= Z ( ;’5) ( ; )J. (¢/)k+ 'H”(gkﬂ)HHao(waAm)
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2

—k

<5 sz) (01 ) .HF(Q)HH;O

i(?) (%) ol

025

If we take &, &, < 1, it follows that the above sum is:

SeeTiaa 0 [TO)5-

In particular, if the assumptions ) and i) are satisfied with C and C, as defined in (90), it follows
that:

(93) I [FN}W*(H” 0) — [FN}w*(t)HLQ(Q*)HQ Se€aa 0 HF(O)HH?/O'

Here, we use the fact that T can be chosen to be a function of &, &, o, ag.
Since T'(0) € H¢r, the equicontinuity of ([T'y 1“ )y in L? (Q*)H¢ now follows from (93).
Step 2: The limit [T']* of ([Tx]*"), belongs to Crer L2(27)H2.

We recall that, from Proposition 3.12:

[rx]” = 1]

as N — oo in L2, L*(Q*)Hg. The fact that [F]w* € CrerL*(Q*)Hg now follows from the equicon-
tinuity result in Step 1. In particular, the following bound holds by letting N — oo in (93):

(94) It +6) - [F]w*(t)Hm(m)H? Seeraar 8 [LO)|yep-

Step 3: U(t)T(0) belongs to Crer L* (V)M .
From Lemma 3.19, it follows that:

|U(t+6)T(0) —U(t) T(0) 5" - ||T(0)

HLz(Q*)HgO Saao HH?S'
(t+0)T'0)-U)r O>HL2(Q*)H?O

6 converges to zero since I'(0) € Hg? C He. It follows that ¢(¢) ['(0) belongs to CierL? (Q)Hg

Here r = r(a, ap)

converges to zero as

Step 4: [B\]w* [F]w belongs to Cyer L2(*)HE &

We know from Proposition 3.12 that ([F}w )( ) does not depend on ws,ws,...,wy, whenever
k > 2. In particular, we can use estimate (54) from Proposition 3.4 in order to deduce that:

BT [P)7 () = [B]" [T]” ()l ooy Setor 10T () = [P17 ()] ey
Since [F]w* belongs to C’teILQ(Q*)’H?, it follows that [B]* [F]w belongs to Crer L (Q*)HE .

Step 5: fot Ut —s) [é]w* [F] ( ) ds belongs to CierL? (Q")He
We note that:

t+8 ~ w* t Sqw® w*
H/o Uit+6—s)[B]" [T] (S)dS*/O Uit —s)[B]" [r] (5)d5HL2(Q*)Hg

- H/,(; Ut —s) [E]w* [F]w*(s+5)dsf/ Ut —s) [E]w* [F]w*(s)dSHLQ(Q*)Hg

0



LOCAL EXISTENCE FOR RANDOMIZED GP HIERARCHIES 35

0 Sqw® w*
gH/_Ju(t—s)[B} [T (5 ) ds | e +

H / U(t—5) ([B]” 0] (s+9) = [B] [0]% ()| e ys -

By Minkowski’s inequality and unitarity, this expression is:

* t ~ oWt w* w*
<é-|[[B]" [T ] HL:;ILQ(Q*)HgO +/0 121" ([*]" (s +0)—[T] (5))||L2(Q*)Hg0 ds.
We can again use Proposition 3.12 and estimate (54) from Proposition 3.4 in order to see that this
is:
Seead - |0 1 HL?&Lz Qe yHe / |[T]" (s+6)— [T ] <5>HL2(S2*)H? ds.

By (94), this expression is:

Se¢a,a0 H[ ] HL?SEIL%Q*)’H? +o0" T HF<O)HH§,0'
This quantity converges to zero as ¢ converges to zero. Hence, it follows that the Duhamel term
fo (t—s) [E]w* [F]w* (s) ds belongs to Crer L (V") Hg, .

Step 6: Conclusion of the proof.

We recall from Theorem 3.14 that [F]w* satisfies:

H[F]w*(t)fu(t)F(O)Jri/O Ut — ) [B]° 0] (s)ds ||, . —o.

tel

If we combine the results of Step 2, Step 3 and Step 5, it follows that:

L2(Q*)Hg,

*

T] (1) —M(t)F(O)—i—i/O Ut —s) [B]* [1]* (s)ds € Cres L*(Q°)HE,.

We may hence conclude that, for all t € I:

1] @ —u<t>r<0>+i/0 Ut =) [B]* 1] (s) ds|| a0 =0

€0

Theorem 3.16 now follows. O

4. THE DEPENDENTLY RANDOMIZED GROSS-PITAEVSKII HIERARCHY

In this section, we will apply the above techniques in the context of the dependently randomized
Gross-Pitaevskii hierarchy:

(95) {iaﬂ(“ + (B, — Ag )1 ® = S5 Bl ()

Y® ]y ="

Here, w €  is a fixed element of the probability space. The spatial domain is again given by
A = T3, unless it is specified otherwise. We will now redo the above analysis in the context of
(95). As we will see, a lot of the arguments will be quite similar, but there will be some notable
differences. As in [128], a big difference in dependently randomized setting is the fact that one has
to work in an appropriate non-resonant class of density matrices. The precise definition is given
in Definition 4.1 below. As was noted in [128], in this way, one can obtain good estimates on the
associated Duhamel terms. These estimates are summarized in Proposition 4.4. We note that the
range for the regularity exponent o has now been changed to a > 0.

A difficulty which arises in the dependently randomized context is the fact that we can not
apply the result of Proposition 3.4, which we used in the independently randomized context in
order to estimate terms that contain different random parameters. In the dependently randomized
context, this type of argument is not possible since there is only one random parameter. We see
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this difficulty in the proof of Proposition 4.14, which is an analogue of Proposition 3.11 in the
dependently randomized setting. In other words, in Proposition 4.14, we show that the limit 6 of
([E } Y [F N]w) > Obtained from the solutions [F N]w of the associated truncated hierarchies, satisfies
the equation:

(96) (O [E]“U(M(O)H/O [B]“U(t = 5)0%(s) ds ||, 0,

rer L2 (Mg

for all £y > 0. The precise definition of [FN]W is given in (105) below. We recall the definition of
the operator [E}w from (43).
In the proof of (96), it is useful to show that:

| [ 181 ute =)0 = [B1° 1)) sl e pogayn, = O

for all £, > 0. This is analogous to the estimate of the third term on the right-hand side of (70)
in the proof of Proposition 3.11. In the independently randomized setting, it was possible to prove
the claim by applying Proposition 3.4, whereas in the dependently randomized setting we can not
apply this method and we have to argue directly by writing out the terms from the initial data.
This is done in the third step in the proof of Proposition 4.14 below.

Another place where we have to explicitly write out the terms is in estimating the difference of
two Duhamel expansions. Let us note that, in the independently randomized setting, the analogous
estimate was done in Step 1 of the proof of Theorem 3.16. The estimate on the difference of two
Duhamel expansions in the dependently randomized setting is given in Lemma 4.24 and it relies
on the explicit expansion from [128], which is recalled in Lemma 4.22. A concrete example of the
expansion in Lemma 4.24 is given in Example 1 below. We use Lemma 4.24 in the proof of the
equicontinuity properties of ([E ]w [F N ]w)  in Step 4 of the proof of Theorem 4.19.

All throughout this section, the implied constants Cy,C, etc. will in general denote different
constants than the ones used in Section 3.1. For each constant, we will explicitly note on which
parameters it depends. Let us now define the new notation which we will use in the context of the
hierarchy (95).

We first define Duhamel iteration terms for (95). Similarly as in (48) and (49), we define for fixed

we Nand I'(0) = (’yék))k the following quantities:

Ifj=0o:

(97) Duh (L(0)®)(t) 1= UM (£) 1.
Ifj>1:

(98) Duh¥(T(0))®(t) :=

t pt tj—1
(—i)f/ / / UP (¢ — 1) [BEHD]= B0 (1, — 1) [BEF ..
0 JO 0

o URTTD (4 — 1) BRI YR (1) F D sty - diy dty.

The quantity Duh % (I'(0)) corresponds to an iterated Duhamel expansion in the hierarchy (95).
As in Proposition 3.3, we would like to obtain an estimate for these Duhamel terms. Due to the
dependent randomization, and in light of the counterexamples from Subsection 6.1 of [128], it is not
possible to iterate Theorem 3.1 as in the context of the independently randomized GP hierarchy
(47). Instead, we need to work in a more restrictive class of density matrices. We need the following
definition:

Definition 4.1. Suppose that ¥ = (o(m))m is a sequence, where each (™ is a density matriz of
order m on T3. We say that ¥ belongs to the non-resonant class N if, for allm € N, and for all fre-
quencies (&, .., Em, &, ... EL) € (Z3)™ x (Z3)™, the Fourier coefficient 5™ (&1, .. Em; &0, € )
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equals zero unless
&1l > [&2] > -+ > [€nl > &) > &3] > -+ > €]

Remark 4.2. We note that, when defining the non-resonant class in Definition 4.1, it is possible
to take any fized order of the frequencies. In fact, the order can vary with m. We take the order
161] > |&2] > -+ > |&ml > |&4] > &4 > -+ > |&,] for concreteness. For more details on this point,
we refer the reader to Subsection 6.3 of [128].

Remark 4.3. The class N' can be analogously defined for density matrices on T¢. The only change
is that, in the general case, the frequencies belong to Z%, and so Z3 gets replaced by Z¢ in the
definition. For a further discussion about this class on T?, we refer the reader to Remark 4.7 below.

Let us note that the class A is similar to the non-resonant class N for time-dependent density
matrices, which was used in [128]. The latter class was, in turn, inspired by the procedure of Wick
ordering and related ideas, which were previously used in [20, 54, 111] in the study of the NLS. For
a discussion about the other non-resonant class N, which was used in [128], we refer the reader to
Remark 4.6.

Let us recall the following result, which can be immediately deduced from Proposition 6.1 in
[128]:

Proposition 4.4. Suppose that o > 0. Then, there exists Cy > 0, depending only on o such that for
all (™), €N, for allk,j €Ny, ... 4j,ny,...,n; €N, with t; <ny <k+3j,....0; <nj; <k+j
and for all t1,ta,...,tj11 € R, the following bound holds:

ST UR by — to) [BF,, 1°UFT (ty — t3) [B 19+

£2,m2

Ut — t40) (B

fj,n]-}w

o (k+d) HLz(QxAkxAk) <ol |‘S(k+]7a)a(k+1)HLQ(A,CHXA,CH)_

It is possible to prove an analogue of Proposition 3.3 in the dependently randomized setting.
This can be done by replacing the step in which we iteratively apply Theorem 3.1 with just one
application of Proposition 4.4. In what follows, we will not use this this bound, but we will use a

similar argument outlined as above to deduce the following fact:

Proposition 4.5. Suppose that a > 0. Then, there exist constants C1,Cy > 0, depending on «
such that for all ("™),, € N, j,k €N, and t € 1, the following estimate holds:

1 [ [ Bt D) (B U0, ) [B]
0 JO 0

. [B(k+j+1)]‘” Y kit (t;) ok+i+1) dtj---dtsdty ||L2(Q)HQ(A’€ AF)

< (ClT)j . C§ . ”S(k+j+1’a)0(k+j+1)HLz(AkHHxAkﬂH)

Proof. (of Proposition 4.5) Suppose that a and (o, ), are as above. We use Proposition 4.4, with
t1 = ta, as well as the integral identity given by (46) in order to deduce that the expression on the
left-hand side in the statement is:

T3 . . ) ) )
(99) < ? .9itl C§+J+1 ke(k+1)---(k+)- HS(k+3+1,a)U(k+y+1) HLz(AHHlekHH)'

Here, Cj is the implied constant from Proposition 4.4, which we recall depends only on . The factor
of k-(k+1)---(k+j) is obtained when we use (31), for £ =k, ..., k+j and we write each collision
operator [B(Z‘H)]w as the sum of ¢ terms Eﬁ':l [an_u]w. The factor of 27! is obtained when we
separately analyze each term in the above expansion. In particular, we fix ry for ¢ = k, k+1,...,k+j
such that each v, € {1,2,...,¢}. We write each of the obtained collision operators [BTMH}W in

this configuration as [Bw’g_kl]w = [B:'M_H]w — [BT_M_H

2711 terms, each of which is of the form that can be estimated by Proposition 4.4.

]w according to (30). In this way, we obtain
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We can bound the expression in (99) by:

Ti . ) , L L
(100) < T 9L ORI (k4 §) - ”S(k+]+1,a)a_(k+j+1)HLZ(

We again use Stirling’s Formula (50) as in earlier arguments and we deduce that this quantity is:

(101) < (O1T) - Ck - || §U+itte) glhritt

AR+ ARFi+1)

)
||L2(Ak+j+1 X AB+i+1)

for some constants C1, Ce > 0, which both depend on a. We note that the reason why both C; and
C5 depend on « is because Cy depends on « and it appears with a power of k 4+ j + 1. O

Remark 4.6. We note that in [128], another non-resonant class was introduced. In this non-
resonant class, which in [128] is called Ny, the Fourier coefficient ™ (€1,...,&m; €1, ... € ) equals
zero unless #{&1,...,&m, &L, .., &} = 2m. In other words, no two frequencies are allowed to repeat.
In this class, the implied constant in the analogue of Proposition 4.4 is factorially large in (k + j),
which would create difficulties in our subsequent analysis. It would be interesting to prove a similar
estimate in this non-resonant class without the factorially large constant. This would require a more
elaborate combinatorial analysis of the frequencies than the one that was done in [128]. We do not
pursue this issue in our paper.

Remark 4.7. Arquing similarly as in Remark 3.2, by the discussions in Subsection 1.1 and Sub-
section 1.2, we note that the analysis that we will present in this section can be generalized to the
case A = T?®. The condition o > 0 does not change. The only difference is that we have to define
the non-resonant class N as in Remark 4.3.

4.1. The truncated Gross-Pitaevskii hierarchy corresponding to (95). Similarly as in Sub-
section 3.1, we will now consider the truncated Gross-Pitaevskii hierarchy corresponding to (95),
evolving from non-resonant initial data. More precisely, we fix N € N and w € {2 and we look for a
sequence (['y](\lf)]w) A of density matrices, all of which are parametrized by w € Q and which solve,
for all £k € N with k < N:

G e e
[/YN ] |t:0 =% -
Furthermore, we impose the condition that, for k > N:
[’Y](\];)]w =0.

The initial data is taken to be non-resonant in the sense that I'(0) = (fy(()l), 'yéz), )= ('y(()k))k eN.
As in (59), we consider:

(103) Tn(0) := PnT(0) = (2,482, .., v,0,0,...).

I'n(0) then also belongs to the non-resonant class M. Here, we used the definition of the projection
operator P<y given in (44). Arguing as for (57), we can see that an explicit solution to (102) is
given by:

N—k
(104) P17 = Y- Duns(r(0)® (1),

j=

We now define [FN]W = (([FN]W)(k))k by:

(105) (rx]*)™ = [,

By construction, [F N]w solves:
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i0: [[n]” + A4 [Tn]” = [B][In]”
[FN] |t:0 =I'n(0).
Here, 'y (0) is defined as in (103). We would now like to take the limit as N — oo in [I'y ]w.
Let us fix some more notation. For the rest of this section, unless we specify otherwise, we

suppose that « > 0. As before, we consider a time T' > 0 and the time interval I := [0,T] and for
this T, we first choose &’ > 0 sufficiently large such that:
T
(106) E < 1.
Having chosen &', we choose £ € (0,&’) sufficiently small such that:
&1
(107) & < 1.

Cy and C5 are now the constants from Proposition 4.5 (and not the constants from Proposition 3.3
as in the independently randomized setting in Section 3). Conversely, given &, ¢’ > 0 with € € (0,&'),
which satisfy (107), we can find T > 0 which satisfies (106). Unless it is otherwise noted, we will
assume that T, £, £’ satisfy the above assumptions.

4.2. A local-in-time result for non-resonant initial data I'(0) of regularity «. Throughout
this subsection, in addition to the other conventions, we fix the initial data I'(0) to belong to He
and to be non-resonant. In other words,

(108) r'0) e HE NN
Keeping in mind (106), (107) and (108), we now prove the following analogue of Proposition 3.7:

Proposition 4.8. The sequence ([E]w [FN]W)N is Cauchy in Ltogng( )7—[?

Proof. Let us fix t € I,k € N and Ny, Ny € N, with Ny < N,. Similarly as in (64), we can deduce
that the following identity holds:

(IB1*(Iw)” - [rx))) ) =

== > B Duny (T, ()0 @),
J=N1—k
Hence, given j € {N; — k,N1 —k+1,..., Ny — k — 1}, we need to estimate:

| [B*91 Du (s O) D O] e ey e assenty =

_ " (1] g +1) (¢ (k+2)1% 7 /(k+2) (5. _ (k+3)7%
||// 7B ) (B U ) [

k
k+]+1 u(k+g+1)( )y (+y+1)dt dt2thL%LQ(Q)HQ(MXAk),

which by Proposmon 4.5 is:

j i+1,a)  (k+j+1
< (CyT) - Ck- HS(k+j+1, )%() +i+ )HL2(Ak+J+1xAk+J‘+1)'

We note that here, the constants C'y and Cs are as in Proposition 4.5.
As a result, we may deduce that:

ka FNI] [FNz]w))(k)(t)Hw(Q)Ha(AkxAk)

oo No—

1 1TN\7 Cy&N\k . ,
<d 5 Z ( )y( E2/5) .(5/)k+y+1.H%gkﬂﬂ)||HQ(MHHM(HH1)).

k=1j=N1—k
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Since in the above sum, it is the case that j + k+ 1 > Vy, it follows that:
11 (] = YO

No—k—1 A
<o 3 (B E (G Pl

k=1

which by (106) and (107) is:
(109) e [P T0)]| -

g/
This quantity converges to zero as N1 — oo since I'(0) € Hg. The claim now follows. O

Remark 4.9. The same methods used to prove (109) allow us to deduce:
(110) H [E]w[FNl]w(t)HngIm(sz)Hg ST6¢ 0 HF(O)HH;

uniformly in Ny.
From Proposition 4.8, we can now deduce the following result:

Proposition 4.10. There exists 0% € L;’gIIP(Q)"H? such that [E]W[FN]W — 0% strongly in
Leg LA (Q)HE as N — oo.

Proof. This result immediately follows from Proposition 4.8 and from the fact that L3 ILQ(Q)'H?
is a Banach space. O

Remark 4.11. If we use (110) from Remark 4.9 and Proposition 4.10, and if we let Ny — oo, it
follows that:
(111) ||9WHLOO L2(Q)HE §T7§=§'10‘ HF(O)HH?/

tel

Before we prove an analogue of Proposition 3.11 for the dependently randomized GP hierarchy
(95), we need to first prove the following lemma:

Lemma 4.12. Suppose that X = (O'(k))k is a sequence of density matrices depending on time and
on the random parameter w €  such that:

H2w||L;>;,L2(Q)Hg =0.

Then, it is the case that:

(112) | [E]wszng,meg =0
and
(113) | () Ew(t)HLgcang,L?(Q)HS =0

We note that in the conclusion (112) of the lemma, the parameter w in [E]w and in X¢ are the
same. Each term in ¥ is a density matrix ¢(®) = U(k)(t,w, Zj; T).) which has order k. We suppress
the ¢ and w dependence for simplicity of notation.

Let us now prove the lemma:

Proof. Let us first prove (112).
Since ||Z“HLOO =0, it follows that:

o2 L2 (QHE

||Ew||L§gILoo(Q)Hg =0.

In particular, we note that, for all £ € N:

||S(k7“)0(k)(t,w,fk; 0.

-/ o
mk)”L;;ILoc(Q)m(Ak xAK) T
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On the Fourier transform side, we hence obtain, for all k£ € N:
|| <§k>a : <€;€>a ’ a(k)(tv w, &k; gllc) HL?EILOO(Q)L2(Z31€ X Z3k) =0.
The latter identity is equivalent to:
~(k &L —
HO-( )(t7 W, fka g;e) HL?ZILOO(Q)LQ(ZBIC XZ3k) T 0.
Let v denote the measure on I x {2 obtained by taking the product of the Lebesgue measure on I
and the probability measure p on Q. It follows that, for all k € N, and for all (&;¢&}) € Z3% x 73k,
there exists a set gfk-f’ C I x Q such that:
Sk
i) 70 (t,w, &; L) = 0 for all (t,w) € gfk'ffc’
Let us define:
(114) &= U Ee,.8-
keN (gk;gl/c)ez?:k % 73k
Then £ C I x Q is v—measurable and v((I x Q) \ &) = 0.
We will now show that, for all (£,w) € &, it is the case that for all k € N and (£, 5,;) € 73k x 73*:

(115) ([BED]* o * D) (¢, w, €)= 0.
Let us note that (115) implies the claim given in (112). Namely, from (115), we can use Plancherel’s
Theorem and deduce that for all (t,w) € &:

HS(k’Q) [B(k+1)]wa_(k+l)(t’ w)HLQ(AkXAk) =0.

Since this identity holds for all k£ € N and since v((I x Q) \ £) = 0, it follows that:

H [E}wZWHL;‘éILW(Q)H? =0.

Consequently:
S
H[B} X HL‘X’ L2(Q)HE =0,

tel
as was claimed in (112).
We now need to prove (115). Let us fix (t,w) € € and (;&),) € Z3F x Z3*. We observe that:

([Bia] "™ ) (1w, 656 =

Z a(k+1)(t7w,€1 — M + /’[//7 §2a e agkh 123 f;c) :u’l) . hfl ((U) : h’&l_ﬂf‘f‘ﬂl (Cu') ’ hﬂ(w) ’ hﬂ' (OJ)
IINTRSVAY
By construction, each summand equals to zero so the whole sum equals to zero. The proof that

([Biii ] o™ ) (1w 66 =0

for all j € {1,2,...,k} is analogous. The identity (115) now follows.
We now prove (113) by using a similar argument. Namely, let us take (t,w) € &, for £ defined in
(114). We observe that for all k € N, (&,&}) € Z3* x Z3% and 7 € I:

(u(k) (T) U(k))A(taw7gkag;c) = e—iT(|Ek|2—|§7€|2) : /O-\(k) (t7w7gkag;c) = Oa

by definition of £. The claim (113) now follows by arguing as in the proof of (112).
([l

Remark 4.13. We note from the proof that the parameter & in the statement of Lemma 4.12 could
have been replaced by any other & > 0.

We can now prove an analogue of Proposition 3.11 for the hierarchy (95).
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Proposition 4.14. For 0%, constructed in Proposition 4.10, and for all &g > 0, the following
identity holds:

t
lo~ - [B]“U(t)F(o)ﬂ'/O [B1 Ut —5)0°()ds | e s =

Proof. Tt suffices to show the claim for {, = £, where ¢ is as in (107). Let us henceforth set & = &.
We note that, for all N € N:

(116) |6« — [B]” U(t) T(0) +z‘/0 [B]“U(t —5)0“(s) ds HL%LQ(Q)HQ

< Hew - [B] [ ] HL°° L2(Q)He + H [E]wu(t) (F<0) —I'n(0 )HLOC L2(Q)Hg+

tel tel
t

+|| i [g]‘”U(t—S)(Q‘“(S)—[E}“’[FN}“’(S))d8||L21Lz(Q)H3+

t
H(B)°[v]* 0 - (B U Ex0) + [ [B1°t =) [B]* 0] 60l 1o
We will show that each term converges to zero as N — co.
1) The first term converges to zero as N — oo by using Proposition 4.10.
2) For the second term, we observe that, for all k£ € N:
~ (k)
([B)u@ () ~Tw () = B Ut ) ((0) - T (0) ) =
_[BED Ut @) g Y i k> N
] 0 otherwise.
Consequently:
1B 17 u(t) (TO) = PwO) | e paype = D_ € - IIBEV]7 U™ ) Y Ly e (ak ety

k>N
By Theorem 3.1, this expression is:

Sa Z kgt Hs(kﬂa e HL2(Ak+1><Ak+1) ~E ¢
k>N

|P>NF H’;’-L" :

In the last inequality, we used the assumption that & < £'. Since I'(0) € Hg, it follows that
HP>N1"(0)HHQ — 0 as N — oo. In particular, the second term on the right-hand side of (116)
&/

converges to zero as N — o0.
3) For the third term, let us first observe that, by Minkowski’s inequality:

I [ 1312 6%~ [B1[08]0) sl s

tel

< [ NBY w06 = BT O s 0

<T-[B]"utt=5)(6°(s) = [B]"[OW]" (Dl 122, 2y

sel™tel
Hence, we need to show:

(117) H[E]wz,{(t_s)(o“’(s)_ [E}M[FN] HLOZIL;’EIL 2(Q)HE — 0,

as N — oo. R
The difficulty in showing (117) lies in the fact that there is w dependence in [B]w and in

(9“’ — [E]w [FN]w). We will have to expand out all of the terms. It will also be important to
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use the fact that we know explicitly how the operators [E}w and U(t — s) act on the Fourier
domain.
Let us first note that, formally, by (104) and by Proposition 4.10, for all k € N with £ < N — 1:

(118) (ew(t) . [E]w [FN]w(t))(kJrl) _

0 ty ti—
Z -1 ]/ / / k+2) W (k+2) (t —t1) [B(k+3)}wu(k+3)(t1 —ty) -

. u(k:+j+1)(tj_1 —t)) [B(k+j+2)]wu(k+j+2) (tj)yékﬂ“) dt; - dtydty.
In the above sum, if j = 0, the summand is taken to be [Bk+2]wu(k+2)(t)’y(()k+2), without any
integrals in time. We use this convention in the discussion that follows.
The identity (118) is made rigorous as follows. We fix M > N. Then, we know that, for all k € N
with Kk < N — 1:

(119) ((B)°[rad] )~ [B]*[Ta] )"

M—k—2

Z ~1) J/ / / k+2) u(k+2)( )[B(k+3)} u(k+3)(t1_t2)
0 JO

j=N—-k—1
. u(k+j+1)(tj_1 —t) [B(k+j+2)]wu(k+j+2) (tj)%()krﬂ‘ﬁ) dt; - - dty dty.

This is a well-defined finite sum, which we obtain as a difference of two well-defined finite sums.
We define, for M > N:

(120) [@N]” == [B]*[Tum]” - [B]”[Tw]”
and:
(121) [on]” =6~ [B]”["n]".

By Proposition 4.10, we know that [®4/]% — [®x]” in L72, L2 (Q)HE, as M — oco. If we take

k < N — 1, then ([(I)J]{,/f]w)(kﬂ) in particular equals to the right-hand side of (119). This is an
element of L;‘EILQ(Q)HO‘(A’“‘*‘1 x AF+L).

Let us furthermore note that the right-hand side of (119) converges to the right-hand side of (118)
in g2 L?(Q)H*(AF+1 x AFT1) as M — oo. Moreover, the series given on the right-hand side of (118)
is well-defined and it converges absolutely with respect to ||- ||L°° L L2(Q)He (AR+1x AR+1). More precisely,

for k < N —1, the difference of these two expressions estimated in H ||L°° L2(Q)Ho (AR+1x AR+1) equals

tel
to:

I / / / [BU+D]9 Y+ (1 — 1) [BE+D] Y+ (1) — 1) -

]Mkl

. L{(k+j+1)(tj,1 —t;) [B(k““)}‘“u(k”“)(tj) 7(()k+j+2) dtj---dtydty HL%LZ(Q)HQ(MHXMH)_

By Proposition 4.5, this quantity is:

oyttt > CyTNI , :
= (§/§k+2' Z (%) '(§I)k+]+2'|h(()k+J+2)||HQ(A’€+J+2><A“‘+J'+2))
j=M—k—1
oyt > CyTNJ
< @ IOl > (57)"

j=M—k—1

This quantity converges to zero as M — oo since I'(0) € Mg and cng € (0,1).
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By the convergence result of Proposition 4.10, we observe that ([@]I‘(ﬂ L‘)) (k1) — ([@N]w)(kﬂ) in

L2 LA (Q)H* (A x A**1) as M — oo. The identity (118) now follows from the above arguments.
Equality here should be taken in the sense of L{2,L*(Q)H*(A*! x AFF1) ie. we note that for
k<N-1:

H([‘I)N}w)(kﬂ)* lj// / ’”2 YU )

j= N k—1
. [B(k+j+2)}wu(k+j+2) (tj) ,Y[()k+j+2) dtj o dty dty
We observe that, by construction:
0~ B1° [0 ~ [#81°l sy =0

By applying (113) and (112) from Lemma 4.12, it follows that:

1[B1*utt — ) (0%~ [BI[Tn]” — [#n]*) ) 0, a2 =

HL;;ILz(Q)Ha(AkaAHl) =0.

sel™~tel
Hence,
MB] Ut - s) (ew_[ ] [FN] ) HL:OGIngIL (Q)Hg:
= [[[B]"u(t —s) [on]"(s HLgoGIngILz(Q)Hg'

In particular, (117) will follow if we prove that:

(122) I[B]u(t—s) [@n]“( -0,

HLgcélLfglL 2(Q)H

as N — oo.
In order to prove (122), let us first estimate:

W "
I[B] u(t - s) [oN]"( ||L021ng,1; 2(Q)HE

for fixed M > N.
For fixed s,t € I, and k < N — 1, we can write:

([B) utt - s [o4]"(9) " =

t1 tj 1
_ / / / BUHD] Y0 (¢ — ) [BRHD]® Y42 (5 — 1) [BR+9]*

j=N-— k: 1
UFHD (1) —ty) - UFHED (154 — 1) [BRHIHD] (ki +2) (1) 8 (K942 gty dt.
Arguing as in the proof of (100) in Proposition 4.5, it follows that:

~ W w (k)
(181 2t =9 N1 ) gy asasy <

< o 7’ J+2 k+j+2 : Jj+1 (k+j+2,a) . (k+5+2)

73‘ Nzk 1ﬁ.2 G ke (k41T |S (i HL2(A’“+J'+2><A’“+J'+2)'
Here, Cj is the constant from Proposition 4.4.

By applying Stirling’s formula (50) as in (101), this is:
M—k—2 .
(123) < Z ]%1 S(CyTY Tk ||S(k+j+2’a)%()k+j+2)||L2(Ak+j+zxm+j+2)-
j=N—k—1

Here, C7 and C5 are the same constants as in Proposition 4.5.
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By an analogous argument, for k > N

[(B1ut -5 [23)°())

<

(k)‘
L2(Q)H~(AkxAk)

M—k—2 .
J+1 j i+2,a)  (k+j+2
(124) < Z e (CyT)I+L . ok HS(k-l-J-i-Q, )76 +i+ )||L2(AHH2X/\HH2)7
§=0
for the same constants C; and C5. Here, we used the fact that, for £ > N, it is the case that
([@%]w)(kﬂ) = ([E]M[FM}N)(ICH), since ([E]M[FN]W)UCH) = 0. By our convention for sums
from Section 2, the sum in (124) equals zero if & > M — 1.
From (123) and (124), it follows that:

(125) 1B ] (t=s)([eN]"(s )HLselLf,gILZ(Q)?-L?
= MET g JT1 1k (k+j+2,a) . (k+5+2)
< Z £r. T (CLTy’ . Ck . HS I, HL2(Ak+J'+2><Ak+J'+2)+
k=1 j=N—k—1
oo M—k—2 j+1 . ) b
I Z ¢ - (CL Y+ Ck . HS(k-‘r]-i-Z,a),yé +]+2)HL2(A’€H+2><A’“+J'+2)
k=N j=0
C Cab\E o\ | o e
< (g/;2 Z ( 52/§> G+1)- ( g/ ) (&R || gl )Vék+]+2)||L2(Ak+j+2x/\k+j+2)
jHk>N-1
c Cotnk CyTN i
<@ POl > () G+ ()
j+k>N—1
Ci I ChTNI I ChTNI
S@'HF(O)HHE,'{ NZ: ( ; ) .(]+1).( R ) + Z}H ( : ) -(]+1).( R ) }
i>1 2 |5 keN JEN; k>| )
We recall from (106) and (107) that C;,E, Cg,T (0,1). Hence, the above expression is:

C

= (5/;2"|F(O)H7-Lg,'{{j>?;1:1J(j+1 ( ) L. Z(OQE) (C;QIE)[”JJ %(Cg/T)J}

This quantity converges to zero as N — oo. Let us note that the convergence is uniform in M.
We note that, by construction [6y] “ is obtained as the limit of [GM} as M — oo in L2 L*(Q JHE.

The order £ limiting object ([9 N] )( ) is then given as an infinite sum. We can formally obtain each
component of [B ]w Ut —s)([@ N]w( )) by working on the Fourier domain and using the explicit

definition of [E ] “and U (t—s). In this way, we do not have to appeal to any more general continuity
properties of the operators that we are using.

This step is made rigorous by noting that, from the calculation given in (125), the infinite sum
which defines:

[B]“uU(t —s)([®n]“(s))

converges absolutely with respect to H Hence, the construction outlined above is

HL"OEIL,‘EEIL%Q)'H? :

well-defined in this space if we replace [CIDM ] by [<I> N]w i.e. if we formally let M = oo. Moreover,
|H ] (t—s) ([(I)N} )HLOQ L2, L2 (Q)HE

sel~tel

equals
lim H[ } Ut —s)( [‘b%} )HLOO L2, L2(Q)HE’

M— o0 seltel
which by (125) converges to zero as N — oo.
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The identity (122) now follows. As we noted above, this identity implies (117). The latter
identity, in turn, implies that the third term on the right-hand side of (116) converges to zero as
N — oo.

4) Finally, we note that the fourth term on the right-hand side of (116) equals zero by the
construction of [F N]w.

The proposition now follows. O

Let us now prove the analogue of the convergence result given in Proposition 3.12 for (95).

Proposition 4.15. The sequence ([FNTU)N is Cauchy in LfgILQ(Q)’H?. Moreover, there ezists
[F]w € LfgILQ(Q)’H? such that [FN]W — [F]w strongly in L,?‘E’ILQ(Q)H? as N — oo.

The obtained [I‘]w satisfies the a priori bound:

(126) 1T Ol eg, 22@ymg St [Ty -

tel

Proof. The proof is similar to that of Proposition 3.12. Let us fix N1, No € N with N7 < Ns. By
construction of [F Nj]w, for j = 1,2, it follows that:

w0 = O] Ol o < [1UE) Cn,(0) = Ta(0) | e pogays +
+||/o Ut —s) [B]”([Tn,]9(s) = [T ] (5)) ds ||L<;ZIL2(Q)H§

(127) < HFNl (0) - FNQ(O)HH?/ +T- || [B]w [FNJM(S) - [E]w[FNZ]w(S)HLgCeIL?(Q)Hg'

Here, we used the unitarity of the free evolution operator U(t).

Let us recall that I'(0) € Hg,. Furthermore, let us recall from Proposition 4.10 that [E ] v [I‘N] -
0¥ strongly in L%ILQ(Q)H? as N — oo. As a result, it follows that ([FN]M)N is Cauchy
in LfgILQ(Q)H?. Since LtogILQ(Q)’H? is a Banach space, it follows that there exists [F]w €
L2 L (Q)H such that:

T = 1)
strongly in L;’gILg(Q)’H? as N — oo. Let us now prove (126). We fix N;. By arguing as in (127),
we note that:

H [FNl]wHngIm(sz)Hg = HFN1(0>HHg +T- H [E]w[FN]wHLOC L2(Q)HE"

By (110) from Remark 4.9, it follows that this quantity is: B
Sre¢ia [P O + PO,
We recall that T is chosen to depend on &, &', and a. Hence:
[

tel

L2(Q)Hg Sega HF(O) H’H?, )

We let Ny — oo and we use the fact that [Ty, | — [T']” in L2, L? (2)H¢ in order to deduce (126).
(]

Let us now find the equation which is satisfied by the limiting object [F]w. We will prove the
following analogue of Proposition 3.13.

Proposition 4.16. For [F]w constructed in Proposition 4.15 and for all & > 0, the following
identity holds:

0@ - T0) 4 [ 09061 e, =0

tel
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Proof. As before, it suffices to show the claim for £, = £, where £ is as in (107). We note that:

Ir]“e) fu(t)r(o)w/o Ut = 5)0°(s) ds | e 120y

tel

<|[[[r]7 () - [FN]w(t)HszzL%n)H? + U ro) - FN(O))||L£’ZIL2<Q)”?+
+H/O Ut —s) (0“(s) — [g]w [Tn]"(s)) ds ||L?ZIL2(Q)H?+

+[|[TV]7(8) = Ut T (0) +i/0 Ut —s) [E]w [Cv]"(s) dSHngIM(Q)Hg‘

1) The first term converges to zero as N — oo by using Proposition 4.15.
2) By unitarity, the second term equals:

|T(0) —Tn = ||PsnT

(O)HL?(Q)Hg | ‘P>NP(O)‘

(O)HL2(Q)Hg = | He

by the property of probability measures. Since & < &', this quantity is bounded from above by
HP>NF(O)H7{Q , which converges to zero as N — oo since I'(0) € Hg,.
El
3) By Minkowski’s inequality and unitarity, the third term is:

<T-[|6°(s) - [E]w[FN]W(S)||L:%IL2(Q)H§’

which converges to zero as N — oo by Proposition 4.10.
4) The fourth term equals to zero by construction of [F N]w. The proposition now follows. [

We can now state and prove the main result of this section:

Theorem 4.17. For [F]w constructed in Proposition 4.15 and for all £ > 0, the following identity
holds:

t
(128) |[T]% ) —ut)T(0) +i/0 Ut —s)[B]“[1]%(s)ds ||L%L2(Q)Hgo =0.
In particular, for almost all t € I, it is the case that for all k € N:
t
1200 (10 -uTO) +7 [ Ut =9 B 50) e ey =0

Hence, [F]w is a solution to the dependently randomized Gross-Pitaevskii hierarchy which satisfies
the a priori bound (126).

Proof. Let us note that (128) implies (129). We now prove (128). It suffices to prove the claim for
& =&, where £ is as in (107). By Proposition 4.16 and by (112) from Lemma 4.12, it follows that:
t

I[B]“[T]*() - [E]wu(t)F(O)Jri/o (B U(t - 5)6°(s) ds||, .

tel

L2QHE — 0.

We now apply Proposition 4.14 in order to deduce that:
(130) 1BI*01“0) — 00l e =0

Consequently, by Minkowski’s inequality and unitarity:

(131 I wte = (0(6) = [BY )@ s oy

<7 0%~ (B I0) e =0

Finally, Proposition 4.16 and (131) imply:

I[P]7(t) = u(®) T(0) +i/0 Ut —s) [é]w[r]w<5> ds || o L2(QHE — 0.

tel
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Theorem 4.17 now follows. O

Remark 4.18. From the identity (130) and from the estimate (111) in Remark 4.11, we can deduce
the following analogue of Remark 3.15 in the dependently randomized setting:

tel

(132) ||[§]w[r] wHLoe L2(Q)Hg ST.6¢a ||F(O)HHg,'

As was the case in Remark 3.15, this is a probabilistic version of the a priori bound that was assumed
in the work of Klainerman and Machedon [97].

4.3. The case of additional regularity in the initial data I"(0). In this section, we will argue
as in Subsection 3.3 and we will show that the identity (129) in Theorem 4.17 holds for all times
t € I if one is willing to take slightly more regular initial data I'(0). In other words, we prove an
analogue of Theorem 3.16 for the dependently randomized GP hierarchy (95). The main result of
this section is the following:

Theorem 4.19. Let ag > o > 0 be given. There exist constants CNH = a(a,ao) > 0 and 6’; =
Ca(a,a9) > 0, such that, whenever £,& > 0 with £ € (0,&) and T > 0 satisfy the following
assumptions:

i) AT <

i) €28 <1
and whenever T'(0) € HZ® N N, then there exists [F]w € CteILz(Q)Hg‘ such that, for allt € I =
[0,T] and for all & > 0 :

t
(133) [[T]“ ) —ut)T(0) +i/0 Ut—s) [B]”[T]"(s)ds ||L2(Q)Hgo =0.
In particular, for allt € I, it is the case that for all k € N:
a3 (10 -ur©) +i [ =9 (B0 ) gy ns
=0.

Moreover, [F]w satisfies the a priori bound:

(135) [HES

tel

La@Hg S6€ a0 ”F(O)HHZ'

Remark 4.20. We note that the constants 6’1 and 6’; are chosen in such a way that they satisfy
the constraints (150) and (157) below. These constraints are given in terms of « and ag and hence

a and Cy can be chosen to depend only on a and ayg.

Remark 4.21. With the same terminology as in Remark 3.17, the solution [F]w in Theorem 4.19
can be thought of as a strong solution to the dependently randomized GP hierarchy, whereas the
solution in Theorem 4.17 can be thought of as a weak solution.

4.3.1. An explicit formula for the difference of two Duhamel expansions. The proof of
Theorem 4.19 requires an additional step as compared to the proof of Theorem 3.16. The difficulty
lies in the fact that the operator [E]w [FN]W has w dependence in both [E]w and in [FN]N and
hence can not be estimated directly. The way that we are going to estimate the Duhamel expansions
in which such operators occur is to explicitly write these expansions out in terms of the initial data
r'(0).

Identities of this type were already obtained in Subsection 6.2 of [128] and they require some
combinatorial analysis of the frequencies. In this context, we treat all of the frequencies as formal
objects and not as elements of Z3. In other words, the frequency &; and & will be thought of as
different formal objects even though they can be equal as elements of Z3. Furthermore, we recall the
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convention stated in Section 2 by which we extend the definition of [Bj,k+1 ]w to density matrices
o® of order £ > k + 1 by acting only in the variables ., and TR

Let us now summarize the analysis from [128]. We can restate formula (69) from Subsection 6.2
in [128] in the form of the following lemma:

Lemma 4.22. Let us fit k,j € N and l1,...0;,n1,...,n; € N, with €1 <n3 <k+j+1,0y <ng <
E+j+1,.... 041 <njp1 < k+ 37+ 1. Furthermore, we fix t,t1,t2,...,t; € R and a choice of +
signs for each of the collision operators. Then, for all k + j + 1-particle density matrices oF+i+1);

(136) ( [Bl#i,nl}wu(k—i_l)(t - tl) [anu]wu(k—iﬂ) (tl - t2) [Béi;,,ng]w T
o [B 1T UE (0 — t5) I:BZ+1,nj+1]wU(k+j+1))/\(§1a €k €L &) =

*

Yo ) gttt gt )C) G (g i )

My Mk+5+1
’ !’
Mo My ji1

[T {he @) hypa@@) hyga (@) hya @)} TT {he@) - hypa@) - hyga()--hys @)}
1<r<k 1<r<k

EreA §.eB

The notation is explained below.

In the above formula (- - -) denotes a real-valued expression given in terms of the frequencies. We
say that &. € A for some 1 < r < k if one of the collision operators [BZH}‘*’ was applied to this
frequency in the above expansion. Namely, this means that &, € A if £, does not appear in the list
My ey Mk 15 M5 - - - ,n}vﬂ.ﬂ). Here, we recall that we think of the frequencies as formal symbols
and do not consider their values in Z3. Similarly, we say that . € B for some 1 < r < k if one of
the collision operators [BZ | was applied to this frequency. In particular, &. then does not appear
in the list (1, -, Mot 13705 - My jip1)-

As in [128], the summation

*

(137) >

M5 Mk+5+1
’ ’
Mo My i1

is a symbol for the sum in n1,..., Yeqjr13 07, 777;@+j+1’ which satisfy:
i) The set {771, e M1, M 777,k+j+1} can be written as:
1 1 2 2
( U ,...Jﬁvr}) U( U nM})
1<r<k 1<r<k
&reA ¢eB

(these represent the new frequencies obtained after applying the collision operators) and:

{gla"'agkagiv'“ag;c} \ (AUB)
(these represent the frequencies on which we do not apply the collision operators, which
hence remain the same).
1) Each & € A can be written as:

2

r

&= elndh)-nl,
1

V)
Il
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for some fixed sequence of coefficients e(n’*!) € {1, —1}. Here, we note that it is important
to treat the frequency 77! as a formal symbol and not as a value in Z3. The e(n5!) are
uniquely determined by the collision operators that we apply. In this case, we write:

Ar '*{ m’ 7772 a""ner}
i74) Similarly, each £ € B can be written as:
M,
&= el -n?,

s=1

for some fixed sequence of coefficients €(n7?) € {1, —1} and in this case, we write:

BT‘ = {77;,2’ 77;’27 cee 7777’]\/[2 }

Remark 4.23. We note that the sets A and B and the numbers N,, M,, forr = 1,... k, are
uniquely determined by the choice of the collision operators that we are applying, i.e. by the choice
of £.,n, and by the choice of + signs.

The result that we want is an explicit formula for the difference of two Duhamel expansions. We
will prove the following claim:

Lemma 4.24. Let us fir § > 0. With the assumptions and notation as in Lemma 4.22, the following
identity holds:

(38)  ([BE) U+ 0) U@ [BE ) U - 1) [BE )7
) [ij,n]jl u(k—H)( -1 t]) [Big+1,nj+1] U(k+j+l))/\(§1a v agk; §§.7 s agllc) =

*

Z {e*i‘sF _ 1}.6”(“' ) et ti—t2) () | i —ti41) () .3(k+j+1)(

NseeosNMk+j+1

W /
My e Met5+15T5 - - '777k+j+1)'

/ ’
Mo Mgy i1

I1 {hg,,,(w)~hn;,1<w)-hn;,l(w).-.hm(w)}. I1 {h&(w)-hn;,z(w)~hn;2(w)---hrz(w)},

",

1<r<k 1<r<k

&reA £leB
for some real-valued function F'= F (N1, ... Mk4j+1:M0, - - s My j11), Such that:

k+j+1
(139) IFI <G50 (ImP + - 4 g P+ 0P+ gy )
for some universal constant Cs > 0. In particular for all p € [0,1]:
i (k+j+1)-

(140)  [e T = 1] S, 60 TP (P e L2 nfe)

We now give a proof of Lemma 4.22.

Proof. Let us consider two cases separately, depending on whether the first collision operator is
+ w —

[BZ1 711] [Bél,nl]
Case 1: Suppose that we are first applying the collision operator [BZ nl]w. Since the collision

operator [BZ’M]W is applied to the frequency &, , it follows that &, € A.
We first use Lemma 4.22 (with appropriately shifted indices) to compute the expression:

(141) ([BE ) U™t - ) [BE ] -+
[BE ) U 0 = 1) [BE )7 o) (G G G G,
for frequencies (1, ..., Ce41;C1, -+ 5 Cyq). We then recall the inductive procedure used in Subsection

6.2. of [128]. By using the argument from [128], and the definition of the operators [B+

£1,m1

]w and
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UFD (t 4 §) —UF) () on the Fourier domain, it is possible to deduce (138) from the formula for
(141). We will omit the details and we refer the interested reader to Subsection 6.2 of [128]. From
this argument, it follows that we can write the set Ay, (obtained from (136) ) as a disjoint union of
non-empty sets Aj , A7 , A7 such that if we set:

Vo, my i= Z ela) - a

a€A}1
and
iy = — Y €la)-a,
aeA?l
then we can take F' to be:
(142) F= |£1|2 + ‘§Z1*1|2 + |€41 — Veyny T Vél,nl ‘2—’_
+|£€1+1|2 + 4+ |£k|2 + |l/f1,n1|2 - |£i|2 -t |£;c|2 - |V21,n1|27

and the relation (138) will hold. It follows from (142) that:
|F| < |§1|2 +o 4+ |€€1—1|2 + |§€1 — Vg T Vél,n1|2+

Heer 1+ &R+ e P I+ 16+ v, 0,
The estimate (139) now follows by construction of the set {91, ..., Nk+j4+1371,-- My p1)- The
power of the universal constant C'5 comes from each application of the fractional Leibniz rule, i.e.
by writing &, and & as in ) and i) respectively. We note that there are at most 2(k + j + 1) such
applications of the fractional Leibniz rule.
We observe that, in Case 1:

§o, = Vormy + Vi, = Z e(a) - a.

aeAi’l

Case 2: Suppose now that we are first applying the collision operator [B(Z nl]“, Since the

collision operator [B[l m]w is applied to the frequency & , it follows that &, € B.
Arguing as in Case 1, it follows that we can write the set B, (obtained from (136)) as a disjoint
union of non-empty sets B}l , B%l , BZ such that if we set:

ey g = — Z e(b) - b
beBy,

and

/”Lzl,nl = Z E(b) : bv

beBE,
then we can take F' to be:
(143) F=1&al+ 41 + oo, [? = €7 = = 11 ]?
~1€b, = My my + 1ern [P = 1€ P = = €1 — Ty, P

and the relation (138) will hold. The obtained F will satisfy the estimate (139) as in Case 1. We
note that, in Case 2:
521 - Mlél,nl + ey my = Z 6<b) - b.
beBY,
The identity (138) now follows.

Finally, we note that (140) when p = 1 follows from (139) by applying the same argument we
used to prove (85). The estimate when p = 0 follows since F' is real-valued. The claim for general
p € [0, 1] then follows by interpolation.

O
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In order to make the ideas in the proof of Lemma 4.24 more transparent, let us give a concrete
example. We will modify Example 2 from Subsection 6.2 of [128].

Example 1. We suppose that k = 2,5 = 3. As in [128], for simplicity of notation, let us analyze
the case when ty =ty = tg =ty = 0. For the collision operators, we take [Bi,]*,[B;3]“, [By5]*.

We note that:
(18] (U +0) ~ U 1) [Bra) [Bis)*0®) (61, €0i6h. ) =
::Ej(aﬂ$@+6»7u@@»uaﬂ%3&rb“UA@yf&+fg@¢%ﬂ@3&»
3,8}
“he (W) - ey g5 re (W) - heg (W) - hey (w) =

- Z {e—w(lsl—53+5gl2+\52|2+\53\2—\51|2—|£;|2—|£g|2) —1}- e it(161—Ea+E5 17 +|€2]* +1€s | — €112 1€ ° ~[€51%) .

€365

: ([82_73]M[B4_,5]w0'(5))/\(§1 - 53 + §éa 633 52; Eiv géa gé) ' hfl (w) ' hfl —&3+E4 (w) ' hfs (w) ' hfé (w)

By using the expansions as in the mentioned example from [128], this expression equals:
= Z {efw(lsl753+sg|2+\£zl2+\§3\27\£1\2f\£;|27|53|2>,1}.67it<\£1753+£g\2+|£2\2+|£3|27|£1|27|£;\“‘7\§§\2> .

£3,65,84,8),65,85

GO 6 — &+ €5,63,60, 60,6560, 6 — 64+ €0, 60,6 — & + &5, 6D
“he, (W) - hey—gurgy (W) - ey (W) - hey gy, (W) - ey (W) - hey (@) -

“hey (W) - hey—grve, (W) - ey () - by (w).
By construction, A = {&}, B ={&2}. Furthermore,

G=(6 —E+E) +&+E— (G- +&)—&=n 40t w3t =gt — gt

and

(144) Ey= &+ (& —E+&)+& =—n?+ 03 + 057 = —ns + ) + k.

With notation as in the proof of Lemma 4.24, we can take:

(145) Vigi=&=n" =
and
(146) Vigi=E=—C&+(E—&+&) +&=-n"+n" +ng' = —ns+n) + b

We hence take:

F(, s om) = 6 = vio + Vo + & + [l — €17 — 167 — [V =
= [+ [nal® + n2* = [ |* = | = ns 1y 057 = =15+ 115+ 175
Here, we used (144), (145), (146) and the fact that, in the ebove expansion:

§1—vig+ Vo =1, =018 =1



LOCAL EXISTENCE FOR RANDOMIZED GP HIERARCHIES 53

4.3.2. Proof of Theorem 4.19. In the proof of Theorem 4.19, we use the following analogue of
Definition 3.18:

Definition 4.25. A sequence (Fy)nen in Cier L*(Q)H is said to be equicontinuous in L*(Q)Hg
if for all € > 0, there exists 6 > 0 such that for all N € N, and for all t1,ts € I, |t1 —to| < & implies

that || Fn(t1) — FN(tQ)HL,Z(Q)Hg <e.

Let us now give the proof of Theorem 4.19:

Proof. (of Theorem 4.19) We will show that [F]w, constructed in Proposition 4.15 has the wanted
properties. As before, we take into account the fact that T can become smaller due to the dependence
on «p. The a priori bound (135) follows from (126) in the same way that (82) followed from (71).
The additional dependence of the implied constant on «q follows from the fact that T" now also
depends on «g. Moreover, we might also need to choose £ to be smaller in terms of ¢ due to
the additional g dependence. For simplicity of exposition, we will not explicitly emphasize this
distinction in the discussion that follows.

It suffices to prove (133) since this claim implies (134). Furthermore, it suffices to prove (133)
when &y = &, for £ as in the assumptions of the theorem. The claim then will follow, for all £&,. We
henceforth fix £ = €.

The proof of the theorem will be divided into several steps.

Step 1: The sequence ([T'x ]“) ., constructed as in (105), is equicontinuous in LA()Hg.

N7

As in Step 1 of the proof of Theorem 3.16, the sequence ([FN ]w)N is constructed on the time

interval [0, T], where T is given by the assumptions of Theorem 4.19. In particular, T depends on
ap. We will now prove the equicontinuity property.

Let us fix N € N and let us consider [FN ]w. We take k € N, t € I and § > 0 small and we first
observe that:

(147) H([FN ]w)(k)(t +0) - ([FN}w)(k)(t)HLQ(Q)H@(A"‘ X A¥)

N-—
Z HD“h (T'n(0 ))(k)(t +6) - D“h?)(FN(O))(k)(t)HL?(Q)H@(MXM)'
7=0

By construction:
Duh¥(Dn(0))® (t + 6) — Duh % (Dn(0)) P (t) =

t t1 tj71
—z)j/ / / (UB (16— 1) — Ut — 1)) [BED] U (1, — 1) [BEH]”
0 JO 0

U — ) [B(kﬂ')}‘*’u(kﬂ)(tj)%()kﬂ) dtjdtj_q - dtydty

o pts ot i1
iy / / . / UB (¢ + 5 — 1) [BEFD]* 4+ (1, — 1) [BE+]*
t 0 0

.. u(k+j—1)(tj_1 _ t]) [B(k"‘j)}wu(k‘i‘j)(tj),y(()kJrj) dt] dtj—l ce. dt2 dt1
=1+ 1IT.

We now estimate the quantities Z and Z7 in the norm || . ||L2(Q)Ha(Ak><Ak)'

By Minkowski’s inequality:

j—1 w
IZ | p2 0y Akw)_// / (40 —t1) — UP( —t1)) [BED] yF+D (1 — 1)

[B k+2)] o Ykti— 1)( ) [B k+1)] u(kﬂ)( ) dtjdtj_y - dtadty,

(k+3) H
Yo L2(Q)He (Ak x AF)
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which, by Lemma 3.19 is:

t1 j—1 w
Sa, a0 / / / BEFDN gD (1) — 1) [BRFD)Y g2 (1, —13) -

- k+j
oo yYkti 1)(tj_1 —t;) [B(k+J)} u(k+J)(tj),y(() +j)HL2(Q)H<"0(AK‘><A’*')dtj dtj_y - dtaydty

for some r = r(a, ap) € (0,1). By using the fact that I'(0) was assumed to be non-resonant and by
applying Proposition 4.4 in regularity «y, it follows that this expression is:

/ / / A(CHFT k- (k1) - (k+j—1)-|h§’““)HH%(AHMW)dtj dtj_y --- dtadty.

Here, C{) = C{(ap) > 0 is the implied constant obtained for the regularity o in Proposition 4.4.
Arguing as in the proof of Proposition 4.5, we can deduce that:

r j k+j
(148) HIHL2 () H>(AFxAF) <o (CQT)J ' (Cl £ H%g j)HHao(AkJrijkﬂ')
for some constants C] = C/(«, ), Cy = Ch(a, ) > 0.

‘We now estimate Z7:

t+6 tj_1
IZZ | 12 () prevcak ) g/ / / [UB (46 —t1) [BEFD] R+ (1 — ) [BEF]¥
t 0 0

CURTITD (4 — ) [B(Icﬂ')]“z/[(kJrj)(tj)7
which by Proposition 4.4 is:

t+48 t1 bi—1 .
/ / / 7O ke (k1) (ki —1) - |”Y(gk+J)HHu(Ak+j><Ak+j) dtjdtjy--- dtydt;.

Here Cy = Cy(w) is the implied constant for the regularity « in Proposition 4.4. We recall (88)
and we argue as in (89), given in Step 1 of the proof of Theorem 3.16 to deduce that there exist
CY = C{(a),CY = CY(a) > 0 such that this quantity is:

k+3)
HL2 (Q)H (AFx AF) dtjdtj—y - dtzdty

. i
(149) S8 TY - (O |6 e amss s
We choose 671 and 6’; to satisfy:

(150) Cy > max{C},C!'}, Cy > max{C},C}}.

We note that these constraints are given in terms of o and «g. By using (148) and (149), it follows
that:

||D“h;'u(FN(O))(k)(t +6) - Duh;”(FN(O))(’“) (t)HL?(Q)H“(AkxM)

R Y A NG
(151) Sa,ao,Td '(ClT)j'C2 H'Y((] +J)||Hao(Ak+j><Ak+j)'

Here, we used the fact that that, by construction, r < 1.
Using (147), (151), and arguing as for (92) in the proof of Theorem 3.16, it follows that:

H [FN] (t+0) - [ ] (t)HLz(Q)Hg
X O1TNI = (Cr &Nk
Sa,ao,T(sT'Z< g/ )]Z( 52/5) ’ ||F(O)HH2,0'

By assumptions ¢) and i) of the theorem, we take &, ¢, and T to satlsfy

< land G5 <1 Tt
then follows that the above sum is:

See.Taao 0 [[FO)52-
Since we can choose T to be a function of &, &, a, ag, it follows that:

152) NI+ 8) = [T Ol g Se s 8 Ty
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Since I'(0) € H/, the equicontinuity of ([tn]%), in L2 (Q)Hg now follows.

N
Step 2: The limit [F]w of ([FN]M)N belongs to C’teILQ(Q)’H?.

This step is analogous to Step 2 of the proof of Theorem 3.16. Namely, we recall that, by
Proposition 4.15:

w

[Px]" = [T]
as N — oo in L2, L2(Q)Hg'. The fact that [I']” € Cye;L*(Q)HE now follows from the equicontinuity
result in Step 1. In particular, we note that:

IE]" @ +6) = ] Ol 2(ype Seervara0 07 - [IPO)]|pyeo-

Step 3: U(t)T(0) belongs to Crer L*(Q)HE .

From Lemma 3.19, it follows that:

|Ut+8)T0)—U) F(O)||L2(Q)H? Savag 0" ||r(0)||7{g0,
for some r = r(a, ap) > 0. By assumption, we know that HP(O)HH?O < HF(O>H7-L:,0 < oo and hence
U)T(0) € Crer L*(NH, .
Step 4: ([E]w [I‘N]W)N is equicontinuous in LQ(Q)H?.

In this step, we cannot use the equicontinuity result from Step 1, as we did in the independently
randomized setting, since there is w dependence both in [E]w and in [FN]M. Instead, we have
to argue directly by using Lemma 4.24. Given ¢t in I and § > 0 small, we need to estimate the
difference:

(153) | [B]“[Tn]“(t+0) - [B]® [FN]w(t)HLZ(Q)Hg =

ng ' H([E]w [PN]W)(k)(t +0) - ([E}w[FN}w)(k)(t)Hm(Q)Hﬂ(AkxAk)
k=1

in terms of theznitial data T'(0).
We fix k € N and we note that:
Sqw w (k) Sqw wh (k)
[([B]7 [N ]7) 7t +0) = ([BI [N 7)™ O 2y e ar sar)

1

< | [BED] Duh ¥ (D n (0)) ) (t4+6)— [BEHD]* Duh ¥ (D y (0)) *

N—k—
)(t) ||L2(Q)Ha(Ak+1 x Ak+1)"
§=0
Let us furthermore fix j € {0,1,..., N —k — 1}. Then:

[BEED] Duby (Px (0)* 4D (¢ + 6) — [BYHV]"Duh (D (0)) 1 (1) =
t pty tia
= (—i)j/ / / [BEEDT (U (t5—t1)— UKD (t—11)) [BET2]® 1B H2) (4 —t,) [BEFD]“ ..
0o Jo 0
- u(k+j)(tj,1 _ tj) [B(k+j+1)]wu(k+j+l)(tj) ,yékJerrl) dtj dtj,1 o dty dy
st ti 1 " " "
+(—z‘)3/ / / [B(k+1)] Z/l(’““)(t—k §—t1) [B(k+2)] u(k+2)(t1 —t5) [B(H?’)}
t 0 0

u(kJrj)(tj_l _ tj) [B(k+j+1)]wu(k+j+1)(tj) ,yék+j+1) dtjdt;_y - dtydt
=: f + ﬁ
Let us now estimate the quantities 7 and 77 in the norm || . ||L2(Q)Ha(Ak><Ak)'
By Minkowski’s inequality:
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1Z 1l oy e sy <
topt t_
/ / ' / ! IIBADT? (UFHD (45 —1)— UFHD (1—1,)) [BED]2 U6+ (1, ) [BEH]“ ...
0 0 0

u(k+j)(tj71 —t;) [B(k+j+1)]wu(k+j+1)(tj),yék+j+1) HLZ(Q)

Let us now consider the integrand in the above integral more closely. By using the identity (138)
and the bound (140) given in Lemma 4.24, and by arguing in the same way as in the proof of
Proposition 4.4 (i.e. as in Proposition 6.1 of [128]), it follows that:

(154) | [B(kﬂ)]w (u(k+1)(t L8 ty) — U - t)) [B(k+2)}wu(k+2)(t1 1) [B(k+3)]‘*’ .

u(’”j)(tj_l —t;) [B(’“”“)}wu(’“”“)(tj)'yékﬂﬂ) ||L2

He (Ak xAR) dtjdt;_y --- dtadty.

() He (Ak x AR)
ktj+1 . k+j+1
Savag 6 Cy7T ke (k4 1) (k+ ) - HV(() ! )HHao(Ak+J+1xAk+J'+1)’

for some p = p(a,a9) € (0,1) and for some Cy = Cy(a,p) > 0. In this step, we needed to use
the assumption that I'(0) € N. By arguing as in the proof of Proposition 4.5, we note that (154)
implies:

(155)

H z HLZ(Q)H"“(A’CXA’C) < 67 (GsT) (C‘/l)k ' ny(()kﬂﬂ)HHO<0(Ak'+J'+1 X Ak+i+1)

for some constants C} = C4(a, ap), Cy = Ch(a, ag) > 0.
By using the same argument we used to prove estimate the term ZZ in (149), it follows that:

(156) H 1z HLz(Q)HQ(Ak X AF) STo- (C§IT>j ’ (Céll/)k ' H’Y(gk+j+1)HHOL(A’VHHXA’VH“)’

for some constants C§ = C%(a),Cy = C}/(a) > 0. In addition to (150), we choose C; and Cs to
satisfy:

(157) C1 > max{C}%,C%}, Cy > max{C},C/}.

These constraints are given in terms of o and «g. Let us note that, by (150) and (157), we can

choose /C\'I and 6’; to depend on a and «p.
By (155) and (156), it follows that:

H [Bkﬂ]wD”h?(FN(o))(kH)(t +90) - [BkH]WD“h?)(FN(O))(kH)(t)”L?(Q)H“(Ak X AF)

— .~k ki
(158) Savao, T 07 (C1T) - Co - |7 ])HH%(AHMW-)-

Similarly as before, we used the fact that that, by construction, p < 1.
Using (153) and (158), and arguing similarly as in Step 1 of the proof, it follows that:

IB17On 17t +0) = [B]”[Pn " Ol o e

7 SN (CiTNT g~ (Cagyk
< ? g( ¢ ) ];)( ¢ ) ’ HF(O)HH?})'
As in (152), this quantity is:
(159) Sé,f’ux,ao 6 - HF(O)HH?}”

for T as in the assumptions of the theorem. The equicontinuity of ([E}w T | W)N in L2 (2)Hg now
follows since I'(0) € H¢.

Step 5: 0 belongs to CteILQ(Q)H?.
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We recall that §“ was constructed in Proposition 4.10 as the strong limit of [§ ]w [F N ]w when
N — oo. This step is now analogous to Step 2 and it follows immediately from the equicontinuity
result in Step 4. More precisely, from (159) it follows that, for all ¢ € I and for all 6 > 0:

(160) 02+ ) = 0Ol o aype Se.€r000 7 [TO e

Step 6: fg U(t — 5) 0 (s) ds belongs to Crer L*(Q)Hg.

We now use (160) and we argue analogously as in Step 5 of the proof of Theorem 3.16. In
particular, by Minkowski’s inequality and unitarity:

t+5 ¢
[ Ut +5—5)0°(t+0—s)ds — / U(t = 5)6%(t = 5) ds || o
0 0

0 t
< 102 )y s+ [ 10754 8) = 05y

Secraan 8100 e, srions + 707 PO

tel

Here, we used (160) in the estimate of the second term. Since HG“HLOO L2 (@yne a0d ||F(O)HHO(0 are
tel 3 g’

finite, it follows that [j U(t — s)0“(s)ds € CrerL*(Q)HE,.
Step 7: Conclusion of the proof.

Let us recall that, by Proposition 4.16:

t

(161) I[P] @) — U@ T(0) +i / Ut =5)0%(5)ds | pagape = O

0 tel

By using Step 2, Step 3, and Step 6, it follows that:

t

(162) ) (6) — U(t) T(0) + i /0 U(t— 5)0%(s) ds € Crer L2 (QHE.

From (161) and (162), we can deduce that for all t € I:

t

(163) [IP1°) =T +i [ Ut =5)6%(5)ds |2y =0

By Minkowski’s inequality and unitarity, it follows that for all ¢ € I:

(164) H/O Ut —s) (ew(s) - [E}w[r]w(s)) ds ||L2(Q)Hg

tel

¢
=< /o 16 (s) - [B]w[r]w(s)um(sz)ﬂg ds <T- |6 - [B]w[r]wHLw L2(Q)HE 0
In the last equality, we used (130).
We combine (163) and (164) and we conclude that, for all t € I:

t

I[P )" (t) —u(t) 1) +i/0 Ut —s) [B]"[M](5)ds || e =0

The theorem now follows. O
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