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On random weighted Sobolev inequalities on R¢ and
applications

Didier Robert and Laurent Thomann

ABSTRACT. Our aim in this paper is to give an overview of recent results con-
cerning randomization methods applied to Schrodinger equations obtained in
[33}, 32}, [35]. We focus here on properties of the harmonic oscillator and Her-
mite functions for simplicity.

The general idea is that several well known deterministic results like Sobolev
type inequalities are improved in a large extent by introducing some random-
ness. This is very useful in particular for N.L.S with supercritical initial data.

1. Introduction

We present here the results we have obtained in [32], [33] in collaboration with
Aurélien Poiret and the results of [35]. Using ideas of Shiffman-Zelditch [37] and
Burg-Lebeau [6] who developed a randomisation method based on the Laplace
operator on a compact Riemannian manifold, we give a randomisation method
on L%(RY) associated with the Laplace operator with confining potentials. We
are able to construct probability measures on L?(R¢), on the support of which a
typical function enjoys better Sobolev estimates than expected. These measures
and estimates have an interest in themselves, but we can moreover use them to

e construct orthonormal bases of L%(R?) of Hermite functions which enjoy
good L*> bounds. These bounds are shown to be optimal ;

e prove quantum ergodicity results ;

e show a.s. local and global well-posedness results for supercritical nonlinear
Schrodinger equations with quadratic potential ;

e show a.s. global well-posedness results for supercritical nonlinear Schrodinger
equations (without potential).
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To simplify the exposition, we will focus on estimates in the Sobolev spaces
based on the harmonic oscillator in L?(R%)

d
H=-A+[z]>=) (-0} +13).

Jj=1

We get optimal stochastic weighted Sobolev estimates on R¢ using the Burq-
Lebeau method. In [6], the construction of the measures relied on Gaussian random
variables but it is possible to consider general random variable which satisfy con-
centration of measure estimates (like Bernoulli random variables). However, the
optimal estimates (including lower bounds) are obtained only for the Gaussian law.

Let us emphasis here that even if there exist many similarities between the
spectral properties of the Laplace operators a compact Riemannian manifolds and
Schrédinger Hamiltonians with a confining potential on R?, there exists a big dif-
ference due to the complex behaviour at high energy of the spectral function on a
non-compact configuration space.

In [35] we prove that most of the results can be extended to more general
Schrodinger Hamiltonians —A + V' (x) with confining potentials V.

2. Spectral estimates and harmonic Sobolev spaces

Let us recall the well known spectral analysis of the quantum harmonic oscil-
lator H on R%. This is explained in many text books on quantum mechanics. For
mathematical details, we refer to Helffer [20] or to the course of Ramond [34].

The operator H is self-adjoint on the Hilbert space L?(R?), and has the discrete
spectrum {2n + d},en-

e For d = 1 each eigenvalue is simple, Hb,, = (2n + d)h,, where b, is the
n*" Hermite function.

e For d > 2, an orthonormal basis is obtained by tensor products.
Let a = (a1, ,aq) €N 2 = (21, ,14) € RY,

(21) ha(x):ha1(x1)"'had(x1)7 ap+--t+ag=n.

It is sometimes convenient to use different notations. Any orthonormal basis of
ker(H — (2n+d)) can be denoted by {@n i }1<k<m,,, 50 that Hp, p = (2n+d)@s, k-
In the sequel, {)\;};en denotes the non-decreasing sequence of eigenvalues where
each eigenvalue (2n+d) is repeated according its multiplicity, such that Hy,; = A;p;
where {¢;};>0 is an orthonormal basis of L?(R%).

By the multiplicity of the eigenvalue 2n + d is of order n?!, therefore Aj is
of order j1/4.

The scale of harmonic Sobolev spaces is defined as follows: s > 0, p > 1.
(2.2) WP = WHP(RY) = {u € LP(RY), H*?u € LP(R?)},
H® = H*(RY) = W2,

The natural norms are denoted by ||u||yys.» and up to equivalence of norms we have
(see [41], Lemma 2.4]) for 1 < p < 400

lullwer = 1H*?ull 2o = [(=2)*2ul 1o + || (@)l Lo
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For s > 0, H® is the domain of the self-adjoint operator H*/? and we have
M= {ue L*RY), Y N[{g;,u)® < +oo}
Jj=0
and
lullfe D Asl{pssu) .
5>0
In the sequel we fix d > 2. Let us consider spectral windows I;, depending on

a small parameter h > 0 (this notation is convenient to make use of semiclassical
results here and in the more general setting considered in [35]).

Let us denote by I, = [, %[ and assume that a, and by satisfy, for some a, b,
D >0andé €[0,1],
(2.3) lim ap, =a, limb,=b, 0<a<b and by — ap, > DR,

with any D > 0if § < 1 and D > 2 in the case § = 1. This condition ensures that
Np, the number (with multiplicities) of eigenvalues of H in I, tends to infinity when
h — 0. Indeed, we can check that Nj, ~ ch~%(by, —ap), in particular }lbirr%) Np, = +o0,

since d > 2. In the sequel, we write Ay, = {j > 1, A\; € I},} and &, = span{yp;, j €
Ap}, so that Ny, = #A, = dim &,. Finally, we denote by Sy, = {u €& lu|l = 1}
the unit sphere of &, (which is a complex linear space of dimension Ny,).

A very useful tool to get local and global estimates in the deterministic setting
as well as in the probabilistic setting are L? estimates of spectral projectors and of
their kernels, the so-called spectral function. On compact manifolds this is obvious
in [38] for example.

The spectral function is then defined as

mr(Nz,y) = Y ei@)e(y)

A <A

(recall that this definition does not depend on the choice of {¢;,j € N}). When
the energy A is localized in I C R* we denote by I (1) the spectral projector of H
on I. The range g (1) of (1) is spanned by {p;;\; € I} and I (I) has an
integral kernel given by

ra(Lry) = Y 9i(@)e; ().

FERYIS

We will also use the notation Eg(A) = Ex ([0, A]), Ng(A) = dim[Ex (N)].
The relationship between Sobolev type estimates and the spectral function is illus-
trated by the following elementary result:

(2.4) u(@)] < (mpr (L, 2)) 2 |ul| g2 may -
We have the following uniform estimate:
wu(A\sz,x) < CoA 02 ()7,

where Cp depends only on 6 > 0. Now using (2.4) we get (with the semiclassical
parameter h = A71)

(2)? 2RO u(@)| < Collul o gay, Vu € Ex(h7).
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For smaller spectral windows like I}, we need more accurate estimates on the spectral
function

b a
e 1= mp (5, x) = mp (S, ).
For any 6 > 0 there exists Cy > 0 such that
(2.5) (x)%e, < CyNLh(4=D/2,

where Cy depends only on 6§ > 0. Using (2.4) and interpolation inequalities we get
Sobolev type inequalities for v € &, § > 0, p > 2

1/2
(2.6) el o2y < € (Nuh=72) " ) e,

which in turn implies using interpolation

(2.7) el o021 ety < C (Nhh(d*"w) Tl o e

The previous inequality can be written as

d+6
e CE

ull poowro ey < Clop—an)®™7h™ )G | 2 may,  Vp € [2,+oc], VO € [0, d).

We shall see that these Sobolev type inequalities in a large extent can be improved
in a random sense that we shall explain now.

3. Probabilistic weighted estimates for frequency localized functions

3.1. Probabilistic setting. Let us introduce now our probabilistic setting.
Consider a probability space (2, F,P) and let {X,,, n > 1} be a sequence of
i.i.d random variables, centered and normalized following a law v. We assume for
simplicity in all this paper that v is either the standard complex Gaussian
Nc(0,1) or the Bernoulli law 30_1+ 301 (see [33] for more general laws satisfying
a concentration of measure property).

Let v := (n)nen be a sequence of complex numbers and define the random vector
in 5h

(3.1) vy (W) 1= ) v X (w)e;.

JEAR

The probability law of v, is denoted by v,. We define a probability measure P, on
the sphere Sy, by: for all measurable and bounded function f:S; — R,

fap ) = [ f( Yape).

Sh [[v (W) L2(Rd)

It is not difficult to see that in the isotropic case (v; = ﬁ for all j € Ap) and

when X; ~ N¢(0,1), then P, is the uniform probability on the sphere Sy.

For more general sequences v we need to assume the following squeezing con-
ditions. There exists Ko > 0, K7 > 0 such that

Ky
3.2 o) < —L ., Vh€)0,1].
(3:2) [Ylle=an) < N Y162 An) 10,1]
We also need the stronger condition

(3.3) Vh €]0,1], Vj € Ap.

Kﬁl [l <yl < o [l
fp—— 2 1 — 2 5
Nh Ve (Ap) = 7] — Nh Yile (An)
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Notice that

E([oyl72@ay) = Y 1ul* = an)-
JEAR

Let us comment now our assumptions.

REMARK 3.1. (i) Assumptions and mean that in the index set Ay,

(i)

(iii)
(iv)

the sequence vy is almost constant. In applications it is useful to be able to
modify the ~;. By considering two sequences 7,3 and using the Kakutani
theorem we can construct mutually singular probability measures piy, g on
the Sobolev space H® (see [33], Section 2.2]). In particular this gives larger
sets of initial data for solutions of NLS (see Section of this paper).
Assumptions and are very useful to be able to use the accurate
spectral estimate as we have shown in [33, Section 3]. This condition
allows to normalize the H*-norm of v,. Moreover it is compatible with the
Lévy contraction principle (see [22] for details).

It is possible to avoid assumption at the price of introducing new weighted
Sobolev spaces (see the definition of the space Z in [22] ).

The Gaussian complex law is natural because it gives the uniform probability
measure on the sphere Sy, but in this case the H*-norm of v, depends
on w. This is not the case if v is a centred Bernoulli law. Moreover the prob-
abilistic information we get clearly depends on v and it may be interesting to
consider also discrete probability laws. Actually, our results are proven un-
der the assumption that the family (V®N,RN)N21 satisfies the concentration
property of measures. Finally, we point out that the results of Section [ hold
true under the weaker assumption that v is sub-gaussian: there exists o > 0
such that

2

o2
/es‘rdy(x) <e?%, VseR.
R

For a discussion about these conditions we refer to [33], Section 2.1].

A very useful tool here is a measure concentration property satisfied by the
probability P, proved by P. Lévy for the uniform law. For a study of this notion,
we refer to the book [25].

PROPOSITION 3.1. Suppose that Assumption (3.3)) is satisfied. Then there exist
constants K > 0, k > 0 such that for every Lipschitz function F' : S, — R

satisfying
|F(u) = F(u)] < [[Fllzipllu = vll2@a),  Yu,v € Sp,
we have
_ ANy r?
(3.4) Pv{u €Sp:|F— Mp| > r} < Ke Miw  r>0, helo,1],

where Mg is a median for F.

Recall that a median Mg for F is defined by

Pv[uesh:FzMF]zé, Pv[uesh:FgMp]Z%.

The factor Nj, in the exponential of r.h.s of (3.4) is crucial in applications to
get large deviation estimates.
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3.2. LP bounds, 2 < p < 4o00. The following result shows that for 8 = d the
11

Sobolev estimate l} is improved by the factor N’ * for u in a set of probability

close to 1.

THEOREM 3.1 ([33], Theorem 4.7). Let p > 2. Denote by M, a median
of lJullLe.aw2-1y. Assume condition and let 6 € [0,1]. Then there exist
0<Co<Ci, K >0,¢c1 >0, hg > 0 such that for all r € [2,K|logh|] and
h €]0, ho] such that

(3.5) P u[uesy: ]||u|\L,,,d(p/271> - Mp' > A] < 2exp (= eN/7A2).
Moreover if condition (3.3) is satisfied and if 6 € [0,2/3[, then we have
Covp < My < Ci/p, Wp € [2, K log Ny).

This result shows that ||u||zpsaw/2-1) has a Gaussian concentration around its
median. The first part of the theorem is a direct application of Proposition [3.1] to
F(u) = ||u||pp.ap/2-1). The estimate of M, is more involved and needs the following
estimate for the spectral function.

LEMMA 3.1 ([33], Lemma 4.9). Let § € [0,2/3] and —d/(p—1) < 8 < 1. There
exist 0 < Cy < Cy and hg > 0 such that
d—6 1 1 l/p d—6 1 1
CONhhT( -3) < (/ <x>‘9(p_1)e§ dx) < ClNhhT( —;)’
Rd

for every p € [1,00[ and h €]0, ho].

Let 0 < n < 1, then we are able to precise the concentration estimate (3.5))

in the regime p ~ |[Inh|'=7. Assume that for all j € Ay, v; = N{1/2 and that
X; ~Nc(0,1), so that P := P, is the uniform probability on Sy,.

THEOREM 3.2. Let 6 € [0,2/3[, 0 <7 < 1 and set py, = |Inh|*~". Then there
exists constants C, = Ci(d) and ¢ > 0 such that for all € > 0 there exists hg > 0
so that for all h €]0, ho]

2
P u € St |l o = Coy/a| > ey/pr| < 26710,

We give the main lines of the proof in the appendix.

3.3. L™ bounds. The next result shows that for & = d the Sobolev esti-
mate (2.6) is improved by the factor N, ?|logh| for u in a set of probability close
to 1. We suppose that (3.2)) and (2.3) with 0 < § < 1 are satisfied.

THEOREM 3.3 ([33], Theorem 4.1). There exist hg €]0,1], c2 > 0 and C > 0
such that if c; = d(1 + d/4), we have

P%h[u €Sh: T Jlull g or2gay > A} < Ch=1e=%A" YA > 0, Vh €]0, hol.

We can deduce probabilistic estimates for the derivatives as well. Recall that
the Sobolev spaces W¥P(R?) are defined in (2.2). The following result say that
Theorem is sharp for large enough spectral windows.
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THEOREM 3.4 ([33], Theorem 1.1). Let d > 2. Assume that 0 < § < 2/3
in (2.3) and that condition (3.3|) holds. Then there exist 0 < Cy < C1, ¢ > 0 and
ho > 0 such that for all h €]0, ho].

P [u € S : Collog h/? < JJullyyusa.(mey < Ci 1ogh|1/2] >1 - he,

It is clear that under condition (3.3)), there exist 0 < Cy < Cs, so that for all
u € Sy, and s >0

Cgh_s/Q < Hu||Hs(Rd) < Cgh_s/Q,

since all elements of Sy, oscillate with frequency h~'/2. Thus Theorem shows a
gain of d/2 derivatives in L, and this induces a gain of d derivatives compared to
the usual deterministic Sobolev embeddings. This can be compared with the results
of [6] where the authors obtain a gain of d/2 derivatives on compact manifolds: this
comes from different behaviours of the spectral function, see Section 2] Notice that
the bounds in Theorem (and in the results of [6] as well) do not depend on the
length of the interval of the frequency localisation Ij, (see ), but only on the
size of the frequencies. This is a consequence of the randomisation, and from the
bound .

In our works we give estimates for the eigenfunctions in the configuration space,
while Feng, Shiffman and Zelditch [37), [19] give similar estimates in the Bargmann
representation for holomorphic fields.

We now state a result which gives optimal L* bounds in the general case
0<6<1

THEOREM 3.5. Let d > 2. Assume that 0 < 0 < 1 in (2.3) and that condi-
tion (3.3) holds. Then there exist 0 < Cy < C1, ¢1 > 0 and ho > 0 such that for all
h €]0, ho].

P, [u € Sy, : Collog hM? < h™H*|ju| e (may < Ci|log h\lﬂ} >1 - e

We will give the main lines of the proof of this result in the Appendix [Bl The
key obervation is that the estimates of the L? norm of the spectral function (which
are not optimal when ¢ is close to 1), become optimal in the regime p = p;, ~ ¢|Ilnh|.

4. Hermite functions estimates

In this section the previous results are applied to obtain L°° estimates for
Hermite functions.

THEOREM 4.1 ([33], Theorem 1.3). Let d > 2. Then there exists an orthonor-
mal basis of L*(R?) of eigenfunctions of the harmonic oscillator H denoted by
{@h }nz1 such that || ¢4 p2ray = 1 and so that for some M >0 and alln > 1,

_4d
(4.1) 0%, | oo (Ray < MAn (14 log An)'/2.

In other words, all elements of this basis are decreasing in L>(R¢) norm.
Let us compare (4.1) with the general known bounds on Hermite functions. We
have Hp, = A\pp, with A, ~ cn!/?, therefore ([.1)) can be rewritten

4.2 O || oo (ray < Mn~Y4(1 +1ogn)/2, ¥n > 0.,
nllLoe (ra)



8 DIDIER ROBERT AND LAURENT THOMANN

For a general orthonormal basis of Hermite functions, with d > 2, Koch and
Tataru [23] (see also [24]) prove that

_1
2

da
lonllpoerey < CAn 2,

whichshows that (4.2)) induces a gain of d — 1 derivatives compared to the general
case.

Notice that for the tensorial Hermite basis §,(z), using the bound for d = 1 [40), [23]
we have

_ 1
[Dalloe ey < CAR ™2, for g + -+ aqg = Ay

Observe also that the basis of radial Hermite functions does not satisfy (4.1 in
dimension d > 2, as we have recently proved in [22]. We will see in Theorem
that the log term in (4.1)) can not be avoided.

Theorem is a consequence of a more powerful result, obtained following an
idea in [43]. Here we follow the main lines of [6, Section 3]. In this part the upper
bounds estimates of Section |3| are used in their full strength.

Firstly, we assume that for all j € Ay, v; = N,;l/Q and that X; ~ N¢(0,1), so
that P := P, is the uniform probability on S;,. We set hy, = 1/k with k € N*, and

Ay, =2+ dhy, bhk :2+(2+d)hk.
Then ([2.3)) is satisfied with § = 1 and D = 2. In particular, each interval

_ [ b _
I, = [ - [_[2k+d,2k+d—|—2[

only contains the eigenvalue 2k + d with multiplicity Nj,, ~ ck?~! and &, is the
corresponding eigenspace of the harmonic oscillator H. We can identify the space of
the orthonormal basis of &, with the unitary group U (N}, ) and we endow U (Np,)
with its Haar probability measure p;. Then the space B of the Hilbertian bases of
eigenfunctions of H in L?(R?) can be identified with

(4.3) B = XenU(Nn,),
which can be endowed with the measure
(4.4) dp = Qrendp.

Denote by B = (¢k,e)ken, te[1,n,,] € B a typical orthonormal basis of L?(R%) so
that for all k € N, (¢x,0)eeqi,n,, ] € U(Nn,) is an orthonormal basis of &y,

Then the main result of the section which implies Theorem [£.1] is the following.

THEOREM 4.2 ([33], Theorem 5.1). Let d > 2. Then, if M > 0 is large enough,
there exist ¢,C > 0 so that for all T >0

P[B = (@k,0)ken, eef1,nn, ] € B 3k, 4 [k ellywasz.oemay = M(log k)2 + 7"}
< Ce=.

The previous result relies on the following proposition
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PRrOPOSITION 4.1 ([33], Proposition 5.2). Let d > 2. Then, if M > 0 is large
enough, there exist ¢,C' > 0 so that for all ™ >0 and k > 1

Pk {Bk = (Ye)eeq1,Nn, ] € UNny) + 3C € [1, N, I Wbellarz.ce may = M(log k)1/2+7“}
< Ck~ 2.
Let us show how this result implies Theorem We set
Frr = { Br = @0)eepn, ] € UN) 0 V0 € [1, Niy I [9ellyyarz.e may < M(log k)2 41},
and F, = Ng>1Fk,». Then for all » > 0
PIFS) <D prl(F,) SO Y ke =Clemr,
k>1 k>1

and this completes the proof.

Then from the Borel-Cantelli Lemma we get

CoRrOLLARY 4.1 ([33], Corolllary 5.3). For p-almost all orthonormal basis
(‘Pk,f)keN,ee[[l,Nhk]] of eigenfunctions of H we have
(i) For 2 <p < +o0
_d(i_1
gl Lrray < Cok™2G72) Wk eN, VL e [1,Ny,].
(i) For p =400
onell oo gy < (M + 1Dk~ Y4(1+1loghk)V/?,  VkeN, VIe[1,Ny,].

We now state a result we shows that the log factor in the previous bounds is
optimal

THEOREM 4.3. Let d > 2. Then for all M >0

p| B = (ert)ren.een,n,,) € B+ liminf - inf kY or,el| poo(ray < M | = 0.
This means that, from an orthonormal basis, one cannot extract a subsequence
which satisfies better bounds than in Corollary
This result is a consequence of Theorem For the proof, we can follow the
main lines of [6l, Théoréme 8] where an analogous result for the spherical harmonics
is proven.

5. Application to Quantum ergodicity

Recall that ”quantum ergodicity” for a quantum Hamiltonian H usually means
that in some semiclassical regime almost all eigenfunctions of H are distributed
according to an invariant measure with a support equal to the classical energy
shell.

Assume that I, =]ap, by] is such that

by —
limap = lim b, =71 >0 and lim - — % _ +00
h—0 h—0

h—0 h
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The Liouville measure L,, associated with the classical Hamiltonian Hee(x,&) =
|z|2 + |€|? is here the uniform probability on the sphere \/ﬁSQd_l. We define the
class of symbols

S(1) = {A € C*(R™), Ya,VB, sup |050; A(z,&)| < +o0},
(z.8)

and S(1,1) C S(1) the class of symbols such that A € C*°(R?¢) and A is homoge-
neous of degree 0 outside a small neighbourhood of (0,0) in RZ x Rg: Az, XE) =
A(z,§) for every A > 1 and |(z,§)] > e.

For A € S(1) let us denote by A the Weyl quantization of A (here h = 1). No-
tice that if ||up|[z2rey = 1 then A — (up, Auy) defines a semiclassical measure on

VIS (see e.g. [B]).
Then we have

THEOREM 5.1 ([35], Theorem 1.4). Assume that we are in the isotropic case

(v; = Jth for all j € Ap). Then there exist ¢,C > 0 so that for all ™ > 1 and

AeS(1,1),

ﬁ

5.1 Py|ueS,: |[(u, Au) — L,(A)] > r gCe_CN”2, Vh €]0, 1].
n

This result can be related with quantum ergodicity (see [42}, 15], 21, [26] and
the book [46] Chapter 15] for an introduction to this subject) which concerns
the semi-classical behavior of (¢;, Ap;) when the classical flow is ergodic on the

energy hyper surface H&l(n). Then, for ”almost all” eigenfunctions ¢;, we have

(pj, Ap;) I2tge L,(A). The meaning of Theorem is that we have (u, Au) b9

L,(A) for almost all w € Sy, such that all modes (¢;);ea, are “almost uniformly
distributed ” in w. For related results on compact manifolds see Zelditch [44].

As a consequence of Theorem [5.1] we get easily that almost all bases of Hermite
functions is Quantum Uniquely Ergodic (see Theorem |5.2| for a precise statement).
In [43] the author proved that on the standard sphere a random orthonormal basis
of eigenfunctions of the Laplace operator is ergodic.

Burg-Lebeau [6, Théoréme 3] obtained a similar result for the Laplacian on a
compact manifold. A modification of their proof allows to consider more general
random variables satisfying the Gaussian concentration assumption instead of the
uniform law.

From we directly deduce that there exists C' > 0 so that for all p > 2 and
h €]0,1],

| (u, Au) — Ly( D)y, < CNV2 5.

Therefore, if one denotes by

then we have (ug, Aug) o L,(A) in LP(2)-norm with a remainder estimate.

1
For example taking the Bernoulli law for the X; then uj = Vi jg\:h(—l)sf(“)goj
where {¢;};>1 are 1.i.d Bernoulli variables.
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We are also able to prove that a random orthonormal basis of eigenfunctions
of the Harmonic oscillator H is Quantum Uniquely Ergodic (QUE, according the
terminology used in [44] and introduced in [36]).

Recall the definitions and of Band p. Denote by B = (¢j¢)jen, ¢, N, ] €
B a typical orthonormal basis of L?(R?) so that for all j € N, (@j,f)le[{l,]\/hj]] €
U(Np,) is an orthonormal basis of &£,;. Then '

THEOREM 5.2 ([35], Theorem 1.6). For B € B and A € S(1,1) let us denote
by
Dj(B) = 155X, [(#j.0s Apje) — Ln(A)|.
Then we have
lim D;(B)=0, p—ason B.

j—+o0

In other words, p-almost all orthonormal basis of Hermite functions is QUE.

Using estimates proved in [6], an analogous result to Theoremcan be proved
for the Laplace operator on Riemannian compact manifolds with the same method.
This holds true in particular for the sphere in any dimension d > 2 and more
generally for Zoll manifolds (in this last setting a random orthonormal basis of
quasi-modes is obtained).

For Schridinger operators with super-quadratic potentials a similar result can
be obtained (see [35]), considering orthonormal basis of quasi-modes (approximated
eigenfunctions) satisfying the conclusion of Theorem

6. Application to supercritical nonlinear Schrodinger equations

6.1. Construction of measures on L?(R?) and Strichartz inequalities.
For j > 1 denote by

Ij)={neN, 2j <X, <2(j +1)}.
Observe that for all j > d/2, I(j) # 0 and that #1(j) ~ cq7%" when j — +oo.
It might also be noticed that I(j) corresponds to exactly one eigenvalue A, of H,
with multiplicity #1(j), where A, = 2j if d is even and \,, = 2j + 1 if d is odd.
Let us consider any fixed orthonormal basis (¢,)n>0 of eigenfunctions for the har-

monic oscillator H. Let s € R, then any u € H*(R?) can be written in a unique
fashion

+oo
(6.1) u=>Y"Y" cun,
j=1nel(j)

and we make the following condition on the coefficients (this is actually condi-

tion (3.2))

C ‘ .
(6.2) \ck|2§#17(,) > enl?, VEEI(), Vji>1.
) net(p

We then define the random variable u* by

+oo
u? = Z Z Xn(w)cn(Pn7

j=1nel(j)
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where {X,, },,>0 is a sequence of i.i.d random variables, following either the standard
complex Gaussian law N¢(0,1) or the Bernoulli law 6_1 + 361.

REMARK 6.1. Here condition (6.2)) allows us to use the optimal estimates on the
spectral function e, (see Lemma nd inequality below). This will induce a
gain of Sobolev regularity for the random series u* as it is stated in Proposition[6.1,
compared to the deterministic Strichartz estimates (6.4)).

We then have the following probabilistic improvement of the Strichartz esti-
mates.

PROPOSITION 6.1 ([32], Proposition 2.1). Let s € R and let u € H*(RY) as
n , Assume that (c,)nen satisfies . Let1 < g < +o00,2<p< 400, and
seta=d(1/2—1/p) if p < +o0 and o < d/2 if p = +00. Then there exist ¢,C >0
so that for all T € R
_ cK?
T2/ |2

e ()

I[D [w . ||efi(t+T)HuW||LFO,T]WS+a,p(Rd)

> K ] <Ce

The first key ingredient in the proof is the Khinchin inequality (see e.g. [9]
Lemma 4.2] for a proof): There exists C' > 0 such that for all real ¥ > 2 and
(an) € 2(N)

I Xu(@) anllzy < CVE(D lanl?)”
n>0 n>0

The second key ingredient in the proof is the L estimate of the spectral
function given by Thangavelu/Karadzhov (see [33 Lemma 3.5]) which reads for
d>2

2 d/2—
(6.3) sup Y Jen(2)]” < €Y,
T ner()
and which does not depend on the choice of the (p,)n>1.
Let us recall the deterministic Strichartz estimates for the harmonic oscillator,
which can be established using the Mehler formula (see [8] Lemma 5.1] for the

argument in 1D which can be extended). We say that a couple (q,p) € [2, +o0]? is
admissible if

2 d d
-+ -=—- and (d,q,p) # (2,2,4+00).
288wt (Wap) # 22,5
Then for all T > 0 there exists Cr > 0 so that for all uy € H*(R?%) we have
(6.4) le™ fllxz. < Crllfllne (ra),
where
X5 = N LY([-T,T]; WP (RY).

(g,p) admissible

When p is close to +oo, the result of Proposition [6.1] expresses a gain P—a.s.
of almost d/2 derivatives in space compared to the bound (6.4).
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Before we state our well-posedness results, we need to define the measures on
the space of initial conditions. We define the set A, C H*(R?) by

+oo
A = {u = Z Z Cn'pn € HS(Rd) s.t. condition (6.2) holds for some C > 0}.
j=1nel(j)

Let v € A,. We define the probability measure ., on H® via the map
Q — H(RY

+oo
w ’Yw:Z Z cnXn(W)@n,

J=1nel(j)

in other words, p., is defined by: for all measurable F' : H®* — R

[ P ) = [ Fo©)pe)
Hs (RE) Q
In particular, we can check that p., satisfies

o If v € H5\H5"e, then p (H5T¢) = 0.
e Assume that for all j > 1 such that I(j) # () we have ¢; # 0. Then for all
nonempty open subset B C H*, u(B) > 0.

Finally, we denote by M?* the set of all such measures

M = U {uy}-

YEAs

For more properties of these measures, we refer to the introduction of [32].

Each element v € A, defines a probability measure p,. We will see in the next
section that for a typical up € H* in the support of u., the nonlinear Schrodinger
equation with initial condition ug is well-posed.

By the Kakutani theorem (see also Remark, the space M? contains mutu-
ally singular measures, and this extends the set of initial conditions for which we
are able to solve NLS.

6.2. Application to NLS. We now consider the Cauchy problem for non-
linear Schrodinger equations, where the initial condition is random. We apply the
estimates developed in the previous sections, in particular Proposition[6.1] in order
to show local and global well-posedness results, for problems with Sobolev super-
critical regularity.

Much work has been done on dispersive PDEs with random initial conditions
since the papers of Burg-Tzvetkov [9, [10]. In these articles, the authors showed
that thanks to a randomisation of the initial condition one can prove well-posedness
results even for data with supercritical Sobolev regularity. We also refer to [11}
39, 8, 31, B0, 17, [7, [29] [27] and references therein for further developments.

Let us consider nonlinear Schrédinger equation with harmonic potential

(65) z% + Au — |z|?u = +[ulP" u, (t,z) € R x RL

u(0) = up,

with d > 2, p > 3 an odd integer. This is a model used in the description of the
Bose-Einstein condensates.
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Before we state our results, let us recall some facts concerning the deterministic
study of the nonlinear Schrodinger equation ([6.5). We say that (6.5)) is locally well-
posed in H*(R?), if for all initial condition ug € H*(R?), there exists a unique
local in time solution u € C([-T,T]; H*(R%)), and if the flow-map is uniformly
continuous. We denote by

O R
the critical Sobolev index. Then one can show that NLS is well-posed in H*(R%)
when s > max(s.,0), and ill-posed when s < s.. We refer to the introduction
of [39] for more details on this topic.

6.2.1. Local existence results. We are now able to state our first result on
the local well-posedness of ([6.5]).

THEOREM 6.1 ([32], Theorem 1.1). Let d > 2, p > 3 an odd integer and fix
p= i, € M°. Then there exists ¥ C L?(RY) with u(X) =1 and so that:

(i) For all ug € X there exist T > 0 and a unique local solution u to (6.5) with
initial data uy satisfying

(6.6) u(t) — e "Hyy € C([-T, T); H* (RY)),

d 2 d
forsome§fpj<s<§.

(i) More precisely, for all T > 0, there exists Xp C X with
w(E7) >1—Cexp ( — CT_6||’Y||222(R2))7 C,e,0 >0,

and such that for all ug € X7 the lifespan of u is larger than T .

Denote by v = Z cnon (), then uf = Z gn(W)cnpn(x) is a typical element

in the support of Mv Another way to state Theorem ! is : for any T > 0, there
exists an event Qp C ( so that

P(Qr) > 1= Cexp (= T |0l 3 ga));  Che,d >0,

and so that for all w € Qp, there exists a unique solution of the form to (6.5)
with initial data ug.

The key argument in the proof is the use of Proposition [6.1] which yields a gain
of d/2 derivatives compared to the deterministic theory. To prove Theorem we
only have to gain s. = d/2 — 2/(p — 1) derivatives. The solution is constructed
by a fixed point argument in a Strichartz space X5 C C([-T,T]; H*(R?)) with
continuous embedding, and uniqueness holds in the class X7.

The deterministic Cauchy problem for was studied by Oh [28] (see also
Cazenave [14] Chapter 9] for more references). In [39], Thomann has proven an
almost sure local existence result for in the supercritical regime (with a gain
of 1/4 of derivative), for any d > 1. This local existence result was improved by
Burg-Thomann-Tzvetkov [8] when d = 1 (gain of 1/2 derivatives), by Deng [18]
when d = 2, and by Poiret [31], [30] in any dimension.
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6.2.2. Global existence and scattering results for NLS. As an applica-
tion of the results of the previous part, we are able to construct global solutions to
the non-linear Schrédinger equation without potential, which scatter when t — +oo.
Consider the following equation

ou
i— + Au=+ulP"tu, (t,2) € R x RY
(6.7) ot ful (t,2)

u(0) = up.
The well-posedness indexes for this equation are the same as for equation (6.5).
Namely, (6.7) is well-posed in H*(R?) when s > max(s,,0), and ill-posed when
5 < Se.

Then we can prove
THEOREM 6.2 ([32], Theorem 1.3). Let d > 2, p > 3 an odd integer and fix
p=py € MO, Then there exists > C L*(RY) with u(X) > 0 and so that:

(i) For all ug € X there exists a unique global solution u to (6.7) with initial data
ug satisfying
u(t) — e®ug € C(RyH* (RY)),
d d
forsome§—p%1<s<§.
(ii) For all ug € ¥ there exist states fy, f— € H*(R?) so that when t — Foo

fut) — 2 to + Fi) |y — O
(iii) If we assume that the distribution of v is symmetric, then
M(Uo € L*(RY) : the assertion (ii) holds true ‘ lluoll L2 (ray < 77) — 1,
when 1 — 0.

We can show [31, Théoreme 20], that for all s > 0, if uy ¢ H°(RY) then
pu(H? (R?)) = 0. This shows that the randomisation does not yield a gain of de-
rivative in the Sobolev scale; thus Theorem gives results for initial conditions
which are not covered by the deterministic theory.

There is a large literature for the deterministic local and global theory with
scattering for (6.7). We refer to |2, 12] for such results and more references.

One of the key points in the proof is to use the lens transform . defined as

/2 .
1 arctan(2t) x int
uw(t,z) — Lu(t,z) = | ——— u( , )e1+4t2,
a2 a2 (V1+4ﬂ) 2 V14 4t?
which permits link equation (6.7)) to equation (6.5). In particular, local in time re-
sults for (6.5)) on the time interval [—7/4, 7 /4] imply global in time results for (6.7]).

In Theorem we assumed that d > 2 and p > 3 was an odd integer, so we
had p > 1+ 4/d, or in other words we were in a L?-supercritical setting. Our
approach also allows to get global in time results in an L2-subcritical context, i.e.
when 1+2/d <p<1+44/d.
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THEOREM 6.3 ([32], Theorem 1.4). Let d=2 and 2 <p < 3 and fit p = p, €
MO, Then there exists ¥ C L?(R?) with u(X) > 0 and so that for all 0 < e < 1

(i) For all ug € X there exists a unique global solution u to (6.7) with initial data
ug satisfying
u(t) — ePug € C(RyH'¢(R?)).
(ii) For all ug € ¥ there exist states fy, f- € H'7(R?) so that when t — +o0
itA
||u(t) — " (up + fi)HHlff(]RQ) — 0.
(iii) If we assume that the distribution of v is symmetric, then
M(Uo € L*(R?) : the assertion (i) holds true ‘ luoll 22y < 77) — 1,
when n — 0.

In the case p < 1+ 2/d, Barab [3] showed that a non trivial solution to (6.7)
never scatters, therefore even with a stochastic approach one can not have scattering
in this case. When d = 2, the condition p > 2 in Theorem is therefore optimal.
Usually, deterministic scattering results in L2-subcritical contexts are obtained in
the space H' N F(H'). Here we assume ug € L2, and thus we relax both the
regularity and the decay assumptions (this latter point is the most striking in this
context). Again we refer to [2}, 1] for an overview of scattering theory for NLS.

6.2.3. Global existence results for NLS with quadratic potential. We
also get global existence results for defocusing Schrédinger equation with harmonic
potential. For d = 2 or d = 3, consider the equation

(6.8) i%—Hu: lul?u, (t,z) € R x RY,
u(0) = uyo,

and denote by E the energy of , namely
1
B(u) = [[ulljo @) + 5 llullzs sy
Deterministic global existence for has been studied by Zhang [45] and by
Carles [13] in the case of time-dependent potentials.
When d = 3, our global existence result for is the following

THEOREM 6.4 ([32], Theorem 1.5). Letd =3, 1/6 < s <1 and fix pp = py €
M?. Then there exists a set ¥ C H*(R3) so that u(X) = 1 and so that the following
holds true

(i) For all ug € X, there exists a unique global solution to which reads
u(t) = e "Mug +w(t), wecl(RH (R?)).
(ii) The previous line defines a global flow ®, which leaves the set ¥ invariant
(t)(X) =%, foral teR.
(ii) There exist C,cs > 0 so that for allt € R,
E(w(t)) < C(M + 1)+,
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where M is a positive random variable so that

cKd

ek
V13 s g3y

plug € HE(R?) : M > K) < Ce

Here the critical Sobolev space is H'/?(R?), thus the local deterministic the-
ory combined with the conservation of the energy, immediately gives global well-
posedness in H*(R?). To prove Theorem [6.4) we use the high/low frequency decom-
position method of Bourgain [4], page 84]), which relies on the almost well-posedness
result of Theorem and the global well-posedness in H!(R?). As a result, we get
a global well-posedness result in a supercritical context. This strategy has been
successful in different contexts, and has been first used together with probabilistic
arguments by Colliander-Oh [16] for the cubic Schrédinger below L?(S') and later
on by Burg-Tzvetkov [11] for the wave equation.

With a similar approach, in dimension d = 2, we can prove the following result

THEOREM 6.5 ([32], Theorem 1.6). Letd =2,0 < s <1 and fix p = p, € M".
Then there exists a set ¥ C H*(R?) so that u(X) = 1 and so that for all ug € 3,
there exists a unique global solution to which reads

u(t) = e Hug +w(t), weC(RH(R?).
In addition, statements (ii) and (iii) of Theorem are also satisfied with

__1=s
cs = .

Here the critical Sobolev space is L?(R?), thus Theorem shows global well-
posedness for any subcritical cubic non linear Schrédinger equations in dimension
two.

Appendix A. Proof of Theorem

LEMMA A.1. Let0 < n < 1 and set p, = |Inh|1=". Then there exists a constant
C, = C.(d) such that

(A1) (Cu —€/2)y/pn < My, < (Cx+¢/2)\/pn,
for h > 0 small enough.

PRrROOF. In the sequel, write p = py. As in the proof of [33] Theorem 4.7], we
denote by A, = Ep,(||u||pr.aw/2-1))/P. Then from [33] estimate (4.14)] we have

|Ap — Myl < C’N‘l/l’\/ﬁ < e lnh\"\/ﬁ,

hence it is enough to prove estimate (A.1) for A,. The proof then consists in
tracking all the constants in [33] and to show that they are optimal. We do not
write all the details, but we give the main steps. Let us recall [33] estimate (4.12)]

CoN
(A.2) Cyp(c,N)7P/? < / <x>d<51>eg/2dx) / /2o dt < AP <
R 0

d

< Copla) 2 ([ (0D etlar ) p/2),

Then for € > 0
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e With an inspection of the proof of [33, Theorem 2.6, (2.11)] and in [33]
Lemma 2.11] we can show that we can take in the previous line

1/2—¢/8<ca<c1<1/24¢/8.

e We can construct the parametrix in [33] Lemma 4.9] in such a way that

1/p
(VC* —/8)V/N < (/ <x>d<€1>eg/2dz> < (VC* +¢/8)VN,
Rd

where C* is a constant which only depends on the dimension.
e With the Laplace method, we can show that for p > 2 large enough

(1- 5/8)\/2 < (/OCONt”/Zlet dt)l/p < (D(p/2)"" < (1+ 6/8)\/2.

Putting the previous estimates together with (A.2)), we get
(C —€/2)Vp < Ap < (Ch +2/2)y/p,
with C, = (C*/(2e))/?, which was the claim. O

We are now able to complete the proof of Theorem [3.:2 By Lemma [AT] for
p > 2 large enough

13
{lull .z = Cov/pl > e/} € {|lullraioras = My| > =V},

and an application of Theorem [3.1] gives the result.

Appendix B. Proof of Theorem

Assume here that 6 = 1 (the general case 0 < § < 1 can be treated in the same
way). To begin with, we state an estimate of ||u||p-.

THEOREM B.1. Let 2d/(d—1) < r < oo and denote by M, a median of ||ul/z-.
Then there exist 0 < Cy < C1, K > 0, ¢ > 0 and hg > 0 such that for all
r € [2,K|logh|] and h €]0, ho] such that

P, [u €S, : (||u|\y M,

> A] < 2exp ( — cst/Th_%(H'%)AQ).
and where
(B.1) Cov/rhi0+3) < M, < Cyy/rh3U=2) ) wr € [2,K|loghl].

This is a result similar to [33, Theorem 4.7] in which we made the restriction
d < 2/3. However, the price to pay, is that the estimate is no more optimal.
The reason is that, in this case we prove the following estimate on the spectral
function when p > d/(d — 1) (here r = 2p)

1/p
(B.2) Coh'~207%) < </ eh dI) < O pt—e 03,
]Rd

Let us prove . The upper bound is the same as in Lemma and is proved
using (see also [35] Appendix A.5] for more general results). To get the lower
bound, we oberve that among the family (¢;),ea, there exists a radial function
©rad,n, and which satisfies Hrqq,p ~ %gpmd,h. Therefore

€y = Z |<Pj|2 > |Sﬁrad,h
JEAR

2
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Now we invoke the sharp LP bounds of radial Hermite functions, proved in [22]
Proposition 2.4] which imply the result. Finally, to prove Theorem we proceed

as

in the proof of [33] Theorem 4.7], using the estimate (B.2)).
The proof of Theorem|[3.5]is analogous to [33] Corollary 4.8]. Roughly speaking,

the L> norm is reached in the regime r = r;, = ¢|Inh| and h < 1. In this regime,
the estimate (B.1)) becomes optimal, since h°/™ ~ cy.
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