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RANDOM WEIGHTED SOBOLEV INEQUALITIES AND APPLICATION
TO QUANTUM ERGODICITY

by

Didier Robert & Laurent Thomann

Abstract. — This paper is a continuation of [I5] where we studied a randomisation method based on
the Laplacian with harmonic potential. Here we extend our previous results to the case of any polynomial
and confining potential V on R%. We construct measures, under concentration type assumptions, on the
support of which we prove optimal weighted Sobolev estimates on R%. This construction relies on accurate
estimates on the spectral function in a non-compact configuration space. Then we prove random quantum
ergodicity results without specific assumption on the classical dynamics. Finally, we prove that almost all
basis of Hermite functions is quantum uniquely ergodic.

1. Introduction and results

1.1. Introduction. — The aim of this paper is to prove stochastic properties of weighted Sobolev
spaces associated to the Schrédinger operator

H=Hy=-A+V,

in L2(RY) where V is a real confining polynomial potential. We will see that most of the results
obtained in [I5] for the harmonic oscillator (V(z) = |x|?) have a natural extension in this context.
In the case of the harmonic oscillator we can take profit of many explicit formulas and both the
spectrum and the eigenfunctions are well understood. This is not true anymore for more general
potentials even if many asymptotic properties are known (see [4}, 9}, 3], [16]). The results obtained
in this paper combine accurate spectral results for the operator Hy with probabilistic methods. Our
work is inspired by similar properties proved before by Burq and Lebeau [2] (see also Shiffman and
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Zelditch [18]) concerning the Laplace operator on compact Riemaniann manifolds. When the degree
of V tends to infinity, we formally recover the estimates of [2].

As a consequence of our probabilistic estimates, we obtain quantum ergodicity results for H under
general probability laws satisfying the Gaussian concentration of measure property. These results
extend previous ones [21], [2] obtained on compact manifolds for the Gaussian measure. Furthermore,
our analysis allows to prove that almost all orthonormal bases of L?(R%) of Hermite functions are
unique quantum ergodic (see Theorem below).

Spectral theory context : Let d > 2 and k > 1 an integer number and write (z) = (1 + |2|2)"/2.
In the sequel, we will consider a potential V satisfying

(A1) The potential V is an elliptic polynomial in R? which means that we have: V = Vj + 1}
where Vj is an homogeneous polynomial of degree 2k with (Vp(z) > 0 if  # 0) and Vi(x) is a
polynomial of degree < 2k — 1.

In particular for |z| large we have V (z) ~ (x)2*. Under these assumptions, V is bounded from below;
by adding a constant to V, we can assume that V is nonnegative. Examples are V(z) = |z|?* for
ke N*or V(z) = |z|* + a|z|?, @ € R. Under these assumptions, Hy has a compact resolvent and its
spectrum consists in a non decreasing sequence {\; };>1 where each eigenvalue \; is repeated according

to its multiplicity and satisfies lligrn \j = +o00. Let {¢;};>1 be an orthonormal basis in L?(R%) of
J)—+0o0 -

eigenfunctions of Hy, PAIVgoj = )\jp;. Then one can show that ¢; is in the Schwartz space S(R?)
thanks to Agmon estimates.

For any interval I of R we denote by ITy(I) the spectral projector of H on I. The range En(I) of
Iz (1) is spanned by {¢j; A\; € I} and IIy () has an integral kernel given by

(1.1) ra(Lizy) = > ei(@)e;y).
[j:A; €]
If I = I, :=]0, A], we denote by II(\) =II(Iy), Ea(A) = Eu (1)) and Ty (N z,y) = 7u(L;z,y).
We have a ”"soft” Sobolev inequality (see e.g. [15l Lemma 3.1] for a proof):
(1.2) u(@)] < (ru (T 2,2)) 2 ||ull 2@a), Vo€ En(D).

In R? the spectral function 7, (\; 7, ) is fast decreasing for |x| — o0 so it is natural to replace

the L norm ||ul|s = sup |u(z)| by the weighted norms |[ul/e s = sup (x)*|u(z)|.
rER? rER?

The spectral theory for H has been studied in [4, 13, @]. In particular a Weyl asymptotics was
proven:

(d—1)(k+1)
2

(1.3) Nu(\) = (277)_d/ dedz + O TH) A S fox,

[1EPP+V (2)<A]
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(k+1)
and using the assumptions (Al) on V we get Ny(\) ~ A“5. We then consider the normalized
Hamiltonian
(14) I:Inor = ﬁ%,

so that we have
NHno'r (A) ~ >\d
The Sobolev spaces associated with H are here defined as follows. Let s >0, p € [1, 4+00],

(1.5) Wi = Wi RY) = {u € LPRY), Hypou € PRI}, lullsp = [ Hrorull oo ga)-

nor

The Hilbert Sobolev spaces are denoted by H; = W2’2. The H;j-norm is equivalent to the spectral

fullg = (8 © les?) ', when  u(e) = 3 ey )

jEN jEN

norm

Remark 1.1. — We stress that with the definition (L3]), f[nor is considered as an order 1 operator.
This convention is different from the one used in [15], where the definitions of the Sobolev spaces were

based on H instead of ﬁnor.
Let d > 2. For h > 0, we define the spectral interval I, = [, %h[ and we assume that aj, and by,

satisfy, for some a,b, D > 0,6 € [0,1],
(1.6) limap =a, limby,=b, 0<a<b and by, — ap, > DhO.

with any D > 0 if § < 1 and D some large constant if 6 = 1. We denote by N}, the number with
multiplicities of eigenvalues of H,, in I,. By (L3]) we have

(1.7) Ny, ~ (27r)d/
%< (Je2+V (@)
Then, under the previous assumptions, }llir% Njp = ~o00.
—
In the sequel, we write A, = {j > 1, A\; € I} and &, = span{y;, j € Ay}, so that N, = #Aj, =
dim &,. We denote by Sy, = {u € &, : |ullp2ay = 1} the unit sphere of &,

(s, 9607
) <%

We will consider sequences of Complex numbers v = (7, )nen so that there exists Ky > 0

(1.8) Ivn)? < Z lvil?,  Vn €Ay, Vhe0,1].
]EAh

This condition means that on each level of energy \,, n € Ay, one coefficient || cannot be much
larger than the others. Sometimes, in order to prove lower bound estimates, we will need the stronger
condition (K; > 0)

(1.9) Z I ? < ml* < Z l?, Vn € Ay, Vh€]0,1].
JeAh _]GAh
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This condition which was suggested to us by Nicolas Burq, means that on each level of energy
An, 1 € Ay, the coefficients |y;| have almost the same size. For instance ([L9) holds if there exists
(dp) helo,1] SO that ~, = dj, for all n € Aj. These sequences will be used to built random wave packets
uy = »_7v;X;p; for random variables {X;};>1.

Stochastic context : Consider a probability space (2, F,P) and let {X,,, n > 1} an i.i.d sequence
of real or complex random variables with joint distribution v. In the sequel, we assume that the
r.v. X, is centred (E(X,) = 0) and normalised (E(|X,|?) = 1). For our results we will assume that v
satisfies a Gaussian concentration condition in the sense of the following definition:

Definition 1.2. — We say that a probability measure v on K (K = R, C) satisfies the concentration
of measure property if there exist constants ¢, C' > 0 independent of N € N such that for all Lipschitz
and convex function F : K¥ — R

cr?

(1.10) VN [X KN : |F(X) - E(F(X))| > r} <ce Win  Wr>o,
where || F||1ip is the best constant so that |F(X) — F(Y)| < || F||Lipl| X — Y| 2.

For instance, v can be the standard normal law, a Bernoulli law or any law with bounded support
(see [I5] Section 2]). For details on this notion, see Ledoux [12].
Observe that if (ILI0) is satisfied, that for € > 0 small enough, for j > 1 (see [15] (2.3)])

(1.11) / =Xl du(z) < +00.
K

If (yn)nen satisfies (L)) and v satisfies (ILI0]), we define the random vector in &,
vy(w) == vy p(w) = Y %X (W),
JEAR

and we define a probability P, ; on Sj by: for all measurable and bounded function f :S; — R

(1.12) F(w)dP j(u) = / Fl—a@) ) ap).
Sh o \ vy (W)llz2@a

In other words, P j, is the push forward probability measure obtained by projection on the unit sphere
of &, of the law of the random vector v,. In the isotropic case (v; = \/—% for all j € Ap), we denote
this probability by Pj. We can check (see e.g. [15] Appendix C]) that in the isotropic case and in
the particular case where v = N¢(0,1) or v = Ng(0, 1), then P}, (which we will denote by PE:L)) is the
uniform probability on Sy,.

Notice that if the probability law v is rotation invariant on C then the probabilities P ; are invariant

by the Schrodinger linear flow e ith™

1.2. Main results of the paper. — Let us state now the main results proved in this paper.
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1.2.1. Estimates for frequency localised functions. — Our first result shows that for the el-
ements in the support of P, j,, the Sobolev estimates are better than usual. This phenomenon was
studied in [2] on compact Riemannian manifolds and in [15] for the harmonic oscillator. Recall the
definition (CH) of the Sobolev spaces W, P (R?), then

Theorem 1.3. — Let d > 2 and assume that 0 < § < 2/3 in ([[L6). Consider a potential V' which
satisfies conditions (Al). Suppose that v satisfies the concentration of measure property (LIO). Then
there exist 0 < Cy < C1, ¢ > 0 and hg > 0 such that for all h €]0, hg].

oo

(1.13) P, |u €Sy : Collogh|? < ||uf 4
Wk(lc+1)

< Cy|logh|? | > 1 — heL.
d
)

Moreover the estimate from above holds true for any 0 < 6 < 1 (D 1is large enough for 6 = 1) and ~y

satifying (L8).
Recall that on the support of P, ;, there exist 0 < Cy < Cs, so that for all u € Sy, and 5 > 0
(114) Cths S ||uH’Hi(Rd) S Cghis,

which shows that there is no random smoothing in the L? Sobolev scale spaces (see also Theorem[3.1T]).
But, if H = —A +V is considered as an operator of order 2, then using (IL4]), Theorem shows a
gain of d/(2k) + d/2 derivatives in L°°(R?) comparing with the deterministic Sobolev embedding. We
shall see that this is really a stochastic smoothing property which has nothing to do with the usual
Sobolev embedding.

For k = 1 we recover [15, Theorem 1.1] in the case of the harmonic oscillator. In this particular
case, we moreover construct Hilbertian bases of L?(R?) of eigenfunctions of H which enjoy good decay
properties (see [15, Theorem 1.3]). For a general potential we can extend this result, with analogous
bounds, but for quasimodes instead of exact eigenfunctions.

When k — +o00, the operator H seems to behave like the Laplacian on a compact manifold. In this
case we get estimates close to the estimates of |2 Théoréme 5.

The proof of Theorem [[3lrelies on a good understanding of the spectral function associated with H,
in particular on two weighted estimates in LP: The first is a semi-classical uniform upper bound
obtained by Koch-Tataru-Zworski [11], while the second estimate is a lower bound which is proved in
the Appendix. These results are combined with probabilistic techniques as in [2}, [15].

1.2.2. Random quantum ergodicity. — Our second result concerns semi-classical measures asso-
ciated with families of states h — up, h €]0,1], [upl/2(rey = 1. This development is inspired from [2],
and can be interpreted as a kind of random-quantum-ergodicity (see [21]).

Assume that Jj, := hl, =|ayp, by] is such that

by —
lim ap, = lim by, =71 >0 and lim ah:—i—oo.

h—0 h—0 h—0
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Denote by L,, the Liouville measure associated with the classical Hamiltonian Ho(z,&) = % +Vo(x)
(recall that Vj is defined in Assumption (A1)). Then L, is given by

A
(o1 V()] )

where Y, is the Euclidean measure on the hyper surface X, := H () and C,, > 0 is a normalization

Ln(A) = Cn

constant such that L, is a probability measure on ;.

We denote by S(1,k) the class of symbols such that A € C*(R??) and A is quasi-homogeneous of
degree 0 outside a small neighborhood of (0,0) in RZ x Rg: Az, \F€) = A(z, €) for every A > 1 and
(8] <. A

For A € S(1,k) let us denote by A the Weyl quantization of A (here h = 1). Notice that if
[unll2(ray = 1 then A — (up, Auy,) defines a semiclassical measure on 3, (see e.g. [1]).

Then we have

Theorem 1.4. — Consider a potential V' which satisfies conditions (Al). Assume that we are in
the isotropic case (vy; = \ﬁLN for all j € Ap), and that v satisfies the concentration of measure
h

property (LIQ). Then there exist ¢,C' > 0 so that for allr > 1 and A € S(1,k),
(1.15) Ph[u € Sp : [(u, Au) — L, (A)| > 7"] < Cem e,

We are inspired from Burg-Lebeau [2], Théoréeme 3] who 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.

The result of Theorem [[4] can be related to quantum ergodicity (see [20} [3}, [7]) which concerns the

semi-classical behavior of (¢, Agoj> when the classical flow is ergodic on the energy hyper surface ¥,,.
Jj—4oo

Then, for "almost all” eigenfunctions ¢;, we have (yp;, flgo]) — Ly(A). The meaning of Theorem[I.4]

is that we have (u, Au) = et L,(A) for almost all u € S, such that all modes (¢;);jea, are “almost-
equi-present” in u. For related results see Zelditch [22].

As a consequence of Theorem [[4] we easily get that almost all bases of Hermite functions are
Quantum Uniquely Ergodic (see Theorem for a precise statement).

From (LI5]) we directly deduce that there exists C' > 0 so that for all p > 2 and h €]0, 1],

I, Au) — L A)HLgh <CN, ' p.

Therefore, if one denotes by

Z X ija

]EA

then we have (uj‘;,flu;‘ﬁ et L,(A) in Lp(Q)—norm with a remainder estimate. For example, we can

1
apply this result to uj = Z <pj where {¢;};>1 are i.i.d Bernoulli variables.
]GA
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Remark 1.5. — It is likely that our main results can be extended in the case where V is a smooth
(instead of polynomial) confining potential, at the cost of some technicalities.

1.2.3. Quantum unique ergodicity of bases of Hermite functions. — As another application
of the ergodicity results (see Proposition [T]) we prove that random orthonormal basis of eigenfunc-
tions of the Harmonic oscillator H = —A + |z|? is Quantum Uniquely Ergodic (QUE, according the
terminology used in [22] and introduced in [19]).
~1/2 and that X; ~ Nc(0,1), so that Pp, := P}, is
the uniform probability on Sp. Set n = 2, then the Liouville measure Lo is the uniform measure on
{(,6) e R¥: |z + |¢]* =2} = V25271 We set hj = 1/j with j € N*, and

ap; =2 +dhj, by, =2+ (2+d)hy.
Then (0] is satisfied with § = 1 and D = 2. In particular, each interval

Firstly, we assume that for all j € Ay, v; = N,

I, = [% %[:[2'+d 2j +d+ 2|
h; h] 3 h] J s 4]

only contains the eigenvalue 2j + d with multiplicity Np; ~ cj4 1, 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(Np;) 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

B = xjenU(Ny,),
which can be endowed with the measure
dp = ®jendp;.

Denote by B = (¢j¢)jen,ee1,n,.] € B a typical orthonormal basis of L?*(R%) so that for all j € N,
b b J
(Spjvf)KE[[LNhj]] € U(Np,) is an orthonormal basis of & .

Theorem 1.6. — Let H be the harmonic oscillator. For B € B and A € S(1,1) denote by

D;(B) = 1;?3%}1]_ (s, Apje) — La(A)].
Then we have
lim Dj(B)=0, p—as on B.

j—+o0
In other words, a random orthonormal basis of Hermite functions is QUE.

In [21] the author proved that on the standard sphere a random orthonormal basis of eigenfunctions
of the Laplace operator is ergodic.

Using estimates proved in [2], an analogous result to Theorem can be obtained 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).
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1.3. Plan of the paper. — The rest of the paper is organised as follows. In Section [2] we state
crucial estimates on the spectral function which are used in Section B for the proof of Theorem
Section M is devoted to the proof of Theorem [[4l Finally, in the appendix, we prove some point-wise
estimates for the spectral function.

Acknowledgements. — The authors benefited from discussions with Nicolas Burq and Aurélien
Poiret.

2. Estimates for the spectral function

Our goal here is to obtain for the spectral function of operators H satisfying (A1), analogous
estimates as those proved in [10] and in [11] for the harmonic oscillator. These estimates are more or
less known, in particular some are contained in [10], but they are crucial for proving our first main
result, so we state them in a form suitable for us. The difficulties to prove them increase with the
parameter § € [0, 1] measuring the width of the spectral window Ij,. Concerning upper bounds, the
case 6 = 0 is easy; 0 < 2/3 can be reached using accurate properties of the semi-classical Weyl calculus;
the case 0 = 1 was solved in [11] using a semi-classical Strichartz estimate. However, for the lower
bounds, we need to assume § < 2/3.

2.1. An upper bound of the spectral function. — Here we cannot use explicit formulas like
the Mehler formula for the harmonic oscillator. But it is possible to use a global pseudo-differential
calculus to construct a parametrix for (ﬁ[ —A)! where A € C, A ¢ [0, 00[ and to use some estimates
proved in [16]. We give in Appendix [A.2] the main steps to prove the following result.

Proposition 2.1. — Let us denote by Ky (t;z,y) the heat kernel offI = —A+ V. Then for every
N > 1 there exists C > 0 such that

K (t;2,2) < O (72 exp(—tV (@) + (1 + o))
for every t €]0,1] and = € R%.
We get easily the following estimate for the spectral function of H defined in (CI).
Corollary 2.2. — With the notations of the previous Proposition we have
(N z,z) < Cn <)\d/2 exp (— tV(z)/A) + (1+ |x|2k)7N> , VA>1.
In particular for every 6 > 0 we have
TNz, x) < A0/ () =Ko
and for every u € Eg(N), thanks to (L2) we have

d+0
(2.1) (@) |u(z)] < CoA"S [|ul| 2 (may-
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Remark 2.3. — Recall that Ny (\) (number of eigenvalues < \) is of order A% with dj, = %.
We shall see that § = % is specific because we get from (21)
d
(@) u(@)] < ON |lull 2 zay.

Notice that we also have

(O z,z) < CXY2,

Now using the definition of h = A5 we get that
k(d+0)
(@) h20 fu(w)| < Clull 2gay,  Vu € Em, (B,

2.2. A uniform estimate for the spectral function. — Now we shall state more refined esti-

mates. Let V' be a potential satisfying (A1), then we have

Proposition 2.4. — For every ¢ € [0,1] and Cy > 0, there exists C > 0 such that for every 6 € |0, %]
and r > 1 there exists C > 0 such that

(22) Hﬂ—Hnor ()\ + /’L’ xz, x) - Tanm" ()\’ xz, x)HLT7k(T_1)9(Rd) S C)\C“
for |u| < CoA 9, A > 1 and with o = k%‘fl(k—l—%)—é%—kk—&(l—%), where Hu||2r’s(Rd) = fRd(x>5|u(x)|rdx.

The proof Proposition 2.4 is a consequence of the following more general semiclassical result,
which is proved in Appendix [A.3] See also Ivrii [9] for related work. For 0 < ¢ < 1, denote by
Vo(x) = 2V (x/e), where V satisfies (A1) and consider the operator H.(h) = —h%*A + V.. Then

Proposition 2.5. — For every § € [0,1], every Cy > 0 there exist e > 0 and C1 > 0 such that for
every v €]vy — €0, vy + €0, || < Coh®™1, 2 € RY, h €]0,1] and € €]0,1] we have

7.y (V + phs 2, x) — Ty (v @, @) < 1RO
Proof. — See Appendix [A.3] O

Remark 2.6. — Actually, this result holds true for a larger class of potentials (Vz).c(,1) C C* (R9),
which satisfy the following conditions: Let vy € R, g9 > 0 and denote by Iy = [vy — €9, v + €0]. We
assume that there exists a compact K C R? so that, uniformly in e € (0, 1]

Vo) Cc K

|09V (z)| < C,, for all z € K and o € N?

There exists dp > 0 so that |VV.(z)| > dp for all z € K.

Remark 2.7. — As already said, for 0 < § < 2/3 the Proposition can be proved using semiclassical
pseudo-differential Weyl calculus. The general case 0 < 6 < 1 is more difﬁcul. We shall see
in Appendix that it is a consequence of results proved in [11] extended to Hamiltonians depending
smoothly on a parameter €.

(1) We thank M. Zworski for having explained to us that the results of [11] give the L*-estimate for the spectral function
with § = 1, in particular at the turning points.
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Proof of Proposition — We reduce the problem to a semi-classical estimate.
Let us consider the eigenvalue problem

(2.3) (A + V(2))p;j(x) = Ajp;(2).
Consider the (wjh) defined by

(24) V) = h T (b ).

Performing the change of variable z = yhik%l, equation (23] is transformed into
(=h2Ay + Ve (y) = Ai(R)e] (),

Aj(h) = )\jhk2_ﬁl-€1, and where V. is the potential

Ve(y) =V (D),

which is smooth in the parameter ¢ € [0, 1] and is computed for € = ==

htl ht1
So A < )‘j% < A+ p if and only if Ah < ()\j(h)) 2k < Ah + ph, therefore we can fix a large real
parameter 7 and work with the semiclassical parameter h = % which is small for A large. Denote
by H.(h) = —h?A + V.(x). Then the potential V. satisfies the condition (A2) and we can apply

Proposition We deduce that for every ¢ > 0 and for every § < 1 there exists C' > 0 such that
k
T tor A+ 3 2,@) = 11, (N, )| < OXITTT0

for every A >0, 0 < p < eA! 9.
Moreover we get that for every § € [0,1] and Cy > 0, there exists C' > 0 such that for every 6 € [0, 4]

there exists C' > 0 such that
k(d+6)

(25) ‘ﬂ-Hnor ()\ + /’[/7 x7 x) - Tanor ()\7 1’, 1’)’ S C)\ kot 75<1->_k6

1

for || < CoA' ™0, A > 1.
It is enough to prove (1) for |z| < CAFT with C' > 0 large enough, using that wy(\;z,z) =
WHnOT(A’f_*IfI;x,ﬂf) and that for (2)?* > X\, 7y (\;x,x) is fast decreasing in z and \. For |z| < C)\k%l,
the bound (2.3]) is clear.

Finally, the inequality (22]) is a consequence of an interpolation inequality and (23)). ]

3. Probabilistic weighted Sobolev estimates

Our main goal here is to prove Theorem We follow the strategy initiated in [2] and worked out
in [15] for the harmonic weighted spaces. A key step for the extension to potentials satisfying (A1), is
to obtain suitable spectral estimates. In particular the probabilistic tools (concentration of measures)
can be applied in a general setting as we have explained in [15] and will be used freely here, so we
shall not give all the details in the proofs.
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Here we shall denote by h = A~! (\ is a typical energy of the rescaled Hamiltonian ﬁnor). Using
the Weyl asymptotic formula (I3]) we can infer that there exist hy > 0, ¢ > 0,C > 0 such that

(3.1) ch™ by, — ap) < Ny < Ch™4by, —ay), Yh €]0, hol.

We are using the same notations as in the introduction for the Hamiltonian ]:Inor. In particular Ny, is

the number of eigenvalues of H,,, in I, =]k, %h[

We are interested in Sobolev type estimates for u in the spectral subspace &, := Iy, (I;,)(L?(R9)).
Following the strategy of [2], repeated in [15], we need to estimate e]”\”,—: where
bn ap
el',h = Tanor(E; ﬂj, x) - Tanor(_; 'I’ 'I)

h

Lemma 3.1. — For every § € [0,1] there exist C > 0 and hg > 0 such that for every 6 € [0, %] we

have
d—k6 —kb d
(3.2) €xh < CNph *+1 <.%'> , Vh 6]0, ho], Vo € [0, E]
Proof. — To avoid some misunderstanding recall here the meaning of the parameters A and h. If

k+1

for H the typical energy is A\ then for H,,. the typical energy is A, where we have A\, = A2k .

-1

nor- 30, we have

. - ( b_h 2k/(k+1) %)Qk/(kJrl)
z,h H h h

and (B.2)) is a consequence of [B.I]) and (21]). O

As for the harmonic oscillator we get, using (L2)) and interpolation, for every v € &,, 0 >0, p > 2

Finally we have h = A

;JT,,I)—T('H(( X, 1),

d—ko\ 1/2
(3.3) al oo /2 g0 §C<Nhh w) e 22 ety

dkON\ 3~
el sotor21 ety < € (Nuh 53 )™ 2y,

where L™*(R%) := L"(RY, (x)*dx) for s € R, r > 1. Notice that Ny, is of order (b, — aj)h ™%

3.1. Upper bounds. — We can get now the following result.

Theorem 3.2. — There exist hy €]0,1], c2 > 0 and C > 0 such that if ¢; = d(1 + d/2) we have

_ d—ko d
P, [u € Sp, h7 3 || (2)k0/ 2| > A} < Ch™etemN, WA > 0, Vh €0, hol,¥6 € [0, 7).

Moreover we can choose every co < ¢y and hy small enough where

Np—1 a
lp = liminf inf ( h TS <x>"“9),
AN\O zcRd €z.h

and inf £y > 0.
9€[0,d/k]
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Proof. — Similarly to [I5, Theorem 4.1], we first show that there exists co > 0 such that for every
0 € [0, %] every z € R%, and every A > 0 we have

kO  _ _d—kO_ — o2
P |ue Sy (@)% h 2w ju(z)| > A} < o2t
then a partition of unity argument yields the result. The fact that ¢y > 0 follows from (B:2]). O

So we get probabilistic Sobolev estimates improving the deterministic one ([B.3]) with probability

1/2

close to one as h — 0. The improvement is ”almost” of order Né/Q = ((bh — ah)h*d) . Choosing

A =+/—Klogh we get the next result

Corollary 3.3. — For every K > ¢1/cy we have

P 1/2 2d1;kf Kcea—c1 d
o [u € Sh, |[ull ekor2(ey > | log AY/2h 36+ >] <h . Vh €0 hol, VO € [0, ).

and

d
P, [u €Sp+ [ullyyso(gay > Kh2H0 " log h|1/2} < hEe=er wh €]0, hol, Vs > 0.

Using the same argument that in [I5] Section 3.1] we can deduce from the last corollary a global
probabilistic Sobolev estimate. Let # a C'* real function on R such that 6(t) = 0 for t < a, 6(t) =1
for t <b/2 with 0 < a < b/2. Define ¢_1(t) = 1—0(t), ¥;(t) = 0(h;t) — 0(hj41t) for j € N. For every
distribution u € S’'(R%) we introduce the following dyadic Littlewood-Paley decomposition (h; = 2779),

k+1
u = Z uj, with wu; = ij()\f’“ )(u, pe) e
j>—1 (eN
and we have u; € &, .
The following scale of spaces contains the Besov spaces Bj  for every s > 0 and m > 0.

g" ={ueSRY: > j"lujll 2y < +o0}, m >0
Jj=1

We introduce probabilities 7' on G™ (see [15] for details) as the law of v,(w) = nyj Xi(w)pj. In
J=0
: 1/2/41/2\ _ 1/2/omy _
particular we can manage such that p,/“(G"/?) =1 and p,/“(G™) =0 for m > 1/2.

Corollary 3.4. — There exists ¢ > 0 such that for every k > 0 large enough, there exists a Borel
subset B* of GY/? with M}{/z(B“) > 1—e %", such that for every u € B* we have

[l < kllullgiz.

—d __ -
WEEFD ™ (Ra)

Here, when k — oo, we formally recover the estimates proved by Burg-Lebeau [2, Corollaire 1.1] in
case of a compact manifold.
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3.2. Lower bounds. — Here we suppose that the random variables follow the Gaussian law N¢(0, 1)
and that § < 2/3.

Now we are interested to get a lower bound for ||ul| jec.k0/2(gay and [Jullyys.c. As we have seen in [15],
a first step is to get two sides weighted L" estimates for large 7.

Our goal now is to prove the following probabilistic improvement of (B3) when 6 = d/k
Theorem 3.5. — There exist 0 < Ko < K1, K >0, ¢; >0, hg > 0 such that
P, {u €Sy : ‘HuH M| > A] <2exp (— CQN]f/TA2),

sy T
for all r € [2,K|logh|] and h €]0, hy).

Therefore for every k €]0,1[, K > 0, there exist 0 < Cyp < Cy, ¢; > 0, hg > 0 such that for all
r € [2, K|log h|*], h €]0, hy] and A > 0 we have

P%h [u €Sy, : Co\/; < HUHLT’%(Eil) < Clx/ﬂ >1-— e_Cl\logh|17R.

Thus for § = d/k we get a two sides weighted L estimate showing that Theorem and its
corollary are sharp.

Corollary 3.6. — After a slight modification of the constants in Theorem [, if necessary, we get
P. 5 |u €Sy : Kollog h|Y? < ||lulpee.ase < Ki|log h|V2| > 1 — h&
for all h €]0, ho).

The key ingredient of the proof is a two side estimate of a weighted norm of the spectral function.
More precisely, we have the following result, which will be proven in Appendix [A.4l

Lemma 3.7. — There exist 0 < Cy < Cq and hg > 0 such that
1/p
CoNhPwo < </Rd <x>k9(p1)e’;’hdm> < C1NyhPwo.

for every p € [1,00[ and h €]0, hy| where B, 9 = Cﬁg_—ff(l —2),

Set F.(u) = ||u||rot/2-1) and denote by M, its median, and by A = E;(F;) the moment of
order r. From Lemma 3.7 we get the estimates (see the proof of [15], Theorem 4.7])

Co/rhPre < M., A, < C1/rhPre, Yh €]0, ], r € [2, K log Ny].
In particular, for 6 = % we get
Cov/r < My, A, < C1\/r, Yh€|0,hol, 7€ [2, K log Np),
so Theorem and its corollary follow from concentration of measures properties.
Remark 3.8. — For the median M, and the mean Ay, of Foo(u) := [|u|| .02 We get the estimates

Kollog h|'? < My, Aso < K1|log h|'/2, Vh €]0, ho].
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We now state analogous results for the norm in the Sobolev scale W,ﬁ’r for which Theorem is a
d 2
particular case. Denote by M, ; a median of Hu||W;,r(Rd) and set (s = m(l - ;) — 5. Then
Theorem 3.9. — Let s > 0. There exist 0 < Cy < Cy, K >0, ¢y > 0, hg > 0 such that for all
r € [2, K|log h|] and h €]0, hg]

Pyn [u €Sy : ‘HuHle’r(Rd) - M, 5| > A} < 2exp ( — cst/rh’258A2)

and
CoV/rh? < M, s < C1/rh%,  Vr e [2, K log N].
In particular, for every k €]0,1[, K > 0 , there exist Co > 0, C; > 0, ¢ > 0 such that for every
r € [2, K|log h|"] we have
d d —K
P [u € Sp: Covrh2@ IR < Jluflyer gy < Cryrhzem (T0ps] > 1 — emerllosnl™,
and for r = 400 we have for all h €]0, ho]
. 1/2 1 50y =5 1/2} sy =5 a1
P, [ue Sy : Cyllogh|/“h20+1 " < HUHW;OO(Rd) < Ch|log h|*/=h2(x+1) >1—h.

Remark 3.10. — For more general probability laws satisfying the Gaussian concentration estimate
we can get a weaker lower bound as in [15] Theorem 4.13].

3.3. No random smoothing in L?-scale spaces. — This subsection is a generalization to non
harmonic potentials of results proved by Poiret [14, Section 4], and we refer to this paper for more
details.
Let v, = Z vj; be such that v, € S'(RY). Denote by vy = Z’ijj (w)g; a randomization of v,
>0 >0
with v satisfying (LI0).
Recall that Hj = Dom(—A + ]m\%)%ls and H? = Dom(—A)%, then

Theorem 3.11. — If fors > 0, vy, ¢ Hi(RY) then a. s. vy ¢ H%S(Rd) and vy ¢ L2(RY, ||+ D)5 dz)
The first step in the proof is the following

Proposition 3.12. — For every s > 0 there exist C1(s) > 0,C5(s) > 0 such that

(3.4) Cr(s)A, < [[A%¢nllr2(ray < Ca(s)Ay, Vi 20,

(3.5) Cr(s)X/ 8 < l|z*nll p2(ay < Cals)Ay/H), Wn > 0.

Proof. — By a standard scaling argument, estimate (3.4]) is equivalent to the semiclassical estimate
(3.6) C1(s) < [(hA)*Yull L2 (ray < Cals), Vh €]0,1],

where (—h2A + V)b, = Ay, and }llir% A = 1.
—
In B4) or (B8) the upper bound is obvious and we only need to prove the lower bound.
Assume that the lower bound in (B.6]) is not satisfied. Let ps. be the semiclassical measure of the
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semiclassical state . It is well known that the support of p. is in the energy surface H~1(1) and
is invariant by the classical Hamiltonian flow ®%; of H. Denote by A(x,&) = [£[*. Then for some
sequence of h we have

(3.7) Lim {|A(R)on ]l L2 (ra) = 0.

By definition of the semiclassical measure pg., for some subsequence h,, we have

(Alhain ) — [ Ao ),

therefore, from (B7)), using that A > 0 we get that the support of g is in A71(0)NH~1(1). Soif X, is
in supp(pse) then for every t € R, ®%, X € supp(us.). We get a contradiction because A~*(0) cannot
contain a global classical trajectory. The same argument applies to the observable A(x,&) = |z|°,

giving (33)). O
Now we prove Theorem B.IT] following [14].

Proof of Theorem [311l — Let x a smooth cutoff, 0 < y < 1, supp(x) € [-1,2], x = 1 on [0,1].
Introduce the notations:

A = B[Ix() 5 ] = X2 (5 ) el

n>1
H w
sn(w) = HX<N)UVHHS(R‘1)
M(w) = supsy(w).

N>1

The event [M = +o0] is a tail event for the sequence of independent random variables { X, },>0. Thus,
according to the (0-1) law, to prove that P[M = +oo] = 1 it is enough to prove that P[M = +o0] > 0.
We will use the following Paley-Zygmund inequality: if X > 0 is a random variable and A > 0,

2 (EX)?

]P’[X > )\E(X)} > (1= N

Using (B.4)) and properties of the sequence {Xj, },>0 we get easily, for some ¢ > 0,C > 0,
E[s?\,] > co? and E[s?‘v] < Co%, VYN > 1.

Hence using the Paley-Zygmund inequality, we get

2 2
IP’{M%CUTN}EI—CQ, YN > 1.

The result follows from the monotone convergence theorem. U
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4. Random quantum ergodicity

We adapt here in the context of semi-classical Schrédinger operators on R? results proved for the
Laplace operator on compact manifolds [2], Theorem 3].

The spectral results which are necessary in the proof come from [7], and have already been used
there to obtain quantum ergodicity results. For an introduction to quantum ergodicity, we refer to

Zworski [23, Chapter 15].

4.1. Spectral preparations. — Let us introduce now the assumptions for this section. Let d > 2
and let Jy, = hlj, =|ap, by] be such that

by, — ay,

li = lim b, = d li = .
hg%ah hg% h=" an 1m +00

h—0 h
For a smooth symbol A(z, ¢) in R??, we denote by fl(h) its Weyl h-quantization defined by

AW @) = Aw D)) = gy [ [ AT ) )y,

then if A is real, the operator A(h) is self-adjoint in L?(R%).
Assume that H(z,€) = [£]2+V (z), with (2,€) € R?*? where V satisfies the assumptions (A1). Then
from [7] (and its bibliography) it is known that:

(i) In J, the spectrum of H(h) is discrete.
(ii) The number M, of eigenvalues of H(h) in J, satisfies the Weyl-Hormander law:

My, = (2rh)~@ dzdé + O(h'™9).
[({L’,f);H(:B,&)GJh}

Therefore, thanks to Assumption (A1) on V' we can make the change of variables y = R/ (41 .
n = hF/(E+D¢ and get, thanks to (I77), that Ny, ~ Mj, when h — 0.
(iii) Let IIj, be the spectral projector of H(h) on J; and A € S(1) where

S(1) = {A € C=(®R™), ¥a,¥B, sup |03, A(x,€)| < +oo}
(2:6)

then we have

Tr(A(W),) = (2mh) ¢ / Az, &)dzde + O(h ).
[({L’,f);H(:B,&)GJh}
Denote by dL,, the Liouville probability measure on the energy surface H ~1(n), and recall that
dy
I = n
dL, = C, VH]

where d¥, is the Euclidean measure on ¥, := H~1(n) and C, the normalization constant. Then we
can prove that

Tr(A(R)II) hi—d

M, :L"(A)+O< M,

+bh—ah>:L,7(A)+o< —i—bh—ah),

by, — ap,
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so that with our assumptions we have

_ Tr(A(h)IL,)
(4.1) }Lg% — L,(A).
As above, &, is the range of IIj, and Sy, is the (complex) unit sphere of £, which is of dimension Mj,.
In the particular case where leu) is the uniform probability on Sy, using that the canonical probability
on the sphere is invariant under the unitary group, we can see easily that the corresponding expectation
satisfies .
Tr(A(h)I})
=
We shall see later (in ([40])) that this is still true, up to a small error, for more general probabilities.

Fgu) [(v,fl(h)v)} , forevery v e Sy.

4.2. Proof of Theorem [[.4. — Recall the definition (2.4))
d
(4.2) w;l(x) =h 20+D) wj(hfkiﬂx) =2 pi(z).

We define the random vector in &,

1
T(w) := N jg\:h Xj(w)qu(,h),

and we assume that the law of the r.v. X = (X;);> satisfy (LI0). We then consider Qj the
probability on Sj, defined by

. () )
[ swaquw = [ 1 (wmng(m)) a(w),

for all measurable and bounded function f : S, — R. In the sequel we denote by F}, the expectation
associated to this probability.

Theorem [L.4] will be implied by the following Proposition, with the unitary transformation .%.

Proposition 4.1. — Under the previous assumptions there exist ¢,C > 0 so that for all v > 1,
h €]0,1] and A € S(1)
(4.3) Qu[ € Sy [{u, A(h)u) — Ly(A)] > v < CeeMir?,

As a consequence, there exists C > 0 so that for all p > 2, h €]0,1] and A € S(1)
[ (u, A(R)u) — Ln(A)HL,éh < oM, 2 p.

Remark 4.2. — Actually, this result holds true under more general hypotheses on H. Namely, it is
enough to assume that H is a real smooth symbol on R*? so that

|8§‘8§H(m,£)| < Cqp, |+ B >m if m is large enough
H~'[n — eo,n + €] is compact in R

7 is non critical for H.
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Proof. — To begin with, we can assume that A(h) > 0, since we can consider the operator A(h) + C,
where C' > 0 is some large constant. Then observe that for all u,v € Sy,

[, ARYu) — (v, AR < 20AR) 22 2w — ol agaey,
thus we can apply [I5] Proposition 2.13|, which gives K, x > 0 so that for all » > 0 and h €]0, 1]
(4.4) Qi |we Syt |{u, A(hyu) = M| > 7| < Ko,
where M is a median for u —s (u, A(h)u). Next, by (@)
| Fn[(u, A(hu)] = M| < Fp[|{u, A(h)u) = M]]
= /0+th[u€ Sh, : [(u, A(h)u) — M| >r]dr< cm, 2,
In order to complete the proof, by (@Il and the previous lines, it is enough to show that

(4.5) m&mémmw—gﬁﬁ?hz

when h — 0. Here the random vector 7 which defines Qy, reads

— 0,

so that
1
I (@)1? == ()72 @) = i, > IX (W)
j=1

By definition

] — [ o dcmordon o — [ 1T@ o T o
Pl An] = [ o Adue) = [ (T AT ae)

Denote by
= o €0 i) 7e =1 < ag ).

By [15, Lemma 2.11], P(€) < Ce=M” | We write

T

(4.6) A}iaﬁmr—

I~ I~

)P@) - [ (7 A(h)r)dBw) =
Q
1—|7l*, - 11—z
/ ¢2H<7, A(h)T)dP(w) +/ #(T,A(fl)TﬁiP(w) = C1p+ Cop.
o, 7l ¢ 7l
Firstly, by definition of Q) we get |Cy | < MJI/QHA(h)HLz. Secondly, by Cauchy-Schwarz

(Conl IAMIz2 [ 1+ IPw) < IADIP @) [ (14 [7]?PdP ()

N
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It remains to check that / |7||*dP(w) < C. By ([TII), there exists € > 0 so that / ezEXJz(w)dIP’(w) =
Q Q

C. < +o0. Thus, by the inequality £2|7[* < ¢2I7I* and by Jensen

2 My, 2 M
[ Jrlitape) < [ o B Oap) < ([ EEANOapw) M~ c.
Q Q Q
Therefore C j, + Caj, — 0.
Finally, observe that
Mh n
i 1 M Ay - TAMRI)
7, A(h)T)dP(w) = — i Ah)YE) = ,
X (r)aPGe) = 53 ol Alnyef?) = S0
and thanks to (40, we get (3. O
Now we can prove Theorem [[L4l To do that we apply Proposition [41] to the semiclassical Hamil-
tonian H.(h) = —h2A + V. depending smoothly on ¢ € [0,1]. This reduction is allowed using the

following Lemma
Lemma 4.3. — Consider the (1/J]h) defined by (&2). Then for every A € S(1,k) C S(1) we have

(05, Apg) = (I A(h)wp) + O(h™)

uniformly in j, 0 € Ay,.
Y S __1
Proof. — Let us introduce the unitary transformation Zu(z) =h 26Dy <h k+1 x) We have

(05, Ape) = (W1, L AL W),
The 1-Weyl symbol Ay of thl.fh_l is Ap(z,&) = A <h_ﬁx,hk+r1§). So its h-Weyl symbol is

A(h)(z, ) = A (h_%ﬂm, h_k%lg). Now using that A is quasi-homogeneous outside (0, 0), we have for
every h €]0,1] and |z| + |£] > ¢, that A(h)(x,&) = A(x,§).

It is known that, for every j € Ay, the semi-classical wave front set (or the frequency set, see for
example [17]) of ¢;’ is in a small neighborhood of Hj *(7) which do not contain a neighborhood of
(0,0) for 7 large enough. Then the Lemma is proved. O

Now we easily get the following result, using the Borel-Cantelli Lemma.
Assume that the hypothesis of Theorem [[.4] are satisfied.
Let {h;};>0 be a sequence of positive real numbers converging to 0 as j — +o0c. Define the compact

metric space X =[] Sh; equipped with the product probability

JEN
P = ®j€NPhj .

Let u € X, u = {u;j}jen where u; € Sp;. For any A € S(1,k), u <uj,fluj> defines a sequence of
random variables on X.
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Corollary 4.4. — Assume that d > 2 and that Ze_ah;_d < 400 for every e > 0. Then
=20

P[u € X, lim (uj, Au;) = Ly(A), VA € S(l,k:)} = 1.

j—+o0
Proof. — Denote by fr(u) = (Hhu,flﬂhu). Notice that the random variable f;, depends only on
uj = p,u so we get
Plu={u} ¢ [fn,(w) = Ly(A)| = | = Py, [/, = Lo(A)] > 2.

So applying (4.3]) and the Borel-Cantelli Lemma to the independent random variables { f4, }jen we get
the conclusion. O

Proof of Theorem LA — Every B € B can be identified with {B; }j>1 where B; € U(Ny;). The
random variables D; are independent and D; depends only on B;. So for every r > 0 we have

(0500 Apje) — La(A)| > 7"]

> b { (@i Apie) = La(A)] > T}

1<(<Ny,

p|D;j(B) > 1] = p;[D;(B) >r] = Pj[M e [1, Ni,],

IN

IN

Ny, Py, “(u, A(hj)u) — Lo(A)| > r — Chﬂ.

In the last line we have used Lemma [L3] where C' > 0 and M arbitrary large, and that the probabil-
ity P}, is the push-forward of the Haar measure of U(Mp,) by the maps: U(Np,) > M — Mwv € Sy, for
any v € Sy.

So using Proposition [l we get, with positive constants Cy, Cy, C3,

p|D;(B) >r]| < Crjtexp {— Coj Y (r — ng_M)z].
In particular for any d > 2 we get
Zp[Dj(B) >r] < +oo

Jj=1
and the result is a consequence of the Borel-Cantelli Lemma. U
Remark 4.5. — For Schrodinger operators with super-quadratic potentials we could also get a similar

result, considering orthonormal basis of quasi-modes (approximated eigenfunctions), using Proposi-

tion[. 1l

Remark 4.6. — We have supposed that the observables A are of order 0. More generally, we say
that A is of order m, m > 0, if A is an asymptotic sum of quasi-homogeneous symbols of degree < m
(for more details see [4} [16]). We say that A is quasi-homogeneous of degree m € R if A(rx,r*¢) =
r(k+1)mA(x, €) for r > 1, |(z,€)] > e. So if A quasi-homogeneous of degree m then HJOT/QAH;OTH is

quasi-homogeneous of degree 0. So the previous results holds true for %#j), where w; = A§k+1)/ 2,
J
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Appendix A

Some point-wise spectral estimates for confining potentials

The aim of this appendix is to prove Proposition 2] Proposition 2.5 and LemmaB. T for § < 2/3. We
shall restrict here our analysis to Schrodinger Hamiltonians with polynomial potentials, for simplicity.
We shall use a global pseudo-differential calculus with a diagonal metric g = % where w is a
weight function on the phase space RZ x ]Rg. The general theory was achieved by L. Hormander with
the Weyl-Wigner ordering calculus [8] after C. Fefferman and R. Beals for the "usual” ordering. The
construction of parametrices for resolvent of elliptic operators is well known. But to cope with § < 2/3

we need to take care of remainder estimates.

A.1. Parametrix for the resolvent. — We assume that the potential V' is an elliptic polynomial
of degree 2k, which means that C(z)?* < V(z) < Cy(z)?* for |z| > R where C > 0, R > 0. Denote
by

H(h) = —h’A+V
and H(z,&) = |¢> + V(z) its semi-classical symbol. We can get accurate approximations for the
resolvent (H(h) — z)~! for h > 0 small and z € C. It is not difficult to get a formal asymptotics as

a series in h but to get spectral estimates we need to control the remainder terms when |z| is large
(see [I7, [5]). Recall that the h-Weyl quantization of a smooth symbol A in RY x Rg is

Ony(Ayote) = Ayita) = amhy [ 4 (S5 2 6] e Sy,

2

In particular the Schwartz kernel K4 p(x,y) of A(h) is given by

4 (m +y §> eih ™ @=v)€ ge.

2 )

Kan(w.y) = (2wh) /

R4

The basic formula for the symbolic computation is the Moyal product formula. Let A, B be two
smooth observables (for example in the Schwartz space S(R? x RY) and C the h-Weyl symbol of the
operator product C(h) := A(h)B(h). Then the h-Weyl symbol of C'(h) is a smooth function C(h, z, &)
given by

ih
(Al) C(h7 €, 5) = eXp(EU(Dxa D&a Dy7 D,]))A(x, g)B(y7 77)‘($,§):(y7n)7

where o is the standard symplectic form in R? x R?, o(x, & xy,n) =2 -n— € - 9.
In semiclassical analysis, it is useful to expand the exponent in[A] so we get the formal series in h:

C(h;z,€) = ZCj(x,f)hj, where

>0

1 1 )
(AQ) Cj(x’ ) = ﬁ(iJ(DmaDf;Dy,Dn))]A(x,g)B(y,nN(m,ﬁ):(y,n)-



22 DIDIER ROBERT & LAURENT THOMANN

The crucial point here is to have good estimates for the error term not only in A but also in some
extra spectral parameters as we shall see later
Ry(ha,&) = C(hi, &) — > WCj(x,8).
0<j<N
Here one of the symbols A, B is a polynomial in (z, §) so the analysis is much simpler. Let us introduce
the class of symbols X(r), r € R. For our application here it is enough to consider the weight function

pl, €) = (14 [ + [¢?) /"

(a more general setting is considered in [16} [5]). The condition A € ¥(r) means that for every j € N
we have
si(A,r) = sup u(w,{)_r+j\3?85A(x,§)\ < +o0.
la+B]=j, (z,£)€R?
The topology on 3(r) is defined by the semi-norms s;(-,r). A basic result concerning Weyl quantization
is that for every h > 0, (A, B) — A#B is continuous for X(r) x X(s) into X(r+s). In [5, Appendix B,
we can find accurate estimates for Ry (h;z,€) in a more general setting. Here, using that H (h) is
a polynomial in (x,£) we can perform more explicit computations to construct a parametrix for
(H(h) — 2)~L.
Following [17, p. 134] we construct a parametrix as follows. By induction on j € N we define

b.o = (H—2)""

b = b D e BOOIH)O[05b..)
I4|a+B|=j+1
0<l<y
B.n(h) = ) hib.,
0<j<N
where v(a, §) = (—1)1*[a!p121*+51]=1 Then we have
(A.3) B..n(h)(H(h) — 2) =1+ E, n(h),

and for our purpose we have to estimate the error term symbol
EZ,N(h) = Bz,N(h)#(H - Z) -1

This Moyal product has a finite expansion in h because the symbol H is a polynomial in (x,&). Let
us recall that the symbols b, ; have the following properties (see [5])

bej= Y. (—D'dje(H—2)"" j>1
0<0<2j—1

where dj; are polynomials in 8?(95}[ for 1 < |a + B] < j. Moreover, for all m € N we have if j = 2m
then dj, = 0 for every £ > 3m and if j = 2m+1 then dj; = 0 for every £ > 3m~+1. Furthermore d;, is in
the symbol class 3(2k¢—25). Thanks to this vanishing property, we get with the Calderon-Vaillancourt
theorem, that there exists Ng > 1 such that for NV > 1

(A4) 1B (W)l 2 22y < O (14 BN [Tm 2] 3N/2) T 2| Mo,
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Next, with (A2) we get the following estimate: There exists ng such that for every N > 1, (o, 3) € N,
there exists C' > 0 such that for every h €]0,1] and z € C,,, we have

141
(n(a, )21

H
a9 N+1
(A5)  [0F0)E. v (h)| < Ch > T

NEL <0<3N/2+no+|a+8|

In the r.h.s of (AR it is desirable to have large decay in |z| and in u. First, it is known that there
exists 79 € R such that the spectrum of H(h) is in [yp, +oo] for all A €]0,1]. Then, with elementary
considerations, we have that for every 6 € [0, 1]

H 1
H —z| = |sing]
where ¢ = argz, 0 < |p| < 7/2, |2| > /2.
So we can choose 6 €]0, 1] such that there exist positive numbers 91, d2, 3,94 > 0, Ng > 0 and C' > 0
such that for |z| > v9/2, 0 < || < 7/2, (2,€) € R?*?, N > 1, we have

(A6)  100LE. ()| < OV sin | 3/ Noloct Bl N - dafetl =0aN =il ]

12| 7?H? <

—0  2k6O
- ]sincp]|z| H

)

As a result, by the Calderon-Vaillancourt theorem, we obtain that E, y(h) is continuous from L?(R?)
into HgN for some § > 0 and that there exist Ny > 1, k > 0, C > 0 such that for N > 1

(A.7) ”Ez,N(h)”c(L2,HgN) < CRNHY | sin | T3N/2No 5=

Since we work with the Weyl quantization, we can get a right parametrix by taking the adjoint of (A.3)),
and therefore

(H(h) = 2)B; y(h) = 1+ EZ y(h),

which combined with (AZ3]) yields

(A8)  Bun(h) = (H(h) = 2)7" = E.n(h)BE n(h) = Eon(R)(H (R) — 2) 7 EX v (h) == Re n(R)

So we can easily see that R, (k) is a smoothing operator in the weighted Sobolev scale spaces {H }scr
when N is large, and we can use the next lemma proved in [16], Proposition 1.3] to give an estimate

of the kernel of R, x(h).

Lemma A.1. — Let R, S be bounded operators in L*(R?) and assume that R(L*(R%)) C H}* and
S(L*(R®)) C H* with m > X4, Then the operator T := RS* has a (Lipschitz) continuous Schwartz

k+1-°
kernel Kr(x,y) on R? x R? and we have the estimate
(A.9) |Kr(z,y)| < Ck,d,me(x)Wm(y)||R||£(L2,H£”)||‘§||£(L2,HL”)

where C g.m only depends on k,d,m and Wy, (x) = (1 + |a|2k)4/2=(kt1)m/(2k)

Remark A.2. — If m can be taken larger then we get that K7 has derivatives in (z,y) with corre-
sponding estimates.

Using (A.6), (A.8), (A.9), we get the following estimate for the error term in the parametrix. Let
us denote by Kpr_ (n) the Schwartz kernel of R. n(h).
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Lemma A.3. — There exist Ny large enough and k1,k9 > 0, C > 0 such that for N > 1
(A10)  Kp_ o (@,y) < RN (L4 WV sin o] 72V/2) [sin o N2V 270N (1 [ 4 |y 2H) e

for all h €]0,1], |2| > 70/2 with arg z = ¢ and z,y € RZ.
Moreover, if z € C\R is such that |z| < A,

(A.11) Kp, yo(@,y) < CAVTH (L4 AN Im 2 7N/2) [ I 2 3NN (14 [ [y e,

Proof. — The estimate of (ATl is a direct consequence of (A.10) by writing |sinp| > |Imz|/A.
or (A10]), we use Lemma[A Tl twice, using the estimates (A4]) and (A7). We write EzvN(h)B,’Zf’N(h) =

RS* with R = E. ny(h)(H(h) — 2)™ and S = Bz x(h)(H(h) —2)~"V, with 5 > 0 small enough so

that the hypothesis of Lemma [A. ] is satisfied. For the second term, we write

E.n(R)(H(R) — 2)7 B2y (h) = RS* with R = E. x(h) and § = Ex n (h)(H(h) — 7)1, O

A.2. Proof of Proposition 2.9l —
Proof. — We use the previous result with & = 1, and we denote by H = H (1) The heat operator e th
is related with the resolvent by a Cauchy integral

o tH — i }{ eftz(fl —2) 7 ldz
2im Jr
where T is the following contour in the complex plane. Fix ¢ €]0,7/2]. Let zy = (70/2)e™. Let T'y.
be the line [z9 + e, 7 > 0], T_ =T, T'g = [(70/2)e™, —p < < ¢]. SoT' =Ty UT_UT, with a
suitable orientation.
We give the main steps of the end of the proof.

1

e Thanks to the parametrix computed for (I:[ —z)7", we have

ot — Pl(ng x,§) }{ e " (H(z,€) —z)fjdz) — %ﬁetzl%z,]v(l)dz,

where the f; are linear combinations of the dj;, hence they are polynomials in (z,§).
e The kernel of the main contribution is obtained with the residue theorem:

1 ¢ —j U H@e
- e P(H(x,&) —2) 'dz = — e ©e)
2im Jp (j— 1!

and using degree considerations of the f;.
e For N > 1 large enough, the kernel of the remainder term is estimated with (AI0).
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A.3. Proof of Proposition 2.5 —

Proof. — We use here the semi-classical functional calculus for smooth functions with compact sup-
port, and we apply it to the operator H(h) = —h?A + V. where Vi(z) = 2V (2/¢). We can check
that all the previous estimates hold true uniformly in € > 0.

Let f be a non negative C*° function in | — 2Cj, 2Cy| with a compact support, such that f = 1
n [—Cp, Cy]. Using the spectral theorem for general self-adjoint operators, we can consider the new
operator

(A12) g(H(R) = f (%) .

The operator g(ﬁ (h)) has clearly a smooth Schwartz kernel K} (compute it in a basis of eigenvector
of H(h)) and we have

|Tem) (v + phsz,z) — e vz, o) < Kpp(z,r), Vo e R,

where |u| < Ch9~1. So it is enough to show that Ky (x,z) = O(h°~%) uniformly in = € R%.
Let us recall the almost-analytic formula for the functional calculus (see [6, Chapter 8])

(A.13) ot (h) = - [ da(e)i(h) - =) (az),

where L(dz) = dxdy is the Lebesgue measure and where g is an almost analytic extension of g. This
means that g is C*° in C and satisfies, for all M > 0,

10§(2)| < Cy[Im z|M, vz e C.

We can choose g supported in a small complex neighborhood of | — 2Cy,2Cy[. Moreover it results
from [6] that C)y is estimated by some semi-norms of g.

(A14) 193(2)| < 7arlm =M (|DE gl + [ DY +2g]1), ¥z € C.

We give the main steps of the end of the proof.

e We plug the parametrix of (H(h) — 2)~! in (AI3) to compute the kernel of g(H (h)).
e The kernel of the main contribution B, y is computed explicitly. Actually, the first term in the
expansion of g( 7 (h)) is

Oph / d9(z lL(dZ)) = Opn(9(H)) = Opy, (f(%))

where we used that E is a fundamental solution of 0. Therefore, the principal term of K fh 18
given by the following formula

(A.15) Ky (z, ) = (2ch) /R o (%) de,

which implies K%h(x, z) = O(ho~9).
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e Choosing M large enough we can estimate the contribution of R, y(h) by using (A1) and (A14)
for the smallest integer M > 3N + Np. In (AI4) the loss in h is h=M but this is compensated
by the factor hV*! for N large if we choose 6 < 2/3.

O

A.4. Proof of Lemma 3.7, —

Proof. — The proof uses the same tools as for the proof of Proposition We choose two cutoff
functions fi with fi as above and f_ such that supp(f-) C|C1,Co[, f— = 1 in [2C1, Cy/2] where
C1 < Cp/4. If Ky, is the Schwartz kernel of g(H (h)) given par (A.12]) we have

Kp h < exn < Ky, p(2)-

So we have to prove
1/p
(A.16) CONhhﬁzp,e < (/ (@ke(p_l)K?h(m)dx) < ClNhhﬁQW,
R4 ’

for every f like in (A12)).

We use again the almost-analytic functional calculus. From ([A.I0) we see that the contribution
of the error term of the resolvent parametrix is of order O(RN*1). As previously, the principal term

of Ky, is given by (ATH), hence we get (AI6) from a two side estimate of this integral. O
A.5. On the case § = 1. — Here we show how Proposition for § = 1 can be deduced directly

from results established in [11]. We admit here that these results can be extended for V' depending
on a parameter €.

¢ Estimates outside the turning points: Outside the turning points V' (z) = v the estimate can
be proved using a standard WKB approximation for the propagator U(t) := e ith ™ H(R) | 10 Ul(t,x,y)
be the Schwartz kernel of U(t). Let us give here a sketch of the proof.
Let p € Cgo(] — TO,TO[) with Ty > 0 small enough. We have

L) = [ o0 Ut )it =3 p (22 ) o)

>0

Choosing p even such that p > 0 and p(0) = 1 it is enough to prove
(A.17) L., (h) = O(h'™9).

We consider now a WKB approximation for I, ,(h)

Lulb) = 2ah) [ [ gl St s (7 pia 1,0, | ded
R JRd >0
Using a localization energy argument it is enough to consider a bounded open set of the phase space
V= Hﬁl]l/o — &0, + 80[.
The term S(t,z,7) is the solution of the Hamilton-Jacobi equation in V and the a; are determined by
transport equations (see [17] for details).
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The stationary points of the phase ®,,(t,n) = S(t,x,n) — y - n + tv satisfy the equations ¢ = 0,
In|> = v—V(z) if Ty is chosen small enough. So if V(z) < v the critical set is a smooth submanifold C,,,
of R x R% of codimension 2 and the Hessian of ®,. , is non degenerate in the normal directions to C; .
So the stationary phase theorem gives that I, ,(h) = O(h'~%).

If V(z) > v the non-stationary phase theorem gives that I, ,(h) = O(h*).

¢ Estimates at the turning points: Now we consider the case |V (x)—v| < g1 for €; > 0 arbitrary
small. We give the argument used in [11], which is completely different.
Let IIj, the spectral projector for H(h) on [v, v + ph]. We claim that it is enough to prove

1-d
(A.18) [Hp|[2spee = O(R72).

Assume that (AI8) holds true. Denote by ej(x,y) the Schwartz kernel of the projector ITj, and set
Uy 2y +— ep(z,y). Then we have Ipu, = u,, thus

en(2, ) = ug(v) = (Upug) () < (a2 poe [z L2-

Then using that II? = II;, we get

g 20 = / en (@, y)Pdy = ez, @),

which entails that ey, (z,z) = O(h'~%), thanks to (AIS).
Let x be supported in V N {|V(x) — v| < e1}. It is enough to prove that

. 1-d
(A.19) IX(P)p || 2 pee = O(h 2 7).

Using that ||(H(h) — v)p|| 22 = O(h), for d > 3 estimate (AI9) is a direct consequence of [T,
Theorem 6]. For d = 2 this theorem gives the estimate O(h~'/2|logh|*/?), but applying the more
difficult [11] Theorem 6], the log term can be eliminated.
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