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SPECTRAL ANALYSIS OF RANDOM WALK OPERATORS ON
EUCLIDIAN SPACE

COLIN GUILLARMOU AND LAURENT MICHEL

ABSTRACT. We study the operator associated to a random walk on R¢ en-
dowed with a probability measure. We give a precise description of the spec-
trum of the operator near 1 and use it to estimate the total variation distance
between the iterated kernel and its stationary measure. Our study contains
the case of Gaussian densities on R?.

1. INTRODUCTION

Let p € C1(RY) be a strictly positive bounded function such that du = p(x)dz
is a probability measure. Let A > 0 be a small parameter and By (z) be the ball
of radius h and center x. We consider the natural random walk associated to the
density p with step h: if the walk is in x at time n, then the position y at time
n + 1 is determined by chosing y € R? uniformly with respect to the measure

r(y)

(1'1) th(xa dy) = m ]l|mfy|<h dy

The associated random-walk operator is defined by

1 ! !
(1.2) T f(z) = m/&(z)m V().

for any continuous function f, and the kernel of T}, is t5(x,dy). This is clearly a
Markov kernel. Introduce the measure

sy = HBL@)0(a)

Zn .

where Z), is chosen so that dvy, is a probability on R, Then, the operator T}, is self-
adjoint on L?(M,dvy,) and the measure dv, is stationnary for the kernel ¢, (x, dy)
(this means that T} (dvy,) = dvy,, where T} is the transpose operator of T}, acting
on Borel measures).

The aim of this article is to describe the spectrum ot T3, and to adress the problem
of convergence of the iterated operator to the stationary measure. Such problems
have been investigated in compact cases in [{f], [[f] and [[], and the link between the
spectrum of T}, and the Laplacian (with Neumann boundary condition in [E] and
Bl) was etablished. In this paper we investigate the case of such operators on the
whole Euclidian space. The main difference with the previous works comes from
the lack of compactness due to the fact that R? is unbounded. We will make the
following assumptions on p:
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Case 1: tempered density. A density p € C'(R?) is said tempered if there exists
a constant C' > 0 such that for all z € R?

(1.3) |dp(z)| < Cp(x)

We shall say that it is smooth tempered of exponential type if p is smooth and if
there are some positive numbers (Cy)qene, R > 0, ko > 0, such that

(1.4) Viz| > R, |07 p(z)] < Cap(w)
and, if A ;== — 2?21 92, is the positive Laplacian,
(1.5) V|z| > R, —Ap(x) > kop(x).

Densities verifying these assumptions can be easily constructed. For instance, if p
is a smooth non vanishing function such that there exists a, 5 > 0 such that for
any |z| > R we have p(x) = Be~l?| then the above assumptions are satisfied with
ro = o2. For densities satisfying ([.4), ([.§), we will define

(1.6) = lim inf =227
R—colz[>R  p()

The second type of densities we shall consider is the following

Case 2: Gaussian density. We assume that p(x) = Be_o‘mz for some o, 3 > 0
such that [, p(z)de = 1.

It can be shown that that if p satisfies (E) or is Gaussian, there exists a constant
C > 0 and hg > 0 such that

(1.7) Vo € RY, Vh €]0, hol, u(By(x)) > Chp(x).
Let us set mp(x) = u(Bp(z)) and define the functions
1 .
(18)  anle) = ap@)m@) . Gale) = — [ et
Qd Jiz|<1

where aq 1= Vol(Bga(0,1)). Notice that Gq is a real valued function bounded above
by 1 and below by some M > —1, then define

(1.9) Ap = ngnoo ‘j‘uZpRa,QL(z), M := gnelﬁg Ga(&) > —1.
We will show that Aj, = 1 — 55h? + O(h?) with r defined in ([L.8).
In order to describe the eigenvalues of T}, let us also introduce the operator
(1.10) L,=A+V(x)
with V(z) = %’;()m). Observe that the essential spectrum of this operator is

[k, +00[. Moreover, we have the following factorisation:

d
(1.11) L,=Y 0
j=1
Oq ; . . .
where £; = —0,, + ;p. This shows that L, is non-negative on L?(R?). Moreover,

since ¢;u = 0 iff u is proportional to p, then 0 is a simple eigenvalue associated to
the eigenfunction p € L' N L>® C L2.
We first prove the following result in the tempered case
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Theorem 1.1. Suppose that p is tempered in the sense of (@), then:

(i) the essential spectrum of Ty, on L?(R?, dvy,) is contained in [Ap M, Ay] where M
and Ay, are defined in (LY). If in addition Aj, = i) 00 07 (%), then oess(Th) =
[An M, Ay).

(i) If ([L4) and (L.3) hold, then A, =1~ gtz h® +O(h*) with & defined in ([L4),
and for all a €]0, 1] there exist C' > 0, hg > 0 such that, if 0 = po < 1 < po < ... <
wx denote the L*(R%,dz) eigenvalues of L, in [0,ak] counted with multiplicities,
and if 1 = Ag(h) > A1 (h) > ... > M\g(h) denote the k largest eigenvalues of Ty, on
L2(R™, dvy,) counted with multiplicities, then for all h €]0, ho] and any j = 1,... k,

1
1-— mukiﬁ — M\ (R)| < CR™.

Observe that if p is only tempered, the statement (i) shows that the essential
spectrum can be the whole interval [M, 1]: for instance, take a density p such that
p(x) = |z|~™ in {|z| > R} for some R > 0 and m > d, then it is easy to check that
mp(x)/p(x) — 1 as |z] — oo and therefore A, =1 in this case.

Notice also that there are examples of smooth densities of exponential type p
such that the discrete spectrum of L, below its continuous spectrum is non-empty.
Indeed, take for instance p = e~7*®) where 7 > 0 and «(x) is smooth, equal to |z|
for |z| > 1 and «(0) = 0, then

Pri=7L,=72A+|Va|* + 7 'Aa

is a 771 semi-classical elliptic differential operator with semi-classical principal sym-

bol p(z, &) = [€]2 + [Va? (see [B, B, H] for the theory of semi-classical pseudodiffer-
ential operators). Since |Va| = 1 in |z] > 1 and Aa = 0 in |z| > 1, the essential
spectrum of P, is [1,00), then we can apply Theorem 9.6 of [] and the fact that
Vol{(z,€) € R*; p(z,£) € [0,1]} > 0 (since a(0) = 0) to conclude that, if 7 > 0 is
large enough, there exist Ct¢ eigenvalues of P: in [0, 3] for some C > 0.

We also emphasize that the result in Theorem is used in a fundamental way
in the recent paper [m] to analyze random walks on surface with hyperbolic cusps.

If instead p is Gaussian, then L, = A+4a?|z|> —2da and its spectrum is discrete

o(L,) = 4aN and the eigenfunctions associated to 4ak have the form Hy, (z)e2elzl”
for some explicit polynomial Hy. We then have

Theorem 1.2. Suppose that p is Gaussian, then the operator Ty, is compact and
if 0= po < 1 < po < ... < ... denote the L?(R? dx) eigenvalues of L, and
1=Xo(h) > A (h) > ... g(h) > ... those of Ty, then for K > 0 fized, there exists
C > 0 and hg > 0 such that for all h €]0,ho] and any k=1,..., K,

(1.12) purh? — Me(R)| < Ch*.

iy
Moreover, there exists o > 0 such that for any X\ € [0,0¢], the number N(\ h) of
eigenvalues of Ty, in [1 — A\, 1] satisfies
(1.13) N(\h) <C(1+ A2)%

In the last section of this paper, we also give some consequences on the conver-

gence of the kernel of 7} to the stationary measure dv, as n — oo. In particular
we show that, contrary to the compact setting [ﬂ], the convergence in L*> norm
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fails, essentially due to the non-compactness of the space.

These theorems, will be proved by using microlocal analysis. We refer to the
books, [H], [f] and [ for standard results in this theory. The organisation of the
paper is the following. In the next section we study the essential spectrum of 73, on
L?(R%,dvy). In section 3, we collect some a priori estimates (regularity and decay)
on the eigenfunctions of 7T},. Following the strategy of [ﬂ], we use these estimates
in section 4 to prove the above theorems. In last section, we adress the problem of
total variation estimates: we show that the convergence to stationarity can not be
uniform with respect to the starting point. Considering the case where the starting
point x belongs to a ball of radius 7 we prove total variation bounds in term of the
spectral gap and 7.

2. ESSENTIAL SPECTRUM

We start by studying the essential spectrum of 7} in the tempered and Gaussian
cases. jFrom the definition of dvy, it is easy to see that there exists some constant
c1,c2 > 0 such that ¢;h? < Z), < cah?. Let us define the operator 2 : L2(R?, dx) —
L*(R?, dvy,) by

(2.1) Qf (@) =

which is unitary, and let T}, defined by T), = Q*T,) so that
Tpf(x) = an(x)Th(anf)
with aj, defined in ([L.§) and (with ag = Vol(Bga(0,1)))

_ 1
(2.2) Thy(x) == i /Iz—y|<h f(y)dy.

Using the semiclassical Fourier transform it is easy to see that

Qq

T 1 ,
Th = Ga(hD,), with Gq(§) = _/ ei*€ .
|21<1

This function depends only on [|£], it is clearly real valued and —1 < M < G4(§) <1
for all £ if M is defined in (E) Moreover, G4 tends to zero at infinity and G4(§) = 1
if and if only £ = 0.

Let us first prove ([.) assuming ([.3)): we have by assumption on p that for all
z,y € R? with |z —y| < h

—Ch sup p(z) < p(z) —ply) <Ch sup p(z)
2EBp (x) zEBp(z)

and therefore if Ch < 1

(L=Ch) sup p(z) <p(z) < sup p(2)
2EBy, () zEBp (z)

which implies

() (1~ 1fllch) < ply) < pla) (14 lf]é’h)'
and thus ([.7).

The function ay, is then bounded and A, of ([L.9) is well defined. We first prove
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Proposition 2.1. Suppose that p is tempered in the sense of (|L.3)), then oess(Th) C
[MAp, Ap]. If moreover Ay = lim|) o0 a3 (x), then the inclusion above is an equal-

ity.
Proof. Let R > 0, then the operator T}, can be written under the form
T = gysr Th Wojs r + DR o)< ron Th Wi« p + Doy < Th Upe)o|< Rih

since T}, increases support by a set of diameter at most h. The kernels of the last
two operators in the right hand side is in L?(R? x R¢ dr ® dx), and thus these
operators are compact. We thus deduce that the essential spectrum of T}, is given
by that of S,? = ]1|z|>R Th ]1|z|>R- Since S,? = b]I;Thbg with bg = H\m\>R ap(z) and
since T, is a bounded self-adjoint operator satisfying

M| flIz2 < (Tnfs flres |Thfllee < [ fllz2

and ap(z) > 0 we deduce easily that oess(S5) C [-MAE AR where AR =
SUp|, > an(z)®. It then suffices to take the limit as R — oo. Now if in addi-
tion a? (z) has a limit A;, when |z| — oo, we can write

~ _ — 1__
(2.3) Th = ApTh + en(x)Than(x) + AR Then(x)

with e () = ap(x) — A,% converging to 0 as |z| — oo. In particular, using that
|Ga(€)] — 0 when |¢] — oo, we deduce that the last two operators in (R.3) are
compact on L2 Since, T) is a function of the Euclidean Laplacian (or radial
Fourier multiplier) the spectrum of T}, on L?(R%, dx) is absolutely continuous and
consists of [M, 1], which is the range of G4(¢). This achieves the proof since the
essential spectrum of fh is that of A,T}, by (E) O

We also describe the asymptotic behaviour of Ap:

Lemma 2.2. If p satisfies (L.4) and (L), then the following asymptotic holds as
h—0

Ap=1- h% 4+ O(h*)

_r

2(d+2)

—Ap(x)
p(@)

where r = liminf),|_,

Proof. If p is tempered, we expand my(z) = u(Bp(x)) with respect to h and use
assumption ([L.4):

mp(x) = hd/ p(x + hz)dz
|z|<1

1
:Ozdhdp(x) + 5hd-‘:—2 Z aziasz(l') /| » ZiZde + O(hd+4p4)
i z|<
= uhp(z) — LR Ap(a) + O(hp.)

with |ps(z)| < p(x) and B4 = f\z\<1 |z|2dz. Using the definition of ay, it follows
from Lemma below that

(2.4) (ﬂm1+ﬁw%%?+omﬂ
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i — Ba _ 1
with 74 = 530~ = 57

from (@) that

and the O(h*) is uniform in x € R%. Hence, it follows

A
A = limsupaj(z) = 1 + v4h? lim inf Plz) + O(h*)
|| =00 2|00 p()
and the proof is complete. ([
Remark 2.3. In the tempered case, the operator yqL, = 2(+-i-2)(A + %ﬂ) has

essential spectrum contained in [m, 00). If in addition Kk = im0 %9, then

the essential spectrum is exactly oess(L,) = [2(%‘_2), 00) by Theorem 13.9 of [f.
Now for the Gaussian case
Proposition 2.4. If p is Gaussian, then T} is a compact operator.

Proof. The symbol G4(&) of T}, is decaying to 0 as [{| — 0, a standard argument
shows that if lim|;| o an(x) — 0, then Thay is compact on L?. We write

mh(ZE) / —2hx.z—h?|z|?
2.5 = e dz
(23) hip(x) 2|<1

and by bounding below this integral by a dz integral on a conic region —z.x >
|z|.]z|/2, we see that it converges to oo when |z| — oo, which proves the claim. O

Remark 2.5. In the Gaussian case, the operator L, = A + 4a?|z|? — 2da has
compact resolvent and discrete spectrum.

Notational convention: For the following sections, all the tempered densities we
shall consider will be smooth tempered densities of exponential type (ie. satisfying
(I.4) and ([L.5)), and therefore we will abuse notation and just call them tempered.

3. SPECTRAL ANALYSIS OF T},

We recall here some notations. Let a = a(z,&; h) be an h-dependent family of
C>(R2?) function and m(z, €) be an order function as in [[f]. We say that a belongs
to the symbol class S(m) if there exists some hg > 0 and constants Cy g such that
for any a, 3 € N¢, any 0 < h < hg

020 a(z, & h)| < Ca,gmiz, €)
For any a € S(m), we define Op,,(a) by
1 ilz—y).€
Op(0)(2) = s [ T alo. i) f(w) v

The standard theory of such operators is developped in [, [, H-

3.1. Preliminary estimates. Let us start by some estimates on the symbols of
the operator T}, which will be useful to study its eigenfunctions.

Lemma 3.1. The function G4(§) belongs to S((Q‘max(l’%)).
Proof. Suppose first that d > 2. It is clear that the function G4 is smooth.
When [¢] > 1, one has
1

5 _ L  \Biz€
9¢ Ga(§) o /|Z|§1(zz) e dz.
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Let x € C§°(Bga(0,1)) be a radial cut-off equal to 1 on Bra(0,1). Then the
non-stationary phase theorem shows that

/ x(2)2Pe*Edz = O(J¢) =)
|z|<1

On the other hand,
1
I, := / (1 — x(2))z e dz = / (1 — x)(r)rd=1+18l (/ eimgwﬁdw) dr
|2|<1 3 sat

For any r > % the phase w — w¢ has only two stationary points: these points are
non-degenerate so that the stationary phase theorem implies I, = O(|¢ |f%) In

the case d = 1, the computation is simpler since G4(§) = %(E) We leave it to the
reader. (|

We will also need the following result on the function ap.

Lemma 3.2. The function ay, is smooth and the following hold true:

e if p is tempered, then

(3.1) Va € N? 30, > 0, Vh €]0,1], [0%ap(z)| < Coh?
and there exists C' > 0 such that
1 h?  —Ap
3.2 vz € R? -1- <cnt
(3:2) ve ’|ai(z) 2(d+2) p <
e if p is Gaussian, then
(3.3) Vo € N, 3C, > 0, Vh €]0,1], [0%an(z)] < Cohlel.
and
(3.4)
_ 1 (4a?|x|? — 2da)
VM >0,3C > 0, ¥lo| < MA7, | _q - S T2 2 < Oyl tht
> U, M > U, |:L'| < ) G/}QL((E) 2(d+2) > ]\/I|:L'| )
1
(3.5) 3C, R > 0,Y|z| > R, ——— > max(1 + Ch®[z|?, Cehl=ly
aj, ()
Proof. Tt follows from ([L.§) that ap(z) = F o gy(z) with F(z) = 272 and
gn(x) = a:;zz(pz():n)' Following the arguments of the proof of Lemma P.9, we have
when p is tempered (using le|<1 zidz = le|<1 zizjzrdz = 0)

R Ap ht
gr(z) =1— 77—+ / pa(z, 2)dz
(=) 2(d+2) p  aap(x) Jisj<1 (2)
h?  Ap
-1 ——  =F . pd
5d+2) p + hra(x)
where py(x, 2) is a function which satisfies for all a € N%:
|0 pa(, 2)| < Cap(x)

uniformly with respect to z € R?, |z| < 1 and r4(x) has all its derivatives uniformly
bounded on R?. In particular, for any a € N¢\ {0}, 02gp(x) = O(h?). Hence, for

(3.6)
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h > 0 small enough, Fai di Bruno formula combined with (B.6) shows that ay, is a
smooth bounded function such that

(3.7) Vo € N%\ {0}, 0%y (x) = O(h?).
This shows that aj, enjoys estimate (B.1]) while (B.2) is a direct consequence of (B.6).

Suppose now that p(z) is Gaussian. It follows from (R-) that

1
gn(r) = —
Qd J|z|<1

_ 20,2
e 2hz.z—h*|z| dz

Hence, there exists ¢y > 0 such that for all z € RY, h €]0,1], gn(x) > co. Moreover,
for all & € N we have

1
0 gn(z) = a—d/ 1(72hz)0‘6_2hz'1_h2‘z‘2dz
z|<

so that there exists C, > 0 such that
(38) Vh €]0,1], Vz € RY, 83 gn(2)| < Cah!®l|gn ()|

Using again Faa di Bruno formula, we get easily that aj, is a smooth function such
that for any o € N9,

1 8‘B|gh(:€)
(3.9) 0y an(x) = Clrign ()2 G g =202
ﬂezﬂ:a " IjepOx;

where 1T}, denotes the set of all partitions of {1,...,[a|}, |r| denotes the number

of blocks in the partition 7 and | B| denotes the cardinal of B, and C), is an explicit
constant depending on |7|. Combining this formula with estimate (@), we get

(310)  [9gan(@)| < Y Cinflgn(e)| 2 per | hgn(2)] P! < Clan (z)|!*!

7€l g

which proves (B.3).
Let us now prove the estimates on a;Q = gp. The same computation as in the

tempered case remains valid if we assume that |hx.z| is bounded, which holds true
if h|z| is bounded. This shows (B.4). In order to prove (B.5), we observe that there
exist constants ¢, C' > 0 such that for all 0 < h < 1

ap(z) 2 :a(;l/ / e~ 2hre.0—=h*r? d—1 4. 10
Sda-1 Jo<r<1
1 220 g2 [ —othrae(1—1) 2 d—1
=ay / / (1 + 4r“h*(x.0) / g 2thre. —dt)e_ " r¢T drdf
Sd—1 Jo<r<1 0 2

1
1-—t
>1 +4h2a;1/ / 7“2(113.9)2(/ e‘mmﬂgdt) e pd=1qrqg
sa-1 Jo<r<1 0 2

— ch?
an(z)™2 >1 + Ch?|z|* — ch?
for |z| > R with R > 0 large, the last inequality being proved by the same argument
as for Proposition @ Enlarging R and modifying C' > 0 if necessary, this shows

the quadratic bound in @) The exponential bound in (@) follows easily from
the inequality above, by bounding below the integral by an integral on a region
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{0.2/|z] < —(1 —€),7 > 1 — €} for some small € > 0. O

3.2. Regularity and decay of eigenfunctions. We are now in position to prove
the first estimates on the eigenfunctions of T,.

Observe that for any 1/2 > ¢ > 0 small, there exists ss > 0 such that |G4(§)| <
1 — 26 when [£]2 > ss.

Lemma 3.3. Let C > 0 and A\, € [1 — Ch?,1] be an eigenvalue of Tj, (which can
belong to the essential spectrum) in the tempered case, and Ap € [1 —6,1],5 > 0
in the Gaussian case. Let e;, € L*(R? dx) satisfy Then = Anen, || en | 2 ray= 1.
Then ey, belongs to all Sobolev spaces and for all s € R

1— M\ 2
(3.11) I e |lzze mey= O((l +—— ) )
Moreover,
(3.12) I (1 =) (R A)en || ray= O(h)

where x € C§°(R) is equal to 1 near 0 in the tempered case and x =1 on [—ss, Ss]
in the Gaussian case.

Proof. We use the some arguments similar to those used in [ﬂ], the difference is
that now we are working in R? instead of a compact manifold: let us write A\, =
1—h2z, with 0 < 25, < kg in the tempered case and 0 < 2z, < §h~2 in the gaussian
case; and start from (Th — Anen) = 0. Since Ty, = apThap it follows from Lemmas
and @ that T}, is a semiclassical pseudodifferential operator on R% of order
m < —1. In particular, it maps L?(R?) into H'(R?) and || T L2 mm= O(h™1).
Since e, = ﬁfheh and Aj, is bounded from below, we deduce || ep, ||g1= O(h™1).
Iterating this argument, we finally get

(3.13) I en | ms= O(h™?)

for any s > 0 (using interpolation for non integral s). Let us denote pp(z,&) the
symbol of T},. It follows from usual symbolic calculus and Lemma @ that

(3.14) pr(x,€) = ai(2)Ga(&) + h"ri(w,€)

for some symbol r, € S((£)~ max(l’%)) and with m = 3 if p is tempered and m = 2
if p is gaussian.

Suppose that p is smooth tempered and let x € C§°(R) be equal to 1 near 0.
Since |G4(§)] < 1 with G4(€) — 0 as |[{] = oo and G4(§) =1 <= & =0, we
deduce that for any cut-off function y equal to 1 near 0, we have

(1 =x(E)Ga(§) < (1 -1 —x(8)
for some € > 0 depending on ¥. Since Ay, = 1+ O(h?) and a, = 1 + O(h?), the
symbol

qn(z, &) = (1 = X(€)(An — pr(z,§))
is bounded from below by §(1 — x(§)) for h > 0 small enough. Moreover it is, up

to a lower order symbol, equal to the symbol of (1 — x(h2A))(Ap, — T1,) and thus
by taking (1 — X) = 1 on the support of (1 — x), we can construct a parametrix Ly
with symbol €5 (z,§) € S(1) such that

Ly(1 = X(W*A)) (A = Th) = (1 = x(h*A)) + h>Opy, (wp,)
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for some symbol wy, € S(1). This clearly shows that

(3.15) I (1 = x(h*A))en [|z2= O(h™)
and by interpolation with () we get
(3.16) I (1= x(h*A))en [[mr:= O(h™).

It remains to show that x(h?A)ey, is bounded in H*. We have
(Opy,(pr) — 14 h%zp)e, = 0.
Let by (z,€) = pp(w,€) — 1+ h2zy, then since zj, is bounded, we know from (B.14])
that
(3.17) bu(x,€) = aj, (2)Ga(€) — 1+ hPra(z,€)
for some rj, € S°(1). By Taylor expansion of G4(£) at £ = 0, we see that there exists
a smooth function F' on R, strictly positive and such that 1 —Gy(€) = |£]2F(|£]?).
Since a3 (z) = 1+ O(h?), we get
bh(zag) = 7|§|2F(|§|2) + h27:h(za§)
with 7, € $°(1). Combined with (B.13), this shows that for any y € C$°(R%)
R*AF(h*A)x(h*Ay)en, = Orz(h?).

Since F is strictly positive on the support of x, we can construct a parametrix like
above and obtain that

| x(h*Ag)en |l m2= O(1)
Tterating this process, it follows that the above bounds hold in all Sobolev spaces.

Consider now the case of a Gaussian density and let us prove (B.12). For x €
C§°(R) equal to 1 on [—ss,s5] (and 0 < x < 1) we get
(1= x)([E*)Galé) < (1 —=20)(1 = x)([€)-
Since we have ap, < 1+ O(hQ) and A\, > 1 — 0 for small A > 0, this shows that

(1= x(€) (M = pr(@,©)) > §(1 = x)(|€[?) for h small and (B.15), (B.1G) are still

valid. Let us prove (B.11]). By definition, we have Op,,(by)er, = 0 with by (x,&) =
a2 (2)Ga(€) — M + h2ry(x,€) for some 7, € S(1). Thanks to (B.10)), we have
10271 (2,€)| < Cqla?(z)| for any a and |0 (ay, *rp(2,€))| < Co. Using again the
structure of G4 and dividing by a3, it follows that

(3.18) R*AF(h*A)ep, = (1 — Apaj, 2(x) + h*Opy, (74))en

for some symbol 7 € S(1). Taking the scalar product with x(h?A)%ej, and using
the fact that Op,,(7,) is bounded on L?, we get
(3.19)
(W AF(h*A)x(h?A)en, x(h*Aen) = (1 = Anay,*(2))x(h* A)en, x(h* A)en) + O(h?)
= In(h) + Jr(h) + O(h?)
where
Ir(h) = (Wr(2)(1 — Anay*(2))x(h? )eh, (h*A)en)
Jr(h) = (1 = ¥r(@)(1 = May*(@))x(h* A)en, (hQA)€h>
with ¢ r(2) := 1l|;<g. Hence, it follows from (B.4) that Ir(h =Oh*R%+1-\p).
On the other hand, setting R = (1 — Ap) /(th) with e > 0 small enough but
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independent of h, (B.5) gives that 1 — A\na; %(z) < —A\Ch2|z|?> + (1 — \p,) < 0 if
|z| > R, and hence Jr(h) < 0. Combined with the estimate on Iy, this shows that

(R2AF(R*A)x(h*A)en, x(h?A)er) = O(1 — \p).

Dividing by h? and using again the fact that F' > 0 we obtain [|Ax(h2A)ey| 2 =
O(1+ 1;§‘h ). Iterating this argument and using interpolation, we obtain the desired
estimates for any H®. O

In order to control the multiplicity of the eigenvalues as in [ﬂ], we need some
compactness of the family (ez)n. Since R? is not bounded, the regularity of the
eigenfunctions is not sufficient, we need some decay property of the eigenfunctions
near infinity. For R > 0, let xr be a smooth function equal to 1 for |x| > R+ 1
and zero for |x| < R.

Lemma 3.4. Let us assume that p is tempered and let « €]0, 1[. Suppose that A, €

[1- ahQQ(d—’fm), 1] and that e, € L*(R?, dx) satisfies Then = Anen and llenl| L2 rey =

1. Let ¢ € C§°(R), then there exists R > 0 such that
| Xr(@)$(h* Aen || L2@ay= O(h?)

As a by-product, for any s € R, xren goes to 0 in H*(R?) when h goes to 0, for
any s > 0.

Proof. jFrom the preceding Lemma, we know that
(AF(R*A) + Opy, (7n))p(h* Ag)en, = O(R>).

for some 73, € S(1). On the other hand, this term can be made more precise : it
follows from Lemma B.d and equation (B.14) that

O(h) Z( — AF(h*A) - %W(V(ﬂﬁ)oph(Gd(ﬁ)) + Opy(Ga(§))V (2)) + Zh)¢(h2A)€h
= — (AF(h*A) +vaV(x) — zn)en + O(h?||en| | a2)
with A, = 1 — h%2;, and using (B.11), we obtain
(AF(h*A) +V(2) — 21) fu = O(h)

with fr, == ¢(h?Ay)en, Zn = 2n/v4 and F = F/vq. Let qn(z,€) = |E]2F(h€) +
V(z) — . Since F > 0, it follows from assumption ([.J) that there exists R > 0
such that for any ¢ € RY and any |z| > R, we have qn(z,&) > (1 — a)x/2 if
1 —A\n < akh?/2(d+2). Hence we can build a parametrix for g5 on the support of
xr and this shows that || xgfn ||z2= O(h). Using interpolation and the fact that
(en) is bounded in H®, we obtain directly the same bounds in H*. O

Lemma 3.5. Suppose that p is Gaussian. Let 6 > 0 and x € C§°(R) be equal to 1
on [—ss, 85), then there exists ho such that, for any k,s € N there exists Cy s > 0
such that for all h < hg and any eigenfunction e, € L*(RY) of Th with eigenvalue
An € [1 —6,1], we have

(3.20) ) Ex (B2 A)en e gy < CoesllX(2A)enl o aoy
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Proof. Tt follows from (B.1§) and (B.19) that
(3.21) (1 = Anay, % () x(h*A)e, = h*Opy, () x (R A) Aey,

for some 7, € S(1). Let R > 0 be sufficiently large so that a;, *(x) > 1 + Ch?|z|?
for |z| > R. Then, if Ay, = 1 — h?z,, one has for |z| > R

(3.22) — 1+ May 2(2) > W3(Cl2|* — 21) > C'h2(1 + |z]?)

for some C’' > 0 independent of h. We take ¢¥p € C°(R?) be equal to 1 for
|z > R+ 1 and 0 for |z| < R, then by (B.24) and (@), we deduce easily that
(2)2h72(—1 + Ana;, ?)"'pr € S(1) and therefore

(@) r(x)x(h*A)en = Opy,(Fr)x(B*A)Aey,
for some 7y, € S(1). Therefore, for any s > 0, we have
N X2 A en - ety < Ol (R A)en | gev e
Iterating this argument k/2 times and using (B.11), we get (B.20). O

4. PROOF OF THEOREM [L.1] anD [L.3

4.1. Spectrum localisation. We work as in [ﬂ] and we only give a sketch of the
proof since it is rather similar. The main difference with the situation in [ﬁ] is
that we work on unbounded domains, so that Sobolev embedding do not provide
directly compactness. In both tempered and Gaussian case, we will use the following
observation: suppose that ¢ is a smooth function, then it follows from Lemma @
and the expansion G4(&) =1 — y4/¢]2 + O(¢]*) as €] — 0 that

1-T),

(4.1) —5 ¢ = Yalpp + h*Y

where [[Y2ray = O([|¢| ga(ray) in the tempered case and [[Y||z2(po,mn-1)) =
O(|||z[*@ll zr4(B(0,mn-1+1))) for any h-independent M > 0 in the Gaussian case.
We start with the case of a tempered density and follow the strategy of [ﬂ]
Since T}, and Tj, are unitarily conjugated by Q : L2(R% dz) — L?(R% dvy,), the
eigenvalues of Tj, on L2(R%, dvy,) (and their multiplicities) are exactly those of T},
on L?(R%, dx).
First, assume that (L, —u)e = 0 for some p € [0, ) and e € H2(RY), || € || L2(4z)= 1.
Then, e is in fact in C'"* and using @I) with ¢ = e, we get easily

1-Tp,
e €= ale +Op2(h?).

Since T}, is self-adjoint, this shows that dist(yau, o(An)) = O(h?) with

1-1Ty
Ap = SR
and that there exist Cy > 0,C; > 0,hg > 0 such that for all 0 < h < hg and
w € o(L,)N[0, k—C1h?), the number of eigenvalues of Ay, in [yau—Coh?, yau+Coh?]
is bounded below by the multiplicity of pu.

Conversely, consider an eigenfunction ep of Ay corresponding to an eigenvalue
zp, € [0,7v4k), then using Lemma @), we get

Zhehp = Aheh = vdeeh + OLz (h2).
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This shows that all the eigenvalues of A, are at distance at most Ch? of the
spectrum of v4L,. Let us now consider an orthonormal set of eigenfunctions ‘5;1 of
Ay, associated to the eigenvalues Zi contained in [ygu — Coh?, vap + Coh?] for some
p € o(L,) N[0, ak], where with Cp, Cy are the constants given above. Let R > 0
be fixed as in Lemma @ From Lemmas @ and @ , each eigenfunction can be
decomposed as
ei = ui + vi

with uiL bounded in any H*® and supported in B(0, R)and vfl converging to 0 in H*®
when h goes to 0. Since H*(B(0, R)) is compactly embedded in H? for s larger
than 2, we can assume (extracting a subsequence if necessary) that the ei converge
to some f7 in H2(RY, dx) and 2] converges to y1/v4. Hence, the (f7); provide an
orthonormal family of eigenfunctions of L, associated to the eigenvalue p. This
shows that the number of eigenvalues of Ay, in [yqu — Coh?,vap + Coh?] is exactly
the multplicity of u as an eigenvalue of L,, and achieves the proof of Theorem .

Notice in particular that our proof does not rule out the possibility of an infinite
sequence of eigenvalues zi for Aj converging to the bottom of the essential spec-
trum x.

Assume now that p is Gaussian and start with (L, — p)e = 0 with |le[|2 = 1. It
follows from ([L.1)) that

Ape = Ny jcp—1 YaLlpe + Njg>p-1 Ape + h21
with 4 supported in B(0, Mh~') and 9|2 = O(|[{z)*ell gra(B(o,mn-1+41)))- Since
e = p(ac)e_o“””‘2 for some polynomial p, then |[¢||z2 is bounded uniformly with

respect to h. The same argument and 1j,;|>p,-1 Ap = ljz>p-1 Ap iz >4-1-p shows
that || Ujpisn-1 Apellz = O(h~2e~°""). This implies that

Ane = ygpe + Op2(h?)
Like in the tempered case, it follows that dist(yau,o(Ar)) = O(h?) and that for
any given L > 0 there exists Cy > 0, hg > 0 such that for all 0 < A < hg and all
w € o(L,) with g < L, the number of eigenvalues of A, in [yau — Coh?, yap+ Coh?]
is bounded by the multiplicity of pu.

Conversely, suppose now that The, = (1 — h2yqzp)en for some e, € L2(R?) such
that || es ||z2=1 and zj, € [0, L], L > 0 being fixed. From Lemmas B.3 and B.5, we
know that

znen = Apep = Lpeh + OLz (hQ),
this shows that the distance of the eigenvalues of Ay, (less than L) to o(L,) is of
order O(h?).

To get the equality between the multiplicities, we work as in the tempered case
and consider an orthonormal family of eigenfunctions e} of A} associated to the
eigenvalues zfl contained in [yau — Coh?, yap + Coh?]. Tt follows from Lemmas B4
and B.9 that ‘ ‘

e = u; + O(h™)
with u] := x(h?A)e] bounded uniformly with respect to h in (z)~FH*(R?) for
any k,s > 0. Then the family (u},)n>0 is compact in H?(R?) and extracting a
subsequence if necessary, we can then assume that both ui and ei converge to some
f7 in H? and z, converges to z € [0, L]. We split u], into ¢y, (x)u), + (1 — p (z))u
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where vy, is smooth, supported in |z| < 1/h and equal to 1 in [z| < 1/2h. In
particular we have that ||(1 — ¢n)u] ||gs = O(h®). On the other hand, it follows

from (fL.1)) that
zie{l = Ahefl = Ah(whui) + O(h™)
= YaLp(nu},) + O(h*|[ (@) bl || g+) + O(h™)
= yaLo(e}) + O(h?|[(z) e} || 2) + O(h™)
Al = valo(e)) + O(h?|le}|| =) + O(h™)

where we used Lemma . in the last line. Making h — 0, we show that (f7); is an
orthonormal family of eigenfunctions of L, associated to the eigenvalue z = u/74.

This achieves the proof of ([.19).

4.2. The weyl estimate. It remains to prove the Weyl estimate on the number
of eigenvalues in the Gaussian density case. Fix § > 0 small, then for 7 > 0, let us
define the operator on R¢

Pr =103 (VA/T) + 2 (V]al?/7)

where x € C*((0,00)) is a positive increasing function which satisfies x(z) = x for
x < 1—46and x(x) =1 for x > 1. Clearly P; is a self-adjoint bounded operator on
L?(R%) with norm less or equal to 27 and since for any function f € L? such that f
is supported in |z| > 7 or f is supported in |¢| > 7, one has (P, f, f) > || £, the
essential spectrum is contained in the interval [7,27]. Let IL. /o = 1l - 2)(Pr) be
the orthogonal spectral projector, it is then finite rank by what we just said. For
f in the range of 1 — IL; /3, we shall prove that there is € > 0, C' > 0 independent
of 7, h such that for 7 < eh™2

(4.2) (Tnf, f) < (1= CTh?)||f|[2--
Notice that if (1 —IIz)f = f, we have (P, f, f) > 57| f||3. and thus

(4.3) XA/ + (Va2 m) fIIP = %IIfIIQ-

We first assume that |[x(y/]z[2/7)f||* > 1||f||?, then using that T}, has L? — L?
norm bounded by 1 we deduce

(anThanf, f) = (Thanf,anf) < llanfl|i-.

But from (B.4) and (B.§), we also have that there is e > 0, C > 0 independent of
7, h such that if 7 < eh ™2,

ap(w) < 1= ChPrx(/]z2/7).
Thus we obtain by combining with ([£.3)
(4.4) (anThanf, f) < (1 = Ch21/4)||f]|Z--
Assume now that (@) is not true, then since (1 —1II./5)f = f this implies that

(45) ISP = ZI71P
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and we shall prove that (Q) holds as well in that case. Using a7 < 1+ Ch? for
some C > 0, let us write for f € L?

(anThanf, f) =(a;Tuf, ) + (an[Th, anlf, f)
<L+ COH)|[Thfll2 | f||L2 + (an[Th, anl f, f)-

Using the fact that Ty, = Gq(hD,) is a semiclassical pseudo-differential operator
with symbol G4 € S(1) defined in ([.§) and the estimates [0%as| = O(h) if |a| > 0 of
Lemma E, we deduce from the composition law of semiclassical pseudo-differential
operators that [T}, ap] = h20py,(cn) where ¢, € S(1) is a uniformly bounded symbol
in h. Therefore by Calderén-Vaillancourt theorem, ||apn[Th, an]||z2— 12 = O(h?) and
thus

(4.7) (an[Th, anlf, f) < C?||fIIZ>

for some C' > 0 uniform in h and independent of 7. Now using Plancherel,
(T2f, [) = Jpa G2(h€)|f(€)]2d€ where Gy is defined in ([L§). Now since G4(€) — 0
as £ = oo and G%(¢) < 1 — C[¢|? for some C when £ is small, we directly ob-
tain that there is € > 0 independent of 7,h such that if 7 < eh~2, the bound
G2(h€) < 1—Ch*rx(\/|€]2/7)%. Combined with ([.), this implies that ||}, f|| > <
(1 — Ch27)||f||.> and thus, by combining this with (f.d) and ), (£.4) holds if
T > 79 for some 75 > 0 independent of h and we have proved (4.9).

By the mini-max principle, one deduces from () that the number of eigenvalues
of T}, in [1 — Ch?7,1] counted with multiplicites is bounded by the rank of II, /.
Now, to prove the Weyl estimate (), it remains to show that Rank(Il;/3) =
O(7%). This is a rather standard result (see for instance [@, page 115] for a compa-
rable estimate), but we write some details

Let us consider /i := 1/4/7 as a semiclassical parameter. The operator P(h) :=
h?Py,-> is a h semi-classical operator with a symbol in the class S(1) given by
pr(2,€) = x2(|€]) + x(h|z|), more precisely P(h) is the Weyl quantization of the
symbol pp(z,£). Let f € C§°(R) be such that f(s) =1 for [s| < 1, f(s) =0 for
|s| > 2 and 0 < f < 1. Consider the harmonic oscillator on R%, H = A + |z|? and
define the operator

(4.8) e = f(h*H).

Then I is a non-negative self-adjoint operator, it is bounded by 1, it has finite
rank and rank(I1#) = O(h=?). ;From the min-max principle, to prove a Weyl
estimate for P(h), it suffices to show that for all u € L?

(4.9) (P(h)u,u) + (M u,u) > ¢

for some ¢ > 0. First, we claim that the operator Hg can be written under the
form

(4.10) 7 = Op,(f(B%|z|® + |£*) + Rn, where ||Rp||z2—r2 = O(h).
Let © be a fixed compact subset of C whose intersection with R contains supp(f).

Then, it is easy to check that for all s € QN (C\R)

1
W) =1+ hOpp(gn(z,&;5))

for some symbol gr(x,§;s) € S(1), satisfying for any «, 8
19202 n(, )| < CoplTm(s)| 310119

(4.6)

(n*H — S)Oph(
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for some C, g uniform in h,s. Then this implies
A

h2|a]? + €2 — s

but by the Calderon-Vaillancourt theorem and the spectral theorem for H, we

deduce that

(R H ~ )" = Oy ( ) — (W H = 5) 7 Opy(an(a €:5))

(4.11) (W’H —s)~! = Oph( ) + AW},

1
h2|z|? + €2 — s

for some bounded operator Wy on L? with norm O(A[Im(s)|=") for some N de-
pending only on the dimension d. It remains to apply Helffer-Sjostrand formula [E,
Th 8.1) with f € C§°(2) an almost analytic extension of f

f(R?H) = % /(C df(s)(h*H — s)"'ds A ds

and we deduce directly ([.10) from (.1 l|) Observe that the symbol of P(h) + ITH
satisfies that there exists C' > 0 such that

X2 (L) + X3 (hlz]) + f (R[] + |€]*) > C

for all 0 < h < hg. Therefore, by Garding inequality, (@) is satisfied for some
¢ > 0, and using the min-max principle, this implies easily that the number of
eigenvalues of P(h) less or equal to C/2 is bounded above by rank(Ilf) = O(h~%),
and this conclude the proof of the Weyl estimate for T7,.

5. CONVERGENCE TO STATIONARITY

In this section, we study the convergence of the iterated kernel 7} (z, dy) towards
its stationnary measure dv, when n goes to infinity. The measure dvy, is associated
to the orthogonal projection Iy j, onto constant functions in L?(dvy,):

(5.1) Ho,n(f) = y f(y)dvn(y)

The following proposition gives a convergence result in L? norm.

Proposition 5.1. Let a > 0 be fized. There exists C > 0 and hg > 0 such that for
all h €]0, ho] and all n € N, we have

(5.2) T30 = Ton |22 (i) L2 () < Ce™ M minea(me),
Proof. This is a direct consequence of the spectral theorem and Theorems ,

3 0

Let us now introduce the total variation distance, which is much stronger than
the L2 norm. If u and v are two probability measures on a set F, their total
variation distance is defined by

| = vy = sup ln(A) —v(A)]

where the sup is taken over all measurable sets. Then, a standard computation
shows that

sup [ (f) —v(f)|
Ifllzoo=1

N =

I —vlry =
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The following theorem shows that the convegence in total variation distance can
not be uniform with respect to the starting point x. This has to be compared with
the results in the case of compact state space [J], [f] and [j] where the convergence
is uniform in z.

Theorem 5.2. There exists C > 0 such that for any n € N, h €]0,1], 7 > 0 and
|z| > 74 (n+ 1)h, we have

(5.3) T3 (z, dy) — dvn|[rv =1 = Cp(7)

where p(T) = e=207(T=h) 4f p = ﬂef’lmz is Gaussian and p(t) = f‘y‘>7 p(y)2dy if p
is tempered. -

Proof. Let 7 > 0 and n € N. Consider the function

fr(@) = Wz oo (2]) = W0 7 (|2])

5.4
(54) =12 a(l2]).

For x € RY such that |z| > 7+ (n+ 1)h, thanks to finite speed propagation we have
(5.5) Ty fr(a) = 1.

On the other hand, we also have

Honfr = /Rd fr(y)dvn(y) = -1+ 2/|y|>T dvi(y)
(5.6) )

=1+ mn(y)p(y)dy
h Jly|>7

If p is tempered, then my,(y) < Ch?p(y) for some constant C' > 0. Hence, Iy, f, <
-1+ Cp(r) with p(1) = fIyIZT p(y)?dy. Combined with (.f), this shows the
anounced result in the tempered case.

Suppose now that p(z) = Be~*” is Gaussian for some o, 3 > 0. Then my,(y) <

Chle=lvl*+2halyl for any b €]0,1]. Hence,

(5.7) Iy pfr <-1+C e~20(lyP~hluDgy < 1 4 Cp(r)

ly|>T

with p(r) = e~207("=h)_ Using again (.5)), this shows the anounced result in the
Gaussian case. O

In the following theorem, g(h) = 1 — A1 (h) denotes the spectral gap of T}, whose
asymptotics is given in Theorems D and [1.2.

Theorem 5.3. There exists C > 0 and hg > 0 such that for any n € N, h €]0, hy],
7> 0,

(5.8) sup || T} (z, dy) — dvn||rv < Cq(r, h)e 9™

|z|<T

where q(, h) = e@T(TH30) yf p — 66‘“'””'2 is Gaussian and q(1,h) = h% SUD| < ﬁ
if p is tempered.
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Proof. Assume that hg > 0 is such that the results of the previous section hold
true for h €]0, hg]. Observe that

1
sup || T3 (z, dy) — dvp||rv = 5 Sup  sup |73 f(x) — g f]
|z|<T || <7 || fllLee=1
(5.9) )
= 1T = Monllpoe ety = (a1 <)
Suppose first that p is tempered and denote B, the ball of radius 7 centred in 0 and
In(1,h) = | T} — o || oo (ray—s Lo (B,) - Then, denoting L?(dwy,) for L2(RY, dvy,),
(5.10)
(7, h) < ||TallL2(avn) > Lo (8 1 Th =2 = Tosnll L2 dun) > L2 o) | T | Lo (R2) = L2 dn)
< HTh||L2(duh)—>Loo(37)67("72)9(11)

where we have used Proposition p.]] and the fact that | Thl Loo (RA)— L2 (dry) = 1-
To estimate T}, from L%(dvy) into L*°(B,) we consider f € L?(dv,) such that
HfHLZ(th) =1. Then,

1@l < ——( 2 )

h(x) z—y|<h mh(y>2

z} ply) 1
< h ——dy)?
= (/ Y)

mp(T) " Jjg—y<n Mu(Y)

IA
3

(5.11)

Since p is tempered we have my(z) > Chip(z) for some C > 0 and we deduce
from the above estimate that |T}, f(z)| < C/(h% p(z)). Taking the supremum over
x € B; we obtain the announced result in the tempered case.

Suppose now that p = 66‘“'””'2 is Gaussian. Since T}, is Markov and g(h) is
of order h?, we can assume n > h™2. For k € N let op(h) = %’;(’”, where
1 = Xo(h) > A1(h) > A2(h) > ... > Ag(h) denote the eigenvalues of Tp. Denote
also ey, the eigenvector associated to Ag(h) normalized in L?(dvy) and Il p =
(.,ek,h)Lz(d,jh)ekﬁ the associated projector. We write the eigenvalues under the
form Ag(h) = 1 — h%04(h), then the spectral gap g(h) = h?01(h). Let § > 0 and
decompose T}, = T 1 + Th,2 with

(5.12) Thy = Z (1- hQUk(h))Hk,h
o1(h)<ok(h)<(1-0)h~2

(From the spectral theorem, we deduce that || T,Z;l l22< C(1 —6)™. On the
other hand, for p gaussian, we have my(z) > Chp(z)e=2"I?l. Combining this

estimate with (5.11]), we get
—2 ar(r
(5.13) | Th || £2(Ray— Lo (B, ) < Ch™ 227 (T30
Since Tj'y = ThT,’L’EQTh, we can combine this with the L? estimate, to get
5.14 TP o || oo (RAY—s Loo (B S Ch™2eom(T+3h) (1 _ gyn <q(r,h e—n9(h)
h,2 (R4) (Br)

since h=% (1 — §)" < e~"9(") Hence, it remains to study .
Since dvy, is a probability, then

(5.15) [ Ikn (Lo ey noo (B SN €kn oo (B | €k,n | L1 (din) <11 €k | (B,)
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d
(From Lemma B.3 ans Sobolev embedding, we know that || Q*ex p || oo (ray< Co .
Hence,

(5.16)
| Tk, || poe (RA)— oo (B,) < SUp(L)% | Q¥ ern || Lo iy < Cof, @™ (T+H30)
b lILee(RF)—L>°(Br) = () p(z) bl Lee(RE) > kh
Using this estimate we get immediatly
(5.17)
da
I Ty (| oo (Rty— Loo (1) < Ce®T(TH31) Z (1= h*ox(h)"o?,

o1(h)<ok(h)<(1—8)h—2

Using the Weyl estimate ([[.13)) and the same argument as in [ff], we get
(5.18)

” T}?,l ||L°°(]Rd)—>L°°(B,.)§ Cea’r('r+3h)/ (1+$)N€7nhzzdl' < Cea'r('rJrBh)efnhZal,h

1,h

for some N > 0. This completes the proof in the Gaussian case. (|
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