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FEFFERMAN’S SAK PRINCIPLE
IN ONE DIMENSION

by Frédéric HERAU

1. Introduction and result.

We give in this paper a complete proof in one dimension of Fefferman’s
SAK principle, as stated in [4, (}) page 130]. We illustrate in details the
levels I, II and III of microlocalization as suggested in [6] and [4]. Naturally,
the simplifications due to the one-dimensional situation are important,
nevertheless it seems interesting to provide a thorough investigation of
Fefferman-Phong’s strategy in this case.

First let us recall some basic features of pseudo-differential calculus. In
dimension n of space, for any a hamiltonian — or symbol — in S(R?"), we can
associate operators acting on L?(R™), via a procedure called quantization.
Throughout this article we chose the so-called Weyl quantization

w _ 1 i(z—y, (L‘-}-y
W @0E = g [[ 9T guwide

For m € R we also recall that a € C*°(R?) is in the Hérmander class ST%
(see chapter XVIII in [11]) if @ satisfies Ve, 8 € N, 3C, s such that

(2) Vo, €R, |0200a(z,€)| < Cap < £ >™ 1P
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1230 FREDERIC HERAU

where < ¢ >= (1 + |£|?)!/2. We have then the following result:

TrEOREM 0.1. — We consider a and b € S7 , such that |a| < b. Then
Ve >0, s € R, 3C; ; such that Yu € S(R) and s € R,

(3) lavull? < Ces (6wl + i)

where ||.||, is the usual Sobolev norm.

This question is closely related to the uncertainty principle. In the
present paper, we use the strong tools of microlocalization, and in particular
the proper metric introduced by Fefferman and Phong in [5], [6]. We also
assume that |a| < b everywhere. Other assumptions can be proposed, for
instance that a is smaller than the average of b on symplectic cubes.

We want to stress the fact that this result is not only due to a series
of successive microlocalizations involving an increasing sequence of metrics
(see e.g. [2]). As noticed in [6], this is sometimes not sufficient to obtain
sharp results, and we have to bent the phase space using Egorov theorem
[3] before refining the localization in the phase space.

A priori estimates have also been studied in the case of polynomials,
by Helffer and Nourrigat [9] in the general context of Lie algebra of
operators, by Mohamed and Nourrigat [14], by Shen [15] using singular
integrals, and Guibourg [8] in the spirit of Nourrigat.

We want now to give the main result. In fact Theorem 0.1 can be
stated in the semi-classical case. First recall that a semi-classical symbol a
of order m € R is a family of symbol a, satisfying for all a, § multi-indices
of length |, |B], if we write Oy = 9g1...09"

lal+181
sup |02 an(z, €)] AT HEE

= Ya,8 < O0.
A>1, (z.£)eR2n

This is a Fréchet space with semi-norms v, 3. We have the following
statement:

TueoreM 0.2 (Main). — For all € > 0, there exist C. > 0 and
N, € N such that for any semi-classical symbols a, b of order 2 satisfying
la(z,&)| < b(z, &) for (z,€) € R?, there exists Ce o such that Vu € S(R),

4) la®ull* < Ce 16*ull* + Ce,apA™ |Jull®.

Here C; ., only depends on the first N, derivatives of a and b, and ||.|| is
the L? norm.
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FEFFERMAN’S SAK PRINCIPLE IN ONE DIMENSION 1231

We can illustrate the procedure employed in the proof with the
following picture, in the spirit of those presented in the didactic paper
of Fefferman [4]. We will especially comment below the way of cutting and
bending the phase space R? in function of the symbol b:

level III
level I level I

G e g —_— g _— gw
Littlewood-Paley, scaling Calderon-Zygmund Egorov theorem Polynomial approximation
cutting cutting bending cutting into boxes of volume 1

=
I
R )

Fig. 1. — Cutting and bending the phase space

The level I of microlocalization (the algorithm of the 70’s according
to [4]) is the one that permits us to reduce the problem in constant metrics.
The Littlewood-Paley decomposition is an example of such a procedure.
Using a scaling, we can then state the problem in the semi-classical metric
G = (|dz|? + |d€)?)/A. This is standard and we shall only prove the semi-
classical Theorem 0.2.

The level II of microlocalization consists of cutting the phase space
thanks to a Calderén-Zygmund procedure on the symbol b. We introduce
the so-called proper metric and if the symbol is non-negative we obtain
three types of boxes in the phase space: “Negligible” boxes are boxes in
which the operator b* has the same behavior as a L2-bounded operator.
In “elliptic” boxes, the corresponding operator is bounded from below by
a very large constant. These two cases are easy to deal with. In fact,
“convexity” boxes concentrate all the difficulties.

In the last type of boxes, we can solve an implicit equation. There
is a vector U in the phase space such that U.Vb(z,£) = 0 is represented
by the dashed line in the picture. Through a Taylor expansion we get the
decomposition b(z, ) = f2(x,&)+g(x, &) where U.Vg(z,£) = 0 everywhere.
This decomposition is the core of the proof of the well-known Fefferman-
Phong inequality [5]: For a € 3

(5) a>0 = 3ICst. a”+C=0.
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In our case, we use two striking facts corresponding to this level II.
On the one hand, for a and b semi-classical symbols of order 2, we prove
that |a(z,€)| < b(z,&) is a sufficient condition for a to be in the proper
class of b. This allows us to cut simultaneously a and b using the proper
metric of b, without annihilating the symbolic properties of a. On the other
hand, in the operatorial point of view, we prove that we can microlocalize
a priori inequalities.

The level IIT deals with convexity boxes and can be splited into two
different steps. The first one consists of bending the phase space in order
to make b look like the Schrodinger operator. In fact, after a canonical
transformation, we can write that

b =e* (D2 +V(y)).

This bending is possible thanks to the Egorov theorem. The second
part of the level IIT is the introduction of the crucial metric gy which
we call metric of level III and which allows us to do a third order
microlocalization, involving polynomial approximation. This tool gives
symbolic estimates and a priori inequalities for Schréodinger operator. In
the context of microlocalization, this is the ultimate step for cutting the
phase space.

In this article, we shall closely follow the three steps described above.
In the first section, we give two lemmas of level II, the first one for symbols
and the second one for operators. The next section is devoted to the proof of
the main theorem, which essentially consists of bending the phase space. In
the last section, we establish the result for the Schrédinger operator using
the level III metric. Eventually an appendix is devoted to two technical
lemmas. The first one is a simplified version of the already quoted Egorov
theorem, and the second one is a preparation lemma.

Contents.

1. Microlocalization of level I and I1
1.1. Definitions
1.2. A symbolic property of the proper class
1.3. Microlocalization of a priori inequalities
2. Proof of the main theorem
2.1. Change of metric
2.2. Microlocalization of level 11
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2.3. Reduction of the cases

2.4. Translation of non-negativity for operators
2.5. Cutting Schrodinger symbols

2.6. Bending

2.7. End of proof

3. Level III metric and Schrédinger estimates
3.1. Level III metric
3.2. Symbolic estimates
3.3. Proof of the result for a Schrédinger operator
4. Appendix
4.1. Egorov theorem in dimension 1
4.2. A very normal form

1. Microlocalization of level I and II.

1.1. Definitions.

Let us first recall some definitions and basic tools about pseudo-
differential calculus in dimension n, which can be found in [10] or [2].
Consider the symplectic space R?" equipped with the symplectic form
o =Y1_,d& Adz;. For g a positive definite quadratic form, we define

(6) ¢°(T)= sup o(T,Y)?,
g(Y)=1

which is also a positive definite quadratic form. If ' is a quadratic form
such that I' = T", we say that I" is symplectic. We also introduce a family
of metric:

DEFINITION 1.1.— An admissible metric is a Riemannian metric on
R?” satisfying the following conditions:

uncertainty Principle: VX € R*™, gx < ¢%;
slowness: 3Cp > 0 s.t. gx(X ~Y) < Cj' = (9x/9v)*" < Co;
temperance: 3C1, N1 > 0, s.t. gx /gy < C1 (1 + g% (X — Y))N1 .

The constants are respectively called constants of slowness and tem-
perance.

A g-admissible weight is positive function m on the phase space R?",
for which there exists Cy, Cy, N7 > 0 such that

(7) 9x(X =¥) < Co = (m(X)/m(¥))*! < Co
(®) (m(X)/m(Y))* < Cr(1+ g% (X - Y)™.

TOME 50 (2000), FASCICULE 4



1234 FREDERIC HERAU

We define next the uncertainty function A, which is a special weight for g,

9) AX) = (9%(T)/gx (T)"/?.

inf
T€R2n
Let us now introduce some spaces of symbols:

DEFINITION 1.2.— Let g be a metric, and m be a weight for g. We
say that a function a is a symbol in S(m,g) if a € C®°(R?"), and if the
following semi-norms are finite:

(10) sup aW(X)Ty..Ti| m (X)) := lallx,s(m,q) -
I<k, X €R?n g x (T;)<1

If m is of the form A", we say that a is of order y and we note the family
S*(g). We also note S~>°(g) = N,erS*(9)-

Such families are given for example by the classes of symbols Sﬁ,é’
with 0 <8 < p <1 andé < 1, equipped with the metric gx = ({)26 |dz|? +
(€)% |¢|2, and the weight m(X) = (£)*, where (¢) = (1+[¢[2)"/>. For
good functions (in S*(g) classes for instance), we define the composition
law § such that (affb)” = a® o b” by

(11) (ab)(X) =72 / / e~ 20 (X=Y.X=2) (Y \b(Z)dY dZ,

and for a € S#1(g), b € SH2(g), if {.,.} denotes the Poisson bracket, then
there is r € S#11#2=2(g) such that

(12) affp = ab+ %{a, b} + 7.

In particular for ¢ € §%(g), a € S2%(g), since ¢ {a, p} + {p,a} v = 0, there
is ' € S%(g) such that

(13) olatip = ap® +1r'.

1.2. A symbolic property of the proper class.

Recall first some results about the so-called proper metric, introduced
by Fefferman and Phong in [5] and which is the main tool for the proof of
the Fefferman-Phong inequality (5).

Let R?" be equipped with the symplectic form o. Let G be an
admissible metric (see definition 1.1) and consider b € S(A% G), where

ANNALES DE L’INSTITUT FOURIER
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A is the uncertainty function of G (see (9)). In the following, we denote by
llg, the multi-linear application norm in the metric G, i.e.,

lAlg, = sup |A(Ty,..., Tk)l-

x(T;)=1

Note that for A multilinear symetric, [|Allcx = supg, (r)=1 |AT*| is an
uniformly equivalent norm. Define next the new quantity

A(X)—W) 2/(4_“} .

Then we have the classical result (see for example [12, prop. 3.3]):

a0 00 =g (ool

X

LEMMA 1.3. — Let G be an admissible metric, b be in S(A%,G), and
A be given relative to b as in (14). The metric g : X — A(X)MN(X) 'Gx
is called the proper metric. It is admissible, of uncertainty function A, and
b is in the class S(\?, g).

In order to do a simultaneous microlocalization on a and b, we need
the following lemma:

LEMMA 1.4.— Let G be an admissible metric, a, b be in S(A%,G),
and g be the proper metric of b. If |a| < b then a € S()\2%,g), where ) is
given relative to b as in (14).

Proof. — Multiplying b by a positive constant, we can suppose that
the first four semi-norms of b are smaller than 1. We note oy the semi-
norms of a in S(A2, G). To obtain the lemma, we have to show that Vk € N
we have

sup”cz(k)(X)“ A(X)~2 < co.
X 9x

Let X € R?™ be fixed for the rest of the proof. We first notice from (14)
that A(X) < A(X). Therefore we can write Vk > 4,

A(X)72 (M)H/Z < ay.

(15) ““(k)(X)H A(X)

w002 = oo

g Gx

We must now evaluate the first derivatives of a. Let’s take h € R?"?,
such as gx (h) < Cy ', where Cj is the slowness constant of g. The slowness
of the proper metric implies that

(16) b(X + h) < X3(X + h) < CEN}(X).

TOME 50 (2000), FASCICULE 4
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Besides we can notice from (15) that for all 8 € [0, 1],
(17) la® (X + 0n)h*/24] < N2(X)Cy2ay/24.

We know that |a(X + h)| < b(X + h). Making a fourth-order Taylor
expansion of a, and estimating the integral remainder using (17), we obtain
with a new constant Cy > 0

(18)  |a(X) + ' (X)h+ a”(X)h?/2 4+ a® (X)R3/6] < C2A%(X).

Dealing with this inequality for £h/2 and +h, we obtain that there exists
@&, .-, &3 such that for all h satisfying gx (h) < Cy* and 0 < k < 3 we have

la® (X)h*| < axX?(X),

which gives [a®) (X)T*| < &xX2(X)gx (T)*/2C¥/? for all T € R?", yielding
the lemma. O

1.3. Microlocalization of a priori inequalities.

Let us now recall the fundamental properties of any admissible metric
g. We denote by By, the ball of radius r» and center Y for gy. We first
introduce the space of confined symbols (see [2]).

DEFINITION 1.5.— Let g be an admissible metric on R>® and m be
a weight for g. We say that a function a is a symbol in conf(m, g,Y,r) if
a € C*°(R?",C) and if the following semi-norms are finite:
(19)

sup a® (X)Ty.. Ty m=Y(Y) (1 + ¢5(X — By..))*/? < oo,
i<k, X €R2™ gy (T;)<1

where g3, (X — By,r) = infzey, 95 (X — Z). In the case a is supported in
By, we note supp(m, g,Y,r).

With these notations, we have the following lemma of partition, (see
for example [11, section 18.4], or [2])

LEMMA 1.6. — Let g be an admissible metric and r? < Cy ! where Cy
is the constant of slowness of g. Then there exists a sequence of points { X, },
of functions {¢,} uniformly in supp(1, gx,, Xy,r), such that 3 ©2% = 1.

Moreover we have a property of finite overlap: for all r* such that
r?2 < r*? < CO"I, if we note B} = Bx, ,, there exists N* such that
VE C N, € > N* = (), B, = 0. Furthemore if we define A}, , =

ANNALES DE L’INSTITUT FOURIER
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max{1,9% (B — B}), 9%, (B} — B;)}'/* which we call the distance func-
tion, then there exists N*, C* such that sup, >, A N < C*.

We can now introduce some lemmas involving these partitions in the
context of a priori inequalities. We denote by |.|| c(L2) the operator norm on

L%(R™). We first recall (see [2]) that for g an admissible metric, r < Cy 1/2
where Cj is the constant of slowness of g, and X € R?",

b

(20) 3k7 Cy Va € Conf(lvga X, T) ’ ”a ”L(L2) <C ”a”k ,conf(l,9,X,r) )

we also recall the well-known embedding
(21) 3C, Va € S(1,9), ”aw”L(m) Cllally ,5(1,9) 2

and if m is a weight for g, then Vk,3C,l s. t. Ya € S(m,g), b €
conf(1,g, X,r),

(22) llatibll, cconf(l,g,X,r) S < Cm(X) |lal|, ,S(m,g) lell; ,conf(1,g,X,r) "

Let us keep the notations of Lemma 1.6 and write Ay, = max{l,g%,
(B, — B.), 9%, (Bu — B,)}!/2, where B, = Bx, ,. Then Vk, N, 3Ck n,! s.
t. Vu,v €N, a € conf(1, g, X,,r), b € conf(1, g9, X,,7),

(23) labll . cont(1,9,%,,r) T 080l & cont(1,, %, ,7)

—N
Ck N ”a”l ,conf(1,9,X,,r) ” "l ,conf(1,9,X,,7) A

LEMMA 1.7.— Let g be an admissible metric, {X,} a family of points
as introduced in Lemma 1.6, and for r** < Cy’', {r,} a family of functions
uniformly in conf(1,gx,,X,,r*). Then 3" r¥ € £L(L?).

Proof. — The result is immediate using Cotlar lemma and the third
point of Lemma 1.6. We can notice that we only suppose the functions to
be confined and not supported. O

The next lemma, will be very useful in the context of microlocalization
of maximal inequalities. A proof is given in [1, Lemme 7.9].

LEMMA 1.8. — Let g be an admissible metric, { X, } a family of points
introduced in Lemma 1.6, and for r> < Cy!, {¢,} a family of functions
uniformly in conf(1, gx,, X,,r) satisfying Y ¢, = 1. Then there exists C
such that for all u € S(R™),

— 2 2 2
(24) C™H lullpamny < z oy ullz2ny < Cllullzzgn) -
14

TOME 50 (2000), FASCICULE 4



1238 FREDERIC HERAU

We also need two lemmas concerning microlocalization of symbols of
order higher than zero (namely 2). The following one deals with symbols
of finite order (see Definition 1.2).

LeMMA 1.9.— Let g be an admissible metric, A\ its uncertainty
function, {X,} a family of points introduced in Lemma 1.6, and for
r?2 < Cy', {p.} a family of functions uniformly in conf(1,gx,,X,,r)
satisfying Y ¢, = 1. Then for all m € N and a € S(\™, g), there exists C
such that for all u € S(R*",C),

(24) la® |72 gy < C (Z la® o ulls 2 gny + |tuni2(Rn>) :

Proof. — Let a be in S(A\™,g), and let us denote by (.,.) the scalar
product on L?(R™), and ||.|| the associated norm. Then for all u € L#(R™),
we get

(26) lavull® = 3 (0" %y, avgu).
8%

For 72 < r*? < C, consider the distance function defined in Lemma 1.6
for which there exists N* such that sup, >", A;‘W_N " < 00. We shall split
the sum (26) depending on the size of A}, , with respect to p > 1. For all
u € S(R™) we can write

@7) lla"ul®>= > (a¥elu,aetu)+ Y (a“plu,avplu).

n,v, AL’y<p KV, A;l,u>l’

Let us first deal with the first term. Since 1 < p(A% ))~! we get

3 @by ateiu)| < 3 llavelull el o (An,) T
782

wyy, A% <p

;,u
We can then apply the discrete Schur criterion: we consider the operator
on [? with kernel (K, ,) = (AI*L,V_N*). It satisfies sup, 3, |Ku,.| < C*,
and sup, ), |K,u| < C*, and we obtain

* * 2
(28) Y @ ebu,atglu)| < N el .
wovy A% L<p v

We write the second term of the sum (27) as

(29) (Row,u) = Y (pra“aplu,u).

wv, A% L2p

ANNALES DE L’'INSTITUT FOURIER
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We shall use Cotlar lemma again in order to show that R, is bounded
on L?. We set A, , = grava oy, I, = {(u,v)/A}, > p} and write for
(N07 VO) S Ip1
(30)
* /2 _ —w = w= 1/2
Z ”Auo,qu#’V“/;(Lz) = Z I|¢%awaw(ﬂﬂowz)awaw¢g||L(L2) :
(M)V)elp (IJ'YV)EI,D

We can take advantage of the confinement properties of ¢, via inequalities
(20-22). We can write

(31) Vk,3Ck, s.t. Yo, “auS"u”kyconﬁl’gu,XV’r) < CpAY,

where we recall the fact that m is the order of a. Writing

w - —wo 1/2
(32) ”Wzrfoawaw‘/’:fo‘p:fawawﬁ}”ﬁ(LZ)
w - /4 | —w- 1/4
< [|@haa e, || ey 1218 OV | £ 12y
_w = 1/4 _wll/4 _ 1/4
12%,8% 0% | gz b @2 ey a0 02 1 1y
we get using (23) that for all N there exists C’ such that
w - - 1/2 _ _ _
(33) |6 a¥a ¥ Grava®e? ||£(L2) SCNRASN AN ATNA™

For all (u,v) € I,, A}, , is greater than p > 1. This implies that B} and

Bj, are disjoint, therefore there exists co > 0 such that for all (u,v) € I,
(34) gp.(Bv - Bu) 2 Co, gu(Bu - Bu) Z Cp.
Using the fact that VX € R?™ \(X)?gx < g%, we write
1/2
(25) max {)\lz,g,,(B,, — B,), )\igﬂ(B,, - Bu)} /
< max {g,‘f(B,, ~ By), 9, (B — Bu)}l/z AV

We get then from (34) that for (u,v) € I,, max{A,, A} < 5P A
Putting this inequality in (33) yields for all (i, v), (uo,v0) € I,

= o 1/2 _ _ _ _
W oW, W, W SWAW,W, W ! ,—m Am—N N Am—N
(36) “cp,,oa G Py Puaa ‘pVHL(Lz) SCeg ™AL Lo BB -

Taking N > N* +m, using the fact that A}, , < A, , and applying the last
property in Lemma 1.6, we get

(37) sup Z ||A*’VA“0,,,0[|1C/(2Lz) < 00.
(ko,vo)€l, (u,v)el,

TOME 50 (2000), FASCICULE 4



1240 FREDERIC HERAU

The adjoint term A, , A}, can be treated in a similar way and we get
using Cotlar lemma that R, defined in (29) is uniformly in £(L?). O

We give now a second result of microlocalization for a non-negative
symbol b of order 2. This is in a way the reverse inequality of the one in
Lemma 1.9.

LEmMMA 1.10. — Let g be an admissible metric, \ its uncertainty

function, {X,} a family of points as introduced in Lemma 1.6, and for

r?2 < Cy', {¢,} a family of functions uniformly in conf(1,gx,,X,,r)

satisfying Y ¢, = 1. Then for 0 < b € S(\2, g) there exists C such that for
all u € S(R™),

(38) S lbeerul® < € (b ul® + lul®)

Proof. — We first notice that applying Lemma 1.8 to the function
b u leads to the existence of a constant Cs such that for all u € S(R),

> llpyb ul® < Co [l67ul®.

But for all v we can write
6 gul® < 2 [l b ull® + 2 1B, o2 ul*.

In order to get inequality (38) it will be enough to prove the following
lemma.

LEMMA 1.11. — With b as in Lemma 1.10, there is a constant C3 such
that for allu € S

Sl eetul® < Cs (67w, w) + ful®) -

Proof.— For all v we set again g, = gx,, \v = AMX,), and B,
the g,-ball of center X, and radius r for g,. Let us consider r* such
that r2 < r*? < Cy ! and choose a family of functions v, uniformly in
supp(1, g», Xy, 7*) with value 1 on B,. We also set b, = 1,,b. For all v the
symbolic calculus gives

6”021 = (1/9) {bu, oo} + 110,

where {.} is the Poisson bracket and where r;, € conf(1,g,,X,,r) uni-
formly w.r.t. v. Lemma 1.7 implies that there is a constant Cj; such

ANNALES DE L’INSTITUT FOURIER
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that )
Do lrull” < Caflull®

It is therefore enough to study the Poisson bracket. We write that there is
ro, uniformly w.r.t. v in conf(1, g,, X,, ) such that Yu € S,

(39) 180" wll® = ({00 00} ) + (18,0, w),

and we observe that there is C5 such that }_ (r3,u,u) < Cs lull?. Now
for all v, in a symplectic basis e;..e,, £1..€, diagonalizing g,,, we can write

(40) {bv, 3011}2 <2n Z(aejbu)Q(asj pu)? + (O, bv)2(6ej90u)2

J

We shall use the standard inequality for non-negative function:

LEMMA 1.12.— f >0, feW2®([R)= (f(t)°<2f@t)|f” lloo-

This inequality applied to b,, and the uniformity of the estimates on
the ,’s imply that there is a constant Cg such that for all v, j,

(41) (aejbu)2 + (aejbu)z < CG/\ubu‘

But ¢, € S(1,g,) uniformly in v also implies that there exists C7 such that
for all v, j, A\ (8e,00)? + Au(8:,00)? < C7, which yields with (40) and (41)

{bua Qou}z < CBbu,

where Cg = 4n?CsC7. Then we get that for all v, there is T30, T4, 5,0
uniformly in conf(1, g,, X,,,7) such that

(B0 " w) < ((1Brswd?) " v viu) + (3 ,w),

then by the Fefferman-Phong inequality (5) applied to Cgb, — {b,, ¢, }>,
we get

(1 01?) " w0) < Cs (Bw2w, pw) + (%, 0, )
< Co ((002)" wyu) + (8, u,0).

The finite overlap property (see Lemma 1.6) implies that there exists Cy
such that 3" by3 < Cob. Summing up and using the Fefferman-Phong
inequality again yield the existence of C3 such that

> ((0?) " wu) < € (67,0 + ul?),
which is the conclusion of the lemma. a
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2. Proof of the main theorem.

Let € > 0 be given and a, b be symbols satisfying the assumptions of
Theorem 0.2 that is to say |a| < b for a, b € S?(G) where

|dz|? + |dg|?
A ?
‘We can of course assume that a is real-valued. We have to prove that there

is a constant C, depending only on € and a finite number of semi-norms of
a and b such that the following inequality is verified for all u € S(R)

(42) G= A>1

(43) Jaul® < Ce (Jlo™ul® + A% Ju)*)

The proof of the main theorem will be done in several steps.
2.1. Change of metric.

The fact that |a] < b and Lemmas 1.3, 1.4 imply that a and b are
in the proper metric of b, which besides is not constant anymore. We can
suppose that the first four semi-norms of a and b are less than or equal to
1. We denote by g the new metric, and A its uncertainty function.

: _ ldzf® + |
(44) g: X —gx = M%) .

2.2. Microlocalization of level II.

Consider 7 > 0 such that 0 < r2 < Cy*, where Cj is the slowness
constant of g. Let {X, } be a family of points as introduced in Lemma 1.6,
and {p,} a family of real functions such that

(45) ¥y € supp(l,g,,X,,r) uniformly , Zgo,, =1,

associated with the proper metric g, where for all v, g, = gx,,B, =
By, (Xy,r). We have the following lemma of level II,

LeEMMA 2.1.— In order to prove the main theorem, it is sufficient to
prove that there exist a constant C. > 0 and a family of symbols {r,}
uniformly in conf(1, g,, X,,,7), such that for all v € N, u € S(R).

(46) laul® < CL (I eiull® + A% (2w, w))
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Proof. — Let us take u € S(R). Lemma 1.9 implies that there is a
constant C such that

2 2 2
la*ul” < C (Z lla® @y ull™ + fJul )
v

Inequality (46) implies then that for all v,
la*ezull® < CL (b gull® + A% (rfu,w)

Now b is non-negative and of order 2. Lemma 1.10 implies that there exists
C’ such that

S leezul® < o (bl + ful?)

From Lemma 1.7 we get that there is C” such that > A% (r¥u,u) <
C” A% |ju||® . We conclude that there is a constant C, such that

laul* < €. (6 ul® + A% fju)?)
that is to say inequality (43). The proof of the lemma is complete. 0O

2.3. Reduction of the cases.

We therefore only need to prove the following inequality, where C! is
a constant uniform in v to be defined later,

(47) o, flavprul® < CL (b peull® + A% (ru,u))

Following closely Fefferman-Phong’s strategy, we first notice that b is
non-negative, so that we can sort out the points in the phase space in three
different types, “negligible”, “elliptic”, or “of convexity” as summarized in
Lemma 4.2 of the appendix. It is important to stress that this classification
is independent of the radius r of the partition, provided it is small enough
with respect to the slowness constant of g. Let R > 0 be the radius of
validity of the decomposition given by Lemma 4.2.

2.3.1. Negligible case.

In this case A, is bounded above by a uniform constant. We get
(bipy), (atip,) € conf(l,g,,,X,,,r) .
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The associated operators are therefore uniformly in £(L?). So if we set
r, = bllp, — afip, we obtain

lavelul® < 2 (o piul? + A% riu)®)

This implies (47) and in this particular case, the error term is bigger than
the others.

2.3.2. Elliptic case.

If b By, (Xo,7) is elliptic — that is to say X, is elliptic in lemma 4.2’s
terminology — then there is a constant Cp uniform in v such that

b(X) > CoA2, VX € By, (X,,7).

There is no restriction to suppose from now on r < R/4, which will be
needed later. Let b € S2(g, ) be equal to b on B, and such that b > (Co/2)A2
elsewhere. We get b=1X2 € $%(g,), and using (12) we get that there is a
symbol 71 ,, uniformly in conf(1, g, X,, ) such that

l;_l)\,(‘iﬁbﬂcp,, = ‘PV)‘E + T

since b~'b = 1 and {b~!,b} = 0 on supp(y,). Therefore there exists C;
such that

X2 llpul < || 67222 b gu] + [rull < Gy b piul + [[ris,ull

and we obtain then that there is an other symbol 72, € conf(1, g,, X,,r)
and C3 such that

X llpvul? < Co [b¥plull® + (r¥,u,u) .

On the other hand there exists C3 > 0 such that |a| < C3A2 on By, (X,,r).
Using S%(g,) — L(L?) again yields a new symbol r3, € conf(1,g,,X,,r)
such that for all u € S

la®@ul® < C3AL llpyull® + (ry,u, v)
for a new constant C4. These two inequalities together give (47).

2.3.3. Case of convexity.

This is the important case. We get from Lemma 4.2 the following
decomposition on B(X,,, R), g,-ball of radius R:

(48) bz, £) = e (2,£) (Ms @) + vu<x>),
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where e,, @, V, are uniformly respectively in S°(g,), S'/?(g,) and S%(g, ),
and e, > C~! with C a uniform constant. Let , be the following canonical
transformation globally defined on R? provided o, in (48) is suitably
extended in R2:

xv : () — (U, +a(y) = (z,€)

which components are also in S¥/2(g,) on x;'(B(X,,R)). With these
notations we have, for all (y,n) € x; ! (B(X,, R)),

(é oxu) (y,m)

2.4. Translation of non-negativity for operators.

(49) <un? + Vi (y).

We stick from now on to the convexity case. Let us define a new
real-valued function v, € S°(g,) such that

(50) ¥y =1on B(X,,R/2), %, =0on B(X,,R)".
We first notice that t,a o x, and 9,a 0 X, are in 5%(g,). We get

LEMMA 2.2.— There is a constant C. > 0, such that Vv € S,

o ()"

e

Proof.— The symbol 1, is supported in B(X,, R), therefore (49)
becomes |(e; 14p,a)ox. (y,m)| < Aun? + V,(y) everywhere provided A\, n? +
V, (y) is extended in the whole of R2. The symplectic change of variables

2
< Ce ([[Own? + Vi) ool + A8 o)

(t,7) = (A, Y2y, AL/%n)

allows us to apply Proposition 3.1 given in the next section. The proof of
the lemma is complete. O

2.5. Cutting Schrédinger symbols.

We now want to go back to box,,. Let us first define a new real-valued
function 8, € S%(g,) such that

(52) B, =1on B(X,,R/4), B, =0on B(X,,R/2)".
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We can write

LEMMA 2.3. — There is a constant C such that Vv € S(R),

H ( L OXV) (IBVOXV)wv

€y
b
er([

Proof. — Applying Lemma 2.2 to the function (8, 0x,)"v leads to
the following estimate for all v € S(R):

Yoa
(%

Since we have 1 =1, + (1 —%,) and (e '¥,b)ox, = (Yvox,)(An? + V)
we obtain

2

2

oxu) (Buoxs)™v

+ A ||vll2) -

2

OXV) (ﬁVOXV)w'U

< C (| Our® + Vo) (B0x) " |[* + X 18031

2
+ 2|l

vb v w
”()\l,n2 + V,,)“’(,@,,ox,,)wv||2 <2 H(i OXV) (Buoxu)*v

where ¢, is defined by ¢, = ((1 — ¥ ox.)(An? + V,)) #(Byoxu) (see 11).
In order to get Lemma 2.3, it is sufficient to prove:

LEMMA 2.4.— c¥ € L(L?), uniformly in v.
Proof.— We introduce the following metric on R%:

|dY|*

- I |
g = ;\-;——FW—_‘YT—P', where YV =Xy (X,,),

whose uncertainty function is A, (Y) = A, + |Y — Y, |? (see (9)). Using
the fact that the components of x,, are in S'/2(g,) and that v, € S%4g,),
V, € S?(g,) uniformly in v, we get that

(@ wox ) + V) € 8@, (Buoxe) € 5@,
Moreover these two symbols have disjoint supports. This implies that

¢, € S7°°(g,) (see Definition 1.2) with semi-norms independent of v. The
proof of the lemma is complete. O
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2.6. Bending

We now go back to the initial coordinates (z,£). We first use the
weak version of the Egorov theorem given in Theorem 4.1 of the appendix.
We first define a new function A,(z) = [ a,(s)ds, and we note U, the
unitary operator (on L?(R)) of multiplication by e*4(®). We can then write
that there exists three symbols r1 ., 72, 73, € S%(g,) with semi-norms
independent of v such that since ¥,a, ¥,b and A28, are real-valued of

Sz(gu),

(53) ( 1”6"“ OXV) =U, ( ’pe"“ > U +1v,,
(54) (d;vb OXV) = UV (1/),,(1) U: + Tg},u’
(55) (Buoxw)” =UnBy U + A5,

This conjugating process is a way of seeing the inequality of Lemma 2.3 in
other coordinates. We notice that

fuv= (eu)l/z € So(gu)
since e, is elliptic of order 0. We can then write:

LemMA 2.5.— There is a constant C. and for all v a symbol r, €
conf(1, g,, X,,r) with uniform semi-norms such that for all u € S(R) we

have
w 2 w

Proof. — We generically write 7, for symbols in the class
conf(1,g,, X,,7). We suppose from now on that the partition radius r
satisfies

2

+ )\,‘fs (r’,fu,u)) .

r = R/4,
so that 3, = 1 on the support of ¢,. Therefore we have

a\® La\ Y
(B2) oo <2|(%2) srsvove
v

v
The fact that U, is unitary implies

[(22) perzor

€y

2
<2

2
2
+lrul”.

2 2

Yua

€y

vz, ( ) VLU, B UL, £ o
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We obtain

[(22) sesrore

<2

2

2
2
+ [yl

(“’” oxu) (Booxe) Uy f2 0%

Let us use again the fact that U} is unitary and set v = U, f¥p¥u. We get

w 2 w
(52 o] <o (220 e

v
We can now apply Lemma 2.3 which implies that there exists a uniform
constant C. such that

o6 [[(L2) serrern
<Ce (‘(i”b oxu) (Buoxy)*v

We have here used the immediate property ||v|| < C ||¢%u|| . From equalities
(53-55) and v = U, f¥ ¥ u we get

(22) spsrena
<

The fact that U, is bounded on L? completes the proof of the lemma. O

2
+ (rlu,u).

<

2

2

+ A2 (r}f’u,u)) .

2

2

,lpVa v * w * w w
UV e UIIUVBIJ UVUVflI P U

+ )\35 (r¥u, u)) .

2.7. End of proof.
We first notice that f,”" = (e,)"1/2 € S%(g,) since e, is elliptic of

order 0. Moreover we have three immediate symbolic properties (see (13))
(57)

b _ b
{f)-0 22— fiwmangn, L2 - ST

with r,,s, € S%g,). We keep the generic notation 7, for symbols in
conf(1,g,, X,,r) and from Lemma 2.5 we obtain that there are uniform

+sy
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constants all denoted by C., such that

2

w, W ’lll,,a w, w w

69 lwarel <2 (L2) mrev + 2l
2
< (1”) frotul +2lrul?
2
( Fgil| + X (rL“w))
" 2

( L) frevul| + X7 (TL”u,U))'
The fact that (f, ') is bounded on L? and the third equality in (57)
imply that
(59) M) gul® < C (Iwb)” grull® + e (ru,w))

Recall that ¢, is supported in B(X,, R/4), and that 1, is equal to 1 on
B(X,,R/2). We can then write

(60) la*gwul® < Ce (107 @2l + A (riu,w)

Using the fact that A\, < A we conclude the proof of (47) which induces
Lemma 2.1. The proof of the main Theorem 0.2 will be complete when
Proposition 3.1 below is proved. O

3. Level III metric and Schrodinger estimates.

One of the most important step in the proof of Theorem 0.2 is to get
an inequality when b" is the Schrodinger operator. This is possible thanks
to a special metric, called metric of level III, which we give below. Let
R2 where T = (¢,7) be equipped with the new (family of) semi-classical
metrics

Ga = |dt|? + A7%|dr)> (A>1).
We shall prove the following:

ProposiTION 3.1.— For € > 0 there exists N, such that for all
symbolsa € S(A%,Gp) and 0 < V € S(1,|dt|?) satisfying |a| < T2+ A%V (t),
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there is a constant C, , v such that for all u € S(R),
(61) la¥ull® < Ceav ([[(DF + A2V)u]* + A% fjulf?)

Moreover C. , v depends only on a finite number of semi-norms of a and V.
3.1. Level III metric.

Consider a smooth function V' > 0 of one real variable, bounded as
well as all its derivatives.

DerInNITION 3.2. — Let € > 0, We call level III metric the metric on
R?, defined by

(62) gw = (W(t)+72) |dt]? + (W(t) +72) 7" |dr|?,

where W is defined by W (t) = r(t)~2, with r(t) the unique solution of

t+r
(63) %7‘ / (A%V(s) + A%*)ds = 1.
t—r
This metric is well defined according to the fact that the left-hand

side of (63) is a strictly increasing function of r from 0 to infinity. It is not
hard to prove its slowness (see Definition 1.1).

LemMA 3.3.— The metric gw above is slow, of slowness constant
equal to 1/4.

Proof.— Let t1,t; be in R and set 1y = r(¢t1) and ro = r(t2). If
[t1 — t2| < 71 then [t; — r1,t1 + 71] C [t2 — 271, t2 + 274] therefore
ta+2r1

t1+7m1
171/ (A2V () +A*)dt =1= rl/ (A2V () + A%) dt > 1,
t

2 1—T1 t2—2r;

which implies 79 < 2r;. In a similar way from |t; —t2| < 71/2 we get

[t2 —7r1/2,t2 +71/2] C [t1 — r1,t1 + r1]. We have then

1 t1+r1 1 to+r1/2

—r1/ (AV () +A*)dt =1 = Zrl/ (A?V(t) + A%) dt < 1,
t

2 1—T1 ta—r1/2

and we obtain o > r1/2. Eventually we can write |t; — t2| < /2 = % <
% < 2. The lemma is then easily obtained. a

Remark. — We don’t know much about the temperance of gy, even
if we restrict it on balls for the metric G, (that would suffice to obtain
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a good microlocalization via the procedure described in [2]). We overcome
this difficulty by a polynomial approximation. We want also to point out
that gw is symplectic, i.e., gw = g7,. Consequently the gy balls in the
phase space have a symplectic area equivalent to 1.

Another striking point is the fact that the main tools for obtaining
level III inequalities are the Bernstein inequalities about polynomials,
coming from the equivalence of norms in finite-dimensional spaces. Indeed,
let m € N, then for any V € R,,[X]

(64) max |V (t)] ~ / V@i,

|t|<1

These inequalities allow us to control V' by its average W as given by the
procedure used by Fefferman and Phong. Rephrasing this, it means that
V is in the symbolic calculus associated with W. The fact that we have
la| < 72 + V also implies that a is in the same symbolic calculus.

3.2. Symbolic estimates.

First take € > 0, and set for the rest of the proof
(65) N. = [2/e] -2,
where [.] is the integer part.

LEMMA 3.4.— Consider a € S(A%2,Gy), V € S(1,|dt|?) such that
la(t,7)] < 72 + A2V (¢). If W and gw are defined according to Definition
3.2, then for all o, B € N with § < 2,

8
14 lgl -1

(66) |6702a(t,7)| < Ceap (7% + W(2)) ,
where C o 3 only depends on a finite number of semi-norms of a and V.
Moreover if a vanishes for |T| > A we get a € S(12 + W(t), gw).

The cases are to be distinguished, according to the values of the
derivatives indices.

Proof in the case a = [ = 0.— We first notice that the non-
negativity of V and (63) imply r(t)~2 > A% i.e., 0 < r(t) < A=¢. Consider
for m integer, V;,, ; the Taylor expansion of V' at t of order m,

Vin,t(8) = V() + V' (t)(s = t) + ... + V™ (t) (s — )™ /m.
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We get for |s —t| < r(t) < A™F,
A*|Vin () = V(5)] < B A2~ (HD2,
where (3 is the k-th semi-norm of V. Taking m = [2/e] — 2 = N, yields
(67) A?|Vint(s) = V()] < Brnt1 A

By hypothesis |a(t,7)| < 72 + A%V (t). We therefore get that there is a
constant Cp . v such that

la(t,7)] < 72+ max (A*Vin4(s) + Co v A%).

[t—sl|<r(t)

The Bernstein inequalities then give the existence of a constant C' depend-
ing on € via m such that

t+r(t)
2r(t) t—r(t)

We use again (67) as well as the definitions of r and W given in (63) and
we get that there is a constant Cp . such that

la(t, )| < T2+ C (A?Vpe(s) + A%) ds.

(68) la(t,7)| < Co,e (T2 + W(t)) .

This ends the proof in the case a = 3 = 0. O

Proof in the case of any o, and 8 = 0. — For ty € R let Iy be the
interval Iy = {t s.t. |t — to| < A~¢}. Consider for m € N

anlt,7) = alto, ) + (1~ to) o Bt 7%

If we bound the remainder of the Taylor expansion of a on Iy, we get for
allt € Iy, T € R:

to,’l’) + ...+ tOvT)

(69) |am(t, 7) = a(t, 7)| < Ympr A2 PHDE,
(70) 10F am(t,7) — 07 a(t, 7)| < m+1+aA2_(m+1)€» aeN
We take again m = N, for controlling the remainders by Cq . oA%. Now

consider the Bernstein inequality for the polynomial t — an, (¢, 7) (see (64)).
For all A > 0 we get

|0 am (t, 7)| <

1
R B8, Jan(s,7)
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According to the former estimates (69-70), this inequality can be trans-
posed on a, and we get for all t € Iy, A < A™¢,

1
(71) 10%a(t, 7)| < Ym41A% x Ao +Cn AO‘ |tmax la(s, T)| + Yms14a A
We first use the fact that A < A~¢ in order to bound the first term and

estimate the error term in (71), so we can write for ¢ € Iy,

(71) |07a(t, 7)| < Cae,a <Aj+2 Aa It Ia(s 7')|)

Now (68) implies for all A < A™¢

73)  10Falt. )| < Chea ( gomz + 3 o, (74 W) )

Let’s take A defined by (2A)72 = 72 + W(t) > A%, and use the slowness
of the metric gw, which constant of slowness is 1/4 (see Lemma 3.3). We
can now uniformly bound W (s) by 4W (t) for all |t — s| < A. We then get
the desired result, i.e., for all ¢, 7, «,

(74) 0a(t, )] < Cyea(T® + W () HE
The proof in the case 8 = 0 is complete. O

Proof of the case o = 0, f = 1. — Inequality (66) has already been
proved in the case a = # = 0. It gives the estimate

0<a(t,7)+ Ceop (T2 + w(t)) .

For fixed ¢ the function 7 — a(t,7) + Ce,0,0 (72 + W(t)) is non-negative,
smooth, with second-order derivatives uniformly bounded by 2 + 2C; o0,
where -, is the k-th semi-norm of a. We can therefore apply to it the
classical Lemma 1.12 which leads to the following estimate for all ¢, 7:

2

( (t T)+20€00T

< (1242 0,) (a(t, )+ Cono (7 + W(t))).

We use again (66) to bound a by 72 + W (t), and we get that there exists
C¢ 1,0 such that

3}
(76) oo (t,7)| < Cepo (2 +W().
The case @« =0 and 8 =1 in (66) is done. a
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Proof in the case of any a, and 3 = 1. — We can use the same tools of
approximation by polynomials used in the case 3 = 0. Keeping the notation
of the case 8 = 0, we get again thanks to the Bernstein inequalities that
foraeN, t, T €R,

1
<Cp—
™ Ae |tr—n:[%A

da.,
W(S,T)\-

Approximation inequalities of type (69-70) are true when replacing a by
0a/0T, Ym+1 bY Ym+2 a0d Ymiit+a bY Ym+2+a. Choosing again m = N,
we obtain that the polynomial remainders are bounded by C/, A% If we

take A defined by (2A)72 = 72 + W(t) > A%, we get the desired estimate
07 22(t,7)| < Cupor (2 4+ W) H4 2,

i.e., (66) in the case 8 = 1. O
Proof in the case § = 2. — For [ > 2 the symbol inequality is

(77) 6702 a(t, 7)| < YatrsA® P < Yats.

. . 2 1-8+¢
Choosing 3 = 2 implies that for all & we have (72 + W (t)) > 1
The proof in that case is complete. O

Remark. — The fact that a is supported in {|7| < ¢cA} would have
been sufficient for a to be in S(72 + W(t),gw). Indeed in that case
|72 + W(t)| < C.A? on the support of a. Therefore the first inequality
of (77) implies that (66) is satisfied for all derivatives of a. This will often
be the case in what will follow below. Anyway we will only use the first
two derivatives of a.

3.3. Proof of the result for a Schrédinger operator.

We want now to prove Proposition 3.1. We consider two symbols
a and V satisfying the hypothesis. We also define W and gy according
to Definition 3.2. We can therefore use the symbolic results of level III
of the previous section, described in Lemma 3.4. We keep the definition
N. = [2/¢] — 2 already introduced.

LeEMMA 3.5. — There is a constant C. , v such that for all u € S(R),
w, (|2 2 2 2 2
(78) lla“ull* < Ceav (IW(E)ull® + (W () D, Dew) + || D2u]* + ull®)
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Proof. — We first write the Taylor expansion of a up to order 2 in

(t,0).
Oa 5
a(t,7) = a(t,0) + p (t,0)T + bo(t, 7)7°,
with by € S(1,G4r). The triangle inequality gives Vu € S(R):

(79) \
+ H(bo(t,‘r)rz)w uH2> .

Jaul? < (naa ol + (52 @.07)
As for the third term of the right hand side of (79), we can use the symbolic
calculus (see 12):

bor? = bofir® — {bo, 72} /(2i) + by
= botiT? + by, /i + b
= boﬂ’l’z + bé)tﬁT/’L + by

with b, b, € S°(Gp). L3-continuity for symbols of order 0 implies that
there exists a constant C, > 0 such that Vu € S,

2 2
(80) W%@ﬂ#ﬂq‘gagwh”+mwy
As for the second term of (79), the symbolic calculus also gives

da da 1 8%
E(t,o)ﬂr = E(t,O)T -5 %(tao)‘

We can deduce that the second term of (79) satisfies

Oa v
(5 wor) o

T b
2 2
(81) =2 ( ? Dm,Dm) = ( u, u> .

The estimates of Lemma 3.4 for (o, 3) = (0,1) and (o, 8) = (1,1) give

2 (o)«

For the first term of (79), we can use the case (a, 8) = (0,0), i.e., the fact
that a is bounded by W:

2 2

32

2
<2|

+ 3 | g 00

82
257 (60

o ”VQWQquH4Wuu0

(83) la(¢, 0)ull® < CZg v Wl
According to the three estimates (80), (82) and (83), we get Lemma 3.5. O
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We state now a classical lemma (for a proof see for instance [8], [15],
and in a far wider context [9]). It would also be possible to give a direct
proof using level III metric.

LemMA 3.6 (Polynomial estimate). — For all m there exists Cp, > 0
s.t. if V is a polynomial of degree at most m and W is defined by

7
(84) W(t) = 72(0), where 7 / V(s)lds = 1,
t—7
then for all u € S(R), we have
~ 2 - - 2
(85) HWu“ + (WDw, D) + || D3ul|* < G H(D? + ]Vl)u“ ,

Using this result we get

LEMMA 3.7.— There is a constant C; o,y such that for allu € S.
(86)
IWull®+ (W Dy, Dyw) + || Dul|” < Ceay (|[(DF + A2VYul* + A% ful)?) .

Proof. — We have to cut the t-space according to the constant metric
A% |dt)?.

For R > 0 to be picked below, we can associate a partition of unity, i.e.,
families of points {t, } and of functions {¢, } with }_ 42 = 1, such that for
all k, there exists v

Vo, 10,| < CrAke,

We can suppose that every 1, is supported in the ball
B, = {t, [t—t,| < RA™°}.
We first localize the problem. We write
87 Y (D2 + AV (1) wou| < 2| (D? + AV (1)) u||”
+2 3 || [P ] ul*.
v
As for the commutator, we say that for all v,

1[D2, 4] ul|® < 21Lull” + 8 ||¢, Dyul®.
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We next sum over v, and we get that there is a constant C, such that

SN2 0] ul* < €3 (A% ull® + A% | D)

Therefore, using || Dyul|* = (D2u,u) we get for all u > 0 the existence of
C}, such that

(88) 2|1 [D2, 9] u|” < Cuh®® ull® + p|| D?ul)*.
Eventually (87) becomes
89) Y |(D? + AV (1)) pou|” < 2| D? + A2V (t)ul
+CL A% Jull? + p|| D3|

Let us study now the first term of (89). For all v € N, we note V;, ,
the Taylor expansion of V' at ¢, of order m

Vi (t) = V(t,) + V' (£,)(t = t,) + ... + VI (£,)(t — t,)™ /m).
We then write Vv € N,

[[(D? + A2V o + A%) 9|
(90) < 3[|(D? + A2V) oul|” + 3A* IV = Viny) oull® + 3A% ||, ®.

We know that Vv € N, |V (t) — Vi o (8)| < B+t — t|™ 1 /(m + 1)! where
Bk is the k-th semi-norm of V. If we choose m = [2/¢] —2 = N, and R
such that

(91) Brm+1(4R)™ 1 /(m + 1) < 1/2,
then we get for all ¢ such that |t —t,| < 4RA™®
(92) NZ[V(t) = Vina ()] < AZ/2.

Moreover 1, is supported in B, = {|t —t,| < RA™¢}. We can a fortriori
apply (92) and obtain

93)  [|A2(V = Vin,) |
< (B B™/(m+ 1)) A204D% g u ) < A% >
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Applying this we get that there is a constant Cs such that for all v,
(94)
(D2 + A%V, + A2)pu|” < C; (H(D? + A2V, u” + A% ||wuu||2) .

As for the first term of the right-hand-side of (90), we can use Lemma
3.6 applied to the polynomial V = A2V, , + A%. We get that there is a
constant C3 such that if we set

Win o (t) = 1,2(t),

where 1, is the unique solution of

1 t+r
(95) 37 / |A%V, 0 (5) + A%|ds =1,
t—r
we have
2
(96) ”Wm,l"‘/’uu”2 + (Wi Dby, Detpyu) + ”D?’I,b,,u“

< Cs ((D? + 1A%V, + A% %)
According to (92) we can write for all s such that |s —t,| < 4RA™,
A2V (8) — V(s)| < 271A%,
therefore

A2V (s) + A% > 271(A2V (s) + A%) > 0.

This implies that for all ¢ such that |t —t,| < RA™¢, we have an alternative.
First assume that r(t) < RA~¢. We can write

1= —1—r(t) / (A2V(s) + A%)ds < r(2) / |A2V,, () + A2%€|ds
2 ls—t|<r(t) ls—tl<r(t)
(97) < r(t) / |A%Vi o (s) + A% ds,
|s—t|<2r(t)

since A%V, ,(s) + A% > 0 on |s — t| < 2r(t). This implies from (95) that
rm(t) < 2r(t), and we get for all t € B, = {|t —¢,| < RA™¢}

W (t) < 4Wp, ().

If we suppose that r(t) > RA™¢ we can write W(t) < R™?A%. Anyhow
we get that there is a constant C; uniform in v, such that for all ¢t €
supp(v,) C B, we have

W (t) < Cs (A% + Wi (2)).
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This implies that there is a constant Cs such that
IWi,ul® + (WDepyu, Detpyu) + || D2y
< s (IWrmstsull* + (Won,u Detpyu, D)
+A% (Dp,u, Desp) + A% b ull® + | DE,u*)
< 3Cs (W thsull® + (Winu Detbs, Do) + A% [l + || Do)
According to (96) and (94) we get that there is Cs > 0 such that

2
Wi ul® + HWl/zDﬂﬁuu ‘ + || D3, ul|?

< Cs ([[(DF + 22V) pul|” + A% [, ul?)

We can commute as in (87), use the fact that )" lLull® < Cqllull?,
and use again (88) during summation over v > 0. We get that there is a
constant C7, > 0 such that

Wl + ”Wl“Dt“Hz + || D2

< Cr (1(D? + 22V) l|* + A% Jlul]*) + 43| D3u]*.

Taking u = 1/8 completes the proof of the Lemma 3.7. O
Proof of Proposition 3.1.— This is immediate, according to Lemmas
3.5 and 3.7.

4. Appendix.

4.1. Egorov theorem in dimension 1.

We give here a version of the theorem of Egorov ([3]), in the very
special case of dimension one of space, and with a gain of two derivatives.
This is essentially the version given by Fefferman and Phong in [6]. An
homogeneous statement can be found for example in [7].

TueoreM 4.1 (Egorov).— Let G = A~ !|dX|?> a family of semi-
classical metrics on R?, with X = (z,£) symplectic coordinates. Let
T — a(z) be real-valued in S/%(G) (see def. 1.2), A(z) = [ a(s)ds, and
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let U be the unitary operator (on L?) of multiplication by e*4(®). Finally
let us define the following canonical transformation:

X : (y,m) — (¥, + a(y)) = (z,8).

Then for all real symbols a € S%(G), aox € S?(G) and there exists
ap € S°(G) such that

Ua“U* = (aox)” +ag .

Remark. — This version does not use confinement, and we can notice
that the canonical transformation yx is globally defined. A similar statement
in dimension n can be written, and the tools for the proof are similar. In
fact the unitary operator U is here the simplest example of Fourier integral
operator, and the function A is related to the generating function of x (see
for example (7], [10]).

Proof.— We only give a sketch of the proof. Let @ € S?(G), and
denote by K the kernel of the operator Ua“ U™

1 ) _ _ T+y
K — i(A(z)-Ay)+an—yn), [ 2
(z,y) (27r)n/e a 5 7 dn

(in the oscillatory integral sense). Let us define the Weyl symbol a a priori
in 8’ such that K is also the kernel of a*. Then

(98) a(z, &) =/e—“€K(x+t/2,x~t/2) dt
= —(E%)? /ei(A(z"'%)_A(x_%)+t"_t§)a(z,n)dndt.

We only need to prove that @ = a o x + ap around 0. Given any X = (z,§),
let us set

x(t,n) = A(z+t/2) — Az - t/2) + tn - 1&,
and study the critical points:

:::Z“ . a(m) ’ Df,n‘I’X (07§ - a(x)) = <(1) é) .

We can apply the Morse lemma with parameter X around 0, taking into
account the scale A inherited from the metric. We get that there is a
local diffeomorphism Kx : (s,{) — (¢,n) smooth in X around 0, on a
G-neighborhood of (¢,7) = 0, such that

Px(Kx(s,Q)) = (8,¢ = (£ — a(a))),

O n®x(t,n) =0 {
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whose Jacobian at the critical point is 1. Then let us take for all X around 0,
a symbol wx of order 0, depending smoothly on X in the scale A, supported
on a G-ball of radius r and center the critical point (0, —a(z)), with value
1 on ball of radius r/2, where the precedent form is valid. We get that for
all X around 0, a = a1 + a, where

(99) ay(z,€) = (21r)_"/eiq)X(t"’)wx(t,n)a(m,n)dndt,
ag(z, &) = (27r)*"/ei¢"(t’")(1 — wx (t,n))a(z,n)dndt.

The second term can be treated thanks to the non-stationary phase formula.
We get az € S™°°(G) near X = 0. As for the first term, the stationary phase
formula gives

(100)

a1(z,€) = (2m) " / el E @ | K (s, ¢)lwx (K x (3, ¢))alz, (s, €)) d(ds.

bxz;C)

We get then according to the quadratic form of the phase
a1(z,§) = bx(0,€ — a(x)) + 190 95bx (0,€ — a(x)) + ao(x, §).

ag is then of order 0. The fact that a; is real implies that the second term
vanishes. Moreover the fact that the Jacobian and wx have value 1 at the
critical point gives bx (0,& — a(z)) = a(z, € — a(z)) = ao x(z,£). The proof
is complete. O

4.2. A very normal form.

We give here a useful preparation lemma, in the spirit of the
Fefferman-Phong classification (see [5]). The proof uses a Calderén-
Zygmund decomposition and some tools of differential geometry, such as
the Malgrange preparation theorem (see [13], [10, Lemma 7.5.5]).

LeMMA 4.2 (Very normal form).— Let G = A~!|dX|? a family of
semi-classical metrics on R?*". Let a be in S?(G) and let (g,\) be the
proper metric of a. Then there exists C, R > 0 depending only on a finite
number of semi-norms of a such that the phase space is made of the three
following types of g-balls:

For any X, if we pose (go, Xo) = (g9x,,A(Xo)), then for any X in the
go-ball of radius R and center Xg.

TOME 50 (2000), FASCICULE 4



1262 FREDERIC HERAU

(1) either Ag < C,
(2) ora(X) > C71AZ,
(3) or g ta(X) = Xo(&1 — ao(@1,2',€))? + Vo(z1,7,€),

where X = (z1,2',&1,&’) is a set of linear symplectic coordinates, and ey,
g, Vp are globally defined and respectively in S°(go), S'/?(go) and S2(go),
with semi-norms controlled by those of a, and ey > C~!. The point Xy is
said to be respectively either negligible or elliptic or of convexity.

Remark. — The new fact is that from (3) we shall be directly able to
get eg la=n?+ V(y), without a non-constant factor attached to the term
.

Proof. — We again give only a sketch of proof. The result is essen-

tially an improvement of the following decomposition which is a standard
result of level II (see [5], [12], [11, Lemma 18.6.9]):

(1) either Ag < C,
(2) or a(X) > C71)3,
(3) or a(X) = Xoe(X) (&1 — afz1,2',&))% + V(z1,2', ),

where e, a, and V have the same properties as ey, ag, and Vy. The
only difference is that e is factor of the square, and not of the whole
right-hand-side. In order to prove the lemma, we first use the rescaling
X — ,\gl(X — Xo). It is sufficient to show it for Xy = 0, and A\¢g = 1. First
study the following function:

F(X,y,2) = e(X) (&1 —y)* + 2,
for which we have the following derivatives at 0:
F(0,0,0) =0, OF/0¢(0,0,0) =0, 0°F/0£2(0,0,0) = 2e(0) > 0.

From the estimates on e and the rescaling, we get that the constant e(0)
can be framed by absolute positive constants. The Malgrange preparation
theorem (see [13], [10, Lemma 7.5.5]) then implies that we can find three
smooth functions K > 0, 8, and + such that for X = (z1,&;, X’) we have

(101)  F(X,y,2) = K(X,y,2) (& +26(z1, X")&1 + (21, X"))
= K(va,z)((gl + ,8(.’131,X,))2 + W((El,X/))

on a (X,y, z)-neighborhood V of 0, where W = v — 3%2. We can suppose,
in the computational proof, &(0) and V(0) to be sufficiently small and so
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to be in V (otherwise we get ellipticity). It implies the existence of Ry > 0
such that in the X-ball B(0, Ry),

(102) eo(X) = K(X, a(&, X)), V(z1, X)),
Olo(fl,X,) = —ﬁ(glelva(gl’X/)aV(:Z:I’XI))v
Vb(gl’X/) = W(ﬁlylea(élaX,)vv(xle/))‘

We then obtain a = eo((£1 — ag)? + Vo). Moreover, for the same reason as
before, we can also suppose that (z1, &1, ao(z1, X')) is in B(0, Rp) for X in
a smaller ball B(0, R). Taking &1 = ap(z1,X’)) in a = eg((&1 — ao)? + Vo)
leads to Vp > 0 on B(0, R). We observe that the estimates on ayg, €y and Vy
are inherited from the ones on ¢, e and V. Using eventually the rescaling
gives the result of the lemma. O
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