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Abstract

We present in this paper the construction of a pseudodifferential calculus on smooth
non-compact manifolds associated to a globally defined and coordinate independant com-
plete symbol calculus, that generalizes the standard pseudodifferential calculus on R™. We
consider the case of manifolds M with linearization in the sense of Bokobza-Haggiag [4],
such that the associated (abstract) exponential map provides global diffeomorphisms of M
with R™ at any point. Cartan—Hadamard manifolds are special cases of such manifolds. The
abstract exponential map encodes a notion of infinity on the manifold that allows, modulo
some hypothesis of S,-bounded geometry, to define the Schwartz space of rapidly decaying
functions, globally defined Fourier transformation and classes of symbols with uniform and
decaying control over the x variable. Given a linearization on the manifold with some prop-
erties of control at infinity, we construct symbol maps and A-quantization, explicit Moyal
star-product on the cotangent bundle, and classes of pseudodifferential operators. We show
that these classes are stable under composition, and that the A-quantization map gives an
algebra isomorphism (which depends on the linearization) between symbols and pseudod-
ifferential operators. We study, in our setting, L2-continuity and give some examples. We
show in particular that the hyperbolic 2-space H has a Si-bounded geometry, allowing the
construction of a global symbol calculus of pseudodifferential operators on S(H).
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1 Introduction

Classically, a pseudodifferential operator on a (smooth, finite dimensional) manifold is defined
through local charts and the notion of pseudodifferential operator on open subsets of R™ [43, 50].
In this setting, the full symbol of a pseudodifferential operator is a coordinate dependent notion.
However, the principal symbol can be globally defined as a function on the cotangent bundle.
Naturally, the question of a full coordinate free definition of the symbol calculus of pseudod-
ifferential operators on a manifold has been considered. One approach, based on the ideas of
Bokobza-Haggiag [4], Widom [53, 54] and Drager [13] allows such a calculus if one provides the
manifold with a linear connection. Parallel transport along geodesics and the exponential map
to connect any two points sufficiently close on the manifold are then used for the definitions
and properties of local phase functions and oscillatory integrals. Safarov [39] has formulated
a version of a full coordinate free symbol calculus and A-quantization (0 < A < 1) using in-
variant oscillatory integral over the cotangent bundle and determined by the linear connection.
Pflaum [34, 35] developped a complete symbol calculus on any Riemannian manifold using nor-
mal coordinates and microlocal lift on the test functions on manifolds with arbitrary Hermitian



bundles. Sharafutdinov [41, 42] constructed a similar global pseudodifferential calculus, based
on coordinate invariant geometric symbols. Further results in the same direction, connection to
Weyl quantization and application to physics has been considered in Fulling and Kennedy [16],
Fulling [15] and Giintiirk [20]. Connection between complete symbol calculus, deformation quan-
tization and star-products on the cotangent bundle has also been made (see for instance Gutt
[21], Bordemann, Neumaier and Waldmann [5] and Voronov [51, 52]). Getzler [19] used a global
pseudodifferential calculus in the context of the Atiyah-Singer index theorem on supermanifolds.

All these pseudodifferential calculi are based on symbol (functions of (z,0) € T*M)
estimates over the covariable § while the dependence on the variable x is only controlled lo-
cally uniformly on compact sets. This is well suited for the case of a compact manifold. For
non-compact manifolds, we have to impose a uniform control over x in order to obtain L?(M)
continuity of operators of order 0 and compactness of the remainder operators if the control over
x is decaying. In other words, any global pseudodifferential calculus adapted to non-compact
manifolds and sensitive to non-local effects needs to encode the behaviour “at infinity” of sym-
bols. On the Euclidean space R", several types of pseudodifferential calculi have been defined:
standard pseudodifferential calculus with uniform control over x (see for instance Hérmander
[22], Beals [2], Shubin [45]), isotropic calculus with simultaneous decay of the = and 6 variables
(Shubin [43, 44], Melrose [29]), and SG-pseudodifferential calculus with separated decay of the x
and 6 variables (Shubin [44], Parenti [32], Cordes [9, 10], Schrohe [40]), which is invariant under
a special class of diffeomorphisms and can be extended to an adapted class of manifolds, namely
the SG-manifolds (Schrohe [40]). This class of manifolds contains the non-compact manifolds
“with exits” and adapted pseudodifferential calculus has been developed (see for instance Cordes
[9], Schulze [47], Maniccia and Panarese [27]). Another approach, based on Lie structures at
infinity, has been investigated to study the geometry of pseudodifferential operators on non-
compact manifolds. Describing the geometry at infinity of the basis manifold by a Lie algebra
of vector fields, an adapted pseudodifferential calculus has been constructed (see for instance
Melrose [30], Mazzeo and Melrose [28], Ammann, Lauter and Nistor [1]). Let us also mention the
groupoid approach: by associating to any manifold with corners a smooth Lie groupoid and by
building a pseudodifferential calculus on Lie groupoids, the b-calculus of Melrose on manifolds
with corners can be generalized (see Monthubert [31]).

Our purpose in this paper is to construct a global pseudodifferential calculus that gen-
eralizes the standard and SG calculi on R™, on manifolds with linearization. These manifolds
provide a natural geometric setting to deal simultaneously with the questions of a global isomor-
phism between symbols and pseudodifferential operators, and the non-local effects associated to
non-compact manifolds.

The papers in organized as follows. We define in section 2 a manifold with linearization
(or exponential manifold) as a pair (M, exp) where M is a smooth real finite-dimensional man-
ifold and exp is an abstract exponential map, a smooth map from the tangent bundle onto M
that satisfies, besides the usual properties of an exponential map associated to a connection V on
T M, the property that at each point x € M, exp, is a diffeomorphism. Any Cartan-Hadamard
manifold with its canonical exponential map is an exponential manifold. These diffeomorphisms
are used to define topological vector spaces of functions on the manifold (or on TM, T*M,
M x M) that generalize, for instance, the notions of rapidly decaying function on R™ or of
tempered distribution, provided that we add a hypothesis of “Ojs-bounded geometry” on the
exponential map. In section 3, we use linearizations in the spirit of Bokobza-Haggiag [4], to de-
fine symbol and quantization maps. This leads to topological isomorphisms between tempered
distributional sections on T*M and M x M, if we consider polynomially controlled (at infinity)



linearizations (O)s-linearizations). In particular, we extend the usual (explicit) Moyal product
(or A-product, for the A-quantization) on any exponential manifold with Oy/-bounded geometry
on which we set a Oy-linearization. We get the following A-product formula, giving a Fréchet
algebra structure to S(T*M),

Tiw / _
sonb@n) = [ du(@duty) [ i, (0.0 2, R alud e 0) bl )
Tp(M)xM VA

z,8,y

where a,b € S(T*M) and the other notations are detailed in Proposition 3.11.

In section 4, we define the symbol and amplitudes spaces for our pseudodifferential
calculus. Symbol spaces can be defined in an intrinsic way on the exponential manifold with the
help of ”symbol-like” control (Sy-bounded geometry, see Definition 2.8) of the coordinate change
diffeomorphisms wi”:,/ associated to the exponential map exp on M. For practical reasons the
definition of amplitﬁdes here is slightly different from the usual functions of the parameters x,y
and 6. Instead, our amplitudes generalize functions of the form (x,(,9) — a(x,x + (,?), where
a is a standard amplitude of the Euclidian pseudodifferential calculus. We establish continuity
and regularity results for operators of the following form (which can be seen, for some forms of
I', as special Fourier integral operators on R™):

(Opp(a),u) = /R T T (o, ¢, 0) T(w)* (5,€)) dC D d

where T is a topological isomorphism on S(R?", L(E.,)) (here E, is a fixed fiber of the Hermitian
bundle £ — M, so L(E.) can be identified with Mgim £, (C)), a is in a Oy , space (see Definition
4.13) and u € S(R", E,). In particular, results of Proposition 4.14 and 4.17 and Lemma 4.18
are believed to be new.

With the help of a hypothesis of a control of symbol type over the derivative of the
linearization (S,-linearizations), we obtain in section 4.4 an intrinsic definition (Theorem 4.30)
of pseudodifferential operators \I/f,m on M. We see in section 4.5 a condition (Hy) on the
linearization that entails that any pseudodifferential operator on M, when transferred in a frame
(2,b), is a standard pseudodifferential operator on R™. This condition yields a L2-continuity
result in Proposition 4.36. The last part of section 4 is devoted to the derivation of a symbol
product asympotic formula for the composition of two pseudodifferential operators. The main
result is Theorem 4.47: under a special hypothesis (C,;) on the linearization (see Definition 4.37),
we have the following asymptotic formula for the normal symbol (transferred in a frame (z, b))
of the product of two pseudodifferential operators

00(AB)so~ > caen @5 (alx, 9L (™ PN, fi) (%, ¢ ¢y Lo () ool ) oo
B,yEN™

where a := 0¢(A).p, b := 00(B).,s, and other notations are defined in section 4.6.

Finally, we give in section 5 two possible settings (besides the usual standard calculus
on the Euclidian R™) in which the previous calculus applies. The first is based on the Euclidian
space R™, with a “deformed” (non-bilinear, non-flat) S,-linearization. The second example is the
hyperbolic plane (or Poincaré half-plane) H. We prove in particular that H has a S;-bounded
geometry. This allows to define a global Fourier transform, Schwartz spaces S(H), S(T*H),
S(TH), B(H) and the space of symbols Si’m (T*H). Moreover we can then define in an intrinsic
way a global complete pseudodifferential calculus on H, and Moyal product, for any specified
S,-linearization on H.



2 DManifolds with linearization and basic function spaces

2.1 Abstract exponential maps, definitions and notations

The notion of linearization on a manifold was first introduced by Bokobza-Haggiag in [4] and
corresponds to a smooth map v from M x M into TM such that mov = my, v(x,z) = 0 for any
x € M and (dyv)y—; = Idr, p. In all the following, we shall work with “global” linearizations,
in the following sense:

Definition 2.1. A manifold with linearization (or exponential manifold) is a pair (M, exp)
where M is a smooth manifold and exp a smooth map from TM into M such that:

(i) for any x € M, exp, : T, M — M defined as exp,(§) := exp(z, ), is a global diffeomorphism
between T, M and M,

(79) for any x € M, exp,(0) = x and (dexp,)o = Idz, ps-

The map exp will be called the exponential map, and (z,y) — exp; ' (y) the linearization, of the
exponential manifold (M, exp). We shall sometimes use the shorthand €5 := exp, (€).

Note that the term “exponential manifold” used here is not to be confused with the
notion of “exponential statistical manifold” used in stochastic analysis. Remark that if exp €
C>(T M, M) satisfies (i), then defining Exp := exp o T where T'(z,¢) := exp, ' (z) + (dexp; 1),
we see that (M, Exp) is an exponential manifold.

We will say that (M,V) (resp. (M,g)) is exponential, where M is a smooth manifold
with connection V on TM (resp. with pseudo-Riemannian metric g), if (M, exp) where exp is
the canonical exponential map associated to V (resp. to g) is an exponential manifold, or in
other words, if for any = € M, exp, is a diffeomorphism from T, M onto M. Note that (M, V)
(resp. (M, g)) is exponential if and only if

e M is geodesically complete

e For any =,y € M, there exists one and only one maximal geodesic v such that v(0) = =
and v(1) = y.

e For any x € M, exp, is a local diffeomorphism.

Remark 2.2. R" (with its standard metric of signature (p, n—p)) is an exponential manifold and
any n-dimensional real exponential manifold is diffeomorphic to R™. In particular, an exponential
manifold cannot be compact. A Cartan-Hadamard manifold is a Riemannian, complete, simply
connected manifold with nonpositive sectional curvature. It is a consequence of the Cartan—
Hadamard theorem (see for instance [25, Theorem 3.8]) that any Cartan-Hadamard manifold is
exponential.

Remark 2.3. The exponential structure can be transported by diffeomorphism: if (M, exp,,)
is an exponential manifold, N a smooth manifold and ¢ : M — N is a diffeomorphism, then
(N,expy := @ oexpy o To™!) is an exponential manifold.

Assumption 2.4. We suppose from now on that (M, exp) is an exponential n-dimensional real
manifold.

For any z,y € M, we define ., as the curve R — M, ¢ — exp,(texp, ' y), and () :=
Yya (1 —t). Note that 7,,(0) = = and ~,,(1) = y. If the exponential map is derived from a linear



connection, we have for any ¢ € R, 74,(t) = J2y(t). In the general case, this is only true for
t=0andt=1.

The abstract exponential map exp provides the manifold M with a notion of “points at
infinity” and “straight lines” (). It can be seen as a generalization to manifolds of the useful
properties of R™ for the study of the behaviour of functions at infinity. The abstract exponential
map exp formalizes the fact that our straight lines never stop and connect any two different
points.

The diffeomorphism exp; !, for a given z € M, is not stricto sensu a chart, since it maps
M onto T, M, which is diffeormorphic but not equal to R™. In order to obtain a chart, one needs
to choose a linear basis of T, M. If z € M and b is a basis of T, M we will call the pair (z,b) a
(normal) frame. For any frame (2, b), we define n? := Lyoexp, ! with Ly the linear isomorphism
from T, M onto R™ associated to b. As a consequence, the pair (M, ng) is a chart which is a
global diffeomorphism from M onto R”.

We note w:g =nlo (ni’;)_l the normal coordinate change diffeomorphism from R"
onto R"™ and (; . p)ien, and (dz®*®);cy, (whith N, := {1,--- ,n}) the global frame vector
fields and 1-forms associated to the chart n?. We also note ng* the diffeomorphism from 7™M
onto R?" defined by nf , (z,6) = (n2(z), Msz(@)) where (Mf’x(H)i)ieNn are the components of 6 in
(dzs™");en, and n?T :(2,8) — (nd(x), M, (£)) the diffeomorphism from TM onto R*", where
(M;x(ﬁ)i)z‘eNn are the coordinates of £ in the basis (0;.p,)icn,. We have M;x = (dn?), and
Mf}x = Y(dn®);'. The diffeomorphism from M x M onto R?" defined by (x,%) — (n2(z),n%(y))
will be noted ng M2

We note’(aiyz’b)ieN% the family of vector fields on T*M (resp. TM, M x M) associated
to the chart ng* (resp. n;T, n;MQ) onto R?". We suppose in all the following that € is an
arbitrary normed finite dimensional complex vector space. If v is a (2n)-multi-index, we define

the following operator on C*°(T*M, €) (resp. C*°(T'M, €), C>°(M x M, €)):

2n

Voo Vi
z,b H 8k,z,b'

k=1

If @ and [ are n-multi-indices, we note («, () the 2n-multi-index obtained by concatenation. If v
is a n-multi-index, 07, is a linear operator on C*°(M, €). We fix the shorcut (x) := (1+ [x]|3)1/2
for any x € RP, p € N. We will use the convention x* := x{* -- -Xffp for x € RP and a p-multi-
index, with 0° := 1. If f is continuous function from R? to a normed vector space and ¢ is a
continuous function from R? to R, we note f = O(g) if and only if there exist » > 0, C' > 0
such that for any x € RP\B(0,r), ||f(x)|]| < C|g(x)|. In the case where g is strictly positive on
RP| this is equivalent to: there exists C' > 0 such that for any x € RP, || f(x)|| < Cg(x). We also
introduce the following shorthands, for given (z,b), z,y € M, 0 € T;;(M), £ € Tx(M):

()20 = (n(2))

) ()00 = (MEL(0)),  {E)spw = (MEL(E)),
(@, )20 = ((n%(

2),n2m))s (@, 0)z0 = (n2(@), ME,(0))),  (@,€)20 1= ((nl(x), M2, (€)))

If f and g are in CO(RP,R”) we note f = g the equivalence relation defined by: (f) = O((g))
and (g) = O((f)).



2.2 Parallel transport on an Hermitian bundle

Let E be an hermitian vector bundle (with typical fiber E as a finite dimensional complex
vector space) on the exponential manifold (M,exp). E admits a (non-unique) connection V¥
compatible with the hermitian metric [3]. It is a differential operator from C*°(M, E) (the space
of smooth sections of £ — M) to C*°(M,T*M ® E) such that for any smooth function f on M
and smooth FE-sections 1), v/,

VE(fp) =df @ ¢ + fVF,
Ay = (VEYR) + (Y| VEY),

where (¢|¢') is the hermitian pairing of ¥ and ¢'. We will note [1|? := (1|1). The sesquilinear
form (-|-), of E, is antilinear in the second variable by convention. The operator V¥ can be
(uniquely) extended as an operator acting on E-valued differential forms on M. If v is a curve
on M defined on an interval J and v*FE the associated pullback bundle on J, there exists a
natural connection (the pullback of V¥) on v*E, noted V7" ¥ compatible with V.

Let us fix x,y € M and v : J — M a curve such that 7(0) = z and (1) = y. For any
v € E,, there exists an unique smooth section 3 of v*E — J such that $(0) = v and V" ¥ = 0.
Clearly, 5(1) € E, and we can define a linear isomorphism 7, from E, to E, as 7,(v) = 3(1).
The map 7, is the parallel transport map associated to v from E, to E,. The compatibility of
V¥ with the hermitian metric entails that the maps 7y are in fact isometries for the hermitian
structures on F, and E,.

The vector bundle L(E) — M, defined by L(E), := L(E,) (the space of endomorphisms
on E,), is lifted to T*M, TM and M x M by setting the fiber at (z,0) to L(E,) for T*M or
TM, and the fiber at (z,y) to L(E,, E;) for M x M. The canonical projection from T*M or
TM to M is noted .

We note 7y := 7,,. Remark that Tx_yl = T3,,- We define 7, : £ — 7,, and Tz_l DX
— 7,

If u € C®°(M,E) and z € M, we note uv*(x) := (7, tu)(z) for any z € M. If a is
section of L(E) — T*M or L(E) — TM, we note a® := (1, om)a(r, o7). If a is a section
of L(E) — M x M, we note a*(z,y) = 7, () a(z,y) 7.(y). We also define 7° := (z,y) —
Y y)7(x,y)7.(7) € L(E,). Noting 71 (z,y) := z, ma(x, y) := y, we get a® = (7L om) a (7, 0m)
and 72 = (171 omg)a (1, om).

Parallel transport on E has the following smoothness property:

-1
T

Lemma 2.5. (i) The map 7 : (z,y) — Toy (resp. 7711 (z,y) — T@l) is a smooth section of the

vector bundle L(E)Y — M x M where the fiber at (x,y) is L(Ey, Ey) (resp. of the vector bundle
L(E)— M x M).

(i) 7, € C®°(M,L(E,,E)) and 7,1 € C>®(M, L(E, E.)).

(i11) 7% € C°(M x M, L(E,)).

Proof. (i) The map G : TM — M x M defined by G(v) = (7(v),exp(v)) is a local diffeo-
morphism since the Jacobian of G at vg = (w0,&) € TM is equal to the Jacobian of exp,, at
€. Since it is also bijective (with inverse G~1(z,y) := (z,exp, (y))), it is a (global) diffeo-
morphism TM — M x M. The map b(z,y,t) := (z,texp,*(y)) is thus a smooth map from
M x M x R to TM, and we get a smooth parametrization by M x M of the following family
of curves: c(z,y) — (Vay : t — expb(z,y,t)). This parametrization leads (see [14, p. 17]) to
a smooth bundle homomorphism between ¢*(-)(0)E — M x M and ¢*(-)(1)E — M x M, so a



smooth section 7 : (z,y) — Ty of L(Ey, Ey) — M x M. The case of 7! is similar, by taking
b~Y(x,y,t) :=b(z,y, 1 —t).
(4i,419) are straightforward consequences of (7). O

Corollary 2.6. If u is in the space C*°(M,E), then u* € C®(M,E,). Similarly, if a €
C®(T*M, L(E)) (resp. C°(TM,L(E)), C*°(MxM,L(E))), then a®* € C*°(T*M, L(E,)) (resp.
C>®(TM,L(E,)), C®°(M x M,L(E,))).

Remark 2.7. The vector bundle £ on M is trivializable and the parallel transport provides a
M-indexed family of trivializations, since for any z € M, the pair f, : E — M x E, (z,v)
(2,722(v)), Id : M — M,z +— z, is a vector bundle isomorphism from E — M onto M xE — M.

Note that if exp is derived from a connection, 7, = 7,, for any =,y € M.

Y

2.3 Oy and S,-bounded geometry

Classically, in Riemannian geometry, bounded geometry hypothesis gives boundedness on the
covariant derivative of the Riemann curvature of the basis manifold. For the following pseu-
dodifferential calculus, we shall need some hypothesis of that kind, formulated not with the
curvature but with the exponential diffeomorphisms (“normal” coordinate transition maps).
The hypothesis that we will need for pseudodifferential symbol calculus is actually not simply
the boundedness condition on the derivatives of the transition maps, which is a classical conse-
quence of bounded geometry. For symbol calculus, we will require that the n'"-derivatives are
not only bounded, but decrease to zero at infinity as ||:c|]7‘7("71) where o is a parameter in [0, 1].
Or, in other words, the normal coordinate change maps behave as “symbols” or order 1. Thus,
we introduce the following

Definition 2.8. Let o € [0, 1]. The exponential manifold (M, exp) is said to have a S,-bounded
geometry if for any (z,b), (2/,b’), and any n-multi-index o # 0,

(Se1) 9925 (x) = O((x)~olel=D)y

and a Op-bounded geometry if for any (z,b), (2/,b'), and any n-multi-index «, there exist
Pa > 1 such that

(Om1) Y% (x) = O((x)P=) .

We shall be working with Ops-bounded geometry for the definition of function spaces
and Fourier transform and with S,-bounded geometry (for a o € [0,1]) for pseudodifferential
symbol calculus.

Definition 2.9. The triple (M, exp, F) where (M, exp) is exponential and E is a hermitian
vector bundle on M has a S,-bounded geometry if (M,exp) has a S,-bounded geometry and
for any (z,b), 2/, 2", and any n-multi-index «,

(562) 8%y mn(z) = Ox) 3,

and a Ojps-bounded geometry if (M, exp) has a Oy-bounded geometry and for any (z,b), (2/,6),
and any n-multi-index «, there exist p, > 1 such that

On2)  Byrstrnle) = O((a)s,).



Clearly, if o < o', since (Sy/i) = (Syi), we have S,/-bounded = S,-bounded = Oj;-
bounded. Note that S,-bounded geometry on the vector bundle entails that the derivatives
of the transport transition maps 7, '7., (smooth from M to L(E./, E,)) are bounded (for Sp-
bounded geometry) or decrease to zero with an order equal to the order of the derivative (for
S1-bounded geometry). Remark also that if E is a trivial bundle and V¥ = d, then (512) is
automatically satisfied since the maps 7, are all equal to the constant x — Idg.

Lemma 2.10. Let o € [0,1] and (2,b), (2/,b') be given frames.
(i) If (M,exp) has a Sy-bounded geometry, there exist K,C,C" > 0 such that for any x € R",
zeM,0eT;(M),EeT,(M),
YO0 = Idpe  and  (@)ue < K{@)aw (2.1)
(0) 200 < C0)2p0 and (§)zpe < Cl<f>z’,b’,z7 (2.2)

and if (M,exp) has a Opr-bounded geometry, there exist K, K', K", C,C" > 0 and ¢ > 1 such
that for anyx e R", x € M, 0 € T} (M), £ € Tp,(M),

K'Y < (@05(0)) S K"()7  and  (a)ap < K@), (2:3)

<9>z b,z S C< > / b/<9>z’,b’,x and <€>z b,z S C,< > / h/<£>z’,b’,m7 (2-4)

(ii) For any given n-multi-indice o, we can write

fe § : e
z,b — fa,a’ az’,b’

0<|e/|<l|e

where the (fa.o) are smooth real functions on M such that for each n-multi-indices o, o,

(a) if (M,exp) has a Sy-bounded geometry, there exists Co, > 0 such that for any x € M,
[faar (@)] < Cafa) 517D,

(b) if (M,exp) has a OM bounded geometry, there exist Co, > 0 and qgo, > 1 such that for
any x € M, |foo(x)] < Colx >Z7

Proof Suppose that (M,exp) has a S,-bounded geometry. Taylor formula implies that

H H + Co ||x|| for any x € R", where Cj := supycpn (de:g,,)X . As a conse-
quence 1/)Z Z,( ) (||XH) and thus, there is K” > 0 such that <z/1b o ,(x)) < K"(x). The same
argument 7f0r gZ) = (1/)::) gives 1/} = Idg» and (z).p < K(z), p follows immediately.
Since z — Mb/ H ‘ dzbz e Jnt(z)|| and = — ‘ I’ (M[" _1H = H dwg’sl "’(x)

are bounded functlons (2 2) follows. The case where (M, exp) has a Ops-bounded geometry is
similar.

(ii) We have for any f € C>°(M, €),
26(f) = 0%(F o () 1) onl = 0%(f o () F 0wl Y) o

We now apply the multivariate Faa di Bruno formula obtained by G.M. Constantine and T.H.
Savits in [8], that we reformulated for convenience in Theorem 2.11. This formula entails that
for any n-multi-index a # 0,

P (fomi) oyl = 3 Paw(®S?) (@ fonf) oyt

1<]e|<]e



and thus

v'.b ’ ’
?,b = Z (Pa,a’(wz/,z) ° ng) 8?’,[1’ = Z fa,a’ ?’,b’

1</ |<]af 1<]a’|<]al

where P, o/ (g) is a linear combination of terms of the form Hj?:l(@lj 9)¥, where 1 < s < |a| and
the k7 and I/ are n-multi-indices with |k?| > 0, |I/| > 0, Py k7| = |&| and Py K|l = |al.
In the case where (M, exp) has a Sy-bounded geometry, for each s, (k7), (1), there is K > 0 such
that for any x € R,

|H (@950 ()] < K ()~ T W=D gy =o(lal—la’)

which gives the result. The case where (M, exp) has a Op-bounded geometry is similar. O

Theorem 2.11. [8] Let f € C>®(RP,€) and g € C°(R",RP). Then for any n-multi-index
v#0,

(fog) = Z 8)‘f )og Z Z 'Hkﬂl]l \kfl al] ) ’

I<IAI< | s=lps(r,)) J=1

where ps(v,\) is the set of p-multi-indices k7 and n-multi-indices 17 (1 < j < s) such that
0<It <. <05 1= being defined as “I| < |I'| or |l] = |I'| and 1 <y I'” where <y, is the strict
lexicographical order), |k7| > 0, > i1 ki = X and Py kI =v.

Note that by Lemma 2.10, if (M, exp) satisfies (S,1) (resp. (Opr1)), then (S’ 2) (resp.
(Opm2)) is equivalent to: for any 2/, 2” € M, there exists a frame (z, b) such that ﬁo‘br T (x) =
O((m);gla‘) (resp. O((z)r7,) for a po > 1) for any n-multi-index a.

As the following proposition shows, S, or Ops-bounded geometry properties can be
transported by any diffeomorphism.

Proposition 2.12. If (M,exp,,) has a S, (resp. Opr) bounded geometry, N a smooth manifold
and ¢ : M — N is a diffeomorphism, then (N,expy := @ oexpy 0 de~ ') has a S, (resp. Opr)
bounded geometry.

Proof. Let us note wz SN = ni’,N o (nE:N)* where ni’N = Lpo expNZ and (z,b), (2, b’)
are two frames on N. Since exp, y = ¢ 0 expys,-1(.)0(dp™ Dy, and expN,z (de~1H;!

J— — . / bZ7b// . .
eXle,wl(z) o ¢!, we obtain 1/{:’:,7]\, = ¢@,1fz)’w,1(z,),M where b, is the basis of T),-1(,)(M) such
that Ly, = Lp o (dp),-1(z)- The result follows. O

The following technical lemma will be used for Fourier transform and the definition of
rapidly decreasing section spaces over the tangent and cotangent bundle in section 3. It will
also give the behaviour of symbols under coordinate change.

Lemma 2.13. Let (2,b), (2/,b') be given frames.
(i) We can express 8&0;’5) as an operator on C®(T*M, &) (resp. C*°(T'M,€)) , where (o, 3) is
a 2n-multi-index, with the following finite sum:

75
aib) Z faﬁaﬁ’a('b' !
0<f(a’,6")|<(a,8)]
16"12151

10



where the fo 5o 3 are smooth functions on T*M (resp. TM ) such that
(a) if (M,exp) has a S,-bounded geometry for a given o € [0,1], there exists Cog > 0
such that for any (z,0) € T*M (resp. TM ),

| fagsar(@,0)] < Capla)Z (710 )17 191, (2.5)

(b) if (M,exp) has a Opr-bounded geometry, there exist Co g > 0 and gop > 1 such that
for any (x,0) € T*M (resp. TM ),
| fapar (2,0)] < Capla) o7 (0)0) 1 (2.6)

(o ”8) as an operator on C°(M x M, €), with the following finite sum:

(@.h) _ («.0")
azt,lb - Z fa,ﬂ,a’,ﬂ/ az?jb’

0<|a’|<]a
0<|81<|8]

(i) We can express 8

where the fq 3.3 are smooth functions on M x M such that
(a) if (M,exp) has a S,-bounded geometry for a given o € [0,1], there exists Cp g > 0
such that for any (x,y) € M x M,

i (52 9)] < Caupp 2017190 (751180, (2.7)

(b) if (M,exp) has a Opr-bounded geometry, there exist Co 3 > 0 and qo,qp > 1 such
that for any (z,y) € M x M,

| fa8.00,6 (@, 9)] < Cap (@) 2% (1) (2.8)
Proof. (i) Suppose that (M, exp) has a S,-bounded geometry. Let us note v, :=n? e (n2,)™*
and Yp = ”E/T o (nE’T)_l. We have 9, = (¢:/: o my, L) where m is the projection from

R?" onto the first copy of R” in R?” and L is the smooth map from R?" to R" defined as
L(x,9) := t(d@pjy:);l(ﬁ) = t(d%b:’:’)w""b(x) (). Noting (L;)1<i<n the components of L, we have

2,z

Li(x,9) = 31 <p<p Lip(x) Up, where Ly := ((%ws’g,’)p o 1/;:,,’:. As a consequence, for 1 < i <n
and «, 3, n-multi-indices such that |(«, 3)| > 0

(0“P.)i = 50005 Diom, (@D )uri = (0 L);,
(O @PL)i(x9) = 37 (0 Lip)(x) Fop(),

1<p<n
0Ly, = Z Pyl ((8a/+ezw§§ )p © ng,::) if |a|>0,

1<’ <ol

where Fj (V) is equal to ¥, if 3 = 0, to d,, if B = e,, and to 0 otherwise. We get from the proof
of Lemma 2.10 that (for 1 < |o/| < |a]) Paa/(wb/’b)(x) = O((x)~olel=1e’D) " As a consequence,

2!z

using (2.1), we see that 9*L; ,(x) = O((x)~°lel). Thus, if |8 > 1, 8@, = 0 and

if 3=0, (8(01,5)1/]*)7;(}{’ 19) — (’)(<X>*U(\a|*1)) and (a(a’ﬁ)dj*)n—i—i(}(’ 19) _ O(<X>7U|a‘<’[9>) ’
if 8 =1, (@) =0 and (9P )uri(x,9) = O((x) ).

11



Similar results hold for v, the only difference is that we just have to take L := (d?,b:,/::)x(l(})
instead of L.
We have for any f € C®°(T*M, €),

2, b(f) ay(f ( 27*)—1) ° ng,* = ay(f 0 ( 2% *) o %) Zv* .

Using again the Faa di Bruno formula in Theorem 2.11, we get

! !
Vo= > (Pow()ond) oy = > fouw iy

1<y < v 1< <y

where P, /(1)) is a linear combination of terms of the form szl(alj )¥  where 1 < s < |v],
the k7 and I/ are 2n-multi-indices with |k/| > 0, |I/| > 0, > i1 k/ = and > i1 |k |l7 = v.
Let us note I/ =: (11, 172), kJ =: (k%' k/2) where 171,172 k71 k72 are n-multi-indices.
Thus,
n
, . . o v o
(@) = TJ(@" )™ (" g

=1

and we get, for a given s, (I7), (k7) such that (9" ¢,)¥ £ 0 for all 1 < j < s,

if 192 =0, (0 1p, )" = O((x) oW I=DIR [ =alk?] 19y K721y

if 2 =1,  Kl=0and (8°¢.)" = O((x)"oWI=DIFI).
Since k/ # 0 and (8lj¢*)kj # 0, 172 always satisfies |I/2| < 1. By permutation on the
j indices, we can suppose that for 1 < j < j; — 1, we have 12 = 0, for j; < j < s, we have
|I72] = 1, where 1 < j; < s+ 1. Thus,

[T )" = O((x) o i WI=DIR -5 692) gy ST 921y
j=1

Since, with v = (o, 8), v/ = (/, '),

=Y |2 - Zlk”! ZWW”! A -16l,
j=1

J=i1 J=i1

Jji—1

3 e
j=1
(2.5) follows. If we set fo0,0,0 : =1 and fa0,00 := 0 if a # 0, then for any 2n-multi-index (v, 3),

7ﬁ
UL SRR N
0<(e,8) < (e, 3)]
18'1=18]

and the estimate (2.5) holds for any f, 3.4 3. In the case of Op-bounded geometry, the proof is
similar, and we obtain for ar, > 1, szl(ﬁl] V) = O((x)™ (9)F1-181) which gives the result.

(7i) Replacing v, by 1/)2 M2 ng a2 © (n?,2)7 1 in (i), we obtain the result by similar
arguments. O

12



2.4 Basic function and distribution spaces

We suppose in this section that E is an hermitian vector bundle on the exponential manifold
(M, exp). Recall that if u € C°(M; E) (resp. C°(M; E)) the Fréchet space of smooth sections
(resp. the LF-space of compactly supported smooth sections) of £ — M, we have for any
z €M, v :=771ue C®(M,E,) (resp. C*(M, E,)). We define for any frame (z,b) on M,

T, p(u) :=u*o (ng)_l.

Thus, T, p sends sections of £ — M to functions from R"™ to E, and is in fact a topological
isomorphism from C*°(M; E) (resp. C°(M; E)) onto C*°(R™, E,) (resp. C°(R", E,)).

In the following, a density (resp. a codensity) is a smooth section of the complex line
bundle over M defined by the disjoint union over x € M of the complex lines formed by the
1-twisted forms on T, M (resp. T,;(M)). Recall that a 1-twisted form on a n-dimensional vector
space V is a function on F' on A, V\{0} such that

F(cv) = |c|F(v) for all v € A,V \{0} and c € R".

For a given frame (z,b), let us note |dz*°| the density associated to the volume form on M:
dz®b .= dxb#P Ao A dz™®P and |0.6| the codensity defined as 01,6 A A Op 28l

Any density (resp. codensity) is of the form c|dz*°| (vesp. c|0.p|) where c is a smooth
function on M, and by definition is strictly positive if ¢(xz) > 0 for any x € M. For a given
strictly positive density du, we also note by du its associated (positive, Borel-Radon, o-finite)
measure on M. This allows to define the following Banach spaces of (equivalence classes of)
functions on M: LP(M,du) (1 < p < oo). Actually, L>(M) := L*°(M,du) does not depend on
the chosen du, since the null sets for du are exactly the null sets for any other strictly positive
density du’ on M.

For a given z € M, we note LP(M, E,,du) (1 < p < oo) and L*(M, E,) the Bochner
spaces on M with values in F,. E, is a hermitian complex vector space, so we can identify F,
with its antidual E.. There is a natural anti-isomorphism between E. and the dual of E, but
there is in general no canonical way to identify E, with its dual with a linear isomorphism. Thus,
we shall use antiduals rather than duals in the following. However, E, is anti-isomorphic with
its dual by complex conjugaison on E’,. We shall note T the image under this anti-isomorphism
of z € E, and E, the dual of E,.

We note LP(M; E,du) := {1 section of E — M such that ||P € LY(M,dp)}/ ~qe.
and L*>°(M; E) := {4 section of E — M such that |¢)| € L>(M) }/ ~q.e where ~q . the stan-
dard “almost everywhere” equivalence relation. Since the 7., maps are isometries, for any
z € M, the map ¢ — 7,11 defines linear isometries: LP(M;E,du) ~ LP(M, E,,du), and
L>®°(M;E) ~ L*(M, E,). In particular, LP(M; E,du) and L*°(M; E) are Banach spaces and
L?(M; E,dp) a Hilbert space. Moreover, we can define for any ¢ € L'(M; E,du) and z € M the
following Bochner integral [ 7714 € E,. We can canonically identify L>°(M; E) as the antidual
of LY(M; E,du) and L?*(M; E,du) as its own antidual. The (strong) antiduals of C°(M; E)
and C*°(M; E) are noted respectively D'(M; E) and &'(M; E).

We define G,(RP, &) (resp. S;(RP)), where o € [0, 1], as the space of smooth functions
g from R? into & (resp. R) such that for any p-multi-index v # 0 (resp. any p-multi-index v),
there exists C,, > 0 such that [|0¥g(v)|| < C,(v)=?"I=D) (resp. |9¥g(v)| < C,(v)~?) for any
v € RP. We note O/ (RP, €) the space of smooth €-valued functions with polynomially bounded
derivatives. We use the shorcuts G,(RP) := G,(RP,RP) and Op/(RP) := O (RP,R).

We have the following lemma which will give an equivalent formulation of S, or Opy-
bounded geometry.
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Lemma 2.14. (i) Let f € G;(RP,€) (resp. S;(RP)) and g € G,(R™,RP) such that, if o > 0,
there exists € > 0 such that (g(v)) > e(v) for any v € R*. Then fog € G,(R", &) (resp.
Sy (R™)).

(ii) The set GX(RP) of diffeomorphisms g on RP such that g and g~ are in G,(RP) is a subgroup
of Diff(RP) and contains GLy(R) as a subgroup.

(i1i) We have Op(RP, €) o Op(R™, RP) C Op(R™, €). In particular, the space Op(RP,RP) is
a monoid under the composition of functions. The set of inversible elements of the monoid
Oum(RP,RP), noted O3, (RP,RP), is a subgroup of Diff(RP) and contains G} (RP) as a subgroup.
(iv) (M, exp) has a S, (resp. Opr)-bounded geometry if and only if there exists a frame (2o, bg)
such that for any frame (z,b), P00 € GX(R™) (resp. O (R™,R™)).

(v) The set, noted Sy (RP) (resp. O5;(RP)), of smooth functions f : RP — R* such that f and
1/f are in So(RP) (resp. Opn(RP)) is a commutative group under pointwise multiplication of
functions. Moreover, Sy (RP) < SX(RP) < OF,(RP) if 1 >0 >0’ > 0.

(vi) If g € GX(RP) (resp. Oy, (RP,RP)) then its Jacobian determinant J(g) is in Sy (RP) (resp.
03 (R?)).

Proof. (i) The Faa di Bruno formula yields for any n-multi-index v # 0,

(fog)= Y. (@f)og Puly) (2.9)

L<A<S ]

where P, (g) is a linear combination (with coefficients independant of f and g) of functions
of the form szl((‘)“g)kj where s € {1,---,|v|}. The k7 are p-multi-indices and the I/ are
n-multi-indices (for 1 < j < s) such that [k7] > 0, [I/| >0, Y51 k7 = X and Y27, [F |l = v.
As a consequence, since g € G,(R",RP), for each v, A with 1 < || < |v| there exists C), \ > 0
such that for any v € R",

[PoA() (V)] < Cya{v) 7= (2.10)

Moreover, if f € G5(RP,€) (resp. S;(RP)), there is C} > 0 such that for any v € R”",
(@ f) 0 g(v)|| < CL(v)~oI=D (resp. [(9*f) o g(v)| < C4(v)~). The result now follows
from (2.9) and (2.10).

(ii) Let f and g in GX(RP). We have 9;g~! = O(1) for any i € {1,---,p}. Taylor-Lagrange
inequality of order 1 entails that (g~!(v)) = O((v)) and thus there is ¢ > 0 such that (g(v)) >
e(v) for any v € R". With (i), we get fog € Gy(RP). The same argument shows that
g lo f7l e G,(RP).

(7i7) Direct consequence of Theorem 2.11.

(iv) The only if part is obvious. Suppose then that for any frame (z,b), 200 € GX(R") (resp.
O;;(R™,R™). Let (z,b), (¢/,b') be two frames. We have oY = Ll % So, by (3) (resp.

z,2! 20,2
(#41)), w:’g € GX(R™) (resp. O3;(R™,R™)), which yields the result.
(v) By Leibniz rule, the spaces So(RP) and Ojr(RP) are R-algebras under the pointwise product
of functions. The result follows.
(vi) Consequence of (ii), (i), 1/J(g) = J(g7!) o g and the fact that S,(RP) (resp. Opr(RP)) is

stable under the pointwise product of functions. O

Remark that for any g € G2 (RP), we have g < Idge. The multiplication by a function
in O3, (R") is a topological isomorphism from the Fréchet space of rapidly decaying E.-valued

functions S(R"™, E.) onto itself. If we note J:’Zb,l the Jacobian of w:’g, then 1/,]:’:,/ = JZE’,/’Z[j o¢h7b/

z,2!

and J™Y onl(z) = do**/dz?"Y (z) = det ME(ME )™t = det(ME )"t M?,. We deduce from

Z/

14



Lemma 2.14 (vi) that if (M, exp) has a S, (resp. Opr) bounded geometry then J;’:,/ is in S (R™)
(resp. O;;(R™)).

Definition 2.15. Any smooth function f is in S, (resp. Oyy) if for any frame (z, b), fo(n?)~! €
Sy (R™) (resp. Op(R™)). Similarly, any smooth function f is in S (resp. Of;) if for any frame
(2,b), fo(nb)~l € SX(R™) (resp. O3 (R™)).

Lemma 2.16. If (M,exp) has a Sy-bounded geometry then a smooth function f on M is in
S, (resp. SX) if there exists a frame (2,b) such that f o (n®)~t € S,(R™) (resp. SX(R")).
Similarly, If (M,exp) has a Ops- bounded geometry then f is in O (resp. Of;) if there exists
a frame (2,b) such that f o (nd)~1 € Op(R™) (resp. OF(R™)).

Proof. Let (2/,b') be a frame such that f o (n%)~ € S,(R"), and let (z,b) be another frame.
By Lemma 2.10 (i), if (M, exp) has a Sy-bounded geometry then for any n-multi-index «,

P(fomD™ =3 fawo®@) O fo i) oult
0<]e/[<al

where (fa,o 0 (n2) ™) (x) = O((x)~olel=1e'Dy " Ag a consequence 9%(f o (n?)~1)(x) = O((x)~7lel)

z
and the result follows. The case of Oy; bounded geometry is similar. O

Definition 2.17. A smooth strictly positive density du is a Sy-density (resp. Oj,-density) if
for any frame (z,b), the unique smooth strictly positive function f,  such that d,u f2.p]dz™®|

is in S (resp. Oj;). In this case, we shall note p, the smooth stricly positive function in
SX(R™) (resp. O]@(R")) such that du = (u, o n?)|dz>").

We shall say that (M, exp,du) has a S, (resp. Opr) bounded geometry if (M, exp) has
a S, (resp. Opr) bounded geometry and dp is a S (resp. Oj) density.

Lemma 2.18. If (M, exp) has a S, (resp. Opr) bounded geometry then any density of the form
wonl|dz*P| where u is a smooth strictly positive function in S} (R™) (resp. Opr(R™)) and (z,b),
(2',b) are frames, is a Sy -density (resp. Oy, -density).

Proof. Let (2", ") be an arbitrary frame. Noting du := uon®|dz*?|, we get du = (uon? )|sz bH|

Z//
" b/l

n%|dz*"¥"|. We already saw that the function J:Zb,/,/ is in S (R™) (resp. O;;(R™)). By Lemma
2.16, (uon; )(\Jb’:////| onl,) is in S (resp. OF,). O

Remark 2.19. By taking u := x — 1 in the previous lemma, we see that for any exponential
manifold (M, exp) with S, (resp. Opr) bounded geometry, we can define a canonical family of
Sy -densities (resp. O} -densities) on M: D := (|dz*"|)(, y)e; where I is the set of frames on M.
If the map exp is the exponential map associated to a pseudo-Riemannian metric g on M, we
can also define a canonical subfamily of D by D, := (|dx?|) ;e where |dz?| == |dz*®
orthonormal basis (in the sense g.(b;, b;) = 7;0; ; where n; =1 for 1 < i < m and 7; = —1 for
i > m, where g has signature (m,n —m)) of T,(M) (|dx?| is then independant of b). A priori,
the Riemannian density does not belong to the canonical M-indexed family D,.

We shall need integrations over tangent and cotangent fibers and manifolds. We thus
define dp* := (,uz o 0 1Y) |0, the codensity associated to dy, where 1, b= ﬁ and (z, b)

is a frame. Note that since |0, p|/|0. | = |dz?"¥|/|dz*®| = (s 0 n0)/(parpr © 1Y), dp*
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independant of (z b). For a given z € M, the density on T, (M) associated to du is du, =
(f2,6 0 n2(2)) |dzZ°| and the associated density on Tx(M) is du := (uz b 0n2(2)) 10,6, Fora
function f defined on T, (M) or T (M), we have formally:

/ F€) dita(€) = peonb(e) [ fo (ME) Q) dc.
w(M)

| 1®ao) = ipont) [ o) w)av,
= (M)
and it is straightforward to check that these integrals are independant of the chosen frame (z, b).

2.5 Schwartz spaces and operators

Assumption 2.20. We suppose in this section and in section 2.6 that (M,exp, E,du), where
E is an hermitian vector bundle on M, has a Opr-bounded geometry.

The main consequence of the exponential structure is the possibility to define Schwartz
functions on M.

Definition 2.21. A section u € C*°(M, E) is rapidly decaying at infinity if for any (z, b), any
n-multi-index a and p € N, there exists K, ;, > 0 such that the following estimate

H@Zhuz(az)HEz < Ka7p<x>;€ (2.11)
holds uniformly in x € M. We note S(M, E) the space of such sections.

With the hypothesis of Op/-bounded geometry, we see that the requirement “any (z,b)”
can be reduced to a simple existence:

Lemma 2.22. A section u € C*°(M, E) is in S(M, E) if and only if there exists a frame (z,b)
such that (2.11) is valid.

Proof. Suppose that (2.11) is valid for (2/,b) and let (z, b) be another frame. Thus, with Lemma
2.10 (i7) and Leibniz rule,

a?,buz(x) = Z Z faa / b/ (7—2_17—2/) azﬁlvb/UZ,(aj). (212)
0</a’[<Ja| f<a’
Moreover |fq, o ( )80‘, b,ﬁ(T 7)< Cofz)le for a Cy > 0 and a ¢4 > 1. Now (2.11) and

(2.3) entail that for any p € N, there is K > 0 such that ‘ 6Zhuz($)‘ . < K(z),%. The result
follows. ]

z

Remark 2.23. Let v € C®(M,E) and (z,b) a frame. Then u € S(M E) if and only if
(r7tu) o (n8)~! € S(R™, E.). In other words, if v € S(R™, E,) then 7.(von’) € S(M, E).

The following lemma shows that we can define canonical Fréchet topologies on S(M, E).

Lemma 2.24. Let (z,b) a frame. Then
(i) The following set of semi-norms:

Gop(u) = sup (2)7 g [|92u” (@) s, -
defines a locally convex metrizable topology T on S(M, E).

(it) The application T’y is a topological isomorphism from the space S(M, E) onto S(R™, E,).
(iii) The topology T is Fréchet and independent of the chosen frame (z,b).

16



Proof. (i) and (ii) are obvious.

(#i) Since T is a topological isomorphism, 7" is complete. Following the arguments of the
proof of Lemma 2.22, we see that there is » € N* such that for any n-multi-index « and p € N,
there exist Cop > 0, 7 € N*, such for any u € S(M, E),

z z'b
@GP W) < Cap > af, ) (w).
1B1<led
The independance on (z, b) follows. O

Remark 2.25. If (M, exp, E,du) has a Sp-bounded geometry, then it is possible to define
the Fréchet space of smooth sections with bounded derivatives B(M, E) by following the same
procedure of S(M, E), with Lemma 2.10.

Classical results of distribution theory [50] and the previous topological isomorphisms
T, p entail the following diagrams of continuous linear injections ((M; E') ommitted and 1 < p <
00):

CF——>8 ——=C> B L

L/ N\

&' >S' —— 7/ S Lp(d,u) S

The injections § — B — L are valid in the case where M has a Sp-bounded geometry.
In the case of a general Oys-bounded geometry, only the injection & — L* holds a priori. The
injection from functions into distribution spaces is given here by w +— (u,-) where (u,v) :=
[(ulv)dp. Note that the following continuous injections S — & and & — LP(du) — &,
(1 < p < o0) have a dense image.

Using the same principles of the definition of S together with the Ojs-bounded geometry
hypothesis and Lemma 2.13 (ii), we define the Fréchet space S(M x M, L(E)) such that for any
(2,b) the applications T}, , 2 := K +— K*o (n:MQ)_1 are topological isomorphisms from S(M x
M, L(E)) onto S(R*", L(E.)). Noting js2 the continous dense injection from S(M x M, L(E))
into its antidual S'(M x M, L(E)) defined as (jp2(K), K') = [}, 0 Tr(K (2, y) (K (2, 9))*) dp®
du(z,y), we have the following commutative diagram, where j is the classical continuous dense
inclusion from S(R?", L(E,)) into its antidual, and Mg, is the multiplication operator from
S(R*", L(E.)) onto itself by the O3 (R?") function f, p @ 1 p:

S(M x M, L(E)) T2 S'(M x M, L(E))
Tz,b,k[2l Tz*,h,J\/IQT
SR>, L(E.)) = S(R*", L(E.)) —~ 8 (R, L(E.)) .

Since S is nuclear, L(S,S’) ~ S'(M x M,L(E)) and S(M x M,L(E)) ~ S & S where S :=
S(M,E). Thus, S'(M x M,L(E)) ~8'® S, where S is the dual of S which is also the antidual
of S. Note that the isomorphism L(S,S") ~ &' (M x M, L(E)) is given by

(Ar(v),u) = K(u®0)
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where Ag is operator associated to the kernel K, u,v € S, and v(y) := v(y). Formally,

(Axe(v),u) = /MxM(K(x,y)v(y)IU(iv))du®du(w,y)7 (Ago)( / K (2, 9)0(y)du(y).

Thus any continuous linear operator A : & — &’ is uniquely determined by its kernel K4 €
S'(M x M,L(E)). The transfert of A into the frame (z,b) is the operator A,y from S(R", E)
into §’'(R™, E,) such that

(Asp(v),u) == (AT (), T ().

Thus, if K4 is the kernel of A, we have K,_, := Nz,b,M2 (Ka) as the kernel of A, where

T %62 here is the inverse of the adjoint of T, y ps2. fz’b’ a2 18 a topological isomorphism from
S'(M x M, L(E)) onto §'(R?", L(E,)).

Definition 2.26. An operator A € L(S,S’) is regular if A and its adjoint Af send continously S
into itself. An isotropic smoothing operator is an operator with kernel in S(M x M, L(E)). The

space regular operators and the space of isotropic smoothing operators are respectively noted
R(S) and ¥,

Note that this definition of isotropic smoothing operators differs from the standard
smoothing operators one where only local effects are taken into account, since in this case,
a smoothing operator is just an operator with smooth kernel. Clearly, A is regular if and only if
for any frame (z,b), A, p is regular as an operator from S(R", E.) into S’'(R", E.). Remark that
the space of regular operators forms a *x-algebra under composition and the space of isotropic
smoothing operators ¥~ is a *-ideal of this algebra.

Let us record the following important fact:

Proposition 2.27. Any isotropic smoothing operator extends (uniquely) as a Hilbert—Schmidt
operator on L*(dpu).

Proof. An isotropic smoothing operator A (with kernel K') extends as a continous linear operator
from &’ to S, and thus it also extends as a bounded operator on L?(du). Let (2,b) be a frame. If
U is the unitary associated to the isomorphism L?(du) onto M. p := L*(R", E,, 1, p dx) we have
A = U*A, pU where A, is a bounded operator on H,j given by the kernel K* o o (nb,nd)~L
Since this kernel is in H, p @ H, p = L*(R*", E, ® E., (,u%b dz)®?), it follows that A, p is Hilbert—
Schmidt on H, p, which gives the result. ]

2.6 Fourier transform

Fourier transform is the fundamental element that will allow the passage from operators to their
symbols. In our setting, it is natural to extend the classical Fourier transform on R” to Schwartz
spaces of rapidly decreasing sections on the tangent and cotangent bundles of M, and use the
fibers T,,(M), Tx(M) as support of integration.

Definition 2.28. A smooth section a € C*°(T*M, L(E)) is in S(T*M, L(E)) if for any (z,b),
any 2n-multi-index v and any p € N, there exists K, > 0 such that

Hﬁzhaz(x, tQ)HL(EZ) < Kp,u<$79>;€ (2.13)

uniformly in (z,0) € T*M. A similar definition is set for S(T'M, L(E)).
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Following the same technique as for the space S(M, E'), using the coordinate invariance
given by Lemma 2.13 we obtain the

Proposition 2.29. (i) A section u € C®(T*M, L(E)) is in S(T*M, L(E)) if and only if there
exists a frame (z,b) such that (2.13) is valid. A similar property holds for S(TM, L(E)).
(ii) There is a Fréchet topology on S(T*M,L(E)) such that each

Tzwb,* tar—a’o (ng,*)_l

is a topological isomorphism from S(T*M, L(E)) onto S(R®", L(E.)). A similar property holds
for S(TM,L(E)) and the applications T, p 7 = a — a* o (n S,T)*l.

Proof. (i,4i) Suppose that (2.13) is valid for (2/,b') and a € C®°(T*M,L(F)) and let (z,b)
another frame. With Lemma 2.13 and Leibniz rule, noting v = (a, 3), v/ = (o, 8'), A = (A}, \2)
and p = (p', p?), we get

_! ! )\l_ 1 _
8zy,baz = Z Z fl/ Z/’C / )\,p 2, b,)\ (T Tyt )8(5)[,? )< o )az/7b/p (TZ/ITZ) (214)
o< |<|v| pSAZY!
13'1>18

where Cyr\ , = 0g \203 2 (l:\/) (2) Using now the fact that for any x,9 € R®, (x)/2(9)1/2 <
((x,7)) < (x)(¥), and (2.3), (2.4), we see that for any 2n-multi-index v, and p € N, there is
rvp € N* and C, ) > 0 such that q,(j,zj,b)(a) < Cup 2 ipi<py| q,(frfp)(a), where

(2,b) o

%" (a) = sup {x,0) . ||0Y a*(z,0) .

” (z,0)€T*M Z b H 0 HL(EZ

The results follow, as in the case of S(M, E), by taking the topology given by the seminorms
ql,p for an arbitrary frame (z,b). O

Remark 2.30. If (M,exp, E) has a Sp-bounded geometry, we saw in Remark 2.25 that a
coordinate free (independant of the frame (z,b)) definition of a space of smooth E-sections on
M with bounded derivatives is possible. However, a similar definition cannot be given in the
same manner for L(E)-sections on TM or T*M with bounded derivatives, due to the fact that
the change of coordinates of Lemma 2.13 impose an increasing power of (6) (when |3'| > |3]).
However, the independance over (z,b) would still hold for the space of smooth sections of
L(E) — T*M (resp. TM) with polynomially bounded derivatives.

We note S'(T*M, L(E)) and S'(T'M, L(E)) the strong antiduals of S(T*M, L(E)) and
S(TM,L(E)), respectively. We have the following continuous inclusion with dense image

jrem  S(T*M, L(E)) — S (T*M, L(E)) (vesp. jram : S(TM,L(E)) — S'(TM, L(E)))
defined by
U@t = [ T@det (resp. Gran()b) = [ Tab)au”)
TM* ™
where du* is the measure on T* M given by du*(z,0) := du’(0)du(z) and du” is the measure on
TM given by du® (z,€) := dp.(€)du(z). Note that for any (2,b), du*(z, 9) = 10,6,/ (0)|dz™®|(x)
(this is the Liouville measure on 7*M) and du” (z,0) = ,uz poni(z ) dzZ®)(€)|da*®|(z). We have

19



the following commutative diagram, where M2 is the multiplication operator by the (’)]T/[(RQ")
function (x, () — ,ug’b(x),

S(TM, L(E)) Irat S'(T'M, L(E))

Tz,b,Tl TT;b,T

S(R*", L(E.)) 577 S(R*", L(E:)) —= S'(R*", L(E:))

W
and, in the case of S(T*M, L(E)) a similar diagram is valid if M,,» is replaced by the identity.
Definition 2.31. The Fourier transform of a € S(T'M, L(E)) is

Fla): (2,0) — e 20 afw, €) dpa (€).
T (M)
Proposition 2.32. F is a topological isomorphism from S(T'M, L(E)) onto S(T*M, L(E)) with
mverse

Fla) == (z,8) — e>m08) oz, 0) dp (0) .
T3 (M)

The adjoint F of F coincides with F on S(TM, L(E)), so we still note F' by F and F* by F.

Proof. Let (z,b) be a frame. It is straightforward to check that the following diagram commutes

S(TM,L(E)) —2= S(T*M, L(E))

—1
Tz’thl TTz,h,*

S(R2n7 L<Ez)) ﬁ) S(R2n7 L(Ez))

where F,, = Fpo M, = M, o Fp, with M,, the multiplication operator on S(R*", L(E,))
defined by M, (a) := (x,() — p6(x)a(x,¢) and Fp the partial Fourier transform on the space
S(R?", L(E.,)) (only the variables in the second copy of R" in R?" being Fourier transformed).
It is clear that F,p is a topological isomorphism from S(R?", L(E.)) onto itself with inverse
f;; = My, o Fp. The fact that F* coincides with F on S(T'M, L(E)) is a consequence of the
following equality

[ meEor et = [ @) e
TM * M

for any a € S(TM,L(E)) and b € S(T*M, L(FE)), that is a direct consequence of the Parseval
formula for Fp. ]

3 Linearization and symbol maps

3.1 Linearization and the ¢,, T; diffeomorphisms

Recall that a linearization (Bokobza-Haggiag [4]) on a smooth manifold M is defined as a
smooth map v from M x M into TM such that 7 ov = 71, v(z,z) = 0 for any x € M and
(dyv)y—y = Id7, 0. Using this map, it is then possible by restricting v on a small neighborhood
of the diagonal of M x M, to obtain a diffeomorphism onto a neighborhood of the zero section
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of TM and obtain an isomorphism between symbols (with a local control of the x variables
on compact) and pseudodifferential operators modulo smoothing ideals. These isomorphisms
depend on the linearization, as shown in [4, Proposition V.3]. We follow here the same idea,
with a global point of view, since we are interested in the behavior at infinity. We thus consider,
on the exponential manifold (M, exp, E, du) a fixed linearization 1 that comes from an (abstract)
exponential map v on M (also called linearization map in the following), so that ¥ (z,y) = 7y,
and 1), is a diffeomorphism from T, M onto M, with ¢,(0) = =, (d¢)5)o = Idz,a. For example,
1) may be the exponential map exp.
Let A € [0,1] and @ be the smooth map from 7'M onto M x M defined by

Oy (2,6) = (Ya(A), ¥ (—(1 = X)) -

Assumption 3.1. We suppose from now on that whenever the parameters X\, X, are in |0,1],
it is implied that the linearization map v satisfies for any x,y € M and t € R, . (t; 1 (y)) =
y ((1— t)z/z;l(x)). This hypothesis, called (Hy) in the following, is automatically satisfied if the
linearization is derived from a exponential map of a connection on the manifold.

A computation shows that ®, is a diffeomorphism with the following inverse <I>;1 :
(z,y) = ag, (1 = A) for A # 0 and Oyt (x,y) —a,,(0), where gy () := Ve (th71(y)). Noting
<I>;1(x,y) =: (mx(z,y),&\(x,y)), we see that my(z,y) = auy(A) and, if X # 0, &i(x,y) =
izp;i xy)( x), while &y(z, y) = —,1(y). In all the following, we shall use the symbol W (for
Weyl) for the value A = , so that my = mi, Py = <I>1, and similar conventions for the
other mathematical symbols containing A. Note that m) 1s a smooth function from M x M
onto M, with my(z,x) = x for any x € M. Moreover, for any z,y € M, my(z,y) = mi1_x(y, x),
mw(z,y) = mw(y,z) (the “middle point* of =z and y), &x(z,y) = —&1-A(y, ), Ew(z,y) =
—&w(y,z) and  — ®,'(z,) is the zero section of TM — M. Noting j the involution on
M x M : (z,y) — (y,z), we have &) = jo ®y_y o —Idpyy.

For any t € [—1,1] (with the convention that if (H,) is not satisfied, we are restricted
tot € {—1,0,1}), we define,

Tt : (x,{) = (lbm(tf), _le;:(tg)<x))

with the convention %w;j(té) (x) := & if t =0, so that Yo = Idrps. A computation shows that
T, L'— v, The ®, and Y; diffeomorphisms are related by the following property: for any
AN € 0,1], <I>)_\1 o®y = Ty_y. We will use the shorthand Y, r(z,¢) := _le;j(tg) (x), so that
T = (o tldrp, Tir).

Remark 3.2. Note that (H,) entails that (Y;).cr is a one parameter subgroup of Diff(T'M).

Remark 3.3. Suppose that 1) is the exponential map associated to a connection V on T'M, and
¢ the unique maximal geodesic such that o), (0) = (z,¢). It is a standard result of differential
geometry (see for instance [25, Theorem 3.3, p.206]) that for any v o= (z, 77) € TM, and
¢ € T,(M), there exists an unique curve 51; R — T'M such that V ﬂv =0, o5 = ay (in other

/

words, ﬁg is ay-parallel lift of «,) and ﬁv( ) = (x,€). By definition of geodesics, i, = «

x?n'
Moreover, ﬁgm(l) € Tyn (M), so we can define the following linear isomorphism of tangent fibers:
Py To(M) = Tyn(M), & Bi,(1). Note that Py} = Py @ = =P_xy@m) = Proi@-n)-

The P, ¢ are the parallel transport maps along geodesics on the tangent bundle. These maps
are related to the Ty diffeomorphisms, since a computation shows that for any (z,n) € TM and
teR, Px,tn(n) = Tt,T(%??)-
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If (2,b) is a frame, we define @) ,  := ni’ Mgoq),\o(ng +)~ ! and we note J),z,6 its Jacobian.

We also define Ty, p = ni”T oT;o (ng’T)*1 and the smooth maps from R?" to R™:

P (x,¢) = ndoo (n ) 7Hx, (),

VR (0 9) = My © Vi © (2) 7 0):

Noting $? (¢) := $?(x,¢) and @(y) = ¥8(x,y), we have (¢2,)"" = ¢! . A computation
shows that for any (x,(,y) € R3",

(D)\,z,b(x7 C) = (T/J,S(Xy )‘C)a @] (X7 _(1 - )‘)C)) ) (I);,;b(xa Y) = (m)\,z,b(xa Y)7 f)\,z,b(xa Y)) (31)

where we defined the following functions: my . p(x,y) := ¥2(x, A8(x,¥)), &0.-.6 := —1? and for
A#0, & zp(x,y) = %d)g(m,\,z,b(x,y),x). We also obtain for ¢ € [~1,1], (x,() € R?",

Tizn(x0) = (V0(x,10), YR (WE(x,10), %)) = (¥2(x,1C), Ti7(x,C)) (3.2)

and Y, p = Idgza. Note that Ty, p(x,0) = (x,0) for any x € R" and Tf’; = %Ti; o I+ where
I,/ is the diagonal matrix with coefficients I;; = r for ¢ < n for 1 < i < n and I;; = r’ for
n+1<1<2n.

3.2 (Ojp-linearizations

We intent to use the linearization to define topological isomorphisms between rapidly decaying
section on TM and M x M. We thus need a control at infinity over the derivatives of the
linearization 1.

We note 72° = 7% o (n?, ,)™' € C*(R?", L(E.)). Remark that for any (x,y) € R?",

7%%(x,y) is an unitary operator on E,. We will also need the following functions parametrized
by t € R: 7(x,n) := 72(x(tn)) for any (z,n) € TM and Tf’b(x, ) = 728(x, 0(x, ().

Definition 3.4. A linearization 1 on the exponential manifold (M, exp, E,du) is said to be a
O-linearization if for any frame (2, b) the functions ¢? and ¢? are in in O (R?*,R") and the
functions 77°° and (77°%)~! are in Oy (R?", L(E.,)). We will say that (M,exp, E, du,) has a
Op-bounded geometry, if it the case of (M, exp, F,du) and ¢ is a Oy-linearization.

Lemma 3.5. Suppose that 1 is a Ops-linearization. Then for any frame (z,b), A € [0,1] and
te[-1,1],

(i) ®».6 € O (R R™) and Jy . p € OF(R?™),

(“) Tt‘,z,b € O]>\<4(R2H7R2n) and J(Tt,z,b) € O]>\</[(R2n)7

(i13) th’b and (7';’6)_1 are in O (R?*™ L(E,)).

Proof. (i) By (3.1), we have ®) ,p = (@bg o IL)\,ng oIy x—1) and CIJX}Z’b = (M 2,6,60,2,6) Where

Mz =¥ 0 Iy y o (m1,9?) and if X # 0, &, = $¢2 o (my 4 p,m1), While & . p = —1)?. Thus, the
result is a consequence Lemma 2.14 (7i7) and (vi).

(i1) By (3.2), we have for t # 0, Ty .o = (¥00 14, 2920 (P01 4, m)). The result follows again
from Lemma 2.14 (iii) and (vi).

(iii) We have 77°° = 77°% o Iy ; and (77°°)7! = (77°°)" o I1; so the result follows from Lemma
2.14 (iii). O

22



The following lemma shows that we can obtain topological isomorphisms on spaces of
rapidly decaying functions from the functions 7 and ®.

Lemma 3.6. Let p € N*, 7 € O;;,(RP,GL(E.)) and ® € Oy,;(RP,RP). Then the maps L, :=
ur Tu, Rr :==ur ur and Cp := u > uo P are topological isomorphisms of S(RP, L(E,)).

Proof. Since L-' = L1, R;! = R+ and C'qjl = Cg-1, we only need to check the continuity
of L., R; and Cg. The continuity of L, and R; is a direct application of Leibniz formula. Let
v be a p-multi-index and r € N. Theorem 2.11 implies that for any v € S(RP, L(E,)),

an(wo®) < > sup ()NPA@) )] |[(@u) 0 o(x)|

L(E.
|/\‘§‘V|X€RP (B2)

where the functions P, \(®) are such that |P, \(®)(x)| < C,(x)? for a ¢, € N* and a C, > 0.
Since (®71(x)) < C{x)" for a r € N* and a C > 0, we see that there is C!, > 0 such that
QuN(uo ®) < C) 37 <)) 97 (g +N)r (), which gives the result. O

Lemma 3.7. If (M,exp, E,du) has a Op- bounded geometry and v is a linearization such that

there exists (z0,b0) such that the functions {2, @DZO are in Oy (R?" R™) and Tzo’bo (leo’bo)_1
are in Oy (R*™, L(E,,)), then v is a Oyy-linearization.

. . —b
Proof. The result is a direct consequence of the formulas ¢? = 2% o P o w:g’:T, V. x(y) =
bo, bo, — bo, —
(dl/)zg, )% 1/)20 1/)282 2 (x,y) and 7%° = (7 17'Z0) oy 0 (ni”MQ) 1 720,00 o 1/;232 A2 (TZOITZ) om0
b \-1
(nZ,MQ) . ]

3.3 Symbol maps and A-quantization

Assumption 3.8. We suppose in this section and in section 3.4 that (M,exp, E,du,v) has a
O -bounded geometry.

The operator F is a topological isomorphism from S'(T'M, L(E)) onto S'(T*M, L(E)).
We shall now introduce a topological isomorphism between §’(M x M, L(E)) and 8'(TM, L(E)).
We define the linear application I'y from C*°(M x M, L(E)) into C*>°(T'M, L(E))):

Ty(K):v— K™ o ®,(v).

As a consequence, Iy (K) = 7, ' (Ko<I>,\) Ta1 and Ty (a) = (a7, }) o®, . For a given frame
z,b),wenote 'y , p :=T, prol'yoT . A computation shows that for any smooth function
) 2, b M p Yy

b ,b
u € COO(R2n7L(Ez))= Lz6(u) = ( )z\ )~ (u ° (I)sz,b)T)Z\_l-
Let us define the smooth strictly positive functions on R?” and M x M respectively:

Poz,b (X) 2,6 (

,U/\,z,b(x> y) =2 p(maz b(x’y

2 |J)\ z b| o CI’,\ 2, b(X y) HX = HX 2,6 © (ng,ng) (3.3)

It is straithtforward to check that uy is indeed independent of (z,b). Note that pui_y(z,y) =
pa(y, ). Since py . p € OF;(R?™), the operator of multiplication M, is a topological isomor-
phism on S(M x M, L(E)). Note also that I'y o M, = M, 00, o 'y.

Proposition 3.9. I'y is a topological isomorphism from S(M x M,L(E)) onto S(TM, L(E)).
Moreover, I'y o jy2 = jrym o 'y o My, , where I'y 1= F_
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Proof. Let (z,b) be a frame. It suffices to prove that I'y . is a topological isomorphism from
S(R?*" L(E,)) onto itself. Since Fyz6 = L(Tz,b)_l oR - oCs,_,, the result follows from
A A—1 v

Lemma 3.6 and Lemma 3.5 (i) and (#ii). Let u,v € S(R*",L(E.)). We have (with j the
canonical inclusion from S(R?", L(E,)) into S'(R*", L(E,)):

Frenod@)0) = [ | T ()O3 (0)(x)) ddy

_/R%Tr((TA )" O(I)Ai'b( ,¥) u(x,y) T3 10(1);,;!:()(73’)

vt o (I);,z,b(x7 Y)) dx dy
— /R N Tr(T z.6(w) (m, Ov* (m, )| Jx.z.6|(m, ¢) dm d¢

= (G0 My, .10 Trzp(w))(v)

where we used the following change of variables (m, () := @;i p(X,y). Thus, we have r Azb0] =
joM‘JNz’b‘ oIy 2. The relation f)\ ojpe = jTM oI'y o M,, now follows since M‘JA ol oI‘;hz’b =

" .
FszyhoMUA’Z,”od);i o Tz,b,TO]OM,@ = ]TMOT 6,7 and T b, M2°]OMuz b ®pzp ]MQOT b, M2 O

As a consequence, r » is a topological isomorphism from the space of tempered distribu-
tional L(F)-sections on M x M, 8'(M x M, L(FE)) onto 8'(TM, L(E)) and when restricted (
the sense of the previous continous inclusions) to S(M x M, L(E)), is equal to I'y o Mm ,
provides a topological isomorphism from S(M x M, L(E)) onto S(T'M, L(E)). Fourier trans—

form coupled with T'y lead us to the following natural isomorphism from S'(M x M, L(E)) onto
S (T*M, L(E)).

Definition 3.10. Let A € [0, 1]. The A-symbol map is the topological isomorphism from S'(M x

, 1
M, L(E)) onto 8'(T*M, L(E)): o) := Foly. The A\-quantization map is the inverse of o, noted
Op,.

Thus, the data of a tempered distributional section on the cotangent bundle (i.e. an
element of S'(T*M, L(E))) determines in an unique way (for a given \), an operator continuous
from S to &, and vice versa. Remark that oy o jp2 = jrepr 0o Fol'y o M, and DpA ojry =
Jmzo My, oTY Lo F. If (2,b) is a frame then, noting OPy2p = TZ b.012 © OP )y oT b.«» We obtain
OPy 26 = F)\,z,b oMy . oFp so that for any u € S(R*" L(E,)) and b € Oy (R?*", L(E ),

Oppca®) = [ D T (bl ) (Do) (s ) v, (30
where pb : (x,7) — . p(x) b(x, ).

3.4 Moyal product

The applications Opy, Op;, Opyy := Op1 are respectively the normal, antinormal and Weyl
2

quantization maps. Remark that for any T € S'(T*M, L(E)), Op,(T*) = (Op,_,(T))!. In
particular

Opo(T*) = (Opy(T))T,  Opw (T*) = (Dpw (1))
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where t is the topological isomorphism of S'(M x M, L(E)) defined as (KT, u) := (K, u* o j)
with j the diffeomorphism on M x M : (z,y) — (y,z) and u € S(M x M, L(FE)). The kernel
of the adjoint AT of any operator A € L(S,S’) is (Ka)'. As a consequence, oy is a linear
topological isomorphism (and a *-isomorphism in the case of the Weyl quantization) from the
algebra R(S) = L(S,S) N L(S’,S") of regular operators onto its image M) := o\ (R(S)). We can
transport the operator composition in the world of functions, by defining the A-product on 91y
as

ToxT":=ox(OpA(T) Op,(T"))

so that 9, forms an algebra, and 9 = M;_,. In the case of A = %, we recover the Moyal
x-algebra My and the Moyal product oyy. The space ¥~°°(M) ~ S(M x M, L(E)) of isotropic
smoothing operators being an *-ideal of R(S), the space S(T*M, L(E)) = ox(V~>°(M)) forms
an ideal of M. Since we will focus on the pseudodifferential calculus over M, we shall not
investigate in this paper the full analysis of the Moyal product over T*M. Note however the
following property on S(T*M) := S(T*M,L(M x C)) ~ S(T*M,C):

Proposition 3.11. (S(T*M),0y) is a (noncommutative, nonunital) Fréchet algebra. Moreover,

* Tiw / —
aonblen) = [ dual€duty) [ die, 0.0 2, TR0l 0) byl )
Te(M)xM VA

z,8,y

where y) = mA(Y2°, 2), T e = Ex(12°, 2) and

Vx/\,g,y = T;§,5 (M) x T;iffg (M), du;,{,y(eﬁ 9/) = d#z;é (0) dﬂ?jiffg (9/) )
N AR )
T OoDE

A (@25 ) pa (g D%) 7
w;\,§7y(n797 0/) = <07@./r\,§> - <0/7yi7__/\§> - <777§> .

Proof. The product a oy b on S(T*M) is obtained by computation of F o T'y o My, o (M, o
F;l o F(a)) oy (MM_A1 o F;l o F(b))), where oy is the Volterra product of kernels. Since oy is a
topological isomorphism between S(M?) and S(T*M), the continuity of the Moyal product is

equivalent to the continuity of oy, which is equivalent to the continuity of the following product
on S(R?"):

A .
Irty =

K- K/(Xa Y) = - K(th)K(ta}I)ﬂz,b(t)dt'

The continuity of this product is obtained by the following estimates

Up,(a,8) (K - K') < C aipir) (0,0)(K) dp,0,8)(K"),  qpu(K) == ( S)H%Z (%, ¥)PI0"K (x,y)|
x,y)ER=™

where |1, 5(t)] < C1(t)"" " and C := Oy [g, (t) "D dt. O

Remark 3.12. (S(T*M), o) is a *-algebra since (a oy b)* = b* oy a* for any a,b € S(T*M).
We can also construct another -algebra on S(T*M) with the product axb := $(aogb+a o1 b).
This proves that when (Hy) (see Assumption 3.1) is not satisfied (so that no middle point exist
in the classical world) we can still have a canonical star-product on S(T*M) which satisfies
(axb)* =b*xa™.
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4 Symbol calculus of pseudodifferential operators

4.1 Symbols

Assumption 4.1. Let o € [0,1]. We suppose in this section that (M,exp, ) has a S,-bounded
geometry.

The algebra R(S) and ¥~ are respectively too big and too small to develop a satisfac-
tory pseudodifferential calculus that allows an efficient utilization of symbol maps. We shall in
this section define some spaces of symbols that will be used to define later special algebras of
pseudodifferential operators that lie between R(S) and ¥~°.

Definition 4.2. A symbol of degree (I,m) € R? of type o, on M is a smooth section a €
C>*(T*M, L(FE)) such that for any (z,b) and any n-multi-indices «, 3, there exists K > 0 such
that (a,8) (I=laf) I&]

ot aZ(:c,e)HL(EZ) < K ()70 gy (4.1)

is valid for all (x,6) € T*M. The space of symbols of degree (I, m) and type o is noted skm.

Remark that Sé’m is independant of [, so we note this space Sj'. We note S/ :=
ﬂlymS(l;m and in the case o > 0, we define S™° := S = S(T*M, L(E)) (it is independant of
o >0). Weset S3° := Ul,me;m. We define similarly Sé’? ;= SY™(R2", L(E.)), without reference
to a frame.

Since M has a S,-bounded geometry, we get the following coordinate independance of
the previous definition:

Proposition 4.3. Let a € C°(T*M,L(E)). Then a € Shm if and only if there exists a frame
(z,b) such that a satisfies (4.1).

Proof. Suppose that (4.1) is satisfied for (2/, b') and let (z, b) be another frame. For (z,6) € T*M
and «, B two n-multi-indices with v = («, 3) # 0, we get from Equation (2.14) and Lemma 2.13,

02" @O0y < K30 30 (@)L

o B p<ASY!
o(l— 1 —3 o 1_ Al
><<-’E>Z/(’b/ lp |)<9>Z7b/\i|<x>zf’|{5 =AM
Using (2.1), (2.2) and the fact that |a| > |p!|, we get the result. O

Corollary 4.4. Ifa € C>(T*M, L(E)), then a € S5™ if and only if for any (2, b), a*o(n?, )t e
SL™M(R2n L(E.)), or equivalently, there exists (z,b) such that a® o (n®,)~! € S5™(R?", L(E,)).

Z,%

We see that S(l;m . S’g’m/ C S(lf+l/’m+m/ where - is the composition of sections induced
by the matrix product on the fibers of L(FE). Moreover, shm ¢ S(l,l’m/ for m < m’ and | <.
Thus, S2° is a *-algebra, which is bigraduated for ¢ > 0 and graduated for 0 = 0. Remark
also that S™°° - Sg* and S§* - S~ are included in S™°°. Note that if f € SL™(T* M) (a symbol
where M has its trivial bundle M x C), then ay(z,0) := f(z,0)I(p,) defines a symbol in

SL™ . Such symbols will be called scalar symbols. Note also that if a € S¥™, then 8§%’ﬁ g =
(r. 0 )0 a) (77 o ) € S,

If f € S,(R") then (x,9) — f(x)Idym,) € So(R", L(E.)). In particular (x,9) —
Py () 1, € So°(R™, L(E.)) if du is a S -density.
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Remark 4.5. We note PS(Z;W(RM7 L(E.)) the subspace of S(l,’m(R%’, L(E.)) consisting of func-
tions of the form 3~ ;< gim )2 Fi€i where (e;) is a linear basis of L(E;) and F; are of the form
d_5Cis (x)97 (finite sum over the n-multi-indices 3), where for any 4, 3, 9%¢; 5(x) = O({x)7(~laD)
for any n-multi-indices a, and m = max; degy P;. We check that this definition is independant
of the chosen basis (e;).

We call polynomial symbol of order [, m and type ¢ any section of the form (7, o 7)(P o
nb ) (r; ox) where P € PS5™(R2", L(E.)) and (2, b) is a frame. This definition is independant

2% z
of (z,b). We note PSL™ the subspace of shm consisting of polynomial symbols of order [, m
and type 0. Remark that the section I : (z,0) — I, is in PS?’D.

We now topologize the symbol spaces:
Lemma 4.6. The following semi-norms on S(l,’m, for N € N,

o —1 —
Gap(a) = sup ()@
(z,0)eT*M

8?56)“3(% 9) HL(EZ)

determine a Fréchet topology on S},’m, which is independant of (z,b). The applications T, p .
are topological isomorphisms from SL™ onto S(l,’m(]R%,L(EZ)). The following inclusions are
continous for these topologies: shm . Sg’ml C Sf,“l’erm/, shm ¢ Sf,l’m/ (m <m' andl <)
and S;°° C S(l;m. Moreover, the last inclusion is dense when Sf,’m has the topology of Sf,/’m/ for
m<m' andl <.

Proof. The independance of the topology for (z,b) follows from the easily checked estimate for
any (a, 3), o
A IOES D DI O
0<|(e,8")|<|(ex,8)]
18'1218] v <o

where K, g > 0. By construction the applications T’ p . are clearly topological isomorphisms
from SY™ onto SY™(R2", L(E.)). The continuity of St™ - L™ C ghttm+m’ glm c glm’
(m <m’and ! <) and S;>° C Sk™ are straightforward. Following [29], to prove the density
result, we shall prove the stronger property: for any a € Sf;m(R%, L(E,)) the sequence

ap(x,9) == (p(x/p))' =70 p(9/p) a(x, V)

converges to a for the topology of Sf,/’m/ (R?" L(E.)) where m’ > m and I’ > [. Here p €
C>*(R™,[0,1]) with p = 1 on B(0,1) and p = 0 on R™\B(0,2). First, it is clear that a, €
S-°(R?", L(E,)). Noting R,(x, ) := (x)7(el=t) () 1Bl=m" || 5(e:B) (¢ — a,)(x, 19)HL(EZ) for a given
2n-multi-index v := (a, 3), we get with Leibniz rule, for a K > 0 (by convention v/ < v if and
only if v/ < v and V' # v):

R Bp(x9) < A (x, ) (x)7EN )7y 71077 A (x, 9)| ) 7D gy mmm I

v'<v

where A,(x,9) := 1 — (p(x/p))' %70 p(9/p). Suppose that o = 0. In that case, |A,(x, )| <
1[p,+oo[(79) and if v/ < v,

1077 Ap(, )| < Saer Kpp PHE 1 00 (9) (4.2)
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where 1f,, is the characteristic function of the annulus A, ., := {J € R" : r < [|9|| <7’} and

Kg :=supg g Haﬁfﬁ'pHoo. As a consequence, for K’ > 0,
% Rp(X,ﬂ) < <p>mfm’ + Kﬁ Z 5(17&/ 1[p,2p}(19) p*IﬂHWI <29>mfm’+lﬁ\*|ﬁ’| < K/<p>m7m’
v <v

and the result follows. Suppose now o # 0. In that case |A,(x,7)| < 1g,(x,7) where F), :=
R?" — B(0,p)? and if v/ < v, for a constant K, > 0

‘ayil/Ap()g 19)’ < KV 1[sgn(afa’)p,2p] (X) 1[sgn(676’)p,2p} (19) pi‘ylﬂul‘ . (43)

As a consequence, for K/, K” > 0, and with r := max{m — m/,o(l — ")} <0,

FRp(x,9) < (1) + KD Lisgn(a—anp2n (%) Lsgn(a—pp,20) (0) ()70 < K" ()"

V' <v
and the result follows. O

Note that ™ := M, 5,35 = S(T"M, L(E)) and the equality is also valid for the
topologies. The following lemma shows that the symbols of S},’m are tempered distributional
sections on T* M.

Lemma 4.7. The application jp-y; is injective and continuous from Ss™ into S'(T*M, L(E)).

Proof. Since we have the following commutative diagram

s o S'(T*M, L(E))

TZ,b»*i TT:,EV,*

S5™ (B2, L(Es)) —= O (R*", L(Ez)) —— S'(R*", L(E))

where T . is the adjoint of T, p . on S(T*M, L(E)) and Oy (R?", L(E,)) is the locally convex
complete Hausdorff space of L(E,)-valued functions on R?" with polynomially bounded deriva-

tives, it is sufficient to check that the natural injection i is continuous from Sy™ (R?" L(E,)) into
O (R?™, L(E,)). This is obtained by the following estimate, for any ¢ € S(R*") and v = (o, 3)
2n-multi-index,
sup  [[p9”a(x, ﬂ)HL(EZ) < Ky q(a)
(x,9)eR2™

where Ky, = supis gy | (5, 9) ()70 10D (g)m=19 !
Definition 4.8. Let (a;)jen+ be a sequence in S¥™ where (I;) and (m;) are real strictly

decreasing sequences such that lim; . l; = lim; ..o m; = —oo. We say that a is an asymptotic
expansion of (a;);en+ and we note
oo
a ~ Z a;
Jj=1

ifa € C*(T*M,L(E)) is such that a—Z;?;ll aj € SH™ for any k € N with k& > 2. In particular,

!
we have a € S,

28



We need asymptotic summation of symbols modulo S °°. The following result of asymp-
totic completeness is based on a classical method [43] of approximation of series by weightening
summands a;(x, ) with functions which “cut” a neighborhood of zero in the domain of z (if
o # 0) and #. The idea is that the part we cut is bigger and bigger when j — oo so that
convergence occurs.

Lemma 4.9. Let (a;)jen+ be a sequence in S5 where (;) and (m;) are real strictly decreasing
sequences such that lim;_,o [; = lim;_,oo m; = —00. Then

(i) There exists a € So"™ such that a ~ > i @

(it) If another o’ satisfies a’ ~ > 22 aj, then a —a' € S7°°.

Proof. (it) is obvious. Let us prove (i) for a sequence (a;) en+ in Sy (R?" L(E,)) and with
an~ 32 a; € Shrm (R?", L(E,)). The result will then follows for a sequence (b;) in SL™ by
taking b := bel*(a) where a; := T, p«(bj). Define

Z7
al(x,0) == Ay, (x,9) a;(x,0)
where A, is defined in the proof of Lemma 4.6 and (p;) is a real sequence in [1, 4-o0c[. For any

jeEN, dj—aj€85; ©(R?", L(E,)). Thus, the result will follow if we prove that for a specified
sequence (p;) and for any N > 0, there exists ko(IN) > 2 such that for any k > ko(IV),

o0
Z 4Nl my, (CL;) <00 (4.4)
j=k+1
where gn 1, my, = SUP||<N Qv lgmis @0 Gy gy m, are the semi-norms of Sf,’“’m’“ (R?" L(E,)). In-

deed, with Ha"a;H < Qe (@) for k> ki(v), o’ == 3772, d); is a well defined smooth
[e.e]

function and we have then o’ — Zf;ll a; € Sleme(R2n [(E.)). Using Leibniz rule, we see that

for any 2n-multi-index v := («, ), and any j € N*, there is K, j; > 0 such that
R 0750 g, < Al ) (71D (g1

+ 31077 Ay (x, 0)|(x) 71D gy 19,

v'<v

)HL(EZ)

Let us suppose that o = 0. The estimate (4.2) yields for any N > 0,k > 2, j > k+ 1,

mi—mg;_—1

AN 1emi (@) < Knj(ps)

for a constant Ky ; > 0. If we now fix p; as p; = (2 supn<;{ Knj,1 N/ mi—1=m5) then we see
that for any N > 0, k > N +2, j > k + 1, we have gy, m, (a}) < 277 and (4.4) is satisfied.
Suppose now o # 0. The estimate (4.3) yields for any N > 0,k > 2, 5 > k+ 1,

N1 (a) < Ky 5(pj)"

for a constant Ky ; > 0 and with r; := max{m; —m}_;,0(l; —I’_;)} < 0. If we now fix p; as

pj = (27 supy<;{ Ky ;1 })_TJ'_I, then we see that for any N >0, k > N + 2, (4.4) is satisfied as
for the case o = 0. O
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4.2 Amplitudes and associated operators on S(R", E,)

We shall see in this section amplitudes as generalizations of symbols of the type S(l,? =
S(l,’m(Rzn,L(Ez)) where z € M is fixed. For each amplitude, a continuous operator from
S(R™ E.) into itself will be defined. Here the spaces L(E,) and E, can simply be consid-
ered as M,,(C) and C". The results in this section will be important for pseudodifferential
operators on M in the next section.

Definition 4.10. An amplitude of order I, w, m and type o € [0,1], K > 0, is a smooth function
a € C®(R3" L(E,)) such that for any 3n-multi-index v = (o, 3,7), there exists C,, > 0 such
that
aleB) 9 H < O, (x\oU=latBl) (FywtrlatB] 9ym—|] 45
[ Pags ¢ o), <Ot (©) (0) (45)
for any (x,¢,9) € R3™. We note [T .= II5%™(R3", L(E,)) the space of amplitudes of order
[, w,m and type o, K.

Remark that Héﬁ;ﬂ is independant of I, we note this space II"“™. We note ez =

0,K,2
LLaw,m . lL,w,m — . lL,w,m L,w,m
Nimllskz . We set Hg?w = Upwmllsx, and HJ;O = Nim Uuk ok . We see that Il -
l/ ! I l l/ ! ! l ll ! !
My 2™ C HUTK,’Zerw MM and g2 C Iy ™ form <m/, w <w', and I <'. Thus, I, .

is a x-algebra, which is trigraduated for ¢ > 0 and bigraduated for ¢ = 0. Note also that if
a € 54T then 8(@FYq € Hf,f,l?;Jr’g"erH'aJrﬂ"m_M.

Amplitudes and symbols in S(l,zl are related by the following lemma:

l,w,m

Lemma 4.11. (i) For any a € Il; x> we have ac—g := (x,9) — a(x,0,7) in S(Z;ZL
(ii) For any s € S(l,’fy, the function (x,(,9) — s(x,9) is in IT2%™

0,0,z °

(iii) For any f € S;(R™), the function (x,(,9) — f(x)1dyg,) is in 1260

0,0,2°

Proof. (i) follows from the fact that §”(a o P) = (8¥®a) o P where P(x,9) := (x,0,9).
(41) Noting Q(x, ¢,9) = (x,9), the result follows from 9%77(s0 Q) = §50(9%7s) 0 Q.
(iii) follows from (i) and the fact that (x,9) — f(x)Idy(g,) € S99, O

As the spaces of symbols, the HQ%T are naturally Fréchet spaces:

Lemma 4.12. The following semi-norms on Hfﬁé@n

W’m)(a) = sup <X>J(|°‘+m_l)<C>_w_ﬁ‘a+ﬁl<Q9>M_mHa(aﬂma(x’g’ﬁ)H

Ua,B,y (x,C,9)ER3n L(E.)

determine a Fréchet topology on HL%T The following inclusions are continous for these topolo-

i ! ! ! / ! ! ! !
gies: ny’fﬁ’? . Hf,jff,z’m C Hf,—!_,i7’zw+w mtm Hf,’ffi’fzn C Hf,j}.f,z’m (m<m/, w<w andl <1') and
- - . . / !
Hg,?i’zw C Hf,’}l,é’:;l. Moreover, the last inclusion is dense when Hf,’fﬂ’,? has the topology of Hf,;ﬁjﬁ”

form<m andl <.

Proof. The continuity results are straightforward. For the density result, we prove as in Lemma
4.6, that for any a € 57" the sequence

ap(x,¢,9) = (p(x/p))' 070 p(9/p) a(x, ¢, 9) = (1 = Ap(x, ) alx, ¢, 9)

converges to a for the topology of HZ,’g’m,(RQ",L(EZ)) where m’ > m and I’ > [. First note
that the application (x, ¢, 9) — (p(x/p)) %70 p(/p) Idz(g,) is an amplitude in 110>, Thus,

0,0,z
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/
U ow

We define the function R, such that g, T;L; (@ —ap) =

SUP(x,¢,9)cr3n (X, ¢, ), where m’ > m and I’ > [. For a given 3n-multi-index v := (a, 3,7), we
get with Leibniz rule, for a K > 0,

. . H—oo’w
(ap)pen+ is a sequence in I 72",

L Ry(x,¢,9) < Ay(x, 0) ()70 (ym=m’ 1 N7 197 Ay (x,9)]
v <v

« <X>0(l—l’+|a+ﬁl—\a’+ﬂ’l)<<>H(\o¢’+ﬂ’|—\a+ﬁl)<g>m—m’+lvl—\v’\ )
Suppose that o = 0. In that case, |A,(x,9)| < 1 4o0(¥) and if v/ < v,

0 A (o5, 9)| < b G By p g (9).

As a consequence we find Ry(x,(,9) = Opaoo((p>m*m/), as in Lemma 4.6. Suppose now o # 0.

In that case |Ap(x,9)| < 1p,(x,9) where F, := R* — B,,(0,p) x B,(0,p) and if v/ < v, for a
constant K, >0

07 Dy, 9)| < 8551050 Lisgn(aaip,2p) () Lisgn(y—7yp,20) () 271

As a consequence, we find R,(x,(,9) = Op_oo((p)") where r := max{m —m/,o(l —=1")} < 0 and
the result follows. ]

We shall note A the differential operator > , 8%. The following formula is valid for
any ¥, € R" and p € N,

<19>2p627ri<19,(> _ (1 _ (27T>72A<)p 6271'1'(19,() —. LZC) 6271'1'(19,(:) (4.6)
A computation shows that (1 — (27) 72A.)P = >_0<|3]<p Cp.B 927 where the summation is on n-

multi-indices 3 and ¢, g := (‘g‘) (—=1)1Pl(27) 28181, We shall also use the following useful formula
valid for any ¥ € R", ( € R"\{0} and p € N,

2mi(9,¢) _ ¢P aB 2mi(9,¢) _. 3sPC 2mi(9,0)
e = [; Y R Oy e = My>e (4.7)
=p

where \g := 3!(2m)~181il8l. We define tMg’C = Z\Blzp Ag(—l)pﬁ@g.

Definition 4.13. We note Oy, where fi, fa, f3 : N — R, and f = (fi, fo, f3), the space
of smooth functions in C*°(R3", L(E,)) such that for any 3n-multi-index v = (o, 3,7), there is
C,, > 0 such that

10%a(x, €9y < Co ()10 () 550)

uniformly in (x, ¢, 9) € R3",
/

The vector space Oy, has a natural family of seminorms g;, given by the best constants
C) in the previous estimate. With this family, Oy . is a Fréchet space. Obviously, amplitudes in
547 form an O, space where f1(v) == o(I—|a+0|), f2(v) := w+k|a+8| and f3(v) :== m—|y|.
For a given triple f := (f1, f2, f3) and p € R, we will note f3,a~ = supg f3(a, 8,7) — plBl,
fp.0,8 = sup, fa(a, B,7) — ply| and f1,5.4,5 = sup, fi(a, B,7) — plyl.
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Proposition 4.14. Let T' a continuous linear operator on the space S(R*, L(E,)), and f =
(f1, f2, f3) a triple such that there exists p < 1 such that f3 0,0 < 00.
(i) For any function a € Oy, the following antilinear form on S(R*", L(E.))

(Opp(a),u) := /R N ™00 Tr(a(x, ¢, 9) T(w)*(x, ¢)) d¢ dv dx

is in S'(R*", L(E.)).

(ii) For any given u € S(R*™, L(E,)), the linear form Ly := a — (Opr(a),u) is continuous on
. . . . l,aw,m

Oyt.-. In particular L, is continuous on any amplitude space Ilg . .

Proof. (i) We have Opp(a) = I(a) o', where I(a) is the antilinear form on S(R*", L(E,)):
(I(a), u) ::/ 200 Tr(a(x, ¢, 0) u* (%, ¢)) d¢ di dx .
R3n

We shall prove that I(a) € §'(R?", L(E,)), which will give the result. Let u € S(R?*", L(E.))
and let us fix for now x and ¥ € R™. We can check that the map ¢ — a(x,{,9)u*(x,() is in
S(R™, L(E.)). As a consequence, with (4.6) and integration by parts, we get with R(x,v) :=
Jan €709 a(x, ¢ 9) u(x, Q) dC,

R(x,0) = /R BT )72 (1 — (2m) 2 AP alx, € 0) ' (x, ) dC
Yo D as@) / PO @OT a(x, ¢,0) (9P (x, €)) dC

0<|B|<p B'<283

Thus, for any x,9 € R", we get by fixing p such that 2(p — 1)p + f3,,0,0 < —2n (this is possible
since p < 1) that for any N € N,

1RO gqey < Gl ™ [ . O7dC 3 Y al @) awoanmn ()

0<|8|<p B'<28

for a Cp > 0, where r), := maxg<ap [ f1(0,5,0)] + [f2(0,,0)]. If we now fix N such that
—N + 1, < —4n, we see, using the inequality (x, ()™ < (x)~1(¢)~!, that there is C, > 0 such

that
(@) )| < Cop D D" af 5o(a) an,025-p) (1) (4.8)
0<|8|<p B'<2B

which yields the result.

(1) The continuity of L, r on Oy, follows directly from (4.8) since L, r(a) = (I(a),I'(u)). Since
Hf,“,i? = Oy, for a triple f = (f1, f2, f3) such that f3000 < 00, L, is continous on any
amplitude space. 0

For any amplitude a, we will also note Opr-(a) the continous linear map from S(R", E,)
into §’'(R™, E), associated to the tempered distribution u — (Opp(a), u).

Remark 4.15. If (M, exp, E,du, ) has a Op-bounded geometry, we saw that for any frame
(z,b) and A € [0,1], the 'y, maps are topological isomorphisms on &'(R?", L(E,)). Thus,
Lemma 4.14 implies that for a given a € 1527, we can define a family indexed by A € [0,1] of
operators Opp, _ (a) which are continous from S(R", E.) into S'(R", E.).
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Remark 4.16. Suppose that (M, exp, F,du) has a S, bounded geometry and that v is a Op;-
linearization. We deduce from (3.4) that if s is a symbol in S5™ and A € [0,1], we have
(Opx(5))z6 = Opr, _  (1s2p) where (2,b) is a frame, s.p := T’ p«(s) and ps.p = (x,(,0) =
fz6(X) S26(x,0) € Hl 0.m We will also note pts, p(x, ¢, 9) = u;%(x)sz,b(x,ﬁ) e 1h%m.

0,0,z * 0,0,z

We now establish a sufficient condition on I' and a in order to have Opp(a) stable (and
continuous) on S(R™, E,). The result will be used to establish regularity of pseudodifferential
operators.

Lemma 4.17. Let ' be a continuous linear operator on S(R?", L(E,)) of the form T' = L,, o
R,, o Cg, where 7; € Op(R?" L(E,)) (for 1 < i < 2), and ® = (m,¢) € C’OO(RQ”,RQ”)
is such that 1 € Oy (R?™,R") and there exist c,e,r > 0, such that for any (x,() € R,
(P(x,€)) > c(x)¢(C)™" and for any x € R™, there is cx > 0 such that (Y (x,()) > cx(¢)® uniformly
in ¢ € R

Suppose that f = (f1, f2, f3) is such that there exist (p1, p2, p3) € R3 such that p3 < 1,
(r/e)pr + p2 < 1 and for any 2n-multi-index 11, fi,p, 0 < 00, f2,p0,u < 00, f3,p5u < 00 and for
any n-multi-index & f3 ps o := SUPy [f3,p3,0,y < 00. Then for any function a € Oy ., the operator
Opr(a) is continuous from S(R™, E,) into itself. In particular, this is the case for any amplitude

L,w,m

a€llge,.
Proof. Let u,v € S(R", E,). By definition, (Opr(a)(v),u) = Opp(a)(u®@7v) and I'(K) =1, (Ko
®) 75. Noting d'(x,(,9) := 77(x, () a(x, ¢, ) 75 (x, (), we obtain

Ope(a)(w)u) = [ 00 (.6, 0) w5, 0) [ ux)) dC o d

= /n (g(x)‘u(x))dx

where g(x) := [pan €200 d/(x, ¢, 9) v 0 Y(x, () d( do.

A computation with the Faa di Bruno formula shows that for any 2n-multi-index v,
any N € N and any x € R" there is Cy y, > 0 such that [|0”(vo¢)(x,{)| 5. < Cxnp ()™
uniformly in ¢ € R™. As a consequence, the map ¢ — 8% 9/(x,(,9) 0% (v o ¥)(x,() is in
S(R™, E,). We can thus successively integrate by parts in g(x) so that for any p € N*,

o) = [ | ) I w0 ). 9) dC .

By taking p such that (p3—1)2p+co < —2n where ¢, := SUP, < [3,p5,a/, We see that the previous
integrand is absolutely integrable, and we can permute the order of integrations d¢dy — dvdd(.
Since all the successive ¥-derivatives of <19>_2pL€ (' (vo)))(x,¢, V) converges to 0 when () goes
to infinity, we can then integrate by parts in 9 so that for any ¢ € N and p > pg

9(x) = /R% TN ALY ((9) TP L (v 0 9))) (x, ¢, 9) dC db.

Noting hy 4, the previous integrand, we see that for any m-multi-index o, 0%h,4 is a linear
combination of terms of the form

e2mi(9,C) <C>—2q<19>—2p—\v—v/l3a’,ﬁ’,7/a/aa—a’,ﬁ—ﬁ’v o
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where |y| < 2p, v/ <, |8] < 2¢, #/ < S and o/ < a. A computation with the Faa di Bruno
formula shows that for any 2n-multi-index v there is r, € N* such that for any N > 0, there
is Cy,x > 0 such that for any w € S(R", E.) and any (x,¢) € R, [|[8"(wo)(x,()|lp, <
Oy N (x, )N (¢)rvt(r/eN 2 v/|<|v] AN/ +1, (w). Moreover, we check that there is Kop > 0
such that

Ha(a/ﬁ/,'y/)al (X, Ca 19) HL(E | < Ca,p,q <X>Ka,p+p12q <C>Ka7p+p22q <19>ca+p32p '

As a consequence, we get the estimate

10%hpgl| < Copg,n (x) e tP120N () Kot o220 G/AN (gycatlpall20 N 7 gry .y 4 (v)
<l

or equivalently, replacing K7, , + p12¢ — N by —N,
10 gl < Covgg (™ (Q b4/ D20 /N )12

E Q[N+Kg‘7p+p12q/s]+l,u’(v)'
v |<|v|

Fixing now, for a given N, p such that (p3 —1)2p + co < —2n and g such that K ,+ (p2 — 1+
(r/e)p1)2q + (r/e)N < —2n, we obtain the result. O

The following lemma gives a characterization of smoothing kernels in the cases ¢ = 0
and o # 0. If s is in a space of symbols and T is a continuous linear map on S(R?", L(E.,)), we
will note Opp(s) := Opp((x,(, V) — s(x,9)). We shall use the Fréchet space Oir}lz of smooth
functions a in C*®°(R3*, L(E.)) such that for any v := (u,7) € N** x N

10" a(x, ¢, 0) | oy < Co ()7 ()20 () mtflon)

We will note Oé’?z =: OF ;.. Clearly, Opp(a) (see Lemma 4.14) is defined as an antilinear

form on S(R?", L(E,)) whenever a € (’);72 with m + f3(0) < —n. We note F the set of
functions fo : N — R such that there is p < 1 such that for any (o, 3) € N** f5 ., 5 =
sup,, fa(a, B,7) — ply| < oo.

Lemma 4.18. Let K € S'(R?*", L(E,)), and T a topological isomorphim on S(R**, L(E,)) of
the form T = L., o R, 0 Cg with 71,72 € O, (R*",GL(E,)), ® € O, (R* ,R?"). Then
(i) Case 0 = 0. The following are equivalent:

(i-1) There is f3 : N*® — R such that for any m < —f3(0) — 2n, there exist fo,, € F,
am € OF, 1., such that K = Opp(am)-

(i-2) K € C®°(R*",L(E,)) and for any 2n-multi-index v, N € N, there is C, y > 0
such that for any (x,¢) € R®", ||0¥ Kp(x, C)HL(EZ) < Cyn{¢)™V, where Kr .= KoT =7 K o
O 7o |J(D)].

(i-3) There is s € Sy 27 such that K = Opp(s).
(i) Case o > 0. The following are equivalent:

(ii-1) There is f1, f3 : N*™ — R such that for any m < —f3(0) — 2n, there exist fo;m € F
and a, € OZ}ng,m,fs,z such that K = Opr(am)-

(ii-2) K € S(R*", L(E,)).

(11-3) There is s € S;7°° such that K = Opr(s).
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Proof. (i) The implication (i-3) = (i-1) is trivial. We will prove (i-1) = (i-2) = (i-8). Suppose
(i-1). Thus, for any m < —2n — f3(0), there is fo;m € F, am € OF . such that for any
ue SE™, L(E.)

(KoT ™' u) = / 2T T (@, (x, ¢, 9) u*(x, €)) d¢ do) dx.
R3n

Since m < —2n — f3(0), the preceding integral is absolutely convergent and we can permute the
order of integration As a consequence, we get (K oI'™! u) = Jgen TE ( m (X, ¢) u*(x, C)) d¢ dx

where U,, = f e2mi(9.C) ¢ m(x,(, ) dY, we check easily that U, is a continous function
on R?", so we deduce that U,, =: U is independant of m and K oI'"! is a distribution which
is continous function equal to U. Noting b, := 2 {0 am(x,¢,9) we see that for any 2n-

multi-index u := (o, 3), 8}’;Cbm — o2mi(0,0) Zﬁ’gﬂ (ﬁﬁ’)(2ﬂiﬁ)ﬁ_6,8a”6,’0am 1 we have then the
estimates w
”a'LmeH < C,U,m <C>sup3/§@ f2,m(e,3',0) <19>m+cu

where ¢, = supg < f3(a, ') +|B|. Defining my, := —2n —sup|,;|<|,| ¢, We see that U is smooth
and
MU = [ Oby,dd =Y (§5)@mi)l0=01 [ 2miQgi=Fged0q, (x,¢,9)do
R2n Rn
B'<p

All the ¥-derivatives of ¥ — ﬂﬁ_ﬁlaa’ﬁ/’oamu (x,(,v) converge to zero when ||J|| — oo so we can
we integrate by parts in 9 so that for any p € N:

U =" (5)(2mi) s T (C) T LE (9977 9% 0ay,, ) (x, ¢, 9) dY
B'<p

Since apm,, € O;Zimufw and fom, p,n < 00 for a p, < 1, we see that the integrand h; of the
previous integral satisfies the estimate

th(x7 C’ 19) ” < Cp,,u <C>—QP+SUPB’SB f2,mu,pu,a,ﬁ’+2ppu <19>*2n .

Given N > 0 and fixing p such that (p, — 1)2p + supg < fo.mppa8 < —N, We ﬁnally obtain
that K oI'! = U is smooth and satisfies for any ;€ N*” and N > 0, H@“K o™ C)HL(EZ) <
Cun{¢)™™. We also have for any u € S(R*, L(E.)), (K,u) = (U,T(u)) = [gon Tr(U’'(x,{)u* o
P(x,())dxd¢ where U'(x,() := 77(x,Q)U(x,¢)75(x, (). Using the change of variables provided
by the diffeomorphism @, we get (K,u) = [gon Tr(K(x,y)u*(x,y)) dxdy where K(x,y) :=
(|J(@~H|(x,y))U’ 0o ®1(x,y). The result follows.

Suppose now (i-2). It is not difficult to see that Fp sends Sj° (seen as a subspace of
S'(R*, L(E.))) into So.. - In particular, we have s := Fp(Kr) € S, °. A computation shows
that (K, u) = (Opp(s),u) for any u € S(R*™, L(E,)).

(73) Suppose (i-1). Following the proof of (i), we see that it is sufficient to prove that U is
in S(R?", L(E.)), where U(x,() = [pn €™ 0.0 4 (x,¢,9) di (independant of m). Let us fix
N > 0. For any 2n-multi- mdex po= (o, ), ax,gbm = 2mild.0) > p<p (6,)(27m9)ﬁ B geal'0q
and we have the estimates

0Bl < Cpm )77 )20 0 om0 gyt
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where ¢, = supg g f3(a, 8') + |B| and d,, := supg <5 f1(, ). Defining

my,N = min{—2n — sup c¢,,—N/o— sup d,}
W<l W/ |<|ul

we see that U is smooth and

PV = | | O bm,dd = > (5) @) . 20— gt g, . (x, ¢, ) dV
g<8

All the ¥-derivatives of 9 +— 195*5/80"5,’0am#w (x,¢, ) converge to zero when ||J|| — oo so we
can we integrate by parts in ¢ so that for any p € N:

oMU =Y (5)@mi)P / 2V LB (9975 00 0a,, ) (x, ¢, 9) dY
B'<p

€ QNN
7f17f2 My N’f?”

hy, of the previous integral satisfies the estimate

Since am,, and flm” Nopun A < OO for a p, v < 1, we see that the integrand

||hp(X, <-7 19) H < Cp,u,N <X>7N<<->*2p+supﬁ’§5 fz,mu,N,Pu,N,a,B’+2pPu,N <Q9>72n )

Fixing p such that (p,n — 1)2p + supg<g fom, y.pun.ap < —N, we finally obtain the follow-
ing estimate [[0"U| g,y < Cun(x)™N(¢)™", which yields (i-2). The other implications are
straightforward. O

Corollary 4.19. Same hypothesis. We have (for 0 = 0 or o > 0), Opp(S;2°) = Mim Uwk
Opp(Tlyx) = Opp(I, ).

Lemma 4.20. Let u € S(R?", L(E.)) and 3 a n-multi-index.
(i) For any triple f := (f1, f2, f3) such that there exists p < 1 such that for any 2n-multi-index
(0,7), f3,p,0y < 00, the following linear forms are continuous on Oy ,

Rg, :a— ¢Pe2m 0 Tr(a(x, ¢, 9) u(x, ¢)) d¢ di dx,
R3n

St @ (i/2m)0 / T Tu(@fa(x, &, 9) ulx, €)) dC d .
R37

(ii) Ry = Sp on any 5T space.

Proof. (i) The continuity of R, is a direct consequence of Proposition 4.14 since Rgy = Ly 14
where ug(x, () := (Pu(x,¢). Suppose that 1y is a 3n-multi-index, we note f0 := v f(v+1yp).
A computation shows for any p, and n-multi-indices «, -, f:.)”"}% ary < f3.p,a4a0,7470 +p|Bo|. Thus if
there is p < 1 such that for any 2n-multi-index (o, ), f3,,0,y < 00, then for any 2n-multi-index
(@, 7)s f35 0, <00 Ifa € Of, then 9"a € Opv . and the linear map a — 0"a is continuous.
As a consequence, since Sg, = Ly, 14 © Dg, where Dg := (i/27r)ﬁ85, the continuity of Sg, on
Oy . follows from Proposition 4.14.

(i7) The equality is easily obtained on I, 3" by an integration by parts in ¢ and permutations
of the order of integration d¢d¥ — d¥d( in Rg,(a) (authorized for a € I, x.z"). The result now
follows from (i) and the density result of Lemma 4.12. O
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L,w,m

If N > 1 and (3,7, n-multi-indices, we note for any amplitude a € Il >, the smooth

function ag, n as ag. n(x,(,0) fo N (90.8:7) )(X t¢,¥)dt. It is straightforward to

check that the linear map a — ag, n is continuous from Hc; n’z into Hl |B| [wl+r|B],m M.

The following lemma shows that A-quantization of amplitudes and symbols yields the
same operators. This result of “reduction” of amplitudes to symbols will be important for
Theorem 4.30 and thus, for a A-invariant definition of pseudodifferential operators.

Lemma 4.21. (i) For any a € T5%7, (8%F8a),—y € S},Tz"gl’m_'ﬁ' for any n-multi-indez 3.

(ii) Let T' be as in Lemma 4.18 and let a € Hf-}ffi:?. Then for any symbol s € S(l;’;n such that

s~ /277 i (0%PPa)c—o, there is T € S53° such that Opp(a) = Opp(s + ). In particular

there ea:zsts an unique symbol s(a) € S},ZL such that Opr(a) = Opr(s(a)). Moreover, we have
i 18]

5(@) ~ Zﬁ %(aoﬂﬁa)czo.

(11i) Suppose that (M,exp, E,du) has a Sy-bounded geometry and v is a Ops-linearization.

Let a € Hf,“;Q”, A € [0,1] and (z,b) be given a frame. Then there exists an unique sym-

bol sx(a) € SY™ such that Opr, ., (@) = (Opx(sa(a))z6- Moreover, we have T p«(sx(a)) ~
i/2m)lBl

Zﬁ ( /@!) H 1(60”6’Ba)C:0

Proof. (i) is a direct consequence of Lemma 4.11 (7).

(ii) Using a Taylor expansion of a at ¢ = 0, we find that for any u € S(R*", L(E,)), N € N*,
<DPF(G),U> = ZOS|ﬁ|§N Iﬁ + Z|ﬁ|:N+1 %R@N where

Ig:= Cﬁe%i(ﬁ,@ Tr (
R3n

Ry = P8 Ty (ag o n(x, ¢ 9) T(w)*(x,¢))d¢ dY dx .
R3n

510D a) o (x, )T (u)* (x, () d¢ did dx,

We get from Lemma 4.20 (i7),
e i/2m)!P! *
I = /R 3 200y (U220 (900 0) o (x, 9)T(u)* (x, ¢) ) dC df dx .
Let s € SY7 be a symbol such that s ~ 2.5 WQTﬂ!)lm(aoﬁﬁa)g:o. Then noting sy = s —
2181<N 1/2”.)‘!3‘ (098 Ba).—g € S ~(NHD.m (NH), we find with Lemma 4.20 (i7) that Opp(a—s) =

Opr(rn) Where
i/2m)N+1
N = E —(N+1)(ﬁ/!2 ) ag 3 N — SN -

|B|I=N+1

We check that ry € l_L7 ,.g(];Hl)’wN’m_(NH) where wy = |w|+ k(N +1). Corollary 4.19 applied to
Opr(a—s) now implies that there is 7 € S, 2° such that Opp(a) = Opp(s+7). As a consequence,

there exists s(a) € S,l, ~ such that Opr(a) = (Opr(s(a)). The unicity is a direct consequence of
the fact that Opp = I'* o 5 on §'(R*", L(E,)).

(¢4i) Direct consequence of (ii) and that fact that (Opy(s))z,0 = Opr, _, (K2,652,6)- O
4.3 S,-linearizations

In order to have a full symbol-operator isomorphism, a polynomial control at infinity on the
linearization is not enough. As we shall see, a stronger, “amplitude-like” control on the °
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maps and a local equivalent of the P, ¢ parallel transport linear isomorphisms (see Remark 3.3)
appears to be crucial for pseudodifferential calculus on (M,exp, F) and the A-invariance (see
Theorem 4.30).

We define Hy,(€) (resp. Ej,.(€)), where w € R, o € [0,1] and £ > 0, as the space
of smooth functions g from R?” into & such that for any 2n-multi-index v, there exists C, >
0 such that for any (x,¢) € R?", [|0g(x,¢)|| < C,(x)~ W=D )ywtsllvI=1) (if 1 £ 0) (resp.
1079(x, QI < Cu ()1 () ). We note How(€) := UnerHE\(€), Ho(€) := UnzoHo(€),
Esx(€) = UyerEy (€) and Ey(€) = Ug>0F,x(€). Remark that by Leibniz rule, F, .(R) and
Es 1 (Mp(R)) are R-algebras (graduated by the parameter w) while E, ,, , := E, ,(L(E.)) is a C-
algebra (under pointwise matricial product). Thus, if P € E; .(Mp(R)), then det P € E; . (R).
Note also that f € H,; . (€) if and only if for any i € {1,--- ,2n}, 0;f € Ey(€). In particular,
f € Hyx(RP) if and only if df := (x,({) — (df )x,¢ is in Egx(Mpan(R)). As a consequence, if
[ € Hyx(R?), its Jacobian determinant J(g) is in E, . (R). Note that any function in EJ (&)
is bounded and if f € HY,(€) then there is C' > 0 such that | f(x,()|le < C(x,() for any
(x,¢) € R?™. The following lemma will give us the behaviour of the E, . and H; . spaces under
composition.

Lemma 4.22. (i) Let f € H},”;(QE) (resp. E},”;(QE)) and g € HY, (R*) such that there exists
C,c >0, r >0, such that (g1(x,¢)) > c(x){(¢)~" (if 0 # 0) and (g2(x,¢)) < C({) for any
(x,¢) € R*™, where g =: (g1,92). Then fog€ H(‘fwllimL_m(Q‘E) (resp. El:fﬁtr‘w‘wg(@f)).

(ii) If P € Ey . (Mu(R)), then (x,¢) = Py c(C) € ng,j”Hl(R").

(iii) Let f € Go(R",€) and g € Hy (R") such that there exists ¢ > 0, r > 0, such that, if
o #0, (g(x,0)) > c(x)(¢)™" for any (x,¢{) € R®*™. Then fog € b7 (&). Moreover,

o,max{ ro,x }+|w|
if f € Go(R™ RP), then df o g € E° (Mpn(R)).

o,max{ ro,k }+|w|

Proof. (i) The Faa di Bruno formula yields for any 2n-multi-index v # 0,

O (fog)= 3 (@f)og Pulg) (4.9)

I<A<S ]

where P, (g) is a linear combination (with coefficients independant of f and g) of functions
of the form szl(aljg)kj where s € {1,---,|v|}. The k/ and I/ are 2n-multi-indices (for
1 < j < s) such that |k/| > 0, |I/| > 0, > i1 k/ = X\ and > i1 |k7|l? = v. As a consequence,
since g € HY, (R*"), we see that for each v, X with 1 < |A] < |v] there exists C,, 5 > 0 such that
for any (x,() € R",

[Py (9) (x5, O < Gy o) =7 W=D )X Cie= D (4.10)

Moreover, since f € H},";(RQ”) (resp. E},"’;(RQ”)), there is C} > 0 such that for any (x,¢) € R?",
the estimate [|(0*f) o g(x, ()| < C4 (x) ~o =D () I (xtra) (A=1) (pesp. (0 ) o g(x,Q)|| <
C4 (x) ~o (O T+ (o)A g valid. We deduce then from (4.9) and (4.10) that f o g belongs to
HE L 0(@) (resp. B (@),

(7i) We note P}Zé the matrix entries of Py ¢. Each component (f?)i<i<p of the map f := (x,() —
Py () is of the form f! = Z?:l P3¢, Tt is straightforward to check that the applications
(x,¢) = ¢ satify for any v € N, 97¢; = O((O)~M(x)7(1=I"D). The result now follows from an
application of the Leibniz rule.
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(7i1) Following the proof of (i), (4.10) is still valid, this time with A as n-multi-indices and
v as 2n-multi-indices with 1 < |A| < |v|. Using the fact that (g(x,()) > ¢(x)(¢)™" for any
(x,¢) € R?, we obtain the following estimate

H 8 ) o g(x H < Cl(x)™ a(|)\\71)<c>ra(|/\|fl) SC;\<X>70'(\)\|71)<C>max{ra,n}(|)\\fl)

which, with (4.10) and (4.9), yields f o g belongs to H('T ILaX{ TUN}HwI(@)' The fact that df o g is

in Egmax{ rour }+|w|(MP’”(R)) when f € G,(R"™,RP) is based on the same argument. O

The H, . and E, . spaces are related to the symbol and amplitude spaces by the following
lemma.
Lemma 4.23. (i) If f € Ey, ,, then (x,(,9) — f(x,() is in Y.
(ii) Let s € S,l,?, m € HY . (R") such that there exist C,c,r > 0 such that, if o # 0, for any
(x,¢) € R*™, e(x){¢)™" < < (x,0)) < C(x){C)", and P € E, (Myn(R)) such that such that for
any (x,¢,0) € RO, (Pec(9)) > e{d). Then (x,¢,9) = s(m(x, ), Puc(9)) ds in Lo
(iii) If s € Sy(R™), m € Hy (R") such that, if o # 0, there exists c,m > 0 such that for any

n -r ) 0

(x,C) € R (m(x, C)) = (), then (x,¢, 9) - s(m(x, ) Mys,, is in OO0~
(iv) If a € Hf,l,ufzn and P € EJ, (Mn(R)) is such that such that there is ¢ > 0 such that for any
(x,¢,0) € R, (P (0)) > c(0), then ap : (x,(,9) = a(x,(, Pec(V)) € TG0
Proof. (i) is straightforward. N
(#7) Let us note g(x,¢,9) := (m(x,(), Pc¢(¥)). For any 4,5 € {1,--- ,n}, we note P;é the (i, 7)
matrix entry of Py ¢. Since P € EJ , (My(R)), we have P.Z;’.j € EQ . (R). Faa di Bruno formula
in Theorem 2.11 yields for any v # 0

"(sog)= > (Palg) (0*s)og (4.11)
1<)
where P, \(g) is a linear combination of terms of the form szl((‘?lj 9)¥, where 1 < s < |v], the
k7 (vesp. I7) are 2n-multi-indices (resp. 3n-multi-indices) with [k7| > 0, [I7] > 0, >>%_, k= X
and Z;Zl |k7|l7 = v. Let us note I =: ("1, 192 193), kJ =: (k7' k7%) where (71,172, 173 k31 |2
are n-multi-indices. We have, noting Q(x, (,?) := (x, (),

n

(@ ) = [1Gus 0@ Imy 0 @R TT (S 0® PPk 09,k
=1 k=1

i=1
and we get, for a given s, (1), (k7) such that (9" g)¥ £0forall 1 < j <s,
if 13 =0, (aljg)’fj = O({x >*U|lj||/€j\+0|kj’1\<C>'€|VIijlfﬁlkj’llerlkj’l|<19>|kj’2\) :

if 1193 =1, k1l — 0 and (al ) O(< > o\lj\|kj\+a|kj\<C>n|lj||kj\—m|kj|)‘

The case is |I3| > 1 is excluded since k7 # 0 and (8" g)kj # 0. By permutation on the j
indices, we can suppose as in the proof of Lemma 2.13 that for 1 < j < j; — 1, we have I’ =0
and for j; < j < s, we have |[[#3| = 1, where 1 < j; < s+ 1. Thus, we get

S
H(a“g)’“ = O((x) 7= Pl- DRI |+07 [k9:2)
j=1
()0 Do B (5 (W= DI 5L 1192]) gy 3L 92y
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We check that Y2151 [k92] = [X2] — |y| and 325_ (7] — 1)|k7| = |v| — |A| where A = (A!,\?) and
v =(a,[,7). As a consequence,

Pyag) = O(<X>*U(Ia+ﬂ\*lkl\)<<>w|A1\+f€(|a+ﬂ\*\>\1l)<19>|/\2|*|v|) _ (4.12)

Since there exist C,c > 0 such that for any (x,¢) € R?" (m(x,()) < C{x){¢)" and (m(x,)) >
c(x){¢)~", we see that there is K, > 0 such that for any 1 < || < |v| and any (x,() € R?",
(m(x, €))7 < K, (x)o =N D(cyerliteriMl - Ag a consequence, we see that there is C), > 0
such that for any 1 < |\| < |v| and any (x,(,9) € R3",

[@9)09tx.c0)], . < Cology WD rori¥lygynetat,
so, since we can reduce the sum in (4.11) to 2n-multi-indices A such that [A\?| > |y| (and thus
M| < |a+ 8|), we obtain the result from (4.12) and a straightforward verification of the case
v=20.

(iii) is obtain exactly as (i7) (with Pyc = Id), since (x,() + p.p(x)Ildyg,) € S3Y. The
hypothesis m(x, ) = O((x)(¢)") is not necessary since | = 0 here.

(iv) We have, noting g(x,(,9) = (x,(, P (), for any 3n-multi-indices v # 0, 1 < [v/| < |y,
P, (g)'as a linear combination of terms of the form szl(al]g)kj,lwith Yici K| = v and
Z;Zl kI =1/, noting k7 = (k31 k72), 17 = (11, 172), where k7! and I7'! are 2n-multi-indices, we
get, following the proof of (i7),

Py (g) = O((sc)~ollotBl=lol+8) g yllatBl—la’+81) gy | =) |
Since Py ¢ = O(1) and (P ¢(9)) > () we get the result. O

Definition 4.24. Let o € [0,1] and v a linearization on (M, exp, E,du). We say that v is a
Ss-linearization if for any frame (z, b), there is k. p > 0 such that

(i) ¥? € Hy ., o (R") with P(x,¢) = O((x)(¢)") for ar > 1 and 1/7; € Oy (R?" R") |

(ii) there is P*® € C*°(R*", GL,(R)) such that P** and (P*°)~! are in Egﬁzvb(/\/ln(]R)), and
for any (x,() € R?", P)’i’é’(() = Ti;(x, ¢) and Pf”é’ = Idgn.

(iii) 77° and (Tf’b)’l are in BV, (L(E,)).

0,K2.b

We shall say that the combo (M, exp, E, du, ) has a S,-bounded geometry if this is the case of
(M, exp, E,du) and 1 is a S,-linearization.

It is clear that a S,-linearization is also a Ojy-linearization. Moreover, we can check, in
case of S, bounded geometry, we check the properties (), (74) and (¢i¢) in just one frame:

Lemma 4.25. If (M,exp, E,du) has a Sy-bounded geometry and 1) is a linearization such that
there exists (20,00), Kzo6, = 0, such that the functions 2, @zg satisfy (i), (ii) and (ii7), then
P is a Sy-linearization.

Proof. This follows from applications of Lemma 4.22. O

Remark 4.26. The condition (ii) in Definition 4.24 encodes an abstract parallel transport iso-
morphisms in normal coordinates. Indeed, in the case where the linearization v is derived
from a connection on M, the GL,(R)-valued smooth functions on R?*: P*® := (x,() +

Mzb,expo(n;T)*l(x,g)P(n‘;,T)*l(Xvé) (M’:i(ng),l(x))_1 where the applications P, ¢ are the parallel trans-

port isomorphisms on the tangent bundle (see Remark 3.3), satisfy for any (x,¢) € R?",
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P b(C) Ti’;(x, ¢) and P;Z’é’ = Idg». Thus, in this case, (ii) is satisfied if P*? and (P*®)~!
are in B9, (M, (R)) for a k. > 0.

0,Kz,b

Remark that for any ¢ € R and (x,¢) € R?*", if P»®* € C®(R?*" GL,(R)) satisfies
( ) then P2(C) = Ti7(x,¢). We shall note P7" := (x,¢) — PZ, so that P{"" = P*® and
= Idgn. Thus, Y¢ . p(x,¢) = (V2(x,t¢), P, tx C(C )) and we define the following diffeomorphism

on R?’",

Et,z,b = (Xv C? 0) = (Tt,z b(Xa C)a ﬁ:)’:’c(ﬂ)) . (413)

We also define the R2"-valued function =, 26t (%,0,0) = (P8(x, tC), P, tx C( )). We check that
J(Eiz0) = J(Tizp) (det(P7")~1) and J("t_z1 o) = J (T 26) (det( pPA° oY _;.p)). Note also that

for any (x,y) € R, 2(y,x) = ~P75  (UE(x,)).

Lemma 4.27. Let (z,b) be a given frame, A\, N € [0,1] and t € [-1,1]. Suppose also that

(M, exp, E,du, ) has a Sy-bounded geometry. Then

(i) PP°, (PP°)~Y are in ES,. (Mn(R)), and 7°°, (v7°°)" are in B9, (L(E.)).

(i) mP® = lol, € Hg. o (R") and there is ¢ > 0, v > 1 such that for any (x,() € R*",
z,b —r

(my(x, Q) = e(x)(C) "

(iii) There is c,e > 0 such that for any (x,¢) € R?", (8(x,¢)) > ¢(¢)e(x) 1.

() ®x.p € Hg,nz’h(]RQ"). In particular Jy .6 € Eg k., (R).

(v) Ti.p € Haﬁz’b(RQ"). In particular J(Yt.6) € Eo e, (R). Moreover, there is C > 0 such

that ((T;7)(x,¢)) < C(C) for any (x,¢) € R*™.

(vi) J(Et.) and J(E;;b) are in Eg 4, (R).

Proof. (i) The case t = 0 is obvious. Suppose ¢t # 0. Since Ptz’ P*bop rand I1; € HY

J sKz,b
the result follows from Lemma 4.22 (7). The same argument is applied to (P’ b) , Tt’ and
(7"

(i1) We shall use the shorthand m; := m;’ ® In the case t = 0, mg = m, so we obtain the
result. Suppose ¢ # 0. In that case Lemma 4.22 (i) entails that m; € H,y, ,(R"). Since
Ti.po = (mt,Ti’;), we see that (Y. p(x,()) = O((x)(¢)") for a r > 1. Thus, there is C' > 0
such that for any (x,¢) € R?", we have (m(x,))(Pix¢(¢))" > C(x,(). Since there is K > 0
such that for any (x,() € R?", (Ptz)’(bc(c )) < K((), we obtain the desired estimate.

(i11) V := (m1,9?) is a diffeomorphism on R?” with inverse V=1 = (71, ¥?). Since )% = O((x,y)")
for a » > 1 by hypothesis, we see that there is ¢ > 0 such that (x,9%(x,¢)) > ¢(x,¢) for any
(x,¢) € R?™. This yields the result.

(iv) Direct consequence of (i7) and the fact that ®y . p = (mx, mr—1).

(v) follows from a straithforward application of (i), Lemma 4.22 (i) and the fact that for any
(x,

(v

€) € R, Ty 2y, C) = (mu(x, O), P (O)):
i) By (i), (v) and and Lemma 4.22 (1), Pf’b oY 4.6 € B, (Mu(R)). Thus the result
follows from (i), (v), and the formulas J(Z¢.p) = J(Tt.p) (det(Pf’h)_l) and J(Et_; o) =
J(T t26) (det(PF 0 Ty ). 2
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4.4 Pseudodifferential operators

Assumption 4.28. We suppose in this section and until section 5 that (M,exp, E,du, ) has
a Sy-bounded geometry.

Definition 4.29. A pseudodifferential operator of order [, m and type o is an element of ghm =
Op, (S5™), where A € [0, 1].

By Lemma 4.7, S5™ can be seen as included in &'(T*M, L(E)), so Op,(S5™) is well
defined. The following theorem shows that it does not depend on A, and thus justify the
notation W45™. We note 7'1’;’)‘ = (17" o Ty n.py’ and N = (Tf,bl) 17'f SR S0
If v = exp, we have 7'1)%’/\/ = Tpy—) and 7'2")‘/ = (TL7>\/_)\)_1 where 774 == 7, °if ¢ # 1 and

Tt = (17 ’1b) Loy, pift =1, and 7, := th’b ift# —1and 7y := (7'f’b)*1 oY _q,pift=—1.

Theorem 4.30. Let A, X € [0,1] and K = Op,(a), with a € S5™. Then there exists (an unique)
a' € S5™ such that K = Opy(a’). Moreover, for any frame (z,b),

i/2m)1B1 o0 AN zb ,\X
a;,h ~ Z @/ g!) (a( ,B,B)TL ai/ \TR )g:o
B

where a, p = Ty p«(a), @, =T, p(a’), and a?® is the amplitude defined for any t € [—1,1] as

0¥ (x, ¢, 9) 1= L O) =, () (a0 ol € V).

Bz,b (%)

Proof. Let us fix a frame (z,b) and note a,p := T.p«(a). We saw in Remark 4.16 that
Opy(a).p = Dpp%zvh(uaz,b)). Thus, for any u € S(M x M,L(E)), we have with u,p :=
T, pr2(u) € S(R*", L(E.)),

(K,u) = /R N 2 ) Tr (pay p(x,9) (T2, 6(tz6) (%, €))*) dC do dx.

Suppose that m < —2n so that the integral is absolutely convergent. We now proceed to the
global change of variables provided by the diffeomorphism :f\,h 5 of R3" (=, ,.p is defined at

(4.13)). We get (K, u) = (Opy .. b(,uTL ’\/ai,b )\T})%)\ )s uzp). We check with Lemmas 4.27 and 4.23

that Ti\ A a)\,b )\T})% A s an amplitude in Hff,‘i? for a kK > 0 and a w € R. We also see that the

AN AN
linear map a, p — p7y’ af\,b \Tr ~ 1s continuous on SU,Z, which yields, using Proposition 4.14

(74) and the density result of Lemma 4.6, the equality (K, u) = (DpA/727b(uTé X ai,b )\T;{,A )s Uz b))

for any order m of the symbol a. The result now follows from Lemma 4.21 (ii). O

Proposition 4.31. For each A € [0,1] and l,m € R, oy is a linear isomophism from \I/f,m onto
SE™ and ox(AT) = (01-x(A))* for any A € W™, In particular a pseudodifferential A operator
is formally selfadjoint (i.e A = AT as operators on S) if and only if its Weyl symbol oy (A) is
selfadjoint (as a L(E) — T*M section).

Proof. The fact that o) is a linear isomophism from L™ onto SY™ is a consequence The-
orem 4.30 and the fact that o) is a topological isomorphism from S'(M x M, L(F)) onto
S'"(T*M,L(E)). We check that for any T € S'(T*M,L(E)), Op,(T)" = Op,_,(T*) which
is a direct consequence of the fact that ®)(x, —¢§) = j o ®1_x(x, &) where j(z,y) = (y,x). O
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Proposition 4.32. Any operator in ohm s reqular. Moreover, for any A € Ui and v € S,
we have

A(v) 1z d () / 1 el 2708 50 A) (2, 8) 7L, €) 0155 |

Proof. Let A € W5™ and a := oo(A). Thus, for any frame (2, b), A.p = Opr, ., (pazp) so by
Lemmas 4.17, 4.27 (it) and (iii), A, p is continuous from S(R", E,) into itself. By Proposition

4.31, AT is a pseudodifferential operator in \Ili;m, so we also obtain (AT)Ab continuous from

S(R™, E,) into itself. The result follows. O

4.5 Link with standard pseudodifferential calculus on R" and L?-continuity

We suppose in this section that E is the scalar bundle. If A € ¥,, then A,y belongs to the
space, noted V¥, , of regular operators B on S(R"), of the form

B = [ | 0 a, 0)o(w(x ~))dca

where a € S°(R?"). We study in this section a sufficient condition on ), such that this space
VU, is in fact equal to the usual algebra VU, ¢ pseudodifferential operators on R"™ with the
standard linearization ¢ (x,() =  + (. Here ¥ 44 corresponds to the Hormander calculus [22]
on R™ and ¥ 4q is the SG-calculus on R".

We will note ¢ := 92, Vi(¢) = —(x,—C) + x, My¢ = [fy 8;(V; 1) (t¢)dt];; and
Nee = fol 0;Vi(t¢)dt]; ;. We consider the following hypothesis, noted (Hy):
(i) there is €,8,m7 > 0 such that for any (x,¢) € R*™ with ||| < e(x)?7, we have det My ¢ > §
and det Ny > 6,
(43) the functions (dVy)x¢ and (dVii!)x ¢ are in EQ(M,(R)).

Proposition 4.33. If the hypothesis (Hy ) holds, we have ¥, = Wy g14.

We set xep(x,() = b(%) where b € CZ°(R, [0,1]) is such that b = 0 on R\| — 1,1]
and b=1on [-1/4,1/4].

Lemma 4.34. Suppose (Hy). If a € Sf;m(R2"), then the application
axar (%, G 9) = Xean(%, Q)alx, Mg )| (Vi (€) (det Mreg) ™!
is an amplitude in Uy ;T (R3) . Similarly,
Ay ¢ (5,6, 0) = Xe (3 Qalx, Ne )T ()I(C) (det Nig) ™!
is i Uy H&%Z?(R?’”).
Proof. The result follows from Lemma 4.23 (i) and applications of Proposition 5.4. O

Proof of Proposition 4.33. Suppose that a € S(l,’m(]RQ”) and define A as the operator in ¥,
with normal symbol a. We obtain for any v € S(R?*?)

A(w)(x) = /R (D)o (x, ~)dCd .
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We suppose first that a € S;°°(R?"). We have after a change of variable, and cutting the
integral in two parts A(v)(x) = A1(v)(x) + A2(v)(x) where

Ar(v)(x) = /[R POy (x, Qale, D) (VDI = Qg
Ao(0)) = [ O = e o, o DI Ol = GG

In A;, we permute the integrations d¢ and di¢ and proceed to a change of the variable 14, while
in A2 we integrate by parts in ¥ using formula (4.7) so that for any p € N,

M) = [ 0Dy, D)ol - C)dcds.

o)) = [ OO0 )0 M @I IO = .

As a consequence with Lemma 4.34, and with the density of S, °°(R?") in S(l;m(Rzn), we see

that A is the sum of two pseudodifferential operators in ¥, yq: A = Ay + R where R € V_
and A, has a, ) as (standard) amplitude. The implication in the other sense is similar. O

Remark 4.35. In the case of pseudodifferential operator with local compact control over the x
variable and with v coming from a connection, by cutting-off in the (-variable or in other words
taking y := ¢ (x, —() and z sufficiently close to each other, we have in fact ¥, , equal to ¥, 44
modulo smoothing elements (see [41]).

As a consequence, we see that if the hypothesis (Hy ) is satisfied for a frame (z, b), then
U, (= Ws i) is stable under composition of operators and the symbol composition formula is
then given by a quadruple asympotic summation modulo smoothing symbols.

We will show in the next section that we can also obtain stability under composition
directly, without using a reduction to the standard calculus on R™. We shall obtain with this
method a simpler symbol composition formula on ¥, ., analog to the usual one on ¥, 4.

As a direct consequence of the previous proposition, we have the following L?-continuity
result for pseudodifferential operators on M.

Proposition 4.36. If (Hy) is satisfied for the function V. ' in a frame (z,b), then any pseu-
dodifferential operators on M of order (0,0) extends as a bounded operator on L?(M,dyu).

Proof. Since (Hy ) are satisfied for V=1, the proof of the previous proposition entails that \1127(; -

\112’2t 4 50 the result follows from the L?-continuity of standard pseudodifferential operators
[22]. O

4.6 Composition of pseudodifferential operators

The goal of this section is to prove that pseudodifferential operators of ¥5° are stable under
composition without using the hypothesis of the previous section, and to obtain an adapated
symbol composition formula. We shall adapt to our situation a technique used for Fourier
integral operators in Coriasco [11], Ruzhansky and Sugimoto [36, 38].

Let us note for (z,§) € TM and ¢ € Ty-e(M), Ypee = @b;i, r2(&,8) = (e e er)

and q,(&,¢) = 1/)1;356, (%Z);g). We define V, the 2n dimensional smooth manifold as V, :=
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{(§,¢) € Tu(M) x UyenTy(M) | ¢ € T, ¢(M) }. Each V; manifold is diffeomorphic to R*"

via the map, defined for any fixed frame (z,b), ”S,VI (&,¢) = (M;x(g),M:w_g({')), and has a
canonical involutive diffeomorphism R, defined as o

Ry (§,€) = (r2(£,€),42(8,€)) -

In all the following we fix a frame (z,b), and note also ¢ the function mi’f . We note x¢¢ =

$((x.0).¢). For each x € ', Ry = nly | 0 Rawyipg o (nby )7 is a dif
T

feomorphism on R*", and we define Ry =: (ry,qx), r = 7% := (x,(,¢') — (¢, ¢') and
¢ = ¢° = (x,() = (¢, ¢). Remark that r(¢,¢") = —v8(x,x¢) =t 1 0 ¥y, ()

and ¢x(¢, (') = —Pf’lhw(x 0 C/(CI)' The map ry ¢ : (" — 74(¢,¢’) is a diffeomorphism on R™ such

1 -1 .

that r_- = T () Bpcr () SO that (dryc)e = (dwa(C),@,(x,o(x))Tx,c(C’)‘ We will use the shorthand
z,by —

= (7))L B
We note s(x, ¢, (") :=r(x,¢,¢") — (. We have s(x,(, (") = sx¢(¢') where sy ¢ =T_¢o1, 0

Py, (¢) is a diffeomorphism on R" such that sy ¢(0) = 0. We also define

SOX,C(C,> = TX,C(C/) - (drx,C)O(C/)
so that ¢y ¢(0) = 0 and (dpx ¢)o = 0, and

V(x,¢, () = (dree)e
as a smooth function from R3" into M,,(R). We shall note (x,¢) — Ly ¢ := —(dr ¢ )o-

We define C’)f;fﬁ?ggflahc((’i), where ¢ € N, I € R, w := (wo,w1) € R2, £ := (g9,¢1), €0 > 0,
g1 > 0,0 € [0,1] and x > 0, as the space of smooth functions g from R3" into & such that for
any 3n-multi-index v = (i, ) € N?" x N", there exists C,, > 0 such that for any (x, (,(’) € R3",
109(x, ¢, )| < Cy ) tlei=eahle) (Gywotrlibreohl(cryer+xivl, Here, we noted |]e == 0 if || <
and |y|c := |y| —cif |[y| > ¢. We note Op o (€) := Uc,l7w05;}27€70(€). We check that for any multi-
indices 7,7 and ¢, € N, |7]c + [V > |7 + 7 |exes and [y +7|c = |7]e + [V |e. Thus, Op 4 - (R),
Ooie(Mp(R)) and Og e = Ogre(L(E;)) are algebras (graduated by the parameters c, [,
wp and wy) and 0¥ Q%g,c((‘f) C (’),l;,.lfé[;alMc’wﬁ“w‘ﬁoM’wﬁﬁ‘y‘(@). If f e (92;;”7570(@), then
(x,¢) = f(x,¢,0) € E¥9(€), and if f € OFf ez, then (x,(,0) — f(x,¢,0) € 542, Remark
that any monomial of the form (x,(,¢’) — ¢’ where § € N, is in OS:&E;BI(R) for any k > 0
and g9 > 0, g1 > 0.

In the definition of S/ bounded geometry, we only require a polynomial control over
the @2 functions. It appears that for the theorem of composition, a stronger control over these
functions is important. We thus introduce the following:

Definition 4.37. We shall say that (C,) is satisfied if there is a frame (2, b), (ky,w,) € R%
with k, > 1, and €, €]0, 1], such that
VEODR e oMa(R)), and (d2)c, (7 )y = O(1). (4.14)

0,Kv,Ev,€v,

In particular (C,) entails that (dr¢)o and thus L are in EQ . (My(R)).

We note Ryver (€) (1 > 0) as the space of smooth functions g such that for any nonzero
v = (u,7) € N x N*, 9¥g = O((x)e (U= lul=erlrD) (¢ywotrllvI=1) (¢/ywritr(lvI=1)) Tt follows from
Co) that 1 € Uwouw Ry 0L o (R™).

The following lemma will give us the link between the the O, R, H, E spaces and the
behaviour under composition.
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Lemma 4.38. (i) Let f € Hy(€) (resp. £, (€)) and g € Rovet(R?™) such that go(x,(, (") =
OO (¢)*2) for a (ko k) € RY and, if o # 0, (g1(x,¢,¢) 2 e(x)(Q)*1 ()M, for a (k1 k) €
R2 and ¢ > 0. Then, fog € R},ﬁ%}’fi?’wl%w(@) (resp. Ogﬁzwﬁlzéflo(t’f)) where kg = Kk +
max{ |wo + k10 + kak|, jw1 + Kjo + khk| } and kg := k+max{ |wo+ k10 + (ks — 1)k|, Jwi + Ko+
(ky = 1)kl }.

(i1) (x,¢,¢') > ((x,€), &) € REC (R and (x,¢,¢") > x5S € Ry 1 for a (g, wy) € RE.
(14i) The functions q, (x,¢, (') — (Pf’lt”1zj()(’<)7c,)_1 and (x,(,¢") — det(Pf’lb’w(X,O(,)_l are respec-
tively in Ro k,,1(R"), (92:2;()’%(1,170(Mn(R)), and (92:2’(1({,{(1,1’0(]1%), for a kg > 0. Moreover, there

exists C > 0 such that for any (x,(,¢") € R, |lg (¢, )| < CC).
(i) (x,¢,¢) — 7(x6, g (¢, ¢1)) is in (’)2’72’3,{77170% for a kr > 0.

Proof. (i) If v = (a, 8,7) # 0 is a 3n-multi-index, we have 8" fog =311,/ <p Do (9)(@” f) o
g, with P,,/(g) a linear combination of terms of the form szl(ﬁljg)kj, with 1 < s < |y,
STVIK| = v, Y1k = V. As a consequence, we get the following estimate for any 1 <
| < ||, Pou(g) = @(<X>a(|v’\f|u|7a\v\)<C>wo\v’|+n(|v\flv’l)<§/>w1|v’|+ﬁ(\v|f|v’\))' Moreover, for
any 1 < [v/| < |v|, there is C), > 0 such that for any (x,(, (") € R3", the following estimate is
valid H(aw £oglx ¢, C’)] < Gy (x) =10 ¢y Baotkam) (/| =) haw (1) (K otk m) (/| =Dtk (pagpy.

‘ (a'/f) 0g(x,¢, ()| < CV<X>7U|VI|(C)(k10+k2”)|yl‘+k2w<C/>(k/1”+k/2”)|”l‘+kl2w). The result follows.

(#4) By hypothesis, ¢ € Hf;ulﬁw We deduce that (x,(,¢") — 9¥(x,() € ”Rfﬁfl and the first
0,0

statement now follows from (x,¢,{’) — (' € R The second statement follows from ().

Ok, 1"
(4i) Since ¢x(¢, (") = —Pf’lbw(x 0 C,((’), the fact that ¢« € Ry, 1(R") for a k, > 0 is a con-
sequence of (i), (ii) and Lemma 4.22 (iii). We also have by (i) and (i), (Pf’lhw(x 0 C,)f1 €

O o(Ma(R)).

(iv) Since 7 € EQ, (L(E.)) for a & > 0, the result follows (i), (ii), (iii) and the estimate
(x$€) > e(x) ()R F for ¢,k > 0. O

Lemma 4.39. Suppose (Cy). Then

(i) s, € nggf’fgmsml(R”) and ¢ € O;Z’;iz?fﬂR") where ws := wy + 1 and wy, := 2+ wy + ky.
(ii) V = (dryc)¢er and (drxyc)c_,l are bounded on R3™.

(iii) The function J(R) : (x,¢,¢") — J(Ry)(C, ¢ i i Up g aorc0.e0 O V0™ ((R) and (x, ¢, ) —

0,,€0,€1,0
0,0,
7(x,7(¢, ¢)) s in O 20 /2,0,2 for kr > 0.

o,Kr,

Proof. (i) We have sy (¢') =7, (] fol Oy (tC) dt. Since V' € O%0wr (M, (R)) each func-

0,Kv,Ev,
tion (x,¢, () — fol Oprrx¢(t¢") dt is in Og:g’vujgmo (R™) and thus, since (x, ¢, (') — (] € (’)2:2’@1781”1(1[{),
we see that s € Og:gfgml(R"). We have also ¢x¢(¢') = 3 522 %(C’)ﬂ fol(l — 1) 8?,73{7((15(’) dt

and each function (x,(,¢') — [ (1 — £) 95 (t¢') dt is in O, 726w (R™). With (x,¢,¢') —
(¢ € 02, H(R), we get ¢ € O, 757 (R™).

(43) Direct consequence of (Cy;) and the following equalities for any (x,¢, (') € R3™, (dry¢)e =

(dax)x@(' (d@wa(c))gl and (dr&C)El = (dETﬁx(C))vaC/ (d¢x)rx,<(§’)-
(7i7) The first statement follows from Lemma 4.38 (7). The second statement follows from

Lemma 4.38 (i) and the estimate (¢, (") = O(C){(¢")*»). O
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We shall use a generalization to four variables of the Hf,-u,i;n spaces of amplitude. We
define ﬁéﬁ“&”ém (0 < &1 < 1) as the space of smooth functions a € C®°(R**, L(E,)) such that
for any 4n-multi-index (v,8) € N3 x N*, (with v = (pu,7) € N** x N") there is C, 5 > 0 such
that for any (x, ¢, ¢, 9) € R,

owd) ' 9 H <C a(I=lul—e1ln]) ( rywotklyl (rywislv] 9ym—1d]
[ c.c ), < st (ol ¢ty el ()
These spaces have natural Fréchet topologies and form a graded topological algebra under point-
wise composition.

Lemma 4.40. (i ) If a € Hf,“éoglu’l, then a¢—g : (x,¢,0) — a(x,¢,0,9) is in Hi,’fﬁ?gm,
(i) If h € Obwo.w then (x,¢, (", 0) — h(x, ¢, () is in g wo,w1,0

Unao,aloz’ crmax{nao}sl,

111) There is k=, k1 > 0 such that for any b € SUZ, the application bo =, where = = x,(, (', 0) =
(i1)

z,b lLoky|l|,ok1|l
(XCC »_Pfl,w(x,c),C’(ﬁ))’ s in Hai_l’ll!za 1ilm

Proof. (i) and (i7) are direct. N N N
(7i7) If p = (v,9) # 0 is a 4n-multi-index, we have O#(bo E) = 21<\u <] P (B) (0"'Db) o =
with Pu,u’(é) a linear combination of terms of the form J[j_, (9 VE) | with 1 <s<ul, V=
(191, 192) € N3 x N*, k) = (k)' k92) € N® x N", such that /2 = 0 for 1 < j < j; < s, and
ST VIK | = p, S1 k) = i'. We have

n

o , n n . i ) 2
(8IJE)kJ _ H((slj,Q’()(aJ e g kg ! H Z@“’lPl’k 8”72?91@)165

i=1 i=1 k=
where P"* are the matrix entries of — Zb W(xc)cr By Lemma 4.38 (i1) and (iii), x¢¢ €
Rg’?{;”ll(R”) and the P"* are in O 25 - 10( ) for a (ky,wo,w1) € RY. We obtain thus the

following estimate
1Py (B)(x, ¢, ¢, 9)] < Clufac)=oWI=1a/ D) ywolal Femo(lvl=lo ) erywnlel e (Ivl=lo ) 9y 181151
with 1/ =: (/, 8'). Since b € S5 we also have the estimate

@) 0 Ex,¢, )| < xSyt gymi

so the result follows now from the estimate (x¢<")7(=1'D = O((x)oU=l'D((¢)(¢'y)okrlil+akle’]y,
with k= 1= Ky + max{ |wo + ck1 — Ky, (w1 + ok1 — Ky }. O

Lemma 4.41. Let s € C°(RP,R"). Then for any p + n-multi-index v = («, 3) # 0, we have

auﬁ ei(ﬁ,s(x)) _ PV(X,’lg) ei<19,s(x)>

X,

where P, is of the form Z\V\Slal W T,,(x), and T, ~ is a linear combination of terms of the
form H;nzl(ﬁljs)“j where 1 < m < |v|, () are p-multi-indices and (1/) are n-multi-indices.
Moreover, they satisfy W] >0, Y70 (W] = Iy + 18], 2205, [WIP] = |a| and if |8] = 0, then
[I7] >0 and |y| > 0.
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Proof. We note g(x,v) := (¥, s(x)). By Theorem 2.11, we get the following equality for any
v#0, 0 ,elVsx)) = p(x, 19) “0,5)) where P,(x,9) = > 1<k<iy| Pri(g9) and P, is a linear

combination of terms of the form H;”Zl(@ljg)kj such that |l/| > 0, k¥ > 0, Y7"k/ = k and
Sk = v. If we suppose that the ferm H;”Zl(ﬁljg)kj is non-zero, t‘henA|lj\ < 1 and if we
define j; such that for any 1 < j < ji, 12 = 0, we obtain, noting I/ = (I/'},17:2),

m J1 m
J j J,1 J J,1 N\ ed
N s
j=1 j=1 Jj=751+1
. J1 m
; J1 A5 J,1 J J,1 Ny %)
= g AT g H((’?l s)7 H Gl
[V |=k7, 1<j<j1 J=1 =+l

Thus, we have P, = Z|V|=k—| 3] VT, k(x) where T, - 1 is a linear combination of terms of
the form ]_[j1 (O )W TT™ (07" s9)¥ | where 1 < g <n, 1<j<m<|y,1<j5 <m,

Jj=j1+1
1 e NP, |7 € N*, M € N™ are such that > ' k/ =k, 2]1 | M| [17:] +3 K7 +1] = |v| and
Zj1+1 k7 = |B|. The result follows. 0

Lemma 4.42. Suppose that (Cy) is satisfied. Then
(i) Representing by u the letter s or ¢, for any 3n-multi-indexr v = (u,y) € N?" x N, we
have the equality 05 . e (6 = (X< P Trwn(x.¢. () e 2mi(0u,¢ () where each term

A ws|w+’y\+l-€v|#| Iul—evlwtaleo fwtltrolulwelwtaltrolul g
Tl/w S € OO’ K/’UyE’U7E’U7‘W+’y| ( ) and TV““'(F’ € 00' Hv75v78U72‘w+’Y| ( ) In

particular, it satisfies the following estimate valid for any (x,¢, (') € R3™, and any n-multi-index
P

‘ z/w s( C’ C,N < CV’Mp<X>—a(|M|+€v|P|\w+v\)<C>""v|l‘|+€v|f7|<C/>ws|w+7|+ﬁv(\ﬂ‘+|l)|) ,

|3 Twio(%,6,C)] < Ch p<X>—U(\u\+(€u/2)lpl)<<>€u|w+v\+nv|u|+6vlpl<C'>w¢\w+v|+m(lul+lpl) )
(i) For any n-multi-index (3, we have 3?,6%1‘(19,%,4((’)) = Pg,(x,(, ¢, 09)e2m e where

P »(x,¢, (', 9) is a linear combination of terms of the form 9"t \(x, (, (') where w and A
are n-multi-indices satifying |w| < |B|, 2lw| — |8])+ < |A| < |w|, and t, \ are functions in
_SU‘BVQ 2ep,w s|ﬂ|

UKU’EU:EUJM

(R). In particular they are estimated by

tur(x, ¢, ") = O((x)7o=ul81/2 () 2e0lBl 1y wil Bl
e 11, 5v181/2.20181.181/2

7’07

where wy := ws + 2k,. Moreover, (x,(,9) — Pg,(x,(,0,9) 115,
(i) If B € N™ and f € Héqﬁogﬁl’ then the function

T+ (5,6, 0) o0 D (270NN (. ¢, L () oy

belongs to Hf;:117|5|7w0+ﬁ2\ﬁl,m—lﬁ\ﬂ; where £ := min{e1/2,e,/2} > 0, k1 := max{ ky, K }, kg 1=

K+ |ey — K|, and the application f — fg, is continuous.

Proof. (i) By Lemma 4 41, if v # 0, we have the following equality, valid for any (x,(,¢’,9) €
R4, 8)'; o e2mi(0,ux,¢ (¢') (Z| 1<l T, wn(x,¢,¢))e 2mi(¥,ux,¢(¢) wwhere Ty is a linear com-

bination of terms of the form J[7" (aljcu)“] with 1 < m < |v|, u? # 0, >y 1] = |w + 7]
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and » 00, |1?||l] = |p|. Since by Lemma 4.39 (i), s € O22"s _ (R™), it is straightforward

0,Kv,€v,€v,

lul ol plws|wty|+holul @ —€v,E0,Wp (mym
to check that T, ,s € O oo et o] (R). Moreover, since p € O, " 75(R"), we get

|ul=evlwtylev|wtrl+ro |l welwtyl+rolul o
Ty’w’(p € OU ﬂv75v75v72lw+7|

estimate follows from the inequality |w + | + [ploju4q) = [0l/2
(ii) By Lemma 4.41, if B # 0, we have for any (x,(,¢’,9) € R*, the following relation

(R). The first estimate is direct and the second

85 2mi(0x,c (€ (Zl<|w|<|ﬁ\ VT 50.0(x,¢,())e 2mi(V,0x.¢ (<) where T3, is a linear combina-
tion of terms of the form [[7_ 1(8”%(4)“ with 1 < m < |B], p? # 0, IV # 0, > L] =
|w| and Zj W] = |B|. Let us reorder the I/ indices so that for any 1 < j < ji,

\lj] 1 and for any j > ji+ 1, || > 1, where j; € {0,---m}. Thus Hm (8”(,0,(4)‘” =
(8” Ox )M H i>i 100" oy C)“ and with a Taylor expansion at order 1 of 8" ¢y ¢ in ¢’ around
0 When 1< j < ji, we get 8 Px.¢ = Y1<i<n Citi; Where tk fo 861“ ox ¢ (t¢")dt. Thus, using

i z J
the fact that ¢ € Og:g’vuj;maml(R"), we see that [] jzl(al @x,g)“ is a hnear combination of terms
of the form ¢"\Vj where |A| = 3271, |1/ and

Va = O((x) =% S W1 yeulAlen ST 1P ] ry (Rotws) A+ 1 1811671,

As a consequence, we see that H?”Zl((?lj pr,C)“j is a linear combination of terms of the form
C Wy, where |\ = gl || and

Wy = O((x) —oeu(|8]-v) <<>28v\5| <</>w;|ﬂ|)

where v = 37T 7| = |w| — |A|. The first statement now follows from the inequality
20 < [B] = |Al.

Since ¢y ¢(0) = 0 and (dpx¢)o = 0, Ppy(x,(,0,7) is a linear combination of terms of
the form 1 [T/ (8% o(x, C.,O).)W with 1 < |w| < 18]/2, 1 < m < |8], W/ # 0, |lI]| > 2,
S = |w| and Y7L, ||| = |B]. We check with Lemma 4.39 (i) that any function

of the form []7", (8%0F o(x, ¢, ) is in Oazl,gl/fﬁe\;'zm (wé/2+'§“)|m( R), and thus, (x,¢,9) —

T (9 o, G 0D 1y, € T 2250 Since (x,¢,9) = 0 1pm,) € Tgn/L? we

obtain (x,¢,9) — Pg,(x,¢,0,9)1g,) € ng/—:{lgw vl BLIBI/2.
(ii7) We have

fop (5, C0) = 37 (5)05 (200ncCN) Ly 9OOF=5 f(x, 0, Ly (9))
B'<p
- Z (ﬁB’)P/@’#’(X’ ¢, 0,9) aO,O,ﬁfﬁ’,ﬁf(X’ ¢ 0, LX,C(ﬁ)) .
B'<p
Since (x,¢) — Ly¢ € E2,. (My,(R)) and L;é = O(1), we deduce from Lemma 4.40 (i) and

,Ky

Lemma 4.23 (iv) that (x,¢,9) — 90878 f(x ¢, 0, Ly ¢(9)) belongs to the amplitude space
Hli&l|ﬁ7ﬁ/"w0+ﬁ‘ﬂfﬂl|rmf|ﬁ‘

o .max{ s bz . The result now follows from (ii). O

We now introduce two parametrized cut-off functions that will be used later. Let b €
C°(R,[0,1]) such that b=1on [-1/4,1/4] and b = 0 on R\]—1, 1[. We define for ¢, d,n1,m2 > 0
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with €,6 < 1,

X, 9) = b( )
7112
X6 (.G, ¢') 1= b grpbinier=sms )

Lemma 4.43. The cut-off functions x. and xs, are repectively in the spaces C>(R*",[0,1])
and C*°(R3",[0,1]) and satisfy:

(i) For any (x,C,¢') € B3, if ¢ < 36(7M ()™, then xsn(x,¢,C) = 1, and if ¢ >
§(x)TM(C)72, then X5n(x,¢,¢") = 0. In particular, for any (x,¢) € R*, x5,(x,(,0) = 1 and
for any 3n-multi-index v # 0, (0"xs5,)(x,¢,0) = 0.

(ii) For any (0,9) € R, if || < 3e(V), then x.(9,9') = 1, and if || > e(9), then
Xe(9,¢) = 0. In particular, for any 9 € R™, x-(9,0) = 1 and for any 2n-multi-index v # 0,
(0"xe)(9,0) = 0.

(i4i) For any 3n-muti-index v = (o, B,7), we have 0" xs,(x,¢, (") = O((x)~lel(¢)=A(¢") =),
and 8" x5.(x, ¢, ¢) = O((x) o1 (¢) (n/m)IBI+-2/m)l 1y =D 181 - I particular, the

. S 10,0,0 /
function x5, is in Oo,n;,n;,l,O(R) for a x5, > 0.

(iv) For any 2n-muti-index v, 0" x.(0,9") = O((9)~ 1) and 8" x-(19,9") = O((0")~ ).

Proof. (i) and (ii) are straightforward. For any v # 0, 0"Xs = > 1<,<|y| Do (9) (8'b) o
. <<
where g(x,(, (') := (m(l#. We obtain from a direct computation the estimate P, ,/(g) =

20m1 (¢)—2m2
O((x)~2omv'=lal(¢y2n2v'=I8l (12" =1l)  Since for any v € N, we have 8”'b = O(1) we obtain
x5y = O((x)71el(¢)=#(¢"y =M1 p,) where Dy is the set of triples (x, ¢, (') satifying the inequal-
ities 0/2 < (¢")(x)~9M(¢)™ < /2. The estimates of (i4i) follow. The proof of (iv) is similar. [J

We will use in the following lemma the space O (k > 0, j € N, (to,t1) € R?)
of functions f € C°°(R** C) such that for any a € N", there is C, > 0 such that for any
(x,¢, ¢, 09) € R4 | ?/f(X7<7</719)‘ < Ca<c>to+nloz|<C/>t1+n|a|<19>—2j_ Clearly, Oioﬂh,]@f{oip] C
020+t6,t1+t’1,j+j/ and g/ozo,tl,j C @lotrleltitslaly

Lemma 4.44. . Defining h(x,(,(',9) = (1 + H (dsxc) C’ H (i/2m) (¥ (A5X7C)(§’)))_1, we
have the following relation, valid for any (X ¢, ¢ 9) eR™, peN,

e27ri<19,sx < ( ( CC 19) ) eZwi(ﬁ,sx,g(C’»

where L :=1— (2m)"2A¢r. Moreover, if (Cy) holds, there is kg, > 0 such that for any p € N,
there is N, € N*, (hf) )1<k<n, functions in OQPHL’%H”’, (ﬁk’p)lgngp n-multi-indices satisfying

|3%P| < 2p, such that (Ler h)P ZkNp h? 8ﬁ’w'

Proof. We obtain Lge?™05¢(C)) = (1/h)e?m(@5x¢(¢) through a direct computation. Let us
show the remaining statement by induction on p. Note that by Lemma 4.39 (ii), we have |1/h| >

c(9)? for a ¢ > 0 and we check that 1/h € Y f{j}’,gmz where w) = max{ 2wy, w, + K, }. With a
reccurence or using Proposition 5.4, we check that h € O2>! where k1 = max{ 2e,, W, + Ky }.
The property is 0bv1ously true for p = 0. Suppose now that the property is true for p > 0, so that

(Ler h)P = ZNP Ry 6?, " with N, € N*, (B}, )1<k<n, functions in Oi’;“L’Qp“L’p and (ﬁk’p)lngNp
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n-multi-indices satisfying |3%?| < 2p. We also have
Np
P P _ k,p
(Loh)P = (Lerh) Y hY af, Zhhpaﬁ 27) "2 (A (W)},
k=1

+2 Z Oer (W)L "+ hh A9 )

so the property holds for p + 1. O

We note S,..(R3", L(E.,)) the space of smooth functions f such that for any N € N* and
v=(u,7) € N x N" 0" f(x,¢,9) = O((x)"oN(¢)coterN+ezlul (9)=N) Tt follows from Lemma
4.18 that if f e SUC(R?’” L(E,)), then Opr(f) € Opr(S,2°). Here and thereafter I' satisfies the
hypothesis of Lemma 4.18.

Lemma 4.45. Assume that (Cy) holds.

(i) For any I, wo, w1, m, K, Spmuw, (52200 C Sy (R, L(E,)) for a triple ¢ := (co, ¢1, ¢2) and

the linear map Sy, : [+ Smow, (f) is continuous, where

Siman () £ (5,€,0) o [ PO OO g€ (), ¢, ¢ ) (1= ) (. G, ¢ i
R2n

and ppm,p, = max{m+ 2n, [|wi|| +1+2n}.

(i3) For any u € S(R?", L(E,)), the linear application f +— (Opp Sm.w, (f),u) is continuous.

Proof. We fix N € N*. First note that Sy, ., (f) is well-defined since for any (x,¢) € R,

there i C¢ > 0 such that ||!M5" < (£)(x, ¢, ¢ 0') (1= x0.) (5, G, )| < G (0)720(¢) .

Since for any n-multi-index 4, 99, tMg,m w1 (f) decrease to zero with ¢, we can successively
integrate by parts with (4.7), which is valid since 1 — X, assures that ||| > 30 on the domain
of integration. We obtain thus for any ¢ € N*,

Sm7w1 (f) . (X, <7 ,19) — 627ri(<19/,C > <19 Sx (( )>) tMpm Jwq T4 ¢’ (f)(l _ X&}n) d'l9, dC/ )
R2n

We note f; the integrand of the previous integral. If v = (a, 3,7) = (1,7y) is a 3n-multi-index,
we see with Lemma 4.41 that

8;,C,19fq — 2mi(¥'(") Z (l;;)e%i(ﬁ,sx,g(C/)) Z ﬁwT,,/7w7s(X, ¢ C/)

W< || <|p'|
g 15
Z As(—1) Immaxc aﬁ’(f( — X)) -
16|=prm wtaq
By Lemma 4.43 (iii), (x,(,¢"0") = Xs,(x,(, (") 1g,) is in Hgon,ofz, so the multiplication

=l =l
operator f — f(1— xs,) is continuous from ngﬁogﬁulg into gzt ", where k, = max{ x, K }-

Since [[('|] > 6/2 in the support of f(1 — xs,), we get from Lemma 4.42 (i) the followmg

estimates, where xy 1= Ky, + ws + fiy,

H Cﬁfq X, C '0 C 19 H < C '[9>|“|<0’>m7pm7w17q Z <<>ﬁv|ﬂl|+w0+l€n|u|
W<
> <C/>w1+(nu+ws)|u’|+nn|M|—(pm,w1+q)+w5|'y|<X>g|l\

//‘

< Ol ) (G S ) b=y

Vl_prn,’wl —-q
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If £ € N*, and if we set q := ¢; such that wq + n;;k — Pmawy — Q@ < —2n, we see by applying the
theorem of derivation under the integral sign that Sy, ., (f) is smooth and for any 3n-multi-index
v = (a,3,7) and g € N*, after integrations by parts in ¢/, with v/ := (¢/, ),

O Sman (NG =3 3 (2 /R OO ONT (¢, )

1w Sp fw|<|w|

mowy Hw T8 qu—p!
M (P ) i dC

We note g,(x, ¢, ¢, 0) := 20T, |, (x,¢, C')tMgfn’wl+q|"‘+q’< Q‘:E“/(f(l — Xs,n))- Using now
Lemma 4.44, we get the estimates for any p € N,

[(Lerh)Pgq(x, ¢, ¢ 0)|| < Cp(¢)?PRE(C) P (0 2szaﬁ 7 0%, 6, )

Thus, with Lemma 4.42 (i), we obtain with k1 := ws + Ky + Ky + KL,
H(Lc'h)pgq(X7 ¢, 19’)“ < C]/J<X>U\l\<C/>w1+(2p+|V\)k17pm,w1fq|y|*q<19>f2p
<19/>2p+m*pm,w1*(I\u\*Q<C>(2P+|ﬂ|)k1+wo Z Z Z qu/ﬁ,g(f(l — Xom)) 1p(x, ¢, C)

|B|<2p ' <1 16| =pum,wy +a)0)+a
where D := {(x,(, (') € R*™ | ||¢|| > 36(x)o™(¢)"™ }. If we now fix p such that —N — 2 <
—2p+|u| < —N, we see that by taking ¢ such that A; < —N/n; — |l|/m where A, := w1+ (2p+
[V)E1 — Py — Q) — ¢+ 2n, and 2p +m — P w, — | — ¢ < —2n, we can successively integrate
by parts in ¢’ (p times) using the formula of Lemma 4.44. We obtain then the estimate for given
constants cg, cy,co > 0,

10¥ S0 (f) (5, G, D) | < Oy (o) =7 (g orerMezlil ) =N
Z > . > 9 55 (1= Xsn))
|B1<2p W |§|:pm,wl+‘ﬂu|+q
which yields the result.
(74) This statement follows from (i) and Lemma 4.14 (7). O

Lemma 4.46. Suppose (Cy).
(i) Defining for any f € ngl,‘éogﬁ”ém,
I(f) : (x,¢,0) = | T OT0ecCOD e ¢ ¢+ L (9)) X (%, ¢, ¢ dC
R2n
there is 0,m, such that for any N > |m|, we have II(f) = In(f) + g n(f) where n(f) =

W )ial . . .
ZOSIﬁISN G/2m 7 2 0 [, and there is such that Ilg n(f) satisfies the estimates for any 3n-multi-

indez v = (, ’y) € N?" x N,
IMUrn(f) = @(<X>0(l—6’1(N+1))<<>ko+k1(N+1+|ul)+6ulvl<29>m+\u\—(N+1)/2+n)

where €, ko, k1 > 0.
(ii) We have for any 3n-multi-inder v = (u,~y) € N** x N",

O"TI(f) = O((x)7(¢) Rl gym)
where kb, k) > 0. In particular, for any u € S(R**,L(E.)), the linear application f
(Opr II(f), u) is continuous.
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Proof. (i) We proceed to a Taylor expansion of f(x,(, ¢, 9, 9) == f(x,¢, ¢ 9 + Ly c(9)) in ¢
around zero at order N € N*, so that

0= > 4% + > MHRsn(f) = Tn(f) + Trn(f)

Oélﬁ\SN |Bl=N+1

where
I(f) = | 9Pl OH0excNGO00B f(x ¢ ¢! Ly c(9)) X6(x,C, ) dC
]RQn

R@N(f) — . 98 2mi((9,¢) +(Dspx,c (C)) TﬁNf( LG9 )dC, dv’,

and 75 N f = fo t)yN o0, O’ﬁf (x,(, ¢t 4+ Ly c(0)) dt, fy == fXsn € Hf,%?;ff;l . By integra-
tion by parts in C’ in the integrals Ig(f), we get

% ’Tl'lﬁl T / 7 71—‘6‘
My(f) = Y UEEoL (2 0encNg000Ff(x, (¢ Lc () g = D Y25 fag.

0<IBI<SN 0<[B|<N

Using integration by parts in ¢/, we obtain Rg n ¢ = (i/27r)|mlf, where for any p € N,

I6,0) = [ | @m0 O0)G ¢, ¢, 0 ) dC' a
RQn
G(X7 C? CI7 19/7 19) = 62ﬂ<19’g0)(’<(C/)>T5,N7f(xa €7 Cla 19/7 Q9) .

Using integration by parts in ¢/ and e2™(¢") = (v >*2pL§,62’”wl’CI>, we check that Iy is smooth
on R3 and if v is a 3n-multi-index, we see that 0”1 ¢ is a linear combination of terms of the
form

e /}R2 2mi((0,¢)+ (D, ¢ (¢ )>)6 Ty 50 Ps. soa)l:wag/ ro g dC' AV

where (@] < ||, v/ < v, > 8" =3, |8 = N + 1. We now cut the integral J; in two parts
Jy + Ji—y, where the cut-off function x.(¥,9’) appears in J,,.
Analysis of J,

Using Lemma 4.42 (i7) and integration by parts in ¢/, we see that J, is a linear combi-
nation of terms of the form

Ty = 070 / 2 0 oxc CM )20, 87 T, 5., 0301 0% 15 3, p PPN X dC A0
]RQN 2l 9

where p € N, |p| < 2p, |w| < |8%], (2lw] — |8%])+
€ < ¢/2 where c is a constant such that ¢(¢) <
of Jy ., we have for any ¢ € [0,1], (¢ 4+ Ly ¢ ()
obtain the following estimate:

<A < Jw], N < XA+ p. We now fix € such that
(Lx¢(¥)). Thus, in the domain of integration
) > c1(¥) for a ¢; > 0. As a consequence, we

|30 508 rpus | < ClaytenlD (g el ot
(¢ywrtn (=i |18 (g lip L= |1= V]

We also deduce from Lemma 4.42 the estimate

It BéﬁlTV/@M < C’<X>—U(I#’\+(€/2)|Bl+62\)<C>2€u|ﬂ1+52l+(f<v+€u)|u|+6vlvl<</>61(N+1)+02|V| .
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As a consequence, by taking p sufficiently big, the integrand j(x, (,(’,9,79) of J,,, satisfies the
estimate, for a €/ > 0 and a k; > 0,

||]|| < C//<X>U(l—8’l(N+1))<<>w0+k1(N+1+\u\)+av\'y\<C/>—2n<19>m+|u|—(N+1)/2 1D5 (197 19/)

where D, is the set of (9,9’) in R?" such that ||| < (). We deduce finally that for any
v e N3,

Jy = O(<X>a(l—e’1(N+1))<C>wo+k1(N+1+\u\)+€v|W|<19>m+|ll|—(N+1)/2+n).
Analysis of Ji—y

We set w = ((",9') + (U, 0x¢(¢')). By Lemma 4.39 (i), we have ), 3@{%(,(((/)” <
C(x)~7 ()1 (¢")?) for C, c1,c2 > 0. The presence of x5, in the integrand of J;_,, allows to use
the estimate (¢') < V26(x)7™ (¢)~", so that 3, Hachox,c(C,)H < C'202/2 5% by taking m < ,/co

and n > ¢1/ca. As a consequence, we obtain the following estimate in the domain of integration
of .J 1—x>

Vewl > [[0'|]* (1 - £ 022/% 62)

We now fix ¢ such that §C202/2 §°? < 1 so that there is k > 0 such that |Vow| > k [|¢']|. Noting
Uer = (2mi|Veow]?) ™! >i(0cw)0c we have (see for instance [38]) Upe?™@ = ¢*™% and

t _ 1 14
( UC/)T frd ‘V(,w|4”‘ Z P;Ljracl
lpl<r

where P7. is a linear combination of terms of the form (VCIw)”ag,lw e 82,%}, with |7| = 2r,

§' > 0and S _, [67] 4 |p| = 2r. We thus obtain after integration by parts in ¢/, for any r € N*,
7=1

that Ji_, is a linear combination of integrals of the form

~ |~ . 1 / 3
LA /R U (05 Tor oo Pa e o0 iy O v,y ) (1= xe)dC o’

where |G| < [6%]. We noted Pg2, =: > P@ﬁzﬁoﬁ‘:’. By Lemma 4.42 (ii), we see that
_ 2 2 / 2 ~
Py, €O eol71/2:2e0|BL (WA DI 04 g note T := a?,ITV,,waW Lemma 4.42 (i) yields

0, Kw,E0,E0,2| 82|
~ _ 1., 32
T eO, ,(i”ﬁ)if ;E&E%()WHNH%|V|’CO(|V|+N)(R) for a constant ¢y > 0. With our choice of the
parameters 71 and 72, we also have the following estimate, valid in the domain of integration of
Jl—X7

ag,agfeiw = (f)(<<>6v\v\<C'>mw\<19/>1flk\) )
In particular, noting OLZ” the space of smooth functions f such that for any n-multi-indices A, 7,
81)9‘,82,]“ = O(({(OH(¢))FrP1(9)™) | we see that |V ew|? € 0%% and for any A € N, Y|V erw| =4
= O({(9')~*"). Moreover, each term Py, is in O3 5o that finally, for any A € N*

w
Porr

839\’ [Verwldr = O((<C> <<,>)HUT<Q9/>_T) :

We easily check that if » > 2n, then h := (*Uy)" (8?/1T8”*”/6’83r/@7]v,f)(1 — Xe) satisfies

x,6,07¢
the estimates for any ¢ € N, HLq,h ‘ < Cx,C,C’,ﬂ,qw/)_Qn' As a consequence, we can permute the
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integration d¢’'dy’ — dv¥’d(¢’ and successively integrate by parts in ¢/, so that finally J;_, is a
linear combination of terms of the form

9o /R )T 207, |v o 00 T 0 00 00 g O (1 — xe)dd'

where ", A = A, [\ < 2¢, 3", p' = p, |p| < r. We also have the following estimate for cf), ¢} > 0,

0N 000 g = ()T ((g) (it

With Lemma 4.43 (iv) we now see that the integrand j’ of the previous integral is estimated by
HJ/H < C(ﬁ/>_r+|“|+N+1 <X>U(l—a’1(N+1))<C>ko+k1N+k2r+k3\u\+Ev\’y\ <C/>—2q+ko+k1N+k’2T+k’3\V|
for constants ko, k1, ke, ks > 0. If we now fix » > 2n such that —r + |u| + N + 1+ 2n =

m+ |pu| — (N + 1) + n, and ¢ such that —2q + ko + k1N + kaor + ks|v| < —2n we finally obtain
the estimate v € N37,

Jiy = @(<X>U(l*5’1(N+1)) <<>k()+k’1(N+1+|u|)+€vlvl <0>m+\u|*(1\7+1)+n) )

The result follows now from this estimate and the one obtained for J,.
(ii) The estimate is obtained by applying (7) and N + 1 = max{2(n + |u|),|m|}. The second
statement is then a consequence of Lemma 4.14 (ii). O

Theorem 4.47. If (C,) holds, ¥° is a *-subalgebra of R(S). Moreover, if A € \Iff;’m/ and

Be \Ifi,m, then AB € \Ili;rl A ith the following asymptotic expansion of the normal symbol
of AB, in a frame (z,b):

00(AB)zp ~ D e, 75 (alx, D)L (PN, fi) (%, ¢, ¢y L (9))) r—gTed) o
ByyeN™

where a := ao(A).p, b= 00(B).p, cg:= (i/2m)81/B! and

fb(X7<7C/7’19/> TXTX (C’ ( C C 19) Ty ¢! J0x Ccl |J( )‘( C; C)‘det( ( C)c/)_1|'
Proof. We fix a frame (z,b). We note K 4p the kernel of the operator AB. As a consequence
of Proposition 4.32 we have for any u,v € S(R™, E.), ((Kap)z,6,u®7) = (Asp(1 B2 p(v))|u).

We shall note g := A, p(u B, p(v)). A computation shows that for any x € R", g(x) =
Jgn pa(x,9) b(x,9) dd, and

b(x,0) = / 2O L b(1h(x, €), ) Ty v (x8¢) dC a9’ dC .
R3n
We suppose at first that b € 55;,22". Since ¢’ — v(x¢) € S(R", E,), we can permute the order
integration d¢’dy’ — di¥’ d¢’ in b(x,9). Thus, after integrations by parts in ¥/, we get for any

p € N,

Bixid) = [ e ([ O I ) 00,0 0) ) g0 A
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With the estimate (x$¢') > ¢(¢)(x)"H(¢) ! for a ¢ > 0, we see that for any N € N, v(xC’C/)H <

engon (V) ()N ()TN, As a consequence, we get the following estimates for the inte-
grands b, of Z(x, ¥): for any x,(,¢",9,¢, any p € N* and any N € N*, ||by(x,¢, ¢, 9,9)| <
Cp N (CYN =2 (x) N (¢yolll=N 9"y =27 Taking N such that o|l| — N < —2n and then taking p
such that N —2p < —2n, we see that (¢, ’, ) — by(x,¢, ¢, 9, 9) is absolutely integrable and we
can thus apply the following change of variable (¢,¢’,9) — (Rx((,¢'),9') to b(x, V). After re-
versing the integration by parts in 9 and applying the change of variable ¢/ = —ﬁf’ﬁ P0).C (9",
we get

bc,0) = [ O ¢, ¢ o, C) GG

By Lemma 4.40 (i7) and (iii), Lemma 4.38 (7i7) and (iv) and Lemma 4.39 (iii), we see that f, €
T2 for a (wy, k) € R? and &1 > 0, and the linear application b — f; is continuous on any
symbol space S5'Z into II52%™ . We have g(x) = Jan €276 pa(x,9) ey (x, ¢, ) (Y(x, €) d¢ dv

and ((KaB)z,p, u®0) = (Opr, _ (dp), u @) where dp(x,(, V) := pa(x, ) ep(x, ¢, V) 7 1(x,¢) and
ep(x, ¢, 1) = / AT NI g (x ¢, ¢! 9') do' dC
R2n

Using now the cut-off function (x, ¢, (") — x5,(x, ¢, (') we see that
Cb(X, C) 19) = H(fb)(X7 (7 19) + Sm,’wl (fb)(xa C? 19) .

For this equality, we used the formula of Lemma 4.7 and integration by parts and in ¥’ in the
integral [pon 20 (NI £ (x, ¢, ¢ ) (1 — Xs.(x, ¢, ¢)) d d¢', which are authorized
since b € S},’;% by hypothesis. In [zs, 2D (NN £ (x, ¢ ¢ V) xs,(x, ¢, (") d d¢’, we
translated the ¥ variable by —Ly (9) and permuted the order of integration dv’ d¢’ — d¢’ dv’,
which is legal since b € S(l,—’;z" and ¢’ — x(x, ¢, () is of compact support. We deduce from Lemma
4.45 (i1) and Lemma 4.46 (i) that b — (Opp, _ (dp),u ® V) is continuous on SL™ and thus, by
the density result of Lemma 4.6, we have the equality ((KaB):,6,u ® 0) = (Opr, _ (db), u @)
even when the hypothesis b € SCZ;;% does not hold.

Let us recall the linear map s : a — s(a) given in Lemma 4.21 (i7) (for I' = I'g . p) which
is such that Dppo’z’b(f) = Dprmzjb(s(f)) for any f € Hf,’j“,i’;n. We define f,p 3 := Ma(fb)ﬁ,ng_l,
ry = pallg N(fo)77 1, 80 := uaSmw,(fo)7 . We now consider a symbol s, such that

sap~ > 2 (funs)

BeNn

Such a symbol exists since by Lemma 4.42 (iii), s(fop3) € S(lle —elflmam=|5l/2 By Lemma

4.46 (i), we have for any N > |m|, uy := s(ualln(fo)77 1) — sap € S(l,j;l/_all(N+1)’m+m/_(N+l)/2.
Thus, noting Sp := Opp, _, (s0), which is in Opp (S, 2°) by Lemma 4.45, Ry := Opp, _ (rn)

and Uy := Opp, _, (un) we have
(Kap)=p = Opr, ., (ds) = Opr,_, (s(ually (f5)771)) + Ry + So
= Dppo%b (Sa,b) +Unv+Ryn+S).

Lemma 4.18 and Lemma 4.46 (i) now implies that the kernel Uy + Ry (which independant of
N) is in Opp, _, (S,2°). As a consequence, (Kap).p = Opr, ., (Sap + 1) where r € S, 2° and
the symbol product asymptotic formula is entailed by Lemma 4.21 (7). O
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5 Examples

In order to be able to apply the previous results about the pseudodifferential and symbolic
calculi on some concrete cases, we shall see in this section examples of exponential manifolds
and associated linearizations that satisfy the hypothesis S,-bounded geometry. The Euclidean
space R™ seen as exponential manifold, has its own exponential map 1 := exp(x,§) — = + & as
a Sp-linearization, leading to the usual pseudodifferential SG calculus (if o = 1) or standard (if
o = 0) pseudodifferential calulus on R"™. However, we can define other kinds of linearization,
leading to new kind of pseudodifferential and symbol calculi, with a non-bilinear linearization
map. We will see in particular that we can construct on the flat R™, a family of S,-linearizations
that generalize the case of the flat euclidian geometry, and we obtain a extension of the normal
(A =0) and antinormal (A = 1) quantization on R™.

We will also prove that the 2-dimensional hyperbolic space, which is a Cartan-Hadamard
manifold (and thus an exponential Riemannian manifold) has S;-bounded geometry. This allows
to define a global Fourier transform, Schwartz spaces S(H), S(T*H), S(TH), B(H) and the space
of symbols Si’m(T*H). As a consequence, we can define in an intrinsic way a global complete
pseudodifferential calculus on H, if one chose a fixed S,-linearization ¢ on TH. There are many
possible linearizations, for instance one can take v such that in a frame (z, b) ¥? is the standard
linearization x + & of R™.

5.1 A family of S,-linearizations on the euclidean space

Recall that G (R™) (0 < o < 1) is defined as the subgroup of diffecomorphisms s on R™ such
that for any n-multi-index a # 0, there are Cy, C/, > 0, such that for any x € R", [|0%s(x)|| <
Co(x)7(0=l2D) and [0*s™ (x)|| < C! (x)e0=leh) - GX(R™) contains GL,(R) and the translations
T, =wr— v+ w.

We fix n €0, 1] such that for any matrix A € My(R) such that [|A[; < 7, we have
det(I, + A) > 3, where ||Al|; := max; j |4;j|. Taking now h € Go(R",R") such that for any
1 <i,j <, |0jh'| < n/16, and g(x) := h(x) — h(0) — dho(x) we see that s := Id+g is a
diffeomorphism on R™ which belongs to G (R™), satisfying s(0) = 0 and dsp = Id.

We set, for o € [0, 1],

bl €) =+ €4 (@) 9(g5e) = o+ (2)7s(55).
We obtain the following

Proposition 5.1. (R™, +,d\,¥) has a Sy-bounded geometry and satisfies (Cy) (see Definition
4.97).

Proof. A computation shows that ¢ € H,(R") and ¥(x,() = O({x)(§)). We have ¢(z,y) =
<x>08_1(?(!x_)§)7 and thus 1 € Oy (R?**, R"). Noting §:= go (g +1Id)~! o —1d € Go(R"), we also
have

Tir(x,€) = €+ (@) 9(55) + @2, 9)7g (2, )~ (2)7s(557))
= (Id +V:c7f + Wazf)(&)

where V, ¢ = [fol vl (tE)dt)i j, Wae = [fol 3jwi7€(t§)dt],~7j, and v, == My ogo My !, wye =
Mgy 0G0 MJ(;&) oMzosoM; !, M, being the multiplication by (x)°. We get dv, = dgo M *

57



and dwg ¢ = dg o (MJ&T £ © Mg osoM;')dso M. and thus, after computations we check
that V¢ and W, ¢ are in EJ. Moreover, we have ||[Vy¢ll, < n/2 and |[W,¢||, < /2, which
proves that P, ¢ := Id+V, ¢ + W ¢ is invertible with det P, ¢ > % As a consequence its inverse

PI_E1 = (det Py ¢) !t cof (P ¢) is also in EY. We deduce then that (R™, +, d),¢) has a S,-bounded
geometry. With T(.’E, 675,) = —@(IL’, 1/1(1/’(377 _5)7 _5/))7 we get

r(@,&&) = —(2)7s ! (s(55) + L s () -

so that (drpe)e = (ds™' o w) (ds o u) where w(e,6,&) == s(%) + v(@.&,€), v(w,&,€) =

w(fg’c)*f))crs((w(;fs»g), u(x,&,¢&) = _(w(:u,gi—f))“' We check that v satisfies

)y = O((¢(x, _§)>—Ulvl<x>—a(\u\+1)<c>m\u\<C/>\u\+1)‘

It follows from Peetre’s inequality that for any € € [0,1] and z,y € R", (z +y) > 2*5/2%,
which implies that (¢(z, —¢£))7 = O((z)77¢(£)?¢). As a consequence we get the estimates

Q) = 0(<$>—0(1+\m+elvl)<C>m|u|+6|vl+5w,o<<f>|u|+1) ,
1) = @(<m>—0(\u\+6|vl)<C>m|u|+€\v\<¢>1—h\) .

We deduce from this that (C,) is satisfied. O

We also check that the hypothesis (Hy ) of section 4.5 is satisfied so that the previ-
ous pseudodifferential calculus (for A € {0,1}) is then valid on (R™, +,d\, ), and proves in
particular the space of operators of the form

Av)(w) = /R a2, 0)0((, —€)) g df = /R e 2OV a(a, 0)o(y)|.1 (D) |(y) dy b

2n

where a € S°(R?"), is equal to the standard algebra of algebra of pseudodifferential operators
R™. However, since (C,) is satisfied, we have now at our disposal a new symbol composition
formula given by Theorem 4.47, adapted to the new linearization .

5.2 Si-geometry of the Hyperbolic plane

The (hyperboloid model of the) 2-dimensional hyperbolic space is defined as the submanifold
H:= {z = (z1,72,23) € R® : 27 + 23 — 23 = —1 and 23 > 0} of the (2,1)-Minkowski space
R?! with the bilinear symmetric form (v,w)21 = viwy + vawy — vaws. The induced metric
on H: ds? = (dz1)? + (dz2)? — (dx3)? is Riemannian and it is known that H is a symmetric
Cartan—Hadamard manifold with constant negative sectional curvature (equal to —1). The map
¢ : R? — H given by

©(x,y) := (sinhz, cosh zsinhy, cosh x cosh y)

€2
cosh(argshz1)
quence we can construct another model of the hyperbolic space, noted R? with domain R? and
metric obtained by pulling back the metric on H onto R?. A computation shows that this metric
is ds® := (dz)? + cosh? z (dy)?. We will note ||, the norm on T,R? ~ R? given by this metric,

is a diffeomorphism with inverse ¢ ~!(x1, 29, 23) = (argshxy, argsh( )). As a conse-
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where p is a point in R?, and |-|| is the Euclidian norm. The geodesic equation on R? leads to
the following system of ordinary differential equations:

2" — coshz sinhz ()2 =0,
y" +2tanhx 2’y =0. (5.1)

For each p = (z,y) € R? and v € R? such that |v][, = 1 there exists an unique solution on R
Ypw = (2(t),y(t)) of (5.1) such that 7, ,(0) = p and 7, ,(0) = v.

At each point p = (z,y) € R?, we can define the ellipse of unit vectors centered at 0
in T,R? ~ R? with equation X2 + (cosh?z)Y? = 1. The polar equation of this ellipse is e,(6)
where

. 1
ep(e) T 1+sinh? z sin? 6 '
Thus, any tangent vector v € T,R? with decompostion v = ||v|| (cos#,sinf) also admits the
following polar decomposition v = [[v[|, (cos, 0, sin;, ) where cos), 0 := e(6) cos6 and sin, 0 :=
ep(f) sinf. Remark that e, cosp, siny, and |[|-[|, are in fact independant of the second coordinate
y of p. We shall therefore also use the notations e, := e(,,) and similarly for cos;, sin, and
||-|,- Note that for any vector v := |[v|| (cos8,sin ), we have |[v||, = ||v]| /ex(8).

If p € H and v € R*! are such that (p,v)21 = 0 and (v,v)3; = 1, then the unique
geodesic oy, on H such that ay,(0) = p and aj,,(0) = v is ay»(t) = coshtp + sinhtv (see for
instance [24, p.195]). As a consequence, the geodesics 7, , on the R? hyperbolic space can be
obtained by pushing forward the o, , geodesics with the diffeomorphic isometry ¢. We check
after tedious calculations that for any given p = (z,y) € R? and 0 € R, the following curve

'y;’e(t) = argsh (cosht sinhz + sinh ¢ coshz cos, 6),

cosh ¢ cosh z sinh y+sinh ¢ (sinh z sinh y cos, 6+cosh z coshy sing 0) ) (5 2)
, .

2
t) = argsh
’Ypﬁ( ) & ( cosh ( argsh(cosh ¢t sinh z+sinh ¢ cosh z cosz 0))

where ¢ € R, is the unique maximal solution of the geodesic system (5.1) satisfying the initial
conditions: 7,,9(0) = p and 7, 5(0) = (cosz(0),sing(0)). An explicit formula for the exponential
map at any point can therefore be obtained, since we have exp,(v) = ypa(||v[,) where v €
T,R? — {0} and § € R such that v = |lv|| (cos@,sinf). The main interest of this hyperbolic
model with domain equal to R? is that it is possible to find explicitely the logarithmic map (the
inverse of the exponential map) at any point. We find, after an elementary but long computation,
the following inverse, for any p = (z,y) and p' = (z',3/) € R?,

—1,) — _arEch fo(p) —9p(P")
exp,” (p) = (fp(p))2—1 (coshx’ sechz sinh(y —y) )’ (5-3)
fp(') := cosh(z’) cosh(y’ — y) cosh(z) — sinh(z’) sinh(z),
gp(p') := cosh(z’) cosh(y’ — y) sinh(z) — sinh(z’) cosh(z) .

We have Hexp; L Hp = argch fp(p') which is the geodesic distance between two arbitrary points

p,p’ in the R? hyperbolic model. The goal of this section is to prove the following result.

Theorem 5.2. H has a S1-bounded geometry.

We note RZ := R?\] — 00,0] x {0} and R% :=]0,+00[x]| — m,7[. For any z € R, the
map X, : R — R% given by x,(vi,v2) := (||v||,,arctan(vi, v2)) where arctan(vy,ve) is the
unique element 6 of | — 7, 7| such that vy + ‘v = ||v|| exp(if), is a diffeomorphism with inverse
X5 1 (r,0) = (rcosy 0, rsing 6).
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Lemma 5.3. Let z € R and f € C®°(R%,R) such that fox,' € C®(R%,R) satisfies for any
(o, B) € N2\{(0,0) }, and (r,0) € R%, |0 f o x71(r,0)| < Cop({r)1=® where Copz > 0. Then
f € G1(R%,R).

Proof. By Theorem 2.11, for any (o, 3) € N2\{(0,0)}, 9%Pf = 1<) ,8)|< ()] (O B f o
xz1) o xz Pa B3 (Xaz) on RZ,, where P, g5 (Xz) is a linear combination of functions of the
form J[j_ (8”)@;) ¥ where s € {1,--- ,a+ 3}. The k% and I/ are 2-multi-indices (for 1 < j <
s) such that [k7] > 0, 335 k7 = (a’,ﬂ’) and Y5, [K|/ = (a, B). By definition, x.(v) =
(xL(v),x2(v)) = (||v]l,,arctan(vy,ve)). It is straightforward to check that for any 2-multi-
index v, [0”xL(v)| < Cy(v)' = and [0 X2 (v)| < C!(v)~" on RZ. As a consequence, for each
a, B,a/, 8 with 1 < o/ + 3’ < a + 3 there exists Cy g.org > 0 such that for any v € RZ,

|Pa gt (Xa) (V)] < Caprar g (0)® T,

Moreover, by hypothesis, there is Ca/ﬂ > 0 such that for any v € RZ,, [(0*% fox;1)ox.(v)] <
Cor g (0)1 =" This gives f € G1(R%,R). The extension to G1(R?,R) is a direct consequence of
the smoothness of f on R? and the fact that RC is dense in R?. O

We shall use the following proposition, which gives a formal expression of the successive
derivatives of the inverse (and its real powers) of a smooth function.

Proposition 5.4. Let s > 0 be given. For any nonzero n-multi-index (n € N*) «, there exist
a finite nonempty set Jo, nonzero real numbers (Asop)pet., and n-multi-indices S4P7 (with
p € Jo, 1 <j<|a|) such that

- fO’I" any p S Ja; Zlﬁjﬁ\od ﬁa7p7j =,
- for any smooth function f € C°(R" RY),

|al

0" 7‘ f\a|+s Z As,a,p Haﬂam

pEJa

Proof. The result is true for the case |«| = 1. Suppose then that the result holds for any

n-multi-index « such that |a| = k, where k¥ € N* and let o/ be a n-multi-index such that
o] = k+ 1. Let i be the smallest element of {1,---,n} such that o; > 1, and set a :=
(ay, -+ a_y, a5 — 1,054, -+ ,a;). Thus for any f € C°(R",R}), 80‘/ L = = 0i0" 5 L. Since

la| = k, there is ex1st a finite nonempty set J,,, nonzero real numbers (As o p)pe Ja and n-multi-
indices %P (with p € Ju, 1 < j < |al) such that for any p € J,, 2 o1<i<lal B PJ = o, and such

that for any f € C*(R",RY), 8"‘i = f‘TlHé > peds Asap Hljazll 97"’ f. As a consequence,

with the formula 0; Hl |1 gj = ZM Hljazll d%:3%g;, we obtain for any f € C®(R",R*),

|al |af

0§ = s (O —al+ )hap([[0" " Nif + >0 Nap(J[ & 1))

pEJa J=1 (P,@)€Ja xNq) j=1
Thus, if we take Jo = Jo [[(Jo X Njo)), Asarp = = (s + |a))Asap f D= € Ja, As o' := As,ap
if p=(p,q) € Ja x Ny, 877 := gPT if p=p € Jo and 1 < j < |a], BPT = ¢; if p=p € Ja
and j = o] + 1= |o/|, BF9 = 6, 5¢; + BP9 i 5 = (p,q) € Jo X Njoj and 1 < j < |a] and
BT =0if p = (p,q) € Ju X Nj4 and j = |af + 1 = |o/], the result now holds for o'. O
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In the following we set the convention Jy := {1}, A;01:=1 and H?Zl := 1, so that the
formula giving 0% in the previous lemma is still valid when o = 0. When s € N*, the result
is also valid for complex valued nowhere zero smooth functions.

We note Hp the space of C*°(R%, R) functions of the form (r, §) — a(8) cosh r+b(6) sinh r
where a,b € B(R), and Apy the space of functions f € C°°(R%,R) such that for any 2-multi-
index (@, 3) with @ < k € N, there is C,, g > 0 such that for any (r,0) € R%, |0%Ff(r,0)| <
Cop{r)¥=®, and also such that for any 2-multi-index (o, 8) with o > k + 1, there is Cop >0
such that for any (r,0) € R%, [0%Pf(r,0)] < C&,ﬁe*%. Clearly, Apj, C Spj where Spy, is the
space of functions f € C*°(R%, R) such that for any 2-multi-index («, 3), there is Cy g > 0 such
that for any (r,0) € R%, [0°Pf(r,0)| < Ca5(r)*~*. By Leibniz rule, SprSp C Spjir. We
note Np the space of functions f € C°°(R%,R) such that for any 2-multi-index (a, 3) there is
Ca.5 > 0 such that for any (r,6) € R%, [0°Ff(r,0)| < Cy e . If 1o > 0 we define the spaces
H pro, Apkro> SPkr, and Np,, exactly as before, except that we now replace the domain ]R%;
by RPm :=|rg, +oo[x]| — m, 7.

Lemma 5.5. Let f,g,h,w € Hp,, where ro > 0, such that there is € > 0, C > 1 such that for
any (r,0) € R%TO, f>C, f>ece and h?> + g*> > ce?.

(i) The functions (h2+1;2)3/2’ (fQ—Hi)
where b, € B(R), are in Np,,.

1) The functions argch \/1 + h2 + g2 and argch f are in Ap1q.,,.
»4,T0
(7ii) The functions \/hz)JrgQ and \/;‘;71 are in Apo.r,-

Proof. (i) We give a proof for

ke bi(0)er
((h24¢2)(14+-h2+¢2))3/2’

57z and any function of the form (r,0) —

W The other cases are similar. By Proposition 5.4 and

Leibniz rule, we have for any 2-multi-index v,

QVW - Z () hzf; 1;/2+|u'| Z A3/2,7 pHaﬁy " (h* + ¢%).

v'<v peEJ,,

Note that we have for any 2-multi-index v, 8*(h? + g?) = O(e*") and 8w = O(e"). The result
follows.

.. . . 2 2 9 . Zi——zlbk(a)
(73) By (i), since 07 argch \/1 + h? + g% is of the form (r,0) — (OIS E where by, €
B(R), and 9?2 argch f is of the form W where w € Hp,,, we only need to check that for
0 <a<l1, and g € N, aa’ﬁargch V1I+h24 g2 = O(r)=) and 9P argch f = O((r)'~).
Since 9, argch y/1 + h2 + g2 = hgfgs)—{l(;hg?)g ok Orargch f = \/%, Opargch\/1+ h? + g2 =

\/(}(;ZT;;L)?S%E o) and Oy argch f = \/?fi the result follows from an application of Proposition
5.4.

(791) By (i), since 0, \/% is of the form (hQ“’ﬁ where wy € Hp,, and 0, \/;‘;71 is of the
9 -

form e 1) a7 where we € Hp,,, we only need to check that for g € N, oY% ﬁ\/T = 0O(1) and

50,8 \/ﬁ = O(1). This is a direct consequence of Proposition 5.4. O

Proof of Theorem 5.2. By Lemma 2.14 (iii) and Proposition 2.12, it is sufficient to prove that
for any p := (x,y) € R®2\{0}, exp;1 oexp, and expa1 oexp, are in G1(R?). A computation
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based on (5.2) and (5.3) shows that on R%,

w1 w2 )
)

exp};1 oexpyoxy ! = (argch f)(\/JT*l’ =
eXpal Oepr Oxw_l — (argch 1+ h2 + 92)(\/ h g ) 7

h24+g2’ \/h2+92

where

f(r,0) := coshr coshy cosh x — sinh r(sinh z cos § + sinh y cosh zsin ) ,

w1 (r,0) := — coshr cosh y sinh z + sinh r(cosh  cos  + sinh y sinh z sin 9) ,
wa(r, #) := — coshrsinh y sech x + sinh 7 sin 6 cosh y sech x ,

h(r,8) := coshrsinhz + sinh 7 cosh z cos, 4,

g(r,0) := coshr cosh x sinh y + sinh r(sinh  sinh y cos, # + cosh z cosh y sin, 6) .

All these functions belong to Hp and f > 1. Note that f(r,0) = 1 if any only if exp, Xgl(r, 0) =
p, in which case exp,, ' o expg oxgy Y(r,0) = 0, so that exp, ' oexpgoxg ! is well defined as a smooth
function on the whole R%g. The same argument holds for exp, Lo exp, ox, . We check that

%(cosh xcoshy — \/ cosh? z cosh? y — 1)e” < f(r,0) < coshr etrech(cosha coshy)

so that by defining rg := log 2/e where 0 < £ < min{ 1, %(coshx coshy — \/cosh? z cosh? y — 1)}
we have for any (r,0) € R%’,m? f(r,0) > ce” > 2. Note also that for any v € R%, we have

argch f(xo(v)) = Hengl OeXpO(v)Hp and

argch /1 + h2(x4(v)) + g2(xz(v)) = Hexpal Oepr(U)Ho :

The first equality entails (since exp;, ! o expy(RE) is a dense open subset of R?) that for any v in
R?, cosh ]|, < cosh |expg ! oexp,(v)], earech(coshzcoshy) e then obtain for any (r,6) € R,
1+ h2+ g2 > coshr e~ argeh(coshacoshy) 1y particular, defining

74 = argch(v/2 exp(argch(cosh z cosh y))),

we get for any r > r(), the following estimate h?+ g% > %e‘QargCh(COSh“OSh Ve2 . If we now apply
Lemma 5.5 for the space H Pl where r( := max{ro,r{ }, we see that exp,, Lo expy °Xo L and

exp, Lo exp, OX, Lare in Spy. The result then follows from Lemma 5.3. O

6 Conclusion

We have seen in this paper certain hypothesis on the geometry (S, or Op-bounded geometry) of
a manifold with linearization that allows a coordinate free definition of most of the topological
vector spaces that are needed for Fourier analysis and global complete symbol calculus with
uniform and decaying control over the x variable. Given a linearization on the manifold with
some properties of control at infinity, we constructed symbol maps and A-quantization, explicit
Moyal star-products on the cotangent bundle, and classes of pseudodifferential operators. We
proved a stability under composition result, and an associated symbol product asymptotic for-
mula under a hypothesis (C,) of control at infinity of the linearization. The calculus presented
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here is a generalization of the standard and SG symbol calculi over the Euclidean space R™ and
can be applied to the hyperbolic 2-space since, as proven in section 5.2, it has a Si-bounded
geometry. L2-continuity of pseudodifferential operators of order (0,0) has been established in
section 4.5 under the hypothesis (Hy ). We do not know however if this result still holds without
this hypothesis.

The full analysis of the obtained Moyal product on S(T*M) and spectral properties of
pseudodifferential operators in TL™ remain to be studied. Extension and connection of the
symbol calculus presented here could be made with, for instance, noncommutative geometry
(Gayral, Gracia-Bondia, Iochum, Schiicker and Varilly [18]), the magnetic Moyal calculus (If-
timie, Mantoiu and Purice [23]), spectral asymptotics (Shubin [46]), essential self-adjointness
(Braverman, Milatovich and Shubin [6]), Fourier integral operators (Coriasco [11], Ruzhansky
and Sugimoto [36, 37]), Wiener type calculus (Sjostrand [48, 49]), generalized operators (Garetto
[17]), Gelfand—Shilov spaces (Cappiello, Gramchev and Rodino [7]), regularized traces (Paycha
[33]), and white noise analysis for an infinite dimensional Moyal product (Léandre [26] and Dito
and Léandre [12]).
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