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Abstract

We provide asymptotic formulas for the Bergman projector and Berezin-Toeplitz operators on a com-
pact Kéhler manifold. These objects depend on an integer N and we study, in the limit N — 400,
situations in which one can control them up to an error O(e=“V) for some ¢ > 0.

We develop a calculus of Toeplitz operators with real-analytic symbols, which applies to Kahler man-
ifolds with real-analytic metrics. In particular, we prove that the Bergman kernel is controlled up to
O(e=“N) on any real-analytic Kihler manifold as N — +o00. We also prove that Toeplitz operators with
analytic symbols can be composed and inverted up to O(e=“). As an application, we study eigenfunction
concentration for Toeplitz operators if both the manifold and the symbol are real-analytic. In this case
we prove exponential decay in the classically forbidden region.

1 Introduction

Toeplitz quantization associates, to a real-valued function f on a compact Kéhler manifold M, a family of
Toeplitz operators, which are self-adjoint linear operators (Tn(f))nven acting on holomorphic sections over
M. Examples of Toeplitz operators are spin operators (where M = $2), which are indexed by the total spin
S = % € %D\l. In this paper we study exponential estimates, that is, approximate expressions with O(e=¢V)
remainder for some ¢ > 0.

The family of holomorphic section spaces in Toeplitz quantization is described by a sequence of Bergman
projectors (Sny)n>1. The operators Sy can be written as integral operators (the integral kernels are sections
of suitable bundles over M x M), and a first step toward understanding Toeplitz Toeplitz is the asymptotic
study, in the limit N — +oo, of the Bergman kernel.

We show (Theorem A) that the Bergman kernel admits an asymptotic expansion in decreasing powers of
N, up to an error O(e~*Y), as soon as the Kéhler manifold is real-analytic. To study the Bergman projector,
as well as compositions of Toeplitz operators (Theorem B), it is useful to interpret the N — 400 limit as
a semiclassical limit (with semiclassical parameter h = %), and to use tools which were developed for the
study of Partial Differential Equations (PDEs) with small parameters. We build new semiclassical tools in
real-analytic regularity (in particular, new analytic symbol classes, see Definition 3.3), which can be of more
general use.

This study of the calculus of Toeplitz operators allows us to state results concerning sequences of eigen-
functions of Toeplitz operators (T (f))n>1 for a real-analytic f. We prove the following (Theorem C): if
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(un)N>1 is a sequence of normalised eigenfunctions with energy near E € R, that is,

TN(f)uN = ANUN, AN N - F, H'LLNHLQ(MJ/@N) =1,
——+o00
and if V' C M is an open set at positive distance from {x € M, f(x) = E}, then uy is uniformly controlled
by O(e=*N) on V'; We say that (uy)nen has an exponential decay rate on V.
In a forthcoming paper, we provide an asymptotic expansion, with O(e=¢V) error, for the ground state
of a Toeplitz operator Ty (f), for f real-analytic and Morse.

1.1 Bergman kernels and Toeplitz operators

This article is devoted to the study of exponential estimates concerning the Bergman kernel and Toeplitz
operators on Kéahler manifolds with real-analytic data. In this subsection we quickly recall the framework
of Toeplitz quantization. We refer the reader to more detailed introductions [2, 5, 8].

Definition 1.1.

e A compact Kdhler manifold (M, J,w) is said to be quantizable when the symplectic form w has integer
cohomology: there exists a unique Hermitian line bundle (L, h) over M such that the curvature of h is
—2imw. This line bundle is called the prequantum line bundle over (M, J,w). The manifold (M, J,w)
is said to be real-analytic when w (or, equivalently, h) is real-analytic on the complex manifold (M, J).

e Let (M, J,w) be a quantizable compact Kéhler manifold with (L, h) its prequantum bundle and let
N eN.

— The Hardy space Ho(M, L®V) is the space of holomorphic sections of the N-th tensor power of
L. Tt is a finite-dimensional, closed subspace of the space L?(M, L®N ) of all square-integrable
sections of L&V,

— The Bergman projector Sy is the orthogonal projector from L?(M,L®N) to Ho(M, L®N).
— The contravariant Toeplitz operator associated with a symbol f € L (M, C) is defined as

Tn(f) : Ho(M, L®N) — Ho(M, L®Y)
u— Sy(fu).
In a related way, one can define covariant Toeplitz operators, which are kernel operators acting on

Ho(M,L®N) (see Definition 4.1). We are interested the Bergman projector and both types of Toeplitz
operators in the semiclassical limit N — 4o0.

A particular motivation for the study of Toeplitz operators is the quantization, on M = (52)?, of
polynomials in the coordinates (in the standard immersion of 52 into R3). The operators obtained are spin
N

operators, with total spin 5. Tunnelling effects in spin systems, in the large spin limit, are widely studied
in the physics literature (see [25] for a review). This article also aims at giving a mathematical ground to
this study.

We will use the following estimate on the operator 9 acting on L?(M, L®N) and the Bergman projector
Sn:

Proposition 1.2. Let (M,w,J) be a compact quantizable Kaihler manifold and (Sy)n>1 be the associated
sequence of Bergman projectors. There exists C > 0 such that, for every N > 1 and u € L*>(M, L®N), one
has:

10ull2 = Cllu — Snul| 2. (1)

2
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This estimate follows from the work of Kohn [16, 17], and relies on the basic theory of unbounded
operators on Hilbert spaces; it is widely used in the asymptotic study of the Bergman kernel, where it is
sometimes named after Hormander or Kodaira.

The Bergman projector Sy admits a kernel, in a sense which we make precise here. The space
Ho(M, L®N) is finite-dimensional, so that it is spanned by a Hilbert base s1, ... , 8d, of holomorphic sections

of L®N . The following section of L&V X %V is the integral kernel of the Bergman projector:

dn

Sn(,y) = D silx) ® si(y)-

=1

Here L is the complex conjugate bundle of L, and X stands for pointwise direct product: L&Y KLY is
a bundle over M x M. N
More generally, any section of L%V X e gives rise to an operator on L2(M, L&N).

1.2 Statement of the main results

We begin with the definition of what will be the phase of the Bergman kernel. We use the standard notion
of holomorphic extensions of real-analytic functions and manifolds, under a notation convention which is
recalled in detail in Section 2.3.

Definition 1.3 (A section of L®V X Z®N). Let M be a real-analytic Kéhler manifold and let U C M be a
contractible open set.

Let s denote a non-vanishing, bounded, holomorphic section of L on U. Then ¢ = —% log(|s|2) is called
a Kdhler potential on U. The function ¢ is real-analytic on U since h is real-analytic, so that there is a
unique function gz~5 on a neighbourhood of the diagonal of U x U, which is holomorphic in the first variable
and anti-holomorphic in the second variable, and such that &(x, x) = ¢(x). We call holomorphic extension
such a gz~5 (This coincides with the usual notion of holomorphic extension, see Subsections 2.2 and 2.3 for
details).

The function (z,y) + e*V 9(@) is well-defined in a neighbourhood of the diagonal in U x U, so that the
following section of (L X L)®N

WY () o (5(2) PN @ (5(y)) BN Vo),

is well-defined in a neighbourhood of the diagonal of U x U, holomorphic in the first variable and anti-
holomorphic in the second variable.

The section ¥ is independent of the holomorphic chart on U. It is also independent of the choice of
s. Indeed, if s’ is another non-vanishing holomorphic section of L on U, one has s’ = efs where f is a
holomorphic function on U. In particular, the associated Kahler potential ¢/ = —% log(|s'|?) satisfies

d =6+ 5+

so that

¢ (x,y) = ¢(a,y) + 5 (f(2) + f();

hence

U (z,9) = UV (z,y)e VU@ F@H W= W) = N (2, ¢).

As this section does not depend on s, we call it now \I’{\]f . In particular, given two contractible open sets

UNV, one has ¥y = \I'g near the diagonal of U N'V. Hence, there exists a section UV of L&V X %Y on
a neighbourhood of the diagonal in M x M, whose restriction to each open set U is \Il%N .

3
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Note that the domain of definition of U is independent of N.
In the general setting of a Kdhler manifold with real-analytic data, it has been conjectured [12] that the
Bergman kernel takes the following form: for some ¢ > 0, for all (z,y) € M?,

cN
Sn(z,y) = N (z,y) Y N Fay(a,y) + O(e=N),
k=0

where the ap are, in a neighbourhood of the diagonal in M x M, holomorphic in the first variable and
anti-holomorphic in the second variable, with

llakl|co < CRFE!.

The well-behaviour of such sequences of functions when the sum > N~*qy, is computed up to the rank
cN with ¢ < e/2R was first observed in [28] and was the foundation for a theory of analytic pseudodifferential
operators and Fourier Integral Operators. Here, we rely on more specific function classes, where we control
successive derivatives of the ax’s. Without giving a precise definition at this stage let us call “analytic
symbols” such well-controlled sequences of real-analytic functions. See Definition 3.3 about the analytic
symbol spaces S7;F(X) and the associated summation. This allows us to prove the conjecture above:

Theorem A. Let M be a quantizable compact real-analytic Kahler manifold of complex dimension d. There
exists positive constants v, R,m,c,c,C, a neighbourhood U of the diagonal in M x M, and an analytic
symbol a € S;%R(U), holomorphic in the first variable, anti-holomorphic in the second variable, such that the
Bergman kernel Sy on M satisfies, for each x,y € M x M and N > 1:

Equivalently, the operator with kernel given by U (z,) ZEJXO N%Fa;(z,y) is exponentially close (in
the L? +— L? operator sense) to the Bergman projector.

Theorem A also appears in recent and independent work [27], where the authors use Local Bergman
kernels as developed in [1] to study locally the Bergman kernel as an analytic Fourier Integral Operator.

In order to study contravariant Toeplitz operators of Definition 1.1, as well as the Bergman kernel itself,
it is useful to consider covariant Toeplitz operators, which are the object of the next Theorem. Recalling the
section UV of Definition 1.3, for f an analytic symbol on M x M, which is, near the diagonal, holomorphic
in the first variable and anti-holomorphic in the second variable, the associated covariant Toeplitz operator
is defined as the operator with kernel:

< Ce—C/N
h®N

cN
Sn(z,y) = UV (2,y) Y NFay(z,y)
k=0

cN
TR (f) (@, y) = OV (2,y) <Z N“fk(m,y)> ,
k=0

for some small ¢ > 0; see Definition 4.1.

Theorem B. Let M be a quantizable compact real-analytic Kdahler manifold. Let f and g be analytic
symbols on a neighbourhood U of the diagonal in M x M, which are holomorphic in the first variable and
anti-holomorphic in the second variable.

Then there exists ¢ > 0 and an analytic symbol fig on the same neighbourhood U, holomorphic in the
first variable and anti-holomorphic in the second variable, and such that

TRV ()T (9) = TR (f1g) + O(e™ ).

4
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For any r, R, m large enough, the product t is a continuous bilinear application from ST:E(U) x S22R(U) to
S2r2R(17) (see Definition 3.3); the constant ¢ depends only on r, R,m.

If the principal symbol of f does not vanish on M then there is an analytic symbol fi=1 such that, for
some ¢ >0, one has

T ()T (f4Y) = Sy + 0(e=M).

Given an analytic symbol f € S}",%RO(U) with non-vanishing subprincipal symbol, there exists C' > 0 such
that for every r, R,m large enough (depending on f,rg, Ry, mg), one has

-1
Hfjj HS;};R(U) < CHf”s;";LR(U)-

As an application of composition and inversion properties, one can study the concentration rate of
eigenfunctions, in the general case (exponential decay in the forbidden region) as well as in the particular
case where the principal symbol has a non-degenerate minimum.

Theorem C. Let M be a quantizable compact real-analytic Kidhler manifold. Let f be a real-analytic,

real-valued function on M and E € R. Let (uny)n>1 be a normalized sequence of (An)n>1-eigenstates of

Tn(f) with Ay N _->F E. Then, for every open set V at positive distance from {f = E} there exist positive
—+00

constants ¢, C' such that, for every N > 1, one has

w/\n
[ lun @3 (da) < e,
Vv n!

We say informally that, in the forbidden region {f # E}, the sequence (un)nen has an exponential
decay rate.

1.3 Exponential estimates in semiclassical analysis

Exact or approximate eigenstates of quantum Hamiltonians are often searched for in the form of a Wentzel-
Kramers-Brillouin (WKB) ansatz:

i (ap(x) + hay(x) + Klag(x) +...),

where K is the Planck constant (approximately 1.05 - 10734Js in standard units). In the formula above,
R(¢) < 0 so that this expression is extremely small outside the set {}(¢) = 0} where it concentrates.

From this intuition, an interest developed towards decay rates for solutions of PDEs with small param-
eters. The most used setting in the mathematical treatment of quantum mechanics is the Weyl calculus
of pseudodifferential operators [35]. Typical decay rates in this setting are of order O(A*). Indeed, the
composition of two pseudodifferential operators (or, more generally, Fourier Integral Operators) associated
with smooth symbols can only be expanded in negative powers of % up to an error O(h).

In the particular case of a Schrédinger operator P, = —h2A + V where V is a smooth function, one can
obtain an Agmon estimate [10], which is an O(e%z)) pointwise control of eigenfunctions of P, with eigenvalues
close to E. Here, ¢ < 0on {V > 0}. In this setting one can easily conjugate Pj; with multiplication operators

of the form ef%, which allows to prove the control above. This conjugation property is not true for more
general pseudodifferential operators. Moreover, Agmon estimates yield exponential decay in space variables,
and give no information about the concentration rate of the semiclassical Fourier transform, which is only
known to decay at O(h>) speed outside zero.

In the setting of pseudodifferential operators on R? with real-analytic symbols, following analytic mi-
crolocal techniques [28], exponential decay rates in phase space (that is, exponential decay of the FBI or
Bargmann transform) were obtained in [20, 21, 22, 23]. Exponential estimates in semiclassical analysis have

5
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important applications in physics [6] where they validate the WKB ansatz which, in turn, yields precise
results on spectral gaps or dynamics of quantum states (quantum tunnelling). Moreover, on the mathe-
matical level, these techniques can be used to study non-self-adjoint perturbations [14, 15] and resonances
[11, 29, 24, 30, 9.

Since exponential decay in phase space for pseudodifferential operators is defined by means of the FBI
or Bargmann transform, it seems natural to formulate these questions in terms of Bargmann quantization,
which then generalises to Berezin-Toeplitz quantization on Kéhler manifolds, where the semiclassical pa-
rameter is the inverse of an integer: h = N~!. Yet, for instance, the validity of the WKB ansatz for a
Toeplitz operator, at the bottom of a non-degenerate real-analytic well, was only performed when the un-
derlying manifold is C (see [32]), and some results were recently obtained for non-self-adjoint perturbations
of Toeplitz operators on complex one-dimensional tori [26].

The analysis of Toeplitz operators depends on the knowledge of the Bergman projector, which encodes the
geometrical data of the manifold on which the quantization takes place. The original microlocal techniques
for the study of this projector [3, 34, 5] allow for a direct control of the Bergman kernel up to O(N~°°), from
which one can deduce O(N~°°) estimates for composition and eigenpairs of Toeplitz operators with smooth
symbols [19, 7, 8]. Based on analytic pseudodifferential techniques, the tools of Local Bergman kernels make
it possible to show, under real-analyticity hypothesis, exponential (that is, O(e~")) decay of the coherent
states in Toeplitz quantization [1]. Recently, this method was used to show an O(e*“/ﬁ) control of the
Bergman kernel under the same hypothesis [12]. Another recent paper [18] establishes an O(e*‘:‘/ﬁ) decay
rate for eigenfunctions of Toeplitz operators with smooth symbols.

Pseudodifferential operators, on which exponential estimates were originally studied, also satisfy a “well-
balanced” condition: in the term of order k of the composition of two symbols f and g (which is, a priori,
a bidifferential operator on f and g of total order 2k), both symbols are differentiated at most k times.
We believe that the techniques developped in this paper can be extended to more general “well-balanced”
Fourier Integral Operators with real-analytic regularity. This method is somewhat elementary, since the
only technical part consists in estimating quotients of factorials and powers by writing them as binomial
or multinomial coefficients. This method sheds some light on the difficulty to formulate equivalence of
quantizations in real-analytic settings without a loss of regularity. This fact is of little importance if one is
concerned with spectral theory, but precise results (without loss of regularity) about the composition and
inversion properties in a given analytic class, such as Theorem B, cannot be passed from one quantization
to another if there is a loss of regularity inbetween.

Remark 1.4 (Gevrey case). The methods and symbol classes developed in this paper can be easily applied
to the Gevrey case. s-Gevrey symbol classes are defined, and studied, by putting all factorials to the power
s > 1. s-Gevrey functions have almost holomorphic extensions with controlled error near the real locus, so
that all results in this paper should be valid in the Gevrey case under the two following modifications:

e The summation of s-Gevrey symbols is performed up to k = ¢V s,
’ AL
e All O(e=¢¥) controls are replaced with O(e=¢V*).

For instance, we conjecture that the Bergman kernel on a quantizable compact Gevrey Kéhler manifold is

ol : . .
known up to O(e~¢V*). Its kernel decays at speed Ndim(M) o=(5-¢) N dist(2.9)? o long as dist(z,y) < cN~5
This would improve recent results [13].

1.4 Outline

In Section 2 we recall the basic properties of holomorphic extensions of real-analytic functions. Then, in
Section 3, we define analytic symbol classes for sequences of functions (f)r>0 and we give a meaning to the

6

[December 17, 2018 at 13:24 ]



sum > N~ ;. up to exponential precision. These symbol classes are more precise than the ones appearing
in the literature since [28]. In Section 4 we show Theorems A and B: the Bergman kernel on a compact
quantizable real-analytic Kéhler manifold, and the composition of analytic covariant Toeplitz operators,
are known up to O(e~Y) precision, in terms of analytic symbols, from which we deduce, in Subsection
4.5, general exponential decay (Theorem C) in the forbidden region, for covariant as well as contravariant
Toeplitz operators with analytic symbols. Section 5 contains a few useful combinatorial inequalities.

In Sections 3 and those that follow, the fundamental tool is a version in real-analytic regularity of the
stationary phase lemma (Lemma 3.13). The various proofs in the second part have a common denominator:
the general strategy consists in applying the complex stationary phase lemma and controlling the growth
of the derivatives of the successive terms. We rely systematically on a “well-balanced” condition in the
expansions in the stationary phase, which corresponds, in the setting of Toeplitz operators, to the Wick or
anti-Wick quantization rules for contravariant or covariant symbols. This particular information allows us
to bound non-trivial quotients of factorials which appear in the expansions, each time in a slightly different
manner, but in every case based on discrete convex analysis and elementary combinatorial properties.

2 Holomorphic extensions

In this section we provide a general formalism for holomorphic extensions of various real-analytic data,
which we use throughout this paper. The constructions of holomorphic extensions of real-analytic functions
and manifolds is somewhat standard. We refer to [33] for details on these constructions. In particular, we
study in Subsection 2.4 a specific class of analytic function spaces, which is a prerequisite to the Definition
3.3 of analytic symbol classes.

2.1 Combinatorial notations

In this subsection we recall some basic combinatorial notation. Analytic functions and analytic symbol
spaces are defined using sequences which grow as fast as a factorial (see Definitions 2.10 and 3.3) so that we
will frequently need to bound expressions involving binomial or multinomial coefficients.

Definition 2.1. Let 0 < i < j be integers. The associated binomial coefficient is

()-sts
i) G =)

Let more generally (iy)1<k<n be a family of non-negative integers and let j > >"7'_; i;. The associated
multinomial coefficient! is

J _ J!
i1,k (J — k=1 %) TTr=1 ix!
Definition 2.2.

1. A polyindex (plural: polyindices) p is an ordered family (u1,...,ug) of non-negative integers. The
cardinal d of the family is called the dimension of the polyindex (we will only consider the case where
d is finite).

2. The norm || of the polyindex p = (ji1, ..., pq) is defined as 3¢ | p;.

i
L An alternative definition of multinomial coefficient assumes j=1t41+...+1y, in which case one defines (1,1 J i ) == —
""" n 210 ... ln!
The definition we give contains this one, and is more consistent with the notation for binomial coefficients.

7
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3. The partial order < on polyindices of same dimension is defined as follows: v < pu when, for every
1 <4 <d, one has v; < p;.

4. The factorial p! is defined as Hle wi!. Together with the partial order, this allows to extend the
notation for binomial coefficients. If v < u, then we define the associated binomial coefficient as

()=
v vi(p —v)!

A few useful inequalities about binomial coefficients are proved in Section 5. We will use extensively the
following inequality:

Lemma 2.3. Let (iy...,iy) with Y1 ;i < j. Then
<, s ) < (n+1).
11y.+-512n

m+1) =(1+1+...+1)/ = > <2,1 J Z)
—_— )\

Proof. One has

e (i1 enmyin,
o<y
As each term in the sum is positive, the sum is greater than any of its terms. ]

2.2 Extensions of real-analytic functions

The fundamental object that one is allowed to extend in a holomorphic way is a real-analytic function.

Definition 2.4. Let f: U — V be a real-analytic function on an open set U € R", which takes values into
a real or complex Banach space E. A holomorphic extension of f is a couple (f,U), where U is an open set
of C" and f: U — FE ® C, such that

05]?:0.
° UC(~/,
o flu=1f

Naturally, two holomorphic extensions coincide on the connected components of their intersections which
intersect U since, on a connected open set of C%, a holomorphic function which vanishes on a real set vanishes
everywhere.

If F is a real Banach space then F ® C is the complexification of E; if E is complex to begin with then
FC=FE.

The following Proposition gives a natural choice of holomorphic extension:

Proposition 2.5. Let U be an open set of R, E be a Banach space and f : U — E be a real-analytic
function.
Let x € U. There exists a radius v(x) such that the series

81/
> T!f(y —z)¥

vENd

8

[December 17, 2018 at 13:24 ]



is absolutely convergent for all y € B(x,r(x)), with limit f(y): we choose r(x) smaller than half of the
suprema of all r such that the power series above converge on B(x,r), and such that Bga(x,r(z)) C U.
Then, with

U= U Bea(z,r(x)),
zeU

one can define f on U as the limit of the series above. Then (f, (7) is a holomorphic extension of (f,U).
From now on, we will only use the term “holomorphic extension” for extensions whose domains are

contained in the set U constructed in Proposition 2.5. In particular, the function f is unique up to restriction
of its domain.

Proposition 2.6. Let U and V' be open sets of R™ and let f: U — V be a real-analytic (local) diffeomor-
phism, then f is a (local) biholomorphism up to restriction of the domain.

Proof. On the extended domain U one has - N
(df) = of,
so that, if det(df) does not vanish on U, then det(df) does not vanish on a neighbourhood of U in U; if

moreover f is is a global diffeomorphism, that is, if f is injective on U, then fis injective on a neighbourhood
of U in U, which concludes the proof. O

2.3 Extensions of manifolds

Proposition 2.6 allows us to extend real-analytic manifolds into complex manifolds.

Proposition 2.7. Let M be a real-analytic manifold. There is a complex manifold (]\7, Je) with boundary,
such that M is a totally real submanifold of M. Then M is called a holomorphic extension of M.

In this setting, “totally real” means that
Ve e M, T,M N J. (T, M) = {0}.

Proof. The proof consists in extending all charts of M in the complex space; the standard complex structure
Jst of every chart is preserved by the change of charts, which are biholomorphic by construction. This gives
the complex structure J, of M ; see [33], Proposition 1 for details.

By construction, in the local charts above, the submanifold M of M is mapped to
totally real for the standard complex structure. Hence, M is totally real in M. ]

RAmMDM) which is

The extension of real-analytic manifolds is naturally associated with an extension of their real-analytic
functions.

Proposition 2.8. Let f be a real-analytic function on a real-analytic manifold M. Then there exists a
holomorphic function f on a holomorphic extension M of M such that f|pr = f.

Proof. Any real-analytic function on M can be extended on a holomorphic extension M by extending the
domain of its power series as in Proposition 2.5.

O

In the body of this article we will frequently extend real-analytic functions on holomorphic manifolds.
We introduce a convenient notation to this end. Locally, a real-analytic function f on a complex manifold
of dimension d can be written as

fize Z Cup2” 7.

v,pENd

9
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As the function f is not holomorphic, we specifically write f(z,Z). There is then a natural notion of an
extension
fi(zw) — Z Cup2wP.

v,pENd

This function is holomorphic on a neighbourhood of 0 in C2¢. Tt coincides with f , but the totally real
manifold of interest is not {J(z) = 0} anymore but rather {(z,w),w = Z}.

Let M be a complex manifold; using the convention above let us treat local charts for M and its
holomorphic extension M. A change of charts in M is a biholomorphism ¢ which, in the convention above,
depends only on z as a function on M. The extended biholomorphism 5 constructed in the previous
subsection can be written as

(2, w) = (9(2), p(W)).
Gluing open sets along the charts ¢ (defined by ¢(z) = ¢(Z)) yields a manifold M, and there is a natural

identification M > 2z +— z € M, so that M is simply M with reversed complex structure.
The expression of ¢ above yields

gl

M=Mx M,
and M sits in M as the totally real submanifold
{(z,w) € M x M,z = w}.

This copy of M is said to be the codiagonal of M x M.

Any real-analytic function on M can be extended as a holomorphic function in a neighbourhood of
the codiagonal of M. If the function was holomorphic (on a small open set of M) to begin with, then its
extension depends only on the first variable (on a small open set of M x M).

2.4 Analytic functional spaces

In this subsection we derive a few tools about the study of holomorphic functions near a compact totally
real set. We first fix a notion of convenient open sets on which our analysis can take place.

Definition 2.9. A domain of R? is an open, relatively compact set U with piecewise smooth boundary.
Recall that a holomorphic function f near zero can be written as
fv
flz) = Z L
veNd

Then, in particular f, = 9" f(0). Since f is holomorphic, the sum above congerges for |z| sufficiently small.
In other terms, there exists r > 0 and C' > 0 such that, for every v € N%, one has

|f,] < Cvlrivl,

Definition 2.10. For j € N and f a function on a domain of RY of class C7, we denote by V7 f the function
(0%f())a|=j» which maps U to RCES). Forn e Nand v € R", we denote [|[v[la = 327 [v1] + ... + |vnl.

Let m € Nand r > 0. Let U be a domain in R?. The space H (m,r,U) is defined as the set of real-analytic
functions on U such that there exists a constant C' satisfying, for every j € N,

: Crij!
sup V2 f(z)||pn € —F=
sup [V £ (@)l Gm
The space H(m,r,U) is a Banach space for the norm || - || gm0y defined as the smallest constant C' such

that the inequality above is true for every j.

10
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Such functions can be extended to a neighbourhood of U in C¢, with imaginary part bounded by 7~
(and by the distance to the boundary of U). The spaces H(m,r,U) are compactly embedded in each other
for the lexicographic order on (r, —m): if either » < 7’ or r =/, m > m’, then

H(m,r,U) C H(m/,7",U).

Introducing a parameter m will allow us to control polynomial quantities which appear when one manipulates
these holomorphic function spaces, using Lemmas 2.12 and 3.7. They correspond to a regularity condition
at the boundary of a maximal holomorphic extension: for instance, the function x — xzlog(z) belongs to
H(1,1,(1/2,3/2)) but not to H(m,1,(1/2,3/2)) for m > 1.

It will be useful in the course of this paper to consider various analytic norms for the same function
while maintaining a fixed norm. The definition of the spaces H(m,r,U) immediately imply the following
fact.

Proposition 2.11. Let mg € N and ,rg > 0. Let U be a domain in R?. Let f € H(mg,ro,U). Then, for
all m > my, for all v > rg2™~"  one has f € H(m,r,U) with

||f||H(m,7",U) < HfHH(mo,ro,U)'
The following lemma will be used several times in what follows.

Lemma 2.12. Let d € N. There exists C > 0 such that, for any m > max(d + 2,2(d + 1)), for any j € N,
one has
min(i + 1,7 —i + )4 + 1)™ 3"

J
> <2+C——.
= t+1)mG—i+1)m 4m

Proof. If j =1 then this sum is exactly 2. We now suppose j > 2.
let us first prove that, if 1 <i < j—1 and m > d, then

min(i+1,j—i+1)d(j+1)m< 43"
(i+1)m(—i+1)m =g

Since x — —log(x) is convex on (0,400), the function of i above is log-convex on [1,;/2] as well as on
[7/2,7 — 1]. By symmetry, it is then sufficient to prove the bound above for i = 1 and i = j/2.
For ¢ = 1, since j > 2 one can bound

d . .
Qme j 4m

For i = j/2 the expression becomes

_ AG+1) \" 3
(i) <7

We are now ready to prove the claim. Let us decompose the sum into

l5/3] m [25/3]-1 . dy m
(i+1)%+1) @+ +1)
2+2 3 GG —it)m 2 (+D)m(G—i+tD)m

i=1 i=[j/3]+1

11
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1. If j —i > % then
Gy _sm
(j—i+1)m— 2m’
Hence, the sum
Li/3] (i + 1)d(j +1)m
Z G+1D)mG—i+1)m

=1

is smaller than

gmlif3l -

where ¢ denotes the Riemann zeta function. If m —d > 2 one has {((m —d) <1+ 3- 2~(m=d) Hence,

3m
this sum is smaller than 6 - 2¢ e

2. The sum ‘
[2j/3]-1 (’L—|— 1)d(] + 1)m
(i + 1)m(] —1+ 1)m

i=Li/3)+1

is smaller than
(9/4)™(j + 1)4+!

G+nm 7
since for each index 7 between the bounds one has
G G+)" _ @A
(@(+1mG—i+)™ = 206 +1)/3)™2(G+1)/3)™~ G+1)™
Suppose m > 2(d + 1), so that

o O/4)™( + 1)dH! _ o, A
G+ym T+

Hence, if j > 10 then this sum is smaller than 2- 3. In the other case we have at most 4 terms, each
m

3
of them smaller than 2¢—.
4m

The total sum is then controlled by

3m

4_m’

hence the claim. O

2+(10-2d)

Analytic function classes form an algebra and nonvanishing functions can be inverted:

Proposition 2.13. There exists C' > 0 such that the following is true. Let m > 2. Let r > 0 and let U be
a domain in R"™. Let f,g € H(m,r,U). Then fg € H(m,r,U), and

HngH(m,r,U) < CHfHH(m,r,U)HgHH(m,r,U)-

The constant C' is universal.
If f is bounded away from zero on U, then f~' € H(m,r,U), with

g < M lagn ey
17 ety < infy (1 f])?

12
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Proof. Let f,g € H(m,r,U) and 7 € N. Then
o B+
>l < > ( g 7) 9°1]10"g|
la|=5 |B+71=j

By Lemma 5.2, one has, for every § and v such that |3+ | = j,
(54-7) _ (\,8+7\> _ (J)
g )=\ I8l 8]

[l

> Ul <Y (J> 19 £l V11l

jal= i=0

Hence,

so that, for any j > 0, one has

~ R AR AN R Vi
IV Dl < N e l9] om0y 77 75m ( N T
G+Dme=\1 i) i+ )" —i+1)

Hence,

» rijt G+
IV (fDller S N et 9By 5 2 o
G+ i+ )" —i+1)

Let us use Lemma 2.12 with d = 0. If m > 2, this quantity is bounded independently of j and m, so that

. rJ 5!
IV (FDller < Cllf lemaron |9l s (m 0 Gr o™

This concludes the first part of the proof.

Let now f € H(m,r,U) which does is bounded away from zero on U. We introduce the modified product
fg= icg, for which H(m,r,U) is a Banach algebra.

First, |f|? is real-valued and strictly positive; moreover |f|? = ff € H(m,r,U) and, by the property
above,

IF 1m0y < CUF W)

o uE
Let g = 211z ¢,y hen

infy (|£]%)

- < 1.
QH‘f‘z”H(m,r,U)

”1 - g”H(m,r,U) < 1

In particular, g = 1 — (1 — g) so that, letting h be such that g-h = 1, one has

+oo

h=Y (1-g*

k=0

Hence, one can control

201/ 1Pl e gm0
h .. S —77
12l £ om0 infy (| f1?)

13
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h
Now |f|72 = so that
= e P

1
-2 m,T. < NI
12 ey < g
We now turn to f~! = f|f|~2, which is controlled as follows:

o Wy
I.f ”H( mU) = infy (| f]?)

This concludes the proof. ]

The spaces H(r,m,U) contain all holomorphic functions.

Proposition 2.14. Let d € N. For every T > 0 we let P(0,T) be the polydisk of center 0 and of radius T
in C%.
Let f be a holomorphic, bounded function on P(0,2T), continuous up to the boundary. Then

Il fr(—d,ar—1,p0,r)) < C sup |[f].
P(0,2T)

Proof. The proof relies on the Cauchy formula. For all z € P(0,7) and v € N¢, there holds

!
j&1|=...=léal=2T (&1 — 21)" (§2 — 22)"2 ... (§a — 2a)"
As z € P(0,r) and [£1| = ... = |&q| = 2T, for every 1 < i < d there holds [§; — z;| > T, so that

sup |0”(f)] < CT Ml sup |f].
P(0,T) P(0,2T)

In particular, since v! < M!d'” |, by summing over ’s with same norm we obtain

sup [V f(z)]ln < C(j + AT Y3,
z€P(0,T)

hence the claim. O

3 Calculus of analytic symbols

In this section we define and study (formal) analytic symbols, which we will show to be well suited to the
study of stationary phases with complex, real-analytic phases.

3.1 Analytic symbols
We begin with an explicit definition of C’-norms on compact manifolds.

Definition 3.1. Let X be a compact manifold (with smooth boundary). We fix a finite set (py)yey of
local charts on open sets V' which cover X.
Let j > 0. The €V norm of a function f : X + C which is continuously differentiable j times is defined
as
Ifleso = massup Y- 107(f o pv) (o)l
Viiul=j

14
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This definition is adapted to the multiplication of two functions:

Proposition 3.2. Let X be a compact manifold (with smooth boundary) with fized local charts, and f,g €
CI(X,R).
Then fg € CV(X,R) with

j .
I£gllesx) <D ( )Hf\lcz(x 19llesi—i(x)-

=0

Proof. One has, in local coordinates,

(fg) = <’:> 0" f0" g,

v<p

(=)

with, by Lemma 5.2,

Hence,
> ol < XX (] )osio
|ul=3 |pl=5 v<p
J
=z() ) an|( 5 |awg|)
i=0 |=i lul=j,v<p
J
:z() (zran\) ( 5 \aﬂgr),
=0 |v|=i |lpl=5—i
hence the claim. O

Using the convention above, let us generalise Definition 2.10, in order to define analytic symbols.

Definition 3.3. Let X be a compact manifold (with boundary), with a fixed set of covering local charts.
Let 7, R, m be positive real numbers. The space of analytic symbols S7/(X) consists of sequences (az,) k>0
of real-analytic functions on X, such that there exists C' > 0 such that, for every j > 0,k > 0, one has

rIRF(j + k)!

||alc||ca(x> =YGrk+m

The norm of an element a € S7;7(X) is defined as the smallest C as above; then S7;*(X) is a Banach
space.

We are interested in symbols which have an expansion in increasing powers of the semiclassical parameter.
We will use the term “symbols” while, in the usual semiclassical vocabulary, we are dealing with formal
symbols to which we associate classical symbols by a summation process in Proposition 3.6.

As for the analytic function classes H(m,r,U) of Definition 2.10, the spaces S7;*(X) are included in
each other for a lexicographic order, and the constants of injection are controlled as follows:

Proposition 3.4. Let X be a compact manifold (with boundary) with a fized finite set of covering charts.
Let rg, Ry, mq positive. Let f € S}",%RO (X). For every m > my, for every r > r92™~"0 and R > Ry2™ ™0,
one has f € S;E with

TP T,

15
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The notion of sum of a formal series in N~! is well-defined up to O(N~°°), by a process known as Borel
summation. In a similar but more explicit way, formal series corresponding to analytic symbols can be
summed up to an exponentially small error.

Definition 3.5. Let X be a compact Riemannian manifold (with boundary) and let f € S;f(X). Let
cr = 35. The summation of f is defined as

crN
X xN3(z,N)— f(N)(z) = > N *f(x).
k=0

Proposition 3.6. Let X be a compact Riemannian manifold with boundary and let f € SR(X). Let
CcrR = 35- Then
1. The function f(N) is bounded on X uniformly for N € N.

2. For every 0 < c¢1 < cg, there exists cog > 0 such that

cpN
sup| S NEfia)| = 0N,
reX k=c1 N
Proof.
1. Since

su z)| < v s REE,
xe)lz‘fk( )’ = ”f”SmR(X)

it remains to control
crN

> NFRFL.
k=0

In this series, the first term is 1, and the ratio between two consecutive terms is

Nk RFE! _ Rk _ Rew— € o1
NFIRFIE 1)1 N — BT 3 s

Hence,
crN 3
sup |f(z, N)| < "R e/3)* < PR =
sup 17 V)1 < Wl 3 (/9 < Wl g =
2. The claim reduces to a control on

crN

> NTFRFEL

k=c1 N

In this series, on which each term is smaller than (e/3)F, the first term is controlled by
(e/3)'N = exp(c; log(e/3)N).

Hence the claim, with ¢ = ¢; log(e/3).

16
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From the second point of Proposition 3.6, we see that the constant cr = 5% is quite arbitrary (using the
Stirling formula to control factorials, one could in fact consider any constant smaller than ). We use it in
Definition 3.5 to avoid dealing with equivalence classes of sequences whose difference is O(e_CIN ) for some
d, as in [28].

Before studying further the space S7f(X), let us generalize Lemma 2.12.

Lemma 3.7. Letd € N and n > 2. There exists C(n,d) > 0 such that, for any m > max(d+2,2(d+n—1)),
for any £ € N, one has

in_1+ D+ 1)™ 3m
y N DD o3
i1<¢2<...<¢n(11+1)m-“(2n+1)m 4m

This is indeed, up to a factor 2, a generalisation of Lemma 2.12 which corresponds to the case n = 2.

Proof. As before, the case £ = 1 is trivial, so we assume ¢ > 2. The only term in the sum such that i,,_1 =0
is equal to 1; let us control the sum restricted on {i,,—1 > 1}. Let us first show that, if 4,1 > 1, then

in_1+ 1)+ 1)™ 3m
(i1+ )™ (i + 1™ 4m
One has directly (3,1 4+ 1)¢ < (£ + 1)%.
We are left with
(L+1)m
(i1 + )™ (i + 1)
which is a symmetric expression of (i1, ...,i,), log-convex as soon as m > 0, and which we wish to bound

on the symmetrised set
n
{(il, —yin) € N, sz =/, at least two of them are > 1} .
k=1

By Lemma 5.4, it is sufficient to control the quantity above at the permutations of (¢ — 1,1,0,...,0). At
each of those points, since £ > 2, one has

(€ +1)m [+ m<3m
(ip +1)m .. (i, +1)m 20 = 4m’

We are now in position to prove the claim. Let us first restrict our attention to {i; > %} There

are less than (£ 4 1)"~! such terms (since there are less than (¢ 4+ 1)"~! terms in total), and each of these

terms is smaller than
C+DAe+1D™ @+ 14 3(n—1)™

)™ @R

Hence, this sum is controlled by
€+ 1" (B3 —1)™
(g_i_ 1)m(n71)

We now consider the sum on {i; < % < ip}. There are again less than (¢ + 1)"~! such terms, each of

them smaller than
(C+1d+1)m™ (04 1)4(3(n—1)m"D

( 041 )m(nfl) - (£_|_ 1)m(n72)
3(n—1)

17
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Thus, this sum is smaller than

(£+ 1™ (3(n — 1)
(€_|_ 1)m(n72)

Similarly, we are able to control the sum restricted on {ij < (n 1) <ligs1}, for k <n—2, by

(€ + 1)1 (3(n — 1))™H)
(6 + 1)m(n—k—1)

If m > 2(d+mn — 1), then (£ + 1)"Hd=14m < (0 4 1)3/2 5o that, for any k < n — 2, if £+ 1 > 3n, one has

(£+ 1y (3(n — 1)) s (3(n— D)"Y (3= DY (9 —1)?\"
e ——<en® () e ()T - ()

Thus, for ¢ large enough (depending on n), this quantity is smaller than 4—:7 for ¢ small we have a number
of terms bounded by a function of n, each term being smaller than C(n,d)3= by (2).

It remains to control the sum restricted on {1 < 4,1 <3 } In this case, i, +1 > (Hl), so that
the sum is smaller than

37 (infl + 1)d 3m 5
m Z X —p — . — < _m(C(m))n (C(m —d) —1).
2 0<i1<+-<ipp_ 1<3(n 11) (11 + 1) (Z2 + 1) e (’Ln,1 + 1) 2
in—1>1

The Riemann zeta function is decreasing, and if m > d + 2, then ¢((m —d) < 1 +3-2-0"=9 g0 that the
expression above is controlled by C(n, d)i—:. This concludes the proof. U

Analytic symbols behave well with respect to the Cauchy product, which corresponds to the product of
their summations.

Proposition 3.8. There exists Cy € R and a function C : R? = R such that the following is true.
Let X be a compact Riemannian manifold (with boundary) and with a fized finite set of covering charts.
Let r,R >0 and m > 4. For a,b € ST,E(X), let us define the Cauchy product of a and b as

k
(a * b)k = Z aibk,i.
i=0
1. The space ST;E(X) is an algebra for this Cauchy product, that is,
la % bllgrx < Collall gy Bl g1
Moreover, there exists ¢ > 0 depending only on R such that as N — 400, one has

(a*b)(N) =a(N)b(N) + O(efCN).

2. Let rg, Ro, mgo positive and a € S,%RO(X ) with ag nonvanishing. Then, for every m large enough
depending on a, for every r > rg2™ ™0 R > Ry2™ ™0 q is invertible (for the Cauchy product) in
SHE(X), and its inverse a* ! satisfies:

la* gy < Cllallgro oy, minlal)).
m (X) Shig

(X)’
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Proof.

1.

From Proposition 3.2, one has, for every 0 < i < k and j > 0,

laibr—illci < Z( ) lailloellor—ill ci—e-

In particular,

PIRFG RN S Gn [+ k() G+k+1)m
< s T,
”(a*b)k”@—”aHsn;R”b”SR( +Ek+1)m ZZ i+ C)+e+1)m(G+k—i—L+1)m

By Lemma 5.1, one has

This yields

PIRR(j + k) &L (G+k+1)"
D)illes < llall gr.rl|b] grr————
la*b)llcs < llallgrrllbllg P Z;(iJrHl)m(jJrk_i_Hl)m

FIRF( 4+ kNS min(i + 1,5+ k— i + 1)(j + k+1)™
G+k+1)m = @+1)mG+k—7+1)m

< llall gy bl] .1

Here, we let ¢/ =i + /.

We are reduced to Lemma 2.12 with d = 1. If m > 4, this sum is smaller than a universal constant C
independently of j, k, so that
Ja bl g < Clall g bl g

Let us control the product of the associated analytic series. By Proposition 3.6, for some ¢ > 0

depending only on R, one has
eN
12R

N) = Z N~%a, + O(e*CN),

and similar controls for b(N) and (a % b)(N).

eN
The first —— terms of the expansion in decreasing powers of (a * b)(N) and a(N)b(N) then coincide

by definition of the Cauchy product. It remains to control

Z Nf(iJrj)aibj.

eN - - eN
1o SITISGR

From o o
sup(|a;bj|) < CR™ilj! < C(2R)"™ (i + j)!,

one has, as in Proposition 3.6,

Z N~ gb; < N NTED@QR)H (i + ) < e,

12R — 12R —

hence the claim.
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2. The unit element of the Cauchy product is (1,0,0,...), which belongs to S5;(X). Let a € Spo-fo(X)
be such that ag does not vanish on X, and let us try to find b such that (a xb)g =1 and (a xb) =0
whenever k # 0.

The first condition yields by = ay ! which is a function with real-analytic regularity and same radius

as ag, by Proposition 2.13, so that '
) !

bollci < Cor—
Ioules < Cor=tims

In particular, by Lemma 2.11, for all m > mq,r > r92™~ ™0 one has

jjl

b Co————
H OHCJ = 0( +1)

The coefficients by, are then determined by induction:

k k
-1
bk = Qg Z aibk,i = bo Z aibk,i.
i=1 i=1

Let us control HbHST,R(X) by Ha”sr,R(X) by induction, for some r, R, m which will be chosen later.
We now proceed by induction on k. Suppose that, for all £ < k — 1 and j > 0, one has
rIR(5 + 0)!

b Cp—— -,
H Z”CJ . b( _{_€_|_1)m

We wish to prove the same control for £ = k. The constant C} will be chosen later.

By induction hypothesis,

kuH < COCb”aH i J ok j—h . lejl! TjQRi(jQ + Z’)!rj*jlszkai(j i — et k- i)!
J T, E E E : . : : ' /
: S S e i+ D)™ (it g+ ) =g —jat E =i+ 1)

PIRFG + k) GIL itk
< CpCollal| o, 1, jo + 1
vCollall R( +k+1)m 1220;];0 J1,J2 ) \J1, J2 +1

(G+k+1)™
Gr+D)m(Ge+i+ )" —g1—Je+k—i+1)m

Let us prove that, for every i, 7, j1, jo, k in the range above, one has

Jt+k S J
Ji,je+1) — \Jji.j2
e W Jj+1 S J
Ji,j2+1 Ji,d2) i —g1—Jd2 — \Ji,j2)’
JERAS (IS (7).
J1,J2 +1 Ji,J2 +1 J1,J02

20
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Hence,

rIRR(j + k) iifzf G+k+1)m
(J+k+1)m — = (G1+D)mGe+i+1)m(—j1 —Jo+k—i+1)m

>

]1+11+22 =j+k
i1>1

1bellcs < CoCollallgrr ===

I R*(j + k)!
(G+kE+1)m

min(i; + Lia + 1)(j + k+1)™
(1 + )™ (i + 1)m(ig + 1)™

< CyCollal| gr.r

From Lemma 3.7 with n = 3 and d = 1, the sum

>

Ji+ii+ie=j+k
i1>1

min(i; + L,ie + 1)(j + k+1)™
(1 + )™ + 1) (ig + 1)™

is bounded independently of j and k for m > 6. However this control is not enough since it yields a

I R*(j + k)!
G+E+1)m
However, the only term in this expansion which contributes as 1 is j; = 0,43 = k + j,42 = 0, which
corresponds to j; = 0,7 = k, jo = j. One can control this term independently of C} since

QT‘Rk(j‘Fk)
CG+k+1)m

constant in front of which is a priori CCoCy|lal|grr > Cp.

lag*laxlc: lbo| <

The sum over all other terms is smaller than CCyCyl|al| 4r.r(3/4)™ for some C, by Lemma 3.7.

We can conclude: if m is large with respect to |lal| s (which can be done using Proposition 3.4
by setting r > 792™"™0 and R > Rp2™ ™) and if C, > 2CZ (recall from Proposition 2.13 that
C? = min(|a|)_4||a\|§rﬁ), one has, by induction,
Iellos < C rIR*(j + k)!
MO =Gk )
This concludes the proof.

O
Remark 3.9. The method of proof for Proposition 3.8 will be used again in Section 4. This method consists
in an induction, in which quotients of factorials must be bounded; this reduces the control by induction
to Lemma 3.7. Constants which appear must be carefully chosen so that the induction can proceed. In

particular, given a fixed object in an analytic class, it will be useful to change the parameters (typically
m,r, R) in its control, while maintaining a fixed norm.

The classes H(m,r, V') of real-analytic functions introduced in Section 2 contain all holomorphic func-
tions. In a similar manner, the symbol classes S;f* contain all classical analytic symbols in the sense of
Sjostrand [28]:

Proposition 3.10. Let U be an open set of C" and let a = (ai)r>0 be a sequence of bounded holomorphic
functions on U such that there exists C > 0 and R > 0 satisfying, for all k >0,

sup |ax| < CRFE!.
U

Then for every V.CC U there exists r > 0 such that a € SS’R(V).
In particular, given an analytic symbol a and a biholomorphism k, then a o K is an analytic symbol.

21

[December 17, 2018 at 13:24 ]



Proof. By Proposition 2.14, there exists C; > 0 and r > 0 such that, for every k > 0, one has ay, € H(r,0,V)
with
lakll zo,rvy < C1 Sl{ljp |ak|.

In other terms, for every k > 0,5 > 0, one has
lakllcsry < CLOTIREjIRY < CLOTIRF(j + F)L.

Hence a € Sj™(V). O

3.2 Complex stationary phase lemma

In this subsection we present the tools of stationary phase in the context of real-analytic regularity, as
developed by Sjostrand [28]. We wish to study integrals of the form

/ V@ g (z)da,
Q

as N — +oo. If ® is purely imaginary, then by integration by parts, this integral is O(N~°°) away from the
points where d® vanishes. At such points, if ® is Morse, a change of variables leads to the usual case where
® is quadratic nondegenerate; then there is a full expansion of the integral in decreasing powers of N. If ¢
is real-valued, a similar analysis (Laplace method) yields a related expansion.

On one hand, we wish to study such an integral, in the more general case where i® is complex-valued.
On the other hand we want to improve the O(N~>°) estimates into O(e~¢"). This is done via a complex
change of variables; to this end we have to impose real-analytic regularity on ® and a.

Let us introduce a notion of analytic phase, which generalises positive phase functionsa as appearing in

[28].
Definition 3.11. Let d,k € N. Let Q be a domain of R¢. Let ® be a real-analytic function on € x R¥. For
cach A € R¥ we let @) = ®(-, \). Then ® is said to be an analytic phase on Q under the following conditions.

e There exists an open set Q c €% such that, for every A € R*, the function ®, extends to a holomorphic
function ®, on .

e For every A € RF, there exists exactly one point Z) € Q such that do A(Zx) = 0; this critical point is
non-degenerate. There holds @, (7)) = 0.

e One has 7o = 0 and moreover RPy < 0 on 2\ {0}.

Under the conditions of Definition 3.11, the function A — 7 is real-analytic. A first change of integration
paths leads to the usual definition of positive phase functions [28]. That is, one can assume, without loss of
generality, that £, = 0.

Proposition 3.12. Let ®) be an analytic phase in the sense of Definition 3.11, and ®, its extension on
the domain Q. We let Q) = ([Rd + a?)\) N Q. There exists ¢ > 0,C >0, and a small neighbourhood A C R¥
of zero, such that the following is true.

Let ay, be a family of real-analytic functions on  which extend to holomorphic functions ay on Q. Then,
for every A € A and every N € N,

/BN%%_/ NG
Q Qy

Moreover, for X\ € A, one has R®y < 0 on Q \ {#\}.

< Csup|ayle V.
Q
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Proof. The proof proceeds in two steps. In the first step, we apply the Morse lemma and show that, for
some analytic symbol by, one has

/QeNq)Aa)\:/Qe_NIy‘QbA(y)dy—i—O(e_CN).

In the second step, we provide an expansion, up to an exponentially small error, for the right-hand term
above. We let V be an open subset of Q containing 0. Then, for every A € R, either Zy € R, in which case
there is nothing to prove, or the set V' + [0, 1]Z) has real dimension d + 1. In the latter case, the boundary
of V +[0,1])Z, can be decomposed as follows:

OV +10,1]Z\) = VU (V + ) U (dV + [0,1])-

By hypothesis, there exists ¢ > 0 such that R®¢ < —2¢’ on V. By continuity (and since Z has real-analytic
dependence on A), for A in a small neighbourhood A of zero, one has V + [0, 1]z, C Q and R®, < — on
IV +[0,1]zy. N

Then, the contour integral of e¥® ay on A(V + [0, 1]7,) is zero, so that

‘/ 6N<I>,\a)\_/ N,
Vv V+axy

Since Q \ V € U, the first integral is exponentially close to the integral over 2. In the same way, one can
replace the second integral by an integral over ). This ends the proof. U

< Csup|ayle V.
Q

We are now in position to prove an analytic stationary phase Lemma.

Proposition 3.13. Let ® be an analytic phase on a domain Q. There exists ¢ > 0,¢ > 0,0" > 0, a
neighbourhood A C RF of zero, and a biholomorphism Ky, with real-analytic dependence? on X € A, such that
the associated Laplace operator A(N) = k) o Ao 5;1 satisfies, for every function ay holomorphic on §:

cA

/Qez\fcbmA -3 (k!N%ﬂc)_l AR (@I (@) + Ra(N),
k=0

where, uniformly in A € A,
|RA(N)| < CemNsup [ay],
Q

and Jy is the Jacobian determinant associated with the change of variables.

Proof. For y = (y1,...,yq) € C? we denote y -y = Zdzl y?. If in particular y € RY, we denote

1
Wyl =vy-y=Iyle =i +...+y3)2.

By Proposition 3.12, without loss of generality Zy = 0 so that R(®y) < 0 on Q\ {0}.
The holomorphic Morse lemma [31] states that there is a biholomorphism ) of neighbourhoods of 0 in
C?, with real-analytic dependence on )\, such that, for every z in the domain of &,

By (kr (@), ka(2)) = —ra(2) - Ka(2).

2By this we mean: a real-analytic function x on U x A, where U is a neighbourhood of 0 in ﬁ, holomorphic in the first
variable, such that there exists o with the same properties, satisfying o(k(x,A), ) = k(o (z,\),\) = x for all (z,A) € U x A.
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Let V' be a small neighbourhood of 0 in C? such that k) is well-defined on V, and let Vg = V N R?. Since
R(Pyr(x)) <0 for 0 # = € 2, uniformly in A close to 0, one can restrict the domain of integration: for some
small ¢ > 0 and C depending only on ®, one has

/eNCDAa)\_/ N g,
0 Vi

Applying the change of variables k) yields

/ NG, — e NV (@) o k1) (y) I (y)dy,
VR WA

< Csup(Ja))e V.

where W)y = k) (VRr), and J) is the appropriate Jacobian.

We let by = (ay o KXI)J)\. Then, by Proposition 2.14, the function ay o /{Xl, which is bounded and
holomorphic on a small open neighbourhood of 0, belongs to some analytic space H(2,r1,k)(V)) for ri large
depending only on r and @) if V is chosen small enough. Without loss of generality, Jy € H(2,71,k)(V))
as well. Then, by Proposition 2.13, by belongs to H(r1,kx(V)), with r; depending only on r and ®,, and
the norm of by is controlled as follows: there exists C' which depends only on o A and Q such that

16l 214 ea(vy) < € sup [ay].
Q

The biholomorphism ) does not preserve R? (unless @) is real-valued). We now wish to change contours
so that

/ e Nby (y)dy = / e NVb, (y)dy + O(e=“ N sup [by]).
Wi VR

Consider the following homotopy of functions on C%:
o(z) = R(z) + (1 —1)3(2).

Then o9 = Id while o1 is the projection on the real locus. If y € W) is not zero, then y -y > 0, so
that o4(y) - o4(y) > y -y > 0. Hence, the set U Uycpg1) 0¢(W), of real dimension d + 1, is contained in
{y -y > 0} U{0}. Then, since

oU = W,y UUl(W)\) uU’

with U’ far from zero, and since the contour integral over AU is zero, one has, for some ¢ > 0 and C > 0
depending only on @,
’/ e~ NIV, (y)dy — e NVUby(y)dy| < CemN sup |by.
W a1(Wx) a
Applying again a domain restriction, there holds

/ e NUby(y)dy — / e Ny (y)dy| < Ce N sup [by|.
Jl(W)\) VIR 5

To conclude the first part of the proof, for some C' > 0 and ¢ > 0, there holds

/ e_NCDA(y)aA(y)dy _/ e_Ny'yb)\(y)dy} < Ce N sup |by|.
Q VR Q

We now pass to the second step of the proof. Let us prove that, for some ¢ > 0 and ¢’ > 0, there holds

cN

B ) _ Akb)\ —c
| e ndy - N2 Y T 0)] < Clbll e
VR k=0 ’
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Let us first replace by by its Taylor series up to 2c/V:
2cN+1

bv 102 [l czen+1 |yt

ba(y) — E ==y’ <
I |
W <DeN V! (2¢N + 1)!

< CriNy|**N sup |ay|-
Q

The integral of the remainder is then controlled as follows, by the Stirling formula:

Crtsupaa [ e MRl PNdy < O sup ] [ eV Ny
5 Vi 5 R

< ON“EIAVNTNT(eN + /2 4 1) sup |

Q
< CN7Y2NN=NTD(eN + 1) sup |ay|
Q
< CN'exp(eN log(r?) — eNlog(N) + ¢Nlog(cN) — ¢N) sup |ay|

Q

< CN~texp(N log(ric/e)) sup [a,|.
)

Thus, as long as ¢ < -5, for some ¢ > 0 one has

1
/ N g (y) — Z by d
Ve Y o Yy Yy

[v|<2eN

= O(e™“N sup|ay)).
Q

It remains to estimate, for every 0 < j < 2¢N, the integral

b
~Nly|? g
/v[.f > vy

lv|=J

Let us first show that one can replace the integral over Vi by an integral over R?, up to an exponentially
small error.
One has, as by € H(0,r1, V) with controlled norm,

3" |baw| < Cr{jtsup|a,l.
lv|=j Q

Moreover,

ly|”

. . i . _J ]' gL Yy
P = 22 Rl = d7E D Tl > e
=i e

Hence,

b)\,u v
2 Y
V!
lv|=j
Let T' > 0 be such that B(0,7") C Vg. Then

b

—N|y|? Av vq

€ E Yy ay
/[Rd\V[R I V!

< C(Vdry )yl sup [
Q

. +o0 .
< C(\/gn)] sup ]'dA\/ e Nrpitd=lq,
Q T?

) , +0o0 ,
< ON~YVdr1) N~ sup \%\]/ e Tritd1gy
S NT?
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The function 7 — e~ "/279T4=1 reaches its maximum at r = 2(j +d—1). If ¢ < T?, then for N large enough
2NT? >2cN +d—12>j+d—1, so that

too itd—1 NT?2/2 ovird—1 [T 2 NT? 2\ jtd—1
/ e "It dr < e NTT/2(NT2)iHd- / e 2dr < CeNTT(NT?)IHL,
NT2 NT2

Hence, for every N € N,

< C’N_l(7“1\/gT2)je_NT2 sup [a,|

b
—Ny? AV oy
e ——y"d
/[Rd\V[R Z V! vy aQ

lv|=j

< (Z’N71(7°1\/gT2)2CNe*NT2 sup |a,|

Q
< CN~'sup |ay| exp(N(=T? + 2clog(riVdT?))).
Q
. . T2 o 12 y
In particular, if ¢ < Toa(r VaTD) then there exists ¢ > 0 such that
—Ny? b)‘_vl’ v —-1_—c'N ~
e Z y’dy| < CN ™ "e sup |ay|.

RV = V! 9

Summing over 0 < j < 2¢N yields

< Ce N sup [ay.

b
—Ny? vy
e ——y"d
/er\vR Z o

[v|<2eN Q
We are left with N
b ¢ & AFBy(0)
> [t Y Ay =Nty S
e y’dy = .
| kL
j<2eN /R =i ¥ im0 UK
This concludes the proof. ]

Remark 3.14. In what follows, we will apply the complex stationary phase lemma in situations where, for
A belonging to a compact Z, one has Zy = 0 and P, < 0 on Q \ {0}. In this setting, Proposition 3.13 is
true uniformly for A in a small, N-independent neighbourhood of Z.

4 Calculus of covariant Toeplitz operators

In this section we prove our three main Theorems.

We begin in Subsection 4.1 with the definition, and the first properties, of covariant Toeplitz operators.
Then, in Subsections 4.2 to 4.4, we study them. We prove that they can be composed (Proposition 4.7),
and inverted (Propositions 4.8 and 4.9), with a precise control on the analytic classes involved. This allows
us to prove Theorem A: see the beginning of Section 4.4 for a detailed proof strategy for Theorems A and
B. To conclude, in Subsection 4.5 we prove Theorem C.

Until the end of Section 4, M is a compact real-analytic quantizable Kéhler manifold of dimension d.
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4.1 Covariant Toeplitz operators

Definition 4.1. Let U denote a small, smooth neighbourhood of the codiagonal in M x M; for instance
U = {(z,y) € M x M,dist(z,y) < €} with e small enough so that the section ¥V of Definition 1.3 is defined
on a neighbourhood of U. The space Tnjr’R(U ) of covariant analytic Toeplitz operators consists of operators
with kernel

TJC\?U(f) : (.%',y) = Ndﬂ(x,y)EU\IjN(x7y)f(N)(x7y)a

where f(N) is the summation of an analytic symbol f € S7%(U), with f holomorphic in the first variable
and anti-holomorphic in the second variable.

Proposition 4.2. There ezists ¢ > 0 such that, for all (z,y) € U, there holds
|\I’1($,y)| < e—cdist(az,y)Q‘

Proof. If & = y then Wl(z,y) = |s(x)[2e"2*® = 1. In a holomorphic chart p for M around z (which sends
0 to x), one can choose ¢ such that the Taylor expansion of ¢ o p at zero is ¢ o p(z) = |z|> + O(|z|?). Then
dist(z, p(2)) = |22 + O(|2]?) as well, so that

U (2, p(2))] = e~ @)= 0pEN+26(@p(2) — o~lz*+0(2*)

—cdist(z,p(2))?

is smaller than e on a neighbourhood of 0. U

Covariant Toeplitz operators are almost endomorphisms of Ho(M, L%V).

Proposition 4.3. Let U denote a small, smooth neighbourhood of the diagonal in M x M. There exists ¢ > 0
such that the following is true. Let f € SHE(U) be holomorphic in the first variable and anti-holomorphic
in the second variable, and Sy denote the Bergman kernel on M.
Then, as N — +00,
SNTS(f) = T (f) + Opars (e ™).

Proof. We apply the Kohn estimate (Proposition 1.2) to the kernel of 757 (f). Let x be a smooth function
on M x M, which is equal to 1 on a neighbourhood of the diagonal and is supported inside U. Then, since
|¥| < 1 outside the diagonal there exists ¢ such that

sup ||z — Nd\I’N(:U,y)(l —x(z, )2 = O(e*CN),
yeM

In particular, since f(N)(zx,y) is bounded independently on z,y, N by Proposition 3.6, one has

sup [+ (1= X T () )z = O ),

Since Sy is an orthogonal projector, it reduces the L? norm, so that

sup [|Sy (= (1= x(z, 9)) TR (f) (2, 9) || 2 = O(e™Y).
yeM

Moreover, x — x(z,y)T5"(f)(x,y) is holomorphic except on {z € M,0 < x(z,y) < 1} where T (f)(z,y)
is exponentially small. Then

3N

sup 10(z = x (2. ) TR ()@, 9))llz2 < [Oxl|r=O(e™N) = O(e™).
Yy
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Hence, by (1),

sup I(Z = Sn) (= x (2, TR (f) (@, )|z = Oe™).

In particular,

sup [|(1 = Sn)(z = TR (f)(z,9)) ]2 = O(eY).
yeM

Since M is compact, its volume is finite, so that one can conclude:

I = ST (s < [[ 1T = SNTR() . y) Pdady
MxM

< Vol(M) sup I(Z = Sn) (@ = TR () (@, 9) | 2 = O(e™Y).

O

4.2 Study of an analytic phase

In this work, covariant Toeplitz operators of Definition 4.1 have the following integral kernels:

cN
T (f) : (2,y) = ¥V (z,y) <Z NOF f(x, y)) :
k=0

The integral kernel of the composition of two covariant Toeplitz is of particular interest, so let us study its
phase.
If f and g are analytic symbols, then TV (f)T5"(g) has the following kernel:

~ ~ ~ cN cN
eV (20(2,y) =2¢(y)+2¢(y,2) —2¢(z,2)) <Z Ndkfk(m,y)> (Z Ndjgj(y,z)) dy.

k=0 Jj=0

(x,2) — \I/N(x, z)/

M

Indeed, if 5 is a local holomorphic non-vanishing section of L, with (s, s}, = ¢ =2, and 5 denotes the complex
extension of ¢, then for every (z,y, z) € M?> one has

(Y (@, ), B (y, 2))n = 5(2)°N @5(2) " NO@NFNGW2) (5(y) 5(y)) N
— WV (z, Z)62N$<x,y)—2N¢(y)+2N$(y,z>72N5<m,z>.

We let ®; be the complex extension (with respect to the middle variable) of the phase appearing in the last
formula:

(I)l : (Jﬂay,@, E) = 25($,@) - 25(yaw) + 2$(y,z) - 2(:5($,E)
We write @ (z,y,w,Z) to indicate anti-holomorphic dependence on the two last variables. In particular, ®;
is holomorphic on the open set U x U of M x M x M = M, x (M, x M) x Mz.

Proposition 4.4. There exists a smooth neighbourhood U of {(x,Z) € M x M,T = Z} such that function
®, on the open set
{(,9,9,2), (z,w) e U, (y,w) € U, (x,%) € U},

is an analytic phase of (y,w), with parameter A = (x,z). The critical point is (x,Z).
In particular, after a trivialisation of a tubular neighbourhood of

{(z,y,w,2) € M x M x M, (z,%z) € U, (y,0) = (z,%)}
{(z,y,w,2) € M x M x M,(2,z) € U}

as a vector bundle over the former, the analytic phase ®1 satisfies the assumptions of Remark 3.1/.
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Proof. On the diagonal = = z, the Taylor expansion of ®; near (x,T) with respect to the variables (y,w) is
(y, @) = —(z = y)(T —w) + O(|z — y’ + [z — "),

so that there is a critical point at (x,Z) in M , where the real part of ®; reaches zero as nondegenerate
maximum. Hence, for z close to x there is only one critical point near (z,T).
This critical point is explicit: it solves the following two equations:

0= gﬁq)l — _525(“@’@) +52$(y,@)
0= 8?/(I>1 = _al(g(y7z) + al(g(yam)

These equations are satisfied if y = x,w = Z, which concludes the proof. O

4.3 Composition of covariant Toeplitz operators

In this subsection we study the composition rules for operators with kernels of the form

cN
TR () (x,y) = ¥V (z,y) <Z N (e, y)) :
k=0

Here, for a small, smooth neighbourhood U of the diagonal in M x M, one has f € S,(U), and f is
holomorphic in the first variable and anti-holomorphic in the second variable.

It is well-known that such operators can be formally composed, that is TP (f)T(g) = T)NY(ftg) +
O(N~°°) where ffg is a classical symbol. We first study this formal calculus by proving a weak form of the
Wick rule in Proposition 4.5. Then in Lemma 4.6 we control, in an analytic norm, differential operators
as the ones relating ffg to f and g. This allows us, in Proposition 4.7, to prove that, if f and g are
analytic symbols, then ffg is also an analytic symbol, so that one can perform an analytic summation (as
in Proposition 3.6), and the error in the composition becoms O(e=*V).

Proposition 4.5. (See also [4], Lemme 2.33, for the normalised covariant version) The composition of
two covariant Toeplitz operators can be written as a formal series in N™'. More precisely, if f and g are
functions on a neighbourhood of the diagonal in M x M, holomorphic in the first variable, anti-holomorphic
in the second variable, then

TN (NTN"(9) = T"(h) + O(N™),

where h is a formal series h ~ 3 ;i N~Fhy, holomorphic in the first variable, anti-holomorphic in the
second variable. The composition law can be written as

hy, = Bk(fa 9)7

where By is a bidifferential operator of degree at most k in f and at most k in g.

Proof. Tt is well-known (see [5], Theorem 2) that there exists an invertible formal series a of functions defined
on a neighbourhood of the diagonal in M x M, holomorphic in the first variable and anti-holomorphic in
the second variable, which correspond to the Bergman kernel, that is, such that

TS (a) = Sy + O(N~™).

In Theorem A, we will prove that a is in fact an analytic symbol; for the moment, it is sufficient to know
that a exists as a formal series.
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Let us deform covariant Toeplitz operators by this formal symbol a, into normalised covariant Toeplitz
operators of the form TRV(f * a). Here * denotes the Cauchy product of symbols (Proposition 3.8). Since
in this case f and g are simply holomorphic functions one has f *xa = fa and g * a = ga.

We will first prove our claim for this modified quantization: that is, there exists a sequence of bidifferential
operators (Cy)r>0 acting on functions on a neighbourhood of the diagonal in M x M, such that, given two
such functions f and g, if we let

+o0
h=3 N7*Cy(f,9) + O(N™>),
k=0
then
TN (h*xa) = TR (fa)Ty" (ga) + O(N™°).

Moreover, C} is of order at most k in each of its arguments. Then, we will relate the coefficients C} with
the coefficients By, in the initial claim.

The claim is easier to prove for the coefficients C}, because normalised covariant Toeplitz quantization
follows the Wick rule. Indeed, if the function f, near a point xg, depends only on the first variable (that
is, the restriction of f to the diagonal is, near this point, a holomorphic function on M), then the kernel
T (af)(x,y), for x close to zg, can be written as f(z)T5"(a)(z,y) = f(z)Sn(z,y)+O(N~>°). In particular,
for x close to xg the Wick rule holds:

TN (af) TR (ag) (2, y) = TR (afg)(2,y) + O(N™™),

since by Proposition 4.3 the kernel of T5"(ag) is almost holomorphic in the first variable, up to an O(N~°)
error. Thus, locally where f depends only on the first variable, there holds

vk > 1, Ck(f, g) =0.

More generally, we wish to compute

N>V (z, 2) /M exp(N®1(z,y,9,%))(fa)(N)(z,¥)(9a)(N)(y,Z)dy,
where we recall that

O (2,y,W,2) = —2¢(z, ) + 26(y, @) — 26(y,Z) + 26(z, 7).

Here, we write (fa)(N)(x,7) to indicate that fa is holomorphic in the first variable and anti-holomorphic in
the second variable. Similarly, we write ®;(x,y,w,Z) to indicate that ®; is a function on M, x ]T/fy@ X M,,
holomorphic in its two first arguments and anti-holomorphic in the third argument; we integrate over M
which is the subset of M such that w = 7.

First of all, since for any (z,z) € U one has [N (z,2)| < e~V dist(@:2)* then there exists C' > 0 such
that, for any analytic symbol b on U x U, there holds

N2dsup/ ’\I/N(x,z)/ exp(N®(z,y,7,2))b(N)(z,y,7, 2)dy| dz
z JM M
<N sup (6N sup [ [ |0 (@) |9V (5. )l dydz
UxU z JMJIMm
< sup ’b(N)‘NQd sup/ e—chist(J:,y)2—chist(y,z)2dydz
MxM

UxU z

<C sup [b(N)].
UxU
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In particular, by the Schur test, the operator with kernel
(0.2) > N [ exp(N@1(2,,5.2)b(a, .7, )y
M

is bounded from L?(M, L®N) to itself, independently on N.
As 0, ®, vanishes in a non-degenerate way at w = %, one can write

f(l',m) = f(l',?) - ay(pl ° Fl(va%@)-
Thus,

de‘I’N(l’,Z)/MGXP(N%(%y,?,?))(fa)( )(2,7)(9a)(N)(y, Z)dy

= NN (@, (2,3) [ exp(NVO1 (2,95, 9)a(N) (@) (90) (V) (3, Z)dy

+ N_lNQd\IIN(x’ Z) /M exp(N(bl(ﬂ:, y,y,z))a(N)(x,g)(?M [Fl(x’za yag)(ga)(N)(y’z)] dy

The first term in the right-hand side above is equal to
2.2) [ TR @ TR (90) . 2)dy = £, 2T (g0) (5, ) + ON ),

since TV (a) = Sy + O(N~°).
In the second line, which is of order N~! by a Schur test, derivatives of g of order at most 1 appear.
This remainder can be written as

NN (2,2) [ exp (VO (2,5.7,2)a(V) (2,9) 0, (2,79 9)] (90)(N) (3. 2)dy

£ NN (a,2) [ exp(N s (2,5 9)a(N) (@) (2.5, 3,7) [0, (90) (V) (9. 2)dy.

We recover the initial expression, where f has been replaced with either Fy or 9,F1, and g has potentially
been differentiated once. Thus, by induction, the coefficient Cx(f, g) only differentiates at most & times on
g. By duality, Ci(f,g) only differentiates at most & times on f.

Let us now relate the coefficients C, and By,. Let a*~! denote the inverse of a for the Cauchy product.
One has

TR (NI (9) = TR ((fa™ 1) * )T (9" ") * a) + O(N™) = TR ((Cr(f,9)kz0 * a) + O(N ™),

so that the coefficients B, in the initial claim are recovered as

Bi(f,9) = Y. ajChojoim(fa] " gam '),

JH+m<k

thus By, itself differentiates at most k£ times on f and at most k times on g. O

The covariant normalised version of the result above is shown in [4], using a different computational
method for the stationary phase.

The previous proposition predicts that, when applying a stationary phase lemma to ®; in order to study
T (f)TR"(g), at order n, only derivatives of f and g at order n will appear. However, in the stationary
phase (Lemma 3.13), these derivatives appear in the form of an usual Laplace operator, conjugated by a
change of variables. Let us then prove the following technical lemma.
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Lemma 4.6. Let U, V,A be domains in C% containing 0. Let rky be a biholomorphism from V to U,with
real-analytic dependence on A € A, and such that kx(0) =0 for all X € A. Let k(\,v) — k) (v), and suppose
that there exists Cy, 1o, mo such that, for all j € N, one has

o 3!
(j +1)mo

2mfm0 .

[£llcs (vxay <

Then the following is true for all m > mg,r > 8rg
Let f be a real-analytic function on U x A, and suppose that there exists C'y and k > 0 such that

(] + k)!
v < v 7
HfHCJ(UXA) = f(j Lk 1)m

Let n < k and i < 2n; let V! denote the i-th gradient (as in Definition 2.10) over the first set of variables,
acting on 'V x A; then

= (A= Vig(ra(v), A v=o)

s a differential operator of degree 1, from functions on U x A to vector-valued functions on A. Let (V,Z;)[S"}
denote the truncation of this differential operator to a differential operator of degree less than n.
Then, with

v =4C'r,
one has, for every 7 >0,
'+i . . . .
IV fllesay < 9 5Cp " AR yisn
(i+J+1+1)™ |max((n+ 7+ k)G —n), (j + k)4 otherwise.

Proof. Let us make explicit the operator (V2)I=". Given a polyindex p with |u| = i, the Fai di Bruno
formula states:

85(]0(’%)\(@)7 )‘))UZO = Z fIP‘(()? )‘) H (8E"£)\)(O)7

Pel({1,....i}) Eep
where the sum runs among all partitions P = {Ey,..., Ejp} of {1,...,i}.
When considering the operator (V%)[=", we only need to consider partitions P such that |P| < n. If the
sizes |E1| = s1,...,|E|p|| = s|p| of the elements of P are fixed, the number of possible partitions is simply
il

Then, since there are less than i¢ polyindices u with |u| = 4, one has, for all p € N% with |p| = j, by
differentiation of the Faa di Bruno formula and Proposition 3.2,

< mmz("’“ > 5! il 'ﬁ
102 (V)= )l < [ lleerees 1] Al osite
\P|:1 eo+...+e‘p‘:j 60!61!...6|p‘! (|P|)'81'S‘P|' i1

s1+..+s p|=|P|

Here k denotes the real-analytic function (\,v) — ky(v).
In particular, since there are less than j¢ polyindices p such that |p| = j, one has

. [< dmlgz Z ]' Z' ﬁ
187 (VL) S A |15 < 045 [Fllgieree ] l1#llgsires | - (3)
|P|=1 eo+...+e pj=j 60!61!--'6|P\! (|P|)'51'S‘P|' i1
s1+...4sp|=|P|
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Since, for all j > 0, one has A
Iillos vy < O
K Ci(VxA) = (] + 1)m05

by Lemma 2.11, for all m > mg,r > 8r¢g2™ "0 one has

(r/8)7 5!
HK”CjS;CKTIEYE'

In particular, if j > 1, there holds

GG G\ G )
Iullos < =5 (L5 ) 2 < oS

)

since

i(75) 2zt
Jj+1
Let us suppose further that ‘
_ IR (j +1)!
Y EE

Then, the contribution of one term in the sum (3) is

1 fllcs wxa

|P|

4!
1 lcrpiees TT 5l esiver
Pl i=1

60!61! .. .6|p‘! (|P|)'81' .. .S‘

‘P|T‘PI+€O(T/4)i+j_eoRl(|P| +eo + l)'Z' j!(Sl +e1 — 1)' . (5\P| + elp| — 1)'

<CC .
=7 (|P| +eg+ 1+ 1)m(|P|)'81' - S|P‘! eoleq!. . .6‘P|!(81 + 61)m e (5\P| + €|p‘)m

Aseg+...+ep =jand sy +...+ s p =i, and since, as soon as z > 0, y > 0, there holds
A+z)1+y)=1+c+y+azy>1+a+y,
one has
(P + o+ 14+ 1™ (st + )™ . (s egp)™ = (1P| 45 +i+1— Pl + )™ = G +i+ 1+ 1)™,
so that one can simplify
rIPlreo(r /4y ti=co RY(|P| + eq + D)l jl(s1 +ep —1)!... (s1p| +ep — D!
(Pl +eo +14+1)m(|P])!s1!. .. sp! eoler!...epl(s1 +e1)™ ... (s)p +e/p)™

TIP‘+60(T/4)i+j_eoRl(|P| +eg + l)' Z'j'(sl + e — 1)' - (S|p‘ + ep| — 1)'
(]+Z+l+1)m 60'(’]3’)'81'S|p"€1'€|p" '

Cfclp\

< Cfc\PI

By Lemma 5.3, one has

(81—|—€1—1)!...(S‘P|—|—6|p‘—1)!< (Z—’P’—l—j—eo)'
sil...splei!...ep)! (@ =[P+ D7 —eo)

Hence, the contribution of one term in the sum (3) is smaller than

ool i! rIPHeo(r /4yt =0 RL(|P| 4 eq + 1)1!(i — | P| + j — eo)!
= (Phii — [P+ 1! (G +i+1+1)mel(j — ep)! '
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As (i — |P|4+j —eg)! < (j —eo)!(i — | P])1207 €0 and i! < 2¢(|P|)!(i — |P|)!, we control each term in the sum
(3) with

Cpp-icIPlyi ITIPIRN(|IP) + eo + D! 410 — | P)! < O3 (Cryi ITR(IPL 4+ eg + 1)1 16 — |P|)!
G+itl+1)m eo! ! G+itl+1m eo!
There are (‘ ;;-.|) < 2% choices for positive $1,...,8p| such that their sum is ¢; similarly, there are
(jfi(};‘r'm) < 29—e0HPl chojces for non-negative ey, . .. ,€|p| such that their sum is j — eg. Hence
A min(n.i) j - GTTTRI(PL 4+ eo + 1)1 — |P)!
Vi ey < i%5° P HFI=0giC 20~ (o
" ) ,;1 EOZO (G+itl+1)m eo!
mlgz Z Oy (40m) JIHRY (P + g + 1)1 j1(i — | P))!
|
PIm1 €az0 G+i+l+1)m eo!

By Lemma 5.1, the terms in the sum above are increasing with respect to ey, so that

min(n,s) Tj+iRl(|P| + +l)|
Ve f(x, k(@,0, %) )om < jdjatt C(4CT J Tk
|| vf(x K“(x v Z)) 0”51(01) i j 1;1 ) (Z—|—]—|—l+ 1)m

(i — |P).

Observe that the quantity in the sum above is log-convex with respect to |P| as it is a product of factorials,
so that

erriRl

) sy < 1415 Cy i (A max((n 4+ UG =)L, G-+ D))
if i > n, and
i d+1 :d+1 rI TR y
(VS Fllp sy < 0% Cf(1+]+l+1)m\4c7°) (i +j+1)!
if ¢ < n. This concludes the proof, with v = 4C'r. U

We are in position to prove the first part of Theorem B, which does not use the structure of the Bergman
kernel. Let us prove that the composition of two covariant Toeplitz operators with analytic symbols also
admits an analytic symbol, up to an exponentially small error.

Proposition 4.7. There exists a small neighbourhood U of the diagonal in M x M, and constants C,mq, T
such that, for every m > mg,r > ro, R > Cr3, there exists ¢ > 0 such that, for every f € S5E(U)
and g € S22 (U), holomorphic in the first variable, anti-holomorphic in the second variable, there exists
ftg € SZ2R(U) with the same properties, such that

175" (TS (9) — T (i) 1212 < O gl oo 1L g 0,

Moreover
Hfﬁg”sfnrv?R(U) < CHQHsfnrv?R(U)”f”s;;R(U)

Proof. The kernel of T (f)T5"(g) can be written as

cN cN
N 1(2:45:2) (Z Nd_kfk(ﬁﬂa?)) (Z N g;(y, )) dy.

k=0 §=0

(z,2) — N (z, z)/

yeM
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Here, and until the end of the proof, we write fi(x,7) to indicate that f is holomorphic in the first variable
and anti-holomorphic in the second variable. We similarly write g;(y,Z).

Since ®; is an analytic phase (Proposition 4.4), let us apply the stationary phase lemma (Proposition
3.13). There exists a biholomorphism on a neighbourhood of = in M , of the form

"i(l‘,z) : (yvy) = U(x7y7y7§)7

with holomorphic dependence on (z,%) (that is, holomorphic in  and anti-holomorphic in z), in which the
phase ®; can be written as —|v|?. In particular,

v(z,z,z,Z) = 0.

Let J denote the Jacobian of this change of variables. Then

Tﬁf)v(f)Tﬁ;w(g)(.%’, Z) _ \I/N(m, Z) Z Z Z Ndfk*]fn# (fk(x7y(1', v,z))gj(y(m, v,z),z)J(x, U’E))UIO + ...
k=0 j=0n=0 :

We will make sense of this sum later on; that is, prove that one can sum until &, j or n is equal to ¢V, up to
an exponentially small error. For the moment, let us treat this formula in decreasing powers of N. Writing

TR (NTR" (9)(x, 2) = TR (f19)(2,2) = N (2, 2) Z N (fag)(,2) + - ..
k=0

the symbol ffig must be holomorphic in the first variable, anti-holomorphic in the second variable, and such
that

k n [k—n
(fﬁg)k(x>z) = Z A_;) (Z fl(xag(x7 U’E))gk—n—l(y(x7 U’E)’E)J(x7 U,E)) :
n=0 """ \i=o =0
Here the Laplace operator acts on v.

The proof proceeds now in three steps. In the first step, we write a control of the formal symbol ftg
using the analytic symbol structure of f and g and Lemma 4.6. This control involves a complicated quotient
of factorials as well as a rational expression similar to the one appearing in Lemma 3.7. The second step is
a control the quotients of factorials, thus reducing the proof that fig € S2"2% to Lemma 3.7. In the third
step we prove that, when identifying between T5(f)T" (g) and TK"(ffg), one can perform analytic sums,
so that the remainder is exponentially small.

First step.

We wish to control [(f#g)llci(y, which amounts to control, for each 0 < n < k,0 <1 < k — n, the
CY-norm of

(,2) > AT (i, (@ 0,2)ghnt (02, 0,7),) T (2,0,7)) o -

This bidifferential operator acting on f; and gx_,_; coincides, up to a multiplicative factor, with the operator
B,, considered in Proposition 4.5. Indeed, if f = fy and g = go, then

k

A
(fﬁg)k(x>z) = k_;)(fO(x>y(x’v7z))g(J(y(x>U’E))J(x7v’2))v:0 = Bk(fo,go),

where (By)r>o is the sequence of bidifferential operators appearing in Proposition 4.5. In particular, when
expanding
AZ (fl(x> y(CU, v, z))gk—n—l(y(:ﬂa v, E), E)J(CC, v, z))U:O y

using the Leibniz and Faa di Bruno formulas, no derivative of f; and gi_,_; of order greater than n will
appear. Let us write this expansion.
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Until the end of the proof, C7 or analytic norms of functions are implicitly on the domain U or U x U.
For every n € N, by the multinomial formula, there holds

2d 92\ " !,
n B !
A = (Z W) =) Eav“‘
i=1 J pEN2d :
lul=n

Applying the generalised Leibniz rule twice, one has then

AV (filz,y(x,v,2)) g —n—1(y(z,v,2),2)J (2,0,%)),_

n!(2p)! P o e

- Z o' l(x,y(xavaZ))U=0852gk—n—l(y(x’vaZ)’Z)v=oagu T2 Ju=o.
it o wa!(2u — vy — 1))

v1+2<2n

By Proposition 4.5, in the formula above one can replace 94! f(z,y(x,v,Z))y—0 by its truncation into a

differential operator of degree less than n, applied on f, which we denote (8%1)[3"} f(x,Z) (similarly as in

Lemma 4.6). Similarly one can replace 822g(y(z,v,%), %)v—o by (822)="g(z,%Z). Then

AZ (fl(x, y(:v, v, z))gk—n—l(y(:ﬂ’ v, E)’ E)J(CC, v, z))U:O

n!(2u)!
_ VL [<n] =) (H"2 [<n] o - aZu—Vl—VQJ _
ﬂz::n M!V1!V2!(2M_ U1 _VZ)!( K ) fl(m7z)( K ) Jk—n l(.%',Z) v v=0>
v1412<2u
with, by Lemma 5.2,
nlug! ol (2u)! (20 —11)!
! (2u — v — )l ! (2p — 1) ! (21 — vy — 1)
! 2n)! 2n — !
< (2n) (2n — |])

v [12n — [ )! reli2n — [ ] = [v2])!

!
_n 2n < (2d)" 2n .
ITANIZIN 2] w1l v

@)= fi(a, 2) (07 =" g (2, 2) O 2 Tl

Moreover, applying Proposition 3.2 twice,

< X (]‘)H<3?>[§"]fz<x,z>uchu(@?ﬂﬁ“}gknl<m,z>|rcjzua§“—”1—%ouoj-h-jg.

J1+j2<j J1, J2

In particular, using the notation (Vf;)[gn] as introduced in Lemma 4.6, one has
”n!Bn(fh gkfnfl)HCj = HAZ (fl(xa y(.%', v, E))gk*n*l(y('%ﬁ v, E)72)‘]('%'7 v, E))v:O”CJ’

n ] 2n i n _
< @)t Y ( )( i)nmﬂﬁ i@, 2) o)
J1+j2<j J1,72 172
11+12<2n

(Vi) S g (@, 2) 1 ) V22 T 3 -1 -2
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By Lemma 4.6, for some 7, depending linearly on r (but independent of R, m), one has
riiti Rl
(h+i+1+1)m

; " _ ) o )i2tiz (9 RYk—n—l
1) g 122y < AL gl oo (( VT 2R)

IOV fula, 2l eony < T Nt A(ir, j1,1,m),

A(i27j27 k—mn— lvn)a

+jo+1+1)m
where
)] i<
A(i7j7l7n): (Z+]+ ) ' Z_n.,
max((n+j+ )i —n)!, (7 + 1)) otherwise,
The real-analytic function J belongs to some fixed analytic space, so that there exists rg, mg such that.
rjj!
Tl < C '07,
H HCJ = J(] + 1)m0
If r > 2rg2™~ "0 by Proposition 2.11, one has
(r/2)’5!
Jei < Cr—r—5—,
|| ||C'J = J(]+1)m

hence

Y 2R (G + k) 2\
I(ftkllcs < Callfllgrrllgll gzran : ()k(i}j')Jr(i)Zk) Z( ) Z 2

1=0 i1+12<2n j1+j2<j
(2n)!31 A, g1, 1) A(iz, jo k — 1,n)(2n + § — j1 — jo — i1 — i2)!
92t —j1—j2—h—2 I H 0 VoV 1 ol (20 — i1 — i2)1(J — J1 — jo)inl(k + )
iiggigs(k +5+1)™
(Jr+ir+1+1)"(Ge +ia+k—n—14+1)"(j+2n —i; —ip — j1 — jo +1)™

Second step.
Let us control the quotient of factorials above. There holds
. - . . . 92 + c e
2n+j —j1 — jo — i1 —i2)! (2 jj]_ljlj_2j211 i2) )
92n+j—j1—j2—i1—i2 (] — i — ]2) (2n i = 22)' I —jehi S

Thus, the middle line in the control on ||(ff9)k| i is smaller than

(271)']'14(11,]1, la ’I’L)A(Zé,jg, k— l, TL)
2j1+i1+l2‘111'2!j1 ']Q'n'(k + ])'

Let us prove that, if i1 < 2n, 4o <2n,0 <1<k —n, j1 + jo < j, then

(2n)'J'A(Zl’]15l,n)A(ZQaJQ,k - l,’I’L)
2j1+i1+111112!j1!j2!n!(/€ —|—])'

For the moment, let us focus on the i1 < n,iy < n case. As i; > 0 one has < 1 and it remains to control

21

200 + i + D02 +i2 + k —n = 1)
20t liglji o In! (K + 5)!
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This expression is increasing with respect to 71 and 49, so that we only need to control the iy = i3 = n case,
which is
)l +n+ D2 + k= 1)!
20 (nh)351152! (K + 5)!
Moreover, the expression above is log-convex with respect to [, so that we only need to control the [ =0
and | = k — n case.
If [ = 0 we are left with

@030+ mlk + ), (2n) O3 () ()
271 (n1)3 51 o (k + 5)! o 2J1+n (k+j+j2) - (k+jﬂ-j2)'
J J

n

N ktitis . (biti2) .
To conclude, j is closer from — than js since j > jo, so that W < 1, hence the claim.
J
If | = k — n, one has

201tk (nl)3 511551 (k + §)!

(2n)151(j1 + k)!(j2 + n)! o <2n> (jAlljk) (p:n)

We now consider the case i1 > n or io > n. We need to replace (i; + ji + 1)! with either (j; + 1)!i;! or
(j1 +1+n)!(i1 — n)!. By Proposition 5.1, one has

i1+ )0ig! i1+ 1+n)!
(J1 . )i i< (J1 n)
i1! n!
(1 + 1+ n)(i —n)! - (i +l+n)lil (i +1+n)!
77! - 11'n! - n! '

The same inequalities apply with i1, j; replaced with s, jo. Hence, in all cases, we are left with

(2n)15'(51 +n + D)o + k —1)!
231+l(n')3]1']2'(k—|—j)' ’

which we just proved to be smaller than 4.
This yields

21 (2R (j + k)l & [4y,r?\"hn &
Itahles < Colllgatal gn T CLOEIS (B2) 57 3 5

(k +j + 1)m n=0 1=0 41,12=0 j1+352<J
(k +j + D)mitig {8
(i+ir+l+)mGa+ia+k—n—1+1)™(G+2n—iy —iz —j1 — jo + )™

We are almost in position to apply Lemma 3.7; since
(k+j+n+1)">(k+j+1)7,

one has

27 2R)F(j + k)1 &L [(dryr?\ M &
Iales < Colflgalilgron P NS (BE) 5 57 5
n=0

(k +‘7 + 1)m 1=0 41,12=0 j1+352<J
iig 319k +j +n+1)"
(i+ir+l+D)mGa+ia+k—n—1+1)™(G+2n—iy —iz —j1 — jo + )™
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Applying Lemma 3.7 yields, for m large enough depending on d,

(2r) 2R)* (G + B)! & (4"
L ()

1(Ft9klles < CollFllgmllglgoron
n=0

As long as R > 4v,72, which is possible if R is chosen large enough since 7, depends only on 7, one can
conclude: ‘
(2r)) (2R)*(j + k)!

(k+j+1)m

At this stage, we are almost done with the proof: we obtained that the formal series which corresponds,
in the C* class, to the composition TxV(f)T57"(g), belongs to the same analytic symbol class than g.

Third step.

It remains to prove that computing symbol sums in decreasing powers of IV, up to an order cN for ¢ > 0
small, yields an exponentially small error.

Let ¢ > 0 be small enough depending on r, R, m. The analytic sums f(/N) and g(N) appearing in T (f)
and T5(g) can be replaced, by Proposition 3.6, by a sum until ¢N, up to a small error O(e*clN) with ¢ > 0.
Then, by construction,

I(fig)rllci < 2mCJ“f“s:ﬁR”g“SEJ,2R

cN cN N
[vaw (z Nd_kfk) Ty (Z N d‘kgk> - I (Z N d"“<fﬁ9>k>] (@2)

k=0 k=0 k=0
cN cN ) '
=/ U@, ) WV (y,2) Y Y NPy, 2)dy + Y NTFIR(GEN).
M j=0k=cN—j J+k<cN

Here, R(j, k, N) is the remainder at order ¢cN — k — j in the stationary phase Lemma applied to

N2GN (g, z)/ e N e TE) (2 F) gr(y, Z)dy.

yeM
As
S (4! (4t
, < Ct4R) j! ————— < C+(4R)? j! ——
(4r)H! (4r)H!
lgller < Cg(4R)kk!m < 09(43)%!7@ oy
one has, by Lemma 2.13,
, 47")ll!
; < CC;Cy(4R)ITF ‘!k!i( .
If98lr < CO5Co(4RY b s

In other terms, ‘
HfjngH(mAr,UXU) < CCng(8R)J+k(] + k)'?

so that, by Proposition 3.13, for some ¢’ > 0 depening on r, one has
N=*I|R(j, k, N)| < N*CC;C,N~F=I (4R)THE jkle=¢ (eN=i=F)

< N¥CC;CyNTFI(8R)YTE(j 4 k)le~¢ (N =i=k),
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We must estimate this quantity in the range 0 < j 4+ k < ¢N. Observe that, if j + k — 1 is replaced with
j + k, then the right-hand term is multiplied by

S8R / /
—(7 + k)e® < 8Rce”.
N (j +k)e® < 8Rce
If ¢ > 0 is chosen small enough then this ratio is smaller than 1, so that it suffices to estimate the k+j =0
case, for which it is O(exp(—(c — €)cN)).
Since [U¥| < 1 on U, it remains to estimate

cN cN )
> > N Fsup(|f;]) sup(|gkl),
J=0k=cN—j

which is smaller than (with | = k + j):

2cN
CyCyN*H1 N~ N7 2R)1,
l=cN

Let /N = ¢ € [c¢,2¢c]. Then, by the Stirling formula, one has

N7'2R)1! < CVlexp [~llog(N) + llog(2R) + llog(l) — 1] = CV1exp {—%N (—2—Rl log (i—ifl)ﬂ :

If ¢ > 0 is small enough then % < 1, so that —28—}]31 log(i—}]ffl) is bounded away from zero independently of N

for | € [¢N,2¢N]. In particular, there exists ¢ > 0 such that
N7H2R)!! < CVN exp(—¢ N).

Hence, if ¢’ < ¢, then

cN cN
N*37 3 N Rsup(|f]) sup(lg]) = O(e™Y).
j=0k=cN—j
This concludes the proof. ]

4.4 Inversion of covariant Toeplitz operators and the Bergman kernel

In this subsection we prove Theorem A as well as the second part of Theorem B. To do so, we first show in
Proposition 4.8, as a reciprocal to Proposition 4.7, that if f and h are analytic symbols of covariant Toeplitz
operators with fy non-vanishing, then there exists an analytic symbol g such that

T (TR (9) = TE(h) + O(e™ ).

We then prove in Proposition 4.9 that, under the same hypotheses, T5?"(f), whose image is almost contained

in Ho(M,L®N) by Proposition 4.3, is invertible on this space up to an exponentially small error. Thus, one
can conclude that, on Ho(M, L®N ), there holds

TR (g) = TR (W)(TF () + O(e™™).

This allows us to prove Theorem A, since by setting h = f one recovers that the Bergman kernel can be
written as T(f) (T (f)) ™1 = T (a). Then, the second part of Theorem B follows from Proposition 4.8
by setting h = a.

Following the lines of Proposition 4.7, let us try to construct inverses for analytic symbols.
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Proposition 4.8. Let U denote a small neighbourhood of the diagonal in M x M and let f,h € S,’Z,%RO(U)
be analytic symbols, holomorphic in the first variable and anti-holomorphic in the second variable, for some
ro, Ro, mg. Suppose that the principal symbol fo of f is bounded away from zero on U.

Then there exists r, R,m as well as g € S5T(U), holomorphic in the first variable, anti-holomorphic in
the second variable, such that

TR (TR (9) = TR (h) + O(e™Y).

Proof. Recalling the proof of Proposition 4.7, let us recover g from f and h = ffig. By definition of hy, one
has

k k—n
Ay
gk(xaz)f()(x’z)‘](x’xazaz) = hk(xaz) - Z F Z fl(x,y(:v,v,?))gk_n_l(y(:v,v,?),E)J(:U,v,E)
n=0 """ =0
l+n>0 v=0

(4)
As fp is bounded away from zero, this indeed defines g; by induction. Let us try to control ¢ in an analytic
space.
We first let m large enough, and r > 2rg2™~"0 as well as R > 2Ry2™~"0. Then, by Lemma 3.4, there
exist Cr, Cy, Cy independent of m,r, R such that, for every k > 0,5 > 0,

(r/2)(R/2)"(j + k)!
(G+Ek+1)m

rirk(j + k)!

(J+k+1)m

(r/2)5!

VRS

I frllciony <
hxllci@wy < Ch

[lcswxvy < Cu

Here J denotes again the Jacobian in the change of variables corresponding to the Morse lemma for the
phase ®;.
We first note that

gO(x’z) = fO(xaE)_lhO(x’z)J(x’ xazaz),
so that, by Lemma 2.13, there exists Cy such that, for every r > 2r¢2" 70 and R > 2R2™~ "0, for every
J =0,

7 51
j <Co—"—.
llgollcs oy < Grom
Let us prove by induction on [ > 1 that, for some fixed Cy, m,r, R, for every j > 0, one has
IR +1)!
< Cyprr—
lailles < g(]+l+1)m

Over the course of the induction, we will fix the values of Cy, m,r, R.
Suppose that a control above is true for indices up to [ = k — 1. Then, from the recursive formula (4),
if we repeated the proof of Proposition 4.7, we would obtain

1 RF(j + k)
< C(Ch+ CyCCH) 77—
lgkllci < C(Ch + g f J)(j+k+1)m

This is not enough, as the constant C(Cj, + CyCyCy) appearing here might be greater than C,. However,
as we will see, the constant can be made arbitrarily small by choosing Cy large enough, as well as m large
enough, depending on f, and R/r? large enough.
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Let C1 = CH(fOJ)_lHH(m,r,U) where C' is the constant appearing in Proposition 2.13.

There holds
Cy

Ch < 4—01
if C, is large enough with respect to Cy,, Cy, Cj, Cp. It remains to estimate the second term on the right-hand
side of (4).

Let us isolate the n = 0,1 = k term in (4). This term is —go.J fx, and the S7:%(U)-norm of go.J f is again
smaller than 40791 if C, is large enough with respect to C'yCoC.
Repeating the proof of Proposition 4.7, the n = 0,1 < k terms in (4) are bounded in C7-norm by

PIRM(j + k) A G+k+1)m
cC,CyC,
T Gt k1 m?;ﬁ%;gyl+l+nmgz+k—b+nm@+k—m—Jz+nm

By Lemma 3.7, since no term in the sum

G+E+1)™ _ G+Ek+1)™
1<i<k—1 (]1 + l + 1)m(]2 + k—1 + 1)m(] + k— jl - j2 + 1)m i14i2+is=j+k (11 + 1)m(12 + 1)m(23 + 1)m

J1+j2<j i12>1
i2>1

contribute as 1, by Lemma 3.7 (with d = 0 and n = 3), this sum is smaller than C'(3/4)™ for some C > 0.
Hence, if m is large enough, this contribution is also smaller than % Now m is fixed.
It remains to control the n > 1 terms in (4). From the proof of Proposition 4.7, their sum is smaller

than
rIRF(j 4+ k)! [ 4,12 "
Grk+rDm\ R | -

cxya¢g§:

As long as R/r? is large enough with respect to 7CjC}, (which is possible if R is large enough since v, = Cr

for some fixed C'), this is again smaller than 4%1.

In conclusion, '

Cy 1/ R*(j + k)!
TN
In particular, by Lemma 2.13, and since [|(foJ) || g (m,rv) = C1/C, one has

llgrfodllci <

riRE(5 + k)!

lglles = llgrfod (fod)Mlcs < Cy Gt ks

This concludes the induction.

Once the formal series g is controlled in an analytic symbol space, the composition T (g)Tn (f) coincides
with T (h) up to an exponentially small error as in the end of the proof of Proposition 4.7, hence the
claim. 0

Proposition 4.9. Let f be a function on U, holomorphic with respect to the first variable, anti-holomorphic
with respect to the second variable. If f is mnonvanishing then SNTSV(f) has an inverse on Ho(M,L®Y),
with operator norm bounded independently of N.

Proof. One can invert STV (f) by a formal covariant symbol, that is, up to an O(N %) error for any fixed
K. In particular, there exists an operator Ay on Ho(M, L®Y) such that ANSNTS(f) = Sy + O(N™1),
and such that the operator norm of Ay is bounded independently on N.

Since ANy SNTE(f) is invertible on Ho(M, L®N), so is SNTE(f), and the operator norm of this inverse

is ||An| 2 r2(1 + O(N~1Y)), which is bounded independently on N, hence the claim. O
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Let us now conclude the proofs of Theorems A and B.

Let U be a small neighbourhood of the diagonal in M x M and let f be any function on U bounded away
from zero, holomorphic in the first variable, anti-holomorphic in the second variable. From Proposition 4.8
there exists an analytic symbol a with the same properties, such that

TR (TR (a) = TR (f) + O(e™).

Let Ay = (SNTSU(f))~! on Ho(M,L®N); we know from Proposition 4.9 that Ay is well-defined and
bounded independently on N. Then, for any u € Ho(M, L®Y), one has

TS (a)u = u 4+ O(e”N).
Moreover, by Proposition 4.3, there holds
(I = SN)TR"(a) = O(e™).
To conclude, one has T (a) = Sy + O(e~“Y). In other terms,

cN
Sn(@,7) = OV (z,y) Y N Far(2,7) + O(e~M).
k=0

This concludes the proof of Theorem A.
Let us complete the proof of Theorem B. Its first part is Proposition 4.7. For the second part, we apply
Proposition 4.8 with h = a, the symbol of the Bergman kernel.

Remark 4.10 (Normalised covariant Toeplitz operators). Let TxV(a) denote the approximate Bergman
kernel constructed in the previous proposition. Once the symbol a is known, one can study, as in the proof
of Proposition 4.5, normalised covariant Toeplitz operators, of the form

cN cN
¥ (z,y) (z Nkaku,y)) (z N“fk(:v,?)> .
k=0

k=0

Under this convention, the operator associated with the function f = 11is Sy +O(e~“V), as in contravariant
Toeplitz quantization.

Propositions 4.7 and 4.8 can be adapted to normalised covariant Toeplitz operators, for which the algebra
product is

(f,9) = ((f xa)i(g * a)) *a* L.

For instance, since the Cauchy product is continuous on each symbol class, there holds, for m large enough,
r> 2" and R > Cr3,

[((f *a)i(g *a)) a*—l”S%QR(U) < Ca”f”S;%R(U)|’g“sfr:»2R(U)'

To conclude this section, we prove that analytic contravariant Toeplitz opeartors are contained within
analytic covariant Toeplitz operators.

Proposition 4.11. Let f be a real-analytic function on M. There exists an analytic symbol g and ¢ > 0
such that
Tn(f) =T (9) + O(e™™).
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Proof. Recall from Theorem A that there exists an analytic symbol a such that
Sy =T (a) + O(e”N).

Letting f be a holomorphic extension of f, the kernel of T (f) = Sy fSn is then

(x,2) —~ \IIN(:U,Z)/

yeM

cN cN
e s (Z N“am,y)) (Z N ay(y, z)) Py )y + (=),
k=0 k=0

One can then repeat the proof of Proposition 4.7 with J replaced with (z,y,7,%z) — J(z,y,7,2) f(y,7). This
yields an analytic symbol g such that

k. An [k—n _
gk(xag) = Z % (Z al(xay(xvuz)akfnfl(y(x?072)72)‘]('%'7 (y,y)(x,v,Z),E)f((y,y)(x,v,?))) ’
v=0

n=0 =0

that is,
Ti"(9) = SNfSn + O(e™M).

4.5 Exponential decay of low-energy states

Since covariant analytic Toeplitz operators form an algebra up to exponentially small error terms (Theorem
B), and since contravariant Toeplitz operators are a subset of covariant analytic Toeplitz operators (Propo-
sition 4.11), one can study exponential localisation for eigenfunctions of contravariant analytic Toeplitz
operators. In this subsection we prove Theorem C.

Let h be a real-analytic, real-valued fnuction on M, let E € R and let (uy)n>1 be a normalized family
of eigenstates of T (h) with eigenvalue Ay = E + o(1). Let V be an open set at positive distance from
{f = E}. Let a € C°(M,R") be such that supp(a) N {f = E} =0 and a = 1 on V. The function a is of
course not real-analytic; we will nevertheless prove that

Ty(a)uy = O(e™ ).
This implies Theorem C, since

/V lun|? = (uy, Tyun) < (un,auy) = (uyn, Ty (a)uy) = O(e~N).

Let W be an open set of M such that

supp(a) CC W cC {f # E}.

On W, the function b — F is bounded away from zero. Let us consider, on a neighbourhood of diag(W)
in M x M, the analytic covariant symbol g which is such that T§"(g) is the analytic inverse (on this
neighbourhood) of T (f — A(N)). This symbol is well-defined: one can check that the construction of an
inverse symbol in Proposition 4.8 only relies on local properties. The function f — A(N) might not be a
classical analytic symbol, since we made no assumption on the eigenvalue A\(NN). However, for every t close
to E one can define the microlocal inverse g; of f — ¢ near W, in an analytic class independent of ¢, so that
we define the microlocal inverse of Tx(f — A(IV)) as the operator with kernel

T (9) = (2,y) = YN (2, 9)ga ) (V) (2, y).
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We arbitrarily cut off g outside a neighbourhood of diag(W7), where W cC Wy CC {f # E} so that
T (g) is a well-defined operator. Let us prove that, for some ¢ > 0 small, one has

Tn ()T ()TN (f — An) = T (a) + O(e™N).

By construction, uniformly on x € W; and z € M, one has

en T (9)(x, )TN (f — An)(y,2) = Sn(x, 2) + O(e’CN).

In particular, since Tiy(a) is bounded by O(e=*Y) on W x (M \ W7), for z € W one has

/ T (@) (2, 1) T (9) (1, 92) T () (93, 2)
y1E€EM,y2e M

= T (a)(z, y1) TN (9) (1, y2)In (f — An) (42, 2) + O(e™N)
y1EW1,y2e M

= / T (a)(,y1)Sn (y1,2) + O(e™N)
y1€WL

= oy Tn(a)(x,y1)Sn(y1, 2) + O(e™N) = T (a)(z, 2) + O(e™N).

Moreover, uniformly on (z ¢ W,y € M) there holds Tiy(a)(x,y1) = O(e~*V) so that, finally,
Tn ()T (9)In(f — An) = Tn(a) + O(e™N).

In particular,
0 =Tn(a)TR"(9)Tn (f = AN))un = Tn(a)uy + O(e™N),

which concludes the proof.

5 Combinatorial inequalities

In this section we prove several inequalities which appear throughout this paper.

We denote by I' the Gamma function, which is the only log-convex function on (0,+o0) such that
['(n+ 1) = n! for every integer n. We denote by ¢ the Digamma function, defined as the log-derivative of
I'. The letters 4, j, k,l,n represent integers, and the letters u, v represent polyindices.

Lemma 5.1. Let ¢ > 0. The function I'(xz + ¢)/T'(x) is increasing on (0, +00).

In particular, if i < j < k then
(7) < <k>
i i

Proof. The log-derivative of z +— I'(z 4 ¢)/T'(z) is ¥(x + ¢) — ¢ (x). Since I is log-convex, v is increasing so
that ¢ (x + ¢) — ¢(x) > 0, hence the claim.

For the second part of the claim, we consider the function x — (f) = % This function is
increasing as we have just shown, so that its value at j is smaller than its value at k > j. U

(£)=()
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Proof. Let us prove the following inequality, from which one can deduce the original claim by induction:

AYA < j+l.
i) \k)] ~ \i+k
The well-known identity
g+ (i+1-1 n JHI=1\ [1\[j+1-1 . 1\ [(7+1—-1
i+k) \i+k—1 i+k ) \1)\i+k—1 1 i+k

can be generalised by induction: ‘
IEANE i j l
i+k _n=0 nj\i+k—-n)

All terms in the sum are positive so that the sum is greater than any of its terms. In particular,

()= 0)6)

O
Lemma 5.3. If0<i<jand 1 <k<Il-1, then
(t+E-DG+l—-i—k—1)! < (J+1-2)!
KNG — ) —k)! - gl =1n-
In particular, if a1,...,a, are nonnegative integers and by,...,b, are positive integers, with > ;" a; = j

and Y i1 b; =1, then
(a1 +b1 — D). (ap + by, — 1)! - (J+1—n)
ai!lbl!...ap!by,! il =-n+1)
Proof. For the first part, let ¥ =k — 1, then

(i4+k—DG+1—i—k—1) 1 <i+k’><j+l—2—z’—k:’>

- i j—i

WK — )l — k) k(1 — k)

Since 1 < k <1 — 1 there holds k(ll_k) < l_% Moreover, from Lemma 5.2, one has

i+ K\ [(j+l—-2—i—F < j+l=2\ (G+i-1)!
i j—i - j o= 2)0

(+k-DIG+1l—-i—k—1)! - G+1-2)
ikl (G — DI — k)! - -1
The second part is deduced from the first part by induction. Indeed, we just proved that, denoting
an_1=ap—1+a, and b),_; =b,_1 + b, — 1, one has

Hence,

(a1 + by — 1)' .. (an + b, — 1)' < (a1 + by — 1)' .. (an—Q + bp_o — 1)!((1;1_1 + b/n—l — 1)'

allbll N an_g!bn_gla/ v !

al'bl'an'bn' n—1"Yn—1°

Here, the sum of the a;’s has not changed but the sum of the b;’s has been reduced by one. By induction,

(a1+b1—1)!...(an+bn—1)!< (J+1—n)
ailby!...aplby! “ il =-n+1)0
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Lemma 5.4. Let £ > 2 and n > 2 be integers. The set
n
{(il, o in) € NG, sz =/, at least two of them are > 1} .
k=1
is contained in the convex hull of all permutations of (¢ —1,1,0,...,0).

Proof. Let us call support of a tuple (i1,...,i,) the number of its elements which are non-zero. We will
prove by induction on 2 < k < min(n, ) that the convex hull S of the permutations of (¢ —1,1,0,...,0)
contain all tuples of support & such that the sum of all elements is £.

For k = 2, we can indeed recover all elements of the form (¢ — x,2,0,...,0) forall 1 <2z </ —1Dby a
convex combination of (¢ —1,1,0,...,0) and (1,¢—1,0,...,0).

We now proceed to the induction. Suppose that S contains all elements of the form (iy,...,7x_1,0,...,0)
and their permutations. Then, in particular, it contains a9 = (¢{ — k + 2,1,...,1,0,...,0). For every
1 < j < k-2, S also contains the image of ag by the transposition (k, k—j), which we denote by a;. Moreover,
S contains (%, ey %,O, ...,0) and its permutations. From the (a;)o<j<k—2 and (%, ey %,O, ..., 0),

one can form the convex combination

(—k+1 k=2 1 ¢ 14
; .. 0,...,0)=f—k+1,1,...,1,0,...,0).
(€—k+2)(k—2)jOaj+€—k+2(’k 1 k-1 ) (C=k+LL. . 10...,0)
- k—1
In particular, S contains all permutations of (I —k+1,1,...,1,0,...,0). Thus, S contains all elements
of support k, since the k-uple (I — k,0,...,0) and its permutations are the extremal points of the convex
{Zle ij = ¢ —k}). This concludes the induction. O
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