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Weighted local Weyl laws for elliptic operators *)

ALEJANDRO RIvera (U

ABSTRACT. — Let A be an elliptic pseudo-differential operator of order m on a
closed manifold X of dimension n > 0, self-ajdoint with respect to some positive
smooth density x. Then, the spectrum of A is made up of a sequence of eigenvalues
(Ak)k>1 whose corresponding (orthogonal) eigenfunctions (ey)r>1 are C*. Fix s € R
and define the following integral kernel on X

Ki(y)= Y Al en(@)en(y)-
0<AL <L

We derive asymptotic formulae near the diagonal for the kernels K7 (z,y) when
L — 400 with fixed s. For s =0, Kg is the kernel of the spectral projector of A on
the energy levels ]0, L], studied by Hérmander in [11]. In the present work we build
on Hormander’s result to study the kernels K7 for s € R fixed. If s < -, uniformly
inz € X, Kj(z,2) < L=stn/m and, at distance L~/ around the diagonal, the
rescaled leading term behaves like the Fourier transform of an explicit function of the
symbol of A. If s = %, under some explicit generic condition on the principal symbol
of A, which holds if A is a differential operator, the integral kernel has a logarithmic
divergence near the diagonal smoothed at scale L=1/™ so that on the diagonal it
is pointwise of order In(L). Our results also hold when A is an elliptic differential
operator on a compact open subset of R™ and Dirichlet boundary conditions are
imposed on the e.

1. Introduction

1.1. Context and presentation of the results

The purpose of the present work is to compute pointwise asymptotics of
the integral kernels of certain operators defined by functional calculus from
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either elliptic self-adjoint pseudo-differential operators on a closed manifold
or on a compact manifold with boundary, with Dirichlet boundary condi-
tions. Stating the results in full generality requires some vocabulary from
microlocal analysis and some additional definitions. For this reason, we start
by stating our results in the simpler case of elliptic self-adjoint differential
operators on a closed manifold. The general case is presented in Section 2.
This, of course, leads to some redundancy between different statements which
we accept for the sake of accessibility and transparency of the main results.

Let X be a smooth compact manifold without boundary, of positive di-
mension n > 0 and equipped with a smooth positive density duy. Let A
be an elliptic differential operator on X of positive order m. By this we
mean that in any local coordinate system = = (z1,...,2,) on X defined on
U CR"™ A, acts on C*(U) as

S aala)(-id)"

0<al<m

where @ € N” and a, € C*°(R") and for each £ € R™ \ {0}, we have

oale. &) = 3 aal@)e” > 0.

|a]=m

The function o4 is called the principal symbol of A in these coordinates. It
is well known (and easy to check) that the principal symbol of A defines a
smooth function on the complement of the zero section of 7*X independent
of the choice of coordinates. We assume that A is symmetric with respect
to the L?-scalar product on (X, duy). Then one can show (see Section 2.1)
that A has a unique self-adjoint extension whose spectrum is made up of
a sequence (\p)gen of real eigenvalues diverging to +oo with smooth L2-
normalized eigenfunctions (ey)ren forming a Hilbert basis for L2(X, duxy).
For each L > 0, let II;, be the L? orthogonal projector on the space spanned
by the eigenfunctions e such that 0 < Ax < L. Since this space is finite-
dimensional, II;, has a smooth integral kernel E; € C*(X x X). More
explicitely,

V(Z‘,y)EXXX, EL(Z‘,y)Z Z ek(x)ek(y).
0< A\, <L

In [11], Hérmander studied the behavior of this kernel™ on a neigh-
borhood of the diagonal as L — +oc0. Integrating E, over the diagonal he

) Actually, Hormander considered eigenvalues A\ < L without requiring Ax > 0, but
this only adds a bounded error term to the estimates.
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recovered the following estimate, also known as Weyl’s law:

1 n
Card{k € N | M < L} ~ g5 /X/ Lo e L
0A(T,Q)X

Hormander’s result is stronger than the above estimates in two respects.
First because the error term obtained is smaller than the ones known before
and is sharp in all generality. Secondly, the result actually provides local in-
formation concerning the behavior of the kernel E, near the diagonal, which
is why is sometimes called the local Weyl law. We will state this theorem in
Section 2.2 (see Theorem 2.4).

In recent years, Hormander’s local Weyl law has received a lot of attention
because E;, turns out to be the covariance of a certain Gaussian field on X
defined as a random linear combination of eigenfunctions of A. Following
the early work [1], more recently, several authors have studied the average
length of the zero set of these functions, the average number of connected
components with given topologies, as well as concentration in probability of
these quantities (see for instance [4, 6, 7, 10, 15, 18, 19, 20, 24, 30]). Indeed,
if (Zi)k>o0 is a sequence of ii.d. real random variables with law N (0,1),
then, the one parameter family (fr)r>o of Gaussian fields defined at each
r € X as

ful@)= > Zper(x)
0<A\ <L
is such that for each z,y € X, E[fr(x)fL(y)] = EL(x,y). In particular,
Hoérmander’s pointwise Weyl law implies that

Var(fu(@) = Bu(o2) = o | L o) X L 0L

where d/;;;(f) is the density induced® on T}X by duy. In particular,

dpx (z)depx (€) equals dzd€, the Lebesgue measure on R*™. In [22] we stud-
ied a natural variation of this random linear combination of eigenfunctions
in dimension n = 2 and observed a very different asymptotic behavior of the
covariance function. More precisely, in the case where A is the Laplacian on
a closed surface, we studied the random fields

gL = Z A,:l/QZkek .

0<A<L
(2 More precisely, if (z1,...,zn) are local coordinates on X such that dux(z) =
g(z)dz in these coordinates, dz1, .. .,dz, defines a basis of Ty X for each = (z1,...,2n)

and we define dypux (§) as ﬁ times the Lebesgue measure defined by declaring this basis
to be orthonormal. This definition is invariant by measure preserving coordinate changes

S0 d/g;Lj((E) is indeed induced by dux independently of the choice of coordinates.
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Unlike for the previous case, we found that for any x € X,

Var(gr(z)) = % In(L) + O(1).

Following this work, we are interested in studying more general random
linear combinations of these eigenfunctions. To this end, it is essential to
gather some information about the corresponding covariance function. The
purpose of this article is to provide an asymptotic for these kernels similar
to the one we have for E,. For each s € R we consider the kernel

Ki(z,y)= Y A ler(@)er(y).

0< <L

These kernels converge in distribution to the integral kernels of A™° as
L — +oo but diverge on the diagonal for small or negative values of s.
The pointwise behavior of the limiting kernel on the diagonal, which is well
defined for large values of s, has been studied for instance in [25] and [26].
In [25], the author proved that, as a function of s, the limit admitted a
meromorphic extension to the whole complex plane. We focus instead on a
fixed s for which the kernel diverges and study its pointwise divergence near
the diagonal. We call these results weighted local Weyl laws by analogy with
Ep, (which is just KY) because of the weights A, * on the terms of the sum
defining K. As we shall see, the kernels K7 experience a sudden change in
their asymptotic behavior between the phases s < = and s = -. All our
results will be local so we take the liberty of omitting the composition with
the chart when writing functions on & in local coordinates. Our first result
provides information when s < -.

THEOREM 1.1 (Kernel asymptotics when s < ). — Recall that A is
an elliptic differential operator on X of order m > 0. Assume that s < .
Fiz xy € X and consider local coordinates x = (x1,...,xy,) for X centered

at xo and defined on an open subset U C R™ such that dux agrees with the
Lebesque measure in these coordinates® . Then, there exists V. C U an open
neighborhood of 0 such that, in these coordinates, for each a,f € N, we
have the following estimates.

(3) Such coordinates always exist by [17].
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(1) Uniformly for L>1, z € V and X,Y € R" such that x + L~Y/"X,
r+ LYY eV

Ll HBD/m ol s (x P LMK gt L*l/my)

_ 1 i(g,X7Y>(i£)a(_if)Bd
(2m)" /UA(w,g)gle oa(z,§)* -

4 O(Le et /m =1 /m i (L)

wheren =1 if s = (n+ |a|+ |B] —1)/m and 0 otherwise.
(2) Let e > 0. Then, uniformly for x,y € V such that |x — y| > ¢ and
L>1,

I,5—(ntlal+[8])/m aﬁang(x’y) _ O(LS—(n-i-la\Hﬁl)/m + L Ym (L)ﬁ)

wheren =1 if s = (n+ |a|+ 8] — 1)/m and 0 otherwise.

Here || = a1 + -+, and {-,-) is the Euclidean scalar product.

Note that the case where s = 0 and a = 8 = 0 is Theorem 5.1 of [11]
(see Theorem 2.4 and the discussion below for more details about this case).
Let us say a few words about the two error terms appearing in both points
one and two of the theorem. The first term, L5~ tlal+18D/m  corresponds to
the O(1) error in 8385 K73 (x,y), coming from the low eigenvalues, which we
never try to control. In the second term, L~'/™In(L)", the factor L=1/™ is
analogous (and directly linked to) Hérmander’s error term (see Theorem 2.4
below), while the In(L)"” appears in an integration by parts made to deal with
the A, ° powers in the expansion. Depending on the values of s, n, m and
d = |a|+|p| either one of the two error terms could dominate. More precisely,
Hérmander’s error L~1/™ In(L)" always dominates the low frequency error
L= (el +1BD/m - except when o = f = 0 and (n — 1)/m < s < n/m, in
which case it is the low frequency term that dominates.

We prove Theorem 1.1 at the end of Section 2. Before stating the second
result, we introduce the following notation. Firstly, for each x € X, the

density dypuxy on T, X defines a canonical dual density m on Ty X. For
each x € X, let

Sf={CeTiX|oa(x, &) =1}.
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Since 04 is m-homogeneous, S2 is a smooth compact hypersurface of T* X
strictly star-shaped® around the origin and the map

F: 824 x10,400] — TXX\ {0}
(w,t) — tw

is a diffeomorphism. If d¢ is the Lebesgue measure on ]0, +oo[, we define a
smooth density d,v on S4 by

dyv(w)t"tdt = F*m(g) )
In particular, for each u € C*(TrX),

+oo
/T;Xucs)dwu;c(o: / /waté)dw(ﬁ)t"_ a1

This implies in turn that

e~

vy (S2) = / dyv = n/ dapx(€). (1.2)
sg oa(z,£)<1}

Our second result deals with the case where s = . While Theorem 1.1
proves that K7 grows at rate L"/™m=s for s < n/m, and that the main
term depends continuously on s, the following result shows that this is not
true for s = n/m. Indeed, while the first point is analogous to the results
of Theorem 1.1, the second point is quite different (and requires additional
tools).

THEOREM 1.2 (Kernel asymptotics when s = ). — Recall that A is
an elliptic differential operator on X of order m > 0. Assume that s = .
Fiz xy € X and consider local coordinates x = (x1,...,xy,) for X centered

at xo and defined on an open subset U C R™ such that dux agrees with the
Lebesgue measure in these coordinates. Then, there exists an open neighbor-
hood V-.C U of 0 such that, for each o, 8 € N™, the following holds.

(1) o Assume that (o, ) # (0,0). In these coordinates, uniformly for
L>1,z€V and X,Y €R™ such that x4+ LY/ X, z+ L~ Y/™mYy eV

Lol e K™ (o4 L7V X, + LYY

_ 1 i(E,X—Y) (if)a(—i@ﬁd
(2m)n /<7A(x,§)§16 oa(z,§m/m ¢

+ O(L’l/m In (L)”) .
where n =1 if 1 = |a| + |B| and 0 otherwise.

(4) More precisely, for each € € T X \ {0}, the ray {t&|t > 0} intersects S7 exactly
at o4 (a:,{)*l/mé and does so transversally.
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o Assume (o, 8) # (0,0) and let € > 0. Then, uniformly for z,y € V
such that |x —y| > ¢,

L0 0 g K™ 2, y) = O (L™ n (1))

where n =1 if 1 = |a| + |8| and 0 otherwise.
(2) o Uniformly for x,y € V and L > 1, in these coordinates,

K™ (@) = ga(a,y) (L") = Iny (272 = y]) | + O(1)

where
n

2(2m)m
where Iny (t) = In(¢)V0 and where |{oa(z,£) < 1} = fUA(w o<1 48

o There exists a symmetric bounded function @ : U x U — R such
that, uniformly for k > 1, L > 1 and x,y € V such that |x —y| >
kL™Y™ in these coordinates,

KZ/m(x7y) = —galz,y) In(jx —y|) + Q(z,y) + O</€—1/k)

where, ifn=1 then k=1 and if n > 2 then k = m.

ga(z,y) = X (Hoa(e,&) <1} +[{oaly,§) <1})

Here |a] = a1+ -+ ay and (-,-) is the Fuclidean scalar product.

This theorem (especially the second point) generalizes Theorem 3 of [22],
which proved the second point in the case where s = 1, X was a closed
surface (so n = 2) with a Riemannian metric and A was the associated
Laplacian (so m = 2). The main challenge in the extension comes from the
need to apply a generalized stationary phase formula on the level sets of the
symbol. In [22], this is Proposition 23, where the traditional stationary phase
formula applies directly. This general setting requires tools from singularity
theory that are deployed in Section 7. The second point of Theorem 1.2 will
follow from Theorem 2.8 below. As is apparent, in Figure 3.1, the proof of
this result is more complex than that of the others. We prove Theorem 1.2
at the end of Section 2.

COROLLARY 1.3. — The Schwartz kernel K € D'(X x X) of A~™/™
belongs to LY (X x X). Moreover, for each smooth distance function d : X x
X = R on X there exists a bounded symmetric function Qa4 : X X X —
R, smooth on the complement of the diagonal, such that, for any distinct
T,y € X,

K((E, y) = _gA(‘ra y) In (d (‘Tv y)) + QA,d(xv y) .
We prove Corollary 1.3 at the end of Section 2.
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1.2. An important example: the Laplacian

As explained above, this work is motivated by recent interest in the kernel
K? as the covariance function of a Gaussian field. In further work, we wish
to study certain Gaussian fields arising naturally in geometry and statistical
mechanics with covariance K7 . One such field is the Gaussian Free Field,
which is a central object in statistical mechanics today. In Corollaries 1.4
and 1.5 we detail our main results in this special case.

Let (X,g) be a closed Riemannian manifold of dimension n > 2. Let
A = —div oV be the Laplace operator on X" and let |dV,| be the Riemannian
volume density on X. Then, A is an elliptic differential operator with prin-
cipal symbol o (z,&) = g; ! (€,€) where g, ! is the scalar product induced on
T X by g.. Moreover, A is symmetric with respect to the L?-scalar product
induced by the density [dV,| on X. Let (Ax),y be the sequence of eigenval-
ues of A (counted with multiplicity) and arranged in increasing order. Let
(er)en be a Hilbert basis of L? (X, |dV,|) made up of real valued functions,
such that for each k € N, Aep = Agey. For each L > 0, each s > 0 and each
(x,y) € X X X, let

Ki(z,y) = Zkkek ex(y) .-

0< <L

Moreover, consider (Z)gen @ family of independent standard normals and
for each s € R and L > 0 define

@)= Y AP Zien().

0<A <L

Then, f; is an a.s. smooth, centered Gaussian field on X with covariance
K3 . In the case s = 1, K] converges in distribution as L — 400 to Green’s
function on X which is the (generalized) covariance function for the Gaussian
Free Field (see for instance [27]). Equivalently, as L — 400, fi converges
a.s. in the space of distributions to the Gaussian Free Field. We have the
following results. In the case where s < n/2, K} converges at scale L™/ to
a non-trivial function after rescaling by a polynomial factor.

COROLLARY 1.4 (The Laplacian: s < n/2). — Assume that s < n/2. Fizx
xg € X and consider local coordinates x = (x1,...,x,) for X centered at g
such that |dVy| agrees with the Lebesgue measure in these coordinates. Then,
there exists V. C U an open neighborhood of 0 such that, in these coordinates,
for each a, B € N™, we have the following estimates.
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(1) In these coordinates, uniformly for L > 1, x € V and X, Y € R"
such that t + L~ Y™ X,z + L~Y™Y e V

L= (el HBD/2 gagf s (x YLK o L—l/Zy)

_ 1 HEX—Y) (if)a(—i@ﬁd
(2m)m™ /gggl ‘ |€]2 ¢

n O(Ls—(n+\a|+|/3\)/2 + LY 1n(L)")

where 1 = 1 if s = (n+ |a| + |B] — 1)/2 and 0 otherwise. Here

1§12 = 921 (€,6)-
(2) Let e > 0. Then, uniformly for x,y € V such that |x — y| > € and
for L >1,

020 K, (v,y) = O(1+ LUl HAm2=0/ 21 ()7

wheren=1if s = (n+|a| + 18] —1)/2 and 0 otherwise.

Proof. — This follows directly from Theorem 1.1 with m = 2, s < n/2,
A=A and oa(z,&) = |2, O

A direct consequence of Corollary 1.4 is that, for s < n/2, in the same
coordinates as in the corollary, for each x € V', the random field

X L72f3 (x + L7Y2X)

converges in distribution as L — 400 to a smooth stationary Gaussian field
on R™ with covariance

1 ey dE
X,Y) — / eHEX=Y) =
X2 T fepas e

at a rate uniform in z. On the other hand, if s = n/2, although the derivatives
of K$ also have non-trivial local limits at scale L~'/2, K3 itself converges
pointwise to a distribution with a logarithmic singularity on the diagonal.
Note that when s = 1, the first part of the second point of Corollary 1.5
below yields Theorem 3 of [22].

CoROLLARY 1.5 (The Laplacian: s = n/2). — Assume that s = n/2.
Fiz xg € X and consider local coordinates x = (x1,x2) for X centered at xq
defined on an open subset U C R? such that |dVy| agrees with the Lebesgue
measure in these coordinates. Then, there exists an open neighborhood V.C U
of 0 such that, for each a, 5 € N", the following holds.
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(1) e In these coordinates, uniformly for L > 1, x € V and X, Y € R"
such that t + L~ Y™ X o + L-Y™Y e V

L_(‘oé|+|ﬁ\)/2 a;zagKZ/Q (l‘ + L—l/ZX,JZ + L_l/QY)
_ 1 / ei(g,X—nMdg
2m)" Jiglz<1 €]z
n O(Ls—(n+\a|+lﬂ\)/2 + L1/2 ln(L)">

where n =1 if 1 = |a|+ |B| and 0 otherwise. Here |£|2 = g7 (€, &)
and d¢ is the Lebesgue measure.

e Let € > 0. Then, uniformly for x,y € V such that |x —y| > € and
for L>1,

O2OPK (z,y) = 0(1 + plal+181-1)/21, (L)”)

where n =1 if 1 = |a| + |B| and 0 otherwise.
(2) o Uniformly for x,y € V and L > 1, in these coordinates,

Sn—l

o (1) e ()] 0t
where Iny (t) = In(t) V0.

o There exists a symmetric bounded function Q : U x U — R such
that, uniformly for k > 1, L > 1 and x,y € V such that |x — y| >
kL~Y2, in these coordinates,

|Sn71| 1

= — - /2

@) In(lz —y|) + Q(z,y) + O(Ii ) .

Proof. — This follows directly from Theorem 1.2 with m = 2, s = n/2,

A=A and o4(z,€) = |£|2. We simply use that if B, is the n-dimensional
euclidean ball, n|B,| = [S"1|. O

K} (2,y) =

K} (x,y)

In the case s = n/2, Corollary 1.5 implies that the family (f;)r>o defines
a family of log-correlated fields. More precisely, the pointwise variance of f}
is equivalent to C,, In(L'/?) as L — 400 where C,, = [S"~!|/(27)", and the
correlations decay logarithmically until they reach order O(1). This behavior
was observed in [22] for n = 2 and is consistent with the behavior of the two-
dimensional discrete Gaussian Free Field, whose covariance is the Green’s
function for the 2D simple random walk (see for instance [5, Chapter 8]).

Acknowledgements

I am grateful my advisor Damien Gayet, for suggesting that I tackle this
question, but also for his helpful advice in the presentation, organization

— 432 —



Weighted local Weyl laws for elliptic operators

and revision of this manuscript and finally for taking the time to proof-read
it. I would also like to thank Simon Andréys for his inspiring explanations
on singularity theory. Finally, I am thankful for the referee’s thorough proof
reading and commentary of the manuscript.

2. Statement of the main results

In this section, we present the main objects of study and state our results
in full generality. In Section 2.1 we present the general framework of the
article. In Section 2.2 we state Hérmander’s local Weyl law. In Section 2.3
we state the generalizations of the local Weyl law proved in this paper. We
finish off by deducing Theorems 1.1 and 1.2 as well as Corollary 1.3.

2.1. General setting

In this article, we consider simultaneously two different elliptic eigenvalue
problems. Since our arguments hold indifferently for the two cases, we present
them in this section using the same notations. The first case is a closed
eigenvalue problem. In this case we will follow [11, 13, 14]. In the second case,

we consider a Dirichlet eigenvalue problem, for which our main references
will be [16] and [29].

Setting 1. — In this setting we follow [13] and [14]. Here X is a compact
manifold without boundary. We will consider symbols and classical symbols
on open subsets of R™ defined as in Definitions 18.1.1 and 18.1.5 of [13] or
Definition 2.2 below. To any such symbol we associate a pseudo-differential
operator by left quantization as in Chapter XVIII of [13]. Pseudo-differential
operators on X are defined, as in [13], to be operators on X which, when
read in local charts, are pseudo-differential operators modulo operators with
smooth kernel (see [13, Definition 18.1.20]).

We consider an elliptic pseudo-differential operator A of positive order m
acting on C*°(X). We assume A is symmetric for the L?-scalar product on
(X,dpx). This implies that the principal symbol o4 of A is a real valued
positive C*° m-homogeneous function on the complement of the zero section
of T*X. Under these assumptions, A has a unique self-adjoint extension
in L?(X,dux) whose spectrum forms a discrete sequence (Ax)ren of real
numbers diverging to +o0c and whose corresponding eigenfunctions ey are of
class C*° (see for instance of [14, Section 29.1]). For each L > 0, set

vxayGXaEL(xay): Z ej(x)ej(y)'
0<A; <L
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Finally, we assume that the symbol of A is a classical symbol (see Defini-
tion 2.2 below).

Setting 2. — In this setting, we follow [16]. Here X is a bounded open
subset of R™ with smooth boundary 0& and duy is the Lebesgue measure.
We consider the Dirichlet eigenvalue problem

Au =X u on X;
u=0 on OX

where A is an elliptic differential operator of even order m > 1 with principal
symbol 04 and A € C. We assume that the following conditions (from [16,
Chapter 2, Section 1.4]) are satisfied

e For each u,v € OX(X), [u(z)Av(z)dux(z) = [ Au(z)v(z)dpy(z).
In other words, A is symmetric in L?(X).

o The operator A is properly elliptic in X in the sense of Definition 1.2
of [16, Chapter 2, Section 1.4].

As explained in the appendix (see Proposition B.1 in Appendix B), there
exists a sequence (Ap)r of real numbers going to infinity and a sequence
(ex)r of smooth functions such that for each k, [ |ex(x)[*dpx(x) = 1, such
that the linear span of the ey, is dense in L? (X,dpx) and such that ey, solves
the aforementioned eigenvalue problem with A = Ai. For each L > 0, set

Va,ye X E(ry) = > e(@)es(y).
0<)\; <L

Remark 2.1. — For simplicity of reference we have chosen to restrict Set-
ting 2 to bounded open subsets of R™. We find it very likely that similar
results hold for manifolds with boundary. In any case, our results will hold
as long as one can find an analog of Lemma A.1l, which is the only input
we really use. In particular, [29], which we use as a reference below, works
on manifolds with boundary, but cites as a reference, Chapter 2 of [16], in
which X is an open subset of R™.

2.2. Hormander’s local Weyl law

We begin by stating Héormander’s local Weyl law, for which we need the
following definitions. First we define a family of symbol classes

DEFINITION 2.2.

o Fizm € R. Let U C RP be an open subset and let o0 € C°(U x R™).
We say that o is a symbol of order m and write o € S™(U;R"™)
(or just o € S™ when no confusion is possible), if, for each compact
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subset K C U and each o € N" and B € NP, there exists Ck o,
such that
sup |0 070 (x,6)| < Crap(1+ (€)1
zeK,£eRn

o Ifo(x,€) is a polynomial of degree m in & with coefficients varying
smoothly with x, then o € S™.

o If there exists R < 400 such that |£] > R implies that o(x,§) is
m-homogeneous in &, then o € S™.

o Leto € S™(U;R™). We say that o is a classical symbol if there exist
symbols (ok)ken such that for each k € N, there exists Ry < +00
such that op(x,€) is (m — k)-homogeneous in & for |£| > Ri. and
such that for each N € N,

N
o — Zok € SmN=L(U;R).
k=0
We define the principal symbol of the classical symbol o as the func-
tion on U x (R™\ {0}) (z,§) — limy—, 1o t ™0 (2, tE).

We then define a class of phase functions® as follows.

DEFINITION 2.3. — Given an open subset U C R™, we will say that a
function ¢ € C*°(U x U x R™) is a proper phase function if it satisfies the
following conditions.

(1) The function ¥ is a symbol of order one in its third variable.

(2) For each (x,y,£) € U x U x R", (x — y,&) = 0 implies that
Y(x,y,£) = 0.

(3) For each x € U and £ € R™, 0,9(2,y,&)|y=s = &.

(4) There exists Yoo € C®(U x U x R™) satisfying all of the above
properties and 1-homogeneous in & such that

tild)(l’,y,tg) m 'l/)oo(xayvg)

where the convergence takes place in C°(U x U x R™).

An important example of proper phase function to have in mind is the
phase function ¥ (z,y,£) = (x — y,&). Hormander’s local Weyl law may
be stated as follows. Let us consider an operator A from either of the two
settings presented in Section 2.1. In Setting 2 we also fix a family of boundary
operators (B;); satisfying the assumptions required therein. In both settings

(5) This definition is inspired by Definition 2.3 of [11]. However, our notion of proper
phase function is more restrictive than Hérmander’s. Namely, Hérmander does not require
condition 4.
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we deduce the existence of a sequence (Ag)i of (real) eigenvalues, diverging
to +o0 and (ex ) a sequence of smooth, L2-normalized eigenfunctions (either
of A or of the boundary value problem) associated to them. We then define,
in either setting

Er(wy)= ) e@)e;(y).

0<\, <L

Recall that o4 is the principal symbol of A, which we assumed to be positive
homogeneous of order m > 0 in the second variable.

THEOREM 2.4 (Local Weyl law [11, Theorem 5.1] for P = Id). — Fix
a point in X and consider local coordinates (x1,...,x,) around it. Suppose
further that the density dux agrees with the Lebesgue measure in these co-
ordinates. Let o4 be the principal symbol of A in these coordinates. Then,
there exists an open neighborhood U of 0 € R™, a proper phase function
Y € C®(U x U x R™) such that the following holds. Let P be a differential
operator of order d with constant coefficients acting on C*°(R™ x R™) with
principal symbol op : T*R?*® — C (a homogeneous polynomial of degree d
in the momentum variables). Then, there exists a constant C < 400, such
that, in these coordinates, for each x,y € U and L > 0,

1

PEL('I7:U) - (27’()”

/ el eiw(x,y,ﬁ)gp(8x7yz/}($7y’g))dé
oa(y,6)<

< O + L)(nHd=1/m
Here 0, y1p(x,y,§) € T(*x’y)(Ux U) ~ R?" denotes the derivative of 1 with

respect to the variables (x,y). Moreover, for each neighborhood W C U x U
of the diagonal there exists C > 0 such that in local coordinates, for each
(x,y) € (UxU)\W and L >0,

|PEL(z,y)] < C(1 4 L) +eD/m,

Finally, there exist a symbol® o € S' and a constant R < +o0o such

that o = ai‘/m outside of a compact set and for each x,y € U and £ € R"

such that |¢| > R,
o(z,0u(2,y,8)) = o(y,§) - (2.1)

Here 0,y denotes the partial derivative of 1 with respect to the couple
(,y)-

©) 1f Ullﬁl/m is smooth then we can actually take o = Ullq/m.
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Remark 2.5.

e Recall that in Setting 2 (the Dirichlet case), the notation X denotes
an open subset of R™. Therefore, Theorem 2.4 is an estimate of PE7,
away from the boundary 0X.

e Since 04 is m-homogeneous, by Definition 2.3, Theorem 2.4 implies
that

1

_ _ (n+d)/m —1/m
PEr) = g [ o6 e x LI 0L,

In particular, on the diagonal, the main term grows like L(n+d)/m
Moreover, the change of variables ¢ = L'/™# reveals that, taking
r =x04+ L Y™X and y = o + L~/Y the integral expression
converges — after rescaling by L~ ("T4/™ _ to a smooth function in
(X,Y) and .

e The approximation for PEy (x,y) given in Theorem 2.4 may seem
asymmetric with respect to  and y because of the integration do-
main {£ € R” : o4(x,&) < L}. However, unless |z —y| = O(LY/™),
the main term is no longer greater than the error term. On the
other hand, if |z — y| = O(L'/™), replacing o 4(y, &) by oa(z,€) in
the integration domain yields a negligible error.

e The asymptotic provided by Theorem 2.4 is coordinate dependent
since the notion of proper phase function is not invariant.

e Given o € S, equation (2.1), satisfied by ¢ is called the eikonal
equation. As explained in [11, Section 3], it has a unique solution
satisfying the properties required in Definition 2.3. The statement
about the eikonal equation is not usually stated as part of the local
Weyl law but the function v provided by the theorem does satisfy
this property and it will be useful in our proofs.

e The case where P = Id and was proved by Hérmander in [11]. The
case where z = y and X is a closed manifold was treated in [23] with
some restrictions on P. Finally, Gayet and Welschinger extended
this result to a general P (see [7, Theorem 2.3]) on a closed manifold.
While in their statement, x = y, their proof yields the off-diagonal
case with only minor modifications.

e Hormander manages to lift the compactness assumption using re-
sults on the local nature of the propagator eitAl/m, in the case of
P = 1d. We believe that similar arguments would work for general P
but focus on the compact case for simplicity. Note however that the
only input from Hoérmander’s work used here is Theorem 2.4. Ob-
taining such a result in the non-compact case with the appropriate
functional analysis setting would immediately extend our results.
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e One recent result closely related to this theorem is Canzani and
Hanin’s asymptotics for the monochromatic spectral projector of
the Laplacian under some dynamical assumption on the geodesic
flow (see [2] and [3]).

For the convenience of the reader, in Appendix A we provide a proof of
the full result relying on the wave kernel asymptotics provided in [11].

2.3. Weighted local Weyl laws

In the present article, we generalize Theorem 2.4 in the following way.
Consider A and P as in Theorem 2.4 and take U, and v as provided/p\uhis
theorem. Recall that in the coordinates on U, the measure dux (x)d,px ()
agrees with the Lebesgue measure dzd¢ on R?™. In particular, Theorems 2.6
and 2.8 below hold in both settings presented in Section 2.1. We stress that
in Setting 2, however, X denotes an bounded open subset of R™, so the
results only hold away from the boundary 0X.

We derive an asymptotic expression for the kernel of the operator (AIl;)?,
as L — +oo for z in a certain half-plane of C. More precisely, we always
assume that n 4+ d + mz; > 0. This generalized Hérmander’s result which
corresponds to z = 0.

Interestingly, the behavior will differ between the case n +d + mz; > 0,
which we call subcritical, and the case where n + d + mz = 0 which we call
critical. We do not cover the case {n 4+ d+mz; =0, 25 # 0}. In particular,
this distinction, and the fact that it depends on d, means that a kernel
wich corresponds to the critical case for d = 0, is subcritical for d > 0. In
particular, this kernel and its derivatives have very different behaviors when
L — +o0.

THEOREM 2.6 (Generalized Weyl law: subcritical case). — Fix z = 21 +
izo € C. Let f € C*®°(R) such that f(t) = t* for t large enough. Let Ky, be
the Schwartz kernel of T f(A). Suppose that n + d + mz; > 0. For each
z,yeUand L > 1, let

Ry(a,y) = L7 td/m [PKm, )

1 / i€, z—y) L'/ ™
T A N s UA(y7£)ZUP(£a 7€)d£ .
2m)" Joamo<t

Then, for each open neighborhood V of 0 € U such that V. C U is compact,
the following holds.
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(1) Uniformly for L>1, z € V and X,Y € R" such that x + L~Y/"X,
r+ LYY eV

Ry, (:c T L—l/my) - O(L‘Zl‘("+d)/m LY ln(L)")

where n =1 ifn+d+mz =1 and 0 otherwise.
(2) Let W C U x U be a neighborhood of the diagonal. Uniformly for
L>1and (z,y) e VxV\W,

PKL(a:,y) _ O(L—z1—(n+d)/m + LZ1+(n+d—1)/m ln(L)”)

where n =1 ifn+d+mz=1 and 0 otherwise.

The two error terms appearing in both points of the theorem are analo-
gous to those in Theorem 1.1. Below said theorem, we discuss the interpreta-
tion and relative size of these error terms. We prove Theorem 2.6 in Section 5.
As we will see below, Theorem 1.1 and the first assertion of Theorem 1.2 are
both direct consequences of Theorem 2.6. Before stating Theorem 2.8 below,
we must introduce some more terminology. One key ingredient of the proof
will be the decay of certain oscillatory integrals depending on the level sets
of 04. To observe this behavior we must impose certain condition on 4.
This is the object of Definition 2.7.

DEFINITION 2.7 (Admissible homogeneous symbols).

e FizneN,n>1 and m €]0;+oo[. For each U C R™, let S;"(U) C
C>(Ux(R™\{0})) be the set of smooth functions m-homogeneous in
the second variable. We write Si*, (U) for the set of positive valued
functions in S;*(U). The map

SH(U) — C=(U x 8" 1),

restricting the second variable to the unit sphere, is a bijection. We
endow S (U) with the topology induced by the Whitney topology on
C>®(U x S™ YY) (see Definition 3.1 of Chapter II of [9]). Although
elements of S;* are not smooth at U x {0} we call them homoge-
neous symbols since they coincide with symbols outside of a small
neighborhood of U x {0}.

o Fixm € R, m >0 and kg € N, kg > 2. We say that a function
o € S;*, (U) is ko-admissible if

V(z,§) e Ux (R*"\{0}), Fke{2,...,ko},

oz, 1 0fo(x, &) # m(m — 1) mlgm —k+1)

(Oeo(z,€)%*. (2.2)
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This condition is invariant if we see o as a function on T*X because
coordinate changes act linearly on the fibers of T*X. It is stable and generic
for kg large enough, as explained in Proposition 7.6.

THEOREM 2.8 (Generalized Weyl law: critical case). — We use the same
notations as in Theorem 2.6. Suppose that n + d + mz = 0 and that either
n =1 or ga is kg-admissible for some ky > 2. For each x,y € U let

Vel = [ on €~ dpo).

Then, there exists V- C U an open neighborhood of O such that the following
holds.

(1) Uniformly for (x,y) € VxV and L > 1,

PKp(z,y) = %Yp(y) {m(Ll/m) —Ing (LY™)z — y\)} +0(1).

(2)
(2) There exists Q € L=(V x V') such that, uniformly forx > 1, L > 1
and (x,y) € V x V such that |z —y| = kL™1/™,

ﬁ}fp(y) In(|z —y|) + Q(z,y) + O(Kfl/kg) ‘

Here, if n =1 we set kg = 1.

PKL(l'vy) =

We prove Theorem 2.8 in Section 6. As we will see below, the second
point of Theorem 1.2 follows directly from this theorem.

Remark 2.9.

e The critical case, n + d + mz = 0 depends not only on the order m
of the operator A or the power z, but also on the order d of P. In
particular, if z is critical for A with P = Id, it becomes sub-critical
for any choice of differential operator P of positive order.

e The quantity Yp(y) is smooth in y by definition, but it is obviously
not symmetric in z and y, even for P = Id. This may seem counter-
intuitive. Notice however that, in the main term of the expression of
PK7y, given in Theorem 2.8, replacing Yp(y) by Yp(z) only yields an
error of order O(1). In the first point, this does not change the esti-
mate. In the second point, replacing Yp(y) by Yp(z) would simply
amount to adding 5= (Yp(y) — Yp(z)) In(lz — y[) to Q(x,y), which

is bounded.
e From (1.1) we get the following alternate expression for Yp:
Vo) =+ d) | o(€,—€)de
{UA (y~5)<1}
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Here we are assuming, as in the rest of the subsection, that d,ux ()
agrees with the Lebesgue measure d¢ on R™.

Remark 2.10. — The admissibility condition on the symbol of A may
appear to be unfamiliar. However, in practice, it is often satisfied. Here are
two important examples of families of admissible homogeneous symbols:

e If n > 2 and the level sets S&4 = {¢ € R" : og4(x,&) = 1} are
strictly convex, 8520,4 is positive when restricted to their tangent
spaces. Therefore, it cannot be a multiple of (8§U)®2 so Theorem 2.8
applies with kg = 2.

o If 04 is a positive homogeneous polynomial of degree m € N
in &, m > 1, then it is m-admissible. Indeed, otherwise, taking
k = ko = m, we would have, for some (x,&) € U x (R™\ {0}),
UA(x,f)mflﬁgnaA(x,E) = 0. But since o4(z,§) > 0 we have
oftoa(z,§) = 0 which implies that all the coefficients of o (z,-)
vanish. This contradicts the fact that o4(x,&) > 0. In particular,
Theorem 2.8 applies for all differential operators, and in particular

to the situation of Theorem 1.2.

As we shall see in Section 7, admissibility is equivalent to the fact that there
is no linear map R™ — R whose restriction to S has a critical point of
infinite order. For instance, it rules out the case where S contains an open
subset of an affine hyperplane.

In addition to the two examples of the last remark, we prove the following
theorem.

THEOREM 2.11 (Admissible homogeneous symbols are generic). — Fiz
neN, n>2andlet U CR" be an open subset. There exists ko = ko(n) €
N such that for each m > 0, the set of elements of S,’l’f+(U) that are ko-
admissible (see Definition 2.7), is open and dense in Sp", (U).

Theorem 2.11 follows immediately from Proposition 7.6, which is proved
Section 7.2. The integer kg is explicit (see Proposition 7.6).

Finally, though we do not use this in the proof of Theorems 1.1 and 1.2,
we prove the following result, which might be useful in further applications.

THEOREM 2.12 (Super-critical case). — We use the same notations as
in Theorem 2.6. Suppose that n + d 4+ mz; < 0. Then, there exists and a
function Ko, € CHU x U) such that the following holds. For each compact
subset Q C U x U, uniformly for (z,y) € Q,

PKL($7y) — PKoo(x,y) +O(LZ1+(n+d)/m).
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Remark 2.13. — In Theorems 2.6, 2.8 and 2.12, the setting provided in
Section 2.1 only comes into play through Theorem 2.4. Therefore, if one could
weaken the hypotheses for this theorem, one would automatically extend
Theorems 2.6 and 2.8 as a corollary. In particular, since Héormander proves
Theorem 2.4 for P = Id without any compactness assumption or boundary
condition, both of these results remain valid in this case.

Let us check that Theorems 2.6 and 2.8 imply the results presented in
the introduction.

Proof of Theorem 1.1. — Both results follow from Theorem 2.6 applied
to the first setting of Section 2.1 with z = —s by taking P = 8;“85. In this
case, the order of P is d = |a| + |8| and we have, for any £ € R",

ap(§, —€) = (i€)*(~i§)” . O

Proof of Theorem 1.2. — Set z = —s = —n/m. For the first part, set

P = 8;}85 near 0 and proceed as in the proof of Theorem 1.1. Indeed,
since (a, 8) # (0,0), we have n + d 4+ mz; = |a] + || > 0. For the second
part, since by Remark 2.10 04 is m-admissible, and since n + d + mz; = 0,

we apply Theorem 2.8 instead. In our case, P = Id so for each z,y € U,
Yp(y) =1y (S{f) o)

1
K;(z,y) = 2 (S {1n(L1/m) —Ing (LY™)z — y\)} +0(1).
By (1.2), l/y(S;‘) = nl{oa(y,§) < 1}|. But since Kj(z,y) = K;j(y,x),
we may replace v,(S;') = n[{oa(y,§) < 1}| in the above expression by
”l{UA(ﬂf»f)<1}|;n|{0/\(y7§)<1}|

as announced(”) . O

Proof of Corollary 1.3. — We use the notations of Theorem 2.8. First
of all, by definition, as L — +oo0, Kj — K in distribution. Moreover, by
Theorem 1.2, any point in X has a neighborhood V such that the sequence
(K3 )r>1 is uniformly bounded on V' x V by a locally integrable function
and converge pointwise towards —ga(z,y) In(|z — y|) + Q(x,y) where Q €
L (V x V) on the complement of the diagonal in V' x V. In particular, they
converge in distribution to this function. This implies that when restricted

to C°(V x V),
K(z,y) = —ga(z,y) In(lz — y[) + Q(=,y) .

Now, given any smooth distance d on X, for each x,y distinct,

In(jz —y|) = In(d(z, y)) + ID(L;C(SC_;JD

(7) As explained in Remark 2.9, replacing the former by the latter in the expression of
K73 (x,y) creates a change of order O(1).
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and the second term is bounded so, on V x V|

K(z,y) = —ga(z,y) In(d(z,y)) + Qa(z,y)

for some Q4 € L*°(V x V). But K is the integral kernel of A® which is a
self-adjoint pseudo-differential operator (see [26] or [14, Proposition 29.1.9]).
In particular, it is smooth and symmetric outside the diagonal (see for
instance [13, Theorem 18.1.16]). Hence, Q4 must also be symmetric and
smooth outside the diagonal. O

Remark 2.14. — Theorems 2.6 and 2.8 hold in both Setting 1 and Set-
ting 2 of Section 2.1. Since the proofs of Theorems 1.1 and 1.2 and Corol-
lary 1.3 are purely local once one admits Theorems 2.6 and 2.8, these results
also hold in Setting 2.

3. Heuristics and proof outline

In this section we provide a heuristic justification for Theorems 2.6 and 2.8
and an outline of the skeleton of the proof. At the end of this section, we
also provide a proof map to highlight the dependencies between intermediate
results leading to the proofs of Theorems 2.6, 2.8 and 2.12, see Figure 3.1.

3.1. Heuristics

In order to get a sense of the kind of calculations we will carry out in the
rest of the article, let us present a simple example, with few non-rigorous
steps in order to shorten the argument. We assume that & is a closed Rie-
mannian manifold and that A denotes the associated Laplacian® . Then, A
is indeed elliptic of order m = 2 and self-adjoint with respect to the Rie-
mannian volume density du. Moreover the symbol of A is oa(x,&) = [|€]|?
where | - ||, is the norm induced by the Riemannian metric on T X. Thus,
in orthonormal coordinates S# = S™"~!. Finally, we take P = Id. Now, if

n
nga

L
K (a,y) = / A B} (2, y)dA + O(1)

L
=L °Er(z,y) +/1 SATSTIE (2, y)dA + O(1). (3.1)

(8) Here we use the convention that A = — div oV so that the operator is non-negative.
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Here, we artificially cut-off the first eigenvalues since, in the sum defining
K3, they contribute by a term independent of L. By Theorem 2.4,

1
@r)"

Ep(a,y) = /ﬁ eHEBde L O(LI) (32)

where 1 is a phase function. To simplify the computations) , we take

Replacing Fy in Equation (3.1) the expression given by Equations (3.2)
and (3.3) we get

1 )
KS — L% 1(w—y,f)d
L(‘T>y) (27_[_)” |: /|§|2§Le 5

L
+/ s)\_s_l/ TN + oL/
1 I

<A

Integrating by parts in A, the boundary term A = L cancels out the first
term. The case A = 1 is independent of L and can be absorbed in an O(1)
error. We obtain

L
Ki(a,y) = / (1/2A"7227 ) (Jx — y|\V2)dA + O(1 + LD/27)

(2m)"

where J(t) = / etrdw .
Sn—1
Here the radius of the ball {||¢||> < A} is A2 which accounts for a factor of
(1/2)A~ 2 in the resulting expression. Note that .J ()= (t)_("_z)/QJ(n,g)/z(t)
where J, is the v-th Bessel function of the first kind (see e.g. [8, p. 198]).
Making the change of variables n = A2 yields

Li/2

1 —1-2s n— —s
K} (z,9) = (27r)"/1 02 (e — ylm)dy + O(L+ LOD/27%) . (3.4)

Here we see the two error terms from Theorem 1.1 appear. The 1 comes
from the low frequency region while the L("~1/2=% comes from the high
frequency cut-off. At this point we distinguish between s < 3 and s = 5. In
the former case, assume that |z —y| = hL~'/2 for some fixed h. This new
information on s implies that the integrand in (3.4) is integrable at zero so

(9) As explained in the following section, it is not obvious at all that this approximation
is valid. Suffice to say for now that our estimates are interesting near the diagonal, around
which 1 shares many properties with the function (x — y, §) by Definition 2.3.
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we can extend the integral up to an O(1) error. We obtain
/2

1 o 3 e
Ki(x,y)(%)n/o 25 J(hL 1/2n)d77+0(1+L( 1)/2 )

1 RUURE SIS i
:W/ 2 g (|hf)diy x L2754 O(1 4 L= D/279)
0

1
(2m)™
This is the conclusion of Theorem 1.1 for A = A and P = Id.

/ ei(h,g)d£ ~ Ln/2—s + O(l +L(n—1)/2—s)-
l€lP<1

Assume now that s = § and x # y. Starting off from Equation (3.4) and
witing ¢ = |z — yln,

1 lo—y|L/?

i)~ oo [ ¢ (35)
27)" Jyzy)

Note that, by the stationary phase method (or standard Bessel function

estimates),

J(t) = Ot~ (=172 (3.6)
for t > 1 and J(0) = |S"~!|. Therefore, in dimensions n > 2, the integrand
is L' away from zero, and equivalent to |S™~1|¢~! at 0. This crucial obser-
vation basically allows us to replace expression (3.5) by the following ansatz,
allowing for O(1) errors:

gn-1| ple—ylL'/? d
Ki(oyy) = 2] <1

(277)n lz—y| ¢
=9 (27 <y (120 )] + 001)

This is the essential statement of Theorem 1.2. The case n = 1 is similar in
spirit but requires a trick to replace the stationary phase method.

3.2. Proof strategy

There are two main obstacles to carry out the above calculation rigor-
ously in the general case and Sections 4 and 7 are devoted to dealing with
them. The first is to justify Equation (3.3). This is the role of Lemmas 4.1,
4.2 and 4.3 that roughly state that ¢ behaves like (x — y,&). The second
difficulty is to obtain an analog of Equation (3.6) when S™~! is replaced by
S4 = {¢, oa(x, &) = 1} for a general symbol 4. Indeed, in this case, the
standard stationary phase method need not apply and we must use more
general results on oscillatory integrals. This requires the assumption that
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o4 be admissible (see Definition 2.7). To make this point more precise, let
us introduce some notation.

As in the previous section, we fix once and for all a point in X and
consider a local chart centered at this point defined on U C R™ given by
Theorem 2.4. We also take P with principal symbol cp, W C U x U and
Y € C°(U x U x R™) as in this theorem.

The following quantity will be central in our proofs. For any ¢ > 0,

z,y € U and £ € R" let
Hp(w,y,&1) = e op (1710, (2, 9, 16)) (3.7)

and
JA(m7y7t) = 54 HP(CU;%fyt)dyV(f) (38)
Y

The function J4(z,y,t) specializes to the function J of the previous sub-
section when op = 1, ¢¥(x,y,£) = (x — y,&) and S; = S~ L. Since op

is d-homogeneous, Hp satisfies the following equation. For any s,t > 0,
z,y € U and £ € R",

Hp(x,y7s€7t) :Sde(CC,y,f,St). (39)
We will prove the following proposition.

PROPOSITION 3.1 (Decay of Ja). — Assume that o4 is ko-admissible.
Then, there exists V. C U an open neighborhood of 0 and C < +o0o such
that, uniformly for distinct x,y € V andt >0

|JA(:E7y’t)| < C‘(tlaj - Z/D_R :

The proof of Proposition 3.1 is divided into two steps. First, we will prove
that the admissibility condition on ¢ 4 implies a property governing the decay
of certain oscillatory integrals over the level sets of o4 that we define below
in Definition 3.2. Next, we prove that this property implies the required
behavior of J4. More precisely, we introduce the following terminology.

DEFINITION 3.2 (Deformations of height functions and non-degenerate
level sets). — Lete >0, m > 0, E C RP a neighborhood of 0 and let U C R™
be an open subset. Let o € C*°(U x R™ \ {0}) be homogeneous of degree m
in the second variable. For each x € U let S2 = {¢€ € R" | o(x,&) = 1} and
dp be the area measure on S2. Let S*U = {(x,&) € U x R™ | € € SA}.

(1) Given a compact subset Q@ C U x (R™\ {0}) let X = {(z,7,&) € Q %
R™ | ¢ € S24Y. We call a deformation of the height function for o over Q
any family (f,)nee of continuous, real-valued functions on X, smooth
in the third variable &, with the following properties:

e for each (z,7,6) € Q x R" such that £ € S2, fo(z,7,&) = (1,€)
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e for each a € N, the map n — 8?]”,, is continuous for the topology
of uniform convergence on compact sets.

(2) We say that o has e-non-degenerate level sets if, for any compact subset
Q of U x (R"\ {0}) and any deformation of the height function (fy,),
for o over Q there exists V. C RP a neighborhood of 0 depending only on
Q (and ) such that for each v € C*(S*U) and each continuous family
of smooth functions on (uy), € (C™ (R™))”, there exists C < 400 such
that for each n € V, each (xz,7) € Q and each A > 0,

[ M€ dan(©)| < 7. (3.10)
sg

We say that o has non-degenerate level sets if it has e-non-degenerate
level sets for some € > 0.

(3) Let e > 0. We say that a homogeneous symbol on a manifold has non-
degenerate (resp. e-non-degenerate) level sets if it has this property
when written in any local coordinate system.

Remark 3.5.

e In Definition 3.2, Equation (3.10) will be used to bound J4(x,y,t)
for the proof of Proposition 3.1.

e Since, by Definition 2.3, as in Section 3.1, we want to take
“D(x,y,£) = (x — y,&)”, we will see the former as a deformation
of the latter. In other words, ¢ will be realized as a deformation of
the height function.

e The notion of e-non-degenerate level sets expresses the “non-flatness”
of these level sets. Indeed, for instance, in the worse case scenario, if
S# contains an open subset of an affine hyperplane, say of the form
{x1 = h} for some fixed h € R, and is otherwise strictly convex, the
following integral does not decay to zero as A — +oo

/ eMid,v(€).
sg

Proposition 3.1 will then be a consequence of the following results. Recall
the definition of admissible homogeneous symbols (Definition 2.7). On the
one hand, we will prove:

PROPOSITION 3.4 (Admissible homogeneous symbols have non-degener-
ate level sets). — Fizn, ko € N, n > 1, kg > 2. Let U C R™ be an open sub-
set and let o € Si* (U). If o is ko-admissible, then it has & -non-degenerate

ko
level sets.

The proof of this proposition, which is presented in Section 7.1, is entirely
independent of the rest of the present text and uses different techniques. It
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is followed by Section 7.2, in which we prove that the admissibility condition
is generic in a suitable sense.

On the other hand, in Section 4.2, we will prove the following result.

LEMMA 3.5. — Fiz € > 0. Suppose that the principal symbol o4 has
e-non-degenerate level sets (see Definition 3.2). Then, there exists V. C U
an open neighborhood of 0 and C' < 400 such that, uniformly for distinct
z,yeVoandt >0

[Ja(z,y,t)] < Ctlz —yl)~°

Remark 3.6.

e Lemma 3.5 corresponds to Proposition 23 of [22] for e =  although,
in that setting, the non-degeneracy condition was always satisfied.

e In the one dimensional case, Lemma 3.5 is replaced by Lemma 4.5.

e The proof of Lemma 3.5 relies on a control of t~1, ,(x, y, t£) uni-
form in ¢t € )0, +oo[. These estimates are carried out in Section 4.1.
We deal with the region ¢t < 1 by hand. The region ¢ > 1 comes by
assumption in v from the fourth point of Definition 2.3.

After proving all of these results, we carry out the calculation sketched
in Section 3.1 in Sections 5 and 6 as we will now explain in more detail.
We therefore suggest that the reader have Section 3.1 in mind for what
follows. The integration by parts is of course valid in a general setting. This
allows us to obtain an expression like Equation (3.1) where the map A™* is
replaced by f(A) for some adequate function f. More explicitely, in Section 5,
we derive the following result. We start by introducing a suitable function
f:]0,400[ — C and studying the asymptotics of the following kernel:

K (z,y) — Z fA)er(x)ex(y) -

0<M\e <L

This is again a smooth function. Since all of our results are local, we fix once
and for all a point in X and consider z = (x1,...,x,) the local coordinate
system in which this point has coordinates z = (0, ..., 0), provided by The-
orem 2.4 and defined on an open neighborhood U of 0 in R™. Recall that in
Theorem 2.4, W was a neighborhood of the diagonal. With some abuse of
notation, we will write W for this neighborhood read in the present chart so
that W C U x U.
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PROPOSITION 3.7 (Integral expression for PK£). — Take f : R — C,
continuously differentiable, with support in ]0,4o00[. Then, in local coordi-
nates, uniformly for each x,y € U, for each L > 0,

1

PK}(z,y) = —— / @) o p (9, (2, . €)) f(oa(y, €))dE
2m)" Joawe<L

L
+o(f(mema-vm) 40 ( / f’(A)A<"+d—1>/mdA> .
0

In addition, if W C U x U is a neighborhood of the diagonal, then, uniformly
for any (z,y) € (U xU)\ W, for each L > 1,

L
PK}(z,y) = O(f(L)LWd*U/m) + 0(/ f’(/\)A("+d1)/md/\> .
0
Finally, the constants implied by the O’s do not depend on f.

We prove Proposition 3.7 in Section 5. Then, we consider the case where
f is of the form f(t) = x(¢)t* where z = 21 + iz3 € C and x is some smooth
function with support in ]0, +00[ equal to 1 for ¢ large enough. In Section 5,
we prove Theorem 2.12 using only a crude estimate from Theorem 2.4, and
we also deduce Theorem 2.6 from Proposition 3.7 and results from Section 4.
Next, in Section 6 we prove Theorem 2.8 using again Proposition 3.7 but
also Proposition 3.1. We end this section with a diagram detailing the de-
pendencies between different results involved in the proofs of Theorems 2.6,
2.8 and 2.12.

4. Preliminary results

As before, in this section we fix once and for all a point in X and consider
a local chart centered at this point defined on U C R™ given by Theorem 2.4.
We also take P with principal symbol op, W C U x U and ¢ € C°(U x U x
R™) as in this theorem. The object of this section is to estimate the behavior
of the phase 1 near the diagonal and to prove Lemma 4.3.

4.1. Basic properties of the phase v

The phase ¥ from Theorem 2.4 will frequently appear in the calculations
below. We begin by deducing a list of properties of ¢ from those given in
Definition 2.3. We gather these properties in Lemma 4.1. It is easy to check
that all these properties are satisfied by the function ¥ (x,y,&) = (x — y, ).
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Thm 2.4 ] Lem ol [ Lem. 4.1 ]
[ Lem. 5.1 ] [ Thm. 24 \
l l
@
Lem. 42 Lem 7.1 ]
[ \\
(Lemsi)  (mm24]  (Lemas]) [ Lemss ((Lem. 15 ) Plop 3.4 )

-

N //

Figure 3.1. A map of the proofs of Theorems 2.6, 2.8 and 2.12. The
result at the origin of each arrow is used in the proof of the result at
its target.

I

Next, we present an additional lemma, Lemma 4.2, for the case n = 1.
Finally, we use Lemma 4.1 to deduce some properties of the function Hp
defined in Equation (3.7). For each z,y € U and £ € R, let

1/)0(557?/,5) = 557/)(5571% 0)5 = Zafﬂ)(%ya 0)5] . (41)
j=1
LEMMA 4.1. — Let U C R"™ and let p € C>*(U x U x R™) be a proper
phase function. For each t >0, let 1y =t~ (-, t-). Then,

(1) For each x,y € U and each t > 0, ¥(x,y,0) = 0.

(2) For each x € U, each t > 0 and each £ € R™, Y (z,x,&) = 0.

(3) For each x € U, each t > 0 and each & € R", 0, i(x,x,§) =
(Ea _5)

(4) The sequence (¥i)i=o converges in C°(U x U x R™) ast — 0 to
the function 1o defined in (4.1). In other words, for each compact
subset 1 C U, each R < +o0 and each o, B, € R,

lim  sup  |0g0507 i (x,y, &) — 0L 020 o (w,y,€)| = 0.

=04 yeq, |¢|<R

(5) The sequence (1;)¢>0 is bounded in C*°(U x U x R™).

— 450 —



Weighted local Weyl laws for elliptic operators

Proof of Lemma 4.1. — Let t > 0, z,y € U and £ € R™. Then,
(x —y,0) = (& — z,t&) = 0 so Y(z,x,&) = Y(x,y,0) = 0 by the second
point of Definition 2.3. This proves the first two points of Lemma 4.1. By
point 3 of Definition 2.3, for each € U and £ € R", 9,¢(x,x,&) = &, so
Opty(m,2,€) = t71(t€) = €. Next, by differentiating the following equality

Yi(x + sv, 2+ 5v,8) =0
with respect to s € R, at s =0, where x € U, £ € R" and v € R", we get

aw'(/)t(l‘v x, 5) + 81/1/%(% x, g) =0.
This proves the third point of Lemma 4.1.

To prove the fourth point, first, fix 5,7 € N and let 2 C U be a compact
subset and R < +o0o. Then, for each z,y €  and £ € R™ such that || < R,

aga;’yywt(x7ya£) = t_lafa;’w(%y,tf)

By the first point, of Lemma 4.1, 658;w(:v7y,0) = 0. We apply Taylor’s
formula to t — 3£8gw(x,y,t§) uniformly for t < 1, z,y € Q and £ € R"
such that |¢| < R and get

t105 07 (, y, t€) = 0+ 0507 (Dctbo(,y,€)) + O(t) .

In particular, as ¢ — 0, 8583’]1&,5 — 8581’]1% uniformly for x,y € Q and
¢ € R, [¢] < R. Next, fix @ € N and suppose |«| > 1. Then, for each
r,ye K, £ eR", [l < Rand t >0,

02920y (w,y, &) =t a2l ) (x, y, t€).

If o] = 1, as t — 0 the right hand side converges uniformly to
8?8’867 (x,y,0) = 3?358;’(851#0(%%5)). On the other hand, if |a] > 1,
as t — 0 it converges uniformly to 0 = 8?856;(85w0(x,y,§)). This proves
the fourth point of Lemma 4.1. Lastly, the family (¢;):~0 is obviously con-
tinuous into C*°(U x U x R") for t > 0. By the fourth point of Lemma 4.1
we may extend it by continuity to ¢ = 0. On the other hand, by the fifth
point of Definition 2.3, it also converges as t — oo. In particular, the family
(11)¢>0 is uniformly bounded in C'*°(U x U x R™). This proves the fifth point
of Lemma 4.1. O

We use the following lemma to prove Lemma 4.5 below, which is the
analog of Proposition 3.1 we use in dimension n = 1. It is the only place
where we use the fact that v satisfies the eikonal equation (2.1).

LEMMA 4.2. — Assume that n = 1. For each segment I C U there exists
c €0, 400[ such that for each x,y € I and £ € R, 1|z —y| < |9 (x,y, )| <
clz —y| and |0F(z,y,&)| < clz —yl(L +[¢))!
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Proof of Lemma 4.2. — Let us fix I C U a compact interval. Since
the symbol o4 is m-homogeneous and dim(X) = 1 there exists a positive
function p € C*°(U) such that o4(z,§) = o(x)™|¢|™ for £ # 0 and z € U.
By construction of 1 there exist C; < +oc and symbols 7 € S°(U x R) and
o € SY(U x R) such that o(x, &) = o(x)|¢| + 7(z,€) for |§| > C1 and 2 € U
and such that

Vé- € R\ [_Cl7cl]a v T,y € Ua 0($7ax1/1($7y7§)) = O—(y7€)

Since 7 € SY and since p, being positive and continuous, is bounded from
below on I, there exists Cy € [max(C1, 1), +oo] such that for any = € I and
¢ € R such that [£| > Cs,

1
Fe@)lE] < a(z,€) < 20(2)[€];
Oyt < sign(€)deo(x, &) < Co.

Let (071)(z,-) be the inverse of o(x,-) : [Ca, +oo[ — [o(x, Ca) + oo|. Let us
fix g € I. Then, for any = € I,

5x¢(337$0>§) = (0_1)($,U($07f)). (42)
Differentiating this Equation with respect to & we obtain the following ex-
pression for ¢ 0,.

355x¢(33, Zo, 5) = 85(0-_1)(x7 O'(l‘o, f))aﬁa(l‘(h 5) .

Now, by definition of 6~ !, we have, for z € I and £ € R such that £ > C3 =
maXyer J(:‘/? 02)5

_ _ -1 _ -1
85(0 1)(5675) = (650(37’0 1(5375))) = (Q(x) +6§T($’U 1(5375))) )
where o(z) is bounded on I from above and below by positive constants and

Oet(w, 07N, €)) is O(Jo™ (2, £)|~1) uniformly for = € I. Since

oM (@, €) ——— +o0
£—+o0

then there exists Cy > 0 such that for any x € I and any £ > Cy >
max(C’g, Cz),
7' < B0 (@,6) < Cu. (4.3)
Therefore,
02710471 < 6Ia§w($,$07f) < 0204 .
Recall that, by the first point of Lemma 4.1, ¢(z,2,£) = 0 for any © € U
and any £ € R. Thus, for any x € I, £ > Cy,

|09 (2, 20, €)| = / De 0y, w0, )dy| € [C5 ' |w — 2o, Cs|z — aol]
Zo

where C5 = CyCY4 is independent of the choice of zy. The case where £ < 0
is symmetric and this proves the first identity announced in the lemma. For
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the second identity, we start by differentiating Equation (4.2) with respect
to £ to obtain

agaqu(mvavg) = 3?(0_1)(%0@0»5))@5”(%»5))2
+0¢(0™) (2, 0(0,8))0¢ (20,6) . (4.4)

To deal with the second term of the right hand side, observe that, since o is a
symbol of order one and by Equation (4.3), there exists a constant Cs < 400
such that for any z,x¢ € I and any £ € R,

|0: (0™ 1) (@, 0(20,€)) 02 (w0, €)| < Co(L +[¢]) " (4.5)

For the first term we proceed as follows. By definition of o1, we have, for
any z € I and £ > Cs,

Ozo(x,07(2,€))(0c(0™)(,€))* + Oco(w, 0™ (2,§))02 (0 1) (2, €) = 0.
By Equation (4.3), since o is a symbol of order one and since 9o is bounded

from below on [Cy, +00[, there exists C7 < +oo such that for each x,z¢ € I
and & > Cs,

020" (, 0 (w0,€)) (Beo(w0, €)°| < Co(L+]¢) " (46)

We use Equations (4.5) and (4.6) on the right hand side of Equation (4.4)
and get, for each z,2¢ € I and £ > Cjs,

|0:08 (2, 20,€)| < (Co + Cr)(1+€])7"
As before, since for all € I and £ € R, ¥(z,z,&) = 0, we have

|02 (, 20, €)| < / |0:0%0(y, x0, €)| dy < Csla — ol (1 + [¢]) ™

where Cg = Cg + C7. The case £ < 0 is symmetric. O

From Lemma 4.1, we deduce the following properties of the function Hp
defined in Equation (3.7).

LEMMA 4.3. — The function Hp satisfies the following properties.

(1) The function t — Hp(-,-,-,t) extends continuously tot =0 as a
function from Ry to C*(U x U x R™) and

HP(z’yaga 0) =0op (@n,yd@(%%f))

where g s defined as in Equation (4.1).
(2) Uniformly fort > 0 and x,y in compact subsets of U and £ € R™,

HP(%Z/ny) - Hp(xayu€70) = O(tl(E - y‘|£|d+1) .

Note that the assertions are both easy to check for the prototype
Hp(z,y,t) = e v ap (€, =£).
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Remark 4.4. — Lemma 4.3 implies that the function ¢ — Ja(-,-,t) ex-
tends continuously to ¢ = 0 as a function from Ry to C*°(U x U) and

Ta@.0) = [ o0 n(e.0. )00, (47)

Y

Proof. — The first statement follows from the fourth point of Lemma 4.1.
For the second statement, by Equation (3.9), we may therefore restrict our
attention to the case where & € S’;‘. Next, we observe that by the second
point of Lemma 4.1, Hp(y,y,&,t) = Hp(y,y,&,0). The function Hp is clearly
C! with respect to its first variable so that |Hp(z,y,&,t) — Hp(x,y,£,0)]| is
no greater than

|z =yl sup |0:Hp(sz+ (1= 8)y,y,&,t) — duHp(sz + (1= s)y,y,£,0)|.
s€(0,1
Let us fix Q C U a compact set. Then by Taylor’s inequality, there exists
C1 < 400 such that for each z,y € Q, £ € S;f and each ¢t > 0,

100,y (, Y, 1) — Dy (2,9,0) — Dy 0, y, )t| < Cit?.
By the first point of Lemma 4.1, 9, ,¢(z,y,0) = 0, so that

Oyt (2, y,€) = Oz ytbo(x,y,€) + O(t) (4.8)

uniformly in x,y € Q and £ € S;;‘. On the other hand by the fifth point of
Lemma 4.1, (¢1)¢>0 is bounded in C*°. In particular, there exists a constant
Cy < +oo such that for each ¢ > 0, each z,y € K and each £ € S;;‘7
[ (z,y,&)| < Ca. In other words

P(z,y,t8) = O(t) (4.9)

uniformly in z,y € Q and £ € Sﬁ. Applying estimates (4.8) and (4.9) to each
occurrence of ¢ in Hp, we see that uniformly for z,y in compact subsets of
U and € € S;,

azHP(x, Y, 5; t) = 8IHP(xa Y, 57 0) + O(t) )
which completes the proof. O

4.2. Decay of J,: Proof of Lemma 3.5 and its analogue in dimen-
sion one

In this subsection, we use the results of the previous subsection to prove
Lemma 3.5. We will use this lemma in the proof of the multi-dimensional
case of Theorem 2.8 (see Section 6). In the one dimensional case, we will use
Lemma 4.5 presented below.
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Proof of Lemma 3.5. — To prove this lemma, we interpret J4 as an
oscillatory integral whose phase is a deformation of (w,7) +— (w,7). First,
fix Q C U a compact neighborhood of 0. Let ro > 0 be such that Qy = {z €
R*| JyeQ, l[y—z| <rp} CU. By the fourth point of Lemma 4.1 the
family (1¢):>0 extends by continuity to ¢ = 0 in C*°. For each t > 0, y € U,
0 <r<rgand & 7 € R™ such that |7] < 1, let

ft,r(y7§77-) = 7’_11/)15((11/ + 717_)73/75)‘

Let o € N". The Taylor expansion of 9y (y + r7,y,&) along r yields, for
each y € Q, |T|<1,0<r<r0,t20and565;f,

|0g e (y +77,9,6) — 08 (€, 7)| < %Cﬂ“
where
C1 = sup {|0:0¢ s (W', w, €| ‘w € w e, £€854 s> 0}.
The constant C is finite by the fifth point of Lemma 4.1. In particular,
lim fo,(4.6,7) = (€.7)

smoothly in &, uniformly in ¢t > 0, y € Q and 7 € R"™ such that || < 1. In
particular, we have proved first that f;,(y,&,7) — (&, 7) in this same
T

topology, and second that for each o € N", the map (¢,7) — Of fi,, is
continuous at (¢,0) for any ¢ > 0 for the topology of uniform convergence.
Since this map is obviously continuous as long as > 0 we have proved that
the family (f;,):r is a deformation of the height function in the sense of
Definition 3.2. Now let « € U be such that 0 < r := |z — y| < 19 and let
7= 1% Then |7| = 1 and

le—yl*
711(96, Y, tf) = t|$ - y|ft,|x—y\ (ya '5, T)'
Moreover, by the fifth point of Lemma 4.1, the function

S — UP(az,ywt (.’177 Y, f))

is bounded in C*°(R™) uniformly for z,y € Q and ¢ > 1. Hence, the fact that
the function o4 has e-non-degenerate level sets (see Definition 3.2) implies
the existence an open neighborhood V' C U of 0 and a constant C' > 0 such
that, uniformly for z,y € V and ¢t > 0,

/SA V@) 60 (0, (2, y, €))dyr(€)| < Ot —y)) 2.

Here we took A = t|z — y| in Equation (3.10). O

In dimension n = 1, the symbol will never have non-degenerate level sets
(in fact they will be discrete). Instead of Lemma 3.5 we will use the following
result.
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LEMMA 4.5. — Assume that n = 1. For each compact interval I C U,
there exists C' < +oo such that for each 0 < a < b, each n € {—1,+1} and
each x,y € I

nb .
/ V@Y 6 (12— y[D, (@, y, | — y| T n)oaly, €)Y/ Mdy
n

a

<Ca™t. (4.10)

Proof of Lemma 4.5. — Let I C U be a compact interval. First of all,
since 04 is homogeneous of degree m and n = 1, there exists a positive
function ¢ € C*°(U) such that o4(x,n) = o(x)|n|™. Thus, we may replace
oa(z,n) by |n|™ in Equation (4.10). Observe that for each t, A > 0, z,y € U
and 7 € R,

%(1’7 Y, )‘77) = )"‘/)M(‘T7 Y, 77) .
This Equation, combined with the fifth point of Lemma 4.1 implies that
there exists C < +o0o such that for each z,y € I, each ¢t >0 and n € R

|8m,y¢t($’y,7l)| < C|77‘ and ‘8$7y8€wt(xayan)‘ < C

Since moreover op is homogeneous of degree d, we have, uniformly for z,y €
I and for non-zero n € R\ {0},

op(|z = yl0syb(z,y, v —y| " )|~

= UP(az,war—y\*l(‘/anvn))m‘_d_l = O(|77|_1)
87][0'13(‘13 - y|8x,y'(/}($7ya |l‘ - y‘_ln))|77|_d_1]
= 817[UP(6x,y1r/)|z—y\*1(xa yﬂ?))w_d_l] = O(|Tl|_2)~

In addition, again uniformly for =,y € I and non-zero n € R\ {0}, by

Lemma 4.2, 92[¢(z,y, |z — y|~'n)] = O(n|™") and Oy[v(z,y, [z — y[~'n)]
is bounded from above and below by a positive constant. Now, setting

momentarily u(n) := ¥(z,y,|z — y[~'n) and v(n) = op(lr — y|0s,y¥(z, y,
|z — y|71n))n| =91, we have, for any a,b > 0 such that a < b,

[ecsamm-[sena] [ 3o (-t

The preceding observations show that, uniformly for z,y € I, 0 < a < b
and 7 € [a,b], we have 2% = O(a~1), :,((?) =0 1), 2 — O(=2) and

W@ = > W) =
% = O(n~2). Consequently, there exists C' < +o0o such that for any

z,y € Qand any 0 < a < b,

b
. —1
/ eVl g p (|2 — y|8, (2, y, |2 — ylln))nldldn‘ < Ca™l.
a

The proof for f__ba is identical. O
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5. The off-critical case: Proof of Theorem 2.12, Proposition 3.7
and Theorem 2.6

In this section, we prove Theorem 2.12, Proposition 3.7 and Theorem 2.6.
We use only Theorem 2.4 and Lemma 4.1.

Let f: R — C, continuously differentiable, with support in ]0, 4+o00[. For

each L > 1, let K£ be the integral kernel of II;, f(A). Later in this section
we will consider the case f(z) = t* for t large enough. We begin by linking
K with Ey,.

LEMMA 5.1. — Forany L € R,

L
Kf = f(L)EL - /0 ') ExdA.

This lemma generalizes Proposition 21 of [22].

Proof. — The functions L — Ej, and L — K £ are locally constant and
define distributions on R with values in C*° (X’ x X'). We denote by ’ the weak
derivative with respect to L of these kernels. For all L > 0, and =,y € X

Er(wy) =Y ex@ex(y); KL= fOwer(@)e(y),

AL A <L
so that
Kf (z,y) Z(SAk fk)ex(z)ex(y)
kEN
L)Y ox(D)en(z)ex(y) = f(L)EY
keN
and

L
K = / FNELAA.
0
By integration by parts,

L L
Kl = f(L)E, — [(0)Eo - /O F(NEsdA = f(L)E; - /O £/ (V) ExdA
since f(0) = 0. O

We can now prove both Theorem 2.12 and Proposition 3.7 using Theo-
rem 2.4. We start with Theorem 2.12.

Proof of Theorem 2.12. — Throughout the proof we fix z = 21 +i25 € C
such that (n +d)/m < z; and f : R — C continuously differentiable such
that f(t) = t* for ¢t large enough. As in the statement of the theorem, we
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omit the superscript in K{. Let L > 0. Then, by Lemma 5.1, we have, for
eacht > L, if f : R — C is continuously differentiable,

L+t
KL+t = f(L + t)EL+t - / f/()\)E)\d)\ .
0

If we apply the operator P, then, for all large enough values of L > 0 and
allt > 0,

L+t
PKp. — PK, = (L+t)°PE,,, — L*PE, — / NTLPELN.
L

By Theorem 2.4, we have, uniformly for (z,y) € U x U and t > 0
(L +1t)*PEp4i(z,y) = O (Lz1+(n+d)/m)

and
L+t +oo
/ AATTIEdA = 0(/ AT (nd) /md)\> O(pattrtam),
L L

In particular, uniformly for (z,y) € U x U and t > 0,
PEpii(w,y) = PKy(w,y) = 0L 0H0/m),

Since, (n+d)/m < z1, this last estimate implies that the sequence (PKp)r>0
is a Cauchy sequence in C° (U x U). Therefore, it converges uniformly on
compact subsets of U x U to some function KL € C° (U x U). Since this is
actually true for any differential operator of order at most d (indeed, if d’ < d,
we still have z; + (n + d')/m < 0), all the derivatives of Ky, of order up to
d, converge uniformly on compact sets. But this means that the limit K, of
(K1)~ is actually of class C? and that the limits of the respective deriva-
tives converge to the derivatives of the limit. In particular, KX = PK,,. O

We now move on to Proposition 3.7.
Proof of Proposition 3.7. — By Theorem 2.4, uniformly for z,y € U and
L>1,
1 .
PEL(v,y) = o~ / ) 6 (9, 0w, y,€))dE + O LD/
(27T) oa(y,&)<L
Ll/rn

1
= @ )n/ JA(Z‘,y,t)tn+d_1dt+O<L(n+d—l)/m).
Q 0
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In the second equality we used the definition of dv (see (1.1)) and Ja
(see (3.8)) as well as the fact that op is d-homogeneous. Consequently, uni-
formly for any x,y € U and L > 1,

1/m
1 )\

L L
_/ f/()\)PE)\(.T,y)d)\ = _7/ f/()‘)/ JA(x7y7t)tn+d_1dtd)‘
0 0 0

(2m)"
+0 (/L f’()\))\("+d_1)/md)\> )

Integrating by parts along A the first term in the right hand side, we get

1

— f(L)PEL(z,y) + T

L
1
/ FO)=AT L g, y, AV A HAD/m g\
0 m

+ O(f(L)LW“*l)/m) .

Setting u = A/ we get

L
1
/ f()\)*)\%_le({Ly,)\1/7n)/\(n+d_1)/md)\
0 m

Li/m

- / ™) Ta(, g, w)amH = du
0

_ / V@O f(0 4 (y, €))0p (D (. y, €))dE.
oa(y,£)<L

By Lemma 5.1,
L
PK{ = f(L)PEL — / f'(A)PExdA.
0

Replacing the integral term by the expression derived above, we see that
the f(L)PE} terms cancel out, leaving the equation from the first result
of Proposition 3.7. For the case where (x,y) e UxU\W, W C U xU
a neighborhood of the diagonal, we just apply the corresponding estimate
from Theorem 2.4 and proceed accordingly. |

For the proof of Theorem 2.6, From now on, we assume that f(t) = ¢*
for large enough t > 0 and omit the superscript f in K £

Proof of Theorem 2.6. — Throughout the proof, we let n = 1 if n +
d+mz = 1 and 0 otherwise and set g(L) = 1 4+ L(»Td=1/m+=1n(L)1. We
also fix a compact subset {2 C U which is a neighborhood of 0. Firstly,
changing f on a compact set affects PK; by adding a linear combination
of smooth functions (independent of L). On the other hand, it changes the
right-hand side of the equation from Proposition 3.7 by an O(1) term. Thus,
we may assume that f(t) = ¢*1 [t > 1]. By Proposition 3.7, uniformly for
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reQ L>1and X,Y € R* such that  + L~Y™X, 2 + L~/™Y € Q,
PKy (z+ L7Y™X, x4+ L™Y/™Y) equals

1 : — m — m
; / oa( + L1/mY, £ at LT Xk L7 g
(2m) 1<oa(z+ L1/ mY,6)<L

X op (ax7y¢ (x FLYmX g 4 LYy, 5)) dE+0(g(L)). (5.1)
We need to check that replacing each occurrence of = + L~Y™Y or = +

L~'Y/™X by w in the integrand will produce an error of order O(g(L)). More
precisely, we make the following claim.

CLAIM 5.2. — Uniformly forx € Q, £ € R"\ {0}, L > 1 and X, Y € R"
such that t+L~Y" X, o+ L~Y"™Y € U such that 1 < o4(z+L~Y/™Y,€) < L,
the quantity

oa(z + Lil/mK f)zew(”r1/WLX’Z+L71/MY’5)

X op (aww (x FLYmX e 4+ LYY, 5)) (5.2)
equals

LTEX N g (1,6 ap(6,—€) + O(JgmH LYY L (53)

The claim follows by Taylor expansion in the x,y variables and keeping
track of the homogeneity in €. The only subtlety lies in the linearization of
the phase.

Proof of Claim 5.2. — Throughout the proof we fix x € Q, L > 1,
X,Y € R” such that = + L= X, 2 + L™/™Y € Q and ¢ € R\ {0} such
that oa(z + L™Y/™Y,¢) < L. Unless otherwise stated, all the O estimates
will be uniform with respect to these parameters. First of all, since o4 is a
positive m-homogeneous symbol in its second variable, op is homogeneous
of order d and 0,4 is a symbol of order 1 in its third variable, applying
Taylor’s inequality with respect to the L-dependent variables everywhere
except the exponential in the quantity (5.2) shows that it equals

oa(,€)7 e EHLT XA LT 6 () (3,2, €))
+o(|g|m21+dL—1/m). (5.4)

Here the |£]|™*1 appears regardless of the sign of z; because o4 is positive
homogeneous. Since 9 is a symbol of order one in £ and |£| = O(Ll/ ™),

¢(x+L71/mX7I+L71/mK 6)
= 1/1(55,3?,5) + (930’(/}(;571-,5)L—1/mx + (9y1/1(x,$c,§)L_l/my + O(L_l/m),
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By points two and three of Lemma 4.1 we get
bz + L7Y"X, o+ L7V™Y,6) = L-V™(X —Y,¢) + O(L—l/m)_

Using this estimate in the exponential, together with the fact the rest of the
integrand is O (|£|™**™%) we obtain that the quantity (5.4) equals

iL—Y/m - z mzi1 —1/m
X ) g (2, €) 0 p (€, —€) + OJgmH ALY

which is exactly (5.3). O
By Claim 5.2 and Equation (5.1) PKp(z+ L~Y™X, z+L~Y"™Y) equals

PK;, (z FLTYmY ot L*l/my>
1

(2m)n /1<JA(I+L1/'”Y,§)<L

+O<L‘1/m/ |gm21+dd§> . (5.5)
1<oa(z+L-1/mY, )<L

But since mz; +d +n > 0 and o4 is m-homogeneous, the remainder is
O(Ls+(n+d=1/m) = O(g(L)). For each z € U, Y € R" and each L > 1 let
A(z,Y, L) be the symmetric difference of the sets {£ € R" | 1 < ga(x,§) <
L}y and {¢€ € R" | 1 < oa(x + L7Y™Y,¢) < L}, whenever  + L™1/™Y ¢
Q. Since o4 is positive m-homogeneous in £ and smooth in z, there exists
0 < C < +o0 such that for each L > 1, z € © and Y € R" such that
z4+ LYY € Q, Vol(A(z,Y, L)) < CLO=Y/™ and for each ¢ € A(z,Y, L),
C—LY™ < |¢] < CLY™. Consequently, in Equation (5.5) we can replace
the integration domain by {£ € R | 1 < ga(x,€) < L} and produce an
error of order O (L= *(n+d=1/m) = O(g(L)) uniformly for z € Q, L > 1 and
Y € R” such that z + L=Y™Y € Q. In other words,

G EX V)0 1 € (€, )

PK} (x F LYY gy L—l/my)

1

- LY ™, X-Y) z .
(27T)n ~/1<UA(JJ,€)§L ¢ UA(l', f) UP(& f)df + O(g(L)) '

Moreover, since mz; +d +n > 0 and the integrand scales like |¢|m#1+d
near 0, adding the region o4(x,&) < 1 to the integration domain creates a
bounded error. Following this by the change of variable & = LY/™( shows
that uniformly for z € Q, L > 1 and X,Y € R" such that z + L~Y/™X,
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4+ LYY € Q,

PK; (a? F LYY gy L*l/my>

1 )
= / 6Z<C’X7Y>O'A(l‘7 C)ZOP(C7 7c)d<~Lz+(n+d)/m + O(g(L)) )
(27T) oa(z,¢)<1

This proves the first statement of the theorem for V = Q. To prove the
second statement, observe that by Lemma 5.1, uniformly for L > 1 and
x,y € Q,
L
PEy (@) = FDPE ~ [ f/0)PEx(@.))

L
= L*PFEp(z,y) — / NTLPE) (z,y)d)\ + O(1)
1

Next, fix W C V x V a neighborhood of the diagonal. By Theorem 2.4,
there exists C’ > 0 such that for any (x,y) € (V x V) \ W and any L > 1,
|PEL(z,y)| < C'LMT4=1/m which implies
L
|PKL(2,y)] < C' <LZ1+("+d‘1)/m +/ Azl‘H("*d‘l)/md)\) = O(g(L)).
1

This proves the second statement of Theorem 2.6. g

6. The critical case: Proof of Theorem 2.8

In this section we prove Theorem 2.8. We use the admissibility condition

through Proposition 3.4. Suppose that n + d + mz = 0, so that z = —dJ#.
By Proposition 3.7, uniformly for x,y € U,
PKL(J;? y)
1 ]
= 771/ eV op(0, yih(x,y,€)) foaly,€))ds + O(L™H™).
@)™ Joaweo<r

Let C' < 400 be such that f(t) =t* for t > C. Then,
PKL(QS, y)
_ /
@m)" Jocoawose

V@Y 518, b(x,y, €))oa(y, €)@/ mae

+Qulz,y) + O(L™™)

where

1

Q1($7y) = 771/ eiw(z’yyg)(jp(a&t,yw(l‘7yﬂg))f(UA(yyf))dg'
@m)" Joaweo<e
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We will split the first integral term in the last expression of PK, as follows.
For any x,y € U, let

1 -
Ip(z,y) = 7/ 1oa(y,&)lx —y™ > 1]e™ @90
2m)" Jo<oawer<t
x 0p(Opy(x,y,€))oaly, &) T/ mde
1 .
I (z,y) = / L[oa(y, &)z —y|™ < 1]e=vs)
@2m)" Jo<oatwo<t

X op (0 y (@, y,€))oaly, §) T/ MdE.

The integral I, represents the off-diagonal contributions while the II;, rep-
resents the near diagonal contributions, where the split occurs at |x — y| <
oa(y,&)~Y™. Then, uniformly for z,y € U,

PKp(z,y) = IL(z,y) + i (2,y) + Qi (z,y) + O(L™H/™). (6.1)
Theorem 2.8 is an easy consequence of the following two lemmas.

LEMMA 6.1. — Let kg € N, kg > 2. Suppose that either n = 1 or o4
is kio—admissible. There exist an open neighborhood V. C U of 0 € R", a
function Qy € L®(V x V) and a constant C < +oo such that for any

z,yeVand L > 1,
In(z,y) — Qg(m,y)‘ < Cmin(L‘l/k°m|x - y|_1/k°, 1) .

In dimension one, we prove the lemma using Lemma 4.5 while in the case
of admissible o4 we use Proposition 3.1. This proof is the only place where
we use these results.

LEMMA 6.2. — For any open neighborhood V.C U of 0 such that V C U
is compact, there exists a constant C < +o0o such that for oll x,y € V and
L>1,

IIL(1'7y) — 1 an(y) [ln(Ll/m) — 1n+(L1/m|x — y|)H < C.

@mr

Moreover Iy (xz,y) is independent of L as long as L > 1 and L]z —y|™ > 1.

Let us first prove that these lemmas imply Theorem 2.8.

Proof of Theorem 2.8. — Let V be the intersection of the V’s appearing
in Lemmas 6.1 and 6.2. Firstly, Lemma 6.1 implies that Iy, (z, y) is uniformly
bounded for z,y € V and L > 1. Secondly, Lemma 6.2 implies that, uni-
formly for x,y € V and L > 1,

I (z,y) = @#Yp(y) [ln(Ll/m) —Ing (Ll/m|x - y|)} +0(1).
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Plugging these two estimates in Equation (6.1) we get the first point of The-
orem 2.8. For the second point, we begin by observing that by Lemma 6.2,
there exists a bounded function Q3 € L>®(V x V) such that for each L >
‘J} - y|—m’

@#Yp@) In(z — y]) + Qs(z ).

Moreover, if L > |z —y|~™ then L=/ — y|=1/*o™ < 1 50 by Lemma 6.1,
uniformly for any such z,y and L,

IIL(xvy) =

Iu(@.9) = Qalar.y) + O(L7/5o o — y| /i)

Applying these two estimates to Equation (6.1) we deduce that, uniformly
for z,y € V and L > 1 such that |z —y| > L~Y/™,

PEp(z.y) = - Yp(y) In(jz —y]) + Q(z,y) + O(L*l/k0|x . y|71/kom)

1
(2m)"
where Q@ = Q1 + Q2 + Q3 € L>(V x V). This proves the estimate in the
second point of Theorem 2.8. ]

Proof of Lemma 6.1. — Suppose first that X has dimension n = 1 and
fix Q C U a compact neighborhood of 0. For x # y, setting n = |z — y|¢, the
integral Iy (z,y) equals

b(z,y,L) .
/ ezw(w,y,kcfy\ n)UP (|l‘ - y|aac,yw (QC, Y, |ﬂ§ - y|7177))
a(z,y)

x oaly,n)” D/ mdy,

where a(x,y) and b(x,y, L) are the positive numbers defined by

oa(y,a(z,y)) = max(Clz — y|™,1)
and o4(y,b(x,y, L)) = max(|x —y|™L,1).

Since o 4 is elliptic positive homogeneous of degree m > 0 there exists C; > 0
such that for each x,y € Q and L > 1,

b(a’," Z/7L) = Cl mln(l_’L‘ — ylL_l/m)

By Lemma 4.5, I (x,y) converges to some limit Q2(z,y) as L — +oo in
such a way that the remainder term is O(min (Jz —y[~*L~Y/™ 1)). The
case where x = y follows by continuity and we have proved the lemma in the
one-dimensional case with V = .
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Suppose now that n > 2 and o4 is k—lo—admissible for some integer kg > 2.
By Equations (1.1) and (3.8), for any L > 1 and z,y € U,

Li/m

1 dt
IL(ZL’,y) = (27‘(’)” \/Cl/ ]]'Ux - y|t 2 1] JA($7y7t)7

L ds
- s> 11Ja (2,9, |z —y|'s) —
(27‘(‘)" /Cl/mw—y| [S :I A (iC Yy |£C y| 3) 5

By Proposition 3.1, there exist an open neighborhood V' C U of 0 and a
constant C'5 > 0 such that, uniformly for distinct x,y € V and t > 0,
|Ja(z,y,t)| < C5 (|x — y|t)_1/k°. Therefore, for each z,y € V and L > 0,

oo ds
o~ [ sz 1 (el —al )
cY/mlz—y| §
o0 03
< Cg/ . sTimkogg = 2 min(l,Lil/komm - y|71/k0> .
max(|z—y|Lm 1) ko

By continuity, this stays true for x = y. This proves the lemma for o4
admissible with

oo 1, ds
Q2<x,y>:/ s > 1]Ja (29, Jo -y 7's) 2. 0
C1/mg—y| S

Proof of Lemma 6.2. — Let 2 C U be a compact neighborhood of the
origin. The indicator function in the integral defining II; (x,y) changes the
integration domain from C < o4(y,&) < L to C < oa(y,€) < |z —y|~ /™
as long as L|x — y|™ > 1. Hence, I}, (z,y) is independent of L whenever
L|z — y|™ > 1. For each y € U and each 0 < r; < ro, we set

Ay(ri,m2) ={€ €R"[r1 < oa(y,§) <ra}.
Recall that

1 - e
(2m)™ /A (CL)]I[UA(%E)W—?J\ < l]ew( 956)

X JP(az,yV)(ffy Y, g))UA(yv g)_(n—i_d)/mdg .

By Equation (3.7), the integrand equals

IIL('I7 y) =

L[oaly. Ol —y™ < 1 Hp (v,9,0a(0. 07" 0a(y ™) 0a(y. /™.

Since o4 is positive homogeneous of degree m, o4(y, &)~ Y/™¢ is uniformly
bounded for y € 2 and £ € R™\ {0}. By the second point of Lemma 4.3,
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uniformly for z,y € Q and £ € R™\ {0},

Hp (2.9.040, 776,04,
= Hp(2,9.0a(5.6)7"€.0) + 0|z ~ yloa(.&)/").

Again by m-homogeneity and positivity, |z — y|1[oa(y, )]z — y|™ < 1] x
oy, &)I=m/™ is uniformly integrable in & for z,y € Q so

1 m
(2m) /Ay(C,L) Hoal Ol = <1

x Hp (wy oaly,&)Hme, 0) oaly,n) ™™g+ 0(1).

Fix two distinct points x,y € U. The change of variables n = |z — y|¢ in the
integral yields

/ L[oaly,n) < 1 Hp(z,y, |z —yln,0)oa(y,n) "/ ™dn
le—yl A, (C,L)

IIL('I7 y) =

which, by definition of J4 (see Equation (3.8)), equals

LY ™y ds

JA(z,y,O)/ 1|z —yls < 1] y

CV/mla—y|

Observe that for any 0 < a < b,

b
/ 1t < 1]% =In(b) — Iny(b) — In(a) + In4 (a)

where Iny (s) = max(In(s), 0). In our setting, uniformly for distinct z,y € €,

Ly/m

LY ja—y]
/ 11[|x7y|5<1}§:/ ]1[t<1]%

c1/m S Cl/m|g—y|
=In(LY™) —Iny (LY™ |z —y|) + O(1).
Hence, uniformly for any (z,y) € Q@ x Q and L > 1,
L 1/m 1/m
Gy a9, 0) (L) =l (17 =y |+ O(),
Now, by Equation (4.7) and the second point of Definition 2.3, followed
by (1.1),

Ja(,,0) = / 0P (B (5, 9, €))dy(€) + O[3

SA

y

IIL (.’17, y) =

= [ 7p(e=64,0(6) + Ole = 4 = Yr(s) + Ollz ).
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Since the quantity
|z — y| {ln(Ll/m) —1Iny (Ll/m\x — y|)}

is uniformly bounded in L > 0 and z,y € 2, we deduce that

1
1 (2,y) = ——Yp(y) (L") =y (L"]z — y)) | + 0(1)
(2m)
so the lemma is proved with V = Q. ]

7. Admissible homogeneous symbols

In this section, we deal with results concerning admissible homogeneous
symbols (see Definition 2.7). These results are useful in the proofs of The-
orems 2.11 and 2.8. More precisely, in Section 7.1 we prove Proposition 3.4
which says that admissible homogeneous symbols have non-degenerate level
sets and is used in the proof of Theorem 2.8. Then, in Proposition 7.6 of Sec-
tion 7.2 we prove that admissibility is both stable and generic in a suitable
topology. Theorem 2.11 follows directly from Proposition 7.6.

Throughout this section we will use the following notation. Let U C RP
and V' C RY be two open subsets and f € C*(U x V). For each k € N
and (z,y) € U x V, we denote by d*f(z,y) the k-th differential of f at
(x,y), which is a symmetric k-linear form on RP™%. Moreover, we will denote
by d¥ f(x,y) the k-th differential of f(-,y) at (z,y) and define d, f* f(z,y)
likewise. We nevertheless retain the notation 0, f (resp. 9, f) if p =1 (resp.
qg=1).

We will also use Euler’s identity for homogeneous functions. Namely, if f :
RP\ {0} — R is m-homogeneous, then, for each x € RP, df(z)(z) = mf(x).
We will actually apply this identity as follows. For each k € N, d*f(z) is
k-homogeneous so

d* 1 f(z)(x,...) = (m — k)d*f(z). (7.1)

7.1. Proof of Proposition 3.4

The object of this subsection is to prove Proposition 3.4. To prove this
result, we will use partitions of unity and local charts to carry the integral
onto R™ and then apply the following lemma, which we prove later in the
section.
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LEMMA 7.1. — Letn € N, n > 1. Let U C R™ be an open neighborhood
of 0 and (f,)neE be a continuous family of smooth functions on U indezed by
E C RP, an open neighborhood of 0. Fiz k > 1 and assume that d¥ fo(0) #
0. Then, there exist E' C FE and U C U two open neighborhoods of the
origin in RP and R™ respectively, such that for each u € C°(U’) there exists
C(u) < +0o such that for each A > 0 and each n € E,

/ M@y (2)dz

Moreover, C(u) depends continuously on u in the C2°(U’) topology.

< C(u))\_% .

We now begin the proof of Proposition 3.4.

Proof of Proposition 3.4. — Take Q, 7, (fy)y and (u,), as in Defini-
tion 3.2. Recall that d,v is the measure on S7' defined in (1.1). By using
partitions of unity on R”, we may fix {§, € R™ \ {0} and assume that the
functions u, are supported near . Let &;,...,§{,—1 € R" be such that
(€0,&1,--.,&n—1) forms a basis for R™. For any = € U, let

Be:(ty, .. tn1) ER" M o(x, & +t1& + -+ + tn71§n71)_#
X (50 + &+ + tn—lgn—l) S S;‘? .

The map S, defines a local coordinate system at a(m,fo)_%fo € SA. More-
over, the map = + 3, € C°°(R"7!) is continuous. The density g, =
W € C°(R"1) also depends continously on z € U in C*°(R"1).
Now, for any A > 0, n € E and (z,7) € €, if u,, is supported close enough
to &o,

/S T (€)y (2, ) () = /R e (B, () g (t)dt
We now set E = UxR"x E, for any 7j = (z,7,1) € E, fﬁ = folx,7,8:(-)) €
C>®R" ) and @; = uy(Bz(+))g. € C®(R"!). By compactness, it is
enough to fix (xg,79) € Q and prove estimate (3.10) for 7 = (x,7,7n) close
enough to 179 = (x0,70,0). Also, without loss of generality, we may assume
o = 0. Our task is therefore to find C' > 0 such that for each 77 close enough
to 19 and each A > 0,

/ MO, (H)dt| < ON o .
Rn_l

We wish to apply Lemma 7.1. The estimate is obvious for A < 1 while, for
A > 1, replacing kg by some smaller integer would improve the estimate.
Thus, we need only to check that there exists k € {1,...,ko} such that

d* f3,(0) #0. (7.2)
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Let g = fvﬁo. Since fo(z,70,&) = (70, &), we have, for all t € R~

g(t) = ({10, &1)t1 + - + (70, En—1)tn—1 + (70, &0))
X U(O’fo + tlgl + -+ tn—1§n_1)_i )

We proceed by contradiction and assume that d?g(0) = 0 for each j €
{1,...,k}. To understand how this condition affects o we use the following
claim which we prove at the end.

CLAIM 7.2. — Let U C RP be an open neighborhood of 0 and f € C*(U)
be positive valued. Let o« € R\ {0} and k € N such that k > 1. Assume that
there exist b € R and 7 € RP such that (1,b) # (0,0) such that, writing
h:z eR"— (1,2) + b € R we have, for each j € {1,...,k},

dIThf*1(0) = 0. (7.3)
Then,
FOFRA* F(0) = (a+1)2a+1) ... ((k — Da+ 1)(df(0)®". (7.4)

We wish to use this claim with o = —2L h(t) = (70,&)t1 + -+ +
(10, §n—1)tn—1 + (10,80) and f(t) = 0(0,§ + t1§1 + -+ + tn—1&n—1). In or-
der to apply it, the only thing to check is that h is not identically 0. But
h = 0 would imply that (79,&) = -+ = (70, &—1) = 0. This cannot happen
since 79 # 0. Hence, by Claim 7.2 we have the following equality between

(symmetric) k-forms on the hyperplane H spanned by (1, ...,&,—1),

7(0.60) ' dEo (0, 60)] e = Clm. K)(deo(0,60)* |ss (75)
where
C(m, k) = (—;H) <_kml+1> _ m(m— 1).7.ﬁlgmfk+1) '

Next, we make the following claim, which we prove at the end.

CLAIM 7.3. — Let m be a positive real number and let f € C*°(RP\ {0})
be a real-valued m-homogeneous function. Then, for each x € RP \ {0}, each
hyperplane H C RP not containing x and each ko > 2,

Vke{2,...,ko},

F@)=1db fa) = mm—1)...(m—k+1)

(df(@)®*  (7.6)

mk
is equivalent to
VEke{2 ... ko},
Fa) )], = D R D (e ()

m
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This claim implies that o actually satisfies Equation (7.5) on the whole
of Tg‘R” ~ R™. By the assumption on o, this equation cannot be satisfied for
all k < ko. Hence, d¥g(0) cannot vanish for each k € {1,...,ko} (recall that
g(t) = fﬁo (t) = fo(zo, 70, Bxo (t))). In particular, there exists k € {1,...,ko}

for which fj; satisfies Equation (7.2). Hence, Lemma 7.1 applies for this k&
and we are done. All that remains is to prove Claims 7.2 and 7.3.

Proof of Claim 7.2. — Let f, 7, b, a, h and k be as in the statement of

the claim. Let g(x) = h(z)~=. First of all, by Equation (7.3) with j = 1,
F(0)r = —abdf(0)
In particular, since (7,b) # 0 and f(0) > 0, we actually have b # 0. Thus,
the function g : = — h(z)’i is well defined and positive near the origin.
Moreover, hg® = 1 so all of its derivatives vanish. Consequently, for each
je{l,...,k}, d(f*9~*)(0) = 0 which in turn gives, for each j € {1,...,k},
. N

d?(fg=1)(0) = 0 (here we use the fact that fg=t = (f*¢g~*)> which is well
defined near 0). In particular, the Taylor expansions of f and g coincide to the

k-th order up to a multiplicative constant. By homogeneity of Equation (7.4)
we may assume that they agree up to order k. But

Mt | ,
a*9(0) = [ (—a - j) x b Ekpek

§=0
1\ 11—k ) —_k
- (b—z) (@+1)2a+1)...((k—1a+1) (—abaH) 7ok
and g(0) = b~= and dg(0) = (—aba*1)~17. Thus,
g(0)*1d* g(0) = (a+ )20+ 1) ... ((k — Da + 1)(dg(0))®*.
Since f agrees with g up to order k, f satisfies Equation (7.4). O

Proof of Claim 7.3. — Equation (7.6) implies (7.7) by restriction to H.
Let us assume (7.7) and prove the converse. Since x ¢ H, Rz & H generate R?.
By multilinearity, it is enough to prove (7.6) when the k forms are evaluated
on families of the form (z,...,x,y1,...,yn) where y1,...,y, € H and h €
{1,...,k}. Now, since f is homogeneous, by Euler’s Equation (see (7.1)), for
any h < k, and for any y1,...,y, € H,

dkf(‘r)(‘ra"'7xay17"'5yh) = (mih)(m7k+1)dhf($)(ylaayh)
1if k=h

and

(df(ac))®k(x, e XYy ey YR) = m”“_hfk_h(m)(df(m))®h(yl7 e YR)-

Applying (7.7) to compare the right hand sides of each line we get Equa-
tion (7.6). O
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This concludes the proof of Proposition 3.4 |

The proof of Lemma 7.1 will combine two results from singularity theory
and oscillatory integral asymptotics which we state now.

The following theorem is a corollary of the Malgrange preparation theo-
rem presented in [12]. We give a slightly different formulation and add the
continuity with respect to smooth perturbations, which actually follows from
Hormander’s original proof.

THEOREM 7.4 ([12, Theorem 7.5.13]). — Let U C RxR"™ (resp. E C R?)
be an open neighborhood of 0 € R x R™ (resp. 0 € R?) and (fy)nce be a
continuous family of smooth functions on U. We denote by (t,x) the elements
of U. Let k € N, k > 2. Assume that for eachn € E and j € {0,...,k — 1}

3 £,(0,0) =0

and that 7 f,(0,0) > 0. Then, there exist W C R x R™ (resp. V. C R") a
neighbohood of 0 € R x R™ (resp. 0 € R™) with U' C R x V' such that for
each 1) € E, there exist ¢, € C®(W) as well as aj,...,ak~t € C=(V),
satisfying, for anyn € E, (t,z) € W,

¢y(0,0) =0,
9y (0,0) >0,
ay(0)=---=a;""(0)=0,

k—1
and  fo(éy(t,x), ) =" + Z a%(m)tj.
3=0

Moreover, one can choose these functions such that the maps n — ¢, and
n = aj) are continuous into C.

The Lemma 7.5 is a direct consequence of Van der Corput’s lemma.

LEMMA 7.5 ([28, Chapter 8, Section 1.2]). — Let k € N, k > 2. There
exist 6 = 6(k) > 0, V. C R* an open neighborhood of 0 such that for all
u € C(]—6,8]) there exists C(u) < +oo such that for all X > 0 and
(ao, e ,ak_l) eV,

/6%“%—1““+~--+ao>u(t)dt < Clu*.
R

Moreover C(u) depends continuously on u € CS°(]—9,9]).

Proof of Lemma 7.1. — Let (f;), and k > 1 be as in the statement of
the lemma. Assume that d¥ fo(0) # 0. Then, by the multilinear polarization
formula (see [21, Chapter 3, Section 2]), there exists v € R™ \ {0} such
that d*fy(0)(v,v,...,v) # 0. Without loss of generality, we may assume
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that v = e, := (0,...,0,1). We write * = (7,7,) € R® = R"~! x R. Let
u € C°(U) be such that u(Z, z,,) # 0 implies that ||Z]|. < 1. Then, for each
ne Eand A >0,

/ ei’\f”(x)u(x)dx
U

This way by replacing n by (n,Z) and f, by f,(Z,-) we have reduced the
problem to the one dimensional case. From now on, we assume that n = 1,
so that U is an open subset of R.

< max
ZeRn—1

/e“f”(i’x")u(f,xn)dxn .
R

For each n € E, each x € U, and ¢ = (qo,...,qr_1) € R*, let

1
(k—1)!
+qgo+qz+ -+ gzt

gn(w,q) = fy() = f4(0) = f;(0) —--- = AUk

We will first prove the desired bound where we replace f,, by ¢,(-,q), uni-
formly for ¢ close enough to 0 and then deduce the result for f, itself as a
phase.

The map 7 +— g, is continuous from E to C°(U x R¥). Moreover, for
each 1 € E close enough to 0 we have

Vje{0,....,k—1}, 82g,(0,0)=0 09%g,(0,0)#0.

Replacing f,, by —f, does not change the estimate since it amounts to com-
plex conjugation of the integrand. With this in mind, we may assume that
0%g,(0,0) > 0. By Theorem 7.4, there exist W C R x R¥ and continuous
families of smooth functions (a}), ..., (ak™1),, as well as (¢,), defined re-
spectively in a neighborhood of 0 € R* and a neighborhood of (0, 0) in U x R*
such that for each n € E and (z, q) close enough to 0 and (0, 0) respectively,

¢n(0,0) =0,
0¢,(0,0) >0,
ap(0) = -+ = a7 (0) = 0.

k—1
and g,(¢y(w,q),q) ="+ al(q)r’ .
0

Hence, if u € C°(R) is supported close enough to 0, we have, for all n € E
close enough to 0 and all ¢ € R*,

/ ei’\g”'(y’q)u(y)dy
R

_ / emwuag*l(q>wk*1+~-+a2(q))u(%(%q)) (67, 9))
R

/

(z)dx.
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By Lemma 7.5, there exist W, C R* x E a neighborhood of 0 such that
0 > 0 such that for each (¢,n) € Wy, for each v € C (|4, d[), there exists
C’(v) < +oo such that for each A > 0 and each (¢,7) close enough to (0,0),

/eu(z’wa’;*l(q)z"‘*1+~~+a%(q))v(x)dx < C'(V)AE.
R

Moreover, Lemma 7.5 specifies that the map v € C° (]—4,[) — C'(v) € Ris
continuous. By continuity, there exist ¢ > 0 and W, C W; a compact neigh-
borhood of 0 such that for any (¢,n7) € Wa and any = € R with |z| > 6/2,
|¢n(x,q)] > €. In particular, the map (g,n,u) € Wy x CF (]—¢,¢]) —
w(gn(-,q)) (6n(- 7q)_1)/ € CX (]-6,0]) is well defined and continuous. Con-
sequently, so is the map

Wy x C° (]—¢,¢e]) — R
(q,m,u) — Cqm(“) = (u((b’?( ) (QI)’I( '7q)_1)/) ’

By compactness, C(u) = sup g ,)ew, Cq,n(u) is finite and continuous in u.
We have proved that for any (¢,7) € Wa, any A > 0 and any u € C°(]—¢,¢[),

ez‘xgn(y,q)u(y)dy‘ < C(u))\_% )

To obtain the corresponding estimate with f, instead of g,(-,¢), we make
the following two observations. First, for each n € F, and = € U,

Gn(@, 1 (0)s o, fF71(0) = fy().

Second, since fp(0) = --- = (gk_l)(O) = 0, there exists E' C E a neighbor-
hood of 0 such that for each n € E’, (f,(0),.. .,ﬂgkfl)(O),n) € Ws. Thus,
for each n € E' each u € C°(]—¢,¢[) and each A > 0,

1

M Wu(y)dy| < Cu)A™*

and the proof is over. O

7.2. Genericity and stability of the non-degeneracy condition

The goal of this subsection is to prove Proposition 7.6 below, which says
roughly that admissible homogeneous symbols are stable and generic. To
give a precise meaning to this statement, use the topology we defined on
the space of homogeneous symbols S} (U) (see Definition 2.7). We have the
following proposition.
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PROPOSITION 7.6. — For alln € N, n > 2 we define kg = ko(n) € N
as follows. We set ko(2) =5, ko(3) =3, ko(4) =3 andV n =5, ko(n) = 2.
Fixn > 2 and m > 0. Let U C R"™ be an open subset. Then, the set of o €
S (U) such that for each (z,£) € Ux (R"\{0}) there exists j € {2,...,ko}
such that

o (o, Lo, €) £ T T D o eye ()

mJ

is open and dense in Sj", (U).

To prove this proposition, we will apply Thom’s transversality theorem
(see [9, Theorem 4.9 of Chapter II]) to a well chosen submanifold of the jet
bundle of U x S"~! whose codimension grows with the degree of admissibility
we consider. Lemmas 7.7, 7.8, 7.9, 7.10 and 7.11 below are devoted to the
construction of this manifold. The proof of Proposition 7.6 is presented only
after these are stated and proved. Throughout the rest of the section we fix
n €N n>2 U CR"” an open subset and m € R, m > 0. We start by
introducing some notation.

Notation.

(1) For each j,p € N, p > 1, let Symf, be the space of symmetric j-
linear forms over RP. This is a vector space of dimension (p+;_1).

We adopt the convention that Symg =R

(2) Let Z be a smooth manifold. For each k > 0 we denote by J*(Z) the
k-th jet space of mappings from X to R, that is, the space J*(Z,R)
introduced in [9, Definition 2.1 of Chapter II]. For any p € N and any
open subset V C RP, the space J*(V) is canonically isomorphic to
V x @?:0 Sym;. We will denote its elements by (£, w) where £ € V

and w = (wo,...,wk) € @?:o Sym{,.

(3) Let Z be a smooth manifold and k¥ € N. For each f € C*(Z), we
write j* f for the section of J*(Z) whose value at each point is the
k-jet of f at this point (see [9, paragraph below Definition 2.1 of
Chapter II]). At a point x € Z, the k-jet j*f(z) is essentially the
Taylor expansion of order k of f at z. In fact, if Z = RP, j* f(z) =

(z, f(z),df(@),...,d"f(z)).

Since the jet bundle J*(R" \ {0}) is quite explicit, we will make most
of our contructions inside it and them “push them down” onto the sphere.
In the following lemma, we build the map we need to “push down” our
constructions.
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LEMMA 7.7. — Let ¢ : S" 1 — R"™ be the canonical injection. Then,
there exists a bundle morphism

p vt THRM\ {0 = THE™Y)
such that the following diagram commutes:

C®(R™\ {0}) —— C>=(S"1)

L*(j“)l ljk

L*jk(R" \ {0}) L) jk(Sn_l).

Here the top arrow is the restriction map while the left arrow is the restriction
of the k-jet to the sphere.

Lemma 7.7 states that it is equivalent to restrict a function to the sphere
and consider its k-jet or to consider its k-jet and restrict it to the tensor
powers of the tangent space of the sphere.

Proof. — We construct p by defining its action on each fiber. Let £ €
S"=1 and let (V,¢) be a chart ¢ : V. — R"~! of §»~! near ¢&. Then, for
each f € C°°(R"), the k-th order Taylor expansion of f o ¢! at & depends
only on the k-th order Taylor expansion of f at £ and the dependence is
linear. This defines a linear map ple : *J*(R™ \ {0})|¢ — T*(S" 1)|¢. The
corresponding fiberwise map p is clearly smooth and defines a morphism of

smooth vector bundles. Moreover, by construction, for each f € C*°(R™\{0})
and each & € S™71, ple (j*F(€)) = j*(f o ¢)(§) so the diagram does indeed
commute. ]

Notation. — For each k € N, each £ € R" and each w = (wo,...,wi) €
@?:o Sym% we introduce the following notation. For each j € {0,...,k},
wjles is the restriction of w; to the orthogonal of £ in R™. Moreover, we set
w|5¢ = (UJO|€L, ce 7LU]€|£L).

In the following lemma, we check that the set of jets of homogeneous maps
is a smooth submanifold of .* 7*(R™\ {0}) and give an explicit description of
it. Moreover, we show that the “push down” map p maps it diffeomorphically
on the space J*(S"1).

LEMMA 7.8. — Fiz k € N. Let HE be the subset of 1* J*(R™ \ {0}) of
jets of m-homogeneous symbols. Then,

(1) The set HE is characterized by the following equations:
k—1

= {(&w) e r T R\ 0| wia (&) = (m— s } -

Jj=0
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(2) The set HY is a submanifold of .*J* (U x R™\ {0}) of the same
dimension as J*(S"1).
(3) The map plgy HE — Tk (U x S"=1) is a diffeomorphism.
Proof. — We set
k-1
= (N {(€w) e T ®\ {0})|wi (€)= (m— s } -
§=0
Firstly, each m-homogeneous f € C(R™ \ {0}), satisfies Euler’s equation
(see (7.1)). Next, notice that if f is m-homogeneous, then, for each j €
{1,...,k}, € — dI f(&) is homogeneous of order m — j so that for each ¢ €
R™\ {0}, dZFLf(&)(&,...) = (m—j)d’ f(§). Therefore, for each & € R™\ {0},
j*f(€) € HE. We have shown that HY C HF . Next, notice that for each
f € (8™ 1), the m-homogeneous function & \f|mf(|§—|) restricts back
to f on S"~L. Therefore, we have J*(S"~1) = p(HF) C p(HNﬁL) c Jk(sm ).
So we have
plHE) = p (HE) = T*(s™ ). (7.9)
Given this equation, in order to prove the lemma, it is enough to prove
points (2) and (3) with HY replaced by HE  which we call (2) and (3')

m?

respectively. Indeed, point (3') will imply that p| o is one-to-one so by

Equation (7.9), we will have HF = Eﬁ: which is point (1). Moreover, since
we will have already proved points (2) and (3) for HE, we will have them for
HE . Let us start by proving (2'). For each j € {0,...,k — 1} set
Frjn : (g,UJ) = wj+1(£a"') - (m_j)wj
so that @ = ﬁ?;& (Fﬂﬁ)fl (0). Let us prove that the map
k—1 ‘
F = (Ffhy. . EETY) s TRR™\ {0}) — €D Sym,
3=0
is a submersion. Fix (£, w) € *J*(R™\{0}). Let (1o, ..., mk—1) € @;:é Sym?,
Tr, (¢w) @;:01 Sym? . Then, for each j € {0,...,k — 1},

dwj+1F7J7-1(§7w) (|£‘72<§a > ® 773‘) =15 -

In particular, de )Fy, is surjective. Therefore H¥ is a submanifold of
FTE(R™ \ {0}) of codimension

k—1 k—1 .
codim, 7z (o) (HB, ) = Y dim(Sym) = 3 (n I 1) .
=0

=0 J

~
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Indeed, recall that dim(Sym?) = ("*5 ~!). Using this identity, we also have:

k .
dim (" THR N\ {0}) = (n— 1) + > (” - 1) ;

=0~

k .
im(7%(S" 1)) = (n— n—l—]—2.
dim (J*5(S"7Y) = ( 1)+j20< ; )

Therefore, firstly dim(HE) = (n — 1) + ("H]z*l) and secondly

dim (EE) — dim (7*(S"1))

_ <”+Z_1) _i("+‘7:_2> —0. (7.10)

=0 J

In the last equality we use a well known binomial formula which is easily

checked by induction on k. The conclusion here is that H% has the same
dimension as J*(S"~1) so we have proved (2'). To prove (3') observe that p
is linear on each fiber of .* 7*(R™ \ {0}) so that its derivative dp is constant
on each fiber. Moreover, it is equivariant with respect to the automorphisms
of the base space S" ! so its derivative must have the same rank on different
fibers. Since p is surjective (see Equation (7.9)) dp must be of maximal rank.
This proves that p is a local diffeomorphism. But since it is a morphism of
vector bundles, it must be a diffeomorphism, which is the claim of (3’). This
concludes the proof of the lemma. O

In the following lemma, we build a submanifold of HF, that describes the
condition of non-admissibility and compute its codimension.

LEMMA 7.9. — For each k € N, k > 2, define
k wo > 0, Wi wjler
k_ * 7k (mn » 0 VAL
Ym = m {(f;w) e J (R \{0}) _ m(m=1)..(m—j+1) (Wllgl)®j .

j=2 mi

Then, YENHE is a closed submanifold of HF, of codimension 2?22 ("+§_2).

Proof. — Foreachj € {0,...,k—1},eachl € {2,...,k} and each ({,w) €
TE(R™\{0}), let, as before, FJ,(¢,w) = wijt1(,...)—(m — j)w; € Sym? "
Moreover, let Symil |+ be the set of symmetric I-linear forms acting on the
orthogonal of ¢ in R™ and let G, (§,w) = wyex —W (w1 |EL)®Z €
Sym!, |¢+. Then, Y,X N HE, is the intersection of the zero sets of the functions
FJ and G!, for j € {0,...,k — 1} and | € {2,...,k}. In particular, it is
closed. Note first that 9,,F° = m # 0 € Hom (Symg, Symg) ~ R. In par-

ticular this map is invertible. We will now prove that for each [ € {2,..., k},
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the map (d,, Fl 1, d,, GY,) is of maximal rank on Y,X. For any (¢,w) € Y,F
and any [ € {2,...,k}, (dw, FLo (€, w), dy, GL, (&,w)) acts as follows.
Sym! — Sym! ! @ Sym!, lex
mo— (&, ),0h Tmler).
But this map is invertible. To see this, let pri, : Sym. ler — Sym!, be
the pull-back map by the orthogonal projection onto the orthogonal of &.
Also, recall that on V¥, we have wg > 0. Then, the inverse of (d,, F.- (&, w),
du, G7,, (6 w)) is
Sym!’ ! @ Sym!, lex — Sym!,
(m—1,mlL) — €]72(& ) @mo1 +wy 'pren..

All in all, we have shown so far that 9, F? is surjective and that for each

1€{2,...,k}, (do,Fi-1 d,, GL,) is of maximal rank. Therefore, Y,k N HF is

Wi m
a submanifold of HE of codimension

codimzx (YEn HE)

= COdimL*jk(Rn\{O})(Yrﬁ N Hﬁl) — codimL*Jk(Rn\{o})(HZ)
k k—1 .
n+l-1 n+j—1
= ()R
1=2 j=0
n+k—-1\ (n+1-1
k 1

2(757)

where in the last line we use the same binomial identity as in (7.10). O

So far we have neglected the U coordinate in the product U x S™~!. To
take this coordinate into account, in the following lemma, we introduce a
submersion pry @ JF (U X S"_l) — J*(S"1) by which we will pull back
the submanifold p (Y;¥).

LEMMA 7.10. — Let k € N. Let 7 : U x 8" 1 — S*~L be the map
(2,€) v &. Also, for each x € U, let 1, : S"™ 1 — U x S"~1 be the map
& — (x,§). Then, there exists a surjective vector bundle morphism pry :
TE (U x S"71) — 7 J*(S"1) such that for each x € U, the following
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diagram commutes:

C= (U x §71) : coe (51

i’ %

*

jk (U % Sn—l) pr2 ﬂ.*jk(sn—l) Lo jk<S”_1).
In particular, pro is a submersion.

Proof. — Given f € C* (U X S"_l) and z € U, the k-jet of f(z,-) at
¢ € S~ ! depends only on the k-jet of f at (x,&). This allows us to define a
map pra|(z.e) ¢ T (U x 5" |me) = 7 T*(S" 1) (,¢) This defines a bun-
dle morphism pry : J* (U X S"’l) — % (). The fact that the diagram
commutes follows by construction. Finally, since the composition of the top
and right arrows : j¥ o.* is onto, so is the composition of the left and bottom
arrows. But this implies that the composition of bottom arrows is onto. Since
7* Jk(S™1) and J*(S™ 1) have the same rank, then pry must also be onto.
In particular, it defines a submersion from the manifold J* (U X S”fl) to
the manifold 7*J%(S"~1). O

In this last lemma, we check that the previous construction does indeed
characterize non-admissibility of a symbol by the intersection of the k-jet
with the submanifold constructed in Lemma 7.9 and “pushed down” by p.

LemMA 7.11. — Let k € N, k > 2. Let o € S}, (U). Then, the two
following statements are equivalent:

o There exists (z,§) € U x (R™\{0}) such that for each j € {2,...,k}
m—1)...(m—j+1) (dgo(x,é))@)j (7.11)

mJ
e The image pra o j* (o|yxgn-1) (U x S"71) intersects p (Y,).

o1 (0, ) (, ) = 2

Proof. — Firstly, Equation (7.11) is homogeneous in £ so there exists
a pair (z,€) € U x (R™ \ {0}) satisfying it if and only if there exists
such a pair in U x S"~!. Now, since o is m-homogeneous, for each z €
U, j*(o(z,-))(S" 1) C HE. Therefore, (z,£) € U x S"~! satisfy Equa-
tion (7.11) if and only if j*(o(xz,-))(¢) € YE N HE (here we use that
the symbols are positive, as well as m-homogeneous). Since, moreover, by
Lemma 7.9, p| g is bijective, this is equivalent to poj*(o(z,-))(€) € p(Y;5).
But, by Lemmas 7.7 and 7.10, p o j¥(o(z,-)) = j*(o(x, )|gn-1) = pro o
3% (o|yxgn-1) (z,-). To conclude, we have proved that for any (z,¢) € U x
Sn=1 (x,&) satisfies Equation (7.11) if and only if pry o 5% (o|gn-1) (z,€) €
P (Yfl) This concludes the proof of the lemma. O

We are now ready to prove Proposition 7.6.
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Proof of Proposition 7.6. — TFirstly, by Lemma 7.11, Equation (7.8)
has solutions in U x (R™\ {0}) if and only if j* (o|yxgn-1) (U x S"71) N
pry ' (p(Y,E)) # 0. Now, by Lemmas 7.8 and 7.9, p (Y,X) is a closed sub-

manifold of J#(S"~1) of codimension Z?:z ("+§_2). Since moreover, by

Lemma 7.10, pro is a submersion, Z% = pry"' (p(Y,k)) has the same codi-
mension in J* (U x $"7!). At this point, we apply Thom’s transversality
theorem ([9, Corollary 4.10 of Chapter II]). This theorem states that the set
of functions f € C* (U x S"~') such that j*(f)(U x S"~!) is transverse(!?)
to ZF is open and dense. But j*(f) (U X S"_l) has dimension at most 2n—1

so if k is such that
k )
-2
2n—1<2(”+7 ) (7.12)

=N Y
then such a transverse intersection must be empty. Inequality (7.12) is satis-

fied for instance for n =2 and k =5, for n € {3,4} and k =3 and forn > 5
and k£ = 2. This ends the proof of the proposition. O

Appendix A. C* asymptotics for Er: Proof of Theorem 2.4

In this section, we prove Theorem 2.4 by following closely the approach
used in [11] and in [7]. As explained above, [7] contains all the essential
arguments for Theorem 2.4 despite the focus on the case where z = y and
X is closed. In this section we merely wish to confirm this by revisiting the
proof. We consider A, o4 and Ey, indifferently as in any of the two settings
presented in Section 2.1.

A.1. Preliminaries

The following lemma summarizes the results proved in [11, Section 4] for
the closed manifold setting. For the Dirichlet boundary value problem, this
was proved in [29, Section 3]. We introduce the following notation. For each
T >0, set ey = Epm. In [11], Hérmander studies the local spectral density
L er(z,y) via it’s Fourier transform in T, U(t) = Frler](t), which is the
solution to the problem

(10, — AY™U(t) = 0

(10) See [9, Definition 4.1 of Chapter II] for a definition and general presentation of
transversality.
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with initial value U(0) = Id. The operator U(t) is estimated using the WKB
method leading to the results recorded in Lemma A.1 below. To estimate
er, Hormander takes the inverse Fourier transform and integrates in 7. We
will follow a similar procedure in the following subsections, but we will keep
track of the derivatives of the kernel.

LEMMA A.1 (see [11, Section 4] in Setting 1, and [29, Section 3] in'")
Setting 2). — Firstly, the spectral function ep(z,y) defines a tempered dis-
tribution of the T' variable with values in C*(X x X). In addition, for each
set of local coordinates in which duy coincides with the Lebesgue measure on
R™, there is an open neighborhood U of 0 € R™ such that there exist € > 0,
a proper phase function ¢ € C=(U x U x R"™), a symbol o € S*(U,R"), a
function k € C°(U x U x ]—¢,¢[) and a symbol q € S°(U x |—¢,e[ x U,R"),
for which

Frleh @ )l0) = / a(w,t,y, eV OTITNAE + k(x, . 1).
2m)™ Jgn
Here Fr (resp. ') denotes the Fourier transform (resp. the derivative) with
respect to the variable T, in the sense of temperate distributions, and the
integral is to be understood in the sense of Fourier integral operators (see [11,
Theorem 2.4]). We have

(1) The function i satisfies the Equation

v J;, y 6 U7 € 6 Rn? o-(a:78£w(x7y7 g)) = O.(y’ g)'

(2) Foreacht € ]—¢,e[ and £ € R™, the function q(-,t,-,&) has compact
support in U x U uniformly in (t,€) and q(x,0,y,£) — 1 is a symbol
of order —1 as long as x,y belong to some open neighborhood U
of 0 ml U.

(3) o — o has compact support.

We will also need the following classical lemma. Here and below, S(R)
will denote the space of Schwartz functions.

LEMMA A.2. — For each € > 0 there is a function p € S(R) such that
F(p) has compact support contained in |—e, e[, p > 0 and F(p)(0) = 1.

Proof. — Choose f € S(R) whose Fourier transform has support in
]=5,5[ and A(t) = e~ Then it is easy to see that one can choose a

constant Z > 0 so that p = %Jd * f2 x h satisfies the required properties. O

(11) To avoid any confusion, we stress once more that in Setting 2, X denotes a bounded
open subset of R™. We do not obtain any results on the boundary of the domain in the
present work.
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Before we proceed, let us fix U, 9, ¢, k and p as in Lemmas A.1 and A.2
(with the same €) as well as a constant coefficient differential operator P
on R™ x R™ of order d with principal symbol op which is a homogeneous
polynomial in 2n variables. Let e p = Per. In order to estimate this er p,
we will first convolve it with p in order to estimate it using Lemma A.1. Then,
we will compare er p to its convolution with p which we denote, somewhat
liberally, by

p*erp= / p(/\)eT_)\ypdA .
R

Thus, p is a function of the frequency variable T'. Its Fourier transform will
be a function of the time variable ¢. The starting point of our calculations will
be Equation (A.1) below, which follows from Lemma A.1. In this equation
and later on in this section, the notation F; ! will denote the inverse Fourier
transform acting on the variable ¢.

d
a(ﬂ xex p(7,y))|a=T

= (Qi)n / FFOP (gl ty et e ) (1)dg
+ FHF(p) () Ph(z,t,9)](T). (A1)

A.2. Estimating the convolved kernel

In this section we provide the following expression for p*er p in the local
coordinates chosen in Lemma A.1.

LEMMA A.3. — There is an open set V. C U containing 0 such that, as
T — oo and uniformly for (v,y) €V x V,

1 ' _
(2m)" /< ) op(Opy(x,y,€))e @V OdE + O(Tm )
o(y,6)<T

pxerp(z,y) =

In order to do so we use the three lemmas stated below, whose proofs
are given at the end of the section. To begin with, we use the information of
Lemma A.1 to give a first expression for p x er p.

LEMMA A.4. — The quantity

p*er,p(z,y)

T
1 — (P (x —to
_/ o |7 1[]:(/))P(q(x’t,y7£)e (W (wy.t.)—t <y’5>>)}()\)dgd)\

is bounded uniformly for (z,y) € U x U.
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Here and below F is the Fourier transform and the occasional subscript
indicates the variable on which the transform is taken. Let us now inves-
tigate the effect of the differential operator P on the right hand side of
this expression. By the Leibniz rule, there is a finite family of symbols
(0;)o<j<a € C®(U x |—e,e[ x U,R")¥*1 such that for each j, o; is ho-
mogeneous of degree j, such that

d
P |:q(x’ t7 Y, g)ez(w(w)yvg)ftg(yé.))] = [Z 0] (:L" t’ Y, g)‘| ei(d’(%yﬁ)*t"(%ﬁ))
7=0

and such that
oa(x,t,y,8) = a¢(x,t,y,8)op (0, (V(z,y,£) —to(y,£))) -
Now, for each j, let
Rj(z,y,T,¢) = nﬂ/}' t)o(z,t,y,€)e" T dt
and
(2., / [ Ry = 0.9 0" agan.

Then,

Each S; will grow at an order corresponding to the degree of the associated
symbol. This is shown in the following lemma.

LEMMA A.5. — There is an open set V. C U containing 0 such that, as
T — oo and uniformly for (z,y) € V XV,

1 . _
S;(2,y,T) = / 05(2,0,4,£)V @O e 4 O(T™H1)
(27)" Jo(y.€)

Similarly since g(z,0,v,¢) — 1 € S~ (Uy x Uy, R™), from a computation
analogous to the proof of Lemma A.5 and left to the reader, replacing o4 by

(¢(2,0,y,€) = 1)op(0a,y (V(x,y,€) — to(y,£))) € S9!

one can remove ¢ from the main term, which results in the following.
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LEMMA A.6. — There is an open set V. C U containing 0 such that, as
T — oo and uniformly for (z,y) € V XV,
1 ,
Sd(xava) = n / UP(aw,y(lﬁ(%%sC) - t0<ya§)>)ezw(x’y7£)d§
@m)" Jow.o<r

+ O<Tn+d—1) )

The juxtaposition of these results yields Lemma A.3.

Proof of Lemma A.4. — Since k € C®(U x U x |—¢,¢[) and F(p) is
supported in |—¢, ¢],

FHF () () P, t,y)|(T) € S(R).
Therefore, by Equation (A.1),

p*er p(z,y)
T
1 —1 (Y (x,y,8)—to(y,§
[ gy [ F [FOP (st et ) yagay
is bounded. g
Proof of Lemma A.5. — In this proof, all generic constants will be im-

plicitly uniform with respect to (x,y) € V x V. Let us fix y € V and define
the following three domains of integration.

Dy ={(A§) eRxR" AT, o(y, &) <T}
Dy={( N eRXR" | AT, o(y,) >T}
D3={(NEeRXR" | A>T, o(y,) <T}.

Moreover, for | = 1,2,3, let I; = sz, Rj(z,y, A\ —0(y,&),&)et@vded ). We

will prove that Iy and I3 are O(T™*7~1). The following calculation will then
yield the desired identity. Here we use Fubini’s theorem and the fact that

F(p)(0) = [ p(\)dA = 1.
Si(z,y, T) =1 + I = [ + Is + O(T" 1)

= [ | s gas|ereraac s oy
o(y,)<T LJR

1
(27T)7L
First of all, R; is rapidly decreasing in the third variable and, since o is

elliptic of degree 1, bounded by o(y, £)? with respect to the last variable, &.
Therefore, for each NV > 0 there is a constant C' > 0 such that

Col(y,£)
(L4 [ADN

<
<

/ 0j(2,0,y, )™ Edg + O(T" 1),
o(y,§)<T

R (@9, A, )] <
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Since o is elliptic of order 1, the hypersurface T-1{o(y,£) = T} C R"
converges smoothly for T — oo uniformly in y to S;f ={oa(y,&) =1} and
the volume of {o(z,£) = B} C R™ is O(B" ). Taking N = 2n +j + 1, we
deduce that

a(y:€)
S C/ /@EyT1+M—J@§”%HHd@A
C/ /+OO g dgdA
1+ |\ —p|)2ntitl
<C +o0 Bn+] 1 dsd
/ / 1+||2n+g+15f8
C/ i —————df

(1+p8-T)nt

+oo n+j—1
T)"+i=
<C O+ ————dy
(L47)2nti

Tn+j 1

Here we applied first the change of variables s = A — § and then y = —T.
The case of I3 is analogous and by a similar calculation we deduce that Iy
is well defined. O

A.3. Comparison of the kernel and its convolution

In this section we set about proving that er p is close enough to its
convolution with p. This is encapsulated in the following lemma.

LEMMA A.7. — There is an open set V. C U containing 0 such that, as
T — oo and uniformly for (x,y) €V x V,

p*erp(r,y) —erp(z,y) = O(T"H7).
As before, the proofs are relegated to the end of the section. In order to
prove Lemma A.7 we first estimate the growth of the R; as follows.

LEMMA A.8. — There is an open set V. C U containing 0 such that, as
T — oo and uniformly for (z,y) € V xV,

/ R] (II}', Y, T - O'(’y7 5), g)e“b(wr@’ag)dg — O(Tn+j71) )

This lemma follows from a computation analogous to the bound on I
and I35 given in the proof of Lemma A.5 above and the details are left to
the reader. It allows us to prove a second intermediate result from which we
obtain Lemma A.7 directly.
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LEMMA A.9. — There is an open set V. C U containing 0 such that, as
T — oo and uniformly for (z,y) € V XV,

ery1.p(r,y) —erp(z,y) = O(T" 471,

Proof of Lemma A.9. — We begin with the case where x = y and P is
of the form P; ® P;. For brevity we define

u(T) =erp(z,z)= ) |(Prer) ().

A<T

Recall p > 0 so it stays greater than some constant a > 0 on the interval
[—1,0]. Moreover wu is increasing so by Equation (A.1) and Lemma A.8,

T+1 1 T+1
0 < u(T +1) — u(T) = /T W (V) < E/T (T = N (\)dA
1d 1<
<aarlren <o [ B@aT - oz, + 0@
= O(T" 1),
Now if P is of the form P, ® P», and for any x and vy, let
X = (Preg(z))r<ngr+1 and Y = (Paer(y))r<r <r+1

be two vectors in some C? which we equip with the standard hermitian
product “x”. Then, ery1 p(x,y) —erp(z,y) = X xY so

leri1,p(2,y) —er,p(z,y)]* < |XP|Y]? < TP 242

using first, Cauchy—Schwarz and second, the above estimate. In general P is
a locally finite sum of operators of the form P; ® Ps. O

Proof of Lemma A.7. — First of all, according to Lemma A.9 there is a
constant C such that for all 7' > 0 and A,

leriap(z,y) —erp(z,y)] < C(L+ A +T)" 11 4|\
Consequently

(p% er.ple,y) - erp(.y)] < \ [ oern i par - enp(ay)

< /p(/\)’eTJr,\,p(x,y) - eT,P(%Z/)‘d/\

<C / N1+ A + T)H=1(1 4 [A)dA

< ClTn+d71

for some C' > 0. Here we used that p > 0, p is rapidly decreasing and
Je pN)dX = F(p)(0) = 1. 0

— 486 —



Weighted local Weyl laws for elliptic operators

A.4. Conclusion

Combining Lemmas A.3 and A.7 we obtain the following:

1

er,p(z,y) = 7/ 05 (0 (x, y, €)M EVOde 4 O(T Y.
7 @2m)" Jowe<r ’

1
Since o — o} has compact support, replacing one by the other adds only a
O(1) term. Therefore,

1 .
er.p(z,y) = ~ / o p (D@, y, €)@V dE 4 O(T 1)
@m)" Joaweprimsr

This estimate is valid and uniform for z,y € V. To conclude, notice that
oalz, )™ < T is equivalent to oa(x,&) < T™. Since erp = PEpm, re-
placing 7' by L'/™ in the last estimate we get

EL,P(xv y)
1

= ﬁ/ UP(ax,yQ/J(SU,yvg))eid)(w,lhf)df+O(L(n+d71)/m)
@m)" Joawo<e

as announced. Note that the only restriction on V is that it be chosen inside
Uy from Lemma A.1(2). In particular, it may be chosen independently of P.

Appendix B. Existence and regularity of eigenfunctions in
Setting 2

In the present section, we prove that, in Setting 2 of Section 2.1, the
spectrum of A is indeed a discrete sequence of real numbers diverging to
400, whose associated eigenfunctions are smooth.

We will use the notations of Setting 2. Recall in particular that X is a
bounded open subset of R” with smooth boundary X and that dpx(z)
is the Lebesgue measure dz. We will also denote by C*°(X) the space of
C* functions on X whose derivatives all extend by continuity up to the
boundary. For any s € N, we denote by H*(X) the L? Sobolev space of order
son X (see [16, Section 1.1, Chapter 1]). We will also denote by H(X) the
completion of C°(X) for the H® topology and we will write C§°(X) for the

space of smooth functions on X vanishing on 0X.
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PROPOSITION B.1. — There exists a sequence of real numbers (\;) en,
going to infinity, as well as a Hilbert basis (e;)jen of L*>(X) whose elements
belong to C°(X), such that for each j € N, Ae; = Aje;.

Proof. — Let P = A 4 C for some large constant C' > 0. Firstly, we
observe that there exists a choice of C' € 0, 4+o0[ such that if u € C°°(X)
satisfies Pu = 0 and u|px = 0 then, by Theorem 9.2 of [16, Chapter 2], u = 0.
Then, by Theorem 5.4 and Proposition 5.3 of [16, Chapter 2], P extends to
a topological isomorphism Py : HJ'(X) — L?(X). In particular, since X
is compact, by Sobolev embeddings, F; ! defines a compact operator from
L?(X) to L%*(X). Therefore, Py has discrete spectrum, its eigenspaces are
finite dimensional and its eigenfunctions belong to HJ*(X). Finally, applying
Theorem 5.4 of [16, Chapter 2] once again, we deduce by induction that these
eigenfunctions belong to NygsoH*(X) = C*°(X (using Sobolev embeddings
once more). In particular, they belong to the domain of P. Since they also
belong to HJ*(X), they must vanish on dX. Applying Theorem 9.2 of [16,
Chapter 2] a second time, we deduce that the eigenvalues of P are positive. In
particular, these eigenfunctions form a Hilbert basis of L?(X) whose elements
belong to C§°(X'). Moreover, the elements of this basis are also eigenfunctions
of A and the corresponding eigenvalues, counted with multiplicity, form a
sequence of real numbers diverging to +0o as announced. (|
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