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Abstract. We study regularizations of Schwartz distributions on a complete Riemannian manifold M. These
approximations are based on families of smoothing operators obtained from the solution operator to the wave equation
on M derived from the metric Laplacian. The resulting global regularization processes are optimal in the sense that
they preserve the microlocal structure of distributions, commute with isometries and provide sheaf embeddings into
algebras of generalized functions on M.

1. Introduction

In this paper we introduce a method of regularizing distributions on a smooth manifold
by nets of smooth functions such that the approximating nets themselves retain a maximal
amount of information about the distribution. In particular, the analytical properties of in-
terest include the support of the distribution, its microlocal singularities (wavefront set), its
Sobolev regularity and its behavior (pull-back) under certain diffeomorphisms. We shall first
abstractly describe what properties such an approximation should have and then construct
such approximations by a suitable choice of smoothing process. The latter is obtained using
functional calculus for the solution operator of the wave equation for the metric Laplacian (we
note that the set of analytical properties to be preserved excludes, e.g., smoothing via the heat
kernel as a possible approximation procedure).

We will give a precise formulation of the requirements to be imposed on our smoothing
processes. In order to achieve this we need a conceptual framework that allows to assign geo-
metrical and analytical properties like those mentioned above to regularizations, that is, to nets
of smooth functions. Such a framework is in fact available in the theory of algebras of gener-
alized functions ([4, 5, 31, 29, 17]), which therefore will provide the underlying language for
our approach. The basic idea in this theory is to express analytical properties of distributions
as asymptotic estimates in terms of a regularization parameter €. Up to now, there is a certain
dichotomy in the theory of algebras of generalized functions. On the one hand, so-called full
Colombeau algebras allow a canonical embedding of the space of Schwartz distributions on
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differentiable manifolds ([16, 18]), but their elements do not depend on a single real regular-
ization parameter ¢. Instead, such generalized functions are smooth maps on certain spaces
of test functions and require a rather involved asymptotic. So-called special Colombeau alge-
bras, on the other hand, are modelled directly as quotients of certain powers of the space of
smooth functions, hence allow for a more straightforward modelling of singularities. A rich
geometric (e.g., [9, 26, 27, 28, 36]) and analytic (e.g., [31, 29, 6, 15, 22, 23, 14]) theory is
available for such algebras. The drawback here is that there is no canonical embedding of
distributions into such algebras. Up to recently, only ‘non-geometric’ embeddings, based e.g.
on de Rham regularizations (basically through convolution with a mollifier in charts) were
available, cf. [9, 17]. In [7], however, a new approach to embedding distributions into spe-
cial Colombeau algebras was put forward, namely a geometric embedding of distributions
on compact manifolds without boundary based on functional calculus of the Laplacian. In
the present paper we follow this general philosophy to produce geometrical embeddings for
general complete Riemannian manifolds. A main new ingredient here is that we employ the
solution operator for a certain initial value problem of the wave equation for our regulariza-
tion processes. We obtain a set of optimal properties for such embeddings. In particular, they
commute with isometries, respect the functional calculus of the Laplacian, and preserve the
microlocal structure of distributions.

The paper is organized as follows: in the remainder of this introduction we fix some nota-
tions and terminology. Section 2 collects a number of results on wave equations on complete
Riemannian manifolds. These preparations are then used in section 3 to construct optimal
regularization processes and use these to obtain geometrical embeddings of Schwartz distri-
butions into special Colombeau algebras. Finally, section 4 shows how to extend our approach
in various directions. On the one hand, we demonstrate how to adapt the construction to ob-
tain embeddings for distributional sections of vector bundles. On the other hand, we specify
the main properties of the Laplacian that were used to obtain optimal regularization processes
in section 3 and show that a wide class of differential operators allows to obtain analogous
regularization processes.

Throughout this paper M will denote an orientable complete Riemannian manifold of di-
mension n with Riemannian metric g. The space D’'(M) of Schwartz distributions on M is de-
fined as the dual of the space Q' (M) of compactly supported n-forms on M. We write D(M)
for the space of smooth compactly supported functions on M. Since M is orientable and
Riemannian, we may identify D(M) with Q7 (M) via f — f - dg, with dg the Riemannian
volume form induced by g. In this sense, D’(M) is in fact the dual space of D(M). We con-
sider LllOC (M) (hence in particular C*°(M)) a subspace of D' (M) via f > [¢ — fM fedgl.
If E is a vector bundle over M then D' (M : E), the space of E-valued distributions on M is
given by D'(M : E) = D'(M) ®coomy I'°(M : E), with I'*°(M : E) the space of smooth
sections of E (cf., e.g., [17], 3.1 for details). The wavefront set of a distribution w € D'(M)
is denoted by WF(w).

We now turn to notations from the theory of algebras of generalized functions, where we
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basically adopt the terminology from [17, 13]. Given E a locally convex (Hausdorff) topo-
logical vector space, one can associate to E a space Gg of generalized functions as follows.
Let 7 be the interval (0, 1]. Define the smooth moderate nets in E to be smooth maps (in the
sense of [25])

I > FE &t ug
such that for all continuous semi-norms p on E there exists a (negative) integer N such that
(1) lo(ue)l = O(™)  as € — 0.

Here as usual by f(¢) = O(g(¢)) as ¢ — 0 we mean there exists an &g > 0 and a constant
C > O such that f(¢) < Cg(e) for ¢ < g9. We denote the set of all moderate smooth nets in
E by Mg. Similarly we can define the negligible nets to be the smooth maps u, such that (1)
holds for all continuous seminorms p on E and all N. We shall denote the set of all smooth
negligible nets by Ng.

The space of generalized functions based on E is then defined to be the quotient,

GE == Mg/NEg.

If E is a locally convex algebra then Gg is an algebra as well. One notes that in defining
Mg and N it suffices to restrict to any family of seminorms that generate the locally convex
topology on E. If (u.) is a moderate net in Mg then the element which it represents in the
quotient Gg will be written as [(u,)].

When E = C°°(M) is the algebra of smooth functions on a manifold M then we write
Meomy = Em(M), NCOO(M) = NM), and G(M) := Geoomy- G(M) is the standard
(special) Colombeau algebra of generalized functions on M ([4, 9, 17]). For E = C the
space Gc inherits a ring structure from C and we call it the space of generalized numbers and
denote it by C. Every space G is naturally a C-module, and hence is often referred to as the
C-module associated with E ([13]).

We recall the functoriality of the above construction. If ¢ : E — F is a continuous linear
map between locally convex spaces E and F then there is a natural induced map ¢y : Gg —
Gr defined on the representatives as ¢ ([(uc)]) = [(¢(ue))]. For example any smooth map
between two manifolds f : M — N gives rise to a pullback map f* : G(N) — G(M). As a
consequence we can define a presheaf of algebras on M by assigning to any open set U € M
the space G(U). The restriction maps are given by the pull back under inclusions, that is if
i : U = V is an inclusion of open sets then i* : G(V) — G(U) is the restriction map. This
presheaf is in fact a fine sheaf. Thus in particular we can define the support of a global section
u € G(M) as usual to be the complement of the biggest open subset of M on which u restricts
to 0. In a similar fashion if E — M is a (complex) vector bundle then we obtain a sheaf of
C-modules defined as G(M : E) :=Grow:g) = G(M) Qcooury I'°(M : E).

For any locally convex space E we can also define a subspace G of regular elements
of Gg. These are all elements in Gg such that there exists an integer N so that (1) holds
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independently of the seminorm p chosen. Again we shall denote by G*°(M) the algebra
gggo( M- The algebra G°° (M) provides the regularity features for the analysis of generalized

functions in G(M) in the same way that C°° (M) provides these features in D'(M) ([31, 21, 6,
15]). For instance:
(a) Singular support: For u € G(M) the singular support is defined as the complement
of the largest open set U on which the restriction u|y is in G*°(U).
(b) Wavefront set: Let 2 C R” be open. A generalized function u € G(2) is called
G -microlocally regular at (xg, &) € T*Q \ O if there exists some ¢ € D(RQ)
with ¢(x0) = 1 and a conic neighborhood I" € R" \ 0 of &y such that the Fourier
transform F (¢u) is rapidly decreasing in I, i.e., there exists N such that for all /,

2 Esu}q(l +1ED [(pue) E=0E") (6= 0).

The generalized wave front set of u, WFg(u), is the complement of the set of points
(x0, &0) where u is G*°-microlocally regular. It follows from [19] that, based on
this definition, for any u € G(M), WF4(u) can naturally be viewed as a subset of
T*M\ 0.

An alternative description of WFy (u) is as follows ([15]): Let P be an order 0
classical pseudodifferential operator and let char(P) € T*M be the characteristic
set of P, that is the O-set in T7*M \ 0 of its principal symbol. Then for u € G(M),

WF, (1) = ﬂ char(P) P e WY (M).
PueG>®(M)

(c) Hypoellipticity: An operator P is said to be G*°-hypoelliptic if for every U € M
open and every u € G(U),

Pu € G®(U) = u € G*(U).

General references for microlocal analysis in algebras of generalized functions are [29, 6, 21,
22,14, 15].

2. The wave equation on a complete Riemannian manifold

In our approach, optimal regularization processes on complete Riemannian manifolds
will be based on the solution operator for the wave equation. To allow for a smooth presenta-
tion, in the present section we therefore collect some basic properties of solutions of the wave
equation in this global setting.

Let (M, g) be an oriented, connected complete Riemannian manifold (without boundary)
of dimension n and denote by A the Laplace operator on M. The Riemannian metric g induces
a volume form dg on M, and we will denote the corresponding L?-norm by [ lL2¢pr)- On

differential forms, the corresponding inner product is given by (o, B) := [ax B = [ Axp.
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Let d be the exterior differential on the space Q*(M) of differential forms on M and
denote by * the Hodge star operator. Then the codifferential § on Q*(M) is defined, for any
k-form a, by 8a = (—1)"%*"+1 s d % .. Finally, the Laplace operator on Q*(M) is defined by
A := (d +8)> = d 0§ + 8 od. This sign convention renders A a positive operator on L?(M)
(cf. [12]), and for any smooth function « in particular Au = —divgradu.

The operators d, § and A are unbounded on the Hilbert space L>(M : A*M). The natural
domain of d is given by Dom(d) := {o € Q*(M) | |||, ||de| < oo}, and analogously for §.
This fixes the natural domain of A to be

Dom(A) := {« € Dom(d) | doe € Dom(8)} N {& € Dom(8) | & € Dom(d)} .

We will mainly be interested in the restriction of A to L?(M, dg), which is an unbounded
essentially self-adjoint operator with dense domain (cf. [12]).

We consider the following initial value problem for the wave equation on M (or, strictly
speaking, on R x M):

32
“) u(0, x) = uo(x), iM(O,X) =0.
as

Since g is complete, the Laplace operator is self-adjoint and the above wave equation has a
unique (mild, hence distributional) solution in C(R, L2(M )) for all ug in L2(M ). By func-

tional calculus this solution can be written as cos(s+/ A)ug.

REMARK 2.1. We briefly sketch a proof to the existence and uniqueness result for the
above wave equation. Since A is a positive self-adjoint operator, we may equivalently rewrite
(3)—(4) as a first order initial value problem on the Hilbert space H := Lz(M ) @D Lz(M ):

F(0)-C9" H0)

u©, ) =ug, v(0,.)=uvy:=ivAug.

om0 ) wen (5 ) ()

By the theory of unitary semigroups (e.g., [32]), i A; generates a strongly continuous unitary
group U(s) = exp(isAy). Since Ag is bounded, A := A + i A also generates a strongly
continuous semigroup. Consequently, the above initial value problem with wg € Dom(A) is

We set

uniquely solvable. More explicitly, for wg in the dense subspace D> := (72, Dom(A¥),

the power series expansion of exp(s A)wy readily shows that u(s) = cos(s«/K)uo on a dense
subspace, hence in fact for all ug € LZ(M) (cf. also [3, 35)).
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For a given even Schwartz function F € .#(R) the operator F (\/Z) can be defined by
functional calculus for essentially self adjoint unbounded operators. We show that we have

the following alternative description of F(+/A) by inverse Fourier transform:

5) F(VA) = %/m F(s) cos(sv/A) ds .

In fact, by standard estimates in the functional calculus this identity holds pointwise on
L2(M ). Moreover, since

IE(s) cos(sv/A) | < [F ()]l cos(s ) lre < [F(s)]

and F e L! (R), the integral in (5) exists as a Bochner integral in B(L*(M)).
The description of functional calculus using (5) allows to estimate the support of the
kernel of the operator F(+/A) based on the finite speed of propagation for the operator

cos(s+/A). To see this, we first describe an alternative approach to obtaining the solution
operator to (3)—(4). Consider the first order differential operator D := d + § on the space
Q*(M) of differential forms on M. The symbol op of D is givenby op(x, &) =& A . — ig,
where iz denotes interior differentiation along the vector field metrically equivalent to the
one-form & (cf., e.g., [30], 10.1.22). Therefore,

op(x, &) = EA . —ig)? = —|&)*id

(again by [30], 10.1.22). We conclude that the speed of propagation of D, defined by cp :=
sup{llop(x,&)|| | x € M, & € T,M*, ||| = 1}is c¢p = 1. Since D is symmetric and of finite
propagation speed, it is essentially self-adjoint ([20], 10.2.11).

Based on these facts, an explicit bound on the speed of propagation for the support of
Py is given by the following result (see [20], 10.5.4):

PROPOSITION 2.2. Letu € L>(M : A*M) and denote by dgy the distance function
induced by g. Then supp(eiSDu) C Bys|(supp(u)) :={x € M | dg(x, supp(u)) < |s|}.

Thus the same property holds for the bounded operator
1, is
cos(sD) = 3 (P +e75P).

By functional calculus, for any u € L?(M), cos(sD)u solves the initial value problem (3)—
(4). By uniqueness, therefore, cos(s D) = cos(s\/Z) on L2(M) and the above considerations
apply to our solution operator.

Next we provide some estimates that will repeatedly be useful in our further study of
operators of the form F (\/Z).
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LEMMA 2.3. Let F € S(R) be even. Then for any compactly supported smooth func-
tion u,

1 [ .
IF /Byl 2y < Nl 2oy — /O |[F(s)] ds.
Moreover, for any positive integers k, 1,
k l 1 * A 2k+21
1AM F VD) A ull 2y < ||u||Lz(M>;f |F20(s)] ds .
0

PROOF. The first estimate follows from (5): Since the operator cos(s \/K) has operator
norm < 1 we have

1 [> .
IF(vAu| = ”Z/ F(s) cos(s7/A)u ds||

I [ .
< llull= / |F(s)lds .
7 Jo
Concerning the second inequality, note that by functional calculus we have
AYF(V A A = P F @) (VA)u

= zi / - (*2E (1) cos(sv/A)u ds
T J-o00

1 ©
= 2—(—1)k+l/ FPR+2D (g) cos(sv/Au ds
T

—00
from which the claim follows as above. |

For any s € R and any u € D(M) we set
lulls := 11 + A)S/zulle(M).

The Sobolev space of order s is the completion of D(M) with respect to this norm. We set
H®(M) :=(,cg H® (M) and denote by Hg, (M) the space of compactly supported elements
of H*(M).

The following result will be essential for our approach to regularizing distributions on
complete Riemannian manifolds. For the notion of (properly supported) smoothing (or regu-
larizing) operator we refer to [2], ch. 1.4.

PROPOSITION 2.4. Let F € S(R) be even. Then

(i) The operator F(~/A) : D'(M) — C®(M) is a smoothing operator.

(i) Letc > 0 and let . € D(R) be such that supp(¢p.) € [—2c,2c] and ¢ = 1 on
(—c,c). Then

T(WVA) = %/ Pe(s)F (s) cos(sv/A) ds
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is a properly supported smoothing operator.

PrROOF. (i) Thisis aconsequence of ellipticity of the Laplace operator A. For brevity,
we set A := F(\/K). Given any ¢ € D(M x M), let

(K, ) 2=/ (Ap(x, ))(x)dx.
M

Then for all Y1, Y2 € D(M),
(K, ¥1 ®Yn) = /M Y1 (x)AYa(x) dx = (Ayn, Y1),

so K 1is the distributional kernel of A : D(M) — C®(M) C D'(M). We have to show that
K € C®(M x M). By Lemma 2.3, forall k € Ng and all € D(M), || Ay |lx < Cell¥ l L2anys
hence

K, ¥1 @ ¥2)| < /M Y1 OIAY2(0) [ dx = CollvillL2am 1212 -

Since D(M) @ D(M) is dense in L>(M x M) this implies that K € L>(M x M). Now set
A= A AAF. Then the kernel of Ay is given by Ky := A{;AﬁcK, since

(Kt 1 ® ¥) = (K, Ay @ A¥yn) = (AN Yo, Alyn) = (Ac iy, v1) .

As above it follows that K ; € L?(M x M) for all k, I, hence by elliptic regularity for
Ay ® 1+ 1® Ay it follows that K is smooth.

(i) T(+/A) is a smoothing operator by (i). To establish proper support, by [11], Prop.
8.12 we have to show:

(a) VK € M3L € M suchthatu € D(K) = T (v/A)u € D(L).

(b) VK € M3IL € M suchthatu =0onL = T(~/A)u=00onK.
Both (a) and (b) follow from the finite speed of propagation of cos(~/A) which implies that
there exists some C > 0 such that for any u € L2(M ), the support of T(\/K)u is contained in
a ball of radius C around supp(u) (Prop. 2.2). The result therefore follows from the properness
of the complete metric g. O

3. Embeddings

In this section we will employ the smoothing operators developed in Section 2 to con-
struct optimal embeddings of the space D'(M) of distributions on a complete Riemannian
manifold M into the algebra G(M) of generalized functions on M.

A set X C M x M is called proper if the restriction of the projections on both factors
wj : X — M : j = 1,2 are proper maps. Let \yp;gg (M) be the space of all operators
T : C*®°(M) — D(M) with smooth kernels with proper support in M x M. By a regular-
ization process we mean a net T of properly supported smoothing operators which provides
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an approximate identity on compactly supported distributions. More precisely, we shall be
interested in rapidly converging regularization processes of the following kind:

DEFINITION 3.1. A parametrized family (7;)c<; of properly supported smoothing op-
erators is called an optimal regularization process if
(A) The regularization of any compactly supported distribution is of moderate growth.
That is, for any continuous semi-norm p on C*°(M) and any distribution w €
&' (M) there exists an integer N such that

p(Tew) = 0(™) (6= 0),

ie., (T.w) € Ey(M).
(B) The net (T¢) is an approximate identity: for each compactly supported distribution
w e &' (M)

limT,w =w in D'(M).
e—0

(C) Preservation of supports: For any w € &’ (M), supp(w) equals the G(M)-support
suppl[(Tw)] of the class [(Tzw)].

(D) Ifu € D(M) is a smooth compactly supported function on M then for all continu-
ous semi-norms p on C°°(M) and given any integer m,

p(Teu —u) = 0(™),

ie., (Teu —u) € N(M).
(E) Preservation of wavefront sets: Setting (7 : w +— [(Tzw)], for any w € &' (M) we
have

WF(w) = WF, (7 (w)) .
Given an optimal regularization process (7;), we obtain a linear embedding
i 2 E' (M) — G(M)
ir(w) = [(Tew)]

(by (3.1) and (3.1)). By (3.1), t7 extends to an embedding of D’(M) into G(M) which pre-
serves supports. More precisely, there is a unique sheaf morphism on D’'(M) (also denoted
by t7) which extends tp : &' (M) — G(M). (r is a linear embedding that commutes with
restrictions. Details on how to extend t7 from &' (M) to D'(M) can be found in [9], Sec. 2
or in [17], 1.2 (although carried out for special cases of optimal embeddings in these refer-
ences, the arguments given there, entirely sheaf-theoretic in nature, carry over to the general
situation studied here). (3.1) implies that ¢y renders C°°(M) a faithful subalgebra of G(M).
Finally, (3.1) secures preservation of wavefront sets and, therefore, of singular supports under
this embedding. In particular, precisely the distributions that map into the subalgebra G (M)
under (7 are smooth:

i (D/(M) NG® (M) = 17 (C*(M)).
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First, we provide some examples of optimal regularization processes:

EXAMPLE 3.2. Let A be the Laplace operator associated to a closed Riemannian man-
ifold M. Let F € ¥ (R) be a Schwartz function on the reals such that F is identically 1 near
the origin. Let F¢(x) := F(ex). Then by applying standard functional calculus, F;(A) is an
optimal regularizing process: For a closed manifold, Weyl’s estimates on the spectrum of the
Laplacian provide asymptotic bounds for the spectral counting function

Na) = #{Ag| A < A}
In fact, for m = dim(M) we have
vol(M) m

Na(Q) ~ - A
@)% M(m/2+ 1)

Essentially, this suffices to obtain all the estimates in Definition 3.1 (preservation of wavefront
sets follows as in Th. 3.10 below). In addition, F¢(A) is invariant under isometries. We refer
to [7] for details.

EXAMPLE 3.3. As in the original construction of Colombeau (cf., e.g., [4, 5, 17]) an
optimal regularization process can be constructed from a mollifier p € ./(R") satistying the
following conditions:

(6) / p(x)dx =1 / x*p(x)dx =0 «aeN|.
n RV[

Then the net of functions p.(x) := Ein p (%) is a delta net. Convolution with such a delta
net provides an example of an optimal regularization process. For example, estimate (3.1)
from Definition 3.1 can be established in this setting using Taylor’s theorem and the moment
conditions (6) imposed on p. Concerning (3.1) from Def. 3.1, see [29, 21]. An important
characteristic of these approximate units is their equivariance with respect to the Euclidean
translations.

For (M, g) a complete Riemannian manifold with Laplacian A, F € S(R) even, and ¢,
as in Prop. 2.4, we additionally suppose that F' equals 1 in a neighborhood of 0 and that ¢, is
even. For any ¢ € I we set F;(s) := F(es), and

) T.(VA) := %/ be(5)(Fe)" (5) cos(sv/A) ds.

We will show that the family of smoothing operators (T, (v/A))ee7 is an optimal regularization
process in the sense of Def. 3.1. Each T, (+/A) is a properly supported smoothing operator
by Prop. 2.4 (ii). Furthermore, we note that the explicit form of (7) allows to view it as a
generalized integral operator in the sense of [1, 8].

Turning first to Def. 3.1 (3.1), we have:

PROPOSITION 3.4. Letu € & (M). Then (T.(NA)u) € Ey(M).
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PROOF. It follows immediately from (7) that (g, x) — (Ts(~/A)w)(x) is smooth, so

it remains to establish the moderateness estimates for the net (7 (\/Z)w). Since w € &' (M)
there exists some sp € R with w € HgB(M ). By Prop. 2.2, there exists some fixed compact

set K CC M such that supp(T; (v/A)w) C K forall ¢ € I. Moreover, Prop. 2.4 implies that
each T,(v/A)w is in Hcorf (M). By the local Sobolev embedding theorem it therefore suffices
to show that for each s € R there exists some N € N such that

IT.(vVAywly = 0(e™N).

In fact (by enlarging s if necessary) we may assume in addition that [ := % € N. Let u be
the unique element of L*(M) such that w = (1 + A)~0/2y. Then

1T (v Dywlls = [1(1 + AT (VAYA + A) ) || 2y
=11+ A T (v Dull 241,

!
I 4
< E (]) A Te(V A)ull 20y -
j=0

Now write ¢ = (¥.)” for some ¥ € S(R). Then

2c

T.(VAu = (Ve * Fo) (1) cos(t~/Au dt .

Since ¥, * Fy is even, Lemma 2.3 implies that

AT By < Welizgny - [ M0 Foy 1o dr.

From this, we finally obtain

oo E()N™ 1)1 dr
£ £

) 1 2¢
® AT Bl = il [

— 0(872171)
for0 < j <l ]

We may use the method of proof of Prop. 3.4 to show that the embedding ¢7 is in fact
independent of the particular choice of the cut-off function ¢,:
LEMMA 3.5. Suppose that ¢L1.1 and ¢Z.2 are cut-off functions as in (7) and denote the

corresponding regularization operators by TE1 (V/A) and ng (v/A), respectively. Then for any
w e E' (M), tp1(w) = tp2(w).
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PROOF. Set ¢ := ¢c11 - ¢32. Using the assumptions and notations from the proof of
Prop. 3.4, we have to estimate

|AY (T VB = T2 D)2 -

Since

TN VA — T>(VAu = % /oo B(s)(Fo)"(s) cos(sv/Au ds

analogous to (8) the LZ-norm of this expression is bounded by

1 [° - 1/t )
||M||L2(M);/O '[(Wf)gF(;))} )

A typical term to estimate therefore is

dt .

foo 6P (er)FDP(r)dr (p,q € No).
0

Since F = 1 near 0, all higher moments ffooo rkE (r)dr of F (k > 1) vanish. Moreover, ¢~S

is identically zero in a neighborhood of 0, so Taylor expansion of ¢”) (¢r) around zero up to
order m — 1 implies that the above integral is of order ¢ for any m € N. O

Next, we establish suitable convergence of (7 (w) to w:

PROPOSITION 3.6. Letw € &' (M). Then To(vA)w — w in D' (M).

PROOF. We may write w = (1 + A)*u for some u € L*>(M) and some k € No. By
Prop. 2.3 it therefore suffices to show that To(v/A)u —u — 0in L2(M) in order to ensure
that T, («/K)w — win H’zk(M) and hence in D' (M). Now

ITe (V' BA)u — ull 25y < / lpe(er) F (r)(cos(er~/Ayu — u) | 2(yg) dr — O

by dominated convergence (noting that the integrand is pointwise bounded by the integrable

function r + 2||¢c||Lo||u]l 12 |ﬁ(r)| and, for each fixed r, tends to 0 as ¢ — 0). O

This settles Def. 3.1, (3.1). As was remarked after Def. 3.1, we thereby obtain a linear
embedding ¢y of &’ (M) into G(M). Our next result establishes preservation of supports under
Lr.

PROPOSITION 3.7. Forany w € &' (M), supp(w) = supp(t7(w)).

PROOF. Letx € M \ supp(w) and choose a compact neighborhood K of x such that
K N supp(w) = @. Suppose first that w is continuous. Then

i (W)e(x) = /OO be(er)E(r) cos(erv/A)w(x) dr .
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We split this integral in one part over |r| < 2¢/+/¢ and a second part where |r| > 2c//¢.
For the first part we note that by Prop. 2.2, supp(cos(er/A)w) C Bg|r|(supp(w)) <
B sz (supp(w)) for all [r| < 2¢/ /€. Hence for small ¢, the support of the first term lies
in the complement of K.

To estimate the second integral we proceed as in the proof of Prop. 3.4: observe first that
by Prop. 2.2, the support of cos(er~/A) is contained in a single compact set for all & and all
r in the domain of integration. It therefore suffices to estimate, for each j € No:

H f ¢c(er) F(r)(cos(erv/A) Al w) dr
[r|>2¢//e

L2(M)
< ||w||z,-/ |F(r)dr = O(™)
[r|>2c//e

for each m. Summing up, it follows that x does not lie in the support of (7 (w) in G(M). In
the general case where w is not necessarily continuous we can write w = (1 4+ A)*v for some
continuous v and some k € Ny, so the above argument readily carries over.

Conversely, let x € supp(w) and suppose that there exists a neighborhood U of x such
that t7 (w)|y = 0in G(M). Pick some ¢ € D(U) such that (w, ¢) % 0. Then |{t7(w)e, )| =
O (&™) for each m but (17 (w) — w, ¢) — 0 by Prop. 3.6, so we arrive at a contradiction. O

PROPOSITION 3.8. Letu € D(M). Then (To(v/Au — u)ecs € N(M).

PROOF. By the local Sobolev embedding theorem, it suffices to show that for all j €
No

ale, j) = AN (T (v A — w)ll 2(4p) = O (™)

for each m € N. Due to our assumptions on F and ¢, «(e, j) equals

a7 [ " F) (0@t cos(tv By — u) dr|

L2(M)

- H/_OO ﬁ(r)(tﬁc(er) cos(erv/A)Alu — Aju> dr

L2y’

By Taylor expansion, for any m € N there exists some C,, such that

m—1
ge(er) cos(erv/A)Au = Au+ Y “Sl—'ra,A/“/zu + Ry (r, ) ATy
=1 ’

where a; € R and Ry, is globally bounded by C,,&™.

Since all higher moments of F vanish,

o0
: [ Jjt+m/2
ae. j) < H/_Oo B R (r, &) AT 2 dr | o
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<Cn ||F||L1(R)||Aj+m/2””L2(M)8m ’
as claimed. H

The following important invariance properties of the embedding (7 follow immediately
from (7).

PROPOSITION 3.9.
(i) Let f : M — M be an isometry. Then for any u € D'(M), tp(f*u) = f*ir(u).
(ii) If ¥ is a pseudodifferential operator commuting with A, then V commutes with ir.

Turning now to the singularity structure of distributions and their embedded images, we
will show that the embedding (7 preserves the wavefront set of distributions, i.e., that (3.1)
from Def. 3.1 is satisfied.

THEOREM 3.10. Let w € D'(M). Then WE(w) = WF, (i1 (w)).

PROOF. We first note that the notion of wavefront set (both distributional and gen-
eralized) is local in nature. Moreover, by finite propagation speed of the solution operator
cos(s+/A) (Prop. 2.2), we may choose the cutoff function ¢, in such a way that given some
local chart (v, U) and any w € &’ (U), each T (\/K)w is supported in U as well (this particu-
lar choice of ¢, does not affect 7 by Lemma 3.5). By unique solvability of the wave equation
(3)—(4) we may therefore use (7) on ¥ (U) (with metric ¥, g), thereby effectively transferring
the problem to R”.

Suppose first that (xo, &) € (T*M \ {0}) \ WFg(w). By (2) this means there exists
some conic neighborhood I of & in T7*M \ {0}, some N € Ny and some ¢ € D(R") with
¢(x0) = 1 suchthatforalll € Npandall & € T,
©) [(@(Te(VD)Yw) ©)I(1 + 15D = 0™™).

For a suitable £ € No we may write w = (1 + A)ru, with u € H*(R"). Since A is elliptic,
WF(w) = WF(u) and WFy (i1 (w)) = WFy(i7 (1)) (by [15], Th. 4.1 and Prop. 3.9 (ii)), so

we may without loss of generality assume that w € H?(R"). We have to estimate

l(ew)©)] < I[(Te(VAyw — w)l“ )] + [(pTe (VA)yw) (©)]
(10) < lp(Te(vDyw — w11 + (T (VA)yw)  (©)] .

Now

f lo () (T (v A)w(x) — w(x))| dx
< f f 0 ()lde(er) cos(ervAYw(x) — w()| dx|E ()| dr

< C((p)/ e (er) cos(er~/Ayw — wl| 2| F(r)| dr .
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We use functional calculus to bound this term (cf., e.g., [33], Th. VIIL.4). Let U
L*(R", g) — L*(Q,du) be a unitary isomorphism transforming A into the multiplica-
tion operator My : h +— fh (for some fixed f € L*(Q,dpw)). Then setting a(e, r) =
lpe(er) cos(erv/A)w — w| ;2 and k(A) := ¢ (er) cos(erv/A) — I we find

a(e, 1)’ = U KRYW)172g) = IMiorUwl ]2 g,

=/Ikof(w)lzl(Uw)(w)IZdu(w)-

To estimate this term we note that k(0) = ¢.(er) — 1 and

¢c(er) | | sin(er/x)
2 ery/x

|K'(x)| = er < Cer.

Hence |k(x)| < Cer(|x| + 1) and we obtain
a(e, r)* < Cer? f (f(@)?* + DIUw)()* du(w) .

Since w € Dom(A), f - (Uw) € L*(, d), hence the integral in this last expression is
finite. It follows that a (e, r) < Ce|r|. From (10) and these calculations we therefore conclude
that for some C = C(¢p, F),

(11) l(w) (&)] < Ce + (T (VA)Yw) ()] .

‘We now show that for any m € N, |€| T [(ew)”(&)] is bounded on I', thereby demonstrating
that (xo, &0) ¢ WF(w).

Suppose to the contrary that there exists some m € Ny and a sequence §; € I" with
I€;] — oo such that [&;| VT |(pw)" (&;)] — 0o as j — co. Thene; := |£;|"¥T — 0, and
using (11), we obtain

1&5175T (o) &) = £ 18 P | (pw) " (&)
< Cel g P + &Y 15 P (@ T (VAYW) " (§)] .

By (9), however, the right hand side of this inequality is globally bounded, a contradiction.

Conversely, suppose that (xg,&) ¢ WF(w). We have to show that (xo,&)) ¢
WF, (7 (w)). As above, we may without loss of generality suppose that w € L*(M). Pick
some open neighborhood U of x¢ and some conic neighborhood I'1 of & in R” \ O such that
(U x I') N WF(w) = @. Let us suppose for the moment that we already know that, setting
u(s,x) = cos(s\/K)w, we have

(12)  Fso>0: (U x ) N{(x, &) | 3s, |s| <s03t: (s, x;7,&) € WFu)} = 9.
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Then, given x € D(U) and v € D((—so, o)), for each / € N there exists some C; > 0 such
that

(@)W T, Ol <+l +1ED (teR, Eel).

Thus for/ > n and |s| < sg we obtain
W) (- uls, N E|=1FL, (0@ )w €, 1)

Cidr _
= 0((1 .
f<1+|r|+|5|)’ @+

In addition, we now choose ¢ such that 2c < sp (which is possible by Lemma 3.5) and
v € D((—s0, s0)) such that v = 1 on supp@.. Then for § € I7,

(¢ - o (w)e) (€)= ‘ /R G () (Fe) ™ (5)v(s) /R ) e x (uls, x) dx ds

=0((1+IED7h.
Thus, (x0, &) & WF4 (7 (w)), as claimed.
It remains to establish (12). To this end, denote by § the bicharacteristic flow on 7*(R x
M) corresponding to 83 + A. Since u is the solution to (3)—(4) with ug = w, by [10], p 118,
WF(u) € Cy o WF(w), where
Co = {((s, x; 7, §), (x0,80)) | Ar, 0o € R: (5, x; 7, &) = B(r, (0, x0, 70, §0))
A =73 + g5 (0. §0) = 0}

B is the flow of the Hamiltonian vector field of the symbol —72 + g, (&, £), so the correspond-
ing system of ODEs reads

s(ry = =2t(r)
x(r) = 2gx¢r) (&), )
t(r)y =0

E(r) = =Dg(x(n)(E(r), £(r)) .
Denoting by B; the i-th component of 8, it follows that
Co = {((s, x; 7, 8), (x0,%0)) | T = 10 = £/ gxo (0, &0), s = —2r70,Ir e R:
(x, &) = (B2, Ba)(r, (0, x0, T0, §0))} »
and, since WF(u) € Co o WF(w),
WE(u) C {(s, x; 10, &) | T0 = £/ g (60, 80), s = —2r70,Ir e R:
3(x,&) €e WF(w)3r e R: (x,8) = (B2, Ba)(r, (0, %, 70, €))} .

By continuity of 8 and the fact that (U x I'1) N WF(w) = @, (12) follows. d
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Summing up, we obtain

THEOREM 3.11. The family (Ts(v/A))ee; defined by (7) is an optimal regularization
process. The corresponding embedding

it : D'(M) = G(M)
i) = [(Te(VA)u)]

is an injective sheaf morphism that renders C°° (M) a subalgebra of G(M). 17 commutes with
isometries and pseudodifferential operators that commute with A. Moreover, it preserves the
singularity structure (wavefront set) of distributions.

REMARK 3.12. We note that while Th. 3.11 is formulated using the language of alge-
bras of generalized functions, it can also be used independently of this theory. For example,
on the level of regularizing nets, preservation of wavefront sets under (7 means that the wave-
front set of a distribution w € D’(M) can be read off from the asymptotic properties of its

regularization (Tg(\/K) (w)) via (2), and similar for the other properties.

4. Distributional sections of a vector bundle

In this section we consider the problem of regularizing distributional sections of a vector
bundle over a manifold. We shall provide a notion of optimal regularization and show that
given a differential operator D satisfying two simple conditions, we can always obtain such
regularizations.

Let | A|M denote the density bundle over M. Then for E* the dual vector bundle of some
vector bundle E, the space of distributional sections of E is given by D'(M : E) := I'°°(M :
E* ® |A|M)’. In particular we have a natural inclusion '*°(M : E) — D'(M : E). By
choosing a trivialization of the density bundle |A|M, for example by choosing a Riemannian
metric, and by choosing a Hermitian inner product on E to identify with E* we can (non-
canonically) identify D'(M : E) with I'°°(M : E)'. In the sequel we shall assume that we are
given a Riemannian metric on M and a Hermitian inner product on E. We similarly define
the space £'(M : E) of compactly supported E-valued distributions.

By a smoothing operator on E we shall mean an operator defined by a kernel in I"*° (M x
M : End(E)®ARg)'. Thenif T is a smoothing operatorthen 7 : £&'(M : E) — I'™*(M : E).

Having fixed our notations we shall define optimal regularization processes for distribu-
tional sections analogous to Def. 3.1.

DEFINITION 4.1. A parametrized family (7;)ce; of properly supported smoothing op-
erators is called an optimal regularization process if

ITo be precise, let wy, mp : M x M — M be the left and right projections on M. Then End(E) := ﬂ;(E > ®
7y (E)and AR = mg|A|M.
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(A) The regularization of any compactly supported distributional section s € £ (M :
E) is of moderate growth: For any continuous seminorm p on I"°°(M : E), there
exists some integer N such that

p(Tes) = O(Y) (6 —0).

(B) The net (T:) is an approximate identity: for each s € &'(M : E),

limT,s =s inD'(M:E).
e—0

(C) Ifu € I'’>(M : E) is a smooth compactly supported section of E then for all
continuous seminorms p and given any integer m,

p(Teu —u) = 0(™).

(D) Theinducedmap iy : £'(M : E) — G(M : E) preserves support, singular support
and the wavefront set. In particular,

(DM :E)NG®M:E)=T®M: E).

In the following section we shall describe the precise requirements on a differential op-
erator D that would provide us with the functional calculus necessary for the construction of
an optimal regularization.

4.1. Admissible operators. Let E — M be a vector bundle over a complete Rie-
mannian manifold M provided with a Hermitian inner-product ( )g. We shall denote by
L%*(M : E) the completion of the compactly supported sections I'>°(M : E) with respect to
the norm

IIs]| := /M(s(x),s(x))de ser>™(M:E).

DEFINITION 4.2. Let D be a symmetric first order differential operator on E. We shall
assume that

(1) The operator D has finite speed of propagation, that is the norm of the principal
symbol over the unit sphere is bounded by a constant Cp,

Cp = sup{llop(x,&)|l | x € M, ||§]| =1} < 0.

(2) The operator D is elliptic.

Such a differential operator D shall be called admissible operator.

As a consequence of the finite speed of propagation, D is essentially self-adjoint. There-
fore the equation

a
(13) Eu:iDu, u(.,0) =up
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has a unique solution for all times ¢ for any initial datum ug € I'°°(M : E). Uniqueness
follows from energy estimates, while existence is seen by applying functional calculus to note
that ¢’ Puy is a solution.

Furthermore, for a Schwartz function F € .#(R) the Fourier inversion formula gives
that

(14) F(D) = i/ E(s)e*Pds
2

—00

(with respect to the strong operator topology).

As already noted, if u is supported in a set L then ¢/

This has the following consequence:

u is supported in the ball B¢, (L).

LEMMA 4.3. If F € Z(R) is a Schwartz function such that Fis supported in an
interval (—c, c) then, for any u € L2(M 1 E),

supp(F (D)u) C Bc,,.c(supp(u)) .

On the other hand the ellipticity of D insures that the operator defined by applying a
Schwartz function F to D is necessarily a smoothing operator.

Let as before F be an even Schwartz function in .%’(R) such that F = 1 near the origin.
Let F¢(x) := F(ex). Our main result in this section is

THEOREM 4.4. Given an admissible differential operator D and a Schwartz function

F as above the family of operators (F¢(D)):cj provides an optimal regularization process in
sense of Def. 4.1.

The next two subsections provide the arguments for the proof.

4.2. Weyl’s law and functional calculus. In this subsection we shall assume that M
is compact. In this case any symmetric operator D is essentially self-adjoint. In addition the
operator D? is a positive elliptic operator by assumption and hence Weyl’s asymptotic formula
for eigenvalues gives

dim(M)
—2

(15) Np2 (1) :=#{A; € sp(D?)| A <A}~ Ch
Then the following can be obtained by applying (15).

LEMMA 4.5. Let D be an elliptic self-adjoint differential operator of order 1 and let
M be compact. Then for a Schwartz function F on R with F = 1 near the origin we have:
(A) Given a smooth sectionu € I'(M : E)

| Fe(D)u — ullp2pp.p) = O(e™)  forall meZ.
(B) Ifs & HX(M : E) for every k > t then given any § > 0, | Fe(D)s|l 2(m:E) is not

dim M
O™ T 19 Inparticular,

tr.(0y(D'(M : E))NG™®(M : E) =T*(M : E)).



44 SHANTANU DAVE, GUNTHER HORMANN AND MICHAEL KUNZINGER

(C) For every distributional section s the regularization (F;(D)s) is moderate.

The proof of the above Lemma can be found in [7]. This result is precisely due to the
fact that D? is a positive elliptic operator. We still need to prove that the microlocal properties
hold true for our regularizations F. (D). These turn out to be precisely due to the finite speed
of propagation of D.

4.3. Finite speed of propagation and localization. We now return to the general
situation where M is a complete Riemannian manifold not necessarily compact.

Recall that if X is a compact manifold with boundary then one can obtain a double of X,
denoted here by DX by gluing two copies of X along the boundary 0X (e.g., [24], VI 5.1).
Now if X is a compact manifold with boundary embedded in a Riemannian manifold M of
the same dimension and if U is an open subset of M such that U C interior(X), then one
can choose a Riemannian metric on DX so that the inclusion j : U < DX is an isometry.
Furthermore it is clear that given any vector bundle E — M there exists a vector bundle
Ex — DX such that Ey restricted to U is canonically isomorphic to E|y. At the same time
there exists a symmetric elliptic operator Dy on Ey that matches up with D on U.

We fix a compactly supported distributional section u € &'(M : E) and a constant
¢ > 0. Since M is complete the open ball U := Ba..c,, (supp(u)) is relatively compact and
is contained in a compact manifold with boundary X € M. Now u can be identified with a
distributional section of a vector bundle Ex — DX.

PROPOSITION 4.6. With assumptions on u, c and F as above, let us further assume

that the Fourier transform F(s) is supported in an interval (—c, ¢). Then F(D)u and F (Dx)u
are both supported in U and

F(D)u = F(Dx)u.

PROOF. Since the operators D and Dy restricted to the open set U coincide, the

isD

uniqueness of solutions to the equation (13) implies that ¢/*Pu and e/*PXy agree for s < c.

The statement therefore follows from the Fourier Inversion Formula (14). O

We can now finish the proof of our main result.

PROOF OF THEOREM 4.4. First we note that given any cutoff function ¢ (s) supported
in an interval (—c, ¢) such that ¢ = 1 near the origin, and any compactly supported distribu-
tional section u,

o L
[Fe(D)u] = [Z/ () F.(s)e'*Pu ds]

- []*(% /_qu(s)ﬁe(s)e”[’w ds)]

inG(M : E).
With this observation it is clear that:
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(1) All estimates for Definition 4.1 follow from Lemma 4.5.
(2) The support of u coincides with the generalized support of [ Fz (D)u]. This implies
that the embedding extends to a sheaf morphismip, : D'(M : E) - G(M : E).
(3) Since wave-front sets are defined locally, our embedding ¢, preserves wavefront
sets by Th. 3.10.
(]

REMARK 4.7. From the proof one notices that a second order positive elliptic differen-
tial operator A on sections of E also provides us with an optimal embedding F; (A) provided

that the solution operator to the wave equation (3), namely cos(s+/A) propagates support at
a finite speed. Thus in particular if 7] (M) denotes the tensor bundle on M and g a complete
Riemannian metric on M the induced Laplace operator Af provides an example of such an
operator.

4.4. Isomorphisms between vector bundles. Let¢ : E; — E3 be an isomorphism
of Hermitian vector bundles (preserving the inner product). Given any admissible differen-
tial operator D; on sections of E; the push-forward D, := ¢D¢~! is also an iso-spectral
admissible differential operator. In particular, for any Schwartz function ' we have

F(Dy) = ¢F(D)p .

The extension of ¢y : I'°(M : E1) — I'*°(M : E») to the generalized sections, ¢, : G(M :
E1) - G(M : E;) commutes with the geometrical embeddings F; (D7) and Fy (D).

Thus for example if 71 + s1 = rp + s then the Riemannian metric provides an isomor-
phism g : 7' (M) — T,?(M) that pushes Agl to Ag2. Hence the corresponding functional
calculus embedding commutes with the lowering or raising of indices.
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