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ABSTRACT. The general aim of this mini-course is to show how the mod-
ern theory of valuations can be used in order to extend classical curva-
ture notions (in particular scalar curvature) from (pseudo-)riemannian
manifolds to certain singular, but tame sets.

The course consists of three lectures. In the first lecture, we intro-
duce several classes of singular subsets of euclidean space or of manifolds:
convex sets, sets of positive reach, manifolds with corners, differentiable
polyhedra, semialgebraic and subanalytic sets, sets definable in some
o-minimal structure. The main point is that such sets, although being
singular, are tame enough to admit an Euler characteristic. We also
introduce the normal cycle of such sets.

In the second lecture, we introduce intrinsic volumes in the eu-
clidean/riemannian setting. The tube formulas by Steiner and Weyl
will be discussed, as well as the modern valuation-theoretic approach to
Weyl’s principle. A special emphasis will be given to the total scalar
curvature (Einstein-Hilbert functional), which is one of the intrinsic vol-
umes. It can be linked to curvature bounds in the sense of metric geom-
etry (Alexandrov spaces). Moreover, the classical first variation formula
for the total scalar curvature can be extended to the singular setting
and yields a distributional Einstein tensor of singular spaces.

In the third lecture we explore how much of this theory carries over
to the pseudo-euclidean and pseudo-riemannian case. In these cases,
one needs generalized valuations, and I will spend some time explaining
this notion. It turns out that one can still define intrinsic volumes,
which are complex-valued generalized valuations. They satisfy a pseudo-
riemannian version of the Weyl principle. This lecture will be followed
by D. Faifman’s talk, where an extension to generic submanifolds of
pseudo-riemannian manifolds is discussed.
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CHAPTER 1

Lecture I: Tame sets and smooth valuations

1. Families of tame sets

In the first section we introduce different classes of sets. The sets may
be singular, but "tame” enough to admit for instance a Euler characteristic.
Examples of sets that are not tame are fractals. For each class of tame sets,
a notion of normal cycle is available that makes it possible to define certain
curvature measures of such sets. This will be the content of the second
lecture.

Definable in o-
minimal structure
ubanalytic sets

| Finite unions of positive reach |
0 Semialgebraic sets|
Positive reach \ /

\
sets

Differential polyhedra
Manifolds with corner

Manifolds with boundary

|

1.1. Manifolds with boundary or corners, differentiable poly-
hedra. A manifold is locally modelled on R": the charts are maps ¢ : U —
o(U), where ¢(U) < R™ is an open set. Moreover, the coordinate change is
smooth. A manifold with boundary is locally modelled over the half space
R? = {(z1,...,2,) € R" : x, = 0}. The boundary of M is then the set of
points that get mapped to the boundary of R, and one can show that this
property is independent of the coordinate chart. A manifold with corners
is locally modelled over the octant {(z1,...,zy) € R™ : x1,..., 2, = 0}. It
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6 1. LECTURE I: TAME SETS AND SMOOTH VALUATIONS

admits a stratification by types, where the type of a point is determined
by the number of zero coordinates. Finally, a differentiable polyhedron is
locally modelled over a polyhedron in R™. It also admits a stratification
by types, where the type is determined by the dimension of the face of the
polyhedron.

1.2. Convex sets and sets with positive reach. Let V be a finite-
dimensional real vector space. By K(V') we denote the set of all compact
and convex bodies in V. Given a euclidean scalar product on V with unit
ball B, we can define the Hausdorff distance between K, L € (V') by

d(K,L)=inf{e >0: K c L+ eB,L c K + eB}.

The corresponding topology on K(V') is independent of the choice of the
scalar product. The space (V) is closed under Minkowski sum

K+L={zx+y:zxeK,ye L},

under intersection, and under projections. It is not closed under union. We
refer to [24] for a detailed study of compact convex sets.

The set consisting of finite unions of compact convex bodies is closed un-
der finite unions and intersections. Note however that the Hausdorff topol-
ogy is not well suited in this case: take the boundary of a small square,
which is the union of 4 segments, hence a finite union of compact convex
bodies. As the side of the square tends to zero, the set converges to a point.
However, the Euler characteristic of the boundary of a square is that of a
circle, i.e. 0, while the Euler characteristic of a point is 1.

Federer has introduced the sets of positive reach.

DEFINITION 1.1. Let V' be a euclidean vector space of finite dimension.
A set P c V is called set of positive reach if there is some r > 0 such that
each point x € V whose distance to P is less than r has a unique foot point
in P. The supremum over all such r is called the reach of P.

Although the reach of P depends on the choice of the euclidean scalar
product on V', the property of being of positive reach does not. More gen-
erally, one can define this notion on a riemannian manifold (or even in any
metric space). A theorem by Bangert says that the image of a set of positive
reach under a diffeomorphism is again of positive reach, in particular the
notion ”set of positive reach” is independent of the riemannian metric.

Every compact convex body is a set of positive reach, its reach is actually
+00. Every compact submanifold (possibly with boundary or corners) and
each differentiable polyhedron is of positive reach. The union X of two lines
is not of positive reach.

To a set of positive reach, one can associate principal curvatures that
depend on a point of the set and a normal direction of that point. These
curvatures can take the value +00 (e.g. in the case of a corner), but not —oo
[31]. Sets of positive reach are not closed under projections: take two lines
in R? that do not intersect, such that their projections in R? intersect.
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Finally, one can consider also finite unions of sets of positive reach [22
30, 23].

1.3. Semialgebraic sets, subanalytic sets, o-minimal structures.
We refer to [9] for semialgebraic sets and real algebraic geometry.

DEFINITION 1.2. A semialgebraic subset of R™ is a finite union of sets
of the form

(¢ e R fi(2) = ... = fil2) = 0,01(2) > 0., () > 0}

where f;, g; are polynomials.

Example: the semialgebraic subsets of R are precisely the finite union
of intervals.

By definition, finite unions of semialgebraic sets are semialgebraic and
it is easy to see that finite intersections are semialgebraic again. The com-
plement of a semialgebraic set is again semialgebraic: it is enough to check
this for a set of the form

{weR|fi(2) = ... = file) = 0,q1(a) > O,..., gm(z) > O},

whose complement is

l
| J{Fi@) > 0} v {=fi(x) > 0} U U{ g;(x) > 0} U {g;(x) = 0}.
i=1

Semialgebraic sets are in general not of positive reach, and convex sets
or sets of positive reach are in general not semialgebraic (however, there are
important classes of sets that are convex and semialgebraic, like spectahe-
dra).

THEOREM 1.3 (Tarski-Seidenberg). Let m : R® — RF be the projection
onto the first k coordinates. If X = R™ is semialgebraic, then m(X) < R¥ is
semialgebraic.

The theorem can be stated in model theoretic terms: semialgebraic sets
are those sets that are definable by a first order formula involving quanti-
fiers (over R), and polynomial equalities and inequalities. For instance, the
closure of a semialgebraic set is semialgebraic again, as it can be expressed
as

S={yeR":Ve>03reS:|y—x| <e}.

DEFINITION 1.4. A semianalytic subset of R™ is a finite union of sets of

the form

{reR"|fi(z) =...= filr) =0,91(x) > 0,...,gm(x) > 0}
where f;,g; are real analytic functions (meaning that in a neighborhood of
each point, they agree with their Taylor expansion).

This class is closed under finite unions, finite intersections, and comple-
ment. However, it is not closed under projection.
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DEFINITION 1.5. A set X < R" is subanalytic if there is some N > n
and a semianalytic set Y < RY such that X = n(Y).

It is obvious that a semialgebraic set is semianalytic, and a semiana-
lytic set is subanalytic. See [8] for more information on semianalytic and
subanalytic sets.

A generalization is given by o-minimal structures. We refer to [26] or
[27].

DEFINITION 1.6. An o-minimal structure is a sequence Sy, St,... such
that

(1) Sy, is a Boolean algebra of subsets of R™ (i.e. closed under finite
unions and intersections, and under complement).

(2) If A€ S,,,Be Sy, then A x B€ Syim.

(3) Real algebraic sets in R™ belong to Sy,.

(4) If X € Sp41, then w(X) € Sy, where m is the projection onto the
first n coordinates.

(5) S1 contains precisely the finite unions of intervals.

A set belonging to some Sy, is called definable.

Examples

(1) The semialgebraic sets define an o-minimal structure. Every other
o-minimal structure contains this one.

(2) The subanalytic sets do not form an o-minimal structure ({z €
R : sin(z) = 0} is not a finite union of intervals). However, glob-
ally subanalytic sets (i.e. sets that are subanalytic in RP") form
an o-minimal system. Alternatively, one can only allow restricted
analytic functions (i.e. functions on [0,1]" that are analytic in a
neighborhood of the cube) in the definition of semianalytic sets.
This gives the same o-minimal structure.

(3) The sets that can be defined using polynomials, the exponential
function, and quantifiers over the reals, such as

{(z,y) eR?:32zeR €% < +yz}
are an o-minimal system.

We will need two ways of decomposing a definable set into easier pieces.

THEOREM 1.7. Let X be definable in some o-minimal structure. Then

(1) X admits a Nash stratification, that is X = |J S, where each S,
is a definable connected subvariety such that if So N Sg # & for
a # B, then S, Sg and dim S, < dim Sg. We let Sq be the union
of all strata of dimension d.

(2) X can be written as a finite disjoint union of definable sets that are
(definably) homeomorphic to some open cube (0,1)%.

It follows that one can define the Euler characteristic of a compact de-
finable set X by x(X) = >;(—1)%ng, where n, is the number of cubes of
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dimension d. In the non-compact case, one can define two different versions
of the Euler characteristic (corresponding to cohomology or to cohomology
with compact support). We will restrict to the compact case.

COROLLARY 1.8. The Euler characteristic is finitely additive in the sense
that if X, Y are compact definable sets, then

XX 0Y) +x(X nY) = x(X) + x(Y).

1.4. PL-sets. Let K be a simplicial complex. To each simplex ¢ in K,
we associate a simplex & of the same dimension in some euclidean space.
If o/ < o, then the corresponding map ¢’ — & should be an isometric em-
bedding. The corresponding metric space X is called a PL-space (piecewise
linear). Intrinsic volumes of such spaces were considered in [14].

2. Normal cycle construction

Let K be a compact convex body in a vector space V. A support element
is a pair (z, H), where z € 0K and H is a support plane of K at xz. This
means that H is a cooriented hyperplane such that K is contained in the
negative closed affine half-space x+ H_. Let us assume that V is a euclidean
vector space. If y € V\K, then there is a unique foot point x € K closest
to y. Then z together with the hyperplane (y — )", oriented in such a way
that y € x + H,, is a contact element. If we identify H with the unit vector
orthogonal to H and pointing in the positive direction, we can think of a
contact element as an outward pointing normal vector of 0K. However, the
notion of a contact element (z, H) does not use a euclidean scalar product.

Let Gr,' (TV) be the set of all pairs (z, H) with z € V and H < V
a cooriented hyperplane. Note that this is a smooth manifold, in fact the
product of V' and the Grassmann manifold of cooriented hyperplanes.

The set Nor K of all contact elements is an oriented Lipschitz subman-
ifold of Gr;! | (T'V) of dimension (n — 1): consider the set K, of all points
y € V with distance to K equal to some fixed r > 0, and map y to the
contact element that we have described above. If r is chosen at random
(outside some set of measure zero of critical values, cf. Sard’s theorem),
then K, is a Lipschitz manifold, so we have a Lipschitz parametrization of
Nor(K).

We think of Nor(K) as an (n — 1)-dimensional current, i.e. a functional
on the space Q" 1(Gr,}_|(TV)) of differential (n — 1)-forms on Gr,_,(TV).

DEFINITION 2.1. Nor K is called the normal cycle of K.

It is easy to check that Nor(K) is indeed a cycle, i.e. vanishes on exact
forms.

LemMA 2.2. If K, L are compact convex bodies such that K u L is convex
as well, then

Nor(K u L) + Nor(K n L) = Nor(K) + Nor(L).
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DEFINITION 2.3. A functional p : (V') — R of the form

w(K) = J o+ f w, ¢eQ(V),we Q" 1 Gr} (TV))
K Nor K
1s called a smooth valuation.

COROLLARY 2.4. A smooth valuation u is finitely additive in the sense
that
(K U L)+ (K n L) = p(K) + pu(L)

whenever K, L, K U L are compact conver sets.

A functional p that has this property is called a valuation. Valuations
on polytopes were first used by Dehn in his solution of Hilbert’s 3rd prob-
lem. They were highly non continuous (and hence not smooth). In integral
geometry, the space Val of translation invariant, continuous valuations plays
an important role. The subspace of smooth valuations is dense and carries a
lot of algebraic structure (a product satisfying a version of Poincaré duality,
a version of the Hard Lefschetz theorem, a convolution product, a Fourier
transform relating product and convolution...).

IMPORTANT FACT 2.5. For each class of tame sets described above, there
is a mormal cycle construction. In particular, a smooth valuation p can be
extended to such tame sets by setting

ulX) = JX - fNorX “

In the case of sets of positive reach, the construction is as for convex
bodies, except that r should be chosen smaller than the reach of X. In
the case of semialgebraic sets or sets belonging to an o-minimal system, one
has to use stratified Morse theory to attach certain integer multiplicities to
contact elements in such a way that the resulting current is a cycle, see [11].



CHAPTER 2

Lecture II: Curvatures of tame sets

1. Steiner’s formula

Let w; denote the volume of the i-dimensional unit ball.

THEOREM 1.1 (Steiner [25]). Let V' be a euclidean vector space of di-
mension n and K € (V). Then there are real numbers po(K), ..., pn(K)
such that the volume of the r-tube around K is given by

vol(K +rB) = Z e (K )wp ™.
k=0

The i, i = 0,...,n are continuous valuations, called intrinsic volumes.
Moreover, if V. W is an isometric embedding, then MkW‘V = u}cf (with
the convention that N/‘c/ =0ifk>dimV).

Examples:

e 1o(K) = 1. For reasons that will become clear afterwards, pug is
called Euler characteristic.

o 1un(K) = vol(K).

o fin—1(K) = 3 vol,_1(0K).

e If the boundary of K is smooth, then

1
J O'n_l_k(l')dlj,
0K

/‘Lk(K) = (Tl — k)wn—k‘

where 0,,_1_x(x) is the (n—1—k)th elementary symmetric function
of the principal curvatures at .

Let Val denote the vector space of continuous translation invariant val-
uations on K(V'). This is an infinite-dimensional space, in fact a Banach

150(n)

space. Let Va be the subspace of rotation invariant elements. Clearly

Uk € Valso(”).
THEOREM 1.2 (Hadwiger [19]). The vector space ValS©()
HOy - -+ s fons I particular it is of dimension (n + 1).

1s spanned by

It is rather easy to show that the pi are smooth valuations in the sense
of Definition 2.3 (just write down the translation- and rotation invariant dif-
ferential forms on the sphere bundle). It follows that they can be evaluated
on any tame set. There are also tube formulas in this setting, but one has

11



12 2. LECTURE II: CURVATURES OF TAME SETS

to be careful about multiplicities. As an example, let X < R” be a compact
semialgebraic set. Then

n
f X(X n B(z,r))dx = Z pi (X)) wp_ ™ F,
" k=0
Note that the left hand side is just the volume of the r-tube if X is convex.
We will also need a local version of Steiner’s formula. Let U < V be a
Borel subset. Inside the r-tube K + rB, consider only those points whose
foot points on K belong to U. Then

vol(K + rB) n ™ '(U)) = ), ®x(K, U)wn_pr™F,
k=0
and the coefficient @ (K,U) is called Lipschitz-Killing curvature measure.
For fixed K, the map U — @, (K,U) is a measure.

2. Weyl’s tube formula and enhanced Weyl’s principle

THEOREM 2.1 (Weyl [29]). Let M < RY be a compact submanifold of
dimension n, possibly with boundary. Then the volume of the r-tube around
M s given, for small r > 0, by a polynomial

VO]N(MT) = Z uk(M)wN_kTNik.
k=0

The uy (M) do not depend on the embedding, but only on the inner geometry
of the Riemanian manifold (M, g).

Examples: Suppose that oM = (.

o po(M) = x(M).

o (i (M) = vol,(M).

o Important: fi,—2(M) = 4 §,, sdvol, the total scalar curvature of
M. Recall that it plays an important role in GR (Hilbert-Einstein
functional).

o up(M)=0if (n—k) is odd (if M has a boundary, there are bound-
ary contributions, depending on the second fundamental form of
the boundary).

e (1;:(M) can be written as the integral over some (rather compli-
cated) polynomial in the Riemann curvature tensor of (M, g).

e (;:(M) is a spectral invariant of the Laplacian acting on differential
forms [16]).

Let X € M be a tame set. For instance, X may be of positive reach,
a manifold with corners, or - in case M is real analytic - a subanalytic
subset. We use Nash’s embedding theorem to find an isometric embedding
t:(M,g) — RV for some N. ¢ X is then a tame subset of RY and as such
it has intrinsic volumes 15 (:X). We set 2 (X) := pp(:X). One can then
show that this is independent of the choice of . The functional X — u2(X)
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is a smooth valuation in the sense below. Similarly, given X and a Borel
subset U = M, we can define @} (X,U) := ®;(.X,:U). This is a smooth
curvature measure in the sense below.

Let Gr! (TM) be the fiber bundle over M such that the fiber over a
point p € M is the Grassmannian of cooriented hyperplanes in 7),M. In the
case of a riemannian manifold, this can be identified with the sphere bundle
over M.

The normal cycle construction from the previous talk extends to this
situation and gives an (n — 1)-dimensional cycle in Gr;|_,(T'M).

DEFINITION 2. 2 Let P(M) some class of compact tame sets on M. A
functional p : P(M) — R is called a smooth valuation if it can be written as

f ¢+ j w, ¢eQ(M),we Q" NG (TM)).
Nor(P)

The space of smooth wvaluations is denoted by V(M). A functional ® :
P(M)xB(M) — R is called a smooth curvature measure if it can be written
as

O(P,U) = f ¢+J W, GO (M),we QY (Crh (TM)).
PAU Nor(P)nm—1(U)

The space of smooth curvature measures is denoted by C(M).

PROPOSITION 2.3 ([17]). The intrinsic volumes on a riemannian man-
ifold are smooth valuations.

Examples: p)!(X) = x(X). Actually Chern in his intrinsic proof of
the Chern-Gauss-Bonnet theorem [15] proves that x is a smooth valuation
(without using this terminology of course).

Given an isometric embedding M — N of manifolds, there is an obvious
restriction map V(N) — V(M).

THEOREM 2.4 (Enhanced Weyl principle). o If (M,g) — (M,g)
18 an isometric embedding, then ,u]k\/[]M = uﬂ”.

o Conversely, let p be a functor that associates to each riemannian
manifold a smooth valuation ¢™ such that ¢M |y = ¢™ whenever
(M,g) — (M, §) is an isometric embedding. Then there are con-
stants ¢y, such that

0
w= Z Ck -
k=0

3. The scalar curvature measure of an o-minimal set

The three main curvature quantities on a riemannian manifold are the
sectional curvature, the Ricci curvature and the scalar curvature. There have
been different attempts to generalize such quantities to certain singular sets.
A well known theory is the metric approach to (lower and upper) sectional
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curvature bounds by Alexandrov, Toponogov, Burago, Gromov, Perelman
and many others [10, 12, 13]. The key idea is to do compare triangles in a
metric space with triangles in a model space of constant sectional curvature.
Concerning Ricci curvature, the basic setting is that of a metric measure
space, and (lower) Ricci curvature bounds are expressed using convexity
properties of optimal mass transport (see for instance [21, 28]). Inspired
by Weyl’s principle, we use integral geometry to define a notion of scalar
curvature measure on tame sets.

Recall that on an n-dimensional riemannian manifold, the (n — 2)nd
Lipschitz-Killing curvature measure is given by ®,,_o(M,U) = ﬁ SU sdvol.
This suggests that scal(X,e) := 47®,_5(X,e) may be a candidate for a
scalar curvature measure on a tame set X.

THEOREM 3.1 ([3]). Let X < RY be an n-dimensional semialgebraic set
(or definable in some o-minimal structure) with a Nash stratification as in
Theorem 1.7. Then for Borel subset U c RY

scal(X,U) = Zj s(z)dvol,(x) + 2 Z J tr(I1,)dvol,—1(x)
Ses, VSnU Ses,_, vOnU

1 X
+ 4r Z f < + (—1)"w - Hn(x)) dvol,_o
Sesn72 SnU 2 2

Here tr(I1;) is the sum of the traces of the fundamental forms at x of
all n-dimensional strata that contain S in their boundary, Xioe(X,z) =

X (X, X\{x}) is the local Euler characteristic, which is constant along the
vol, (XnB(z,r))

wnr™

stratum, and 6(z) := lim,_, is the density of X at a point x.

On a riemannian manifold with sectional curvature K > k (or K < k),
the scalar curvature is bounded from below (or above) by xkn(n — 1). This
can be generalized to semialgebraic sets in the following way.

A semialgebraic subset of RY has the induced metric, but it has also an
induced inner metric. The distance between two points is the infimum over
the length of curves joining them.

THEOREM 3.2 ([3, 4]). (1) Let X be a compact connected semial-
gebraic set which is an Alexandrov space with curvature bounded
below by k € R for its inner metric. Then

scal(X, o) = kn(n — 1) vol.

(2) Let X be a compact connected semialgebraic pseudo-manifold which
is a space with curvature bounded from above by k (i.e. locally a
CAT(k)-space), then

scal(X,e) < kn(n — 1) vol.
The word pseudo-manifold means that there exists a triangulation with

certain good properties that make the local topology at each point of S look
like a manifold. In particular, the number of n-dimensional strata meeting in
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an (n—1)-dimensional stratum is always 2, and the local Euler characteristic
at each point is 1. Finally, saying that one signed measure is smaller than
another means that the difference is a positive measure.

On a riemannian manifold, a lower Ricci curvature bound Ric > kg
implies a lower scalar curvature bound s > nx. It is not known whether a
synthetic lower Ricci bound on a semialgebraic set implies a lower bound on
the scalar curvature measure.

4. Hilbert-Einstein functional

Let (M, g) be a compact riemannian manifold of dimension n with scalar
curvature s and volume form vol. Let g;,t € (—¢,€) be a variation of the
metric, with A := %hzogt, which is a symmetric bilinear form, not neces-
sarily positive definite. Let s; and vol; be the scalar curvature and volume
form of (M, g;). Then

d f S
—|t=0 s¢d vol =f h,ric — =g ydvol.
at IVl M< 2 >

The tensor E = ric — §g is the Einstein tensor. We want to generalize
this formula to tame sets. For this, let (M, g) be a riemannian manifold of
dimension m and X < M be a fixed tame set of dimension n. Let g; be
a variation of the riemannian metric as above. Since p ,(X, ) is up to a
multiple a good candidate for the scalar curvature measure of X, we can

(X ).

Ter A
consider 7 | 1o M,

THEOREM 4.1 (Variations of intrinsic volumes, [5]). For each riemann-

ian manifold (M, g) and each compactly supported symmetric bilinear form

h on M, there exists a smooth valuation /L,(CM’g)’h on M such that for all

compact tame sets X < M.

d M,g+th M,g),h
Jleon M) = 0N (X).

For fized X, the map h — u,gM’g)’h(X) defines a generalized section of the

vector bundle of symmetric bilinear forms on M (wait for the next lecture
to see the definition of a generalized section).

For example, if X is n-dimensional and if the support of h is contained
in an n-dimensional stratum S of X, then

1
(MDh x) f (h, ric — §g>dvol,
S

T 4r

However, at lower dimensional strata, there are contributions that are not
smooth symmetric bilinear forms, but generalized ones.






CHAPTER 3

Lecture III: Pseudo-riemannian case

1. A quick reminder on generalized objects

We follow [1]. Let X be a smooth manifold of dimension n. Let C*(X)
be the Fréchet space of smooth complex valued functions on X. Let M*(X)
be the Fréchet space of smooth complex valued measures on X. By a sub-
script ¢ we denote the elements with compact support. We then have a
map

C(X) % ME(X) = C.(f) = | fu
that induces an injection with dense image
CH(X) = MZ(X))* =: CT7(X).

Elements of the space on the right hand side are called generalized functions.
Similarly, there is a map

CE(X) % MP(X) = C.(f) = | fu
that induces an injection with dense image
M*(X) = (CX(X))" = M™*(X).

Elements of the space on the right hand side are called generalized measures.
For example, given = € X, the Dirac delta do(f) := f(0) is a generalized
measure, not a generalized function. But we can also define a generalized
function by setting do(fdx) := f(0). Sometimes the word distribution is
used for either of the two notions, but it may lead to confusion so we try to
avoid it. In the case of X = R", one can identify functions and measures
by f — fdxi A ... A dx,, but such an identification is not possible on a
manifold without extra structure (such as riemannian metric).

In general, the product of two generalized functions is not well-defined.
However, under some conditions on the singularities of the functions involved
(in terms of microlocal analysis, wave front sets) it is possible to define their
product. Similarly, we can not, in general, restrict a generalized function to
a submanifold, but under some conditions it is possible.

More generally, let £ — X be a finite-dimensional vector bundle over X.
Let |wx| be the line bundle of densities on X (the fiber at a point x is the
space of Lebesgue measures on 7, X ). Then we have a pairing

CP(X,&) x CP(X,E* ®|wy]) — R,

17
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just pair an element of £, with an element of £, and integrate the remaining
density over X. The induced map

CP(X,E) = (CP(X, & ®|wy]))* =: CTF(X,E)

is continuous, injective, and has dense image. Elements of the space on the
right hand side are called generalized sections.

2. Homogeneous generalized functions on the real line

We refer to [18] and [20, Section 3.2] for the material in this section.
Recall that the Dirac function dy satisfies

G, fl@)dry = (1) £9)(0).

Given z € R, we write * = 2, — z_ with x4 = max(0,2),z_ =
—min(0,z). Let s € C with Res > —1. Then the function z7 is locally
integrable and defines a generalized function on R. It is well-known that z%
extends to a meromorphic family of generalized functions with simple poles
at s = —1,—2,.... Explicitly, if -k — 1 < Res < —k,k € N and ¢ € CX(R),
then

w L 40(0)
whola)day = [ (¢<ix>—2<i1>l‘f’ f‘”w@) ()

i=0 !
and
5(()k—1)
(k-1 (2)

Similarly, the locally integrable functions given by |z|* := 2% +2* , sign(z)|z|® :=
x5 —a? for Res > —1, extend to meromorphic families of generalized func-
tions. The poles and residues are given by

Res,—_p o5 = (?Ll)k_1

526-2)
s __ 0
Resg—_op41|2]® = 2m (3)
§52k=1)
Resg—_op sign(z)|x|® = —2%. (4)

3. Generalized valuations

A key feature of the space V(M) of smooth valuations on a manifold is
the existence of a product structure satisfying a version of Poincaré duality.
The formal definition/construction is involved and we will not give it here.
To get an idea, we consider a special situation. Let

$i(X) = j (X AYi)dmy(Yi), =12,
P(M)
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where m; is a signed measure on P(M). Then (under some conditions), we
have

¢1 - Pp2(X X(X N Y1 nYa)d(my x ma)(Y1,Ya).

-]
P(M)xP(M)
PROPOSITION 3.1. (1) The product is commutative and associative.
(2) The Euler characteristic is the unit element.
(3) If M is riemannian, then the intrinsic volumes satisfy uﬁ/[ : ,ulM =

M
Ky

Let V.(M) be the space of smooth valuations with compact support.
There is an obvious functional

M

(If M is non-compact, we are not really allowed to plug M into ¢, but we
can plug in some large part of M that contains the support of ¢).

PROPOSITION 3.2. The pairing

V(M) x Ve(M) — R, (b1, 62) > fM b1 - o

is perfect. The induced map
V(M) — V.(M)* =: V~°(M)

is injective with dense image. The elements on the space on the right hand
side are called generalized valuations.

Example: let X © M be a tame subset. Then ¢ — ¢(X) is a generalized
valuation, denoted by xx.

Analogous to the case of generalized functions, the product of two gen-
eralized valuations can only be defined if certain conditions are satisfied.
Let X1, X5 be tame subsets that intersect transversally. What this means
depends on the precise class of tame sets. If X7, Xy are submanifolds with
corners, it is enough to assume that all pairs of strata intersect transversally.
Then the product xx, - Xx, is defined and by [2] we have

XX1 " XX = XX1nXa-

Similarly, the restriction to a submanifold M’ < M is only defined under
certain conditions on the generalized valuation. If X is a tame set that
intersects M’ transversally, then xx|r = Xx~n-

A general principle is that generalized valuations can not be evaluated
on all tame sets, but only at particular ones. For instance, we have yx(Y) =
X(X nY) whenever X and Y are transversal, but otherwise yx(Y’) is not
defined.
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4. Intrinsic volumes on pseudo-riemannian manifolds

By a pseudo-euclidean space we understand a finite-dimensional real
vector space with a non-degenerate symmetric blinear form, that is not
assumed to be positive definite. A pseudo-riemannian manifold is a smooth
manifold with a smooth field of pseudo-euclidean scalar products on the
tangent spaces. If M is connected, then the signature is constant on M and
given by some (p,q). The case ¢ = 0 is the riemannian case, the case ¢ = 1
is the lorentzian case.

In the pseudo-euclidean/pseudo-riemannian setting, we try to mimic as
much as we can from the theory of intrinsic volumes. There is no satisfying
analogue of Steiner’s formula, since tubes are in general non-compact due
to the existence of null-vectors.

We first have a version of Hadwiger’s theorem.

THEOREM 4.1. Let V be a peudo-euclidean vector space of dimension
n = p+ q with signature (p,q) and isometry group O(p,q). For k € {0,n},

dim Val,;OO(V)o(p’q) =1;
and for 1 <k <n-—1,

dimVal;oo(V)O(pvq) _ {1 minEp, q; =0,
2 min(p,q) > 1.

Except in some special cases, these valuations are not continuous. It is
convenient to think of the two valuations in each degree as being real and
imaginary part of a single complex-valued valuation.

Let us comment on the construction of these generalized valuations. We
start with the euclidean case. Recall from Definition 2.3 that a smooth val-
uation p is given by a pair of differential forms (¢, w), where ¢ € Q*(V') and
w e Q" (Gr}!_{(TV)). If p is translation-invariant and SO(n)-invariant,
then these forms can be chosen to be invariant as well. The group generated
by translations and rotations acts transitively on Gr:;_l(TV). The space of
invariant forms is therefore easy to describe. Let us now turn to the pseudo-
euclidean case. A generalized valuation is given by a pair (¢,w) of general-
ized forms. They can be thought of as differential forms whose coefficients
are generalized functions. A major problem is that the group generated by
translations and O(p, q) does not act transitively on Gr! | (TV). There are
typically two open orbits of time and space like hyperplanes, and one orbit of
light like planes. On each open orbit, one can easily write down all invariant
differential forms, and they are smooth where they are defined. However, to
get a generalized form on the whole space, they have to be glued together
along the closed orbit. A rough analogy is with generalized functions on the
real line: on (—00,0), we have the smooth function f_(z) := 2%, and on
(0,%0) we have the smooth function fi(x) := x%. Some linear combinations
can be glued together to give a generalized function on R, sometimes one
has to pass to residues, see Section 2.
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Next, we prove a version of Weyl’s principle.

THEOREM 4.2 (Weyl principle in the pseudo-riemannian category). For
every pseudo-riemannian manifold (M, g), there are complex-valued intrinsic
volumes u]k\/[, which are generalized valuations, such that whenever (M, g) —
(M,g) is an isometric embedding of pseudo-riemannian manifolds, then

2/[|M = u{y. In particular the restriction is well-defined. Conversely, if we
have a family p™ of generalized valuations on pseudo-riemannian manifolds
(i.e. one generalized valuation on M for each pseudo-riemannian manifold
(M, g)) such that M|y = p™ for each isometric embedding, then u is given
by a unique infinite linear combination u = Zl?:o ap by + ZZO=1 by i -

The construction is again by finding suitable generalized forms, but the
curvature of the manifold (M, g) has to be taken into account.

PROPOSITION 4.3 (Basic properties of g, [7]).
(1) If (M, g) is riemannian, then p is the usual k-th intrinsic volume.

2) e depend continuously on g in the C™ topology.
Hy
(3) Homogeneity:

X,Ag _ \/7]~C X,g’ A>0
g \/X"”*f’g, A<0

(4) " = x

PROPOSITION 4.4 (Kiinneth-type formula, [6]). Let (M;,g;) be pseudo-
riemannian manifolds and X; < M; tame that satisfy a certain transversality
condition (see Faifman’s talk). Then

M2 (X0 % Xo) = Z ,u H(Xy) x MkQ *(Xa).
ki1+ko=

In the riemannian case, we can always restrict the intrinsic volumes
to submanifolds, since they are riemannian manifolds themselves. In the
pseudo-riemannian case, this is of course not true anymore: a submanifold
of a pseudo-riemannian manifold is in general not a pseudo-riemannian man-
ifold. Nevertheless, the intrinsic volumes from Theorem 4.2 can be restricted
to a class of submanifolds called LC-regular. This will be the topic of D.
Faifman’s talk.






(1
2]

3]
(4]
(5]
(6]
(7l
(8]
(9]

(10]

(11]

(12]

[13)
[14]
[15]
[16]
17]

(18]

Bibliography

Semyon Alesker. Introduction to the theory of valuations. Lecture notes Kent 2015.
Semyon Alesker and Andreas Bernig. The product on smooth and generalized valua-
tions. American J. Math., 134:507-560, 2012.

Andreas Bernig. Scalar curvature of definable Alexandrov spaces. Adv. Geom.,
2(1):29-55, 2002.

Andreas Bernig. Scalar curvature of definable CAT-spaces. Adv. Geom., 3(1):23-43,
2003.

Andreas Bernig. Variation of curvatures of subanalytic spaces and Schlafli-type for-
mulas. Ann. Global Anal. Geom., 24(1):67-93, 2003.

Andreas Bernig, Dmitry Faifman, and Gil Solanes. Uniqueness of curvature measures
in pseudo-Riemannian geometry. J. Geom. Anal., 31(12):11819-11848, 2021.
Andreas Bernig, Dmitry Faifman, and Gil Solanes. Curvature measures of pseudo-
Riemannian manifolds. J. Reine Angew. Math., (788):77-127, 2022.

Edward Bierstone and Pierre D. Milman. Semianalytic and subanalytic sets. Inst.
Hautes Etudes Sci. Publ. Math., (67):5-42, 1988.

Jacek Bochnak, Michel Coste, and Marie-Frangoise Roy. Real algebraic geometry, vol-
ume 36 of Ergebnisse der Mathematik und ihrer Grenzgebiete (3) [Results in Math-
ematics and Related Areas (3)]. Springer-Verlag, Berlin, 1998. Translated from the
1987 French original, Revised by the authors.

Martin R. Bridson and André Haefliger. Metric spaces of non-positive curvature, vol-
ume 319 of Grundlehren der Mathematischen Wissenschaften [Fundamental Princi-
ples of Mathematical Sciences]. Springer-Verlag, Berlin, 1999.

Ludwig Brocker and Martin Kuppe. Integral geometry of tame sets. Geom. Dedicata,
82(1-3):285-323, 2000.

Dmitri Burago, Yuri Burago, and Sergei Ivanov. A course in metric geometry, vol-
ume 33 of Graduate Studies in Mathematics. American Mathematical Society, Prov-
idence, RI, 2001.

Yu. Burago, M. Gromov, and G. Perel’ man. A. D. Aleksandrov spaces with curvatures
bounded below. Uspekhi Mat. Nauk, 47(2(284)):3-51, 222, 1992.

Jeff Cheeger, Werner Miiller, and Robert Schrader. On the curvature of piecewise flat
spaces. Comm. Math. Phys., 92(3):405-454, 1984.

Shiing-shen Chern. A simple intrinsic proof of the Gauss-Bonnet formula for closed
Riemannian manifolds. Ann. of Math. (2), 45:747-752, 1944.

Harold Donnelly. Heat equation and the volume of tubes. Invent. Math., 29(3):239—
243, 1975.

Joseph H. G. Fu and Thomas Wannerer. Riemannian curvature measures. Geom.
Funct. Anal., 29(2):343-381, 2019.

I. M. Gel’ fand and G. E. Shilov. Generalized functions. Vol. 1. AMS Chelsea Pub-
lishing, Providence, RI, 2016. Properties and operations, Translated from the 1958
Russian original [ MR0097715] by Eugene Saletan, Reprint of the 1964 English trans-
lation [ MR0166596].

23



24
(19]

[20]

(21]
22]
23]

24]

(25]

[26]

27]
(28]

[29]
(30]

(31]

BIBLIOGRAPHY

Hugo Hadwiger. Vorlesungen wuber Inhalt, Oberfliche und Isoperimetrie. Springer-
Verlag, Berlin-Gottingen-Heidelberg, 1957.

Lars Hormander. The analysis of linear partial differential operators. I. Classics in
Mathematics. Springer-Verlag, Berlin, 2003. Distribution theory and Fourier analysis,
Reprint of the second (1990) edition [Springer, Berlin; MR1065993 (91m:35001a)].
John Lott and Cédric Villani. Ricci curvature for metric-measure spaces via optimal
transport. Ann. of Math. (2), 169(3):903-991, 2009.

J. Rataj and M. Zahle. Curvatures and currents for unions of sets with positive reach.
I1. Ann. Global Anal. Geom., 20(1):1-21, 2001.

Jan Rataj and Martina Zahle. Curvature measures of singular sets. Springer Mono-
graphs in Mathematics. Springer, Cham, 2019.

Rolf Schneider. Convex bodies: the Brunn-Minkowski theory, volume 151 of Encyclo-
pedia of Mathematics and its Applications. Cambridge University Press, Cambridge,
expanded edition, 2014.

Jakob Steiner. Uber parallele Flichen. Monatsber. Preufs. Akad. Wiss., pages 114—
118, 1840. Ges. Werke, vol. 2, pp. 171-176, Reimer, Berlin, 1882.

Lou van den Dries. Tame topology and o-minimal structures, volume 248 of London
Mathematical Society Lecture Note Series. Cambridge University Press, Cambridge,
1998.

Lou van den Dries and Chris Miller. Geometric categories and o-minimal structures.
Duke Math. J., 84(2):497-540, 1996.

Max-K. von Renesse and Karl-Theodor Sturm. Transport inequalities, gradient esti-
mates, entropy, and Ricci curvature. Comm. Pure Appl. Math., 58(7):923-940, 2005.
Hermann Weyl. On the Volume of Tubes. Amer. J. Math., 61(2):461-472, 1939.

M. Zéahle. Curvatures and currents for unions of sets with positive reach. Geom.
Dedicata, 23(2):155-171, 1987.

Martina Zahle. Integral and current representation of Federer’s curvature measures.
Arch. Math. (Basel), 46(6):557-567, 1986.



