A MEAN-VALUE LEMMA AND APPLICATIONS TO HEAT DIFFUSION

ALESSANDRO SAVO

We control the gap between the mean value of a function on a submanifold (or a point), and its mean value on
any tube around the submanifold (in fact, we give the exact value of the second derivative of the gap). We then
apply this formula to obtain comparison theorems between eigenvalues of the Laplace-Beltrami operator, and,
also, to obtain bounds of solutions of the heat equation: these bounds are optimal, and are valid for all values
of time. Moreover, we get the asymptotic time-expansion of a heat diffusion process on convex polyhedrons in
euclidean spaces of arbitrary dimension, and on domains with smooth boundaries in Riemannian manifolds,
and we write explicit bounds for the remainder terms of the above expansions, which hold for all values of
time.
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Introduction

Sections 1 and 2 contain the technical background of the paper. Let N be a compact, piecewise-smooth
submanifold of the complete, n—dimensional Riemannian manifold M. The tube of radius r around N is
the set M (r) = {x € M : p(x) < r}, where p is the distance function from N. Given a function u on M,
our aim is to describe, in Theorem 2.8, the second derivative of the content function :

F(r) :/ udvy,
M(r)

where r > 0, and where dv,, is the volume form on M given by the metric. It turns out that the answer
involves the Laplacian of u, as well as the Laplacian of the distance function p. Now, if we stay within the
injectivity radius of N, i.e. if we stay away from the cut-locus of N in M, both p and F will be smooth
functions (of © € M and r respectively); however, the nature of the problems we intend to investigate
(which include the piecewise-smooth case), and the kind of answers we want to give to these problems
(namely, control solutions of the heat equation for all values of time), forced us to take into account
all points of the manifold M, and then consider F(r) as a function on the whole half-line, and not just
restricted to the (often too small) injectivity tube around the submanifold N.
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In general, both F and p will only be Lipschitz regular, and their Laplacians must therefore be taken
in the sense of distributions. Hence, our first preoccupation will be to describe, in Lemma 1.4, the
distributional Laplacian of the distance function, and to show that it decomposes in a regular part Aycqp
(an L} .— function on M), and a singular part, which is in turn the sum of a positive Radon measure
Ayt p, supported on the cut-locus of N, and the Dirac measure —26y, supported on the submanifold N

and vanishing when N has codimension greater than 1. In particular, Ap is a Radon measure itself.

As preparatory steps, and for further use in the applications, we then prove a version of Green’s
theorem for the tubes M (r) (Proposition 2.4), and we show that F' is C'—smooth almost everywhere on
(0, 00); more precisely, on the set of regular values of p (by definition, r is a regular value of the distance
function if the level set p~1(r) meets the cut-locus of N in a subset of zero (n—1)— dimensional Hausdorff
measure).

Section 2 ends with the proof of the main technical lemma, Theorem 2.8:

(0.1) —F"(r) = /M( ) Audv, + pe(ulp)(r)

where p, is the operator of push-forward on distributions (in our case: measures), which is dual to the
pull-back operator p*. (If r = p(z) is smaller than the injectivity radius of N, then Ap is smooth at x, and
gives the trace of the second fundamental form of p~1(r) at x; in that case, p.(ulp)(r) = fp,l(r) ulp,

the integration being performed with respect to the induced measure on p=1(r)).

Section 3 deals with the applications of Theorem 2.8 to eigenvalue estimates. Some of the results
exposed here are already known, but the proofs we provide are, we believe, new, and we have chosen to
include them to show the usefulness of our approach, which gives a simple unified proof of all these results.
So let us select an eigenfunction u of the Laplace-Beltrami operator: Au = Au, and let F(r) = fM(T) U.
Theorem 2.8 becomes the following statement:

(0.2) —F" = \F + p.(ulp)

If w is harmonic, and if all the geodesic spheres of M around z, have constant mean curvature (in
particular, if M is a manifold of revolution around z, or if M is a symmetric space) then we immediately
re-derive the ”classical mean-value lemma” (Proposition 3.1), by applying (0.2) in the case where p is the
distance from xzy. This fact justifies the name ”"mean-value lemma” we have given to Theorem 2.8.

The basic idea in the use of equation (0.2) is that it is possible to bound from below the distribution
Ap by an explicit radial function on M (that is, a function which depends only on the distance from
N), if one assumes in addition a lower bound of the Ricci curvature on M. Then we derive from (0.2) a
second order differential inequality in F', which can be studied by standard comparison arguments. We
explicitly carry out the idea in the following two cases: when p is the distance from a point, and when p
is the distance from the boundary of a domain.

Let us apply the principle (0.2) when N = {z¢} and p = d(xo,). Let us assume Ricci > (n — 1)K,
where K is any real number. Let B(xq,7) (resp. B(r)) be any geodesic ball of radius r in M (resp. in
the simply connected manifold M of constant curvature K). We then obtain, in Theorem 3.4, for any
positive solution of u of Au > Au on B(zo,r) (resp. for any positive solution of Az = Au on B(r)), the

fOllOWing inequali‘ y'
/a B(xo.r “ / U
( 0, ) < 6B( )

[
B(zo,r) B('r)
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for all 0 < r < R. Theorem 3.4 reduces to the classical Bishop-Gromov inequality if v = @ = 1. Notice
that R is not assumed to be smaller than the injectivity radius of xg, so that the above inequality extends
beyond the cut-locus of xg.

We observe two consequences of Theorem 3.4: the first (Corollary 3.7), states that if u is a positive
superharmonic function on B(xg, R), then, for 0 < r < R:

1
u(xg) > 77/ u
( ) vol{)B(r) dB(zo,R)

and the second (Theorem 3.8) is a well-known inequality of Cheng’s regarding the first eigenvalues of the
Dirichlet Laplacian on open balls in M and M respectively:

A1 (B(R)) < M\i(B(R))
which is proved in [7], by different methods.

In the second part of Section 3, we use equation (0.1) in the case where p is the distance function from
the boundary of the domain €2 in M. We assume a lower bound 7 for the mean curvature of 0f2, a lower
bound (n — 1)K for the Ricci curvature of 92, and we denote by R the inner radius of £ (that is, the
radius of the biggest ball that fits into ). We then consider the "symmetrized” domain 2 corresponding
to the data 7, K, R: it will be the cylinder of constant curvature K, and width R, having constant mean
curvature equal to 77 on one, say I', of the two connected components of the boundary. We then show, in
Theorem 3.10, that:

M(Q) > M (Q)

where A\ (£2) is the first eigenvalue of the Dirichlet problem on Q, and A\;(£2) is the first eigenvalue of
the following mixed problem on : Dirichlet condition on the component having mean curvature 7,
Neumann condition on the other. The result extends to any domain with piecewise-smooth boundary
satisfying an additional property (see Property (P), before Lemma 3.9), and should be compared with
the corresponding result obtained by Kasue [15], by different methods. In the special case 77 =0, K = 0,

Theorem 3.10 reduces to the following well-known inequality, due to Li and Yau (see [17], theorem 11):

2
T
M(Q) > —
2 7
Section 4 deals with the most original applications of the mean-value lemma, namely, applications to
heat diffusion. We fix a domain Q (we assume 9 piecewise-smooth and compact), and we fix a solution
w(t, z) of the heat equation on Q. We then introduce the function, depending only on time:

(0.4) F(t) = /g w(t.x) de

Our main interest is for the solution of the heat equation satisfying Dirichlet boundary conditions, and
having unit initial conditions (u(0,z) = 1 for all € Q). We denote this particular solution by u(¢, x)
and call it simply the temperature function. Integrating in dzx, and assuming vol(2) < oo, we then obtain
the heat content function H(t):

H(t):/ﬂu(t,x) dx

The function H (t) has been the object of investigation by a number of authors (see [1],[2],[3]).

Our basic idea is to introduce an auxiliary variable r > 0, and then work with what we call the
complementary heat content function:



Pt r) = /Q(T)u — u(t,z)) da

where Q(r) is the level domain of p, the distance function from the boundary: Q(r) = {z € Q : d(z,0Q) >
r}. By the mean-value lemma, applied to N = 99, we immediately obtain that F'(¢,r) satisfies a heat
equation on the half- line (0, 00), of the type:

2
(o O)F = —p. (1~ u(t, ))Ap)

The main advantage of the method is that it reduces the problem to a one-dimensional one, where all
computations can be performed explicitly: for example, using Duhamel principle (Lemma 4.3), we can
represent F'(¢,7) in terms of the measure p,((1 — u(t,-))Ap) and in terms of suitable heat kernels on the
half-line, which, unlike k(¢,x,y), have the advantage of being explicit. We emphasize the fact that all
these computations extend beyond the cut-radius and the focal radius of the normal exponential map,
and therefore the estimates are valid for arbitrary values of time, and not just for small ¢’s.

(0.5)

The Section is divided into four subsections, corresponding to various geometric situations.

In Section 4A, we assume that Ap is a positive measure : this occurs, for example, if both the
mean curvature of 9Q and the Ricci curvature of the domain are non-negative (if the boundary is only
piecewise-smooth, we add the condition that the foot of any geodesic which minimizes the distance from
0 is a regular point of 9€). We then apply (0.5) and show that F(t,r) = fQ(T)(l —u(t,z))dx is a
sub-solution of the heat equation on the interval (0, R), where R is the inner radius of the domain. The
main consequences of this fact are the following:

Theorem 4A.1: If Ap > 0, then, for all t > 0, r > 0:

/ u(t, ) dx > vol(§2(r)) — vol(092) - / er(r,r,0)dr
Q(r) 0

where eg(t,r,s) is the heat kernel of the interval (0, R), with Neumann condition at 0, and Dirichlet
condition at R; moreover, equality holds for a flat cylindrical domain with inner radius R.

Hence: among all domains with piecewise-smooth boundary satisfying Ap > 0, with fixed inner radius,
and with boundary of fixed volume, flat cylinders hold the maximum complementary heat content.

In particular, we have that, for all ¢ > 0:

2
/ u(t, z) dx > vol(Q) — —=vol(dQ)Vt
Q Ve
an inequality which continues to be true, by polyhedral approximation, for any compact, convex set in
R™ (but see also Theorem 4A.7 for sharp upper and lower bounds of the difference between the left and
the right-hand sides of the inequality in terms of the second derivative of the function r — vol(2(r))).

Let us denote by n the trace of the second fundamental form of 9, by R;,; the injectivity radius of
normal exponential map of 02, and by scal the scalar curvature.

Theorem 4A.8: Tf 9Q is smooth (and Ap > 0), then, for all ¢ > 0:

2 1
/ u(t, z) dz > vol(Q) — —=vol(9Q)Vt + = / n(z) dv, 1 (z) -t +min{C,0}t3/2 — g(t)
Q VT 2 Joa
where C' = ﬁ inf,.c(0,a) fp_l(T)(scalM—Ricci(Vp, Vp)—scal,-1(ry) dv, 1, where g(t) is the exponentially
decreasing function (faQ ) fg faoo \/%e_TZ/T dr dr, and where a is a fixed number 0 < a < Rj,;. In
4
particular, if Q C R3, then C = —gx(ﬁﬁy where x(09) is the Euler characteristic of 02.




Section 4A ends with a discussion of the case Ap < 0 (an example: the complement of a compact,
convex set in R™), and with the corresponding bounds for the complementary heat content function
F(t) = [o(1 —u(t,z)) dz (see Theorem 4A.10).

In section 4.B, we drop the assumption on the positivity of Ap, and we assume that 00 is smooth.
We obtain upper and lower bounds of the heat content H(¢) which holds in the general case. However,
the bounds are given in terms of the temperature function u(t, z), and therefore are not as explicit as the
others in the paper.

In Sections 4C and 4D, we compute the first three coefficients of the asymptotic expansion of the heat
content function H(t), as t — 0. We consider two cases: when the boundary is smooth (in 4C), and when
the domain is a convex polyhedron in R” (in 4D). An important feature of our approach is that we are
able to give an explicit bound of the remainder term, so what we get is really both an upper and a lower
bound for the heat content H(t) = [, u(t,x) dx, which hold for all values of ¢, and which are sharp, up
and including the term in ¢, for small values of t.

We can derive both developments from the same expression (see 4.4) of the heat content, which holds
for arbitrary piecewise-smooth boundaries, and follows from Duhamel principle:

) t oo
/Qu(t, x) dx = vol(Q) — ﬁvol(aQ)\/Z—i— /0 /0 e(t—7,7,0)p((1 —u(r,-))Ap)drdr

1
where e(t, r,0) = ——e =" /4,
mt

In order to approximate the double integral, one needs to accomplish two tasks:

1. Approximate the temperature function, near the boundary, by an explicit, simpler ”model”.
2. Control the distribution Ap near the boundary.

If the boundary is smooth , the singular part A.,:p of Ap is supported on the cut-locus of the normal
exponential map, so its support lies far from the boundary, and therefore A.,;:p will contribute only with
exponentially decreasing terms; on the other hand, A,.4p is the trace of the second fundamental form
of the level sets of the distance function. An appropriate model for u(¢, x) is given by the temperature
function on a half-space in R™ (this is proved in Lemma 4C.2), and so we get:

2 1
/ u(t, ) dz = vol(Q) — —=vol(d)Vt + = / ndvp_1 -t +1(t)
Q ves 2 Joa
The remainder |I()| is bounded, for all ¢ > 0, by Ct3/2 + h(t), where C' is a constant which depends on
the curvatures of Q and 952, and where h(t) is exponentially decreasing as ¢t — 0 (see Theorem 4C.3 for
their explicit computation).

Theorem 4C.7 generalizes to manifolds the result of [2], which was obtained for domains in euclidean
space, and which was proved by probabilistic methods; in [1] the first five terms of the expansion of H (t)
were computed, but no estimate of the remainder was given.

If Q is a convex polyhedron in R™ (the case examined in section 4D), then the regular part of the
Laplacian of the distance function vanishes, i.e. Ap is ”"purely singular”; moreover, the cut-locus is a
polyhedral set itself, and we can describe A.y,:p in Proposition 4D.3. The appropriate model for u(t, -),
near an (n — 2)—dimensional face of €, is shown to be the temperature function on the infinite wedge in
R™ bounded by the two hyperplanes which meet at the given face (this is the most delicate step in the
proof). Since we only need to approximate u on the cut-locus, which is contained in the bisecting plane
of the wedge, we can, by a symmetry argument, reduce our calculations to the bisectrix of a wedge in the
plane, and there use an explicit expression of the temperature function. Then, we obtain Theorem 4D.1:

/Qu(t, x) dx = vol(Q) — %VO](@Q)\/E + ot + 14 (2)
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with:

co = 4zE:V01n—2(E) ' /OOO (1 B %) w

where E runs through the set of all (n — 2)—dimensional faces of 9 (the ”edges” if 2 C R?), and (F)
is the interior angle of the two (n — 1)—planes whose intersection is E. The remainder |I;(¢)| is bounded,
for all ¢, by C1t3/2 4+ hy(t), for a constant C7, and for an exponentially decreasing function h;(t), both
explicited in the proof of the theorem.

Theorem 4D.1 generalizes to arbitrary dimension, in the convex case, the result of [3] obtained for
domains in the plane having polygonal boundary.

In fact, if n = 2 the constant C; is zero, our proof simplifies considerably, and we can extend it to cover
the (not necessarily convex) polygonal case in R?.

A few more remarks are in order. First, we observe that the coefficient ¢ is supported on the (n —
2)—dimensional skeleton of €2, and therefore it should be related to some kind of distributional mean
curvature of the boundary of the polyhedron; on the other hand, ¢, is not the limit of the integral mean
curvatures of a sequence of smooth domains which approximate the polyhedron €: in other words, cs does
not pass to the limit under smooth approximations. This fact can be explained by the observation that,
in the polyhedral case, the cut-locus goes to the boundary, and cannot be neglected in the computation
of the asymptotic terms of order greater than /2.

As for the arbitrary, piecewise-smooth case, we conjecture the following fact: let v(y) denote the interior
angle of the tangent spaces of the two smooth pieces of ) meeting at the singular point y, and assume
that y(y) > 0 (that is, the intersections are transversal). Then the coefficient of the term in ¢ in the
asymptotics of the heat content should be given by:

/s;fn / < tir;};;(;z) )) da dvn—2(y) + % /8 o 1(y) dvn—1(y)

where Sk,,_o is the union of all pieces of dimension n — 2 in the cellular decomposition of 02, and 7 is
the trace of the second fundamental form of the regular part of the boundary.
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1. The cut-locus and the Laplacian of the distance function

Let N be a smooth submanifold of the complete Riemannian manifold M of dimension n. We assume
N compact. The properties of the cut-locus stated below are proved in [16] in the case N = {zp}. They
can be extended to arbitrary codimensions by replacing the unit sphere in the tangent space T,,M with
the unit normal bundle U(N) of N. However, all we say in this section holds if N is assumed, more
generally, piecewise-smooth ; we refer to Appendix D for the extension, to the piecewise-smooth case, of
all the results exposed below under the assumption of smoothness for N.



So let m(€) be the projection of the unit vector & € U(N) onto its base point, and let ¢(§) be the
non-negative real number (possibly 0o), having the property that:

the geodesic v : [0,r] — M defined by v(t) = eXPr(¢) t§ minimizes the distance from N if and only if
r € 10,c(8)]-

The map c is then continuous from U(N) to [0, o0], the 1-point compactification of [0, 00). The cut-locus
Cut(N) of N is, by definition, the set of all points exp, ) c(§)€, as £ runs through U(N). Cut(N) is a
closed set of measure zero in M.

Let, for 7 > 0, and £ € U(N): ®(r,§) = expy ) r{. Then & gives rise to a diffeomorphism from the
open set U = {(r,&) € (0,00) x U(N) : 0 <7 < ¢(&)} to ®(U) = M\ (N UCut(N)). The (r,&) are called
the normal coordinates of M.

Let dv,, be the Riemannian volume form on M. We pull it back by the diffeomorphism ®, and we will
write: ®*(dv,,) = 0(r,£)drd€ on U, 0 being the density of the Riemannian measure in normal coordinates,
and d¢ being the canonical volume form on U(N).

We denote by pn(z), or simply by p(x), the distance of # from N. The function p : M — [0,00) is
Lipschitz:

lp(x) = p(y)| < d(z,y) z,yeM

as it immediately follows from the triangle inequality. In normal coordinates we have, simply, p(r,£) = r,
hence p, restricted to the set of its ”regular points” ®(U) = M \ (N U Cut(N)) is C* smooth, and, on
®(U), we have ||[Vp| = 1 by Gauss’ lemma. We let A,.4p denote the Laplacian of p|s(y) with respect to
the Riemannian metric. The following formula holds true on U:

100
(11) Aregpoq)_ —55

For the proof, see [12], p.40. Since 6 vanishes at the focal points of N, we see that A,.q4p is not bounded.
Nevertheless, viewed as a function on M (recall that M \ ®(U) has measure zero), we have :

(1.2) Avegp € Liyo(M)

For the proof of this fact, see Appendix A.

The distance function p is not, in general, C'—smooth all over M, and therefore its Laplacian is not
a function in the usual sense, but only a distribution; precisely, we define the distributional Laplacian of
p in the natural way: if ¢ € C°(M) is a test-function, then:

(1.3) (Ap,¢) = /M pA¢ dvy,

(-,-) denoting here the duality between a test-function and a distribution. The following lemma clarifies
the structure of Ap.

1.4 Lemma. (i) There exists a positive distribution on M, denoted by A..+p and supported on Cut(N),
such that:

A Apegp + Acurp if codim(N) > 2
7\ Avegp + Acrp— 26y if codim(N) =1

where (6n,¢) = [y ¢ dvn_1;

(ii) Ap is a Radon measure (i.e. it can be extended to a continuous linear functional on C°(M), endowed
with its canonical topology), and if ¢ is a Lipschitz, compactly supported function on M :
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(Ap,¢) = /M<Vp V) duv,

Proof. We show that the lemma holds with:

/{£€U(N)¢C(€)<OO}

where 0(c(€),£) = lim, ¢ 6(r, &) (it is a continuous function of §).
Now, since p is Lipschitz, and since M \ ®(U) has measure zero, we have, by Green’s theorem:

0
S PAG = fq>(U) Vp - V¢. Integrating in normal coordinates (in which Vp = E)
)

c(§) I(po®
@poy= [ [ oM g dra
U(N) Jo T
Integrating by parts in dr, the inner integral reduces to:

00

c(§)
0(c(6).£)(60 D)(el9).€) = 00.00(r(e) ~ [ Fr 0o D)) dr

hence, integrating in d¢, we obtain, thanks to (1.1) and (1.5):

@30.6) = Beur )+ [ (Bugp)o— [ 0(0.00r(9) de
2(U) U(N)
Now [,,(Aregp) @ = (Apegp, ¢); moreover the last integral is zero if codim(N') > 2 (because then 6(0,£) =
0), and it equals 2 [ ¢ dv,—1 if codim(N) = 1 (because in that case 0(0,§) = 1, and U(N) is locally
isometric with N x Zg). That A.up is positive, and supported on Cut(N), is immediate from (1.5).
Hence (i) is proved.

Proof of (ii). It follows from (i) that Ap is a zero-order distribution : that is, for any compact set
K C M, there is a constant Ck such that, for all ¢ with support contained in K, we have:

[(Ap, ¢)| < Ck sup|¢|
K

A classical result (see for example [19]) implies that Ap is a Radon measure, as asserted. (Note in
particular that A.,:p is a positive Radon measure).

As regards to the last statement, pick a sequence of smooth, compactly supported functions ¢,, which
converge to ¢ in the C%!—topology on the space of Lipschitz, compactly supported functions on M,
which is the topology induced by the semi-norms:

) lotx) — 0
[éllcor ) = suplé(@) + sup =525

for all K compact. Since Ap is C°—continuous, it is certainly C°!— continuous, hence:
(Ap, ¢) = lim (Ap, ¢y,)
n—oo

=lim [ Vp Vén

n—oo

e

Proof is complete.



The singular Laplacian of the distance function has been considered by Courtois in [9]: for a second
description of A.u:p (which is essentially the one found in [9]), see Appendix B. For the extension of
Lemma 1.4 to the case where N is only piecewise-smooth, see Appendix D.

2. The mean value lemma.

Let N be a compact, piecewise-smooth submanifold of M, and let p : M — N denote the distance
function from N. Fix u € C?(M), and consider the map F : (0,00) — IR defined by:

(2.1) F(r)= /M( )udvn

where M (r) is the tube {z € M : p(z) < r}. The map F is locally Lipschitz, (Proposition 2.6) but
generally not even C'—smooth. The aim of this section is to describe, in Theorem 2.8, the second
derivative of F, as a distribution on (0,00) (it will turn out in fact, that F”" is a Radon measure). To
that end, we first need to prove a version of Green’s theorem for the level domains M(r), which are not
always regular.

We make use of the Hausdorff measures Hy, for the definition and properties of which we refer to [6]
(but see also [11]); let us only remark here that if A is a subset of a Riemannian manifold of dimension
p, then the p—dimensional Hausdorff measure of A coincides with the Riemannian measure of A, and in
particular if V' is a domain of M with piecewise-smooth boundary, then H,,_1(0V) = vol,,_1(9V).

We start from:

2.2 Lemma. Let K be a compact subset of M with Hp,_1(K) < oo, n = dim(M). Then, for all
0 < € < €, there exists an open set V (e) with piecewise smooth boundary which covers K and satisfies:
vol(OV (€)) < Cp—1 - Hy—1(K) + Ce

., vol(oB™™1)
vol(B"—1)
depends only on ¢y and on a lower bound of the Ricci curvature on a neighborhood of K.

Proof. Appendix B.
2.3 Corollary. Let K be a compact set, and let ¢ € C°(M). Then:

where Cp_1 = (B"~! is the unit ball in R"~!) and C is a positive constant which

| / A watpl < Cor Hyr (K 0 Cut(N)) - 6]l cocrc
K

in particular, A.y;p is absolutely continuous with respect to Hy_1.
Proof. Appendix B.

Another consequence of Lemma 2.2 is a version of Green’s theorem which will suit our needs. Given
the domain , we will say that 0Q is almost regular if it is the disjoint union of two pieces Oreqf?,
DsingSd, where 9,482 is a C'—smooth submanifold of M, and where s, is compact, and has zero
H,,_1—measure.

2.4 Proposition. Let 2 be a domain with almost regular boundary, and let v denote the unit vector,
normal to 9,48 and pointing inside Q. Then if u € C*(Q):

/Au:/ a—udvn_l
Q Brey OV

reg
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where dvy,—1 is the induced volume form on 0,.4§}, or, equivalently:
0
/ Au = / 9 A,
Q a0 OV

Proof. Fix € > 0, and apply the lemma to K = O4ing 2. Then we have:

where H,,_1 is Hausdorff measure.

/ Audv, = lim Audv,
Q =0 Jo\ (V(e)ne)

The domain Q \ (V(e) N Q) has piecewise smooth boundary given by the disjoint union of 9Q N (V' (e))®
and 0V (e) N Q. Hence, by the classical version of Green’s theorem:

/ Audv, = / 8_u dvn,—1 —|—/ @ dvp,—1
Q\(V(e)NQ) ANV (e)¢ ov AV (e)NQ ov

Since V(e) is contained in a 2e—neighborhood of K (see the proof of Lemma 2.2), we deduce that

ou
/ — dv,,_1 tends to zero as € — 0, by Lebesgue bounded convergence theorem. Therefore
BreqV () WV

Ou dvp—1. On the other hand, by Lemma 2.2, vol(9V (¢)) — 0,

ou

— dv,_1 converges to
o Q 8V
reg

ANV (e)¢ ov
ou

0
and therefore / —— dvy,_1 converges to 0 as € — 0, since |_u| < ||Vul| is bounded. O
ov(e)nq OV ov

Now fix r > 0. We say that r is a regular value of p if:

H,_1(p~'(r) N Cut(N)) =0

We see immediately that, if 7 is a regular value of p, then OM(r) = p~1(r) is almost regular, with
OregQt = p~H(r) N ®(U), and Jsing = p~1(r) N Cut(N). Since Cut(N) has zero measure in M, we have,
as a consequence of Eilenberg’s inequality ([6], Thm 13.3.1), that the complement of the set of regular
values of p is of zero Lebesgue measure in (0,00). Therefore, for almost all r € (0,00), M (r) is almost
regular; and since Vp coincides with the unit normal to d,.,M (r), pointing outside M (r), we have proved
the following:

2.5 Corollary. At all regular values r of p, hence almost everywhere on (0,00):

Audv, = —/ (Vu-Vp)dH,—1
M(r) p=1(r)

for all u € C*(M).

Next, we show that the map F(r), as in (2.1), is locally Lipschitz. From the co-area formula ([6],

Corollary 13.4.6), we see that:
F(’r) = / / udHn,1 ds
0 Jp=i(s)

Although F is C*°-smooth for r < R;y; (the injectivity radius of N in M, which is positive if N is
smooth), there are examples showing that F is not even C* past R;,; . However:
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2.6 Proposition. The map F is Lipschitz on every bounded interval in [0, 00), and it is C'*-smooth at
all regular values of p, where we have:

F'(r) z/ wdH,_; :/ wdv,_1
pt(r) OregM(r)

The proof will be an easy consequence of the following lemma, which will be also used later on. We
consider the map:

Vir)= / wdv,—1
p=H(r)N®(U)

Then we have:

2.7 Lemma.
(i) V(r) is continuous from the right at all r € [0, 00);

(ii) lim V(s)=V(r) +/ U Aoyt p
p=H(r)

S—T_

the last term denoting the integral of u (with respect to the measure A.,;p) on the measurable set p~1(r).
In particular, V(r) is continuous at all regular values of p.

Proof. We use normal coordinates, and abbreviate u(®(r,€)) with u(r, ). Then it is easy to verify that:

V(r) = /U RGLS

where:

u(r, &) 0(r,€) if c¢§)>r
(&) = {O if e(&)<r

Consider two sequences: s, — r4 and 7, — r_. Then, for all £ € U(N), we have, easily:

T £, (€) = f(6), and:

£6)if e(€) #7
’U,(C(g),g) 9(0(5)75) if C(S) =T

f+(&) being bounded, we can apply Lebesgue bounded convergence theorem, and get immediately (i); as
for (ii):

lim frn (5) =

n—oo

Ty —T

lim V(r,) = »(&)d. w(c(§),£)0(c(£),€)d
(ra) /U G /{&C(g)_r} (c(), ©)0(c(6), €) de

=V(r) +/ uAcytp
pi(r)

If r is a regular value, then p~!(r) has zero A.,;p—measure by Corollary 2.3, hence the right and left
limits coincide with V(7). Proof is complete.

Proof of Proposition 2.6. In order to show that F' is Lipschitz on each compact interval [a, b], it is enough
to show that the map r — fp,l(r) uwdH,_; is essentially bounded on [a, b], or that r — V(r) is bounded

11



on [a,b]. But this can be done by giving an upper bound of the Jacobian 6(r,&) on the compact set
[a,b] x U(N). The equality F'(r) = V(r) follows immediately. O

We now come to the computation of F”. Let ¢ € C%(0,00). Since p is a proper map, the pull back
1 o p is a continuous, compactly supported map on M. Hence if T is a Radon measure on M, we can
consider its push-forward p.(T): it will be the Radon measure on (0, 00) defined by the relation:

(p«(T),¥) = (T, ¢ o p)
In particular, if T € L*(M), then p,T is the regular measure given by:

p*T(T) = / Td’l}n,1
p=(r)

defined almost everywhere on [0,00). (This follows immediately from the co-area formula).
We now come to the main theorem of the section.

2.8 Theorem (Mean-value lemma). Let p: M — [0,00) be the function: distance from N, where N
is a compact, piecewise-smooth submanifold of M; let u € C*(M), and let M(r) = {x € M : p(z) < r}.
IfF(r) = fM(r) wdvy, then we have, as Radon measures on (0, 00):

—F"(r) = /M(T) Audv, + pe(ulp)(r)

where p, denotes push-forward.

Proof. Tt is enough to verify the equality when both sides are tested against a smooth, compactly sup-
ported function on (0,00). So let ¢ be one such. Then:

—(F" )=~ [ Fy"

:A£pw
_ /Ooo (/pl(r)udHn1> W'(r) dr

= / u(y’ o p)dH, 1 dr
0 Jp=i(r)

= [ utwron)

The last equality uses co-area formula. Now, on the set of regular points of p, (hence a.e. on M) the map
o pis C and we have: V(¢ o p) = (¢’ o p)Vp. Hence:

~(F") = [ w(VWop)-Vp)
— [ Vtwor)-Vo- [ wop(vu-Vp)
M M

Since ¥ o p is Lipschitz, we have, by Lemma 1.4(ii), that the first term is equal to (Ap,u(¥ o p)), and
then, by the definition of push-forward, also equal to: (p.(uAp),¥). The second term is equal to:
- fp,l(T)(Vu - Vp)dH, _1dr by the co-area formula, and then, thanks to Corollary 2.5, also equal

to: [,° v (fM(T) Au) dr. The proof is complete. O

An important particular case is when N is the boundary of a domain 2 in M; for future convenience,
we restrict p to ), and consider Ap as a distribution on 2. The mean-value lemma takes the form:

12



2.8 Theorem (Special case of Mean-value lemma). Let Q be a domain with piecewise-smooth
boundary, and let p : Q@ — (0,00) denote the distance function from the boundary. Let u € C?*(Q), and
let F(r) = fQ(r) udvy,, where Q(r) = {zx € Q: p(z) > r}. Then:

—F"(r) = o )Au dvy, — ps(ulp)

as Radon measures on (0, 00).

Proof. Repeat the proof of Theorem 2.5, with the indicated changes; and observe that we have F'(r) =
— [ 1y wdHn—1 (ae. on (0,00)). O

3. Applications to eigenvalue estimates.

The classical mean-value lemma on harmonic manifolds. The scope of this subsection is to show
that Theorem 2.8 implies the classical mean-value lemma when M is a manifold such that all geodesic
spheres of M have constant mean curvature. By definition, this condition is satisfied (for small spheres
around a given point xg), by a manifold which is locally harmonic at xy (in the sense of [4], §6.10): that
is, there exists € = e(xg) > 0 and a smooth map 0 : (0,€) — (0,00) such that 6(r,&) = (r) for all
r € (0,¢),& € 8" (the density of the Riemannian metric, in polar coordinates centered at x¢, depends
only on the distance from ).

3.1 Proposition. Assume that M is locally harmonic at xqg. If u is a harmonic map on B(xg,€), then:

1

u(xg) = m /@B(xwl) i forall r<e

Proof. Let F(r) = fB(xO ) W and let 0 < r < e. We apply Theorem 2.8 with p = distance from x.

Since pi(uAcyep) is supported for r greater than the injectivity radius of xg, and since, by (1.1) and our
0/

0
assumptions, p, (ulyeqgp)(r) = fﬁ(r)F’(r), we see that F' satisfies the equation:

/

F' () = S OF0)

/
on the interval 0 < r < e. Hence, on that interval, the function 7 is constant in 7. This implies that:

P P
O(r)vol(Sm—1)  s—0 6(s) vol(Sn—1)

and the assertion follows by observing that 8(r) vol(S"~1) = vol(0B(xo,r)). O

Applications when p is the distance from a point. Now let M be a manifold on which we make
the following curvature assumptions:

(3.2) Ricci > (n— 1)K

where K can assume all real values. Let 6 = 6(r,£) denote, as before, the density of the Riemannian
measure in normal (polar) coordinates centered at a given point zg € M, and let § be the corresponding
density, relative to a given point Zo, on the simply connected manifold My of constant curvature K (Note
that any manifold with Ricci curvature bounded from below is homothetic to some manifold satisfying:

13



Ricci > (n—1)Kg with K € {—1,0,1}, hence we could restrict our attention to these cases). By Bishop
comparison theorem (see [5]), we have, for all (r, &) such that r < ¢(§):

/ n/
e <2
and therefore:
0’
(3.3) Aregp 2 0 op

at all regular points of p.

We will be working with the integral of a map on geodesic spheres centered at some point g in M. We
point out the fact that, when r > R;,;(z0), 0B(zo,r) is no longer a regular submanifold of M; however,
we can integrate a function on the "regular part” of it: O,cqB(x0,r) = 0B(zo,7) N ®(U). Hence, in this

section, we set :
/ n E/ udv,_1
OB(zo,r) OregB(xo,T)

We can now state the main theorem of this subsection.

3.4 Theorem. Let M be a manifold satisfying: Ricci > (n — 1)K, and let A € R, and R < diam(M).
Let u be a solution of Au > Au which is never zero on the open ball B(zo,R) in M, and let @ be a
solution of AW = A\u on the open ball B(Zy, R) = B(R) in Mg such that @(Zo) # 0. Then we have, for

a,“ 1 < R.'
/ r “
8B(w0, ) <

(i) <
S Ju”
B(zo,r) B(r)

- .
ii —_ U< — U
w(@o) JBzor)  WZo) S

About the existence of solutions of A% = A% on the space form My, we have the following:

3.5 Lemma. Let A € R, and let R < diam(Mjy). Then there exists a unique radial solution of At = \u
on the open ball B(R), having a preassigned value at its center. Here “radial” means that there exists a
function f : [0, R) — R such that u = f o p.

0 _
Proof. Since A(fop)=—(f"+ ﬁf/) o p, solving the equation Az = Au on B(R) amounts to solve the

equation:
Of" +0'f +X0f =0

on the interval (0, R). The value r = 0 is a regular singular point of the equation, and the indicial
equation has roots: 0 and 2 —n. The solution corresponding to the zero root will satisfy the requirements
(see a textbook on second order differential equations, for example, [8]). O

For the proof of the theorem, we need the following additional lemma:
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3.6 Lemma. Let W : (a,b) — R be continuous on a dense subset of (a,b), and suppose that the one-
sided limits lim, ., W = W (ay) and lim,_,_ W = W (b_) both exist. If W' <0 (resp. W' > 0) in the
sense of distributions, then:

W) < W(as)  (resp. W(b) > W(ay)

Proof of Lemma. (i) Fix r < s in (a,b), and pick a sequence of smooth, positive functions 1), supported
inside (a,b) and satisfying: lim, . ¥}, = 6, — 65 (the sequence is easily constructed). Then, for all n:

0> (W 1, =— / Wl dr

If W is continuous at 7 and s, we get, by taking the limit as n — oo: 0 > W(s) — W(r). We then pass
to the limit as r — a4 and s — b_. O

Proof of Theorem 3.4. It suffices to consider only the case in which v > 0 on B(zo, R) and @(Zo) > 0.

Let F(r) = u, and fix a small € > 0. By the mean-value lemma, we have, as distributions on
B(wo,r)
(e, R):
_F” Z AF +/ U'Aregp + P (UAcutp)
OB(zg,r)
0/
>\F— —F

0

the inequality following from (3.3), the positivity of A, p and the fact that F'(r) = / u almost
9B (xo,r)

everywhere on (¢, R), hence as distributions on (¢, R) (Proposition 2.6). Therefore F' is seen to verify, on
(e, R), the differential inequality:

0/
(*) F" - %F’ +AF <0
On the other hand, the corresponding map F(r) = [; B(r) U satisfies, on (e, R), the equation:
_ a0 i
(**) F" — EF +AF =0

in fact, on M K the cut-locus of any point reduces to a single point or is empty, so that A..¢p = 0; and
0 _

as Npegp = —Gon we have (**) by the mean-value lemma. Now let Ry be the first zero of F', so that

F > 0on (¢ Ry), and let Ry = min{Ry, R}. We multiply (*) by F, (**) by F and subtract. Then, on

(e, Ry1), we have the inequality:

i
(F’F—F’F)’—%(F’F—F’F) <0

F'(r)F(r) — F'(r)F
so that, if W(r) = (r)F(r) (r) (r)’ then W' < 0 in the sense of distributions on (e, Ry). From
Lemma 3.6, and Lemma 2.7(ii):

W(e) = W(r-) = W(r)
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_ Next, we observe that lime_o W(e) = 0: in fact, as e — 0: F(e), F(e) ~ €, F'(e), F'(€) ~ "1, and
0(€) ~ e"~1. We can then conclude that F'F — FF’' <0 on (0, R;), which is (1) with R; replacing R.
)

F_F F (B
Next, we integrate both sides of — < — from € to r, and get: (r < L, but since M —
F~ F F(r) = F(e) vol(B(e))

1 when € — 0, we see that the limit inequality is:

e

F(r) _ u(zo)

F(r) = (o)
which is precisely (ii) with Ry replacing R. It then remains to show that Ry > R. Assume not. Then we
would have:

/\

u(zo
(To

\_/

0< F(R()) F(Ro) =0

ﬁ |

\_/

Proof is complete. O

We observe that, for u = 1, the theorem reduces to the well-known Bishop-Gromov inequality.

3.7 Corollary. Assume Ricci > (n—1)K. If u is a positive super-harmonic function on B(zq, R), then,
for all r < R:

1
u(wg) > vol(0B(r)) ./aB(zo,T) !

Proof. Simply take A = 0, & = constant = u(zo) in the theorem. Then from (i) and (ii) combined:

5, B "
—_— U ——— = u(xg)
vol(0B(r)) Jap(wo,r) vol(9B(r)) Jas(r)
O
Another application of Theorem 3.4 is a new proof of the following result of S.Y.Cheng (see [7]) on

the first non-zero eigenvalue of the Laplace-Beltrami operator on geodesic balls. Let us denote by A; ()
the first non-zero eigenvalue of the Dirichlet problem on (.

3.8 Theorem (S. Y. Cheng). If Ricci > (n — 1)K, then, for all R:

M (B(xo, R)) < Mi(B(R))
where B(R) is the ball of radius R in the simply connected manifold of constant sectional curvature K.

Proof. Let u be a positive eigenfunction on M corresponding to A = A1 (B(zo, R)), and let % be a positive
eigenfunction of the Dirichlet Laplacian on B(R) corresponding to A = A1 (B(R)). Then @ is radial (since
X is simple): say @ = f o p, with f(R) = 0, and f'(R) < 0. Next, let v = f o p be the radial solution
of Av = \v on B(R), satisfying v(Zo) = u(z), where Zg is the center of B(R): then, by Theorem 3.4,
f > 0on (0,R). We can now prove that A < X. In fact, from the relations:

g/
f”+§fl+)\f:0
7l eai-o

- _

we have, multiplying the first relation by f, the second by f, and subtracting:



and integrating from r =0 to r = R:

R
(=N [ fFodr= 0BT (RF(R) 2 0
0
which immediately implies A > ), since the integral on the left-hand side is positive. O

Applications when p is the distance from the boundary of a domain. In this subsection we
give a lower bound for the first eigenvalue of the Dirichlet Laplacian of a relatively compact domain )
having smooth boundary, or piecewise-smooth boundary satisfying an additional condition (see property
(P) below). The bound is given in terms of a lower bound of the Ricci curvature of €, a lower bound of
the mean curvature of 992, and the inner radius of Q (the radius of the biggest ball that fits into ), and
has been obtained by Kasue (see [15]), for domains with smooth boundary. We remark, however, that
our proof differs, in the smooth case, from the one in [15].

So let Q as above and denote by p :  — (0,00) the distance function from the boundary. Then we
have, as distributions on € (i.e. as continuous linear maps on C°(Q)):

Ap = Aregp + Acutp

where Ay p is positive, and supported on the cut-locus of 9. Let us write 02 = Oreg Q2 U Oging (2, where
Oregf) is a smooth submanifold of codimension 1 and Osng€? is a piecewise smooth submanifold of top
codimension > 2.

We will say that Q satisfies property (P) if:

for each x € Q\ Cut(0) the foot of the geodesic which minimizes the distance from x to O is a reqular
point of 082.

/

0
Under the assumption (P), we then have: A,.qp = g °P where 6 is the Jacobian of the diffeo-

morphism (normal chart): ® : U — Q\ Cut(9€2) which sends (r,&) to exp, ) rf. Here U = {(r,{) €
(0,00) X U(Oregf?) : 0 <17 < c(£),D(r,&) € Q}. If pis smooth at x, and p(z) = r, then A,¢4p(z) gives the
trace of the second fundamental form of the level submanifold p~1(r) at x; the mean curvature is then

1
given by —1A,.egp(a:) (our sign convention is that the mean curvature of the unit sphere in euclidean
n —
space is positive for the choice of the inward unit normal).

3.9 Lemma. Let Q) be a relatively compact, open set of M, with piecewise smooth boundary satisfying
property (P). Assume that the mean curvature of 0,4 is bounded below by 7, and that Ricci > (n—1)K
on ). Then, as distributions on €):

0!

Ap2—50p

where 0(r) = (sh (1) — sk (r))" ! and:
Lsin(r\/E) if K>0
si(r) = if K=0

ﬁSth(T\/'KD if K <0

In particular we have the following sufficient conditions for the positivity of the Laplacian of the distance
function:

)—‘ﬂE
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Assume that Q satisfies property (P), that the mean curvature of 9) is non-negative at all regular
points, and that the Ricci curvature of €) is non-negative. Then Ap > 0.

Proof. The lemma is a consequence of Heintze-Karcher’s estimates in [14]; however, we can re-derive it
by the procedure followed in [12], p. 41.

0_/
Since Acyep is positive, it is enough to show that A,czp > -7 o p. Fix a unit normal vector £ €

U(Oreg€?) pointing inside €2, and let b(r, &) = 6(r, S)ﬁ for r € (0,¢(§)). The function b satisfies:

1
b+ mRicei(Vp, Vp)b <0

b(0) =1
b'(0) = —n(¢)
By our assumptions, we can compare b with the solution b of:
V'+Kb=0
b(0) =1
b'(0) = -1
and conclude:
b _ B
b(r,&) — b(r)

b(r, &) < b(r)

on (0, R), where R is the first zero of b. But the last inequality displayed shows that R > c(€) for all
£ €00, hence R> R = én%g c(€) (the inner radius of 2). Now set: §(r) = b(r)"~!. Then:
€

0'(r,¢ '(r)
LS for all (7,&) :7 < c(§)
o(r.¢) (r)
The explicit expression of § given by the lemma is easily obtained. As for the proof of the last statement,
first observe that, since A,y ¢p is positive, it is enough to show that, under the given assumptions,
Aregp(x) > 0 at all regular points x € Q. By property (P), we can write z = exp, ) ré for some r > 0,
and some & € U(Oregf?). Then:

~—

D

0 L _O) _

1—rp

and the last quantity is indeed non-negative. [

To state our comparison theorem, we need to define the model domains to which we will compare our
domain Q. Then let Q = Q(K, 7, R) be the cylinder with constant curvature K, and width R, such that
the mean curvature is constant, equal to 77, on one of the two connected components of the boundary.
Depending on K and 7, Q will be an annulus in either the space form My, or the hyperbolic cylinder
of constant curvature K. We postpone the explicit description of Q after we have proved the following
comparison theorem.

3.10 Theorem. (Compare with [15]) Let Q be a domain with piecewise smooth boundary satisfying
property (P). Assume that the Ricci curvature is bounded below by (n — 1)K on ), that the mean
curvature is bounded below by 7} on Or.4§2, and let R denote the inner radius of Q. Then:

A1) > M ()

18



where \; is the first non-zero eigenvalue of the Dirichlet problem on (), and where A1 (Q) denotes the first
non-zero eigenvalue of the following mixed problem on (K, 7, R): Dirichlet condition on the component
having mean curvature 7, Neumann condition on the other.

Proof. Let p: Q — (0,00) denote the distance function from T, the component of dQ having constant

mean curvature 7. From the explicit expression of €, it will be clear that the cut-locus of I' is either empty,
/!

or reduces to a point: hence A,y p = 0; moreover A,eqp = -7 o p where 0 is as in Lemma 3.9. Let u be

a positive eigenfunction corresponding to A = A (£2), let @ be the eigenfunction associated to A = \;(Q)

wand F(r) = / a.

which is positive on ) and is normalized so that: | @ = / u, and let F(r) = /
Q(r)

Q Q B Qr)
By the special case of Theorem 3.8 we have: F"" = —AF + p.(ulp), and: " = —AF + p.(alp).
By Lemma 3.9, and the fact that p.(u)(r) = —F'(r), and p.(a)(r) = —F'(r), we easily arrive at:
0’/
F”—%F’+/\F20 and :

n’
Ffu%ﬁfmﬁzo

We prove that A > X. Assume A < X\. We multiply the first inequality by F, the second equation by
F', and subtract. We get:

F'F—FF\ _ FF(A—))
7 =77

which is therefore strictly positive on (0, R).

F'F —FF' _ F'(0)F(0)— F(0)F'(0) F'(r) _ F'(r)
i a(0) F(r) ~ F(r)

By our normalization (F(0) = F(0)) we obtain: F(r) > F(r), and, in turn: F'(r) > F'(r) on (0, R).

Ultimately we would have:

Hence

= 0, which implies: on (0, R).

which is a contradiction. Hence A > \. O

We now proceed to the explicit costruction of the model cylinder Q = Q(K, 7, R).
Case 1: K >0,7€R,or: K <0,7 > +/|K|, or: K=0,7>0.

Consider the unique ball B(R) in the space form My having boundary of constant mean curvature equal
to 1. Its radius is:

1 —1, M .
——cot™ (—= if K>0
VE R
R = i if K=0
n
1 ~1, 7 .
coth™ (——=) it K<0
VIK] VIK|

We have already observed that R > R. We let Q denote the interior of B(R)\ B(R— R), and I' = dB(R).
Case 2: K < 0,7 < —/|K|,or K =0, <0.

Again in the space form Mg, let:
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it K=0

1
7
1 —1, 0
coth™ (——)
VIE] VIK]
and let I' = OB(R). Then let 2 denote the interior of B(R + R) \ B(R).

Case 3: K <0,—/|K| <7< |K|

Let M = R x S" ! with metric: g = (dr)? + cosh®(r\/|K|)ggn-1. We fix the minimal submani-
fold N = {0} x S"~! and we consider normal coordinates (r,&) based at N. The Jacobian Oy (r) =
cosh”f_l(r\/|K|)7 so that the absolute value of the mean curvature of the hypersurface {r} x S"~1 is

1 ¢
] g(r) = /| K| tanh(ry/|K|). We then take:
n—

SN T
R= tanh (m)

so that the hypersurface I' = { R} x S"~! will have constant mean curvature equal to +7. If we set:

if K<0

_ {(rn)eRxS" ' :R-—R<r<R} if 7>0
{(r6)eRxS" ' :R<r<R+R} if 7<0

then it is easily verified that Q satisfies the requirements.
Case 4: K =0,7=0.

We take in this case the cylinder R x S™~! with the product metric, and we let:

Q={(r& ecrxS"':0<r <R}
and I' = {0} x S"~!. Note that p~*(r) is a minimal submanifold for all r, and that Ap = 0 in this case.
Case 5: K < 0,7 = :t\/m.
These are the limit cases of Case 1 (if 7 = \/|K|) and Case 2 (if j = —/|K][) as R — oo.

We observe that in Case 4 the theorem reduces to the following well-known inequality, due to Li and
Yau (see [17], theorem 11):

D
AT () > 1R

4. Applications to heat diffusion

In this section € is an open set with piecewise-smooth boundary in a complete Riemannian manifold,
and p : 2 — IR denotes the distance function from the boundary. We assume 02 compact, and we denote
by R the inner radius of 2: 0 < R < oo.

Let k(t,z,y) denote the heat kernel for the Dirichlet problem on Q, at time ¢ > 0 and at the points
xz,y € Q. Assume that ) is at constant unit temperature at time ¢ = 0, and that its boundary 0f2 is kept
at temperature zero for all £ > 0: then the temperature at time ¢, at the point x € 2, is given by:

u(t,z) = / k(t,z,y)dy
Q
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In the sequel, u(t, z) will be simply referred to as the temperature function.
If © has finite volume, the total amount of heat inside €, at time t, is expressed by the heat content
function:

H(t):/ﬂu(t,ac)daﬁ:/Q Qk(t,x,y)dmdy

We will study H(t) by viewing it as the value of:

H(t,r) :/Q( )u(tw)dm

at r = 0. Here Q(r) = {x € Q: p(z) > r} are the level domains of p. Note that H(¢,r) =0 for all £ > 0,
and all 7 > R = inner radius of Q. But to study the heat content function H (t,r), we will consider more
generally functions f(t,r) of type:

ft,r) :/Q( )w(t,m)dw

where w(t,x) is any summable solution of the heat equation on . An example is the complementary
heat content function:

Pt r) = /Q(T)u — u(t,z)) dz

which, unlike H(¢,7), is finite even when vol(2) = co. Note that F(¢t) = F(¢,0) is the amount of heat
inside 2, assuming zero initial temperature, and assuming that the boundary of ) is kept at constant
unit temperature. Note also that F(¢,r) = vol(2(r)) — H(t,r) for all t > 0, r > 0.

It is an immediate consequence of the mean-value lemma (Theorem 2.8, special case) that f(¢,7)
satisfies, on each of the intervals (0,a), with 0 < a < oo, the following heat equation:

2 0
(—ﬁ + a)f = —p(wiAp)

(4.1)
where wi(z) = w(t,z). The equality is one between Radon measures. Note the boundary condition
flt,a) =0 for all ¢ > 0, in case R < a < co. Hence f(t,r) can be expressed, via Duhamel principle, in
terms of the heat kernel e, (¢, r, s) relative to the mized problem on (0, a): Neumann condition at r = 0, and
Dirichlet condition at r = a. Among all choices of a, the heat kernel er(¢,r, s) is best suited for geometry,
and, as we shall see, its use will produce sharp bounds on the heat content function. Nevertheless, the
heat kernel corresponding to a = oo (that is, the heat kernel of (0,00) satisfying Neumann conditions
at 0) which will be denoted simply by e(¢,, s), is more explicit: in fact, by the reflection principle, it is
given by:

1 2 2
(4.2) e(t,r,8) = —— (e~ (T3 /4t | o= (rts)7/at) forall ¢t>0,7,5s>0
vt

and in particular:

1
e(t,r,0) = e/

3
a

We always have: eg(t,r,s) <e(t,r,s).
We start from:
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4.3 Lemma (Duhamel principle). Let f(t,r) fQ( ) w(t, x) dx, where w(t,x) is a solution of the

heat equation on Q, and let e,(t,r, s) denote the heat kernel associated to the mixed problem on (0,a):
Neumann at r = 0, Dirichlet at r = a, where a € [R,o0|. Then, for allt > 0, r € [0, a]:

f(t,r):/ana(t,T,s)f(O,s)ds—/Ot/ana(t—T,r,s)p*(wTAp)(s)dsdT—/Ot%(T,O)ea(t—r,r,O)dT

Proof. The classical proof, which we reproduce here, applies to our case. We only need to give the proof
for R < a < co. The regularity properties of w(t, z) guarantee the convergence of all integrals appearing
below; and we can perform freely all the operations indicated in the sequel (differentiation under the
integral sign, etc.). Fix ¢ > 0, and r € (0,a), and let 7 € o, 8] C (0,¢). Then, by (4.1):

2

a a a a a
/0 ea(t—T,r,s)p*(wTAp)(s)ds:/0 ea(t — 7,7, s)af(T,s)ds—/O ea(t—T,r,s)a—f(T,s)ds

The first integral on the right-hand side must be interpreted as the integral of the function e(t — 7,7, )
2

0
with respect to the measure —f(T, -) on (0,a). Integrating by parts we obtain:

0s2

% (1,8)ds

(t—m,7,5)

a 2
o f __of N _[" Oeq
/0 ea(t —T,7,8) s 5 (1,8)ds = . (1,0)eq(t — 7,7,0) . Ds

and integrating by parts in the second term we obtain, since f(r,a) = 0:

/aea(t T,T,8) 2f( s)ds:—ﬁ(TO)ea(t—T,rO)—F a626a(t—7',r,s)f(r,s)ds
0

0s? or’ ’ o 0Os?

we add to the second integral and easily obtain:

/Oa ea(t — 7,7, 8)ps(ur Ap)(s)ds = —%(T, 0)eq(t —7,7,0) — 837 /Oa ea(t — 1,1, 8)f(7,5)ds

We integrate this relation from 7 = a to 7 = 8 and then pass to the limit as« - 0 and g —¢t. O

We point out two applications of Lemma 4.3. In the first, we take w(t,z) = 1 — u(t, x), and a = co.

Since f(0,s) = 0 for all s, and gf

complementary heat content function (at r = 0):

(t,0) = —vol(99) for all ¢, we obtain the following expression of the

(4.4) F(t) = %VO](@Q)\/% - /0 /OOO e(t—7,7,0)p.((1 —ur)Ap))drdr

and consequently:
t o]
H(t) = vol(Q2) — ivol(é)Q)\/Z + / / e(t —7,7,0)p((1 —ur)Ap))drdr
VT o Jo

For the second application, we fix € Q, and let f(¢t,r) = fQ(T) k(t,z,y)dy. Then f(t,0) = u(t,x);
MOTEOVer:

f(O,T‘) =

1 it r<p(x)
0 it r>p(x)
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and g—f(t, 0) = 0 for all ¢ > 0. By Duhamel principle, applied for a = oo:
r

p(@) t oo
(4.5) u(t,z) = /0 e(t,r,0)dr 7/0 /0 e(t —7,7,0)p(k(T, 2, )Ap)(r) drdr

The two expressions will be repeatedly used in the section. We will also make use of the following
estimates:

t
4 .
(4.6) /0 e(r,a,0)dr < Wt?’ﬂe /4t
(4.7 /00 e(t,r,0)dr < Lt1/26_”2/4t
’ a Y ~ Jma

& 2
(4.8) / e(t,r,0)rdr = ——t1/?
0 VT

(4.9) Alarwpxlmdn&md@m-Al@gnmdf

The proof of (4.6), (4.7) and (4.8) follow easily by suitable integration by parts; (4.9) is proved by observing
that both sides admit the same Laplace transform with respect to t, since the Laplace transform, at p > 0,

1
of e(t,r,0) is —e~ VP,
NG

4A. Bounds in the case: Ap >0

We assume, in this subsection, that ) is a domain with piecewise-smooth boundary and we also assume
that the measure Ap is positive on Q: Ap > 0. We recall that sufficient conditions for this to occur (see
Lemma 3.9) are that both the mean curvature of 9€2, and the Ricci curvature of €2, are non-negative; if
0f) is merely piecewise-smooth, we also require that € satisfies the following property: the foot of any
geodesic segment in ) which minimizes the distance from the boundary is a regular point of 9.

We give bounds of the heat content and the temperature function on 2 which will often be sharp for
a (flat) cylinder. Hence we first treat that case.

By a cylinder, we mean a domain of type:

Q=N x (0,2R)

where N is a closed Riemannian manifold and the metric is the product metric. Note that: 0Q =
(N x {0}) U (N x {2R}), and that R is the inner radius of €. The cut-locus of 99 is the smooth
submanifold p~}(R) = N x {R}, and, for all r € [0, R), we have: p~1(r) = (N x {r}) U (N x {2R —}),
a totally geodesic submanifold. Hence: A;cqp =0, and so Ap = Acyip = 20,-1(ry- Explicitly:

(Ap. &) =2 / () dvps (z)

P (R)
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and:
(po(uldp), ) = 26(R) / u() dvn_1 ()
p=1(R)

In particular, (p.(ulp), ) = 0 whenever )(R) = 0.
As for the temperature function wu(t, z), it is obvious that it depends only on the distance of x from
the boundary; more precisely, one has:

u(t,x) = alt, p(x))

where @(t,7) is the corresponding temperature function on the interval (0,2R) (note that p(z) < R for
all z € Q).

We now come to the bounds.

4A.1 Theorem. Let 2 a domain with piecewise-smooth boundary satisfying: Ap > 0, and let u(t,x)
and F(t,r) denote, respectively, the temperature and complementary heat content functions on Q. The
following inequalities hold for all t > 0, x € , and r € [0, R], where 0 < R < oco:

Q) F(t, ) < vol(99) - /O en(r,r,0) dr

Equality holds if Q) is a cylinder.
Let u(t,r) be the temperature function on the interval (0,2R). Then:

(i) u(t, z) < u(t, p(z))

Equality holds if Q) is a cylinder. In particular:

p(x)
(iii) u(t,z) < / e(t,r,0)dr
0

Equality holds if ) is the semi-infinite cylinder 9 x (0, 0).

Proof. (i) We apply Duhamel principle (Lemma 4.3), to the function F(¢,7) fQ( ) (t,z))dz as in
(4.4), but this time we take a = R. We end-up with:

¢ t (R
F(t,r):vol(89)~/0 eR(t—T,T,O)dT—/O/O er(t —7,7,8)p (1 —ur)Ap)(s) dsdr

Inequality (i) now follows from the positivity of Ap and the fact that u(7,z) <1 for all 7 and z; if Q is a
cylinder the double integral vanishes because er(t — 7,7, R) = 0 (recall that p,.((1 —u,)Ap) is supported
at s = R) and we have the equality.

Proof of (ii): fix x € Q and let f(¢,r) fQ k(t,x,y)dy as in (4.5). By Duhamel principle, applied for
a=R:

p(x) t pR
(4A.2) u(t,z) = f(t,0) = /O en(t,r,0) dr — /O /O en(t — 7.7, 0)ps (k(r, 2, ) Ap)(r) dr dr

hence u(t,z) < [ @) e r(t,r,0)dr. Equality again holds for a cylinder, and in that case the right-hand
side is @(¢, p(z)). (ii) is then proved. For the proof of (iii), just recall that eg(t,r,s) < e(t,r,s). O
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Remark It is perhaps worth noting two immediate consequences of Theorem 4A.1(i): the first is that,
for all £ > 0, and » > 0:

t

1 2
F(t,r) <vol(0Q) - | —=e /474
(,r)_vo(a)/o\/ﬁe T

and in particular:
F(t) < 2 1(09Q)V1
—vo
> \/EV
(note that the equality holds for the semi-infinite cylinder 92 x (0,00)); and the second is the following

maximizing property of cylinders:

Among all domains satisfying Ap > 0, with fized inner radius, and with boundary of fized volume, flat
cylinders hold the mazimum (complementary) heat content.

We have corresponding inequalities for the heat content:

4A.3 Theorem. Let ) be a domain with piecewise-smooth boundary and finite volume, satisfying:
Ap >0, andlet H(t,r) = fQ(T) u(t, x) dz denote the heat content function on Q2. The following inequalities

hold for allt > 0, z € Q, and r € [0, R]:

t
(i) H(t,r) > vol(Q(r)) — vol(09) - / er(r,r,0)dr
0
Equality holds if Q) is a cylinder. In particular:

H(t) > vol(Q) — %voz(am Vit

Let Hy2r)(t,r) denote the heat content of a segment of length 2R. Then:

(i) H(t,r) < %VO](@Q) H2r)(t,7)

Equality holds if Q) is a cylinder.
Proof. (i) follows immediately from 4A.1(i) since H(t,r) = vol(2(r)) — F'(t,r). Proof of (ii): we have, by

4A.1(iii) and co-area formula:
R
H(t,r) = / / u(t,x) dx ds
r Jpi(s)
R
§/ a(t,s)vol(p~1(s)) ds

d
Since (by the special case of Theorem 2.8, applied to u = 1), £Vol(p_1(s)) = —p«(Ap) <0, we see that

vol(p~1(s)) is a decreasing function of s, hence vol(p~1(s)) < vol(9f) for all s and (iii) follows from the
symmetry of @(¢, s) with respect to s = R. O

Inequality 4A.1(i), and its counterpart 4A.3(i) hold also for some domains whose boundary is not
necessarily piecewise-smooth:
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4A.4 Corollary. Let 2 be an open set in a Riemannian manifold, and assume that there is a sequence
of domains €0, C (), all satisfying the assumptions of Theorem 4A.3, and such that, in addition:

1.1imy, 00 pn(x) = p(x) for each x € Q, where pyp(z) = d(z, 2\ Qy);

2.vol(09Q,,) converges to a number vol(0Q).

Then, if H(t,r) is the heat content on 2, we have, for all t,r:

H(t,r) > vol((r)) — vol(99) /0 en(r,r,0) dr
and:

H(t) > vol() — vol(99) - V't

In particular, if Q is a convex, bounded, open subset of R"™, the inequalities hold with vol(02) = vol(09)) =
canonical (n — 1)—volume of the boundary of Q (all notions of (n — 1)-dimensional volume coincide in
this case). The corresponding inequality hold for the function F(t,r):

t
Ft,r) < vol(89) / en(r,r,0) dr
0

Proof. Since p, < p, for each fixed r we have: Q,,(r) C Q(r); moreover vol(£,,(r)) converges to vol(2(r))
as n — oo. Since R, < R, we also have er, (7,7,0) < er(7,7,0). Now, if u,(t,z) is the temperature
function on Q,, then, for all n, ¢, z: u(t,z) > un( ,x). Therefore the heat content H (¢,r) on €, satisfies,
by Theorem 4A.3(i):

H(t,r) > vol(Q,(r)) — vol(0Qy,) - /0 er(t,r,0)dr

for all n, and the assertion follows by a passage to the limit. If 2 is a convex, bounded subset of IR™, then
Q is the limit of an increasing sequence of convex polyhedra, the limit being taken with respect to the
Hausdorff distance on convex subsets of R™. Hence p,, — p (uniformly) on Q, and vol(d2,,) converges to
the canonical volume of the boundary of Q (see [20], Theorem 12.5). O

Note finally that inequality 4A.1(iii), is obvious for convex subsets of R™, since a convex set is contained
in a half-space.

The next theorem gives an estimate of the ”defects”:

(4A.5) Hy(t) = H(t) — (vol(Q2) — %VO](@Q)\/Z)
and:
(4A.6) Fot) = ——vol(dQ)Vi — F(t)

Nz

Note that, in fact, Ho(t) = F5(¢) for all t. The estimate is given in terms of the measure p.(Ap), which
is just the second derivative of the function r — vol(Q(r)).

4A.7 Theorem. Let Q be a domain with piecewise-smooth boundary satisfying Ap > 0. Then, at all
times t > 0:

// e(r, 2, 0)p. (Dp)(r) dr dr < Ho(t) // e(r,7,0)pu (Ap)(r) dr dr
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The inequalities are sharp for the semi-infinite cylinder 92 x (0,00), in which case all three quantities
reduce to zero.

Proof. From (4.4), we have:

/ / =7 10)pu (1 — ur)Ap) drdr

Since u(r,z) > 0 for all 7,2z, we immediately obtain the right-hand inequality. On the other hand, by
Theorem 4A.1(iii) we have:

1—u(r,z) > / e(r,r,0)dr
p(z)

and therefore:

plt= )20 = ([ etros.0)ds) pu(20)0)
We now plug the above into (4.4): the left-hand inequality of the theorem will then follow from (4.9). O

Remark. If 09 is smooth, the left-hand inequality, besides bemg opt1mal has good asymptotic properties
as t — 0, in the sense that the difference between Hs(t) and fo Jo7 e(r,2r,0)p.(Ap)(r) dr dr is O(t3/?)
as t — 0 (see Theorem 4C.3). In fact, if 9Q is smooth the left-hand inequality can be made more
explicit: to that purpose, let R;,; be the injectivity radius of 02, and let n denote the trace of the second
fundamental form of the boundary. Then:

4A.8 Theorem. Let €2 be a domain with smooth boundary, satisfying A,cqp > 0. Then, for all t > 0:

2 1 . ,
/Qu(t,ac) dx > vol(2) — ﬁvol(aQ)\/f + 5(/39 1 dvyp_1)t + min{C, 0}t3/ —g(t)

1
where C = 3— 1( nf )f L) (scalpr — Ricci(Vp, Vp) scal,—1(yy) dv,—1 and where g(t) is the exponen-
7TTE 0,a

e dr dr; here a is a fixed number 0 < a < Ry;

ﬁ
NG

and ”scal” denotes scalar curvature. In particular, if @ C R3: C = ——x(aQ), where x(02) is the

tially decreasing function: g(t) = ([,on) fo Ir

FEuler characteristic of 02.

Proof. Since A.p > 0, we have, by the left-hand inequality in Theorem 4A.7, setting for brevity
(]5(’)”) = fp—l(r) Aregpdvnflz

) t a
H(t) — vol(Q2) + ﬁvol(aﬁ)\/% > /0 /0 e(7,2r,0)p(r) drdr

t ra P

= ¢(0)/0 /0 e(r,2r,0)drdr +A A e(r,2r,0)(¢(r) — ¢(0)) dr dr

t %) . .
0)/0 A e(r,2r,0)drdr — / / (1,2r,0) drdr + (10n(f)¢ /O A e(r,2r,0)r dr dr

If inf ¢’ < 0, we can minorize the last term by inf ¢/ - ¢3/2 (just replace a in the upper limit of

(0,a) 34/ (0,a)
integration by co); if inf)¢’ > 0, we can minorize it by 0. The theorem now follows from the fact that,
0,a
for 0 <r < a:
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¢ (r) = / y )(scalM — Ricci(Vp,Vp) — scal ,-1(ry) dvp 1
pt(r

. , d
In fact, if p(2) < Rinj, then Ap(x) = Ayegp(x) and if r < Ryy,j, then: p fp*l(r) f= fp,l(r)(Vf -Vp —
fAp). Taking f = Ap and applying Bochner formula, we obtain:

d

[ ae= [ (IDdslP - (89 + Ricci(Vp- Vp)
dr Jp=1) ()

By Gauss’ formula: scal,—1(,y = scalpy — 2Ricci(Vp - Vp) + (Ap)? — || Ddpl||*. We substitute and get the
stated expression of ¢'(r). O

We now give an example where Ap is a negative distribution . Let € be the complement of a compact,
convex set in R™. Then Ap is a negative, regular distribution: in fact this is true if  is the complement of
a convex polyhedron (the cut-locus of 02 is empty, so that Acyip = 0; and Aregp < 0 because the mean
curvature of 9Q(r) is non-positive) and the assertion follows by polyhedral approximation. Moreover, the
distribution p.(Ap) is a polynomial function of degree n — 2 in r € [0, 00). In fact (see [7], Section 9.13)
if K is compact and convex, and if K (r) = K + B(r), where B(r) is the open ball of radius r centered
at the origin, then  — vol(K (7)) is a polynomial function on [0, c0):

vol(K 4 (r)) = vol(K) + vol(OK)r + ag(K)r? + - - - + a, (K)r"

and the non-negative numbers ay(K),...,a,(K) are the so-called cross-sectional measures of K ; in
particular, as(K) is half of the total mean curvature m(K) of 0K (if 0K is C?—smooth, then az(K)
is half the integral of the sum of the principal curvatures of 9K). For example, if n = 2: as(K) = 7,
4
ai(K) =0,i>3; and, if n = 3: az(K) = % ai(K) = 0,i > 4.
Now, if € is the complement of the compact, convex set K, and p : 2 — R is the distance from
o) = 0K, then:

vol(p™ (1) = ol (K (1)

d
and since: p.(Ap)(r) = —%VOI(/)_I(T)), we see that:

(4A.9) p«(Ap)(r) = —m(K) — 6a3(K)r —--- —n(n — 1)a, (K)r" 2
Note that, since o, (K) > 0, we have: p.(Ap)(r) < —m(K), for all r. Now, since Ap is negative, we have
the validity of Theorem 4A.1 with all inequalities reversed; in particular, for all ¢ > 0:

0<1-—utx) g/ e(t,r,0)dr
p(x)

and Theorem 4A.7 becomes the following statement:

4A.10 Theorem. Let 2 be the complement of the compact, convex subset K of R™. Then, at all times
t>0:

0< F(t)— %VO](@Q)\/Z < —/0 /000 e(7,2r,0)p.(Ap)(r) drdr

substituting the expression (4A.9) of p.(Ap), we get:
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%voz(an)\/i < F(t) < TVO](@Q)\/+ (2K)t+ O(t3/?)

where O(t%/?) is a polynomial in t'/? explicitly computable from (4A.9). In particular, if n = 2:

2 ol@)WE < F(t) <

7 vol(0Q) V't + it

7
and if n = 3:

%Voz(ag)\/z <F@) < %VOI(GQ)\[ + %t + 8V /2

Finally, let us observe that, if 2 is a compact, convex set, then p.(Ap) is positive and no longer regular;
for example, if Q is a convex polyhedron in R™, then p.(Ap)(r) is the sum of a (piecewise-polynomial)
discontinuous function and the Dirac term vol(p~!(R))dr, where R is the inner radius of . Moreover,
the value at zero of its regular part does not coincide with the total mean curvature of 2. For example,
if n=2:

0) = QZ cot(y(P
P

where the sum is taken over all vertices P of 2, and v(P) is the interior angle at P. Note that, unlike
the total mean curvature itself, which is always 27, the functional p.(Ap)(0) is not bounded above on
the set of all convex polygons in the plane. It is, however, bounded below by 27 in the sense that, for any
convex polygon in the plane:

ZZ cot(y(P)/2) > 2m

For the proof, just observe that cot(y(P)/2) = tan(yest(P)/2), where ezt (P) is the exterior angle at the
vertex P. Since tan(Yezt(P)/2) > Vest(P)/2, we get the assertion by summing over all vertices of €.
This observation leads to the following inequalities:

4A.11 Theorem. Let Q be a compact, convex subset of R?. Then, for all t > 0:

H(t) > vol() — %Voz(afz)\/ﬂ mt—m / t / " e(rr0)drdr
™ 0 J2R

Proof. Let 2, C Q,n € N be a sequence of convex polygons converging to 2 in the Hausdorff metric.
Then, for all n, and for all ¢ > 0:

H{(t) = Hn(t)

where H,,(t) is the heat content of €2,,. It is then enough to prove the inequality when Q is a convex
polygon; the general case will follow by a passage to the limit. By Theorem 4A.7:

(4A.12) H(t) > vol(Q2) — %vol(aﬁ)\/i + /t /Re(T, 2r,0)p« (Ap)(r) dr dr

Now, for each r, Q(r) is a convex polygon; hence the distribution p.(Ap) is the sum of the step-function

r — 2> cot(y(P(r))/2) (where the sum is taken over all vertices P(r) of the convex polygon Q(r)),
P(r)
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and the singular part vol(p~!(R)) 6r, which is always non-negative . By the observation preceeding the
theorem, we have, as distributions on (0, R):

pu(Bp)(r) > 2

and the assertion follows by inserting in the inequality 4A.12.

4B. Bounds in the general case.

In this subsection, €2 will be a domain with smooth boundary. We no longer assume Ap > 0.
We give upper and lower bounds for the heat content. The bounds come from the fact that A,,p is
always a positive measure. Let R;,; denote, as usual, the injectivity radius of €.

4B.1 Theorem. Let Q) be a domain with smooth boundary, and let:

H_(t) = vol(Q )—%VOJ (09) - \f+/ / —7,7,0) (/p_l(r)(l—uT)AregP> drdr

Then, for all t > 0:

4
0<H@t)—H_(t) < —=—5— Apyip | 13/26 Bin /4t
B ( ) ( ) - \/ER'Lan ( 2 tp)

Proof. We look at the expression 4.4 of H(t). Since Agyip > 0:

po((1 = u2p)(r) = [ o (e

and we immediately have the inequality. Now, since A.,p is supported on the cut-locus, we see that
P+ ((1 — ur)Acurp) is supported for r > R;,;. Hence:

Ht)— H_(#) —/ / o 0)pa (1 — 1) D) () dr dr

< / €(t T, R7,nj7 O) dr - / ACUtp
0 Q(Rinj)

and the assertion follows from (4.6). O

4B.2 Theorem. Let Q be a domain with smooth boundary, and let H, (t,r) be the solution, satisfying
Neumann boundary conditions, of the following initial-value problem on the half-line:

02 0
(—w + E)H+ =- /pl(r) Ut Dregp

H,(0,r) = vol(Q(r)) forall r>0

Then, for all t > 0:

4 R
0< H(t,0)— H(t) < —==5— A 13/20—R3,; /4t
+( ) ) ( ) ﬁ{:ﬁfm <A Cutp) e

Proof. We apply Duhamel principle to H(¢,7) fQ( ) u(t,x) dz and to Hy(t,r). Then:
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Hy(t,r)— H(t,7) / / — 7,7, 8) e (Ur Ay p)(8) ds dr

and we can estimate Hy (¢,0) — H(t) as we estimated H(t) — H_(t) in the proof of Theorem 4B.1. O

4C. Asymptotics of the heat content: smooth boundaries

We assume, in this subsection, that {2 is an open set with smooth boundary . We no longer assume
Ap > 0.

We start by estimating the temperature function u(t,x) near the boundary 99Q. Fix a number a so
that: 0 < 2a < Rjp;, and let |Ap| denote the measure |Aycqp| + Acurp. We will make use of the constant:

C(Q,a) = sup k(t,z,y)
{z,yeQ:d(z,y)>a;t>0}

where k(t, z,y) is the heat kernel of  (with Dirichlet boundary conditions). C(€2,a) is obviously finite,
and can be easily estimated if €2 is a domain in euclidean space. If M is any manifold, we give an upper
bound of C(£2,a) in the lemma below.

4C.1 Lemma. Assume that the sectional curvature of M is bounded above by o, and that a is selected
so that: a < inf{Inj(M), %}

T —xifo <0). Then:

N

where Inj(M) is a lower bound of the injectivity radius of M (we take

C(2,a) <

vol(By(a))

where B, (a) is the ball of radius a in the space form, M,, of constant curvature o.

Proof. Let k(t,, 1) denote the heat kernel, with Neumann boundary conditions, of a ball B(a) of center
7 and radius a in M,. Since k is a radial function, we will write it simply as k(¢,7), where r = d(Z, 7).
Now, since the Dirichlet heat kernel k(t, z,y) is less than or equal to the heat kernel of the manifold M
at (t,x,y), we can use an estimate of Courtois’ (see [10]), and conclude that, for all z,y € Q such that
d(x,y) > a, and for all ¢t > 0:

k(t,z,y) < k(t, a)
The lemma will be proved once we show that:

supk(t,a) = lim k(t,a)
t>0 t—o0

ok
because the right-hand side is exactly It is enough to show that e (t,a) > 0 for all t. Now it

1
vol(By(a))’
is well-known that k(¢,r) attains its minimum for r = a, hence there exists ¢ > 0 such that g—(t7 r) <0

-
for r € (a —€,a). Then fix r € (a — €,a). By Green’s theorem:

/ ok / AR
Ba\sm 9% JB@\Bm

o,
or""’

The assertion now follows from the fact that k is a radial function. O

= —vol(0B(r)) r) >0
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4C.2 Lemma. Let a be a number such that 0 < 2a < R;,; = the injectivity radius of 0Q2. If p(z) < a
then, for all t > 0:

1 — u(t,z) — / e(t,r,0)dr| < C1tV/2 4 Cyt3/2e— 11
P

(z)
Where:

Cr= sup |Aregp(y)]
\/_{y p !

(y)<2a}

1
- @ A
02 ﬁa2 C( 70’)\/0‘ p|

Proof. By (4.5):

1—u(t,x) — /p(x) e(t,r,0 dr—// —7,7,0)pu(k(7, 2, ) Ap) drdr

So, we need to estimate the double integral in the right-hand side. Split the inner integral at » = 2a.
Since A,yip is supported for p > 2a:

2a
| / e(t — 7,7, 0)p. (k(r,z, ) Ap) dr| <
0

=P k(r,2.5) | Aregoly)] d
= . T,y p(y)| dy
NG {yip(y) <2a) e
(t— ’7')_1/2
<—F— sup  |Apegp(y)]
VT lye<2ay

On the other hand, p(y) > 2a together with p(z) < a imply d(z,y) > a. Hence:

| / e(t — 7,7, 0)pu (k(r, 7, ) Ap) dr]
2a

< C(Q,a) et — 7,20,0) / pu(18])

2a

Now add up, integrate from 7 = 0 to 7 = ¢, and use the inequality 4.6. [

Let 1 denote the trace of the second fundamental form of 0€).

4C.3 Theorem. (Compare with [ 1,I2]) Assume that Q is a domain with smooth boundary in any
Riemannian manifold, and let H(t) = [, u(t, z) dx denote the heat content function. Then, for all t > 0:

H(t) = vol(Q) — %Vol(aﬂ)\/z_ﬁ—i— % </dQ Udvn1> t+1(t)

where |I(t)] < Ct3/2 4 C5t3/2e=7" /4t 1 (Cyt5/2 + C5t7/2)e="/t
The constants are as follows: fix a so that 0 < 2a < R;,;. Then:

4
=5 /= Ssup ‘ATE p(y)l ) sup/ |Are p|
3V Gy ! *1<r> !

p(y)<2a} (0,a)

l Ricci(Vp,Vp) — scal -1()) dvy,—
3\/_ Oa/l(r scalyr — Ricci(Vp, Vp) — scal ,-1(yy) dvy, 1|
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5
N2 /Q |Ap|

Cy = ]

1
Zﬁa?’ »/GQ

1
C:—CQ,a/Ap-sup/ Avegp
5= ZrarC) 180w [ jac
Proof. We let ¥(t,x) =1—u(t,z) — f() e(t,r,0)dr. Then, by (4.4), and (4.9):

H(t) — (vol(92) — 2 ——vol()Vt / / —7,7,0)pu (Y(T, ) Ap) drdr

7
// ~7n0) (/Tooe(Tvst)d«?) p«(Ap) dr dr

/ / —7,7,0)px((7,-)Ap) drdr

+ /O /O e(7, 2r,0)ps (Ap)(r) dr dr

— (vol(©2) — %VOI((?Q)\/%) will be the sum of the four
T

We cut the inner integrals at r» = a so that H(¢)
pieces A, B, C, D where:

/ / = 7,7, 0)pu(¥(7,-) Ap) dr dr
/ / = 7,7,0)px(¥(7,-)Ap) dr dr
“- /ot /0 e(7,2r,0)p.(Ap)(r) dr dr

D:/Ot /aooe(T,QT,O)p*(Ap)(T) dr dr

Control of |A|. By Lemma 4C.2: (7, z)| < C17Y/2 + Cy73/2¢=*/7. Then, since Jo et —7,r,0)dr <1,

and A.y¢p is supported for p > a:

t a
\A|§/0 /0 e(t—T,r,O)-(0171/2+CQT3/26_“2/T)-/ |Ayegp| drdr

P (r)
t t
<Crosw [ Begpl [ P2ar o[ (Al [ e ar
(0,a) J p=*(r) 0 (0,a) Jp=1(r) 0
2 3/2 4 Cy 7/2 —a?/t
< gcl + sup ‘Aregp‘ -t ) Sup( |Aregp|) 1%
(0,a) Jp=1(r) a”  (0,a) Jp=1(r)

Control of |B|. Use |¢(r,z)| < 1. Then:
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Bi< [ [ eti=rr 00l drar
< /t et — T,a,o)(/aoo p.(|Ap]) dr) dr

~Jo
t
< [ 1800 [ et -ra.0)dr
Q 0

Now use 4.6, and obtain:

4 e
|B| < W/Q|AP| 3/ 2em e /4

Control of |C|. Since 2a < Rjp;:

t a
C :/ / e(r,2r,0) (/ Aregpdr> dr
0 Jo p(r)

Set ¢(r) = fp_l(’r) Ayegp. Then:

C:gb(())/o /0 e(7,2r,0)drd7+/0 /0 e(r,2r,0)(o(r) — ¢(0)) drdr

_20), tmeTr rdr taerr r) — rdr

=2Pi—o0) [ [ etr2nyarar [ [ e 2n0)00) - o) dra
Therefore, by 4.7 and 4.8, since ¢(0) = fBQ n:

1 190)] 52 —a2 1
C— - ) < t9/2e=a7/t |32
| 2/3977 AN +3\/%f’$fg|¢‘
The following expression of ¢’ holds (see the proof of Theorem 4A.8):
¢ (r) = sup/ (scalpr — Ricci(Vp, Vp) — scal,-1(yy) dvn 1
(0,a) Jp=1(r)

Control of |D|. By 4.6:

t [e'e)
DI< [ er20.0) [ puiaphdrar
0 a
1
Vma? Jg

1 .2
o A

< |A,O| _tB/Qe—az/t
2

<

The theorem follows.
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4D. Asymptotics of the heat content on a convex polyhedron

In this section € is a convex, bounded, open set in R™ with a polyhedral boundary. € is then a polytope
in the sense that it is the intersection of a finite family of closed half-spaces:

Q:iQIHi I:{l,,m}

where H; = {x € R" : p (x) > 0} and where p, denotes the distance, taken with sign, from the oriented
affine hyperplane m; of R™. Note that p,, is an affine map. The faces of Q are the (possibly empty)
subsets of 9 defined by:

Fi=m N Q 1el

Each F; is a polytope in 7;; the support hyperplanes (in 7;) defining it are: m; N 7,5 # ¢ (with the
obvious orientation), and the faces of F; (in m;) are: (m; Nw;) NF; = F; NF; with j € I, # 4. In turn,
each F; N Fj, with j # i, is a polytope in the (n — 2)—dimensional euclidean space m; N 7;, and so on.
By volg(P) we denote the Lebesgue measure of the polytope P in R?, and by vi; we denote the interior
angle at F; N F; : it is the unique angle between 0 and 7 such that cos(v;;) = —v; - v;, where v; and
v; are the respective unit normal vectors of m; and 7, positively oriented. Note that, if F; and F; are
incident faces, then 0 < 7;; < m. The aim of this section is to prove the following:

4D.1 Theorem. Let Q, F;, and ~y;; be as above, and let H(t) = fQ u(t, x) dr denote the heat content
function on ). Then, for all t > 0:

H(t) = vol(Q) — %VOZ(@Q) 12 423 “vol,_o(F; N Fy) - cij - t+ E(t)
i#£]

>~ tanh(v;;z)
here ¢;; = 1 ) :
where c;; /0 < tanh(r2) dx and
|E(t)| < Ct3/2 + g(t)

where C' is a positive constant, and g(t) is an exponentially decreasing function ast — 0 . Both C and
g(t) will be explicited at the end of the proof.

The proof proceeds in the following way: we first describe the cut-locus of 92, show that it is a
polyhedral set, and give a convenient expression of A.,;p as integration on the cut-locus. We then give
the proof in four steps. Finally, we examine the special case n = 2, and extend our proof to cover the
(not necessarily convex) polygonal domains in the plane.

Let, as usual, p : © — R denote the distance from 0€2. We observe the following fact, which follows

easily from the convexity of Q: for all x € :

plz) = min pr(z)

i=1,....m

Since there are no focal points of 9€2, the cut-locus of 9f is the closure of the set of points of Q which
can be joined to 0f2 by at least two minimizing line segments. Therefore:

Cut(@Q) = U Cutij
i#j
where:

Cutij = {z € Q: p(z) = pr,(x) = pr, (2)}

The next proposition shows that each Cut;; is in fact a polytope in the bisecting plane m;; of m; and 7y,
where:
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ij = {z € R": pr,(x) = pr, ()}
so that Cut(99) is indeed a polyhedral set.
4D.2 Proposition. Fori € I, let R; = {z € Q: p(x) = pr,(x)}. Then Q = ‘UITZ“ and:
1€

(i) R; is a polytope in R"™; its faces are F;, and all Cut;; = R; N R; with j € I, j # i;

(i) For each i # j, Cut;; is a polytope in m;; (possibly empty, or degenerate); its faces are F; N Fj, and
all Cutijk ZRiﬂR]’ﬁRk with k € 1, k?él, ki?éj

Proof. Fix i € I, and, for each j € I with i # j, let m;; denote the bisecting plane of 7; and m;. Then R;
lies entirely in one of the two sides (half-spaces) determined by the hyperplane m;;. Moreover, R; and
ﬁj lies on opposite sides with respect to m;;. Denote by H,; (with the indices in that order) the closed
half-space determined by m;; and containing R;. By what we just said:

Ri C N My

= jer

where we agree to set H;; = H;. B B
On the other hand, let = € _ﬁI’Hij. Then z € Q, hence x € Ry for some k, and therefore x € Hy;.
Jje

But = € H;;, by hypothesis: hence x € H;x N Hy; = mi. Then: pr, (z) = pr, () = p(), ie. z € R;. We

conclude:

Ri= NHi
() jer 17

that is, 7@_ is a polytope, as asserted. The other assertions follow rather easily from the above represen-
tation of R;. O

We now give a convenient description of p.(uAp) as integration on the cut-locus.
4D.3 Proposition. Let ¢ € C2(Q), and ¢ € C2(0,00). Then:

(Ap, ) Z cos( / o(x) dx;
Cutij

i#]

%J u(x z)) dx.
(pn (ulp), ; /C vt

dx denoting Lebesgue measure on the hyperplane m;; of R™

Proof. We first assume ¢ smooth; the assertion will follow by a density argument. Then:

(Dp, ) / V-V

Since 2 = ‘UIRZ" and since Cut(9€2) has measure zero:
1€

/vas Z/ Vp-Vo

i€l

The restriction of p to R; is pr,, which is an affine map; hence, by Green theorem applied to R;, and

Proposition 4D.2:
8pﬂ
Vp-V¢=— / :
/ Z Cut a’/ij

Jel,j#i
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Opn;
v
and the first formula follows by summing over I. The second formula follows from the first by the
definition of p,. O

where v;; denotes the unit normal to ;;, oriented to the side of R;. Hence =v;-v; = —cos(7;/2),

By 4.4 and Proposition 4D.3:

(4D.4) H(t) — vol(Q) + Tvol (Ot = ;cos %] / /Cutu e(t—1,p(x),0)(1 —u(r,z)) dedr

so we need to determine the coefficient ¢ of ¢ in the asymptotic expansion of the right-hand side of 4D.4
as t — 0. To do that, we restrict to a suitable e—neighborhood of 9. Let us fix some notation on the
incidence relations of the Fs:

L={(i.j) €Ix1:i#jFinF+0}

Is={(i,j,k) €I x I x T 1i#j#k#4FNF;NF,+0}
Then:
4D.5 Lemma. Let ¢ = (i,ji,%fez:,di‘gt(cmij’f’“)' Then € > 0, and:
(i) If z € Cut;; and p(z) < €, then (i, ) € Is;
(ii) If x € Cuty;, and p(z) < €, then (i,j,k) € Is.

Proof. Recall that Cut,;; and F}, are closed subsets of IR™. To show that € > 0, it is then enough to show
that, if (¢, j, k) ¢ I3, then Cut;; N Fy = 0. But this is clear, since Cut;; N F € F; N F; N Fy.

Proof of (ii): if € Cut,jx, then p(z) = d(x, z) for some z € Fy. If (4, j, k) ¢ I3, we have d(z,z) > € by
our definition of €, and (ii) is proved.

Proof of (i): let (4,7) ¢ I2; the restriction of p to Cut;; is just pr,: an affine map. Hence p|cus,; attains
its absolute minimum on the boundary of Cut;;: this implies, since dCut;; N 9 = @, that there exists,
by Proposition 4D.2, an index k, k # i,k # j, and a point y € Cut;;, such that p(z) > p(y) for all
x € Cut,j. Since (¢,7) ¢ I2, a fortiori (4, j, k) ¢ I3, hence p(y) > € by (ii). O

The proof of the theorem is in four steps, which we outline below. Set, for brevity:
Zigtwir) = [ elt=rp@),0)(1 - u(r,)) d
Cutij

Step 1. If 7; N F; =0, then Cut,; is at distance > ¢ from 9. Hence each pair (i, j) ¢ I contributes to
the sum in (4D.4) with an exponentially decreasing term. Precisely, we will show that:

(4D.6) |H(t) — vol(Q2) + —Vol(aQ Wt — Z cos( %J/2)/ 4wy T)dr) < Vol(aﬂ)t3/26—€2/4t

4
2
VT (ig)els Ve

In Steps 2-4, we assume that (i, 7) € I (that is, F; and F; are incident faces).

Step 2. It is the most delicate estimate. We show that, in order to compute the term in ¢ in the
expansion of the heat content, we can replace the temperature function w on Cut;; by the temperature
function u,j;, relative to the infinite open wedge W;; in R™ bounded by the oriented hyperplanes m; and
m;. Precisely:
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t t
(4D.7) |/ Zij(u; ) dr _/ Zij(uiji 7) dr| < Ca(i, )8 + Ca(i, j)t2e=e /At
0 0
for some positive constant C1(4,5), C2(i, 7). If dim(Q) = 2 then C;(4,5) = 0.

Step 3. We observe that, when restricted to m;; (the bisecting plane of the wedge W;;), the temperature
u;5(t,2) depends only on p;;(x) = distance of x from m; N 7;, so that it can be written u;;(t,z) =
U5 (t, pij(x)), for a function @;; of t and r > 0. Hence we show that:

t
(D) | [ Zig(ussr)dr = volua(F N F) e ()] < Call ) + Calin e
0
where C3(i, j), C4(4, j) are positive constants, and:
t [e'e]
cii(t) = / / e(t — 7, rsin(v;;/2),0)(1 — @ (7, 7)) drdr
o Jo

Step 4. It is the explicit computation:

(4D.9) cii (1) % (/000(1 - M)dm) -t

- cos(7;;/2 tanh(rz)
The theorem will follow from 4D.6-9. See the end of the proof for the explicit expressions of C and g¢(t).
We now give the proofs of Steps 1-4. We make use, several times, of the following, easily established,

facts:

1. If S is a p—dimensional affine subspace of R™, then:

vol, (S N Q) < vol(BP(diam(2)))
where BP(a) is the ball of radius a in RP. Note that vol(B%(a)) = 1. We set vol(BP(a)) = 0 if p < 0.

2. If pp : R™ — R is the distance function from the oriented hyperplane 7, with unit normal v = Vp,
then the gradient of the restriction of p, to the affine subspace S of R™ is the orthogonal projection of v
onto S.

Proof of 4D.6. From Lemma 4D.5, we see that if x € Cut;;, and (4, j) ¢ Iz, then p(xz) > €. Hence, if

(7’7]) ¢ IQ:
Zij(u;T) < e(t — 7,€,0) vol,—1 (Cut;;)
and since (p.(Ap), 1) = vol(9N), we easily get, by 4.6 and Proposition 4D.3 applied to u = = 1:

¢
4
> cos(lﬂ)/ / e(t —7,p(x),0)(1 — u(r,z)) de dr < Vol(9Q)3/2 ¢ =< /4
- 2 0 JCut;; ﬁGQ
(4,5)¢12 &
This proves 4D.6.
Proof of 4D.7. We now fix (i, ) € I> and use the notation: I;; = {k € I : (i, j,k) € Is}. Recall that:

Zii(uyT) = /c . e(t —7,p(x),0)(1 — u(r,z)) dz
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Since F; and F; are incident, so are the hyperplanes 7; and 7;. We denote by W;; the infinite open
wedge in R™ given by the intersection of the two half-spaces determined by m; and ;:

Wij = {2 pry(2) > 0} N &+ pyy ) > 0
Note that 2 C W;;. We then let u;; : (0,00) X W;; — IR denote the solution of:

0
(A-f— E)UU =0
uij(t,x)zo t>0 ZL’GaWij
u;;(0,2) =1 x € Wi

4D.10 Lemma. For allt > 0 and x € Q:

0 < ’U,ij(t,x) - U(t,l‘) < 2n67d(I’Aij)2/4nt

where AU = k;ézukgé_]]:k

Proof. Let v;;(t,x) be the solution of the following initial-boundary-value problem in R™:
0
(A + a)%‘j =0
v;;(0,2) =0 T € A
vii(t,z) =1 t>0 z€ Ay
The following facts are easy to verify: u;;—u and v;; are both solutions of the heat equation on €; they have

the same initial conditions on 2, and moreover, since v;; > 0, and 0 < u;; —u < 1t (u;; — u)|an < vijlan
for all ¢ > 0. Therefore, for all ¢, x € Q:

0 < wj(t,x) — ult,z) < wv(t,x)
by standard arguments. By Levy’s maximal inequality:
1 2
vt 7) < 2/ L e,
K Iyl A,,) (470)"2

1
We estimate the integral I,, = f\|y|\>b (4rt)n/?
> )"

we have: I, = e~*/4 from which it follows that:

e~llvll*/ 4tdy in the following way. Using polar coordinates,

* 1
p Vi

b
Now, since ||y|| > b forces |y;| > —= for at least one coordinate i € {1,...,n}, we obtain I,, < ne

N

2 2
e’ /4t dr < e—b /4t

—b2/4nt

The lemma follows. O

Remark. If dim(Q2) = 2, then 4D.7 is an immediate consequence of Lemma 4D.8: in fact, in that case
d(z, A;j) > € for all x € Cut;;, by our definition of €, and therefore the quantity:

¢
(4D.8") 2n/ / e(t — 1, p(z), O)efd(m’Aij)Z/‘L"T dx dr
0 JCutyj

will be ezponentially decreasing as t — 0, and C1(7,7) = 0. If dim(Q2) > 2, then A;; will intersect Cut,;

in the set ot Uk¢ (FiNF; N Fy) which is not empty, in general. Therefore we must proceed with the proof
i, k]

and show that 4D.8 is indeed 0(t3/2), as t — 0.
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For x € m;;, let p;j(x) stand for the distance of x from the hyperplane m; N m; of m;;. Observe that, if
x € Cut,j, then p(x) = p;;(z) sin(v;;/2). Hence, by co-area formula, applied to p;; : Cut;; — R:

(4D.11) / e(t — 7, p(z), O)efd(:r,,Aij)Z/szr dr
Cut;;

o0
= / e(t — 7, rsin(vy;;/2), 0)(/ =A@ Ai)* /4nT dx) dr
0 p:Jl(r)OCut,-j

Next, since: d(x, A;;) = k;rukr;é d(z, Fr):
ik#j

(4D.12) / oA fAnr g / (e T Anr g
Py (NCut; pi;! (r)NCuty;

For a fixed r, pi_jl(r) N Cut,; is contained in an (n — 2)— hyperplane section of €2; hence, by our definition
of €, we see that each term of the above sum involving an index k ¢ I;; (that is, an index such that
(i,4, k) ¢ I3) is majorized by:

k#i,k#]

(4D.13) e~ /47 yol(B"2(diam(9)))

Hence it remains to examine the integrals of type:

/ e—d(a:,]:k)z/élrm' dr
pfjl (r)NCut;j
where k € I;;.

First, note that d(x, Fi) > px,(x). Now fix » > 0, and consider the (n — 2)—dim polyhedron @Q;; =
,oi_j1 (r) N Cut,; which lies in a hyperplane parallel to m; N 7;. The function p,,, when restricted to Q;;,
has gradient:

Piji, = orthogonal projection of Vp,, = v} onto m; N,

and |P;;i| > 0 since, by assumption, F; N F; N Fy, # 0, and so 7y, is incident 7; N 7;. By co-area formula,
applied to pr, : Qi; — R:

J

e—d(x,fk)2/4n7- dr < / e—p,rk(x)z/4nr dz
Qij
]. /006732/41'7,7.\,01 ,3(p71(8)ﬂQ")d8

|Pijkl Jo i I

vol(B"_3(diam(Q)))- - OoeTs m 5. 71/2
< o NG / (r,5//m,0)d

B vol(B"~3(diam(2))) 1/2
= \/Nnm |szk| T

Summing over k # i,k # j, and taking into account 4D.11-14, we obtain:

ij

(4D.14)

[ el mpta),ope oA gy <
Cut;;

(m_2) Vo n—2 iam _6—62/4’”7’
= Sin(r,2) P damE) ’

Vnmrvol(B"~3(diam(12))) 1 1/2
sin(v;;/2) ver, [Pl
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Integrating the above inequality from 7 = 0 to 7 = ¢, and multiplying by 2n, we obtain 4D.7 with:

Ci(i,j) = Mvol(w?’(dim(m)) > %

- 3sin(y3/2) o7 | Pkl
and:
. 8n2(m — 2) o
02(27.]) €2 Sll’l(’)’lj/Q) vo ( (dlam( )))

Proof of 4D.8. We have already observed that, when restricted to the bisecting plane 7;; of m; and
7j, the function u,;(7, ) depends only on the distance p;;(x) of x from m; N 7;; so let us set u;;(7,z) =
U;5 (7, pij(x)) for a function 4;; of 7 and r > 0. By co-area formula, applied to the map p;; : Cut;; — R,
we have:

(4D.15) /C N e(t —7,p(z),0)(1 — uy;(7,2)) de

= / e(t — 7, rsin(vy;;/2),0) (/ (1- uij(T,x))dx> dr
0 p;jl(r)ﬂCut,ﬂ,j

(oo}
= / e(t — 7,rsin(vy;5/2),0)(1 — @5 (7, 7)) - Voln,z(p;jl(r) N Cut;;) dr
0
4D.16 Lemma. For0<r < #
sin(7i;/2)
|V01n_2(,0i_jl(7“) N Cutij) - Voln_Q(]:i N .7:])| < Mijr
where M;; = vol(B"~3(diam(f2)))| >° cot~;jx| and where v;j is the angle between the faces F; N F;
kel
and Cut;ji, of the polyhedron Cut;;.

Proof. See Appendix C.
Taking into account 4D.15, Lemma 4D.16 and the expression of ¢;;(t) as defined in Step 3, and writing
for brevity V;;(r) = Voln,g(p;jl(r) N Cut;;), we have that:

t
| / / e(t —7,p(x),0)(1 — ui; (7, x)) de — vol,—o(F; N F;) - ¢;5(t)| <
0 Cllt”'
t o0
< [ et = rursintrig /2,000~ s () Vi) = Vi 0 dr
0o Jo
t pe/sin(vi;/2)
< M, / / e(t — 7, rsin(vy;;/2),0)r dr+
o Jo

t oo
+ vol(B™ 2 (diam(£2)) / / e(t — 7,rsin(vy,;/2),0) dr
0 sin(vi;/2)

AM;; 32

4 2
S o3t Y ol(B™2(diam(Q)))t2e—c /4t
- SﬁsinQ(fyij/Q) + 2 Sin(%j/Q)VO ( (diam(2)))t"e

the last inequality following by a change of variable, by 4.8, and by the fact that f;o e(t —7,5,0)ds <
e=< /A(t=T) (see the proof of Lemma 4D.10). Hence 4D.8 holds with:
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Ca(i, ) = 5= —svol(B" ™ (diam ()| ) cot vyl
3y/msin?(7;;/2) keZI” J
Calisf) = = ol(B™(diam())
o €2 sin(7;;/2)
Remark. If dim(Q2) = 2, then V;;(r) — V;;(0) = 0 for 0 < r < ¢, and therefore we see that in that case

Proof of 4D.9. Explicit computation of ¢;;(t). We make use of the Laplace transform with respect to
time, and our notation is the following: if f is a function of ¢ then its Laplace transform at s > 0 will be
written with capital letters:

F(s) = /0 T et ar

By well-known convolution properties, we then have, for the Laplace transform Cj;(s) of ¢;;(t) (as in
Step 3):

o . 1 B
Cij(s) = 3_1/2/ e_\/gTMn(%'j/?)(— —U;j(s,r))dr
0 s

1 -
We will write down an explicit expression of — — U;;(s,7). First observe that W;; is isometric with
s

W (i) x R"=2 (with the product metric), if we denote by W (v;;) the open wedge in R? with interior
angle v;;. We adopt cylindrical coordinates z = (r, o, y) where (r,a) are polar coordinates in W (~;;)
(the angle  being counted from the bisectrix of v;;), and where y € R"™2. In these coordinates the
temperature function u;; (¢, ) is independent from y, hence it can be written, by a slight abuse of language,
as ui;(t,r, o). Note that @;;(¢,r) = u;;(t, 7, 0).

The following lemma was suggested by the expression of the Green function of an open wedge in R?
as a Kontorovich-Lebedev transform (which we learned from [3]).

4D.17 Lemma. Let W(v) be the open wedge in R? with interior angle v, and let (r,a) be polar
coordinates with o € (—v/2,v/2) being counted from the bisectrix of y. Let u(t,r, «) be the solution of:

0

U(O,T,Oé) =1 r> 07 o€ (_7/277/2)
u(t,r,£v/2) =0 t>0,r>0

and let U(s,r,a) = [)°

u(t,r,a)e %t dt. Then:
1 9 cosh(ﬁ) cosh(ax)
U(s,r,a) = — — — Kz (v/s7) 2 7z dx
5 TS Jo cosh(7)

where K, is the modified Bessel function of imaginary argument (see [13], 8.407.1)

92 10 1 02
Proof. In polar coordinates —A = a2 T rar T r2oae
the open wedge W (7), the boundary-value problem:

Hence the function U (s, r, @) must satisfy, on

AU =1-sU
{U(s,r,iy/Q) =0 forall s>0,r>0

Now U is a solution of AU = 1—sU by [13] (formula 8.491.6), and satisfies the given boundary conditions
by [13] (formula 6.794.2). The lemma follows. O
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We now come to the computation of C;;(s). From Lemma 4D.17:

™
. 1 9 [ cosh(T)
Uij(s,7) = Usj(s,7,0) = = — — ; Kix(\/gr)ih(%jm) dz
COS

hence:

cosh(mv)
2 > 92 * —+/srsin
Ci;(s) = 7153/2 /0 21‘ (/0 VersmOu/A R, (Vsr) d )

Yij
h(9Z
cosh( 5 )
The inner integral, after the substitution z = /sr, will become (see [13], formula 6.611.3):

x cosh(%) Sinh(%)

2 cos(7ij/2)s'/? cosh(%x) sinh( W;)

x
substituting, and changing 5 to x, we then obtain:

cij<s>:Wz/2).A"° (1_%) .

Taking inverse Laplace transform, we obtain (4D.9).
The remainder term. From 4D.6-9, and the expression of the constants C.(i,j), we have:
2
|H(t) — VOI(Q) + ﬁVOl(@Q)\/E -2 Z VOln,Q(}—i N .7'}) + Cij - t‘ g Ct3/2 + g(t)
(,5) €2

where:

C— 4n\/n7r

ol(B"(diam(Q)) 3

(2,5,k)EI3

cot(7y5/2)+
‘ ij|

n— COS(%‘;‘/Q)
+ VVOI(B B(dlam(Q)m(i,]%dg COt(%‘jkﬂm\

with P;;, and 755, as in the proof of 4D.7 and 4D.8, respectively; and:

g(t) _ a1t3/26762/4t + a2t26762/4t + a3t26762/4m
with:

Q] =

N 2v01(8Q)

4 n—2¢7:
o = 6—2V01(B (dlam(Q)))(Az):I cot(7ij/2)
1,7)€E1l2

s — Wmlwnﬁ(dmm(ﬁ))) Z cot(7i5/2)

(4,5)€l2

If dim(2) = 2, then C' = 0 and, looking back at the proofs of Steps 1-4, g(t) can be reduced to the
following form:
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g(t) = \/; =

12
vol(@Q)*/2e™ /M 5 D7 oty [2)te /M
(i,9)€l2

With this, the proof of Theorem 4D.1 is complete.

Heat content asymptotics of a polygonal domain in the plane. (Compare with [3]).
Now let  be a (not necessarily convex) polygonal domain in R%2. We show that the coefficient of the
term of order ¢ in the asymptotic expansion of the heat content is 4) ¢, with:
P

o0
Cy = / (1 — tanh(’ym)) dx
0 tanh(mx)
and where « denotes the interior angle at the vertex P of (0 < v < 2m).

Take a sufficiently small, positive number €, and, on each sector B(P,¢) N €, approximate the tem-
perature function wu(t, z) by up(t,x) (the temperature on the infinite open wedge with vertex in P and
angle 7): then, proceeding as in Lemma 4D.10, the error in the approximation will be bounded by an
exponentially decreasing function ot ¢, as ¢t — 0.

There are two cases to examine: when the vertex P is conver (0 < v < ), and when it is concave
(m < v < 27). The contribution to the asymptotics of the heat content when the vertex is convex is
4c,t, as we proved in Theorem 4D.1 applied to n = 2; it then remains to determine the contribution of
concave vertices. Now, near a concave vertex, we have A, p = 0, and the level curves of the distance
function are C! curves given by the union of the two segments parallel to the two sides meeting at P,
and an arc of circle of angle v — 7. Precisely, in polar coordinates (r, «) centered at P, with the angle «
being counted from the bisectrix of 7, we have, for 0 < r < e:

1 i Y- y—7
Apegp(r, o) = T ' 7 “*S 3
0 otherwise

hence the vertex contribution of P is, up to exponentially decreasing terms, given by:

t [ee]
| [ et mr0pd = un(ro)arep) drar
0 Jo
t poo (y—=m)/2
:—// e(t—T,r,O)/ (1 —up(r,r,a))dadrdr
0 Jo -

(y=m)/2

Its Laplace transform with respect to time ¢, at s > 0, is, thanks to Lemma 4D.17:

9 o0 (yv=m)/2  poo cosh(ﬂ) cosh(ax)
—73/2/ ef\/g’"/ / Kz (y/s7) 2 7z dx dodr
st Jo —(v=m)/2Jo cosh(7)

which can be evaluated using which can be evaluated again by [13], formula 6.611.3. One finds its value

4
to be —c¢,. Taking inverse Laplace transform, we obtain, also in this case, the vertex contribution 4c,t.

The remainder term of the asymptotic expansion of the heat content will be an exponentially decreasing
function of ¢, as t — 0, which depends on €, on vol(9f2), and on the angles ~; it can be easily computed
by the same methods used in Theorem 4D.1. We omit the details.
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Appendix A.

Lemma. On any Riemannian manifold M, if p is the distance function to a submanifold N, one has
that Ayegp € L}, (M).

loc

Proof. . We have to show that, if K C M is compact, then fK |Aregpl is finite. Let R be large enough
so that K C p~1[0, R). Then, integrating in normal coordinates:

min{c(§),R} ,
/|Aregp|s/ / 0/ (r, )| dr de
K ) Jo

Hence it is enough to show that |6’| is bounded on {(r,€) : 0 < r < min{c(§),R},& € U(N)}. Let us
consider the map ® : (0,00) x U(N) — M defined by ®(r,§) = exp, (¢ 7€. As ® is everywhere C*°, its
D*(dvy,)
dr A dE
U(N), respectively) is also everywhere C*°. Now:

Jacobian determinant 6(r,§) = (where dv,, and d¢ are the canonical volume forms of M and

0 if dim(N)<n-3
1 if dim(N)=n-2
- > m(® if dim(N)=n-1

1<i<n—1

lim o' (r, &) =

where 7;(£) is the i-th principal curvature of N at the unit normal vector £. From these facts, we deduce
that |0'(r,&)| is indeed locally bounded on (0,00) x U(N), and then that [, [A.cqp|dv, is finite, as
asserted.

In addition, the comparison theorems of Rauch and R.L. Bishop may be used to produce upper and lower
bounds of #'(r, &) in terms of lower and upper bounds of the sectional (or Ricci) curvatures of M.
We observe, in particular, that if NV is a p—dimensional submanifold of R™, then:

P
0(r.6) =" [J(1 = rmi(©))
i=1
Appendix B
The scope of this appendix is to prove Lemma 2.2, Corollary 2.3, and also to give an alternative
description of the singular Laplacian of the distance function. We refer to [6] (§13.2) for the definition of

Hausdorfl measures we use here.

Proof of Lemma 2.2. By the definition of Hausdorff measure and our assumptions, we can find, for each

e > 0, a finite or countable covering of K by sets E;(e),i = 1,2,..., each of diameter not exceeding e,
satisfying:

1 2n71
(B.1) Z(dlam(Ei(e))) < vol(Br 1y H, 1(K)+e

For each i and each e, pick a point € E;(¢) N K; then the open ball B;(e) with center x and ra-

dius ¢ diam(E;(e)), where 1 < § < 2, contains E;(e¢). K being compact, there is k(e) such that

K C Uffl)Bi(e) = V(e). Note that V(e) covers K and is contained in a 2e—neighborhood of K, and
that OV () is piecewise smooth. Fix an open neighborhood W of K, and let ¢y > 0 be a number such
that V(e) C W when € < €.
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Claim. Assume that Ricci > —(n — 1)a?g on W. Then there exists a positive constant Cy depending
only on a, €y, such that:

vol(OB;(€))
(radius(B;(e)))»t

(B.2) <vol(@B™" M+ Cre  Vi=1,...,k(e) Ve < €

Proof of claim. Using Bishop comparison theorem one argues that, if B(z,r) is any ball contained in W,
then:

vol(0B(z,r)) < vol(0B_,2(r))

where B_,2(r) is the ball of radius r in the simply connected manifold of constant sectional curvature
o = —a?. Hence it is enough to prove the claim in that case. Now a classical formula states that:

vol(OB_,2(r)) = Vol(aB”*I)(l sinh(ar))"~t. Write: sinh(ar) = ar(1 + ¢, (r)r) with 1,(r) smooth and
a
positive for » > 0. Then:
vol(0B_,2(r))

Tnfl

<vol(dB™ 1+ Cyr

with: C] = %vol(@B"il) sup (Zn ! (n 1)1/1(1( )irt 1)

0<r<ep

Now:

vol(9V (€)) < Z vol(9B;(

2> radvlilaB D im0

and we get the assertion by B.1, B.2 and the fact that 6 was arbitrary. Proof is complete. [

Before giving the proof of Corollary 2.3, we give the following alternative description of Acyip (see also
[9], Lemma 3.3.5). Assume that supp ¢ C p~1[0, R). Let {W(e),e > 0} be any family of open sets with
piecewise smooth boundary which cover Cut(N)Np~1[0, R) and shrink to zero volume: lim,_o vol W (e) =
0. Then:

. dp
* Acutp, @) = lim
®) (Beuep, @) = iny ow(e) Ov(e)

where v(e) is the unit normal to W (e), pointing inside W (e).
For the proof, observe first that, if € is small, p=1[0, €) has smooth boundary and covers N. Then let V (¢)
be the interior of the set W (€)M p~1(e, 00). Clearly V(e) has piecewise smooth boundary and satisfies:

V(e) C®(U)Np~t0,R), and:
lim, o vol(V(e)) = vol(M(R))

Therefore:
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A - Vp -V
(Ap, d) /pl[o,m p-Vo

= lim Vp-Vo
e—0 V(e)
Ip
—lim [ G Aregp— / b
=0 Jv(e) I oV (e) on(e)

where n(e) denotes the inward unit normal to V (¢). Now, since OM (¢) = p~1(¢), we can write:

dp _ B ap
/W(e)%"(e)_ /,,1(6)¢ /eavv(e)%l/(&)

we then substitute in the above expression and pass to the limit as ¢ — 0: note that lim._,¢ O DNyegp =
V(e)

/ ¢ Aregp by Lebesgue’s dominated convergence theorem, hence the limit in (*) exists and is indipendent
M
from the sequence W (e).

Proof of Corollary 2.3. Fix ¢ € C2(M) with supp¢ C K, and consider the sequence of V (€) given by
Lemma 2.2, when applied to K N Cut(N). By the description (*) of A.y:p:

. ap
qucu p= lim (b
/K ' =0 Jav (e Ov(e)

The Corollary follows immediately. O

Appendix C

In this appendix we prove Lemma 4D.16, which is in fact a consequence of the following more general:

Lemma. Let: P = polytope in R¢ with faces Fi, k = 1,...,N; m = hyperplane not intersecting the
interior set of P; vy, = angle(v, Fy,), where v is the unit normal to 7, oriented toward P; § = inf dist(Fy, ),
where the infimum is taken over all indices k such that Fy, is not incident 7; py : RY — R: distance from
7. Then the map:

V(r) = volg_1(P N p; 1 (r))

is differentiable on (0,6) and in fact, for 0 < r < é:

Vi(r) = - ZCOt Vi - vola—a(pr " (r) N F)
k=1

where Fi,...,F,, are the faces incident with .

Proof. For 0 < r < § the hyperplane p, ! (r) will intersect P only in the faces Fi, ..., F,, and the section
0> (r) N P will be bounded by the (d — 2)—dimensional faces F; N p;L(r), ... Fn N p;t(r). Consider the
strip:

P(r,h)=Pn{r<p. <r-+h}
where h is small and positive. Since p, is an affine function, we have, by Green’s theorem:
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(*) 0:/ Apﬂ. :VOld_l(p;l(’l“)ﬁP) —VOld_l(p; (T‘—‘rh ﬂP —|—Z Vor - Vg Qk( )
P(r,h) =1
where Qg (h) = voly_1(Fr N {r < pr <r -+ h}). Then:

V/(r)e = = 3 cose(Jim £Qu(8)

k=1

If p, denotes the restriction of p, to Fi, we have, by co-area formula:

r+h 1
T 1 (s)NFy ‘vpﬂ‘ )

But Vp, is the orthogonal projection of Vp, onto Fy, and therefore |V .| = sin~y,. We now pass to the
limit as A — 04 and insert in the expression *. The case h — 0_ is treated similarly. O

Proof of Lemma 4D.16. We let P = Cut;;, and m = m; N 7; in the Lemma. Then d =n — 1, pr = p;;
and V(r) = voln,g(p;jl(r) N Cut;;). The faces of P incident 7 are then all polyhedrons Cut;j; with
(1,7,k) € I3. Moreover, if = € Cuty;, and (4,7, k) ¢ I3, then:

p(x) €
Sin(%j/2) = Sin(%’j/m

pij(r) =

by our definition of € (see Lemma 4D.5(ii)). Hence 6 > and Lemma 4D.16 follows easily.

€
Sln('Yzj /2)
Appendix D

The scope of this appendix is to show that, in any Riemannian manifold, the cut-locus of a piecewise-
smooth submanifold is a set of zero measure in the manifold.

Let N be a compact subset of a complete Riemannian manifold M. We say that N is a piecewise-
smooth submanifold of M if N is the disjoint union of a finite family Z of smooth, open submanifolds INV;
of dimension 0 < n; <n —1. Let p: M — R be the distance function from N. Then p is Lipschitz.

For each i € 7, let R; denote the maximal open subset of the set of all x € M for which there is a unique
geodesic from x to N minimizing the distance from N, and the foot of this geodesic belongs to N;.

Then let:

R =UR,;

It is clear that, when restricted to R;, p coincides with the smooth function py, = distance from Nj;
moreover p is C*°—smooth on R, and the regular Laplacian of p, defined on R by A,cqp = A(p|r),
satisfies:

%\h

O,

Areglei od; = —

where ®; is the normal chart relative to N;, sending (§,7) € U(N;) x (0,00) to exp, ) ré € M, and Oy,
is its Jacobian.
We now come to the main theorem of this appendix:
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D.1 Theorem. The complement of the open set R of regular points of p is of zero measure in M.

First, we define a surrogate of the ”unit normal bundle” of N, N being a compact subset of M.
Let Un(M) be the unit tangent bundle of M, and let 7 : Un(M) — M be its canonical projection.
The cut-radius map:

c:m HN) —[0,0q]

is defined in the usual way (see §1; no property of continuity is needed at this point). We set:

UN) = {¢en  (N):c(€) >0}
hence U(N) consists of all unit vectors which are based at points of N, and for which the corresponding
geodesic minimizes the distance from N on a segment of positive length. U (N) does indeed coincide with
U(N) when N happens to be a smooth submanifold of M. The normal chart:

O :U(N) x (0,00) = M
where ®(&,r) = exp, ¢y 7€ 1s easily seen to be surjective on M \ N and continuous.

Now assume that N is a piecewise-smooth submanifold; then U(N;) is an open, smooth submanifold
of Un(M) of dimension n — 1, having piecewise-smooth boundary. Set, for each ¢ in the index set Z:

UN;) ={§ € UN;) : ¢(§) > 0}
Note that U(N) = U;U(N;) since, if 7(€) € N; and ¢(€) > 0, then £ must be normal to N;. Now set:

ureg (N) = Ul;
where U, is the largest open subset of U(N;) contained in U(N;). It follows that Uy.4(N) is a smooth,
open submanifold of Un(M) of dimension n — 1; it reduces to U(N) if N is smooth.
We will prove Theorem D.1 by applying the classical proof with U.eq(N) replacing U(N). We first
show that U(N) \ Ureq(N) is, for our purposes, a negligible set.

D.2 Proposition. We have:

U(N) = Z’{T'eg (N) U using (N) (dLSJOlHt union)
and Us;ng(N) is contained in a (n — 2)—dimensional submanifold of Un(M).

Proof. We show that, in fact, Using(IV) C U;(OU(N;)). Let & € Uging(N), say & € U(N;) \ Upeg(N). If
m(€) € ON; we are done, since then £ € JU(N;). Hence assume 7(§) € N;: our aim is to show that
then & € OU(N;) for some j # i. Fix r so that 0 < r < ¢(§), and let & = ®(&,r). The assumption
r < ¢(€§) implies that = can’t be a focal point of N; along the geodesic t — ®(,t). Hence the normal map
O =, :U(N;) x (0,00) = M is locally 1-1 near the regular point (§,r). The assumption & € U(N;) \ U;
implies the existence of a sequence of vectors &, € U(N;)\{{} such that &, — £ as n — oo, and ¢(§,) =0,
ie. p(®(&n,t)) <t for all t > 0. Let x,, = ®(&,,r); for each n, there exists £, € U(N) (&), # &), and
rn < 7 such that x, = ®(&,,r,). We claim that, for n large, &, ¢ U(N;).In fact, assume that there
exists a subsequence {&},, } € U(N;). It must accumulate to a vector ¢’ € U(N;). Correspondingly, rp,
accumulates to a number s < r. Now since z,, — x, we see that ®(¢/,,r,) — x, so that ®(£',s) = ®(&,7)
with s < r. Since, by assumption, r is the minimum distance of = from N, we have necessarily s = r,
ie. rn, — r. Now if £ # £, we would have two distinct minimizing geodesics from N to z, and this is
impossible since otherwise the geodesic t — ®(£,t) would not minimize distance past r. On the other
hand, if £’ = £ both (&, ,7n,) and (§,,,7) converge to (£,7), and this is incompatible with the fact that
® is locally 1-1 near (§,7), since ®(¢;, ,7n,) = ®(&n,,,7). The claim is then proved.

Hence, for n large, £, € U;.U(N;), a compact set. Pick any accumulation point & of {¢],} and assume
& € U(Nj). Reasoning as before, we see that & # ¢ is impossible, and so {’ = ¢, i.e. £ € U(N;) C U(N;),
with j # 4. If £ € U(N;), then 7(§) € N;; but also 7(§) € N; and j # 4: impossible. Hence, necessarily

€€ OU(N;). O
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D.3 Proposition. Let { € Urey(N). If ®(§,a) = exp, ) af is the cut-point along the geodesic t —
®(&,t), then ®(&,s) € R for all 0 < s < a. Moreover, we have one (or both) of the following alternatives:
(i) if € € U;, then P (&, a) is the first focal point of N; along t — ®(&,t);

(ii) there are at least two minimizing geodesics from N to ®(&, a).

Proof. The proof is classical, and, with the obvious changes, it is equal to the proof of Theorem 4.2 in
[16].

D.4 Proposition. Let ¢ : Uypeq(IN) — [0, 00] be the cut-radius map. Then c is continuous.
Proof. Imitate the proof of Theorem 4.3 in [16].

D.5 Proposition. M \ R = ®(graph(c)) UN U ®(F)
with: F = {(&,7) € Using(N) x (0,00) : 0 <7 < ¢(§)}

Proof. Since ® is surjective, if x € M\ R, and « ¢ N, then = ®(&, ), for some £ € U(N), 0 < r < ¢(§)
- If € € Using(N), then € ®(F) . On the other hand, if £ € Uyey(N), then r = ¢(§), otherwise z € R,
by Proposition D.3. Hence in that case x € ®(graph(c)). O

Proof of Theorem D.1. Since ¢ : Upeq(N) — (0,00) is continuous, graph(c) has zero measure in U4 X
(0,00) by Fubini’s theorem, hence ®(graph(c)) has zero measure in M; similarly, since Uging(N) is con-
tained in an (n—2)— dimensional manifold, the set F is contained in an (n—1)—dimensional submanifold
of Un(M) x (0,00) hence also ®(F) has zero measure in M. Theorem D.1 then follows from Proposition
D.5. O

We let Cut(N) be the closure of ®(graph(c)) in M. Then Cut(N) is a subset of M \ R, and as such it
has measure zero. As for ®(F), this set consists of all points ®(&,r), 0 < r < ¢(§), with £ in the overlap
of two different pieces U(N;) and U(N;) of the "unit normal bundle” U(N). If ¢(§) < r, then p is C' at
®(&,7), but not C2. The reader is invited to draw a picture of the situation when N is, for example, a
triangle in the plane.

For a piecewise-smooth submanifold, integration in normal coordinates is the following formula:

/M ;= Z/R f= Z/u /OC(@ F(®(r, )0, (r,€) dr de

and Lemma 1.4 becomes the following:

D.6 Lemma. Let N be a piecewise-smooth submanifold of M, and let p be the distance function from
N. Let Ap be the distributional Laplacian of p. Then:

Ap = Aregp + Acutp =27

where:

o,
Aye ;o Py = ———*; T, = dvy—
plroo®i=—g o= Y }/Nf o

{N;:codim(N;)=1

and where A, p is the positive Radon measure defined by:

Bewap ) =3 | 00 (6c9) - eaprioel©)) de
for all p € CO(M).

Proof. Proceed as in the smooth case, with N; replacing N, and U; replacing U(N), and then sum over
the index set Z. The Proposition follows easily. O
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