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Abstract
We construct the heat kernel on curvilinear polygonal domains in arbitrary surfaces for
Dirichlet, Neumann, and Robin boundary conditions as well as mixed problems, including
those of Zaremba type. We compute the short time asymptotic expansion of the heat trace and
apply this expansion to demonstrate a collection of results showing that corners are spectral
invariants.

Résumé

Nous construisons le noyau de la chaleur pour des domaines polygonaux curvilignes dans
des surfaces arbitraires avec des conditions aux bords de Dirichlet, Neumann et Robin ainsi
que des conditions mixtes, y compris celles de type Zaremba. Nous calculons 1’expansion
asymptotique de la trace quand le temps approche zéro et nous utilisons cette expansion pour
démontrer un ensemble de résultats montrant que les coins sont des invariants spectraux.
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1 Introduction

If two compact Riemannian manifolds (M, g) and (M’, g’) are isospectral, meaning they
have the same Laplace spectrum, then they need not be isometric. However, isospectrality
does imply that M and M’ both have the same dimension, n. Moreover, they also have the
same n-dimensional volume. Thus, both dimension and volume are spectral invariants, in
the sense that they are determined by the spectrum. This fact follows from Weyl’s law [52],
proven over one hundred years ago. It is natural to ask: what other geometric features are
spectral invariants?

The next geometric spectral invariant was discovered by Pleijel [44] some forty years after
Weyl’s law. For an n-dimensional Riemannian manifold with smooth boundary, the n — 1
dimensional volume of the boundary is a spectral invariant. About ten years later, McKean
and Singer [37] proved that certain curvature integrals are also spectral invariants. For smooth
surfaces and smoothly bounded planar domains, McKean and Singer [37] and independently
M. Kac [22] proved that the Euler characteristic is a spectral invariant. By the Gauss—Bonnet
theorem, this shows that the number of holes in a planar domain is a geometric spectral
invariant for a planar domain.

The tactic of both McKean and Singer and Kac was to use the existence of a short time
asymptotic expansion for the heat trace, together with the calculation of the coefficients in
this expansion. Recall that the heat kernel HM(t, z, z/) on a Riemannian manifold (M, g)1is
the fundamental solution of the heat equation on M:

(0 + A)HM (1,2,7)) = 0; (L)
lim—o HM (1, z,2') = 6.(2)). '

As long as the eigenvalues are discrete and approach oo sufficiently quickly, which is the
case in all geometric settings considered here, the heat trace is the trace of this kernel, and
satisfies

o0
T HY (1) =/ HY (1,2, 2dz =) e (12)
M ;
j=1

Above, A ; are the eigenvalues of the Laplacian A on M, arranged in increasing order. As a
consequence, the heat trace is a spectral invariant. Therefore the coefficients in its asymptotic
expansion as t — 0 are also spectral invariants. The existence and calculation of an asymp-
totic expansion for the heat trace is a powerful method for producing spectral invariants. This
program has been carried out extensively both for smooth manifolds and for manifolds with
boundary [37].

Here, we are interested in the heat kernel on curvilinear polygonal domains which are
subsets of smooth surfaces. This includes curvilinear polygonal domains in the plane, as well
as more exotic non-planar examples. We are interested in the heat kernel for such domains
in part because it may allow us to determine new geometric spectral invariants. Indeed, we
show in Sect. 6 that in general, the presence or lack of vertices is a spectral invariant for
Dirichlet, Neumann, Robin, and mixed boundary conditions. Moreover, we shall see there
that a jump in boundary condition is also a spectral invariant.

Let us now introduce our geometric setting.

Definition 1.1 We say that Q is a curvilinear polygonal domain if it is a compact subset of
a smooth Riemannian surface (M, g) with piecewise smooth boundary and a vertex at each
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The heat kernel on curvilinear polygonal domains... 3

non-smooth point of 92. A vertex is a point p on the boundary of 2 at which the following
are satisfied.

1. The boundary in a neighborhood of p is defined by a continuous curve y (¢) : (—a, a) —
M for a > 0 with y(0) = p. We require that y is smooth on (—a, 0] and [0, @), with
[ly(@®)|| = 1 forall t € (—a, a), and such that

limy(t) =v, limy()=v;,
moJ/() v twy() v

for some vectors vy, v € T, M, with —vy # v;.
2. The interior angle at the point p is the interior angle at that corner, which is the angle
between the vectors —v; and vs.

Note that requiring —v; and v, to be distinct means that the interior angle will be an element
of (0, 27r), which rules out inward and outward pointing cusps. An angle of 7 is allowed.

A vertex in a curvilinear polygonal domain is an example of a conical singularity where
the link is a one-dimensional manifold with boundary. Moreover, it is a “non-exact” conical
singularity in the sense that the curve y defining the boundary near a vertex may have non-
zero geodesic curvature on the entire interval (—a, a). For curvilinear domains in the plane,
this means that there need not be a neighborhood of the vertex in which the edges are straight.
This geometric setting is therefore not contained within the literature for either (1) conical
singularities whose link is a compact manifold without boundary nor for (2) planar polygons
for which the edges are straight near the vertices.

There is substantial work in the literature on heat trace expansions in the settings (1) and
(2). For conical singularities with no boundary on the link, a non-exhaustive list of works
concerning the heat kernel and its trace is: [12, 13, 24, 26, 29, 30, 41, 46]. In the case (2) of
vertices which locally have straight edges, a non-exhaustive list includes [23, 27, 42, 48].

For polygonal domains in the plane with the Dirichlet boundary condition, Fedosov
showed in the 1960s that the vertices produce an extra term in the short time asymptotic
expansion of the heat trace [9, 10]. This term appears in the coefficient of ¢°. Its most simpli-
fied form and calculation can be found in a paper of van den Berg and Srisatkunarajah [51],
although the expression there is originally due to unpublished work of Ray, and is mentioned
in both [22] and [37].

Although it has been widely assumed that analogous results for the heat trace expansion
hold for curvilinear polygons, a rigorous proof even in the planar Dirichlet case was not given
until [31]. Similar results hold for Neumann boundary conditions, see [34]. Although Robin
conditions have been studied on manifolds with boundary [14, 54], to our knowledge there is
no work in the literature about heat trace expansions with Robin conditions in the presence
of corners of arbitrary angles, even in the plane. For certain corner angles, however, we refer
to the physical approach of [3]. Outside the planar case, or even in the planar case with
mixed boundary conditions, less is known. For the mixed boundary condition, also known
as Zaremba boundary condition, references include [4, 21, 28, 47].

Our geometric microlocal methods allow us to handle the general case of compact curvi-
linear polygonal domains in surfaces, with any combination of Dirichlet, Neumann, and/or
Robin boundary conditions on the various smooth boundary components. The sign conven-
tion for our Laplacian, in local coordinates, with respect to the Riemannian metric, g, on a
surface is

2
1 .
_ ./ ijg.
A= o) E 0;4/det(g)g" 9;.

i,j=1
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4 M. Nursultanov et al.

Our convention for the Robin boundary condition on any portion of the boundary is:

ou

-— = KM|3Q.
W |0

Here, the derivative on the left is the inward pointing normal derivative, and therefore, on the
right, k is a non-negative function. Under this condition the spectrum is non-negative. We
assume throughout, for simplicity, that « is smooth.

Our main result is:

Theorem 1.2 Let Q2 be a curvilinear polygonal domain in a smooth surface with finitely many
vertices Vi, ..., V, of angles ay, ..., ay. Define its edges Ey, ..., E, by letting E be the
segment of the boundary between V;_1 and V;, with subscripts taken mod n. Let Ep, En,
and Eg be three disjoint sets whose union is {1, ..., n}. For each j € Ep, En, and Eg, we
impose Dirichlet, Neumann, and Robin conditions with parameter k ; (x), respectively, along
E ;. Assume that all functions k j (x) are non-negative and smooth.

Let V— be the set of j for which vertex V; has either zero or two Dirichlet edges adjacent
to it, i.e. either both j and j + 1 € Ep or neither are. Conversely, let V. be the set of j
for which V; has exactly one adjacent Dirichlet edge. Also let K (z) and kg(x) be the Gauss
curvature and geodesic/mean curvature of Q2 and 9S2 respectively.

Then the heat trace Tr H(t) for the Laplacian with those boundary conditions, and
with the Friedrichs extension at each vertex, has a complete polyhomogeneous conormal
expansion in t ast — 0. Moreover, the first few terms of this expansion have the form

Tr HQ(I) = a_lt_l +a_1/2t_1/2 +ag + 0(11/2 logt),

where:
A(Q
a_| = %; (1.3)
1
aip= 5= Y UEH - UE)|: (1.4)
J¢ED j€€p
1 1
=— | K(dz+ — k dx — — i(x)d 1.5
a = 15— A ()dz + 2 g o(x)dx 5 j; /E/K.,(x) x (1.5)
R
2 2 2 2
T — —° — 2%
J J
. 1.6
+_Z 24w +Z 48 (1.6)
jev= JEV2

Remark 1.3 Itis well-known that if the boundary of €2 is smooth then there are no logarithmic
terms in the heat expansion. We do not characterize the nature of logarithmic terms in the
expansion in our more general setting.

The proof of this result contains several ingredients which may be of independent interest.
The main strategy is to use geometric microlocal analysis to construct the heat kernel on a
heat space, denoted by Q%, which is created by blowing up 2 x € x [0, 1) along various
p-submanifolds. On this heat space we show, in Theorem 5.8, that the heat kernel has a
polyhomogeneous conormal expansion at every boundary hypersurface. Indeed we construct
the heat kernel by solving suitable model problems at the various boundary hypersurfaces.
This gives a full description of the heat kernel on a curvilinear polygonal domain in a surface,
in all asymptotic regimes. As such this construction is useful for any application in which
fine structure information about the heat kernel near t = 0 is needed.
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The heat kernel on curvilinear polygonal domains... 5

A major advantage of this method is that a complete asymptotic description of the heat
kernel, rather than just its trace, is obtained. This allows precise asymptotic analysis for
expressions such as the gradient of the heat kernel and is likely of interest for future work.

The paper is organized as follows. In Sect. 2, we develop an integral representation of
the heat kernel for infinite circular sectors with Dirichlet, Neumann, and mixed boundary
conditions. We do this by first obtaining an integral representation of the Green’s function
for the corresponding boundary condition. Using functional calculus, we prove that the heat
kernel is obtained by taking the inverse Laplace transform of the Green’s function. By the
uniqueness of the heat kernel, we thereby obtain the equivalence of this integral representation
of the heat kernel and the more common series representation of the heat kernel [6]. In
Sect. 3, we construct the heat spaces and demonstrate the composition rule for operators with
polyhomogeneous conormal Schwartz kernels. To construct the heat kernel, we proceed in
Sect. 4 to solve the model problem for the smooth parts of the boundary for the Dirichlet,
Neumann, and Robin boundary conditions. In Sect. 5 we solve the model problem for the
vertices with the various boundary conditions and combinations thereof. In this way, we
construct the heat kernel on a curvilinear polygonal domain in a surface. In Sect. 6, we use this
construction together with our integral representation of the heat kernels obtained in Sect. 2
to compute the heat trace and prove Theorem 1.2. We conclude in Sect. 6 with applications
of Theorem 1.2 showing contexts in which corners (vertices) are spectral invariants.

1.1 Notation

For the benefit of readers, we collect here all notations occurring in at least two non-
consecutive pages.

Notation Meaning Sections

R,C,N Real, complex, and natural numbers

NI Real and imaginary parts

Z, Ng Integers and non-negative integers

H Q, Tr H® The Heat kernel and Heat trace on a 1
curvilinear polygon 2

E s \% fi Edges and vertices 1

K, kg The Gauss and geodesic curvature 1

G,Gp,Gn,GpnN Green functions 2.1

K, I, The modified Bessel functions 2.1

g, g1 The Laplace transform and its inverse 22

F,F The index set and index family 3.1

pc Polyhomogeneous conormal distributions 3.1

B Blow-down map 3.1

E.,V The set of edges and vertices 3.2

tf,ej.svj, pvj, pe; Boundary hypersurfaces of single heat space 3.2

M%, Mrzh’ MrSh’ th,c Heat spaces 3.3,3.5

Ejo, Eoj, hvffjk, hvrfj, hvlf; ~ Boundary hypersurfaces of double heat 33
space and their components

fr.sf. ffj.sfj

e, L, TR Lifted projections from triple heat space to 34
double heat space

0. PX Boundary defining functions 34
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6 M. Nursultanov et al.

Notation Meaning Sections
er(-) Boundary exponents 34

e, g, g b-maps 3.5

Fa, Fap, Fapc. FaBcD Boundary hypersurfaces of triple heat space 3.5

Af Spaces of pc functions 3.8,4.2
‘-IJ}{:, pab.e.d Set of pseudodifferential operators 3.8,4.2
L Lifted heat operator 4.1.1

X Euler characteristic 6.1.2

2 Analytic preliminaries

The Laplace operator on a curvilinear polygonal domain, even with specified boundary
conditions on each side, is emphatically not guaranteed to be self-adjoint. The angles at
the vertices as well as the possibility of different boundary conditions on either side of a
vertex can give rise to interesting phenomena [7, 8, 17]. We shall consider a Friedrichs type
extension of the Laplace operator here. The Laplacian is a priori a symmetric operator on
smooth, compactly supported functions on our domain, 2.

Our sign convention for the Robin boundary condition is

av
Py kv, for the inward pointing normal derivative.

n
The Robin parameter is smooth on each boundary component and is non-negative. We define
the Laplace operator corresponding to the mixed boundary conditions in the following way,
as in [11, 45]. Consider the form

a(u,v) = / Vu(z)Vu(z)dz + f Kk (2)u(z2)v(z)do ()
Q QR

with domain
D(a) = {u € H'(Q) : ulsq, =0} .

Above, 0Q2p and dQ2g are the unions of the boundary components on which we impose the
Dirichlet and Robin boundary conditions, respectively, and « (z) is the Robin parameter. Then
a is a closed, densely defined, symmetric form. Therefore, by [25, Theorem 2.23 Chap. 6],
it generates a self-adjoint operator, which we call the Laplace operator corresponding to the
boundary conditions we mentioned above.

2.1 Green’s functions

The general approach to study the heat kernel via the associated Green’s function and
Kantorovich-Lebedev transform is well documented in the literature, dating at least back
to Fedosov in the 1960s [10]. This approach has continued to produce interesting results
in modern work as well; see for example the doctoral thesis of Ucar [49] who considers
polygonal domains in hyperbolic surfaces. Although the general technique is well known,
the details of the calculations are often omitted. To maintain the flow and focus of this work,
we present here the results of our calculations, and for the sake of completeness include the
details in Appendix A.
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The heat kernel on curvilinear polygonal domains... 7

We obtain integral expressions for Green’s functions for the Laplacian on an infinite
circular sector with Dirichlet, Neumann, and mixed boundary conditions. Let y be the interior
angle of the sector; we need only assume y € (0,2m). The Green’s function solves the
following equation:

52 52
=58 =15 — g = 00 —r0)s@ — ¢o),
o), 0
(Ol + B %4 =0y
with « = 1 and § = 0 for the Dirichlet boundary condition or « = 0 and § = 1 for the
Neumann boundary condition, and in all cases with spectral parameter s > 0.
For the Dirichlet boundary condition we compute in Appendix A that the Green’s function
is

@2.1)

1 o0
Gp(s,r,¢,r0, Po) = ?/(; Kiy(r/s)Kipu(ron/s)

h
x {eosh(n ~ 1o — php — Zﬁh’;l‘j cosh(e + g0 — 1)1
SINBT = VI osh(d — o) u}du, 2.2)
sinhyu

where K, is the modified Bessel function of second kind. For the Neumann boundary con-
dition, we obtain

1 o0
GN(S,V,¢,V(), ¢O) = P[) Kiu(r\/E)Ki/L(rO\/E)

sinh 7T
X {cosh(n —lpo —dhu + sinh y 11 cosh(¢ + ¢o — )
M cosh(¢p — ¢0)M’dﬂ- (2.3)
sinh y

For the mixed Dirichlet-Neumann boundary condition, taking the Dirichlet condition at
¢ = 0 and the Neumann condition at ¢ = y we obtain the Green’s function

1 oo
GDN(S,”, ¢7r0’ 4)0) = ?/(\) Kiu(r\/E)Ki[L(rON/E)

inh
X {cosh(n — |po — P + % sinh((¢ + ¢o — y)u)
_COhGT = VIR hip — 4,0)“}[1“, 2.4)
coshyu

2.2 The Heat kernel and the Green’s function

Let A be a self-adjoint, non-negative Laplace operator whose domain is contained in £2(£2)
associated with certain boundary conditions
B(u) =0 on 0%,

where Q is a domain with a piecewise smooth boundary 92 which is contained in a larger
smooth ambient manifold. Assume that G(x, y, s) is the Green’s function of the operator
s 4+ A, that is the solution of the system

@ Springer



8 M. Nursultanov et al.

i<s+ A)G(x,y,s) =8(x — y), 25)

B(G) =0.
Before stating the next result, we recall the definition of the Laplace transform and its inverse.

Definition 2.1 Let f be a continuous function such that there exists a constant ¢ > 0 with

/oo |f()]e Mdr < 0.
0

The Laplace transform of f is defined to be

g(s) == L(f(D))(s) ::/o fe™dr, %R(s) = c.

The inverse Laplace transform is then

1 a-+ik
F@) = £ )0 = 5 lim / 2(s)eds.,

—ik

fort > 0anda > c.

Proposition 2.2 With the notations above, let H(x, y, t) be the heat kernel corresponding to
A. Then

L[H](x,y,5) = G(x,y,s),
where £ is the Laplace transform.

Proof Let {e~'"};>( be the semigroup generated by —A. We note that — A is a non-positive,
self-adjoint operator, so that this semigroup is well defined on £?(£2). Moreover, the self-
adjointness gives

1
-1 s _
|+ < Gt oy EPC: (2:6)

where o (—A) and p(—A) are, respectively, the spectrum and resolvent set of —A. Therefore,
by the Hille—Yosida theorem [53], {2} >0 1s a contracting semigroup. Hence, by Theorem
8.2.2 in [53], it follows

Loe ™ =6+A)"", >0, .7

where £ is the Laplace transform acting in ¢ variable.
On the one hand, since the heat kernel H (x, y, t) is £ transformable, we may express

ste 291 =2 [ HGx 00y = [ <ty

forz, s > 0 and

s+A)"Tg =/QG<x, ¥, )¢ (s)dy.

for s > 0. Therefore, the uniqueness of Schwartz kernels and (2.7) imply the statement. O
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The heat kernel on curvilinear polygonal domains... 9

v2 vgq

E,

: U3
/// - \\\

Vy - E;g T

Fig. 1 Two examples of curvilinear polygonal domains, with edges and vertices

Remark 2.3 Due to Proposition 2.2, by applying the inverse Laplace transform to (2.2), (2.3),
and (2.4), we obtain expressions for the heat kernels for the Laplacian on an infinite circular
sector with Dirichlet, Neumann, and mixed boundary conditions, respectively. The heat ker-
nels for an infinite circular sector were computed by Cheeger using separation of variables
in polar coordinates [6, p. 592 (3.42)]. Cheeger’s formula simplifies in our setting to:

1 24+ () — rr!
H(t,r,0,r',0)= —exp| ———— L= )o;i@);©). 2.8
(tr.0.r ) = o xp[ m ;‘“(% $;(0)$; () 2.8)
Here I,,; are the modified Bessel functions, and (¢;, i) are the eigenfunctions, and corre-
sponding eigenvalues, of the appropriate eigenvalue problem (D-D, N-N, or D-N) on the
interval [0, y]. By the uniqueness of the heat kernel we therefore obtain the equality of these
expressions with the inverse Laplace transform of the expression for the Greens functions.

3 Heat spaces

We consider curvilinear polygonal domains as in Definition 1.1; see examples illustrated in
Fig. 1.

3.1 Manifolds with corners and polyhomogeneity

Near a vertex, 2 has the differentiable structure of a manifold with corners after blowing
up the vertex. Specifically, an open neighborhood of a vertex is diffeomorphic to a sector,
(0, e] x C, where C is a circular arc. If we include the point {0} x C, then we obtain a smooth
manifold with corners. This is what is meant by “blowing up the vertex,” in the sense that
we replace the vertex with a copy of the link of the sector, namely C. This process may be
thought of as pretending that polar coordinates are actually valid down to the origin. Doing
this construction at each vertex yields a smooth surface with corners which we call Q2q. In
this way, we may identify the differentiable structure of all the surfaces we consider here as
the differentiable structure of manifolds with corners, defined below. The definition is first
due to Melrose [39], here we use the version which is introduced in [38].
In order to define a manifold with corners, we must first define t-manifolds.

Definition 3.1 [38, Definition 1.6.1] An n-dimensional t-manifold X is a paracompact Haus-
dorff space such that at each point x € X there is a non-negative integer k such that
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10 M. Nursultanov et al.

a neighborhood of x is homeomorphic to a neighborhood of the origin in the product
[0, 00)* x R"~*, with all transition maps being smooth with respect to the subspace topology
on [0, c0)¥ x R"~* C R”.

Now we define a manifold with corners.

Definition 3.2 [38, Definition 1.8.5] A manifold with corners is a t-manifold such that each
boundary hypersurface is embedded.

Since with this definition we may have k = 0, we see that smooth manifolds without
boundary also fit into the general class of “manifolds with corners.”

The purpose of the heat space construction is to create spaces on which the heat kernel and
its trace are polyhomogeneous conormal distributions, abbreviated pc. This is a natural class
of functions within which to study partial differential equations on manifolds with corners;
see [33] and references therein. We briefly recap the definition here. To begin, we say that a
subset FF C C x Ny is an index set if F is a discrete set satisfying the following properties:

e Forall N, F N {N(z) < N} is finite;
e If (s, p) € F,then (s + 1, p) € F;
e If (s,p)e Fand p > 0, then (s, p— 1) € F.

The latter two conditions are sometimes omitted from this definition, but they give pc func-
tions nice invariance properties; see [16].

Let X be an n-dimensional manifold with corners, and let { M; } iJ:] be the set of its boundary
hypersurfaces, that is, the set of all boundary faces of codimension one. We say that 7 =
(F1, ..., Fy)isanindex family for X if each F; = {(s;}, pij);’ozl} is an index set, ordered so
that 5;; € R are non-decreasing and p;; are non-increasing whenever s;; is unchanged. For
each i, let x' be a boundary defining function for M;; that is, a smooth, non-negative function
x' 1 X — Rsuch that x vanishes precisely at M; but the differential dx’ is non-zero on M; .
We may use boundary defining functions as coordinates on X . Finally, let V}, denote the space
of smooth vector fields on X which are tangent to all boundaries. With this terminology, we
define A7 (X), the space of polyhomogeneous conormal, or pc functions, to be the space of
functions f smooth on the interior of X which have:

e generalized Taylor-like expansions at each boundary hypersurface M; of the form

oo
[~ Y 6D dog(e)Pia (! L x T L,
j=1

where for each i, the set {(s;;, p;;j)} is the index set F;, enumerated so that s;; is non-
decreasing;

e product type expansions of the same form at each corner (polyhomogeneous),

e and for which V f has expansions of the same type whenever V is a product of elements
of V, (conormal).

The union of these spaces over all possible index sets is denoted . A* (X). Note that by definition
these spaces are invariant under V}, in the sense that for any V € V, and any u € A7 (X),
Vu € A7 (X) as well. Observe also that smooth functions on X are pc with each index set
consisting of Ny x {0}.
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The heat kernel on curvilinear polygonal domains... 1

3.1.1 Blowups

Consider the finite cone, (0, 1], x Sé with the Riemannian metric, dr2 + r2d62, where d6? is
the standard metric on S!, and the conical point is at » = 0. The simplest example of blowing
up is replacing the conical point at » = 0 with a copy of S!, so that the finite cone is now
topologically identified with the cylinder [0, 1] x S'. In this example, the point at r = 0 is
replaced with the set of all directions, that is all values of 8, with which one can approach
the point, r = 0. This type of blowup is known as a radial blowup, or a normal blowup.

More generally, we shall consider blowups along p-submanifolds. An embedded subman-
ifold Y contained in a manifold with corners, X, is a p-submanifold if near each pointg € Y,
there exist local coordinates so that Y is defined by the vanishing of a subset of these local
coordinates. For example, the boundary faces of X are p-submanifolds. The intersection of
two or more boundary faces of X is also a p-submanifold. The normal blowup of X around
Y is denoted by

[X;Y]=ffu(X\Y).

Above, ff is the inward pointing spherical normal bundle of Y which has replaced Y in [X; Y].
There is a unique minimal differentiable structure with respect to which [X; Y] is a manifold
with corners such that the following two conditions hold.

1. There is a smooth “blow-down” map
B:X;Y]—> X

which is the identity on (X\Y).
2. Cylindrical coordinates around Y are smooth coordinates on [X; Y].
In case we wish to blow up two or more p-submanifolds, we write

[X; Yy; Y2

to indicate that we first blow up Y and next blow up the lift of ¥> to [X; Y1]. This lift is the
usual lift if Y» C Y7, and otherwise is the closure of Y>\Y; in [X; Y1].

3.2 The single heat space

The first of the heat spaces we construct is the single heat space. Let 2 be a curvilinear
polygonal domain. Let E be the set of edges of 2 (maximal smooth boundary components)
and V the set of vertices. Throughout, we let Q¢ be 2 with the vertices blown up, so that ¢
is a surface with corners. We also let V be the lift of V to Qo, that is, the union of the faces
{r = 0} at each vertex.

Throughout, we will use the time coordinate 7 = /7. This changes the smooth structure
at t = 0 somewhat, but allows us to avoid the use of parabolic blow-ups.

The heat kernel restricted to the diagonal is defined on € x [0, co)7 and is dubbed the
diagonal heat kernel. The single heat space is a natural habitat of the diagonal heat kernel
in the sense that the diagonal heat kernel lifted to the single heat space is pc. Note that the
single heat space is the same for all the possible boundary conditions we consider. To create
the single heat space, we begin with the manifold with corners €29 x [0, 1)7. We denote
its 7 = 0 boundary hypersurface! by tf. The remainder of the boundary hypersurfaces

LA boundary hypersurface will often be referred to as a boundary face or face. A “side face” is a boundary
hypersurface arising from the boundary in €2. This is in contrast to the 7f face as well as to the boundary
hypersurfaces created by blowing up along p-submanifolds.
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12 M. Nursultanov et al.

SUj

€j Cj+1

pv;

tf

Fig.2 Single heat space

correspond either to an edge or to a vertex (which has been blown up, so there is a boundary

IE] " and the

hypersurface for each vertex). Denote the edge/side faces for positive T by {e;} =1

vertex faces Vj x [0, 1)7 by

fsv Y 3.1)

Next we perform blow-ups, first of the vertices at 7 = 0 and then of the edges at T = 0,
to create the single space®

Mjy = [Q0 x [0, D73 {sv;);7 N{T = 0): E x (T = 0}].

We call the new faces obtained {pv j}‘j‘Q 1 and {pe j}lez‘l.
The sequence of blowups is therefore:

1. the normal blowup about each vertex for all time (implicit in the starting point of ¢ x
[0, D7);

2. the blowup of each vertex at T = 0;

3. the blowup of each edge at 7 = 0.

The space M}, has 2|V | 4 2|E| + 1 boundary hypersurfaces in total.
To motivate this construction, consider the diagonal heat kernel on an infinite sector, which
from (2.8) is

1 r? e r? 2
H(t,r,0.r,0) =~ exp [_W} Z} I, (W) 9 ().
j=
The pre-factor is not a pc function of (r, T), but it is a pc function of (r, 7 /r). And indeed,
after creating pv;, T'/r may be taken as a boundary defining function for tf near pv ;.

In relation to the literature, our heat space construction can be seen as a hybrid combining
elements of Mooers’s heat space for manifolds with isolated conical singularities [41] and
Mazzeo and Vertman’s heat space for manifolds with edges [35]. The first step in Mooers’s

2 In the notation M, 1, for the single heat space, M acts as a place-holder for the various model geometries we
shall use to construct the heat kernel on our surface €2 (the analogous notation is used for the double and triple
heat spaces) (Fig. 2).
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The heat kernel on curvilinear polygonal domains... 13

construction is to blow up the conical singularity by replacing the point with the cross-section
(link) of the cone. Next she takes the product with time. It is completely equivalent to first
take the product with time, and then perform a normal blowup of the cone point for all time.
This is the procedure we follow at the vertices (and cone points). Next, we perform blowups
at T = 0 of the edges (and smooth boundary), analogous to [35].

In fact our construction can be viewed as an iterated version of [35], where we perform
each of their blow-ups at the vertices (of codimension 2) and then at the edges (of codimension
1). We expect that a similar construction, with additional iteration, could work for polyhedral
domains in manifolds of arbitrary dimension.

3.3 The double heat space

The double heat space is a natural habitat of the heat kernel in the sense that the heat kernel,
initially defined on 2 x @ x [0, 00), lifts to be pc on it. As with the single space, our models
guide the construction of the double heat space by indicating which p-submanifolds should
be blown up to ensure that the heat kernel will be pc. The general philosophy is to mimic
[35], performing each of their blow-ups first at the vertices and then at the edges.

Begin with M? := Qo x Qo x [0, 1)7. As we are using $2o rather than , this is now a
manifold with corners, the analogue of the space with which Mazzeo and Vertman begin [35,
Sect. 3.1]. Denote its T = 0 boundary hypersurface by tf. All other boundary hypersurfaces
are of one of the following forms:

E; x Qo x [0, 1), which we call E o,
o Qo x E; x [0, 1), which we call Eyj;,
‘7j x Qo x [0, 1), which is now a boundary hypersurface which we call hvrf;;
e Q) x V; x [0, 1), which we call hvlf;.

As a guide to the nomenclature here,*h” indicates “height” because these blowups persist for
all time, and time is usually the vertical axis in figures of this type. As usual, “v” indicates
vertices, and “ff”, “rf””, and “If” indicate left, right, and front faces 1respectively.3 Now, for
each j and k, blow up the intersection hvlf; N hvrfy to create a new boundary hypersurface*
hvff ;. At this point we call the new space Mgz

M3 = [0 x Qo x [0, 1); Uj ghvlf; N hvrfi].

The next step is to blow up the union over all j of hvff;; N {T" = 0}. This blowup creates
N boundary faces, one at each vertex, denoted by ff;. We shall collectively refer to these as
ff for “front face(s).” The resulting space is

[M§; Ujhvft;; N {T = 0}].

This construction at the vertices needs to be imitated at the edges, so now lift the triple
intersection of the diagonal, boundary, and T = 0, namely {(z,7/,0) : z = 7/ € E},
to [Mg; hvif;; N {T = 0}]. As the lift of a p-submanifold is a p-submanifold, this lift is a
boundary p-submanifold which meets ff. We blow it up, creating a new boundary hypersurface
at each side face. We denote their union by sf, for “side face(s)”. When we need to distinguish
components, we shall refer to the j component as sf ;. Observe that the side faces are

3 Some authors reverse the roles of “right” and “left” here—our terminology is chosen to match [35].

4 This is different from [35]. It may be that only the blow-ups with j = k are necessary, but doing all of them
makes the proof of the composition theorem easier to read.
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14 M. Nursultanov et al.

tf tf

Fig.3 This is a schematic depiction of the double heat space

pairwise disjoint, as their intersection in g x Q¢ x [0, 1) has already been blown up to
create ff. Let us call the space at this point the “reduced double heat space” Mr2h~ It is the
analogue in our setting of the “intermediate heat space” in [35, Sect. 3.1]. Specifically, we
have

M2, = [M3; Ujhvifj; N {T = 0}; {(z.7,0) : 2 = 2/ € E}].

The final blowup is at the lift of the diagonal at T = 0. This blowup produces the double
heat space:

M} =M% ((z,7,0) 1z =7 € Q).

Call the new front face td, for “time diagonal.” It intersects both sf and ff, as well as tf, though
no other boundary hypersurfaces (in particular none of the hvff, hvlf, or hvrf components, as
the intersection of the diagonal with the boundary has already been blown up). The double
heat space is depicted in Fig. 3.

3.4 The triple heat space

The triple heat space, unlike the single and double heat spaces, is not a natural habitat.
Instead, it is an artificial environment to which we shall lift the Schwartz kernels of operators
from their natural habitats on the double space in order to compose them. With the correct
construction of the triple space, the process of composition returns an element which is pc on
the double space. Consequently, the construction of the triple space is guided by the desire
to be able to lift and compose Schwartz kernels which live on the double heat space.

Our construction is based on that of Mazzeo and Vertman [35], and indeed is identical
when V = {, that is when there are no vertices. Our guiding principle is that whenever
Mazzeo and Vertman blow up a boundary, we first blow up V and then E. However, our
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The heat kernel on curvilinear polygonal domains... 15

setting is further complicated by the additional blow-ups at the vertices for positive time. To
begin, we consider the original triple space, with the vertices blown up in each factor so that
we have the structure of a manifold with corners:

M? = Qy x Qo x 2 x [0, 1) x [0, 1) (3.2)

along with the three projections 7c, 7y, and wg defined by

te i M = QxR s (2.2 T T = (@ V(T 4 (T2

3.3)
mL M = Qf xRy, (2,22 T/, T") — (2.2, T'; (34)
TR M3 — Q% % RT//, (Z, Z,, Z”, T/, T”) N (Z,, ZN, T”). (3.5)

These projections will be used to re-interpret operator composition in terms of pullbacks
and push-forwards. Modulo all the technical details, if we have two operators, one A with
Schwartz kernel K 4 and the other B with Schwartz kernel K g, the Schwartz kernel K¢ of
the composition C = A o B is given by

Kc = (mo)«(n] Kang Kp).

Fortunately, we do not need the full composition formula, just the version in which one of
the operators vanishes to infinite order at td. This is because we use the composition formula
to run a Neumann series argument to construct our heat kernel, and with a good enough
initial parametrix for the heat kernel, the error will vanish to infinite order at td. For this
reason, we will construct a reduced triple heat space th in order to prove a special case of
the composition formula, the case in which K p has order oo at the face td. In this case, Kp
ispcon M rzh.5

The triple space construction is guided by the following conditions, which are necessary
and sufficient to obtain the composition formula we require:

1. we need the projection m¢ to lift to a b-fibration I1¢ : Mr3h — Mr2h§
2. we need the projection 7, to lift to a b-map Iy, : M3, — M?;
3. since Kp is pc on Mr2 , we need only that the projection w lift to a b-map Ilg : M,.3h —
2
M2,
We therefore recall the definitions of these important “b-notions.”

Definition 3.3 [39,p.51] Let f : X — Y be a smooth map between manifolds with corners,
X with boundary hypersurfaces M (X), and Y with boundary hypersurfaces M1 (Y). Then
f is a b-map if for each H € M;(Y), and boundary defining function pg

G,H
fem =0 o o =a- [] pd "™ 0<aecw.

GeM;(X)

In the latter case, the numbers e ; (G, H) are called the boundary exponents of f. In this case,
writing M(X) = {Gj};?:] and M\ (Y) = {H,}{_,, the exponent matrix is the matrix whose
entries are {e (G, Hk)};'.’kmzl.

Definition 3.4 [39, p. 53] A b-map is a b-submersion if the b-differential is surjective for all
x € X. For the definition of the b-differential, we refer to [39, pp. 53-54].

5 In general, the operator kernel would be pc on M}% but not on Mrzh'
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16 M. Nursultanov et al.

Definition 3.5 [39, p. 53] A b-map is b-normal if bf*, defined as in [39, (7), p. 53] is
surjective.

Definition 3.6 [19, p. 124] A b-map is a b-fibration if f, acting on the b-tangent bundle, is
surjective on each fibre, and the image of each boundary hypersurface in X is either ¥ or
one boundary hypersurface H C Y. We note that this holds if and only if the b-map is both
b-normal and a b-submersion [39, p. 53].

Definition 3.7 [19, p. 124] A total boundary defining function for X, which we denote py, is
the product of boundary defining functions for all the boundary hypersurfaces. We say that
a b-fibration is simple if

ffoy =a-px, 0<aecC®X).

In terms of the exponent matrix, this is equivalent to requiring that the elements are either
0 or 1, and moreover for each G € M;(X) there exists precisely one H € M;(Y) with
er(G,H) =1.

To start constructing th, we begin with (3.2). This space has a number of boundary
hypersurfaces: the T"” = 0 face, which we denote Frp, the T’ = 0 face, which we denote
Frr, and a number of faces of the form E; x ¢ x ¢ x [0, 1)7~ x [0, 1)7/, which we call
Fjoo, with similar notation for products where E; is in the second or third factor. We also
have a number of faces of the form \2,- x Qo x Qo x [0, 1) x [0, 1), which we call Fy;00
and collectively Fyqo, et cetera. The notation used in the triple space is a bit different from
the single and double spaces, in particular the use of capitals. This is in part to distinguish
the triple space as an artefact to be used for the purpose of composition and in part to draw
a parallel to related constructions in the literature [1, 50] which use an analogous notation.

A few blow-up facts will be useful throughout.

Proposition 3.8 The following are true (each is well-known in the geometric microlocal
literature):

1. Blow-ups which are nested, disjoint, or transverse commute [19, Lemma 2.1].

2. Blow-down maps are b-maps [16, Sect. 2.3.3], [19, Proof of Lemma 2.7]. Moreover, if
Y C X is an intersection of boundary hypersurfaces of X, then the blow-down map from
[X; Y] — X is a b-submersion. (This reduces to the case X = R, Y = 0, and then
follows from a computation in local coordinates).

3. The composition of b-maps is a b-map [16, Sect. 2.3.3]. Further, it follows immediately
from the definition that the composition of b-submersions is a b-submersion.

4. Once a b-map is known to be a b-submersion, checking b-normality is a matter of ensur-
ing, by checking the exponent matrix, that no boundary hypersurface is mapped into a
face of codimension > 1 in the image [16, Definition 3.9], [1, Remark B.4].

We will also use the following.

Lemma 3.9 Suppose A, B, C, and D are p-submanifolds of a manifold with corners X, and
suppose that

ACBCD, ACCCD,and BNC C A.
Then
[X;C; D;A; Bl=[X; A; B; C; D].
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The heat kernel on curvilinear polygonal domains... 17

Proof Nested blow-ups commute, so we may do A before C and D and thus
[X;C; D; A; B|=[X; A; C; D; B].

Similarly, we may do B before D and thus
[X;C; D; A; B|=[X; A; C; B; D).

Now since BNC C A, the lifts of B and C are disjoint in the space [ X; A], and since disjoint
blow-ups commute they may be done in either order. This completes the proof. O

Our strategy will be to repeatedly take advantage of the following lemma of Hassell,
Mazzeo, and Melrose [19]:

Lemma 3.10 [19, Lemma 2.5] Suppose f : X — Y is a simple b-fibration of compact
manifolds with corners. Suppose U C Y is a closed p-submanifold. Then, with S the minimal
collection of p-submanifolds of X into which the lift of U under f decomposes, f extends
from the complement of f~'(U) to a b-fibration fy : [X, S| — [Y, U], for any order of
blow-up of the elements of S.

This lemma guides our construction of the triple space using the construction of the double
space.

3.5 Lifting the projection maps

To construct the triple space from M> we first blow up O = {T’ = T” = 0}. The spatial
variables are unaffected by this blow-up and so the space

[M3; 0] = 23 x [[0, 1) x [0, 1); {0, 0}]. (3.6)

Denote the new front face by Fp, and as usual continue to denote the 7" = 0 face by Fry,
and the T’ = 0 face by Frg. We claim:

Lemma 3.11 The projections mc, mr, and wg lift by continuity to projections Ilc, Iy, and
1z with domain [M3; O] and ranges as in (3.3), (3.4), (3.5). Moreover, I1c, Ty, and T1g
are all b-fibrations. Under T ¢, the image of Fo is the face {T = 0}, and the faces at T’ =
and T" = 0 are mapped into the interior.

Proof This follows immediately from (3.6) and the corresponding statement considering
only the time variables. Specifically, the map

I ([0, D77 x [0, D775 {0,001 — [0, D7, T = (T +(T")?

is a b-fibration, where the image of the front face is {7 = 0}, and the image of the other two
faces is [0, 1). Now the lifted projection I1¢ is simply IT in the time variables and the usual
projection from M3 to M? in the spatial variables, and thus is itself a b-fibration. Similar
arguments take care of 17 and ITg, as left and right projection lift to b-fibrations from
[R2: {0}] to RR. o

We will now make further blow-ups to [M?3; O] which allow all three of these maps to be
b-fibrations onto Mg. In each we use 3.10. Recalling (3.6), we define submanifolds Pyyy,
Pvvo, Pyov. et cetera of [M3; O] by restricting to 1% (the lift of V) each of the spatial
variables which have index V rather than 0. For example,

Pvov =V x Qo x V x [[0, 1) x [0, 1); {0, 0}].
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18 M. Nursultanov et al.

Using this notation, the lift of hvff under Il¢ is Pyoy, under I1; is Pyyg, and under I1g
is Poyvv. Then the lifts of hvlf and hvrf may be computed under each map. Application of
Lemma 3.10 shows that

¢ : [M?; O; Pyoy] — M,
My : [M?; O; Pyyol > Mg,
Mg : [M*; O; Povy] — M,
are each b-fibrations. In fact we can define a common domain: let
M3 = [M?; O; Pyyv: Pyov: Povv: Pyvol.

Denote the new faces created by Fyyy, Fyoy, et cetera.
Proposition 3.12 Il¢, I, and Iy all lift to b-fibrations from MO3 to Mg.

Proof First observe that MS is a blow-up of each of the three domain spaces for I1¢, Iy,
and [1g. Indeed, begin with the domain space for [1¢ and blow up the lift of Pyyy. This
blow-up is nested with the blow-up of Pygy, so it may be done before that. So a blow-up of
the domain space for I1¢ is

[M*; O; Pyvv; Provl.

Now we can blow up the lifts of Poyy and Pyyo, which are disjoint from the lift of Pyoy
and thus can be done in any order. Analogous arguments show that MS’ is a blow-up of
each of the three domain spaces. Since all our p-submanifolds are intersections of boundary
hypersurfaces, by Proposition 3.8b), I1¢, I1g, and I1, are all b-submersions from Mg to Mg.

At this point, proving these maps are b-fibrations is simply a matter of checking their
exponent matrices to make sure no boundary hypersurface is mapped into a corner. This
calculation is combinatorial, very similar to the proof of Lemma 3.14 in [33], and as a result
we omit it. O

Having proven that I[1¢ is a b-fibration from Mg — Mg, we shall now lift [T¢ to be a
b-fibration onto Mrzh. Let Oyoy = Fo N {z = 7/ € V}, with a similar definition for Ogog,
Ovvyv, OfgEE, etc. Using Lemma 3.10, we obtain that I1¢ lifts to a b-fibration

Mc : [Mg: Ovov: Opoe] — M3,

Call the new faces Foyov and Fogor. We are now in good shape with I1¢ but we need to
do more work in order for I1; and ITg to be b-maps onto M,f and Mrzh respectively.

To begin the extra work, we do some more blow-ups which preserve the b-fibration
property of I1¢. Begin with Oy yy, which in Mg is FoN{z = z/ = 7 € V}. Using notation
as before, we claim that

Mc: M2, :=[M3; Ovov; Orog; Ovyy; Opgg] — M2,

is a b-fibration. Indeed, this follows from two applications of [19, Lemma 2.7].6 Moreover,
by an application of Lemma 3.9, we have

Mﬁen = [MS; Ovvv; Orekg; Ovov; Opok].

6 Seein particular the comment after the proof in [19]; in this case I1¢ restricts to a b-fibration from Oy yy
onto ff and also from OF g onto sf, which is sufficient.
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The heat kernel on curvilinear polygonal domains... 19

Continuing in this vein, let Loyy = Frp N{z' =7" € V}, with similar notations for Log g,
Ryvo, REEo, and let Rdiag =Frr N{z =17} Let

3. 3. ) . . )
My, .= [M_,,; Rvvo; REEo; Raiags Lovv: Loeg].

Denote the five new boundary hypersurfaces by Fryvo, FrREE0, FTrRD, FLovv, and FrogE.
None of the five new boundary hypersurfaces are mapped into a corner by I1¢; their images
are hvrf, U; E jo, the interior, hvlf, and U; Eq; respectively. Thus by the same argument with
[19, Lemma 2.17], ¢ : M}, . — M;, is a b-fibration.

Finally, using similar notation, we define p-submanifolds Oy vo, Orgo, Oovv, OoeE, and
Op, which is the interior lift of {#' = t” = 0, z = 7’} in our new space. Define the reduced
triple heat space

M3, = M}, .: Ovvo; Opko; Oovy; Oorr: Opl.

rh,c»

Call the new boundary hypersurfaces Foyvo, Foeeo, Foovv, Fooek, and Fop. Itisno
longer true that I[1¢ is a b-fibration from Mr3h onto Mrzh, but it is a b-map.
We must also know something about 17 and Ig:

Proposition 3.13 I1 and Il lift by continuity to well-defined b-maps from th to M}% and
Mrzh respectively.

Proof 1t is immediate by composing with the blow-down map that IT; and I lift to well-
defined b-maps from th to Mg. The question is whether they still lift to b-maps when
Mg is blown up to create ff, then sf, then (for I1;) td. But this may be checked directly:
computing the pullbacks of the boundary defining functions for the boundary hypersurfaces
of M, }% and Mrzh shows that each is a product of boundary defining functions on th. The
specific products are given below, in Lemma 3.14 (Fig. 4). O

3.6 Combinatorics of b-maps

Now we come to the key combinatorial lemma for composition. Recall that [T : M3, — M,%

rh
and Ig : M3, — M?, are b-maps and I[1¢c : M3, — M? is a b-fibration.

Lemma 3.14 The exponent matrix entries for the b-maps T, : th — M,f, Mg : th —
M2

S and Tc th . Mrzh are all zero, except for the following, which are 1:

For Ty, : (Frr, t), (Fo, ), (Fov,ov;, 1), (FoE0E;, tf), (Foov,v;, tf),
(Fook;E;. ), (Frrp. td), (Fop, td), (Fov,v,v;, /fi), (Frv;v,0,17). (Fov;v;0. ;).
(Foke;E; ;). (FRE; E;0, 5f)s (FOE; E;0, 8F)s (Fv;vivi, hoff i), (Fv; o, hvff ),
(Fv;ov,, bvirf;), (Fv;o0, hvif;), (Fov;ov;, hvif;),
(Fove vy, W), (Fovio, WVIfy), (Foov, v, hvif;), (FLov,v;, hvif),
(Fok;0E;: Ejo), (Fjoo. Ejo), (Fook;E;. Eoj), (Fojo. Eoj), (FLoE,E; E0j), (3.7
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thv KAvKB
Iy, IIr
g
M5 Ka M, . M2, Kp
Il
th; KA o KB

Fig. 4 The schematic diagram for the construction of the reduced triple space as required here for our com-
position rule. The kernel K 4 lifts from the double heat space, M}QL, to the triple heat space via pullback by the
projection map IT; . The kernel K g vanishes to infinite order at td, so it is pc on the reduced double heat space.
It lifts to the triple heat space via pullback by the projection map ITg. On Mr3h the two kernels are composed,

and the result is then pushed forward by the blow-down map to Mr3h .- followed by the projection map I1¢ to
M2
rh

with Frp, Fooi, and Fooy, mapping to the interior.

For Mg : (Frr, 1), (Fo. 1), (Fop, 1), (Fov,ov;, ), (FoE;0E;, 1),
(Fov,v,0, 1), (Fog;E;0. 1), (Fov,v,v;. ff;), (FLov,v;, ;). (Foov,v;. [f}),
(Foke;E;s8f}), (FLoE, E;» 5F}), (FooE, E;» SF})s (Fvvivis i) (Fovv, hoffi),
(Fv;ov,, bvlfp), (Foovy, hvlfy), (Fov,ov;, hvif;),
(Fv;vi0, vifi), (Fovio, bvrfi), (Fov, v, hvif;), (Fryv,v,o0, hvif;),
(Fokg,0E;, Eoj), (Fooj, Eoj), (FoE;E;0. Ejo), (Fojo. Ejo). (FRE;E;0, Ejo),  (3.8)

with Frg, Fjoo, FV,»OO, and Frgp mapping to the interior.

For Il : (Fo, tf), (Fjoo, Ejo), (FrE;E;0, Ejo), (Fooj, Eoj),
(Frok,E;» Eoj), (Fovv;v; . If ), (Fov,ov;. Jf}), (FoE;E;E;. ;). (FOE0E; 5f}),
(Fv,vevis Wi 30, (Fviovs Wi, (Fvyvio, bvif), (Fvio0, hvrf;), (Frv;vio, hvif;),
(Fov vy WIf), (Foovy, hvlfy), (Frovyvy, hvlfy), (3.9)

with Frg, Frr, Fojo, Fovo, and Frgpp mapping to the interior.

Proof All of the exponent matrices are computed the same way: by computing pullbacks of
boundary defining functions. Consider, for example, the face ff; of Mrzh. The faces of M fh’ .

which are in the preimage of ff; under ¢ are all of the faces where z = z” = V; and
V(T2 4+ (T")? =0, thatis T’ = T” = 0. These are precisely Fov,v,v; and Foy,ov;, s0
those two faces map to ff;, and the corresponding exponent matrix entries are 1. Computing
these pullbacks for each boundary hypersurface of Mrzh yields the desired exponent matrix
for I1¢. By a similar process we obtain the exponent matrices for [1; and ITg.
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Note also that the fact that I is a b-fibration can be observed directly: for each boundary
hypersurface G of M}, 3 . there is at most one boundary hypersurface H of M 2h such that the
(G, H) exponent rnatrlx entry for I1¢ equals 1. O

3.7 Densities

Our kernels on the double space are most naturally considered as “full right densities” with
respect to the usual metric on Q. For example, the kernels of our operators A and B will be

Ka(t',z,2))dt"dz'; Kp(t",2',2")dt" dz",  respectively.
Multiplying the two, then integrating over r = ¢’ 4+ ¢” and 7/, yields
Kaop(t,2.2)drdz".

If we multiply everything in the expressions by dz, we have the full-density form we need
for the pushforward theorem; see [31, Theorems 4 and 5] and [19, Theorem 2.3].

To apply the aforementioned pushforward theorem, we need to transform our natural met-
ric densities into canonical full densities and b-densities on M3 . and M . Here are the
formulas for those transformations. Throughout, let v(X) and vh(X ) be canomcal densities
and b-densities on a manifold with corners X, and let p;,; (X) be a product of boundary defin-
ing functions for all boundary hypersurfaces of X. Itis immediate that v, (X) = ,o,j,,l (X)v(X).

Proposition 3.15 The density bundles transform under blow-ups as follows:
B*(0(Q x @ x [0, 1)) = 01037 Pivyy  hotf Phorf V(M):

B*(0(Q2 x @ x 2 x [0, 1)) = popbyyyPOLELLOVOYPOEVEPYYY POV

3 3 4 3 4 3 2 3
* POV v PYVOPV00LOVOLOOV PRY VOPREEOPLOVY PLOEEPTRDY (M7 o)

Proof When blowing up a submanifold F of a manifold with corners W, blow-up introduces
a factor of pdimW)—dim(F)—=1 eqyivalently p<mF)~1 with p the defining function for the
new (blown-up) face (see Proposition C.5 of [1]). We repeatedly apply this.”

For Mrzh, dim(W) = 5. The blow-up to produce ff blows up a finite collection of points,
so the codimension is 5 and we acquire a pﬁf. The blow-up to produce sf, on the other hand,
requires 1’ = 0, z = 7' € E, so the codimension is 4 and we acquire a p>. The blow-up to
produce hvff has codimension 4, and the blow-ups to produce hvlf and hvrf have codimension
2. Putting this all together yields the result.

A similar analysis works for Mr 1. being careful about repeated blow-ups. For example,
blowing up O introduces a factor of po at first. However, when blowing up a submanifold of
O, po itself continues to lift. For example, when creating Foyyv, po lifts to popovyy. O

Another important observation is that rather than 7’ and ¢, we are treating their square roots
as the boundary defining functions, so canonical densities have d T’ and dT’. For example,

V(R x Qx[0,1)) =dTdzd7",
and recalling that dr = 27dT,
KAOBd[dZdZU = ZTKAOBU(Q x Q x [0, 1))

7 Note that even though €2 with the usual metric is not technically a manifold with corners, the same analysis
works to write v(£2) in terms of v(€2().
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Similarly,
KA(I/, z, Z/)KB (z//, Z/, Z//)dt/dl//dzdz/dzl/
=A4T'T"Ks(t', 2. 2)Kp(t", 2. 2")v(2 x Q x Q x [0, 1)?).

3.8 Composition theorem

To define various classes of operator kernels we use notation which is similar but not identical
to [35]. For an index family,

F = (Fii;. Fst; o Favitjy, Favet; s Foiej, Fjo, Fojs Fua),

define Af (M,%) to be the space of functions on M ,f which are pc with index sets given at the
respective faces by F and which also vanish to infinite order at tf. We also define \thf as the
set of pseudodifferential operators whose Scheartz kernels, as functions on M2, are elements
of AT (M}).

‘We may also use the notation

OUff QLS ;> Ohff g »Chvif ; Ol >0 j0, @0,/ 0td

A J J J J
h

n

to indicate functions on M,% which are elements of Ahf for some index family F whose
index set at each face is bounded below by the corresponding «. In other words these are
functions on M,% which are pc and which have leading order at each face no worse than
the corresponding « (and which furthermore do not have terms of the form x*(log x)? for
p > 1). We also use W™t hvitjp vl Ghvif;#j0-807-%d ) the analogous way.

Theorem 3.16 Suppose that A is an operator whose Schwartz kernel K 4 € Ah}-A with index
family
Fa = (Ag,, Astys Anfrr Anvrfys Avif; s Aojs Ajos Awd)-
Suppose that B is an operator whose Schwartz kernel Kp € Ah}-B with index family
FB = (B, Bsf;» Buygg;i.» Buvrf;» Buir;» Boj» Bjo, Bia = 00).
Suppose, finally, that
Apj + Bjo > —1, Ahvlfj + Bhvrfj > =2, and Ay > —4. (3.10)
Then the Schwartz kernel of the composition A o B is an element of Af , where F has index
sets
Aﬁrj + Bﬂj +4 atﬁ‘j,
Asfj + Bsf]. + 4 at Sfj,
Uk(Amg, + Buugy + 2)U(Anug; + Bhuir,) at hvffy;,
Uk (Anyfry, + Bhvrf + 2)U(Apy )U(Ag, + Buury, +4) at hvif;,
(Uk(Anvig, + Bmg, + 2)U(Binis, )U(Amys, + By, + 4) at hvlf;,
Aj()U(Aj + Bjo+4)at Ejo,
Bo;jU(Aoj + Bj+4) at Eq;,
oo at td.
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Proof By the pullback theorem (see [39, Theorem 3] or [19, Theorem 2.2]), IT} K 4 is poly-
homogeneous on Mr3h with index sets:
Aw at Frgp and Fop; As; at Fov,v,v;, Fryv,v,0, and Fov,v,o;
Ast; at FogE;E;, FRE;E;0. and Fog,E;0; Anvity, at Fv;v,v, and Fy,v,0;
Anwef; at Fv,ov; and Fy;00; Anvig, at Fov,v,, Foveo, and Frov,v,;
Ajo at Fjoo; Agj at Fojo and FLOEJ'E_,G 0 at Frp, Foor, and Fpoy;; and finally
oo at Frgr, Fo, Fov,ov;, FoE;0E;, Foov,v;, FOOE;E;-
Note in particular that at the four hypersurfaces in the domain mapped to intersections of
two hypersurfaces in the range, the pullback index set is the sum of the index sets at the two
range hypersurfaces. At each of these the sum ends up being infinity. Similarly, IT; K is
polyhomogeneous on M?h with index sets
Bii; at Fov,v,v;, Frov;v;, and Fooy;v;;
Bgt; at Fog,E;E;, FLoEE;, and Foog;E;;
Bhviry at Fy;v, v, and Foy,v;; By at Fy,ov; and Fooy;
Bhyrf, at Fy;vi0, Fovio. and Fry,veo5 Boj at Foojs Bjo at Fojo and FRE; E;0;
0 at Frg, Fj()(), ij()(), and Frgp; and ﬁnally
ooat Frr, Fo, Fop, Fov;v,0. Fov,ov;, FoEg;E;0 and FoEgoE; -
It is also easy enough to compute the pullbacks of 7’ and T”; they each have order
1 at each face in the lift of 7/ = 0 and T” = 0 respectively. Therefore the product
AT'T"(I1} K o) (IT} K p) is polyhomogeneous on Mr3h with index sets
Ajo at Fjoo; Agj + Bjo at Fojo; Boj at Fooj;
Ast; + Brr; +2at Fovv;v;s Ast; + Bs; + 2 at Fog; £
Anvftj, + Bhvity at Fyv;v,vis Anvetyz + Bty at Fyv;v,0:
Anvrt; + Bhvify at Fv;ov;; Anvif, + Bhvfry, at Fov,vs
Anvri; at Fy;00; Anvify + Bhvry at Fov,o5 Bhvi, at Foov;;
Agf; + Bty + 1 at Fry,v,o0; Ast; + Bjo + 1 at Frg; ;03
Anvit; + Bit; + Lat Frov;v;; Aoj + Bst; + 1 at Frog,g;;
A+ 1at Frep;

(3.11)

ooat Fry, Frr, Fo, Fop, Fov,v,0, FoE;E;0, Fov;ov;,
Fok0E;, Foov,v;, and FooE;E; -

Now we make the observation that on the front faces of each of the five blow-ups needed
to create M fh from M fh’ .» the product (IT} K 4)(IT} K ) vanishes to infinite order. Applying
Proposition 3.8 five times, we see that 47'T" (IT} K 4)(IT} K p) is in fact polyhomogeneous
conormal on Mr3h, . With index sets the same as in (3.11), with the exception of deleting the
five extra faces.

We would like to use the pushforward theorem, but first we must view 477" (IT} K 4)
(ITx K g), currently a section of V(2 x  x Q x [0, 1)?), as a section of v(th’C). By

Proposition 3.15, as a section of v(th ), its orders are:
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Ajo at Fjoo; Aoj + Bjo at Fojo; Boj at Fooj;

Agt; + Bir;, +9 at Fov,v;v;; Ast; + Bst; + 8 at Fog, E;E;;

Anvir, + Bhvery, + 5 at Fy,v,vs Anviry, + Bhvrf, + 3 at Fy;v,o;

Anvrt; + Bhvig, + 3 at Fy,ov;; Anvig + Bhwit, + 3 at Fov v

Anye; + 1 at Fy;00; Anvif, + Bhwrt, + 1 at Foy,o; (3.12)
B, + 1 at Fooy;; Ase; + Bhwet; + 5 at Fry;v;o;

Ast; + Bjo + 4 at Fre;E;0; Anvit; + Bir; +5 at Frovv;s

Aoj + Bst; +4at FrogE;5 Au+ 3 at FTrp;

and oo at Frr, Frr, Fo, Fovov;, and Foog, ;-

Now we apply the pushforward theorem and push forward by IT¢. There is a condition
in the pushforward theorem, see [[19], Theorem 2.3] or [33]: any face which is mapped to
the interior must have index set greater than — 1 (or, equivalently, O as a b-density). This,
however, is guaranteed by (3.10). By the pushforward theorem, (Hc)*((H’iKA)(H’I‘QKB))
is polyhomogeneous on M rzh with index sets given as a section of v(M rzh) by

Aff/ + Bii; + 9 at ff;; Asf; + Bst; + 8 at sf;; oo attf;
(Ur(Anstt, + Bnvity +5)U(Anvit; + Bhvit; + 3) at hvff;
(Ur(Anstr + Bhvet, + 3)U(Anyer; + DU(Agg; + Bhyr; + 5) at hvrf;
(Uk (Anvif, + Buver, + 3)U(Bnvis, + DU(Ang + Br + 5) at hvlfy;
Aj()U(Asfj + Bjo+4) at Ejo; BojU(A()j + Bsf; + 4) at Eo;.
Finally, we use Proposition 3.15 to go back from sections of v(Mrzh) to sections of V(€2 x

Q x [0, 1)), then divide by 2T to go back to dtdzdz”. The index sets of the composition are
thus

Agr; + Bir; +4 atff;; Ay, + Bst; +4 atsf; oo attf and td;

(Ur (At + Bhvity +2)U(Anvit; + Bhvir;) at hvff;

(Ur (At + Bhvet, + 2)U(Anyier )U(Agt; + Bhyt; + 4) at hvrf;

(Uk (Anvig, + Bhwity, + 2))U(Bhvig) )U(Anvis, + B, +4) at hvlfy;

AjoU(Agt; + Bjo +4) at Ejo; BojU(Ao;j + Bst; +4) at Eo;.

O

Remark 3.17 1Itis instructive to compare our composition formula to that of Mazzeo—Vertman
[35, Theorem 5.3]. Indeed, the two settings coincide in the special case of a surface with
boundary and no vertices. Our faces ff, hvff, hvrf, and hvlf do not exist in that case. Moreover,

in the notation of Mazzeo—Vertman, £ = Asfj +4and ¥ = By, + 4 (see Definition 3.1, and
note that the dimension of the base b = 1), so our calculations are in agreement.

4 The heat kernel on a surface with boundary
In this section we will build the heat kernel for a surface with smooth boundary in the absence

of conical singularities. This construction has been performed in the Neumann and Dirichlet
settings by Grieser [16]; the Robin case we give here is new. The work we do here shall
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bdry hypersurface sf td tf
model hk hk for half plane | hk for R? | oo order vanishing
compatibility check tf and td sf and tf sf and td

Fig.5 The model heat kernels (abbreviated hk) and the boundary faces which intersect are given above. Note
that the heat kernel for the half plane is taken with the corresponding boundary condition: Dirichlet, Neumann,
or Robin

be used in the later construction of the heat kernel for a surface with corners. We follow
the usual geometric microlocal strategy. Namely, we specify models at various boundary
hypersurfaces to which {7 = 0} lifts in the heat space, then look for a pc function which has
those models as its leading order behavior at each boundary hypersurface. In order for this
method to work the models must be compatible with each other at the surfaces where they
intersect, in the sense that their restrictions to the intersection must be identical, as otherwise
no pc function with the specified leading order behavior can exist.

This setting is a special case of the setting of surfaces with corners, and as such the double
heat space will be a special case of the space M }% constructed in the previous section. Many
of the blow-ups are now trivial; in this setting, we need just two blowups, the first of which
is

[2 x Q x [0,00); {(z,2,0) : z € IQ}].

The new boundary face is sf, and in the absence of corners, the resulting space is the reduced
heat space Mrzh. To complete the construction, we perform one more blowup,

(M2 {(z,2,0) : z € Q)] = M7

The resulting blown-up face is td. Thus, the heat space for a surface with smooth boundary
has boundary faces sf, td, tf, as well as the two side faces Ejog and Eg, which are the lifts of
02 x Q2 x [0,00) and 2 x 92 x [0, 00), respectively. The boundary hypersurfaces which
comprise the lift of {7 = 0} to M ,% are therefore sf, td, and tf (Fig. 5).

4.1 Heat kernels on the half-plane
Let (x, y) be the usual Cartesian coordinates on R2, and consider the half-space
R% :={(x,y) e R* 1 y > 0}. (4.1)

The heat kernel on all of R? is

1
Hpa(t, x,y,x',y) .= —exp 4.2)

[_ (=2 4+~ y/)z]
4t '

4t

4.1.1 The Neumann and Dirichlet heat kernels

By the method of images, the Neumann heat kernel on ]Ri is

Hpo(t,x,y,x', y") + Hpa(t, x, y,x', —y")
1 (x — x)? v —y)? N -y +y")? (4.3)
=—exp|——||exp| —— | +exp| ————| ).
4t P 4t P 4t P 4t
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The first term above is known as the direct term, whereas the second term is known as the
reflected term or image term. We examine the behavior of this Neumann heat kernel on the
double heat space M,%, albeit in the simpler setting where there are no corners. Although we
will not prove that this heat kernel is pc on the double space in this section (it is a consequence
of later work), we will use our examination to determine the appropriate pc models in the
next section.

To examine the model heat kernels for the half-space, let us examine the blow-ups in local
coordinates. To get M ,%, we first blow up

{T=y=)y=0x=x
then blow up the lift of the diagonal at 7 = 0:
(T=0y=y;x=x"}.

After the first blow-up, coordinates near the interior of the new face sf, away from the
intersection with {7 = 0} (where the second blow-up takes place), are given by

/ /
Tie= %; & = y?; x'; and T. (4.4)

x —
T
In these coordinates, the expression (4.3) becomes

2L exp [—lxz] (exp [—3(5 - sﬂ +exp [—3@ + s’ﬂ) L @)
A 4 4 4

To encode this, we write

H_zst::iexp —le exp —1(5—5/)2 + exp —£(§+§/)2 (4.6)
sh 4 4 4 4

X =

and say that H_» ¢ v, which we view as a function on sf, is the leading order model of the
Neumann heat kernel at the face sf, appearing at order 72, What this means is that the
Neumann heat kernel, in a coordinate patch near the interior of sf, is given at least to leading
order (in this case, exactly) by

)
T "H_2sN-

After the second blow-up, coordinates near the interior of the new face td, away from
y = 0, are given by
_ / _ !
X = i ;Y = Y~y
T T
Consider (4.3) in these coordinates. Away from y = 0 the image term is O(7T°°), and so

(4.3) becomes

;x’; Yy and T. 4.7)

szﬁ exp [—%Xz] exp [—%Yz] + O(T®™). 4.8)
So we may similarly define
H_2 = i exp [—EXZ] exp [—1Y2] , 4.9
4 4 4

where we have omitted the N since the model will be the same for all boundary conditions.
The leading order of the Neumann heat kernel at td is given by

T_Z’H_z,td.
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To check for compatibility, we show that our model for the Neumann heat kernel on Ri
is compatible with the model we have defined at td. Specifically, we want

H_2,st,N|stntd = H—2,tdlsfrd-

The coordinate patches we have described to this point are not necessarily valid systems of
coordinates near the intersection sfNtd. However, it is easy enough to show that
T 1 ;o
ni= =5 X0 Yxhy (4.10)
vy
are valid coordinates in a neighborhood of this intersection, away from tf. In this new coor-
dinate patch,

1 2
y=YT+y,s0E=Y+—, s0é+E =Y+ —,
n n

and we get

H L e Ly2 |y Ly 4 2y
_2sfEN = exp|—— exp|—— exp|—-— - ;
2N = gy P P17 Pla )

Hoow = 1 exp [—lxz] exp [—EYZ] .
’ 47 4 4

Restricting to sfNtd means letting  — 0 in the first term, which corresponds to approaching
sfNtd from the interior of sf, and letting y’ — 0 in the second term, which corresponds to
approaching sfNtd from the interior of td. We see immediately that the second exponential in
H_3 sf, v tends to zero when 7 tends to zero, and H_ ¢q is independent of y’, so the restrictions
are well-defined and they match. This proves compatibility of H_» ¢ y and H_2 .

An identical analysis works for the Dirichlet heat kernel; the only difference is the sign
of the image term. So we write

H-2st,D

S exp [—lxz} <exp [—1(5 - g’)z] —exp [—l(s + s’)ZD : (4.11)
4 4 4 4
and just as before, H_; s p is compatible with H_» .

Note that the models H_» sr, v and H_» s, p themselves satisfy Neumann or Dirichlet
boundary conditions, respectively. In particular, looking at the expansion of H_ ¢ x in & at
{& = 0} (i.e. y = 0), we observe that there is a complete Taylor expansion with no first-order
term. If we take %H_z,sf, ~ and restrict to {§ = 0}, we get zero. Similarly, H_> sf p has a
Taylor expansion with no zeroth-order term; that is, its restriction to {§ = 0} is zero.

It is also useful to consider the heat operator, lifted from the left (that is, acting in the
unprimed coordinates):

] 1

L:=0; — dyx — Oyy = ﬁaT — Oxx — Oyy.
This operator lifts under the blow-down maps to an operator on the double heat space, which
we also call £, abusing notation. The lift of the operator 1 £ = T2 £ is more useful, because
T2 £ lifts to the double heat space to be a b-operator, except in a neighborhood of Ejg, where
it is merely smooth. In particular 912510 T2L is a b-operator. Therefore T2L (1) preserves
polyhomogeneity and (2) preserves infinite order vanishing at tf. These two facts shall be
useful.
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The operator T2L can be analyzed in the coordinate systems (4.4), (4.7), and (4.10). In
the coordinates (4.4) we have by a chain rule calculation:

1 1 1 1
T>L = —Tor —dxx — —Xdx — Oez — —£0: — =& 051, 4.12
S T0r = xx — 5 X0x — Oe 25 3 25 3 (4.12)
In the coordinates (4.7), we have
5 1 1 1
T°L=-Tor —0xx — =X0x — dyy — =Y oy. (4.13)
2 2 2
Finally, in the coordinates (4.10), we get
0= Lo —a Lxoy— o Ly (4.14)
= 2’) n XX 5 X YY ) Y. .

The point of all of this is to show that our leading order models solve model problems at
their designated boundary hypersurfaces. Specifically, since the heat kernel solves the heat
equation, we must have

B (TL)B* (T H 2.1)| g = B (T2L)B* (T H ast.3) |
= B*(T20B* (T *Hogutp)|,=0. (415

Observe additionally that when lifting to the double heat space, in the coordinate systems
near these boundary faces, the three factors of H are independent of the 7 coordinate.
Consequently,

1 24 _ -2
2TGT(T H) =—-T"“H,

and so

(T2L —1d)|sfH_st.n = (T*L — Id)|stH_2.51,p
= (T?L —1d)|wH_2.44 = 0. (4.16)

Remark 4.1 The Neumann and Dirichlet heat kernels for a half-space are indeed pc on M }%
This can be seen directly in local coordinates, and alternately follows from a reflection
argument similar to the proof of Lemma 5.1.

4.1.2 The Robin heat kernel

Now we consider the heat kernel on ]R2+ with a Robin boundary condition, namely

du(x,y)

= ku(x,0), for some constant x > 0. 4.17)
ay y=0

We recall that this condition is for the inward pointing normal derivative. The explicit expres-
sion for this heat kernel is known [5]. It is

HR_Z‘_,Robin = HRi,Neumann + HCO”’

where
Ke/((ery’)elczt 1 Y+ y/
Heorr(t,x,y,x',y) i= ————¢ex I:——(x—x’)z] erfc( +K«ﬂ).
corr y y ,;47'[[ p 4t \/E

@ Springer



The heat kernel on curvilinear polygonal domains... 29

Recall that the complementary error function is smooth in z, bounded by 1 for z > 0, and
decaying to infinite order as z — oo:

2 o0 _$?
erfc(z) =1 —erf(z) = ﬁ/ e ds
Z

Let us examine the behavior of H.,,, in the coordinate systems (4.4) and (4.10). In (4.4):
KeKT(Hs’)eKZTZ

21
The restriction of T H,, to sf, that is to T = 0, is well-defined. Based on our previous
notation, we give it a name:

H_1,st,R = Zf exp [—1X2:| erfc (%(5 + g’)) . (4.18)

On the other hand, in the coordinate system (4.10) that is valid near the intersection of sf and
td, we have

X rcekY MY +2) i (v)? 1, 1 1 )
Heprr =—-T7 exp| —-X"|erfc =Y + -+ .
e |3 erte (31 4 2 )
We approach tdNsf from the interior of sf by letting n — 0. As this happens, the erfc function
decays to infinite order due to the 1/7 term in its argument, and we see that H,,,, vanishes
to infinite order at tdNsf. Thus H_; ¢ g vanishes to infinite order at td, and so adding H,r
to the Neumann heat kernel does not disrupt compatibility at tdNsf.

The Robin correction term also solves a model problem at sf. The model problem in this
case is slightly different, because  has a factor of 7~! rather than 7~2. Consequently,

Hcorr = -

1 2 1 /
exp |:_ZX ]erfc (5@ +&) +KT> .

Lra (T™'H) = L1y
2 T ) ’

tL lId
2

For the sake of completeness we include this calculation. First, we compute (dropping the
subscripts for notational simplicity)

kX _x2 £+ ¢ X?
v H = —— =X /% arfe _ia 2
xH 4fe erfc ( > == > xH = H

so here our model problem is

H-1s,r =0. 4.19)
sf

Similarly we compute

/ XZ /
IxxH = Le_XZ/4 erfc (5 +& ) — K—e_xz/4 erfc (s & > ,

4.7 2 8T 2
thus
—dxxH = 17-[— ﬁ?‘(, —{BXH—BXXH= 17-[.
2 4 2 2
Noting that erfc/(z) = —e‘Zz, we also compute

K _y2u _ "2 & SK 2 2
H = ——e X /A= G4 S 9 X2/4 ,—(E+E")7 /4
= aml 2% TRy’
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By the symmetry in & and &', we also have

34 —&'k _x2/4 — N2 4
PPV /4~ E+E)2 /4
¥ Tl ¢

Finally, we compute

DesH = _k(E+E) e XM g gy k(& +§&) o~ X? /4~ E+EN /4
W W

In total, we therefore have

1 —&Kk _ya,, _ "2 —&'k o, "2
T2 = L4 X2/~ EHEN/A X34~ (/4
2 T ml sy
I
L EHED o erenia _ Ly
8/ 2

verifying (4.19).

The upshot of all of this is that the Robin heat kernel on a half-space may be seen as a
correction of the Neumann heat kernel, where the correction is lower order in the sense that
it appears in the asymptotic behavior half an order below the leading order in the asymptotic
regime corresponding to sf, namely at 7! rather than 72, The correction also vanishes
to infinite order at the 7" = 0 diagonal in the interior, indicating that it has no effect on the
interior heat asymptotics. So the Robin heat kernel on a half space has:

o Leading order behavior at td of order 72 given by ‘H_2 14, in particular the same as the
Neumann and Dirichlet heat kernels;

e Leading order behavior at sf of order T2 given by H_» ¢t N, in particular the same as
the Neumann heat kernel; and

e Additional sub-leading order behavior at sf of order 7! given by H_ s g (and some
subsequent terms at higher powers of 7'). However, there is no additional sub-leading
order behavior at td.

4.2 Construction of the heat kernel on a surface with boundary

We are now poised to construct the Dirichlet, Neumann, and Robin heat kernels on a surface
with boundary, prove they are pc on the double heat space, and identify their leading order
terms in their pc expansion. Our construction is inspired by [35], [16] and indeed has already
been done in [35] for Dirichlet boundary conditions (which are the Friedrichs extension for a
cone-edge structure with one-dimensional edge and zero-dimensional link). These references
were both largely inspired and guided by [40].

We use the same double space M 2 that we have been using, which in the boundary-only
case for surfaces is the same as the double space of [35], with a one-dimensional edge and a
zero-dimensional cone link. Note that the faces have the same names, with the exception of
our E1o which corresponds to rfin [35] and our E; which corresponds to If. Our composition
formula, Theorem 3.16, agrees with that of [35] as well.

Throughout, we will use boundary normal coordinates (x, y) on our surface with boundary
Q2. In these coordinates, the boundary is defined by y = 0. The Riemannian metric in these
boundary normal coordinates near the boundary takes the form

g(x, y)dx? + dy?,
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with g(0, y) = 1,and g(x, y) smoothin x and y. The Laplacian has the following expression:
A= =0y — ayy +ay(x, y)oyx +ax(x, y)ox +az(x, y)ay»

where ay, ap, and a3 are smooth, with a;(x,0) = 0 and a>(x, 0) = 0. In the interior, we
let z be a local coordinate patch on M; then let Z = (z — z')/T and use (T, Z, 7') near the
interior of td.

4.2.1 The Dirichlet and Neumann heat kernels

Since the heat space here only has boundary faces td, sf, tf, and the side faces, for an index
family F = (Fiu, Fst, FE10, FE01), define Ahf to be the space of kernels in AhF(Q,%), as
functions of (T, z, z’), which vanish to infinite order at tf. Similarly, we define W% to
be the set of operators whose kernels are in Ahf for some index family F which has leading
orders a, b, c, d, at the corresponding faces.

Letus begin with the Neumann heat kernel. We follow [35]. We construct first a parametrix:

Proposition 4.2 There exists an element of ¥~2~200 whose Schwartz kernel HV satisfies
Neumann boundary conditions in the left (unprimed) variable, whose limit as T — 0 is
8(z — 7)), and with

2 r (D) 00,—1,0,0
T°LH" € A, .

Proof The idea is to solve our model problems to infinite order at td and first order at sf, and
to do so in a way that satisfies Neumann boundary conditions.
In the interior of td, we use the ansatz

o
HO(T, 2,2y~ Y T H 51 ja(Z, 7). (4.20)
j=0

As in [35], we formally apply £ to this expansion and set the result equal to zero. We can
solve, inductively, for each coefficient function H_5 ;4. For example, the equation for
j=0is

1
—T*H pa—T7? (322 + §Z32> H_24a = 0.
By direct computation (4.16) letting H_» (4 be the expression (4.9), namely
1
Hooa(Z,2) = —e 17,
4

it solves this equation for j = 0. For the higher order terms, we have to expand 72 £ in a power
series in 7', and more terms than just its restriction to td will be involved. Nevertheless, one
may show inductively that there exist terms H_o4 j «a(Z, z’) for all j that satisfy the formal
ansatz. These terms each decay rapidly in Z. Since 2 is a subset of a smooth manifold M
and this construction is uniform over the interior of M, all terms H_2 j 14 are smooth up
to sfNtd. The result also satisfies the delta function initial condition. We omit the details, as
they may be found in [35, 40], as well as other references.

We verified in Sect. 4.1.1 that H_; s n, defined in (4.6), is compatible with H_5 4, soitis
possible to choose an element of W~2~20.0 whose kernel H" simultaneously has leading
order T_ZH,Q, sf,n at sf and has full expansion (4.20) at td, which vanishes to infinite order
at tf, and which is smooth down to E1¢ and Ey;. In fact it is also possible to choose H (OF
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satisfy Neumann boundary conditions. To see this, examine the expansion of H_j s y as we
approach Eo and Eq;. Boundary defining functions for those faces are & and &’ respectively.
Indeed, (4.6) is smooth in & and &', and it has no order 1 term at £ = 0 or £’ = 0. We may
thus choose H so that there is no term of order 1 in its expansions at E1g and Eg;. This
HW satisfies Neumann boundary conditions, as claimed.

It remains to show that

2 r () 00,—1,0,0
T°LH" € A, .

First we have to show that 72£H ") is polyhomogeneous. However, the operator 72 £ lifts
to one which is tangent to all boundary hypersurfaces except for Eqg, and at Ejo it may be
written as ’01;120 times such an operator. Since such operators preserve polyhomogeneity and
also preserve the infinite order vanishing at tf, the polyhomogeneity follows.

Now we compute the leading orders. Since H") has the full expansion (4.20), which is
annihilated by 7 £, we see that T22HWM has order oo at td.

At sf, we claim that the model problem is the same as for a half-space. We have solved the
model problem for a half-space to first order, so we get an improvement of one order, from
—2 to — 1. To see this, compute 7L in the coordinates (4.4). We get

T°L = lTaT — dxx — 2 Xox — dee — lgag — lg’a,;,
2 2 2 2

+a1(XT + x',§T)oxx + Tax(XT + x',§T)dx + Taz(XT +x', €T) .
421

We apply T2L to our pc expansion at sf, namely
TH osen +T "Horsen + ...

Since T2L is tangent to sf, the leading order of the result will be at worst —2. We claim it
is actually — 1. Indeed, as with the half-space, the application of the first six terms in (4.21)
to T_ZH_z’Sﬂ ~ yields zero by (4.16). Moreover, applying T2 L to only the terms with order
T~ or higher yields something of order at most — 1. So the only possible term of order —2
in the expansion of t£H ! at sf comes from

T2 (a1(XT +x',ET)dxx + Tay(XT + x', ET)dx
+Ta3(XT 4+ x', §T)3:)YH 256N -

However, the coefficients of the last two terms vanish at sf to first order in 7', and since
a1 (x’, 0) = Oidentically, so does the coefficient of the first term. In other words, the Laplacian
in boundary normal coordinates is the same as that for a half-space up to terms which are
lower order at sf. Thus 7£H® has order — 1 at sf, as desired.

At Eqp, T?L is tangent to Eoy, so the leading order remains unchanged at 0. Finally, at
E\9, at any point in the interior of Ej(, we can use the coordinates (T, x, y, x’, y), in which
y is the defining function for E1g. So H" has a smooth expansion in y down to y = 0, with
smooth dependence on all other variables. Applying T2 £ would usually turn a term of order
y” into a term of order yy_z, but since H has a smooth expansion, it stays smooth. So the
leading order of T2LH D at E g is 0, completing the proof. O

As in [35], this can be improved at Eq, the analogue of rf:
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Proposition 4.3 There exists an element H® ¢ A;z’_z’o‘o which satisfies Neumann bound-
ary conditions in the left variable, with

lim H? =8(z—7) and T?LH® e A2>~1>0,
t—

Proof This is a standard argument, as in [33, p. 32] and [35]. We use the fact that T2L
is elliptic in the y-direction to iteratively solve away the Taylor expansion of T2£H (1 at
E190. To be concrete, let A> be a pc kernel on Q%, smooth at E1¢, whose expansion in any
coordinate neighborhood (¢, x, y, x’, y') is

1

332 (LHD) (16,0, 3) + 007,
Then (T2£)A2 is pc as well, and its leading order term at E1g is

(T%Hm) (t,x,0, %', y).

Furthermore, using the coordinates (4.4) it is straightforward to see that A, may be chosen
to be pc down to sf and have the same order as y>£H) at sf, namely 2 — 2 = 0. So if we
consider H) — Ay, then (T2L)(HD — Ay) is pc and vanishes to first order, rather than
zeroth order, at E;¢. Moreover H) — A still satisfies Neumann boundary conditions.

This construction may now be iterated to produce A3, As, etcetera, so that H ™ _ le‘zz Aj
vanishes to order k — 1 at E19. The A; may be summed, and then setting

00
HO =H® -3 4,
j=2

gives us the result. Note that since each A ; has order — 1 or better at sf (CH ") has order —3
there, but y2 has order 2), the leading order term of H @ at sf is still H_2st,N- O

Now, as in [35], let P@® = (+£)H®. Then, as a kernel,
1
2) _ 2) 00,—3,00,0
LHP = 73 P® e A} }

Kernels on Qi may be naturally identified as convolution operators on [0, co) x €2, acting
in the usual way. In this sense, as in [40, (7.67)] we have

1
LH? =1d— <—FP(2)> . (4.22)
To see this for any g € C*°([0, 00) x 2), we have
t
LH® xg(t) = (8 + A)/ [HPg1(s)(t — s)ds.
0
By the fundamental theorem of calculus and the definition of P@  this becomes

[Hg(1)1(0) + f [1 [P@’g](s)} (t — ) ds.

t
o Ls
Since [H (2)g(t)](0) = g(0) by the delta function initial condition, we have (4.22).
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To invert the right-hand side of (4.22), we use the Neumann series

1 -1 [ee] I j
<Id +ﬁp<2)> :m-Z(-F})@) = 1d+P®,
j=1

By our composition Theorem 3.16, since —T72p®@ ¢ AZO’%’OO’O, we obtain that for each
j9

J .
(—%P(2)> EAZO,—4+],00,O'

This series may therefore be asymptotically summed, and we obtain that P®) ¢ AZO’_3’°°’O.
In fact this asymptotic sum is a legitimately convergent sum. This is asserted in [35] in the

edge case and proven in [40, p. 270] for compact manifolds; the same applies here as well.
Finally, set

H® = H® (Id +P(3)).

By the definition of convolution, the Neumann boundary conditions, being satistied by H®,
are also satisfied by H®. Since H® € A, > 7% and P® € A" our composition
Theorem 3.16 tells us that

3) o 4~2-20.0 | 400,-1.0,0
HY e A, + A, .

Since LH® = 1d, H® satisfies the delta function initial condition. By uniqueness for the
Neumann heat kernel on a manifold with boundary, H ) must therefore be the true heat
kernel.

Theorem 4.4 The Neumann heat kernel on S2 is pc on Q%, and is an element ongz’ =200 prg

expansion at td is given by (4.20), and its leading term at sf'is given by H_» 7. n. Moreover it
is smooth down to both E jo and Ej, and its expansion at sf is T2 times a smooth expansion.

Proof The heat kernel is smooth down to E o because H @ is smooth by construction, and
the composition theorem implies H® is smooth. The required statement at sf follows from
the same logic. Finally, itis smooth down to Eg; because it is symmetric. For the leading term
statements, the leading terms of H® have the claimed properties, and H® P® vanishes
rapidly at td and is lower order than H® at sf. This completes the proof. O

An analogous theorem, proved in an identical fashion, holds for the Dirichlet heat kernel.
Since the Dirichlet boundary condition is the Friedrichs extension for a one-dimensional
cone, this is in fact a special case of [35]. Note that the Dirichlet boundary condition implies
that the heat kernel vanishes to first order at E1¢ and Eg;:

Theorem 4.5 [35] The Dirichlet heat kernel on Q2 is pc on Q%, and is an element ofA;2’72’ L1
Its expansion at td is given by (4.20), and its leading term at sfis given by H_» g p. Moreover
it is smooth down to both E jo and Ej, and is T2 times a smooth expansion at sf.

4.2.2 The Robin heat kernel

We now construct the Robin heat kernel on €2 as a correction, or perturbation, of the Neumann
heat kernel on Q2. To distinguish it, let Hycymann (¢, 2, z') be the Neumann heat kernel, which
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is pc on Q% by the previous section. Our Robin boundary condition is

du(x,y)

3y =rk(x)u(x,0).

y=0

Our model will be the Robin heat kernel for a half-space with constant «. With that in
mind, define

K(XT + x/) 1 1
Hl(e(:;)bm = Hyeumann — To/mT exp [_ZXZ] erfc (E(E + S’)) .

The distinction here is that now « depends on the variable x, which can be expressed in terms
of the coordinates X, T, and x’ as x = XT + x'.
2,-2,0,0

Both terms are pc. The first term is an element of A, ™
-1,0,0

and the second term is an

. Now we compute, using erfc’(s) = —Ze’sz/\/ﬁ, that

0 ©)
<5 - ") Hp opin

element of A

y=0
19 XT +x' 1 1
— _uexp —7X2 erfC *(54‘5/)
T 98 |g—g 2JnT 4 2
0)
—xH) .
KH Robin y=0 (4.23)
K(XT + x) 1, 1. »
=W“"[‘1X P73

—k(XT + x,) HNeumann|y:0
XT + x))? 1 1
+ (e XT +x)) exp | —-X?|erfc ( =£").
27T 4 2
Let this right-hand side be ¢(T, X, x’, £"). To put it politely, this is not zero. We correct this
defect by defining
1 0 —(y/T)?
HI(Qo)bin = HI(Qo)bin —ye O/m C(T’ X, x/7 S/)

This fixes the Robin defect: the derivative in y at y = 0 of the second term above is precisely
—c(T, X, x', &), and « times this term is zero at y = 0, so we have

9 (1
<5 - K(x)) HRobin

Lemma 4.6 The function H i(elo)bin is an element of A, , satisfying Robin boundary
conditions in the left variable. At td, it has the same expansion as Hyeymann- At sf, the first
two terms of its asymptotic expansion are the first two terms for Hy oymann plus T~ vy LR
where

=0.
y=0

2,-2,0,0

/ 1 1
Ho1gR = _;i)/cﬁ) exp [_ZXZ] erfc <§(§ + g’)) )

(Comparing to (4.18), the only change is that k is now a function of x' rather than a constant.)
Furthermore,

(@) 00,0,0,0
tﬁHRobin € ‘Ah .
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Remark 4.7 Note that H ,(elo)bm is a slightly better parametrix than H" was for the Neumann
and Dirichlet problems. This is because we have solved the model problem to two orders at
sf, rather than just to first order. This is necessary because we want to identify the sub-leading

term of the true Robin heat kernel at sf.

Proof We just showed H (! does satisfy the Robin boundary condition. Now we claim it is
pc. At first it appears there are problems with the second term at y = 7 = 0 away from
the diagonal, and that we might need to blow up the intersection of E1g and tf. However, at
this intersection, ¢(T', X, x’, &) decays rapidly, so in fact Hl(ez)bm is already pc. It decays to
infinite order at tf because both terms in its definition do. We also have

N 2
— HNeumann = — yei(}/T) (T, X, X, 5/)

_K(XT—i—x’) 1o, 1 ,
72\/;], exp[ 4X:|erfc(2(§+$)>.

It is immediate that the leading order of the second term at sf is in fact 7! H_1,sf,R, and
that the second term vanishes to infinite order at td and is smooth up to all other boundary
hypersurfaces. We claim that

(1
HRobin

_ 2
ye O (T, X, ¥, 6y € AP000, 4.24)

which immediately implies the statements concerning the asymptotic expansions of H 1(elo)bin
at td and sf.

To prove (4.24), we need to check decay. The statements at Ej9 and Ep; are obvious,
and the presence of ye~ 0/ r)? implies the requisite infinite-order decay at td. The trickier
face is sf. Since y decays to first order at sf, and e~/ ) is smooth, we need to examine
(T, X, x', &) and show it has order at worst — 1. The third term in (4.23) is already order
— 1. However, the first and second terms have order —2, but we shall compute that their
difference has order — 1. As T — 0, because Hycumann 1S polyhomogeneous, its restriction
to y = 0 has an expansion at sf, and the leading term is (4.6), so

HNeumann|y:0 = 7H72,sf,N

1
) (f)
T2 cso T
: Lx? Lenl o2
= ——exp|—- exp| —— 1.
2712 P 7 P73 T
Examining (4.23), this 72 term here cancels the first 72 term, and thus ¢(T', X, x, £') is

O(%) at sf. Therefore the order of ye_(Y/T)zc(T, X, x',€") is at worst 1 + (—1) = 0 at sf,
proving the claim (4.24).

Now consider (tE)HI(;;bm. Since LHyeumann = 0 because it is the heat kernel, we have

(t‘c)Hl(Qlo)bin = (tc)(HI(i‘]U)btn - HNeumann)
= (L) (—ye D (T, X, ¥, €'))

(o (5T Ly erfe (L6 + ) (4.25)

— ————exp|—— erfc | — . .
2/aT P T 2

The first term is an element of AZO’O’O’O before applying 7 L. Since ¢ £ is tangent to all boundary

hypersurfaces except Ejo, it preserves the orders, and at Ejg, ¢ £ takes a smooth expansion
to a smooth expansion. The second term is an element of A;o’fl’o’o, but we can write the
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Taylor expansion of k (X T + x') in powers of T. The T° term is just « (x'), yielding H_1 f &,
which £ annihilates by (4.19). All terms except the T term are elements of AZO’O'O‘O, and
thus remain so after the application of #£. This completes the proof of Lemma 4.6. O

From here the argument is very similar to the Neumann and Dirichlet arguments.
Proposition 4.8 There exists an element HY e A27200

Robin n which satisfies Robin boundary
conditions in the left factor, with lim;_,¢ H® = §(z — 7'), and with

2 00,0,00,0
tLH® e A7 .

Moreover the expansions of Hl(ezo)bi , and H ;elo)bm are identical for all terms at td and for the
terms of order —2 and — 1 at sf.

Proof We add terms at order y> and up at the face E1, as in Proposition 4.3. Note that each
of these terms is yk for k > 2 times a term which has order —2 at sf, and thus each of these
terms has order greater than or equal to zero at sf, so there is no effect on the first two terms
of the expansion there. O

Now we let
®) @ 3 - Lo )
PRobin = t[’HRohin; PRohin = Z (_ﬁpRohin>
—

We have 72 Pl(fo)bin e A2 7220 o its jth power is an element of AZO‘_4+2]‘°°’0 by the
3)

composition theorem, and thus PI(? obin € AZo’fz’oo’O. As before the sum is convergent, not
just asymptotically convergent. Then set
3 _g® (3)
HRobin - HRobin (Id+PR0bin) .
This satisfies the Robin boundary conditions and the initial condition, so by uniqueness it
is the true Robin heat kernel. By composition, H I(QZ())bm Pg;)bm € AZO’O’O’O, so H I(QBO)bm has the
same first two terms at sf and same full expansion at td as H I(QZO)bin' We have now proved:

Theorem 4.9 The Robin heat kernel on 2, with smooth non-negative Robin parameter k (x),
is pc on Q,zl and is an element of A, ’_2’0’0, smooth down to both Eyy and Eqy; and equal
to T2 times a smooth expansion at sf. It is e?ual to the Neumann heat kernel on Q2 plus a
correction term which is an element ofAZO’_ 00 und which has leading order H_1 g at

sf-

Indeed, the only part of this we have not addressed is the smoothness, and it follows as in
the Neumann case.

5 The heat kernel on a curvilinear polygonal domain
Consider a two-dimensional sector S, with angle y € (0, 27r). We investigate heat kernels

on S, to serve as models for our eventual construction of the heat kernel on curvilinear
polygonal domains.
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5.1 Properties of the heat kernel for an infinite sector

We will consider the D-D, N-N, and D-N heat kernels. Recall the expression from [6,
p. 592 (3.42)], which in our setting is simply

;o 1 24 () rr! ,
H(,r,0,r',6) = — exp[ o };lﬂj<2t>¢](9)¢](9). (5.1)
Here 1,; are the modified Bessel functions, and (¢;, i ;) are the eigenfunctions, and corre-
sponding eigenvalues, of the appropriate eigenvalue problem (D-D, N-N, or D-N) on the
interval [0, y].

The pc properties of (5.1) are not obvious from the expression alone. They are equally
non-obvious from the equivalent expression given by the inverse Laplace transform of the
Green'’s function. However, we claim:

Lemma 5.1 In each of the three settings, D-D, N-N, and D-N, the heat kernel (5.1) is pc on
our double space (S],)%.

Proof The proof is based on the reflection argument in [2, Sect. 3]. Consider the D-D case
for the moment. The sector S, doubles to an infinite flat cone C3,, and if we let L cut this
cone in half, then we claim that the D-D heat kernel on S, is

Hs, (t,r.0,r',0") = He,, (t,r,0,r',0') — He, (1,1, 0, 1ef, (', 0)). (5.2)

Above Hc,, is the Friedrichs heat kernel on C»,,, and refy, is reflection across L. Indeed it is
clear that the difference of heat kernels satisfies the heat equation and the initial condition on
S, , as well as the Dirichlet boundary condition. By uniqueness of the heat kernel, we have
(5.2).

The pc properties of Hg, may now be deduced from those of Hc,,. as in [2]. By [41],
[35], Hey, is pc on a double heat space. In the notation of [35], the x-coordinate is r, there
is no y-coordinate, and the z-coordinate is 6. The Mazzeo—Vertman heat space is not exactly
the same as our heat space (Czy)%, as [35] do not create a face hvff, but nevertheless: O

Proposition 5.2 The Mazzeo—Vertman heat space is a blow-down of (Czy)%, and therefore
Hc,, is pc on (ng)%l.

Proof Begin with the manifold with corners [0, 00) X (C2;,)o X (C2, )o. The Mazzeo—Vertman
heat space is created by blowing up:

e {0} x V x V;and
e the lift of the interior 7 = 0 diagonal.

From this space, we make a further blow-up at [0, 00) x V x V. We claim that the resulting
space is (Czy)%l, which is all we need. Indeed, this further blow-up is disjoint from the lift
of the interior 7 = 0 diagonal and thus may be done second instead of third, by Proposition
3.8. It may then be done first instead of second, since nested blow-ups commute (again by
Proposition 3.8). Hence our heat space (Cz,,),zl is a blow-up (indeed, an overblown version)
of the Mazzeo—Vertman heat space. O

This takes care of the direct term, which is the first term in the right side (5.2). The reflected
term [the second term in the right side of (5.2)] is pc on a nearly identical space, the only
difference being that we blow up the T = 0 anti-diagonal {T = 0,r = r’, 0 = ref; (0")}
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in the last step rather than the r = 0 diagonal. The lifts of the diagonal and anti-diagonal
are not disjoint. They intersect at the lift of {T = 0,7 = r’,0 = 6’ € L}. So in order to
obtain a space on which both the direct and reflected terms are pc we blow up that lift before
dealing with the diagonal and anti-diagonal. We do this: first blow up that lift, then blow
up the diagonal and anti-diagonal, and we have obtained a space on which the direct and
reflected terms are both pc.

When we restrict our spatial arguments to lie in S,,, we claim that this space is the double
heat space (Sy)%l. Indeed, blowing up the liftof {T = 0,7 =/, 6 = 6’ € L}is precisely what
is needed to create the face sf. We are doing it after blowing up hvff, hvlf, and hvrf, rather
than before, but these blow-ups are disjoint (since we have already created ff) and therefore
commute. The anti-diagonal does not appear once we have restricted our arguments to lie in
S, . Therefore Hg, is pc on (S},)%, as desired.

The argument for the N-N heat kernel is identical; there is a plus sign instead of a minus
sign in (5.2). For the D-N heat kernel, we double twice, to the cone Cy,,, and use the method
of images with four terms rather than two. The details are very similar and we omit them
here. This proves Lemma (5.1). O

Having proven that Hg, is pc on the double space, we may write down its leading order
models at the various boundary hypersurfaces. We begin at ff. In the interior of ff, good
coordinates are given by
r—/ 6,0 (5.3)
rA .

In fact these coordinates are good uniformly down to hvlf and hvrf in the Mazzeo—Vertman
double space, but to create (S},)ﬁ we have made an additional blowup at hvff, which in these
coordinates is {R = R’ = 0}. Fortunately this is not important for our present concerns.
Writing (5.1) in the coordinates (5.3) gives

,
T=+t, R:=—, R :=
NG 7

1 1 ad 1
Hs, = 5T % exp [—Z(RZ - (R’)Z)} >, <§RR’> ¢ (©)p;(0). (5.4)
j=1

This motivates the definition of the models

H_2.t,pp> resp. H_o g, pn, resp. H_2 gt NN

1 1 - 1
=S exp [—Z(R2 + (R/)Z)] ; I, <§RR/> 01 (0)p;(©0), (5.5)
where (¢, u ;) are the eigenfunctions and eigenvalues of the appropriate problems on [0, y].
It is then true that the leading term of the expansion of HSV at ff, with D-D, D-N, or N-N
boundary conditions, is T’ZH_z,ff,DD, T’ZH_Z,ff,DN, or TﬁzH_z,ff’NN, respectively.

As usual, the heat kernel is decaying to infinite order at tf. We claim that its models at sf
and at td are familiar:

Proposition 5.3 The leading order models at sf and td of Hs, are the same as the models
(4.11), (4.6), and (4.9) for a manifold with boundary, namely H_3 ¢ p or H_2 ¢ n at each
of the two components of sf (depending on the boundary condition) and H_2 4 at td.

Proof This is true because of locality; in fact, all the models are the same, not just the leading
order. In any patch of sf away from ff, the spatial variables are near the boundary of S,
but bounded away from the corner. Since we are looking at short-time asymptotics, Kac’s
principle holds: the heat kernel can be approximated to infinite order in 7' by the heat kernel
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on a half-plane. To make this precise, we quote [32, Theorem 3]; see also [43]. Since this
works on any patch of sf away from ff, and the models themselves are pc on sf, they must
agree on all of sf, including down to ff. O

Since Hg, is pc on the double heat space, its leading order models must be compatible
with each other at the intersections. We will use this in the construction of the heat kernel for
curvilinear polygonal domains. In particular:

Corollary 5.4 We have the following compatibility conditions for the D-D heat kernel:

H_og.pDlgnst = H—2.sr,Dnsts H—2,DDfned = H—2,1dlfned-

An analogous result holds for the N-N heat kernel at both intersections, and for the D—-N
heat kernel at ff N td. Moreover, if sf; is the Dirichlet component of sf and sf is the Neumann
component of sf, we have the appropriate compatibility conditions for the D—N heat kernel

at ff N sf:
Hozp.pNgnsy, = H-2.5,.Dlnst;s H-2g.DNInst, = H-2.5%.Nfnsf, -

Remark 5.5 The preceding two results may be of independent interest, as it is not obvious
from the explicit expressions of the leading order models that they satisfy these compatibility
conditions.

5.2 Construction of the heat kernel

As before, let Q2 be a curvilinear polygonal domain, a subdomain of a larger surface M.
Label its edges E; and its vertices V;, with V; connecting E; and E ;| (with the appropriate
generalization for multiple connected boundary components, which are allowed). For each
J,let ; be a surface with smooth boundary, also a subdomain of M, such that E; is a subset
of the boundary of ;. Such a surface may always be created. In fact, using the tubular
neighborhood theorem, €2; may be chosen to be contained within a small neighborhood (in
M ) of £ j-

5.3 Dirichlet and Neumann boundary conditions

We now construct the heat kernel in the setting where the boundary conditions on each side
are either Dirichlet or Neumann, rather than Robin. Consider the heat space Qi We define a
kernel H" on this heat space by specifying its leading order behavior at various boundary
hypersurfaces. In Fig.6, we show the faces of the double heat space whose boundaries
have non-empty intersection, and in Fig.7, we zoom in on the double heat space near the
intersection of V and E. In fact, we will define H" on a blown-down version of the heat
space, without the faces hvff ;. Call this space 522 By the proof of Proposition 5.2, the hvff
blowup may be done last, so Qz is in fact a blow- down of S22 The reason is that the blowup at
hvffis not necessary for the heat kernel for an exact cone, and is not done in Mazzeo—Vertman
[35]. Here we only require this blowup to obtain the composition formula in Theorem 3.16.
First, at td, we require H") to have the usual local asymptotic expansion (4.20), namely

[e.¢]
HO ~ T2 H 54 (5.6)
j=0

Naturally we also ask that H" decay to infinite order at tf.
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Sf——|—td

tf
Fig. 6 The lines between boundary faces of the double heat space indicate faces whose boundaries have

non-empty intersection. The Ejo and Ey; faces are omitted for the sake of simplicity. We note that E j has
non-empty intersection with hvrf, sf, and tf, whereas on has non-empty intersection with hvlf, sf, and tf

hvr fj //
r

hoff;; Ejo

h’Ulfj \\7:

Fig.7 This is a schematic illustration of the intersection between the side and front faces

Observe that since €2 is a subdomain of a smooth manifold M, each model H_24 ; q is
smooth up to the boundary of €2, so in particular smooth up to each sf; and each ff;.

At each side face sf;, we use the heat kernel on 2, in boundary normal coordinates, as a
model, where £2; is the surface with boundary defined above. By Theorems 4.4 and 4.5, the
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heat kernel H% is pcon (2 j)i, and its expansion at the face sf of (Q.,-),zl may be written

o0

—2+k
Z T-2kn —2+k,sf
k=0

for models H Dkt which are pc on sf. Note that the leading order H 2 sriseither H_ sf p or
H_2.st, N, defined in (4 11) and (4.6), as appropriate. Now our face sf; is simply a subdomain
of the face sf of (£2; )2 5> namely the restriction of sf to the region where both spatial variables
are elements of £; € 0K2;. So we simply set

oo
_ Q;
HO ~ 772170 (5.7)
k=0

The requirements (5.7) and (5.6) are compatible since the heat kernel H 9 is pc and has
the same models. They are also both compatible with infinite-order decay at tf, and with the
appropriate boundary conditions on E jo, for the same reason.

Near each face ff; it is necessary to pick local polar coordinates. Define 7 and 6 to be the
polar-coordinate version of boundary normal coordinates along E, so thati.e. x = r cos6
and y = rsinf. In these coordinates, E; is given by & = 0, and E; | is given by a curve
with angle 6 = «; at the origin. Of course, we could also have chosen polar coordinates
from the boundary normal coordinates along E; 1, so that £ is precisely & = o; and
E; is a curve with angle 6 = 0 at the origin. These two choices of polar coordinate systems
agree to second order in a neighborhood of r = 0. With this described, coordinates valid in
the interior of ff are (5.3). Moreover, in these coordinates, we have R = 0 at hvlf}, R =0
athvrf;,0 =0at Ejo,0 =« at Ej 110N ffj,0' =0at Egj,and 0’ =« at Eg j11 N ff;.
The face hvff; is an extra, overblown face at R = R’ = 0.

The point is that at ff;, we can just use one of the models X5 ¢r pp, H—2 ¢, pn (Or its
flipped variant H_> ¢ yp) or H_2 ¢, v N, depending on which boundary conditions we are
imposing on E; and E ;. These models are defined in (5.5). So we require that at each ff;,

HY ~T7>H 54 pp(R, 6, R, 6, (5.8)

with DD replaced by DN, ND, or NN depending on the boundary conditions. Since the
Laplacian is equal to the Laplacian for a straight sector to leading order at ff, these models
solve the model problem at each ff;.

By Corollary 5.4, the requirement (5.8) is compatible with (5.6) and (5.7) at td and at
sf;. Atsf;, it also follows from Corollary 5.4, because even though we no longer have an
exact cone and thus the boundary normal coordinates for E ;| do not agree with the polar
coordinates (r, #) everywhere, these two coordinate systems do agree to second order in
Prf- A similar argument, from the exact cone condition, shows that (5.8) is compatible with
the appropriate boundary conditions at E ;o and E 1 1o.

Since (5.8) is identical to the model for the exact sectorial heat kernel, this is also com-
patible with H) being pc on SNZ% rather than Q%l

The point of checking compatibility is that as a result, we know that there exists a kernel
H®, pc on ©27, with the expansions (5.6), (5.7), and (5.8) at the boundary hypersurfaces td,
sf;, and ff; respectively, and which decays to infinite order at tf and satisfies the appropriate
boundary conditions at each E ;. If we let vg, ; be the smallest eigenvalue of the appropriate
cross-sectional Laplacian in 6 at each component ff; (note that in the Neumann—Neumann
case we have vy ; = 0, and otherwise vp ; > 0), then the leading orders of H" may be
chosen as follows:
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e —2attd, sf;, and ff;, with only integer powers in the expansion;
e Oat Ejoand Eg; for each j, with only integer powers in the expansion; and
e v, at hvlf; and hvrf;, with other fractional powers.

As in the case of manifolds with boundary, we consider P(1 := r£H® Itis pc on ﬁ% Since
both AHW and 9, HV satisfy the boundary conditions (by the eigenfunction expansion, the
Laplacian preserves the boundary conditions when it is applied), so does P, The leading
orders of P(D are as follows:

oo at td and at each sf;, since we have solved the model problem to all orders;

— L at ff;, since we have solved the model problem to one order;

0 at Eq;, and vo,; at hvrf;, since the lift of #£ is tangent to these hypersurfaces;

Oat E jo, since t £ decreases the index set by 2, but not when applied to a smooth expansion;
and

e vo,; — 1 at hvlf;, since 7L decreases the index set by 2 at this face but the leading term
is killed, as in Mazzeo—Vertman [35]. The leading order term of the Laplacian is the
same as for the flat Laplacian, and our model is the flat heat kernel there. Technically
this requires us to choose H" to be equal to (5.8) in a neighborhood of hvlf j» which we
can do. Note this is compatible with the boundary condition at E ;o as well.

We now construct an improved parametrix which has error decaying to infinite order at
both hvlf and E jo. We do this in two steps, first eliminating the error at hvlf. This proceeds
exactly as in Mazzeo—Vertman [35], as hvlf is the analogue of their face rf. In the interior of
hvlf, r is a boundary defining function for hvlf; the other variables are 6 € [0, «;], T, and
7/ € Q. To remove a term r”a (9, t, ) in the expansion of PO at hvlf j» we need to solve
the indicial equation on the cone C([0, «;]) in (r, 6), with ¢ and 7 as parameters:

1 1 , ) ,
_arr_rj(a%'i‘z) u(r,@, T?Z):rVT a(ostZ)v

with the appropriate boundary conditions at & = 0 and 6 = «;. Since a is a term in
the expansion of PO it, itself, satisfies those boundary conditions. Therefore, as in [33,
35] a solution u exists with asymptotic behavior at » = 0 given by either 7”2 or possibly
r?*2 log r in case of an unlucky indicial root coincidence. The dependence in # and 7’ is purely
parametric, so u(r, 0, T, 7’) is pc in a neighborhood of hvlf;. We multiply u(r, 6, T, 7)) by
a cutoff function equal to 1 on a neighborhood of hvlf;, choosing the cutoff function so that
its gradient is parallel to each edge E jo and thus preserves the boundary conditions at § = 0
and @ = «;. Then subtracting this product from H eliminates the term r”a(6, T, Z') in
the expansion at hvlf and does not change the leading order of H!) at any other boundary
hypersurface. In particular, since hvlf does not intersect td or sf, the expansion of H ! there
is unchanged. Moreover, r vanishes at ff, so u actually decays to the same order as a at ff,
and thus the leading order of the expansion of H") at ff is unchanged.

Iterating this process produces a parametrix H?® and an error P>?) with all the same
properties as HD and P(1, except for two differences. First, there may be logarithmic terms
at ff; (as well as at hvlf;) once we go one order down in the expansion. Second, PG pow
vanishes to infinite order at hvlf; for each j.

To remove the error at E j, we follow the same template as for manifolds with boundary,
using boundary ellipticity. Namely, if y is the boundary normal coordinate for the side 2},
add a kernel which is equal to

1
e (LHE) (T,x,0.5. )+ 00
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and supported in a neighborhood of E jo. This improves the order of the error at E jo from
0 to 1. Note also that £H?® vanishes to infinite order at sf j» so there is no effect on the
expansion at sf;. Iterating this process and taking an asymptotic sum, as for manifolds with
boundary, we obtain the following.

Proposition 5.6 There exists a kernel H® pc on Q2 satisfying the appropriate combination

of Dirichlet and Neumann boundary conditions, with lim;_,o H @ = §(z — 7)), where if we
let PO =tLH®D,

o HD vanishes to infinite order at tf and has the full expansions (5.6) and (5.7) at td and
each sf; respectively;

o H® has leading term given by (5.8) at each [f;, with the next term being one full order
lower (possibly logarithmic);

o P@ vanishes to infinite order at tf, td, each sf i each hvlfj, and each E jo;

o PP has leading order — 1 at each ff;, 0 at each Eyj, and vy, at each hvrf;.

We will need to compose, so we will blow up to pass to Qﬁ by creating hvff ;.

Corollary 5.7 The kernels H® and P® also lift to be pc on Q%, with leading orders 2v; o
and oo respectively at hyff .

Now we eliminate the last error by forming the formal Neumann series

o 1 k
314 _ _ )
Id+PY :=1d E ( 72 P ) .
k=1

Note that 772 P® vanishes to infinite order at all faces except for ff;, Eg;, and hvrf;, where
it has leading orders —3, 0, and vg, ; respectively. We use Theorem 3.16 to analyze the power
(=T2PD)k We see immediately that it also vanishes to infinite order at all other faces and
has leading order —4 + k at ff;. At hvrf;, the index sets have an inductive relationship: the
index set for the k" power is the extended union of the index set for the (k — 1)*' power
with k plus the index set for the 0" power. The union of all of these is indeed a legitimate
index set. In particular, there are only a finite number of extended unions involved at order
less than s for each value of s. The leading order is vy, ;, and there is no logarithmic term at
that leading order. At Ey;, the index set is the same as that for P®@ with leading order zero.

All of this allows us to asymptotically sum the Neumann series, and as before, the sum is
convergent. The sum P® has the same leading orders as P at each boundary hypersurface.
As before, we let

H® — g® (Id +P(3)) ,

and deduce that H® is the true heat kernel.

By Theorem 3.16, the term H @ p® vanishes to infinite order at tf, td and sf, with leading
order — 1 at ff;, so it does not affect the expansion at td and sf and does not affect the first term
at ff;. It has leading order greater than or equal to zero everywhere else, with no logarithmic
terms. This tells us the following:

Theorem 5.8 The heat kernel for Q2, with Dirichlet or Neumann boundary conditions on each
side Ej, is pc on Q%, vanishing to infinite order at tf and continuous down to all boundary
hypersurfaces except for td, sf;, and ff;.
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Its full expansions at td and each sf; are (5.6) and (5.7), which are the same as those for
a closed manifold, and a manifold with boundary and the appropriate boundary condition,
respectively.

Its expansion at ff; has leading term (5.8) and no other terms within one order.

Remark 5.9 1t is certainly possible to push through the composition formula and compute the
index sets of the heat kernel for Q at other faces (hvff, hvrf, hvlf). However, we do not think
that the results obtained in this fashion are optimal—there are quite a lot of log terms which
may not actually exist—so we omit the statements. In fact, it is possible that the off-diagonal
faces for positive time, namely hvff;; for j # k, are not necessary at all, but our results are
easier and likely quicker to prove this way.

The following corollary is a version of Kac’s principle of not feeling the boundary for
the Dirichlet boundary condition [22]; see also [43] for the Neumann and Robin boundary
conditions.

Corollary 5.10 The full expansions at td, sf ", and ff'; are local, in the sense that if two domains
with corners Q and Q' are isometric in a region R, then the expansions at the corresponding
faces of the heat spaces Q% and (S )%l agree to all orders when the spatial variables are
restricted to lie within the interior of R.

Note that these are all the faces in the lift of {# = 0} where the heat kernel has nontrivial
behavior, so the statement implies that any global contribution to the heat kernel at t = 0 is
O ().

Proof The corollary follows immediately for td and sf; from the construction, since the
expansions there are the same as for H®. For ff j» it is also true: although the powers
(T2 P?@)J are compositions and thus not local, by the composition theorem, their expansions
at ff; only depend on the expansion of P@ itself at ff j» which is local. Thus the expansion
of PO at ff ; is local, and using the composition theorem again, so is the expansion of the
true heat kernel. O

5.4 Robin boundary conditions

The construction of the Robin heat kernel proceeds very similarly to that of the Neumann
heat kernel, though the boundary condition is somewhat more complicated. For each edge
Ej, let kj(x) be a smooth function on E;. The key lemma is as follows.

Lemma 5.11 There exists a kernel Hl(elgbin’ pcon SNZ% and with lim;_.o H® = §(z —2'), such

that, letting P,(elo)bl-n = H;a?bin’

° Hl(ez)b in Satisfies Robin boundary conditions with parameter k j(x) on each edge Ej;
e H ](i’lo)hin vanishes to infinite order at tf and has the full expansion (5.6) at td;

o Ateach sf;, Hl(elo)bin has the same full expansion as the Robin heat kernel on Qj, with a
parameter agreeing with k j (x) upon restriction to E j;

e At each ﬁj, H 1(elo)hin has the same leading term (5.8) as in the Dirichlet, Neumann, or
mixed cases, using the Neumann model at every Robin edge; and

° Pl(elo)bm has leading orders oo at td and at sf;, — 1 at ff;, 0 at Eo; and Ejo, vj o at hvif,
and vjo — 1 at hvif;.
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Proof The issue is compatibility of all these requirements, noting that Robin boundary
conditions are more complicated than Dirichlet or Neumann boundary conditions at the
intersections of E jo with sf; and ff;. However, it turns out that Robin boundary conditions
only affect the sub-leading terms of the expansion of H) at ff. This is why the Robin heat
kernel may be viewed as a correction of the Neumann heat kernel.

We require the full expansion (5.6) at td, and observe that this is compatible with the
expansion at sf;, whose form is guaranteed by Theorem 4.9, and the leading term (5.8) at ff;.
Indeed the compatibility betwen td and sf; follows from the fact that the Robin heat kernel
on £2; is pc. The compatibility between td and ff; follows from the fact that the Neumann
heat kernel on Q2 is pc. The compatibility between sf; and the leading term at ff; follows
from the fact that the leading term at sf; is the same as for the Neumann problem on €2, so
we can use Corollary 5.4 as in the previous section. It remains only to show that we can find
such a kernel which also satisfies Robin boundary conditions.

To do this, note that Robin boundary conditions imply that if u is the leading order term
(zeroth order) of the expansion of H I(QIU)bin at ff, then the next term must be

K(x)y - u.

Since y vanishes at ff; and sf; as well as Ey;, this term vanishes to an order at ff; and sf;
which is one higher than the order of u there. Hence any compatibility requirements only
affect the lower order terms.

In order to dissect the compatibility requirements imposed by Robin boundary conditions,
we zoom in near a triple intersection E ;o N sf; N ff;. Let boundary defining functions pg,
psf, and pgr be chosen so that the product of all three is y; we use these three coordinates and
suppress the (parametric) dependence in all other coordinates. We write out the (previously
specified) expansion at sf; as well as the (unknown save for the first term) expansion at ff;,
doing both for  HV rather than H" to keep notation simple:

00
1 - .
tHl(?o)bin = Z Pe8i (PE, pir) at sf;;
i=0
00
1 N .
tHI(Qo)bin = Z p#fhj (pE, pst) at ffj. (5.9)
j=0

We also write the expansion of each g; at pg = 0:

[ee}

gi(oE, pir) = Y piraic(pe) + O (o). (5.10)
k=0

In order for the expansions (5.9) to be compatible with each other, for each j, we need

o0
hi(oe. o) =Y Plyaij () + O (). 5.11)
i=0

On the other hand, in these coordinates, our Robin boundary condition becomes

< L2 — K (pst Pff)) HY =0
Psf Pff a,OE > Robin )

. a 1
ie. (— — pstprek (Osts Pff)) tH;(aO)b,-n =0.
9pPE
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Plugging in (5.9), organizing, and equating the coefficients of the ,oéf terms tells us that the
compatibility condition at sf; N E g is, for each i > 1:

i
(&) g (0, pr) = pre - (the coefficient of pj; in ZK(Psfs pt£)ge—1(0, pff)pff) . (5.12)
=0

and that this derivative is zero when i = 0. Similarly, the compatibility condition at ff; N E ;o
is, foreach j > 1,

) J
()05 (0. psp) = pet - | the coefficient of pfin > & (put. pr)hm—1(0. pir)pft | . (5.13)

m=0

and that the derivative is zero when j = 0.

Recall that the full expansion of H ,(zlo)bm is specified at sf;; since that heat kernel satisfies
Robin conditions, we assume the compatibility condition (5.12). We have also specified the
first term ho(pg, pst) atff;. Since it satisfies a Neumann boundary condition, its pg derivative
at Ey; is indeed zero, as required. We need to show that lower-order terms 4, j > 1, may
be chosen to simultaneously guarantee (5.11) and (5.13). Working one j at a time, (5.11)
prescribes the full expansion of /2 (og, psf) at psr = 0, and (5.13) prescribes the order 1 term
of hj at pg = 0 in terms of the order-0 term of /2;_1. As long as these two requirements are
consistent we are fine.

To check this, we just plug (5.11) into (5.13). After rearrangement and equating like terms,
we see that we need for each i and j > 1,

i—1j-1
aj;(0) = the coefficient of pyepyy in Z Z K (pst. pr)aem (04t ot (5.14)
£=0 m=0

This, in turn, is guaranteed by plugging (5.10) into (5.12), completing the proof of Lemma
5.11. O

The construction of the Robin heat kernel is now analogous to the Dirichlet and Neumann
cases. We solve away the error at hvlf; and then at £ ;9. When solving away the error at hvlf;,
we need to remove a term ¥ a (6, t, 7). Since 9y = rdy, the coefficient a (0, ¢, Z’) actually
solves Neumann conditions, rather than Robin conditions, at ¢ = 0 and 6 = «;. So as in
the Neumann construction, the indicial equation may be solved and the solution, which has
leading order y + 2 at hvlf;, may be added to our parametrix in a neighborhood of hvlf;.
Of course this does not preserve the Robin condition at E jo. However, the error has leading
order y + 2 at hvlf;, and y has order 1 there. If we just add back « y times this Robin error in
a neighborhood of hvlf;, the result satisfies the Robin boundary condition. Moreover, after
applying ¢ £, the result has error at worst (y +2) + 1 —2 = y + 1 there. So this construction
may be iterated to remove the error at hvlf;.

The error at E jo may be eliminated in the same way as before, since adding terms at order
2 at E jo does not affect the Robin boundary condition there. The construction of the formal
Neumann series proceeds precisely as before, and yields:

Theorem 5.12 The heat kernel for 2, with Dirichlet, Neumann, or Robin boundary conditions
on each side Ej, is pc on Q%, vanishing to infinite order at tf and continuous down to all
boundary hypersurfaces except for td, sf;, and ff;.

Its full expansion at td is (5.6), which is the same as that for a closed manifold.
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Its full expansion at each sf; is (5.7), which is identical to that for the manifold with
boundary Q2 j and the appropriate (Dirichlet/Neumann/Robin) boundary condition. Note that
by Theorem 4.9, at any Robin component of sf;, the leading term is equal to the leading term
for the heat kernel on Q2; with Neumann boundary conditions, the second term is H_1 g Rr,
and all other terms are at order T = t'/2,

Its expansion at each ff; has leading term (5.8), with Neumann conditions at any Neumann
OR Robin component, and Dirichlet conditions at any other Dirichlet component. There are
no other terms within one order in T = t'/2.

6 Heat trace on a curvilinear polygonal domain

Let €2 be a curvilinear polygonal domain as defined previously, with a Dirichlet, Neumann,
or Robin condition along each side. Assume any Robin parameters « (x) are smooth along
each side. In the previous section we have constructed the heat kernel for €2 and shown that
it is pc on Q% We now pass to the heat trace.

The first thing to do is to restrict to the diagonal. The lifted diagonal in Q,zl is a p-
submanifold and is diffeomorphic to €2 via the lift of the map (¢,z,z) — (¢,z). The
identification of faces is hvff — sv, ff — pv, sf — pe, td — tf. Therefore, by restriction:

Proposition 6.1 The diagonal heat kernel Hq(t, z, ) is pc on Qy,, with leading order —2 at
tf, each pvj, and each pej, as well as non-negative leading orders at all other boundary
hypersurfaces.

Remark 6.2 Naturally, all locality statements about the kernel still hold when it is restricted
to the diagonal. For example, the expansion at tf is the same as that for a closed manifold.
The expansion at pe; is the same as that for a manifold with boundary. If there are any Robin
edges, the expansion at the corresponding pe; is the same as the Neumann expansion, plus
the restriction to the diagonal of H_1 g r, plus terms of order zero.

Let 771 be the lift of the projection map from Qg x [0, 1)7 to [0, 1)7 to a map from €2, to
[0, 1)7. This map is the composition of a projection map and a blow-down map and therefore
is a b-map which is a b-submersion. Since the image space has no corners it is automatically
b-normal, and therefore 1 is a b-fibration. Thus, from the pushforward theorem:

Theorem 6.3 The heat trace Tr Ho(t) has a pc expansion in T = 1172,

We can say substantially more, and in fact can explicitly identify all terms in this expansion
up to and including the 1 term, by carefully analyzing push-forward by this integration map.
The integration is with respect to the usual measure dz on 2. Multiplying both sides by the
canonical density dT', we get

/ Ho(T?,z,z2)dzdT = Tr Ho(T?) dT.
Q

The density dz dT is v(2 x [0, 1)), but it is not v(£2;,). Using an analogous process to the
proof of Proposition 3.15,

(B)*(dzdT) = pigpsiv ().
So, writing integration as a push-forward by 1, we obtain

T« (H(T?, 2,20, ppe - V(@) = Tr Ho(T?) - v([0, D7),
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From this we see that we really need to understand H®(T?, 2, z)plzwp,,e.

Remark 6.4 This transformation to canonical densities explains why the leading terms at pe
and pv, though they both have order —2, only contribute at orders — 1 and O respectively to
the heat trace.

Consider the function H(T2, z, Z)pfw Ppe- Its expansions are as follows:

e At tf, there is an expansion in integer powers of T beginning with 72

o At pe, there is an expansion in integer powers of T beginning with 7.

e At pu, there is an expansion with leading term at 7° which may have logarithmic terms
beginning at T log T'.

We may say more about these expansions. Each of them is inherited from the expansion at
the corresponding face in the double space. From that analysis, each term of the expansion
of H(T?, z, z) at the face tf is 7/ times a smooth function of z. Since T = PtELpe P puv for

suitable boundary defining functions, the coefficient of the term of order ,ot]f at tf has leading
order j at pe and at pv. When multiplying by ,ofw,o pe-» though, this coefficient has leading

order j + 1 at pe and j 4 2 at pv. Similarly, the order p{,e term at pe has leading order j + 1
at pv.

What this means is that no extended unions appear in the pushforward theorem. Recall
that an extended union only occurs when the coefficient of a term of order j at one boundary
hypersurface in the preimage of {r = 0} itself has leading order at most j at an adjacent such
boundary hypersurface, which may produce a term 7/ log ¢ (or #/ (log 1)? if all three boundary
hypersurfaces are involved). The preceding discussion shows that this does not happen. So
any logarithmic terms in the heat trace expansion must come from logarithmic terms at the
face ff (i.e. pv), and thus arise at order 7''/? at the earliest. Therefore

Tr Ho(t) = aflt_l +ll71/2[_1/2 + a(]to + 0(11/2 logt).

Moreover, the coefficients a1, a_1,2, and ag are the sum of the contributions from each of
the three faces tf, pe, and pv.

These contributions are easy to evaluate. At tf, the expansion is just the usual heat trace
expansion from the interior of a manifold (as the coefficients are all the same), giving a
contribution of

A L 1 [ k@dz+ 00
FETRRT '

At pej, for the same reason, the expansion is the heat trace expansion for a manifold with
boundary, giving a contribution for each edge E ;. The McKean—Singer asymptotics [37] tell
us what this term must be in the Dirichlet and Neumann settings. In the Robin setting, there is
an extra contribution at 19 coming from the integral of H_1 st rovin, and it is easy to see that
it will be an integral of « (x) over the boundary times a constant. From [14, Theorem 5.2],
we know what the constant must be.8 All in all, the contribution from pej is, where kg (x) is

8 An expression for this term also appears in [54]. However, it differs by an overall sign from the expression
in [14]. A direct computation due to Félix Houde [20] indicates that the reference [14] has the correct sign.
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the geodesic curvature on the boundary,

L(E; 1
—Mt_l/2 + — / kg(x)dx + O(t'/?) in the Dirichlet setting;
Ej

8T 127
L(E; 1
8(7«/7]?)[_1/2 + or / . kg(x)dx + O(II/Z) in the Neumann setting;
LE)) 172 / 1 / 1/2
d / kg(x)dx — — dx + 0"
an 8f +12 . ¢(x)dx 7 Ej/c(x) x+0@7°)

in the Robin setting. As discussed previously, atpv, the leading order contribution to the heat
trace is at 7. This reflects the fact that rdr lifts to T2 Rd R, thereby canceling the factor of
T~2. The leading order term in the expansion of the diagonal heat kernel at pv is the same as
it is for the heat kernel on an exact sector of the same angle, and therefore may be calculated
by studying the model heat kernel on that sector.

6.1 Vertex contributions

We recall our explicit calculations of the Green’s kernels for infinite circular sectors to
compute the “vertex contribution” to the short time asymptotic expansion of the heat trace.
For this purpose it is convenient to define:

A= /0 Ky (ra/s)Kiy (ron/s) cosh(mr — |po — ppudp,

o0
B:=/
0

00 inh(wr —
C = fo Kilt(rJE)K,-M(ro\/E)mi(’;iWcosh(qb — go)udp,

2 cosh(¢ + po — y)ndp

F = /(; lM(rf)Kl/L(rof) nhiz IZL) sinh((¢ + ¢ — y)w)du
and

h
E=— /0 Kip(r/5)Kip (ron/s )C‘)S(’Liy:)“ cosh((¢ — do)u)d .

The Dirichlet and Neumann Green’s functions are, respectively,
1 1
GD:—Z(A—B—i—C), GN:—z(A—FB—i-C).
b4 T

For the Dirichlet condition at ¢ = 0 and Neumann condition at ¢ = y, the Green’s function
is
1

—(A+F+E).

T
In [43, Sect. 3] we have computed the contributions of the terms A, B, and C to the heat trace;
see also [51] for an earlier computation along similar lines. In particular, we computed the
integral of each of these expressions, along the diagonal r = ry and ¢ = ¢g over the region

[0, R], x [0, y]p with respect to polar coordinates (r, ¢). The vertex contribution comes
solely from the C term in the D-D and N-N cases. There we see that the C term contributes
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to the heat trace [43, Sect. 3.1.3]

2_ 2

_ 6.1
24wy ©.1

In the DN case, the vertex contribution arises from the terms F and E.

6.1.1 Contribution from the F term

Let us make some manipulations

sinh(ore) sinh((¢ + ¢o — y)1)
coshyu

_ sinh (7T () sinh (7T ()

sinh((¢p + ¢o — y)u) — sinh y 1 cosh((¢ + ¢o — y)n)

" coshyp
sinh (7T 1)
————— cosh((¢ + ¢o — ¥)1)

sinh y u

sinh((¢ + ¢o — y)p) sinh y u — cosh((¢p + ¢o — y)u) coshy . .
- - sinh (7T 1)
sinh y p cosh y

cosh((¢ + ¢o — y)).

sinh (7T 1)
sinh y u

This expression simplifies to:

_ 2 sinh(r ) cosh((@ + do — 2y)1) + sinh (7T 1)

h - =: —2B| + B».
Slnh(ZyM) smhyu COs ((¢+¢0 V)M) 1+ B

By the calculation of the trace of the B term in [43, Sect. 3], the contribution of Bj is
4;% + O(4/1). Next we note that, for ¢ = ¢y,

y inh ¥
/ Bidp = 2K :/ Bod.
0 2u 0

Hence the contributions of Bj and B, are the same, so that F contributes

R R
VT f N

Consequently, this gives no contribution because the coefficient of ° vanishes.

+ 0(Wh). (6.2)

6.1.2 Contribution from the E term

Finally, we study the term E. We need to compute

1 h
—— / Kip (/) Ki(ron/s) =2 L5 T =PI coshi( — gy
< Jo oshyu
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This is similar to the computation of the C term, which we would like to recycle. Hence, we
add and subtract:

ST =PI o6 — doym) + T I cosn((p — gorp)
coshy i sinh y 14
_ Sinh(r = y)p

S =R cosh((@ — do)u)
sinh y

—cosh(r — y)u sinh y u 4 sinh(;r — y)ucosh y
= 4 4 4 T cosh((¢ — go))

sinh y ucosh y
sinh(w — y)u
SR YR cosh((¢ — ¢o) ).
sinh y
This reduces to:
2sinh(r —2y)u sinh(r — y)u
T2V cosh((@ — go)w) — eI cosh((¢ — poy) =: 2C1 — Co.
sinh(2y ) sinhy

We recognize the term

fO Ki;L(r\/E)Ki/L(VO«/E)Csz =C.

Consequently, we already know the contribution to the trace from C», because it is the same
as that which we computed for C

y mr—y?

. +0@™), tl0.
27 12y2 @ v
The reason we write it in this way is to recall the differences between the contributions of
C1 and C,. The factor of y in % comes from the trace calculation in which we integrate
the angular coordinate over (0, y). This factor is therefore the same in C. Hence when we
consider C1, we just need to change y to 2y in the second factor only. The contribution of
Cyis

y 7—Qy)?

2t 12(2y)2

and hence the trace contribution of E is

’

2 2 2 2 2 2

—4 - 2
e A St G S e VLS 6.3)
48y 24wy 48y

We have now computed the contribution of the vertex to the r° term. Any Robin—Dirichlet, or
Robin—Neumann, or Robin—Robin corner is treated as if the Robin conditions were Neumann
conditions, as the corresponding models at ffy;4g, ; are the same.

The vertex contribution for an interior angle of y is therefore:

2_..2
i 14 for D—D, N—N, R — —R, and N—R boundary conditions (6.4)
24y
or
7?4+ 2y? . .
BT for D—N and D—R mixed boundary conditions. (6.5)
Ty

The vertex contribution (6.5) appears to be new and may be of independent interest. In §B
we show how, given the D—-D corner contribution, one may also use the more familiar series
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expression for the heat kernel as in [6] to compute the N-N and D-N corner contribution.
The result is of course the same as we have computed here. In summary, we have Theorem
1.2.

Remark 6.5 The Gauss—Bonnet theorem dictates that

271)((52):/ K(z)dz+/ kg(x)dx—i-Z(n—aj)
Q

j=1

where x (£2) is the Euler characteristic of 2. This yields an alternate expression for ag:

= 1@ >——Z<n aj)——zf 5 (0) dx

JEER
2 _ 2_20[2

T .
J
* Z 247ra, j§ A8

Remark 6.6 1t is straightforward to allow for surfaces which may also have isolated conical
singularities. An isolated conical singularity with opening angle 2« will give contribute to
the heat trace:

T —o

127«

6.2 Vertices as spectral invariants

Here we apply our results, presenting several contexts in which the presence, or lack, of
vertices is spectrally determined. We also show that a jump in boundary condition is spectrally
determined.

Theorem 6.7 Let X be a surface with at least one vertex with interior angle not equal to 7
and either the Dirichlet boundary condition or the Neumann boundary condition. Let Q2 be
a smoothly bounded surface with either the Dirichlet boundary condition or the Neumann
boundary condition such that x (2) < x(X). Then ¥ and 2 are not isospectral.

Proof Tt suffices to compare the short time asymptotic expansion of the heat traces and
demonstrate that the coefficients cannot be the same for X and 2. The coefficient ag for X
is:

x(z> 7t —ag
aX)=——-—7=-) @—aj)+ ) ——,
Z / ; 24ma;

where X has n vertices with interior angles o ;. This expression simplifies to:

2 2
X(Z) n Tt

Y)="—"-—— B E——
ao(B) = 6 12 + 24ma;
Jj=1
On the other hand,
x(©)  x(X)
Q=22 27
ap(£2) 3 ;
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Since at least one «j # m, it is a straightforward exercise in multivariable analysis [31] to
demonstrate the strict inequality

() 1@ _

ap(X) > c 2 ¢ ap(2).

[m}

We obtain a similar result for the Robin boundary condition. Recall the Robin boundary
condition is,

ou
u= Ka—, on all smooth boundary components, « > 0.
v

Above, g—l’f is the inward pointing unit normal, as in (4.17).
Theorem 6.8 Let X be a surface with at least one vertex with interior angle not equal to
7 with the Robin boundary condition as above, with constant Robin parameter. Let 2 be a
smoothly bounded surface with y (2) < x(X). Assume the same Robin boundary condition
on 092. Then ¥ and Q2 are not isospectral.

Proof We argue by contradiction. Assume that ¥ and €2 are isospectral. Then, they must have
the same heat trace coefficients. The terms a_;,2(X) and a_1,2(2) show that the boundaries
of  and X have the same length. Hence, since at least one of the angles «; is not equal to
7, we have

n

2 2
xX) n ToHay k3% x(B) k|9
=2 _1 - - .
(%) +X} 2ra; | 2t 6 2

6 12

Above, [dX] is the length of the boundary of X, n is the number of vertices, and «; is the
interior angle at the j/* vertex. On the other hand

x(2)  «0Q| _ x(@)  «]|IX] -
6 2r 6 27

This is the desired contradiction. ]

ap(R2) = aop(%).

For the case of smoothly bounded surfaces, the spectrum also detects a jump in the
boundary condition, even without vertices. This is depicted in Fig. 8.

Theorem 6.9 Let X be a smoothly bounded surface which has Dirichlet boundary condition
and Neumann boundary condition on a single boundary component (that is, a nontrivial
Zaremba boundary condition), with a Friedrichs extension at the interface. Let Q2 be a
smoothly bounded surface which has either Neumann or Dirichlet boundary condition (not
mixed). Assume that

x(€2) = x(2).
Then ¥ and Q2 are not isospectral.

Proof For X, the heat trace coefficient

)
ao(%) = % -
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Fig. 8 For a circular domain, impose the Dirichlet boundary on the red arc and the Neumann boundary on
the black arc, taking the Friedrichs extension at the intervace. Such a domain is not isospectral to any simply
connected smoothly bounded domain which has either the Dirichlet or Neumann condition (but not mixed).
In fact, one may take the red and black pieces of the boundary to be of any proportions, not necessarily equal

where n is the number of times the boundary condition jumps between Dirichlet and Neu-
mann. We obtain this because the boundary is smooth, and hence the angle at the “vertex”
where the boundary condition jumps is equal to r. On the other hand,

x(€) _ x(X) -

ap(2) > 6 = ap(2),

sincen > 1. ]

In conclusion, we determine contexts in which entirely mixed Dirichlet-Neumann ver-
tices are spectrally determined. In particular, this shows that we may distinguish between
the presence of mixed-boundary condition vertices versus vertices with the same boundary
condition on both sides; see Fig. 9.

Theorem 6.10 Assume that T is a surface with vertices with mixed Dirichlet and Neumann
boundary condition such that each vertex has Dirichlet on one side and Neumann on the
other side. Moreover, assume that all interior angles are less than \% Let Q be any surface
which is either:
1. smoothly bounded and with either the Dirichlet or Neumann, but not mixed, boundary
condition;
2. a surface with vertices with either the Dirichlet or Neumann, but not mixed, boundary
condition.

Assume further that x (2) < x(2). Then ¥ and 2 are not isospectral.
Proof We compute the heat trace coefficient for X,

n 2 2
() n -7 4 207
a0(2)=X7_7+§ R

6 12 - 48ma
j=1

Above, n is the number of vertices, and o is the interior angle at the j' vertex. By the
assumption that o; < = for all j we have

V2
x(X) n
a()(E) < T - E
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Fig.9 For a rectangular domain we impose the Dirichlet boundary condition on the red sides and Neumann
boundary condition on the black sides

On the other hand, if €2 has smooth boundary and Dirichlet or Neumann boundary condition
(not mixed), we have

@ x(®)

a) =z === —¢ ap(%).

This shows that ¥ and €2 are not isospectral.
In case €2 has m vertices, and a single fixed boundary condition then

2 2
X o THE
Q200 1 -
a0l = =g 12+; 247B;

Here the interior angle at the j'” vertex is 8 ;. By the assumption that €2 has vertices, at least
one f; # m, and therefore

Q
ap(2) > %) > ap(X).

Consequently, ¥ and 2 are not isospectral. O

We conclude with a familiar example which satisfies the hypotheses of the preceding
theorem. Let us consider domains in the plane which do not have holes. Let X be a rectangular
domain with the Dirichlet boundary condition on two opposite sides, and Neumann boundary

condition on the other two sides; see Fig. 9. Then, the interior angles are all equal to 7 < Z=.

Consequently, the theorem shows that such a domain is not isospectral to any smootﬁy
bounded domain with either Dirichlet or Neumann (but not mixed) boundary condition, nor
is it isospectral to any domain with corners but which has a single fixed boundary condition,
either Dirichlet or Neumann. An analogous result holds for any polygonal domain which has
an even number of sides and alternating Dirichlet and Neumann boundary conditions, such

that the interior angles do not exceed %
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Appendix A. Calculation of the Green’s function for Dirichlet,
Neumann, and mixed Dirichlet-Neumann boundary
conditions

Here we will explain how to obtain the explicit expression for the Green’s functions introduced
in Sect.2.1. Inspired by Fedosov [10], we consider the Kontorovich-Lebedev transform

o dz
Foo= [ Ku@r@S
0 Z
and its inverse transform
2 o0
=5 /0 x sinh(rx) K (v) F (0)dx.

Above, K, is the modified Bessel function of second kind. At least formally

flros) = /OO % /Oox sinh(7x) Kix (r+/5) Kix (ro/s)dx - f (r</s)dr.
0 0

Hence, in the distributional sense we obtain

% 000 x sinh(x) K (r/s)Kix (roa/s)dx = 8(r — rg). (A1)
We will search for the Green’s function of the following form G (s, r, ¢, ro, ¢o) =

% [ KK o sinn e 1, 6. oy (A2)
Inserting (A.2) into (2.1) and using the definition of K,, we want to solve:

% /0 " KD Kinrow/o) sinh(:m)ri2 [~ @, ¢, do) — (1, 6, 60)] dpe

1
= ;S(V —10)8(¢ — ¢o).
By (A.1), it will suffice to find @ such that
— (), ¢, $0) — " (1, b, o) = 8 — o),
a®(0) + BP'(0) =0, ad(y)+pP'(y) =0, (A.3)

with either« = 1 and 8 = 0 or @« = 0 and B = 1. Solving the first case will yield (2.2), and
the second case will yield (2.3). For this purpose, we note that

D1(¢) := asinhpu — ppcoshpu, Da(¢) := asinh(¢p — y)u — uBcosh(¢p — y)n

are solutions of (A.3) and satisfy the first and second boundary conditions, respectively.
Hence, the Green’s function is obtained by inserting

__21(@)P2(0)
W(®y, ;)
into (A.2) where above W (®, ®,) is the Wronskian of @ and &,.

Similarly, with the Dirichlet-Neumann mixed boundary condition, the Green’s function
is of the form (A.2), but in this case P solves

for ¢ < ¢o, (A4)

—" 4+ b =0, ®0)=0, d'(y)=0.
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Now defining
®(¢p) :=sinh(pu),  Pa(¢) :=cosh((¢ — y)u)

the Green’s function is obtained from (A.4) inserted into (A.2).

Appendix B. The corner contribution using Cheeger’s series expression
for the heat kernel on an infinite sector

Here we show how, given the contribution for a D-D corner, which has been computed in [43,
51], we may use the series expression of the heat kernel from [6] to compute the contribution
for both N-N and D-N corners. For a corner of angle «, the corner contribution is obtained
by computing the renormalized integral, (see also [18, 19])

1/€ 1
f.p.EzO/R /fRexp[—fR]Zlul< 2) ¢, (0)1> dO dR.

Since the cross-sectional eigenfunctions, ¢ ;, have unit £? norm, this simplifies to

£ /I/GIR—iRZiI LRy ar (B.1)
P..— — e A= . .
pe_O R<0 2 = M 2

In the Dirichlet-Dirichlet case, t; = jm/a and (B.1) becomes

l/e
fp.= 0/ *Re IR Zl,n/a (7 2) dR. (B.2)

y [43, 51], (B.2) is equal to
72—l
4na

In the Neumann—Neumann case, the only difference is that there is a zero eigenvalue. So
the difference of the corner contributions in the D-D and N-N cases is

Vel  _ip (1 5
f'p'6=0 ERE 2 IO ER dR. (B4)
0

This integral may be evaluated directly. First make a substitution in the integral setting
u= %Rz, so that it becomes

(B.3)

=
f.p.c—o Ee Io(u)du.
0

n [2, 5.5], a primitive for the integrand is obtained,
gu) = e "ullo) + L) = g'(u) = e "Io(u).

Since Ip(0) = I1(0) = 0, the integral above is therefore

1] 1 1 1 1
oSt ) ()] e
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However, both I(z) and 71 (z) have expansions of the form
V2 (Co+ Crz M+ CazE )

as z — o0o. Substituting these expansions for the Bessel functions above, there are only
odd powers of ¢ in the expansion. Therefore the coefficient of the € power is zero, and
the finite part is zero. This shows that (B.4) equals zero and the Neumann—Neumann corner
contribution is (B.3), the same as the Dirichlet—Dirichlet contribution.

In the Dirichlet-Neumann cases, u; = (j + 1/2)7/«, starting at j = 0, so we get

1/€ 1 1
f.p.ez()/0 SRe” IR ZI(]H/z)ﬂ/a (f 2) dR. (B.6)

Observe that, since renormalized integrals are linear, this equals

1/e 1
f.p.ezo/o 7R€77 leﬂ/(za) ( ) dR

j=1
/e 1 1 2
—fp.cp \ 5 Re 3R 21,,,/& —R?) dR.

We recognize this to be (B.2) for angle 2« minus (B.2) for angle «r. We therefore obtain the
Dirichlet-Neumann mixed corner contribution is
—Qa)? w?-_q? —72 — 202

— = . B.8
48 24 48 o (B.8)

B.7)
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