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1 Introduction

The purpose of these notes is to show that it is reasonable to hope that one
can detect the singular character of a manifold with conic singularities from



the heat trace of some specific self-adjoint extension of the Hodge Laplacian
acting on smooth differential forms supported away from the singularities.
We compute the coefficients in the asymptotic expansion of the heat trace
tre7tA0 as t — 04 where A is Laplace-Beltrami operator on a tetrahedron.
Tetrahedron is an example of a compact Riemannian manifold with singu-
larities. We see how the singularities contribute to the heat trace expansion.

The notes are organised as follows. In the introduction one can see the
geometric description of the tetrahedron and the main result (1.1). In the
Section 2 we consider un unbounded operator on a Hilbert space and discuss
its self-adjoint extensions, in particular the construction of the Friedrichs
extension is given. Also we define the Schatten class of operators in particular
trace class. In the Section 3 we consider a two-dimensional compact manifold
with one conic singularity and describe the Laplace-Beltrami operator on
the regular part of it. For our purposes it is sufficient to consider only one
singularity as it will be explained below. In the Section 4 we construct the
heat trace expansion of Laplace-Beltrami operator on a compact subset of a
Riemannian manifold. Finally, in the Section 5 we apply the theory developed
in the Sections 2, 3 to the tetrahedron, combine in with the results from the
Section 4 and derive the final result.

The geometry of the tetrahedron is the following. It is a compact oriented
Riemannian flat manifold (meaning that the total curvature tensor is zero)
with four conic singularities. The metric near the singularities is specified
below. We assume that the length of every edge is equal to 1. Denote the
singular points by A, B, C, D.

To deal with singular points we unfold the tetrahedron so that it forms
a triangle on a plane. To do that we cut along AD, BD,CD and obtain
the triangle such that the vertices correspond to D on the tetrahedron and
the middle points of the edges correspond to A, B and C'. Now we glue it
together again in such a way that each point A, B,C, D is a tip of a cone
over a circle with the length of the generatrix ¢ > 0. Than the radius of
the circle, which is the base of the cone is /2, hence the inner angle of the
cone is arcsin(1/2) = Z. Consider metric induced from R?. To obtain a
coordinate system on the cone we take spherical coordinates with r € [0, ¢)
and 6 € [0, 2)

r = rsinacos
y =rsinasing
2z =Tcosu

and let polar angle be constant. The metric is

1
Geone = dTZ + T2 Sin2 O{dQQ = d’f’2 + Zr2d02,



Now the tetrahedron has the following structure. It is a compact Rie-
mannian manifold M = U, U; U M, with four conic singularities, where
U; == [0,e) x S* with ¢ > 0 for 1,2,3,4 and M, is compact smooth mani-
fold with boundary N which is a union of four circles S'. The line in the
notation is used to indicate that the manifold M is compact for the open
manifold with the singular points excluded we omit the line and write M
also U; := (0,g) x S*.

We develop all necessary details about the Laplace-Beltrami operator A,
on the tetrahedron in the Sections 2 and 3. Here is the sketch of the result.
For our purpose we deal with the operator Ay separately on a neighbourhood
of each singular point of the manifold Ag|y, and on the regular part Ag|yy,.
For the operator on the regular part methods applicable for a smooth compact
manifold are used. As for the singular parts we show that Laplace-Beltrami
operator is unitary equivalent to a regular singular operator and use methods
from [BS].

We choose a partition of unity on the tetrahedron ¢;, ¥ with ¢ =1,2,3,4
such that each ;(r) has its support near one of the singularities and these
functions depend only on r coordinate and ¢ has its support outside the
singularities. In these notes it is shown that for 1 <¢ <4

1 & 1
troe R0 vy on —tl/ i (r)dr + =t
4, 8

and .
trpe A0~y oy —t_l/ Yool
A M

Hence on the tetrahedron there is an asymptotic

3 1
tre 'R0~y you zl/—;tl + 5150. (1.1)

The constant term in (1.1) reveals the presence of the singularities in the
tetrahedron. For a moment assume we have a smooth flat two-dimensional

compact Riemannian manifold M than as we see in the Section 4 the heat
trace expansion would have the form tre 20 —, ., %t_l. In other words

a smooth flat compact manifold does not have a constant term in its heat
kernel expansion. Therefore the tetrahedron cannot be a smooth manifold.



2 Operators on a Hilbert space

2.1 Friedrichs’ extension

Let H be a Hilbert space and A be a nonnegative densely defined symmetric
operator on H. Now we construct the largest self-adjoint extension of A.
The original work of Friedrichs is [F], the proof of the theorem can also be
found in [RN] (Chap. VIII). To understand the construction we give the
proof below following |Ga|. First, we develop some tools which we will need
further.

Define two unitary operators U,V : H@®& H — H @ H by U(z,y) = (y, )
and V(z,y) = —(y,z), then for any invertible operator A the operator U
maps the graph of A to the graph of its inverse

UT(A) =T(A™). (2.1)
Since U is unitary then for a subspace X
(UX)*t =U(XH). (2.2)

Proposition 2.1. Let A be a densely defined operator on a Hilbert space H,
then the following is true

D(A") = V(T(A))" = V(T(A)")

Proof. The second inequality follows from (2.2).
First we proof I'(A*) C V(I'(A))*t. Let z € D(A) and y € D(A*)

(V(z, Az), (y, A%y)) = (=(Az, ), (y, A%y)) = (= Az, y) + (z, A7) = 0.
Next we proof V(I'(A))* C T'(A*). Let x € D(A) and (y, 2) € T'(A*)
<V(ZL’,ACL’), (y7z)> = <—A:L‘,y> + <IL‘,Z> = 0.

We obtain (Az,y) = (z, z), hence y € D(A*), z = A*y and (y,2) € ['(A*).
0

Theorem 2.2. (Riesz’ theorem) Let F' : H — C be a continuous linear
functional (i.e. |F(x)| < cp||x|| for some cp > 0 for any x € H) then there
is a unique zp € H such that for any v € H we have F(x) = (z, zp).

Theorem 2.3. (Friedrichs) A nonnegative densely defined symmetric oper-
ator A on a Hilbert space H has a nonnegative self-adjoint extension.



Proof. Define a inner product on the domain D(A)

(@, 9) 4 = (2,y) + (Az,y) (2.3)

for z,y € D(A). Recall that the corresponding norm is called graph norm.
Let D(A) be a closure of the domain with respect to this norm. Since the
operator is nonegative we have an inequality (z,z) < (z,z),, consequently

D(A) is a completion with respect to the inner product (-, ) ,.
Let h € H and x € D(A). Consider a linear functional F}, : © — (z,h).
It is bounded ||Fpz|| < ||z|| - ||k]| < ||x]|a - ||}]|, hense by Riesz theorem

(Theorem 2.2) there is unique Bh € D(A) such that for any = € D(A) we
have Fy,(z) = (z, Bh) .. A map B : H — D(A) is linear. Next we show that
B is symmetric, nonnegative, injective and has a dense range, in particular
self-adjoint and it has an inverse operator.

Symmetry

(Bzx,y) = F,Bx = (Bz, By) , = (Bx, By) 4

for any x,y € H.
Positivity

(Bzx,z) = F,Bx = (Bx, Bx) , > (Bx, Bx) > 0

forz € H.
Density of R(B). Let y € D(A) such that (Bh,x) for any h € H, then

0 = (x, Bh) = Fpx = (h, Bx),

hense z = 0.
Injectivity. Let 2 € H be such that Bx = 0, then Yy € D(A) we have

0=(y,0), = (y, Bx) , = Foy = (,9) .

Since D(A) is dense, z = 0.

Denote the inverse of B by A;. We will proof that Ap := Ay — Iy is a
self-adjoint extension of A. Note that A is surjective Ay : D(A;) — H and
D(A; C D(A)). Using Proposition 2.1 and an equality (2.1) for A; = B!
we obtain

D(A}) = (V(D(Ap) = (Vo UT(B)
By the properties VoU = —U o V and (2.2)

(VoU(T(B)))" = —(UoV(I(B)" = -U((V(I'(B)))").



Again applying Proposition 2.1 and using that B is self-adjiont
~U((V(I(B))") = ~UI(B")) = ~U(I(B)) = T(4y).

Eventually we get I'(A}) = T'(Ay), i.e. Ay is self-adjoint.
Next we proof that A is nonnegative. Let x € D(Ay) and x = By

(x, Ar) = (By,y) = F,By = (By, By) , > (By, By) = (x,x) > 0.

The domain of Ay is dense in D(A). Let € D(A) be orthogonal to D(Ay)
with respect to (-,-) , and let 2’ € D(Ay), 2’ = By

0= <$,QZ,>A = <(L’, By/>A = Fy’x = <(L’,y,> - <I,Af(l,’/>

hense Ay is surjective z = 0.
Now we proof that Ap is an extension of A. Let z,y € D(A) then

(@, B+ In)y) y = Farimye = (@, (A+ In)y) = (2, (A + In)y) = (2,9) 4

hense (z,y — (A + Iy)y) = 0. Since D(A) is dense in D(B) = D(A), for y €
D(A) we have B(A+ Iy)y =y, it means y € R(B) = D(Ay). Consequently
Ay = Ap(B(A+ In)y) = (A+ Iy)y. Eventually we obtain

Apy = Ay for any y € D(A).

2.2 Schatten classes and trace class

Let H be a Hilbert space and A compact operator on H then A*A is compact
and self-adjoint operator. Let

0§31§82<...

be eigenvalues of (A*A)Y/2.

Definition 1. Let 1 < ¢ < co. A bounded operator A is Schatten class
operator of order q and write A € S (H) if

00 1/q
il () <o
=1

Note that if A € S,(H) then ||A]|, = tr(JA]?) = tr((A*A)V?). If A €
S1(H) the operator A is trace class operator.

6



3 Geometrical operators on a non compact sur-
face

In this section we consider a closed surface with one conic singularity. We re-
move the singular point and deal with a non compact manifold. The analysis
on operators on a non compact manifold is complicated because operators
are unbounded and may have many closed extensions. Below we define ge-
ometric operators on the surface and determine a Hilbert space where they
are acting.

3.1 Operators d,d" and A

Consider oriented 2-dimensional compact Riemannian manifold M = UU M,
with one conic singularity where U = [0, &) x N with ¢ > 0 and M is compact
smooth manifold with boundary N = S!. The line in the notation is used
to indicate that the manifold M is compact for the open manifold with the
singular point removed we omit the line and write M also U = (0,¢) x N.

Consider space of smooth functions with compact support C°(M) on
non-complete manifold M and space of differential one-forms with compact
support AL(M) := C®(AT*M). There are first order differential operators
defined between the spaces exterior derivative d : C° — AL(M) and its formal
adjoint determined by the metric d' : A\}(M) — C>(M) furthermore we
define Laplace-Beltrami operator on smooth functions with compact support
A := d'd. Sometimes we write Ay to indicate that this operator acts on
the space of functions.The operators d, d" are densely defined in L?(M) and
L*(AT*M) correspondingly.

Proposition 3.1. Operator A : L*(M) — L*(M) is densely defined, sym-
metric and nonnegative.

Proof. The operator is densely defined since both operators d and d' are
densely defined. Let f € C°(M) then

(Af, f) = (d'df, f) = (df,df) > 0
from which follow that A is symmetric and nonnegative. O]

From the Proposition 3.1 and Theorem 2.3 follows that the operator A
admits Friedrichs extension. In fact there can be many self-adjoint extensions

of A.



3.2 Operators d,;;, and d,,,,

The operator d is a densely defined operator in the Hilbert space L*(M)
acting on C°(M). Since the operator d has a densely defined adjoint d'
there exists at least one closed extension of d. Denote the closure of d by
Apmin = E, i.e. the domain

D(dpin) := {u € L*(M) | 3(tp)nen € CZ(M) : uyy — u,

du, — v € L*(M)} (3.1)
n—oo

and dyipu i=v.
Define d,qqp := df .
In principal if D is a closed extension of the operator d then

dmin S D S dmaa:

but we see in the next proposition that in case of the tetrahedron we have a
unique closed extension of d.

The following general result on a Riemannian manifold of some dimen-
sion m connects the Friedrichs extension of Laplace-Beltrami operator to the
extensions of d d,,;, and d,,q.-

Lemma 3.2. Let E, F be hermitian vector bundles over a Riemannian man-

ifold M and d : C®°(E) — C>®(F) be a differential operator. Denote by d'

its formal adjoint and d'd a non negative symmetric operator on L*(E) with

domain C>(M). Let (d'd)f" be the Friedrichs extension of d'd. Then
(d'd)" =dI . dmin

max

Proof. Both operators are self-adjoint hence it is sufficient to prove that

D((d'd)") C D(dgpmin)-
Let u € D((d'd)F) then u € D(dpin). Since the Friedrichs extension is the
maximal self-adjoint extension u € (d'd)nqe, consequently di,u € D(d} ..).

O

Now let M = U U M; be a two-dimensional Riemannian manifold with
conic singularity and let the metric on U be gy := dr? +1r%a%df?,a > 0. Note
that we have a = 1/2 for the tetrahedron.

Proposition 3.3. On a manifold with the metric near the singularity defined
above we have a unique extension of d, i.e.



1) dmm - dma:p = CZ;
2) the operator A = d'd is equal to the Friedrichs extension of A.

Proof. 1) We need to proof that D(dye.) C D(dpmin). Let u € D(dya,) and
¢ be a function on M such that ¢ € C°((—¢,¢)) with ¢ = 1 near zero. Since
(1 —¢) € CX(M) we have

(1 —v)u € D(dmaz)-

Let 1 € (0,¢) and U, := (0,e1) x N then M \ U, is complete and for
sufficiently small &; the restriction (1 — ¢)[anp.,, is zero near the boundary
g1 X N. Consider a double manifold constructed by glueing two copies of

M \ U., along the boundary. It is complete manifold without a boundary
hence on this manifold din = dias ( [LM], Theorem I1.5.7). Thus

(1 —)u € D(dmin)-

To prove that pu € D(dyi,) we apply Lemma 3.7 from [B], which is true in
particular for operators defined on M with such metric.
2) Follows directly from Lemma 3.2 because d,in = dingsz- O

4 Asymptotic expansions for self-adjoint
operators on a Riemannian manifold

The technique reviewed below can be applied to a compact set in a smooth
Riemannian manifold. We use this methods to find the heat trace asymptotic
on a regular part of a manifold with singularities.

4.1 The heat kernel expansion

Let (M, g) be a Riemannian manifold of dimension m. Consider operator
L= % + Ag where A, is Laplace-Beltrami operator on M.

Lemma 4.1. There is a unique function on M x M x R, which we denote
e~t2o(z,y) such that

o itisC%inx, C? iny and C' int;

—tAg (

e it satisfies the equation Le x,y) = 0, where Laplace operator is

applied to the second variable;

o limy o e t20(x, - t) =8, for any x € M.

9



For the proof of the existence and uniqueness see [BGM| Chapter III,
E.ILEIIL e 'o(z,y) is called the heat kernel of Laplace-Beltrami operator
or simply the heat kernel.

Denote the distance between x,y € M by d?*(x,y) = > gUta? = r?

7tA0(

to find an expansion of e x,y) we first introduce the following computa-

tional proposition.

2
Proposition 4.2. Let h(z,y) = (47t)™™/%e7 and g := det(gy;), then the
following is true

(a) Zhi(z,y) = (-2 + L5)hi(z,y)
(b) dhi(z,y) = —5;h(, y)dr

(c) Dohulz,y) = ( + 5% - ) hule,y)

Proof. Recall that Laplace-Beltrami operator is given by A = dgdo.
(a) is a partial differentiation of a function.

(b) d ((47rt)’m/2e’7"2/4t> = (4mt)~m/2(—2L )~ Aty = — (2, y)dr.

4
() Aohy(,y) = didohe(, y) = —dj (3h4(x, y)dr)
Next we use that for any function f and for any 1-form « the following
is true df (fo) = fdia — (dof, ).

Aoht(z,y) = ——ht(x y)di (rdr) + <d0 (lht(:v,y)) ,rdr> =

= ——ht(x y)di (rdr) + <_Eht(x y)dr, rdr> = (4.1)
= ——ht(x y)dl (rdr) — 4—2ht( )
the first term gives
1 <& 0 r dg
T - (e — -
dg(rdr) - ; e (x7\/9) m 5 or

Finally, we get the result

Balu(e.) = = gotule) (—m = -2 ) Tt



Definition 2. Let B be a Banach space and f(t) : [0,00) — B. A formal

series -
t) N0+ Zak(t)
k=0

where ax(t) : [0,00) — B, is called asymptotic expansion of f(t) near t = 0 if
for any n > 0 there is [,, such that for any [ > [,, there is a constant Cj,, > 0

such that l

1£(8) =D ar(®I] < Cint”

k=0
for small .

Proposition 4.3. Let K C M be any compact set and let x,y € K be in
one coordinate chart. There is an asymptotic expansion of the heat kernel

_ ACRD)
m/2e

—tAo( it (uo(x,y)+tu1(x,y) +t2u2(x,y)...)

€ T,Y) ~i-o4 (4t)

where we have a recursive equation for u;(z,y)

Ou; 109 j 1
oy (== 4 ZAGug =
E)r+(4g€)r+ u]+r otj—1 =0

Proof. To simplify the notations we denote the infinite sum by
A = Z;io tjuj(xv y)7 S0 e_tAO (xa y) ~t—0+ ht(xv y)A and

(gt N Ao) (ho(,)4) = 0.

Using the Proposition 4.2 we obtain an equivalent equation

( %" im )ht@‘ YA+ b, y>§tA+Ao<ht<x,y>A>=o (4.2)

hence

m  r? 0 m r dg 1’ r 0
TV A+ Za (B E Y T N piaa+t A
( 2t+4t2> AT +(2t+4t98r 4t2) oA

Substitute the sum A = 377 ju;(x,y)t’ into the equation above

r 0y < 1 1
4gar2ujxytj —I—Zjujzz:ytj —|—ZA0ujxy

+7‘—th Yuj(z,y) =0

(4.3)

11



The coefficient of /=1 is

ou; [ 19g j 1
— e 4+ —Agui_
3r+(4gf)r+r uj+r 0thj—1

and it should be equal to 0 for any 0 < j < . O

We are interested in the trace of the heat operator

tretho = Jus e~t80(z, x)voly where volyy is the volume form on M we would
like to obtain information about functions u;(x,y) for x = y. Before we state
the main result here are some notations concerning the curvature tensor and
its derivatives. For a Riemannian manifold (M, g) we denote by Dy covariant
derivative along the vector field X given by Levi-Civita connection. Now let
x € M and (xy,...,2,) be local coordinates near x and denote corresponding
coordinate frame by %, e %. Define total covariant derivative D :=
>o.D il and let D* be the covariant derivative applied k times. Also denote
the Riemannian curvature tensor at the point x by R, or g(R.(X,Y)Z,T)
for some X,Y,Z T € T,M. The following proposition is a consequence of
the Proposition 4.3.

Proposition 4.4. Let K C M be any compact set and x € K. There is an
asymptotic expansion of the heat kernel on the diagonal such that

J
HeitAO(I,J?) o (47Tt)7m/2 Ztlul(xe)H < C(K)thrl

=0

where C(K) is some constant which depends on the compact set K. Moreover
up(z,x) = 1 and ui(x,z) = $k(x) scalar curvature of M at a point x and
all u;(x, z) are polynomials on curvature tensor and its covariant derivatives,
t.e. fori>0

ui(z, ) = P"(Ry, D'Ry, D’R,, . ..).

where P™ is an O(T, M) invariant polynomial.

Remark. The last part of the proposition means that for any element of
orthogonal group of isometries of T,M o € O(T,M) we have
P™(0(R,),0(D'R,),0(D*R,),...) = P"(R,, D'R,, D*R,, .. .).

(2

for more details see [ BGM]| Prop E.VI.4.
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4.2 The resolvent kernel expansion

The heat operator is closely related to the resolvent operator as we see below
and if we have an asymptotic expansion of the kernel of one operator we
could compute the coefficients in the expansion of the kernel of the other
operator.

We introduce the following paths on a complex plane, defined for 0 < r <
R<ooand 0<a<m:

LT,R,a = {yeia . r S ) S R}a

Craray == {re” 1 ay < a < ap}.

Since the function f(\) = e * is holomorphic in a closed disk bounded
by a Circle CR ” for any R > (, we can use the Chauchy differentiaton formula
fim=1 2m f flu )~"™dp, where 7 is a closed path on a complex
plane passed counter clockw1se consisting of four pieces: C:g2r—a, Cr—aa
and two line segments L. g, and L. p_, then

e = —tl_m—<m _,1)! /e‘t“()\ — )" "dp. (4.4)

21 ~

We derive the expansion for the kernel of the resolvent (Ag + 22)™™ for
an appropriate m using the Cauchy differentiation formula
m — 1)!

e x,T) =

[ m@aan @)

21

On a two-dimensional Riemannian manifold by the Proposition 4.4 we
find the asymptotic expansion of the heat kernel. Assume that the expansion
of the kernel of the resolvent has the form

(AO - :u)_m(‘%x) ~Nul—o0 ZAk(x>$)(_

kEZ

where A (x,z) are some functions. The idea is to find the representation of
Ai(x,x) in terms of u;(x, x).

In the formula (4.5) let ¢ — 0 then we have an expansion on the left hand
side

(4mt)~ Zuj:cx —tlm /t“ZAk:cx Vedu

13



hence

(4mt)™ Zu] O A m{m=1)! ZAk X, / (=) R,

kEZ

S m( =27 L
(4mt)~ Zu] T, a:tj —1 kEZZAkI T F(k:)t

1 1
[ — J+m2 _kl
T (m _1'E w;(z, z)t E Akxacr(k)t

keZ

Now equating the coefficients of the same powers of ¢ we find Ag(z, z)

Ag(z,x) = L(k) ) U—my1 (T, T).

4(m —1)!

Therefore we obtain the expansion of the kernel of the resolvent on a diagonal
for some x € K C M

(B0 =) "0.0) e (1) Y () Tl ) s (46)

where ug(z,x) = 1.
Consider a Riemannian manifold (M, g) such that its total curvature ten-
sor is zero. By the Proposition 4.4 all w;(z, x) for i > 1 vanish and therefore

we get

e*tAO( 7m/2.

T, ) ~p04 (4t)
Apply the result to the tetrahedron

L.

e (1, 2) ~yp —t
47

By the formula (4.6)

1

(Do = )" (@, 2) ~jujoo (—M)_mHm (4.7)

14



5 Singular part

5.1 Regular singular operator

Consider a metric cone U = I x N := (0;¢) x S* with r € (0,¢), 6 € [0, 27)
and the following metric
Yeone = dr? + r2a2d02,

where a is some positive constant.

First we show that Laplace-Beltrami operator on U is a second order
regular singular operator according to (RS1)-(RS4) in [BS2|. Define a linear
map

U CX((0,e),C*(N)) — CZ(U)

which acts as multiplication f — r'/2a'/2 f it extends to unitary map between
Hilbert spaces

W L2((0,¢), L*(N)) — L*(U). (5.1)

Given the metic we can write the operator A := d'd : C=(U) — C=(U)
in terms of partial derivatives with respect to local coordinates, we have
d:C®(U) = N (U) and d' = — x dx : \}(U) — C=®(U) where * is Hodge-
star operator on U.

Let f(r,0) € C*(U) since A = — % d * d we have

F(r,0) S 0, fdr + 0y fdb
.i> aﬁf

ra

dr + 0, fradf

2
Ay 89fd7"/\d0+ (3r2f7’a+8rfa) dr A dO (5.2)
a

s
WO gy, O
T

s+ 02 f +
— (—83 —r719, — 7’*2@*2892) f(r,6)

1202
The operator A acts on C2°((0,¢) x N) in the Hilbert space L2((0,¢) x N).
Denote ¥ (r) := ra than we obtain

A= _¢71(aﬂp8¢’> - ¢72a(3

Apply the unitary transform (5.1) and define the operator acting on
C>((0,¢), C=(N)) in the Hilbert space L?((0,¢), L*(N))

T := VAU,

15



Note that ¥ acts as f ~ ¢¥/2(r)f and compute

T =g (r) Ay~ ()

— 1 — / — —
= _77/] 1/287’ (_§¢ 3/2¢) +¢ 1/267“) _77[] Qag

= —iw?(w + %wlw“ + %wlw’ar - %wlz//ar 9?22 (5:3)
= 0+ U3 — )+ 5u)
Finally
T = 02 4172 (—a 20 — 1) = —02 + 1A, (5.4)

4

Note that in case of tetrahedron we have a particular constant a = 4.

T is a non negative densely defined symmetric operator by the Theorem
2.3 it admits Friedrichs extension. Let T be the Friedrichs extension of
T, below we deal only with Friedrichs extension so to simplify the notation
denote it by T" as well

T : L*((0,¢€), L*(N)) — L*((0,¢), L*(N)).
Denote H := L*((0,¢), L*(N)). Let ¢y, pa € C(M) then

o1 T s € Sq(H),

where S,(H) is Schatten class of operators from the Definition 1 and ¢ > 0.
It follows from the resolvent equation and Holder inequality for Schatten
norms that

o1(T + 2°) "™y € S1(H)

for m > ¢ with uniform trace norm estimate in
{z € C|largz| < d} 0<d<m/2

Moreover it has been shown in [BS| (pp. 400-409) that for any function
¢ € C*(R) the operator ¢(T + 2?)~™ is trace class for m > n/2, where
n = dimM = 2.

Let ¢ be a function on a manifold M with support near the singularity
such that it depends only on the first coordinate r then by (4.6) for z =
(r,0) € M we have

')
(m—1)I"

Jj=m—1
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5.2 Trace of the resolvent

As before T = —9% + r~2A, where A is a self-adjoint operator on L*(N).
The resolvent of T is given by

(T + 22)_1 = ®)\kESpec A(_az + 7"_2)\143 + 22)_1 & T,

where 7, is the projection on the k-th eigenspace of A. In other words,
given an element u(r) € L*((0,¢), L*(N)) we may write it as a sum u(r) =
> aespeea ChUk(T), where ¢ are some constants, ux(r) € L*((0,¢), L*(N))
and for each r € (0,¢) ug(r) are eigenvectors of A which make an orthog-
onal basis. Since Auy(r) = Agug(r), the action of the operator A on the
corresponding eigenspace is given by .

Lemma 5.1. Let Im 2> # 0 and 0 < r; < 7y < oo then the resolvent
(—0% + 172 X\x + 2%)71 is an integral operator with kernel given by

(—83 + 772N\ + 22)’1(1”1, ro) = (7"17"2)1/2[1,(7’12)[(,,(7“22),

where 1,(r1z) and K,(rz) are modified Bessel functions, two linearly inde-
pendent solutions of the modified Bessel equation.

Proof. Let vi(r, z) and vs(r, z) be solutions of
(=02 + 7720 + 2%)u(r) =0 (5.5)

then by the Theorem XIII.3.16 [DS]| the resolvent is an integral operator and
the kernel of the resolvent is

(=02 + 7720+ 22) My, m2) = (Vive — v1vh) " (ry, 2)vi (11, 2)va(10, 2) (5.6)

for 0 < ry <17y < 0.
We now find v; and vy by solving the equation (5.5). Put

u(r) =: r/%w(r)
then 1
Oru(r) = 57‘_1/211)(7’) + r129,0(r)
and

OPu(r) = —}17”_3/2111(7“) + V20,0 (r) 4 r/20%w(r)

and (5.5) deformes to give the modified Bessel equation
1
(r28f +70, — (r*z* + A\, + é_l)> w(r) = 0.

17



Define v := 4/ A\x + }l then the general solution is generated by the modified
Bessel functions

w(r) = C11,(rz) + CoK,(rz)
where C7, Cy € R. Hence

u(r) = Cor21,(rz) + Cor'2 K, (r2).

Note that modified Bessel function of the first kind I, (r) grows exponen-
tially as r — oo and v > 0 but tends to zero as r — 0 on the other hand
modified Bessel function of the second kind K, (r) tends to zero as r — oo
and grows as r — 0. Using the boundary condition at » = 0 and the bound-
ary condition at infinity lim, ., u(r) = 0 we derive two linearly independent
solutions of (5.5)

vi(r) = Y21, (rz)

and
ve(r) = 2K, (r2).

To find the kernel of the resolvent we use the formula (5.6). Since
I'(x)K,(x) — I,(z)K/(x) = z~! then

(U1U2 U1U2) 1(7”1, )

1 _
— (—rl Vzp '(ri1z) + zrl/zl’ (rlz)) 1/2[(,,(7“12)

v(r12) ; I/QK/ (ri1z —i—zrl K/(rlz)) (5.7)
rlz( (riz)K,(rz) — 1,(m2)K (7"12))
By (5.6)
(=02 4+ 12N+ 287y, 1) (5:5)
:(7’17’2)1/211,(7"12)}(,,(7’22) '
]

From the Lemma 5.1 follows that the operator (T'+22)~! has the following
kernel on the diagonal r| = 7y

r Z L(rz)K,(rz).

AL ESpecA
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Now we would like to obtain the trace of the resolvent. Following the
discussion in the end of the Section 5.1 we recall that (T + 2?)~! is not trace
class instead we consider the operator (T + 2?)~™ m > 1. To construct the
trace of operator (T + 2%)~™ first note that

(T +22)™ = ﬁ (_2_2%) ERTaRY

Lemma 5.2. ( [BS2] Lemma 4.3) Let ey < € and €1 > €y consider a function
o(r) € C§°(—1,e0) such that p(r) =1 near r = 0 and ¢ € C§°(—1,¢) such
that v =1 for 0 <r <e;. Then we have for m > 1

tr (W(T + 2%) ")
0 T2m—1 1 0 m—1
:/0 gp(r)m (_%W) Z I,(rz)K,(rz)dr

A ESpecA
=: / o(r) Z o,(r,rz)dr,
0 12

where v =/ A\ + i and N\, € SpecA.

Note that if ¥ — oo then we can estimate the result (See [BS2] Lemma
3.2 p.385) therefore we consider a finite case when v is a fixed number. Let
|z| = oo then there the following expansions ( [AS] p.377-378)

L 1 -1 (2 -1)(4*-9)
I(rz) ~ \/%e (rz)~Y (1 5 - 2N(8r2)? —.. ) (5.9)

and

K,(rz) ~ \/ge_”(rz)_l/2 (1 + 41/8?; ! + (v ;(QS; =9 _ . ) :
(5.10)

Here the general coefficient of (rz)™ in brackets is 1 for 5 = 0 and for
j>0

(402 — 12)(40? — 32) ... (40? — (2] — 1)?)

a;(v) = T
Finally we have
2m—1 1 a m—1
O'V(Ta C) = (T:L _ 1)' (_ia_c> ]V<<-)Kl/(<)



Now return to the Friedrichs extension of Laplace-Beltrami operator on
the tetrahedron M, i.e. tetrahedron with singular points removed. Let
(r,) = z € K C M be a point at the compact subset of the tetrahe-
dron and ¢(r) € C°((—¢,¢)) then from the asymptotics of the resolvent of
Laplace-Beltrami operator on the tetrahedron (4.7) we see

1

(1) (Do +2%) 7" (@, ) el soc S0(7”>Z_2m+247r<m —1)

hence

tro(r)(Ag + 2%) 7" = / 0(r)(Ag + 2%) (2, z)vol

2
/ / ) (Ao + 2%)"™(r, 0,7, 0)radddr

1
—2m+2 —d@d
el / / a47r(m —1) "

:/0 o(r)z2m T2y a—Q(m— 1)dr

here we used voly; = radr A df. Therefore

T2 a p2m=1=2m2

(1, €) 00 Ovam—2(T) 2(m — 1)

We can apply the regular asymptotics lemma (Ia) — (I¢) from [?]| to have
the expansion of the integral

/000 o(r)o,(r, rz)drwl 0 27 1“/ (‘oL (o ) (7)) [r=odC

+ 2~ 2m+2—2(m_ 1)/0 ro(r)dr

= 1
+ Z 7 1 log 20% (0y,41(1)(r)) lr=o

=0

1 1 o\ ! o0
=57 LOKO)D (" e(r),
<m—1>!( 2ca<) ; (r e (r),



and

> 0 (ov1(N)e(r) =0 = 2™ (00 2m-a(r)p(r))lr—0 = 0

we find
/00 o(r)o,(r,rz)dr ~
0
m—1
pom PO [Fom (L) LoR. O
+2 2m+2—2(m_ 1)/0 ro(r)dr
hence

tr(p(Ap + 22)7m) ~

8 m—1
e PO S [T (L 2) Lo
)\kESpecA

_om a >
+ 272 +2m/0 ro(r)dr

Let’s analyse the first summand. Denote p := 2m — 1 then by the Mellin
transform (see p.123 [O]) we obtain

| e (—%%) LK
1 Tv—m+E2)(m—1- 5 (E)
4T T(m+1+v—E2)

substitute p =1+ 2m — 2 where [ = 1

1 l I 1. Tw+i+)
Rﬁﬂ—?ﬂm+——ﬁ

2 2Tv—-~L+1
The ratio of two Gamma functions is given in the proposition below. Let
B; be Bernoulli numbers
j—1

i DBi
1=0
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Proposition 5.3.

I (V S ]‘) 1-2 E j—1 -1 —27 2
— ~, S11 + —1) B J + O
F(V S) —oo V S j>1( ) J .7+1l/ (5 )

Proof. According to [WW] Chapter XII p.251 (note that in the book the old
notation of Bernoulli numbers is used, namely B; = 1/6 and so on but here
we use the modern notation, i.e. By = —1/2, By = 1/6 that is why the
formula is slightly different)

—1)7' By
(2 —1) 2%

1 1
logT'(2) ~, 00 (2 — 5) logz — z + 3 log(27) + ; 2;,

hence

1 1
logI'(v + ) ~psoo(V + 5 — 5) log(v+s)—(v+s)+ 3 log(27)

(1)t Bjn
5@ D ot

Jj=1

=(v+s— %)(logl/ +log(l+s/v)) — (v+s) + %log(27r)

(1)t Bji
t2 5@ D e

Jj=1

for the last equality use log(v + s) = logv + log(1 + s/v). Analogously use
log(v — s) = logv + log(1 — s/v) to obtain

logl'(v — s) ~(v — s — %)(logy +log(l —s/v)) — (v —3s)+ %log(%r)

(=1 Bji1
"5 D
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Furthermore

T _
“2slogy+ (v — s — S)log(l— 2) — (s — S)log(1+2) +2
slogv V—S 5 0og ” v+ 5 og > s
(=1 1 1
+;2j(2j_1) j+1 (V_S)ijl (V+8)2j,1

1 s 1, s
N—2310gy—|—(u—s—5)(—;)—@4—3_5)(;)4_23

RN (= cAEEC S B

(27 — 2 _ 2)2j-1
= 2j(25 — 1) (12 — 52)2%

~ — 28 lOgl/ + ; —+ SZ(_l)jiljilqu»ll/iZj + 0(82).

Jj=1

Finally we obtain

I'v—s+1) _ (V_S)F(u—s)
I'(v+ s) I(v+s)
~(v—s (1 + ; + s Z(—1)j—1j—13j+1u—2j> + O(s?)

~ V172s (1 +s (_1)jllej+1y2j> + 0(82)
j>1

By the Proposition 5.3 we may write

b= Y P(=OTm+ L = HTG e+ 5+ 5+3)

— 1)
Ax€SpecA 4y/m(m —1)! L(y/ A + i—3t3)

_ L(-Hrm+1Li -1

X

X Z ( )\k‘*’%) +Z(_1)jj_lBj+1(é —%) (\/)\kﬂLi)

A ESpecA §>1

To find the regular analytic continuation at [ = 1 of the function above we
set some notations. Denote w := —[ and let f be a meromorphic function
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with Laurent series

f(z) =) Res,f(z0)(z — 20) ",

where Res,, f(20) = 5= fw (zf (ZZO))de with v a counterclockwise path of integra-
tion enclosing zg and lying in an annulus in which f(z) is holomorphic. By
these notations Res; is the residue of the function and Res; is the regular

analytic continuation. Let f be analytic and g have a simple pole at zy, then

Reso(f9)(20) = f(20)Resog(20) + f'(20)Res1g(20)-

> rE)rm-2 - 1)
f(w> = : 4\/%1-\(7;) :
and
Calw) =Y ( et i) o g(w) =) (1) Bjada(2i + w)
A, ESpecA 7>1

r(—1 /
since f(1) = —3 and I'(—3) = —2y/7 and f'(1) = —FS(\/;Q) — EF((:?) we have

b = R F(w)Ga0) + f(u)(~y ~ Po(w) )

= —gRena(1) — (2 ) Ressa(1) — JResug(1)
Finally
1 I'(=3)  T'(m)
by = — éReSOCA(—l) — < W + 4F(m)) Res1Ca(—1) .10
_ i > (=15 BjaaResiCa(2] — 1),

Below is the final formula for the expansion of the resolvent of the Laplace-
Beltrami operator on the tetrahedron which we use later for the expansion
of the trace of the heat operator

Proposition 5.4. Let ¢ € C§°(—1,00) such that o(r) = 1 near r = 0 and
bom as in (5.11) then

a

tT(gO(AO + Z2>7m) ~ 272mb2m + 272m+2

24



5.3 Trace of the heat operator

Recall that the integral kernel of the heat operator and the integral kernel
of the resolvent operator are closely related by the Cauchy differentiation
formula (4.5) from which be obtain

(m

#1)! / e Mr(p(r) (Do — p)"")dp,  (5.13)

tro(r)e A0 = —¢i=m 5

where v is a closed contour specified in (4.5).
Let —p =: 22, In the previous section we have found the expansion of
tr(p(r)(Ag + 2%2)™™) see Proposition 5.4. To make the next discussion clear

we compute the following integrals on the complex plane

/ e " (=p) "dp = 2miResyu—o(e” " (=) ")
v

. et , (5.14)
o) e
/f“‘(—u)” log(—p)dn = —% ()" di(l?g;l)t"l)
:2mt” 1logtrgzil) t" 10 (n) (5.15)

Note that I'(3 +n) = wﬁ

Following these observations we can derive the asymptotic expansion of
the heat trace from (5.13) and (5.12). The coefficient of 27™72 gives a
contribution to the coefficient of ! and the coefficient of z=2™ to t°.

Now combine the formulas (5.12), (5.13) and (5.14) to find the coefficients

in our case explicitly
—tT a7
tro(r)e™™ ~t B / ro(r)dr
0

+ to( - 1ReSoCA(—l) <F;(\/—> F,((TZL))) Res1Ca(—1)

(=1)/57'B;11ResiCa(2j — 1))

(5.16)
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—w

where Ca(w) = 7 cspeca (\ [ Ak + %) , B; are Bernoulli numbers and no-

tations Resy, Res; correspond to the regular analytic continuation and the
residue respectively.

Compute the constant term. Recall Ag = —92+r 24 with A = —a20; —
1 that gives Spec A = {a2k* — 1 | k € Z\ {0}} hence

=23 (5) = 2ec)

keN

where ((w) is Riemann zeta function.
By regular analytic continuation of Riemann zeta function we obtain
11
Res —1)=—2a"'— —

and
ResiCa(25 — 1) = Res((25 — 1) =0 for j > 2
Res1C4(1) = 2aRes((1) = 2a
therefore the constant term in the expansion equals
1 a

12 12°

In case of the tetrahedron a = % hence the constant term is % in the neigh-

bourhood of each singular point. Note that this term in the expansion of
tro(r)e=t20 depend only on the value of the function (1) at r = 0 and we
assumed that ¢(r) = 1 near r = 0.

For the partition of unity ;, 1 with 1 <4 < 4 chosen in the introduction
we have

_ 1 [ 1 1 1
troe R0 ~ o  t 11/0 ro;(r)dr + 3 =t 147r wi(r)voly + 3

here we used that voly = %rdr A df. Also

1
tripe R0 ~y_on t_l—/ Yvoly
AT S

therefore

4
tre 80 =trope A0 4 g trpe 20~y o

1
t‘l— ngl ) 4 )voly + =

2
:t—lﬁ + l
4T 2
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