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Analytic Torsion of manifolds with boundary and
conical singularities

Abstract

The analytic torsion was introduced by D.B. Ray and I.M. Singer as an ana-
lytic counterpart to the combinatorial Reidemeister torsion. In this thesis we
are concerned with analytic torsion of manifolds with boundary and conical
singularities. Our work is comprised basically of three projects.

In the first project we discuss a specific class of regular singular Sturm Liou-
ville operators with matrix coefficients. Their zeta determinants were stud-
ied by K. Kirsten, P. Loya and J. Park on the basis of the Contour integral
method, with general boundary conditions at the singularity and Dirichlet
boundary conditions at the regular boundary.

Our main result in the first project is the explicit verification that the Con-
tour integral method indeed applies in the regular singular setup, and the
generalization of the zeta determinant computations by Kirsten, Loya and
Park to generalized Neumann boundary conditions at the regular boundary.
Moreover we apply our results to Laplacians on a bounded generalized cone
with relative boundary conditions.

In the second project we derive a new formula for analytic torsion of a
bounded generalized cone, generalizing the computational methods of M.
Spreafico and using the symmetry in the de Rham complex, as established
by M. Lesch. We evaluate our result in lower dimensions and further provide
a separate computation of analytic torsion of a bounded generalized cone
over S!, since the standard cone over the sphere is simply a flat disc.

Finally, in the third project we discuss the refined analytic torsion, introduced
by M. Braverman and T. Kappeler as a canonical refinement of analytic tor-
sion on closed manifolds. Unfortunately there seems to be no canonical way
to extend their construction to compact manifolds with boundary.

We propose a different refinement of analytic torsion, similar to Braverman
and Kappeler, which does apply to compact manifolds with and without
boundary. We establish a gluing formula for our construction, which in fact
can also be viewed as a gluing law for the original definition of refined analytic
torsion by Braverman and Kappeler.
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1 Introduction

1.1 The Reidemeister-Franz Torsion

Torsion invariants for manifolds which are not simply connected were intro-
duced by K. Reidemeister in [Rel, Re2| and generalized to higher dimensions
by W. Franz in [Fr|. Using the introduced torsion invariants the authors ob-
tained a full PL-classification of lens spaces. The Reidemeister-Franz torsion,
short — the Reidemeister torsion, was the first invariant of manifolds which
was not a homotopy invariant.

The Reidemeister-Franz definition of torsion invariants was extended later
to smooth manifolds by J. H. Whitehead in [Wh] and G. de Rham in [Rh].
With their construction G. de Rham further proved that a spherical Clifford-
Klein manifold is determined up to isometry by its fundamental group and
its Reidemeister torsion.

The Reidemeister-Franz torsion is a combinatorial invariant and can be con-
structed using a cell-decomposition or a triangulation of the underlying man-
ifold. The combinatorial invariance under subdivisions was established by J.
Milnor in [Mi], see also [RS]. It is therefore a topological invariant of M,
however not a homotopy invariant.

There is a series of results relating combinatorial and analytic objects, among
them the Atiyah-Singer Index Theorem. In view of these results it is natural
to ask for the analytic counterpart of the combinatorial Reidemeister tor-
sion. Such an analytic torsion was introduced by D. B. Ray and I. M. Singer
in [RS] in form of a weighted product of zeta-regularized determinants of
Laplace operators on differential forms.

The zeta-regularized determinant of a Laplace Operator is a spectral invari-
ant which very quickly became an object of interest on its own in differential
and conformal geometry, studied in particular as a function of metrics for
appropriate geometric operators. Further it plays a role in mathematical
physics where it gives a regularization procedure of functional path integrals
(partition function), see [H].

In their work D.B. Ray and I. M. Singer provided some motivation why the
analytic torsion should equal the combinatorial invariant. The celebrated
Cheeger-Miiller Theorem, established independently by J. Cheeger in [Ch]
and W. Miiller in [Mul], proved equality between the analytic Ray-Singer
torsion and the combinatorial Reidemeister torsion for any smooth closed
manifold with an orthogonal representation of its fundamental group.
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The proofs of J. Cheeger and W. Miiller use different approaches. The first
author in principle studied the behaviour of the Ray-Singer torsion under
surgery. The second author used combinatorial parametrices and approxima-
tion theory of Dodziuk [Do] to reduce the problem to trivial representations,
treating this problem then by surgeries.

Note a different approach of Burghelea-Friedlander-Kappeler in [BFK] and
Bismut-Zhang in [BZ1], who obtained a new proof of the result by J. Cheeger
and W. Miiller using Witten deformation of the de Rham complex via a Morse
function.

The study of the analytic torsion of Ray and Singer has taken the following
natural steps. The setup of a closed Riemannian manifold with its marking
point — the Cheeger Miiller Theorem, was followed by the discussion of com-
pact manifolds with smooth boundary. In the context of smooth compact
manifolds with boundary a Cheeger-Miiller type result was established in the
work of W. Liick [Lii] and S. Vishik [V].

While the first author reduced the discussion to the known Cheeger-Miiller
Theorem on closed manifolds via the closed double construction, the second
author gave an independent proof of the Cheeger-Miiller Theorem on smooth
compact manifolds with and without boundary by establishing gluing prop-
erty of the analytic torsion.

Both proofs work under the assumption of product metric structures near
the boundary. However by the anomaly formula in [DF] the assumption of
product metric structures can be relaxed.

1.2 Functional Determinants on a Generalized Cone

The next natural step in the study of analytic torsion is the treatment of
Riemannian manifolds with singularities. We are interested in the simplest
case, the conical singularity. The analysis and the geometry of spaces with
conical singularities were developped in the classical works of J. Cheeger
in [Chl] and [Ch2]. This setup is modelled by a bounded generalized cone
M = (0,R] x N,R > 0 over a closed Riemannian manifold (N, ¢g") with the
Riemannian metric
g = da* @ 2%g".

In Section 3 we study natural boundary conditions for Laplacians on differen-
tial forms, relevant in the context of analytic torsion. These are the relative
or the absolute boundary conditions, arising from the maximal and minimal
closed extensions of the exterior derivative, see [BL1, Section 3]. In the case
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of a model cone they are given at the cone base explicitly by a combination
of Dirichlet and generalized Neumann boundary conditions.

The study of the relative boundary conditions at the cone singularity is in-
teresting on its own. In [BL2|, among other issues, the relative extension of
the Laplacian on differential forms is shown to coincide with the Friedrich’s
extension at the cone singularity outside of the "middle degrees”. We discuss
the relative boundary conditions for Laplace operators on differential forms
in any degree and obtain explicit results, relevant for further computations.

The main ingredient of the Ray-Singer analytic torsion is the zeta-regularized
determinant of a Laplace operator. For the computation of zeta-regularized
or so-called ”functional” determinants of de Rham Laplacians on a bounded
generalized cone it is necessary to note that the Laplacian admits a direct
sum decomposition

A=LaA,

which is compatible with the relative boundary conditions, such that A is the
maximal direct sum component, subject to compatibility condition, which is
essentially self-adjoint at the cone singularity.

The direct sum component A is discussed by K. Kirsten and J.S. Dowker in
[DK] and [DK1] with general boundary conditions of Dirichlet and Neumann
type at the cone base. The other component L is a differential operator with
matrix coefficients and is addressed by K. Kirsten, P. Loya and J. Park in
[KLP1] with general boundary conditions at the cone singularity but only
with Dirichlet boundary conditions at the cone base.

The argumentation of Kirsten, Loya and Park in the preprints [KLP1] and
[KLP2] is based on the Contour integral method, which gives a specific in-
tegral representation of the zeta-function. A priori the Contour integral
method need not to apply in the regular-singular setup and is only formally
a consequence of the Argument Principle.

One of the essential results of the Section 4 is the proof that the Contour
integral method indeed applies in the regular-singular setup. Our proof is
the basis for the integral representation of the zeta-function. Otherwise the
Contour integral method would only give information on the pole structure
of the zeta-function, but no results on the zeta-determinants.

In this thesis the proof is provided in the setup of generalized Neumann
boundary conditions at the cone base, however for Dirichlet boundary con-
ditions the arguments are similar. The author intends to publish the proof
for the applicability of the Contour integral method in the regular-singular
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setup with Dirichlet boundary conditions as an appendix to [KLP2].

In view of the explicit form of the relative boundary conditions for the Laplace
operator on differential forms, we extend in Section 4 the computations of
[KLP1] to the setup of generalized Neumann boundary conditions at the
cone base. Then, using the results of Section 3, we provide finally an explicit
result for the functional determinant of L with relative boundary conditions.

1.3 Analytic Torsion of a Generalized Cone

The analytic Ray-Singer Torsion is defined as a weighted alternating product
of functional determinants of Laplacians on differential forms, with relative
or absolute boundary conditions. It is shown in [Dar] to exist on a bounded
generalized cone. Unfortunately the methods of Section 4 for the calcula-
tion of functional determinants apply only in a finite-dimensional setup, so
we could not continue to compute the analytic torsion on the basis of this
approach.

In the actual computation of the analytic torsion of a bounded generalized
cone in Section 5 we use the approach of M. Spreafico [S] together with an
observation of symmetry in the de Rham complex by M. Lesch in [L3]. More-
over we apply some computational ideas of K. Kirsten, J.S. Dowker in [DK].
The computation is performed for simplicity under an additional assumption
of a scaled metric ¢™, such that the form-valued Laplacians are essentially
self-adjoint at the cone singularity.

This apparent gap can be considered as closed by the preceeding discussion
of the finite-dimensional parts of the Laplacians which are not essentially
self-adjoint at the cone singularity and naturally appear in the general case.

Our explicit calculation of the analytic torsion of a bounded generalized cone
can be viewed as an attempt towards a Cheeger-Miiller Theorem for com-
pact manifolds with conical singularities. Further details on this issue are
provided in Subsection 5.8.

1.4 Refined Analytic Torsion and a Gluing Formula

Finally in Section 6 we turn our attention to a recent project of M. Braver-
man and T. Kappeler [BK1, BK2] — the refinement of the analytic torsion.
In fact the Ray-Singer analytic torsion can be viewed as a norm on a deter-
minant line. The refinement is a canonical construction of an element in the
determinant line with the Ray-Singer norm one. The complex phase of the
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element is given by a rho-type invariant of the odd-signature operator.

The construction of Braverman and Kappeler essentially relies on Poincare
duality on closed manifolds and hence unfortunately does not directly apply
to manifolds with boundary. In this thesis we propose a refinement of the
analytic torsion, in the spirit of Braverman and Kappeler, which does apply
to compact manifolds with boundary.

An interesting feature of the analytic Ray-Singer Torsion is its nice be-
haviour under cut and paste operations, as established by S. Vishik in [V] for
trivial representations, see also [Lii]. This ”gluing property” is particularly
surprising in view of the non-locality of higher spectral invariants. Such a
feature of the torsion invariant is in many aspects an advantage, especially
for computational reasons.

In view of the gluing property of analytic torsion, we derive in Section 7
using the Cheeger-Miiller Theorem a gluing formula for our construction,
which was natural to expect, since a refinement of the analytic torsion should
resemble the central properties of the original construction. In particular
we deduce a nice gluing formula for the scalar analytic torsion. In fact our
result can also be viewed as a gluing formula for the original refined analytic
torsion in the sense of Braverman and Kappeler.
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2 Regular-Singular Model Operators

In this section we discuss closed extensions of regular-singular model opera-
tors, (cf. [BS]) and self-adjoint extensions of the associated regular-singular
model Laplacians. The explicit identification of the relevant domains is used
later in the computation of functional determinants on a bounded generalized
cone. The arguments and results of this section are well-known, however we
give a balanced overview and adapt the presentation to later applications.
The presented calculations go back to J. Briining, R.T. Seeley in [BS] and J.
Cheeger in [Chl] and [Ch2|. For further reference see mainly [W], [BS] and
[KLP1], but also [C] and [M].

2.1 Closed Extensions of Model Operators

Let D : C3°(0,R) — C§°(0,R), R > 0 be a differential operator acting on
smooth C-valued functions with compact support in (0, R). The standard
Hermitian scalar product on C and the standard measure dz on R define the
natural L2-structure on C§°(0, R):

R
Vi, g€ C°(0,R): (f,g)re = / (f(x),g(x))dx.
0
Denote the completion of C5°(0, R) under the L*-scalar product by L*(0, R).
This defines a Hilbert space with the natural L2-Hilbert structure.

We define the maximal extension D,,., of D by
D(Dmax) = {f S L2(07R)|Df € L2(07 R)}7 Dmaxf = Dfu

where Df € L*(0, R) is understood in the distributional sense. The minimal
extension Dy, of D is defined as the graph-closure of D in L?(0, R), more
precisely:

D(Duin) := {f € L*(0, R)|3(fn) C C5°(0, R)
2 Df. 2 DFY C D(Duas),  Duwinf := DF.

Analogously we can form the minimal and the maximal extensions of the
formal adjoint differential operator D?. Since C§°(0, R) is dense in L?(0, R),
the maximal and the minimal extensions provide densely defined operators in
L?(0, R). In particular we can form their adjoints. The next result provides
a relation between the maximal and the minimal extensions of D, D
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Theorem 2.1. [W, Section 3] The mazimal extensions Dyax, DL, and the
minimal extensions Dy, DL are closed densely defined operators in the

Hilbert space L*(0, R) and are related as follows
Dmax = (Dt )*7 Dt = (Dmin)*‘ (21)

min max
The actual discussion in [W, Section 3] is in fact peformed in the setup of
symmetric operators. But the arguments there transfer analogously to not
necessarily symmetric differential operators.

Moreover we introduce the following notation. Let
C(L*(0, R))

denote the set of all closed extensions D in L?(0, R) of differential operators
D acting on C§°(0, R), such that Dy € D C Dyjax.

Below, we restrict our attention to the setup of symmetric differential oper-
ators with real coefficients. We are interested in the characterization of the
space of possible closed extensions of D in C'(L?*(0, R)), described by the von
Neumann space

D<Dmax)/D(Dmin)‘

For this purpose the following general concepts, introduced in the classical
reference [W], become relevant:

Definition 2.2. A symmetric differential operator D : C§(0,R) —
C°(0, R) with real coefficients is said to be

e in the limit point case (I.p.c.) at x = 0, if for any X € C there is at
least one solution u of (D — N)u =0 with u ¢ L% [0, R).

loc

e in the limit circle case (l.c.c.) at x = 0, if for any A € C all solutions
u of (D — XN)u =0 are such that u € L% _[0, R).

loc

Here, L2 [0, R) denotes elements that are L?-integrable over any closed inter-
vall I C [0, R), but not necessarily L*integrable over [0, R]. Furthermore the
result [W, Theorem 5.3] implies that if the limit point or the limit circle case
holds for one A € C, then it automatically holds for any complex number.
Hence it suffices to check l.p.c or l.c.c. at any fixed A € C. Similar definition

holds at the other boundary =z = R.

The central motivation for introducing the notions of limit point and limit
circle cases is that it provides a characterization of the von Neumann space
D(Dax)/D(Dmin) and in particular criteria for uniqueness of closed exten-

sions of D in C(L*(0, R)).



10 ANALYTIC TORSION

Theorem 2.3. [W, Theorem 5.4] Let D : C3°(0, R) — Cg°(0, R) be a sym-
metric differential operator with real coefficients. Let ¢o, pp € C*°[0, R] be
smooth cut-off functions being identically one near x = 0, x = R and identi-
cally zero near x = R, x = 0 respectively. Then

(i) If D is in the Lc.c. at v = 0,(z = R) and {u;} is the fundamental
system of solutions to Du = 0, then {¢o-u;}, {¢r-u;}) forms modulo
D(Dpin) a linearly independent set.

(ii) We have the following four possible cases

o If D isin thel.c.c. at x =0 and x = R, then
D(Dina) /D (D) = Lin({60 - s}, {0 - w3 }).
o If D isin thelc.c. at x =0 and l.p.c. at x = R, then
D(Drnax) /D(Drin) = Lin({¢o - u;}).
o If D isin the lp.c. atx =0 and l.c.c. at x = R, then
D(Diax)/D(Dmin) = Lin({or - u;}).
o IfD isin the lp.c. atx =0 and x = R, then
D(Dmax> = D(Dmin)'
The first statement in Theorem 2.3 is precisely the claim of [W, Theorem 5.4

(a)]. The second statement in Theorem 2.3 is contained in the proof of [W,
Theorem 5.4 (b)].

To simplify the language of the forthcoming discussion, we introduce at this
point a notion, which will be used throughout the presentation.

Definition 2.4. We say that two closed extensions D1, Dy of a differential
operator D : C3°(0, R) — C§°(0, R) "coincide” at x = 0, if for any cut-off
function ¢ € C*[0, R] vanishing identically at x = R and being identically
one at x = 0, the following relation holds

¢D(Dy) = ¢D(Dy).

In particular we say that a formally self-adjoint differential operator is ”es-
sentially self-adjoint” at x = 0 if all its self-adjoint extensions in C(L*(0, R))
coincide at x = 0.
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Similar definition holds at x = R. These definitions hold similarly for closed
operators in L?((0, R), H), where H is any Hilbert space. With the intro-
duced notation we obtain as a corollary of Theorem 2.3.

Corollary 2.5. Let D be a symmetric differential operator over C§°(0, R)
with real coefficients, in the limait point case at x = 0. Then all closed exten-
sions of D in C'(L*(0, R)) coincide at x = 0 and in particular D is essentially
self-adjoint at x = 0.

2.2 First order Regular-Singular Model Operators

We consider the following regular-singular model operator

d | P %
de:%—FEIOO (O,R)HOO (O,R), pG]R

Recall, its maximal closed extension d, ma.x is defined by
D(dp,maX) = {f € L2(07 R)’dpf € L2(07R)}-

We find that any element of the maximal domain is square-integrable with
its weak derivative in L? (0, R], due to regularity of the coefficients of d,, at

r = R. So we have (compare [W, Theorem 3.2])

D(dpmax) C H}

loc

(0, R].

Consequently elements of the maximal domain D(d,, max) are continuous at
any x € (0, R|. Further we derive by solving the inhomogeneous differential
equation d,f = g € L*(0,R) via the variation of constants method (the
solution to the homogeneous equation dyu = 0 is simply u(z) = ¢-x7?), that
elements of the maximal domain f € D(d, max) are of the following form

f@)=c o -2 / P (do ) (y)dy. (2.2)

We now analyze the expression above in order to determine the asymptotic
behaviour at x = 0 of elements in the maximal domain of d, for different
values of p € R.

Proposition 2.6. Let O(y/x) and O(\/x|log(x)|) refer to the asymptotic be-
haviour as x — 0. Then the mazimal domain of d, is characterized explicitly
as follows:
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(i) Forp < —1/2 we have
D(dpmax) = {f € Hpye(0, R]|f(x) = O(/x), dpf € L*(0, R)}.
(ii) For p = —1/2 we have
D(dpmax) = {f € Hipo(0, R)|f(z) = O(V/z[log a]), dy f € L*(0, R)}.
(iii) For p € (—1/2;1/2) we have
D(dpmax) = {f € Hyoe0, R)| f(z) = csa™? + O(V/x), dy f € L*(0, R)},

where the constants cy depend only on f.

(iv) For p > 1/2 we have

D(dpmax) = {f € Hipe(0, R]| f(z) = O(v/), d,.f € L*(0, R)}.

Proof. Due to similarity of arguments we prove the first statement only, in
order to avoid repetition. Let p < —1/2 and consider any f € D(dpmax). By
(2.2) this element can be expressed by

R
flx)=c-a™" —a™". / yPg(y)dy,

where g = d, f. By the Cauchy-Schwarz inequality we obtain for the second
term in the expression

R R R
P / yPo(y)dy| <z / y*rdy - / g2 <

< ¢ o VBT = gl = - VaVT = R B g e,

where ¢ = 1/4/=2p — 1. Since (—2p — 1) > 0 we obtain for the asymptotics
asx — 0

:v‘p/ yP9(y)dy = O(Vx).

Observe further that for p < —1/2 we also have ™ = O(y/x). This shows
the inclusion C in the statement. To see the converse inclusion observe

{f € Hiye(0, R]| f(z) = O(V), as & — 0} € L*(0, R).

This proves the statement. ]
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In order to analyze the minimal closed extension dj, i, of d,, we need to
derive an identity relating d,, to its formal adjoint d:f,, the so-called Lagrange
identity. With the notation of Proposition 2.6 we obtain the following result.

Lemma 2.7. (Lagrange-Identity) For any f € D(dymax) and g € D(d! ..)

'p,max

(dpf,g9) — (f.drg) = f(R)g(R) — cscq, for |p| < 1/2,

(dpf,9) = (fdyg) = [(R)g(R), for |p| >1/2.
Proof.

(dpf,9) = (f,dpg) = f(R)g(R) — f(z) - g(2)|o—0-

Applying Proposition 2.6 to f € D(dpmax) and g € D(d} .x) = D(d_pmax)
we obtain:

f(SU) g I)’xﬂo = Cfc_g7 for ‘p’ < 1/27
f(@) - g(2)]am0o = 0, for |p| > 1/2,
This proves the statement of the lemma. O

Proposition 2.8.
D(dpmin) = {f € D(dpmax)|cy =0, f(R) =0}, for |p| <1/2,
D(dpmin) = {f € D(dpmax)|f(R) = 0}, for [p[ > 1/2,

where the coefficient cg refers to the notation in Proposition 2.6 (iii).

Proof. Fix some f € D(dpmim). Then for any g € D(d! ..) we obtain using

p,max

dpmin = (d! o) (see Theorem 2.1) the following relation:

p,max
<dp,minf, g> - <f7 d;,maxg> = 0.
Together with the Lagrange identity, established in Lemma 2.7 we find
f(R)g(R) = cpeq =0, for |p| < 1/2, (2.3)
f(R)g(R) =0, for |p| > 1/2. (2.4)

Let now |p| < 1/2. Then for any ¢,b € C there exists g € D(d}, ,,.) such that

'p,max

¢, = c and g(R) = b. By arbitrariness of ¢, b € C we conclude from (2.3)
Cr = 0, f(R) = 0.

For |p| > 1/2 similar arguments hold, so we get f(R) = 0. This proves
the inclusion C in the statements. For the converse inclusion consider some
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[ € D(dpmax) with ¢y = 0 (for |p| < 1/2) and f(R) = 0. Now for any
g € D(d}, 10x) we infer from Lemma 2.7

<dp,maxfa g> - <f7 d;,maxg> = 0.
Thus f is automatically an element of D((d, ,,.)*) = D(dpmin). This proves

p,max

the converse inclusion. O

Now by a direct comparison of the results in Propositions 2.6 and 2.8 we
obtain the following corollary.

Corollary 2.9.

(i) For |p| > 1/2 the closed extensions dpmin and dpmax coincide at x = 0.

(i) For |p| < 1/2 the asymptotics of elements in D(dymax) differs from the
asymptotics of elements in D(d,mm) by presence of u(z) = c- 7P,
solving dyu = 0.

Remark 2.10. The calculations and results of this subsection are the one-

dimensional analogue of the discussion in [BS]. In particular, the result of
Corollary 2.9 corresponds to [BS, Lemma 3.2].

2.3 Self-adjoint extensions of Model Laplacians

Let the model Laplacian be the following differential operator

d? A - -
A = —@—F; : CO (O,R) — OO (O,R),
where we assume A > —1/4. Put
1 1 1
= A b= >
p tT1T327 73
In this notation we find
A = d;,dp =: A,

Recall that the maximal domain D(A, nax) is defined as follows
D(Apmax) = {f € LQ(O, R)|Ayf € LZ(O’ R)}.

Hence any element of the maximal domain is square-integrable with its second
and thus also its first weak-derivative in L2 (0, R]. So we have (compare [W,
Theorem 3.2])

D(Dpmax) C HE.(0, R). (2.5)

We determine the maximal domain D(A, 1ax) explicitly, see also the classical
calculations provided in [KLP1].
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Proposition 2.11. Let O(z*?) and O(x'/?) refer to the asymptotic be-
haviour as * — 0. Then the mazimal domain D(Apmax) of the Laplace
operator A, is characterized explicitly as follows:

(i) For p = —1/2 we have (2.6)
D(Dpamax) = {f € Hige(0, Rl f(2) = e1(f) - V& + ea(f) - vV log(w)+
+ f(2), f(z)=0@?), f(x) = 0("?), A,f(x) € L*(0,R)}.
(ii) For |p| < 1/2 we have (2.7)
D(Dpmax) = {f € Hipe(0, B]|, f(2) = e1(f) - 2" + eo(f) - 277+
+ (@), fla) = 0@*), f(z) = O@"?), Ayf(x) € L*(0, R)}.
(iii) For p > 1/2 we have (2.8)
D(Bypmax) = {f € Hie(0, R]|f(2) = O(«*?),
f'(x) = O(@'?), A, f(x) € L*(0, R)}.

The constants c1(f), co(f) depend only on the function f.

Proof. Consider any f € D(Apmax),p > —1/2 and note that A, = d;dp =
—d_,d,. Hence we have the inhomogeneous differential equation d_,(d,f) =
—g with g = A, f € L*(0, R).

Analogous situation has been considered in Proposition 2.6. Repeating the
arguments there we obtain

(dpf)(x) = c- 2P + A(z), (2.9)
where A(z) = O(\/x),z — 0 for p # 1/2 and A(z) = O(y/z|log(x)]),z — 0
for p = 1/2. Note by (2.5) that the functions d,f(z) and A(x) are contin-

uous at any = € (0, R|]. Applying the variation of constants method to the
differential equation in (2.9) we obtain

R
fla) = const- 77— [ yp(d, )y =
’ R R
= const - £ P — const - x_p/ y*Pdy — x_p/ yP A(y)dy =

R x
= const - 7P — const - xp/ y*Pdy + Jcp/ yP A(y)dy, (2.10)
T 0

where ”const” denotes any constant depending only on f and the last equality
follows from the fact that id? - A € L'(0,R) for p > —1/2, due to the
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asymptotics of A(y) as y — 0. Put
flx) =a7? / Y Aly)dy.
0

Using the asymptotic behaviour of A(y) as y — 0, we derive f(z) = O(z%/2)
and f’(:p) = O(z'/?) as x — 0. Evaluating now explicitly the second integral
in (2.10) for different values of p > —1/2 and noting for p > 1/2 the facts
that 27! = O(2%/?) and id® ¢ L*(0, R), we prove the inclusion C in the
statement on the domain relations.

For the converse inclusion observe that any f € H? (0, R] with the asymp-
totic behaviour as x — 0:

f(@) =a(f) Vo + e(f) - Volog(x) + O(*?), for p=—1/2,
f@) =er(f) - e + eo(f) - a7 + O(?), for |p| < 1/2,
f(z) = 0(%?), for p > 1/2,
is square integrable, f € L?(0, R). It remains to observe why A, f € L*(0, R)

for any f in the domains on the right hand side of the statement. This
becomes clear, once we note that the additional terms in the asymptotics of

f other than f(x) are solutions to A,u = 0. O
In order to analyze the minimal closed extension A, i, we need to derive
the Lagrange identity for A, see also [KLP2, (3.2)].

Lemma 2.12. [Lagrange-identity] For any f,g € D(QDpmax) the following
tdentities hold.

(i) If p= —1/2, then we have in the notation of Proposition 2.11

(f, Dpg) 2 — (Dpf,9) 12 =
= [a1(f)ealg) — ea(Her9)] + [ (R)g(R) — f(R)g (R)].

(i) If |p| < 1/2, then we have in the notation of Proposition 2.11

(fs Dp@)e — (Dpf, )12 =
= —(2p+ Der(f)ealg) — e2(fes(g)] + [F'(R)g(R) — f(R)g (R)].
(iii) If p > 1/2, then we have

(f; Bpghrz = (Dpf, 9) 2 = [['(R)g(R) — f(R)g'(R)].
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Proof. Let f,g € D(A,max) be any two elements of the maximal domain of
A,. We compute:

(foDpg)1e — (Do f 9)12 =
=1lim [ [f(z)D,9(z) — Apf(x)@]dx —

R — —

—tim [ @+ S gl =
=lim[f(e)g'(e) — f'()g(e)] + [ (R)g(R) — f(R)g'(R)].

Now the statement follows by inserting the asymptotics at © = 0 of f,g €
D(Ap max) into the first summand of the expression above. ]

Proposition 2.13. The minimal domain of the model Laplacian A, is given
explicitly in the notation of Proposition 2.11 as follows
D(Apmin) =
={f € D(DBpmax)lci(f) = c2(f) =0, f(R) = f/(R) =0}, p€[-1/2,1/2),
D(Apmin) = {f € D(Apmax)|[[(R) = [/(R) =0}, p>1/2.

Proof. Fix some f € D(Apmin). Then for any g € D(A, max) We obtain with
Apmin = D (see Theorem 2.1) the following relation

p,max
(f, pg) 12 = (D f, g) 12 = 0.

Together with the Lagrange-identity, established in Lemma 2.12, and the
fact that for p € [—1/2,1/2) and any arbitrary c;, ca, by, by € C there exists
g € D(Lpmax) such that

Cl(g) = (1, CQ(g) = Co, g(R) = bla g,(R) = b27
we conclude for f € D(A,min), P € [—1/2,1/2)

a(f) =ca(f) =0,f(R) = f(R) =0. (2.11)

Analogous arguments for f € D(Apmin),p > 1/2 show f(R) = f'(R) = 0.
This proves the inclusion C in the statement. For the converse inclusion
consider any f € D(A, max), satisfying (2.11), where the condition ¢ (f) =
ca(f) = 0 is imposed only for p € [—1/2,1/2). Now we obtain from the
Lagrange-identity in Lemma 2.12

Vg € D(Anmax) : <f7 Ap.g>L2 - <Apf> g>L2 = 0.
Hence f is automatically an element of D(AY | ) = D(Apmin). This proves

p. max
the converse inclusion. (]
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Corollary 2.14. (i) For A\ > 3/4, equivalently forp = \/A+1/4—1/2 >
1/2, the model Laplacian 2, is in the limit point case at x = 0 and the
closed extensions Ap pax and A, i coincide at x = 0. In particular
A, is essentially self-adjoint at x = 0.

(ii) For X € [—1/4,3/4), equivalently for p = J/A+1/4 —1/2 €
[—1/2,1/2), the model Laplacian 1\, is in the limit circle case at x =0
and the asymptotics at zero of the elements in D(A, max) differ from
the asymptotics at zero of elements in D(A, min) by presence of funda-
mental solutions to A,u = 0.

Proof. On the one hand statements on the coincidence or the difference of
maximal and minimal domains at x = 0 follow from a direct comparison
of the results of Propositions 2.11 and 2.13. On the other hand, given the
statements on the limit point and the limit circle cases, the comparison of
the maximal and the minimal domains follows from Theorem 2.3.

It remains then to verify the limit point and the limit circle statements.
They follow by definition from the study of the fundamental solutions w1, us :
(0,R) = R of Apu =0:

For p=—1/2 wy(z) =z, us(z) = Vrlog(x), (2.12)
For p > —1/2 wy(x) = 2" uy(z) = 277, (2.13)

]

Next, since the model Laplacian A, is shown to be essentially self-adjoint
at © = 0 for p > 1/2, we are interested in the self-adjoint extensions of
A, for p € [—=1/2,1/2), since only there the boundary conditions at z = 0
are not redundant. In this subsection we determine for these values of p
the two geometrically meaningsful extensions of the model Laplacian — the
D-extension and N-extension:

Af = (dp,min)*(dp,min) - d;,maxdpvmm’
A;f)v = (dp,max)*(dp,max) = d;,mind%max'

Corollary 2.15. For |p| < 1/2 we have in the notation of Proposition 2.11

D(A)) = {f € D(Dpmax)|ea(f) =0, f(R) =0}, (2.14)
D(L&)) = {f € D(Lpmax)lei(f) =0, dpf (R) = 0}. (2.15)
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Proof. Let us consider the D—extension first. By definition D(A) C
D(dpmin) and thus by Proposition 2.8 we have for any f € D(Af )

flz)=0(x) and f(R)=0.

Since 7P # O(y/x),z — 0 for |p| < 1/2 we find in the notation of Proposition
2.11 that the constant c;(f) must be zero for f € D(A). This proves the
inclusion C in the first statement.

For the converse inclusion consider f € D(A, max) With ca(f) =0, f(R) = 0.
By Proposition 2.8 we find f € D(d,min). Now with f € D(A, max) We obtain
dpminf € D(d} ...) and hence

'p,max
fe D(Af ).
This proves the converse inclusion of the first statement.

For the second statement consider any f € D(AY) = D(d!, ;,dp.max)- There
exists some g € D(d}, ;) such that d,f = g with the general solution of this

differential equation obtained by the variation of constants method.
fle)=c-a - ﬂf‘p/ y"9(y)dy.
0

Since g € D(d}, ;) and thus in particular g(z) = O(y/z), we find via the
Cauchy-inequality that the second summand in the solution above behaves
as O(x%?) for x — 0. Hence c;(f) = 0 in the notation of Proposition 2.11.

Further d,f € D(d), ,;,) and thus
dpf(R) = 0.
This proves the inclusion C in the second statement.

For the converse inclusion consider an element f € D(A, max) With f(z) =
exf) w7 + f(z), where f(z) = (%), () = O(y), as & — 0, and
d,f(R) = 0. The inclusion f € D(dpmax) is then clear by Proposition 2.6.

Now by Proposition 2.8 we have d,f = d,f € D(d_pmin) due to asymptotics

of f(x) as x — 0 and d,f(R) = 0. O

Corollary 2.16. For p = —1/2 we have in the notation of Proposition 2.11
D(A])) ={f € D(Dpmax)|ea(f) =0, f(R) =0}

D(A)) = {f € D(Lpmax)le2(f) =0, dpf(R) = 0},
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Proof. The first statement is proved by similar arguments as in Corollary
2.14. The Corollary 2.9 asserts the equality of the D-extension and the
N-extension at = 0 in the sense of Definition 2.4. This determines the
asymptotic behaviour of f € D(AI]JV ) as x — 0. For the boundary conditions
of Afov at x = R simply observe that for any f € D(Aév ) one has in particular
dyf € D(d—_pmm) and hence d,f(R) = 0. O

Remark 2.17. The naming ”D-extension” and ”N-extension” coincides with
the convention chosen in [LMP, Section 2.3]. However the motivation for this
naming is given here by the type of the boundary conditions at the regular
end x = R. In fact D(APD) has Dirichlet boundary conditions at x = R and
D(Af) — generalized Neumann boundary conditions at v = R.

So far we considered the self-adjoint extensions of A, = dld, with p :=
VA+1/4—1/2€[-1/2,1/2). However for r = —p — 1 we have

2 A
dd, = d\d, = ——— +

it since r(r+ 1) =pp+1) = A

Hence for completeness it remains identify the D- and the N-extensions for
did.,r = p—1 € (=3/2,—1/2] as well. Note however that for p = —1/2
we get 7 = p = —1/2 and the D-, N-extensions are as established before. It
remains to consider r € (—3/2,—1/2).

Corollary 2.18. Let p € (—1/2;—1/2). Putr = —p—1 € (=3/2,—-1/2).
Then we have in the notation of Proposition 2.11

D(A) = {f € D(Dpmax)lca(f) = 0, f(R) =0},

D(A7]“V) = {f € D(Ap,max>’62(f) = 07 drf(R) = 0}

Proof. The first statement is proved by similar arguments as in Corollary
2.15. Further, Corollary 2.9 implies equality of the D-extension and the
N-extension at © = 0 in the sense of Definition 2.4. This determines the
asymptotic behaviour of f € D(AY) at z = 0. For the boundary conditions
of AN at z = R simply observe that for any f € D(AY) one has in particular
d,f € D(d_;min) and hence d, f(R) = 0. O
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3 Boundary Conditions for the de Rham
Laplacian on a Bounded Generalized Cone

In this section we discuss the geometry of a bounded generalized cone and
following [L3] decompose the associated de Rham Laplacian in a compatible
way with respect to its relative self adjoint extension. This decomposition
allows us to study the relative self-adjoint extension of the Laplace operator
explicitly and provides a basis for the computation of the associated zeta-
regularized determinants.

The question about the self-adjoint extensions of the Laplacians on differ-
ential forms of a fixed degree, on manifolds with conical singularities is ad-
dressed in [BL2, Theorems 3.7 and 3.8]. There, among many other issues,
the relative extension is shown to coincide with the Friedrich’s extension at
the cone singularity, outside of the middle degrees.

Using the decomposition of the complex we obtain further explicit results
without the degree limitations.

3.1 Regular-Singular Operators

Consider a bounded generalized cone M = (0, R] x N over a closed oriented
Riemannian manifold (N, ¢") of dimension dim N = n, with the Riemannian
metric on M given by a warped product

g™ = da® @ 2%V,

The volume forms on M and N, associated to the Riemannian metrics g
and ¢, are related as follows:

vol(g™) = a"dz A vol(g").

Consider as in [BS, (5.2)] the following separation of variables map, which is
linear and bijective:

Uy, : C2((0, R), Q" H(N) @ QF(N)) — Q& (M) (3.1)
(P—1, Px) > "2y Ada + 2FT 2y,

where ¢y, ¢r_1 are identified with their pullback to M under the natural
projection 7 : (0, R] x N — N onto the second factor, and x is the canonical
coordinate on (0, R]. Here QF(M) denotes differential forms of degree k =
0,..,n+1 with compact support in the interior of M. With respect to the L*-
scalar products, induced by the volume forms vol(¢g™) and vol(g"), we note
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the following relation for any (ég, dx_1), (Vr, ¥x_1) € C((0, R), Q*1(N) @
QM (N)):

(Ui (Dry Pr—1), YVi(Wrs Yr—1)) L2y =
:/ 22F0=n M (1 aby_r)a"dx A vol (g™ )+
M
—l—/ 2?7 gM (g, i) 2" dx Avol(gN) =

gV (Pr-1(2), Yp_1(z))dz A vol(g™)+

-
+/gN (z))dz A vol(g") =

- / (G (@), e (2)) g2y =
R
+/O (Dr(2), Yr(x)) L2 vy do,

where we extended the Riemannian metrics to inner products on differential
forms. The relation implies that the separation of variables map V¥, extends
to an isometry on the L2-completions, proving the proposition below.

Proposition 3.1. The separation of variables map (3.1) extends to an iso-
metric identification of L?>— Hilbert spaces

Wy, LA([0, R], LA (AF'T*N @ AFT* N, vol(g™)), dx) — L*(A*T* M, vol(g™)).

Under this identification we obtain for the exterior derivative, as in [BS, (5.5)]

0 (—=1)*o, 1/ d,_ c
\Ijk"f‘ldk\ljk ( 0 ( 3 ) + E ( kOLN dkkN ) ) (32)

where ¢ = (=1)¥(k — n/2) and dy x denotes the exterior derivative on dif-
ferential forms over N of degree k. Taking adjoints we find

_ 0 0 1/ d_ 0
U g = ( (—1)*19, 0 ) T ( kC;’N d ) : (33)

Consider now the Gauss-Bonnet operator D}, mapping forms of even degree
to forms of odd degree. The Gauss-Bonnet operator acting on forms of
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odd degree is simply the formal adjoint Dgp = (Dfg)". With respect to

U, = ®&Vy, and V_ := PV, the relevant operators take the following
form:
_ d 1 o d 1
DU, = o T 5%, V' DpV_ = —+ S, (3.4)
_ _ _ d? 1
VAT, =W N (DER) W VI DL, = o5+ —So(So+1), (3.5
o U o d? 1
AU =W (Dgp) W U Do ¥ = o5t —S0(So — 1).

where Sy is a first order elliptic differential operator on Q*(N). It is given
explicitly by the following matrix form (cf. [BL2, (2.12)]):

o dhy 0 - 0
dO,N C1 dtl’N s O
50: le , Cp = (—1)k (k—g)
O RN . . Cnfl df’L*l,N
0 e 0 dn—l,N Cn

The transformed Gauss-Bonnet operators in (3.4) are regular singular in the
sense of [BS] and [Br, Section 3]. Moreover, the Laplace Operator on k-forms
over M transforms to
_ d? 1
BT = A (3.6)
The operator Ay, denotes the restriction of Sy(Sp+(—1)%) to QF~1(N)DQF(N)
and is given explicitly by the following matrix form:

g — [ Dran G+ (=11 (o4 a1+ (=1)F)d (3.7)
g (x4 cor + (1)) n  Dipv+cp+ (=) )7 .

where Ay, x denotes the Laplacian on differential forms of degree k over V.

Note, that under the isometric identification W, the previous non-product
situation of the bounded generalized cone M is now incorporated in the
z-dependence of the tangential parts of the geometric Gauss-Bonnet and
Laplace operators.

Next we take boundary conditions into account and consider their behaviour
under the isometric identification W,. More precisely consider the exterior



ANALYTIC TORSION 25

derivatives and their formal adjoints on differential forms with compact sup-
port in the interior of M:

d, : QF(M) — QT (M),
di - QETH M) — QF(M).
t

Define the minimal closed extensions dj yin and dkmin as the graph closures
in L2(\*T*M,vol(g™M)) of the differential operators dj, and d} respectively.

The operators dj ymin and di;,min are closed and densely defined. In particular

we can form the adjoint operators and set for the maximal extensions:

dk,max = (dll;,min)*7 d)ltc,max = (dk,min)*-

These definitions correspond to Theorem 2.1. The following result is an easy
consequence of the definitions of the minimal and maximal extensions and
of Proposition 3.1.

Proposition 3.2.

U (D (dpmin)) = DV ly drVhmin),
U (D(dimax)) = D([V5e4 1 e Vi) max) -

Similar statements hold for the minimal and maximal extensions of the formal
adjoint operators di. The minimal and the maximal extensions of the exte-
rior derivative give rise to self-adjoint extensions of the associated Laplace
operator

Ny = didy + d 1 di,_.

It is important to note that there are self-adjoint extensions of /A, which
do not come from closed extensions of dj and dj_;, compare the notion of
”ideal boundary conditions” in [BL1]. However the most relevant self-adjoint
extensions of the Laplacian indeed seem to come from closed extensions of
the exterior derivatives.

We are interested in the relative and the absolute self-adjoint extensions of
A\, defined as follows:

rel . 7% * o
Ak T dk,mindk,min + dk*l,min k—1,min — (38)
t i
= dk,maxdk,min + dk—17mindk_17max,
abs .__ % * .
Ak T dk,maxdk,max + dk—l,maxdk_lymax = (39)

t t
= dk,mindk,max + dkfl,maxdk_Lmin-
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As a direct consequence of the previous proposition and Proposition 3.1 we
obtain for the relative self-adjoint extension (absolute self-adjoint extension
is discussed in a similar way):

Corollary 3.3. Consider the following two complezes
(M), dy), (CE((0, R), C=(AIT*N © AFT*N)), di i= Wiy dy).
Then the relative self-adjoint extensions of the associated Laplacians

rel __ px *
Ak - dk,mindkﬂnin + dk—l,mindk—l,min?

A;;:El = CAi/lt,minC’Z\;C,min + gk*LmiﬂgZ—l,min
are spectrally equivalent, with W, ' (D(A)) = D(ﬁiez) and

Al = U AT,

As a consequence of Corollary 3.3 we can deal with the minimal extension
of the unitarily transformed exterior differential \I’,;ildk\Ifk and the relative
extension of the unitarily transformed Laplacian ‘IfglAk\Ifk without loss of
generality. By a small abuse of notation we denote the operators again by
dimin and AT in order to keep the notation simple. This setup shall be
fixed up to Section 6.

3.2 Decomposition of the de Rham Laplacian

Our goal is the explicit determination of the domain of AT k = 0,..,m =
dim M. We restrict ourselves to the relative extension, since the absolute
extension is treated analogously.

By the convenient structure (3.6) of the Laplacian Ay one is tempted to write

d? A
M= D gt
AESp(Ay)

and study the boundary conditions induced on each one-dimensional compo-
nent. However this decomposition might be incompatible with the bound-
ary conditions, so the discussion of the corresponding self-adjoint realization
might not reduce to simple one-dimensional problems. This is in fact the
case for the relative boundary conditions, which (by definition) determine
the domain of the relative extension AL,
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Nevertheless we infer from the decomposition above and (2.5) the regularity
properties for elements ¢ € D(Ag max), needed in the formulation of Propo-
sition 3.5 below.

At the cone face {x = R} x N the relative boundary conditions are derived
from the following trace theorem of L. Paquet:

Theorem 3.4. [P, Theorem 1.9] Let K be a compact oriented Riemannian
manifold with boundary OK and let v+ : 0K — K be the natural inclusion.
Then the pullback * : QF(K) — QF(OK) with Q*(0K) = {0} for k = dim K,

extends continuously to the following linear surjective map:
0 D(dpmax) — D(dy ),

where d,;la/; is the closure of the exterior derivative on OK in the Sobolev space
H’1/2(/\*T*8K) and di max the mazimal extension of the exterior derivative

on K. The domains D(dymax) and D(d,;g/;) are Hilbert spaces with respect
to the graph-norms of the corresponding operators.

Proposition 3.5. Let v € C*[0, R] be a smooth cut-off function, vanishing
identically at x = 0 and being identically one at x = R. Then

YD(L5) = { W3 (Pr—1, B) € YD(Dpmman) | O1(R) = 0,
()~ Ly = 0y,

Proof. Let r € (0, R) be fixed and consider the associated natural inclusions

X:[0,R] x N =M, — M,
t:{R} x N=N — M,
tr : {R} x N =N — M,.

We obviously have ¢+ = x o .. The inclusions above induce pullbacks of
differential forms. The pullback map x* : Q¥(M) — QF(M,) is simply a
restriction and extends to a continuous linear map

X* : D(dk,max) - D( r )a

k,max

where dj, is the k—th exterior derivative on M, C M and the domains are
endowed with the graph norms of the corresponding operators. Applying
Theorem 3.4 to the compact manifold M,, we deduce that (* = ;o x*
extends to a continuous linear map

(" D(dgmax) — D(d,;jf). (3.10)
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Now, continuity of +* together with the definition of the minimal domain
D(dj min) implies

’VD(dk:,min) g {Qb € 7D<dk,max)|l’*¢ = 0}

Equality in the relation above follows from the Lagrange identity for d. We
obtain for the relative boundary conditions at the cone base:

’Y,D(Aql;:d) ={pc ’V,D<Ak,maX)‘L*¢ =0, ’f*(dzl‘/c—l(b) = 0}.

Now the statement of the proposition follows from the explicit action of d},_,
under the isometric identification W, and the fact that for Wy (¢g_1,dr) €
D(Agmax) We have 1" (Ui (dr—1, dx)) = RF 244 (R). [

In order to identify the relative boundary conditions at the cone singularity,
we decompose A\, into a direct sum of operators such that the decomposition
is compatible with the relative self-adjoint extension.

Compatibility of a decomposition means explicitly the following in the con-
text of our presentation.

Definition 3.6. Let D be a closed operator in a Hilbert space H. Let H;
be a closed subspace of H and Hy := Hi-. We say the decomposition H =
H, & Hy is compatible with D if D(H; "' D(D)) C H;,j = 1,2 and for any
¢1 D ¢ € D(D) we get ¢1, Py € D(D).

This definition corresponds to [W2, Exercise 5.39] where the subspaces
H;,j =1,2 are called the "reducing subspaces of D”. We have the following
result:

Proposition 3.7. [W2, Theorem 7.28] Let D be a self-adjoint operator in
a Hilbert space H. Let H, be a closed subspace of H and Hy := Hi-. Let

the decomposition H = Hy @& Hy be compatible with D. Then each operator
D; = D|H;,i = 1,2 with domain

1s a self-adjoint operator in H;. In other words, the induced decomposition
D = D& D5 is an orthogonal decomposition of D into sum of two self-adjoint
operators.

Definition 3.8. In the setup of Proposition 3.7 we say D;,i = 1,2 is a
self-adjoint operator ”induced” by D.
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In order to simplify notation, put:

H* : = L*([0, R], L*(A""'T*N & A"T* N, vol(g™)), dx),

H*: =P H,

k>0

where H* are mutually orthogonal in H*. The following result gives a practi-
cal condition for compatibility of a decomposition of H* with the self-adjoint
realization A7

Proposition 3.9. Let H* = H, ® H,, Hy := Hi be an orthogonal de-
composition into closed subspaces, such that AT (H; N D(A)) C Hy,j =
1,2. Assume that for D € {dy,d},didy, dx_1d_,} the images Dyax(H; N
D(Dmax)),j = 1,2 are mutually orthogonal in H*. Then the decomposition
H* = H, ® H, is compatible with the relative extension A};el.

Proof. Consider ¢ = ¢1 & ¢ € D(AL?). In particular ¢ € D(djmin), i-e.
there exists a sequence (¢, )neny C C°((0, R), QF "IN @ QFN) such that as
n — oo

L2 L2
¢n — ¢ and dpo, — di¢.

Under the decomposition H* = H; @ H, we write

bn = 0L B &% L5 61 @ ¢y and
dxpn = dydy, © did? £ dip1 @ dips.

Since the decomposition H* = H, @ H, is orthogonal and by assumption
orthogonality is maintained under the action of dj max, we find

¢ 2 ¢ and dyo’, 2 dydii = 1,2.

This implies ¢y, ¢2 € D(dj,min)-
Further ¢ € D(A}) lies in particular in D(dj_; ,.,), i-e.

p=p1 D€ L? d. j¢p=d ¢ Dd. ¢ € L*

By orthogonality of the decompositions, each component must be square-
integrable individually. Hence ¢1, ¢o € D(d! ). Iterative application of

k—1,max
these arguments proves the statement. ]
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Now we can present, following [L3], a decomposition of H*, compatible with
A To describe the decomposition in convenient terms, we denote by
A ca,n the Laplace operator on coclosed k—forms on N and introduce some
notation

Vi = {)\ c SpeCAk,ccle}\{O},
EY = {w € Q"(N)|Apyw = dw, dyw = 0},
Ef = EV @ dyEF, HN(N):= EE

Here k = 0,..,dim N = n and the eigenvalues of A .4y in Vj are counted
with their multiplicities, so that each single E¥ is a one-dimensional subspace.
The eigenvectors for a A € Vi, k = 0,..,n with multiplicity bigger than 1 are
chosen to be mutually orthogonal with respect to the L?-inner product on N.
Further let for each H*(N) choose an orthonormal basis of harmonic forms
{uf} with i = 1,.., dim H*(N).

Then by the Hodge decomposition on N we obtain for any fixed degree
k=0,..n+1 (put Q""Y(N) =Q1(N) = {0})

dim H*F—1(N) ["dim #* (V)

PN e =| P wWhle| P W) (3.11)

o| P EV'|o| @ dwET| o

AeVi_1 AeVi_o

D 7

YR

Theorem 3.10. The decomposition (3.11) induces an orthogonal decompo-
sition of H*, compatible with the relative extension AT

Proof. The decomposition of H* induced by (3.11) is orthogonal, since the
decomposition (3.11) is orthogonal with respect to the L%inner product on
N. Applying now dy, didy and dy_1,dx_1d,_, to each of the orthogonal com-
ponents we find that the images remain mutually orthogonal, so we obtain
with Proposition 3.9 the desired statement. Il

3.3 The Relative Boundary Conditions

By Proposition 3.7 the orthogonal decomposition of H* in Theorem 3.10
corresponds to a decomposition of A into an orthogonal sum of self-adjoint
operators. This decomposition is discussed by M. Lesch in [L3]. Using the
decomposition we can now determine explicitly the boundary conditions for
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each of the self-adjoint components, up to the self-adjoint extension induced
by Ay over

L*((0,R), EF 1), ) € Vi
We do not determine the boundary conditions for these particular self-adjoint
components. However even for these components we can reduce the zeta-
determinant calculations, which we perform in the next section, to other
well-understood problems.

Let ¢ € E¥, A\ € Vi, k =1,..,n be a fixed non-zero generator of E5. Put
&= (0,9) € QH(N) @ QX(N),
& = (1,0) € " (V) & Q"H(N),
1
= (0, —
63 ( \/X

&y = (%dw, 0) € Q"(N) @ Q"2(N).

Then C§°((0, R), (&1, &2, &3,&4)) is invariant under d, d" and we obtain a sub-
complex of the de Rham complex:

0 — C((0, R), (&) > C((0, R), (€2.63)) ™ C5((0, R), (&) — O,
(3.12)

dyv) € (N) @ Q1 (),

where dy, d; take the following form with respect to the chosen basis:

o [ (D)0 + % v < -1 kL Ck+1>
By Proposition 3.7 and Theorem 3.10 we obtain for the induced (in the sense
of Definition 3.8) self-adjoint extensions:

DAY N L2((0, R), EY) = D(d!

0,max

dO,min) = D(AIS,)\

DAL N LA((0, R), dy EX) = D(dy mind!

1,max

)
(
) = D(A3))
(
)

D(AZil) N LZ((Ov R)7 El)f) = D(do,mindt

0,max

+ dt dl,min) =: D(A’;\ .

1,max

Note further that didy and d;d: both act as the following regular-singular
model Laplacian

29 1 S|
A::—d—+ﬁ</\+{k+——ﬁ} ——), (3.16)
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under the identification of any ¢ = f - &, € C§°((0, R), (&)),7 = 1,4 with its
scalar part f € C§°(0, R). We continue under this identification from here
on, as asserted in the next remark.

Remark 3.11. Let V = (v) denote any one-dimensional Hilbert space. Con-
sider a particular type of a differential operator

P CF((0,R),V) — CF((0,R), V),
froe=(Pf)-v,

where f € C§°(0, R) and P is a scalar differential operator on C§°(0, R). We
call f and P the 7"scalar parts” of f - v and P, respectively.

We can reduce without loss of generality the spectral analysis of self-adjoint
extensions of P to the spectral analysis of self-adjoint extensions of P by
vdentifying the V —uvalued functions f - v with their scalar parts. We fiz this
identification henceforth.

In view of Corollary 2.14 we have to distinguish two cases. The first case is
2
n 1 3
A+ lk+-—=| — =<~ 3.17
+ [ + } 1T (3.17)
so that A is in the limit circle case at z = 0. Hence (note A € Vj and so

A= 0)
1 n]* 1 11

Then we get A = A, in the notation of Subsection 2.3. Since p €
(—1/2,1/2) we obtain from Proposition 2.11 for the asymptotics of elements
f € D(Amax):

f@) =ci(f) - a"* + eo(f) -2 4+ O(2/?). (3.18)

In the second case

1 n]? 1_3
O 1
)\+{k—|—2 2} 121 (3.19)
the Laplacian A is by Corollary 2.14 in the limit point case at x = 0 and

hence in this case boundary conditions at zero are redundant. We can now
compute the domains D(Af ) and D(AS ) explicitly.
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Lemma 3.12. Identify any ¢ € D(A’&A) with its scalar part f € D(Apmax)-
Under this identification we obtain for A\, in the limit circle case (3.17) at
x =0, in the notation of (3.18)

D(AGy) = {f € D(Lpma)lea(f) =0, f(R) = 0}.

In the limit point case (3.19) at x = 0, we obtain
D(AS,A) = {f € D(Anmax)lf(R) = 0}

Proof. Consider ¢ € D(Af,) with its scalar part f € D(Apmax). We begin
with the limit circle case at © = 0. Since ¢ € D(dpmin) C D(domax) We
deduce from the explicit form of dy that f € D(1/)max, where 1/x is the
obvious multiplication operator. Since with p € (—1/2,1/2)

id™? ¢ D(1/2) max
we deduce co(f) = 0. On the other hand we infer from Proposition 3.5
F(R) =0,

This proves the inclusion C in the first statement. Since both sides of the
inclusion define self-adjoint extensions and these are maximally symmetric,
the inclusion must be an equality.

For the limit point case at x = 0 the argumentation is similar up to the fact
that the boundary conditions at x = 0 are redundant by Corollary 2.14. [

Lemma 3.13. Identify any ¢ € D(Agﬁ/\) with its scalar part f € D(Apmax)-
Under this identification we obtain for A\, in the limit circle case (3.17) at
x =0, in the notation of (3.18)

(k+1-—n/2)

D(A5,) = {f € D(Lpmax)le2(f) = 0, f(R) — 7

f(R) = 0}.

In the limit point case (3.19) at x = 0, we obtain

(k+1—n/2)
R

Proof. Consider ¢ € D(A’;A) with its scalar part f € D(Apmax). We be-
gin with the limit circle case at 2 = 0. Since ¢ € D(d ,,,) we deduce
from the explicit form of d} that f € D(1/2)max, where 1/x is the obvious
multiplication operator. Since with p € (—1/2,1/2)

id™ ¢ D(1/2)max

D(A55) = {f € D(Lpmax) | (R) — f(R) = 0},
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we deduce c3(f) = 0 as in the previous lemma. On the other hand we infer
from Proposition 3.5 in the degree k + 2

(k+1—n/2)
R

This proves the inclusion C in the first statement. Since both sides of the
inclusion define self-adjoint extensions and these are maximally symmetric,
the inclusion must be an equality.

f(R) - f(R) =0.

For the limit point case at x = 0 the argumentation is similar up to the fact
that the boundary conditions at £ = 0 are redundant by Corollary 2.14. [

In contrary to D(Af,) and D(A],), it is not straightforward to determine
D(A%) explicitly. However for the purpose of later calculations of zeta de-
terminants it is sufficient to observe that Af,, A%, A% are Laplacians of
the complex (3.12) with relative boundary conditions and hence satisfy the
following spectral relation:

Spec(A3\{0} = Spec(Ag,)\{0} L Spec(A3,)\{0},

where the eigenvalues are counted with their multiplicities.

Next consider H¥(N) with the fixed orthonormal basis {uf},i =
1,..,dimH*(N). Observe that for any i the subspace C{°((0,R), (0 @
uf uf @ 0)) is invariant under d,d’ and we obtain a subcomplex of the de
Rham complex

0— GP((0.R), (0&uf,) 5 Cg=((0, R), (uf ©0)) = 0,
Ck
d=(-1)*o, + =,
(=10, + —
where the action of d is of scalar type under the identification fixed in Remark

3.11. We continue under this identification. By Proposition 3.7 and Theorem
3.10 we obtain for the induced self-adjoint extensions

D(AZEZ) N LQ((()? R)7<O D ui€>) = D(dt dmin) =

max

=D(a+ ) (0 D)
(3.20)
D(LE) N L2((0, R) (uf @ 0) = D(dmindrax) =
=+ 3), (CUaeD)
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Depending on the explicit value of ¢, = (—1)*¥(k — n/2) these domains are
self-adjoint extensions of regular-singular model Laplacians in limit point or
limit circle case at x = 0. For model Laplacians in the limit circle case at
x = 0 the domains are determined in Subsection 2.3. In the limit point case
at x = 0 the boundary conditions at z = 0 are redundant by Corollary 2.14
and the boundary conditions at x = R are determined in Proposition 3.5.
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4 Functional Determinants for Regular-
Singular Sturm-Liouville Operators

Different sources have analyzed zeta-determinants of Laplace operators over
a bounded generalized cone. Under the condition that all self-adjoint exten-
sions in the L?—Hilbert space of the Laplace operator coincide at the cone
singularity, calculations are provided in the joint work of J.S. Dowker and K.
Kirsten in [DK1].

The self-adjoint extensions of the de Rham Laplacians on a bounded gen-
eralized cone however need not necessarily coincide at the cone singularity.
This situation was considered by K. Kirsten, P. Loya and J. Park in [KLP1].
In their discussion, however, only pure Dirichlet boundary conditions at the
cone base have been considered.

More precisely Kirsten, Loya and Park consider in [KLP1] a finite direct sum
of regular-singular model Laplacians in the limit circle case at the singular
end and compute their zeta-determinants for general boundary conditions at
the singular and Dirichlet boundary conditions at the regular end.

The argumentation in the preprints [KLP1] and [KLP2] is based on the Con-
tour integral method, which a priori need not to apply in the regular-singular
setup and is only formally a consequence of the Argument Principle.

We verify explicitly that the Contour integral method indeed applies in the
regular-singular setup, however for Neumann boundary conditions at the
cone base. The Dirichlet boundary conditions can be discussed in a similar
manner. The author intends to publish the proof for the applicability of the
Contour integral method in the regular-singular setup with Dirichlet bound-
ary conditions as an appendix to [KLP2].

Our proof is the basis for the integral representation of the zeta-function.
Otherwise the Contour integral method only gives information on the pole
structure of the zeta-function, but no results on the zeta-determinants.

The determinants of a more general class of operators, the regular-singular
Sturm-Liouville operators, have been discussed in scalar setup by M. Lesch
in [L].

We extend the treatment of [KLP1] to generalized Neumann boundary con-
ditions at the cone base. This allows us to compute the zeta-determinants of
the Laplace operators with the geometrically relevant relative boundary con-
ditions, by a combination of our results with the results by [L] and [KLP1].
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In view of [DK1] and [KLP1] this provides a complete picture on the Laplace
operator on a bounded generalized cone.

4.1 Self-adjoint Realizations

We consider the following model setup. Let the operator L be the following
regular-singular Sturm-Liouville operator
d? 1 - q - ;
L= _@ + ;A : C’O ((O,R),C ) - C’0 ((O7R)7(C )7

where for any fixed ¢ € N, C§°((0, R), C?) denotes the space of smooth C9-
valued functions with compact support in (0, R). Let the tangential operator
A be a symmetric ¢ X ¢ matrix and choose on C? an orthonormal basis of
A-eigenvectors. Then we can write:

d> A
A€Spec(A)

Following [KLP1, KLP2] we need a classification of boundary conditions at
x = 0 for self-adjoint realizations of L. In view of Corollary 2.14 we restrict
to the case

Spec(A) C [—1/4,3/4),

so that L is a finite direct sum of model Laplace operators in the limit circle
case at x = 0 and x = R. In this case boundary conditions must be posed
at both boundary components.

Fix a counting on Spec(A) as follows

1 3
__:)‘1:"':/\%<>‘Q0+1§"'§)‘CI=%+(11<Zl'

Denote by E; the \i-eigenspace of A. We count the eigenvalues of A with
their multiplicities, so £} is understood to be one-dimensional with £, = (e;).
Over C§°((0, R), E), 1l = 1, ..., ¢ the differential operator L reduces to a model
Laplace operator (recall the convention fixed in Remark 3.11)

d? A o o
—w + ; : CO (O,R) — CO (O,R).

Consider the maximal closed extension L., of the differential operator L.
Any ¢ € D(Luax) NL2((0, R), E}),l = 1,...,q is given by f;-¢e; where ¢; is the
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generator of the one-dimensional eigenspace F; and by definition (see also

(2.5))

N 9
fieD —@-FP C Hj,.(0,R].
We identify any ¢; with its scalar part f; and observe by Proposition 2.11
that f;(z) has the following asymptotics at = 0:

cl\/z—l—chrl\/Eloga:—l—O(x?’/g), asl=1,...,qo. (4.1)
clx”ﬁ% + cq+lx_”l+% + O(x3/2), asl=qo+1,..,q. (4.2)

1
with v := \//\l—l—z.

A general element ¢ € D(Ly.y) decomposes into a direct sum of such ¢y, [ =
1,...,q, each of them of the asymptotics above. This defines a vector for any
¢ € D(Lmax)

¢ = (1, ..cop)" € C2.

Consider now any ¢,1 € D(Lyax) and the associated vectors gz?, J Each
of the components ¢, ¢;,l = 1,..,q lies in the maximal domain of the cor-
responding model Laplace operator and thus is continuous over (0, R] and
differentiable over (0, R) with the derivatives ¢}, 1] extending continuously
to x = R. We impose boundary conditions at x = R as follows

¢'(R) +ag(R) =0, '(R)+ay(R) =0,
where these equations are to be read componentwise and o € R.

In [KLP2, Section 3] the classical results on self-adjoint extensions are re-
viewed and based on the Lagrange identity for L (similar to Lemma 2.12)
the boundary conditions at x = 0 for the self-adjoint extensions of L are
classified in terms of Lagrangian subspaces.

As a consequence of [KLP2, Corollary 3.5, (4.2)] the self-adjoint realizations
of L with fixed generalized Neumann boundary conditions at z = R are
characterized as follows:

D(L) = {¢ € D(Linax)|¢'(R) + ad(R) = 0, (AB)p =0},  (4.3)

where the matrices A, B € C9%? are fixed according to the conditions of
[KLP2, Corollary 3.5], i.e. (A B) € C9% is of full rank ¢ and A'B* is self-
adjoint, where A’ is the matrix A with the first gy columns multiplied by

(=1).



ANALYTIC TORSION 39

Remark 4.1. Note that in general L does not decompose into a finite sum
of one-dimensional boundary value problems, since the matrices (A, B) need
not to be diagonal. Therefore the computations below do not reduce to a
one-dimensional discussion.

4.2 Functional Determinants

In this subsection we continue with the analysis of the self-adjoint realiza-
tion D(L), fixed in (4.3). Our aim is to construct explicitly the analytic
continuation of the associated zeta-function to s = 0 and to compute the
zeta-regularized determinant of L.

We follow the ideas of [KLP1, KLP2], where however only Dirichlet bound-
ary conditions at the cone base x = R have been considered. We extend their
approach to generalized Neumann boundary conditions at the cone base, in
order to apply the calculations to the relative self-adjoint extension of the
Laplace Operator on a bounded generalized cone.

Furthermore we put the arguments on a thorough footing by proving appli-
cability of the Contour integral method in the regular-singular setup.

We introduce the following ¢ x ¢ matrices in terms of Bessel functions of first
and second kind:

(5 20(1B) + iV RIo(uR) ) - Idgy 0

TH(n) = 0 diag [2iwr(1iul);ﬁ” (HJiV,(uR)+#\/EJiw(“R))]

’

where the diagonal block matrix in the right low corner has entries for [ =
qo+ 1, ...,q. Further we have introduced new constants

1 1
= — R =N+, = 1,...
K 2\/ﬁ+a\/_’ 14 l+4a QO“‘ y oo @,

to simplify notation. Moreover the function J_¢(pR) is defined as follows:

T
Joolpz) = 5 Yo(ux) — (log p —log 2 + ) Jo(uz)

with v being the Euler constant and where we fix for the upcoming discussion
the branch of logarithm in C\R" with 0 < Imlog(z) < 27. With this
notation we can now formulate the implicit eigenvalue equation for L.
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Proposition 4.2. ;2 is an eigenvalue of L if and only if the following equa-
tion is satisfied

Flu) = det( J;‘(‘M) J—% ) Lo,

Proof. Any p?-eigenvector ¢ of L is given by a direct sum of scalar functions
¢1,1 = 1,..,q, which are in the \i-eigenspace of A for any fixed = € (0, R].
Each ¢, arises as a solution to the Bessel equation

Al
[+ o= 1.
x
Putting v, := /A, + 1/4 we can rewrite the equation as follows:

—(,752/ + % <l/l — —) QZ51 ,u2gbl. (44)

The general solution to this Bessel equation is given in terms of J, and Y,
Bessel functions of first and second kind, respectively.

For | = 1,..,q0 we have \; = —1/4 and hence v, = 0. In this case the
Bessel equation (4.4) has two linearly independent solutions, \/xJy(ux) and
VzYo(px). Following [KLP2, Section 4.2] we write for the general solution

avado(ux) + couvrd_o(ux), asl=1,...,qo, (4.5)

where ¢;, ;4 are constants and J_o(ux) = §Yo(pur) — (log pp—log 2+4) Jo (1)

with v being the Euler constant. Note from [AS, p.360] with Hy = 1+1/2+
.+ 1/kand z € C:

= Hj(—2%/4

399(2) = g o2+ 2) — 30 . / !

Y

-1
with H, =1+ 1/24 .. 4+ 1/k. Thus by definition we obtain

i 2 /4\k
Falyir) = loga - ufpa) — 3 P

k=1
For | = qo + 1,..,q we have \; € (—1/4,3/4) and hence v, € (0,1), in
particular v; is non-integer. In this case the Bessel equation (4.4) has two
linearly independent solutions v/z.J,, (px) and /zJ_,, (ux). Following [KLP2,
Section 4.2] we write for the general solution

a2"T(1+ vV dy, (pe) + cgu2 " T(1 = v)p" ety (uz),  (46)
asl=qyo+1,...,q.
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Now we deduce from the standard series representation of Bessel functions
[AS, p. 360] the following asymptotic behaviour as z — 0:

VER(uz) = VI 4 VIOE),  (47)

VrJ_o(px) = Vrlogz + Vzlogz - O(z?) + VxO(2?), (4.8)

9D (1 £ 1) T T, () = Y2 1 B H20(22), (4.9)

where O(x?) is given by power-series in (xp)? with no constant term. Hence

the asymptotic behaviour at x = 0 of the general solutions (4.5) and (4.6)
corresponds to the asymptotics (4.1) and (4.2), respectively. Organizing the

—

constants ¢, ¢,41, 1 =1, .., ¢ into a vector ¢ = (cq, ..., ¢aq), We obtain

—

("4’ B)¢ =0,

since by assumption, ¢ € D(L). We now evaluate the generalized Neumann
boundary conditions at the regular boundary x = R.

R +00u(F) =0 = a5 + aVRU(uR) + i/ RI() )+

1 !
+ Cqpi - {(m + aVR)J_o(uR) + pVRJI o(uR)} =0, as L =1, ..., q.

c - 2"T(1+ Vz),u”l{(% +aVR)J,(uR) + /L\/EJZ’,l (uR)}+

+ G 27"T(1 — Vz)u”{(ﬁ +aVR) S, (uR) + pVRI, (nR)} =0,

asl=qo+1,...,q,
We can rewrite this system of equations in a compact form as follows
(T (w); I~ ()¢ = 0,

where the matrices J*(u) are defined above.

We obtain equations which have to be satisfied by the p*-eigenvectors of the
self-adjoint realization L:

( Jf(tu) J‘B()u) >$: 0

This equation has non-trivial solutions if and only if the determinant of the
matrix in front of the vector is zero. Hence we finally arrive at the following
implicit eigenvalue equation

Flu) = det( P 10 ) -0
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Proposition 4.3. With v, = /A + 1/4 and k = #ﬁ +avR

A B
F(0) =det [ rId,, 0 (klog R+ =)Id,, 0
0 diag(kR" + VlRVl_%) 0 diag(kR™ — VZR*”P%)

Proof. The asymptotics (4.7), (4.8) and (4.9), where O(x?) is in fact power-
series in (xp)? with no constant term, imply by straightforward computa-
tions:

kJo(uR) + iV RJIL(R) — K, as pu — 0,
1
kJ_o(uR) + pVRJI o(uR) — - log R + ik as pu — 0,

25D (1 4+ 1) ™ Juy, (uR) — R, as pu — 0,
25 (1 £ )™ VR IL,, (uR) — R 2, as p— 0,

where [ = qo + 1, .., q. These relations prove the statement. Il

The next proposition is similar to [KLP2, Proposition 4.3] and we use the
notation therein.

Proposition 4.4. Let Y C C be a closed angle in the right half-plane. Then
as |z| — oo,z € T we can write

F(iz) = pz"F3eR(2r) 73 (7 — log )% x

p((F — log )™, a™1) (1 +0 (%)) ,

where 7y is the Buler constant, |v| = vy, 11+...4+v,. Moreover, as |z| — oo with
r €Y, O(1/x) is a power-series in x™ with no constant term. Furthermore
we have set:

q
Fi=log2—1, p:= [] 27"T(1-w),
l=qo+1
A B

I'(1
plx,y) :=det | - Id,, 0 . with 7 := (1+mw)

221/1 ’
0 diag [ry*"] Id P =w)

21/[]

where the submatriz diag [ry*"'] has entries for l = qo + 1, ..,q.
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Proof. We present F'(ixz) in terms of modified Bessel functions of first and
second kind. We use following well-known relations

(i2) T (i2) = 2V 1(2), J)(2) = Jya(2) — =T, (2)
z
to analyze the building bricks of F(ix) where we put with l = ¢o+ 1, ..,q
AE = 25T (1 + 1) (i)™ (mi,,l (izR) + ix\/}_U’iW(z’xRD — 9D(1 4+ 1)

: ((H ¥ %)ﬁ” L, (zR) + ﬁzﬁwlziw_l(m))

B := rJy(izR) + VRizJ,(izR) = rly(zR) + VRzI)(zR),

and using the identity J_o(izR) = —(log x —7)Ip(xR) — Ko(xR) from [KLP2,
Section 4.3, p.20] where K, denotes the modified Bessel function of second
kind:

C = kJ_o(izR) + VRizJ' y(izR) = kJ_ (ia:R) + \/E%J_O(mz) =

= r(—(logz — ) Io(2R) — Ko(zR)) + \/_ 7 (—(logz =7)Lh(zR)~
—Ko(zR)) = k(= (1Ogl’ — N o(zR) — Ko(zR))+
+VR(—(logz — F)xI)(xR) — K}(zR)).

Now in order to compute the asymptotics of F(iz) we use following property
of the Bessel functions: as x — oo with x € T we have by [AS, p. 377]

xT

L,(x), 1, (x) ~ Nore (1 + O(x_l))
I,(zR) N I, 1(zR) N I,_1(zR) 1
I_,(zR) " I ,(zR) "I ,(xzR) ’

where as |z| — oo with x € T, O(z™') is a power-series in ™! with no

constant term. From here we obtain the asymptotics of the terms Ali, B,C
as ¥ — 0o,z € Y with the same meaning for O(z™!):

=R 1+Vl
A =27U1(1 — ) c [ 1><
: ( 2 V2rxR 1—Vz
v
k——=)+aVR) - (1+0
(=25 +aVR) - (14 0l =
_ +l/1 _
— 2 l/lF 1 —y xl/l—‘rl/Q € |:22Vl QI/l:| %
( 2 V2 I'l—u)
=

(14+O(x
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Similarly we compute

A —2r(1— yl)xwﬂ/?—j;_ﬁ 1+ 0@ ),
TR exR
(k+2VR)- (1+0(x )):\/5\/%

e

B f—
V2t R

' (1 + O(‘T—1>>a

¢ = \/2€7$r—xR@ —logz)(k+2VR) - (14+0(z™)) =
6zR

(¥ —logz) - (1+0(z™)),

:ﬁm

where we have further used the fact that by [AS, p. 378] Ko(xR) is exponen-
tially decaying as |z| — oo,x € T. Now substitute these asymptotics into
the definition of F'(iz) and obtain

q zR \ 4
Fliz)= | ] 2—Vlr(1—ul)xw+%] (\e/ﬁ) 22§ — log )™ x

I=qo+1

A B

det (¥ — logz)~'Id, 0 (1+0(z™1)),
Id,

0 *
. F'l+uvy) _
h — 221/1 2y, )
where * dlag( F(l—yl)z )

]

Using the expansion in [KLP1, (4.9)] we evaluate the asymptotics of
p((¥ —logx)™',271) and obtain in the notation introduced in the statement
of Proposition 4.4

TR

Flia) = tape 2 (S ) (G- logo (14.6(0), (1.10)

where G(z) = O(@) and G'(z) = O(m) as |x| — oo with x inside any
fixed closed angle of the right half plane of C. The coefficients «, jo, @;,q, are
defined in [KLP2, Section 2.1] and are characteristic values of the boundary
conditions (A, B) at the cone singularity. We recall their definition here for

convenience.

Definition 4.5. The expression p(z,y) defined in Proposition 4.4 can be
written as a finite sum

p(r,y) = ajar’y™.
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The characteristic values vy, jo, Ga,j, are defined as follows:
(i) The coefficient o is the smallest of all exponents o with aj, # 0.
(i) The coefficient jo is the smallest of all exponents j with aj,, # 0.

(iii) The coefficient aj,q, is the coefficient in the polynomial p(z,y) of the
summand xloye.

Unfortunately the asymptotic expansion, obtained in Proposition 4.4, does
not hold uniformly for arguments z of F(z) in a fixed closed angle of the
positive real axis. This gap is closed by the following proposition.

Proposition 4.6. Fiz any 6 € [0,7) and put 2 := {z € C|larg(z)| < 0}.
Then for |z| — o0,z € Q we have the following uniform expansion:

q
2
F(z) = H {Q—sz(l - VZ)ZVI+1/2\/;COS(ZR + VZTW + g)} X

X {\/%(logz —7)cos(zR — %7‘(‘)} -det M(z).

Here the matriz M(z) is given as follows:

A B
M(z) = b(z) - Idy, 0 c(z) - Idy, 0
0 diag [a;" (2)] 0 diag [a; (2)]

where forl = qo+1,..,q we have

o () = 2

D(1+1v) _y,co8(zR —“F +7) 1 (2)
z 11+ ,
cos(zR— 4+ 7)

I'l—uy) cos(zR+ "% + %) 5 1

o () R S SRR 1 C) N
a (z) =1+ cos(zR+ 45 + %) =) = 7 —log z (1 - cos(2/? — %ﬂ) 7
fe(2)

cos(zR — 37)’

c(z)=1+

and the functions fi=(2), fy(2), f.(2) have the following asymptotic behaviour
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as |z| — 00,z € Q

Proof. The formulas [AS, 9.2.1, 9.2.2] provide the standard asymptotic be-
haviour of Bessel functions as |z| — 00,2z € Q

J(2) = % <cos(z — g - %) + f(z)) . f(z) = M@0 (%) ;
Y, (2) = % (sin(z — g — 2) - g(z)> , g(2) = ™GO (%) :

Here v € R and the expansions are uniform in the closed angle 2. Moreover
we infer from the more explicit form of asymptotics in [GRA, 8.451]:

Aoy o) (i) Ay )] (i)
dzf(z)—e O ,dzg(z)—e O .

||

We apply these asymptotics in order to analyze the asymptotic behaviour as
|z] — 00,z € Q of the following building bricks of F(z):

AE = 2FD(1 £ 1) (mﬂl(zR) + Z\/EJL}Z(ZRD l=q+1,..q,
B = kJy(2R) + 2VRJ)(2R),
C = rJ_o(2R) + 2VRJ' y(2R).

Straightforward application of the asymptotics for J,(z) and Y, (2) as |z| —
00, z € ) and furthermore the use of the well-known formulas

J(=) = Jua(2) = S002),
Ji(2) = —Di(2), Yi(z) = —Yi(2),
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lead to the following intermediate results:

N 2 ymr 7 (z)
At —ou(1 l/l+1/2\/j R— “it Yo (1 l
! (1+w)z 7 cos(2 > 4) * cos(zR—4-+7%))’

4

B B 2 ymT fi(z)
A7 =27D(1 - w+1/2\/j L l
! (1=m)2 T cos(zF + 2 + 4) + cos(zR+4-+7%))’
2z 3 fo(2)
B=—4/%2 R_"m. (14 &
T cos(2 47T) ( * cos(zR — 3m) )’

C— \/%(logz ~ %) cos(zR — %r) : (1 + COS(%Z_)%WJ ,

where the functions f;*(2), f,(z) and their derivatives are of the asymptotics
eMmERIO (1/)2]) as |z| — oo, z € Q. The function f.(z) and its derivative are
of the asymptotics e™ERIO (1/]1log z|), as |z| — 00,z € Q. Recall finally
the definition of F'(z):

A B
F(z)=det | B-Id, 0 C-1d, 0
0 diag [A}] 0 diag [A;]

Inserting the asymptotics for Ali, B and C into the definition of F(z) we
obtain the statement of the proposition. ]

The following result on the spectrum of £ is a corollary of Proposition 4.4
and is necessary for the definition and discussion of certain contour integrals
below.

Corollary 4.7. The self-adjoint operator L is bounded from below. The zeros
of its implicit eigenvalue function F(u) are either real or purely imaginary,
where the number of the purely imaginary zeros is finite.

The positive eigenvalues of L are given by squares of the positive zeros of
F(u). The negative eigenvalues of L are given by squares of the purely imag-
inary zeros of F'(u) with positive imaginary part, i.e. counting the eigenvalues
of L and zeros of F(u) with their multiplicities we have

SpecL\{0} = {p? € R|F () = 0,10 > 0 A pu = iz, > 0} (4.11)

Proof. The relation between zeros of F'(u) and eigenvalues of L is established
in Proposition 4.2. The self-adjoint operator £ has real spectrum, hence the
zeros of F'(u) are either real or purely imaginary, representing positive or
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negative eigenvalues of L, respectively.

The standard infinite series representation of Bessel functions (see [AS,
p.360]) implies that zeros of F(u) are symmetric about the origin and any
two symmetric zeros do not correspond to two linearly independent eigen-
functions of £. Hence the non-zero eigenvalues of £ are in one-to-one corre-
spondence with zeros of F'(u) at the positive real and the positive imaginary
axis.

The asymptotics (4.10) implies in particular that depending on the character-
istic values jo, qo, @j,qa, Of the boundary conditions (A, B), the implicit eigen-
value function F'(ix) goes either to plus or minus infinity as © € R,z — oo
and cannot become zero for |x| sufficiently large. Since the zeros of the mero-
morphic function F'(u) are discrete, we deduce that F'(u) has only finitely
many purely imaginary eigenvalues. Thus in turn, £ has only finitely many
negative eigenvalues, i.e. is bounded from below. O]

Next we fix an angle 6 € (0,7/2) and put for any a € R":

d(a) :={z € C|Re(z) = a, | arg(z)| < 0},
pla) = {z € Cl[z| = a/ cos(0), | arg(2)| € [0, 7/2]},
v(a) :=d(a) U p(a),

where the contour y(a) is oriented counter-clockwise, as in the Figure 1 be-
low:

Ay

Figure 1: The contour y(a) for the fixed 6 € (0,7/2) and a € R*.

Furthermore we fix the branch of logarithm in C\R" with 0 < I'mlog(z) <
2m. In this setup, the following result is a central application of the asymp-
totic expansions in Proposition 4.4 and Proposition 4.6.
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Proposition 4.8. There ezists a sequence (ap)nen of positive real numbers
with a, — 00 as n — oo, such that F(a,) # 0 for all n € N and for
Re(s) > 1/2 the following integrals

d
2% _log F(2)dz, n € N
[ e esr)

are well-defined and the sequence of integrals converges to zero as n — oo.

Proof. Consider first the logarithmic form of the asymptotics (4.10)

log F(ix) = log (ajoao p- (gﬁ)—qﬂ) + (Jv| + g —2ap) logz + qr R+
+(qo — jo) log(7 — log x) + log(1 + G(x)),

where G(z) = O(@) and G'(z) = O(m) as || — oo with ix €
{z € Cllarg(z)| € [0,7/2], Im(z) > 0}. Same asymptotics holds for
ir € {z € C||larg(z)| € [0#,7/2], Im(z) < 0}, since F(ix) = F(—iz) by
the standard infinite series representation of Bessel functions [AS, p.360]. By
straightforward calculations we see for Re(s) > 1/2:

d n—oo
/ 2 —log F(2)dz === 0, (4.12)
plan) dz

for any sequence (a,)nen of positive real numbers with a,, — oo as n — oc.
Thus it remains to find a sequence (a,)nen C RT which goes to infinity and
further ensures that

d n—oo
/ 272 _log F(2)dz =0, (4.13)
6(an) dZ

where for each n € N the integral is well-defined. In order to construct such
a sequence, fix a > 0 subject to the following conditions

cos(aR 5 + 1) #0, 1= qo+ 1. (4.14)

cos(aR — zﬂ') # 0. (4.15)

Such a choice is always possible, due to discreteness of zeros of the holomor-
phic function cos(z). Given such an a > 0, we define
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Using cos(z) = (e”* + %) /2 we find for any £ € R with cos(aR + &) # 0 as
2] — 00,2z € A(a)

cos(zR + &) = ™ERIO(1), (4.16)

where |O(1)| is bounded away from zero with the bounds depending only
on the sign of Im(zR), a > 0 and £ € R. Putting d = (a4+1,., ) €
{0,1}%,¢1 = q — qo, we obtain for the asymptotic behaviour of det M (z),
introduced in Proposition 4.6, as |z| — oo, z € A(a):

@M= 3 S eomiti,d ) [ logz<1+0<%>)rx

j=0 Ge{0,1}01 B=0

R Vnr T o B8
<10 [2 s (o (@) o (e
L SGR+ 4+ 1) 2] [log 2|

where const(j, @, 3) depends moreover on A and B. In fact one has by con-
struction

Z zq:const(j, a, ) = aja,

aely, =0

where I, = {a@ € {0,1}%[ Y, v = a} and g, are the coefficients in
the Definition 4.5. Multiplying out the expression for det M (z) we compute:

det M(z Z Z Zconstj, ,ﬁ{ logzyx

j=0 &e{0,1}91 =0

x H { oy COS(2R — UE + )rl.[wfj,w(z)], fmﬂ@:()(;).

e cos(zR + “F + | log 2|

BN

The asymptotic behaviour of f;zg(2) under differentiation follows from

Proposition 4.6
d 1
—Jia = O _— . 4.17

Before we continue let us make an auxiliary observation, in the spirit of
(4.16). Under the condition (4.14) on the choice of a > 0, we have for
ze€A(a)and l =qo+ 1,.., ¢

cos(zR— 25 +7) o ( e—2Mm(zR)| v )

cos(zR + ”2” +7) + 1 + e—2MmGER) "

(4.18)
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where the constants C, C’, C" are given explicitly as follows:
C = exp (isign[tm(2)| (7))
C' =exp <z sign[Im(z)](2aR — yi7 + g)) — exp <z sign[Im(2)](2aR + yym + g)) ,

C" = exp (z sign[Im(z)](2aR + vy + g)) :

Note that the constants are non-zero, depend only on sign[Im(z)], the choice
of a and v;. Hence for |Im(zR)| — oo the quotient (4.18) tends to C' # 0.
Therefore, due to conditions (4.14) and (4.15), there exist constants €; > 0
and €, > 0, depending only on a, such that for z € A(a) and for all | =
qo + 1,..,q we have:

cos(zR — 2% + %)

~ |cos(zR + ”l; +73)

< . (4.19)

In particular the cosinus terms in det M (z) are not relevant for its asymptotic
behaviour as |z| — o0,z € A(a). Now let us consider the summands in
det M (z) of slowest decrease as |z| — o0,z € A(a):

1 a0, cos(zR — “F +
- t(Jo,
L—logz] Z Z const(jo, @, ) Hl[cos(zR+%+

B=0 aelaq,

)az
)

ENENNE

= [%r} 220g(2),

—log 2z

where the coefficients jy, ag correspond to those in Definition 4.5. By similar
calculus as behind (4.18) we can write

672|Im(zR)|C/(a’ Z) )

14+ 6—2\Im(zR)\O/l<a’ Z)

g<z)_5(1+

where C'(a, z), C"(a, z) further depend on A, B and v}, = qo+ 1, .., q. More-
over they are bounded from above independently of a > 0 and z € A(a).
The factor C'is given explicitly as follows:

C = Z Z const(jo, @, ) - exp(i sign[Im(z)]mayp)

aely, B=0

= a;,q, - exp(isign[Im(z)|rag) # 0,

since aj,qo, # 0 by the definition of characteristic values in Definition 4.5.
Since ¢(z) is a meromorphic function with discrete zeros and poles, we can
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choose a > 0 sufficiently large, still subject to conditions (4.14) and (4.15),
such that g(z) has no zeros and poles on §(a) and

672|Im(zR)|C/<a, Z)
14+ 6—2\Im(zR)\C/l<a, Z)

<< 1,

for z € 6(a) with the highest possible absolute value of its imaginary part, i.e.
with |[Im(z)| = a - tanf. This guarantees that there exist constants €} > 0
and @, > 0, depending only on a > 0, such that for z € A(a)

¢ < g(z)] < &. (4.20)

By similar arguments we find that |£g(z)| is bounded from above for z €
A(a). Using (4.20) we finally obtain for det M(z) as |z| — o0,z € A(a)

1

det M(z) = | ————
ot M(z) [7—105;2

]mzaw@x1+funju>20<ﬁ§%ﬂ),

as |z| — oo,z € A(a). Using (4.17), (4.19) and boundedness of g(z), ¢'(z)

we obtain
d 1
=0 (1)

In total we have derived the following asymptotic behaviour of F(z2) as |z| —
00,z € Aa):

q
2
Fz)= [] {wm - ul)z”l“/Q\/;cos(zR + % + %)} X

l=qo+1

x{vég&gz_@aﬁ@R_gﬂ}%{ij%gjmzawux1+f@»

where there exist positive constants €}, €,, €’ depending only on a > 0, such
that

¢ <lg(2)| <&, |¢'(2)] < &,

720 (1) 5 =0 (fig)

Note that for N € N sufficiently large, the asymptotics above, together with
the conditions (4.14), (4.15) and (4.20), imply that F'(a+ 27k/R) # 0 for all
k € N,k > N (note also that by construction Z?:qoﬂ v+ qi/2— oy > 0).
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Putting a,, :== a+27(N+n)/R,n € N we obtain a sequence (a,, )nen of positive
numbers, going to infinity as n — oo and we infer from the asymptotics of
F(z) above, that for Re(s) > 1/2

/ z_zsi log F(2)dz === 0, (4.21)
5(an) dz

where by construction for each n € N we have F'(a,) # 0, and hence the inte-
grals are well-defined. Together with (4.12) this finally proves the statement
of the proposition. O

Consider now the following contour

Figure 2: The contour 7. The Xx’s represent the zeros of F(p). The number
of purely imaginary zeros is finite by Corollary 4.7. The ¢ € iR is chosen
such that |¢|? is larger than the largest absolute value of negative eigenvalues
of L (if present). The contour v, C v goes from ¢ to —t.

The asymptotics obtained in Proposition 4.4 implies that the contour integral

1

d
— [ p*—log F(p)d
57 Wu a8 (1)dp

with the fixed branch of logarithm in C\R™ such that 0 < I'mlog z < 27 and
the contour 7 defined in Figure 2 above, converges for Re(s) > 1/2.

The definition of v corresponds to [KLP1, Figure 1]. We can view the contour
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v to be closed up at infinity on the right hand side of C. Then by construc-
tion v encircles the relevant zeros of F'(u) in (4.11). As a consequence of
Proposition 4.8 we can apply the Argument Principle and finally arrive at

1 [ . d
= — $—log F 1/2.
Celo) = g [ 172 g 0B F i, Rels) > 1/

This integral representation of the zeta-function is referred by K. Kirsten, P.
Loya and J. Park as the ”"Contour integral method”. Thus, on the basis of
Proposition 4.8, we have verified applicability of the Contour integral method
in the regular-singular setup, which is the basis for further arguments in
[KLP1] and [KLP2].

Breaking the integral into three parts v = {iz|z > ¢t} U~ U {izjx < —t} we
obtain as in [KLP1, (4.10)]

sin(ws) ™ _,. d ‘ 1 Lo F' (1)
= S—log F d — s du. 4.22
Celo) = ST [ e ow R+ o [t ian 022)

Analytic continuation of the first integral to s = 0, see [KLP1, (4.12)] allows
computation of the functional determinant of £ after subtracting possible
logarithmic singularities. We have the following result.

Proposition 4.9. Under the assumption that ker L = {0} we obtain in the
notation of Propositions 4.3 and 4.4

oxp [ i 5 {07 tow P G = s st} =

s—0+ ds 271 d,u
(2m)a/? I o
— —92e7)907Jo
i 2 L
l=qo+1
A B
det | rld, 0 (klog R+ 7z)Id,, 0

0 diag(kR" +yR""2) 0 diag(kR™ — R~ z)

Proof. Put C := aj,4, - p- (27)"9? and rewrite the asymptotic expansion
(4.10) for |z| — oo with z inside any fixed closed angle of the right half plane
of C in its logarithmic form:
log F(iz) = log C + (|v| + g — 200) log x + qz R+
+(qo — jo) log(7 — log ) + log(1 + G(x)). (4.23)
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In fact the asymptotics differs from the result in [KLP1, Proposition 4.3] only
by a presence of an additional summand:

log(zV/R)?.
Hence the same computations as those leading to [KLP1, p.16] give:

C(s, L) — (jo— qo)slogs =
sin s t|=%  sinws _|t]72 T
= <|V|+g—2040> l + qR‘ | +

s 2 2s s 25 —1
sinms . sinws [ _,.d
(o = 0)g(s) + — /|t | z72 ——log(1 + G(x))dw+

1 F’
+— M—2s (,U)
271 F(p)

Tt

where with [KLP1, (4.11)] the function g¢(s) is entire and ¢(0) = ~v +
log(2(log|t| —7)). Explicit differentiation at s — 0+ leads to the follow-
ing result (compare [KLP1, p.16]):

dp,

i {5 / 2 o8 F (i) = (i ) log(s) |

s—0+ ds | 2mi dp
= — <’V’ + g — 2010) log ‘t| — qR|t| + (]0 — QO) (7 + 10g(2(10g |t‘ N %)))
1 Fr(p)
(14 GO~ = [ tosupglan

Using (4.23) we can evaluate log(l + G(Jt|)) and by inserting it into the
expression above we obtain

Q = —log (%) +(Jo — qo) (v + log 2)—
R ST 00
— log 1 Flo) (4.24)

vt

The formula above is a priori derived for ¢ = i|t| being on the upper-half of
the imaginary axis. At this point we continue with the trick of [KLP1, Figure
2] to take |t| — 0, which works well under the assumption ker £ = {0}.

The integral over the finite contour =, in (4.24) vanishes as t — 0. By
triviality of ker £ we have F'(0) # 0 and obtain

£(0)

m) +(j0 - (]())(’Y + 10g 2). (425)

Q= —10g(
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By Proposition 4.3 we arrive at the final result

Q = (jo — q0) (7 + log 2) + log [aj,a,p(2m) /> (=1)% 9] —
A B
—logdet | rId,, 0 (klog R+ \/Lﬁ)ldqo 0
0 diag(kR" +1R""2) 0 diag(kR™" — yR""3%)

Exponentiating the expression proves the statement of the proposition. [J

Remark 4.10. In case ker £ # {0} we can’t apply Proposition 4.9. However
the intermediate relation (4.24) still holds. Further steps are possible if the
asymptotics of F'(u) at zero is determined.

4.3 Special Cases of Self-adjoint Extensions

We compute the zeta-regularized determinants of some particular self-adjoint
extensions of the model Laplacian A,_; /5, > 0 in the notation of Subsection
2.3, where we put R = 1 for simplicity:

&1 1. N
Dy1yp = _@—i_ﬁ {VQ_ZL] - C5°(0,1) — C5°(0,1), v > 0.

According to Proposition 2.11 we get for the asymptotics of any f €
D(A,-1/2,max) as © — 0:

f@) =a(f) Vr+elf) - Valog(x) +0@*?), v =0, (4.26)
fla) =ci(f) - 2”72 + el f) - 27" + 0(?), v e (0,1), (4.27)
fz) =0(*?), v>1. (4.28)

The results of the previous subsection apply directly to the model situation
for v € [0,1). In order to obtain results for v > 1 as well, we need to apply [L,
Theorem 1.2]. We compute now a sequence of results on zeta-determinants
for particular self-adjoint extensions which will become relevant afterwards.

Corollary 4.11. Let D be the self-adjoint extension of A,_1/2,v > 0 with
D(D) :==A{f € D(Dv-1j2max)| f(x) = O(V7), © — 0; f'(1) + af(1) = 0}.
Then for o # —v — 1/2 the operator D is injective and

a+v+1/2

dete(D) = V2 T(1+ )2
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Proof. We first consider v € [0,1). In this case the extension D amounts to
D(D) :={f € D(Av-1/2max)|c2(f) = 0, f'(1) + af (1) = 0}.

Consider the polynomial p(x,y) defined in Proposition 4.4. Its explicit form
for the given extension is

p(r,y) = —x, for v =0,

I'l1+v) .9, o
p(z,y) = —ﬁ? y*, for v € (0,1).

Recall the definition of characteristic values oy, jo, @;,q, in Definition 4.5. For
the given extension D we obtain

j0:q0:17 q:]-aajoaoz_]-a fOI'I/:O,
I'l+v)

2% f 1).
Ti—0) orv e (0,1)

]OZQO:0> q:]‘7aj0a0:_

Evaluating with Proposition 4.3 the corresponding implicit eigenvalue func-
tion F'(u) at p = 0 we obtain for any v € [0, 1)

1
F(O):—§—a—y.

Thus the condition o # —v —1/2 guarantees F'(0) # 0 and thus ker D = {0}.
Applying Proposition 4.9 we obtain the desired formula.

In order to obtain a result for all v > 0, we need to apply [L, Theorem 1.2].
Consider mappings ¢, : (0,1) — R such that

Bo1j26 = 0,6(x) = O(VT), — 0 and 6(z) = 2 2g4(x), 60(0) = 1.
Doerjat = 0,/(1) + ap(1) = 0 and 4(1) = 1.

These solutions exist and are uniquely determined. In the sense of [L, (1.38a),
(1.38b)] the solutions ¢, 1 are "normalized” at z = 0,z = 1, respectively. In
the present setup the normalized solution ¢ is given explicitly as follows

¢(l‘) — SEV+1/2.

In particular we obtain for the Wronski determinant

W, v) =¢'(1)p(1) —¢(1)Y'(1) = a+v+1/2.

By assumption o # —v — 1/2 and hence W (i, ¢) # 0. Note from the
fundamental system of solutions to A,_q/2f = 0 in (2.12) and (2.13) that



58 ANALYTIC TORSION

ker D = {0}. Thus we can apply [L, Theorem 1.2] where in the notation
therein vy = v and 1y = —1/2:

W (¢, @) B a+v+1/2
2V0+V1F(1 —+ VO)F(l + 1/1) - \/% QVF(I -+ V) ’

This proves the statement. O
Corollary 4.12. Let D be the self-adjoint extension of ,_i/2,v > 0 with
D(D) = {f € D(Dv-1/2max)| f(2) = O(VT), 2 — 0; f(1) = 0}.

The zeta-regularized determinant of this self-adjoint realization is given by

V2r
I(1+wv)2v

Proof. We first consider v € [0,1). In this case the extension D amounts to
D(D) = {f S D(Aufl/lmax)k?(f) = 07 f(l) = 0}

As in the proof of Corollary 4.11 we infer for the characteristic values of the
extension D

detg D=

detC(D) =

j0:q0: 17 q= 1>ajoao = _17 fOrV:O,
I'1+v)
I'l—v)

Consider now the following self-adjoint extension of A, _;:

D(AN ) = { {f € D(Ay—l/Q,maxHCZ(f) = O7f<1) = 0}7 V= OJ
v {f € D(Avrj2max)lea(f) = 0, f(1) = 0}, v € (0, 1).

This extension is referred to as " Neumann-extension” (with Dirichlet bound-
ary conditions at # = 1) in [KLP1] and by [KLP1, Corollary 4.7] we have:

il e
ra1—uv "
Note that for v = 0 we have A/V\[_ e = D. Hence it remains to compute
the zeta-determinant of D for v € (0,1). Using [KLP1, Theorem 2.3], where

arbitrary extensions at the cone-singularity are expressed in terms of the
”Neumann extension”, we obtain

(_267)(107.7'0 ' det O 1 B \/ 27
1 I(1+wv)2v

,]0 = qO = O’ q = 17aj0060 = — 22V, fOI" 14 E (07 1)

dete Ay )y = V2r 0,1).

det (D) = det; AV - -

et(D) = det¢ A, P
This proves the statement for v € [0,1). In order to obtain the desired result
for all v > 0, we apply [L, Theorem 1.2] by similar means as in the previous

corollary. O
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The remaining three results differ from the previous two corollaries by the
fact that the self-adjoint realizations considered there are not injective. In
this case we cannot apply [L, Theorem 1.2] and Proposition 4.9. We have to
apply the intermediate result (4.24).

Corollary 4.13. Consider a self-adjoint extension D of /\,_1/5 withv = 1/2
D(D) == {f € D(Av-1/2max)|c2(f) = 0, f'(1) — f(1) = O}.

The zeta-reqularized determinant of this self-adjoint realization is given by

2

Proof. As in the proof of Corollary 4.11 we infer for the characteristic values
of the extension D

. F(1+4+v)_,,
Jo=¢q =0, ¢g= laajooco = —1-‘(1—1322 = —1.

Evaluating with Proposition 4.3 the corresponding implicit eigenvalue func-
tion F'(u) at u = 0 we obtain as in Corollary 4.11

1
F(0)=—5+1-v=0.

This implies ker D # {0} and so unfortunately we cannot apply Proposition
4.9 directly. Note however from the definition of F'(x) in Proposition 4.2

Fp) =— g% [—%Jl/z(u) + i o (1)

With Jy/o(p) = 4 /% sin(u) we compute further

F(p) = 2200

L cos(f).

From the Taylor expansion of sin(u), cos(u) around zero we get

1
Fu) = 31* + O, as ] — 0.

Thus we equivalently can consider a different implicit eigenvalue function

F(0) =1/3.

p*
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By Remark 4.10 and the relation (4.24) we obtain with jo — ¢y =0,R =1

¢'(0, D) = —log (F %'t')) - fos u];((:j)) . (4.29)

Yt

Note that the second summand is now an entire integral over a finite curve.
Taking [t| — 0 this integral vanishes. Recall that the constant C' was intro-
duced in (4.23) to describe the constant term in the asymptotics of log F'(iz).
By construction we have a relation between C' associated to F(u) and C' as-
sociated to the original F'(u)

C=—C=—ajn,p2m) "2

where p is defined in the statement of Proposition 4.4, leading in the present
situation to p = I'(1 — v)27 = y/m/2. Hence C' computes explicitly to
C' = 1/2. Inserting this now into (4.29) and taking [t| — 0 we obtain

(0, D) = —log <?) ~ log (;) .

This proves the statement with det.(D) = exp(—¢’(0, D)). O
Corollary 4.14. Consider a self-adjoint extension D of A\, withv = 1/2
D(D) :={f € D(Ay_1/2max)|c1(f) =0, f'(1) = 0}.

The zeta-reqularized determinant of this self-adjoint realization is given by
det¢ (D) = 2.

Proof. Consider the polynomial p(z, y) defined in Proposition 4.4. Its explicit
form for the given extension is

p(z,y) = 1.

Thus we get for the characteristic values ayg, jo, @j,q,, defined in Definition
4.5

jo :qo :OJ q: 17ajooéo = 1
Evaluating with Proposition 4.3 the corresponding implicit eigenvalue func-
tion F'(u) at u = 0 we obtain

1
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This implies ker D # {0} and so unfortunately we cannot apply Proposition
4.9 directly. Note however from the definition of F'(x) in Proposition 4.2

P =[5 [3-0a00 + 00a0)]

With J_q/5(p) = 4 /% cos(p) we compute further

F(p) = —psin(p).
From the Taylor expansion of sin(u) around zero we get
F(p) = —p* +O(u?), as |u| — 0.
Thus we equivalently can consider a different implicit eigenvalue function

Fu) = T4 F ) = -1

By Remark 4.10 and the relation (4.24) we obtain with jo —qo =0, R =1

(0, D) = —log (F @t‘)) - fos ul;(%) (4:30)

Note that the second summand is now an entire integral over a finite curve.
Taking |[t| — O this integral vanishes. As in the previous corollary we find
by construction a relation between C' associated to F(u) and C associated
to the original F'(u)

C=—C=—a;,0,p2r) "2

where p = I'(1 — v)27% = \/7/2 is defined in the statement of Proposition
4.4. The constant C' computes explicitly to C' = —1/2. Inserting this now
into (4.30) and taking |t| — 0 we obtain

¢'(0,D) = —log (%) = —log2.

This proves the statement with det¢(D) = exp(—(’(0, D)). O
Corollary 4.15. Consider a self-adjoint extension D of A\, _y /5 with v =0

D(D) = {f € D(Dyspmeslleal ) = 0. (1) ~ 3 (1) = 0}

The zeta-reqularized determinant of this self-adjoint realization is given by

dete(D) = g
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Proof. Consider the polynomial p(z, y) defined in Proposition 4.4. Its explicit
form for the given extension is

p(z,y) = —x.
According to Definition 4.5 we obtain from above the characteristic values of
the extension D
Jo=q =1, q¢=1aj,0, = — 1.
Evaluating with Proposition 4.3 the corresponding implicit eigenvalue func-
tion F'(u) at = 0 we obtain

F(O):det(g }):o.

This implies ker D # {0} and so unfortunately we cannot apply Proposition
4.9 directly. Note however from the definition of F'(x) in Proposition 4.2

F(p) = —pdo(p) = ph (),
where we used the identity J) = J_; = —J;. Hence as |u| — 0 we obtain the

following asymptotics

oo

Tore 2
Thus we equivalently can consider a different implicit eigenvalue function

Fu) = FA(;L’,

By Remark 4.10 and the relation (4.24) we obtain with jo — gy =0, R =1

¢'(0,D) = —log <%) — Wii/log M%. (4.31)

F(p) = pJi(p)

F(0)=1/2.

Tt

Note that the second summand is now an entire integral over a finite curve.
Taking [t| — O this integral vanishes. As before we find by construction a
relation between C' associated to F'() and C' associated to the original F'(u)

C=—C = —aju,p2m) "2

where p is defined in the statement of Proposition 4.4 and equals 1 in the
present case. The constant C' computes explicitly to C' = 1/+/27. Inserting
this now into (4.31) and taking |t| — 0 we obtain

¢'(0, D) = —log (@) = —log ( g) .

This proves the statement with det.(D) = exp(—¢’(0, D)). ]
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4.4 Functional determinant of the Laplacian with rel-
ative Boundary Conditions

We continue in the setup and notation of Section 3 and consider the de Rham
Laplacian Ay on differential forms of degree k. Its self-adjoint extension A}
is defined in (3.8) and can be viewed as a self-adjoint operator in

H* = L*([0,1], LA(A*'T*N @ A*T*N, vol(g")), dx).
We want to identify in each fixed degree k a decomposition
Ay=L,®Ay,, H'=H'®HE

compatible with the relative extension A%, such that Ak is the maximal
direct sum component, subject to compatibility condition, which is essen-
tially self-adjoint at the cone-singularity in the sense that all its self-adjoint

extensions in HY coincide at the cone-tip, in analogy to Definition 2.4.

The component A is discussed in [DK1]. In this subsection our aim is to
understand the structure of L and its self-adjoint extension £;* induced in
the sense of Definition 3.8 by the relative extension AT, In particular we
want to compute the zeta-regularized determinant of £;® in degrees where
it is present.

Consider the decomposition of
L*((0,1), L*(ANFY'T* N @ APT*N)),

induced by (3.11). By Theorem 3.10 it is compatible with A7¢'. Thus by
Lemma 3.7 the relative extension AL induces self-adjoint extensions of Ay
restricted to each of the orthogonal components of the decomposition. We
consider each of the components distinctly.

Proposition 4.16. The relative extension Ay induces a self-adjoint exten-
sion of Ay restricted to C§((0,1), H¥(N)). This component contributes to

Ly only for
ke (T _9 @> .

2 2

In these degrees the contribution of the component to the zeta-determinant of
i is given with v := |k + 1 —m/2| by

dim H*(N)
V2 9-v
I'l1+v) '
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Proof. Recall from (3.20) in the convention of Remark 3.11

D(Azel) N LZ((OJ 1)) <0 2 uf)) =

) ({ax + <_1x)kc’“lax {am + (_?kc’“}m) =D(AL 1),

where {uf} is an orthonormal basis of H*(N), ¢ = (=1)*(k — n/2) and
A?_ e, denotes the self-adjoint D-extension of A_)k,,, as introduced in

Subsection 2.3. Note

d2

A(—l)kck = Akfn/2 = T2

1 1
+ 2 [(k’ +1- m/2)2 - ﬂ = ADy_1/2,

where we put v := |k +1 —m/2|. We know from Corollary 2.14 that A,/
is in the limit circle case at * = 0 and hence not essentially self-adjoint at

z=0if

2

2
v — :[k—i-l—@} —1<§, i.e.kE(T—Q,m>.

1
4 2 4 4 2 2

Thus we get a contribution to Lj in these degrees only, which is the first part
of the statement.
Fix such a degree k € (m/2—2,m/2). Then the contribution to £;¢ is given
by
im H*
[dete AP, 5] ™70

Note that for k € (m/2 —2,m/2) we have (—1)*c, =k —n/2 € (=3/2,1/2).
Depending on the explicit value of (—1)*¢; we apply Corollaries 2.15, 2.16
and 2.18. We deduce in any case:

D(Aﬁnm) = {f S D(Au—l/Q,max)|c2(f) =0, f(l) = 0}7

where cy(f) refers to the asymptotics in Proposition 2.11 or equivalently in
(4.27).

We deduce the explicit value of dete AP /2 from Corollary 4.12. [

Proposition 4.17. The relative extension /¥ induces a self-adjoint exten-
sion of Ay restricted to C§°((0,1), H*1(N)). This component contributes to

Ly, only for
m m
k (—,— 2).
€ 5 2+
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In these degrees the contribution of the component to the zeta-determinant of
Lret is given by

dim HF—1(N)
[\/7?/2} , if dim M =m is even,k = m/2 + 1,

204 M) i Qim M = m is odd, k =n/2 + 1,
2/3] 87N i dim M = m is odd, k = n/2 + 2.
Proof. Recall from (3.21) in the convention of Remark 3.11

DAY N LA((0,1), (uf P @ 0) =
_p ([al, 4 %} | [aw + %] ) — DAY 1 ),

where {u¥"'} is an orthonormal basis of H*"'(N), ¢;_1 = (=1)F 1 (k — 1 —
n/2) and Aé\i Der denotes the self-adjoint N-extension of Ay as
introduced in Subsection 2.3. Note

d? 1

1
A(—1)’%;6_1 = An/2+17k = —E + ﬁ {(k —-1- m/2)2 - ﬂ = Aufl/%

Ck—1)

where we put v := |k — 1 —m/2|. We know from Corollary 2.14 that A,_1/,
is in the limit circle case at x = 0 and hence not essentially self-adjoint at
x =0 iff
1 m12 1 3 m m
2 .
e R e ()
S [ o) Tatpierely gt

Thus we get a contribution to L;, in these degrees only, which is the first part
of the statement.

Fix such a degree k € (m/2,m/2+1). Then the contribution to £;¢ is given
by
N dim H*~1(N)
[detc An/2+171€} :
Unfortunately the explicit form of the domain D(Af:fm +1_5) cannot be pre-
sented in such a homogeneous way as in the previous proposition. So we
need to discuss different cases separately.

If dim M = m is even, then the only degree k € (m/2,m/2+2)is k = m/2+1.
Then n/2+1—k = —1/2,v =0 and we obtain with Corollary 2.16

D(A'r]:[/}i-l—k) = {f € D(Av_1/2max)|c2(f) = 0, f'(1) = 5 f(1) = 0},
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where co(f) refers to the asymptotics (4.26). The contribution to the zeta-
determinant of £} follows now from Corollary 4.15.

If dim M = m is odd, then the only degrees k € (m/2,m/2 + 2) are k =
n/2+1,n/2+ 2.

For k = n/2 +1 we have n/2 +1 —k = 0,v = 1/2 and we obtain from
Corollary 2.15

D(Afmv/%-l—k;) = {f S D(Avfl/Z,maX”Cl(f) =0, f/(l) = 0}7

where ¢;(f) refers to the asymptotics (4.27). The contribution to the zeta-
determinant of £;¢ in this case follows from Corollary 4.14.

For the second case k =n/2 +2 we have n/2 +1—k = —1,v =1/2. So we
obtain from Corollary 2.18

D(AnN/2+1fk) = {f S D(Au—l/Q,max)’CQ<f) =0, f’(l) - f(l) = 0}7

where co(f) refers to the asymptotics (4.27). The contribution to the zeta-
determinant of £;* in this case follows from Corollary 4.13.

Now all the possible cases are discussed and the proof is complete. Il

Proposition 4.18. The relative extension A induces a self-adjoint exten-
sion of Ay, restricted to C§°((0,1),{0} @ EY) for A € Vi, = Specly ca,n\{0}.

This component contributes to Ly only for

ve(B-2m) a1 [eeg 2]

In this case the contribution of the component to the zeta-determinant of L;
s given by

V2 1 ]’
——————, Wh =A A+ R+ -
T+ )27 where v —i—[ —1—2 2]

Proof. We infer from (3.16) that A\, acts on Cg°((0,1), {0} E¥) with X € V},
as a rank-one model Laplacian

21 1 n]* 1
T 5 W I Al R
dm2+m2<+{+2 2} 4)’
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under the identification of elements in C§°((0,1), {0} & E¥) with their scalar
parts in C§°(0, 1) in the convention of Remark 3.11. This operator is in the
limit circle case at * = 0 and hence not essentially self-adjoint at z = 0 iff

1 nl? 1 3 m m 1 nl?
- — =] — =< -, ie. ——2—> 1— - — —
)\—i—{k—l—Q 21 4<4,1e k€<2 = A< [k:—l—2 2}

This proves the first part of the statement. Fix such £ and A. Observe now
by Lemma 3.12

DL N L2((0,1),{0} @ E}) = {f € D(Apmax)lca(f) = 0, f(1) = 0}.
The result now follows from Corollary 4.12. O]

Proposition 4.19. The relative extension A induces a self-adjoint ex-
tension of /N, restricted to C3°((0,1),dyES2) @ {0} for X € Vip =
SpecAy_2ca,n\{0}. This component contributes to Ly, only for

2
ke(%ﬁg+ﬂ,A<1—F—g—g].

In this case the contribution of the component to the zeta-determinant of L5
15 given by

v+m/24+1—k . 3 n)’
V2or T +0). 2 ,Wherey.—\/)\—i—[k—ﬁ—i}.

Proof. We infer from (3.16) that A, acts on C§°((0,1),dyEY?) with \ €
Vi_9 as a rank-one model Laplacian

2?1 3 n]* 1
R [ NI S
dx2+x2<+l 2 2} 4)’
under the identification of elements with their scalar parts as before. This
operator is in the limit circle case at * = 0 and hence not essentially self-
adjoint at x = 0 iff

2
|
A+F—§—E]——<iieke<

m m

272

2
-5l 1< +2>,)\<1—{k————}.

This proves the first part of the statement. Fix such £ and A. Observe now
by Lemma 3.13
DL N L2((0,1),{0} @ EY) = {f € D(Apmax)|
ea(f) =0, f'(1) = (k=1 —n/2)f(1) = 0}.

The result now follows from Corollary 4.11. [
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Proposition 4.20. The relative extension A induces a self-adjoint
extension of A\, restricted to C((0,1), EX™Y) with A € Vi, =
SpecAg_1.can\{0}. This component contributes to Ly, only for
m m m72
ke (T -20+2), a<a—[k-2]".
2 2 + 2
The contribution of the component to the zeta-determinant of L is given
by
(v—k+m/2)

2
A1)

2
27% where v = \/\ + [k — %} .

Proof. The space El)‘f—l, A € Vi1 is an orthogonal sum of Sy-eigenspaces to
eigenvalues (see [BL2, Section 2|)

= C e (=) 4

Put
af(N) = ph (V) - (V) + (=1)").
)

The restriction of Ay to COO(( 1

(5 e (i)

in correspondence to the decomposition of E')f_l into the Sy-eigenspaces.
This decomposition is not compatible with the relative boundary condi-
tions, which is clear from the relative boundary conditions at the cone base.
Nevertheless we infer from the decomposition, that the restriction of Ay to
C°((0,1), E5~1) contributes to Ly only if

EF1) decomposes into

m m\ 2
e asa (2.
‘k 2(< A< k-

since for the complementary case both a* (\) and a* (\) are > 3/4. This
proves the first part of the statement. In order to compute the contribution of
the component to the determinant of £;%, we study as in (3.12) the associated
de Rham complex:

0—C((0,1), {0}& EF ) 25 Ceo((0,1), EF 1) 25 C5°((0,1), dy EE ' {0}) — 0

Note that dfdy and d;d} both act as rank-one model Laplacians
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under the identification of elements with their scalar parts, as before. The
relative boundary conditions turn the complex into a Hilbert complex with
the corresponding self-adjoint extensions of didy and did: denoted by A,
/\; respectively. The contribution to the determinant of £ is then given
by

det< AO . detc Al.

We obtain with v := /A + (k — m/2)?

D(Lo) ={f € D(Av1j2max) | f(7) = O(V), 2 — 0; f(1) = 0},
D(Al) = {f € D(Ayfl/Q,max)lf(x) = O(\/E)MI" - 07
f1(1) = (k= n/2)f(1) = 0}.

For v € (0,1) these domains were determined in Lemma 3.12 and Lemma

3.13, with the asymptotics f(z) = O(y/z),z — 0 being expressed by ca(f) =
0. The coefficient co(f) refers to the relation (4.27).

For v > 1 the operator A, _; 5 is in the limit point case, see Corollary 2.14.
So the condition on the asymptotic behaviour at x = 0 is redundant and the
domains are determined only by the relative boundary conditions at x = 1,
which are computed in Proposition 3.5.

Applying Corollaries 4.11 and 4.12 we obtain

V2
detc AO = T

I'(1+v)2v’
v—k+m/2
dete ANy = V2r————.
ST = NVETT R A )2
Multiplication of both expressions gives the result. O

Before we write down an explicit expression for det; £, let us introduce
some simplifying notation. Put:

A ={v =X+ [k+1—-m/22\ € SpecAjcan,

0<A<1—[k+1-m/2}, (4.32)
Ay i={v = VA4 [k+1—m/2|\ € SpecLycan\{0},
0<A<1—[k+1-—m/2?}, (4.33)

By = {v = /A+[k—m/22|\ € SpecAi_1.can\{0},
0<A<4—[k—m/2?}. (4.34)
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Moreover we write

(/7 /2)m M NN for fo = m /2 + 1 if dim M = m even,

P, = dimMEHN) - for | = n/2+1if dim M =n+ 1 odd,
(2/3)dmH N for k= n /2 + 2 if dim M = n + 1 odd.
(4.35)

The preceeding computations imply that L, is a finite direct sum of model
Laplace operators, a regular-singular Sturm-Liouville operator with matrix
coefficients, and in fact does not occur for |k —m/2| > 2. This corresponds
to the general fact, see [BL2, Theorem 3.7, Theorem 3.8] that the Laplace
operator on k—forms over a compact manifold with an isolated singularity
is "essentially self-adjoint” at the cone tip outside of the middle degrees, i.e.
for |k —m/2| > 2.

Therefore the complete determinant of £7¢ is given simply by a product
of finitely many contributions, determined in Propositions 4.16 — 4.20, de-
pending on the choice of a degree. This proves the central result of this
subsection.

Theorem 4.21. The self-adjoint operator L% is non-trivial only for degrees

m m
ke(——Q,— 2).
2 2 T

In these degrees the zeta-determinant of Li is given as follows, where we
use the notation established in (4.32) — (4.35):

(i) For k€ (m/2—2,m/2) we have

detgﬁ};el:H V2r H2 v—k+m/2

v & 2v 2°
ueAkQ I'(1+v) JeE, 2211 +v)

(ii) For k € (m/2,m/2+ 2) we have

k-

V2n(v+m/2+1—k) v—k+m/2
det ﬁrel — L
Tk H 2T (1 + 1) 11 T (1 + )2

VvEA,_o vEDB
(ili) For dim M = m even and k = m/2 we have

v

dete L5 = M.
etc 57 = 11 TR+ )2

I/EBk
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5 The Scalar Analytic Torsion of a Bounded
Generalized Cone

The analytic torsion of closed Riemannian manifolds is well-understood and
in particular the Cheeger-Miiller Theorem is established. The analytic tor-
sion of singular manifolds however, in particular of a bounded generalized
cone, still lacks deep understanding.

In fact J.S. Dowker and K. Kirsten provided in [DK] some explicit results for
a bounded generalized cone M = (0,1] x N, giving formulas which related
the zeta-determinants of form-valued Laplacians, essentially self-adjoint at
the cone singularity and with Dirichlet or generalized Neumann conditions
at the cone base, to the spectral information on the base manifold N. So, in
the manner of [Ch2], they reduced analysis on the cone to that on its base.

Theoretically these results can be composed directly into a formula for the
analytic torsion. However this approach would disregard the subtle sym-
metry of the de Rham complex of a bounded generalized cone, which was
derived by M. Lesch in [L3]. Furthermore the formulas obtained this way
turn out to be rather ineffective.

We present here an approach that does make use of the symmetry of the de
Rham complex and leads to expressions that are easier to evaluate. The cal-
culations use essentially the method of [S], combined with elements of [BKD].

The calculations are performed for any dimension > 2 with an overall general
result for the analytic torsion of a bounded generalized cone. Further calcu-
lations are possible only by specifying the base manifold N. In Subsection
5.6 we provide explicit results in three and in two dimensions.

However for a bounded generalized cone of dimension two, over a one-
dimensional sphere, one needs to introduce an additional parameter in the
Riemannian cone metric in order to deal with bounded generalized cone and
not simply with a flat disc D!. There is no need to evaluate the symmetry of
the de Rham complex in this case. The calculations of [S] can be generalized
to this setup in a straightforward way, which is done in Subsection 5.7.

5.1 Decomposition of the de Rham complex

Let M™ := (0,1] x N™, g™ = da? ® 2%g" be a bounded generalized cone of
length one over a closed oriented Riemannian manifold (N, %) of dimension
n. The Laplace operator Ay on k-forms over M transforms under the iso-
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metric identification in Proposition 3.1 to a regular-singular operator of the
form (recall (3.6))

A (5.1)

where Ay, is a symmetric differential operator of order two on Q*'(N) &
QF(N), see (3.7). The non-product situation on the bounded generalized cone
M is pushed into the z-dependence of the tangential part of the Laplacian.

Consider the relative self-adjoint extension Ar¢. introduced in (3.8). We
will only need the following well-known result, which is a direct application
of [L1, Proposition 1.4.7]

Theorem 5.1. The self-adjoint operator N is discrete with the zeta-
function
C(s, A = Z A%, Re(s) >m/2,
AeSp(AL)\ (0}

being holomorphic for Re(s) > m/2.

The meromorphic continuation of zeta-functions for general self-adjoint ex-
tensions of regular-singular operators is discussed in a series of sources, no-

tably [L1, Theorem 2.4.1], [Ch2, Theorem 4.1] and [LMP, Theorem 5.7].

For a compact oriented Riemannian manifold X™ the scalar analytic torsion
([RS]) is defined by

1 m
log T(X) := 5 3 (=1)" -k~ ¢{(0),
k=0

where (i(s) denotes the zeta-function of the Laplacian on k-forms of X,
with relative or the absolute boundary conditions posed at 9X. On compact
Riemannian manifolds the zeta-functions (j(s) extend meromorphically to C
with s = 0 being regular, so the definition makes sense.

On the bounded generalized cone M the zeta-functions ((s, A?) possibly
have a simple pole at s = 0. However we have the following result of A.Dar:

Theorem 5.2. [Dar| The meromorphic function

m

T(M, s) = %Z(—nk - (s, A7) (5.2)
k=0

is reqular at s = 0. Thus the analytic torsion T™ (M) := exp(T"(M,s = 0))
of a bounded generalized cone exists.
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Thus even though the zeta-functions (s, A7) need not be regular at s = 0,
their residua at s = 0 cancel in the alternating weighted sum 7'(M, s).

Remark 5.3. One can easily check via Poincare duality that the scalar ana-
Iytic torsion T (M) defined with respect to the relative boundary conditions
exists if and only if so does the scalar analytic torsion T (M), defined with
respect to the absolute boundary conditions, and

10g Trel(M) — (_1)dimM+1 IOg TabS(M).
Hence it suffices to consider the relative boundary conditions and we put

T(M) :=T"(M).

The statement extends to general compact manifolds with isolated conical
singularities. A compact manifold with a conical singularity is a Riemannian
manifold (M; Uy U, g) partitioned by a compact hypersurface N, such that
M is a compact manifold with boundary N and U is isometric to (0, €] x N
with the metric over U being of the following form

glv = dz? @ :1:29]1\;.

In this section we compute for the bounded generalized cone M the analytic
continuation of log T (M, s) to s = 0 by means of a decomposition of the de
Rham complex. We continue under the isometric identification ® introduced
in Subsection 3.1, which preserves all the spectral properties of the operators,
as asserted by Corollary 3.3.

Following [L3], we decompose the de Rham complex of M into a direct sum
of subcomplexes of two types. The first type of the subcomplexes is given as
follows:

0 — C5o((0,1), (&1)) 2 C((0,1), (€2, &5)) 25 C5°((0, 1), (£4)) — 0, (5.3)

where ¢ € QF(N),k < n — 1 is a coclosed normalized n-eigenform of Ay x
with n > 0 and

& = (0,9) € QH(N) @ QF(N),
& = (¥,0) € Q¥(N) & Q"(N),

&3 .= (0,
1

\/ﬁdw, 0) € Q*TH(N) @ Q"2(N).

5412(
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Observe that under the action of d and d° the subspace
Ce((0,1), (&1, &2, €3, €4)) is invariant and in fact we indeed obtain a complex.

The second type of the subcomplexes comes from the harmonics on the base
manifold N and is given as follows. Consider H*(N) and fix an orthonor-
mal basis {u;},i = 1,..,dim H*(N) of H*(N). Observe that for any i the
subspace C§°((0, 1), (0 & u;, u; @ 0)) is invariant under d, d" and we obtain a
subcomplex of the de Rham complex

0— C((0,1),(0 @ us,)) 5 C5°((0,1), (u; & 0)) — 0. (5.4)

By the decomposition (3.11) the de Rham complex (25(M), d) decomposes
completely into subcomplexes of the two types above. This decomposition
gives in each degree k a compatible decomposition for A7¢, as observed in
Theorem 3.10. Hence the Laplacians A are composed of the relative exten-
sions of the Laplacians of the subcomplexes. In particular each subcomplex

contributes to the function in (5.2) as follows.

The relative boundary conditions turn the complex (5.3) of the first type into
a Hilbert complex (see [BL1]) of the following general form:

0— Hy 2 Hypr 2 Hyyo — 0.

By the specific form of the subcomplex we have the following relation between
the zeta-functions corresponding to the Laplacians of the subcomplex

Crr1(8) = Cu(8) + Crya(s). (5.5)

From the spectral relation (5.5) we deduce that the contribution of the sub-
complex H to the function T'(M, s) amounts to

(=DF
2

[KCk(s) = (k + 1)Gra(s) + (k + 2)Crya(s)]

_ <‘21> (Corals) — G(3)). (5.6)

Since there are in fact infinitely many subcomplexes of the first type, we first
have to add up the contributions for Re(s) large and then continue the sum
analytically to s = 0. Then the derivative at zero gives the contribution to
T(M).

For the contribution of the subcomplexes (5.4) of the second kind to the
analytic torsion, note that the relative boundary conditions turn the complex
of second type into a Hilbert complex of the following general form:

0— Hy 2 Hyy — 0.
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There are only finitely many such subcomplexes, since dim H*(N) < oc.
Hence we obtain directly for the contribution to log T (M) from each of such
subcomplexes

(~1)s+
2

('(D*D,s=0). (5.7)

5.2 Symmetry in the Decomposition

In this section we present a symmetry of the de Rham complex on a model
cone, as elaborated by M. Lesch in [L3]. Consider the subcomplexes (5.3) of
the first type

0 — C((0,1), (61)) L C((0,1), (€2, 63)) 2 C5°((0, 1), (£4)) — 0.

where 1 € QF(N),k < n — 1 is a coclosed normalized n-eigenform of Ay
with n > 0 and

&= (0,9) € A H(N) @ QF(N),
& = (¥,0) € Q(N) & Q" (N),

dy) € QY (N) & Q"H(N),

Sl-

=
Vi

By computing explicitly the action of the exterior derivative (3.2) on the
basis elements & we obtain with ¢; := (=1)/(j — n/2),7 =0, ..,n

1)k, + = _ Ck
ay = (( :C)l\/ﬁ : ) af = (i ()0, )

Next we compute the associated Laplacians (identified with their scalar ac-
tion as in Remark 3.11)

1= (—=dnv),0) € Q"1 (N) @ Q*F3(N),

1
N = @)y =+

From the detailed discussion in Subsection 3.2 we infer that separat-
ing out the subcomplex above provides a compatible decomposition of
A AT AL, Hence the relative boundary conditions induce self-adjoint

extensions of the Laplacians Ag, Ag

Agmel = (dg))fnaxdz)b,min? (dib)fnax

v _ b
A2,7"el =d

1,min
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Now we discuss the relative boundary conditions for Ay, AY. Assume that
the lowest non-zero eigenvalue n of Ay is n > 1. This can always be
achieved by an appropriate scaling of the metric on N

gV =c2gN, ¢ >0 large enough. (5.9)

More precisely, the Laplacian A§ defined on Q*(N) with respect to g™ is
related to the original Laplacian Ay as follows

NS = Ay,

Hence indeed for ¢ > 0 sufficiently large we achieve that the Laplacian A%
has no "small” non-zero eigenvalues.

This guarantees in view of Corollary 2.14 that Ag’ and A;p are in the limit
point case at * = 0 and hence all their self-adjoint extensions in L?(0, 1)
coincide at x = 0. Hence we only need to consider the relative boundary
conditions at = 1. With Proposition 3.5 (see also Lemma 3.12 and Lemma
3.13) we obtain

(Agrel) = {f S D( Omax)|f( ) - 0}7
D(D3,0) = {f € DAY ma) (1) f/(1) + e f(1) = 0}

The values f(1), f/(1) are well-defined since by (2.5) we know D(AO 9 max) C
H2 (0,1].

loc

Remark 5.4. The assumption on the lower bound of the non-zero eigenvalues
of AN can be dropped. Then the discussion of a finite direct sum of model
Laplacians in the limit circle case enters the calculations. The associated
zeta-determinants were determined in Theorem 4.21.

Next we consider the twin-subcomplex, associated to the subcomplex dis-
cussed above. Let ¢ := xy1p € Q" %(N). Put

& = (0, %dm € R (N) @ RN,

& 1= (—=dy9,0) € "FH(N) @ QH(W),

& = (0,¢) € Q" Y(N) @ Q"F(N),
1= (6,0) € Q"F(N) & QLN
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Again the subspace C3°((0,1), <é, £, &5, é;)) is invariant under the action of
d and d' and in fact we obtain a complex

0= C((0.1), (€)= C°°(( 1), (60, 6)) C°°((0>1)> (&) —

By computing explicitly the action of the exterior derivative (3.2) on the
basis elements &; we obtain

-1 n—k—lax + Cn—k—1 B e Cr—
= (VTR = (e e ),

z n

As for the first subcomplex we compute the relevant Laplacians:

1 n 2 1 WP P
ntlkts—5] —5| =480 =24y, (5.10)

1
Af=05=-0it 2 2) 4

where the operators are identified with their scalar actions. As before, sepa-
rating out the subcomplex above, we decompose AT, . A, compatibly.

Hence the relative boundary conditions induce self-adjoint extensions

Ag’/‘el (dd))maxdgmln’ Ag’/‘el = dfmln(dqs)max

of the Laplacians Ag, Af respectively. Under the scaling assumption of (5.9)
the relative boundary conditions for this pair of operators are computed to

D( 0Tel) {f € D( Omax)’f( ) = 0}7
D(Dg,) = {f € DALl (=1 F1F(1) + 0 (1) = O},
with Proposition 3.5. As before the values f(1), f’(1) are well-defined since
DA gmax) C H2(0,1].

0,2,max loc

So in total we obtain four self-adjoint operators, which differ only by their
boundary conditions. Unfortunately the differences in the domains do not
allow to cancel the contribution of the two twin-subcomplexes to the analytic
torsion. However the symmetry still allows us to perform explicit computa-
tions.

Recall that ¢ was chosen to be a normalized coclosed n-eigenform on N of
degree k and ¢ = *xy%. Denote the dependence of the generating forms v
and ¢ on the eigenvalue n by ¥ (n) and ¢(n). Introduce further the notation

D(k) :={\ € SpecAY\n € Speciea v \{0}}
={\ e SpeCAg}(ﬂel!n € SpecAg can\{0}},
Ni(k) :={)\ e SpecA rel]n € SpecAk.can\{0}},
No(k) :={\ € Specﬁgﬁlmy € SpecDg can\{0}},
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where all eigenvalues are counted according to their multiplicities. Using this
notation we now introduce the following zeta-functions for Re(s) > 0

= > A )= D AT ()= ) A" Re(s) > 0.

AeD(k) AEN (k) AEN: (k)

The D-subscript is aimed to point out that the zeta-functions in the sum
are associated to Laplacians with Dirichlet boundary conditions at = = 1.
Similarly the N-subscripts point out the generalized Neumann boundary
conditions at 2 = 1, which are however different for AJ and AY.

The zeta-functions ¢} (s), (¥, (s) and ¢}, (s) are by Theorem 5.1 holomorphic
for Re(s) sufficiently large, since they sum over eigenvalues of AT but with
lower multiplicities. In view of (5.6), which describes the contribution to
analytic torsion from the subcomplexes, we set for Re(s) large

Definition 5.5. (.(s) := (%, (s) — C5(s)) + (—=1)" "¢k, (s) — ¢ (s)).

Remark 5.6. Note that C}(s) in the definition of (x(s) cancel for m = dim M
odd, simplifying the expression for (i(s) considerably. Further simplifications
(notably Proposition 5.18) take place throughout the discussion, so that an
effective result can be obtained in the end.

Below we provide the analytic continuation of (x(s) to s = 0 for any fixed
degree k < dim N — 1 and compute (—1)*¢;(0). The contribution coming
from the subcomplexes of the second type (5.4), induced by the harmonic
forms on the base NV, is not included in ;. (s) and will be determined explicitly
in a separate discussion.

Remark 5.7. The total contribution of subcomplexes (5.3) of first type to the
logarithmic scalar analytic torsion log T (M) of the odd-dimensional bounded
generalized cone M is given by

n/21
—Z

For an even-dimensional cone M the zeta-function (i.(s) counts in the degree
k = (n—1)/2 each subcomplex of type (5.3) twice. Thus the total contribution
of subcomplezes of first type to logT(M) is given by

(n—3)/2 (n—1)

1 —1) =2

Y corgo S o),
k=0

where the first sum is set to zero fordimM =n+ 1= 2.
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5.3 Some auxiliary analysis

Fix a real number v > 1 and consider the following differential operator

d? V2 —1/4
R Ay

l, ==
dx? T2

- C5°(0,1) — C5°(0,1).

By the choice v > 1 we infer from Corollary 2.14 (i) that the maximal and
the minimal extensions of [, coincide at x = 0 and hence we only need to fix
boundary conditions at x = 1 to define a self-adjoint extension of [,. Put for
a € R*:

D(Ly()) = {f € D(lymax)|(a = 1/2)7 f'(1) + f(1) = 0},

where o« = 0o defines the Dirichlet boundary conditions at = 1 and o = 1/2
— the pure Neumann boundary conditions at z = 1.

Proposition 5.8. The self-adjoint operator L,(a),a € R* is discrete and
bounded from below. For o? < v* and a = oo the operator L, () is positive.

Proof. The discreteness of L,(«) is asserted in [BS2|, see also [L, Theorem
1.1] where this result is restated. For semi-boundedness of L,(a) note that
the potential (v? — 1/4)/x? is positive. Hence it suffices to discuss semi-
boundedness of —d?/dxz? under different boundary conditions. By [W2, The-
orem 8.24] all the self-adjoint extensions of

d2 [e.e] [e.e]
_@ : CO (07 1) - CO <07 1)
are bounded from below, since —d?/dz? on C§°(0, 1) is semi-bounded. Indeed
for any f € C§°(0,1)

__n 1
(=f" Doy = — f'(fr)f(:ﬁ‘0 +/0 |f'(x)dz > 0.

Hence L, () is indeed semi-bounded. It remains to identify the lower bound
in the case o < v* and a = oo. For this consider any f € D(l, max), f Z 0.
Recall the relation (2.5), which implies that f is continuously differen-
tiable at (0,1) and f, f’ extend continuously to x = 1. Moreover we
infer from the proof of Proposition 2.11 (iii) the asymptotic behaviour
f(z) = O%?), f'(z) = O(z'/?), as + — 0. We compute via integration
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by parts for any € € R with €2 < v

o= [ (- S22 (212

2 _ 2 - _ !
+ 2 p ‘ f(x)} - f(x)dx = — (f’(x) 4 S xl/zf(x)) f(x) +
z—0+
2 2
—{—‘f’+€_1/2f +H\/}/2—e2f ‘
x £2(0,1) x L2(0,1)

Now the asymptotics of f(x) and f'(x) as  — 0 implies together with f # 0:

(o f, ez > = (1) - (f/(1) + (e = 1/2) £(1)). (5.11)
Evaluation of the conditions at z = 1 for L,(a) with @ = oo or a? < 12
proves the statement. O

Corollary 5.9. Let J,(z) denote the Bessel function of first kind and put
for any fired o € R* B
JX(2) = ad,(2) + 2J)(2),

where for o = oo we put Jo(2) = J,(2). Then for v > 1 and a =
or o < V%, the zeros of j,f“(z) are real, discrete and symmetric about the
origin. The eigenvalues of the positive operator L,(«) are simple and given
by squares of positive zeros of J(2), i.c.

SpecLy(a) = {p’|J¢ (1) = 0, u > 0}

Proof. The general solution to I, f = p?f, u # 0 is of the following form
f(x> = Cl\/EJV(Mx> + CQﬁYV(ﬂx>a

where ¢1, ¢ are constants and J,,, Y, denote Bessel functions of first and sec-
ond kind, respectively. For v > 1 the asymptotic behaviour of f € D(l, max)
is given by f(x) = O(2*?),r — 0. Hence a solution to [, f = p%f, u # 0 with
f € D(l, max) must be of the form

f(z) = clﬁ]’v’(#x)'

Taking in account the boundary conditions for L,(«) with at @« = oo or
a? < v, we deduce correspondence between zeros of J%(z) and eigenvalues
of L,,(a). Hence by Proposition 5.8 we deduce the statements about the zeros

of jﬁ(z), up to the statement on the symmetry of zeros, which follows simply
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from the standard infinite series representation of Bessel functions.

Furthermore, J,(—ux) = (—=1)"J,(uz), 1 # 0 and hence each eigenvalue p?
of L,(«) is simple with the unique (up to a multiplicative constant) eigen-
function f(z) = \/xJ,(px), u > 0 This completes the proof. O

Similar statements can be deduced for more general values of & € R*, but are
not relevant in the present discussion. Finally note as a direct application
of Proposition 5.8 that the Laplacians A’élrel and Aglrel? introduced in the
previous subsection, are positive.

Corollary 5.10. For all degrees k = 0,..,dim N we have

D(k) C R*, Ni(k) CRY, i=1,2.

Next consider the zeta-function ((s, L,(«)),a € R* associated to the self-
adjoint realization L,(«) of [,. Tt is well-known, see [L,, Theorem 1.1] that the
zeta-function extends meromorphically to C with the analytic representation
given by the Mellin transform of the heat trace:

1
[(s)

C(s, Ly(a)) = / 5 T2 (e @) P at,
0

where P is the projection on the orthogonal complement of the null space of
L,(a). The heat operator exp(—tL,(a)) is defined by the spectral theorem
and is a bounded smoothing operator with finite trace TrLz(e_tL”(o‘)P) of
standard polylogarithmic asymptotics as t — 0+, see [Ch, Theorem 2.1]. We
can write for ¢t > 0

Tr(e @) = QL / e MTr(A — Ly () td,
T JA

where the contour A shall encircle all non-zero eigenvalues of the semi-
bounded L,(a),a € R* and be counter-clockwise oriented, in analogy to
Figure 3 below.

Now, following [S], we obtain an integral representation for (s, L,(«)) in a
computationally convenient form. Introduce a numbering (A,) of the eigen-
values of L, (a) and observe

_ 1 d A
e = Lo(@)™ =3 5oy = am(“x_)’
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where we fix henceforth the branch of logarithm in C\R™ with 0 < I'mlogz <
2m. We continue with this branch of logarithm throughout the section. In-
tegrating now by parts first in A, then in ¢ we obtain

C(s, Ly(a)) = F(;—il) /Ooo ts—lﬁ/Ag [—zn:log (1 - %)] d\dt.

(5.12)

5.4 Contribution from the Subcomplexes I

We continue in the setting and in the notation of Section 5.2 and fix any
degree k < dim N — 1. We define the following contour:

Ao :={) e Cllarg(A — ¢)| = 7/4} (5.13)
oriented counter-clockwise, with ¢ > 0 a fixed positive number, smaller than

the lowest non-zero eigenvalue of A, The contour is visualized in the Fig-
ure 3:

[n]

Figure 3: The contour A.. The x’s represent the eigenvalues of A’

In analogy to the constructions of [S] we obtain for the zeta-functions
(5 (s),CE (), Ch, (s) the following results.

Proposition 5.11. Let M = (0,1] x N,g™ = daz? @ 2%g"™ be a bounded
generalized cone. Let the metric on the base manifold N be scaled as in (5.9)
such that the non-zero eigenvalues of the form-valued Laplacians on N are
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bigger than 1. Denote by Ay can the Laplace Operator on coclosed k-forms
on N. Let

Fy={¢€R | & =n+(k+1/2—n/2)" 0 € SpecApean\{0}}.

Then we obtain with (j,)ien being the positive zeros of the Bessel function
Ju(2)

2

¢h(s) = F(SST/ g1 / —TD s, \)dAdt, (5.14)

TH(s,A) = Y DR v, DR Zlog <1 - T) . (5.15)

veEF,

Proof. Consider for 1 € SpecAy.can\{0} the operators AY™ and AS™
defined in (5.8) and (5.10). Under the identification with their scalar parts,
as in Remark 3.11 we have

1 1
A = ppo) = g2y L {,ﬂ ~ Z] |
T

where v := \/n+ (k+1/2 — n/2)2. By scaling of the metric on N we have

v > 1 and hence the self-adjoint extensions AO oy and Aml are determined

only by their Dirichlet boundary conditions at z = 1. By Corollary 5.9 we
obtain:

—2s
22‘7725_ Z 252(]1/1) ’ R6(8)>>0,
veFy i=1 veFy,

where j,; are the positive zeros of J,(z). This series is well-defined for Re(s)

large by Theorem 5.1, since AY (;Zal( Ag@l) as direct sum components of A"

have the same spectrum as A"el but with lower multiplicities in general.

Due to the uniform convergence of integrals and series we obtain with similar
computations as for (5.12) an integral representation for this sum:

82 00 o1 1 7)\t
Ch(s) :m/o t —/ — ——TF (s, \)dAdt, (5.16)

271

(e} ZA
Th(s,\) = Y PP, 25\ == log (1 - ’;T) . (5.17)
i=1 v

veFy

Note that the contour A, defined in (5.13) encircles all eigenvalues of AO R

Ag)rel by construction, since the operators are positive by Corollary 5.10. [



ANALYTIC TORSION 85

Proposition 5.12. Let M = (0,1] x N,g™ = dz? @ 2%¢"™ be a bounded
generalized cone. Let the metric on the base manifold N be scaled as in (5.9)
such that the non-zero eigenvalues of the form-valued Laplacians on N are

bigger than 1. Denote by Ay can the Laplace Operator on coclosed k-forms
on N. Let

Fo={¢eRT | € =n+(k+1/2—n/2) 1 € SpecApan\{0}}.

Then we obtain forl=1,2

2

k S > s—1 1 7)\t
= — T — —T A)d)dt, 1
GO =gy | e | ST (5.18)

A
T]]f,l (s, \) Z thek(\) =2 hk( Zlog (1 — —) . (5.19)

veFy ']I/ll

where (}Ml,i)ieN are the positive zeros of z,Nl’k(z) forl =1,2. The functions
JNi(2) are defined as follows

TP = (5 + (D ) ) + 222

~ 1
TNk (2) = (5 + (—1)kck) J,(2) + 2J)(2).
Proof. Consider for n € SpecAg.an\{0} the operators AV and AT
defined in (5.8) and (5.10), which contribute to the zeta-functions %, (s) and
C]"{,Q(s) correspondingly. Under the identification with their scalar parts, as
in Remark 3.11 we have

1 1
Y0 = A = 924 {;ﬂ N Z] ’

where v := \/n+ (k +1/2 — n/2)2. By scaling of the metric on N we have

v > 1 and hence the self-adjoint extensions Ad)(rn and A;/’(rz)l are determined
only by their generalized Neumann boundary conditions at = = 1. Recall

D(AY,) = {f € DAY )l f(1) + (= 1)fera f(1) = 0},
D(A5,4) = {f € DAL ) (1) + (=) *eup f(1) = 0}
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Observe (—1)"**tlc, , = (=1)*c, and put

TR () == (1 + (—1)’“ck+1) T (1) + p T (),

2
1

TR () = (5 + (—1)’“%) T (1) + pd} ().

Note for any degree k and any v € F},

<.
5 v

1
==+ (=1)F
‘2+( )"cn

1
:‘2___15
2

1
‘5 + <_1)ka+1

Hence by Corollary 5.9 we obtain for [ = 1, 2:

—2s
CN; szu_?f Z _QSZ<MZ> ,  Re(s) >0,

veFy i=1 veFy

where },,7172- are the positive zeros of le (z) for [ = 1,2. This series is
well-defined for Re(s) large by Theorem 5.1, since A rel,Aébrz)l as direct

sum components of A’ have the same spectrum as Aml but with lower
multiplicities in general.

Due to the uniform convergence of integrals and series we obtain with similar
computations as for (5.12) an integral representation for this sum:

2

k S ps—1 k
- —T 2
&) = 757 / — / (s, \)dAdt,  (5.20)

A
T (s,0) = > thF) w2, 1Dk Zlog (1 - —) . (5.21)

veFy ]I/ i
Note that the contour A. encircles all the possible eigenvalues of A2 el Ag’rel
by construction, since the operators are positive by Corollary 5.10. [

Corollary 5.13. Let M = (0,1] x N, g™ = dx?® @ 2%g" be a bounded gener-
alized cone. Let the metric on N be scaled as in (5.9) such that the non-zero
ergenvalues of the form-valued Laplacians on N are bigger than 1. Then we
obtain with Definition 5.5 in the notation of Propositions 5.11 and 5.12

2

Cols) = —— / R L s Y (5.22)
§) = —— — s :
g T(s+1) J, omi f, AT ’
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TH(s,A) =) th(A\) v,

veFy
ty(A) = [ (N) = 5 (N) + (1" () = 1, (N)] -
If dim M is odd we obtain with z := /=X and ay, :==n/2 —1/2 —k

th(X) = [— log(ax I, (vz) + vzl (vz)) + log (1 + %) +

+log(—apl,(vz) + vzl (vz)) — log (1 — %)] :

For dim M even we compute with z == /—\
th(\) = [— log(auw 1, (vz) + vzl (vz)) + log (1 + %) —
—log(—ayl,(vz) + vzl (vz)) + log (1 — %) +
+2log(I,(vz)) + 2logv].
Proof. Recall for convenience the definition of (x(s) in Definition 5.5
G(s) =, (8) = Ch(8)) + (=1)" (<R, (5) — € (9))-

The integral representation and the definition of t¥(\) are then a direct con-
sequence of Propositions 5.11 and 5.12. It remains to present t¥(\) in terms
of special functions.

In order to simplify notation we put (recall ¢; := (=1)/(j — n/2))

_%_k:_(%Jr(—l)kck).

Now we present t2F(\) and t)©¥()\),l = 1,2 in terms of special functions.
This can be done by referring to tables of Bessel functions in [GRA] or [AS].
However in the context of the paper it is more appropriate to derive the
presentation from results on zeta-regularized determinants. Here we follow
the approach of [L, Section 4.2] in a slightly different setting.

|3

1
=5 + (=Dfepyy =

The original setting of [L, (4.22)] provides an infinite product representation
for I,(z). We apply its approach in order to derive the corresponding result
for IV (z2) := al,(2) + 21/ (2), with a € {+a;} and v € F},.

Consider now the following regular-singular Sturm-Liouville operator and its
self-adjoint extension with o € {£+a4} and v € Fj,

) d2 1 2 1 . (Y100 0
lV':_ﬁ—i_ﬁ V_L_L 'CO (0’1)—>00 (071)’
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D(Ly(a)) :={f € D(lymax)| /(1) + (o = 1/2) f(1) = O}.

Note we have o? < v? by construction and in particular o # —v. Thus we
find by Corollary 4.11 or also by Proposition 5.8 that ker L,(a) = {0} and

dete(Ly (@) = m% (5.23)

Denote by ¢(z, z), 1 (z, z) the solutions of (I, + 2?)f = 0, normalized in the
sense of [L, (1.38a), (1.38b)] at = 0 and = = 1, respectively. The general
solution to (I, + z2)f = 0 is of the following form

f(x) = izl (22) + cov/z K, (22).

Applying the normalizing conditions of [L, (1.38a), (1.38b)] we obtain
straightforwardly

P(l,2)=1, ¢'(1,2)=1/2—q,
o(1,2) =2"T'(v+ 1)27"1,(2) with ¢(1,0) = 1,
¢'(1,2) =2"T(v+ 1)27"(1,(2) - 1/2 + 2I/(2)) with ¢'(1,0) = v + 1/2.

Finally by [L, Proposition 4.6] we obtain with {\,},en being a counting of
the eigenvalues of L, («):

det¢ (L, () + 2%) = det¢(L H <1 + > (5.24)
Since ker L, (a) = {0}, for all n € N we have A, # 0. Denote the positive
zeros of JN(2) = aJd,(z) + 2J,(2) by (j”)zeN Note in the notation of
Proposition 5.12 that for o = ay, JY(2) = J¥#(z) and for a = —oy,

v

JN(2) = JN2k(2). Observe by Corollary 5.9:

Spec(Ly () = {j2,li € N}.

Using the product formula (5.24) and [L, Theorem 1.2] applied to L, (o) + 22,
we compute in view of (5.23)

11 (1+f ) _ WG 2T oy L)

Pl 32 a+v 2Y(1+ a/v)

= INz)= al,(z)+ zI,(z) = 21/12:/ < ) ﬁ (1 + = )

=1 jl/’l

(5.25)
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The original computations of [L, (4.22)] provide an analogous result for I, (z)

where j,,; are the positive zeros of .J,(z). Finally in view of the series repre-
sentations for t2*(\) and t)*(\),l = 1,2 derived in Propositions 5.11 and
5.12 we obtain with z = v/—A

tOR(N) = —log I, (vz) + log (%) , (5.26)

tNek(\) = —log(ayl, (v2) + vzl (vz)) + log ( (vz)” (1 + %>) . (5.27)

2'T'(v) v
where oy = oy if | = 1 and o = —ay, if [ = 2. Putting together these two
results we obtain with Definition 5.5 the statement of the corollary. [

Now we turn to the discussion of T%(s, \). For this we introduce the following
zeta-function for Re(s) large:

Gn(s) =) _vo=> ()

vEFy veFy

where v € F}, are counted with their multiplicities and the second equality is
clear, since v € F}, are positive. Recall that v € F}, solves

vi=n+(k+ 1/2 — n/2)2, n € SpecAy can\{0}

and hence (; x(2s) is simply the zeta-function of Ay ca y + (k+1/2 —n/2)2.
By standard theory ((2s) extends (note that ((2s) can be presented by an
alternating sum of zeta functions of A;n + (k4 1/2 —n/2)%j = 0,..,k)
to a meromorphic function with possible simple poles at the usual locations
{(n—p)/2|p € N} and s = 0 being a regular point. Thus the 1/v" dependence
in t5()\) causes a non-analytic behaviour of T%(s,\) at s =0 for r = 1,..,n,
since

Z v s— = Cen(25+71)

vEF),
possesses possibly a pole at s = 0. Therefore the first n = dim N lead-
ing terms in the asymptotic expansion of t*(\) for large orders v are to be
removed. We put

th(\) = pF(\ +Z — RN, PF(s,\) Zpy : (5.28)

v>1
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In order to get explicit expressions for f¥(\) we need following expansions of
Bessel-functions for large order v, see [O, Section 9]:

1 ern = ur(t)-
L, ~ 1 )
v~ iy |V
1 e’ = vr(t)-
T ~ 1
Av2) V2 2(1 + 22)-1/4 +; v

where we put z := =\t := (1 + 22) 7Y% and 5 := 1/t +log(z/(1 + 1/t)).
Recall that A € A,, defined in (5.13). The induced z = /=X is contained
in {z € Cllarg(z)| < 7/2} U {iz|x € (—1,1)}. This is precisely the region of
validity for these asymptotic expansions, determined in [O, (7.18)].

Same expansions are quoted in [BKD, Section 3]. In particular we have as
in [BKD, (3.15)] the following expansion in terms of orders

log 1+§:“;(f] Z ff (5.29)

T

log (1+Z t):l:%t(l%—iu;g))lwiw, (5.30)

r=1 r=1

where D,.(t) and M, (t, £ay) are polynomial in ¢. Using these series repre-
sentations we prove the following result.

Lemma 5.14. For dim M being odd we have with z = /=X, t := (1 +
2)V2=1/\/1—-Xand ap =n/2 —1/2 —k

fk(>‘) = M, (t,—ay) — M, (t,+ay) + (_1>r+1 o — Sn_aky.

T

For dim M being even we have in the same notation
FEQ) = — My (¢, —on) — My (f, +o) + 2D, (1) + (~1y+1 S
T

Proof. We get by the series representation (5.29) and (5.30) the following
expansions for large orders v:

v evn = M,(t, +ay)
log(+ayl, (vz) + vzl (vz)) ~ log ( o 2(1+ 22)—1/4> + Z —

1 e’ = D,(t)
log(1,(vz)) ~ log (\/%<1 n 22)1/4) + Z et
r=1
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Furthermore, with v > |ay| for v € F}, we obtain

log(1 + %) - i(—DT“M-

rv’
r=1

Hence in total we obtain an expansion for t¥(\) in terms of orders v:

tz]i(/\) ~ Z% (Mr(t, —ay) — M(t,+ay) + (_1)r+1M> ’

r

for dim M odd,

tl;()\) ~ i % (2D7«<t) — Mr(t, —Oék) — Mr(t, +ak) + (_1)7"+1M>

A
+ log (m) , for dim M even.

From here the explicit result for f*()\) follows by its definition. O

From the integral representation (5.22) we find that the singular behaviour
enters the zeta-function in form of

n 82 o'} ) 1 e—)\t .
_— 2 T — — 7 (A)dAdt.
PBIvRCRICRY MRl (e vty

We compute explicitly this contribution coming from f*(\) in terms of the
polynomial structure of M, and D,. It can be derived from (5.29) and (5.30),
see also [BKD, (3.7), (3.16)], that the polynomial structure of M, and D, is
given by

T

Dr<t) = Z {L’nbtr—"_%, Mr(t, :l:ozk) = Z Z,,’b(:l:Oék)tr—i_%.
b=0 b=0

Lemma 5.15. For dim M odd we obtain

0 . 1 e—)\t .

I(s+b+1/2)
sI'(b+1r/2)

T

= > (zrp(—ar) — zrp(aw))
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For dim M even we obtain

[’ . 1 6—)\15 .
T — — ANd\dt =
/0 — / )

I(s+b+1r/2)
sI'(b+1/2)

r

= <2xr,b - Z'r,b(_ak) - ZT,b<ak))
b=0

Proof. Observe from [GRA, 8.353.3] by substituting the new variable z =
A—1, with a > 0:

1 —At 1 1 —xt 1
Ll b b et L,
2wt Jo, —A (1= A)e 2 o, x+1(—x)°

= %Sin(ﬂa)F(l —a)l'(a,1).

Using now the relation between the incomplete Gamma function and the
probability integral

I'(s+a)

o0 1 e~ 1
e — [ d\dt =
/0 27 /Ac A (1=2X)e

[(s4+a) TI(s+a)
~ sl(a)

/ t7 1 (a, t)dt =
0

we obtain

% sin (ma) I'(1 — a)

Further note for ¢ > 0
Lo
omi Jo, A
since the contour A. does not encircle the pole A = 0 of the integrand. Hence
the A—independent part of f¥(\) vanishes after integration. The statement

is now a direct consequence of Lemma 5.14. O

Next we derive asymptotics of pf(X) :=tE(X) — Y7, & f¥()) for large argu-
ments A and fixed order v

Proposition 5.16. For large arguments A and fixed order v we have the
following asymptotics

PE(A) = aylog(—A) + b + O ((=A\)717?),
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where for dim M odd

=0, b= ((log <1 + %) — log (1 - %) - Z(—l)rHW) ;

and for dim M even

k_ ko Qg Qg - r1 Qg+ (—ag)”
k=1, bw—<bg0+~;>+bg0—~;>—§jb&) STER).

Proof. For large argument A we obtain

R T S
t_VH%ffﬂ—A_O«A) )

Therefore the polynomials M, (t, £ax) and D, (t), having no constant terms,
are of asymptotics O ((—X)7'/%) for large A. Hence directly from Lemma
5.14 we obtain in odd dimensions for large A

m (=) (o) — (—au)" L0 ((_)\)_1/2) _ (5.31)

vr rv’

In even dimensions we get

E) (1 ()" + (—ag)” L0 ((=N). (5.32)

vr rv’

It remains to identify explicitly the asymptotics of t*(\). Note by [AS, p.
377] the following expansions for large arguments and fixed order:

]AZ):\E%;<1+I)<§)>, fxz):\2;2<1+47<§)>.

These expansions hold for |arg(z)| < 7/2 and in particular for z = /—\
with A € A, large, where A, is defined in (5.13). Further observe for such

2 ==\ )\ € A, large:
log (1 L0 G)) —0((-N)7),

= log(+ay +vz) =logz + logv + log (1 + %) —
vz
=logz +logv + O ((=\)""?).
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Together with the expansions of the Bessel-functions we obtain for #£(\)
defined in Corollary 5.13

t*(\) = log <1 + %) — log (1 —

73

)+O((=N7"),
for dim M odd,

)00,

for dim M even.

14

t*(\) = —log(—\) + log (1 + %) + log (1 _ Gk
v

Recall the definition of p¥(\) in (5.28). Combining this with (5.31) and (5.32)
we obtain the desired result. O

Definition 5.17. With the coefficients a* and b¥ defined in Proposition 5.16,
we set for Re(s) >0

AF(s) = Z abv* . BF(s) = Z by,

lIEFk VEFk

Now the last step towards the evaluation of the zeta-function of Corollary
5.13 is the discussion of

PF(s,\) := Z PPN v, Re(s) > 0.

vEF),

At this point the advantage of taking in account the symmetry of the de
Rham complex is particularly visible:

Proposition 5.18.
P*(s,0) = 0.

Proof. As A — 0 we find that ¢ = (1 — \)~/2 tends to 1. Since as in [BGKE,
(4.24)]

r+1 (iak)T

M,(1,+03) = D,(1) + (=1) .

(5.33)
we find with Lemma 5.14 that in both the even- and odd-dimensional case
fE(X) — 0 as A — 0. Thus we simply need to study the behaviour of t£(\)
defined in Corollary 5.13 for small arguments. The results follow from the
asymptotic behaviour of Bessel functions of second order for small arguments
which holds without further restrictions on z

L(z) ~ ﬁ (Z) =0
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Using the relation I},(z) = 3(I,41(2) + I,—1(z) we compute as |z| — 0

2
14 VZ\VY (673 vz
:tOékL,(l/Z) + VZ]L(VZ) ~ m <?> |:1 + 7 + m y

VI, (vz) ~ r(++1) (@>

The result now follows from the explicit form of t¥()). O

Remark 5.19. The statement of Proposition 5.18 shows an obvious advan-
tage of taking in account the symmetry of the de Rham complez.

Now we have all the ingredients together, since by analogous arguments as
in [S, Section 4.1] the total zeta-function of Corollary 5.13 is given as follows:

S

Cr(s) = TG +1)

[1A¥(s) — B¥(s) — —Ak(s) + PA(5,0)] +

+Zn: S w25+ )/Oots—l ! / e_Mf’“(A)d)\dH s h(s)
ZT(s+ )TN ami [, T T(s+1)

where the last term vanishes with its derivative at s = 0. Simply by inserting
the results of Lemma 5.15, Proposition 5.16, Proposition 5.18 together with
Definition 5.17 into the above expression we obtain the following proposition:

Proposition 5.20. Continue in the setting of Corollary 5.13. Up to a term
of the form s*h(s)/T(s + 1), which vanishes with its derivative at s = 0, the
zeta-function (i (s) from Definition 5.5 is given in odd dimensions by

S —2s oy N Ny
TG+ u;kV Hoe (1-5) _l,;kv “log (1+°%) +
£ ntas ) (i)
r=1
n ; F b 2
—leck,N(QS + T)ﬁ ;(zr,b(_@k) — zy(a)) (;(Z—i__;/g/) )
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In even dimensions we obtain

ZV 2510g<1——> ZV 2Slog(l—f— )

S + 1 vEF}) eEL
+Z <__'7)+Z€k]v 23+7ﬂ)( 1)T+1M n
= —
n S ,
+ ; Cr,n (25 + T)m ;(2%,1) — Zp(—ap)—
I(s+b+1r/2)
e e

Corollary 5.21. With G n(s,a) := > cp (v + a)™ we deduce for odd di-
Mensions

¢1(0) = C;QN(O ax) —CéN( , —o)+

Dol )

: I'(b+1/2)
‘|‘Z RGSCkN g Zzb Z@b(ak)) m

and for even dimensions
(:(0) = CllfN(O ) + G v (0, —ag)+
i k)’ I"(i)
+Z “%—R Gk <){%+r(;)}+

+ Z I%GSC;C N Z 25)3@ b — i, b ak) - Z@b(ak)) %
b=0

Proof. First we consider a major building brick of the expressions in Propo-
sition 5.20. Here we follow the approach of [BKD, Section 11]. Put for
a € {xa}

9= 2o (10 2) + e (3]

Since the zeta-function Gy n(s) = ) cp, v~° converges absolutely for Re(s) >
n+ 1,n = dim N, the sum above converges for s = 0. In order to evaluate
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K(0), introduce a regularization parameter z as follows:

Z/ -1 —ut( —at+z z+1azt>dt
veFy

=T(2)  Genlza) + Y (-1

2!
=0

)

F(Z -+ Z)Ck N(Z + Z)

where we have introduced

G (2,0) = —— Z / e gt

VGF

For Re(s) large enough (. n(z,@) = > cp (¥ + )77, is holomorphic and
extends meromorphically to C, since it is the zeta-function of Ay . n + .
Note that for @ € {£ax} and v € Fi we have a@ # —v, so no zero mode
appears in the zeta function (; n(z,@). In particular Ky(z) is meromorphic
in z € C and by construction

Ky(0) = K(0).
With the same arguments as in [BKD, Section 11] we arrive at
K(0) =G x(0, ) — CI;N( )+

+ g(_ Z“ [Res{k ~ (i) {’y + II:/((Z))} + PPCk,N(i)} ;

where PP, v(r) denotes the constant term in the asymptotics of (; y(s) near
the pole singularity s = r. This result corresponds to the result obtained in
[BKD, p.388], where the factors 1/2 in front of (j ,(0) and 2 in front of
Res (i n (i), as present in [BKD], do not appear here because of a different
notation: here we have set (x x(s) = > v~% instead of > v 25,

In fact K(0) enters the calculations twice: with & = o and @ = —ay. In
the odd-dimensional case both expressions are subtracted from each other,
in the even-dimensional case they are added up. Furthermore we compute
straightforwardly

s I(s+b+r/2)
L(s+1) T(b+r/2)

I'(b+1/2)
Wove +] - PRt

Ck,N(QS —+ 7”)

d
B,
3 Resn() |
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We infer from (5.33)

r r (_ak)r

> (erp(—ar) = zpp(an)) = (-Urakfa
TO/I; + (_Oék)T'

(25 — zip(—ar) — zip(ar)) = (—1) .

b=0

This leads after several cancellations to the desired result in odd dimensions.
In even dimensions the result follows by a straightforward evaluation of the
derivative at zero for the remaining component:

4
ds

Y ﬁéﬁw(?s) e - 'y) = 2¢}. (0).

5.5 Contribution from the Subcomplexes II

It remains to identify the contribution to the analytic torsion coming from
the subcomplexes (5.4) of second type, induced by the harmonics on the base
manifold N. The necessary calculations are provided in [L3] and are repeated
here for completeness. Recall the explicit form of these subcomplexes

0 — C((0,1), (0 & w)) 5 C22((0, 1), (u; & 0)) — 0, (5.34)

where {u;} is an orthonormal basis of dim H*(N). With respect to the gen-
erators 0 @ u; and u; @ 0 we obtain for the action of the exterior derivative

d=(=1)*0, + =, o = (=1)*(k —n/2).
x
By compatibility of the induced decomposition we have (cf. (3.20))

D(AF) NV L2((0, R),{0 @ w;)) = D(dpyeinin) =

max

_D ((—1)’““&5 + %)max ((_1)16835 + %)min.

T T

Consider, in the notation of Subsection 5.3, for any » € R and a« € R U
{0} the operator [, = —9? + 7 2(v* — 1/4) with the following self-adjoint
extension:

D(Ly()) = {f € D(lymax)|( = 1/2)7" f/(1) + f(1) = 0,
f(x) = O(vx),x — 0}.
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Here L, (o = 1/2) denotes the self-adjoint extension of [, with pure Neumann
boundary conditions at x = 1. Furthermore L,(o0) is the extension with
Dirichlet boundary conditions at x = 1. As a consequence of Proposition 2.8
we have

((—1)k+1ax + C—’“)max ((_1)1@ + C_’“)min — Lig—(n_1)/2/(00).

T T

It is well-known, see also [L, Theorem 1.1] and [L, (1.37)], that the zeta-
function of L, (a) extends meromorphically to C and is regular at the origin.
We abbreviate

T(L,()) :=logdet L, (o) = —('(s =0, L, («)).

Put by := dim H*(N). Then the contribution to the analytic torsion coming
from harmonics on the base manifold is given due to the formula (5.7) as
follows:

dim M

5 Z (=1)%bg T(Ljjo—(n—1 2/ (00)) (5.35)

Proposition 5.22.
For v > 0 we have Spec(L,(c0)) U {0} = Spec(L,+1(v+ 1)) U{0}.

Proof. Put d, := 0, + ™ 'p. We get
lprje = didy,  Lyyyp = dyd’,

By a combination of Propositions 2.6, 2.8, which determine the maximal and
the minimal domains of d,,, we obtain for v > 0

D(du+1/2,maxdf/+1/2,min) = {f € D(lu,maxﬂf(x) = O(\/E)a xr — 07 f(l) = O}a
D<df/+1/2,mindV+1/27maX) = {f € D<ll/+1,max>|f<'r) = O(\/E),LU - 07
f)+ (v +1/2)f(1) = 0}.

Hence we find
LI/(OO) = du+1/2,maxdty+1/2,min = du+1/2,max(d1/+1/2,max>*a
Ll/+1 (V + 1) = df/+1/27mindu+l/2,max = (dl/+1/2,max>*dy+1/2,max-

Comparing both operators we deduce the statement on the spectrum, since
all non-zero eigenvalues of the operators are simple by similar arguments as
in Corollary 5.9. ]
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Proposition 5.23. Let a +v # 0. Then
T(Ly(50)) = T(Ly(a)) — log(a + ).

Proof. The assumption o 4+ v # 0 implies with Corollary 4.11

dete(Ly () = V2r—ar

2°T(1 +v)’
Moreover we have by Corollary 4.12
V2
det (L, =
ete(Lu(20)) = a7

Consequently we obtain for o +v # 0

det¢(Ly(0)) 1
det¢(Ly (o))  a+v

Taking logarithms we get the result. O]
Proposition 5.24.
k
T(Ls1/2(00)) =log2 — > "log(2l + 1).
1=0
Proof. Apply Proposition 5.23 to L,,1(v + 1), > 0. We obtain
T(Ly+1(00)) =T (Lys1(v + 1)) —log(2v +2) =T(L,(00)) — log(2v + 2),

where for the second equality we used Proposition 5.22. We iterate the
equality with v = k — 1/2 and obtain

T(Lyy1/2(00)) = T(L1 a(00 Z log(20 +1).

The operator Ly (00) is simply —92 on [0,1] with Dirichlet boundary condi-
tions. Its spectrum is given by (n?7?),cn. Thus we obtain with (z(0) = —1/2
and (R(0) = —1/2log 27

o0

§ —23 —2s
CLl/Q(OO m

= (L, (00 (0) = =2(log m)Cr(0) + 2¢5(0 ) —log2.
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Now we finally compute the contribution from harmonics on the base:

Theorem 5.25. Let M be a bounded generalized cone of length one over a
closed oriented Riemannian manifold N of dimension n. Let x(N) denote
the Euler characteristic of N and by, := dim H*(N) be the Betti numbers.

Then the contribution to the analytic torsion coming from harmonics on the
base manifold is given as follows. For dim M odd the contribution amounts
to

10g2 n/2—1 n/2—k—1
S X(N) - S (=Dfb Y log(20+1)-
k=0 =0
1 n/2—1
-5 D (—1)*bilog(n — 2k +1).
k=0

For dim M even the contribution amounts to

1 (n—1)/2

5 Z (=1)*by, log(n — 2k + 1).
k=0

Proof. We infer from (5.35) for the contribution of the harmonics on the base

manifold
dim M

S T watoe)

We obtain by Poincare duality on the base manifold N

dim M

1
For dim M =n + 1 odd: > (= 1k T(Ljt—ne1)/2 (00)) =
k=0
1 n/2—1
=3 D (1) bk (T(Lnja-k-172(00)) + T(Lnja-k11/2(0))),
k=0
dim M
For dim M = n + 1 even: 5 Z (=1)%b T(Lj—(n—12/(00)) =
k=0
1 (n—1)/2
=3 (= 1) br (T (L j2-p-1/2(00)) = T(Lyj2-p41/2(00))).
k=0

Inserting the result of Proposition 5.24 into the expressions above, we obtain
the statement. 0
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5.6 Total Result and Formulas in lower Dimensions

Patching together the results of the both preceeding sections we can now
provide a complete formula for the analytic torsion of a bounded generalized
cone. In fact we simply have to add up the results of Theorem 5.25 and
Corollary 5.21. In even dimensions one has to be careful in the middle degree,
as explained in Remark 5.7.

Theorem 5.26. Let M = (0,1] x N,g” = daz? & 2?g" be an odd-
dimensional bounded generalized cone over a closed oriented Riemannian
manifold (N,g"). Let the metric on the base manifold N be scaled such
that the non-zero eigenvalues of the form-valued Laplacians on N are big-

ger than one. Introduce the notation n = dim N, ap = (n — 1)/2 — k and
by, = dim H*(N). Put

Fo={¢cR" | &€ =n+(k+1/2—n/2),n € SpecLpan\{0}},
Cen(s) = Z v, CGun(s,a) = Z(V +a)”°,  Re(s) > 0.

vEF), vely

Then the logarithm of the scalar analytic torsion of M s given by

log 2 n/2—1 n/2—k—1
log T(M) = § XV = ST (=1 Y log(2l 4+ 1)-
k=0 =0
1n/2—1 n/2—1 (_1)k
—5 > (=D bilog(n =2k + 1)+ > == (CGn(0, ) = Gy (0, —u))+
k=0 k=0

n/2—1 k" . i i ,o

+ > SRSyt g @ {34 T
k=0 =1

n/2—1 n i .
(-1* -1 . (b +i/2)
+ ’; 5 géRes@N(z) 3 (=) = zia()) = -

Theorem 5.27. Let M = (0,1] x N,g™ = da?® @ 2%°¢" be an even-
dimensional bounded generalized cone over a closed oriented Riemannian
manifold (N,g"). Let the metric on the base manifold N be scaled such
that the non-zero eigenvalues of the form-valued Laplacians on N are big-
ger than one. Introduce the notation n = dim N, ap = (n —1)/2 — k and
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by = dim H*(N). Put
={¢eR"| 52 =n+ (k+1/2—n/2)*,n € SpecAycan\{0}},
G (s ZV , Cen(s,a) = Z(VJroz)‘s, Re(s) > 0.

vEF} veFy

5. ::{ 1/2 ifk=(n—1)/2,

1  otherwise.

Then the logarithm of the scalar analytic torsion of M is given by

logT(M) = 5 (b log(n — 2k + 1) + 6, v (0, ) + 0k Gi v (0, —aur)]
k=0
(n—1)/2 n - .
(= )’“ i1 0% T (—on)’ Sy @)
(n—1)/2 (_ )k» n 1 %
+ 5k Z 5 RGSC]CJV(Z') Z (2.1'1"[3 — Z@b(—Oék)—
k=0 i=1 b=0

I'(b+i/2)
—Zi,b(ak>> m

The formula could not be made further explicit due to presence of coefficients
zp and z,5(£ay), arising from the polynomials

T

Zmr T2 M(t,+a) = er,b(j:a)t”%,

b=0

which were introduced in the expansions (5.29) and (5.30). These polyno-
mials can be computed explicitly for any given order » € N. To point out
the applicability of the general results we pursue explicit computations in di-
mension two and three. We continue in the notation of the theorems above.

Corollary 5.28. Let M be a two-dimensional bounded generalized cone of
length one over a closed oriented manifold N with a metric scaled as in
Theorem 5.27. Then the analytic torsion of M is given by

1 1 1
lOgT<M) = 5 d1m HO(N) 10g2 + §C6,N(O) — ZRGSCO,N(S = 1)
In the special case of N = S' we obtain

1
logT(M) = 5 (—logm—1).
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Proof. In the two-dimensional case the general formula of Theorem 5.27 re-
duces to the following expression:

1 1 1
logT(M) = 3 dim H°(N)log2 + ZC(/)’N(O’ ap) + ZC{LN(O’ —ap)+

. (b +1/2)
[Z (2x1p — 21p(—ag) — z15(0)) m

b=0

1
—i-gRes Co.n(1)

Now we evaluate the combinatorial factor of Res(y n(1) by considering the
following formulas, encountered in [BGKE, Section 2-3|

— 1426 3
Dl(t) = bE_O Tt = 8t ﬂt s
: 3 7
— 1+2b __ 3
M(t,a) = bE:() 21 p(Fa)t T = <—§ + a) b+ ot (5.36)

Further one needs the following values (calculated from the known properties
of Gamma functions)
I"(1/2)
I'(1/2)

"(3/2)
[(3/2)

=2—(y+2log2).

Finally one observes oy = 0 in this setting. This easily leads to the first
formula in the statement of corollary. The second formula follows from the
first by

Co.n(s) = 2Cr(s),
where the factor 2 comes from the fact that the eigenvalues n? of the Lapla-

cian Ay_g g1 are of multiplicity two for n # 0. The Riemann zeta function
has the following special values

1
Gul0) = —5 log2m, Resda(l) = 1.

which gives the second formula. Il

Corollary 5.29. Let M be a three-dimensional bounded generalized cone
of length one over a closed oriented manifold N with a metric scaled as in
Theorem 5.26. Then the analytic torsion of M is given by

log 2 log3 .. 1
log T(M) = 5 x(N) — 5 d1mHO(N)+§C6’N(O,1/2)—
1 log 2 1
560, =1/2) + ===Res Gov(1) + 1-Res Go(2).
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Proof. In the three-dimensional case the general formula of Theorem 5.26
reduces to the following expression:

log 2
2

% (Go.v(0, @) = Gon (0, —a)) + apRes Gon (1) l% 11:((11))1 i

log 3

logT(M) = dim H°(N)+

X(N) —

+£ Zl Res Qo (1) Y (zip(—aw) — zip(c)) %

b=0

Now we simply evaluate the last combinatorial sum by considering formulas

from [BGKE, (3.6), (3.7)]

1
3 7
My(t,a) =) o)t = — t+ —t°,
1(t, a) b:0217b( @) 8+ +24

2
3 a o« 5 « 7
My(t,a) = +a) P = (- - - — |+ (o — = )t =15
2(t, ) bz:;zz’b( @) 62 2) T 82 16
We further need the values

(1

~—

'1/2) _

- T TR
() (3/2
o) =1-7, WzQ—(7+210g2).

This leads together with g = 1/2 in the three-dimensional case to the fol-
lowing formula

log 2 log 3

logT (M) = 5 X(N) — 5 dim H°(N)+
g (Gov(0,1/2) = G 5(0,~1/2)) — TRes (1) +
+i (Res Co,n(1)[y + 21og 2] + iReS CO,N(2)) : (5.37)
Obvious cancellations in the formula above prove the result. O]

5.7 Analytic torsion of a cone over S!

The preceeding computations reduce in the two-dimensional case simply to
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the computation of the analytic torsion of a disc. In order to deal with a
generalized bounded cone in two dimensions, which is not simply a flat disc,
we need to introduce an additional parameter in the Riemannian metric. So
in two dimensions the setup is as follows.

Let M := (0, R] x S! with
gM —d? @ V—zngsl

be a bounded generalized cone over S! of angle arcsec(v) and length 1, with
a fixed orientation and with a fixed parameter v > 1.

Figure 4: A bounded cone of angle arcsec(v),v > 1 and length R.

The main result of our discussion in this part of the presentation is then the
following theorem:

Theorem 5.30. The analytic torsion T(M) of a bounded generalized cone
M of length R and angle arcsecv > 0 over S! is given by

1
2log T(M) = —log(nR?) + logv — —.
v

This result corresponds precisely to the result obtained in Corollary 5.28 for
the special case v = 1 (for R = 1). In fact this result can also be derived from
[BGKE, Section 5]. This setup was considered by Spreafico in [S]. However
[S] deals only with Dirichlet boundary conditions at the cone base. So we
extend his approach to the Neumann boundary conditions in order to obtain
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an overall result for the analytic torsion of this specific cone manifold. We
proceed as follows.

Denote forms with compact support in the interior of M by Qj(M). The
associated de Rham complex is given by

0 — QM) L QL (M) L Q2(M) — 0.
Consider the following maps

lIIO : Cgo(<0, R>7QO(51)) - Qg(M)7
o — a

Uy : C5°((0, R), Q'(S1)) — Q5 (M),
¢ — z'2pAdx,

where ¢ is identified with its pullback to M under the natural projection
7 : (0, R] x N — N onto the second factor, and x is the canonical coordinate
on (0, R]. We find

dr? = x?

21 1
A = Ut dbdy Wy = + = <—u282 - 1) on C5°((0, R), Q°(S")),

2
N =0 dE U, = —% + % (—1/282 - }1) on C°((0, R), Q'(Sh)).
where # is the local variable on the one-dimensional sphere. In fact both
maps ¥y and U, extend to isometries on the L?—completion of the spaces,
by similar arguments as behind Proposition 3.1. Now consider the minimal
extensions Dy, := dj, min of the boundary operators dj, in the de Rham complex
(Q5(M),d). This defines by [BL1, Lemma 3.1] a Hilbert complex

(D, D), with D* := D(Dy).
Put

A = Uy DDy,

rel * =
A% = U,'D DI,

rel " —

The Laplacians A%, A% are spectrally equivalent to Df Dy, Dy D}, respec-
tively. The boundary conditions for A%, and A%, at the cone base {1} x S?

rel rel
are determined in Proposition 3.5.
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In order to identify the boundary conditions for A% and AZ, at the cone sin-
gularity, observe that by [BL2, Theorem 3.7] the ideal boundary conditions
for the de Rham complex are uniquely determined at the cone singularity.
Further [BL2, Lemma 3.1] shows that the corresponding extension coincides
with the Friedrich’s extension at the cone singularity. We infer from [BS3,
Theorem 6.1 that the elements in the domain of the Friedrich’s extension
are of the asymptotics O(y/z) as x — 0. Hence we find

D(A?el> =
={¢ € Hi,.((0,R] x SY)|¢(R) =0, ¢(x) = O(Vz) as & — 0},
D(A?el) =

={¢ € H,((0,R] x §")|¢/(R) (R) =0, ¢(z) = O(Vx) as = — O}

1
g’
The first operator with Dirichlet boundary conditions at the cone base is
already elaborated in [S]. We adapt their approach to deal with the second
operator with generalized Neumann boundary conditions at the cone base.
The scalar analytic torsion of the bounded generalized cone is then given in
terms of both results

2logT(M) = C,Afcl (0) — CIAE’Cl(O)'
Note that the Laplacian (—d3) on S! has a discrete spectrum n?,n € Z,
where the eigenvalues n? are of multiplicity two, up to the eigenvalue n? = 0
of multiplicity one.

Consider now a p-eigenform ¢ of AZ,. Since eigenforms of (—d3) on S* are

smooth, the projection of ¢ for any fixed x € (0, R] onto some n*—eigenspace
of (—92) maps again to HZ ((0, R]xS'), still satisfies the boundary conditions
for D(A3 ;) and hence gives again an eigenform of D(A3 ).

Hence for the purpose of spectrum computation we can assume without loss
of generality the pu—eigenform ¢ to lie in a n?—eigenspace of (—97) for any
fixed x € (0, R]. This element ¢, identified with its scalar part as in Remark
3.11, is a solution to

Loty (v = 1) ote) = ot

subject to the relative boundary conditions. The general solution to the
equation above is

P(z) = Cl\/gjvn(ﬂx) + 02\/5YWL(/“5)7
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where J,,,(z) and Y,,(2) denote the Bessel functions of first and second kind.
The boundary conditions at = 0 are given by ¢(z) = O(y/z) as © — 0 and
consequently co = 0. The boundary conditions at the cone base give

¢'(R) — %%65(3) = auVRJI, (uR) = 0.

Since we are not interested in zero-eigenvalues, the relevant eigenvalues are
by Corollary 5.9 given as follows:

with j,nx being the positive zeros of .J/, (z). We obtain in view of the mul-
tiplicities of the n?—eigenvalues of (—97) on S! for the zeta-function

Caz,(5) ZMHZA
n,k=1

-3 (JO—’“> +2R* Zj;f?;
k=1 n,k=1

The derivative at zero for the first summand follows by a direct application
of [S, Section 3:

Lemma 5.31.
d| = (- “2s ] 3
= ;(Mk/R) :—ilogQW—élogR%—logQ.
Proof. The values jo, are zeros of Ji(z). Since Ji(z) = —Jy(z) they are also

zeros of Ji(z). Using [S, Lemma 1 (b)] and its application on [S, p.361] we
obtain in the notation therein

e —2s

Z Go,k/R) =—B(1)+T(0,1)

0 k=1

a
ds

1 3
— —§]og27r— élogR—l—logQ.
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Now we turn to the discussion of the second summand. We put z(s) =
> ket Jorw for Re(s) > 0. This series is well-defined for Re(s) sufficiently
large by the general result in Theorem 5.1. Due to uniform convergence
of integrals and series we obtain with computations similar to (5.12) the
following integral representation

2

s o] o 1 e—)\t
) = Ty /O P / —T(s. Ndxdt, (5.38)
Ne

I(s+1 2mi
T(s,0) = > (vn) 2t,(N), tu(A) = log (1 - %;”“) . (5.39)
n=1 k=1 vn,k

where A, := {\ € C||larg(\ — ¢)| = w/4} with ¢ > 0 being any fixed positive

number, smaller than the lowest non-zero eigenvalue of AZ .

We proceed with explicit calculations by presenting ¢,()) in terms of special
functions. Using the infinite product expansion (5.25) we obtain the following
result for the derivative of the modified Bessel function of first kind:

I (vnz) = Mﬁ (1 n (Z?;z)z> |

2T (vn) 32

where j,,, 1, denotes the positive zeros of J/, (z). Putting z = v/—\ we get

th(N) = —ilog (1 — (UNZ—)%\) = —log [ﬁ (1 4 (z;”LZh)]

jun,k k=1 jl/n,k
= —log I, (vnz) +log(vnz)"""' —log2""T(vn).  (5.40)

The associated function T'(s, \) from (5.39) is however not analytic at s = 0.
The 1/vn-dependence in t,,(\) causes non-analytic behaviour. We put

e}

W) = s o FO), P50 = ) P, (541)

n=1

To get explicit expressions for P(s, A) and f(\) we use asymptotic expansion
of the Bessel-functions for large order from [O], in analogy to Lemma 5.14.
We obtain in the notation of (5.30) with z =+v/—Xand t =1/y/1 — X:

3T,
FO) = =Mi(5,0) = St =t
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where we inferred the explicit form of M;(¢,0) from (5.36). We obtain for
Pa(A)

pn(\) = —log I! (vnz) + log(vnz)"" ' —log 2""T' (vn)—

1 /3 7 5
— | =t — — . 42
vn (St 24t> (5 )

As in Lemma 5.15 we compute the contribution coming from f(\).

Lemma 5.32.

o 1 [ eN 1 1\ (1
pl o [ S NdMdt = — T s+ =) (= —7).
/0 omi /A /W 12/ (8+ 2) (s 7)

Proof. Observe from [GRA, 8.353.3] by substituting the new variable z =
A—1

1 —At 1 —at
- e d)\ — L,e_t/ B (& 1 dr
2mi J,, —A (1 —=A)e 2mi roy TH1(—x)0
1
= —sin(ma)['(1 — a)I'(a, t).
T

Using now the relation between the incomplete Gamma function and the
probability integral

< r
/ £, )t — LD
0 S

we finally obtain

/OOO t“%/h e_—;tf(A)d)\dt
_3 (Z)r (1 _ 1) I(s+1/2)

8 2 2 S

—%sm (%ﬁ) T (1— g) —F(St?’m
3 I'(s+1/2) 7 I'(s+3/2)

8T s 127 s
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By classical asymptotics of Bessel functions for large arguments and fixed

order .
el/nz
I omz) = — 1+o(_)),
a ) vV 2mvnz ( z

where the region of validity is preserved (see the discussion in the higher-
dimensional case in Proposition 5.16), we obtain for p,()\) from (5.42)

pn(N) = —vnVA + <i + (vn — 1)%) log(—\) + %log 2mvn
+(vn — 1) logvn —log(2""T'(vn)) + O((=X\)~1/%).

Following [S, Section 4.2] we reorder the summands in the above expression
to get

Pn(N) = —nV X + ay log(=X) + b, + O((—=X) "),
where the interesting terms are clear from above. We set

[e.9]

A(s) == Z(Vn)_QSan Z%V_QS—HCR(QS —1) - iu_%CR(Qs),

n=1
21

B(s) = évnr%bn —32t0s () utesp

+v7 % og (%) Cr(2s — 1) — v 2 (h (25 — 1)+

—l—%l/_%(}z(?s) =S (vn) > log I(vn).

n=1

Following the approach of M. Spreafico it remains to evaluate P(s,0) defined
in (5.41) in order to obtain a closed expression for the function z(s).

Lemma 5.33.

1
EV_QS_ICR(QS +1).

Proof. Recall the asymptotic behaviour of Bessel functions of second order
for small arguments

k)~ gy (3) = I~ gy (3)

P(s,0) = —

Further observe that as A — 0 we obtain with z = v/—X and t = 1/v/1 + 22

M(t,0) = —2p 4 — 3220 2 = —
1(t,0) s' T o s o1 12
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Using these two facts we obtain from (5.42) for p,(0)

1 1
=1 logI’ 1) —log'(vn) — =~
pn<0) ogrn + log (Vn + ) 0g (l/n) 12un 12vn

%0 1
= P 0) = s n 0) =—— —ad 2 1).
(5,0) }n:1j<un> Po(0) = =357 CR(2s + 1)

]

Now we have all the ingredients together, since by [S, p. 366] and Lemma
5.32 the function z(s) is given as follows:

S

#(s) = gy DA(s) = Bls) - éA(s) + P(s,0)] +

82

- mu—%‘l@@s + 1)#1“ (s - %) (é —~ 7) + r(ss—imh@’

where the last term vanishes with its derivative at s = 0. We are interested
in the value of the function itself z(0) and its derivative z/(0). In order to
compute the value of z(0) recall the fact that close to 1 the Riemann zeta
function behaves as follows

1
(R(23+1):2—S+’y+0(3), s — 0.

This implies

82

1 1 (1 1
T 25+ ) — D s+ =) (= —7) = = s —0.
oy | U AN st5 ) (5 Tt

Furthermore note that the function

o0

1
n(s,v) = ;(yn)% logT'(vn + 1) — EV*ZSACR(QS +1),

introduced in [S, p.366] is regular at s = 0, cf. [S, Section 4.3]. Hence
vA(s) — B(s) + P(s,0) is regular at s = 0 and we obtain straightforwardly:

1 1 1 1
2(0) = —A(0) + 5 = =5 ¥Cr(=1) + 7 Cr(0) + 5.
In view of the explict values (g(—1) = —55 and (z(0) = —3 we find
1 1
20) = = — = (5.43)

24 24v 8
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Lemma 5.34.

1 7
2'(0) =n(0,v) + logu — —log27r — —ylog2 + H( — log2v — 5),

where n(s,v) =Y 2 (vn) *logl'(vn + 1) — 5727 1((2s + 1).

Proof. We compute 2'(0) from the above expression for z(s), using

I"(1/2) = —/7(y + 2log 2).

Straightforward computations lead to:

2(0) = P(0,0) — A'(0) — B(0) + %(w ~log 2u — ;). (5.44)

The statement follows with 7(s, ) being defined precisely as in [S, Section
4.2]. 0

Now we are able to provide a result for the derivative of the zeta function
(%2 (0). Recall

rel

Cpz ()= (jo—k> +2R* Z Jorcs

k=1 vn, k=1
With K defined in Lemma 5.31 and 2(s) = >, _, 3;7122 we get
(o (0) =K +42(0) log R + 22/(0).

It remains to compare each summand to the corresponding results for (., (0)
rel

obtained in [S]. Using Lemma 5.31, (5.43) and (5.34) we finally arrive after
several cancellations at Theorem 5.30

1
21og T(M) = Cp2 (0) = Cpo (0) = — log(7R?) + log v — =

5.8 Open Problems

The presented computation of analytic torsion on a bounded generalized
cone solves problem posed in [L, Problem 5.3]. We have provided the general
answer to the question in Theorems 5.26 and 5.27 and obtained as an example
explicit results in two and in three dimensions in Corollaries 5.28 and 5.29.

The question of [L, Problem 5.3] is motivated by the vision of a Cheeger-
Miiller Theorem for compact manifolds with conical singularities. The idea
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is to reduce via the gluing formula of Vishik [V] the comparison of Ray-
Singer and p-Reidemeister torsion (intersection torsion, cf. [Dar]) on compact
manifolds with conical singularities to a comparison on a bounded generalized
cone.

After the computation of the analytic torsion of a bounded generalized cone
one faces the problem of comparing it to the intersection torsion in the "right”
perversity p. However the complex form of the result for the analytic torsion
at least complicates the comparison with the topological counterpart.
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6 Refined Analytic Torsion

The refined analytic torsion, defined by M. Braverman and T. Kappeler in
[BK1] and [BK2] on closed manifolds, can be viewed as a refinement of the
Ray-Singer torsion, since it is a canonical choice of an element with Ray-
Singer norm one, in case of unitary representations.

The complex phase of the refinement is given by the rho-invariant of the
odd-signature operator. Hence one can expect the refined analytic torsion to
give more geometric information than the Ray-Singer torsion.

Indeed, let us consider the setup of lens spaces with explicit formulas for the
associated Ray-Singer torsion and eta-invariants, see [RH, Section 5] and the
references therein. Then it is easy to find explicit examples of lens spaces
which are not distinguished by the Ray-Singer torsion, however have different
rho-invariants of the associated odd-signature operators.

An important property of the Ray-Singer torsion norm is its gluing property,
as established by W. Liick in [Lii] and S. Vishik in [V]. It is natural to expect
a refinement of the Ray-Singer torsion to admit an analogous gluing prop-
erty.

Unfortunately there seems to be no canonical way to extend the construc-
tion of Braverman and Kappeler to compact manifolds with boundary. In
particular a gluing formula seems to be out of reach.

We propose a different refinement of analytic torsion, similar to Braverman
and Kappeler, which does apply to compact manifolds with and without
boundary. We establish a gluing formula for our construction, which in fact
can also be viewed as a gluing law for the original definition of refined ana-
lytic torsion by Braverman and Kappeler.

The presented construction is analogous to the definition in [BK1] and [BK2],
but applies to any smooth compact Riemannian manifold, with or without
boundary. For closed manifolds the construction differs from the original
definition in [BK2]. Nevertheless we still refer to our concept as ”refined
analytic torsion” within the present discussion.

6.1 Motivation for the generalized construction

The essential ingredient in the definition of the refined analytic torsion in
[BK2] is the twisted de Rham complex with a chirality operator and the
elliptic odd-signature operator associated to the complex, viewed as a map
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between the even forms. Hence in the case of a manifold with boundary we
are left with the task of finding elliptic boundary conditions for the odd-
signature operator which preserve the complex structure and provide a Fred-
holm complex, in the sense of [BL1].

The notions of a Hilbert and a Fredholm complex were studied systematically
in [BL1] and will be provided for convenience in the forthcoming section. The
boundary conditions, that give rise to a Hilbert complex are referred to as
”ideal boundary conditions”. It is important to note that the most common
self-adjoint extensions of the odd-signature operator between the even forms
do not come from ideal boundary conditions.

The existence and explicit determination of elliptic boundary conditions for
the odd-signature operator between the even forms, arising from ideal bound-
ary conditions, is an open question. However, it is clear that the absolute
and relative boundary conditions do not satisfy these requirements.

On the other hand the gluing formula in [V] and [Li] for the Ray-Singer
torsion makes essential use of the relative and absolute boundary conditions.
Since the establishment of a corresponding gluing formula for the refined an-
alytic torsion is a motivation for our discussion, these boundary conditions
seem to be natural choices.

We are left with a dilemma, since neither the relative nor the absolute bound-
ary conditions are invariant under the Hodge operator. We resolve this
dilemma by combining the relative and absolute boundary conditions. This
allows us to apply the concepts of [BK2] in a new setting and to establish
the desired gluing formula.

6.2 Definition of Refined analytic torsion

Let (M™, g™) be a smooth compact connected odd-dimensional oriented Rie-
mannian manifold with boundary M, which may be empty. Let (E,V,h%)
be a flat complex vector bundle with any fixed Hermitian metric h¥, which
need not to be flat with respect to V.

The flat covariant derivative V is a first order differential operator
V:I'E) - T(T"M ® E),
satisfying the Leibniz rule

Vx(fs) = (Xf)s+ fVys, s€D(E),X€D(TM),feC®M).



118 ANALYTIC TORSION

The covariant derivative V extends by the Leibniz rule to the twisted exterior
differential V : QF(M,E) — QF(M,E) on E—valued differential forms
with compact support in the interior of the manifold QF(M, E). The exterior
differential satisfies the (generalized) Leibniz rule

Vx(wAn)=(Vxw)An+ (=1)Pw A Vxn,
for any w € Qf(M),n € QYM, E),X € T(TM).

Due to flatness of (F,V) the twisted exterior differential gives rise to the
twisted de Rham complex (25(M, E), V). The metrics g™, h¥ induce an
L?*—inner product on Q4(M, E). We denote the L*—completion of Qi(M, F)
by L3(M, E).

Next we introduce the notion of the dual covariant derivative V’. It is defined
by requiring:

dh? (u,v)[X] = h¥(Vxu,v) + ¥ (u, Vyv), (6.1)

to hold for all u,v € C*°(M, E) and X € ['(T'M). In the special case that the
Hermitian metric h¥ is flat with respect to V, the dual V' and the original
covariant derivative V coincide. More precisely the Hermitian metric h® can
be viewed as a section of E* ® E*. The covariant derivative V on E gives
rise to a covariant derivative on the tensor bundle £* ® E*, also denoted by
V by a minor abuse of notation.

For u,v, X as above one has:
VhE (u,v)[X] = dh® (u,v)[X] — RE(Vxu,v) — h¥(u, Vxv).
In view of (6.1) we find
Vh" =0 &V =V"

As before, the dual V' gives rise to a twisted de Rham complex. Consider
the differential operators V, V' and their formal adjoint differential operators
VE V. The associated minimal closed extensions Vi, Vi, and Vi, V%
are defined as the graph-closures in L2(M, E) of the respective differential
operators. The maximal closed extensions are defined by

Viax = (Vi) V.

max

= (vgnn)*

The definition of the maximal and the minimal closed extensions of course
corresponds to the discussion in Subsection 2.1. These extensions define
Hilbert complexes in the following sense, as introduced in [BL1].
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Definition 6.1. [BL1] Let the Hilbert spaces H;,i = 0,..,m, H,,.1 = {0} be
mutually orthogonal. For each i = 0,..,m let D; € C(H;, Hiy1) be a closed
operator with domain D(D;) dense in H; and range in H; . PutD; := D(D;)
and R; := D;(D;) and assume

R; € Diy1, Diy10D; =0.

This defines a complex (D, D)

D D Dy
0— Dy —->D - .- - 25D, —0.

Such a complex is called a Hilbert complex. If the homology of the complex
is finite, i.e. if R; is closed and ker D;/imD; ;1 is finite-dimensional for all
1 =0,...,m, the complezx is referred to as a Fredholm complez.

Indeed, by [BL1, Lemma 3.1] the extensions define Hilbert complexes as
follows

(Dmin> Vmin)a where 2)min = D(vmin)7
(Dmam Vmax>7 where Dmax = D<vmax)

(D;nim vinin)? Where Z);nin = D(v/rnin)7
(D:nax? V;nax)7 where Dllrnax = D(vllmax)'

Note the following well-known central result on these complexes.

Theorem 6.2. The Hilbert complezes (Dminy Vimin) and (Dimax, Vimax) are
Fredholm with the associated Laplacians /e and N,ps being strongly elliptic
in the sense of [Gi]. The de Rham isomorphism identifies the homology of
the complexes with the relative and absolute cohomology with coefficients:

H*(Dmimvmin) = H*(Ma 8M7 E)a
H*<Dmax7 vmax) = H*(Ma E)

Furthermore the cohomology of the Fredholm complexes (Dumin, Vimin) and
(Dax, Vimax) can be computed from the following smooth subcomplezes,
(Q;knin

(M7 E)>V)7 Q:nin(M’ E) = {w S Q*(M7 E)|L*(w) = O}a

(Q (M, E), V), Q. (M E):=Q"(M,E),

max max

respectively, where we denote by ¢ : OM — M the natural inclusion of the
boundary.
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In the untwisted setup this theorem is essentially the statement of [BLI,
Theorem 4.1]. The theorem remains true in the general setup. An analogue
of the trace theorem [P, Theorem 1.9], in case of flat vector bundles, allows
an explicit computation of the boundary conditions for A,y and A,s. Then
[Gi, Lemma 1.11.1] implies strong ellipticity of the Laplacians. Note that this
result in the reference [Gi] is proved explicitly, even though other aspects of
|Gi, Section 1.11] are rather expository.

By strong ellipticity the Laplacians A and A,ps are Fredholm and by [BL1,
Theorem 2.4] the complexes (Duin, Vinin) and (Dax, Vimax) are Fredholm as
well. By [BL1, Theorem 3.5] their cohomology indeed can be computed
from the smooth subcomplexes (€2, (M, FE),V) and (€2, (M, E),V), re-

min max
spectively.

Finally, the relation to the relative and absolute cohomolgy (the twisted de
Rham theorem) is proved in [RS, Section 4] for flat Hermitian metrics, but
an analogous proof works in the general case. Corresponding results hold
also for the complexes associated to the dual connection V'.

Furthermore, the Riemannian metric ¢™ and the fixed orientation on M give
rise to the Hodge-star operator for any k£ =0, ..,m = dim M:

x: QM E) — Q" %M, E).
Define
k(k+1)

[:=i"(=1) 2 *:Q8M,E) - Q" M,E), r:=(dimM+1)/2.

This operator extends to a well-defined self-adjoint involution on L?(M, E),
which we also denote by I". The following properties of I" are essential for
the later construction.

Lemma 6.3. The self-adjoint involution I" relates the minimal and mazimal
closed extensions of V and V' as follows

IV il = (V! IV el = (V!

max)*’ min)*'
Proof. One first checks explicitly, cf. [BGV, Proposition 3.58]
I'vr = (V'), I'VT=V".

Recall that the maximal domain of V,V’ can also be characterized as a
subspace of L?(M, E) with its image under V,V’ being again in L3(M, E).
Since T" gives an involution on L?(M, E), we obtain:

vaaXF = (V/>fnax7 FV;naXF = vinax?
Le. I'Vypal = (Vi)' TV,..I=Vi..
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Taking adjoints on both sides of the last relation, we obtain the full statement
of the lemma, since I is self-adjoint. ]

Now we can introduce the following central concepts.

Definition 6.4. (15, 6) ‘= (Duins Vinin) @ (Dmax, Vimax). The chirality oper-
ator T' on (D, V) by definition acts anti-diagonally with respect to the direct

sum of the components
~ 0T
= ( r o ) . (6.2)

The Fredholm complex (5, 6) with the chirality operator [ is in case of a
flat Hermitian metric a complex with Poincare duality, in the sense of [BL1,
Lemma 2.16], i.e.

VhP =0 = I'V = VT,

which follows directly from Lemma 6.3. We now apply the concepts of Braver-
man and Kappeler to our new setup.

Definition 6.5. The odd-signature operator of the Hilbert complex (25, %) is
defined as follows o
B:=TV + VI.

Before we can state some basic properties of the odd signature operator,
let us recall the notions of the Gauss-Bonnet operator and its relative and
absolute self-adjoint extensions. The Gauss-Bonnet operator

D¢ =V + V',
admits two natural self-adjoint extensions

Drcjf = Viin + Vinin, Dgal: = Vinax + Vinax: (6-3)
respectively called the relative and the absolute self-adjoint extensions. Their
squares are correspondingly the relative and the absolute Laplace operators:

Dol = (DrGelB)*DrCéfga Daps = (D;ﬁf)*Dﬁf-

Similar definitions, of course, hold for the Gauss-Bonnet Operator associated
to the dual covariant derivative V'. Now we can state the following basic
result.
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Lemma 6.6. The leading symbols of B and T (DSP @& D'SP) coincide and
moreover

D(B) =D (DSP & DSP) .

abs

Proof. First recall the relations
vl = (V), IVT=V.

All connections differ by an endomorphism-valued differential form of degree
one, which can be viewed as a differential operator of order zero. This implies
the statement on the leading symbol of B and I' (DG & D/SP)

rel abs

A differential operator of zero order naturally extends to a bounded operator
on the L2-Hilbert space, and hence does not pose additional restrictions on
the domain, in particular we obtain (compare Lemma 6.3)

D(Viw) = D(TVimaxl), D(Viax) = D(TViminl).

max

Using these domain relations we find:

D(B) =D (F(Dgf’ @ D/GB)) - D (DGB o D/GB) .

abs rel abs

]

Note by the arguments of the lemma above that B is a bounded perturbation
of a closed operator I' (DGP @ D/GP) and hence is closed, as well. Before we
continue analyzing the spectral properties of the odd-signature operator B,

let us introduce some concepts and notation.

Definition 6.7. Let D be a closed operator in a separable Hilbert space. An
angle 6 € [0,2m) is called an ”Agmon angle” for D, if for Ry C C being the
cut in C corresponding to 0

Ry:={z€Clz=|z]-€?}
we have the following spectral relation
Ry N Spec(D)\{0} = 0.

Theorem 6.8. [S. Agmon, R. Seeley| Let (K, g) be a smooth compact ori-
ented Riemannian manifold with boundary OK. Let (F,h") be a Hermitian
vector bundle over K. The metric structures (g%, hf") define an L?-inner
product. Let

D:C*(K,F)— C*(K,F)
be a differential operator of order w such that w - rankF' is even. Consider a

boundary value problem (D, B) strongly elliptic with respect to C\R* in the
sense of [Gi]. Then
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(i) Dg is a Fredholm operator with compact resolvent and discrete spectrum
of eigenvalues of finite (algebraic) multiplicity, accumulating only at

nfinity.

(ii) The operator Dy admits an Agmon angle 0 € (—m,0) and the associated
zeta-function

((s,Dp) := Z m(\) - A;%, Re(s) > dimK’

w
A€Spec(Dp)\{0}

where A\,° = exp(—s - logyg\) and m(\) denotes the multiplicity of
the eigenvalue A, is holomorphic for Re(s) > dim K/w and admits a
meromorphic extension to the whole complex plane C with s = 0 being
a reqular point.

For the proof of the theorem note that the notion of strong ellipticity in the
sense of [Gi] in fact combines ellipticity with Agmon’s conditions, as in the
treatment of elliptic boundary conditions by R.T. Seeley in [Sel, Se2]. The
statement of the theorem above follows then from [Ag] and [Sel, Se2].

Remark 6.9. The definition of a zeta-function, as in Theorem 6.8 (ii), also
applies to any operator D with finite spectrum {y, .., A\, } and finite respective
multiplicities {my, ..,m, }. For a given Agmon angle 0 € [0, 2) the associated
zeta-function

Go(s, D)= > mi-(\)y*
=100

is holomorphic for all s € C, since the sum is finite and the eigenvalue zero
15 excluded.

Now we return to our specific setup. The following result is important in
view of the relation between B and the Gauss-Bonnet operators with relative
and absolute boundary conditions, as established in Lemma 6.6.

Proposition 6.10. The operators

D=T(DSP & DISP), D?= D ® AL

abs abs

are strongly elliptic with respect to C\R* and C\R™, respectively, in the sense
of P. Gilkey [Gi].
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The fact that D? = A, & A, is strongly elliptic with respect to C\R™ is
already encountered in Theorem 6.2. The strong ellipticity of D now follows
from [Gi, Lemma 1.11.2]. Note that this result in the reference [Gi] is proved
explicitly, even though other aspects of [Gi, Section 1.11] are rather exposi-
tory.

Since Lemma 6.6 asserts the equality between the leading symbols of the dif-
ferential operators B, D and moreover the equality of the associated bound-
ary conditions, the odd signature operator B and its square B? are strongly
elliptic as well. This proves together with Theorem 6.8 the next proposition.

Proposition 6.11. The operators B and B? are strongly elliptic with respect
to C\R* and C\R™, respectively, in the sense of P. Gilkey [Gi]. The operators
B, B? are discrete with their spectrum accumulating only at infinity.

Let now A > 0 be any non-negative real number. Denote by Il gy the
spectral projection of B? onto eigenspaces with eigenvalues of absolute value
in the interval [0, \J:

i

HB2,[O,>\} = (Bz - [E)_ldl',

2T c()
with C'(A) being any closed counterclockwise circle surrounding eigenvalues
of absolute value in [0, A] with no other eigenvalue inside. One finds using
the analytic Fredholm theorem that the range of the projection lies in the
domain of B? and that the projection commutes with 2.

Since B? is discrete, the spectral projection g2 0,5 1s of finite rank, i.e. with
a finite-dimensional image. In particular Iz oy is a bounded operator in
L*(M,E @ E). Hence with [K, Section 4, p.155] the decomposition

L2(M,E & E) = Imagellg: [ 5 ® Image(1 — g2 o y)), (6.4)

is a direct sum decomposition into closed subspaces of the Hilbert space
L*(M,E®FE).

Note that if B? is self-adjoint, the decomposition is orthogonal with respect to
the fixed L2—Hilbert structure, i.e. the projection g2 (9,5 is an orthogonal
projection, which is the case only if the Hermitian metric h” is flat with
respect to V.

The decomposition induces by restriction a decomposition of 75, which was
introduced in Definition 6.4:

D= 5[0,)\] D 5(,\,00)-
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Since V commutes with B, B? and hence also with gz o\, we find that the
decomposition above is in fact a decomposition into subcomplexes:

(D, V) = (Do Vion) @ (Piaoo)s Vireo))
where Vz := V|5 for Z =0, ] or (A, 0). (6.5)
Further [ also commutes with B, B? and hence also with g2 0, Thus as

above we obtain o _
I'=T03® o0

Consequently the odd-signature operator of the complex (15, 6) decomposes
correspondingly

B = BN g B*)
where  B? :=T7Vz + ViI'7 for T = [0,\] or (A, 00). (6.6)

The closedness of the subspace Image(1 — Ilp2 [0 y)) implies that the domain
of B*>)
D(BX>)) .= D(B) N Image(1 — T2 o.x)

is closed under the graph-norm, hence the operator B is a closed operator
in the Hilbert space Image(1 — Iz jo y])-

We need to analyze the direct sum component B**) . For this we proceed
with the following general functional analytic observations.

Proposition 6.12. Let D be a closed operator in a separable Hilbert space
(H,{-,-)). The domain D(D) is a Hilbert space with the graph-norm

<x7y>D = <$,y> + <D$,Dy>

for any x,y € D(D). Let ResD # (). Then the following statements are
equivalent

1) The inclusion ¢ : D(D) — H is a compact operator

2) D has a compact resolvent, i.e. for some (and thus for all) z € Res(D)
the resolvent operator (D — z)’l 18 a compact operator on H.

Proof. Assume first that the inclusion ¢ : D(D) < H is a compact operator.
Since SpecD # C the resolvent set Res(D) is not empty. For any z € Res(D)
the resolvent operator

(D—2)"': H— D(D)

exists and is bounded, by definition of the resolvent set. With the inclusion
¢ being a compact operator we find directly that (D — z)~! is compact as an



126 ANALYTIC TORSION

operator from H to H. Finally, if (D — 2)~! is compact for some z € Res(D),
then by the second resolvent identity it is compact for all z € Res(D), see
also [K, p.187].

Conversely assume that for some (and therefore for all) z € Res(D) the
resolvent operator (D — z)~! is compact as an operator from H into H.
Observe

1=(D—2)"o(D~-2):D(D)— H.
By compactness of the resolvent operator, ¢ is compact as an operator be-

tween the Hilbert spaces D(D) and H. O

Proposition 6.13. Let D be a closed operator in a separable Hilbert space
H with Res(D) # 0 and compact resolvent. Then D is a Fredholm operator
with

index D = 0.

Proof. By closedness of D the domain D(D) turns into a Hilbert space
equipped with the graph norm. By Proposition 6.12 the natural inclusion

L :D(D) — H

is a compact operator. Therefore, viewing D(D) as a subspace of H, i.e.
endowed with the inner-product of H, the inclusion

t:DD)CH—H

is relatively D-compact in the sense of [K, Section 4.3, p.194]. More precisely
this means, that if for a sequence {u,} C D(D) both {u,} and {Du,} are
bounded sequences in H, then {¢(u,)} C H has a convergent subsequence.

Now for any A € C\Spec(D) the operator
(D—\):D(D)C H—H

is invertible and hence trivially a Fredholm operator with trivial kernel and
closed range H. In particular

index(D — At) = 0.

Now, from stability of the Fredholm index under relatively compact pertur-
bations (see [K, Theorem 5.26] and the references therein) we infer with the
inclusion ¢ being relatively compact, that D is a Fredholm operator of zero
index:

index D = index(D — A¢) = 0.
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Corollary 6.14. The operator B**) : D(B**)) — Image(1 — g2 g.5) of

the complex (D o0y Viroo)) with A > 0 is bijective.

Proof. Consider any A € C\SpecB. By the strong ellipticity of B, the oper-
ator

(B=)):DB) — L} (M,E®E)

is bijective with compact inverse. Hence we immediately find that the re-
striction

(BA) —X) = (B—=X) [ Im(1 =g o,x) : DB) — Tm(1 — g2 o )

is bijective with compact inverse, as well. Now we deduce from Proposition
6.13 that BA>) is Fredholm with

index B&) = (.

The operator BN is injective, by definition. Combining injectivity with
the vanishing of the index, we derive surjectivity of B This proves the
statement. [

Note, that in case of a flat Hermitian metric the assertion of the previous
corollary is simply the general fact that a self-adjoint Fredholm operator is
invertible if and only if its kernel is trivial.

Corollary 6.15. The subcomplex (5(,\700), 6(,\,00)) is acyclic and
H*((ﬁ[o,,\], ﬁ[o,x])) ~ H*(D, V).

Proof. Corollary 6.14 allows us to apply the purely algebraic result [BK2,
Lemma 5.8]. Consequently (D) o0y, Vro0)) s an acyclic complex. Together
with the decomposition (6.5) this proves the assertion. O

Observe that since the spectrum of B? is discrete accumulating only at in-
finity, (Djo,nj, Vio,y) is a complex of finite-dimensional complex vector spaces
with T'jg y : Df& N ng,;}k being the chirality operator on the complex in
the sense of [BK2, Section 1.1].

We also use the notion of determinant lines of finite dimensional complexes
in [BK2, Section 1.1}, which are given for any finite complex of finite-
dimensional vector spaces (C*, 0, ) as follows:

DetH*(C*,0,) = (X) det H*(C*,0,) ",
k
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where det H*(C*,0,) is the top exterior power of H¥(C* 0,) and
det H*(C*,0,)"t = det H*(C*,0,)*. We follow [BK2, Section 1.1] and
form the "refined torsion” (note the difference to "refined analytic torsion™)
of the complex (15[0,,\}, 6[0,,\])

_1)7‘+1

oo =@ () @@ (e,) TV @ (Tner) ® - (6.7)
@ (Dpyer) ® (Dogeo) ™" € Det(H*(Dpyy, Vi),

where ¢, € det H’“(D[OA],V[O,,\}) are arbitrary elements of the determi-
nant lines, I'p ) denotes the chirality operator I'jgy ' D[.O«\jv — ng’;]' ex-
tended to determinant lines and for any v € det H k(D[O, x> Vio,n) the dual
vt € det Hk(D[o’,\], V[O’M)_l = det Hk(D[OA],V[O,)\])* is the unique element
such that v=1(v) = 1.

By Corollary 6.15 we can view ppy canonically as an element of
Det(H*(D,V)), which we do henceforth.

The second part of the construction is the graded determinant. The opera-
tor BA) X > 0 is bijective by Corollary 6.14 and hence by injectivity (put
7 = (A, 00) to simplify the notation)

ker(VzI'z) Nker(I'zV7) = {0} (6.8)

Further the complex (751,61) is acyclic by Corollary 6.15 and due to L'z
being an involution on Im(1 — Ilg2 [ 5) we have

ker(ﬁsz) = f_’[k@f(%_’[) = l:IIm(ﬁz) = Im(fzﬁj), (69)
ker(fzﬁz) = ker(%z) = Im(%z) = Im(%II:I) (610)

We have Im(I'7Vz)+Im(VI'z) = Im(B%) and by surjectivity of BZ we obtain
from the last three relations above

Im(l — HBQ’[O)\]) = ker(ﬁzfz) D ker(fzﬁz). (611)

Note that B leaves ker(VI) and ker(I'V) invariant. Put

BLM%) .= ) | Dever ke (VT),

B = BO) [ D Nker(T'V).

even
We obtain a direct sum decomposition

B(/\,oo) _ B—i—,()\,oo) oy B_’(/\’OO).

even even even
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As a consequence of Theorem 6.8 (ii) and Proposition 6.11 there exists an
Agmon angle § € (—m,0) for B, which is clearly an Agmon angle for the
restrictions above, as well.

By Theorem 6.8 and Proposition 6.11 the zeta function (4(s, B) is holomor-
phic for Re(s) sufficiently large. The zeta-functions (p(s, BES ’Oo)) of BEL™,
defined with respect to the given Agmon angle , are holomorphic for Re(s)
large as well, since the restricted operators have the same spectrum as B but
in general with lower or at most the same multiplicities.

We define the graded zeta-function

Caro(8, B) i= Col(s, BEL™) = Cols, —=Ba™), Re(s) > 0.

even even even

In the next subsection we prove in Theorem 6.21 that the graded zeta-
function extends meromorphically to C and is regular at s = 0. For the
time being we shall assume regularity at zero and define the graded determi-
nant.

Definition 6.16. /Graded determinant] Let 0 € (—m,0) be an Agmon an-
gle for BX&) . Then the "graded determinant” associated to BN and its
Agmon angle 0 is defined as follows:

even even

d
detgr,g(b’()""o)) = exp(— oy Cora(s, BA0) ))
s=0

Proposition 6.17. The element

p(V, g™ hE) = dety, (B,

een))'

po € Det(H*(D,V))

is independent of the choice of A > 0 and choice of Agmon angle 0 € (—m,0)
for the odd-signature operator BA>).

Proof Let 0 < A < p < oo. We obtain D[O u = D[O N © D,\M] and also
D(,\ ) = D(,\ u D D(u ~)- oince the odd-signature operator respects this

spectral direct sum decomposition (see (6.6)), we obtain

det,, (BO:2)) = dety, (BH:29) - det,, (BOH).

even even even
Further the purely algebraic discussion behind [BK2, Proposition 5.10] im-
plies

Po.u] = deth(BeveﬁU * Plo,A]-
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This proves the following equality

detgr([)’(/\’oo)) PN = deth(Bé/jéio)) * P[0,4] -

even

To see independence of § € (—m,0) note that the strongly elliptic operator
(cf. Lemma 6.6) N
D :=T(DS} & DISP)

abs

is self-adjoint and B differs from D by a bounded perturbation. By a
Neumann-series argument and the asymptotics of the resolvent for D (see
[Sel, Lemma 15]) we get:

VO € (—m,0) :  Spec(B) N Ry is finite. (6.12)

By discreteness of B we deduce that if 6,6 € (—m,0) are both Agmon angles
for BA>°) | there are only finitely many eigenvalues of BN in the solid angle
between 6 and ¢’'. Hence

even even

d . d _ |
ds Y Cgr,a(S,B(A, ))) = 7 B Cgr,@’(S,B(/\’ ))) mod 2,

and therefore det,.o(BO2Y) = detyy. o (BOS).

even even

This proves independence of the choice of §# € (—m,0) and completes the
proof. O]

The element p(V, g™, h%) is well-defined but a priori not independent of the
choice of metrics g™, h* and so does not provide a differential invariant.
In the next subsection we determine the metric anomaly of p(V, g™ k%) in
order to construct a differential invariant, which will be called the refined
analytic torsion.

6.3 Metric Anomaly and Refined Analytic Torsion

We introduce the notion of the eta-function leading to the notion of the
eta-invariant of an elliptic operator. The eta-invariant was first introduced
by Atiyah-Patodi-Singer in [APS] as the boundary correction term in their
index formula.

Theorem 6.18. [P.B. Gilkey, L. Smith] Let (K, g") be a smooth compact
oriented Riemannian manifold with boundary OK. Let (F,h'") be a Hermi-
tian vector bundle and let the metric structures (g%, h') define an L*—scalar

product. Let
D:C*(K,F)— C®(K,F)
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be a differential operator of order w such that w - rankF is even. Let a
boundary value problem (D, B) be strongly elliptic with respect to C\R* and
an Agmon angle 8 € (—m,0). Then we have

(i) Dp is a discrete Fredholm operator in the Hilbert space L*(K,F) and
its eta-function

w(s,Dp)i= 3 mA) A= 3 m) - ()",

Re(X)>0 Re(X)<0

where m(\) denotes the finite (algebraic) multiplicity of the eigenvalue
A, is holomorphic for Re(s) large and extends meromorphically to C
with at most simple poles.

(ii) If D is of order one with the leading symbol op(z,§),x € K,§ € T/ K
satisfying
op(z,€)° =€ 1,

where I is rankF' X rankF' identity matriz, and the boundary condition
B is of order zero, then the meromorphic extension of ng(s, Dg) is
reqular at s = 0.

The proof of the theorem follows from the results in [GS1] and [GS2] on
the eta-function of strongly elliptic boundary value problems. The fact
that 7y (s, Dp) is holomorphic for Re(s) sufficiently large is asserted in [GS1,
Lemma 2.3 (c¢)]. The meromorphic continuation with at most isolated simple
poles is asserted in [GS1, Theorem 2.7].

The fact that s = 0 is a regular point of the eta-function is highly non-trivial
and cannot be proved by local arguments. Using homotopy invariance of the
residue at zero for the eta-function, P. Gilkey and L. Smith [GS2] reduced
the discussion to a certain class of operators with constant coefficients in the
collar neighborhood of the boundary and applied the closed double manifold
argument. The reduction works for differential operators of order one with
0-th order boundary conditions under the assumption on the leading symbol
of the operator as in the second statement of the theorem. The regularity
statement of Theorem 6.18 follows directly from [GS2, Theorem 2.3.5] and
[GS2, Lemma 2.3.4].

Remark 6.19. The definition of an eta-function, as in Theorem 6.18 (1),
also applies to any operator D with finite spectrum {Ai,..,\,} and finite
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respective multiplicities {my,..,m,}. For a given Agmon angle 0 € [0,2m)
the associated eta-function

mo(s, D)= D m(A)- A= Y m(h) - (=N),”,

Re(N\)>0 Re(N\)<0

is holomorphic for all s € C, since the sum is finite and the zero-eigenvalue
15 excluded.

Proposition 6.20. The eta-function ng(s, Beven) associated to the even part
Beven of the odd-signature operator and its Agmon angle 0 € (—m,0), is holo-
morphic for Re(s) large and extends meromorphically to C with s = 0 being
a reqular point.

The statement of the proposition on the meromorphic extension of the eta-
function is a direct consequence of Theorem 6.18 (i) and Proposition 6.11.
The regularity statement follows from Theorem 6.18 (ii) and an explicit com-
putation of the leading symbol of the odd-signature operator, compare also
|GS2, Example 2.2.4].

Using Proposition 6.20 we can define the eta-invariant in the manner of [BK2]
for Beyen:

1
N(Beyen) := 5 (Me(s = 0, Beyen) + my —m_ +myg), (6.13)
where m is the number of B, —eigenvalues on the positive, respectively the
negative part of the imaginary axis and my is the dimension of the generalized

zero-eigenspace of Beyen-

Implicit in the notation is also the fact, that 1(Beyen) does not depend on
the Agmon angle 6 € (—m,0). This is due to the fact that, given a different
Agmon angle ¢ € (—m,0), there are by (6.12) and discreteness of B only
finitely many eigenvalues of Be,n in the acute angle between 6 and ¢’.

Similarly we define the eta-invariants of BLs? and BEA and in particular

we get
N(Beven) = N(BR) + n(BYa).
Before we prove the next central result, let us make the following observation.

Consider the imaginary axis iR C C. By (6.12) there are only finitely many
eigenvalues of B on iR. Further by the discreteness of B small rotation of the
imaginary axis does not hit any further eigenvalue of B and in particular of
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BOE) , A > 0. More precisely this means that there exists an € > 0 sufficiently
small such that the angle

«9:2—%—}—6

is an Agmon angle for BLSY) and the solid angles

Li_rppg :={2 € Clz=|z] - €, ¢ € (—7/2,6]},
Lizj204m = {2 € Clz = |2| - €, ¢ € (7/2,0 + 7]}

do not contain eigenvalues of BY:2? . With this observation we can state the
following central result:

Theorem 6.21. Let 0 € (—m/2,0) be an Agmon angle for B such that

)

there are no eigenvalues of Beée%o m the solid angles L(_x/2,0) and L(—z2,64x]-

A,00)

Then 20 is an Agmon angle for (B O )2. Then the graded zeta-function

Coro(s Béée?lo) Re(s) > 0 extends meromorphically to C and is regular at
s = 0 with the following derivative at zero:

d NS 1)+ d
% _ <9T9<8 Beven ikzzo ’ E - <29<S B r )\oo))+
T -
+E Z( ) k- CQQ(O B r ()\ oo)) +27m7([36(3ven ))

b
Il

0

Proof. For Re(s) > 0 the general identities [BK1 (4.10), (4.11)] imply the
following relation between holomorphic functions:

Goralo B ) = T [ (580 - o (5. (B20)7)] +

(1= e [n(s, BE) + £(5)],

where f(s) is a holomorphic function (combination of zeta-functions associ-
ated to finite-dimensional operators) with

F(0) = my (BEGY) — m-(BE),

even even

where m4(-) denotes the number of eigenvalues of the operator in brackets,
lying on the positive, respectively the negative part of the imaginary axis.

Put Z = (), 00) to simplify notation. Recall (6.10) and show that

VI ker(VIFI) — ker(FIVI) = Im(VIFI) (614)
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is bijective. Indeed, injectivity is clear by (6.8). For surjectivity let = =
Vil'zv € Im(V7I'7) with (recall (6.11))

v=1®v" € Im(Vzl1) & Im([7V7) = Im(1 — g2 0,)-

In particular v” € Im(fzﬁz) = ker V77 and v/ = V7w for some w. Hence
we obtain

r = %IFIU = %ZFIU/ = VIFIVIFIW,
and fz%zfz&) € ker 6Ifz.

In other words we have found a preimage of any x € Im(%zfz) under %g.
This proves bijectivity of the map in (6.14) and consequently, since V7 com-
mutes with BZ and (B%)?, we obtain in any degree k = 0, ..,m

Caols, (BYD)? | DF) = Cop(s, (BF)? | DFHY). (6.15)

Using this relation we compute straightforwardly for Re(s) sufficiently large:

(=) k- Gog(s, (BE)? | DY)

NE

Goo(s, (Bien)?) = Geo(s, (Beyen)?) =

B
Il

' (6.16)

We arive at the following preliminary result for Re(s) > 0
T 1 —ins - k+1 Z\2 + Tk
Cor0(8: Beyen)) = 5 (1 + € )D (DM k - Gols, (BT 1 DF)+ (6.17)
k

—|—%(1 — 67“-8) [n(‘S?BZ—VEH) + f(S)} '

We find with Theorem 6.8 and Proposition 6.20 that the right hand side of
the equality above is a meromorphic function on the entire complex plane
and is regular at s = 0. Hence the left hand side of the equality, the graded
zeta-function, is meromorphic on C and regular at s = 0, as claimed and as
anticipated in Definition 6.16. Computing the derivative at zero, we obtain
the statement of the theorem. O]
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As a consequence of the theorem above, we obtain for the element
p(V, g™, hF) defined in Proposition 6.17 the following relation

,O(V,gM, hE) _ eéA(Vng)e*l‘ﬂé&(vaM)efiﬂn(Bﬁﬁéﬁ")(gM)) PN (6.18)
1 — d ~
O(V.g") =5 (D ke ol Guls (B D)) (619)
k=0 s=0
1 -
E(V.g") = 5D (=) k- Gals = 0.(B° | D). (6.20)

i

0

Now we can identify explicitly the metric dependence of p(V, g™, h¥) using
the formula (6.18).

First note that the construction is in fact independent of the choice of a
Hermitian metric A¥. Indeed, a variation of h* does not change the odd-
signature operator B as a differential operator. However it enters a priori the
definition of D(B), since h” defines the L?—Hilbert space.

Recall that different Hermitian metrics give rise to equivalent L?—norms over
compact manifolds. Hence a posteriori the domain D(B) is indeed indepen-
dent of the particular choice of h”.

Independence of the choice of a Hermitian metric h¥ is essential, since for
non-unitary flat vector bundles there is no canonical choice of h¥ and Her-
mitian metric is fixed arbitrarily.

Consider a smooth family ¢™(t),t € R of Riemannian metrics on M. De-
note by I'; the corresponding chirality operator in the sence of Definition
6.2 and denote the associated refined torsion (recall (6.7)) of the complex

(ﬁs,[o,xp 61@[0,)\]) by pjo,x-

Let B(t) = B(V,gM(t)) be the odd-signature operator corresponding to the
Riemannian metric g™ (t). Fix ¢y € R and choose A > 0 such that there are
no eigenvalues of B(ty)? of absolute value A\. Then there exists § > 0 small
enough such that the same holds for the spectrum of B(#)? for |t — to] < 0.
Under this setup we obtain:

Proposition 6.22. Let the family g™ (t) vary only in a compact subset of
the interior of M. Then exp(&x(V, g™ (1)) - proy is independent of t €
(to — 6,to+9).

Proof. The arguments of [BK2, Lemma 9.2] are of local nature and transfer
ad verbatim to the present situation for metric variations in the interior of
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the manifold. Hence the assertion follows for Riemannian metric remaining
fixed in an open neighborhood of the boundary. O]

Proposition 6.23. Denote the trivial connection on the trivial line bundle
M x C by Vivia- Consider the even part of the associated odd-signature
operator (recall Definition 6.5)

Btrivial = Beven(vtrivial)-
Indicate the metric dependence by Buivial(t) = Biivial(¢™). Then
77([3(’\’00)(15)) — rank(E)n(Byivia(t)) modZ

even

is independent of t € (to — 0,19 + ).
Proof. Indicate the dependence of 5[“07)\] on g™ (t) by

ﬁﬁ),)\] (t) := Image HB(t)Q,[O,)\] N ﬁk
Note first the by the choice of § > 0
dim 25{%7/\] (t) = const, t € (tg—0,ty+9).

Since BL%SA(t) is finite-dimensional, we infer from the definition of the eta-
invariant (cf. [BK2, (9.11)])

1 -
n(BOA (1)) = 5 dim fo)’/\] (t) = const modZ, te€ (to—d,to+0). (6.21)

even

By construction

N(Beven(t)) = n(BRE (1)) + n(BRA(D))-

Hence, in view of (6.21), it suffices (modulo Z) to study the metric depen-
dence of the eta-invariant of 9(Beyen(?)).

View Beven(t) as a pair of a differential operator Pg(t) with its bound-
ary conditions Qg(t). Similarly view Bgivia(t) as a pair (FPc(t), Qc(t)).
Note that by construction the pair (Pg(t), @g(t)) is locally isomorphic to
(Pc(t),Qc(t)) x 1%, since the flat connection V is locally trivial in appropri-
ate local trivializations.

Since the variation of the eta-invariants is computed from the local informa-
tion of the symbols (cf. [GS1, Theorem 2.8, Lemma 2.9]), we find that the
difference

N(Beven(t)) — rank(E)n(Buivia(t)) =
= n(Pr(t), Qe(l)) — rank(E)n(Fc(t), Qc(?))
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is independent of ¢ € R modulo Z. The modulo Z reduction is needed to an-
nihilate discontinuity jumps arising from eigenvalues crossing the imaginary
axis. This proves the statement of the proposition. ]

Proposition 6.24. Let B(Vivia1) denote the odd-signature operator (Defini-
tion 6.5) associated to the trivial line bundle M x C with the trivial connection
Virivial- Consider in correspondence to (6.20) the expression

/ 1 - N
& (Viivial, M (1)) = 3 kz_: k- Cop(s = 0, (B(Visivial, g™ (1)) | D).

Then
Sg\(va gM(t)) - rank(E) : gl(vtriviah 9M<t)> mod Z

is independent of t € R.

Proof. We show first that modulo Z it suffices to study the metric dependence
of

DO | —

g, ==Y (1) k- G(s = 0, (B(V, g (1) | D).
k=0

Indeed, by construction we have

m

Z dlmDO/\]()

k=0

l\D|>—‘

¢'(V,g"(t) = &V, g"

Anticipating the auxiliary result of Lemma 6.25 (iii) below, we obtain

¢'(V,g"(1) = &(V,g" (1)) mod Z.

Recall that B(Viivia, ¢™) x 1™F and B(V, gM) are locally isomorphic, as
already encountered in the proof of Proposition 6.23. Now the statement of
the proposition follows from the fact that the value of a zeta function at zero
is given, modulo Z in order to avoid dim ker B(t) € Z, by integrands of local
invariants of the operator and its boundary conditions. O

Lemma 6.25. Let 7 C R denote any bounded intervall. Then

(i) 52 k(=) k- dim D% = dmM dlmDe"en mod 27Z.
(ii) If0 ¢ Z, then dim DS = 0 mod 27,

(iii) If0 ¢ Z, then > 3" o(=1)* - k- dim D% = 0 mod Z.
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Proof. Note first the following relation
B2=ToB2 ,ol.

Hence with » = (m + 1)/2 we obtain:

r—1

1 - k+1 : ~k 1 . N2k
5Z(—n -k - dim Dk = §Z(m—4k)-d1mDI = (6.22)
k=0 k=0
r—1
m 3 ~even : ~
= - dim DF"" — 2;01« - dim D2, (6.23)

This proves the first statement. For the second statement assume 0 ¢ Z till
the end of the proof. Consider the operators

BZ_’I = fI%I . 5; N ker(ﬁzf‘z) — 15?_16_1 N keI‘(%IFI% (624>

B, " = Vi1 : Df Nker(T7Vz) — Dy *+! Nker(T7 V7). (6.25)

Since 0 ¢ Z, the maps Bki’z are isomorphisms by bijectivity of the map in
(6.14). Furthermore they commute with (B*%)? in the following way

Bit o [(B5)* | DY = [(B5F) | D" T o B (6.26)

Hence we obtain with ﬁ}t ok denoting the span of generalized eigenforms of
(BE7)2 | D the following relations

Sk o Stmek—1
dim D" = dim Dy "™ ,

=k N m—kA1
dimD7" = dim D™ )

Due to dim D = dim D" 4 dim D" this implies (recall M is odd-
dimensional)

dim DS = dim DF* mod 27, if dim M = 4p + 1, (6.27)
dim DS = dim D7 ** mod 27, if dim M = 4p — 1. (6.28)

Finally recall the explicit form of (B*)?2:

I'Viax Vi 0 o Df 0
0 vainrvmax o 0 D;r ,

(5-y2 — [ VoisT VinasT 0 ([ Dy 0
o 0 vmaxrvminr o 0 DQ_ .

(B)*
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Moreover we put _
(BET)? | D* = Dyl @ Dyl
Note the following relations
(vain) o DT = D; © (vain)a
DY 0 (I'Vinax) = (T'Vinay) © Dy ;
(Vimax') 0 DT = D3 o (ViaxD),
Dl_ o (VminF) = (VminF) o DQ_
Due to 0 ¢ 7 these relations imply, similarly to (6.26), spectral equivalence of
Df}f and D; ],ﬁz in the middle degree k = 2p for dim M = 4p+1, respectively.
This finally yields the desired relations
dim 25%"“ = dim 5;’21’ =0 mod 2%, if dim M =4p + 1,
dim DS = dim D;* = 0 mod 27Z, if dim M = 4p — 1.
O

Propositions 6.22, 6.23 and 6.24 determine together the metric anomaly of
p(V, g™, hE) up to a sign and we deduce the following central corollary.

Corollary 6.26. Let M be an odd-dimensional oriented compact Rieman-
nian manifold. Let (E,V,h¥) be a flat complex vector bundle over M. De-
note by Visivial the trivial connection on M x C and let Biivial denote the even
part of the associated odd-signature operator. Then

pan(V) := p(V, g™, ") - exp [im tk(E) ((Basiviar (9™)) + €' (Variviar, g™))]

is modulo sign independent of the choice of g™ in the interior of M.

In view of the corollary above we can now define the "refined analytic tor-
sion”. It will be a differential invariant in the sense, that even though defined
by geometric data in form of the metric structures, it is shown to be inde-
pendent of their form in the interior of the manifold.

Definition 6.27. Let M be an odd-dimensional oriented Riemannian man-
ifold. Let (E,V) be a flat complex vector bundle over M. Then the refined
analytic torsion is defined as the equivalence class of pan(V) modulo multi-
plication by explir]:

Pan(M, E) := pan(V)/cir.

Note that the sign indeterminacy is also present in the original construction
by Braverman and Kappeler, see [BK2, Remark 9.9 and Remark 9.10]. In
the presentation below, we refer to the representative p,,(V) of the class
pan(M, E) as refined analytic torsion, as well.
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6.4 Ray-Singer norm of Refined analytic torsion

Recall first the construction of the Ray-Singer torsion as a norm on the

determinant line bundle for compact oriented Riemannian manifolds. Let
(M, gM) and (E,V,h¥) be as in Subsection 6.2.

Let A be the Laplacian associated to the Fredholm complex (Dpin, Vinin)
defined at the beginning of Section 6.2. As in (6.5) in case of the squared
odd-signature operator B2, it induces a spectral decomposition into a direct
sum of subcomplexes for any A > 0.

(Dmin7 vmin) _ (D[O A V[O /\]) (D()\ ,00) V (A,00) )

min ? min min min
[0,2]

- induced by g™ and AP, induces a norm on the

The scalar product on D
determinant line Det(DI[gli], Vﬁlﬁ]) (we use the notation of determinant lines

of finite dimensional complexes in [BK2, Section 1.1]). There is a canonical
isomorphism

éx : Det(DEN VY)Y - Det H*(Dpin, Viin),

min ’ min

induced by the Hodge-decomposition in finite-dimensional complexes.
Choose on Det H*(Duin, Vinin) the norm || - |5 such that ¢ becomes
an isometry. Further denote by T& OO)(Vmin) the scalar analytic torsion

associated to the complex (D) v7eo)y,

min min

k=1

1 — .
Ty (Vinin) = exp <§ DDk (s = 0,403 >>) ,

where AN s the Laplacian associated to the complex (D) vy,

Note the difference to the sign convention of [RS]. However we are consistent
with [BK2].

The Ray-Singer norm on Det H*(Dpyin, Viin) is then defined by
- 158 (D o) = - I8 Ty (Vimin)- (6.29)

With a completely analogous construction we obtain the Ray-Singer norm
on the determinant line Det H*(Diax, Vimax)

| - HDetH (Dmax,Vimax) -~ | - Habs )\oo)(vmaX)' (6.30)

Both constructions turn out to be independent of the choice of A > 0, which
follows from arguments analogous to those in the proof of Proposition 6.17.
In fact we get for 0 < \ <

|- fe/ebs = - g
17

(/\ M (vmin/max)7
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which implies that the Ray-Singer norms are well-defined. Furthermore by
the arguments in [Mu, Theorem 2.6] the norms do not depend on the metric
structures in the interior of the manifold.

Remark 6.28. Note that the Ray-Singer analytic torsion considered in [V]

and [Lii] differs from our setup in the sign convention and by the absence of
factor 1/2.

We can apply the same construction to the Laplacian of the complex (15, %)
introduced in Definition 6.4

(57 6) = (Dmim Vrnin) S (DmaX7 Vmax)-

Similarly we obtain

I 15

DetH*(D,V) *~ (RN P T(Ifio)(V), (6.31)

This ”"doubled” Ray-Singer norm is naturally related to the previous two
norms in (6.29) and (6.30). There is a canonical ”fusion isomorphism”, cf.
[BK2, (2.18)] for general complexes of finite dimensional vector spaces

1t : Det H* (Duin, Vinin) ® Det H* (Dinax, Vinax) — Det H*(D, V),
such that [[u(hy ® ho)|lx = [ |5 - [[R2]3>, (6.32)

where we recall (15, 6) = (Din, Viin) ® (Dmax; Vimax) by definition. Further
we have by the definition of (D, V) following relation between the scalar
analytic torsions:

TES (V) = TES ) (Vianin) - TES o) (Vina). (6.33)

A,00

Combining (6.32) and (6.33) we end up with a relation between norms
[1£(h1 @ ha)| SZH*@@ = a1t i+ (Do Toin) * 12| Dt b (Dpna, Tana) - (6-34)

The next theorem provides a motivation for viewing p.,(V) as a refinement
of the Ray-Singer torsion.

Theorem 6.29. Let M be a smooth compact odd-dimensional oriented Rie-
mannian manifold. Let (E,V,h¥) be a flat complex vector bundle over M
with a flat Hermitian metric h®. Then

lpan (V) - 5.5 = 1
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Proof. Recall from the assertion of Theorem 6.21

detgr(B()""O)) = efA(V,gM) . e—inég(V,gM) . e_iﬂ-n(BeVen)7

even

Flatness of h¥ implies by construction that B? = A,q @ Aaps and hence
E\(V, ") = —1log TES (V).

Further Beyen is self-adjoint and thus has a real spectrum. Hence 1(Beyen)
and & (V, gM) are real-valued, as well. Thus we derive

1
‘detgr(Béééio)ﬂ = T’RS—(A/V) (635)
(A,00)

Furthermore we know from [BK2, Lemma 4.5], which is a general result for
complexes of finite-dimensional vector spaces,

[ponllx = 1. (6.36)

Now the assertion follows by combining the definition of the refined analytic
torsion with (6.35), (6.36) and the fact that the additional terms annihilating
the metric anomaly are all of norm one. In fact we have:

| pan (V)| giH*(ﬁﬁ) = ‘detgr(Béégff)ﬂ -T&io)(V) ' ||10[0,)\]||/\ = 1.

]

If the Hermitian metric is not flat, the situation becomes harder. In the setup
of closed manifolds M. Braverman and T. Kappeler performed a deformation
procedure in [BK2, Section 11] and proved in this way the relation between
the Ray-Singer norm and the refined analytic torsion in [BK2, Theorem 11.3].

Unfortunately the deformation argument is not local and the arguments in
[BK2] do not apply in the setup of manifolds with boundary. Nevertheless we
can derive appropriate result by relating our discussion to the closed double
manifold.

Assume the metric structures (g™, h%) to be product near the boundary
OM. The issues related to the product structures are discussed in detail in
[BLZ, Section 2]. More precisely, we identify using the inward geodesic flow
a collar neighborhood U C M of the boundary OM diffeomorphically with
[0,€) x OM, e > 0. Explicitly we have the diffeomorphism

¢ [0,€) x OM — U,
(t7p) = ’Yp(t)v
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where v, is the geodesic flow starting at p € OM and 7,(t) is the geodesics
from p of length ¢ € [0,¢). The metric g is product near the boundary, if
over U it is given under the diffeomorphism ¢ : U — [0,€) x M by

P9 | = dz® ® gM[onr. (6.37)

The diffeomorphism U = [0,€) x OM shall be covered by a bundle isomor-
phism ¢ : E|y — [0,€) X E|gn. The fiber metric h¥ is product near the
boundary, if it is preserved by the bundle isomorphism, i.e.

5*hE|{x}><8M = hE|8M (638)

The assumption of product structures guarantees that the closed double man-
ifold
M = M Ugpy M

is a smooth closed Riemannian manifold and the Hermitian vector bundle
(E, hP) extends to a smooth Hermitian vector bundle (E, h®) over the man-

ifold M.

Moreover we assume the flat connection V on E to be in temporal gauge.
The precise definition of a connection in temporal gauge and the proof of
the fact that each flat connection is gauge-equivalent to a flat connection in
temporal gauge, are provided in Subsection 7.2.

The assumption on V to be a flat connection in temporal gauge is required in
the present context to guarantee that V extends to a smooth flat connection
D on E, with

Dly = V.

Theorem 6.30. Let (M™, g™) be an odd-dimensional oriented and compact
smooth Riemannian manifold with boundary OM. Let (E,V,hE) be a flat
Hermitian vector bundle with the Hermitian metric h®, not necessarily flat.

Assume the metric structures (g™, h®) to be product and the flat connection
V to be in temporal gauge near the boundary OM. Then

1Pan(D)IES . 5.0, = Pl (Busen(9"))]

Proof. By assumption we obtain a closed Riemannian double manifold
(M, g™) and a flat Hermitian vector bundle (E,D,h*) over M with a flat
Hermitian metric h®. Denote by (D, D) the unique boundary conditions (see
[BL1]) of the twisted de Rham complex (Q2*(M,E),D). Denote the closure
of Q*(M, E) with respect to the L?—scalar product defined by ¢ and h%, by
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L3(MLE).
The Riemannian metric g™ gives rise to the Hodge star operator * and we
set

k(k+1)

G:=i"(—1) 2 *:Q*M,E) —» Q**(M,E), r:=(dimM +1)/2

which extends to a self-adjoint involution on L*(M,E). We define the odd
signature operator B of the Hilbert complex (D, D):

B := GD + DG.

This is precisely the odd-signature operator associated to the closed manifold
M, as used in the construction of [BK1, BK2].

Note that we now have two triples: the triple (D, G,B) associated to the
closed manifold M and the triple (V, T, B) associated to (M, M), as defined
in Subsection 6.2.

Consider now the diffeomorphic involution on the closed double
a: M — M,

interchanging the two copies of M. It gives rise to an isomorphism of Hilbert
complexes

a*: (D,D) — (D,D),

which is an involution as well. We get a decomposition of (D,D) into the
(£1)-eigenspaces of a*, which form subcomplexes of the total complex:

(D,D) = (D,D") @ (D~,D"), (6.39)

where the upper-indices + refer to the (£1)-eigenspaces of o*, respectively.

The central property of the decomposition, by similar arguments as in [BL1,
Theorem 4.1], lies in the following observation

D+|M - Dmaxa D_lM = Dmin- (640)

By the symmetry of the elements in D* we obtain the following natural
isomorphism of complexes:

(I) : (Da D) = (D+7 ]D+) EB (ij Di) - (,Dmaxu Vmax) EB (Dmin; vmin)a

w=wr®w — 2wty ® 2w |y,
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which extends to an isometry with respect to the natural L?—structures.
Using the relations

PoDod '=V, doGod =T, (6.41)

we obtain with A agd~ﬁ7 denoting respectively the Laplacians of the com-
pleXGS (D, D) and (Dy V) = (Dminy Vmin) D (Dmaxu Vmax>:
®D(B) =D(B), ®oBod ! =5,
OD(A) =D(A), PoAod '=A.

Hence the odd-signature operators B, B as well as the Laplacians A,A

are spectrally equivalent. Consider the spectral projections Ilgz oy and

p2 05, A = 0 of B and B respectively, associated to eigenvalues of abso-
lute value in [0, \]. By the spectral equivalence B and B we find

do HB2,[0,,\} = st?,[o,/\] o Q.

Hence the isomorphism & reduces to an isomorphism of finite-dimensional
complexes:

Dy (D[O,A]aﬂ)[O,A}) = (75[0,A]v 6[OA])v
where  Dyg 5 := D N Imagellgz | 5],
15[07,\] =Dn Imagellgz |o 5.

Moreover @, induces an isometric identification of the corresponding deter-
minant lines, which we denote again by ®,, by a minor abuse of notation

P, : det(D[O)\],D[O,)\]) = det(ﬁ[o,)\]a %[0,)\])7

where we use the notation for determinant lines of finite-dimensional com-
plexes in [BK2, Section 1.1]. By Corollary 6.15 we have the canonical iden-
tifications of determinant lines

det(D[O)\], D[O,)\]) =det H*(D,D), (6.42)
det(ﬁ[o)\}, %[07)\]) = det H*(ﬁ, 6), (6.43)

The determinant lines on the left hand side of both identifications carry
the natural L?—Hilbert structure. Denote the norms on det H*(D,D) and

det H*(D, V) which turn both identifications into isometries, by || - |[x and
| - I, respectively. Then we can view @) as

®, : det H*(D,D) = det H*(D, V),
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isometric with respect to the Hilbert structures induced by || - ||x and || - |5

Finally, consider the refined torsion elements (not the refined analytic tor-
sion) of the determinant lines, as defined in [BK2, Section 1.1], see also (6.7)

P € det(Dyo,p, Dy y) = det H*(D, D),
plo € det(Dpx, Vi) = det H*(D, V).

We infer from (6.41) the following relation:

Oy (pf.a) = Py, hence: [|pG yllx = x5

Together with spectral equivalence of A and &, as well as of B and B, with
similar statements for constructions on trivial line bundles M x C and M x C,
we finally obtain

[ PG 1 gy (6.44)

where p,, (D) denotes the refined analytic torsion as defined by M. Braverman
and T. Kappeler in [BK2] and p,,(V) denotes the refined analytic torsion in
the sense of the present discussion.

The statement now follows from [BK2, Theorem 11.3]. O

In the setup of the previous theorem we can improve the sign indeterminacy
of p.n(V) as follows:

Proposition 6.31. Let M be an odd-dimensional oriented compact Rieman-
nian manifold. Let (E,V,h¥) be a flat complex vector bundle over M. De-
note by Viivial the trivial connection on M x C and let Biivia denote the even
part of the associated odd-signature operator.

Assume the metric structures (g™, h®) to be product and the flat connection
V to be in temporal gauge near the boundary OM. Then

pan(v) = IO<V7 gM> hE) - €xXp [WT rk(E)(n(Btrivial<gM>> + 5/<Vtrivial7 gM))}

is independent of the choice of g™ in the interior of M, up to multiplication
by

explirrank(E)].
In particular it is independent of g™ in the interior of M for E being a
complex vector bundle of even rank.
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Proof. Consider a smooth family g™ (t),¢ € R of Riemannian metrics, variing
only in the interior of M and being of fixed product structure near 0M.
By arguments in Theorem 6.30 we can relate B(g™(t)) to operators on the

closed double M and deduce from [BK1, Theorem 5.7] that p(V, g™ (t), h%)
is continuous in ¢. However

exp [iw rk(E)n(Buivial (g™ (t)))}

is continuous in ¢ € R only up to multiplication by e™*¥. Hence the element
pan(V), where we denote the a priori metric dependence by pan(V, g (%)),
is continuous in ¢ only modulo multiplication by e™™®) For g*(t) varying
only in the interior of M and any ty,t; € R we infer from the mod Z metric
anomaly considerations in Propositions 6.23 and 6.24:

pan(va QM(to)) = :l:pan(vv gM(tl))

For rk(E) odd this is already the desired statement, since exp(inrk(E)) = —1.
For rk(E) even, p..(V, g™ (t)) is continuous in ¢ and nowhere vanishing, so
the sign in the last relation must be positive. This proves the statement. [J

In view of the corollary above we can re-define the refined analytic torsion in
the setup of product metric structures and flat connection in temporal gauge
as follows:

Pan(M, E) = pan(V)/ gimranc(e) - (6.45)

Remark 6.32. The interdeterminacy of p.n(V) modulo multiplication by
the factor e™F in fact corresponds and is even finer than the general inde-
terminacy in the construction of M. Braverman and T. Kappeler on closed
manifolds, see [BK2, Remark 9.9 and Remark 9.10].

6.5 Open Problems
Ideal Boundary Conditions

As explained in the introduction, the approach of Braverman and Kappeler
in [BK1, BK2] requires ideal boundary conditions for the twisted de Rham
complex, which turn it into a Fredholm complex with Poincare duality and
further provide elliptic boundary conditions for the associated odd-signature
operator, viewed as a map between the even forms. In our construction we
pursued a different strategy, however the question about existence of such
boundary conditions remains.
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This question was partly discussed in [BL1]. In view of [BL1, Lemma 4.3] it
is not even clear whether ideal boundary conditions exist, satisfying Poincare
duality and providing a Fredholm complex. For the approach of Braverman
and Kappeler we need even more: the ideal boundary conditions need to pro-
vide elliptic boundary conditions for the odd-signature operator. We arrive
at the natural open question, whether such boundary conditions exist.

Conical Singularities

Another possible direction for the discussion of refined analytic torsion is the
setup of compact manifolds with conical singularities. At the conical singu-
larity the question of appropriate boundary conditions is discussed in [Ch2],
as well as in [BL2].

It turns out that on odd-dimensional manifolds with conical singularities the
topological obstruction is given by HY(N), where N is the base of the cone
and v = dim N/2. If

HY(N) =0

then all ideal boundary conditions coincide and the construction of Braver-
man and Kappeler [BK1, BK2] goes through. Otherwise, see [Ch2, p.580]
for the choice of ideal boundary conditions satisfying Poincare duality.

Combinatorial Counterpart

Let us recall that the definition of the refined analytic torsion in [BK1, BK2]
was partly motivated by providing analytic counterpart of the refined com-
binatorial torsion, introduced by V. Turaev in [Tul].

In his work V. Turaev introduced the notion of Euler structures and showed
how it is applied to refine the concept of Reidemeister torsion by removing
the ambiguities in choosing bases needed for construction. Moreover, Turaev
observed in [Tu2] that on three-manifolds a choice of an Euler structure is
equivalent to a choice of a Spin®-structure.

Both, the Turaev-torsion and the Braverman-Kappeler refined torsion are
holomorphic functions on the space of representations of the fundamental
group on GL(n,C), which is a finite-dimensional algebraic variety. Using
methods of complex analysis, Braverman and Kappeler computed the quo-
tient between their and Turaev’s construction.

A natural question is whether this procedure has an appropriate equivalent
for our proposed refined analytic torsion on manifolds with boundary. In our
view this question can be answered affirmatively.
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Indeed, by similar arguments as in [BK1, BK2] the proposed refined analytic
torsion on manifolds with boundary can also be viewed as an analytic func-
tion on the finite-dimensional variety of representations of the fundamental

group.

For the combinatorial counterpart note that M. Farber introduced in [Fa]
the concept of Poincare-Reidemeister metric, where using Poincare-duality
in the similar spirit as in our construction, he constructed an invariantly de-
fined Reidemeister torsion norm for non-unimodular representations. Further
M. Farber and V. Turaev elaborated jointly in [FaTu] the relation between
their concepts and introduced the refinement of the Poincare-Reidemeister
scalar product.

The construction in [Fa] extends naturally to manifolds with boundary by
similar means as in our definition of refined analytic torsion. This provides a
combinatorial torsion norm on compact manifolds, well-defined without uni-
modularity assumption. It can then be refined in the spirit of [FaTu|. This
would naturally provide the combinatorial counterpart for the presented re-
fined analytic torsion.
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7 Gluing Formula for Refined Analytic Tor-
sion

In this section we turn to the main motivation for the proposed construction
of refined analytic torsion — a gluing formula. A gluing formula allows to
compute the torsion invariant by cutting the manifold into elementary pieces
and performing computations on each component. Certainly, the general fact
of existence of such gluing formulas is remarkable from the analytic point of
view, since the secondary spectral invariants are uppermost non-local.

We establish a gluing formula for the refined analytic torsion in three steps.
First we establish a splitting formula for the eta-invariant of the even part of
the odd-signature operator. This is essentially an application of the results
in [KL].

Secondly we establish a splitting formula for the refined torsion pj ) in the
special case A = 0. This is the most intricate part and is done by a careful
analysis of long exact sequences in cohomology und the Poincare duality on
manifolds with boundary. The discussion is subdivided into several subsec-
tions.

Finally we are in the position to establish the desired gluing formula for the
refined analytic torsion, as a consequence of the Cheeger-Miiller Theorem
and a gluing formula for the combinatorial torsion by M. Lesch [L.2]. As a
byproduct we also obtain a splitting formula for the scalar analytic torsion
in terms of combinatorial torsion of a long exact sequence on cohomology.

In our discussion we do not rely on the gluing formula of S. Vishik in [V],
where only the case of trivial representations is treated. In particular we
use a different isomorphism between the determinant lines, which is more
convenient in the present setup.

We perform the proof under the assumption of a flat Hermitian metric, in
other words in case of unitary representations. This is done partly because
the Cheeger-Miiller Theorem for manifolds with boundary and unimodular
representations is not explicitly established for the time being. It seems,
however, that the appropriate result can be established by an adaptation of
arguments in [Lii] and [Mul].

Finally it should be emphasized that the result of this section can also be
viewed as a gluing formula for the refined analytic torsion in the sense of
Braverman and Kappeler.
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7.1 Setup for the Gluing Formula

Let M = M; Uy M, be an odd-dimensional oriented closed Riemannian
manifold where N is an embedded closed hypersurface of codimension one
which separates M into two pieces M; and My such that M;, 7 = 1,2 are
compact bounded Riemannian manifolds with OM; = N and orientations
induced from M. The setup is visualized in the Figure 5 below:

M

My

Figure 5: A compact closed split-manifold M = M; Uy Ms.

Let p : m (M) — U(n,C) be a unitary representation of the fundamental
group of M. Denote by M the universal cover of M. It is a principal
bundle over M with the structure group m; (M), cf. [KN, Proposition 5.9 (2)].
Consider the complex vector bundle £ associated to the principal bundle M
via the representation p. .
E=Mx,C"

The vector bundle is naturally endowed with a canonical flat connection V,
induced by the exterior derivative on M. The holonomy representation of V
is given by the representation p.

Note that all flat vector bundles arise this way. In fact flatness of a given
connection on a vector bundle implies that the associated holonomy map
gives rise to a well-defined representation of the fundamental group of the
base manifold, and the representation is related to the vector bundle as above.

By unitariness of the representation p the standard Hermitian inner product
on C" gives rise to a smooth Hermitian metric h¥ on E, compatible with the

flat connection V. In other words the canonically induced Hermitian metric
h¥ is flat.

Assume the metric structures (g™, h¥) to be product near the hypersurface
N. The issues related to the product structures are discussed in detail in
[BLZ, Section 2]. More precisely, we identify using the inward geodesic flow
an open collar neighborhood U C M of the hypersurface N diffeomorphically
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with (—e¢,€) X N, e > 0, where the hypersurface N is identified with {0} x N.
The metric g™ is product over the collar neighborhood of N, if over U it is
given under the diffeomorphism ¢ : U — (—¢,€) x OM by

¢:9" v = da* & g"|v. (7.1)

The diffeomorphism U = (—¢,€) x N shall be covered by a bundle iso-
morphism ¢ : E|y — (—¢,¢) x E|y. The fiber metric h¥ is product near
the boundary, if it is preserved by the bundle isomorphism, i.e. if for all
x € (—¢,¢)

g*hE|{x}><N = hE|N (72)

The restrictive assumption of product metric structures is necessary to apply
the splitting formula of [KL] to our setup, which works only on Dirac type
operators in product form over the collar with constant tangential part.

Furthermore we use the product metric structures in order to apply the
Cheeger-Miiller Theorem for manifolds with boundary, ( cf. [Li], [V]). How-
ever with the anomaly formulas in [BZ1] and [DF] the product structures are
not essential here.

By Leibniz rule the connection V gives rise to flat twisted exterior differ-
ential on smooth E-valued differential forms. The restrictions of (E, V) to
M;,j = 1,2 give rise to twisted de Rham complexes (£25(M;, E), V;). Ac-
cording to notation of Subsection 6.2 we denote their minimal and maximal
extensions by

(Dj,min / max, vj,min / max)a
respectively. By Theorem 6.2 these complexes are Fredholm and their coho-

mologies can be computed from smooth subcomplexes as follows. Consider
for j = 1,2 the natural inclusions ¢; : N — M; and put

Qin(M;, E) = {w € Q(M, E)|ijw = 0},

O (M, E) == Q" (M, E).

max

The operators V; yield exterior derivatives on 2%, (M;, E) and 2% (M;, E).
The complexes (2}, / max(Mj, E), V;) are by Theorem 6.2 smooth subcom-

plexes of the Fredholm complexes (D; min /max, Vj,min /max) With

r*el/abs(Mj’E> = H*( :nin/max(Mj7E)7vj>

= H*(Dj,min/maxa vj,rnin/max), ] = 1, 2.
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Finally corresponding to Definition 6.5 we define for j = 1,2

(1’5]'7 63) = (Dj,mina Vj,min) S¥ (Dj,maxa vj,max)a
(D, V) :=(D,V)® (D, V),

where (D, V) denotes the unique ideal boundary conditions of (Q*(M, E), V).
We denote the associated odd-signature operators of the complexes by B7, j =
1,2 and B respectively. The upper index j will not pose any confusion with
the square of the odd signature operator, since the squared odd-signature
operator does not appear in the arguments below.

The presented notation remains fixed throughout the discussion below, unless
stated otherwise. However for convenience, some setup and notation will be
repeated for clarification.

7.2 Temporal Gauge Transformation

Consider the closed oriented Riemannian split-manifold (M, g™) and the flat
Hermitian vector bundle (E, V, h¥) with the structure group G := U(n,C)
as introduced in Subsection 7.1. Denote the principal G-bundle associated
to E by P. G acts on P from the right.

Consider U = (—¢,€) x N the collar neighborhood of the splitting hypersur-
face N. We view the restrictions P|y, P|y as G-bundles, where the structure
group can possibly be reduced to a subgroup of G.

By the setup of Subsection 7.1 the bundle structures are product over U.
More precisely let 7 : (—¢,€) x 0X — 90X be the natural projection onto the
second component. We have a bundle isomorphisms E|y; = 7*E|y and for
the associated principal bundles

Ply = ' Ply L Py,

where f is the principal bundle homomorphism, covering 7, with the asso-
ciated homomorphism of the structure groups G — G being the identity
automorphism.

Now let wy denote a flat connection one-form on P|y. Then
. *
wy = [fwy
gives a connection one-form on P|y which is flat again.

In order to understand the structure of wy = f*wy, let {ﬁa, (fa} be a set of
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local trivializations for P|y. Then Ply = n*P|y is equipped with a set of
naturally induced local trivializations {Uy, := (—e¢,€) x U,, ®,}. The local
trivializations define local sections s, and s, as follows. For any p € ﬁa,
normal variable x € (—¢, €) and for e € G being the identity matrix we put

5a(p) =0, (p.e),
salx,p) == 0. ((x,p), €).

We use the local sections to obtain local representations for the connection
one-forms wy and wy:

% = fész c Q1<(7a,g),
w® = stwy € YU, G),

where G denotes the Lie Algebra of G. By construction both local repre-
sentations are related as follows. Let (z,y) = (2,41, ..,yn) denote the local

coordinates on U, = (—¢,€) x U, with 2 € (—¢, €) being the normal coordi-
nate and y denoting the local coordinates on U,. Then

% =) Wi (y)dy;,
i=1

w* = wy (v, y)dw + Zw?(m,g)dyi,
i=1

with wy =0, and wi'(z,y) = Wi (y). (7.3)

We call a flat connection w on P a connection in temporal gauge, if there
exists a flat connection wy on Py such that over the collar neighborhood U

w|U = f*wN.

The local properties of a connection in temporal gauge and in particular its
independence of the normal variable € (—¢, €) are discussed in (7.3). Our
aim is to show that any flat connection one-form on a principal bundle P can
be gauge transformed to a flat connection in temporal gauge. Recall that a
gauge-transformation of P is a principal bundle automorphism g € Aut(P)
covering identity on M with g(p-u) = g(p) - u for any v € G and p € P.

A gauge transformation can be viewed interchangedly as a transformation
from one system of local trivializations into another. Hence the action of a
gauge transformation on a connection one-form is determined by the trans-
formation law for connections under change of coordinates.

We have the following result.
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Proposition 7.1. Any flat connection on the principal bundle P is gauge
equivalent to a flat connection in temporal gauge.

Proof. By a partition of unity argument it suffices to discuss the problem
locally over a trivializing neighborhood (U, := (—¢,€) x Uy, ®,).

Let w be a flat connection on P|y. Let g be any gauge transformation on
P|y. Denote the gauge transform of w under g by w,.

Over the trivializing neighborhood U, the connections w,w, and the gauge
tranformation g are given by local G-valued one-forms w® wy and a G-
automorphism ¢“ respectively. They are related in correspondence to the
transformation law of connections as follows

w;z — (ga)fl Owa Oga + (goz)fldga’

where the action o is the concatenation of matrices (G C GL(n,C)), after
evaluation at a local vector field and a base point in U,. The local one form
w® writes as

n
w = wy (@, y)dx + Z w;' (z, y)dy;.
i=1
In order to gauge-transform w into temporal gauge, we need to annihilate w
and the z-dependence in w{*. For this reason we consider the following initial
value problem with parameter y € U,

amga(x7g> = —Wg(x7£)9a(x7£)7
g*(0,y) =1 € GL(n,C). (7.4)

In order to identify the solution to (7.4) consider for any fixed y € U, the

following z—time dependent vector field V2 /x € (—¢,¢€) on G:

Yue G V;C"‘yu = —(Ru)*wg‘(x,g) = —wS‘(x,g) -,

where R, is the right multiplication on G and the second equality follows
from the fact that G € GL(n,C) is a matrix Lie group.

Let g*(x,y) be the unique integral curve of the time-dependent vector field
Ve, with g%(0,y) =1 € G. Tt satisfies

Oug*(x,y) = Vi, g% (w,y) = —wi(z,9)9" (z, ).

Hence the integral curve g*(z,y) solves (7.4). By the fundamental theorem
for ordinary linear differential equations (cf. [KN, Appendix 1]) we know that
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the initial value problem (7.4) has a unique solution, smooth in x € (—e¢,€)

and y € U,. Since §°(z, y) solves (7.4) we find that the solution is moreover
G—valued.

With gauge transformation g being locally the solution to (7.4) we find for
the gauge transformed connection w,

w;v — <go<)—1 Owaogcx 4 (ga)—ldga —

= (9) " owg 0 gdz + Y (¢ 0w 0 gdyi+
=1

+(g*) ' Oegdr + Y (%) Dy g dy: =

=1

=Y (g")  owogdyi+ > (9)7'0,9%dy:.
=1

i=1

where in the last equality we cancelled two summands due to g* being the
solution to (7.4). So far we didn’t use the fact that w is a flat connection. A
gauge transformation preserves flatness, so w, is flat again. Put

wy = wgo(:c,g)dx + i w;i(a:, g)dyi,
i=1
where by the previous calculation
wyo =0, wg; = (%) owf o g +(97) 70,0
Flatness of w, implies
Ouwy (7, y) = Oywyo(z,y) = 0.

Hence the gauge transformed connection is indeed in temporal gauge. This
completes the proof. O

A gauge transformation, viewed so far as a principal bundle automorphism
on the G—principal bundle P, can equivalently be viewed as a G—valued
bundle automorphism on the vector bundle E associated to P. We adopt
this point of view for the forthcoming discussion.

Take the given flat connection V on the Hermitian vector bundle (E, h¥) with
the structure group G = U(n, C) and the canonical metric h” induced by the
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standard inner product on C". Proposition 7.1 asserts existence of a tem-
poral gauge transformation g € Autg(F) such that the gauge transformed
covariant derivative gVg~! is in temporal gauge (a covariant derivative is said
to be in temporal gauge if the associated connection one-form is in temporal

gauge).

The temporal gauge transformation g gives rise to a map on sections in a
natural way

S VCMERQE)—- Q(M,E®E).
Due to the fact that g takes locally values in U(n,C) and the Hermitian
metric h¥ is canonically induced by the standard inner product on C", we
obtain the following result:

Proposition 7.2. & extends to a unitary transformation
& LIM,E®E,g",h") — LYM,E® E, g™, h").

Corollary 7.3. The odd-signature operators B = B(V) and B =
BI(V;),j = 1,2 are spectrally equivalent to B(gVg™") and B (gVg " |u,),J =
1,2 respectively.

The statement of the corollary above follows from invariance of minimal and
maximal extensions under unitary transformations and from the fact that
unitary transformations preserve spectral properties of operators, compare
also Proposition 3.2 and Corollary 3.3.

The statement of the corollary implies that in the setup of this section (for
unitary vector bundles) the assumption of temporal gauge is done without
loss of generality, which we do henceforth. In this particular geometric setup
we obtain the following specific result for refined analytic torsion.

Proposition 7.4. Let T?(V) and T?%(V;),j = 1,2 denote the scalar ana-
lytic torsions associated to the complexes (75, 6), (75]-, %j), respectively. Fur-
thermore let pr(M, E) and pr(M;, E) denote the associated refined torsion
elements in the sense of (6.7) for A =0. Then we have

1

- TRS(%) " eXp [_iﬁn(BeVeﬂ) + iﬂ-rk(E)n(Btrivial)] X

pan(V)

X exp {—m dim ker Beven + iﬂfk(E)% dim ker Btrivial] pr(M, E),

1

= —— - X _Zﬂ- Bgven + Zﬂ-rk E Bjrivia, X
T p [—imn(Blen) (E)n(Blriyia)]

pan(vj)

m—1 dim ker BB/

even

X exp [—m + iﬂrk(E)% dim ker B/ ] pr(M;, E).

trivial
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Proof. Recall from the definition of refined analytic torsion in Corollary 6.26

pan(V) = eV expl—im(n(BRsY) + E\(V))]x
exp|[+imrk(E) (n(Buivia) + &' (Virivial))] - oA

pan(V;) = ) expl—im(n(BLG)) + €4(V))]
xpHTIR(E) (1(Blagi) + € (Vamia))] - o od = 1,2

The assumption of product metric structures and the temporal gauge allow
a reduction to closed double manifolds, as performed explicitly in Theorem
6.30. This yields by similar arguments, as in [BK2, Proposition 6.5]:

1 & .~
(V) = ) Z(_l)kH -k - dim Df%,,\p
k=0
1 & .~
(V) = 5 Z(—l)k+1 k- dim Dj .

B
Il
o

Now, via Lemma 6.25 we obtain

im D5} mod 2Z,

&(v)

d
&(V5) d

im D}yg’y mod 2Z.

SIS

Similar arguments show

6/ (vtrivial) =

dim ker B ivia mod 27,
fl(vj,trivial) = d

im ker B/ .., mod 27Z.

pof Il 3

Fix A = 0 and observe for j = 1,2 from (6.21):

m—1

N(BUS) + &(V) = 1(Beven) + dim ker Boven mod 2Z,
1 A
m dim ker B2 mod 27Z.

even

n(BLON) + €6(V) = n(Blen) +

Now the statement of the proposition follows from the fact that flatness of
the Hermitian metric h¥ implies equality between the squared odd-signature
operator and the Laplacians of the corresponding complexes, and hence

1 efo(V5) — 1~ )

- TEE) T75(V,)

efo(V)

This proves the proposition. O
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7.3 Splitting formula for the eta-invariant

This subsection is an application of [KL, Theorem 7.7]. For the setup of
that result consider 4 C M the collar neighborhood of the hypersurface N
together with a mapping

®: C®(U, Fly) — C((—¢,€), C°(N, F|y)),

where F' is any Hermitian vector bundle over M and ® extends to an isometry
on the L?2—completions of the spaces. Now let D be a self-adjoint operator
of Dirac-type with the following product form over the collar neighborhood:

PoDlyod =y {i—i—A} ,
dx
where 7 is a bundle homomorphism on C*(N, F|y) and the tangential oper-
ator A is a self-adjoint operator of Dirac-type over C*°(N, F'|y). The essence
of the product form lies in the z-independence of the coefficients v and A.
Moreover we assume

V=—I, v'=—y, 7A=-Ay. (7.5)

By restriction to M;, My we obtain Dirac operators D!, D? with product
structure (under the identification of ®) as above over the collar neighbor-
hoods U N M; of the boundaries OM; = N, j =1, 2.

Let P: L*(N, F|y) — L*(N, F|y) satisfy the following conditions:

e P is pseudo-differential of order zero, (7.6)
e P is an orthogonal projection, i.e. P* = P, P?> = P, (7.7)
o YPy'=1—-P, (7.8)
e (P, P) form a Fredholm pair, i.e. Psg|imp is Fredholm. (7.9)

Here P-y denotes the positive spectral projection associated to the self-
adjoint tangential operator A. The boundary value problems (D7, P),j = 1,2
are well-posed in the sense of R. T. Seeley, by [BL3, Theorem 7.2]. We know,
see [KL, Theorem 3.1] and the references therein, that the eta-functions
n(D%,, s) extend meromorphically to C. Assume for simplicity that the eta-
functions are regular at s = 0 and set for j = 1, 2:

n(D%) = [77(D§;, s = 0) + dim ker Dﬂ :

n(D) =

N =D =

n(D,s = 0)+ dimker D] .
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This definition coincides with (6.13) for D} = Bl and D = Beyen, since in

the setup of the present section the odd-signature operators are self-adjoint,
hence have real spectrum.

The same holds for DL p as well, and the splitting formula in the version of
[KL, Theorem 7.7] is given as follows:

(D) =n(Dp) +1(Di_p) — 7.(I = P, P, P1), (7.10)

where P; denotes the Calderon projector for D!, which is the orthogonal
projection of sections in F'|y onto the Cauchy-data space of D! consisting of
the traces at N of elements in the kernel of D'. For further details see [BW].

The third summand 7, in (7.10) refers to the Maslov triple index defined
in [KL, Definition 6.8]. The Maslov triple index is integer-valued and thus
the result above leads in particular to a mod Z splitting formula for eta-
invariants.

Leaving for the moment these general constructions aside, we continue in the
setup of the Subsection 7.1. We adapt the constructions of [KL, Section 8.1]
to the present situation. Let ¢ : N — M denote the inclusion of the splitting
hypersurface N into the closed split-manifold M. Define the restriction map:

R:QY(M,E®E) — Q*(N,(E® E)|n),
B (B) + 0 (x0),

where * is the Hodge-star operator on the oriented Riemannian manifold M
acting antidiagonally on F & E with the following matrix form:

~ (0 x
=, 0 )
It is further related as follows to the chirality operator T of the Hilbert

complex (D, V) (see Definition 6.4):

= . k(k+1) o
2

[:=i"(-1) M, E®E)— Q" "M E®E),
where 7 := (dim M + 1)/2.

The restriction map R induces with U = (—¢,€) x N the following identifi-
cation:

QU (E D E)|y) — C((—¢,€), X (N, (E® E)|n)),

which extends to an isometry on the L?—completions of the spaces due to the
product structure of the metrics. The isometric transformation preserves the
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spectral properties of the transformed operators. Hence we can equivalently
deal with the even part Beven of the odd-signature operator associated to the
Hilbert complex (D, V) over M, under the isometric transformation ®.

The assumption of temporal gauge for the connection V implies with the

same calculations as in [KL, Section 8.1]:

d
D 0 Boyen 0 DL = ~ {% + A] , (7.11)

where the operators v and A are of the following form (compare [KL, Section
8.1]):

(8) = iT(—1)P%yB,  if € QP(N,(E D E)|y),
TWI= (=17 15y, if B e QPN (E® E)|y).

AB) = —(VaFy + 35 Va)B, if § € QP(N,(E® E)|y),
(Vin +53Vn)8,  if § € 0PN, (B & B)|x).

Here V N = Vn®Vy where V is the flat connection on |y whose pullback
to Ely gives V|y. Further xy is the Hodge-star operator on N acting anti-
diagonally on (E @ E)|y. We write

<~ VN 0 ~ 0 * N
(e ) ()

Consider next the odd signature operators B ., 7 = 1,2 viewed as boundary
value problems for Beyen| M;>J = 1,2 where the boundary conditions are to
be identified. To visualize the structure involved, we distinguish notationally
each direct sum component in £ @ E:

E®E=E*0E".
Decompose now Q*(N, (E @ FE)|xy) as follows:

Q(N,(E® E)|y) = (7.12)
[QEVGI’I(N, E+|N) o Qodd(]\[7 E+|N):| D [Qeven<N, E_|N) S QOdd(N, E_lN):| :

The restriction map R acts with respect to this decomposition as follows:

R(BT& A7) =["(B) @ (=67 @ ["(87) @ (7], (7.13)
where gt @ 3~ € Q¥ (M, ET @ E7).
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Furthermore with respect to this decomposition operators v and A are given
by the following matrix form:

(07 (0 A
(130
gy LD ey B, i B e QP(N, Ely),

'V(ﬁ) - Z'r(_l)r—p—l xy 3, if g e QQ/p—&-l(N’ E‘N)
A(B) = —(Vn*n +%n VN)B, if B € Q*(N, E|y),
B (VN *N kN VN)ﬂ? lfﬁ € Q2p+1(N7E|N)'

Note that v and A satisfy the conditions (7.5). Recall now from Lemma 6.6

D(B’) = D (Dfph ® Df)
where DjGB is the Gauss-Bonnet operator on M; associated to the connection
V. Hence the boundary conditions for 7., are given as follows (see [BL1,
Theorem 4.1], where the arguments are performed in the untwisted setup, but
transfer analogously to the twisted case, provided product metric structures

and a flat connection in temporal gauge)

B=B"® 6 € D(Bl) N (M, BV & B),
hence Bt € D(DEB), 3~ € D(DSE),

rel abs

hence ;(67) =0, ;(x37)=0.

According to (7.13) we obtain under the isometric identification ® over UNM;
and with respect to the decomposition (7.12) the following matrix form for
the boundary operators of B/

even

(7.15)

S O O =
o O = O
o O OO
o O OO

Note that (I — P) again provides boundary conditions for B/, with the
components £, E~ interchanged. The boundary operator P obviously ex-
tends to a pseudo-differential operator of order zero. One checks explicitly
by matrix calculations that P satisfies the conditions (7.7) and (7.8). The

condition (7.9) remains to be verified.

Being elliptic and self-adjoint, A has discrete real spectrum with finite mul-
tiplicities. Discreteness of A together with self-adjointness of BJ . implies

even

with [BL3, Corollary 4.6 and Theorem 5.6] that P indeed satisfies (7.9).
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Thus the conditions for the application of (7.10) are satisfied and we obtain
U(Beven) - T](B;ven) + 77<Bgven) - T#(I - P17 P7 Pl)? (716)

where the operators B, B%., denote the even parts of the odd-signature
operators associated in the sense of Definition 6.5 to the Hilbert complexes
(D1, V1), (Ds, Vy) respectively. Equivalently they are the self-adjoint real-
izations of the differential operators Beyen|ns, ;s Beven|n, With the boundary
conditions P and (I — P) respectively. Further P, denotes the Calderon pro-

jector of BL,., and 7, the Maslov triple index.

Due to self-adjointness of the odd-signature operator, the notion of (reduced)
eta-invariant in [KL] for Beye, and BJ ., 7 = 1,2 coincides with the setup of
(6.13).

ven '’

We obtain an analogous splitting formula in case of a trivial line bundle
M x C in the notation of Proposition 6.23:

n(BtriVial) - n(Btlrivial) + n(BgriVial) - T,u(-[ - Pl,trivialy Ptriviala Pl,trivial)a (717)

with the obvious notation. This formula will be necessary in order to obtain
a splitting for the metric-anomaly term in refined analytic torsion.

In other words, the phase of refined analytic torsion is given in part by
the rho invariant of Beyen, which is defined (cf. [KL, Definition 8.17]) as
the eta-invariant of the operator minus the metric anomaly correction term.
The results (7.16) and (7.17) give together a splitting formula for the rho-
invariant, which constitutes to the complex phase of refined analytic torsion.

7.4 Poincare Duality for manifolds with boundary

We continue in the setup and the notation, fixed in Subsection 7.1. Denote
by Ajrei/abs the Laplacians of the Hilbert complexes (D;min/max, V j,min/max)
respectively. The coefficient j refers to the base manifold M;,j = 1,2. Con-
sider the Hodge star operator « on M and the associated chirality operator

k(k+1)

[:=i"(=1)"2 *: Q"M E)— Q" M, E), r:=(dimM+1)/2.

By the properties of the chirality operator I' (we do not indicate the restric-

tion of I to M;,j = 1,2 by a subscript j, since it will always be clear from
the action), established in Lemma 6.3, we infer:

Aj,abs/rel =TIo Aj,rel/aubs © Fa (718)

and hence I':ker A ci/ans — ker Aj abs/rel- (7.19)
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Note the Hodge isomorphisms
ker Aj,rel/abs - :el/abs(Mj7 E)7 ¢ — [¢]7

where H /abS(Mj,E) denote the de Rham cohomologies of the Fredholm
complexes (D min/max, Vjmin/max); ] = 1,2 respectively. Hence the chiral-
ity operator induces under the Hodge isomorphisms the so-called Poincare
duality on manifolds with boundary:

U2 HYy (M, B) = H 8 (M, E), ke =0,..,m = dim M.

Next we introduce two pairings. Let w; = s1 ® x1 and wy = s9 ® X2 be two
differential forms in Q*(M;, E) with s1, s, € C*(M;, E) and x1, x2 € Q*(M,;).
Put:

hE(wl A wg) = hE(Sl, 82) X1 A X2-

This action extends by linearity to arbitrary differential forms in Q*(M;, E).
With this notation we define a pairing, which is the Hilbert structure on

HYy ans(Mj, E) induced by the L?—structure on the harmonic forms:

<' ) >L§ : erl/abs(Mj7E) x Hxil/abs(Mja E) — C

il — [ WP@as), (@20

where w and 7 are the harmonic representatives of [w] and [n] respectively.
The second pairing is the Poincare duality on Riemannian manifolds with
boundary and is in fact independent of a choice of representatives:

<‘7'>Pj :Hlfel/abs(MﬁE) X Hmik (M]7E> — C

r abs/rel

W], [n] — /M RE(w A ). (7.21)

Both pairings are non-degenerate and induce canonical identifications be-
tween cohomology and its dual:

a5 (M, BV (HE (M5, B, L) — () ez,

T T G

#Pj : erl/abs<Mj7 E): (H;);og/liel(Mj7 E)>* ’ [Cd] — < ’ [w]>Pj'

Both maps are linear, with the Hermitian metric A* set to be linear in the
second component. The next proposition puts the constructions above into
relation:
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Proposition 7.5. The action of #L? ol and #p, on erl/abs(ij E) satisfies

$r20T =i (~1)"F #p, = (dimM +1)/2.
Proof. Let [w] € erl/abS(Mj, E)and [n] € H:bs/rel<MJ" E) with w, n being the
harmonic representatives of [w], [n] respectively. Using I'? = 1 we get

(m—k)(m—k+1)
2

«[w=1"(-1)

L k(k+1) | m(m+1)
=1 T(—l) 7 T 2

Due to linearity of the Hermitian metric in the second component we finally
obtain:

IlNolTw =

w= ir(—l)k(k;l)w.

(12 0 T) ()] = (), Tl 2 = / W2 A +Tw) =

M;

— (-t /M WP A w) = i (—1) "5 e, (W)

J

]

A similar discussion works also on the closed Riemannian split manifold M.
In particular we obtain as before the pairings (-,-)z2 and (-,-)p with the
associated identifications #;2 and #p respectively, over the manifold M. As
in Proposition 7.5 we obtain for the action of #;2 o' and #p on H*(M, E)
the following relation

k(k+1)

H#rp0l =i"(=1)" 2 #p, r=(dmM+1)/2. (7.22)

Next we consider a complex, that takes the splitting M = M; Uy M, into
account. Let ¢; : N < M;, j = 1,2 be the natural inclusions. Put

Q*<M1#M2, E) = {(wl,wg) S Q*(Ml, E) D Q*(MQ,E)’LT(.Ul = L;WQ}.

Denote the restrictions of the flat connection V to M;,j = 1,2 by Vj,
and extend the restrictions by Leibniz rule to operators on the complexes
O*(M;, E),j=1,2. We put further

Vs(wl,w2> = (Vlwl, VQ(.UQ).

This operation respects the transmission condition of Q*(M;#Ms, E) and
further its square is obviously zero. Therefore Vg turns the graded vector
space Q*(M#M,, E) into a complex, denoted by

(Q (M #Ms, E), V). (7.23)
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The natural L2—structure on Q*(M;, E)®Q*(M,, E), induced by the metrics
g™ and h¥ is defined on any w = (w1, ws),n = (N1, 72) as follows

2
<w7 77>L2 = Z<wj7 77]>L? (724>
j=1
In order to analyze the associated Laplace operators, consider first the adjoint
to Vg operator V% in Q*(Mi, E) @ Q*(M,, E) with domain of definition
D(VY) consisting of elements w = (wy,wq) € Q* (M, E) & Q* (M, E) such
that the respective linear functionals on any n = (1, 1m2) € Q*(M1#Ms, E)

Lw(n) = <w7 vST/>L2

are continuous in Q*(M;# M, E') with respect to the natural L?—norm of .
As a consequence of Stokes’ formula we find for such elements w € D(VY)
that the following transmission condition has to hold

W = (kwi, *wz) € Q7 (My#Ms, E), (7.25)

where * also denotes the restrictions of the usual Hodge star operator on M
to M; and M,. The Laplace operator Ag = ViVg + VgV% of the complex
(7.23) acts on the obvious domain of definition

D(As) ={w € Q" (M#M,, E)| (7.26)
w € D(V5),Vsw € D(VY), Viw € QF(My#M,, E)}.

The Dom(Ag) is defined as the completion of D(Ag) with respect to the
graph topology norm. The Laplacian Ag with domain Dom(Ag) is a self-
adjoint operator in the L?—completion of Q*(M;, E) ® Q*(Ms, E).

For the spectrum of Ag we refer to the theorem below, established essentially

by S. Vishik in [V, Proposition 1.1] in the untwisted setup.

Theorem 7.6. The generalized eigenforms of the Laplacian Ng and the gen-
eralized eigenforms of the Laplacian /\ associated to the twisted de Rham
complex (V*(M, E), V) coincide.

Proof. The conditions for (wy,ws) € D(Ag) translate with (7.25) equivalently
to

wy = thwa, 1] (kwy) = 13 (*ws),

U (xViwy) = t5(xVaws), 1} (Viwy) = t5(Vhws). (7.27)
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Any eigenform w of A is smooth and thus (w|ay,, w|as, ) satisfies the conditions
(7.27). Thus any eigenform w = (w|pr,,w|a,) of A belongs to D(Ag) and
hence is an eigenform of Ag. We need to show the converse statement.

Let (wy,wq) € D(Ag) be an eigenform of Ag. Then for any k£ € N the
element (Aw;, Akw,) satisfies the conditions (7.27). Fix local coordinates
(z,y) in the collar neighborhood (—¢,¢) x N of N C M with x € (—¢,¢€)
being the normal coordinate and y € N the local coordinates on N. Then
the conditions (7.27) imply for & =1

Owi(r =0,y) Ouwy(z =0,y)
ox N Ox

[terative application of the conditions (7.27) to (Akw, ASw,) for k € N shows

O wi(x=0,y)  Fwyz=0,y)
keN: L= = 2
Vk € pC pp (7.28)
The eigenform (wy,ws) consists of smooth eigenforms w; over M;,j = 1,2.
The result (7.28) shows smoothness on N C M. Thus (w;,ws) can be viewed
as a smooth differential form over M and so lies in D(A) and hence is an

eigenform of A as well. This proves the theorem. ]

Corollary 7.7. The Laplacian Ag on Dom(Ag) is a Fredholm operator and
H* (M y#Ms, E) .= H (Q" (M 1#M,, E),Vg) = Hiz (M, E).

The corollary is an obvious consequence of Theorem 7.6 and the Hodge-

isomorphism. Therefore the pairings (-,-)z2 and (-,-) with the associated

identifications #2 and #p respectively, over the manifold M give rise to

pairings and maps on H*(M;#M>, E'). We do not introduce a distinguished
notation for these induced constructions

(-, V2 s HY(My#M,, E) x H*(My#M,,E) — C
(el (mm)] — 3 [ B nem). (729)
(-, Vp: HY (M #M,, E) x H™ *(M,#M,,E) — C

vl lmm] — 3 [ B an).  (730)

where (wy,ws), (71,72) are a priori harmonic representatives of the corre-
sponding cohomology classes, due to the Hodge isomorphisms applied in the
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identification of Corollary 7.7. A posteriori we find by the next lemma that
the pairing (-,-)p like the pairings (-,-)p,,j = 1,2 is well-defined on coho-
mology classes, i.e. need not be evaluated on harmonic representatives only.

Lemma 7.8. The pairing (-,-)p is a well-defined pairing on cohomology.

Proof. Let [(wy,ws)] € H¥(M#Ms,, E) be a cohomology class with a repre-
sentative (wy, ws)+Vg(71,72) where (w1, ws) € ker Vg and (wy,ws), (71,72) €
QF (M #Ms,, E), in particular

W1 = LyWa, LV = 72

Similarly let [(ni,7m2)] € H™ *(M#M>,,E).  Choose a representa-

tive (m1,m2) + Vg(&,&) with (m1,1m2) € kerVg and (n1,1m2),(&,&) €
Q*(My#M,, E). We compute

jZI/Mjh ((J+v173)/\(77]+v153)) Z/N[.h<]/\7b)
2 2
:Z/ hE (Vv A ) +Z/ hE (wj A V,E)+

=1

M;

2
+Z/ hWE (Vi AV;E).  (7.31)
7=1

In order to verify that the pairing (-,-)p is a well-defined pairing on co-
homology we need to show that the last three summands in (7.31) are zero.
Consider the first summand, the other two are dealt with analogously. Under
the assumption of flatness of V we get

dh®(v; An;) = BP(Viv5 An) + (=1 "B (y; AVin) = hP (Vv An)

2 2
= Z/M hE(V 5 Ay) = Z/M dh®(vy; A1y) =
j=1 7 M; j=1 7 M;

2
- Z/aM U (5 A ).
=1 J

J

Since (i1 = (572 and i = tine we find

GhE (i Amp) = P (12 A ).

However the orientations on N = 0M; = 0M>, induced from M; and M, are
opposite. Hence the two integrals over M; and M, cancel. This completes
the argumentation. O
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7.5 Commutative diagramms in cohomological algebra

Consider the short exact sequences of complexes:

(M, E), V1) 2 (' (My#My, E), V) 5 (e (Ms, E), V) — 0,

max

(M27E)7v2) 04_/> (Q*<M1#M27E)JVS) B_,> (Q* (Ml,E),Vl) - 07

max

0— (Q:nin
0— (9

min
where a(w) = (w,0),d/(w) = (0,w) and [(wy,ws) = wo, f' (w1, ws) = wy. The
exactness at the first and the second complex of both sequences is clear by
construction. The surjectivity of § and [ is clear, since 2% . (M,, E),j = 1,2
consists of smooth differential forms over M; which are in particular smooth
at the boundary. These short exact sequences of complexes induce long exact

sequences on cohomology:

(M,, E) & HEY(M,, E)...

rel
(Mh E) & erJlrl(M% E)
(7.32)

W L HE (M, E) %5 HYN (M #M,, E) 25 HE

s ddg) abs

W HE (M, E) 25 HY (M #M,, E) 25 HY

c+t4rel abs

The first long exact sequence is related to the dual of the second long exact
sequence by the diagramm below, where o, 3., 6. denote the dualizations of
o', 3, 6™ respectively.

(M, E) % HM#M,E) 25 HE (Mo, B) 2% HFFY(My, B)

abs rel

Hk

rel

#rzol'] #rzol | #rzol' | #rzol']

HITF(My, By 2 Bk (MM, B) 25 B (M, B) 2 HIZR (M, B)*
(7.33)

Theorem 7.9. The diagramm (7.33) is commutative.

Proof. We need to verify commutativity of three types of squares in the
diagramm. Consider the first type of squares:

HE (M, E) —*—~ H*(M#M>, E)
#L%OF\L l#LQOF

Hyp (M, B) —— H™ M (MygfM, E)*.

abs
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Let [w] € HE (M, E). Recall
#L% ol'= ir(_1>k(k2+1) #P1 on erl(Mlv E)v

k(k+1)

H20l =i"(=1) 2 #p on HY(M#M,, E).

The maps #p,, #p are well-defined identifications on cohomology, due to
Lemma 7.8. Let [(n1,72)] € H™ *(M#M,, E') and compute:

(B, 0 #pz o I)[w]([m, me]) — (Fr2 o T o ) [w]([n1, ma]) =
k(k+1)

=i"(=1) 2 {(B'(m,n2),w)p, — ((n1,m), aw)p} =
(1)t {/M BE (my A w) — /M BE (1 /\w)} ~o.

Consider now the second type of squares in the diagramm (7.33).

B H*

abs

Hk(Ml#M2>E) (M27E)
l#LQOF i#Lgor

H™ k(M #Ms, E)* —— H™ *(M,, E)*.

rel

Let [(w1,ws)] € HF(M# My, E) and [] € H™ *(M,, E). As before the maps

rel
in the diagramm are independent of particular choices of representatives, so

we compute:

(o 0 #r2 o I)[(wi, w2)[([n]) — (#13 0 T 0 %) [(wr, w2)]([]
k(k+1)

) =
=1i"(=1)" 2 {{a'n, (wi,w2))p — (0, B(w1,w2)) P, } =
— i (—1)" {/M hE (5 A ws) —/MZ hE(nAWQ)} — 0.

Consider finally the third type of squares.

HE (Ms, B) —"—= HH (M, E) (7.34)
\L#Lgof l#L%or
O rm—k— .
Hz:l_k<M2?E)**>Habsk 1(M1’E) .

To prove commutativity of this diagramm, we need a precise understanding of
the connecting homomorphisms 0*, 5. Note for this the following diagramm
of short exact sequences of complexes:
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0= (U (My, E), Vi) S (0 (My#My, E), V) S (O, (Mo, E), Vo) — 0

min max

| I B 1

0— (Q* (MbE)vv1>$(9*(Ml#M2vE)avS)L(Q

min

(MQ, ), VQ) — 0.
(7.35)

max

The complex (Q.. (M, E),Vs) in the lower short exact sequence is the

max
natural quotient of complexes

(2 (Mi#Ms, E), Vs)
(Q* (Mh E)7 vl) .

min

(Q MQ,E),VQ) =

max (

The complex map 7 is the natural projection. The map [, is an isomorphism
of complexes:

ﬁ (Q* (MQ?E)7VQ> (Q* (MQaE)aVQ)

max max

[(Wl,w2)] = ﬁ(wth) = Wa.

The diagramm (7.35) of short exact sequences of complexes obviously com-
mutes. Hence the associated diagramm of long exact sequences on cohomol-
ogy is also commutative and in particular we obtain the following commuta-
tive diagramm:

Hy (Mo, E) HEY(My, E) (7.36)

|

H*(Qr. (M, E), Vs)) —— HY (M, E).

max rel

The vertical map 3% is the isomorphism induced by 3, and % d* are the
connecting homomorphisms of the long exact sequences associated to the
lower and upper short exact sequence of complexes of (7.35), respectively.

The connecting homorphism d* is easily defined. Let namely [(wy,ws)] €
H*((Qr,,.(Ms, E), Vs)). Any of its representatives (wy, wy) € Q¥(M#M,, E)

max

satisfies Vg(wy, ws) = (Vwy,0) € a2, (My, E), Vi) by definition. Then

min

d*[(wy,ws)] = [Viwi] € HE (M, E).

rel
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Consider now the next diagramm of short exact sequences of complexes:

/

0— (. (Ma, E), Va) 25 (0 (My# My, E), V) 25 (0

min

max(Ml’ )’ vl) — 0

I I Pl

!

0— (s (My, B), Vo) <5 (0 (M # Mo, E), V) = (Q

min

My, E), V1) —0.
(7.37)

max(

The complex (.. (M, E),V;) in the lower short exact sequence is the

max

natural quotient of complexes

(" (Mi#M,, E), Vs)
(i (Ma, E), Va) -

min

(Q* (Ml,E),Vl) =

max

The complex map 7’ is the natural projection. The map (. is an isomorphism
of complexes:

B+ (Lo (M, E), Vi) — (0 (M1, E), V1)

max max

[<W1,w2)] — 3 (W17w2) = wi.

The diagramm (7.37) of short exact sequences of complexes obviously com-
mutes. Hence the associated diagramm of long exact sequences on cohomol-
ogy is also commutative and in particular we obtain the following commuta-
tive diagramm:

HE (M, E) HN Y (M, E) (7.38)

|

Hk((Q* (Mb )v1>)4>Hk+1 M27 )

max rel

The vertical map (2 is the isomorphism induced by (. and §™,d™* are the
connecting homomorphisms of the long exact sequences associated to the
lower and upper short exact sequence of complexes of (7.37), respectively.

The connecting homomorphism d”* is easily defined. Let namely any
[(n1,m2)] € H™F1((Qx, (M, E),V1)). For any representative (1y,1:) €

max

Qm=k=L(M,# M,, E) we have

VS<7717772) = (Oa v2772) € a,(Qmm(MQ? )7 Vz)

by definition. We obtain for the connecting homomorphism d"*

d*[(n, 12)] = V] € H ™ (Mo, E).
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Now the pairings (-,)p,, (-, )p,, introduced in Section 7.4 induce via the
isomorphisms on cohomology 5%, 8 the analogous pairings:

(Vg = Br () p - Hity (M, E) x HY((Qya (M, E), V2)) — C,
TPl = <B;r*<) ) '>P1 P H™ 1((Q*max(M17E)7v )) X Hiirl(MlvE) — C.

These pairings induce the following identifications

#r,  H (U (Ma, B), V2)) = (Hp *(Ms, B))”

[w] < ) [WD _< ([ D)Pz’
oyt HE (M, E)S (HMklﬂﬂaAML B, V) .

W] (e = 80) Whe

Due to commutativity of the previous two diagramms (7.36) and (7.38),
the commutativity of (7.34) is equivalent to commutativity of the following
diagramm:

H*(Qr._(My, E), Vs)) —= HYHY(M,y, E) (7.39)

max
' k(k+1) ' (k+1)(k+2)
(1) 2 Fp, e

Hm k(M27 E)*

rel

Py
!/

= H™ R (Qr (M, E), V).

max

Using the explicit form of the connecting homomorphisms d* and d* we
ﬁnally compute for any [(wi,ws)] € H*((Qr,.(Ms, E), Vs)) and [(n1,m2)] €
H™ 5 (Qax (M1, E), V1)):

max

(7 (=) 5, 0 d ) (wr, wa)] ([, me))) -

S o F, ) wn,w))([myme)) =
=" (1) B O, )], 4 (0, )] —
(=) FH @ [, )], B, @), =
—ir(—1) /M hE (1 A Viw,)—

k(k+1

—f(—1)’““2+”/M hE (Vo Awy) =: A.
2

Now we apply the following formula for j = 1, 2:

dn” (n; Aw;) = BP(Vim; Awj) 4+ (=1)"*ThE (n; A Vjw)).
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Since Vi, = 0 and Vaw, = 0 we find
A= Z—r(_l)(k+1)2<k+2) / (—1)m7k71dhE(7]1 A wl)_
My
ir(—l)m;l) / dhE(UQ Awsy) =
Mo
(—1)mk1/ GRE (A wy)—
oM,

i"(—1) S / BhE (ny A ws).
OM>

(k+1)(k+2)
2

i(=1)

Note (—1)™ %=1 = (—=1)7* since m is odd. Further
(k+1)(k+2) e k(k+1)
2 2

Hence we compute further

] k(k+1) . .
A=1i"(-1) >+ {/azw UERE (i A wy) + /8M 3R (g A wg)] . (7.40)

Since tjwy = thwy and i1 = tine by construction, we find
GRE (i Awr) = R (o A w,).

However the orientations on N = 0M; = 0Ms, induced from M; and M, are
opposite, thus the two integrals in (7.40) cancel. This shows commutativity
of (7.39) and completes the proof of the theorem. ]

7.6 Canonical Isomorphisms associated to Long Exact
Sequences

We first introduce some concepts and notations on finite-dimensional vector
spaces. Let V be an finite-dimensional complex vector space. Given a basis
{v} :={v,..,v,},n =dimV, denote the induced element of the determinant
line det V' as follows

[v] = v A A, € detV.

Given any two bases {v} := {vy, .., v,} and {w} := {wy, .., w, } of V, we have
the corresponding coordinate change matrix

V; = Z lz‘jw]‘, L = (l”)
7j=1
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We put
[v/w] :=det L € C,

and obtain the following relation

[v] = [v/w][w]. (7.41)

In general the determinant is a complex number (we don’t take the mode),
but later it will be convenient to have a relation between bases such that the
determinant of the coordinate change matrix is real-valued and positive. We
will use the result of the following lemma.

Lemma 7.10. Let V be a complex finite-dimensional Hilbert space and {v}
any fized basis, not necessarily orthogonal. Let V =W &W be an orthogonal
decomposition into Hilbert subspaces. Then there exist orthonormal bases
{w} = {wy, . waimw }, {u} = {1, - vgmw } of W, W respectively, such that
the determinant of the coordinate change matriz between {w,u} and {v} is
positive, i.e.

[w,u/v] € RT.

Proof. Consider any orthonormal bases {w} and {u} of W and W+, respec-
tively. This gives us two bases {v} and {w, u} of V. Denote the corresponding
coordinate change matrix by L. We have

[w,u/v] = det L = €| det L],

for some ¢ € [0,27). We replace {w} and {u} by new bases

v v v 7 _Z¢
{w’} = {wi, .. wimw, W} =w;-exp (dim V) 7

VY — v v v, _Z¢
{U } = {u17 “7udimW1—}a U; = U; - €Xp (dlmV) .

Note that {w"} and {u’} are still orthonormal bases of complex Hilbert
spaces W and W+, respectively. By construction [w, u’/w,u] = exp(—i¢)
and

[w?, u’ Jv] = (W, u’ /w,u][w,u/v] = e - e|det L| = |det L| € RT.

Thus {w’, u*} indeed provides the desired example of an orthonormal basis of
V', respecting the given orthogonal decomposition, with positive determinant
of the coordinate change [w’, u"/v] relative to any given basis {v}. O
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The decomposition V = W@W in the lemma above is of course not essential
for the statement itself. However we presented the result precisely in the form
how it will be applied later. We will also need the following purely algebraic
result:

Proposition 7.11. Let V and W be two finite-dimensional Hilbert spaces
with some orthonormal bases {v} and {w} respectively. Let f : V — W be
an isomorphism of vector spaces. Then {f(v)} is also a basis of W, not nec-
essarily orthonormal. As Hilbert spaces V- and W are canonically identified
with their duals V* and W*. Then {v*},{w*} are bases of V*, W* respec-
tiely and {f*(w*)} is another basis of V*. Under this setup the following

relation holds
[f(v)/w] = [f*(w")/v7].

Proof. Denote the scalar products on the Hilbert spaces V and W by (-, )y
and (-, ), respectively. Let the scalar products be linear in the second
component. They induce scalar products on det V' and det W, denoted by
(-, Yaetv and (-, -)qesw respectively. Since the bases {v}, {w} are orthonor-
mal, we obtain for the elements [v], [w] of the determinant lines det V, det W

([0]; [V)aetv = ([w], [w])aetw = 1.

The dual bases {v*}, {w*} induce elements on the determinant lines det V* =
(det V)*, and det W* = (det W)* and under these identifications we have

Now we compute

This implies the statement of the proposition. O

Next we consider the long exact sequences (7.32), introduced in Subsection

75.
a* %k 5*

(My, B) “5 HE (M #Ms, B) 25 HY (My, E) 5 HEFY(M, E)...

Mo HE(My, E) 25 HYN M #Ms, E) 25 HE (M), E) 25 HY (M, E)...

ceddpa] rel

H: ..HF

rel
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The long exact sequences induce isomorphisms on determinant lines (cf.
[Nic]) in a canonical way

@ : det HY (M, E) @ det HY, (Mo, E) @ [det H*(My#Ms, E)| ™" — C,
(7.42)

(M,, E) @ det H}, (M, E) @ [det H*(M#M,, E)] ™" — C.
(7.43)

& :det H*

rel

More precisely , the action of the isomorphisms ®,®' is explicitly given as
follows. Fix any bases {ax}, {0x} and {¢;} of Imd;_;, Imaj and Imf; respec-
tively. Here the lower index k indexes the entire basis and is not a counting of
the elements in the set. Choose now any linearly independent elements {ax},

{0} and {c} such that {a} = d;_;(ck-1), (b} = aj(ax) and {cp} = G5 (br).

We make the same choices on the long exact sequence H’'. The notation is
the same up to an additional apostroph. Since the sequences H, H' are exact,
the choices above provide us with bases of the cohomology spaces.

Under the Knudson-Mumford sign convention [KM] we define the action of
the isomorphisms ® and &’ as follows:

0 k=0 k=0 (7.44)
¢ { <®[a;,au ”’“) ® (®[c;7eu<—”’“) ® (@[ " u“”’““)} — (—1)”
k=0 k=0 k=0 (7.45)

The definition turns out to be independent of choices. The numbers v,/
count the pairwise reorderings in the definition of the isomorphisms. They
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are given explicitly by the following formula:

DN | —
NE

V= (dim Imay, - (dim Ima + (—1)%)) +

k=0

NE

% (dim Imp; - (dimImpf + (—=1)%)) +
k

Il
o

_|_

\E

% (dim Imdy, - (dim Imdj, + (—1

B
Il

0

")
m k—1
Z (dlerel M, E ZdnnH’ M#M,, E > +
k=0 i=0

k-1 )

Zm: <d1m (M, E) - ZdlmHbe M, E

=0

+

=0
> (dlm Hi (M, E Zdlm i MQ,E)> . (7.46)
k=0

The first three lines in the formula are standard terms for ”cancellations” of
images and cokernels of the homomorphisms in an acyclic sequence of vector
spaces. The last three lines are due to reordering of the cohomology groups
into determinant lines. The number v/ is given by an analogous formula as
v. As a consequence of Theorem 7.9 which relates both sequences H and H’

we have

/
Vv=Ur.

Let the cohomology spaces in the long exact sequences H and H' be endowed
with Hilbert structures naturally induced by the L?—scalar products on har-
monic elements. We have an orthogonal decomposition of each cohomology
space in the long exact sequences:

Hrel(Mla E) = Im&l:—l S (1m52_1)L>
H*(M#Ms, E) = Ima; @ (Imaj)™*,
Hyp(Ma, E) = Tmf; @ (Imf3;) ™,
Hrel(M27 E) = Ima;c*—l S (Im(g;c*—l)L’
H*(M# My, E) = Imay @ (Ima)*,
Habs(M17 E) = Imﬁlle* D (Imﬁl/c*)l

(7.47)
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We can assume the bases {ax, ax}, {br, bi}, {cx, o} on H as well as the cor-
responding bases on H' to respect the orthogonal decomposition above, i.e.
with respect to the orthogonal decompositions in (7.47) we have

Hyy(My, E) = ({ar}) & ({ar}),

H* (M #Ms, E) = ({bi}) ® ({bi}),

Hy (Mo, E) = ({@}) @ ({ai}),
Hiy(Mz, B) = ({@}) @ ({ar}),
H*(M#Ms, E) = ({B.}) @ ({1.}),
Hy (M, E) = ({2}) & ({c})-

abs
By Lemma 7.10 we can choose for any k£ = 0,..,dim M orthonormal bases
of H* (M, E), H*(M#M,, E), H*, (M>, E) with respect to orthogonal de-

rel abs

composition (7.47)

Hi (My, E) = ({t}) ® ({v}),
H*(Mi# Mz, E) = ({@}) ® ({wi}),

Hyjo (Mo, B) = ({Uk}) @ ({ur}),
(7.48)

such that
[0k, Do/ ey k), [, e/ s ], [, T /by, br] € R (7.49)

These bases induce bases of the cohomology spaces of the sequence H' by
the action of the Poincare duality map I'. Since the map is an isometry,
the induced bases are still orthonormal. Furthermore commutativity of the
diagramm (7.33), established in Theorem 7.9 implies that the induced bases
still respect the orthogonal decomposition (7.47) of the cohomology spaces.

Hig " (Ms, E) = ({Twe}) & ({T}),
H™" (MM, E) = ({Twi}) & ({Tdx}),
H My, E) = ({Tog}) & ({T04}).

We obtain for the action of the canonical isomorphisms on the elements
induced by these orthonormal bases the following central result, which relates
the action of the isomorphisms to the combinatorial torsion of the long exact
sequences.
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Theorem 7.12.

{ (@) (e ) o)

v { (é[mk,m](_l)m}c) ’ (é[mmwf](_l)m}c) ;

k=0

® (@[mk,rwk]<—l>’”‘“l>} = (=1)" - 7(H) = (=1)*7(H).

k=0

Remark 7.13. The statement of the theorem corresponds to the fact that
the combinatorial torsions T(H),7(H') are defined as modes of the complex
numbers obtained by the action of the isomorphisms ®,®" on the volume el-
ements, induced by the Hilbert structures.

However the value of the theorem for our purposes is firstly the equality
T(H) = 7(H') and most importantly the fact that it provides explicit volume
elements on the determinant lines, which are mapped to the real-valued posi-
tive combinatorial torsions without additional undetermined complex factors
of the form €.

Proof of Theorem 7.12. Consider first the action of the canonical isomorphism
®. By the action (7.44) we obtain

P { (é[vk,,ﬁk](—l)k> ® (é[uk,ak](_l)k> 2 (é[wk,wk]( 1)k+1>} _

(=1 T [lvrs B/ @] D" - e, T/ i, @) 0+ [, @by, ) D =
k=0
= (=1)"7(H),
(7.50)

where the second equality follows from the definition of combinatorial torsion
and the particular choice of bases such that (7.49) holds. On the other hand
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we can rewrite the action of ® as follows:

P { (é[vk,fﬁk](—l)k> ® (é[ulmak](_l)k) 2 (é[wk7ﬂjk](_l)k+l>} _

(=1)" T T v B/ @) D" - g, T/ i, @) 0+ [, @ /by, ) D =
k=0
(1) T [lo/an] ™" @ /@] 0" - funfer] D" - i /) D"
k=0
'[wk/bk](il)kﬂ . [wk/’gk](fl)kﬂ.
(7.51)
Observe now the following useful relations:
. = [ag(vr)/ag(ax)][ag(a :UaNZ[Uk/ak]-@
[k (vr)] = ek (vr) /o (an) [k (an)] = [vk/ ] [bx] o] [wi]
NP
and hence [of (vg)/wy] = il
. o [w /]
[Bk (wr) /] = /%]
oy g/l
[0 (k) /Vk41] = Fert faea]’

where the last two identities are derived in the similar manner as the first
one. With these relations we can rewrite the action (7.51) of ® as follows:

(0] { (é[vkalﬁk](—l)k> Q (é[ukyak](_l)k) ® (é[wk’ﬁjk](_l)mﬂ)} _

k=0 k=0 k=0
m

(=" T Tl o) /@)D" - (85 () faa] ™ - 187 () [T V"

k=0

(7.52)
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Analogous argumentation for the canonical isomorphism ¢’ shows

P’ { (é)[mk, ka]<1>m‘k> ® (7.53)

k=0
® (® Dy, D] k) ® <®[F@k,ka](_l)k>}
k=0 Pt
)Y w (D) /Ty ) O™ (30 (D) /Ty )Y
k:O

(07 (DT) /Ty 70"
(7.54)

Now using the fact that the diagramm (7.33) is commutative with vertical
maps being linear, we obtain

[0 (u) [Tk 1] = [(#12 0 D)j(ur)/ (F#12 © T)Vksa] = [6"F(Tu)*/ (Cps1)*],
(o (vi) /wi] = [B"7*(Twg)* /(D) ],
85 (wi) /] = [ (Cuwg)* / (Ta)*],

where the last two identities are derived in a similar manner as the first one.
Now with the following purely algebraic result of Proposition 7.11 we obtain

05 (we) /O] = [0 (Tur)* ) (T0ks1)*] = [0 (T0k41)/ (T )],
[ (vr) /0x) = [B"*(Tog)* /(D)) = (B (Tw) /(T
By (we) /] = [0 (Cwg)* /(D) "] = [ag 4 (D) /(D).

These identities allow us to compare the actions (7.52) and (7.54) and derive
the equality:

(@) ) (@)

- { (é[mkivk](_l)mk) N (é[mkiuﬂ(_l)mk) ;

® (é[mk,rwk]<—1>m”““)} = (=1)” - 7(H). (7.55)

On the other hand, since I' is an isometry, we have in (7.55) the ®’-action on a
volume element, induced by the Hilbert structures on H’. The combinatorial
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torsion 7(H') is defined as the mode of the complex-valued ®’-image of the
volume element. Hence

P’ { (é[m, ka]<—1>m’“> ® (7.56)

k=0

o (G rul) o (@)

k=0 k=0
= (=1)"e" - 7(H). (7.57)
The phase ¥ can be viewed as the total rotation angle needed to rotate the
orthonormal bases {0y, I'vg }, {Tug, T'ug }, {Twy, Twy } to orthonormal bases

with positive determinants of coordinate change matrices with respect to
bases fixed in (7.45) (cf. Lemma 7.10).

Since the combinatorial torsions are positive real numbers, comparison of
(7.57) with (7.55) leads to
7(H) = 7(H).

This completes the statement of the theorem. [J

The canonical isomorphisms ®, ' induce isomorphisms

U det Hy (M, E) @ det H}, (Ms, E) — det H*(M1#M>, E), (7.58)
U’ det HY (Ma, F) @ det HY, (M, E) — det H*(My# M, E) (7.59)
by the following formula. Consider any = € detH: (M, E), y €

det H*

abs

(Ms, E) and z € det H* (M #M,, E). Then we set
V(ry) =0r0y®z ')z

The definition of W' is analogous. Then with the result and notation of
Theorem 7.12 we obtain:

Corollary 7.14.

' { (é[vkﬁk](_l)k> ’ (é[ukﬂk](_nk> } )
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7.7 Splitting formula for Refined Torsion of complexes

We continue in the setup of Subsection 7.1. Consider the refined analytic
torsions of the manifolds M, j = 1,2 and the split manifold M = M; Uy M.
According to Proposition 7.4 we can write for the refined analytic torsions

1 , .
pan(V) == TRS(%) - €Xp [_Zﬂ—nageven) + ZT('I’k(E)n(Btrivial)]
-1
X exp |:—i7Tm dim ker Beyen + im"k(E)% dim ker Btrivial] pr(M, E),
1 A ,
pan(Vj) = ———=—-exp |—imn(Blien) + imrk(E)n(Bl i
(V)= Jrsgy P ) + kB B
-1 ) )
X exp [—mm dimker BZ ., + mrk(E)% dim ker Bgrivial} pr(M;, E),

where j = 1,2 and T75(V),T”5(V;) denote the scalar analytic torsions
associated to the complexes (ﬁ,%),(ﬁj,ﬁj) respectively.  Furthermore
pr(M, E), pr(M;, E) denote the respective refined torsion elements in the
sense of (6.7) for A = 0. The refined torsion elements are elements of the
determinant lines:

pF(Mh E) € det(H*

rel

(My, E) & Hy, (M, E)),
pr(Ms, E) € det(H:

abs

(M, E)® H;

abs

rel (MZJE))7
pr(M,E) € det(H*(M,E)® H* (M, E)).

These elements are in the sense of [BK2, Section 4] the refined torsions
P> A =0 (see also (6.7)) of the corresponding complexes:
H*

rel

(M17 E) S H;bs(Mlﬂ E),
H:el(M% E) D H::bs(M% E)v

H*(M,E) ® H*(M, E).

Note that up to the identification of Corollary 7.7 the refined torsion
pr(M, E) corresponds to the refined torsion of the complex H*(My#M,, E)&®
H* (M # M, E)

pr(Mi#M,, E) € det(H* (My# Mo, E) & H*(M;#M,, E)). (7.60)

With the preceeding three sections we can now relate the refined torsions
pr(My, E), pr(Ms, E) and pr(Mi#Ms, E) together. For this we first rewrite
the refined torsions in convenient terms. We restrict the neccessary argu-
ments to pr(Mi, E), since the discussion of the other elements is completely
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analogous.

Let for k = 0,..,dim M the sets {e,} and {0} be the bases for H*

rel

(Mla E)

and HY (M, F) respectively. Then the refined torsion element pr(Mj, E) is
given by:
pr(My, E) = (=1)™ ([eo] A [6o]) @ ([ea] A1)V @
~® (fera] ABa]) T @ (T, ] A [T, a]) TV @

® ([[61] A [Teq]) @ ([D6o) A [Teq)) Y, (7.61)

where r = (dim M + 1)/2. The sign R; is given according to [BK2, (4.2)] by

r—1
1
Ry = 5 Y (dim Hiy(My, E) + dim Hj, (My, E)).
k=0

(dlerel(MlaE) + dim H. bs(Mle) (— 1)rfk) _

The formula for pr(M;, E) is independent of the particular choice of bases
{ex} and {6;}. Hence, since {T'e;} is also a basis of H'}.*(M,, F) for any k,
we can write equivalently, replacing in the formula (7.61) the basis {6y} by
{Tem—k}:

pr(My, B) = (1) ([eo] A [Pew]) @ (fea] A [Pena]) TV @ ..
. ® (em_1] A [Ceq]) ® ([em] A [Teg)) Y.
With the ”fusion isomorphism” for graded vector spaces (cf. [BK2, (2.18)])

M(Ml,E) detH (Ml,E) ®detH§bs(M1,E)

rel

= det(erl(Ml, E) @ det H, bs(Ml’ E))
we obtain
”EMl)E) (pr(Mi, E)) = <® ex) ) <®[F€k](_l)m_k> : (—1)M(M1’E)+R1,
0 k=0
where with [BK2, (2.19)]
M(My,E) = > dim H},(My,E) - dim Hf, (M, E).

0<k<i<m

Analogous result holds for the refined torsions pr(Ms, E) and pr(Mi#M,, E),
where the analogous quantities R, Ry and M(M, E) and M(Ms, E) are in-
troduced respectively. Using now the fact that the refined torsion elements
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are independent of choices, we find with bases, fixed in (7.48):

#EXRE) (pr(My, E)) =

= (MM (®[Ukvvk ) <® [T, Tog) D" k) :

k=0 k=0
—1
B g (pr(Ma, E)) =

= (—1)MOM B <® U, U] ) ® (
k=0
HJEX/[?#MQ,E‘) (pr(Mi#Ms, E)) =

) (_1)M(M1#M27E)+R (®[wk’wk](_l)k> : (®[F{D’f7rwk}(_l)mk) ‘

k=0 k=0

E

157 Fuk](l)Mk> ,

e
i

0

Now combine the canonical isomorphisms ¥, ¥’ introduced in (7.58) and
(7.59), together with the fusion isomorphisms into one single canonical iso-
morphism:

Q=pn 40,8 © (YO U)o (u ( B ® N(MQ E)) (7.62)
det(H;o (M, E) & Hjp, (M ))®
det(erl(Mz,E)@H;‘bs(Mz, E)) —
— det(H*(M1#Ms, E) & H* (M 1#M,, F)),
where we employed implicitly flip-isomorphisms in order to reorder the de-
terminant lines appropriately. Due to the Knudson-Momford sign convention

this leads to an additional sign. We obtain by Corollary 7.14 for the action
of this canonical isomorphism

Qpr(M,y, E) @ pr(My, E)) = (—1)MMEFMOAL B F Rt R4,

<®[Uk,’v”k](—1)k> 2 <®[uk7,’ljk](_1)k>

k=0 k=0

(é[f‘vk,f‘vk]( >’““> ® (é[Fﬂk,Fuk](_l)Hl)]) —

k=0

®

(M #Mo E) (‘1’

\D/

— (_1)M(M1,E)+M(M2,E)+R1+R2+17_(H)2 >

WMy # My, E) <® wk,wk 1)k> ® (@[Fﬂjk,rwk](—l)k+l> —
k=0

k=0
= (=1)%8"7(H)*pr (M #M>, E),
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where we have set

sign = M(Ml, E) + M(MQ, E) — M(Ml#MQ, E) + Rl + R2 — R+ 1.
(7.63)

Summarizing, we have derived a relation between the refined torsion elements
of the splitting problem under the canonical isomorphism §2:

Proposition 7.15.
Qpr(My, E) @ pr(Ms, E)) = (=1)""7(H)? pr (Mi# Mo, E).

This is an important result in the derivation of the actual gluing formula for
refined analytic torsion and the final outcome of the preceeding three sections
on cohomological algebra.

7.8 Combinatorial complexes

Before we finally prove a gluing formula for refined analytic torsion, consider
a general situation with Z being a smooth compact manifold and ¥ C Z a
smooth compact submanifold with the natural inclusion ¢ : Y — Z. The
inclusion induces a group homomorphism

Com(Y) - m(2).

Fix any representation p : m(Z) — GL(n,C). It naturally gives rise to
further two representations

py =poi :m(Y)— GL(n,C),
) 7T1(Y)
P Rer o

where the second map is well-defined since by construction py | ker/* = id.

=im." — GL(n,C), [y~ py(7),

Denote by Z and Y the universal covering spaces of Z and Y respectively,
which are (cf. [KN, Proposition 5.9 (2)]) principal bundles over Z,Y with
respective structure groups m (Z), 71 (Y). Denote by pz the bundle projection
of the principal bundle Z over Z. By locality the covering space p,'(Y) over
Y is a principal bundle over Y with the structure group im*. Hence the
universal cover Y is a principal bundle over pgl(Y) with the structure group
ker .*. Summarizing we have:
pgl(y> Y -1

= - XY = Y). 7.64
im ¥ " kert* rz (Y) (7.64)
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Next we consider any triangulation Z of Z, such that it leaves Y invariant, i.e.
Yy =Z ﬂYNprovides a triangulation of the submanifold Y. Fix an embedding
of Z into Z as the fundamental domain. Then we obtain a triangulation Z
of Z by applying deck transformations of m1(Z) to Z. Put

7 (Y) = Z0p, (V)

which gives a triangulation of p,' (V') invariant under deck transformations of
im*. Embed p,'(Y) into its universal cover Y as the fundamental domain.
By applying deck transformations of ker t* to p,'()) we get a triangulation
Y of Y. Note by construction, in analogy to (7.64)

rz (V) o y, Y ~ (). (7.65)

m Lt ker ¢*

We form now the combinatorial chain complexes C,(.) of the triangulations
and arrive at the central result of this subsection.

Theorem 7.16. Consider the following combinatorial cochain complexes
Hom,, (C.(¥),C") := {f € Hom(C.(Y),C")|
Ve C.(¥),yem(Y): f(z-7) = pv(v) " f(2)},

Homg, (C.(pz' (¥)),C") := {f € Hom(Ci(p,(¥)).C )\
Vo € Ci(py' (V)7 € im ™« f(z-v) = py(71) 7 f(2)}.

These complexes are isomorphic:
Hom,, (C.(¥),C") = Homy, (C.(p7' (V). C").

Proof. The relations in (7.65) imply in particular

Culpz' (V) = Cu(Y)/ Teer .

Hence to any =z € C'*(j}) we can associate its equivalence class [z] €
C.(p,*(Y)) and define

¢ : Hom,, (C.(¥),C") — Hom(C.(p'()),C"),
fr=of, oflx] = f(z).

This construction is well-defined, since for any other representative 2’ € []
there exists v € ker:* with 2/ = x - v and since f € Hom,, (C,(}),C") we
get

f@)=py() (@) =lpor’(y)] " f(z) = f(2).
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Note further with f and z as above and [y] € m(Y)/ ker o* = im *:

(@N)([z] - 1]) = (of)lw -] = flz-v) =
= oy (7) " f (@) = py(A]) (@ f)]x].

Hence in fact we have a well-defined map:

¢ : Hom,, (C.(Y), C") — Homy, (Cu(pz' (1)), C").

Now we denote the boundary operators on C,()) and C, (p,* (V) by §and d
respectively. They give rise to coboundary operators d and d on the cochain
complexes. Observe

d(¢f)[z] = (0)(0[a]) = (¢f)[02] =
= f(0x) = df(z) = (pdf)[x].

This shows B
do = ¢d.
Thus ¢ is a well-defined homomorphism of complexes. It is surjective by

construction. Injectivity of ¢ is also obvious. Thus ¢ is an isomorphism of
complexes, as desired. O

7.9 Gluing formula for Refined Analytic Torsion

We now finally are in the position to derive a gluing formula for refined
analytic torsion. As a byproduct we obtain a splitting formula for the scalar
analytic torsion in terms of combinatorial torsions of long exact sequences.

We derive the gluing formula by relating the Ray-Singer analytic torsion
norm to the Reidemeister combinatorial torsion norm and applying the gluing
formula on the combinatorial side, established by M. Lesch in [L2]. This
makes it necessary to use the Cheeger-Miiller Theorem on manifolds with
and without boundary.

Continue in the setup of Subsection 7.1. Consider a smooth triangulation X
of the closed smooth split manifold

M = M; Uy M,

that leaves the compact submanifolds M, My, N invariant, i.e. with X; :=
XNM;,j=12and W := X; NN we have subcomplexes of X providing
smooth triangulations of M;,j = 1,2 and N respectively, and

X =X Uy Xo.
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Denote by J\Z the universal covering spaces of M;,j7 = 1,2. Fix embed-

dings of M, into M, as fundamental domains. Then the triangulation X;
of M, induces under the action of m(A/;), viewed as the group of deck-

transformations of ]\%, smooth triangulation X; of the universal cover M;
for each j =1, 2.

The complex chain group C, ()N(J) is generated by simplices of )Afj and is a
module over the group algebra C[m;(X;)]. The simplices of X; form a pre-

ferred base for C,(X;) as a C[m(X;)]-module.

Furthermore the given unitary representation p : m (M) — U(n,C) gives
rise to the associated unitary representations p; := p o} of the fundamental
groups 71 (M;), where ¢} : 7 (M;) — 71 (M) are the natural group homomor-
phisms induced by the inclusions ¢; : M; — M, 5 = 1,2. We can now define
for each j

C*(X;, p;) == Hom, (C.(X;),C")
{f € Hom(C,(X;),C")|Vx € C.(X;),y € m(M;) : f(z-7) = p;(7) " f(x)}

=~ C"(X;) ®cpm ;) C,

where the C[m(M;)]-module structure of C*()?j) comes from the module

structure of the dual space C,(X;) and the C[m;(1/;)] module structure on
C" is obtained via the representation p;.

The boundary operator on C'*()zj) induces a coboundary operator on
C*(Xj, p;j). Further the preferred base on C.(X;) together with a fixed vol-
ume on C" yields a Hilbert structure on C*(Xj, p;). So C*(X}, p;) becomes

a finite Hilbert complex.

Next we consider again the universal coverings p; : J\Z — M;. Then the
preimage pj’l(N ) C ]\z is a covering space of N with the group of deck
transformations )

im(m (N) — m(M;)) C w1 (M;).

Here (* is the natural homomorphism of groups induced by the inclusion
N — M;. We do not distinguish the inclusions of N into M;,j = 1,2 at this
point, since it will always be clear from the context.

The triangulation W C X; induces with a fixed embedding of M; into ]\N/[]
a triangulation p; ' (W) of p;'(N) by the deck tranformations of v*m (N) C
m1(M;). The chain complex C, (pJ_I(W)) is generated by simplices of pj_l(W)
and is a module over the group subalgebra C[*m1(N)] C Clmy(M;)]. It is a
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subcomplex of C,(X;).

The following observation follows from Theorem 7.16 and is central for the
later constructions:

f € Hom,,(C,(X;),C")
= fle.r vy € Homy (Culp; (W), C") = C*(W, p), (7.66)

where py = pjor* : m(N) — U(n, C) is the natural representation of m; (V).
It is induced by p and is trivial over ker +* by definition. The homomorphism
pn is obtained from py by dividing out the trivial part:

~mi(N)
" ker t*

PN =imc* — U(n,C).

The isomorphism in (7.66) in particular implies that we can compare the
restrictions to C.(p;'(W)) for elements of both complexes C*(Xj, p;),j =
1,2. We can now define:

C* (X5, W.pj) :={f € Homp(c*()?j)’Cn)’f’c*(pj—l(vv)) = 0},
C*(Xa# X, p) = {(f,9) € C*(X1, 1) © C*(Xz, p2)| f

Celp; (W) — Y c*(pgl(wn}'

These complexes inherit structure of finite Hilbert complexes from C* (X}, p;)
for j = 1,2. Fix the naturally induced Hilbert structure on the cohomology,
which gives rise to norms on the determinant lines of cohomology, and define
the combinatorial Reidemeister norms

| - ||§etH*(C*(X1#X2,p)) = 7(C* (X1 # X2, 0)) 7| - et e (0= (X120
- b 2o, 0y 7= T(CH (X5, W, p))THL - Nlaet e (0 (i)
- N 2o x,,00) 7= T(C* (X5, 0)) 7| - Naet 110+ (005

where we have put for any finite Hilbert complex (C*,d,) with the natu-
rally induced Hilbert structure on cohomology H*(C*, 0,) and the associated
Laplacians denoted by A,:

log7(C*,8,) = 5 > (=1} 5 {'(0, ).
J
This definition corresponds to the sign convention for the Ray-Singer norms
in Subsection 6.4. The Reidemeister norms do not depend on choices made
for the construction and are in particular invariant under subdivisions, see

[Mi, Theorem 7.1] and [RS, Section 4]. Since any two smooth triangulations
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admit a common subdivision, see [Mun], the Reidemeister norms do not
depend on the choice of a smooth triangulation X.

Consider now the following short exact sequences of finite Hilbert complexes:

0 — C*(X1, W, p) 25 C* (X1 #Xs, p) 25 C*(Xa, p) — 0, (7.67)
0 — C°(Xa, W.p) 25 C°(Xi# X0, ) 25 C7(X1ip) — 0, (7.68)

where a., o/, are the natural inclusions and [, . the natural restrictions.
Both sequences are exact by definition of the corresponding homomorphisms
of complexes. The associated long exact sequences in cohomology, with the
Hilbert structures being naturally induced by the Hilbert structures of the
combinatorial complexes as defined above, shall be denoted by H,. and H’.
respectively.

Consider further the following complexes

0 — (U, (M1, E), V) & (0 (My#Ms, E), V) 2 (0, (My, E), V) — 0,
0 — (Uin(My, E), Vo) 5 (' (My#My, E), V) L (05, (M, E), Vi) — 0,

which were already introduced in Subsection 7.5. Their associated long exact
sequences (cf. (7.32)) are denoted by ‘H and H' respectively. The short exact
sequences commute under the de Rham maps with the short exact sequences
(7.67) and (7.68), respectively.

Thus the corresponding diagramms of the long exact sequences H,H,. and
H', H., commute. The de Rham maps induce isomorphisms on cohomology, as
established in [RS, Section 4] with arguments for orthogonal representations
which work for unitary representations as well:

H*

abs

(M;, E) = H*(C*(Xj,p;)), Hy,

rel

(Mj, E) = H*(C"(X;, W, pj)).  (7.69)

From these identifications we obtain with the five-lemma in algebra applied
to the commutative diagramms of long exact sequences H and H, or H' and
H.:

H*(M#Ms, E) = H*(C"(X1# X2, p)), (7.70)

induced by the de Rham integration maps as well. Thus under the de Rham
isomorphisms the long exact sequences H., H. correspond to H,H' respec-
tively, and differ only in the fixed Hilbert structures.

Furthermore the long exact sequences H., H. give rise to isomorphisms on
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determinant lines in a canonical way (recall the definition of ¥, U’ in (7.58)
and (7.59))

U, det H(C* (X1, W, p)) @ det H*(C* (X2, p)) — det H*(C* (X 1#X2, p)),
Ul det H*(C* (X2, W, p)) @ det H*(C*(X71, p)) — det H*(C*(X 1 #X2, p)).

These maps correspond to the canonical identifications W, ¥’ introduced in
Subsection 7.6 up to the de Rham isomorphisms. We can now prove an
appropriate gluing result for the combinatorial Reidemeister norms.

Theorem 7.17.

Let x,y be elements of det H*(C*(X1, W, p)),det H*(C*(X2, p)) and ',y ele-
ments of det H*(C*( Xy, W, p)),det H*(C*(Xy, p)), respectively. Then we o0b-
tain for the combinatorial Reidemeister norms the following relation:

[Pe(z ® y)”fet H*(C*(X1#Xa2,p)) — (7.71)
=(M)/2 HiUert H*(C*(X1,W,p)) Hnyfet H*(C*(Xa,p))*

V(2" @ o) |5 H*(C*(X1#X2,0)) — (7.72)
=2X(N)/2!!:v’Hffet H*(C*(X2,W,p)) HyIH(Ifet H*(C*(X1,p))"

Proof. First apply the gluing formula in [L2], derived by introducing trans-
mission boundary conditions depending on a parameter, in the spirit of [V]:

T(C*(X1#Xa, p) = 7(C* (X1, W, p)) - 7(C*(Xa, p)) - T(H,) - 27XM/2,
(7.73)

T(CH (X1 # X3, p)) = T(C*(Xa, W, p)) - 7(C*(X1, p)) - T(H',) - 27XI/2,
(7.74)

By the definition of the combinatorial torsions 7(H.) and 7(H’.) we obtain
the following relation to the action of ®., @, by an appropriate version of
Corollary 7.14:

| We(z @ Y)|ldet 7+ (C (X1 X0,0)) = (7.75)
=7(He) - ||| det 7 (c* (X1, W00 | ¥ || det 7 (* (Xa,0))
197 (2" @ Y ) |laet 1+ (0= (x1#.X0,0)) = (7.76)

ZT(H/C) : Hx/HdetH*(C*(Xg,W,p))Hy,HdetH*(C*(Xl,p))'

Now a combination of the relations above, together with the gluing formulas
(7.73) and (7.74) gives the desired statement. O

We can now prove the following gluing result for the analytic Ray-Singer
torsion norms.
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Theorem 7.18. Let Q) be the canonical isomorphism of determinant lines,
defined in (7.62).

Q : det H*(’Zsl,%l) X det H*(527€2) -
det(H*<M1#M2, E) ) H*(Ml#Mg, E))

For any 71,7, in det H*(Zsl,%l),det H*<5Q,62) respectively, we have in
terms of the analytic Ray-Singer torsion norms on the determinant lines:

s
12(n ® ’72)“c]l{et(H*(Ml#Mg,E)@H*(Ml#MQ,E)) =
=2 ||7 [ det H* (D, vl)H%HdetH*(DQ V)"
Proof. Under the de Rham isomorphisms we can relate the combinatorial
Reidemeister norms to the analytic Ray-Singer torsion norms. We get by an
appropriate version of [Lii]

-

1 et mr= (0 (x,.0)) = (N HdetH* M;.E)>

-

1 & b0 ) = 2 HdetHrel(M E)» (7.77)

where x(N) is the Euler characteristic of the closed manifold N with the
representation py of its fundamental group, hence defined in terms of the
twisted cohomology groups H*(N, E|y). Furthermore we need the following
relation:

= ()72

|| ’ ||dRetH*(C*(X1#X2,p)) HdetH* Ml#M2 ) (778>

This result is proved for trivial representations in [V, Theorem 1.5]. This
is done by discussing a family of elliptic transmission value problems and
doesn’t rely on the Cheeger-Miiller theorem. However in the setup of the
present discussion we provide below in Proposition 7.19 a simple proof for
general unitary representations, using the Cheeger-Miiller Theorem on closed
manifolds

It is important to note that the Ray-Singer analytic and combinatorial torsion
considered in [V] and [Lii] are squares of the torsion norms in our convention
and further differ in the sign convention (we adopted the sign convention of
[BK2, Section 11.2]). Therefore we get factors 2X(N)/4 2x(N)/2 i (7.77) and
(7.78) respectively, instead of 27X(M/2 27X(N) a5 asserted in [Lii, Theorem
4.5] and [V, Theorem 1.5].

By definition the canonical maps ¥, and ¥/, correspond under the de Rham
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isomorphism to the canonical maps ¥ and ¥’ respectively. In view of Theo-
rem 7.17, the identities (7.77) and the relation (7.78) we obtain the following
gluing formulas:

V(2 @ y)||5 (My#Ms,E)) = (7.79)

=2x() /2||$||detH;d(M1,E)) Iyl HY, (M3,E))>

V(2" ®y )HdetH* (My#Ma,E)) — (7.80)
=XV /2||‘T/||detH* (My,E ||3/ HdetH L(My,E))

The fusion isomorphisms ji(ar, gy, th(r,E) a0d f(an#01,,8), used in the con-
struction of the canonical isomorphism 2, are by construction isometries
with respect to the analytic Ray-Singer norms and hence in total we obtain
for any 1,7, in det H*(D;, V1), det H*(Ds, V3) respectively,

120 ® 72)||dRe€ H*(Ml#Mz, )@H*(Ml#Mg,E) =
= XM || det H*(Dy,V1) H%‘ det H*(D2,V3)’

where we recall the following facts by construction:

I{*(,ﬁh6 ) = H;, (MlvE) S :bs(Ml’E)v

rel

(D27V2) rel(MQ?E) D ;bs(MQ?E)'

This proves the statement of the theorem. O

Now we prove the result (7.78) on comparison of the torsion norms, antici-
pated in the argumentation above. The proof uses ideas behind [V, Theorem
1.5].

Proposition 7.19.

2|

H ’ H(itH*(C*(Xl#XQ,p)) HdetH* (Mi1#M>2,E)*

Proof. Consider the following short exact sequence of finite Hilbert complexes
(recall that the Hilbert structures on the complexes were induced by the
triangulation X and the fixed volume on C")

oﬁ@c* W i) S O (XX, p) 2 CH (W, py) — 0,
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with a(w; ® we) = (w1, ws) and Bwy,wsy) = \%(wﬂc )+ w2l i) Note
further

1
V2
is an isometry between C*(W,py) and Im#, where Imé is moreover the
orthogonal complement in C*(X;#X5,p) to the image of a. Furthermore
(o6 =id. Hence ( is an isometry between the orthogonal complement of
its kernel and C*(W, py). Here a volume on C" is fixed for all combinatorial
complexes.

0:C*(W,pn) — C*(Xq#Xa,p), O(w) =

(w,w)

The map of complexes « is also an isometry onto its image and hence the
induced identification

2

¢ff + det H*(C*(X1# X2, p)) — Q) det H*(C*(X;, W, p;))@det H*(C*(W, py))
j=1

is an isometry of combinatorial Reidemeister norms. Similarly we consider

the next short exact sequence of finite complexes:

oﬁ@c* LWpi) S CH(X p) S CH(W, py) — 0,

where the third arow is the restriction as in (7.66). By similar arguments as
before the induced identification

2
"+ det H*(C*(X, p)) — Q) det H*(C*(X;, W, p;)) @ det H*(C*(W, px))
j=1
is an isometry of combinatorial Reidemeister norms. Now we consider the
following commutative diagramms of short exact sequences.

V2uy

0 — @ UMy E) — QM#M,E) “% Q(N,E) — 0
I R | R IR
2
0 - QOX W) = (X)) T C(Wpy) — 0,

j=1
where R denotes the natural de Rham integration quasi-isomorphisms. The
second commutative diagramm is as follows:

0 — @, UM, E) — Q(M#M,E) 25 (N E) — 0
2
0 — @C(X;Wp) & C(X#Xep) L CWon) — 0,

j=1
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with the vertical maps as before given by the natural de Rham integration
quasi-isomorphisms. Note that R4 is a quasi-isomorphism as well, which
is clear from the five-lemma applied to the commutative diagramm of the
associated long exact sequences.

The lower sequences in both of the diagramms were discussed above. The
upper short exact sequence in both diagramms induces the identification:

oB% : det H*(My#M,, E ® det HY,(M;, E) ® det H*(N, E).

By commutativity of the two diagramms we obtain:

MR o R = Ro ¢l (7.81)
¢l o Ry = Ro ¢l°. (7.82)

Now let z € det H*(M;# My, E') be an arbitrary element, identified via Corol-
lary 7.7 with « € det H*(M, E)). We compute:

HdeetH*(Ml#MQ, ”deetH* ME) — = ||R(z )ngtH*(X,p) =
= [|¢™ o R(x)|| = 27 X™M72|| R o ¢ (z)[| =

= 2_X(N)/2||¢§a o Ry(z)| = 2_X(N)/2”R#(x)||dRet H*(C*(X1#X2,p))°

where we have put

1= 1 Nlet (o mipny I et mr= (o a0 1+ et 0w

The steps in the sequence of equalities need to be clarified. The first equation
is due to Theorem 7.6 on the spectral equivalence of Ag and A. The second
equation is simply the Cheeger-Miiller Theorem for closed Riemannian man-
ifolds. The third equation is a consequence of the fact that ¢ is an isometry
with respect to the combinatorial Reidemeister norms. Now the fourth and
the fifth equation are consequences of (7.81) and (7.82) respectively. Using in
the last equation again the isometry qbﬁ we obtain the result. The sequence
of equalities proves in total:

S —
||"L‘||(}i%etH*(M1#M2,E) =2 X(N)/QHR#(@||(itH*(C*(X1#X2,p))-

]

Next we recall that by Theorem 7.6 the complexes Q*(M, E)®Q* (M, E) and
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O (M # My, E) @ Q*(My# Mo, E) have spectrally equivalent Laplacians with
identifyable eigenforms. This implies
T (Q* (M, E) @ Q" (M, E)) = T (Q* (M # M, E) ® Q*(M,#Ms, F)),
(7.83)

The identification (7.83) is in fact an isometry with respect to the natural
Hilbert structures, since in both cases the Hilbert structure is induced by
the L?—scalar product on harmonic forms and the harmonic forms of both
complexes coincide, see Theorem 7.6. This implies

|| HdetH(Ml#Mg E)oH*(M1#M2,E)) —

[ - HdetH(MEEBH*ME = |- |detH (D,9)"

Moreover under the identification (7.83) we can view the canonical isomor-
phism € as

Q : det H*(Dy, V) @ det H*(D,, Vy) — det H*(D, V).
Then we obtain as a corollary of Theorem 7.18:

Corollary 7.20. Denote by pan(V) and pan(V;), 7 = 1,2 the refined analytic
torsions on M and M;,j = 1,2 respectively. There exists some ¢ € [0,2m)
such that

Q(pan<vl) ® pan(v2>> = €i¢2X(N)pan(v)'

Proof. Applying Theorem 7.18 t0 pan(V1) ® pan(V2), we obtain with the
identification (7.83) and Theorem 6.29:

12(Pan (V1) @ pan (Vo)) it 11+ 5.5 = 2

X”pan<v1)||detH* (D1,V1) ||pan(v2)”detH* (D2, V32) 2X(N)'

On the other hand we have again by Theorem 6.29
RS _
Hpan(v>| det(H*(ﬁ,@) =L

This proves the corollary. O

In order to establish a gluing formula it remains to identify this phase
¢ explicitly. Under the identification of Corollary 7.7 the refined torsion



ANALYTIC TORSION 199

pr(Mi# My, E) corresponds to the refined torsion element pr(M, E), as al-
ready encountered in (7.60). Hence with Proposition 7.15 we can write

Qpr(My, E) @ pr(Ms, E)) = (=1)""7(H)?pr(M, E).

Consequently we obtain using the splitting formulas (7.16) and (7.17) for the
eta-invariants and using Proposition 7.4

TRS(D,V
Qpun( V1) © (V) = et O
TRS(Dh VI)TRS(DQa VQ>
exp (—im - Errn(Beyen) + @7 - rank(E)Errn(Bivial)) X
(1) 7 (H)? - pan(V), (7.84)
where we have put
Errn(Beven) ::Tu([ — P, P, P)+ (7.85)
—1
-I—mT (dim ker B, 4+ dimker B, — dimker Beyen) ,
Errn(Buivia) :=7u(1 — Pt trivial, Porivial, Pt trivial)+ (7.86)
—i—% (dim ker Bl ;. + dimker B2, . | — dim ker Btrivial) .

Comparing this relation with the statement of Corollary 7.20 we obtain for
the phase ¢ in Corollary 7.20:

¢ = m [—Errn(Beyen) + rank(E)Errn(Biyivia) + sign] .

Due to the definition of the refined analytic torsion in (6.45), it makes sense
to reduce the phase ¢ modulo mrank(E)Z.

Lemma 7.21.
¢ = 7 [sign — Errn(Beyen)] mod wrank(E)Z.
Proof. We need to verify
Errn(Biivial) = 0 mod Z.

Denote the Laplace operators of the complexes (Q;in/ma)((Mj)?vj,trivial)

by Afel Jabs? respectively. Let A denote the Laplacian of the complex

(Q* (M), Virivial). We have by construction
B<vtrivial)2 =A ¥ Aa
B(vj,trivial)2 - Aj S¥) Aj

rel abs®
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Since the Maslov-triple index 7, is integer-valued, we obtain via Lemma 6.25
the following mod Z calculation:

N | —
NE

Errn(Btrivial) = (_1>k+1 k- (dlm ker Ali,rel + dim ker AI%:,abs)—i_

e
i
o

+

DN | —
NE

(—1)** - k- (dimker A7 ) + dimker A7 ) —

e
Il
o

(—=1)*™ - k- (dimker Ay + dim ker A}).

o]
NE

B
Il
o

The Poincare duality implies:

dim ker Aiml — dim ker A\’

m—k,abs’

dim ker A\, = dimker A\,,,_;.
Hence we compute further modulo Z

m
Errn(Biivial) = B

(—1)* dimker A} .+

| S EMS

_’_% Z(—l)k dim ker Ai,abs -

m
k=0

Z(—l)k dim ker A\y.
k=0

Finally, exactness of the long exact sequence H in (7.32) (in the setup of a
trivial line bundle) implies Errn(Biyivia) = 0 mod Z. O

We finally arrive at the following central result: a gluing formula for refined
analytic torsion.

Theorem 7.22. [Gluing formula for Refined Analytic Torsion]

Let M = MUy M be an odd-dimensional oriented closed Riemannian split-
manifold where M;, j = 1,2 are compact bounded Riemannian manifolds with
OM; = N and orientation induced from M. Denote by (E,V,h%) a complex
flat vector bundle induced by an unitary representation p : (M) — U(n,C).
Assume product structure for the metrics and the vector bundle. Set:

(5j7 6j) = (Dj,miIN vj,min) ¥ (Dj,maxa vj,max)v ] = 17 27
(D, V) = (Q(M,E), V) ® (2(M, E), V).

The canonical isomorphism

Q) : det H*(Dy, V) ® det H*(Dy, Vs) — det H*(D, V)
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15 induced by the long exact sequences on cohomologies

H: ..HE (M, E) — H*(M,E) — HE (M, E) — HEFY (MY E)..

rel abs rel

H' . HY (M, E) — HY(M,E) — HE (M, E) — H"'(M,, E)...

rel rel

and fusion isomorphisms. The isomorphism ) is linear, hence well-defined
on equivalence classes modulo multiplication by explintkE]. Then the gluing
formula for refined analytic torsion in (6.45) is given as follows:

Q(pan(Mi, E) @ pan(Mz, E)) = K(M, My, My, p) - pan(M, E),
K (M, My, My, p) := 2™ exp(i¢),
¢ = m(sign — Errn(Beyen))-
The term Errn(Beyen) is an error term in the gluing formula for eta-invariants

Errn(Beven) :=7,(I — Py, P, P1)+
-1
m=- (dim ker B!+ dim ker B>

even even

— dim ker Beven) ,

where B and B, j = 1,2 are the odd-signature operators associated to the
Fredholm complexes (D, V) and (D;,V;),j = 1,2 respectively. Further P, Py
denote the boundary conditions and the Calderon projector associated to

B, respectively. 1, is the Maslov triple index.

The sign € {1} is a combinatorial sign, explicitly defined in (7.63).

Corollary 7.23. [Gluing formula for scalar analytic torsion]
TRS(M, E)
Trle%IS<M17 E) ) Ta]E)E(M% E)

Proof. Comparison of the statement of Corollary 7.20 with the relation (7.84)
we obtain along the result of Theorem 7.22 the following formula as a byprod-
uct:

= 7(H)™- xX(N)/2.

TR (D, V)
TRS(Dy, V1)THS(Dy, V)
By construction and the Poincare duality on odd-dimensional manifolds with

or without boundary (7.18) we know

TR (Dy,Vy) = TR (My, E) - TES (M, E) = TES (M, E)?,

rel abs rel

TR (Dy, Vy) = TR (My, E) - TES (My, E) = TR (My, E)?,

TR (D, V) = T (M, E)?.

Taking now square-roots gives the result. O

= 7(H)"2 - 2N,
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Note that this result refines the result of [Lee, Theorem 1.7 (2)] on the
adiabatic decomposition of the scalar analytic torsion.

Note finally that in view of Theorem 6.30 the gluing formula in Theorem 7.22
can be viewed as a gluing formula for refined analytic torsion in the version
of Braverman-Kappeler.
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