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ABSTRACT. We discuss the decomposition of the (-determinant of the
square of the Dirac operator into the contributions coming from the
different parts of the manifold. The result was announced in [16]. The
proof sketched in [16] was based on results of Briining and Lesch (see
[4]). In the meantime we have found another proof, more direct and
elementary, and closer to the spirit of the original papers which initiated
the study of the adiabatic decomposition of the spectral invariants (see
[7] and [21]). We discuss this proof in detail. We study the general
case (non-invertible tangential operator) in forthcoming work (see [17]
and [18]). In the Appendix we present the computation of the cylinder
contribution to the (-function of the Dirac Laplacian on a manifold
with boundary, which we need in the main body of the paper. This
computation is also used to show the vanishing result for the (-function
on a manifold with boundary.

RESULTS

Let D : C>(M;S) — C>(M;S) be a compatible Dirac operator acting
on sections of a bundle of Clifford modules S over a closed manifold M.
Assume that we have a decomposition of M as M; U M, , where M; and M,
are compact manifolds with boundary such that

(01) M:M1UM2 5 MlﬂMng:8M1:8M2
The (-determinant of the operator D is given by the formula
(0.2) detD = % Co2(0)=m0(0) . =3¢p2 ()

(see [20], see also the Introduction of [19]). In this paper we study the
decomposition of det:D on M into contributions coming from M; and M, .
This issue was already solved for the phase of the determinant

T (Gon(0) — 1(0)
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and there remains only the modulus - the square root of the (-determinant of
the Dirac Laplacian D? - to study. We present here an “adiabatic” solution
of the problem in the case of an “invertible tangential operator”. The general
case will be presented in [18] (see also [17]). However, the discussion in this
paper is an important part of the study of the general case.

We start with a brief discussion of the splitting of the phase of the (-
determinant. The invariant (p2(0) poses no problems. The value of the
function (p2(s) at s = 0 is a local invariant in the sense that it is given by
a formula

oul0) = | alayds.

where a(z) is a density determined at the point x € M by the coefficients
of the operator D at this point (see for instance [8]). This is the reason
why the index of an elliptic differential operator, which can be viewed as
the difference of the values of two different (-functions determined by the
operator D, has a nice decomposition corresponding to the decomposition
of the manifold.

The other contribution to the phase of det;D is the eta-invariant np(0)
and this is not a local invariant (see [2]), hence at first sight it is difficult to
expect a nice and clear splitting formula. It is therefore rather surprising
that such a formula for np(0) actually exists.

In the following we concentrate on the odd-dimensional case

n=dim M =2k +1.

We further assume that M and the operator D have product structures
in a neighborhood of the boundary Y. More precisely, we assume that
there is a bicollar neighborhood N = [—1,1] x Y of Y in M such that the
Riemannian structure on M and the Hermitian structure on S are products
when restricted to N. This implies that D has the following form when
restricted to the submanifold N

(0.3) D =G0, +B).

Here u denotes the normal variable, G : S|y — S|y is a bundle automor-
phism, and B is a corresponding Dirac operator on Y. Moreover, G and B
do not depend on u and they satisfy

(0.4) G*=-G , G*=—-Id, B=B" and GB=-BG .

The operator B has a discrete spectrum with infinitely many positive and
infinitely many negative eigenvalues. In this work we consider only the case
of an invertible tangential operator, i.e. we assume that ker B = {0} . The
general case is more difficult to handle and we refer to [17] and [18] for the
discussion of the noninvertible case. However, the present work plays an
important part in the analysis of the general case.
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Let II. denote the spectral projection onto the subspace spanned by the
eigensections of B corresponding to the positive eigenvalues. Then II. is an
elliptic boundary condition for Dy = D|yy, (see [1]; see [3] for an exposition
of the theory of elliptic boundary problems for Dirac operators). In fact,
any orthogonal projection satisfying

(0.5) —GPG =1d— P and P —1II. is a smoothing operator,

is a self-adjoint elliptic boundary condition for the operator Dy. This means
that the associated operator

(Dy)p : dom (Dy)p — L*(My; S|as,)

with dom (Dq)p = {s € H'(My; S|as,) | P(sly) = 0} is a self-adjoint Fred-
holm operator with ker((Dy)p) C C*(Ms; S|u,) and a discrete spectrum
(see [25]).

The existence of the meromorphic extensions of the functions 7p,),(s),
C(Do)2 (s) to the whole complex plane and their nice behavior in a neighbor-
hood of s = 0 was established in [25]. We denote by Gr*_ (Ds) the space of
P satisfying (0.5).

Let us observe that Id — P € GrX (D;), if P is an element of Gr’ (Ds).
We denote by n¢(a,+5)(F1, P2)(s) the n-function of the operator G(9, + B)
on [0,1] x Y subject to the boundary condition P, at w = 0 and Id — P, at
u = 1. We have the following pasting formula proved in [25]

(0.6)  mp(0) = "N(D1)14—p, (0) + T(D2) p, (0) + nG(8u+B)(P17 P)(0) mod Z.

A similar formula for finite-dimensional perturbations of II. has been dis-
cussed by several authors (see [23, 24, 25] and references therein).

The proof of (0.6) offered by the second author goes as follows.

First, we replace the bicollar N by N = [-R, R] x Y. Now 7p(0), which
can be expressed using an appropriate heat-kernel formula, splits into con-
tributions coming from each side, plus the cylinder contribution (vanishing
in the case of D) and error terms. The error terms disappear as R — 00
Second, though 7p(0) is not local, its variation (for instance with respect
to the parameter R) is local and therefore the value of the contributions
does not vary with R. This is enough to make explicit calculations of the
formula (0.6).

In this work we apply the strategy employed above to study
detCDQ = efd%CD2 (s)ls=o0 )

However, we have to take into account two additional difficulties, which
arise in the case of the (-determinant of D?.



4 JINSUNG PARK AND KRZYSZTOF P. WOJCIECHOWSKI

First of all, the invariant —-<(p2(s)|s—o is much more subtle than the
n-invariant. Even the variation of —-<(p2(s)|s—o is not given by a local
formula.

Second, the cylinder contribution is not trivial in this case.

We handled those difficulties in [16] using the technique developed in [4].
Here we choose a different path. The invariant d%cpz(s)\s:o is given by the
formula

d >1 2
(0.7) %sz(sﬂszo = /0 ETT e P dt .

Let us explain how to interpret formula (0.7). The trace Tr e P has an
asymptotic expansion of the form

N
Tr e tP* = ¢ % Z apth + O(tN+l_Tn) ,
k=0
where a, = [,, ax(2x)dz, and the density ox(z) at the point z € M is
determined by coefficients of the operator D? (see [8]). This shows that

1 o 2
(p2(s) = —/ M e dt
I'(s) Jo
is a holomorphic function of s, for Re(s) > 5, and that it has a meromor-
phic extension to the whole complex plane with (possible) simple poles at

sy = 5 — k. The I'-function has the following form in a neighborhood of 0

F(s)zé%—ﬁ%—sh(s),

where v is Euler’s constant and h(s) is a holomorphic function in a neigh-
borhood of 0. This allows us to compute (p2(0)

oo 1
(p2(0) = lim T(s) /o e e Pt = EL%S/O 1T e P dt
1 N N %2,
BERT s—1,—n k IRT . k _
_ll_r%s/o =l 2(§tak)dt—£1_r%s ;—23—1—216—71 nja

where N denotes any sufficiently large natural number and we keep in mind
that

an/2 =0 for n odd.

In particular, ¢(p2(0) = 0 for n odd. Though s = 0 is a regular point, the
(-function may have poles on the right side of 0, and the function

(o.¢]
Kp2(s) :/ T e P dt
0
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has even more poles. In particular, following the computations presented
above, we have
Ress—okp2(8) = Qo -

Now, the derivative of the (-function at s = 0 is obtained as follows

dliD

s Ao + s(Kp2(s) — L2
ol0) = LIy (et )7 )

(s) im0 = d8< 1+ sy + s2h(s) )s=0 =

(kp2(s) — a”s/z)(l + 57 + $?h(s)) — (anj2 + s(kp2(s) — a’;/z))(’y + 2sh(s))
(1+ sv + s2h(s))?

|s:0 -

Qn /2

an
) mo = Yanjz = (rpa(s) = =

s )’s:O_Fyan/Q .

(Kp2(s) —

This discussion provides a justification for the a priori “formal” formula
(0.7).

Remark 0.1. (a) For simplicity we presented here the (-function in the
case ker D = {0} . In general we define (-function as

1 oo
(p2(s) = o) / Y (Tr e — dim ker D)dt |
0

and
(p2(0) = an/o — dim ker D .

(b) The corresponding result for the boundary value problems is proved in
the Appendix (see also [12]). It is shown that

Cpz ,(0) = —dim ker D; p for any P € Gri (D),

hence we can use formula (0.7) in the situation we discuss under the as-
sumption ker D = {0}.

We split (7, (0) into contributions coming from different submanifolds
R

plus cylinder contributions and the error terms. Here Dy denotes the op-
erator D on the manifold Mg equal to the manifold M with N replaced by
Ngr. We introduce a manifold with boundary

Myr=MU[-R,0] xY,
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where we identify the “old” collar neighborhood of the boundary Y on
M, with [-R — 1,—R] x Y. Similarly we introduce the manifold M, .
The bundle of Clifford modules S splits on Y into subbundles of spinors of
positive and negative chirality

1
Sly =St @S~ |, with S* = Ran §(Id$zT).
The operator Py = %(Id +iI') is the orthogonal projection of S|y onto S*
and provides D; with a (local) chiral elliptic boundary condition. This again

means that the operator D; + = D; with the domain
dom D; 1 = {s € H'(M; S) | P<(sly) = 0},

is Fredholm and that its kernel and cokernel consist of only smooth sections.
We also have

(0.8) D;, =D .
We study the (-determinants of the corresponding Laplacians
(0.9) Ajx =DizD; .

We denote by A, g+ the corresponding operator on the manifold M; g .

In the present paper we avoid a discussion of the difficult issues related to
the existence of the “small” eigenvalues of the operators involved. Therefore
we assume that the tangential operator B is invertible, i.e. ker B = {0}.
However, this condition alone does not make all small eigenvalues disappear.
Careful analysis shows that we also need to assume that the operator D,  ,
equal to the operator D; extended in a natural way to the manifold M,
has no L?-solutions. The manifold M; ., is simply M; with the infinite
semicylinder [0,00) X Y (or (—o0,0] x Y') attached (see [6], see also [23]).
The existence of L2-solutions of D; ~ on M, o, is responsible for the existence
of exponentially small eigenvalues of the operator Dg. Therefore we assume
ker;2D; ~ = {0}. The conditions we posed make the small eigenvalues
disappear. In particular, all the elliptic boundary problems we discuss in
this paper are invertible. We refer to Proposition 1.1 and Remark 1.2 for
more information.

Our first main result is the following theorem

Theorem 0.2. Let us assume that
(0.10) kerp2Di o = {0} = ker;2Dy o and ker B = {0}.
Then

(0.11) ]%im {In det;D% — In det;Ay g —In detc Ay gy} =0,
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or equivalently

det; D3
(0.12) lim R

=1.
R—oo detCAl’R7,‘d€t<A2,R’+

This Theorem is implicit in [11]. The focus of the authors was on the
non-standard n-invariant introduced by Singer in [21] and on the analytic
torsion. Therefore no statement was made about the (-determinant.

In Section 1 we use Duhamel’s Principle to show that in order to study
(0.13) I%Erolo{ln det:Dy — In det¢Ay gy — In detcAg gy}

it is enough to discuss the cylinder contributions.

In Section 2 we perform the computation on the cylinder and show that
the limit (0.13) is indeed equal to 0 . Then we study the difference be-
tween the cylinder contribution for the chiral boundary condition and for
the Atiyah-Patodi-Singer condition. Straightforward computations show
that a new term appears which is equal to —in 2:C(g2(0). This gives the
main result of the paper:

Theorem 0.3. The following equality holds under the assumptions of our
Theorem 0.2

det D3
(0.14) lim il = 97620

R—o00 detCD% Rl -detCDg RIIs

The Appendix by Yoonweon Lee contains a refined version of the com-
putations of the cylinder contribution to the trace of the heat kernel of
the Atiyah-Patodi-Singer problem performed by the second author in [25].
The more careful analysis by Lee proves mod Z vanishing of the function
P+ (p2 (0) on the Grassmannian Gr3,(D;) . Moreover, the formula (A.9)

(see Appendix Proposition A.4) is used in the proof of Theorem 0.3.

Remark 0.4. This paper is related to many other works on the gluing
formulas for the (-determinants. We refer to an excellent survey article
[14] for the review of different approaches and the extensive bibliography.
However, we want to mention that Theorem 0.3 is closely related to the
results of [10]. In [10] only the operator d + d* is treated, but the gluing
formula similar to (0.14) is obtained using the b-calculus technique, in the
situation where the zero eigenvalues are allowed.
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1. DUHAMEL’S PRINCIPLE. REDUCTION TO THE CYLINDER

Our assumptions about the operator Dg (see (0.10)) allow us to apply
the technique developed in [7] and to reduce the proof of Theorem 0.2 and
Theorem 0.3 to the computations on the cylinder. The first important
Corollary of (0.10) is the following Proposition

Proposition 1.1. Let us assume that (0.10) holds. Then there exist positive
constants ¢ and Ry, such that

(1.1) > c

for any eigenvalue u of the operator D%, A; g+, D%,R7H< , D%R7H> and for
any R > Ry .

Remark 1.2. The estimate (1.1) was observed by W. Miiller. We refer
to [7] (Theorem 6.1) for the proof in the case of the Atiyah-Patodi-Singer
condition (operators Di RII. Di r ). A more general result was published
in [15], Proposition 8.14. The proof for the “chiral” boundary conditions
(operators A; g+ ) is even more simple. The case of the operator Dy was
analyzed in [6] (see also [23]).

We need to recall the following result

Proposition 1.3. Let Ex(t;x,y) denote the kernel of the heat operator for
AR, where Ag denotes one of the operators from Proposition 1.1. Assume
that (0.10) holds. Then there exist positive constants ¢i , co and cs such
that

a2 (z,y)
t

(1.2) IER(t; 2, y)|| < eyt 2 et :

for any t >0 and any x,y € Mr (My g, or Ms g respectively) and for any
R>R,y.

We refer to Sections 2 and 4 of [7] for the proof and related results. In
particular Proposition 1.3 implies the following estimate

(1.3) ITr e8| < ¢4-R.

Now, we are ready to prove that we can neglect the “large time contribu-
tion” to the (-determinant of Ag.
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Corollary 1.4. Let us assume (0.10), then for any € > 0 the following
equality holds

e}

1
(1.4) lim —Tr e BRdt = 0.

R—oo Re

Proof. Assume that R > Ry and let {u}2, denote the set of eigenvalues
of Ar. We have

[e.9] o0

/OO%TT —tARdt /001 Z —tukdt /001 Z —(t— luke—#kdt

£

</ t ~t=Dey emArdt
where ¢ is the constant from Proposition 1.1. We use (1.3)
~1 1 c
/ ;-T’/’ e ARdE < / ;e_(t_l)cTr e BRAE < cgRYTEe TR

and the Corollary follows easily. U

Now we follow [7]. Let Ex(t; x,y) denote the kernel of the operator e~P#
on the manifold Mg and let £.,(t;x,y) denote the kernel of the operator
e~'(=9+B%) on the infinite cylinder (—oo , +00) x Y, or the kernel of the APS
- operator on ((—o0,0] U [0,00)) x Y. We introduce a smooth, increasing
function p(a,b) : [0,00) — [0, 1] equal to 0 for 0 < u < a and equal to 1 for
b <wu. We use p(a,b)(u) to define

¢1:1—P§R QR) , U1 =1—1

<7 7
and

1 2

We extend these functions to symmetric functlons on the whole real line.
All these functions are constant outside the interval [—R, R] and we use
them to define the corresponding functions on the manifold Mgz . Now we
define Qg (t; z,y) as a “parametriz” for the kernel Ex(t; z,y) , actually using
Er(t; z, ), but the point here is that we will be able to separate the cylinder
and the interior contribution

(L5)  Qr(t;z,y) = ¢1(2)Eei(t; 2,y)t1(y) + do()Er(t; x, y)va(y) -

Standard computations show that

(1.6) c‘fR(t; z,y) = Qr(t;x,y) + ((‘:’R *xCr)(t;x,y),
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where € * Cr is a convolution given by

t
(Er % Cr)(t; 2, y) :/ ds/ dz Eg(s;x,2)Cr(t — s;2,y)
0 Mg

and the correction term Cg(t;x,y) is given by the formula

52 Op1  OE,,
(17) Caftir,9) = =5 O (@)Eautts 2, 0)91(5) — () 0 (2, ) )
0 - O¢s, O
— O @)En(t 2, uay) — P20 S b))

The choice of the cut-off functions and the estimate (1.2) allow us to neglect
the “error” term contribution to the logarithm of the determinant in the
limit as R — oo.

Lemma 1.5. The error term Cg(t; x,y) is equal to 0 outside of the cylinder

[—SR, gR} x 'Y, moreover it is equal to O if the distance between x and y is

smaller than § . This fact combined with (1.2) proves the following estimate

for certain positive constants

(18) H(SR xCr)(t;z,y)| < Cleczte*CSRT .

The proof is elementary and follows the proof of the similar statement in
[7] (see Proposition 5.2 of [7]).

Corollary 1.6. Assume that 0 < e <1, then

Bt .
(1.9) lim —/ tr (Er *Cg)(t;z,x)dx =0,
t Map

R—0 0

where Mg denotes any of the manifolds on which the operator Ag (of Propo-
sition 1.3) is defined.

Proof. This follows from the estimate on the kernel (€ * Cg)(t; z, x)
[tr (Er* Cr)(t 2, 2)| < ||(Er * Cr) (L2, 2)|

t
s/w/ |n(s:, 2)Crlt — 5: 2 2) | d
0 Mg

t 2 2
@y diw,2)
Scle”t-/ ds/ e BT e BT dz.
0 Mp
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We use Lemma 1.5. It follows that the integral with respect to z is taken
over the cylinder and moreover that the distance d(z, z) is always larger
than § , which gives

d2(a:,z)

& t 2 T,z
T{er*LR)(L;T,T)] =~ 1€ S e = *>e_c34z—s dz
‘t (5 C )(t , )‘ < cot d c3
0 Mp

t R 2 t
cot —C4L cot —C(;Rf2 cot —Caiz
< ce ds e st dz < csgRee ds < csRte®'e "¢ |
0 -R

0

Now we have

B dt .
’/ —/ tr (ER*CR)(t;x,:c)d:c‘
0 t Mp

R 2
e BS _ 1l—e
</ 7C5Rt662t6 w6 < cgRITEeT TR
0

and (1.9) is proved. O

The last result clearly explains that we have to analyze only the cylinder
contribution to study the ratio of the determinants in the adiabatic limit.
This is done in the next Section.

2. COMPUTATIONS ON THE CYLINDER

Our study of the decomposition formula for the (-determinant involves
the “Laplacians” A, + = D; +D; 1 . It is well-known that A, is the operator
D? subject to the Dirichlet boundary condition on S* and the Neumann
boundary condition on S~ (see for instance Lemma 1.1. in [11]).

It was explained in the previous section that it is enough to analyze the
cylinder contribution. Hence we have to write down the kernel of the heat
operator defined by

—R 4B 0([0,00) x Y58 = ST @ST) — C%([0,00) x Y3 S = ST S7)

subject to the Dirichlet condition on S +|{0}><y and the Neumann condition
on S |{oyxy , in the case of the operator coming from the manifold My g ; and
subject to the Dirichlet condition on S~ |0}xy and the Neumann condition
on S*|foyxy , in the case of the operator coming from the manifold M g .
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Let 1 (t;x,y) denote the kernel of the first operator. The explicit formula
is well-known (see [11] for instance)

(2.1)

(u—v)* 'U) (u+v)

EX(t; (u, ), (v,y)) = \/—{e T Ye B (t 2, y) Py (y)
- {e’(u‘“v) e Ye B (0, y) P (y),

v At

where e~ t5” (t;x,y) denotes the kernel of the operator e~'B* _ This formula

determines the cylinder contribution coming from the manifold M; . The
inward normal coordinate on M, is equal to —u. As a consequence the
chirality of spinors, which is determined by the Clifford multiplication by
the normal vector, is switched as G is replaced by —G'. The corresponding
cylinder contribution for the manifold M, g is determined by the kernel

(2.2)
(u+v>

(s (1.2, (1) == le T e iy P )

(uf'u)2 u+'u)

{77 —ew Y (Ga,y)P(y).

1
_.I_
VA4t

Now we sum up the formulas (2.1) and (2.2) and put u = v, z = y. This
gives

(2.3)
Rd ]. u2 tBQP Rd ]_ 11,2 tBQP
U l—e v }Trye” +/ U 1+e ¢ Y'rye™ _+
/o \/47rt{ JTry - 0 \/47rt{ YTy

R 2 , R
{1+e T} Trye 8 P++/ du
0

1 1 W2 _tB2
du\/m \/m{l et }Trye "7 P_.
In the formula (2.3) we neglect the presence of the cut-off functions intro-
duced in Section 1. We also denote by Trye t5” the trace of the operator
e~'B* on the manifold Y . Therefore modulo a term exponentially decaying
with R, the boundary contribution to the sum T7r e *2r1 4 T e tAR2 ig
equal to

(2.4)
2

\VAart

R R
1
/ du (Trye’l“EﬂPJr + Trye’tB2P,) = / du~Trye’th )
0 _
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The right side of (2.4) is exactly equal to the trace of the heat kernel of the
operator —92 + B? on the cylinder (—oo,+00) X Y, which is the cylinder
contribution of the operator D% modulo terms which disappear as R — oo,
This ends the proof of Theorem 0.2.

Now, we have to analyze the difference between the trace of E1(¢;x,y)
and the trace £~ (t;z,y), where £ (t;x,y) denotes the kernel of the heat
operator defined by the operator G(9, + B) subject to the Atiyah-Patodi-
Singer boundary condition. We introduce ¢(u) a smooth cut-off function,
equal to 1 for 0 < uw < R and vanishing for 2R < wu, with derivatives
bounded by %, and we study the following function

(25) T(s)= / ety /[ I (). (1)

= &7(t; (w,y), (u, y)))dydu.

Long, but elementary computations give us the following formula for the
contribution made by the Atiyah-Patodi-Singer part (see Appendix, Propo-
sition A.4.)

(2.6) /000 ts_ldt/[o . o(u)-tr(E-(t; (u,y), (u,y))dydu

1 & i 3 2
- u)du 2 Trye B dt
Tn/o o(u) /0 y
1 [ e > U
+ = t81dt/ "(w)du Y e Mrerfe — + MVt
5 | KD (55 +2v4)

I'(s+3)

+ W@g(s) — ﬁ /000 573 Trye_tB2 </OO° qb(u)e_ﬁdu) dt .

We have three terms on the right side of (2.6), which we denote by 71(s),
T5(s) and 7Z3(s). The sum in 75(s) is taken over all positive eigenvalues A,
of the tangential operator B and the function erfc(u) is given by the formula

(2.7) erfe(u) = % /00 e ds.

The first contribution 7;(s) corresponds to the contribution to (2.5) given
by the kernel E7(¢; (u,y), (u,y)) and they cancel each other when we take
the difference. We can also easily deal with the second contribution:
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Proposition 2.1. The function

1 [~ * - u
Ta(s) = —-/ tSldt/ ¢ (w)du ) e rerfe(— + AVt
()= 5 [ RO WS RN

1s a holomorphic function of s vanishing as R — oo .

Proof. We estimate using fuoo e ds < e’

/ ts_ldt/ ng’(u)duZ 62“A”erfc(i + AVt) <
0 0 n=1 \/E

2 /oo . /2R ) o0 W2 \2
— t°dt ' (u)du Y e Te M <
v Jo R ;

2 TS i /2R .
- t° e n)dt e tdu <
R/T Jo — R

c > u?
= 5Ty etBth/ e tdu <
R Jy R

Cl > 1 tBQ > u2
— t2Tr e P dt et

o0 2
du < / 2 Ty e_tBth,
R J, R \/Z 0

=2

and the Proposition follows. Il

Now we see that 73(s) is the only source of an additional contribution.
It is not difficult to see that, modulo a function holomorphic on the whole
complex plane, 73(s) is equal to

1 00
S(s) = Lls + Q)Q (s) — 1/0 t Trye Bt

dsym 7 1
_ T(s+3) ['(s)

Indeed, the difference
1 & 2 & u2 d
s:Ts—Ss:—/ t Ty e7tB / 1—0o(u))e t —)dt
9r(s) = T3(s) — S(s) N (0( o(u)) \/E)

is a holomorphic function on the complex plane, which depends on the
parameter . We use the following elementary result:
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Lemma 2.2. The following equality holds for any complez s

. R T / o
(2.8) Am gr(s) = lim gp(s) =0.

Proof. We have to estimate

(2.9) ‘ﬁ /OOO Ty P /000 (1- gb(u))e_ut—tdt‘ :

We use the following elementary inequality

[Ta-swe D < | [Tt D =] [ go2e

This allows us to estimate (2.9)

1 /OO 1 g2 [T _u?
— 5T et / (1 —¢(u))e ¢ —dt‘
’ 2ﬁ 0 0 \/%
1 o 1 _R? 2
t*2e  t Trye B dt .
4\/7R /0 Y
The last expression goes to 0 as R — oo. The estimates on the derivatives
with respect to s go exactly in the same way. O

<

The function S(s) was given by the formula

= (S - ) ol

We see that S(s) is a holomorphic function for Re(s) > 5 and that it has a
meromorphic extension to the whole complex plane with simple poles on the
real line, provided by both factors. Hence the poles at the positive integers
come from (pz2(s) and the (-function is regular in the neighborhood of 0.
The first factor

I'(s+3) ~T(s)
4s\/m 4

is holomorphic for Re(s) > 0 and it is not very difficult to show that in fact
it is holomorphic in a neighborhood of s = 0. We have

I'(s+ 1) D) 1 TI(s+ ) — sD(s)y/m

4s\/m 4 4/ s
1 T(s+1/2)-T(1/2) r(1/9 1-T(s+1)
v 002 =)

?



16 JINSUNG PARK AND KRZYSZTOF P. WOJCIECHOWSKI

and we see that

. T(s+1/2) TI'(s) 1

1 - (r ).

o0 ds/m 4 ayw ( )= Vrr()
It is well-known that I(1) = 7 (once again, v denotes Euler’s constant),
and it is not difficult to compute IV(1/2) using, for instance, the formula

1) /7 T(22)
27 22-LT(2)’
(see for instance [22], formula (A22) on page 265).

I'(z+

We have
T Ly _1(i 2s—1, _
lmy (s+3)=TG) _ im I(2s)/2% 1.T(s) — 1
s— S s— S

21727 (2s) — I'(s)
Vel VeI

— /7 ?3%(21_28(% + v + 2sh(2s)) — (é + v+ sh(s))),

where h(s) is a holomorphic function in the neighborhood of s = 0. Hence
we finally obtain
1 1
s—0 S
1-2s

-2
— /7 hm< 2y =y 4 212 h(28) — s h(s))
=—2y/min 2+ V77,

121(1)(21‘251“(23) —T'(s))

and

I(s+3) _T(s) 1 1
(2.10) lm Asy/m 4 17 Vln 5l

This gives us the following result

Proposition 2.3. The adiabatic limit of the difference between the loga-
rithm of the (-determinant of the operator D§7R7H> and the logarithm of the
¢-determinant of the operator Ag r 1 is given by

. In 2
(2.11) J%I—IEO(M det;D3 g, — In det Do 1) = 5 (p2(0) .

We have obtained “half” of the correction term which appears in Theorem
0.3 (see (0.14)). The other “half” is equal to the contribution of the manifold
M r. Now Theorem 0.3 is proved.
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APPENDIX A. THE VALUE OF THE (-FUNCTION AT s = ()
ON THE SMOOTH, SELF-ADJOINT GRASSMANNIAN
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In this Appendix we write M instead of M, and D instead of Dy. The
goal is to prove the following result

Proposition A.1. For any P € Gri (D), the value of (pz (s) at s = 0 is
equal to —dim kerDp .

Remark A.2. (1) The proof depends only on the assumption that the
perturbation of II. is an operator of the trace class. Therefore the result
holds for any orthogonal projection P = Id + GPG , such that P — Il is a
pseudodifferential operator of order —dim Y — 1.

(2) One of the formulas we obtain for the cylinder contribution to the
invariant (p2 § (0) (see Proposition A.4.) is used in the proof of the decom-
position formula for the (-determinant discussed in the main body of the

paper.

We start with the proof of Proposition A.1 in the most simple case. We
assume

(A.1) dim ker B=0 and dim ker Dy, =0 .

It was explained earlier that the first condition in (A.1) implies that
II. € Gri (D) , hence Dy, is a self-adjoint operator. The second condition
implies the invertibility of D, . We have to show that (pz . (0)=0.

We start with selecting a smooth cut-off function p : M — [0, 1] equal
tolon [0,1/3] x Y and equal to 0 on M \ ([0,2/3] x Y). We also choose
p1,p2: M — [0, 1] such that

Pilsupp p =1 and pr=0o0n M\ N and
P2lsupp (1—p) =1 and pa =0o0n [0,1/4] x Y.
Let &.,(t; x,y) denote the heat kernel of the Atiyah-Patodi-Singer problem
on the cylinder [0,00) x Y and E(t; x,y) denote the kernel of the operator

e'P*  where D is the double of the operator D, living on M the double
of M (see [3] for details of the construction). Finally let & (¢;z,y) denote
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the kernel of the heat operator of th on M. A standard application of
Duhamel’s Principle shows that there exists a positive constant ¢, such that

(A.2) ]
Ex(t;,y) = pr(@)Eau(t: z,y)p(y) + pa(x)E(t; 2. y)(1 — ply)) + O(e™ "),

for 0 <t < 1. Now the (-function is given by the formula
1 o 2 1 o
> = —— [ t7iTr P dt:—/ t31dt/t E-(tyx, x)dx .
o ()= g [, T = g e f i

Equation (A.2) implies that there exist positive constants ¢; and ¢, such
that

(A3) [tr & (t;x,2)—p(x)tr Ee(t; x, ) — (1—p(a))tr E(t; 2, )| < cre” 2/t
for 0 <t <1, which implies that

/000 t5dt /M(tr E-(tyz, ) — p(x)tr Eu(t; z,2) — (1= p(a))tr E(t; 2, x))dx

is a well-defined holomorphic function of s on the whole complex plane. In
particular, we have obtained the following result

Lemma A.3.

— T 1 > s—1 .
(A.4) CD%> (0) = ilir[l) F(s)/o t dt/Mp(x) tr Ep(t; v, x)de .

Proof. Equation (A.3) implies the following equality
CD%I> (0)

1 o ~
= lim —/ ts_ldt/ (p(a:)-tr Epi(t;z,x)+(1—p(x))tr E(t; , x))dx
s=01'(s) Jo M
It is well-known that in the case of the Dirac Laplacian on a closed, odd-
dimensional manifold, the “ocal” (-function disappears (see for instance
8]), hence

NRE S R : _
(A.5) ili% m/o (1 = p(x))-tr E(t;x,x)dt =0,

which gives the result. Il
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Now let us recall that B has a symmetric spectrum and its spectral de-
composition has the form

{/\n 9 (rbn 3 _)\n ) ngn}?f:l .

The explicit representation of the kernel &.,(t; x,y) with respect to this
decomposition is as follows

(A.6)
(&%) _)\2
Eeutt (v = X e T = 0 2)50 )
1
00 e*)\%t —(u—v)? /4t —(utv)? /4t -
’ nZ:; Vi ¢ e }G(@)dn () @G (y) du(y)

— Z )\ne’\”(“+”)erfc<(u +v)/2vt + )\n\/%> G(x)pn ()G (Y)dn(y)

where erfe(r) is defined as in (2.7

ere(r) = —- /

We now have an explicit representation of the integral in (A.4)
(A7) /00 ts_ldt/ p(z)-tr Ep(t; z, v)dx
0 M
:/ ()du/ 812{2\/@}
/ / t71p Z)\ e””“erfe(7 + A\ \[)}dudt

2\/_/ du/ t5_3/2Trye_tB dt
_ s—1 . 2Anu u
/0 t dt/o p(u){; Ané erfc(\/E + )\n\/%> }du

We start with the second integral on the right side of (A.7)

/000 t5ldt /OO p(u){z )\ne”"“erfc(% + V1) }du

:%/Ooo ts_ldt/ {Z 2 ) erfe( 7 + A V1) }u.
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Integration by parts leads to

-/0 - l{zp €20 enfic 7+>\ DYt

1 s—1 / 2Anpu ﬂ U
_ E/0 t dt/o p (u){;e erfc(\/% + V) }
_ %/OOO 5~ tdt /OOO p(u){nzz:1 e””“erfcl(% + An\/g)%}d“

- % /OO tSI{i erfe(\,Vt) }dt

1 oo
‘5/ e [ {Z terte( o+ AV b
du
15 1dt/ u){ 62)\nu67(u2/t+2u)\n+)\%t)}_
i > i

:_/0 - 1{2}*A t}dt\/_/ Q/tdu

1

-5 / ts_l{;erfc()\n\/f)}dt

0
— = t51dt/ o(u ePterfe( = 4 AnVE) Yu .
5/ [ PR el o+ D)

Finally, we have

(A.8) /000 t5tdt /OOo p(u){z AnGQ’\"“erfc(% + A\V1) Ydu

:/ 5 3/2T7" —tB2dt_/ —u2/tdu
0

— %/OO tSI{i erfc(A\,V/t) }dt

0

- 1/ ts_ldt/ p’(u){z GQAnUGTfC(i—f-)\n\/%)}dU.
2 0 0 n=1 \/%
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First, we analyze the middle term on the right side. The following calcula-
tions hold for a single eigenvalue:

/ h t*Lerfe( A\, V1) dt = 1 / h d/dt(t*)erfe( M, v/t)dt

0 S Jo

ts 1 [ A
= —erfc(\, V1t m——/ tSerfc’ (A, V1) —=dt
e 1 [ et O

An

o 2 2
- __ tS*l/Z o 7>‘nt dt
25 Jo ( ﬁe )

)\n /00 tsfl/2€7)\%tdt — M)\;Qs )
ENZ S\/T

It follows that for Re(s) large, the middle term on the right side of (A.8) is
equal to

=N AOSCINDITE v ]

This has a nice meromorphic extension, with simple poles, to the whole
complex plane. We rewrite (A.8) as

h s tdt /OO p(u A\, e verfe il + A\ V1) Ydu
/0 CH> % )
1 o0

= / =32 ey e P dt—— p(u)e "/ du
0

DY) - 1/000 5 tdt /OOO () ezA"ueffC(% + M V)}du

and we substitute this into (A.7).
We put the final result of the computation as an independent statement.

Proposition A.4. The following equality describes the cylinder contribu-
tion to the (-function of the operator D%>
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(A.9)

/ ts_ldt/ p(z)-tr Eey(t; z, z)dx

0 M

S /OO p(u)du /OO 532 ry e B dt
2V Jo 0

g, LY (s +1/2)

. 5 3/2T thdt‘ / u /td . )
{/0 et gy ), e e = e )
1

_ §/O ts_ldt/o p’(u){nz_:l e””“erfc(%—l—)\n\/%)}du}.

The formula (A.9) is used in the study of the adiabatic decomposition of
the (-determinant presented in Section 2. We have to analyze (A.9) further
in order to get information about the value of the (-function at s =0.

Lemma A.5. The function

(A10)  Fifs) = /0 T /0 N p/(u){ZeQ’\”“erfc(% + VD)

1s a holomorphic function on the whole complex plane.

Proof. We use the fact that supp p/ C [1/3,2/3] x Y, which guarantees a
nice behavior of the integral with respect to the u-variable since the sum
over the eigenvalues is absolutely convergent. We just have to show that
| F1(s)| behaves nicely with respect to s. We use the fact that erfe(r) < e
and estimate

|F1(s)| < /000 5t /000 \p/(u)]{z e2A"“erfc(\% + M\ V1) }u

< [ et [ e
0 0 n=1

1 [ S 2
= —-/ 5 Trye™tP dt/ 1o (w)|e™ tdu
2 Jo 1/3

Scl/ ts’le’CQ/tTrye’twdt
0

for some positive constants ¢;, ¢ and now the Lemma follows from the
well-known asymptotics of T’ rye B ast — 0 and t — . Il
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Now, we consider the term

o0 1 o0 5
A1l Fs(s :/ 5732 s e B gy~ we "ty
a1y A= ve g [ ptw)

The function p(u) is equal to 1 for 0 < u < 1/3 and we split the integral
accordingly

oo 1 1/3 )
Fo(s) :/ ts_3/2T7“ye_tB2dt-—/ ety
0 2\/m

2 1 [ 2
+/O 5732 P ry e B dt F plu)e " tdu,.

Let us observe that

1/3 —y 1/3vt o,
du = V/t- eydy—\/_ eydy Vit e Y dy
0

1/3vt

_ \/7%\/{5 - \/T%ﬂ-erfc(l/?)\/g) ;

which allows us to represent F»(s) in the following form

(A.12)
1 [ 1 [
Fa(s) :Z/ t Trye P dt — é_l/ t Try e P erfe(1/3V/1)dt
0 0
—l—/ 5732y e_tB2dt% 8 (u)e_UQ/tdu :
0

The middle term on the right side of the above equality is again holomorphic
on the whole complex plane due to the inequality

‘/ Ty e B erfc(3 dt‘ < c/ ts_lTrye_th-e_l/gtdt )
0

We estimate the last term on the right side of (A.12) in the same way to
show that it is a holomorphic function of s as well. Finally, we evaluate the
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(-function at s = 0, using Lemma A.3:

. 1 00 s—1 .
CD%> (0) —£1£I(1)m/0 t dt/Mp(:v)-tr Eeyi(t; x, x)d

sirta [ oo [ o
I(s+1/2)

_ fQ(S) + WCBQ(S) -+ %fl(S)}

:li_g})g NG / u)du / #5732y B gt

~ Fals) + (T—flm@(s) )

2
:lii%s \/_ / u)du / #5732y B gt

B2 r 1/2
= lim s-

lim 2\/_ du/ #5732y B gt

1/2 |
+ hn%{SM

e ts—lT —tBth
v Cpz(s) 84/0 rye }

= 0+ {3C(0) — 36(0)) =0.

The situation is not different in the case of non-invertible Dy . We have

Gy, (0) = lim

00 . ip2 .
lim F(s)/o =N Tr e P> — dim kerDy_)dt

where the dimension of the kernel is present in order to make the integral
J;° convergent. Now we have

1
CD%> (0) = / =Y (Tr e P> — dim ker Df. )dt
0

s;o F(s)

I -
= lim(—/ 17y ¢t dt) — dim ker Df_
0

: 1 < .
_S—>O(F<S) /Ov t 1dt/Mp(Q3)'t7’ Scyl(t§ x7$)dx) - dlm kGT D12—I>

= —dim ker D12-[>
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We also do not have problem with the case ker B # {0} . The Cobordism
Theorem for the Dirac operators (see for instance [3]) implies the existence
of the involution

o:ker B— ker B |,
such that Go = —0G . Let 7w, : ker B — ker B denote orthogonal
projection onto +1-eigenspace of o . The orthogonal projection

II, = II. 47, is an element of Gr’_(D) and we can repeat our computations
to obtain

Cpz (0) = —dim ker Di.

Finally the result for arbitrary element P € Gri (D) follows from the
existence of a positive constant ¢ > 0 , such that for any 0 <t < 1

ITr e % — Tr ¢ Pho| < eVt .

This result is stated as Theorem 3.2 in [25]. The proof consists of a
straightforward computation and the details are presented in [25]. The
idea is easy to understand. It was explained in Section 1 of [25], that
D% is unitarily equivalent to the operator of the form D%[U + K, where
K : L*(M;S) — L*(M;S) is a bounded operator, with kernel K(z,y) sup-
ported in N = [0,1] x Y . Moreover, K(z,y) is smoothing in Y-direction.
By the Duhamel’s Principle we have

t
72 2 T2 (VP2
Tr e Pr — Tr ¢ P, = —Tr/ e PriCe” =P, s .
0

The expression on the right side can be written as the series, where each
next term has the better behavior with respect to ¢ , than the previous one.
The first term is

t t
—Tr/ e~Phio JCe~ (=)D, s = —/ Tr Ke Phe = —+.Tr Ke tPh,
0 0

Now the kernel of the operator K is smoothing in the Y-direction, hence
the only singularity left is in the normal direction and we obtain

Tr e PP — Tr e Pho | oy t|Tr Ke Pha| < t-c/VE < e\t

(we refer to [25] for the detailed presentation). It follows that

1 00
’ hH(l) m / ts_l(TT e_tD%D —Tr e_tDl%Io)dt‘ S
S— S 0
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and as a result we have

(p2,(0) — Cpz (0) = dim ker Dn, — dim kerDp

This ends the proof of the Proposition A.1.
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