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ABSTRACT. For a holomorphic family of classical pseudodifferential operators on a
closed manifold we give exact formulae for all coefficients in the Laurent expansion
of its Kontsevich-Vishik canonical trace. This generalizes to all higher order terms
a known result identifying the residue trace with a pole of the canonical trace.

INTRODUCTION

Let M be a compact boundaryless Riemannian manifold of dimension n and E a
smooth vector bundle based on M. For a classical pseudodifferential operator (¢ do)
A with non-integer order acting on smooth sections of E one can define following
Kontsevich and Vishik [KV] and Lesch [Le] the canonical trace of A

TR(A) = /M dz TR(A),  TR,(A) i ]i (e, ) de,

in terms of a local classical symbol 04 and a finite-part integral JCTT ) over the
cotangent space T*M at x € M. Here, d€ = (2r)"" d€ with d¢ Lebesgue measure
on T M = R" while tr, denotes the fibrewise trace. Since the work of Seeley [Sel]
and later of Guillemin [Gu], Wodzicki [Wo| and then Kontsevich and Vishik [KV],
it has been known that given a holomorphic family z — A(z) of classical ¥dos
parametrized by a domain W C €, with holomorphic order o : W — C such that
o’ does not vanish on

P:=a " (ZN[-n,+o0]),

then the map z — TR(A(z)) is a meromorphic function with no more than simple
poles located in P. The complex residue at zy € P is given by a local expression
[Wol, [Gu], [KV]
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o’(20)

where for a classical pseudodifferential operator B with symbol op

res(B) = /M dz res,(B), resy(B) = /S it ((m)-al,) dst

is the residue trace of B. Here, ds¢ = (2m) " dg(£) with dg(§) the sphere mea-
sure on SiM = {|{| = 1| £ € TFM}, while the subscript refers to the positively

homogeneous component of the symbol of order —n.
1

Res,—., TR(A(z)) = — res(A(2o)), (0.1)



In this paper, extending the identification (0.1), we provide a complete solution
to the problem of giving exact formulae for all coefficients in the Laurent expansion
of TR(A(z)) around each pole in terms of locally defined canonical trace and residue
trace densities.

For a meromorphic function G, define its finite-part fp,_, G(z) at z to be the

constant term in the Laurent expansion of G(z) around zy. Let A7) (2) = 07 A(z) be
the derivative 1do with symbol 0 4 (,) 1= 0l0a(z).

Theorem Let z — A(z) be a holomorphic family of classical {dos of order a(z) =
qz+b. If z9 € P and q # 0, then TR(A(z)) has Laurent expansion for z near zg

_Tes 20 k) —Zok
tr() - -G Lo S RO ELEE o)
Furthermore,
(TRx (A(k)(zo)) — mresx,o (A(k+1)(zo))> dx (0.3)

defines a global density on M and

1
fp,_, TR(AW(2)) = / dx | TR, (AW — ————resyo (AFTY
D2z TR(A™(2)) o (A% (20)) D" o (20))

(0.4)
At a point zg ¢ P the function TR(A(z)) is holomorphic near zy and the Laurent
expansion (0.2) reduces to the Taylor series

k

TR(A(z)) = Az)) + ZTR %

It is to be emphasized here that A (z) cannot be a classical 1do for r > 0, but in
local coordinates is represented for || > 0 by a log-polyhomogeneous symbol of the
form

O-A(’I‘)(z X 6 ZZ a(z -7, l(x 5) IOg ’§|
>0 1=0

with (A" )a(z)—j,1(x, §) positively homogeneous in £ of degree a(z) — j. It follows
that 1nd1v1dually the terms in (0.3)

TR, (AP(20)) do = f b0 (0 400 ) (2. €)) dE d (0.5)

M
and

res, o (A(k+1)(zo)) dx = / tr, (U(A(k+1)(20>>_n70<12, §)) dsédx (0.6)

*

do not in general determine globally defined densities on the manifold M when
r > 0, rather it is then only the sum of terms (0.3) which integrates to a global
invariant of M. (In particular, it is important to distinguish (0.6) from the higher
residue trace density of [Le|, see Remark(1.5) here.) When a(z) = gz + b is not
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integer valued it is known that TR,(A®)(z))dz does then define a global density
on M; in this case, res,o(A*+Y(2)) is identically zero and (0.4) reduces to the
canonical trace TR(A™(z)) = [}, dz TR,(A™(2)) on non-integer order ¢dos with
log-polyhomogeneous symbol [Le].

These results hold more generally when a(z) is an arbitrary holomorphic function
with o/(z9) # 0 at zp € P. Then the local residue term in (0.4) is replaced by the
local residue of an explicitly computable polynomial in the symbols of the operators
A®FD (20, ..., A(2). A general formula is given in Theorem 1.20, here we state the
formula just for the constant term in the Laurent expansion of TR(A(z)): one has

fp,_. TR(A(z)) = /M dx (TRx (A(z)) — —— res,o (A’(zo)>) (0.7)

o’(20)

O//(Z[))

+ —— res (A(z)) -
20/(20)2 ( ( 0))
Thus compared to (0.4), the constant term (0.7) in the expansion acquires an addi-
tional residue trace term. Moreover, the identification implies that

(TRm (A(z0)) — res, o (A’(zo))) dx (0.8)

o' ()
defines a global density on M independently of the order a(zy) of A(zg) (for zo ¢ P
the locally defined residue term vanishes and (0.8) reduces to the usual canonical
trace density). Though this follows from general properties of holomorphic families
of canonical traces, we additionally give an elementary direct proof in Appendix A.

Applied to v¥do zeta-functions this yields formulae for a number of widely studied
spectral geometric invariants. For () an elliptic classical pseudodifferential operator
of order ¢ > 0 and with spectral cut 6, its complex powers @, * are well defined [Sel]
and to a classical pseudodifferential operator A of order a € IR one can associate
the holomorphic family A(z) = AQ,* with order function a(z) = a — ¢z. The
generalized zeta-function

2= (A, Q,2) :=TR(AQ,?)

is meromorphic on C with at most simple poles in P := {** 1 [ n,o0) N Z}.
It has been shown by Grubb and Seeley [GS, Grl] that ( ) Co(A, @, s) has pole
structure
¢ r(Allg) ¢
T'(s) (A, Q,s) ~ I Q+ ( l), 0.9
D649~ Y >(crmtoin) ©

where the coefficients c; and cg are locally determined, by finitely many homogeneous
components of the local symbol, while the cgl are globally determined. In particular,
whenever ,
J—«
4q

=1€[0,00) NZ



4

it is shown that the sum of terms
¢ + Casig (0.10)

is defined invariantly on the manifold M, while individually the coefficients ¢, and
Ca+lg (Which contain contributions from the terms (0.5) and (0.6) respectively) de-
pend on the symbol structure in each local trivialization. Here, in Theorem 2.2,
we compute the Laurent expansion around each of the poles of the meromorphi-
cally continued Schwartz kernel KAQ;z(m,xﬂmer = JLT;MO'AQ(;z<J},§) d¢ giving the
following exact formula for (0.10). One has

1)l
¢ + Catig = (l—'l) /M dx (TRx(A QY — éresx,O(A Q' log, Q)> . (0.11)

The remaining coefficients in (0.9) occur as residue traces of the form (0.1). By a well
known equivalence, see for example [GS, Grl], when @ is a Laplace-type operator
these formulae acquire a geometric character as coefficients in the asymptotic heat

trace expansion Tr (Ae @) ~ 370 ¢ 5+ > isol— ¢, logt+ ¢/ )t ast — 0+.

From (0.1) ([Wo, Gu, KV]) (4(A, @, z) has a simple pole at z = 0 with residue
—é res(A), which vanishes if o ¢ Z. The coefficients of the full Laurent expansion
of (y(A, @, s) around z = 0 are given by the following formulae (Theorem 2.5).

Theorem Fork € N, let Ce(,k)(A, Q,0) denote the coefficient of z*/k! in the Laurent
expansion of (p(A, Q, z) around z = 0. Then

ék) (A,Q,00 = (=1)F / dx (TRI(A loglg Q) — res, o(A logngrl Q))
M

_
q(k+1)
+ (=)t (A logg QIlg) (0.12)

where Ilg is a smoothing operator projector onto the generalized kernel of Q). Specif-
ically, for a classical do A of arbitrary order

(mm(A) _ é res, o(A log, Q)> de (0.13)

is a globally defined density on M and, setting (o(A,Q,0) := éo)(A, Q,0), the con-
stant term in the expansion around z = 0 is

(A, Q,0) = /de (TRx(A) - é res; o(A log, Q)) —tr(Allg) . (0.14)

When A is a differential operator (y(A,Q,0) = lim,_ (o(A, Q,2) and equation
(0.14) becomes

G(A,Q,0) = —é res(A log, Q) —tr (Allg) . (0.15)
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When Q is a differential operator and m a non-negative integer, setting (p(Q, —m) =
fp,_ _.Co(1,Q, z), one has

Q. —m) = —3 res(Q™ logy Q) — tr (Q™ Tlo) - (0.16)

If A is a vydo of non-integer order o ¢ Z then 0 ¢ P and from [Le] the canonical
trace of A logh Q is defined. Then (0.12) reduces to

65" (A4,Q,0) = (=1)* TR(A log§ Q) — (—1)* tr (A logf QTlo) (0.17)
and, in particular, in this case
(3(A,Q,0) = TR(A) — tr (Allg). (0.18)

Notice, that in (0.15) the term res(A logy Q) = (p(A,Q,0) + tr (Ally) is locally
determined, depending on only finitely many of the homogeneous terms in the local
symbols of A and @ ([GS] Thm 2.7, see also [Sc|] Prop 1.5). In the case A = I
the identity (0.15) was shown for pseudodifferential () in [Sc| and [Gr2], and in the
particular case where () is an invertible positive differential operator (0.16) can be
inferred from [Lo|. The identity (0.18) is known from [Grl](Rem. (1.6)). A resolvent
proof of (0.14) has been given recently in [Gr3].

z

If, on the other hand, one considers, for example, A(z) = AQ;H“Z, then the

corresponding ‘zeta function’ TR(A Q, "™ *) has simple and real poles in C\{—1/u}
and by (0.7) the constant term at z = 0 has, compared to (0.14), an extra term

fpzonR(AQ;ﬁ) = /de (TRx(A) - éresaao(A log, Q)) — tr(Allg)

+ Eres (A).
q
The appearance here of % res (A) corresponds to additional terms that occur as a
result of a rescaling of the cut-off parameter when expectation values are computed
from Feynman diagrams using a momentum cut-off procedure, see [Gro]. See also

Remark 1.23.

One view point to adopt on (0.7) is that it provides a defect formula for regularized
traces and indeed most well known trace defect formulas [MN, O1, CDMP, Gr2] are
an easy consequence of it. On the other hand, new more precise formulae also follow.
In particular, though TR is not in general defined on the bracket [A, B] when the
bracket is of integer order, we find (Theorem 2.18) that in this case the following
exact global formula holds

/de (TRI([A,B])—éresx,o([A,BloggQ])) _ (0.19)

independently of the choice of @Q); when [A, B] is not of integer order (0.19) reduces
to the usual trace property of the canonical trace TR([A, B]) = 0, see Section 2.



Looking at the next term up in the Laurent expansion of TR(Q)~?) at zero, equa-~
tion (0.12) provides an explicit formula for the (-determinant

dete 9@ = exp(— (5(Q,0)),

where (5(Q,0) = 0.¢(@Q, 2))|._,, of an invertible elliptic classical pseudodifferential
operator () of positive order ¢ and with spectral cut 6. The zeta determinant is
a complicated non-local invariant which has been studied in diverse mathematical
contexts. From (0.12) one finds (Theorem 2.11):

Theorem

log detcﬂ(Q) :/

M

dx (TRJ; (logy Q) — 2—1qresz70 (logj Q)) . (0.20)

A slightly modified formula holds for non-invertible ). Notice, here, that TR of
log, () does not generally exist; if resw,o(logg Q) = 0 pointwise it is defined, and
then log det, 4(Q) = TR(logy @), which holds for example for odd-class operators of
even order, such as differential operators of even order on odd-dimensional manifolds
KV, 02]. Equation (0.20) leads to explicit formulae for the multiplicative anomaly.

1. FINITE-PART INTEGRALS (AND CANONICAL TRACES) OF HOLOMORPHIC
FAMILIES OF CLASSICAL SYMBOLS (AND PSEUDODIFFERENTIAL OPERATORS)

1.1. Classical and log-polyhomogeneous symbols. We briefly recall some no-
tions concerning symbols and pseudodifferential operators and fix the corresponding
notations. Classical references for the polyhomogeneous symbol calculus are e.g.
|Gi], [GS], [Ho], [Se2], [Sh], and for the extension to log-polyhomogeneous symbols
[Le]. E denotes a smooth hermitian vector bundle based on some closed Riemann-
ian manifold M. The space C*(M, E) of smooth sections of E is endowed with the
inner product (¢, ¢) := [,, du(x){(x), ¢(x)), induced by the hermitian structure
(,-)z on the fibre over x € M and the Riemannian measure p on M. H*(M, FE)
denotes the H*-Sobolev closure of the space C*(M, E).

Given an open subset U of IR" and an auxiliary (finite-dimensional) normed vec-
tor space V, the set of symbols S"(U,V) on U of order r € R consists of those
functions o(z,€) in C(T*U, End(V')) such that 0d¢o(x,€) is O((1 + [£])""1) for
all multi-indices p, v, uniformly in &, and, on compact subsets of U, uniformly in
r. Weset S(U,V) := U, e gS"(U,V) and S™(U,V) := ), g S"(U, V). A classi-
cal (1-step polyhomogeneous) symbol of order & € C means a function o(z,§) in
C>°(T*U,End(V)) such that for each N € IN and each integer 0 < j < N there exists
Oo—j € C®(T*U,End(V)) which is homogeneous in £ of degree av — j for |£] > 1, so
Oomj(@,18) =t 00j(x, &) fort > 1,1 > 1, and a symbol oy € SR@=N-1(U, V)
such that

o(z,€) = Zaa_j(x,g) +ouwy(z,8) V(2,6 € TU. (1.1)
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We then write o(z,§) ~ 3 7% 0a—j(7,§). Let CS(U, V) denote the class of classical
symbols on U with values in V' and let CS*(U, V') denote the subset of classical
symbols of order . When V' = €, we write S"(U), CS*(U), and so forth; for brevity
we may omit the V' in the statement of some results. A ido which for a given
atlas on M has a classical symbol in the local coordinates defined by each chart is
called classical, this is independent of the choice of atlas. Let Cl(M, E) denote the
algebra of classical 1dos acting on C*°(M, E) and let Ell(M, E) be the subalgebra
of elliptic operators. For any a € € let C1*(M, E), resp. Ell*(M, E), denote the
subset of operators in Cl(M, E), resp. Ell(M, E), of order a. With IRy = (0, 00),
set Elloaso(M, E) := U, e g, EIl'(M, E).

To deal with derivatives of complex powers of classical {)dos one considers the
larger class of ¥dos with log-polyhomogeneous symbols. Given an open subset
U C M, a non-negative integer k£ and a complex number «, a symbol o lies in
CS™*(U, V) and is said to have order o and log degree k if

N
:Zaa—j(x7§)+U(N)<x7§) v (x7§) eTU (12)
=0
where oy € SRV V) for any € > 0, and

k
O—a—j<€) = Z Ua—j,l(xaf) logl[g] v 6 € Tx*U
=

with o,_;; homogeneous in & of degree av — j for [¢| > 1, and (in the notation of
[Grl]) [¢] a strictly positive C*° function in £ with [£] = || for || > 1. As before,
in this case we write

Z%fo = > o jale,€) log'¢). (1.3)

=0 1=0

Then CS™*(U,V) := U2, CS**(U, V), where CS**(U, V) = |, CS**(U, V), de-
fines the class filtered by k of log-polyhomogeneous symbols on U. In particular,
CS(U, V) coincides with CS*°(U, V).

Given a non-negative integer k, let Clo"k(M , E) denote the space of pseudodiffer-
ential operators on C*°(M, E) which in any local trivialization Ej;y = U x V have
symbol in CS**(U, V). Set CI"*(M, E) := |, o C1*"(M, E).

The following subclasses of symbols and dos will be of importance in what
follows.

Definition 1.1. A log-polyhomogeneous symbol (1.3) with integer order o € Z is
said to be even-even (or, more fully, to have even-even alternating parity) if for each
J=0

Oaji(®, =€) = (=1)*7 0aju(,§) for [¢] = 1, (1.4)
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and the same holds for all derivatives in x and §. It is said to be even-odd (or, more
fully, to have even-odd alternating parity) if for each j >0

Oamjit(®, =) = (=1)*7 7" gaju(z,§) for [¢] > 1, (1.5)

and the same holds for all derivatives in z and €. A do A € C1%F(M, E) will be
said to be even-even (resp. even-odd) if in each local trivialization any local symbol
oa(z,€) € CS*™ (U, V) representing A (modulo smoothing operators) has even-even
(resp. even-odd) parity.

Thus, an even-even symbol with even integer degree is even in £, while an even-odd
symbol with even integer degree is odd in &; a similar statement holds if the symbol
has odd integer degree.

Remark 1.2. The terminology in Definition (1.1) follows [Grd]. Kontsevich-Vishik
[KV] studied even-even classical 1pdos on odd-dimensional manifolds, calling them
odd-class operators. Odd-class operators (or symbols) form an algebra and include
differential operators and their parametrices. The class of operators with even-odd
parity symbols on even-dimensional manifolds, which includes the modulus operator
|A| = (A%)Y2 for A a first-order elliptic self-adjoint differential operator, was intro-
duced and studied by Grubb [Grl]; this class admits similar properties with respect
to traces on dos as the odd-class operators, though they do not form an algebra.
In [O2] Okikiolu uses the terminology ‘reqular parity’ and ‘singular parity’ for (1.4)
and (1.5).

1.2. Finite part integrals of symbols and the canonical trace. In order to
make sense of [ .., o(x,§)d¢ when o € CS**(U,V) is a log-polyhomogeneous sym-
bol (the integral diverges a priori if Re(a) > —n) on a local subset U C IR", one
can extract a “finite part” when R — oo from the integral |, B (0.R) o(x, &) d¢ where
B(0,R) C T;U denotes the ball centered at 0 with radius R for a given point x € U.

First, though, we introduce the local residue density on log-polyhomogeneous
symbols, which acts as an obstruction to the finite part integral of a classical sym-
bol defining a global density on M and measures the anomalous contribution to
the Laurent coefficients at the poles of the finite part integral when evaluated on
holomorphic families of symbols.

Definition 1.3. Given an open subset U C IR", the local Guillemin-Wodzicki
residue is defined for o € CS*(U, V') by

res, (o) = /S*Utrx (0_n(x,8)) ds&



and extends to a map res, : CS“*(U, V) — C by the same formula

res,o(0) = /5 e (ou(,) dst

k
= ;/S;Utrx (0_ni(x,8)) log' €] ds¢

_ / try (0no(z, ) dsé.
S

U

When k > 0 the extra subscript is included in the notation res, o(c) as a reminder
that it is the residue of the log degree zero component of the symbol that is be-
ing computed. The distinction is made because when k£ > 0 the local densities
res, o(o) dz do not in general define a global density on M, due to cascading deriva-
tives of powers of logs when changing local coordinates. When k = 0, Guillemin

[Gu] and Wodzicki [Wo] showed the following remarkable properties.

Proposition 1.4. Let A € CI*(M,E) be a classical 1do represented in a local
coordinate chart U by o € CS*(U, V). Then res,(c)dzx determines a global density
on M, that is, an element of C*°(M,|Q|), which defines the projectively unique
trace on C1"°(M, E).

Proofs may be found in loc.cit., and in Section 2 here. The first property means
that res, (o) dx can be integrated over M. The resulting number

res(A) == /Mresx(a) dx = /de /S;M try (0_n(z,§)) dsé (1.6)

is known as the residue trace of A. The terminology refers to the trace property
in Proposition 1.4 that if the manifold M is connected and has dimension larger
than 1, then up to a scalar multiple (1.6) defines on CI*(M, E) the unique linear
functional vanishing on commutators

res([A, B]) =0, A, B e Cl"(M,E).

Notice, from its definition, that the residue trace also vanishes on operators of order
< —n and on non-integer order operators.

Remark 1.5. The residue trace was estended by Lesch [Le] to A € C1**(M, E)
with k > 0 by defining resy(A) = (k+ 1! [}, dx [o.,, tro (0-ni(z,§)) dsé. For an
operator with log-polyhomogeneous symbol of log degree k > 0 the form o_, x(x, &) dz
defines a global density on M, a property which is not generally true for the lower
log degree densities o_,o(x,&) dx, ..., 0_pk—1(x,§) dx which depend on the symbol
structure in each local coordinate chart. We emphasize that the higher residue is not
being used in the Laurent expansions we compute here, rather the relevant object is
the locally defined form o_, o(z, &) dz which for suitable A defines one component of
a specific local density which does determine an element of C*°(M,End(E) ® |Q|).

It was, on the other hand, observed by Kontsevich and Vishik [KV] that the
usual L2-trace on 1dos of real order < —n extends to a functional on the space
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CI®% (M, E) of 1dos of non-integer order and vanishes on commutators of non-
integer order. Lesch [Le] subsequently showed that the resulting canonical trace can
be further extended to

C1® (M, E) = ) Qv (M, E)
ae C\Z
in the following way.
Lemma 1.6. Let U be an open subset of IR™ and let o € CS™ (U, V) be a log-

polyhomogeneous symbol of order o and log-degree k. Then for any x € U the
integral fB;(O7R) o(x, &) d¢ has an asymptotic expansion as R — oo

/ o(2,€) dE ~nn
B;(O,R)

0 k k
Co)+ D S Ployllosk) Ra‘””*Zz% / Ol ) dst log' ! R
7=0,a—j4+n#£0 (=0 1=0 z
(1.7)
where Pi(0a—;1)(X) is a polynomial of degree | with coefficients depending on o,—j;.
Here B:(0, R) stands for the ball of radius R in the cotangent space T M and S:U
the unit sphere in the cotangent space T;U.

Discarding the divergences, we can therefore extract a finite part from the asymp-
totic expansion of fB(O Ry 0 (@, &)dE:

Definition 1.7. The finite-part integral * of o € CS™*(U, V) is defined to be the
constant term in the asymptotic expansion (1.7)

][ o(x,&)d¢ = LIMRHOO/ o(x,&)d¢ .= Cy(o). (1.8)
wy B;(0,R)

The proof of the following formula [Grl],[Pa] and of Lemma 1.6 is included in Ap-
pendix B.

Lemma 1.8. For o € CS“*(U, V)

]{W Z/B o Oa—j(z,§)dE + /*UU(N)(x,g)dg

k l+1ll

T Z Z Oé _ ] + 7’L l+1 / O-a—j,l<x7§) d-Sg (19)

j=0,a—j+n#0 (=0

It is independent of N > Re(a) +n — 1.

IThis concept is closely related to partie finie of Hadamard [Ha], hence the terminology used
here. However in the physics literature this is also known as “cut-off regularization”.
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The residue terms on the right-side of (1.9) measure anomalous behaviour in the
finite-part integral. Specifically, (1.9) implies that for a rescaling R — pR

LIMRHOO/ o(xz,&)d¢ = LIMRHOO/ o(x,&)d¢
B (0,1 R) Bx(0,R)

k I+1
lOg 7]
+ IZ:O: [+1 /;UO'a—j,l(l’,g) ds& (1.10)

(cf. Appendix B) and hence that the finite-part integral is independent of a rescaling
if [ S O_ni(x,€) ds& vanishes for each integer 0 < [ < k. More generally, just as
ordinary integrals obey the transformation rule |detC|- [ e J(CE) A& = [n f(E) dE
one hopes for a similar transformation rule for the regularized integral JC]R" o(&)d¢
when o is a log-polyhomogeneous symbol in order to obtain a globally defined density
on M. That, however, is generally not the case in the presence of a residue as the
following theorem shows.

Proposition 1.9. [Le] The finite part integral of o € CS**(U) is generally not
invariant under a transformation C' € Gl,(TsU). One has,

detC) -4 o(e, ) de = ][ oz, €) de (1.11)
T:U 5U
(- 1 (-1
+ [ o g)log!™ o ¢l .
ST [, ot 0rs 07
Proof. We refer the reader to the proof of Proposition 5.2 in [Le]. O

As a consequence, whenever [¢. o (2, &) log™ |C—1€| d¢ vanishes for each integer
0 <[ <k and x € U one then recovers the usual transformation property

|detC| - o(z,CE)dE = o(x,&)dg. (1.12)
T:U T:U

With respect to a trivialization Ej;y =2 U x V, a localization of A € ClI**(M, E)
in C1“*(U, V) can be written

0= [ [ rdya

with amplitude a € CS*(U x U, V). Then with
oa(z,§) =a(z,z,§) € CS*(U,V)
we define

TR, (A) da = 7[ e (0.4 (2, €)) dE dar
T*M

If (1.12) holds for 0 = o4 in each localization it follows that TR, (A) dx is indepen-
dent of the choice of local coordinates. This is known in the following cases.

Proposition 1.10. Let A € C1**(M, E). In each of the following cases TR, (A) dz
defines an element of C*°(M,|2|), that is, a global density on M :
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(1) a ¢ [-n,00) NZ,
(2) A (of integer order) is even-even and M is odd-dimensional,
(3) A (of integer order) is even-odd and M is even-dimensional.

Cases (1) and (2) were shown in [KV], where the canonical trace was first intro-
duced, in terms of homogeneous distributions. Case (1) was reformulated in [Le] in
terms of finite part integrals and extended to log-polyhomogeneous symbols k& > 0.
Case (3) was introduced in [Grl] where it was shown that (2) and (3) may be in-
cluded in the finite part integral formulation. We refer there for details. Notice
though that it is easily seen that the integrals fs;U 0 _ni(w, &) logtt |C1€| d¢ vanish
in each case; for (1), there is no homogeneous component of the symbol of degree —n
and so the integrals vanish trivially, while setting g(¢) := o_,.;(z,&)log™ |C~1¢|,
for cases (2) and (3) one has g(— &) = —g(&) and so the vanishing is immediate by
symmetry.

Definition 1.11. For aydo A € C1“*(M, E) satisfying one of the criteria (1),(2),(3)
in Proposition 1.10 the canonical trace is defined by

TR(A) ::/ dx TR, (A).

The case of ®dos of non-integer order is all that is needed for the general for-
mulae we prove here, cases (2) and (3) of Proposition 1.10 will be relevant only for
applications and refinements. Case (2) in particular includes differential operators
on odd-dimensional manifolds, though this holds by default in so far as TR vanishes
on differential operators in any dimension (noted also in [Grl]):

Proposition 1.12. Let A € CI(M, E) be a differential operator with local symbol
oa, then for any x € M

TR, (A) = fT*Mtrx(aA(x,g)) dg = 0.

Proof. Since A is a differential operator, o4(x, &) = Zf,;ﬁj) or(z, &) withk = (ky, ..., k)
a multi-index with k; € N and o (, £) = ag(2)&* positively homogeneous (with the
previous notations we have o(y) = 0 provided N > ordA). Its finite-part integral
on the cotangent space at z € M therefore reads

ordA

_ k
f ot = S a@ien [ i

M |k|=0 B3(0,R)

*
x

ordA

R
= > ap(x) LIMp_s ( / r|k|+nldr> erag
0 SEM

|k|=0

. . . [k|4+n
which vanishes since LIMg_. o Ifk‘ — =0 O

On commutators the canonical trace has the following more substantial vanishing
properties [KV], [MN], [Le], [Grl], providing some justification for its name.

Proposition 1.13. Let A € C1**(M, E), B € CI'(M, E). In each of the cases
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(1) a+f & [-n,00) N7,
(2) A and B are both even-even or are both even-odd and M is odd-dimensional,
(3) A is even-even, B is even-odd, and M is even-dimensional,

the canonical trace is then defined on the commutator [A, B] and is equal to zero,

TR([A, B]) = 0.

The canonical trace extends the usual operator trace defined on the subalgebra
CIM<""(M, E) of ¥dos of real order Re(ar) < —n, in so far as for 1dos with (real)
order less than —n finite part integrals coincide with ordinary integrals. More pre-
cisely, if K4(z,7) denotes the Schwartz kernel of A € CI°*<~""(M, E) in a given lo-

calization, then o4(z,§) is integrable in & and K4(x,z) dx = <fT*M oa(z,§) d‘f) dx
determines a global density on M, and one has

tr(4) = /M drte, (Ka(z, 7)) = /M dx ][;Mtrx(UA(%é“))dé:TR(A)-

1.3. Holomorphic families of symbols. We consider next families of symbols
depending holomorphically on a complex parameter z. The definition is somewhat
more delicate than that used in [KV] (or [Le]) since growth conditions are imposed
on each z-derivative of the symbol. This is in order to maintain control of the full
Laurent expansion.

First, the meaning here of holomorphic dependence on a parameter is as follows.
Let W C @ be a complex domain, let Y be an open subset of IR™, and let V' be a
vector space. A function p(z,n) € C*°(W x Y,End(V)) is holomorphic at zy € W if
for fixed n with

p* (z0,m) = 0 (p(2,1)) 2=
there is a Taylor expansion in a neighbourhood N, of 2

pem) = 3 00 E 200 (113)

which is convergent, uniformly on compact subsets of N,,, with respect to the
(metrizable) topology on C*(W x Y,End(V')) associated with the family of semi-
norms

qllm 1o = sup |00k q(z,m)| (1.14)
(z,m)€EK xKo
r+|ul<m

defined for m € IN and compact subsets K1 C W, Ky C IR™.

Definition 1.14. Let m be a non-negative integer, let U be an open subset of IR",
and let W be a domain in €. A holomorphic family of log-polyhomogeneous symbols
parametrized by W of order o € C*°(W, C) and of log-degree m means a function

o(2)(z,§) =o0(z,2,§) € C°(W x U x R",EndV)
for which:
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(1) o(2)(x,€) is holomorphic at = € W as an element of C*(W xU x IR", EndV)
and

0(2)(,6) ~ Y 0(2)a—s (2, €) € CSO™(U,V), (1.15)

Jj=>0
where the function o : W — @ 1s holomorphic;
(2) for any integer N > 1 the remainder

?

n(2)(@,8) =0 (2)(x,§) = ) az)—5(2)(x,§)

<.
I
o

is holomorphic in z € W as an element of C*(W x U x IR",EndV) with
k™ z-derivative

oty (2)(@,€) 1= 0¥ (o) (2)(,€)) € S*O N, V) (1.16)
for any e > 0.

A family z — A(2) of log-classical 1dos on C*°(M, E) parametrized by a domain
W C C is holomorphic if in each local trivialisation of E one has

A(z) = Op(oa(s)) + R(2)

with o 4(z) a holomorphic family of log-polyhomogeneous symbols and R(z) a smooth-
ing operator with Schwartz kernel R(z,x,y) € C*(W x X x X, End(V)) holomorphic
m z.

There are, of course, other ways to express these conditions; for example, in terms
of the truncated kernel K™ (z)(x,y) = Jrve e @ Vg (2)(x, £) d with large N,

and its derivatives 0¥ K™)(2)(x,y), used in the case k = 0 in [KV] to compute
the pole of Tr (A(z)) at zgp € P. When dealing with the full Laurent expansion the
essential requirement is that a balance be preserved between the Taylor expansion in
z, in terms of the growth rates of the z-derivatives of the symbol, and the asymptotic
symbol expansion in &.

Proposition 1.15. If o(z)(x,§) € CSO‘(Z)””(U, V') is a holomorphic family of log-
classical symbols, then so is each derivative

®)(2)(z,€) == 0% (0(2)(x,€)) € CS*&m+k( V). (1.17)

Precisely, o™ (2)(z,€) has asymptotic expansion

~ > o™ z,€) (1.18)

7>0
where as elements of Uln:gk CS=3 LU V)
O-(k)(z>a(z)—j(l‘7£) = 85 (O-(Z)a(z)—j(x7 )) . (119)
That 1s,
(afo-(z))a(z)_j (l’, g) = 85 (0<Z>a(z)—j($7€>) . (120)
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Proof. We have to show that

o (o ~ Y (0(2)a()-i(x,€)) (1.21)

7>0

where the summands are log-polyhomogeneous of the asserted order. First, the
estimate

N—
O (o 0 (0(2)a(z)—j(7,8)) € SN+ V)

Jj=0

,_.

any € > 0, needed for (1.21) to hold is equation (1.16) of the definition. It remains to
examine the form of the summands in Z ok (0(2)a()—j(x,€)) . Taking differences
of remainders oy (2)(z, &) implies that each term o(2)a(z)—;(2,€) is holomorphic.
In order to compute 0, (0(2)a)—j(z,£)) one must compute the derivative of each
of its homogeneous components; for |£| > 1 and any [ € {0,--- ,m}

. (Gusi(2)(@, ) = (\a“ 3 ooyl m%))
= [ (2)[€]*F T g o
( (2) 61O 0ey—1(2) (2 m))lgm

+ ¢ 9, (Ua(z)—j,l(z)($7 é—|)) :

Since 0q()—j,1(2)(z,£]€|7") is a symbol of constant order zero, so is its z-derivative.
Hence

0: (0(2)a(2)-4.1(7,€)) = &/ (2) 0(2)a(z)—j1(w, ) 10gl€] + pa(e)—s1(2)(w,€)  (1.22)

where 04(2)-,1(2), Pa()—j,1(2) € CSQ(Z)_j(U) are homogeneous in ¢ of order a(z) —j.
Hence 0. (0(2)a(:)—j) € CS*E)=mHL([7) Iterating (1.22), OF (Ca()—j(2)(x,€)) is
thus seen to be a polynomial in log[¢] of the form

§ 0
@)) log”[¢]

with each coefficient homogeneous of order a(z) — j. This completes the proof. [

(@ () Tagy—j e (2) (2, €) log" ™ (€] + ...+ [€[*D 7 0¥ (000)—j1(2)(x,

Thus, taking derivatives adds more logarithmic terms to each term o (2)a(2)—; (2, §),
increasing the log-degree, but the order is unchanged. Specifically, o*) (2)a(z)—j takes

the form
m—+k

O—(k)(z)a(z)fj<x7 6) = Z O_(k)(z)a(z)fj,l(xa 5) logl [6]7 (123)

=0

where the terms 0" (2) () —j.1(, €) are positively homogeneous in € of degree a(z)—j
for |£] > 1 and can be computed explicitly from the lower order derivatives of
0(2)a(z)—j,m(x,&). The following more precise inductive formulae will be needed in
what follows.
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Lemma 1.16. Let o(2)(z,§) € CS(U, V) be a holomorphic family of classical sym-
bols. Then for €| > 1

U (D@ = (=)ol ()0,
D@8 = (@)l ()@,
FIEOT 0. (0% (e, 1<i<h
o o) (@) = [g" az<o$zl)_j7o<z><x, £/leD)).

Proof. From the above

08 (2)a(z)-j(#,€) = 05(0(2)ate)—(%,€)) = Y 0®(2)ae)-j(w, ) log'[¢],

so that
k
0"V (@)oo €) = Y 0: (01 (2)ae)-a(x, €)) log'l€]. (1.24)
1=0
Hence for [£| > 1
k1
Z U(k+1) (Z)a(z)fj,l(xa f) IOgl |€| =
1=0
Za o) Tog €]+ 16797 0, (09 eyl 5 ) o

Where for the right-side we apply (1.22) to each of coefficient on the right-side of
(1.24). Equating coefficients completes the proof. OJ

A corresponding result on the level of operators follows in a straightforward man-
ner:

Proposition 1.17. Let z — A(z) € CI®®"™ (M, E) be a holomorphic family of
log-polyhomogeneous dos. Then for any non-negative integer k, A®(z) lies in
Cletolmik (N R).

Example 1.18. For real numbers «, ¢ with ¢ > 0 the function o(z)(x, &) = ¥(§) [£|* %,
where 1 is a smooth cut-off function which vanishes near the origin and is equal
to 1 outside the unit ball, provides a holomorphic family of classical symbols; at
any point z = zy € € we have o™ (2)(z,€) = (—q)*(€) log" €] |€]*~%° which
lies in CS* %% (U7). More generally, if Q € Cl%(M, E) is a classical elliptic ¥do
of order ¢ > 0 with principal angle 8, then one has for each z € C the complex
power Q,° € CI" (M, E) [Sel] represented in a local coordinate chart U by a clas-
sical symbol q(2)(z,£) € CS™*(U, V). Let A € C1*(M, E) be a coefficient classical
do represented in U by a(z,£) € CS*(U). Then 0,5+ (x,&) € CS* (U, V) is a
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holomorphic family of symbols parametrized by W = € whose convergent Taylor
expansion in C*°(C x U, V') around each z; € € is from [O1] Lemma(2.1) given by

oo k

(0 aqs)a—gs—j(2,§) = (—1)* (aolog"(q) o q(z0))

a—qzo—J,1

where o denotes the usual mod(S~°) symbol product, q := q(—1) and log*(q)(z, £) :=
(log(q) o ... olog(q))(z, &) € CS* (U, V) with k factors.

1.4. A Laurent expansion for finite part integrals of holomorphic symbols.
The following theorem computes the Laurent expansion for finite part integrals of
holomorphic families of classical symbols of order a(z) in terms of local canonical
and residue densities. This extends Proposition 3.4 in [KV], and results of [Gu, Wo],
where the pole, the first coefficient in the expansion, was identified as the residue
trace. The proof uses the property that each term of the Taylor series of a holomor-
phic family of classical symbols has an asymptotic symbol expansion, allowing the
Laurent expansion of § o(z)(z,£) d¢ to be computed through Lemma 1.8. Notice
that although the Taylor expansion in the C'*° topology gives no control over the
symbol as |{] — oo, (1.15), (1.16) impose what is needed to ensure integrability
requirements.

Definition 1.19. A holomorphic function o : W — C defined on a domain W C C
1s said to be non-critical on

P:=a 'YZN[-n,+oo])NW
if /(z0) # 0 at each zy € P.

Theorem 1.20. (1) Let U be an open subset of R". Let z — o(z) € CS* (U, V)
be a holomorphic family of classical symbols parametrized by a domain W C €
such that the order function « is non-critical on P. Then for each x € U the map
2+ fay 0(2)(2,€) d€ is a meromorphic function on W with poles located in P. The
poles are at most simple and for z near zy € P one has

o \k
(2,€) g g E— 22

Y

JQJUU(Z)(WCE - ﬁ /S O] () dst (Z_—lZO)
+ (f Lot — s [ o) e o)
b g [ o) dse
- g(][T;UU(“(%)(%S) dg — /S GO C RS dsf) <z—k_'z>’“
+ o=, (1.25)
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where
k+1 '
Lo (o(z0), - 0® (=) = 3 —HEE= 00 () € CS" AU, V), (1.26)
j=0 & (20)
and py11_; is an explicitly computable polynomial of degree k-+1—j in o' (z), ..., a® ) (z).

Furthermore, the coefficient of Lo)k in (1.25) is equal to fp,_, f3., 0" (2). If a
is a linear function a(z) = qz + b wzth q # 0 then (1.25) reduces to

1 1
[ eewaw =~ [ e P

x

+ <][U o(z0)(x, &) d§ — é/;UU/(ZO)n’O(xjg) d‘sf)

T

+ i(f )(20)(2,€) A€ — q(k1+1) /;UU(kH)(ZO)—n,o(x,f) dg&) (z_k—'zo)k

=1

+ o((z—2)"). (1.27)

If zo € W but z9 ¢ P, then JLT* 2)(x, &) d¢ is holomorphic at z = zy and (1.25)
then simplifies to the Taylor expanszon

o\Z)\T = O\ 2o )\ X 3 U(k) 20 )\T M
[ o0waw = oowod s S f oewoaty
+ o0 ((z—20)"%). (1.28)

(2)  For any holomorphic family z — A(z) € CI*®)(M,E) of classical dos

parametrized by a domam W C €, such that order function « s non-critical on
P, the map z — TR(A = fM dx fT* try (JA(Z)(x,g)) d¢ is a meromorphic
function on W with poles located in P. The poles are at most simple and for z near
zo € P

TR(A(z)) = — ——res(A(x))

+ /de (TR’”(A(ZO))_aflz resx,D(A’(zo))) + 202:,2232 res (A(zo))

(z — zo)*

K
+ Z /M dx (TRx(A(k)(zo)) —T€Sy 0 (Ek(aA(ZO), e ,O'A(k+1)(zo)))) i
k=1

+ o0 ((z—2)") . (1.29)
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Furthermore, the coefficient of—)k in (1.29) is equal to fp._, TR(AW(2)). If A(z)
has order oz) = qz + b with q¢ # 0 then

1

(z — 20)

¥ /de (TRx(A(zO)) — éresx,o(A'(Zo)))

(k+1)

TR(A(2)) = —éres(A(zo))

+ o0 ((z—2)"). (1.30)

If zo € W but zy ¢ P, then TR(A(z)) is holomorphic at z = zy and (1.29) then
simplifies to the Taylor expansion

k

TR(A(z)) = TR(A(20)) + Z TR(A™ (%)) % +o((z—2)%). (1.31)

Remark 1.21. Since « is non-critical on P, we have from Proposition 1.17 and
equation (1.22) that the operators A®)(z) € CI°COF (M| E) in equation (1.29) are
not classical for k > 1.

Remark 1.22. At a point zg € P, o'(zy) # 0; writing a(z) = a(z) + &' (20)(z —
20) +0(z — 20) we find that « is injective in a neighborhood of zy. As a consequence,
Z being countable, so is the set of poles P = o *(Z N [—n,+00)) N W countable.

Remark 1.23. Setting a(z) = 5 with A € R* for z € (D\{—)\_l} gives rise

to an additional finite part 5 o 0) fs U (2,6) ds& = A fS* —n(z,§) dsé

just as a rescaling R — e R zn the ﬁmte part integrals gives rise to the extra term
A oy 0(0)_p(2,8) ds& (see (1.10) with k =0 and p = e*).

Proof. Since the orders a(z) define a holomorphic map at each point of P, for any
29 € P there is a ball B(zg,r) C W C C centered at zy € W with radius r > 0
such that (B(zo,7)\{20}) () P = ¢. In particular, for all z € B(zg,7)\{20}, the
symbols o(z) have non integer order. As a consequence, outside the set P, the finite
part integral JCT 2)(x, £)d¢ is defined without ambiguity and JCT O (m £)d¢ dx
defines a global densfuy on M.

Since zg € P, there is some j, € INU{0} such that a(z9)+n—7jo = 0. On the other
hand, for z € B(zp,7)\{z0} we have a(z)+n—j # 0 and N > Re(a(z))+n—1 can be
chosen uniformly to ensure that o(n)(2) € S<7"(U, V). Hence for z € B(zp,7)\{20}
equation (1.9) yields (with &£ = 0)

/ oI de
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_ i/B(Ol a(e)—i (T, ) de +/ o (2)(z,§) dg

s T:U

'M2

Il
=)

1
() +n—j /S;Uff(Z)a(z)j(x,&) dst

I
M=

/ oy (. €) dE + / ooy (2) (2, €) dE
B*(Ol U

=0
N
1
) j=;j¢jom/sw 0(2)a(z)-4(,€) ds§
1

—az) — alz)

[ oehoale € dse (132)

where, in view of the growth conditions (1.15) and (1.16), it is not hard to see
that each of the integrals on the right-side of (1.32) is holomorphic in z. Since
Oa(z)—j(2) (2, €) is a holomorphic family of classical symbols, there is a Taylor expan-
sion (1.13)

k

0(2)az)-i(#,€) = Y 0" (20)a(z0) (2, 5)% (1.33)
k=0 ’

with coefficients in CS*0)=3:%({))
0" (20)a(z0)—5 (%, €) 1= 02 (0(2)a(z)—5) lo=20 = (050(2)) 4y lo=20: (1.34)
(2)—J

where the first equality is by definition while the second equality is equation (1.20),
and likewise there is a Taylor expansion of the remainder o(n)(2)(z, ) with coeffi-
cients

02 (o) (2)(2,6)) L=z = (020(2)) () () ]e=z0: (1.35)

where again the equality is consequent on equations (1.18) and (1.20). For any
non-negative integer K we may therefore rewrite the first two lines of (1.32) as a

polynomial ZkK:o ap &= ZO
(050(2)) ) (@, ) |s=z d€

N
k
jgo/BJE(O,l) (az(j(z))a(zrj (7,8)] 2=z dE + /;U
3 1
_ k 1 ) ) | |
Z 8Z|Z:z0 (OK(Z) +n _] /5ng (Z)a(z) J<x7£) dsf) (1 36)

3=0,3730

plus an error term of order o((z — 2)¥) with

Here, since j # jo, we use the fact that each factor in the terms of the final summa-
tion of (1.36) are holomorphic in a neighbourhood of 2y (including at z = z). On
the other hand, from (1.18)

o (20)(2,€) = 850 (2) (@, )|y ~ 3 (850(2)) o, () sy

>0
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while we know from (1.17) that ¢®)(2) € CS*®*(U). Hence (1.9) may be applied
to see that

£ o)) de

x

(afa(z))a(z),j (7,8)]2=z A + / (350(,2))(1\[) (7,8)] 2=z d€

=0 7 Bx(0,1) TxU
Sy (Cu ‘
+ 2; ;(Q(ZO)_ T [ 050@) s (@ Ol ds (137)
J=U,37FJo = z

From the following lemma we conclude that the expressions in (1.36) and (1.37) are
equal.

Lemma 1.24. For j # jo one has in a neighbourhood of z,

o (a(z);—ln_] /5 Do) dsf)

— . (_1>l+1“ k 5 T
- ; (a(z) —j +mn)it! / U (950(2)) 4oy .0 (@, €) dsC.
(1.38)

Proof. We choose z in a neighbourhood of z; such that each of the factors on both
sides of (1.38) are holomorphic. The equality holds trivially for £ = 0. For clarity
we check the case k = 1 before proceeding to the general inductive step. For k =1
the left-side of (1.38) is equal to

() /S O(Z)a(z),j(x,f) ds§

(a(2) =j+n)* Js;u

*
x

N /S*Uaz (0(2)a()—j) (x,€) ds€. (1.39)

a(z)—j+n
From (1.18) and (1.22), for |£| > 1
(0.0(2)) ooy (2.) = 0/(2) (o5 (@.6) 0 €] + paer-s(2)(a.€)
and hence (0.0(2)) )1 (%,€) = &/(2) 0(2)a(s)—j (@, §) for €] = 1. The expression
in (1.39) is therefore equal to

(a(z) —1j +n)? /S*U (0:0(2))az) 1 (@ €) dst
1

e — 0. (o(z . ’5 d 5
OC(Z) — ] +n /S*U ( ( )a(z)_]) (l’ ) S
which is the I'lgh' -side of (138) for k = 1.




22

Assume now that (1.38) holds for some arbitrary fixed £ > 0. Then the left-side
of (1.38) for k£ + 1 is equal to

. (ag (ﬁln_] /S BRLCIERICE d‘s§)>

1)l+1l[

S (-t "
= 0 (Z (a(z) — j +n)Ht /S;U (aza(z))a(z (x ¢) ds§>

=0

(-1 (4 D! of(2) ®
- a(z)—j7, ; d
ZZ /;U 0" N(2)a(z)—j1(x, &) ds

(a(2) = j +n)+2

_1)l+1 il

k ( ! 0 o
"2 (a(Z)—jJrn)lH/ 0: (0"(2)a()-5.1(2,€)) ds§, (1.40)

*U

where for the second equality we use the property that both of the factors in each
summand on the right-side of (1.38) are holomorphic near 2, and in the notation
of (1.23)

(afa('z))a(z),j (l’, 5) = Z O'(k)(z)a(z)—j,r(xa 6) logr[f]'

r=0

In that notation the right-side of (1.38) for k replaced by k + 1 reads

_1)l+1l!

k+1
(
; (a(z) —j +mn)t /;U M (=) age)5.(w,€) dsé, (1.41)

while on the (co-)sphere SiU where || =1 the identities of Lemma 1.16 become
(@) = a0l ()@,
o @) = ()l (&) + 000 ()@ ), 1<I<k
olio(@ &) = 0ol (=), ©).

Substitution of these identities in (1.41) immediately shows (1.41) to be equal to
(1.40). This completes the proof of Lemma 1.24. UJ

Returning to the proof of Theorem 1.20, from (1.36) and (1.37) and Lemma 1.24
we now have

ay = ]{gU o (z0) (x, €) de,
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and so the first two lines of (1.32) may be replaced by 35, JCT;‘U o) (z0)(x, &) dg E=20k ZO =
o((z — 20)%). Hence (1.32) becomes
K k
f oot = Sf oWt B o))
sV k=0 12U '

B m / o) a(mdse (142)

To expand the sphere integral term in (1.42), since « is holomorphic we have in
a neighbourhood of each 2z, € P a Taylor expansion

L a®(z l ;
a(z) — alz) = Z L (z—20) +0(z — 29)

[!
=1

and hence since o/(zp) # 0 an expansion

1 1 1
Aol WG ) 1y y, I Gl
1 1 o/’

o'(20) " (2 — 20) (2 = 20) + o(z — 2)’ (1.43)

IIM&

with 3;(2) an explicitly computable rational function in a®)(z;), 1 < k < j+1 with
denominator an integer power of o/(zp). On the other hand, since a(zy) — jo = —n,
the expansion (1.33) for j = j, becomes

Deern@€) = 33 (0¥ ) il logl E= 2L (1.44)

k=0 =0

Since (0™ (20)) _ni(, &) logh |€] = 0 for I > 1 on S:U, we find from the expansions
(1. 43) and (1.44)

1
(z — 2p)

az) Joxf)dsf—a

ZQ)

K

_ Z/chk (o(zo),a’(zo), e "7(“1)(20))%,0 (2,€) dsé %

+o ((z — 20)") | (1.45)

where Ly (0(20),0"(20), - -+ , 0% (2)) is readily seen to have the form in (1.26). In
particular, the explicit formulae given for the first two terms in (1.43) lead to the
formula

| / (0'(20)) o (2, €) st
U

Lo (0(20),0"(20)) (x,8) =
, e
[, om0 dst — 55 [ ot ate ) dst

*
x

1

o'(20)
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which with the contribution from the k£ = 0 finite-part integral on the right-side of
(1.42) gives the stated constant term in the expansion (1.25). The next term up,
for example, is

L1(0(z),0'(20),0
1

o (%) /*UU (20)—no(z, &) ds& — W /S;UUI(ZO)—n,o(JC,f) det
304”( ) 20/”(20) ( )
12 o/ (Zo)3 /*UU(’ZO)TL<$7£) de

When a(z) = gz+b with g # 0 the right-side of (1.43) is ( —y and so from (1.33)

one then has £y, (0(20),0"(20), -+ ,o* ™ (z)) = U;k(zlig;?) and so (1.27) follows.

If zo ¢ P then a(z) € C\Z and so the log-polyhomogeneous symbols L in
(1.45) then have non-integer order and hence have no component of degree —n, and
therefore vanish. Likewise the pole in(1.45) vanishes and so (1.25) simplifies, in this
case, to (1.28). Alternatively, this can be seen in a simpler more direct way by
using the linearity of the finite-part integral over log-polyhomogeneous symbols of
non-integer order applied to the Taylor expansion of the symbol at z5. (Indeed, in
this case the term j = jy in (1.32) does not need to be treated separately from the
sum in the previous line and (1.36) holds by linearity, from which Lemma 1.24 may
then be inferred and now including the case j = jo.)

This shows the first part of the theorem.

—
N
(=]
S~—
S~—
 —
8
m
N~—
I

For the second part we use a partition of unity {(U;,¢;) | i € J} such that for
i,j € J there is an [;; € J with supp(¢;) U supp(¢;) C Uy; := Uy,,. We suppose
trivialisations of m : ' — M over each open set U;. Then, with U;; identified with

an open subset of IR", one has A(z) = >_, ; $;A(2)¢; where ¢; A(2)d; = Op(oj)(2))
is the localization of A over U;; with amplitude

(i (2)(z,y,€) € CS*D(Uy; x Uy, V)

a local holomorphic family of symbols in (z,y) form. FEach finite-part integral
JCTZU” (i) (2) (@, 2,&) d€ is well defined out81de P, since A(z) has non-integer or-
der for those values of z. Using the linearity there of the canonical trace functional

it follows that for z ¢ P
Z/ ][ O-(Zj (l‘,l’,f)) dgdl‘7

where tr is the trace on End(V'), allowmg (1.25) to be applied to each of the sum-
mands defined over the trivialising charts. Each locally defined coefficient in the
Laurent expansion is seen by holomorphic continuation to define a global density on
M in the way explained in Proposition 1.25. The first part of the theorem therefore
yields that TR(A(z)) is meromorphic with simple poles in P and since

k
0'54()20) = O-A(k)(zo) (146)
the identity (1.29) now follows from the formula (1.25) applied to each localization.
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The fact that the coefficients of & kz,o )" in the Laurent expansions of the mero-
morphic maps z — f.,0(z) and z — TR(A(2)) correspond to the finite part at
z = 2z of their derivative at order k follows from the general property for a mero-
morphic function f on an open set W C € with Laurent expansion around z, given

by f(Z) = Zj 1 (Z ZO + Zk‘ Oak Z ZO) + O((Z - ZO)K) that

pr:ZOf(k)(z) = Q. (1.47)

Combined with the equality O*TR(A(z)) = TR(A®)(z)) valid for z ¢ P we reach
the conclusion.

Since the formulas (1.30), (1.31) now follow from (1.27) and (1.28), this ends the
proof of the theorem. O

In passing from the local formula (1.25) to the global formula (1.29) in the proof
of Theorem 1.20 we have implicitly used the following fact, yielding the Laurent
coefficients to be global densities on M which can be integrated.

Proposition 1.25. Let c¢x(x) denote the coefficient of =2~ =z0)° ZO " in the Laurent expan-
sion (1.25). Then cx(x) dx is defined independently of the chozce of local coordinates
on M.

Proof. By formula (1.47), the coefficient ¢;(z) of & ]:,0 " in the Laurent expansion
(1.25) with o(z)(z,-) = 0ae)(x, ) is identified with the finite part at z; of the k-th
derivative of the map

2= I (x) = ][*U oA (x, &) d§

i.e. cp(z) = 1p,_, Lawy(,)(x). For z ¢ P the property (1.12) holds for the finite part
integral I4(.)(x) as well as for the finite part integrals I A(k)(z)(:v) since the order of
A®) differs from that of A(z) by an integer.

The map 2z +— I m(,)(z) has a Laurent expansion I, (z) = SR bi(z)

=1 =P
S () E5 ZO) + o((z — 20)*) and (z — 20)"' T4, () can be extended to a
holomorphic functlon in a small ball centered at z; with value by,1(x) at zy. Since
property (1.12) holds for I4x)(,) () outside z in this ball, it holds for the holomor-
phic extension on the whole ball and hence for by ;(z). Using (1.12), we deduce
that bxy1(x)dz is defined independently of the choice of local coordinates on M

and so is the difference <I A () (T) — (Zbi;;)(,ﬁl> dz for any z outside zp in a small

ball centered at zy. Iterating this argument, one shows recursively on the integer

1 < J < k that ([A(k)(z) (x) — Z;Hll / (Zb Zw) > dx is defined independently of the

choice of local coordinates on M in a small ball centered at z;. Consequently, the
finite part (pr:ZOI A(k)(z)(x)) dz at zp is also defined independently of the choice of
local coordinates. Since this finite part coincides with k! ¢x(x), we have that ¢ (x) dz
is defined independently of the choice of local coordinates on M. OJ
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Examining the singular and constant terms in the expansions of Theorem 1.20 we
have the following corollaries.

First, the singular term yields the known identification of the residue trace with
complex residue of the canonical trace, derived in [Gu], [Wo], [KV]. With the
assumptions of Theorem 1.20:

Corollary 1.26. The map z — 5., 0(2)(z,§) d§ is meromorphic with at most a
simple pole at zy € P with complex residue

Res._.. 7[T ECEOLEE /S  olan)nfo.€) dsE (1.48)

a'(20)

For the holomorphic family z — A(z) of vdos parametrized by W, the form
m fS;U (UA(ZO))_n (x,€) ds&dx defines a global density on the manifold M and
the map z — TR(A(z)) := [,, dx TR, (A(2)) is a meromorphic function with at most
a simple pole at zy € P with complex residue

Res,—,,TR(A(z)) = — res (A(z)) - (1.49)

o’(20)

Thus, consequent to Proposition 1.25, one infers here the global existence of the
residue density for integer order operators from the existence of the canonical trace
density for non-integer order operators and holomorphicity.

On the other hand, the constant term provides a ‘defect formula’ for finite part

integrals.

With the assumptions of Theorem 1.20:

Theorem 1.27. For a holomorphic family of symbols z — o(z) € CS(U, V') parametrized
by a domain W C € and for any x € U,

o] cD@OE = f ol - o [ o) noled) st

*
x

a”(zo)

+ — L;UU(ZQ)_n<I,§) dsf (150)

2a/(2p)?

For the holomorphic family z — A(z) € CI(M, E) of vdos parametrized by W C C,

fp._, TR(A(z)) — /M dz (TRx(A(ZO)) _ ﬁresx,o(/l'(zo))>
+ % res (A(zo)) (1.51)

Remark 1.28. Since a is non-critical on P, from Proposition 1.17 if zo € P the
operator A'(zy) € CI°COY (M, E) in equation (1.51) is not classical.
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Remark 1.29. If res, o(A(z)) = 0 then fp,_, TR, (A(2)) = lim,_.., TR, (A(2)). If
this holds for all x € M, then TR(A(z)) is holomorphic at zy and fp,_, TR(A(2)) =
lim, .., TR(A(2)).

One therefore has the following statement on the existence of densities associated
to the local canonical trace.

Theorem 1.30. With the assumptions of Theorem 1.20, for a holomorphic family
z +— A(z) € CI(M, E) parametrized by a domain W C €, and irrespective of the

order a(zp) € R of A(z)
(TRx(A(zo)) — mresw(fl’(zo))) dx (1.52)

defines a global density on M which integrates on M tofp,_, TR(A(2)). If a(z) ¢ Z
then (1.52) reduces to the canonical trace density on non-integer order classical dos
of [KV].

1

Though this follows on the general grounds of Proposition 1.25, we have, for com-
pleteness, given a direct proof of Theorem 1.30 in Appendix A. This specializes
to give the previously known existence of the canonical trace on non-integer order

1dos, recalled in Section (1.2).
With the assumptions of Theorem 1.20:

Theorem 1.31. Let z — A(z) € CI(M, E) be a holomorphic family of classical
ypdos parametrised by W C C and let zy € W. If either

TR, (A(z0)) dx = (][TM t12(0A(z0)) (2, §) df)
res,(A'(2)) dx := /*M tr, ((O‘A/ o)), (@ 5)) dsé dx

defines a global density on M, then TR (A(z)) andres (A'(z0)) = [, resso0(A(20)) da
are both well defined. The following defect formula then holds

fp._. TR(A(z)) = TR(A(z0)) — res (A'(z)). (1.53)

o' (20)

This holds in the following cases:

(i) If A(z) € Cl*®)1O(M, E) satisfies one of the cases (1), (2) or (3) of Proposi-
tion 1.10 then TR(A(z)) is defined and (1.53) holds. In case (1) this reduces to

fp._, TR(A(2)) = TR(A(x)). (1.54)

(i) Ifresyo(A'(20)) =0 for all x € M then TR(A(z)) is holomorphic at zy € W,
so that fp,_, TR(A(z)) = lim._.., TR(A(z)), and (1.54) holds.
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(i) If A(zo0) is a differential operator, and more generally whenever TR, (A(z)) =0
for all x € M, (1.53) reduces to

fp.—., TR(A(2)) = —

(0] res (A'(z)) . (1.55)
Remark 1.32. (1.53) can hold with both summands on the right-side of the equation
non-zero. See Example 2.8.

Proof. The first statement is consequent to Theorem 1.30. Since TR, (A(2)) dz
then defines a global density the transformation rule for finite part integrals in
Proposition 1.9 implies that

/ try (O’A(ZO))in o (,€) log |C¢lds¢ =0 VO € GL,(T)
SxM ’
and hence (taking C' = X1, A € €) that

res; 0(A(z)) := / dsé tr, (JA(ZO))% o (2,8) =0.
SxM ’

Equation (1.53) now follows from (1.51). Parts (i), (ii), (iii) are now obvious in view

of Proposition 1.10 and Proposition 1.12 and the vanishing of the residue trace on

non-integer order operators and on differential operators. O

2. APPLICATION TO THE COMPLEX POWERS

An operator Q € Ell(M, E) of positive order is called admissible if there is a
proper subsector of C with vertex 0 which contains the spectrum of the leading
symbol o7,(Q) of Q. Then there is a half line Ly = {re? ,r > 0} (a spectral cut)
with vertex 0 and determined by an Agmon angle 6 which does not intersect the
spectrum of Q. Let BN (M, E) denote the subset of admissible operators in
Ell(M, E) with positive order.

Let Q € Ellﬁ%’;o(M , E) with spectral cut Ly. For Re z < 0, the complex power
Qj of @) is a bounded operator on any space H*(M, E) of sections of E of Sobolev
class H® defined by the contour integral:

1

Q; —/Ce N (Q — M) ~tdA (2.1)

9:271'

where Cy = Clp, U Cyp, U Csp,. Here r is a sufficiently small positive number
and Crg, = {N=|\e? | +o00>|N>71}, Cog,={A=re?|0>¢>0—27}
and Oz, = {\ = [Ne?®?2) | r < |A] < +oo}. Here \* = exp(zlog\) where
log A = log |A| +i6 on C} 4, and log A = log |\| +i(0 — 27) on Csy,,.

For £ € IN the complex power ()* is then extended to the half plane Re z < k
via the relation [Sel]

kryz—k
Q"Qy " = Qp.
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The definition of a complex power depends in general on the choice of  and yields for
any z € € an elliptic operator @} of order z - ord(Q). In spite of this #-dependence,
we may occasionally omit it in order to simplify notations.

Remark 2.1. For z =0
Qp=1-1lg
where Ilg is the smoothing operator projection

7
) = — — N~ td)
Q=5 CO(Q )

with Cy a contour containing the origin but no other element of spec(Q), with range
the generalized kernel {¢p € C*(M,E) | Q¢ = 0 for some N € IN} of Q. (See
[Bul, [Wol, presented recently in [Po]).

Let Q € EllZfﬁO(M, E) be of order ¢ with spectral cut Ly. For arbitrary k € 7,
the map z — @} defines a holomorphic function from {z € €, Rez < k} to the space
L (H*(M,E) — H*"4(M, E)) of bounded linear maps and we can set

0
log, Q := {&le

=0

From (1.22), in a local trivialisation Ej, ~ U x V of E over an open set U of M the
symbol of log, @ reads giog, o(7,£) = ord(Q) log |£[Id + p(z, &) with p € CI°(U, V),
and so log, @ € C1%'(M, E) has order zero and log degree one. The logarithmic
dependence is slight, for P, Q) € Ellgfg;o(M , ), of non zero order p, q respectively
and admitting spectral cuts Ly and L, we have bg’T‘)P — % € CI°(M, E). More
generally, higher derivatives of the complex powers have symbols with polynomial
powers of log |£] and it follows from Proposition 1.17 that

logh Q = {88—;@;} c C1I°%(M, E). (2.2)

z=0
Theorem 1.20 leads to the following Laurent expansion.

Theorem 2.2. Let Q € BN (M, E) with spectral cut 0 and of order q and
let A € CI%(M,E). On the half plane Re(z) > =t the local Schwartz kernel

KAQ;z(x,y) of AQ,* is well defined and holomorphic and the restriction to the
diagonal KAQg—z(q;,I) de = [, UAQg—z(:L‘,f) d¢ dx defines a global density, an ele-
ment of C=(M,End(E)). There is a meromorphic extension of KAQ;z(x,y) to all
zeC

Ky gee(ar )| o= ][T  Tagy(m€) (2.3)
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with at most simple poles, each of which is located in P := {% |j € [—n,o00[ NZ}.
For any x € M, we have for z near O‘%j epP

mer 1 1
e = [ (o) 90 g
x q
K k
(—1)F =]
+ D HoO\"T g

1
X ][*U O-AQéj—a)/q logng($7§> df — m /S;M (O'AQéj—a)/q log’g+1 Q) o (51375) d-Sf)

T

+ 0<(Z_Q;J)K). (2.1

It follows that the map z — TR(AQy*?) == [, trs (KAng(xﬂmer) is a meromorphic

function with no more than simple poles located in P, and for z near %j epP

1 ia 1
TR(AQ,") = 5“35(/4@951 )(Z_—a%ﬂ)
K
(—=1)* a—j
g ( g )
k=0
X / dx <TR (AQj_Talo bQ) — ;res (AQFT& logh ™™ Q)>
u x 0 gg q(k:—i—l) z,0 0 ge

4-0<(z_“;4)K>. 2.5)

If zg ¢ P then TR(AQ, %) is holomorphic at zy and for z in a small enough neigh-
bourhood of zy

TR(AQ = S D TR@4Q§hg§Q)ECﬁ@l-+ o((=2)"). (©6)

k!
k=0

Proof. Since o(z) := 0 4+ has order a(z) = a—qz, (1.27) of Theorem 1.20 can be
applied to equation (2.3). Using (2.2) and Example 1.18, this yields (2.4). Applying
the fibrewise trace tr, and integrating over M yields equation (2.5). Equation (2.6),
to which (2.5) reduces when o ¢ 7, as the operators inside the local residue traces
then have non-integer order, follows from (1.31); that TR, (A Q;° logy Q) dx defines
a global density on M in this case is known from [Le]. O

Because of the identity with the generalized zeta-function

CB(A7 Q; Z) = TR (A Q;Z)
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the expansion (2.5) is of particular interest near z = 0, owing to the role of the
Laurent coefficients there in geometric analysis.

Theorem 2.3. If ord(A) = o € [-n,00[ N Z then 0 € P and one then has near
z2=0

G(AQ,2) = éres(A) %
+ / dx (TRx(A) — —res, o(A logy Q)) — tr(Allg)
M
K ok
+ ;(—1) o
X /de (TRx(A logh Q) — mresw(fl logh™ Q)) — tr(A logk QTlp)
+ o(2%). (2.7)

If ¢ [—n,00[ N Z then (p(A, Q, 2) is holomorphic at zero and one has for z near
zero

k

K
0(A,Q, 2) Z (TR(Alogg Q) — tr(A logs QIlg)) % + o(%). (2.8
k=0

Remark 2.4. The formula (2.8) can also be deduced from exact formulas for the case
a ¢ 7 in [Grl] Sect(3). All formulas presuppose the existence shown in [KV], [Le]
of the canonical trace for non-integer order ¥dos with log-polyhomogeneous symbol.

Proof. The assumption o € [—n,o00[ N Z means that (o — jy)/q¢ = 0 for some
Jo € [=n,00[ N Z. Hence (2.7) is almost obvious from (2.5); the subtle point is to

take care to replace Q;T = Q) by I — Iy, see Remark 2.1. Since the spectral
projection Iy is a smoothing operator the term TR, (A logl QTly) dx is an ordinary
integral valued density and globally defined, yielding the term tr(A logh Q IIg). The
formula (2.8) for A of non-integer order (to which (2.7) reduces in this case) is
immediate from (2.6). O

We denote the coefficient of (z — a*‘)k /k! in the Laurent expansion of the gen-
eralized zeta function at =2 € P by ( (A Q, a*j). In the case k = 0, we use the
simpler convention of ertmg the constant term C(O) (A, Q, ﬂ) =1p,_a-i (A4, Q, 2)

q

a5 Go(A, Q, %=2). When A = T write G(Q, %2) = Go(T, @, %),
Corollary 2.5. For any operator A € CI(M, E),

(A, Q,0) = /de <TRI(A) — éreszﬁo(A log, Q)) — tr(Allg). (2.9)
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More generally, for any non-negative integer k

MA4,0,00 = dx (TRI (A logk Q res, (A loght! Q))

1
q(k+1)
+ (=1t (A logg QIlg) . (2.10)

(=
If A has integer order a € [—n,00) N Z then

;j) :/de (TRm(AQ;aqj) ;resxo(AQe !

G (A, Q% logg Q))

Applied to the complex powers, the general statement on the existence of densities
associated to the canonical and residue traces of Theorem 1.30 now states that
independently of the order of A € CI(M, E),

(TRQ(A) - éresw(A log, Q)> dx

always defines a global density on M.

If A has non-integer order this reduces to the KV canonical trace density and (by
(2.8)) the identity (2.10) loses its residue defect term and one then has the known
formula (cf. [Grl] Cor. (3.8))

¢P(A,Q,0) = (—1)* TR(Alogh Q) — (—1)* tr(A logh QTl). (2.11)

Applying Theorem 1.31 to the zeta function at z = 0 yields the following refine-
ment of (2.9).

Theorem 2.6. Let Q € Bl (M, E) be a classical pdo with spectral cut 6 and of
order q and let A € C1%(M, E) be a classical 1vdo of order . If either TR,(A) dz or
res; (A log, Q) dx defines a global density on M, then (4(A,Q, z) is holomorphic at
z =0, TR(A) and res(A logy Q) both exist, and one has

G(A,Q,0) = TR(A) — %reS(A log, Q) — tr(Allp). (2.12)

Proof. If TR, (A) dz defines a global density then res(A) vanishes, as accounted for in
the proof of Theorem 1.31, and so (y(A, @, z) is holomorphic at z = 0. The formula
is obvious from (1.53). O

Notice that the assumptions of Theorem 2.6 also force res(A) = 0.

The situation of Theorem 2.6 can be seen to hold for certain combinations of
even-even and even-odd ¢dos. First, it holds in the following circumstances.

Corollary 2.7. (i) If A satisfies one of the cases (1), (2) or (3) of Proposition 1.10
then TR(A) is defined and (2.12) holds. In case (1) this reduces to

G(A,Q.0) = TR(A) — tr(Allp). (2.13)
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If Q is an even-even operator and has even order, then (2.13) also holds when
A satisfies case (2) (assumes M is odd-dimensional) or (3) (assumes M is even-
dimensional) of Proposition 1.10. These facts are known from [Grl].

(i) If A is a differential operator, and more generally whenever TR,(A) = 0 for all
x € M, (2.12) reduces to

G(A,Q,0) = — éres(A log, Q) — tr(Allgp). (2.14)

Proof. Part (ii) follows from Proposition 1.12. For part (i), it is clear that (2.13)
holds when res, (A log, Q) = 0 for each z € M. This is evident for case (1) operators.
If A satisfies case (2) (resp. case (3)) of Proposition 1.10 and if @ is even-even and
of even order, then it is not hard to see that o4 154, (2,&) is also even-even (resp.
even-odd) and hence (04 105, @)—n,0(®,§) vanishes when integrated over the n — 1
sphere. O

Example 2.8. To see that (2.12) may hold with all three terms non-zero, take
A = D+ S with D a differential operator and S a smoothing operator, and let
Q € El%7 (M, E). Then TR(A) = tr(S) and res(A log, Q) = res(D log, Q) both
exist (note Corollary 2.7 (ii)) and are non-zero in general. For example, if Q = D €
ENe (M, E) is invertible one has res(Dlogy D) = — (p(D, —1).

Remark 2.9. In Corollary 2.7 (i), if Q has odd-order then (2.12) may hold with
all three terms non-zero due to dependence on the choice of the spectral cut. The

distinct behaviour for odd-order (Q was kindly pointed out to the authors by Gerd
Grubb.

Remark 2.10. Using Theorem 1.31 similar facts to those in Corollary 2.7 can
be seen to hold for the ng)(A,Q,%j), see also [Grl] Sect.3. The regularity of
(A, Q,2) at z = 0 in (i) is proved in [GS]. When A = I the identity (2.14)
was shown in [Sc]. On the other hand, when Q) is a differential operator and taking
A=Q™ in (2.14) gives

Q. —m) = —3 res (Q™logy Q) — tr(Q™ Ty, (2.15)

which was obtained in the case when Q) is positive and invertible by other methods
in [Lo]. Note that for sufficiently large m one has tr(Q™ Ilg) = 0.

Looking at the next term up in the Laurent expansion, around z = 0 the zeta
function (y(Q, z) = TR(Q,*) is holomorphic and hence the (-determinant

det¢sQ = exp(—(5(Q,0)),
is defined, where (3(Q,0) = 0.¢(Q, 2))|._,-
Theorem 2.11. One has

log det, o(Q) = / dx (TR,K (logy Q) — %qresw (logj Q)) — tr(log, Q). (2.16)

M
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If M is odd-dimensional and @ is an even-even operator and has even order then
one has (as known from [02],[Grl] Sect.3, see also [KV] Sect. 4)

log det¢ o(Q) = TR (logy Q) — tr(logy Q1lp), (2.17)
where TR (logy Q) = [,, TR, (logy Q) d,

Proof. Examining the coefficient of z in the Laurent expansion (2.7) immediately
yields (2.16). If @ is even-even and of even order then the classical component
of the local symbol of log; Q@ € CI“*(M, E) also has even-even parity. Hence the
local residue integral of the term of homogeneity —n then vanishes, TR, (log, Q) dz
defines a global density on M, and (2.16) reduces to (2.17). O

2.1. The canonical trace on commutators and the residue trace on loga-
rithms. The canonical trace TR is not defined on a commutator of classical )dos
which has integer order. Rather the following property holds.

Theorem 2.12. Let Q € Ellgfg;o(M, E) be of order q and with spectral cut 0, and
let A€ C1*(M,E), Be Cl’(M,E) for any o, 3 € R. Then

(TRz (A, B]) — éresw,o (|4, Blog, Q])) da

defines a global density on M and one has

/de (TRm([A, B])—éresx,o([A,BlogaQ])) =0 (2.18)

independently of the choice of Q.

Proof. Using the vanishing of TR in Proposition 1.13 (1), for z # 0 sufficiently close
to 0 we have

TR ([A, BQ,7]) = 0. (2.19)
Hence the function TR ([A, B Q;,?]) also vanishes identically for such non-zero z.
But from (2.7), 2TR ([A, BQ;?]) extends holomorphically to include z = 0. By
equation (2.19) this analytically continued function must also vanish at z = 0.
It follows that TR ([4, BQ,?]) is holomorphic near z = 0 and so (2.7) implies
fp,_oTR ([A, BQ;Z]) = lim, o TR ([A, BQ;Z]) = 0. Applying Proposition 1.31 to
A(z) = [A, BQ, 7] with zy = 0 we have by Theorem 1.27

0 = fp. TR ([4, BQ,7)

= [ o (1R (4B - 1)) + S resso (4, Bog, @) )
which is equation (2.18), since TR (|4, Bllg)]) = tr ([4, Bllg)]) = 0. O

Corollary 2.13. Let Q € B’ (M, E) be of order q and with spectral cut 6, and let
A e Cl*(M,E), BeCl°(M,E). Then in cases (1), (2) and (3) of Proposition 1.13
the form res, ([A, Blog, Q]) dx determines a global density on M and one has

res ([A, Blogy Q]) = 0

independently of the choice of Q.
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Remark 2.14. The independence from Q) can also be seen for the residue trace term
directly; given Q1,Qs € Eugfg;O(M , E) of order ¢1 and qo respectively with common
spectral cut 6, the difference

(lresx’o ([A, Blogy Q1]) — iresx,o ([A, Blog, Q2]>> dx

0
defines a global density which integrates to

res <{A, B (10g9 @1 _ logy QQ)}) =0
il 42

15 a classical YPdo.

logg Q1 logy Q2
q1 q2

since

A useful consequence of Theorem 2.12 and Proposition 1.12 is:

Corollary 2.15. Let Q € BN (M, E) of order q and with spectral cut 6 and let
A, B e CI(M, E). Whenever TR([A, B]) = [,, dz TR, ([A, B]) is well defined then
res, o ([4, Blogy Q)) dx is globally defined and one then has

res ([A, Blog, Q)) = ¢ TR (|4, B)). (220)

In particular, if [A, B] is a differential operator then res, o ([A, Blogy, Q]) dx is glob-
ally defined and one has
res ([A, Blog, Q]) = 0.

In that case, whenever res,o (A B logyQ)dx defines a global density, then so does
res, o (B logy Q A) dx and

res (B logy Q A) = res (A B logy Q) .
In particular, since res (logy Q) exists [O1], for any invertible A € CI(M, E)
res (A" logy Q A) = res (logy Q) . (2.21)

Remark 2.16. This proposition partially generalizes the fact [O1] that res, o ([A,log, Q) dx
for A a classical 1vdo defines a global density and res ([A,log, Q]) = 0, which when
A is a differential operator follows from the corollary applied to B = 1.

On the other hand, the well known ([MN], [O1], [CDMP], [Gr2]) trace defect
formula

1
Go([4. B1.Q.0) =~ res (4[B.log, Q). (2.22)
follows easily by applying the same argument as in the proof of Theorem 2.12 to
C(z) = A[B,Q?]. From (2.18) and (2.22) we infer:
Corollary 2.17. For classical 1dos A and B

_éres(A[B,logeQ]) = /de <TR$([A,B]) — éresx([A,B]loggQ)).

In cases (1), (2) and (3) of Proposition 1.13 the form res, ([A, B]log, Q) dx deter-
mines a global density on M and one has

res (A [B,log, Q]) = res([A, B]log, Q).
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While from Proposition 2.12 we conclude:

Corollary 2.18. The density res, ([A, Blogy Q] — [A, B]log, Q) dx is globally de-
fined on M for classical 1pdos A and B and one has

res (A[B,logy Q]) = res([A, Bllog, @ — [A, Blog, Q])
Proof.

éI‘GS(A [BJIOgQQD = _/]\/[dx (TRx([AaB]) - %resw([A7B]log9Q))
= —/Mda: (TRx([A,B]) — %resx([A,BlogeQ])
+ L s, ([A, B]logy, Q — [A, B log, Q]))

dx res, ([A, B]logy Q — [A, B log, Q])

|
e
—-

= —res([A, B]log, Q — [A, B log, Q])

()

OJ

We point out that Corollary 2.19 and (2.22) imply the following local index for-
mulae.

Corollary 2.19. Let A be an elliptic ydo with parametriz B. Let Q € EN%Y (M, E)

be of order q and with spectral cut 0. Then, independently of the choice of @,

res ([4, Blog, Q]) = res(A[B,log, Q]) (2.23)

and are equal to —gindex (A).

Proof. In this case index (A) = tr([A, B]) and since [A, B] is smoothing equal to
TR ([A4, B]). The first equality thus follows from (2.20). Since AB = [ + S where
S is a smoothing operator, and since res, o(S log, @) is therefore equal to zero, the
second equality also follows. 0

APPENDIX A: PROOF OF THE DENSITY FORMULA

The purpose here is to give a direct elementary proof of Theorem 1.30, which for
the family z — A(z) € Cl(M, E) parametrized by a domain W C € states that
irrespective of the order a(zy) € R of A(z)

<TRx(A) — éresx,O(A’)> dx (2.24)

defines a global density on M. Here, we have written A = A(z), A’ = A'(z) =
d/dz],—.,(A(2)), and o = a/(zp).
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From previous works [KV] it is known that TR, (A(z0)) dz defines a global density
on M when a(zg) is not integer valued; this follows immediately from (2.24) and
Proposition 1.17.

The method of proof uses a generalization of the method used in [O1] to show that
the residue density is globally defined for any classical ¢)do, and the method in [Le]
used to show that the canonical density is globally defined for classical ¥dos of non-
integer order. We will take A to be scalar valued for notational brevity, but the proof
works in the same way for endomorphism valued operators indeed it works equally
for the pre-tracial density ({7, ,, oa(z, &) d6 — & fs* (0ar)_nol(z, &) ds) dz.

First, we have a lemma, generalizing Lemma C.1 in [O1].

Lemma 2.20. Let f(&) be a smooth function on R™ which is homogeneous of degree
—n for |£| > 1 and let T' be an invertible linear map on R™. Then for s € C and
any non-negative integer k

—1)*
F(Tn) |Tn|* log" |Tn| dsn = ) FEOIT 7 logh |T'¢| dsé.
[nl=1 |detT’| l¢]=1
Specifically, one has
—1
Tn) log|Tn|dgn = log [T t¢| dsé. 2.25
|m:lf( n) log|Tn| dsn et Kl:lf(é) g|T™ ¢l dsé (2.25)
Tn)d. = ds€. 2.26
\n|=1f( n) dsn ot \5|=1f(§) 5§ (2.26)

Proof. Tt is enough to prove this for k = 0, differentiation with respect to s yields
the general formula. We have, using the linearity of T,

/ F(Tn) 1Tl dn =/ / F( ) | Tl 7" dr s
1<|n/<2 Inj=1J1<r<2

= (25 — 1) F(Tn) | Tnl* dsn.
[nl=1

S

On the other hand, changing variable,

1
f(Tn) Tyl dn = —— f(n) nl*dn
IR N (o)

1<|T-1p|<2

= f(rn)ré|n|*r" " drdsn
|detT| Jyp=1 J1jio-tni<r<a/ir—1)

1 25 _ 1
— T-1n|= den.
|detT|< - ) |m:lf(n)! n|=* dsn
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Consider now a local chart on M defined by a diffeomorphism x :  — U from
an open subset 2 of M to an open subset U of R™. For p € €2 we then have the
local coordinate z(p) € R". Let k : U — V be a diffeomorphism to a second open
subset V of R". Then y(p) = x(x(p)) is also a local coordinate for €.

Let a(z(p), §) = a(x(p), x(p), &) where a(x(p),y(p),&) denotes the local amplitude
of A in z-coordinates, and likewise let b(y(p),&) denote the amplitude along the
diagonal in y-coordinates. From [Ho| with T'(p) := (Dky ()" we have

TRyo(A) dy(p) = . blulo). € ¢ dy(p

- ][ a(z(p), T(p)¢) d€ dy(p).

According to the transformation rule in Proposition 1.9, for f € CS(V) and T an

invertible linear map on R"
1
TE)dE = d¢ — _y log | T d:
[ sweac= o (f, r©as— [ s osirelac)

with f(&)(—n) the homogeneous component of f of degree —n. Hence

TRy ) (4) dy(p)
! ~1
T [detT(p)] (][ a(x(p), €) € dy(p) —/Ell a((p); ) (- log |T(p) éld‘fdy(p))

= o). Oaci) ~ | aer) € o8I T0) el aE oty

= TRu)(A) da(p) — /g oD, ) o Yo 7)1l dE ). (2.27)

We turn now to the other component of (2.24) given in y-coordinates by

1 V' (y(p), &) (—ny ds€ dy(p),

o Jie=
l§1=1
where V' (y(p), &) = d/dz|,—.,(c4(2)(y(p), £)) is the symbol derivative in y-coordinates
and where ¥'(y(p), {)(—n) denotes its log-homogeneous (cf. (1.2)) component of de-
gree —n. From [Ho| we have the asymptotic formula

V(y(p).&) ~ > 0kd (x(p), T(p)E) V() (2.28)

|| >0
with U, (z,§) polynomial in £ of degree of at most |a|/2. To begin with, suppose
that a(z(p),§) is homogeneous in £ of degree —n. Then from (1.22) for |n| > 1

d'(x(p),n) = o' a(xz(p),n) log|nl + p-n(x(p), n) (2.29)
with p_,(z(p),n) positively homogeneous in 7 of degree —n, and o'(x(p),n) =

a'(z(p),n)(—ny- Thus, if a(x(p),&) is homogeneous in & of degree —n, by (2.28)
and (2.29)
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o /lgllbl(y@)uf)(—n) ds€dy(p) = — — a/<x(p)7T(p)£)dsfdy(p)

= — — o a(x(p), T(p)€) log |T(p)é| dsé dy(p)

@ Jig=1
_é - pn(2(p), T(p)E) ds€ dy(p)
- /|£ o). TS Lo ()] ds dyp)
_é P (). T()E) dst dy(p)-(230)

Using equations (2.25) and (2.26) of Lemma 2.20, (2.30) becomes

- Srespad) = e el ©) e [T(9) 6l dst ()
1 1

"o [T )] g —n(z(p), €) ds€ dy(p)

= /|£_1 a(x(p),€) log |T(p)~ €| ds€ dx(p)

1 Pn(z(p), &) ds€ dz(p)

!
a Jig=1

_ /|f _ o(x(9).8) log |T(p)7'€] ds dr(p)

— resuo(A)dr(p), (2:31)

where the final equality follows from (2.29). Adding (2.27) and (2.31) we have when
a(x(p), &) is homogeneous in & of degree —n

(TR ) = s te50l0) ) o) = (TR (4) = =2

s (4] ) de(p).

(2.32)

o/ ()

proving the invariance of (2.24) in this case.
Next suppose that a(z(p), &) is homogeneous in & of degree a« > —n. Then from
(2.28) and since we can commute the z and p derivatives

¢ (a(2)(z(p), T(p)§)) ¥pu—n(,§).
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where ¥, _,(z,€) is a polynomial in £ of degree |u| —n — . Hence

A V0 O dsE )

d
— Z s
lulZatn

=0.

- /|£—1 9 (a(2)(z(p), T(P)E)) Vp—n(z, &) ds€ dy(p)

The final equality follows using the integration by parts property in Lemma C1 of
[O1], which states that if g(§) and k() are homogeneous in £ of degrees ~,d where
v+0=1-—n, then

[ ocatemnease == [ ateragne)dse

1€1=1
along with the fact that ¥, _,(z,§) polynomial in £ of degree |u| —n — a.
This completes the proof that (2.24) is a density independent of coordinates.

APPENDIX B: PROOF OF LEMMA 1.6 AND LEMMA 1.8

For a fixed N € IN chosen large enough such that Re(a) — N — 1 < —n, we write
o(x,§) = ZJKZ% Oa—j(x,8&) + oy (2, €) and split the integral accordingly as

/ Goy (2, €)dE + / o (2, €) €
B1(0.R) B:(0.R)

Since Re(a) =N —1 < —n, o(y) lies in L' (T:U) and the integral fB*(O R) oy, &)d§
converges when R — oo to fT*U o) (z,€)d¢. On the other hand, for any j < N

/ Oa—j :/ Oa—j +/ Oa—j- (233)
Bx(0,R) Bx(0,1) D:(1,R)

Here DX(1,R) = BX(0, R)\Bx(0,1). The first integral on the r.h.s. converges and
since oq—_;(z,§) ~ Zf:o Ta_ji(x,€)10g'[€], the second integral reads:

k R
/ Oa—j(x,&)dE = Z/ ro= It logh - dr / Oa—ji(z,w)dw.
Dx(1,R) — ) S:U

Hence the following asymptotic behaviour:

N

/;;(O,R) 0'(33', g)dg = Z

J=0

/ d§ 00— j(7,§) ~R-oo
Dx(1,R)

i log“rl R /
— [+1 S

k

log ™ R : .
O, w)dsE =y lg+ 1 / opni(2,8) ds§ if a—j=-n
1=0 SgU

* *
(L’U x
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k (=) Lt log' R
(I=9)! a—j+n
dfo‘oé,'.%',f ~R—oo R / Oa—j, xaf d&
/D;;(l,R) ]( ) f Z Z (@ —j+n) U Jl( )ds

=0 =0

Rafj+n

(v — j +n)iHt ' /S*U‘ja—j,l(x’g) ds§

—1H1
- (a(—j)+ ) '/S*U Oaji(2; ) dsf) if a—j#-n

+ (=D

Putting together these asymptotic expansions yield the statements with

l+ll'
cx@-):/ o) *Z/*m oo, + Z z - +n/ Ou,i.

j=0,a;+n#0 =0

The p-dependence follows from

10 I+1
log* ' (uR) = longR(l—i—logglI;)

I+1 log i k
k=0

The logarithmic terms Zf:o u+1 fs* 0 _na(x,€) ds&log™ (u R) therefore contribute

to the finite part by Zf 0 log™

1 L fg* O_ni(x,€) ds& as claimed in the lemma.
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