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Abstract

Regularised traces on classical pseudodifferential operators are extended to tensor products of classical pseudodifferential
operators via a (second) quantisation procedure. Whereas ordinary ¢-regularised traces are not generally expected to be local,
using techniques borrowed from Connes and Moscovici [A. Connes, H. Moscovici, The local index formula in noncommutative
geometry, Geom. Funct. Anal. 5 (2) (1995) 174-243], Higson [N. Higson, The residue index theorem of Connes and Moscovici,
in: Clay Mathematics Proceedings, 2004, http://www.math.psu.edu/higson/ResearchPapers.html], we show that if Q has scalar
leading symbol, higher quantised ¢-regularised traces are local since they can be expressed as a finite linear combination of
noncommutative residues. Just as ordinary ¢-regularised traces, they present anomalies (Hochschild coboundary, dependence on
the weight Q), which for quantised ¢-regularised traces of level n, are roughly speaking finite linear combinations of quantised
regularised traces of level n + 1. As a result, anomalies are local for any non negative n, which yields back as a particular case the
fact that ordinary ¢-regularised traces present local anomalies. !
© 2006 Elsevier B.V. All rights reserved.
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0. Introduction

Ordinary ¢-regularised traces have been the object of many investigations (see e.g. the works of Grubb and Seeley
[12], Kontsevich and Vishik [17], Melrose and Nistor [20], Lesch [18], and more recent works by Grubb [9-11], as
well as recent papers by Scott and the author [26,27]). Regularised traces naturally arise in the study of variations of
partition functions in quantum field theory and provide useful tools in the context of anomalies (see e.g. [4,19,5]).
They also occur in the framework of index theory, specifically in the local index formula of Connes and Moscovici
(from whom we borrow some of the techniques used in this paper) in noncommutative geometry [7], in the fractional
index theory of Mathai, Melrose and Singer [21] as well as in the family index theorem see e.g. [29,26,22].

Whereas regularised traces are not expected to be local [27], their variations are. Viewing regularised traces as
quantised regularised traces, namely as higher order cochains on the algebra of classical pseudo-differential operators,
sheds light on this fact, combining two observations:

1. variations of regularised traces of level n are regularised traces of level n + 1,
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! This work is partially based on [S. Paycha, Weighted trace cochains; A geometric setup for anomalies, Max Planck Institute, 2005. Preprint]
although we use other conventions here which lead to slightly different definitions.
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2. quantised traces of positive level (i.e. positive order cochains) are local.

The well-known locality property of anomalies for ordinary ¢-regularised traces [17,20,6,5,23] then arises as a
consequence of the locality of quantised traces of positive level.

Whereas ¢ -regularisation and heat-kernel regularisation lead to the same regularised traces only on operators with
vanishing noncommutative residue, higher quantised ¢-regularised traces coincide with higher quantised heat-kernel
regularised traces on the whole algebra of classical pseudodifferential operators for high enough quantum level n.
Heat-kernel regularised traces naturally arise from JLO type cochains.? Their analogues in the noncommutative
context arise in the work of Connes and Moscovici [7] (later reformulated by Higson [14]) on the local formula
for the Connes—Chern character.

Let us briefly describe the “second quantisation” procedure for ¢-regularised traces. Let Co(M, E) =
©,2(Cu(M, E) with C,(M, E) = ®"T1 CU(M, E) be the space of chains associated to the algebra C£(M, E) of
classical pseudodifferential operators acting on smooth sections of a vector bundle E over a closed manifold M.

The resolvent R(A, Q) = (A — Q)_l of an operator Q € C{(M, E) can be quantised to Re(X, Q + 0) acting on
Ce(M, E), 6 being an insertion map 6(A) = A. We set Ro(A, Q +60) = R(:, Q) and forn > 0

R,(A,Q0+6): C,1(M,E) — CUM,E)
Al®---®A, = R®, Q)A1---R(R, Q)A, R(, Q).

In Section 2 we construct quantised functionals f(Q + ) using Cauchy integrals (see Theorem 1)

1
fo(Q+0) = 2.—/f(?u) Re(A, O +0)
17T

along an adequately chosen contour. In Section 3, we investigate the behaviour of R, (A, Q+6) under the adjoint action
A+ [C, A] of C€(M, E) and under a variation of the weight, from which we derive the corresponding behaviour of
the quantised functionals f(Q + 6).

Quantised functionals are the cornerstones for the quantisation of ¢-regularised traces.

Let us first recall the usual ¢ -regularisation procedure. If Q is elliptic with spectral cut, it has well defined complex
powers defined by Cauchy integrals. Given an operator A € C{¢(M, E) and a complex number z with large enough
real part, the ¢-regularised operator R2%(A)(z) = A Q7 is trace class (we assume Q is invertible for simplicity)
and the map z > tr(A Q%) extends to a meromorphic function z — (A, Q, z) |™®" with simple pole at z = 0 (see
e.g. [17]). Its finite part at z = O gives rise to a linear map tr¢ : C£(M, E) — C which we call the Q-weighted trace.
In general, the finite part tr¢(A) is not expected to be local® in contrast to the complex residue at z = 0, which is
proportional to the noncommutative residue [33].

Replacing the resolvent R(A, Q) by the quantised resolvent Rq (A, Q + 6) boils down to substituting the quantised
complex powers (Q 4 0) % to ordinary complex powers Q% and leads to a quantised zeta regularisation R2+%-¢ on
Ce(M, E) defined in terms of the quantised resolvent by

1
RITPE(A)® A1 ® - @ Ap)(z) = %/FA’ZAORH(LQ+9)(A1®---®An). (1)

Using techniques inspired from [14,7], when Q has scalar leading symbol, we show that for any A; € C¢(M, E),i =
0, ..., n the operator R,,Qw’{ (Ag® A1 ® -+ ® Ap)(2) is trace class for z with large enough real part. Furthermore,
the map z tr(RnQ < (Ag® A1 ® -+ ® Ap))(z) extends to a meromorphic function with simple pole at z = 0. It is
holomorphic at z = 0 when n # 0 (see Theorem 2) and we call the (second) quantised weighted ¢ -trace (or quantised
Q-weighted trace) of the chain Ag®- - -® A, its value at z = 0 which we denote by tr,,Q+0 (Ap®---®A,). In contrast to
the ordinary Q-weighted trace, we show that whenever Q has scalar leading symbol, quantised weighted traces tr;,Q+9
are local for any positive integer n. We provide a local formula expressing them as a finite linear combination of
noncommutative residues (see Theorem 3). When transposed to the noncommutative context, the locality for positive

2 Named after J affe, Lesniewski and Osterwalder [16].

31t actually is local if A is a differential operator. In general, it is made of a local piece involving the noncommutative residue and a global piece
involving a finite part integral over all the cotangent space [27].
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integer n shown here underlies that of the Connes—Moscovici formula for the Connes—Chern character in the case of
classical pseudodifferential operators.

When Q has positive leading symbol, if instead of ¢-regularisation we implement heat-kernel regularisation (thus
replacing Q% by e¢€ for some positive parameter ¢), a similar construction gives rise to JLO type cochains. The
heat-kernel quantised traces one obtains this way (taking finite parts as € tends to 0) coincide for large quantum
level with the quantised weighted trace described previously (see Theorem 3). This again constrasts with the 0 level
case. Indeed, the finite part of the heat-kernel regularised trace of an operator A € C£(M, E) only coincides with its
weighted trace when the operator A has vanishing residue.

Quantised Q-weighted traces are not generally closed in the Hochschild cohomology. When Q has scalar leading
symbol, we show that their Hochschild coboundary is local as a finite linear combination of noncommutative residues
(see Theorem 5). For even cochains, this follows from the fact that the Hochschild coboundary of a quantised
regularised trace of level 2p is a linear combination of quantised regularised traces of level 2p+1 (see Proposition 7).4

We also express the variation of such quantised weighted traces as the weight varies in terms of a linear combination
of noncommutative residues. This locality is again a consequence of the fact that the variation of a quantised weighted
trace of weight n is a linear combination of weighted traces of weight n 4+ 1 (see Theorem 6) combined with the
locality of quantised regularised traces of any positive level.

Adapting these constructions to the geometric setup of the index theorem for families along the lines of [26,22], O
can be replaced by a pseudodifferential operator-valued even form Q, the exterior diffferentiation by a superconnexion
A and the pseudodifferential operators A; by pseudodifferential operator-valued forms «; (the insertion map 6 for
pseudodifferential operators is replaced by an insertion map © for pseudodifferential valued forms) and one gets a
local expression for the exterior differential (d trnQ+@) of quantised regularised traces (see Theorem 7).

When A is a superconnection adapted to the zero degree component Q = Qyq;, replacing Q by A? in the above
expression yields the expected covariance property for quantised A”-weighted traces (see Corollary 11).

To sum up, local formulae for the two types of anomalies mentioned above, lack of traciality and dependence on the
weight of the quantised regularised traces, are obtained in the same manner, namely as a combination of the following
basic facts:

1. Anomalies for quantised regularised traces of level n are linear combinations of quantised regularised traces of
leveln 4+ 1.7
2. Quantised regularised traces of any positive level are local.

As mentioned above, quantised regularised traces are tools commonly used in noncommutative geometry; some of
the above constructions inspired from techniques used in noncommutative geometry generalise to a noncommutative
context. However we feel that even in the present classical setup of classical pseudodifferential operators, the language
of quantised regularised traces is well suited to keeping track of anomalies. The locality of quantised regularised traces
(of any positive level) shown in this paper somewhat clarifies why one is to expect trace anomalies to be local.

1. Prerequisites on classical pseudodifferential symbols and operators

We briefly recall some notions concerning symbols and pseudodifferential operators and fix the corresponding
notations. Classical references for the polyhomogeneous symbol calculus are e.g. [8,12,15,31,32].

1.1. Classical symbols and operators

In the sequel, E denotes a smooth Hermitian vector bundle based on some closed Riemannian manifold M. The
space C*°(M, E) of smooth sections of E is endowed with the inner product (yr, ¢) = fM du(x) (¥ (x), d(x))x
induced by the Hermitian structure (-, -), on the fibre over x € M and the Riemannian measure  on M.

Given an open subset U of R” and an auxiliary (finite-dimensional) normed vector space V, the set of symbols
S"(U, V) on U of order r € R consists of those functions o (x, &) in C>®°(T*U, End(V)) such that a;‘ago(x, &)

4 This fact holds only in the even case n = 2p, but the locality still holds in the odd case n = 2p 4+ 1.
5 Here we have left aside the Hochschild coboundary on odd cochains (see the previous footnote).



1348 S. Paycha / Journal of Geometry and Physics 57 (2007) 1345-1369

is O((1 + &))"~y for all multi-indices s, v, uniformly in &, and, on compact subsets of U, uniformly in x.
We set S(U, V) = |, g S"(U, V) and ST, V) = (), S"(U, V). A classical (polyhomogeneous) symbol
of order « € C means a function o (x, &) in C*°(T*U, End(V)) such that for each N € N and each integer
0 < j < N there exists o,—; € C*°(T*U, End(V)) which is homogeneous in £ of degree « — j for |£] > 1, so
Oq—j(x, 1) = 19 0y_j(x, &) fort > 1,]&] > 1, and a symbol on) € SRE@=N=1(7, V) such that

N
o, E) =) 0 j(x,&) +om(x. &) V(x & eTU. )
j=0

We then write o (x, §) ~ Z?O:o oq—j(x,&). 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 = C, we write S"(U), CS*(U), and so forth.

A pseudodifferential operator (¥ DO), which for a given atlas on M has a classical symbol in the local coordinates
defined by each chart is called classical. Let C£(M, E) denote the algebra of classical ¥DOs acting on C*°(M, E)
and let E¢¢(M, E) be the subalgebra of elliptic operators. For any « € C let C£*(M, E), resp. E£L*(M, E), denote
the subset of operators in C€(M, E), resp. E€L(M, E), of order «. With Ry = (0, 00), set Ellog~0(M, E) =
UreR+ Et¢" (M, E). For a subset I of C we set C! (M, E) := Uyes CE4 (M, E).

1.2. The noncommutative residue and the canonical trace

The local residue density on polyhomogeneous symbols acts as an obstruction to the finite part integral of a classical
symbol 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. Given an open subset U C R”" and a point x € U, the local noncommutative residue is defined for
o € CS*(U, V) by

resx(a):/ try(0_p(x, §))dsé,
U

where ds& := (2m) " ds& with dg& the sphere measure on S} U, the unit sphere in the cotangent space 7,*U to U at
point x.

Guillemin [13] and Wodzicki [33] showed the following remarkable property.

Proposition 1. Let A € CL¥(M, E) be a classical WDO represented in a local coordinate chart U by o €
CS*(U, V). Then resy(c)dx determines a global density on M which defines the projectively unique trace on
CUM,E):

res(A) :=/ resy (o) dx =/ dx/ try (o—p(x, £)) ds&, 3)
M M SxM

known as the noncommutative residue (and also called the Guillemin—Wodzicki residue).

The terminology refers to the trace property; if the manifold M is connected and has dimension larger than 1, then up
to a scalar multiple, Eq. (3) defines on C¢(M, E) the unique linear functional vanishing on commutators

res((A, B]) =0, A, B e C¢(M, E).

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

On the other hand, it was observed by Kontsevich and Vishik [17] that the usual L2-trace on ¥DOs of real order
<—n extends to a functional on the space CceC\Z (M, E) of ¥DOs of non-integer order and vanishes on commutators
of non-integer order. This functional uses the following extension of the ordinary Lebesgue integral.
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Definition 2. The finite-part integral of o (x, -) with 0 € CS*(U) and x € U is defined as the constant term in the
asymptotic expansion when R — oo of [ Br0.R) 9 (X: &) ds:

][ o(x,§)dé = pr—>oo/ o(x,§)ds. “)
U B;(0.R)
Here B} (0, R) is the cotangent ball of radius R in 7,"U and d§ = ﬁ dé¢ the normalised Lebesgue measure on 77U

Whenever a classical pseudodifferential operator A has non integer order, so has its symbol o4, and
(fT* y tx(oa(x, §))dE) dx defines a global density. Here tr, denotes the fibrewise trace over x € M. The canonical

trace can therefore be defined on C¢C\Z(M, E) without ambiguity.

Definition 3. For a pseudodifferential operator A € C ¢C\Z(M | E) the canonical trace is defined by
TR(A) = / dx][ try (oa(x, £))dE.
M Jrru

It coincides with the usual trace on ¥DOs of order <—n.

On commutators the canonical trace has the following vanishing property, providing some justification for its name.

Proposition 2. Let A € CLPK(M, E), B € C¢»' (M, E). If a+ B & [—n, 00) NZ, then the canonical trace is defined
on the commutator [A, B] and is equal to zero,

TR([A, B]) = 0.
1.3. Cauchy integrals

An operator Q € E£L(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 = {rei¢, r > 0} (a
spectral cut) with vertex 0 and determined by an Agmon angle ¢ which does not intersect the spectrum of Q. Let
E E@g‘rién>0(M , E) denote the subset of admissible operators in E€¢(M, E) with positive order.

LetQ € E Mé‘gg;o(M , E) with spectral cut Lg. Let f be a complex valued continuous function on the contour Cy
around the spectrum of Q and such that p Lo lies in L' (]1, o).

Recall that an operator R € C£(M, E) of order r acting on smooth sections of 7 : E — M induces a bounded
map from H*(M, E) to H*"(M, E) for any s € R. For R € C{(M, E) and s,t € R we define the operator norms

(whenever they are finite)

| Rul|,
IR|ls,, = sup ,
uzto lulls

RIS = |IRls,s-

It follows from the theory of elliptic operators on closed manifolds that in a neighborhood of infinity (see [§] Lemma
1.7.3):

IRG, QI = O(IAI™), (5)
ie.

Vs € R, 3Jc(s) € RT,3C, € RT suchthat |[R(A, Q)| < C.
On the other hand, Eq. (5) and the assumption on f imply that the Cauchy integral

1
f(Q)= 2—/ SR, Q)dr
17T Cy

converges in each Sobolev norm || - ||(S). Here Cyp =Ci1p,UCrp,UC34, The po.sitive real number r is chosen
sufficiently small and C1 9, = {A = |Ale! | +o0 > |A| > r}, Capr = (A =reV | ¢ > ¥ > ¢ — 27} and
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Cigr = {& = |A[e@ ) | r < |A| < 400}. Here A* = exp(zlog)) where logh = log|A| + i¢ on Cj 4, and
log 2 = log [A| +i(6 — 27) on C3 4. r.

Remark 1. The definition of f(Q) depends in general on the choice of ¢ and should therefore carry a subscript ¢
writing f (Q); when there is no ambiguity in the choice of spectral cut, we may omit it in order to simplify notations.

Example 1. The function f(z) = A7% with Re z > 0 satisfies the integrability assumption so that we can define
complex powers of Q by the Cauchy integral:

i
0," = —/ 27HQ =D 6)
2 Cy
which converges in norm | - |*) for any s € R.

For k € N the complex power Q¢ is then extended to the half plane Re z > —k via the relation [30] (see also

[31])

kn—z2—k _ -z

0 0,77 = 0,°.
Forz =0

0

where Il is the smoothing operator projection
i
g =— — D™t
0= e (Q )

with Co a contour containing the origin but no other element of spec(Q), with range the generalised kernel
{y € C®(M, E) | QNy =0 for some N € N} of Q. (See [33], presented recently in [25].)

Example 2. The function f(A) = e~"* on R* also has the required integrality property on Co. Thus, if Q is a non
negative self-adjoint operator, we can define the corresponding heat operator by a Cauchy integral

1
e ¢ = —/ e MR(x, Q)dx
2im Jc,

for any ¢ > 0.
2. Quantised Cauchy integrals; first properties

The following presentation is inspired by [28] from which we borrow the notation 6. We introduce a quantised
resolvent associated with a classical pseudodifferential operator Q and describe it perturbatively. It acts on the space
of chains C4,(M, E) = ®'+1 C{¢(M, E) built from the algebra C£(M, E) and coincides with the ordinary resolvent
on Co(M, E) = CL(M, E). This quantised resolvent leads to quantised functionals f,(Q) of Q obtained from a
perturbative expansion in 6 of f,(Q + 6).

2.1. Quantised resolvents

For any XA outside the spectrum of some operator Q € C{(M, E), the resolvent R(A, Q) = (A — o) is
well defined. Let 6 : C4(M,E) — C{(M, E) be the identity map which we use as an insertion operator then
Q+6(A) = Q+A. Wehave A—Q)(A—0—0)"' = A—=0-0)(A—Q0—0)"'+0(A—Q0—-0)"' = 1+0(L—Q0—0)"!,
from which it follows that

r=0-0"'=0-0'+- o -0-0"".

By induction we get

n

A=0-0"'=) -0 -7 00— DT — Q) + 5,(Q, 0,4,

k=0
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where §,, vanishes on Cy (M, E) for k < n. Here 6(A — Q)’1 arises k times in the k-th term of the sum and by
convention the k = 0 term reduces to (A — Q)’l.

On each C, (M, E) the expression (A — Q — #)~! therefore coincides with Do — o) lon—0) (-
0)~'6(x — 0)~!, which leads to the following definition.

Definition 4. From the resolvent R(A, Q) .= (A — Q)_1 of Q one defines the quantised resolvent of Q on Cq(M, E)
by6

ReA, 0 +6) = (L —(Q+6)"
= Z R(A,Q)0---R(A, Q)0 R(X, Q) (O arises n times).
n=0

It induces a map on Co (M, E) defined by Ro(A, Q) = R(X, Q) and for any positive integer n by

R,(x, Q+6): Cp1(M,E) — CUM,E)
Al®---®A, — RO, Q)A1---R(A, Q)A, R(\, Q).

Remark 2. One can replace 6 by some expression 4(0) in which case the A;’s would be replaced by h(A;)’s. As
mentioned in Remark 7, we need to choose h(A;) = [X, A;] to set up a relationship between the constructions to
follow and the construction of the Chern character in cyclic cohomology.

Let us introduce some notation which will be useful for what follows.
Definition 5. For A in CI(M, E), we set A(é)) = A and for any j € N:
A<QJ) = ad’Q(A), where adg(B) = [Q, B,

sothat AY ") = adp(AV) = [Q, AD].

We shall often drop the subscript Q, writing A instead of A(Q/).
The subsequent observation explains the reason for choosing the leading symbol of Q scalar in what follows.

Remark 3. If Q has scalar leading symbol then AY) has order a + j(g — 1) where a denotes the order of A and ¢
the order of Q.

We introduce further notations borrowed from [14]. Let T € C¢(M, E) and Ty, k € N be operators in C{(M, E) with
decreasing order in k. Then

K(N)
T~Y Tie=VYNeNIKWN) T-) TieCt™NME). (7
k=0 k=0

The following result that we quote from [14] (see the proof of Proposition 4.14) is a cornerstone to proving the
existence of the quantised weighted traces as well as their locality.

Lemma 1 (See [14] Lemma 4.20). Let Q € CL(M, E) be an admissible elliptic operator with spectral cut Ly and
scalar leading symbol. For A € Cy and for any A € CL(M, E) and any non negative integer h

oy A~ ST EERZ D o L gyhk
= Q) A‘é o AV -0

6 Although a priori infinite, as we saw previously, this sum is in fact a finite sum on each of the C, (M, E).
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Proof. The case 7 = 1 follows from iterating the following identities

(A—0) L Al=0-07"'0. A1 —0)!
=[x =00 AN — O +10, Al — Q)2
=[0. Al -0+ AP -0+ -0 AP0 - )]
=[0. Al -0 2+ AP% -0 +AV0 -0+ - T AY - )

~ ZAU‘)(/\ — )~ *+D,

k>1

The general case & > 1 then follows using a Cauchy integral:

- 1 - -
Lhzz.— w - L)~ 'du
17T Cy
applied to L := A — Q combined with integration by parts. Namely,
1

(-0 " A= — | wl(u-0D)"", Aldu
217‘[ C¢
1 —h k 4 (k) — kD)
~ o= | w0 AR - DT
21 Cs =1
1 _ _
= 5 A [ = 1
k>1 ¢

[

| (k= 1) k/ e .
= AY | w7 du
21711; (h— )kl ¢

(h+k—=D! —h—k
—— AV - 0) .
,; = DIk!

[

where we have used the fact that ad{ (A) = (=1)7AY hence the result. O
2.2. Cauchy integrals on higher order PDO chains

LetQ € E Uf‘)‘rlcrl“>0(M , E) have spectral cut L and positive order g. In a similar way as we defined f(Q) we define
the quantised version f,(Q +0) via a Cauchy integral using the quantised resolvent. It is obtained from a perturbative
expansion in 8 of fp(Q + 6) which boils down to a perturbative expansion in 6 of R(A, Q + 0) inside the Cauchy

integral.

Proposition 3. Let f be a complex valued function defined on the contour Cy C C around the spectrum of Q and
“(pel?) 5. . . .

such that p — % lies in L' (]1, oo[) for any j € N. Then, for any integer n and for any Ay, ..., A, € C£(M, E)

the Cauchy integral

1 1
i FRRy (A, Q +0)(Ay, ..., Ap)dh = i / FRIRM, QA1 -+ A1 R(A, Q)ApR(X, Q)dA

2ir Je,
converges in any Sobolev norm || - |©), s € R.
Proof. Since |A B||® < ||A|®) ||B||®), forany Ay, ..., A, € C&(M, E) of order ay, .. . , a, respectively,

IR, @)A1+ ROL QY ARG, QNI < [TIANP ARG, @I = 0=,
i=1

Under the assumptions on f, the convergence in any Sobolev norm || - [|), s € R of the Cauchy integral then
follows. O
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We therefore set the following definition:

Definition 6. Let f be a complex valued function defined on the contour Cy C C around the spectrum of Q and such

that p f(Z—?w) lies in L' (]1, oo[) for any j € N. The quantised Cauchy integral is defined by:
1
(@40 i= 5 [ FOIRGL Q40 01
2 Je,

1
= 5 ff()»)R(?», Q)0 ---0R(A, Q)OR (X, Q)
17T

where the expression 8 R(A, Q) arises n times. In particular, fo(Q) = f(Q) and for any positive integer n we have

1
MmO +0)(A1®---®A,) = E/c dAf )R (X, Q+0)(A1® -+~ ® Ayp)
0

1

2—/ drf(2) R(A, @)A1 --- R, Q)A,R(, Q)
17T Cy

forall A} ® ---® A, € C,(M, E).

Remark 4. f,(Q + 0) induces a map:
Ce(M, E) — CU(M, E)
A ®- - ® Ay > Ofn(Q+0)(A® - ® Ap)
= Aofa(Q+0) (A1 Q- Ay).

Example 3. For f(1) = A%, and Re(z) > O the assumptions of the proposition are satisfied so that (Q + 0)7 ¢ is
well defined. This definition extends to Re(z) > —k as usual.

We now slightly weaken the definition >~ introduced above. Let T € C{¢(M, E) and Ty, k € N be operators in
C¢(M, E) with decreasing order in k. Then

T~Y Tie=TC'~) 1,c! 8)
k>0 k>0
for some invertible C € C¢(M, E).

Theorem 1. Let f be a complex valued function defined on the contour Cy C C around the spectrum of Q such that

i
f(ﬁ_(:f ) lies in L'(11, oo[) for any j € N. In particular, for any n € N, and for any multiindex (ky, . . ., k,) € N",

FUKED (0) is defined by a Cauchy integral:

P

fkn () = LA | roae.— gyt
21w C¢

which converges in the || - |*) norms for all s € R. Here |k| = ki + - - - + k.

We assume that Q has scalar leading symbol, that f(|k|+”)(Q) lies in C¢(M, E) and that \k|(g — 1) +
o(fUKI+M (0)\C 1) decreases for some fixed invertible operator C € CL(M, E) as |k| increases, where o(A) denotes
the order of A. Then for any Ay, ..., A, € CLM, E) the operator AV ... A\ fUK+n=D (0 e Ce(M, E) has
decreasing order in |k| and

c(k) (k1) k k
W(O0+0)(AIQ - QA NE AR  Ak) (k) i
fe (O )(Aq n) = (k[ +n)! 1 n f (Q)
where for a multiindex k = (k1, ..., k) and n = 1 we set c(k;) = 1, forn > 2

(k4 4k +n—1)!

ki,....ky) = .
etk n) k' ke + Dk + ko +2) -tk 4+ -+ k1 +n—1)
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A® kD ()
(k+1)!

Proof. Applying Lemma ltoh; =k +---+ki+i+1withi=1,...,n—1wefind
RiA. Q+0)AI® - ®A)=0-Q A (L— ) '4,0.— Q)"
=Y AO-07 A -0 A 0 - O

Remark 5. When n = 1 we get back that f(Q) A ~ Zkzo

k1>0
ki + ko + 1
~ Y atoy arlet itk t Dy, _ gyshih
k1>0 k2>0 (kl + 1)'k ‘

XAz (A= Q) A4, 00— Q)"
) A% yltlet ki +k+ D! ey )3 (ki + ko + k3 +2)!
(k1 + 1D)ky! (k1 + ko + 2) k3!

12

k1=0 ka>0

x AL — @) Th g G- 0) 1A, G - @)
ki+kx+D---(ki+hk2+- -+ ky+n—1)!

(ki + D!k ky + Dk + ko +2)! (k4 4 kyy +1— D)

k3>0

1

k=0
k 5 —k|—n—
« Ag I)Aé 2) . A;kn) (A — 0) |k|—n—1

k k kel —n—
Zc(kly‘-wkn)AiI)A§2)"'A;(1kn)()"_Q) |k|—n 1'
|k|>0

[

It is useful to keep in mind that since Q has scalar symbol, the product Agkl)Ag‘” e A,ﬁk”) has order |a| + |k|(g — 1)
where |a| is the total order of the product A; --- A, so that A(lk‘)AgQ) e A,(,k”) (A — @)~ KI=7=1 has order |a| + |k|
(g—1) —q (k| +n+1)=]a| — |k| — g(n + 1) which decreases as |k| grows.

On the other hand, integrating by parts yields

1
— _ o)~ Ukl+n+D) 45 — (1k]+n) 1
Yin ff(?»)()» Q) di = 2171(|k|—|—n)' /f MR —Q) da

= m FUE Q).

For any operator C chosen as in the statement of the proposition, this yields

(O +6)(AI® - ®A,)C! ﬁ / FOOR, O, Q+0) (A1 ®--- @ Ay)di-C!

N ck) oy (kn)L/ k=1 gy el
_|k|23:0—(|k|+n)!Al A S [ F)0 = 0) dr - C

c(k) .
= 3 e AT Ay e
[k|=0 :

Since by assumption the order of A(lk') e Af,k”) FUk+m 0y €1 decreases as |k| grows, it follows that

c(k) k1)

Mm@ +0)(A1® - ® A, ~ Z m ATV .Aflkn) f(lan)(Q),

[k|>0
which ends the proof of the theorem. [

Corollary 1. Let Q € CU(M, E) be an admissible elliptic operator with spectral cut ¢ and scalar leading symbol.
The quantised complex power of Q is well defined for Re(z) > 0 and for any Ay, ..., A, € CL(M, E) we have

(=D+7e k) T'(z 4 k| + n) A%
I'(z) (k] +m)!

Q+0) (A1 @ @A)~ Y
|k|=0

- Alka) g=z=lkl=n
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Remark 6. The operator Ag(Q + 6)"°(A] ® --- ® A,) coincides with the operator involved in the definition of
(Ao, ..., Ap); in [14] (see paragraph 4.3) up to a sign and a multiplicative factor I'(z).

Proof. For any complex number z with positive real part the map f(A) = A~ ¢ satisfies the assumptions of Theorem 1
(here we take C = 1) so that the quantised complex power of Q reads

(Q+0) (A1 @ ®A) ~ Y c(k)(=2)(=z = 1)--- (=2 — (k| +n — 1))A§k1) - Alkn) 9=z (ki)

k=0 (k| 4+ n)!
(_l)lkH-" C(k)(z + |k| +n— 1) e (Z + 1)ZA(k1) A(kn)Q_Z_(lkH_n)
(k| 4+ n)! Al
|k|>0 !
(—=D*F c(k) I (z + |k| RIS o kim
IK[=0 I'(@) (k| + n)! 1 n ,

which proves the lemma. O

Corollary 2. Let Q € CU(M, E) be an elliptic operator with positive order and positive leading symbol, for any
A1, ..., A, € CL(M, E) we have for any ¢ > 0

et @ U ® --®A,) = (—e)”/ e fU0Q A .. em 10 A, ey, - .. du,

Aﬂ
DM@ k) tg-eo
= (k| + n)! ! :
where A, = {(ug, - . ., un), u; >0, 27:0 u; = 1} is the unit simplex.

Remark 7. e The operator Age™*° @49 (4 ® --- ® A,) coincides with the operators involved in JLO traces used
in [14] (see Appendix A) up to a multiplicative factor (— 1)”5%.

e If M is a spin manifold and E the spinor bundle on M, letting Q = D? with D the Dirac operator, following [28],
one can treat & + oD as a superconnection form where o is the grading. The curvature is then given by
R = QO + o[D, 0] and (see formula (8.1) in [28])

eQFolD0] — Z/ s [D,0]-- 196D, 01" C duj - - - du,
A,

n>0

can be seen as a quantised heat operator up to the fact that one has replaced 6 by o[D, 6].
Proof. Applying Theorem 1 to f(A) = e ** (here we take C = e~*?), the quantised heat operator of Q yields

(_1)|k\+nc(k) £\k\+n A(kl) N

et @) (A ®...® A, ~ Z I R Alk)g=eQ

|k|=0

As for the second statement in the corollary, clearly,
e AR @A) = (—8)"e (A ® - ® Ay
so it suffices to prove that

eQ+6(A] R ®A,) = / eMOQA1 o eu”_]QAne“"Qdu.

n

and then substitute —e Q for Q.
The following derivation is taken from [14]. Using the Cauchy integral as a contour integral along the imaginary
axis we write

A ®---®A,) = ﬁ/e*(x ~O7 A -0 TA 0 — )7l
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1 +00 |
T eV(iv— Q)AL (v — Q) Ay — Q) d
—00
= lim ifm eV 3wy fPwydy
=021 J oo 0 "

= lim (fg > x f;) (D)
+o0 +o00

= / / go(l —up)gi(ur —u2) - gno1(Wn—1 — un)gn(up)duy - - - duy,
—00 —00

:/ e“CA - A,_je 1A, e Qduy - - - duy,
A,

where f;? is the convolution of g;(t) = Aje’ ¢ (here Ag = 1)ift > Oand g;(t) = 0if r < O with " '¢(6~!-) some
compactly supported bump function. O

2.3. Transformation under the adjoint action of C£(M, E)

An operator C € C{(M, E) induces an adjoint action:

C¢M,E) — CUM,E)
A+ adc(A) = [C, Al

The following proposition shows how a quantised resolvent of level n transforms to a quantised resolvent of level
n 4+ 1 under the adjoint action.

Proposition 4. For any Ay, ..., A, € CL(M, E) and any C € CL(M, E), for any Q € CL(M, E) and any ) outside
the spectrum of Q,

(adc Ry(A, Q +0))(A1 @ -+ ® Ap) == adc(Ry(A, Q0+ 0)(A1 ® - Q@ Ap))

n
—Y R, Q+0)(A1® - ®adcA; ® - ® Ay)

i=1
n
= > Rup1(. Q+0)(A1® - ®A; ®adc(Q) ® Aj41 ® - ® Ap).
j=0
Proof. Since the adjoint action is a derivation ad¢ (AB) = ad¢(A) B + Aad¢(B) and since
adcR(A, Q) = R(A, Q)adc OR(A, Q),
we have

(adc Ry (A, @ +0))(A1 ® --- Q@ Ap)

= ZR(/\, Q)AIR(A, Q) ---AjadcR(A, Q)Aj11R(A, Q) --- R(A, Q)A,R(X, Q)
=0

= Z R, Q)AIR(A, Q) - AjR(A, Q)adc(Q)R(, Q)Aj11R(A, Q)--- R(A, Q)A,R(%, ),

Jj=0
leading to the statement of the proposition. [

Performing a Cauchy integral leads to the following result.

Corollary 3. Let Q € EM?)%‘;O(M, E) have spectral cut Ly and positive order q. For any Ay, ..., A, € CU(M, E)
and any C € C4(M, E)

(adc fn(Q+0)(A1 Q- ® Ap) = anJrl(Q +0)(A1®---QA;Qadc(Q)®Aj11 Q- ® Ay)
j=0
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where f is any complex valued function defined on the contour Cy around the spectrum of Q and such that

P = f(’;—fld)) lies in L'(]1, oo[) forany j € N.

&

Combining Corollary 3 applied to f (1) = e~¢* with Corollary 2 yields back the following well-known formula.

Corollary 4. Let Ay,..., Ay, € CL(M,E) and let Q € EII(M, E) have positive leading symbol then for any
CeClM,E)andanye > 0

adc (e @) (A1 ® -+ ® Ay) = (—&)"adc U due™*10C A, - -e—S“"QAn}

n+1

= (&)’ Z/ due™#0CAy - Aj_1e”-1Cadc Qe C
144
J 1 n

x Aje Q. g7l
2.4. Varying the operator Q

The following elementary result will be useful to control the variation of quantised weighted traces when the weight
Q varies.

Proposition 5. Ler Q(b) € CU(M,E) be a differentiable family of classical pseudodifferential operators
parametrised by a manifold B and let Ay, ..., A, € CL(M, E). Given a point b € B, for any A outside the spectrum
of Q(b) with b in some neighborhhod of a point by € B,

dR, (A, Q +6)(bo) (A1 @ -+ ® Ap)

= Rur1(h, Q(b0) +0)(A1® - ®A; 1 ®dQ(h) ®A; ® -+ ® Ap).
j=1

Proof. This follows from the identity
dR(%, Q) = R(x, Q)dOR (2, Q)

combined with the Leibniz rule. O

Performing a Cauchy integral along the contour Cy yields the following result.

Corollary 5. Let Q(b) € E llgfé’;o(M , E),b € B be a differentiable family with fixed positive order q and a given
common spectral cut Ly. For any non negative integer n and any Ay, ..., A, € C4(M, E),

AH(Q+0)AI®  ®A)=) fi1(Q+0)(A1® @A ®IQO A1 ® - ® Ay
j=1

where f is any complex valued function defined on the contour Cy around the spectrum of Q and such that

p = f(ﬁ—j’-id)) lies in L'(]1, oo[) for any j € N.

Remark 8. When n = 0 this reads

df(Q)(A) = f1(Q,0)(A®d Q).
Combining Corollary 5 applied to f(A) =e™

¢+ with Corollary 2 yields back the following well-known formula.

Corollary 6. Let Ay, ..., A, € CUL(M, E) and let Q(b), b € B be a differentiable family in ELL(M, E) of operators
with positive leading symbol parametrised by a manifold B then
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de (A1 @ ® Ay)
= (—e)"d U due 0@ A, .. -e”‘"QAn}
A

n+1
= (—e)" Zf due QA ... Aj_je ui-18dQe QA e in1 Q| eEn0A,.
j=14n

3. Quantised regularisation procedures

A regularisation procedure on C£(M, E) is a map
R:CeM,E)— AW,ClM,E))
A A(w)

with values in the space A(W, C¢(M, E)) of analytic maps with values in C£(M, E), defined on a subset W C C
containing R satisfying the following requirements

1. A(w) is trace-class for w with large enough real part,
2. A(0) = A,
3. if it is finite, the order of A(w) has non vanishing derivative at 0.

We focus here on regularisation procedures of the type
RET(A)(w) =6 f(w)(Q)(A) = A f(w)(Q)

where f(w)(Q) = ﬁ f fFw)M) (A — Q)_1 dA for some Q € C4(M, E) lies in A(W, C¢(M, E)).
Applying the (second) quantisation procedure described previously, we can quantise such a regularisation
procedure to build

R Cu(M, E) - AW, CU(M, E))
defined by 6 ROQ’f(A)(w) = A f(w)(Q) and for positive integer n by
R C,(M, E)) - AW, CUM, E))
A®- @A (w0 f(w)(Q+0)(A® -+ ® Ap)).
Two well-known examples are

1. when Q is an admissible elliptic operator, the zeta regularisation defined for z in W = C with f(z)(A) = A7% by
RS . Ce(M, E) — Hol(C, C¢(M, E))
A > AQ+me)™

with Q of order ¢ > 0, 7 the orthogonal projection onto the kernel of Q.

2. When Q has positive leading symbol, the heat-kernel regularisation is defined for ¢ in W = RT U {0} with
f(&)(3) =e " by

REHK . CcoM, E) - C®@RT U{0}, CUM, E))
A (e > Ae9),

We investigate their quantised versions

RE¢ = REHOL, RQHK . RO+0.HK

and study the corresponding quantised regularised traces.
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3.1. Quantised zeta regularisation

Let Q0 € C{(M, E) be an admissible elliptic operator with spectral cut ¢ with positive order g. Setting
f(@)() = A7%, the zeta regularisation ;Q'5 can be quantised to R.QHM : Ce(M, E) — Hol(C¢(M, E)) defined
by ROQJFG’; = RZ¢ and for positive integer n by

RHOL . €, (M, E) — Hol(CL(M, E))
A)®AI® - @Ay (2 A fo(D)(Q+ T +0) (A1 Q- ® Ay))

so that

R A @A ® - ® Ap) = Ag(Q+mp +0) (A ® - ® Ay)

1
= _— /A‘ZAO(A — Q@+ +)AI® - ® Ay
24w
1
== /)»_ZAO()» Q7)) AL Ay O = (Q + 7o)

For simplicity, in the following we assume that Q is invertible. The results can then be easily extended to the general
case by replacing Q with Q + mg.
The subsequent lemma summarises a well-known result (see e.g. [13,17,18,27,33]).

Lemma 2. Let A € C4(M, E) of order a and Q € CL(M, E) an admissible elliptic operator with positive order q.

Then the map z — tr(R2¢(A))(z) := tr(A Q7%) which is holomorphic on the half plane Re(z) > % where d is the

dimension of M, extends to a meromorphic map tr(R2-¢(A)) |™" with simple poles. The pole at 0 is proportional to
the noncommutative residue:

1
Res,—otr(R2*4 (A)) |™" = —res(A).
q

The finite part at 7 = 0
tr?(A) = fp__o(tr(AQ ™))

which in general is non local, boils down to a local expression when A is a differential operator [27]:

r2(A) = —lres(A log Q).
q

Theorem 2. Let Q € CU(M, E) be an elliptic operator with scalar leading symbol. For any Ag, ..., A, € CL(M, E),
n > 0, there exists some K > 0 such that the expression

K —Dlkl+np
REE (M@ A @0 40 — Y TN F)(z)(lkl(j—:)lvkl =

k]=0

AgA%D) .. Al Q== (Wim
d=Ktlal _ 41 and the map z U‘(RnQ-HQ’;(AO ® A1 ® - ® Ay)(2)) extends to a

meromorphic map tr(RnQ 6.4 (A)® A1 ® ---® A,)) ™ defined on the whole plane. Its pole at z = 0 vanishes and
its limit at z = 0 is given by a local expression:

is trace-class for Re(z) >

TR (A0 ® A1 @+ @A) 75 = lim w(RPT (A0 @ A1 @+ @ Ap) ™
—>

(_1)|k|+nc(k) )
- Z k—res(AO A(lk') . ..AElkn)Q (|k|+n))’ ©)
o<il<lalng+a 94Ukl + 1)

where as before, d is the dimension of M.
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Remark 9. Since Q has scalar leading symbol, the operator A®) has order a + k(g — 1) where a is the order of A
and the operator Ag Agk‘) e Af,k") QUK+ has order |a| + |k| (g — 1) — (Jk| +n)q = |a| — |k| — ng which decreases
as |k| increases. Since the noncommutative residue vanishes for operators of order < —d where d is the underlying
dimension of the manifold M, only a finite number (|k| < |a| — nqg + d) of non vanishing residues arise in (9).

Proof. From Corollary 1 we have

c(k)(=D)K+7 P (z + |k| + n)
I'(z) (|k| + n)!

RIVE(A©AI® @A) ~ Y Ag AT - Affn) g (K,

[k|=0

The operator Ag Agkl) e Aflk”) Q~UK+mM=2 of order |a| — |k| — ng — gz is trace class for Re(z) > W

— n.

Since the operators Agki) are classical its trace, which defines a holomorphic function on this half plane, extends to a
meromorphic function on the whole complex plane with simple poles.
For positive integer n
Fz+lkl+n) 2
T@(k+m! " Jkl+n

so that by Lemma 2,

I'(z + |k| +n) res(Ag ARV ... Ak o= (ki+n)y

tr(Ag AV ... Alk) g=z=(kltm)y
n

20 Tk +n)! gkl +n)
Hence, as z — 0, (R (A0 @ A1 ® - - ® A,)(2)) converges to
r(REZM4(A)®@ A1 ® -+ ® An)(2))]z=0
_ Z (— D7 ¢ () res(Ag Agkl) . Ak g=(kl+m)

0<|k|<la|—ng+d q (k| +n)

which is a local expression as a finite linear combination of noncommutative residues. [

Definition 7. We call the value at z = 0 of the meromorphic extension
wf (A0 @ ® Ay) = (R (A)® A1 @ -+ ® A,)(2) 15
the quantised Q-weighted trace of Ay ® --- ® A, € C,(M, E).

The above theorem can be reformulated as follows.

Corollary 7. Given an elliptic operator Q € CU(M, E) with scalar leading symbol, for any positive integer n the
quantised Q-weighted trace of Ag®---® A, € CL,(M, E) is local as a finite linear combination of noncommutative
residues:

(= D*Fm (k)

(k1) (kn) —(lk|+n)
res(Ag Ay - A QO ). (10)
q(lk| + n) ! "

(A @ ® A,) =
0<l|k|<|a|—ng+d

For n = 0 we have
u2(A) = u?(A)

which in general is non local.

Remark 10. Applying this to the case of a spin manifold with E the spinor bundle and Q = D? the Laplacian of the
associated Dirac operator D we get a local formula similar to that obtained for the Chern character by Connes and

7 1t differs from the weighted trace cochains defined in [24].
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Moscovici (see Theorem II.1 of [7]) which is not surprising in view of Remark 7 which relates the Chern character in
cyclic cohomology with quantised weighted traces:

t]‘nQ+9(A0 ®[D,A1]®---Q[D, A,]
-1 |k|4+n k
= Z M res(Aq [D, A]](k]) ---[D, An](k”) Q_(\kH-H))_
o<ikl<ialngra UK +1)

3.2. Quantised heat-kernel regularisation
Let us now assume that Q is elliptic with positive leading symbol so that e ¢€ defines a smoothing operator for
any € > 0. The heat-kernel regularisation procedure:
REAK(A)(e) = Ae™*2, £>0
can be quantized to R.Q+9’HK on Cq(M, E) defined by
RETOHE (A0 ® - ® A)(e) = Ao fu(e)(Q(A1 ® - ® Ay), €>0
with f,(¢)(Q + 0) the quantised version of f(¢)(Q) :=e™* Q

Proposition 6. Let Q € CL(M, E) be an elliptic operator with scalar leading symbol. For any ¢ > 0 the expression
Aoef @Ay, ... A, s smoothing for any Ao, ..., A, € CL(M, E) and for any positive integer n

R (Ag® - @ An)(e) = (—¢)" / Age™ 0. A, e dy

(_I)nIkI-‘rnC(k) Slkl-‘rn

(k1) p(kn) a—€Q
k! AOAl Ae .

[k|=0

Proof. The fact that Age ¢(@+t? (A, ..., A,) is smoothing together with the first identity follow from the first
identity in Corollary 2. The second expression follows from the second identity in Corollary 2. [

The following lemma, which we quote from [12] (see also Lemma 9.34 in [3], formula (3.19) in [18] (here k = 0) and
formula (1.2) in [1]) is useful to compare heat-kernel and zeta regularisation.

Lemma 3. Let f € C°°(]0, ool) with asymptotic expansion for small t of the form:

00 u 00 i 00 )
FO~Y aii T + > bt logi+ Y cjt! (11
=0

j=0, f;“ez J=0

for some real numbers a,aj,bj,cj, j € NU({0} and a positive real number q. Let us moreover assume that it decays
exponentially at infinity. Then the Mellin transform:

1 o0
M(f)(z) = @ fo T F(de

is a meromorphic function with simple pole at 7 = 0 and whenever « is a non negative integer we have

by,
M(f)(2) = _? +fP;=0f(f) —byy +o(1)

where y is the Euler constant and fp,_ f (t) the constant term in the asymptotic expansion (11). In all other cases,
the map z — M(f)(z2) is holomorphic at 7z = 0.
In general we have

fp,—oM(f)(2) = fp,—o f () — v Res;=o M (f)(2). 12)
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Although ordinary heat-kernel regularised traces differ from zeta-regularised traces by a term proportional to the
noncommutative residue, the following theorem shows that higher heat-kernel quantised regularised traces coincide
with quantised zeta regularised traces.

Theorem 3. Let Q € CL(M, E) be an elliptic operator with positive order and positive leading symbol. Then, for
any A € C{(M, E)

w2 (A) = fp,_otr(RLAK (A)(e)) — gres(A), (13)

so that ordinary heat-kernel and zeta regularised traces coincide on operators with vanishing residue. In particular,
they coincide on differential operators.

For any non negative integer n, the map & — tr(R;,Q HE (A ® - --® Ay)(e)) has an asymptotic Laurent expansion
around 0 in fractional powers of €.

Its finite part at ¢ = 0 coincides with the quantised Q-weighted trace of Ao ® - -+ Q A, when the A;’s and Q are
differential operators or for any large enough integer n, i.e. such that |a| + d < |k| + g n with |a| the total order of
the product Ag - - - Ay, d the dimension of M. In those cases we have:

fpe ott(REHE (Ag ® - - ® Ap)(e)) = o, otr(Aoe @ (A1 ® - ® Ap))
=t (4@ @ A,).

Proof. The first part of the theorem follows from (12) applied to f(z) = tr(Ae™’ Q) which (see [12], see also [18])
satisfies the assumptions of Lemma 3 with « = a + d, where a is the order of A and ¢ the order of Q. Lemma 2 then
gives the expression of the complex residue Res,—otr(A Q%) |™" in terms of the noncommutative residue.

The second part of the statement follows from Lemma 3 applied to

Fie(t) = " (A Agkl) . ”Aﬁlk,,)e—tQ)

which also satisfies the assumptions of the lemma.

If the A;’s and Q are differential operators, then the pole at O of its Mellin transform M (f)(z) vanishes since
the noncommutative residue vanishes on differential operators. The statement of the theorem then follows from (12)
combined with Proposition 6.

As for the general case, since Q has scalar leading symbol, the operator A = Agp A(lk‘) e A,(,k”) has order
la| + |k|(g — 1) and the constant « in (11) is ¢ = |a| + |k|(g — 1) + d. Due to the presence of the multiplicative factor
glkl+n in Proposition 6, it follows that tr(R,,Q’HK (Ap® -+ - ® A,)(e)) has the same type of asymptotic behaviour with
a replaced by |a| + |k|(g — 1) +d — g(n + |k|) = |a| — |k| +d — g n so that there is no logarithmic divergent term
and hence no complex residue for large n i.e. when |a| + d < |k| 4+ g n. The result then follows from (12) combined
with Proposition 6. [

4. Anomalies for quantised regularised traces

Regularisation procedures give rise to anomalies due to the presence of the weight Q. Roughly speaking, we show
that the anomaly of a quantised regularised trace of level n is a finite linear combination of quantised regularised
traces of level n + 1. Since quantised regularised traces of any positive level n are local as finite linear combinations
of noncommutative residues, so is the anomaly of any quantised regularised trace including those of level 0.
We investigate different types of anomalies, the behaviour under the adjoint action of C£(M, E), the Hochschild
coboundary, and the variation when the weight Q varies.

4.1. Behaviour under the adjoint action

Let Q € Eﬂﬁifg;o(M, E) and C € C¢(M, E). The adjoint action ad¢c on C£(M, E) induces a transformation of
the corresponding ¢ -regularisation procedure, namely

adc(RE4)(2) == adc (0 (Q + 7o +0)7%).

The following result shows how the adjoint action of C£(M, E) sends quantised ¢-regularised traces of level n to
quantised regulalarised ¢-traces of level n + 1.
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Theorem 4. Let Q € Eﬂﬂf)(riéio(M, E) have scalar leading symbol. Then, for any C € CU(M,E) and any
Ao, ..., A, € CL(M, E), the operator adc (R.QJFO’{)(z)(AO ® --- ® Ap) is trace-class for any complex number z

with real part large enough and the holomorphic map z +— tr(adc (R.Qw’{)(z)(Ao ® --- ® Ap)) defined on the
corresponding half plane extends to a meromorphic map

z > w@adc(REF)(2)(A0 ® - - ® An)) ™
defined on the whole complex plane. We denote the value at z = 0 of the meromorphic extension by:
(adctrZ*) (A9 ® - - ® Ap) = tr(adc (RETH) () (A0 @ -+ ® An)) 15 -
Furthermore,
n
(@dctr@*) (Ao @ ®A4,) =) (4@ ®A;®adc(Q)®Aj11® - ® Ay).
j=0
Proof. Applying Corollary 3 to f(X) = A™%, by definition of RITE we get
adc (R4 (2)(Ag ® -+ ® Ap) = adc (0 (Q + 70 +0) (A ® -~ ® Ay)

n
Y 0(Q+mo+6) (A ®  ®A;®adc(Q) ®Aj11® - @ Ay)
j=0

n
=Y RE@D(A® - ®A;®adc(Q) ®Aj11 ® - ® Ay).
L

By Theorem 2, for any complex number z with real part of z large enough, each of the operators RHQ:IG’;(Z) (Ag ®

- ®A;®adc(Q) ®Aj11 ® - ® A,) is trace class and each of the maps z +— tr(RnQ:lg’C(z)(AO ®  -®A;®

adc(Q)® Ajy1 ® --- ® Ay)) extends to a meromorphic map. As a result there is a meromorphic extension
2> tr(adc (RETH () (Ag ® -+ ® Ap)) ™

defined on the whole plane, the finite part of which we denote by (adctr.Q+9)(Ao ® --- ® A,). The statement of the
theorem then follows. [

The locality of quantised weighted traces of any positive level n then provides the locality of the transformed
regularised traces under the adjoint action.

Corollary 8. For any Ay, ..., A, € C¢(M, E), forany Q € Eﬁﬂg‘ri(ﬁo(M, E) with scalar leading symbol and for

any C € CU(M, E), the transformed trace under the adjoint action (adctr,?+9)(A0 ® ---® Ay) is local as a linear
combination of noncommutative residues:

< BN EV S
(adctrnQ"‘e)(AO@...@An) — Z %
Do<ii<iang—q+a 94Uk +n+1)
k (kj) . (kiyo) _
x res(Ag A(1 DL Ay cki+) Ajffz —o Al o= (kD)
Proof. The result follows from Theorem 4 combined with formula (10). O

4.2. Hochschild coboundaries

The coboundary of an ordinary ¢-regularised trace s(tr?)(A, B) = tr¢([A, B]) generalises to the Hochschild
coboundary for higher level quantised ¢-regularised trace cochains:

b2 (A)® - ® Aptr) = Z(—l)ftr,?+9(Ao ® - QAjAj11® @ Aps1)
j=0

+ (D" (A1A0® - R A ® - ® Ap). (14)
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The following result shows that the Hochschild coboundary of a quantised ¢-regularised trace is a finite linear
combination of quantised ¢-regularised traces of the same level or higher.

Proposition 7. Let Q € Ellsf(ﬁo(M , E) have scalar leading symbol. For any non negative integer p and any

Ag, ..., Azpy1 € CU(M, E), on the one hand,

p
buf ) (Ag® -+ ® Agpy1) = Y S (Ag® -+ ® A2; ®[Q, Azj11] ® Azja ® -+ @ Agpp).
j=0

On the other hand,
p
0 0
B (Ao @ - ® Agpra) = Y U5 (Ag® -+ ® A2j @0, A2j41]1 ® A2j42 @ -+ ® Apt2)
-

—i—terpJf] (A2p2 A0 ® - ® Azpi1).
Proof. Following [14] (see e.g. Lemma 5.2), we first check that

Ri(A, Q+0)(A0® - ®Aj—1A;® - QAnt1) —Ri(A, 0+ 0) (A ® - ®AjAj 11 Q-+ ® Apt1)

which easily follows from the identity
Ajsi =70, A0 — O A1 = Aj i — )TN AA 1 — A1 A G — )T A
The result then follows using (14). O

As a consequence, the Hochschild coboundary of a quantised ¢-regularised trace is local.

Theorem S. Let Q € Ellg‘riéio(M , E) have scalar leading symbol. For any non negative integer p and any

At, ..., Aypyo € CUM, E), the Hochschild coboundary of a {-regularised trace is a finite linear combination
of noncommutative residues.
P
(k)
bl (A @ - @ A _ ke
(btr3, ™) (Ao 2pi1) =) > D 2D

j=00<|k|<la|-2pq—q+d
x res(Ag Agkl) oo p%et D Rpin) 0~ (kI+2p+D)y

2j+1 2p+1
and
Q — § 2 : || c(h)
( 2[7"1‘1)( 0 2p+2) ( ) q(|k| 2[) 2)

Jj=10=<(k|<|al-2pg—2q+d

k (k2jy1+1) (k )y
x res(Ag A(l ')-~-A2,-2f11 "'Azpzfzz 0~ (k+2p+2))

c(k)
+ okt c®
0§|k|§|a|—2217(1—q+d q(kl+2p+1)

kop— _
x res(Azp AgA KD ... A;;I_II)Q (k+2p+1)y

Proof. This follows from Proposition 7 combined with formula (10). The locality then follows from the locality of
the noncommutative residue. [

Remark 11. When p = 0 we get that

(_])k+l k+1 —(k+2
br?(A®B)= Y = ———res(AB*TD 97,
0<ksamgra 4k T2
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4.3. Variation of the weight

A third type of anomaly arises from letting the weight vary. Let Q(b),b € B be a differentiable family in
E Mf)fg;o(M , E) of fixed order ¢ > 0 parametrised by a manifold B.

Theorem 6. Let Q(b),b € B be a differentiable family parametrised by a manifold B in EM?)%I;O(M , E) with

scalar leading symbol and fixed order q > 0. Then, for any fixed operators Ao,...,A, € CEU(M,E), the
operator d(’R.QJra’{)(z)(Ao ® -+ ® Ap) is trace-class for real part of z large enough and the holomorphic map
z > tr(d (R?—H)’C)(z)(Ao ® -+ ® Ay)) defined on the corresponding half plane extends to a meromorphic map

2 tr(dRETH(D(A) @ - @ Ap)) ™

defined on the whole complex plane. This meromorphic extension turns out to be holomorphic at 7 = 0 and we denote
its value at 0 by:

@€ (Ag® - ® Ay) = t( d(RETIE) () (Ag ® - - ® Ay)) |5

Furthermore, exterior differentials of quantised ¢-regularised traces of level n are finite linear combinations of
quantised ¢ -regularised traces of level n + 1. For any non negative integer n:

n
@A) (A ® @A) =Y uZ (4@ ®A;®IQ®A;j11® - ® Ay)
j=0

forany Ao, ..., A, € CUM, E).
Proof. This follows from Corollary 5 applied to f(A) = A~% combined with Theorem 2. [

As a result, the exterior differentials of quantised ¢ -regularised traces are local.

Corollary 9. Let Q(b), b € B be a differentiable family in E€¢*™ (M, E) of fixed order ¢ > 0 parametrised by a

ord>0
manifold B. Exterior differentials of quantised ¢ -regularised traces of level n are local
; c(k)
dr€(A)® ---® A,) = _ B ke
n = EETESTA

Jj=00<lk|<|a|—ng—q+d
k (k) : (kjy2) _
x res(Ag AV - A (dQ)(kf“)Ajflr2 S A @ (Kint D)
forany Ag® ---® A, € Co(M, E).

Proof. This follows from Theorem 6 combined with formula (10). O
5. The family index theorem setup

We provide the basic ingredients that enable a generalisation of quantised ¢-regularised traces to a family index
theorem setup and will only sketch the actual extension, referring to [26] for further details. We adopt the notations of
[26] from which we quote some of the preliminary results.

Consider a smooth fibration 7 : M — B with closed finite dimensional fibre M}, := 7~'(b) equipped with a
Riemannian metric gy/p on the tangent bundle 7'(M/B). Let |A;| = |A(T*(M/B))| be the line bundle of vertical
densities, restricting on each fibre to the usual bundle of densities | Ay, | along M;. Let £ .= ET @ £~ be a vertical
Hermitian Z;-graded vector bundle over M and let 7, (€) = m.(ET) ® m.(£7) be the graded infinite dimensional
Fréchet bundle with fibre C*° (M}, & @ | Ay, | %) atb € B, where & is the Z;-graded vector bundle over M}, obtained
by restriction of £. By definition, a smooth section o of 7, (£) over B is a smooth section of £ ® |An|% over M, so

that 0 (b) € C®(Mp, & ® | A, %) for all b € B. More generally, the de Rham complex of smooth forms on B with
values in 7, (€) is defined by:

A(B, 7.(€)) = C® (M, T*AT*B)Q E® |A,T|%)
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with ® the Zj-graded tensor product. Let C£(£) denote the infinite-dimensional bundle of algebras with fibre

CLl(&Ep) = Cl(Mp, ER| Ay, |%). A section Q € A (B, CL(E)) defines a smooth family of classical pseudodifferential
operators with differential form coefficients parametrised by B. Such an operator valued form Q is locally described
by a vertical symbol

q(x, v, &) € C ((UM % Uy) x R, 7*(AT*Up) 9 RY ® (RN>*) ,

where X is the fibre product, £ may be identified with a vertical vector in 7 (M /B), and Uy, is a local coordinate
neighbourhood of M over which £y,, >~ Uy x RV is trivialised and R inherits the grading of £. With respect to the
local trivialisation of 7, (€) over Ug = 7 (Uys) one has

A(U. 7)1y, ) = AW) & C (Mg, )

with Mj, = 7~ (bo) relative to a base point by € Up, so that q can be written locally over Up as a finite sum of
terms of the form w; ® qp), where oy € A¥(Up) and qp; € C*(Up, x R"/{0}, RY x (RM)*) is a symbol (in
the single manifold sense) of form degree zero. We will work only with local symbols which have the local form

21:1%3 i ® qpiy> With just one term in each form degree, extending by linearity to general sums. The order of a such
a symbol is defined to be the (dim B + 1)-tuple (qo, - - -, gdim 8) With g the order of the symbol q; for simplicity
we consider the case where gy is constant on B. In accordance with the splitting of the local symbol into form degree

q = qjq; + - - - + Qgim B> the operator

QY)(x) = f dvoly,p f I Eq(r, v, B ()dE,
M/B R"

(2m)"
for ¥y with compact support in Uy, splits as Q = Qop + Qpij + -+ + Qqgim B> Where Qg = wr @ O €
A(Up, 7, (€)|UB) in each form degree.

Definition 8. A smooth family Q € A (B, C£(£)) of vertical pseudodifferential operators is elliptic if its form degree
zero component Q) is pointwise (with respect to the parameter manifold B) elliptic.

In this case Q has spectral cut 6 if Qpq; admits a spectral cut 6. Likewise, it is invertible if Qq; is invertible. Setting
Q-0 =Q—Qy € Al (B, CL(E)), for A outside the spectrum of Qo
R,Q=x-Q"
—1
(A — Qo + Q1=0))

dim B
Z R (A, Q+ 0)(Qp=0p» - - -» Qr=0p) With Q- arising k times. (15)
k=1

In particular ((Q — A)_l)[o] = (Qqo] — AL

Without giving a detailed description of the analog in this family setup of the constructions carried out in the
ordinary setup, let us however give the basic ingredients that lead to a generalisation of the quantised ¢-regularised
traces to the family setup, using Q as a weight.

Let Q be a smooth family of vertical admissible elliptic invertible ¥DOs, the orders (qo, - - - , gdim B+1) of which
fulfill the assumption

go = ord(Qjoy) > 0
and

gk <q0 Vk=>1. (16)
Under these assumptions one obtains an operator norm estimate in A(B) as |A| — coin [y

I = Q7N 5 =00 VseR

where || - ||§\Z,I) /B A (B, CL(E)) — A(B) is the vertical Sobolev endomorphism norm associated to the vertical metric.
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From there, we can mimic the construction of the quantised resolvent for ordinary pseudodifferential operators and
define the quantised resolvent R(A, Q) = (A — (Q + @))~! of Q as well as its quantised complex power (Q + @)%
when Q has a spectral cut where © is now the insertion operator O(«) = « for all @ € A(B, 74(&)).

As in [26], where ordinary weighted traces were extended to pseudodifferential operator valued forms o €
A(B, m(£)), quantised weighted traces and noncommutative residues can be extended to pseudodifferential valued
forms o; € A(B, m4(E)). Theorem 2 applied fibrewise above each fibre b then yields the following statements:

Proposition 8. Let Q € A (B, CL(E)) be a vertical elliptic operator valued even form with scalar leading symbol and
positive order q. For any ay, . .., o, € A(B, m4(E)), the operator (Q + Q + 0) % (a; ® - - ® ay) is trace-class
for real part of 7 large enough and the map 7 — tr(0 (Q + Q t+ 0) ap ® - - - ® o)) extends to a meromorphic
map z > (6 (Q + 7y, + 0) (@ -+ @ ay)) | defined on the whole plane. The Q + ©-weighted trace of
o) ® - -+ ® &y, corresponds to its finite part at 0

1@ ® - ®an) = 1r(0 (Q + 7y + O) (0 ® - @ ) 75 .

+0O . . L . .
r,? is local as a linear combination of noncommutative residues:

For any positive integer n, the quantised ¢ -trace t
(—D*+7e(k)

Q+6 _
try (o ® - Qay) =
0<|k|<|al—ng+d q (k] +n)

X res (ao Aaf DA A A Q JTQ[O])_(”‘H”)) .

Remark 12. With these notations and those of [26] we have trQ(«) = trOQ ().
Since we are interested in the variation of quantised weighted traces under a variation of Q, given a connection A on

A we set for any «y, ..., a, € A(B, 74(£)),

(dtrnQ+9) (® - Qay) =d (tr,?+9(ozo ® - ® Otn))

n
- Z(—l)d°+"'+dftr,?+9 (0@ Q@aj_1 @A ;] Qa1 @ --a). (17)
=0

Theorem 7. Let Q € A (B, CL(E)) be a vertical elliptic operator valued even form with scalar leading symbol and
positive order q. Let A be a superconnexion on w,E. For any oy, ..., o, € A(B, 7.(E)) of form degrees dy, . .., d,
respectively, we have:

n
(W) @@ @) =D D@ (e 8 8L QBB B,
j=0

with |dj| = do + - - - + d; as before.

Proof. Locally we write A = d + @ and hence [A, -] = d + [?, -]. Theorem 6 with Theorem 4 (with C replaced
by an even degree form) both generalise to pseudodifferential valued forms. Combining them (with C replaced by &)
yields the result. O

Corollary 10. Let Q € A (B, CL(E)) be a vertical elliptic operator valued even form with scalar leading symbol and
positive order q. Let A be a superconnexion on 7t,.E. For any ag, . . ., a, € A(B, m+(E)) of operator orders ay, . . ., a,
and form degrees dy, . . . , d, respectively, we have:
n ‘ -1 |k|+n+lc k
<dtrnQ> (01 ®  Qay) = Z(—l)'df‘ (l)c—(l)
=0 0slkl<lng—q+a UKI TR +D

kj— , kj
X res (ao A aik') A A 0‘5’—]11) ATA, Q1% A a;. 1)
X A /\“r(lk") A(Q+ nQ[O])—(\k\+n+l)) ’

where |a| = ag - - - + a, and as before |dj| == di + --- + d.
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Proof. As before, we write A = d = @ and hence [A, -] = d + [, -]. Combining Corollary 9 with Corollary 8 (with
C replaced by ) yields the result. [

A superconnection [28,2,3] on & adapted to a smooth family of formally self-adjoint elliptic ¥YDOs Q €
A° (B, Ct4(&)) with odd parity is a classical ¥DOA on A (B, w.£) of odd parity with respect to the Z;-grading
such that:

Alw-0)=doro + (=Dl A A(c) Yo € A(B),o € A(B, 1,E)
and
A[o] = Q

where A = Y0 B Ay and Ap) - A* (B, m.6) > A*H (B, 1,6).
Theorem 7 easily extends when replacing Q by A? so that we get back the expected covariance for ordinary A>-
weighted traces:

Corollary 11. Let A be a superconnection on £ adapted to a smooth family of formally self-adjoint elliptic ¥DOs
Q € A% (B, Ct4(E)) then the ordinary A* weighted trace is covariantly constant:

drt’ € = o
with the notations of (17).
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