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ASYMPTOTIC EXPANSIONS FOR THE HEAT CONTENT

S. DESJARDINS

Let M be a compact Riemannian manifold with smooth
boundary 0M. We study the asymptotic expansions associ-
ated with the generalized heat operator Qe # with suitable
boundary conditions. A new invariant defined on the bound-
ary of M is introduced, and a method is given that relates the
heat content asymptotics for the generalized heat operator
and the standard heat operator ¢ ‘' with the new boundary
asymptotics. As an application, we compute the boundary
asymptotics associated with an operator of Laplace type, and
the asymptotics for a generalized operator constructed from
an operator of Dirac type.

1. Introduction.

Many interesting results in global analysis have been obtained from the study
of spectral invariants of the heat equation. The classical invariants are de-
fined by the asymptotic expansion as t — 0" of

TrLz(e_tA) = Ze‘”” ~ Z apt (”_m)/Q,
v n=0

t

where e *2 is the fundamental solution of the heat equation

A+8t:07

and {\,} the spectrum of the Laplace operator A. While the spectrum
depends on the global behaviour of A, the asymptotics can be computed by
integrating a local formula in the jets of the total symbol of the operator A.
The coefficients in this expansion are spectral invariants in the sense that
if two manifolds have the same spectrum, then their asymptotic expansion
must be equivalent.

Recently, new invariants have been computed. See [BD], [BG], and [DG]
for examples. They are known as the heat content. The coefficients of the
short-term asymptotic expansion for the heat content have direct applica-
tions in theoretical physics [McA]. While their study is parallel in many
ways to the study of the classical invariants, their computation often requires
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modifications of the original techniques and, at times, new approaches. In
this paper, we study the heat content associated with generalized heat oper-
ators. Our focus is on the functorial aspect of the problem rather than the
actual lengthy computations.

Let M be a compact Riemannian manifold of dimension m with smooth
boundary dM. Let V be a vector bundle over M and let P : C>(V) —
C>=(V) be an elliptic partial differential operator of order d > 0. Let B be a
boundary operator, and denote by Ps the operator satisfying the boundary
conditions determined by Bf = 0. We assume the pair {P, B} satisfies a
suitable ellipticity condition. Let f; € C>(V), fo € C*°(V*), and denote by
( -, ) the natural pairing between the bundle V' and the dual bundle V*.
Let dx denote the Riemannian measure on M. We define the heat content
as follows:

B(f1, o, P, B)(t) = /M<e*”’5 fus fo)da.

Standard elliptic methods [Gr| show that there exists an asymptotic series
as t — 07 of the form

B(f1, fa, P, B)(t) ~ Zﬂn(fhfg,P, Bt/

n=0

The asymptotics are built universally and polynomially from the jets of
the total symbols of { P, B} and the covariant derivatives of the f;’s. They
contain information on the geometry of these operators, and on that of the
underlying manifold and its boundary.

The definition of the heat content can be generalized as follows. Let ) be
an auxiliary differential operator of order ¢ > 0. We define the heat content
corresponding to the operator Qe ' by

B(f1, f,Q, P, B)(t) = /M<Qe’”5f1, f)da.

We say that the pair { P, B} is admissible whenever the following asymptotic
expansion exists for ¢ — 0F:

Blf1, @ P.B)(E) = Y Bulf1 S, Q. PB)E T

The generalized heat operator includes some interesting cases, many of which
have been studied previously for the trace invariant.

Fegan and Gilkey [FG] have shown that, when OM = (), the trace in-
variants associated with the generalized heat operator P%e~*F b, for some
a, b > 0, are characterized by the trace invariants of the operator P. That
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is, the asymptotics for this family of invariants can be written as linear com-
binations of the original asymptotics. In their paper, Fegan and Gilkey used
the fact that when Py is self-adjoint, the solution of the heat equation can
be expressed in terms of the spectral data. This gives a relation between the
trace of the heat kernel and the residues of the zeta function [MP]. There
exists a similar link between the heat content asymptotics and a suitably
modified zeta function. The analysis of [FG| can therefore be extended to
obtain an analogous result for the heat content asymptotics on a manifold
with non-empty boundary. This construction is valuable here since it allows
us to exchange some of the complicated terms that arise in our formulas with
expressions involving simpler invariants.

When the generalized heat operator is constructed from an operator of
Dirac type @, it is relatively easy to show that both the trace and the heat
content asymptotics can be recovered from those of an operator of Laplace
type P = Q? by means of a variational formula ([BG], [D]). In this special
case, the asymptotic expansions for the trace of Qe~* have previously been
studied in [BG]; the corresponding trace invariants are important in index
theory [APS]. In comparison, the computations required to obtain the
heat content asymptotics from the variational formula are rather long and
tedious, and the resulting expressions unwieldy; the terms that describe the
asymptotics are not independent. Moreover, the application is limited in
both case to operators of Dirac type.

To address this situation, we propose a functorial approach that is re-
markably simpler and readily applicable to a wider class of operators. The
novelty of our approach is that it involves a new invariant defined on the
boundary of M. Aside from its technical merits, this new boundary invariant
is especially interesting, for it yields an asymptotic expansion that did not
arise previously in the study of the classical heat invariant. The methods
described here should extend to the heat trace asymptotics. We hope that
this will eventually lead to some new and interesting results.

This paper is arranged as follows. In Section 2, we use spectral theory to
express the heat content in terms of the spectral resolution of the operator
Py, and relate the asymptotics with a suitably modified zeta function. We
then show how the Mellin transform and the properties of the zeta function
can be used to obtain the heat content asymptotics for a generalized heat
operator when () and P are both powers of the same operator. In Section
3, we introduce the heat content on the boundary, and develop some of its
functorial properties. We also compute the asymptotics for the boundary in-
variant when Pg is an operator of Laplace type with Dirichlet and Neumann
boundary conditions. In the last section, we use the results of Section 3 to
compute the generalized heat content asymptotics for an operator of Dirac
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type.

2. The zeta function for the heat content.

We assume that Py is self-adjoint and that {P, B} is admissible throughout
this section. We use the fiber metric to identify V and V*. Let {¢,, A, }
denote the spectral resolution for Pg, and let

o) = [ (fa),d@)da
be the Fourier coefficients. Then

B(fr, f2, P,B)(t) = > e (f1) Gu(f2) e

When Pj is positive definite, we can define the zeta function for the heat
content of the operator Pz by

C(frvfor Pe)(s) 1= [ (Ps"fi. fo)da

M

for Re(s) > 0, and use the Mellin transform to relate the zeta function and
heat content asymptotics. Let I' be the classical gamma function defined by

I'(s) ::/ t5letdt
0

for Re(s) > 0. Let {P, B} be admissible, and let Pg be a self-adjoint positive
definite operator of order d. Then the Mellin transform for B(f, f2, P, B) is
given by

DU o P)s) = [ T8 (f, fo P B)(1)d.

It has a meromorphic extension to C with isolated poles at s = —n/d and

/Bn(flvf27P7B) = Ress:— F(S)C(flaf%PB)(s)’

a3

This formalism will be most useful to us once it is extended to higher order
operators obtained by taking powers of P. Assume that the pair {P? B’} is
admissible for

B'f :=Bf ® B(Pf)®---®B(P"'f).

This condition is satisfied, for example, if P is an operator of Laplace type
and the operator B determines mixed boundary conditions. Although this
is the case of our primary interest, we prove a more general case. Define

Buv(frs for P, B)() = / (PretPhf fo) dr.

M
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There exists an asymptotic expansion as t — 07 of the form

Bus(f1o f2 P.BY(E) = S Buwn(fur for PLB) 50
n=0

If P is a positive definite operator, we define the zeta function associated
with B,4(f1, fo, P, B) by

Canl 1, for Ps)(s) = /M<Pg(bs‘“)f1,f2> dz.

These general invariants have been studied previously [D]. The next result
shows that they can be expressed as a universal linear combination of simpler
invariants.

Lemma 2.1. We adopt the notation established above:
(i) If Pg is positive definite,

D6)aalfos o Po)() = [ 67 Buaslfis o PB) ()it

0

n—ad
bd 7’

It has a meromorphic extension on C with isolated poles at s = —
and

Bn.an(fis f2, P, B) = Res,__n-ad I(s)C(f1, f2, Ps)(bs — a).

(ii) Let Cpaap:= limsﬁ_% b H{T(s) "D (52

)}. Then

ﬂnghb(flaféafzzn ::Chh&aﬁ Bn(flaj§7}113)

Proof. We proceed formally to write

Buo( 1 fo P, B)(t) = /M<Pae*“’f% fo, Fo)da

- /M <Pazcu(f1) 60\5¢mf2> dx
=Y alx e [ (6 fda
= ZCV(fl)EV<f2))\Z ot

We note that

Ca,b(fla fa, PB)(S) = C(flv f2, PB)(bS - a)S
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the first assertion now follows easily from the representation of the heat
content in terms of the residues of the zeta function. Let § = bs — a, then

ﬂma,b(fl?vaP) B) = Ress:_”;igdr(s) C(flvavPB)(bS - (I)

~ Res ﬁﬂr<§z“)cuhﬁJ%xa

L'(5) C(f1, fa, P5)(3)-

This completes the proof if Pgs is positive definite. Note that

Bran(f1s f2, P+, B%) and  Caap Bulf1, fo, P+ ¢, B)

are polynomial in c. They agree for ¢ sufficiently large, since Pg + ¢ will be
positive definite. Consequently, these two polynomials agree for all ¢; (b)
follows in the general case by setting ¢ = 0. Ul

3. Heat content asymptotics on the boundary.

Let dy denote the Riemannian measure on dM. We define the heat content
on the boundary of M as follows:

bfis b PB)®) = [ (7 fi, o)y,

oM

This invariant monitors the heat distribution on the boundary of M, and
has a well-defined asymptotic series.

Lemma 3.1. Let {P,B} be admissible. Let t — 0%. There ezists an
asymptotic expansion of the form

n—1

b(flaf%PaB)(t) = an(f17f27P>B) i
n=0

where the coefficients b,, are locally computable on the boundary.

Proof. Let i(M) be the injectivity radius of M. Let ¢(r) € C*(R) be a
smooth function which is identically 1 near r = 0 and vanishes identically
near r = i(M). Let 2™ be the geodesic distance to the boundary, and define

U(z) = p(a™) € C(M).
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Let Q = ¥V, on C*(V), and let Q = V,, ¥ on C*(V*). We integrate by
parts to see that

[ Qe e o) = (e P QY =~ [ (e, by

The two expressions on the left-hand side of this equation have well-defined
asymptotic expansions, and thus the right-hand side has an asymptotic ex-
pansion. Furthermore, this asymptotic expansion can be computed as a
boundary integral plus an integral over an arbitrary small collared neighbor-
hood of the boundary. By expanding the f; in a Taylor series in the normal
variable we can transform the integral over the collar into the desired bound-
ary integral. [l

One can now use invariance theory to expand the heat content asymp-
totics on the boundary for { P, B} in terms of a Weyl basis, and solve for the
coefficients using the method of universal examples; for example, see [D].
It turns out that there is a simple relation between these boundary invari-
ants and the heat content invariants. The next two results illustrate that
relationship.

Let T} = a¥V, +b be an arbitrary first-order differential operator for some
endomorphisms a”, and b on C*°(V'). Consider the following heat content
invariant:

Bl T PB)O) = [ (T e . f)do.

Integration by parts yields

/ (I €_tPBf1,f2>d33:/ (e7"5 f1, T f2>d93_/ (&7 f1, G fo)dy.
M M oM

Each of these expressions has a well-defined asymptotic expansion. We
equate the terms in these expansions to prove:

Lemma 3.2. Let {P, B} be admissible and let Ty = a*V,+b be an arbitrary
first-order differential operator. Then

ﬁn(flvf%TlvP:B) = ﬁn—l(flafl f27P7 B) - bn(fl,&me,P,B).

Next, consider an arbitrary second order differential operator T,. Assume
that {P, B} is admissible and that the boundary operator B is of Neumann
type. In particular, we want

Bg(e_tpsfl) = {(e_tpsfl):,m + S(e_tPBfl)HaM =0,
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for some S € C*°(End(V|sas)). Again, integration by parts gives a formula
for the asymptotics of G(f1, f2, Ts, P, B) in terms of the asymptotics of the
heat content invariants and the boundary invariants.

Lemma 3.3. We adopt the notation established above. If BE(e7t5 f) =0,
then

ﬂn(fla f27T27P7 B) = ﬁn72(flaj;2f27pa B) + bnfl(flva%Pa B)v
for some differential operator R.

It is interesting to note that, since the asymptotics for the standard and
the generalized heat content differ by a boundary term, any additional infor-
mation contained in the generalized heat content is captured by the boundary
invariant. As a result, the task of computing the asymptotics for a general-
ized heat operator is reduced to that of computing a related boundary invari-
ant, which is often a simpler calculation, and of considering the asymptotics
for the standard heat operator, many of which are already known.

We now compute the boundary asymptotics associated with an operator
of Laplace type. Recall that an operator P = D is said to be of Laplace
type whenever there exist both a unique connection V and a unique endo-
morphism F such that we can express D in the form

D=—(¢""V,V, + E).

Since OM # (), we must impose suitable boundary conditions. Let S be an
auxiliary endomorphism of Va5, and let V,, denote the normal covariant
derivative with respect to the inward unit normal. The Dirichlet (5~) and
Neumann (B¢) boundary operators are defined by

B f:=floy and  Bifi= (Y +S)Flon.

Dirichlet and Neumann boundary conditions are adequate for most physi-
cal applications. However, in certain field theories or when studying elliptic
complexes, it is often necessary to impose a mixture of Dirichlet and Neu-
mann boundary conditions. Assume that, near the boundary of M, we are
giving a splitting V' = V_ & V,. Let Il be the associated projections on
V.. We define the mixed boundary operator by imposing Dirichlet boundary
conditions on V_ and Neumann boundary conditions on V.

We start by considering the case where B = B~ is a Dirichlet boundary
operator. The heat operator satisfies the boundary conditions; therefore, we
have (e*P5 f;)|sns = 0, and it follows that

/ (™5 £, fo)dy = 0.
OM
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Therefore, b, (fi, fo, D,B~) =0 for all n > 0, as expected.
Next, let B = B¢ define a boundary operator of Neumann type. Substi-
tuting {D, B&} in Lemma 3.3 yields

bn—l(fl)g;:f?)D)B;) = ﬂn—Q(flaﬁf%DaB;'r) _ﬁn(f17f27D)D7B§)'

We use Lemma 2.1 with a = b =1 to write

b1 (f1, BE f2, D, BE) = Bus(f1, Dfo, D, BE) + 2Bu(f1, fo, D, BE).

Since the heat content asymptotics are known to order n = 6 for a Laplace
operator with Neumann boundary conditions [DG], we can use the last
identity to compute the following asymptotics.

Theorem 3.4. Let D be an operator of Laplace type and let B = BE define
Neumann boundary conditions. Then

bo(fl,fz,D B+) =0.

—
&

)
(b) bl(fl,f2,D B+) faM<f17f2>d3/
(C) bQ(f f27D B )727r71/2f8M<B+f1af2>dy
(d)  bs(fi, fo, D, BS) = [op A(SBS i, f2) + 5Laa(BE f1, f2)

H((frymm + friaa = Laafism + Ef1) , f2) Ydy.

() bu(fr, f2, D,BS) = 2 _1/2fdM{<B+Df17f2> <(B+f1)a,f2a>
<(E+252+25Laa+ LaaLbb+ Loy Loy — Ramam)BSf17f2>}dy

Remark. We use the following notational conventions. Near the boundary,
we choose coordinates (y,z™), where y = (y*,---,y™ ') is a system of local
coordinates on M and z™ is the geodesic distance to the boundary. We
choose an orthonormal frame so that e,, = J,,. Roman indices a, b, ... index
orthonormal frames for the tangent and cotangent bundles of the boundary
and range from 1 through m — 1. Let V and V2" be the Levi-Civita con-
nection on M and on the boundary respectively. We denote by “;” multiple
covariant differentiation with respect to V, and denote by “:” multiple tan-
gential covariant differentiation with respect to V? on the boundary. Note
that if f € C°(M), then f, = f. on OM, since there are no tangential
indices to be differentiated. On the other hand, f., # f.a» as the index a
is also being differentiated. Let f,, be the covariant derivative of f with
respect to the inward pointing unit normal. Then f.,, = f.op — Lapf.m- The
second fundamental form L, is defined on the boundary of M and measures
the difference between V and VoM,

4. Asymptotics for operators of Dirac type.

Let End(V') denote the bundle of endomorphisms of V. A Clifford module
structure on V' is a linear map v : Cliff (TM) — End(V) so v(£)? = —|&|*- Iy..
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A first-order differential operator @ on C*°(V) is called an operator of Dirac
type if the leading symbol of @) defines a Clifford module structure on V', or
equivalently if Q? defines an operator of Laplace type.

Let v* = y(dx"). Locally, we can write

Q = ’yualf =T,

where 7 is a local section of End(V'), and ~ satisfies the Clifford commutation
relations:

VA = =29 Dy
Let @ be an operator of Dirac type on C*(V), and let D = Q? be the
associated operator of Laplace type. Since M # (), we must impose suitable

boundary conditions. There are natural boundary operators for @ and D;
they are determined by the Clifford module structure on V.

Definition. We say that {Q, x} is admissible if
(i) @ :C=(V) — C=(V) is a first order partial differential operator of
Dirac type.

(ii) x € C*(End(V)) is defined on OM and satisfies x* = 1, XV + VX =
0, and 7, = Yax for a <m — 1.

For example, let V = A(M) and let Q = d + § be the de Rham operator.
Near the boundary, we decompose

A(M) = ey A A(DM) @ A(DM).

Let x = I @& —1. It is easily verified that {Q, x} is admissible. The endomor-
phisms £y define absolute and relative boundary conditions respectively.
We use the endomorphism x to define a boundary operator B. Assume
that {Q, x} is admissible. Using parallel transport along normal geodesic
rays, we can extend x to a neighborhood of M, so that near M we have

Xsm = 07 X2 = 17 and XVm + YmX = 0.

This defines a splitting IL. := $(1£x) for V = V_&V,. We define boundary
operators for () and D relative to this decomposition by

BXf = H,f‘aM,

and

Bl f =T floar ® TI_Q flons-
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The boundary conditions determined by Bf( can also be obtained from a
boundary operator of mixed type. We refer to ([BrG], Lemma 7) for the
proof of:

Lemma 4.1. Define ® € C*(End(V)) by Q ="V — ®. Define
(1) Bf = H—f‘@k] @ H-l-(vm + 7m¢ - %VmVaX;a)H+f‘8M'

(ii) Bif =1I_flon @T_Q flom-
Then Bf =0 if and only if BLf =0.

Remark. The boundary operator B is a boundary operator of mixed type
with S € C*(End(V)) given by S = I, (7, ® — 3¥mYaX:a)I+. This equiva-
lence of the boundary conditions guarantees the existence of an asymptotic

expansion for ﬂ(fl) f2’ Qa Q2’ Bi)
We study the following heat equation invariant:

5(.](17 f27 Q7 Q2a Bi)(t) = /M<Q€_tQ2Bfla f2>d£12'

We write 5(f1, f2, @, x) instead of B(f1, f2,Q, Q% B2) to simplify notation.
There exists an asymptotic expansion

Bfr f2: QX)) = D7 Bulfi, f2, @, X)ET

n=0

We use Lemma 3.2 to compute these asymptotics. Let D = Q?, and let B be
the mixed boundary operator determined by x. If we let fo = —~,,f>, then

671(.]017.]527627)() = 6n—1(f17Qf27D>B) +bn(f17f27DaB)'

The asymptotics for an operator of Laplace type with mixed boundary condi-
tions for n = 0, 1, 2, and 3 have been computed in [DG, Theorem 4.2]. Thus
the 3, (f1, @ f>,D, B) are known. The boundary asymptotics for an operator
of Laplace type have been computed in Section 3 for Dirichlet and Neumann
boundary conditions. In general, the projections II. may fail to commute
with the endomorphism ® and the connection V, giving rise to extra terms
in the expansion. Invariants measuring this failure have order at least 2 and
do not enter into b, for n < 2. To obtain the lower order asymptotics for
mixed boundary conditions, it will therefore suffice to combine the terms
arising in the asymptotics for Dirichlet and Neumann boundary conditions.
We use Theorem 3.4 to obtain

Theorem 4.2.
(a‘) Bo(flvf%Q:X):O-
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(b) ﬁl(flaf%QaX) = fM<Qf17f2>dw + f8M<7mf17f;;m>dy'

(C) ﬁQ(fla f27 Q:X) = 27r7%f3M{<f1—tm77mf2_> + <7mffa f;,_m> + <Sf1+77mf2_>
+<’Yaff7 f2:a> + <q)ff7 f2>}dy

Acknowledgments. Parts of these results appear in my doctoral disser-
tation. I am grateful to Peter Gilkey for suggesting the problem, and for
several helpful conversations concerning this work.
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