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THE ADIABATIC LIMIT, HODGE COHOMOLOGY
AND LERAY’S SPECTRAL SEQUENCE
FOR A FIBRATION

RAFE R. MAZZEO & RICHARD B. MELROSE

0. Introduction

Consider a fibration of a compact manifold, M, with fibers modeled
differentially on the compact manifold F:

F — M

E

Here, and throughout, we work with > maps and spaces. Let /s be a
Riemannian metric on the base space Y. Suppose that g, € °(M;S2M)
is a &°° symmetric 2-cotensor on M which is positive definite on the fibers.
In particular g, induces a Riemannian structure on each fiber. Combining
these two forms gives a 1-parameter family of metrics on M:

(1) 8x = 8o + X M*h (x> 0).

Let A, be the Laplace-Beltrami operator of this metric and let #; be the
null space of A,, the space of g.-harmonic forms on M. We are inter-
ested in the behavior of /# as x | 0, the so-called ‘adiabatic limit’, as
discussed recently—with somewhat different objectives—by Bismut [1],
Bismut and Freed [3], Cheeger [5] and Bismut and Cheeger [2] (see also
Witten [11]). We shall show that /#; has a basis which extends to be
smooth for x € [0,c0). This basis remains independent at x = 0, span-
ning 5 = H{‘IL(M ) (which we call the Hodge-Leray cohomology), and this
limiting space represents the cohomology of M. The determination of
which forms on M lie in the limiting space Hf; (M) can be carried out
by a Taylor series analysis. We show that this approach gives a Hodge
theoretic version of Leray’s spectral sequence for the cohomology of M.
An attractive treatment of the spectral sequence can be found in [4].
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To discuss the Taylor series computation we first consider the decom-
position of forms on M. The tensor g, fixes a horizontal space, or normal
space to the fiber, at each point of AM:

TIM = {v € T\M; goo(v,w) =0 Vw € T,F,, F, =a"'(y), y = n(p)}
=T,Y.
Since n*h vanishes on the tangent space to each fiber, this splitting is
orthogonal with respect to g,

T;M 1 T,F, with respect to gx Vx >0, y = n(p).
There is an associated splitting of the form bundles

k
(2) MM =AM, ATM=AF AY.
j=0

Forms on M depending on the parameter x can be regarded as sections

of the pull-back to
=[0,00) x M

of the bundle A* M. We shall rescale this pull-back in a manner related to
the splitting (2) and suggested by the form of the metric g, in (1). Thus
let
( 3) 7/Ak

(x.p)

M—T—é 7Akj

&M = AJE, ® x"EINTY, (xp) € X,

This means that

k
(BHueB>(X; 7AM) o u=>Y x"%Du;  with u; € F°(X; A M).
j=0
The invariant significance of this rescaling, especially down to x = 0, is dis-
cussed in §1. Analytically the important property of these bundles comes
from the fact that the action of A, on them is more readily decomposed
than is the action on & (X; Ak M).

Observe that the norm induced on such forms by g, does not be-
come singular at x = 0. Because of this the Laplacian A, of g, maps
C>®(X; 7A) into itself (see Lemma (26)). Now define a nested sequence
of spaces of forms over My = {0} x M = 8X:

El ¢ &% (My; 7A* M),
Ef ={u;30 € €°(X; 7AFM) with fipx = u
(5) and At = x¥*l, v € #°(X; 7A*M)}, NeN,

TH (M ﬂ E¥Y,.



THE ADIABATIC LIMIT 187

The spaces Ef{, are Hodge theoretic analogues of the successive terms in
the Leray spectral sequence for the cohomology of M in terms of the
cohomology of the base and the fibers. For this reason we call 7Hf, (M)
the (77)-Hodge-Leray cohomology of M with respect to the metric family
gx in (1). Let & be the ring of Laurent series in the parameter x:

(6) \ aeZ @a=> ax/ forsomepelZ
jzp
(7) Theorem. If N is large enough, then 7H, (M) = EX = EX and
this space, when tensored with .2, is naturally isomorphic to the deRham
cohomology:

(8) THE (M) Z - HY(M)®F  (as & modules.)
In particular it follows from (8) that
(9) dim 7H{; (M) = dim HiG (M).

As in the Leray spectral sequence the terms E; and E; can be explicitly
identified. Let Héd(Fy) be the Hodge cohomology of the fiber F, i.e., the
space of harmonic j-forms with respect to the metric induced by g, (and
hence each g., x > 0). These spaces vary smoothly with y and so define
vector bundles, %ﬁj‘i, over Y. The tensor product with the form bundles
gives bundles which we denote by

k

(10) LR =) A @ xT kIR Ty

I j:0

We shall show below that the sections of these bundles are just the spaces
(11) Ek = &>°(Y; 7LF).

That is, the space EX consists of the fiber-harmonic (7”-)k-forms over Y.

Trivializations of the fibration n give identifications of neighboring
fibers by diffeomorphisms which are near the identity and so induce the
identity mapping on cohomology. The bundles Zf; therefore have natural
locally flat connections, where a section is locally constant if it represents,
locally, a fixed cohomology class on the fibers. Exterior differentiation
therefore extends from forms on Y to a differential operator, 4, on el-
ements of E¥, i.e., sections of 7L*, so that (d})? = 0. (In general this
connection is not orthogonal.) The L? inner product on fiber-harmonic
forms and the metric inner product on the form bundle over Y together
give Ef an inner product which allows the adjoint d} of d}, and hence the
associated Laplacian

(12) y =dydy + dydy
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to be defined. Then

E¥ = {u is fiber-harmonic and a harmonic section of 7%}
={u e &>Y,” L¥),dyu = 8,u = 0}.

The ellipticity of A} means that Eé‘ is finite dimensional. The determina-

tion of the remaining terms in the sequence

(14) E§=FEf>Ef>E§> - DEy=Ef, = =E%="HyM)

(13)

is more subtle.

The spaces EX are fixed by formal power series computations. The main
analytic result of this paper is that this (?7-)Hodge-Leray cohomology is
actually the limit as x | O of the Hodge cohomology with respect to the
metrics g.. As already noted the proof depends on the use of 7"-forms.

(15) Theorem. The space of smooth harmonic 7”-forms is the space of
& sections of a vector bundle over [0, c0) :

(16) {u € &°(X; 7A%); Au = 0} = ([0, 00); 7% )
where the fibers of the (7”-)Hodge-Leray bundle, W%"L are
(%%Ii)x = Hll'cld(MX)a X > O’

C#)o = "Hfy (M),
i.e. harmonic 7" -forms in the sense of formal power series are realizable as
the Taylor series of harmonic 7 -forms.

From this it is easy to deduce the results mentioned above for ordinary
forms.

(18) Corollary. The space of smooth harmonic forms is the space of € >
sections of a vector bundle over [0, co) :

(17)

(19) {u € B=(X; A*);Au = 0} = ([0, 00); 7).
where the fibers of the Hodge-Leray bundle %"L are
(20) (Fif)x = HEG(My), x>0,

()0 = Hy (M) = {p € E(M; A¥);
34 € Bo(X; AX M) with Acp = O(x*)},

i.e., harmonic forms in the sense of formal power series at x = 0 are realiz-
able as the Taylor series of harmonic forms.

The main step in the proof of Theorem (7) is the proof of (13) which
implies in particular that Eé‘ is finite dimensional and hence that the se-
quence (14) stabilizes. The remainder of the proof uses Hodge theory
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in the sense of formal power series. This is carried out in §5. The cor-
responding formal part of Corollary (18) is proved in §6. The proof of
Theorem (15) is mainly analytic, namely the construction of a parametrix
for A, which is uniform down to x = 0, to remove the rapidly vanish-
ing error terms which remain after the application of Borel’s lemma to the
formal power series construction. To construct such a uniform parametrix
we follow the general idea of the “microlocalization of boundary-fibration
structures™ which underlies [7], [8] and [9].

The results obtained here arose from joint work with Boyd Livingston,
in the examination of the boundary behavior of harmonic forms for cer-
tain degenerate and singular metrics on manifolds with boundary [7]. The
computations needed to analyze the L? cohomology there bring out the
connection between such degenerate boundary problems and the adiabatic
limit for a fibration. Apart from our collaborator, we are happy to ac-
knowledge useful conversations concerning this note with Charlie Epstein,
Dan Freed, Victor Guillemin and Bob MacPherson.

1. Boundary-fibration structure

We start by carrying out the rescaling of the lift of the form bundle on M
to the product X = [0, co) x M. This product has an induced fibration, with
leaves F and base [0, oo) x Y. Consider the space 7~ of > vector fields on
X which are tangent to the fibers, M, of the product structure and which
are as well tangent to the fibers of the fibration, 7, above My = {x = 0}. In
local coordinates y,,-- - ,¥p, Z1,- - - , Zs in M, where the y’s give coordinates
in Y, the elements of 7~ are exactly the vector fields of the form

)4 s
(1) > ai(x,y,2)x8,,+ Y bi(x,y, 2)3;,.
j=1 =1

Since the coefficients in (21) are arbitrary, there is a vector bundle,
which we denote 7Ty M = 7T M, of which 7 is the full set C* sections:

7 =F<(X; 7TM).
Notice that as a bundle this is isomorphic to the lift, Ty M, to X of the

tangent bundle to M but not naturally so. The natural map is a bundle
map

(22) 7TyM — Ty M.

This is an isomorphism except over M, where it has range equal to the
tangent bundle to the fibers. The dual bundle, 7T*M, to 7T M plays an
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important role below. The transpose of (22) gives a € map

(23) 1 TeM — 7T* M,

where Ty M is the dual to Tx M, the bundle of A -valued forms over X.
The range of (23) over M, is a subbundle which is naturally isomorphic
to the bundle of forms on the fibers, since the null space of (23) is just the
conormal bundle to the fibers.

In fact the restriction of Z7*M to the boundary, M,, of X naturally
splits

Ty M=TFox™'T'Y, uy=1y(a)+x"'n"p.

This means that all the “compressed” form bundles, i.e., the exterior pow-
ers of 7T*M, also split at the boundary

k
(24) TAr=@D TN, AN = ALTI(F)@xTIALY,

j=0

y=n(p)eY.

The family of metrics g, on M lifts to a nondegenerate inner product,
G, on 7Ty M, and dually on T3 M. Moreover, the decomposition over
the boundary (24) is orthogonal with respect to this metric. This splitting,
together with power series expansion, replaces the more algebraic passage
from the filtration of the form bundle to the associated gradation which
occurs in the spectral sequence of the fibration (see [4]).

Starting as an operator on % sections of A* M, the exterior differential
operator, d, can be lifted to act on sections of A} M and hence, since
the spaces of sections are the same away from My, to ZA* M, where we
denote it dys. The action there can be expressed in the following way. Let
Diff;-(X) be the ring of differential operators which can be written locally
as sums of products of elements of 7", Since this is clearly a local £°°(X)-
module, the definition can be extended to sections of any vector bundle
over X; we denote by Difff, (X; E, F) these “7 -differential operators” (of
order at most ¢) from sections of one bundle, E, to another, F. Then,

dyr € Diffy, (X; 7Ak, ZAK+Y) k.
This is quite obvious in local coordinates, where it follows from the for-

mula
(25)

dus [a(x,y, z)dz“ A (gxz)ﬁ]

g B
=8za-dz/\dz“/\(‘—il) +(—1)|"|(x8ya)dz"/\‘-12/\(d—y) .
X X X
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(26) Lemma. Acting on the 7 -form bundles the Laplacian is a 7"-
differential operator
(27) A € Diffs (X; 7A%) vk,

Proof. The metric G gives a positive-definite fiber inner product on
the bundles ZA*. Moreover the volume form for g, is of the form x?v,
for a smooth nonvanishing volume form v, on M. Since the adjoint of
a 7 -differential operator with respect to such a volume form and inner
product is again 7 -differential, it follows that
(28) § € Diffo (X; 7A%, 7AF—Y vk

and hence that (27) holds for A = dd + dd.

2. Formal deRham theorem

For any vector bundle, E, over a manifold with boundary, X, the space
of Laurent series (at the boundary) with coefficients in E can be defined
as follows:

P(XE) = {ue Z°(X,E); x%u € €% (X; E) for some q € Z}/Z>(X; E)

where Z”‘X’(X 1 E) 1s the space of @ sections vanishing to all orders at the
boundary. If x is a defining function for the boundary then .Z°(X; E) is a
module over the ring of formal Laurent series

Z =2Z([0,00);R)
in the variable x. From the definition of the bundle “A*M (see in par-

o]

ticular (4)) it follows that for any element u € (X, 7A* M) such that
xXPu € €°(X; 7ZA*M), for some p € N, x? € F=(X;A*M), for some
(generally larger) ¢ € N and conversely. Thus the space of Laurent series
sections is the same as for A*M:

(29) (X, 7N M) = Z(X;A*M).

Any differential operator D € Diff*(X; E, F) lifts to an operator on
formal power series D: . Z(X;E) — Z(X;F). Thus we can define the
various spaces of formally closed and exact forms

€ ={ue LX;A"M);du =0},
E={uc ZX;A*M)u=dv,ve Z(X;A"M)},
7% = {ue Z(X; VA" M);dyu = 0},
7€ ={ue L (X; 7N M);u=dyv,v € Z(X; VA" M)}.
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Since [d, x] = O these spaces are .%’-modules. In fact the isomorphism
(29) identifies Z with 7%, and also & with 7& , since it identifies d with
djs. From this we conclude:

(30) Lemma. The formal deRham cohomology is

(31) F|E =778 = Hp(M)®.F = Hix(M; Z).

3. E|-term

The restriction to the boundary (always in the sense of ZA*) of dya
depends only on the restriction of a to the boundary, assuming a to be
smooth. From (25) we conclude that the resulting operator, called the
indicial operator of djy,

1(dye): & (Mo; 7AF) — & (Mo; 7TA),

(32) . -

Idyu)v =dyu | My if ue@°(X;7A)u My =,
is just
(33) I(duy) = dF,

where dr is d acting on the fibers with respect to the decomposition (24).
From the definition by duality the same is true of the adjoint

(34) I(5M) = 51:, i.e. 5M72|x=0 = qu ifu= 12|x=0~
Hence
(35) I(A) =Ar,  Adijyo = Apu if u = i, € B (Mp; 7AF).

Now, for a fixed partial metric g, consider the space of sections of Z7A*
which are fiber-harmonic at the boundary:

(36) {1 € E=(X; PA); Ap(a | Mo) = 0}
The boundary values of these sections therefore give the bundle
VLK = @k (JHIL(F)QXTKAKTTY over Y,  Ef = &Y, 7L¥).
(37) Lemma. In terms of definition (5) EX = E¥ for all k so
(38) Ef =&Y, 7L%) Vk.

Proof. Since E {‘ C Eé‘ we only need to show the reverse. Suppose that
u € Ef, i.e., there is an extension & € #°°(X; 7A¥) of u such that Adtj,_o =
0. As already noted this means that Aru = 0 and hence that dy it = x©
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and dyét = xw for some & € F*°(X; 7A%*t!) and w € F°(X; 7Ak~1).
Thus

(39) Aiil=xg, g=(0pT +dM’lIJ).

Since g = §jx—0 = drv + drw it follows that g is in the range of Ar, g =
Arq. If § is an extension of ¢, then

(40) Al — xq) = x(g — Ag) = x*&'.

This is just the condition that u € Ef, proving the lemma.

4. E,-term

As just noted, if #,-o € EF then d @ vanishes at x = 0. Thus the
boundary value x~'dy# | My makes sense. Let I; be projection onto the
fiber-harmonic part of a form on the fibers. Then consider

(41) dyu=T4L[x""dyit], #€EF, Gi=ul M.

Ifa | My=0, so @t =xu',u smooth, then dyii = xdy1/ and from (33)
du' | My=dr(u | Mp) is exact, so is annihilated by I1;. This means that
the operator

(42) dy: & (Y; 7LF) — &°(Y; 7LFH)
is well defined. v

(43) Lemma. For the operator defined by (42) on F°(Y;7LFK),
d2=0

Proof. By Lemma (37) if u € #°(Y; 7LK), i.e., u € €°(M; 7A¥), and
Aru = 0, then u can be extended to i € F°(X; ZA¥) with dyit = x7. So,
setting v = 9,9, dyu = Ijv. Now 0 = d3,i = xdpy¥ s0 dy® = 0. This
implies that v = IT;v + drw for some w € €°(M; 7Ak—1). Then ¥ —dpw
extends v — drw if W extends w, and hence

dyu =TL[x~"(du( — dprh)) o] = 0.

By analogy with (41) we set
(44) Syu =T1,(x""Sitxmo) if ue Ef, 1€ F°(X; 7A) and u = fljxo.
Here & is the family of adjoints d, of d with respect to the metrics g,. By
(28) 6 maps Z°°(X; ZAk) into € (X; 7A*~'). Moreover it is easily seen
that d}, is well defined as an operator
(45) Oy (Y, 7LF) — &Y, 7L~y vk

as in the discussion surrounding (42).
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(46) Lemma. The adjoint of d}, with respect to the fiber metric induced
by 8. and h on the 7L* and the volume form of h is precisely 8} so that
. the associated Laplacian is

(47) Yy = dydy + dydy.

Proof. Notice that the inner product on E{‘ is just the sum over the
decomposition (3) of the tensor products of the inner products induced
by goo on ZL/9 and by 4 on x~k—/JAK—JY integrated over the fibers of =.

Thus if u;, { = 1,2, are elements of Ef and ii; are & sections of 7A*
with boundary values u;, then, always evaluating at x = 0,

(ur,ug) = X (ui,uz)g, p=dimY.
From this it follows that
(dyur, uz) = (X7~ 1dpy, uz) g = (U, x7 1 oyuz)g = (w1, Syuz).

That is, the adjoint of d}, is given by dyu = IT;[x~ '3 u]. This proves

(48) Lemma. The differential operator di, from sections of 7L to sec-
tions of ZL¥*t! over Y commutes with the decomposition (10) and is such
that xdy defines a map from sections of 7/,{’d to sections of # @ A over Y
which is just the natural flat connection on the bundles of the fiber-harmonic
forms.

Proof. We have already noted that d} only depends on the choice of
the metric go restricted to the fibers, which enters through the definition
of the Hodge cohomology on the fibers. If the Hodge theorem is used to
identify the harmonic forms with the cohomology then we need to show
that d; does not depend on the metric at all. If « is a fiber-harmonic
form for one metric then the form o’ representing the same section of the
cohomology bundle is of the form « + dra’ with the property IIja = o'.
Lifting o to a > form y note that the exact term dy is annihilated
at x = 0 by IIj, the projection for the second metric. This shows the
independence of the choice of metric.

Since dy is defined locally in the base, a product metric can be used
to compute it. This shows directly that d} is flat as a connection on the
cohomology bundles. Hence the lemma is proved.

From the definition in (5)

Eé‘ = {v € E=°(My; ‘7/Ak);v € F>(Y, WLk)
30 € F°(X; 7A¥) with A9 = x> and Oj,— = v}.

(49) Lemma. The space EX € > (My; 7A¥) consists precisely of those
elements v € Ef which, when viewed as &> sections of 7L* over Y, are
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harmonic in the sense that
(50) v =0.

Proof. Essentially by definition the space Ef = EL is characterized
as the boundary values of harmonic ZA*-forms modulo first (or second)
order errors. Now if dyii = x¥; and d,sit = x¥,, then

(51) Axu = X(&M'f)] + dM?N)z)

Denote the boundary values of the ¥; by v;. As shown in the proof of
Lemma (37), there exists w € &°(X; ZA¥) such that

(52) [0} ~ dyOpD]ixmo = Iv; € EFFL,
(02 — O dpW]ixmo = va € EFL
Now, from (51),
(53) Al — xW) = x[0p (V1 — dy@) + dpg (T, — dpe®)].

Using (52) this can be written

2

Al — xW) = x*0, 0 =[x"10x(D1 — dy®) + x7 1dps (T3 — Spr0)],

From (41) and (44)
Sy v1] = X ™10 (9108(B) — dpD) x=05
d'y[nl’llz] = X—ldM(ﬁz - dM’lI))|x=0.
Combining this with (44) we conclude that the boundary value, v, of ¥ is
just
(54) U= 5;/1_[1’[)1 + d}l’[lvz = (J;Idgl + d;é;)u = A’yu.
This shows that if A} u = 0 then u € E£. The converse follows similarly,
proving the lemma. .
Certainly then, as the null space of an elliptic operator, EX¥ is finite

dimensional.
Choosing an extension map

T (Mp; 7A*) — F=(X; 7A") — Z(X; 7A”)
we can identify . - EX with a subspace of .Z(X; 7A%). This subspace is

finite dimensional over .Z° so has a basis e;,--- ,e;. The inner product G
gives a bilinear form

LX: 7N x (X, 7A) = Z.
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Using this to orthonormalize the basis we obtain a projection operator
onto a complement to .& - EX:

: Z(X;7A) = Z(X;7A%),  Ty(f)=f-

J

L
(f,e))Y%;.
=1
(55) Lemma. The operator P, = IlyAly is an isomorphism on
L2 (X; 7A%).
Proof. By Lemma (49) the leading term of any element of
II;-.Z(X; 7A*) in the null space of P, must be zero. Thus P, is injective.
Surjectivity follows by an inductive argument. If f € II3.Z(X; 7A%)
then the leading term x'f, [ € Z, must have coefficient f; L EX. Thus we
can choose u; € #%°(My; 7A¥) so that f] = Apuy — f; € €°(Y, 7LK), ie.,
is fiber-harmonic. If #' has leading term u,, then

f' = A — f has leading term x'(f}).

In fact f/ = Ayu,_, for some u;_, which is also a section of 7Lk, By
Lemma (49) we can choose #” with leading term x/~%%,_, so that

A" — f' has leading term x'(Ayu;_, — f) = 0.
Thus A, (' —u")— f = O(x'*!). It follows that TT; A, (' —u")— f = O(x'*1).
Let v = IIy (' — ”). Since v/ = u”’ —v = II,(¢/ — u”) and ' — u” has
leading term x/~2, from the definition of IT; it follows that A,v' = O(x/*!)
is three orders smaller than ' — «”. Thus IIyAww — f = O(x**!) too.

Proceeding inductively in the Laurent series we can construct # such that
II3A 3 u = f.

5. Formal Hodge cohomology

We are now in a position to prove a version of the Hodge decomposition
in terms of Laurent series at x = 0.

(56) Proposition. Let % € & (X; 7A*) be the null space of A, in Lau-
rent series. Then N is finite dimensional as an &-module, A, is an iso-
morphism on its orthocomplement
(57) N ={ue LX; 7A); (u,v)¢ ~0 Vv e #}

= dy (Z(X; 7)) ® 6u(L (X; 7A),
and the inclusion N — 7€ in the space of formally closed 7 A\*-forms
projects to an isomorphism

(58) THy ® & =N = Hig(M; D).
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Proof. Certainly .#" is a finite dimensional .¥’-module, since the pro-
jection I, is injective on it. Let B be the inverse of I13 A, ITy from Lemma
(55). The projection of the matrix equation

(59) HzAxnz HzAxnﬁ‘ u _ f’
- AL IHAIL ) \w” ) = \ s

onto the image of II is then
(60) _ Q’U = [HzAxnz - HzAxné‘an‘Axnz]U =g = fl - HzAxHé‘Bf”.

That is, if («', ") satisfies (59) then v = u' satisfies (60), and conversely
if v satisfies (60) then

u'\ v
u' )  \Bf'-BllyAw

satisfies (59). The null space of this self-adjoint operator, @, is I1,.#7, and
by standard arguments it is an isomorphism on the orthocomplement in
I1,.#(X; ZA*). This shows that A, is an isomorphism on .#"*.

The remainder of the proposition follows directly. The decomposition
(57) as usual is a consequence of the commutation properties [A,, dy] =
[Ax,dx] = 0. The identification, (58), of the Hodge cohomology w1th the
deRham cohomology follows from this and (31).

One immediate consequence of Proposition (56) is the solvability in
formal power series of

(61) " Au=f.
Set
(62) N(k) = min{N; E& = E£ }.

(63) Corollary. If f € Z°(X; 7AX) and (f,v) = O(x®) for all v €
Fo(X; A¥) with A,y = O(x*®), then there exists u € x " NKF2(X; 7AK)
satisfying (61) in the sense of Laurent series at x = 0.

Proof. Since A, is an isomorphism on .#"+, the only point to check is
the order of singularity of the solution. If u € x~ P& (X; 7AX) then

Ax(xPu)y = O(xF) = uy = (xFu)|x=0 € EE.

Thus, if P > N(k) then lim(u, v) = {(ug, vo) = 0 for all v € EX = EX. This
implies uy = 0, so P < N(k).

6. Hodge-Leray cohomology

We proceed to prove the formal part of Corollary (18), and more par-
ticularly
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(64) Lemma. The space HE; (M) defined by (20) consists of € closed
forms on M representing the deRham cohomology, i.e.,

(65) HE (M) 3 ¢ [p] € HR (M) is an isomorphism.

Proof. Certainly HJ; (M) consists of closed forms since the smooth
extension ¢ is closed to infinite order at x = 0. Thus the map (65) is well
defined.

Consider the space ® C Z®(X; A%)/dZ>(X; A¥) of formal power se-
ries of #° forms which are formally harmonic, ¢ € ® < A¢ = O(x™).
Then H{;L(M ) is by definition just the set of boundary values of ®. Simi-
larly let ® ¢ & (X; A¥) be the space of Laurent series of harmonic forms.
Clearly

(66) XNV =ZX, TN ' =4

is just the space of formally harmonic 7 -forms. Suppose that y is a closed
&> k-form. Let i be its trivial extension to X, independent of x. Let

(67) Y =Ws+V¥s+ W

be the decomposition of the Taylor series of § as a 7"-form, from (57).
Certainly dps 7 = 050 w5 = 0. Writing out (67) as an equation in .Z° (X, A*)
rather than .Z (X, 7A*) and equating coefficients of x show that ¥ = ¢+d#y
for some £ form 5. Thus the map (65) is surjective. The injectivity of
(65) is similar.

(68) Corollary. If N(k), defined by (62), is the length of the sequence
(14), then N (k) is at most the number of summands in (10).

7. The parametrix for A,

The transition from the formal power series result, Proposition (56),
to the existence of a smooth basis, as in Theorem (15), is accomplished
by the construction of a parametrix which is uniform as x | 0. From the
smoothness of the error term in the parametrix one can extract a basis
for 722k smooth down to x = 0. The construction itself is quite typical
of the (more intricate) methods used in [9] and [7]. Thus we proceed to
construct the Schwartz kernel of the parametrix directly, but on a blown up
version of the product manifold. The construction proceeds in three steps.
The first is a symbolic construction equivalent to the construction of a
parametrix on a compact manifold, but uniform up to the boundary. This
is followed by a global construction on a Euclidean bundle over the fibers
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which distinguishes the fiber-harmonic forms at the boundary. Finally
there is a formal power series step essentially reducing to Corollary (63).

First we describe the blown up product on which the construction takes
place.

8. Stretched product

Since x is a parameter throughout, we consider the partial product
Z=[0,00)x M xM
with its fibrations and two Lie algebras 77 and Z%, being respectively 7~
on the second and third (left and right) factors. Inside Z consider the
submanifold Q:
Q ={(0,p,p");7L(p) = nr(p')},

where n; and mg are the left and right fibrations. This is simply the
“fiber diagonal” over the boundary. We carry out the construction of the
parametrix on the manifold with corners which is obtained by blowing up
Z along the submanifold Q:

‘ Zo=SNQUI[Z\Q].
As a set it is given by replacing Q by its inward-pointing unit spherical
bundle. It comes equipped with the “blow-down” map
(69) ng:Zg — Z,
which is the identity away from the “front face” SNQ, which we will
denote ff(Zy). The blown up space Z, has a unique &> structure such
that 7y is €, is a diffeomorphism from Zy\ fi(Zy) to Z\Q and has rank
dimY +2dim F + 1 at fi(Zy) (see for example [10]).

The manifold Z, is just the natural domain for polar coordinates around
Q. The front face ff(Zy) is fibered by hemispheres nél(q), g € Q. In fact
the projection of Q down to the right factor of M in Z shows that ff(Zy)
fibers over M with fibers F x §§, p =dimY:

F xS, — fi(Zy)
(70)
M

The hemispheres S/ are parametrized nonsingularly by the component
w of polar coordinates around Q induced by coordinates on M:

ZpD[0,00) xS xR? x F x F
(71) SR=*+y -y 0=xy-V)/Ryz272)
—(x,y,z,y',2').€ Z.
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More usefully for computations one can introduce projective coordinates

y—y

(72) X,u=—

!
9y,Z,Z

valid except at the boundary of the front face. Since u takes values in R?,
the interior of each fiber of the front face has a Euclidean structure, which
is independent of the choice of coordinates.

The significance of Z, is mainly related to the following simple result.

(73) Lemma. The closure, Ay, in Zy of the submanifold {(x,p,p);
x >0, p € M} of Z\Q is an embedded submanifold which meets the
boundary of Zy only in the interior of ff(Zg) and does so transversally. The
Lie algebras 71, and 7x lift to algebras of > vector fields on Zy which
are tangent to all boundary faces, each is transversal to Ay-, tangent to the
spherical fibers of ff(Zy) and restricts to them to the translation invariant
vector fields spanning the Euclidean structure.

Proof- These statements are all local. Moreover they are clearly invari-
ant, so can be checked in any local coordinates x,y, z,)’, z/, where y,)’
are local coordinates in the base. Since Q projects onto the diagonal in
Y x Y, the y-coordinates can be taken the same in the two factors. Then
Q is just y = y’,x = 0. In the projective coordinates (72) Ay is given by
u =0,z = 2’ so is obviously an embedded submanifold transversal to the
local boundary component x = 0.

The transversality of the lifted Lie algebras also follows from this com-
putation since

(74) 0z, X0y, = 0y; + x0y,

span 77 and restrict to span the translation-invariant vector fields. This
proves the lemma.

The bundles “A* M, defined as they are from 7 T'M, lift to the left factor
cf Z = X x M and then up to Z, where they embed naturally in A* over
the interior of ff(Zy).

(75) Lemma. The metrics gy lift to Zy from the left factor of M to a
& 2-cotensor near f{(Zy) which restricts to a product metric on F x R?
with second factor Euclidean. The Laplacian lifts to a differential operator
with € coefficients on Zy which is transversally elliptic, with respect to
Ay, and tangent to the fibers F x R? of the interior of f(Zy). Its restriction
to a fiber is Ap + Ag with Ag Euclidean.
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Proof. These statements are all coordinate invariant so can be checked
in the projective coordinates (72). The Laplacian is an elliptic combination
of the vector fields (74) with #°° coefficients on X.

9. Symbolic construction

We wish to construct a right parametrix for Ay, i.e., an operator G, on
compressed k-forms on M such that

(76) AxG =1d—-F,

where F is to be made as “small” as possible, in successive steps. Initially
then G, the first part of G, is a distribution on Z, or rather a distributional
section of the homomorphism bundle with density factor

G, € €=°(Z;Hom(7A*, 7A%) @ Qz).

Here Qg is the density bundle lifted from the right factor of M, allowing
the formula

(77) wix,y) = [ Gu=[ Giuds.,
M M

to be interpreted correctly, where the Riemannian density d g, has been
used to trivialize the density bundle. Thus G is a distributional section
of the homomorphism bundle. It should be noted that

(78) dg.=x""u, 4 is *° and nonvanishing,

as a density on M; so this normalization introduces factors of x.

The successive kernels will be extendible distributions on Z, a manifold
with boundary. Since Z is obtained by blowing up a submanifold of the
boundary of Z the space of extendible distributions on Z; is canonically
isomorphic to the space of extendible distributions on Z (see for example
[9]). Thus we can just as well consider

(79) G| € F~°(Zg; Hom(”A¥, 7AK)),

where the lifts of the bundles over Z (whence they have arrived from
M) are not distinguished from the bundles on Z. Thus we shall lift the
equation (76) from Z to Z,.

Consider the kernel of the identity operator. As a distribution on Z
it is a nonvanishing Dirac delta section over the diagonal. With the den-
sity factor removed by the Riemannian density it takes the form in local
coordinates

Id = x?hé(y —y")6(z—2') onZ,
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where /4 is an isomorphism on the bundle. Lifted to Zy the factors of x
just compensate for the homogeneity of the delta function

(80) Id = hd(z — 2')6(u) on Zp.

Lemma (75) shows that the lifted operator is > and transversally el-
liptic (i.e., noncharacteristic with respect) to the lifted diagonal Ay . Since
this is the carrier of the singularity of the kernel of the identity, in (80),
for the first step in the construction of a parametrix, we can use standard
elliptic theory.

(81) Lemma. The kernel G, in (79) can be chosen as an (elliptic) conor-
mal distribution with respect to the submanifold Ay :

(82) G, € I"¥(Zy, Ay; Hom(7AF, 7AF)),

which vanishes in a neighborhood of 8 Zy\ ff(Zy), the part of the boundary
other than the front face, and is such that

(83) A,G) —1d = Fy € #%°(Zy, Hom(” A¥, 7AK)).

Proof. This is a standard symbolic argument. Since G; will be cho-
sen £ away from the lifted diagonal, Ay, and this submanifold only
meets the boundary in the front face, by Lemma (73), the extra vanishing
condition is trivially obtained.

10. Laplacian on Euclidean space

The main step in the iterative solution of the model problem, carried
out below, is the inversion of the standard flat Laplacian on Euclidean
space. The only subtlety is that we need to solve

(84) Agpv=f onR?,

where f may have an asymptotic expansion at infinity, and we need to con-
trol the asymptotic behavior of the solution at infinity. We shall introduce
a suitable space on which this can be done.

Supposing throughout that p > 2 set

(85) Gy ={f e Z=(R"\0);3¢ € N such that
f(n) = nI"%g(n) with g € ZR),|f(n)] < Cn| ™'}, 1€,

7 (R?) being Schwartz’s space of test functions of rapid decrease. We shall
define a regularization map

(86) e: 57> F'(R?); e(F)po = 1.
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There is a reasonably natural choice, once the norm is fixed, given by the
introduction of polar coordinates. Consider the “Laurent” series expansion
of f written in polar coordinates

fr)y=">" r7I B;(6) +r o+ £(r,0),
(87) j>p—1
B € ZX(SP7Y), f1e #%°([0,00) x S#71).

Then, recalling that the Lebesgue measure in polar coordinates is dn =
r’~ldrd0, set

eN@B= 3 <ri“‘f',
(88) el
+ / 1'(r,0)$(r6)drda, vée F(RP).
0o Je-

B;(0)6(r8) d0>

So—1

Here, the first pairing is of tempered distributions on the line, with r;k

the regular part at z = —k of the meromorphic extension of
exp(zlogr), r>0

89 ¥ = Rz > —1).

9) i-{s QR Ry

Certainly definition (88) has the desired restriction property (86) and is
independent of / since only the expansion (87) is involved. It follows easily
that for any symbol p ‘

(90) e(pf) =pe(f) ¥feT, ¥p e S=(R?).
Clearly if p vanishes at the origin, the “order” decreases:
(91)  peS®(R?), D°p(0)=0 Via|<r=p:F— T,

Of course the selection of a regularization of r—* means that some am-
biguity is involved in the definition. This appears in the argument below
in the form of the noninvariance under general linear transformations.

(92) Lemma. Foranyi,jandl

(93) e(idy, /) — moye(f)= > D) iffe.

la|<i—p+2

Proof. The noncommutativity arises from the fact that r; * is not ho-
mogeneous. Rather it is quasihomogeneous of degree —k in the sense that

(94) r8r % = —kr ¥ + ¢ .0k o(r).
From this (93) follows easily.
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Now using the regularization (88) and Fourier transform we define
(95)  FCcF®), geTet=e)), feF, T
The point of this construction is simply that the map
(96) Ap:F - TF_, Vlekl

is always an isomorphism. Indeed the inverse is given by f In|—2 7.

To make use of this isomorphism we need some information on the
asymptotic behavior of the elements of 7. This is easily deduced form
formula (88).

(97) Lemma. Ifp > 2 then any [ € 9] is a symbol on R? with complete
asymptotic expansion at infinity of the form

S(u) ~ D |ul' =P~ £;(6) + log |u] - p(u),
98 j=0
%) p(u) = Z c U, n=ro.

0<]a|<i-p
Notice that as a consequence of the properties of (?1 we have
(99) auj:‘%—»‘%—la uiauj:‘%—)z-{h'%—pa

where &, is the space of polynomials of degree at most s.
The case p = 1 1s even more elementary since no lower order terms and
no logarithmic terms arise. Thus set

(100) I = {g € Z*°(R); g(u) ~ Z (1) a;u) as u — :l:oo} ,

j<i-1
(p=1).
Then (96) and (99) hold, the latter without any polynomial error terms.

11. Model problem

It is important to note that the error term Fj in (83) is not a smoothing
operator on M, although it is an operator on M, which is smoothing for
x > 0 and depends smoothly on x down to x = 0. To obtain a smoothing
(and hence compact) error, we need to choose a second kernel G, on Z,
which will remove the Taylor series of F| at the front face. Let p be a
defining function for the nonfront face of Zy. The choice of G, will be
(initially) of the form

Gy € P25 (Zg; Hom("A¥, 7Ak))

101
(100) +log p - xP~2E°(Z; Hom(7 A*, 7AK))
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with the logarithmic term absent if p = 1. The fact that the logarithmic
term has as coefficient a > section on the original manifold Z is impor-
tant because of its effect on the regularity properties of the operator G,.
The splitting (101) is not unique, but the space formed by the sum is well
defined.

(102) Lemma. Ifp > 1 then a kernel G, of the form (101) can be chosen
so that

(103) . AG,—-F =F+logp-F,,

where F},F, € x?~2&>°(Z;Hom(” AX)), and F, = 0 in Taylor series at
Q. If p = 1 then a kernel Gy € p~'&>(Zs;Hom(” A¥)) can be chosen so
that

(104) A,Gy — G| = F} € x~'&>°(Z;Hom(” A¥)).

Proof. Initially we consider the case kK = 1, and the action on func-
tions, and assume p > 1. In terms of the polar coordinates (71) we can
take the defining function for the nonfront face of Zy to be p = wo.
We shall use the two symbols interchangeably. The desired kernel will be
constructed in the form

Gy~ xlefw,z,z')+logp-€,
(105) ;

e, € PP ISP x FxF), € ec%>2Z),

by solving recursively for the e;. The logarithmic terms will arise naturally
in this recursion.

Notice that x = pR where R is a defining function for the front face, so
the sum in (105) does represent the Taylor series at the front face of a &>
function. Writing the Taylor series as in (105), in terms of x, introduces
extra singularities in the ¢;, but has the advantage that a corresponding
series for A, G, is easily obtained because [A,, x] = 0:

(106) AxGy ~ ) x'Acei{w, z,2') + Adllog p - €'],

i=0
although now the coefficients may depend on all variables. Consider the
form of the A.e; in the projective coordinates (71). Notice that the func-
tion 1/p = 1/wy is of precisely linear growth in |«|; this follows from

wo- U=
0T R T x
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Expanding the coefficients of the operator expressed in terms of the vector
fields (74) gives:

(107) Axei(u9y’ Z, Z’) = BO(y: Z’DZ:Du)ef + XBl(y, Z,Dz:DuaDy)ei
+ sz(Z)(X,y, z, DZaDu,Dy)ei:
Bg) ~ ijBj(y,x,Dz,Du,Dy).
j22
As an operator in #, this has constant coeflicients.

From Lemma (75) it follows that By is simply the Laplacian on F x R?
with its product metric, as a fiber of the interior of the front face of Zj.
To invert the operator we treat the harmonic and nonharmonic parts on
F separately:

Boo: ¥ — ', #' = {e c T({(Z); "A*); Are = 0},
By = Bo+BoL,{ Bor:#] — #/,
H! = (e @°(M(Zy); "A*);e = dpe’ + drpe"}.

In fact
By = Ag, By, =Ar +Ag

where Ax is a Euclidean Laplacian acting on the fibers. Although a constant
coeflicient operator on each fiber, R?, the coefficients of this Euclidean
Laplacian Ag may well depend on the base variables y, since this is just
the y-dependence of the metric .

To apply the discussion of the Laplacian above it is therefore natural to
make a linear change of variables in u to reduce the Euclidean metric to
standard form. This is €asily accomplished by replacing u by

(108) U=AW)u, det A(y) #0.
The main adverse effect of this transformation is the change
(109) Ay By + %A“ Udy

which adds a linear vector field in U to d,. In terms of the variable U we
can consider the space .7} of (95), with > dependence on the parameters
y and z.

The second of the pieces of By is the more easily inverted. Let.7, * be the
part of 7] which is orthogonal to the harmonic functions (i.e., constants)
on the fiber F. Since the spectrum of A is strictly positive (and discrete)

(110) By 1s an isomorphism on .9 V/ e Z.
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To prove (110) take the Fourier transform in U. If » is the variable
dual to U, then the inverse of By, becomes (Ar + |4|?)~!. This preserves
smoothness in z € F and the parameters y. Acting on 7] L it preserves
the orthogonality to harmonic functions, and since it is a multiplication
operator in 7, it preserves the form (85) of 7 (see (90)). Thus (110) holds.

The invertibility properties of By, have already been discussed. In par-
ticular we shall use (96). Let 7, denote the part of .; which is harmonic
(i-e., constant) on the fibers. Then

(111) Ap: G - F°, VI

To use these invertibility results we need to consider the behavior of the
higher order terms in (107). First consider B;. This arises from the second
term in the Taylor series of A, on X together with the cross terms arising
from (74), i.e., the fact that x4, lifts to 8, + x9,, not 9,. By (51) the first
part has values in the #. On the other hand the second part must have a
factor of 8,, and it therefore reduces the order at infinity. Recalling that
the change of variable (108) has been made and using (109) we see that

(112) B> I+ Py, B:I°—-I° +F*++P_, VIEL.

Here of course the polynomials (in # or equivalently U/) depend smoothly
on y and z. The higher order terms have no special properties so

(113) B - F+P_, Vi>2.
This allows us to solve (103) inductively with
(114) G €T L +I+- VieN.
This is accomplished by writing the formal power series version of (103),
using (105), (106) and (107), as
i-1

Bye; = —ZB[_J‘QJ‘ + Fl,i
j=0

where the B; and F|; are the Taylor series of B and F; in x. The initial -
step is
Byey = Fl,O € =e G%O +:70-‘L.
Then the inductive assumption (114) means that
i-2
—Bie;_; — ZBi_jej eI+ e%_p.
j=0

Applying (112) and (113) gives the inductive step.
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Thus we have constructed a formal power series as in (105). Notice that
u = (y — y')/x and this means that the series for ¢’ is a Taylor series at 0
on Z. Using Borel’s lemma to sum this to a £ function on Z and the
other series as a £ function on Zy gives G, as in (101) satisfying the
conditions of Lemma (102).

The case p = 1 is similar but simpler, without logarithmic terms. Ex-
tension to the case of positive form dimension involves only notational
changes, so Lemma (102) is proved.

12. % regularity of the parametrix

We shall slightly modify &, before examining its regularity as an oper-
ator. Writing (101) in the form G, = g, + logp - g, we notice that (106)
implies that Ay gé' = 0 in the sense of Taylor series at Q. Thus consider
Gy=Gy,—logx - g, =g +logr- &,

(115) 5 -2 Pk 5 -2 Pk
& € PPTIE®(Zg, TAY), B exFTFE™(Z, TAY),

since x = Rp. Then G = G, — G, is a true parametrix for A:
(116) AG=1d+F, Fex??&>®(Z, 7A%).

One should however recall that a factor of x~2 has been absorbed into the
measure in (77) and (78). Thus as an operator the error term is a map

Fyi B2(X; 7AK) — x 28> (X; 7AN).

We next consider the regularity properties of the operator with kernel
G. Away from x = 0 it is a pseudodifferential operator of order —2. The
important point is therefore the uniformity up to x = 0.

(117) Lemma. The parametrix constructed above, G = G, — G, satisfies

G:Z®(X; 7AK) — x72&°(X; 7A%).
Proof. To show the regularity of Gu we use an extreme form of a stan-

dard method, namely showing tangential and normal regularity separately.
The tangential part is in the form of conormal regularity:

(118) G:E>®(X; 7AK) — o (X; 7AX).
Here the conormal space is defined by
A (X3 7A) = {u € E7=(X; 7AY);
for some s = s(u), Z;(X) u € H*(X; 7A¥) ¥r e N}.
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The Lie algebra, 7;(X), consisting of all £ vector fields tangent to the
boundary of X, acts through some connection, and H(X) is the standard
Sobolev space.

The main step in proving (118) is to note that there is a lifting map

2 75(X) = Z5(Zg), with /2 (V') tangent to Ay,

Suppose that V' € 7,(X) has support in [0, 00) x 771(Q) where Q C Y isa
coordinate patch over which z is trivial, z7!(Q) = Q x F. Thus V' can be
written

D
V =a(x,y, z)x0x + Zaj(x,y, 2)dy, + V'
i=0
with V'’ tangent to the fibers F. Let ¢ € £.°°([0,00) x Q) be identically
equal to 1 on the support of the coefficients, and consider

n
(119) a(x,y,2)X0 + ) a;(x,, 2)[8y + $(x,1" )91 + V'

i=0
This vector field on Z projects to V' and is tangent to the diagonal A.
Since it is also tangent to Q, lifting to Z, gives Z.(V'), locally, as desired.
A partition of unity gives a global lifting.

Consider the space & of all kernels of the form of a sum (82) and (101).

Applying V' (through some connection) and integrating by parts gives

(120) VGu=(4(V)Gu+Y GWu),
J

where W’ is the transpose of the projection of /7 (V') onto the right factor
of M in Z. Since /.(V) is tangent to the boundary of Z,, the kernel
(V)G € &, so has the same singularity type as G. Hence iterating (120)
it suffices to note that any operator with kernel in &G is bounded from
&> (X; 7A¥) into some fixed Sobolev space. Since the elements of & have
some fixed regularity, this is certainly so, proving (118).

To show the normal regularity we shall investigate the analyticity prop-
erties of the product

x!
I

Here p is a nonvanishing smooth density on the left factor of M, and
d g is the Riemannian density from the right factor. Certainly this is well
defined for R(¢) > 0. We shall show that, as a supported distributional

density on Z, it is in fact entire in ¢. To see this we lift to Zy. This is

(121) x2Gudxdg, € €~°(Z,Hom(” AX)).
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unambiguous in M(¢) > 0. Notice that the lift is of the form

t
(122) % p'GR?p* Py € #~°(Zy, Hom(7A¥) ® Q).
Here v is a smooth, nonvanishing section of the standard density bundle
over Zy. The singular factors in (122) arise from the introduction of polar
coordinates:
(123)
X udxdge =x>Pudxy’ = x> PRPhdRdwdydzdz' = R*p*~Puv.

Here 2 # Q.

Now G, contributes an entire term to this, since it is #*° upto R =0
(the front face) and on its support p # 0. Thus we have only to consider
(122) with G replaced by G, (see (115)). Since p?>~7 g} is €, we conclude
that R

P p2 2-
WWR prEw
is entire. The presence of the factor log R in the second term in (115)
introduces the possibility of simple poles at the negative integers, i.c.,
R p! 2 2-p g ;
————logR - R°p~~? g, has at most simple poles at t € —N.

Combining these two statements we see that the distribution (122) is
meromorphic in C with at most double poles at —N. Consider the form of
the residues. Since p!/I'(¢) is entire and R’ is entire away from the front
face, where p2—p62 is also smooth, the support of the residues must be
contained in the front face. Moreover all these residues must be smooth
in z, z’, y as distributions in (R, ). Projecting down to Z from Z, (dual to
lifting of smooth functions) gives the distribution (121), which is therefore
at worst meromorphic with residues supported in . To remove the poles
we need only subtract a distribution of the form

L = (logx)?fa(x,y,z,2',y = ¥') + (logx) fi(x,y, 2z, 2,y — V'),

where f; and f; are £ in x and are chosen to have the correct Taylor
series at x = 0 to reproduce the residues. Now applying A, we find

AxGy = Ay(Gy — L) + A L € #°°(Z;Hom(7 A¥)).

Since x’x2(~C~?2 — L)yudx/T(t) is entire (by construction), the same is true
of x!x?A,(G — L)udx/T(¢). This implies that

(124) Acfi=0 fori=1,2
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in Taylor series at x = 0. However, from the support and regularity con-
ditions on the kernels noted above, the operators defined by the f; are of
the form

(o o]

ijPj(z, z',y,Dy).

j=0
That is, they are differential operators in y with coefficients which are
smoothing operators in z and smooth in y. Then (124) implies that the
ranges of these two formal power series operators lie in the null space of
A, (in the sense of formal power series). Since the latter space has finite
dimensional coefficients, and a differential operator with finite dimensional
range must vanish, the f; vanish as Taylor series in x. By definition this
means that (121) is entire. This is the “normal regularity” of G.

Finally then observe that (remembering the density factors)

f e F°(X; 7A%) = x2G(f) € & (X; 7AK) N (X; 7AX).

Here the dual space is characterized [9] by the condition that for any
element u, x'u/I'(¢) is entire. In [8] or [9] (see also [6, Volume 3, Chapter
18]) it is shown that on any manifold with boundary

L (X)NL'(X) =F>°(X).
This completes the proof of Lemma (117).

13. Proof of Theorem (15) and Corollary (18)

To complete the proof of Theorem (15) we only need to improve the
parametrix constructed above to a precise generalized inverse, i.e., inverse
modulo a finite rank remainder. By finding an appropriate formal power
series we can add to G a term G3 € x~!&°°(Z, Hom(7'A¥)), to remove all
but an error of rank b, = dim H*(M) so that G = G + G5 satisfies

b
Ad(G) =1d+ Y aihi(x,y)hj(x,y') + F,
ij=1
F' e #°(Z,Hom(“A*)), F'=0atx=0.

To see this first note that the leading coefficient of x?~2 in F, arises directly
from the coefficient of x?~2 in G — G, at least away from Q where this is
% °°. Thus it must be in the range of Ar. In particular we can remove it
by adding to G a term with leading power x?~2 and £ coefficient. Thus
we can assume that F, € x?~!&>°(Z, Hom(?A¥)). Using Lemma (37) the
coefficient of x?~! in F, can be similarly removed, without making G more

(125)
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singular, since it must also be in the range of Ar. Thus we can assume
that F, € x?%>°(Z,Hom(?A¥)). Now, solving in formal power series we
can remove any terms orthogonal to the null space of Ay, at the expense
of adding to G a term in x?~ V& (Z,Hom(?A*)) where N is given in
Corollary (68), and is bounded by p + 1. Thus the new term G is such
that xG3 is # and (125) holds.

For x small the operator Id +F"’ can be inverted, giving an operator of
the same type. Since composition of G with an operator such as F’ gives
another operator with # kernel vanishing to all orders at x = 0 the extra
term Gj in (125) can be chosen so that F’ = 0 identically near x = 0.
Thus

by
(126) Ax(G) =Td+ Y ay(x)hi(x, )hj(x,y"), i, b} € Z(X; 7AR),
ij=1
and hence the rank of the remainder term is precisely the dimension of
the cohomology.

Since the operator A, is self-adjoint and has range of codimension b
(when x > 0), the Z°° sections 4] must lie in its null space. These provide
the basis of the bundle 7%k , considered as a subbundle of #° (X, 7A).
Thus the proof of Theorem (15) is complete.

Corollary (18) also follows immediately. That #¥ extends to be > as
a subspace of the usual form bundle #>°(X; A¥) follows from the formal -
power series discussion (see §6).

Various solvability properties of A, also follow from (126).

(127) Corollary. If f is a = form on M depending smoothly on x €
[0, 00), then there exists a smooth form u € €°°(X; A*M) such that

A x7Pu] — f € B°(X; A M) is g.-harmonic.

One can also give L2-continuity results for the projection onto the har-
monic part by noting the (straightforward) L2-boundedness properties of
the parametrix, and hence generalized inverse.
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