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Morse-Bott functions and the Witten Laplacian

IcOR PROKHORENKOV!

Given a compact Riemannian manifold (N, g), a flat vector bundle
V over N, and a Morse-Bott function h, Witten considered the
following one-parameter deformation of the differential d in the de
Rham complex of V-valued differential forms on N:

d(a) : w — e~ de",
This paper studies the asymptotic as & — oo of the discrete spec-
trum of the Witten Laplacian

L(e) = d(a)d* () + d* (a)d(c).

Suppose g is a metric on N, associated to a Morse-Bott function
h. Suppose M is the critical manifold of h. The main result of
the paper states that as & — oo the eigenvalues of L(c), which
stay bounded, converge to eigenvalues of the Laplacian A on M,
twisted by the orientation bundle of the negative directions in the
normal bundle to M in N. All the eigenvalues of A are limits of
the eigenvalues of L(c). The paper provides the estimates on the
rate of convergence as @ — oo of the bounded eigenvalues of L(a).
The main idea of the proof is to use the adiabatic limit technique
of Mazzeo-Melrose and Forman to analyze the spectrum of the
Witten Laplacian on the tubular neighborhood of M .

As an application a new Hodge theoretic proof of the Thom iso-
morphism and of the degenerate inequalities of Morse is given.

0. Introduction.

Summary. Suppose N is a smooth compact manifold without boundary.
Let A: N — R be a smooth function. We assume that critical points of A
form a (disconnected) submanifold M of N and that the Hessian D?h of h
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is a non-degenerate quadratic form on the normal bundle to M in N. In
this case the function 4 is called a Morse-Bott function.

In [Wil] E. Witten considered the following one-parameter deformation
of the differential in the de Rham complex of N:

(0.1)  d(a):wr e ®de®w = dw + adh Aw, @ € Ry, we 2°(N).

In this paper we study the asymptotic as o — oo of the (discrete) spectrum
of the Witten Laplacian

(0.2) L(a) = d(a)d*(c) + d*(a)d(a).

Here d*(a) denotes the operator adjoint to d(a) with respect to a fixed
Riemannian metric g on N.

Suppose g is a metric on N, associated to a Morse-Bott function % (see
Section 1). Then the spectrum of L(a) consists of the eigenvalues which
stay bounded as @ — oo, and the large eigenvalues which grow faster than
Ca for some constant C > 0. The main result of the paper is Theorem 8.6
which states that the bounded eigenvalues of L(a) approach all eigenvalues
of the (twisted) Laplacian A on M as a — co. The theorem also includes
the estimates on the rate of convergence of the bounded eigenvalues of L(a).

The main idea of the proof is to use the adiabatic limit technique of
Mazzeo-Melrose and Forman ([Ma-Me], [Fo]) to analyze the spectrum and
the eigenspaces of the Witten Laplacian on the tubular neighborhood of the
critical submanifold M of h. This analysis is accomplished in sections 2
through 7.

In Section 6 we give a new Hodge theoretic proof of the Thom isomor-
phism. In Section 9 we use our results about the spectrum of L(«a) to prove
the degenerate inequalities of Morse.

We now give a more detailed description of the results of the paper.

A localization of the Witten Laplacian to a neighborhood of the
critical submanifold. For a Morse-Bott function A : N — R let Mjy, ..., My
denote the connected components of the critical submanifold M of h. Ac-
cording to the Generalized Morse Lemma (Lemma 8.3) each M; has a tubular
neighborhood E;, which is diffeomorphic to the normal bundle to M; in N.
An easy calculation shows that

(0.3) L(e) = O+ o?|dh|? + oA,

where O is the usual Laplacian associated with the metric g and A is a
bounded zeroth order operator. As o — oo the term o?|dh|? becomes very
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large, except in the neighborhood of the critical submanifolds M;, where
dh = 0. Therefore, the eigenforms of L(a) corresponding to bounded eigen-
values are, for large «, concentrate near the critical submanifolds of .

In Section 8 (Theorem 8.5) we show that the asymptotics of the bounded
eigenvalues of L(a) can be calculated by restricting L(a) to a tubular neigh-
borhood of M. We call this restriction O(a). Thus we are led to study the
spectrum of O(c) on each E; — M;.

If for some 7 the manifold M; is a point, then the tubular neighborhood
around M; is diffeomorphic to RE™ Y, Then the study of ((a), restricted to
such neighborhood, reduces to the study of the standard harmonic oscillator.

Zero eigenvalues of the Witten Laplacian on the tubular neighbor-
hood. We begin our study of the spectrum of [(c) with the examination
of zero eigenvalues. Let E — M be a tubular neighborhood of a single con-
nected component M (dim M = m > 0) of the critical submanifold of h. By
a slight abuse of notation we denote by the same letter h the pull-back of h
from N to E under the diffeomorphism between E and the normal bundle
to M in N. Since the Hessian of A is non-degenerate, the bundle E splits
into the Whitney sum of two subbundles Et and E—, such that the Hessian
is strictly positive on E* and strictly negative on E~. The dimension n~
of the bundle E~ is called the Morse index of M (as a critical submanifold
of h). Moreover,

(0.4) h(y) = ly*? — vy~ 1%,

where y = (y*,y~) € ET ® E~ is the coordinate in the fiber.

We study the spectrum of O(e) on E in a more general situation.
Namely, we assume in addition that we are given a flat vector bundle V — E.
Then O(a) is defined on the space 2°(E, V) of smooth differential forms on
E with values in V.

In sections 1 through 5 we study the kernel of O(«). Since the square of
d(c) is zero, for each o we can define the de Rham cohomology H*(E,V, a),
associated to a differential complex (£2°(E,V,a),d(a)). In Section 1 we
show that the spectrum of O(«) is discrete. Then by Hodge theory for d(c),

(0.5) HP(E,V,0) 2ker[P(a), p=0,1,...dimE.

As an essential step in his analytic proof of Morse-Bott inequalities, J. M.
Bismut proved the following theorem about H*(E, ) (without considering
an additional bundle V):
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Theorem A ([Bis, Section 2(h)]). For all large enough o and any p
(0.6) dim HP(E, a) = dim H?™™ (M, o(E™)),
where o( E~) denotes the orientation bundle of E~.

In his proof Bismut uses the existence of a Thom form on E~ and the
retraction of E* on M to construct local isomorphisms between H?(E|y, )
and H™™™ (U) over open sets U. Then the Mayer-Vietoris argument fin-
ishes the proof.

M. Braverman and M. Farber in [Bra-Far, Section 3] proved Theorem B,
which is the generalization of Theorem A, where in addition we have a flat
vector bundle V' — FE.

Theorem B (Theorem 5.3). For all large enough o and any p
(0.7) dim HP(E,V,a) = dim H?™" (M,V ® o(E™)).

Their proof is different from the proof of Bismut. They used the exis-
tence of a Thom form of the bundle E~ to construct homotopy equivalences
between the complexes (£2°(E,V, @), d(a)) and (£2°(M,V ® o(E™)),d).

In this paper we give a proof of Theorem B based on a new approach.
This approach is motivated by the notion of the “adiabatic limit”, introduced
in this sort of mathematical context by Witten in [Wi2]. Moreover, we
use our method to study the eigenvalues of the Witten deformation of the
Laplacian () as the metric on E is deformed.

The adiabatic limit. Suppose we chose a metric gg on E, compatible
in the sense of Section 1 with the (E* & E~, h)-structure on E. We now
describe the general set up for our approach. Let A be a smooth distribution
of k-planes, A C TE. Let B be the orthogonal complement of A in TE.
Writing gg = ga @ gB, for 0 < § < 1 we define a 1-parameter family of
metrics on F by setting

(0.8) gs = ga ® 8 %gpB.

In addition, let V — E be a flat vector bundle. Then the limit of (E, g5) as
d — 0 is known as the adiabatic limit.

The adiabatic limit was introduced in this form by Witten in [Wi2]|. He
considered the distribution A consisting of the vertical vectors of a fibration

(0.9) F—E— M,
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where F is compact, M = S1, and the metric g makes (0.9) a Riemannian
submersion. Witten investigated the limit of the eta-invariant of F as § — 0.
We also refer to [Bis-Fr] and [Ch]. In [Bis-Ch] and [Dai] this investigation
was extended to general base spaces M.

In [Ma-Me], R. Mazzeo and R. Melrose study the behavior of the space
of harmonic forms on a compact manifold E for the fibration (0.9) as § — 0.
They show that modulo a change of coordinates, the space of harmonic p-
forms approaches a finite dimensional space, which can be identified from
the Taylor series analysis. They use Melrose’s calculus of pseudodifferential
operators on manifolds with corners to construct a parametrix for D‘g, where
[} denotes the Laplacian induced by the metric g5 acting on p-forms on E
with values in V. This parametrix has a uniform extension to the closed
interval [0, 1]. This implies that in the case of a fibration (0.9) the eigenvalues
and eigenvectors have well-defined asymptotics as § — 0.

This paper owes much to the ideas and techniques in [Fo]. In [Fo] R.
Forman considers a more general situation than in [Ma-Me]. In particular,
he does not require that the distribution A C TF arises from a fibration. He
investigates a spectral sequence for the cohomology of F, associated with A
and B. This spectral sequence arises naturally from a Taylor series analysis
of the eigenvalues of [J§ near § = 0. Moreover, in Section 5 of [Fo] he shows
that the leading order asymptotics of the small eigenvalues of Dg and the
corresponding eigenspaces are determined by the information contained in
the spectral sequence.

The setting for the adiabatic limit arises naturally in our situation (see
Section 7.1) after we change coordinates in fibers and let § = «~1/2. However
we point out that, as opposed to the setting in [Ma-Me] or in [Fo], the fibers
of the fibration E — M we study are not compact. As a result it is crucial in
the analysis of Sections 4 through 7 that for all large enough « the eigenforms
of O(c) have a rapid decay at co. The proof of this result (Appendix 2) uses
the notion of the Bismut connection on E, introduced in [Bis]. This result
is one of the main technical difficulties of the paper.

Many results proved in Sections 1 through 7 of this paper are similar to
those proved in [Fo], if instead of the standard Laplacian on E one considers
its Witten deformation.

The Thom isomorphism. In Section 7 we prove the Thom isomorphism
[Bott-Tu, Theorem 7.10] as an application of Theorem B. For E — M a
rank n smooth vector bundle over a compact connected manifold M, we
denote as HE(E,V) the compactly supported de Rham cohomology of F
with values in V. Then our version of the Thom isomorphism is
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Theorem C (Theorem 6.1). For any p
(0.10) dim H?(E,V) = dim HP™"(M,V ® o(F)),
where o(E) is the orientation bundle of E.

To prove Theorem C we choose function h(y) = —|y|? as a Morse-Bott
function on E. In this case E = E~. Then Theorem C follows from Theorem
B and the following equality, which is the main result of Section 6,

(0.11) dim H?(E, V) = dim ker (P(a),

This equality holds for all large enough a and all p. Equality (0.11) can be
considered as a generalization of the following well-known Hodge-theoretic

equality:
(0.12) dim HP(N, V) = dim ker (P,

where N is compact and 0 is the Laplace-Beltrami operator.

A simple example. Before we proceed further, let us consider a simple
example which illustrates our results. In this example we know explicitly
the eigenvalues and eigenforms of the deformed Laplacian. Let

E=M x (R”*@R"‘),

and

g9 = guMm © grn,
where ggn is the standard Euclidean metric on R”. Let {y;} be the coordi-
nates on R”, then

nt n
hy) =D - > ¥
i=1 i=(n+)+1
We find
O(e) = H(a) + A,y

where Ay is the Laplacian on M and H(a) = ®}_; Hg(a) is the direct sum
of harmonic oscillators. For any ¢dy;, Adyi, A --- A dy;, € 2P(R"),

d2
Hi(pdyi, Adys, A -+ Ndy;,) = (—d—ﬁ + 4a2y§¢) dyiy Adyiy A -+ A dy,
k

9%h
(0'13) + aa_2'¢Bk(dyi1 A d’yi2 ARERNA dy,;p).

Yi



Morse-Bott functions and the Witten-Laplacian 847

The operator By is a zeroth order operator defined by
By (dyi, Adyiy A -+ Ndy;,) = £dyi; Adyi, A ... A dy;y,

where we have (+) if k € {i1,%2,...,%p} and we have (—) otherwise.

We can compute the eigenvalues and eigenforms of () by separating
variables. Let w € ker (P(a) then w =y ® B, where 7 € ker Hi(a) for all &
and S € ker Ays. It follows from (0.13) that

(0.14) y=a" = ey A A dyn.

Therefore, § € ker AP™™ . Since dim H?(E,a) = dimkerP(a) and
dim HP(M) = dimker AL, we have demonstrated (for this example) the
following theorem (see Theorem C and Corollary 5.4):

Theorem D. For any p and all «
dim H?(E, @) = dim H?™™ (M).
We also have

Theorem E. If A(a) is an eigenvalue of OP() which is bounded as o —
00, then

N(a) = pP™),

where ,uf_n_ is an eigenvalue of A(J\I/}_n_)'

This theorem should be compared with Theorem 7.23.

A more detailed description of the content of Sections 1 through
7. In Section 1 we put a natural metric g on E, compatible with the given
decomposition E = E* @ E~. Then we define a one parameter family
of deformations () of the Laplacian and describe the Hodge theory for
d(a). We also define 222(E, V'), the space of rapidly decreasing or Schwartz
forms on E, in terms of the Bismut connection. Finally, we observe that the
cohomology H*(E,V, a) of the complex (2°(E,V),d(a)) is the same as the
cohomology H3(E,V, a) of the complex (£25(E, V), d()).

In Section 2 we consider a manifold E as a vector bundle over E~. For
reasons which will be clear in Section 4, we have to consider the bundle
E — M as a filtration E — E~ — M. We denote as A C TE the set
of all vectors tangent to fibers of E — E~, and B denotes the orthogonal
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complement of A in TFE in the metric g. Then the family of metrics gs is
defined as in (0.8). We also define a rescaling map ps, which is an isometry

ps . (QP(E, V)’gé) - (‘Q(Ea V)ag)'

Fixing o > 0 large enough,

ds = psd(a)p; ", df = psdyy(c)os ™.
Then we show that dim ker (P(e) = dim ker (I?(§), where
(0.15) C1(6) = dsd + dids.

In Sections 3 and 4 we study the behavior of the space of the ds-harmonic
forms on M as § — 0. '
In Section 3 we define a nested sequence of spaces

ESDEVYDE} D ..

E£ = {w € ‘Qg(E7 V)I Jwi, ey W1,
ds(w + bwy + ... + 8 Lwp_1) € 0(5%),
J}(w + 0wy + ... + 6’“‘1wk_1) € O(Jk)},

By explicitly computing the spaces EY and E}, we show that E¥ is iso-
morphic to HY(E~,V,a), which denotes the cohomology of the complex
(22(E~,V),d(a)), where a differential d(a) on £25(E~,V) is defined by
d(a) =d—adh™ A.

In Section 4 we show that the nested sequence define in Section 3 stabi-
lizes at EX:

Ef = FEf = .. =FL.

Then we describe an isomorphism between HY(FE,V, ) and E%. We note
that we can prove this fact directly for the fibration £ — E~, but not for
the fibration E — M. Together with the results of Section 2, we have an
isomorphism

(0.16) HZ(E,V,a) = HE(E™,V,0).

In Section 5 we use the Hodge theoretic x-operator as a convenient tool
to deduce the following equality

dim HP(E~,V,a) = dim H™" ~P(M,V ® o(E7)),
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Together with (0.16) and the Poincare duality on M this equality proves
Theorem B of Braverman and Farber. In Section 6 we present a Hodge
theoretic version of the de Rham cohomology of E' and prove the Thom
isomorphism.

In Section 7 we study the asymptotics of the bounded eigenvalues of
O(c) as o — oo. Observe that if we put

§=a"1?

then the operators [)(a) and §~2(](§) will be isospectral (we assume that
in the definition of [1(§) the parameter o equals to one). This implies that
if AY(a) denotes the j-th eigenvalues of (P(a) and X;(d) of CP(6), then for
any j a > 0,and p=1,2,...dim F, we have

Xo(a) = 672X5(9).

To investigate the asymptotic of the small spectrum of Ifl(é), which cor-
responds to the bounded spectrum of [J(c), we use the Taylor analysis of
the eigenspaces of the Witten Laplacian in the spirit of Section 5 of [Fo.
The main result of Section 7 is Theorem 7.23, which states that all bounded
eigenvalues of O(a) converge to the eigenvalues of the Laplacian

A2 (M, V @o(E7)) — 2°(M,V ®o(E7)).

In addition we show (Section 7.5) that modulo a change of coordinates the
eigenspaces which correspond to small eigenvalues of [J(d) approach fixed
spaces as 6 — 0.

The main result. In Section 8 we observe that the bounded eigenvalues
of L(a) : 2°(N,V) — 2°(N,V) can be calculated by restricting L(c) to
tubular neighborhoods E; of connected components M; of the critical sub-
manifold M and then applying Theorem 7.23. We prove Theorem 8.6, which
is the main result of the paper. This theorem states that all the bounded
eigenvalues of L(a) on N converge to the eigenvalues of the standard Lapla-
cian A on M, twisted by orientation bundles o(E~) as o — co. Moreover,
all the eigenvalues of A are limits of the bounded eigenvalues of L(c). The
theorem also contains estimates on the rate of convergence of the eigenvalues
of the Witten Laplacian L(a) on N.

The Morse-Bott inequalities. In 1954, R. Bott [Bottl] generalized the
Morse inequalities to the case when the critical points of the function A
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form a submanifold M, satisfying some conditions of non-degeneration (see
Section 8). Let M = @{\=1Mi, where M; denotes the connected component
of M of index n; . For each %, consider the twisted Poincare polynomial of
M;

P7 () =)t dim HP(M;, Vi, ® o(Ey")),

and the following Poincare polynomial of N
P(t) =) #dim H?(N,V).

Then the Morse-Bott inequalities say that there exists a polynomial Q(t)
given by Q(t) = Qo + Q1t + ... with with all non-negative coefficients such
that

A
Dt PI(H) - P(t) = Q(t)(1 +1).
i=1

The idea of applying the Witten deformation to prove the Morse-Bott in-
equalities was suggested by Witten in [Wil].

J.-M. Bismut [Bis] introduced a slight modification of the Witten defor-
mation (using two parameters), such that the study of the corresponding
family of operators leads to a family of operators on E — M. Bismut
applied a probabilistic technique to study the eigenvalues of the deformed
Laplacian on E — M which approach 0.

M. Braverman and M. Farber [Bra-Far] used essentially the same modifi-
cation of the Witten deformation as Bismut. However, they excluded prob-
ability considerations and used instead an explicit estimate of the number
of the eigenvalues of the deformed Laplacian approaching 0. They proved
the existence of the spectral gap which separates the eigenvalues that ap-
proach O from the rest of the spectrum. Moreover, Braverman and Farber
also proved the twisted degenerate Novikov inequalities.

In [H-S] Helffer and Sj6strand gave an analytic proof of the Morse-Bott
inequalities. Although they also used the ideas of [Wil], their method is
completely different from the method in [Bis] and [Bra-Far].

In our case the existence of spectral gap and the Morse-Bott inequali-
ties easily follow from Theorem 8.6. In particular, the twisted degenerate
Novikov inequalities of Braverman and Farber [Bra-Far] also can be easily
recovered from this theorem.

Acknowledgments. This paper grew out of Doctoral Dissertation of the
author at Rice University. The author thanks his advisor Robin Forman for
posing the problem, many helpful discussions and constant encouragement.
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1. The Witten Laplacian.

1.0. Introduction. In this section we put a natural metric on E, compatible
with the given decomposition of E into positive and negative bundles E+
and E~ for a Morse-Bott/ function h. Then we define the family

O(a) = d(a)d*(a) + d*(a)d(e),

of the Witten deformations of the Laplacian and describe its properties. We
prove the Hodge decomposition for [J(), and we define the space of rapidly
decreasing forms.

1.1. Description of the data. The following set up naturally arises when
we consider tubular neighborhoods of connected components of the critical
submanifold for a Morse-Bott function (see Section 0.2 and Section 8). Let
E = E+ @ E~ be the Z; graded finite-dimensional vector bundle of rank n,
not necessarily orientable, over a compact connected Riemannian manifold
(M, gnr) of dimension m. Let p: E — M be the projection. Dimensions of
E* and E~ are denoted as nt and n~, where n = nt +n".

Suppose that in addition we are given a complex vector bundle V over
E with a choice of a flat connection. Let £2P(E,V) denote the space of
smooth differential p-forms on E with values in V. Then d : 2P(E,V) —
(PTY(E,V) is the standard differential on £2°(E,V), corresponding to our
choice of a flat connection on V, dod = 0.

1.2. The Morse-Bott function on E. We choose Euclidean metrics on
fibers of E+ and E~. We define the metric on E to be the direct sum of the
metrics on Et and E~.

For a vector y € E* & E~ we denote by |y| its Euclidean norm with
respect to the metric on E:

(1.1) yl? = ly* 1P + |y~
Let h : E — R be the function defined on a vector
y=@ "y )eEtOE"
by the formula
(12) h(y) =y = ly~ 1> = h* (y) — ™ (y)-
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Then h(y) is a Morse-Bott function on F, having M as its critical subman-
ifold. Moreover, the Hessian of h is positive on ET and is negative on E~.
Thus the index of M is n™.

In order to study the Witten Laplacian we need metrics on E and V.

1.3. A Riemannian metric on E. It is convenient to choose a Riemannian
metric on E to be compatible with a given Morse-Bott function A in the
following sense.

We denote by TVe'E the space of all vertical vectors in TE. For each
y € E, we have the canonical identification of E and TV*'E (identification
of fibers and vectors tangent to fibers). Via this identification the metric on
FE induces the metric gyer on TV'E.

We choose Euclidean connection VZ* on E*+ and VE™ on E~. Then we
define a connection on E as the direct sum of connections on ET and on
E~:

VE=VE g VE.

We note that the splitting E = E* @ E~ is parallel for our choice of VE.

The choice of a connection defines the horizontal distribution TY'E C
TE (see Section 1 of [Roe]), and thus the splitting of T'E into complimentary
vertical and horizontal subspaces TE = TV'E @ T"'E. Note that for each
y € E we have an identification

pe: Ty — Tpq)M.

Thus we can lift gjs to the metric gpor on TP E.
We define the metric g on T'E to be

g = Gver © Ghor = Gver @ P gM.

1.4. The Bismut connection and a choice of basis on TE. In order
to do computations we need to choose a basis and a connection on TE. As
it will be explained in Appendix 1, the most computationally convenient
choice of a connection is the Bismut connection. The Bismut connection V
on TE [Bis, Section 2] can be defined as a direct sum of two connections
VE and VTM,
V=vEe VM

where V¥ is the connection on TV E (identified with E), and VTM is the
connection on TP°' E (identified with TM). The properties of this connection
are discussed in more detail in Appendix 1.
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In order to choose a basis on TF, we first choose a basis on TM @& E
and then, we lift this basis to TE. Take z € M. Let {a;}i=1,..n, {bj}j=1,.m
be orthogonal bases of E,, Tu M. Let {a‘}i=1, .n, {¥"};=1,.m be the corre-
sponding dual bases. Take y € E,. We can lift {a;}i=1,..n, {bj}j=1,.m t0
TE. Since there is no risk of confusion we can assume as well that {a;}i=1,..n
is the basis of Ay and {bj};=1,...m is the basis of B,

1.5. A Euclidean metric on V.In order to choose a metric on V, we
identify the manifold M with the zero section of E. Let V|p; denote the
restriction of V on M. Fix an arbitrary Euclidean metric g on Vps, com-
patible with the flat connection on V. The flat connection on V defines
a trivialization of V along the fibers of E and, therefore, gives a natural
extension of g to an Euclidean metric gy on V which is flat along the fibers
of E.

1.6. The Witten differential and the Witten Laplacian. We define
after Witten [Wil] a one-parameter family of differentials d(a), o > 0, by
the formula

(1.3) d(a) = e *"de® = d+ adh A.

It is easy to see that d(a) o d(a) = e**(d o d)e*? = 0.

The metric g on TE induces the metric on A*T*FE and, together with
qv, leads to an L2-metric on 2°(E,V).

Let Q('2)(E, V) be the space of square integrable forms on E with values
in V. If the bundle E — M is not orientable then we let .Q('2)(E, V') denote
the space of square integrable forms, twisted by the orientation bundle of
E.

The Witten Laplacian O(«) on the bundle F, associated to the metrics
g and qv, is defined by the formula:

(1.4) O(a) = (d(a) + d*(a))? = d(a)d"(a) + d*(a)d(a),

where d*(a) denotes the formal adjoint of d(a) with respect to the L2-metric
on {25 (E,V). We denote by [P(c) the restriction of 0J(c) to the space of
p-forms.

1.7 The spectrum of the Witten Laplacian. In this section we formu-
late several results about the spectrum of O(c).

First we need to define a self-adjoint extension of the Witten Laplacian
We restrict O(a) to the space 22(E,V) of smooth differential forms on E
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with compact support. For any fixed o, O(cx) is a square of a first' order
symmetric elliptic operator (d(a) + d*(a)).

Since (E,g) is complete, it follows that O(a) : 22(E,V) — 22(E,V)
is essentially self-adjoint ([Bra, Theorem 1] or [Cher, Section 3]). Thus it
has a unique self-adjoint extension [R-S, Chapter viii], which we will denote
again as O(a). Moreover, it follows from [Cher, Section 3] that the powers
of O(c), restricted to £22(E, V), are also essentially self-adjoint.

Theorem 1.1. For any a > 0 the spectrum of (0P(c) is discrete. In partic-
ular, ker (0P(v) is finite-dimensional. Moreover, eigenforms of O(c) form a
complete basis for .(2('2 (E,V) in the L?-topology, associated to the metric g
on the tangent space %E‘ .

In order to prove Theorem 1.1 we observe that for any w from the domain
of O0P(«) there exists a sequence {wy} C 25(E, V) such that |lwg — w| — 0,
and ||OP(a)wy — OP(a)w|| — 0 as k — co. Then '

(P (@)w,w) = lim (P (a)ur, )
= lim (ld(e)en]® + 4" (@)wrl]) > 0.

In Appendix 1 (Theorem A.1.5) we show that
(1.5) O(e) = O+ o?|dh|? + aA,

where [J is the usual Laplacian associated to the metrics g and gy, and A is
an endomorphism of A®*(E,V). For any fixed o > 0 zeroth order operator
o?|dh|? + aA is symmetric and bounded below by a constant.

Theorem 1.2 (Bueler). Let £ — W(z) be a continuous map on a com-
plete Riemannian manifold N with the image W(z) a symmetric (zeroth
order) operator on A*Ty ® V.. Assume that

H=0+W

is non-negative and essentially self-adjoint with core 23(E,V). Let v(zx) be
the smallest eigenvalue of W(z) on A*T} ® V. Assume that v(z) — oo, i.
e. there erists xg € N such that for each K > 0 there exists R > 0 such that
v(z) > K if x € N/Bgy(R). Then H has compact resolvent.
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1.8. The Hodge theory for the Witten Laplacian. In this section we
introduce the complex whose cohomology will be our main interest in the
coming sections. We then show that even though the underlying manifold
is non-compact, by using the deformation introduced in Section 1.6 this
cohomology can be studied via Hodge theory.

We denote by 2°(F,V,a) the space of smooth (C°)-square integrable
forms w which have the property that d(a)w € .Q(°2)(E, V) and d(a)*w €
Q(‘z)(E, V). In sections 1 through 6, we study H*(FE,V, a), the cohomology
of the complex

0— 2%E,V,a) = QYE,V,a) = ... = Q™™(E, V,a) — 0,

associated to the differential d(«). We have the following Hodge decompo-
sition theorem for d(c).

Theorem 1.3. For any o > 0 we have an orthogonal decomposition

(1.6) 2°(E,V, o) = image d(a)® image d*(a) & ker O().

Proof. Since by Theorem 1.1 dimker O(a) < oo, for any w € 2°(E,V) we
have the decomposition w = B+h, where 3 € (kerJ(c))* and h € ker ().
Writing
B = (d(a)d*(a) + d*(a)d(@))(O(a)) '8
= d(a)(d*(a)(@(@)) 7' 8) + d*(e)(d(e)(T()) ' B)
we have 8 = [y + (2, where 3; € image d(a) and B2 € image d*(a).

Moreover, since (d())? = 0, 31 and By are orthogonal. Thus for any w €
2°(E,V, a) we have an orthogonal decomposition w = h + 8 + Ba. O

We also have the following immediate corollary:
Corollary 1.4.
H*(E,V,a) = kerO(a) = ker d(a) Nker d*(a).

1.9. The space of rapidly decreasing forms. Until now, we have worked
with the space of square integrable forms, but it will be convenient to work
instead with the space of rapidly or decreasing or Schwartz forms. The
purpose of this section is to show that restricting to this smaller space of
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forms does not change the cohomology of the complex defined in Section
1.7.

It is convenient to define the space of rapidly decreasing forms on F in
terms of the Bismut connection on TE. In order to simplify the notation,
let

{al,...,an}u{bl,...,bm}={el...,en_,_m}

be the basis, chosen in Section 1.4..

We now introduce the spaces 25 (E, V) of smooth rapidly decreasing or
Schwartz p-forms. We say that w € 25(E,V) if |y|'V*w € ‘Q&) (E,V) for
any ! > 0 and any multi-index &, || =0,1,.... Here

Ve =Ve;,0---0Ve;, k={i1,...,5x}

If E = M x R™ with the product metric and the standard connection, then
% (E,V) becomes the space of smooth Schwartz p-forms on E.

Since we can express d in terms of the Bismut connection, we conclude
(see Theorem A.2.1) that £25(F,V) is invariant under d(a). Thus we can
define HE(E,V,a), the p-th cohomology of (25(E,V), d(c)).

Theorem 1.5. For any large enough o and any w € 2°(E,V,a), such that
O(a)w = AMa)w, we have w € 23(E,V); i. e. the eigenforms of O(a) are
Shwartz.

For any o > 0 we have an induced decomposition of £23(F,V):
(1.7) 23(F,V) = image d(c) @ image d*(a) & ker O(a).

The proof of (1.7) is similar to the proof of Theorem 1.3 if in addition
we know (see Remark A.2.7) that if w € (kerO(a))* N 22(E,V) then
(O(a))"lw € 22E, V).

Corollary 1.6. For every a >0 HS(E,V,a) is isomorphic to H*(E,V, a).
Remark 1.7. M. Shubin in Appendix to [Sh2] proved a theorem about the
decay of eigenfunctions of matrix-valued differential operators on R™ similar

to Theorem 1.5.

Remark 1.8. It can be shown that the space f25 does not depend on the
choice of horizontal distribution in the definition of the Bismut connection.
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2. A deformation of the Witten Laplacian.

2.0. Introduction. In this section we fix our parameter a > 0 to be large
enough to ensure the conclusions of Theorem 1.5. For the sake of simplicity
the notation d and ] will indicate that the differential and the Witten
Laplacian depend on a fixed a. Thus d(a) = d and O(e) = (1. We consider
E to be a vector bundle over a non-compact manifold £~.

In Section 2.1 we introduce for all 0 < 6 < 1 an adiabatic deformation
gs of metric g by expanding the metric in the directions orthogonal to fibers
of E— E~.

For a fixed o > 0 this deformation leads to a corresponding deformation
(35 of the Witten Laplacian. To simplify the situation we remove the depen-
dence of the metric on the parameter by introducing in Section 2.3 a new
family [1(8) of operators. This will be done in such a way that for all § > 0
the operators [1; and [J(8) are isospectral.

In Section 2.2 we conclude that there is a natural bigrading on the space
of differential forms on E, which is associated to an orthogonal decomposi-
tion of T'FE into horizontal and vertical vectors. This bigrading leads to a
corresponding bigrading of the differential d.

2.1. A one-parameter deformation of the metric on E. Let 7: E —
E~ be the projection. The tangent space TE has an orthogonal decompo-
sition

TE=A®B

where A is the set of all vectors tangent to fibers of £ — E~ and
B = T""E @ {vectors, tangent to fibers of E~ — M}.

Note that
g=9gaDgs,

where g4 and gp are the restrictions of g to A and B.
We define a one-parameter family of metrics on T'FE by setting

(2.1) 95 = ga® 6 %gp.

2.2. A bigrading on the space of forms. The decomposition TE = A®B
leads to the corresponding decomposition of the dual space T*E = A* @ B*.
This decomposition in turn induces a bigrading on 2P(E, V) by

(2.2) P(E,V) =@E_ 2P HE, V),
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where 2°P~{(E,V) =T(A'A*® A/B* 0 V).
Similarly, all operators on forms inherit a corresponding decomposition.
In particular, the d-operator inherits a bigrading

d= d2,—1 + dl,O + dO,l + d—1,2,

where d*® : 259 (E,V) — Qit%/+5(E, V). Note that d* and d*! are first
order differential operators and d®~! and d~12 are zeroth order.
It follows from the integrability of A that d>~! = 0 (see Corollary A.1.4).
For the operator d = d + adhA we have a similar decomposition

(2.3) d=d"0 4+ d% +d-12,

Since dhjrherg = 0 (it can easily be checked in local coordinates) and the
metric g is chosen so that TV E* is perpendicular to TV*E~, we have dh =
dh* — dh~, where dh*A = dOhtA is a (1, 0)-operator and dh~A = d10h~A
is a (0, 1)-operator. Therefore,

dAl,O — dl,o + adh-l-/\’ JO,I — d0,1 _ adh_/\, and d"_l,g _ d'1’2.
The identity (cp) = 0 yields the identities
(24) 0 =(d?)>° = (d*9)2,
(2.5) 0 =(J2)1,1 = gLogot 4 @110,
(26) 0 =(@)0? = ()2 4+ 412819 + 3104712,
(2.7) 0 = (d?)"24 = (d~12)2,

2.3. A one-parameter deformation of the Witten Laplacian. For
each p and J we have an induced Laplacian

O = df ,yd + ddy,,y : 25(E, V) — 2E(B, V),
where d*_, is the adjoint of d with respect to the L2-metric on A*T*E® V

induced by the metrics gs and gy .
The operator L depends on 4 through the metric gs, which varies with

d. To simplify the situation we introduce an isometry
ps : ($5(E,V),95) = ($5(E,V),9),

where for each w € 2%, '
psw = Fw.
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We define [IP(6) by the formula
(2.8) CP(8) = p5 ' Thps.

Clearly, operators ﬁl%’ and [JP(§) are isospectral. We also observe that JZ& =
pglcf* ps and hence, for all p and §

(2.9) dim ker (P = dimkerljg and 1«:er|j‘37 = ker pglj”(é)pgl.
Moreover, we have the following lemma, which is a simple calculation.
Lemma 2.1 ([Fo, Section 1]). For any p
CP(8) = dsd} + dids,
where
ds = @0 + 6% + 824712 and df = (d50)* + §(d1)* + 62(d~12)
is the adjoint, where all adjoints are taken with respect to metrics g and qy .

3. A Taylor analysis of zero eigenspaces
and an associated nested sequence of spaces.

3.0. Introduction. In this section we start a Taylor analysis of the kernel
of the operator [1(§). We observe that by Hodge theory w € ker (1(9) if and
only if dsw = 0 and ng = 0. This description of the kernel motivates an
introduction in Section 3.1 of the nested sequence of spaces {E}} of “ap-
proximate solutions” to the equations above. We also define the appropriate
differentials mydgmy, : EY — EF. Those spaces and differentials were first in-
troduced in this form by R. Forman in [Fo]. Similar spaces were studied by
Mazzeo and Melrose in [Ma-Me].

In this section we compute the spaces Ef and Ef. In particular, in
Section 3.2 we find that the restriction of a form from Ef is a d®-harmonic
forms in each fiber of £ — E~. Furthermore, there is an isomorphism
between E5 and the de Rham cohomology HY(E~,V|g-,a) associated to
the differential complex (§25(E~,V), d(a) =d — adh™A).

3.1. A nested sequence of spaces. For each p we define a nested sequence
of spaces
E§2E{2E; ...,
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where Ef = Q2%(E, V), by
EP = {w € .Qg(E, V)l | Wi, ..., wWE_1 With
(3.1) cf,;(w + 0w+ -+ ) € 0(8*),
df(w + 0wy + -+ lwp_1) € 0(6")}, k=1,2,....

We denote by 7, the orthogonal projection onto Eﬁ . We also define an
operator dj on Ef by setting, for w € EY

(3.2) dpw = lim 67 R ds(w + dwy 4 ... + 0 wg_y), =0,1,2,....

We observe that generally the map cfk depends on w;’s, however in the next
sectlon we are going to see that Wkdkﬂ'k does not. For example, 7rodo7row =
dow = d"0w. In particular, we will show that (mydi7;)2 = 0 and mydyme = 0
for k£ > 2.

3.2. A computation of E7. By definition
— {w e (B, V)| ds(w) € 0(6), d5(w) € 0(8)}.
Since ds(w) = d+%w + 0(6) and di(w) = (dM"0)*w 4 0(d), we have

E? ={we 22(E,V)| d"% = 0, (d"°)*w = 0}

3.3 u A
33 = {w € (E, V)| modomow = 0, (modomo)*w = 0}.

Let w € EY. Since the differential d'"0 preserves the bigrading, we may

assume that w € 247 (E,V) for some 4, j, i+j = p. Then w can be considered
as a j-form on E~ with the values in an infinite-dimensional bundle

T 2Y(AV)— E”

(where 2{(A,V) denotes the bundle whose fiber at (z,y~) € E~ is
2i(r Yz, y), V).
We write w as
w=yQ7p,

where v € 2i(A,V]a), B € QUE, Vig-)- Then we have
dY 0w = (d(y ® m*B))I* = dyy @ 7*B.

Similarly, .
(dY0)*w = djy @ 7B,
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and finally,
(3.4) 0w = (@ay) ® 78,

where d A, (f*A and Cl4 are respectively the differential, codifferential and
Laplacian on £2(77Y(z,y7), Viz-1(z,4-))-
Thus
ker O =T (E-,A*T*E~ ® H(A, V),

where H(A, V') denotes the vector bundle over E~ whose fibers at (z,y7)
are the [J4-harmonic forms (i.e. elements of ker(l4) on 7~ !(z,y~) with
values in V.

The following lemma computes the kernel of 04 in the fiber.

Lemma 3.1. Let Iflfq denote the restriction of the operator (14 to the
the space 2 (m~(z,y”),V). Then for every point (x,y~) € E~,
dimy ker ljf;) =1, if ¢ = 0; dimy ker iji) =0, otherwise.

Moreover, if w € ker ljfi) , then w = v @ 7* (3, where after an orthogonal
change of coordinates in the fiber over (z,y~) € B,

—a|Dyt|2
Nasa-1wyyv) =€V @

for some diagonal matriz D.
Finally, the bundle H(A,V) is trivial.

Proof. Recall that we chose g, so that gg and, hence, gg+ are smooth fiber-
wise Euclidean metrics. Therefore, for each (z,y~) € E~ we can perform a
calculation similar to [CFKS, Proposition 11.13] in the fiber over (z,y7) to
get

= (A +a*|dr*|? + aB)y,

where A is the Euclidean Laplacian in the fiber and B is a zeroth order op-
erator. We have v = ¢ ® v, where ¢ € 2¢(n~!(z,y~)) and v € V. Moreover,
after an orthogonal change of coordinates in the fiber, the variables separate
and If!;‘ acts on the form v by

A . +
Uay = (@F=1Hi(a)d) ® v.
The harmonic oscillators Hg () in the formula above can be expressed as

Hi(e)¢ = (Ak + Me(40?y? + 2aBy)) 6,
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where for each k, Ay is the one-dimensional non-negative Laplacian, {\;}
are some positive numbers, Bx¢ = ¢ if ¢ contains dyi, and Brp = —¢
otherwise. It is easy to compute precisely eigenvalues and eigenforms of
Hyi(a) ([CFKS]). In particular, if y € ker [T, then ¢ € ker Hy(c) for all k =
1,...,n%; that is ¢ does not contain dyk, k = 1,...,n*. So dimy ker (T, is not
zero if and only if 2 = 0. In this case there is a unique (up to multiplication)
C14-harmonic O-form in the fiber. This form can be represented as ® v,
where ¢ = e—olDy*?, |

The following useful corollary follows from part of Lemma 3.1.

Corollary 3.2. For any p we have
E? c Q0P(E,V).
In particular, EY = {0} for p > dimE~.

We have the orthogonal (Hodge) decomposition in each fiber F, associ-
ated with the operator d 4:

(3.5) 2(F,V) = image ds ® image(ds)* @ ker[(ly.
Lemma 3.3. There ezists a constant ¢ > 0, so that for allw € 25(E,V),

(Y0, w) > c|(1 — m1)w]?.

Proof. 1t follows from (3.4) that

inf{\ € speclfll’ol A >0}
= ot [t {respec (Ba: 2@ (@ v, V)
= 2°(n " (z,y7)),V)) | A>0}].

The spectrum of (14 varies continuously over M, and the multiplicity of 0
is constant. Thus the smallest positive eigenvalue is a continuous function
on M and is constant along the fibers of E~ — M and therefore achieves a
positive minimum. This implies that the infimum above is positive, which
is precisely the statement of Lemma 3.3 O
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It follows from Lemma 3.3 that (3.5) induces a decomposition of
23(E,V).
25(E,V) = image d0 @ image(cil’o)* @ ker (110
(3.6) = image d'° @ image(d'°)* ® (ker ' n ker(czl’o)*) :
In particular,

2% (E, V) = image(d*°)* ® E?.

3.3. A computation of E%. Our next goal is to relate Ef to the cohomology
HE(E~,V, ) of the differential complex (£25(E~,V),d(c)). To this extent
we prove the following theorem:

Theorem 3.4. For all p we have
dim Ef = dim H?(E~,V, a).
Moreover, if n~ =0 (i.e. E = E%), then
dim Ef = dim HP(M, V).
This theorem has an important corollary.

Corollary 3.5. The spaces Eb are finite-dimensional.

We prove Theorem 3.4 by a sequence of lemmas. The first lemma deals
with the computation of Ef.

Lemma 3.6.

Ef = {we EY| mdo mw = 0, (7r1c20’17r1)*w = 0}.

Proof. By (3.1)
Ef = {w e 22(E,V)| 3 w; such that
ds(w + dwy) = 0(8%) and (ds)*(w + dwi) = 0(6%)}.

Since ds(w + dw;) = d"0%w + §(d0w; + d%1w) + 0(62) and (ds)*(w + 6w:) =
(d0)*w + 6((dH0)*w + (d%1)*w) + 0(62) we have
Ef = {w € E¥| 3w such that
d"w; + d®'w = 0 and (d*°)*w; + (d*')*w = 0}.
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Let w € EY, then the equation d“0w; + d®'w = 0 can be solved if and
only if
dlw e image qro.

We apply (2.5) to commute d*! and d'° and we find that
dH0d%w = —d*1dM0w = 0.

Therefore, it follows from the decomposition (3.6) that dlw € image qLo
if and only if the harmonic component of d*lw is 0, that is if and only if
chzo’lw = 71'1&0’17T1w =0.

Similarly, the equation (d%)*w; + (d%!)*w = 0 can be solved if and only
if Wl(cio’l)*w = Wl(czo’l)*ﬂ'lw =0. a

Lemma 3.7. Suppose 7 is any locally constant section of the bundle
H(A,V), then the following diagram is commutative:

70,1
P m1d% Ty p+1
g mdm, g

(3.7) Ta,@m* qu

R(E-,V) —2 oFtYE-,V),

where d = d(e) = d — adh™A is a differential on the bundle E~ — M, and
an isomorphism

ym*: B(E7,V) — E"l’

is defined by
Bry®@T*B.

Proof. Let B € Q5(E~,V). We want to check that
(md®'m) o (y® )8 = (Y@ 1) 0 (d)B.
Indeed, we have equalities:

m1do (v @ 7*8) = w1 (d¥! — adh™A) (v ® 7*B)
= (d(y® 76))°**" — 7 ® (adh™ A7)
=y@7n*dB —v @ n*(adh™ A )
=y Q@ *dp,
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where the third equality holds since « is locally constant and since a hori-
zontal form dh™ commutes with 7*. O

The following lemma completes the proof of Theorem 3.4.

Lemma 3.8. We have:

dim (ker(mdo’lm) N ker(ﬂ'lciﬂ’lﬂ'l)*) = dim(ker d N ker d*).

Proof. After taking the adjoints, we have a commutative diagram similar to
(3.7):

E}17 E{H-l
(w1d01my)*

(3.8) [ [

BE-V) — ETYE-,V).
(d

It fo}lows from (3.7) and (3.8) that ker md®lm = kerd and ker(7r1dA0’17r1)* =
ker d*. Thus we have equality in the lemma. a

Now Theorem 3.4 follows from Lemma 3.8 and from the Hodge theoretic
description of H(E~,V,a) as

H*(E~,V,a) = kerd Nker d*.
4. An isomorphism between the cohomology of F and E~.

4.0. Introduction and the main result of this section. The goal of
this section is to relate for a fixed large o the cohomology H$(E, V, o) of the
complex (£25(E,V),d(a)) to the cohomology HS(E~,V, a) of the complex
(£23(E~,V),d(a)). The main result of this section is the following theorem:

Theorem 4.1. For any p and for large enough o
dim H?(E,V, o) = dim H?(E~,V, a).

This theorem has an important corollary.
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Corollary 4.2. Ifn~ =0 (i.e. E=E* and E-— = M), then
dim H?(E,V, ) = dim HP(M, V).

To prove Theorem 4.1 we show first that the nested sequence of spaces
E% D EP D E§ D ... stabilizes at E¥, i.e. E§ = Ef = ... = E%,. Then the
arguments from [Fo, p. 60], recalled in Section 4.3, lead to an isomorphism
between E%, and HY(FE,V,a). This isomorphism together with Theorem 3.4
provides us with the chain of equalities

dim H?(E,V,a) = dim EP, = dimEg =dim H?(E~,V, a).
Thus we have the conclusion of Theorem 4.1.

4.1. A preliminary result. In this section we will prove a preliminary
result. Namely we will show that in the definition of spaces Ef we can
choose wq,...wi_1 to be from the space of rapidly decreasing forms. This
result will allow us to do all computations completely inside 25(E, V).

Lemma 4.3. Let wy € EY, and wi,...,wk—1 be such that ds(wo + dwy +
oo 851w _1) = 0(6%) and Jg(wo + 0wy + -+ 65l _1) = 0(6%). Then
w; € 23(E,V) for j=0,1,...,k—1.

Proof. We use induction on k.
k= 1. If wo € Ef then wg € 22(F, V) by definition of EY.
k =i — 1. Suppose the statement of Lemma 4.3 is true for k =7 — 1.
k =1i. Let wo € E? and let wy,...,w;_1 be such that
(4.1) ds(wo + 6wy + -+ + 6 w;_1) = 0(5?)
(4.2) A (wo + Swy + - -+ + 8 w;_1) = 0(6Y).

Then wy, . ..,w;_o are such that czg(wo + 0wy 4+ 672w;_g) = 0(6"71)
and Jg (wo+0wy+-- 402w _9) = 0(6°~1). By the previous step of the
induction, w; € 25(E,V), j =0, ...,i — 2. Computing coefficients in
front of ¥~ in (4.1) and (4.2), we see that w;_1 satisfies two equations:

(21,0%__1 + Jg’lwi_g + d_1'2w,~_3 =0,
(d0) w1 + (d®)*wi_g + (A1) *w;_3 = 0.
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Hence, w;_1 is a solution of

(d‘l,O)*(d‘l,Owi_l +JO,lwi_2+ d_1’2wi_3)
+ qLo ((Jl’o)*wi_l + (Jo’l)*wi_Q + (d_l’z)*wi_;;) =0.

We rewrite this equation as
(4.3) 0Mw; 1 = x,
where
x = —(d"0)* (Cio’lwi—z + d—l’sz‘—s)
_ guo (((io,l)*wi_2 + (d_1’2)*w1_3) ‘

Since bpth wi—2 and w;_3 are in 25(E,V), and 025(E,V) is invariant
under d'\° and d%! (see Theorem A.2.1), then x € 23(E,V). We note
that x € (ker 19)L. From (4.3) we can represent w;_; as

Wi—1 = (ﬂl’o)_lx + h,

where h € kerﬁll’O.A Thus wi—1 € 23(E,V), since x € 23(E,V),
h € 23(E,V), and (%°)~! leaves £23(E,V) invariant. O

4.2. The spaces Ef for k > 1.In Section 3 we defined the differentials
TedpTy : EP — Ef“ and (wkcikmc)* :EY — Efc’_l.

Here we will show that these differentials equal zero for k¥ > 2. This
will lead (via the results of R. Forman [Fo, Theorem 2.5]) to the equality
E? = E%,. In other words, our nested sequence of spaces stabilizes at k = 2.

We start with the lemma in the proof of which the dimension consider-
ations of Corollary 3.2 are crucial.

Lemma 4.4. For any k > 2, mpdymy, = (WkCZkﬂ'k)* =0.

Proof. We prove that for any k>2, (mccikmc)* = 0. Then, after taking the
adjoints, the identities mrdym = 0 will follow.
Let w € EY, k > 2, then

(medimr)*w = Thdiw.
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Since w € EY,J wi, ..., wk_1, such that

3w+ 0wy + - + L) = o* <(Cio,1)*wk_l + (d—1,2)*wk_2) +0(85+1).
Thus by definition of d*

dfw = lim §7*d3(w + dwy + -+ + 8 lwp_1) = () *wi—1 + (A7) wpa.
Therefore,

chz;;ﬂkw = Wk(tio’l)*wk—l + Wk(d_1’2)*wk_2.

We consider each term in the right-hand side of the equality above separately.
Since EY C EY, mp(d~1?)*wp_1 is a d%-harmonic form. Then, accord-
ing to Corollary 3.2, mp(d~52)*wy_; € r (E,V), ie. the restriction of
7, (d~12)*wi_1 to the fiber must be a O0-form. However, the 0-degree com-
ponent of (d~12)*wy_; in a fiber must be 0, since (d~1?)*wy_; is a form in
a fiber of degree at least 1. Thus m(d~52)*wy_; = 0.
Similarly, m;(d%!)*wy_1 € 29P(E, V). Therefore,

m(d) w1 = m( @) w2,
where w,(co_)l is the component of wy_; which belongs to 20 _I(E, V).
It follows from (3.6) that w'", can be decomposed into d-harmonic
and d!%-coexact components, w,(co)l = hy + (d'°)*hy. Then

(1) ¥, = m(dh)*ha + me(d)*(d0) R
Now, it follows from the description of Ef in Lemma 3.6 that
wk(cio’l)*hl = 7rk7r27r1(c20'1)*7r1h1 =0.
Also, from (2.5) and (3.6) we have
7 (dO1)* (d10) g = mpmy (d0)* (A1) ¥Ry = 0.
O

In Section 3 we proved that dim E§ < oo. Thus there exists N, such
that E§ D EY D --- D EX; =E’f§,+1 =.... We denote such EX as E%,. Now
we will show that the nested sequence of spaces stabilizes at k = 2.

We have the same situation as in [Fo].
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Theorem 4.5 ([Fo, Theorem 2.5]). For allk >0
() (mpdymg)? = 0.
(ii) The kernel of
(4.4) Ak = (chikﬂk)(ﬂk(ikﬂk)* + (ijkﬂk)*(ﬂk(ikﬂk) : E£ — Ei:
is precisely EJ ;.

Note that we already proved part (i) of this theorem and we proved part
(ii) for K = 0 and k =1 in Section 3.

Corollary 4.6. E% = Eb.

4.3. An isomorphism between E%, and H%(E,V,a). We outline the
steps of the argument taken from [Fo, p. 60]. The proofs are given in [Fo,
Sec. 3].

(i) For every w € EX%,, there is a formal power series
ws = w + dwy + 82wy + ...

such that, formally, . R
déwé = d§w5 = O.

(ii) The wjs’s arising in (i) form a basis, modulo the action of 7 (the
ring of formal real Taylor series), for the cohomology of the complex
(T [§22],ds). Here T[§2?] denotes the space of formal Taylor series with
coefficients in 25 (E, V).

(iii) The operator ps provides an isomorphism between (7[§28], ds) and
(T[$%), d(e)).

(iv) The cohomology of (T [{25],d(c)) is canonically isomorphic to
T[HE(E,V,q)] and hence, modulo T, HY(E, V, a) provides a basis.

Observations (i)-(iv) allow us to conclude, in particular, that for all p,
(4.5) dim E?, = dim H?(E,V, a).
This fact completes the proof of Theorem 4.1.

Remark 4.6. In part (ii) of the argument above we used that all w;’s arising
in the expansion of ws belong to £23(E, V).
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5. The Hodge *-operator.

5.0. Introduction. In this section we use the Hodge *-operator as a conve-
nient tool to study the cohomology Hy(E~,V,a) = H3(E~,V,d(c)) asso-
ciated to the differential complex (£23(E~,V),d(a)). This study allows us
to compare HS(E~,V,d(a)) with the de Rham cohomology H*(M, V') of M
with values in V.

We note that Corollary 5.2 in this section can also be deduced without
the help of the Hodge *-operator by methods of the previous sections.

5.1. The set up and the main result. First we want to compare
H3(E,V,d(a)) to the cohomology H3(E,V,d(—a)) of the differential com-
plex (25(E,V),d(—a)), where
d(—a) = e*"de™h = d — adh A .

We consider d(—c) as the differential, associated to a new Morse-Bott func-
tion h, where h = —h. Clearly, At = h~ and A~ = h™.

This new Morse-Bott function  on E leads to a new decomposition of
E:

E=EteE-,

where Et = E-, E- = Et,

In this section we develop Poincare duality for the above situation. We

denote as o(E) and o(E~) orientation bundles of E and E~. If E and E~
are orientable then o(F) and o(E™) are trivial.

Theorem 5.1. For any p,
dim HY(E,V,d(a)) = dim H"""P(E, V ® o( E), d(—a)),

where H?(E,V ® o(E),d(—a)) is the cohomology, twisted by the orientation
bundle of E .

Before we prove this theorem we derive some important corollaries.
5.2. Some applications of Theorem 5.1. The main application of The-

orem 5.1 is the proof of Theorem 5.3. Although, the first application of
Theorem 5.1 is the following corollary:

Corollary 5.2. Let n* =0, that is E=E~, n=n", and HY(E,V,a) =
HE(E~,V,a). Then for all large enough o

dim HP(E~,V, ) = dim H™™ ~P(M,V ® o(E™)).
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Proof. By Theorem 5.1

dim H?(E™,V, ) = dim H™" "P(E~,V ® o(E™),d(—a))
=dim H™" P(EY,V @ o(E7), ).

Then we can apply Corollary 4.2 to get an equality

dim H™ P(EY,V ® o(E7),a) = dim H™" ~P(M,V ® o(E™7)).

Now we can prove

Theorem 5.3. Let E = EY ® E- — M. Then for all p > 0 and large
enough o

dim HP(E,V, &) = dim H™™ ~P(M,V ® o(E™)),

where H*(M,V ® o(E™)) is the de Rham cohomology of M twisted by the
orientation bundle of E— — M.

Proof. We have the following sequence of equalities

dim H?(E,V,a) = dim HE(E,V,a) =dim HP(E™,V, a)
=dim H™" “P(M,V ® o(E™)),

where the first equality follows from Theorem 1.5, the second is Theorem
4.1 and the third is Corollary 5.2. O

Our next corollary easily follows from Theorem 5.3 and Poincare duality
on M.

Corollary 5.4. Let E = EY ® E- — M. Then for all large enough o
dim HP(E,V, @) = dim HP" (M, V ® o(E™)).

We will use Corollary 5.4 in the next section to give an analytic proof of
the Thom isomorphism.
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5.3. A proof of Theorem 5.1. We want to define the Hodge *-operator on
E. If E is orientable, we choose an orientation on E by choosing a volume
form on TE. Then we define the *—operator as in [CFKS, Proposition 11.9].
If F is not orientable, then instead of the volume form on TE we use the
volume density.

Then we have

Lemma 5.5. Ifw € 25(E,V), then
d*w = (—1)mtmEHD+L o [ (4)).
Proof of Lemma 5.5 is the same as in [CFKS, Theorem 11.10].

A proof of Theorem 5.1. From Corollary 1.4 we see that for all p > 0,
dim H?(E,V,d(a)) = dim{w € 22(E,V)| d(a)w = 0,d(a)*w = 0}
Similarly,
dim H™"P(E,V ® o(E), d(—a))
= dim{¢ € Q™" P(E,V ® o(E)) | d(—a)¢ = 0,d(—a)*¢ = 0}

To finish the proof we only need to show that w € 25(E,V) is d(—a)-
harmonic if and only if «w € 277" P (E,V ® o(E)) is d()-harmonic. In-
deed if

dla)w = e~ de®hy =0,

then
0 = xe~"de®® s xw = e % d x e (3w)
= e7hg* M (xw) = d*(—a)(xw).

Thus d(a)w = 0 if and only if d*(—a)(*w) = 0. Similarly, d*(a)w = 0 if and
only if d(—a)(*w) = 0. O

6. The Thom isomorphism.

6.0. Introduction. In this section we complete an analytic proof of the
Thom isomorphism. We recall that the Thom isomorphism (see [Bott-Tu,
Chapter 1.6]) relates compactly supported de Rham cohomology of the total
space to the de Rham cohomology of the base.
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The final step in our proof of the Thom isomorphism (Theorem 6.2)
relates the compactly supported de Rham cohomology of E to the cohomol-
ogy H*(E,V, ), associated to the differential complex (£23(E,V,),d(a)).
Then our version of Thom isomorphism (for cohomology with values in a
flat bundle V') will follow from Theorem 5.3.

6.1. The statement of the Thom isomorphism. Let £ — M be a vec-
tor bundle of rank n over M. Let V — E be a flat vector bundle over E.
We denote the V-valued cohomology of F with compact support in the ver-
tical direction as H3(E,V). Thus by definition H?(E, V) is the cohomology
associated to the differential complex (£22(E, V), d).

Theorem 6.1 (Thom isomorphism). For all p
dim H?(E,V) = dim HP™" (M,V ® o(E)) .

6.2. A proof of the Thom isomorphism. We put a Morse-Bott function
h(y) = —h~(y) = —|y|?, a metric g on E and a metric ¢ on V. Thus
E = E~. In Section 6.3 we prove the following theorem:

Theorem 6.2. For all large enough o and any p, 0 < p < dim E,
dim H?(E,V) = dim H?(E,V, ).

Theorem 6.2 together with Theorem 5.3 proves the Thom isomorphism
via the following sequence of equalities:

dim H?(E,V) = dim H?(E,V,a) = dim H™™P(M,V x o(E)),
and the observation that by Poincare duality on M
dim H™™P(M,V x o(E)) = dim H?"™(M,V x o(E)).

6.3. A Proof of the Theorem 6.2. We prove Theorem 6.2 by using a
sequence of lemmas.

We denote the space of {e*"w| w € 22(E,V)} as 2°(E,V, a). Then the
following lemma is an easy corollary of definition (1.3) of d(«).

Lemma 6.3. For any large enough o and any p the following diagram is
commutative: ~
?(E,V,0) — 1 P*Y(E,V,e)

Teah Teah

2E,V) 2L, ortig,v),
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where the vertical arrows are isomorphisms.
Let f : RT — [0,2) be a smooth increasing function, satisfying

f(t) =t, for t € [0,1/2];

f(t) = %arctan(t), for t € [1,00).

For all (z,y) € (M,n"1(z)) we also define a diffeomorphism 1 between
manifolds £ and Dy by the formula

w(o) = (= L10D)

Note that if |y|2, then ¥ (z,y) = (z,y). The manifold D, is defined as the
image of F under . Observe that Dy is a disc bundle over M with the

fibers being open discs {y | |y| < 2}.
The diffeomorphism %! induces the map (¢)~1)* on the spaces of dif-
ferential forms on F with values in V:

@) 22(B, V) — 08(Da, W),

(W™ : P(B,V,a) » (™1)*(2P(E,V,q)),

where W = (¢~1)*V is an induced flat bundle over Dy. We denote
(1) (P (B, V, a)) as 27(Dz, W,a).

Since differential d and an isomorphism (¢)~!)* commute, we have the
following lemma:

Lemma 6.4. For all large enough o and any p
HP(E,V,a) = HP(Dy, W, o),
HZ(B,V) = HY(D2, W).

Let D; C Dy be a sub-bundle of Dy, where each fiber of D; — M is an
open disc {y| |y| < 1}. Let k : D; — D3 be a diffeomorphism which restricts
to be the multiplication by 2 map on each fiber.

For every p > 0 we have the following maps

i: 2P(Dy, W) — 2P(D;, W, a), 1 =1,2,
j: 2P(D1,W,a) — Q8(Dy, W),

k" : ‘Qg(D%W) - Qg(D17W)7 and

k* : P(Dg, W) — 2P(D1, W),
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where 7 is the inclusion, j is the extension maps and k* is the map induced
by the diffeomorphism k. :
We now describe the map j. Let 6 € 2P(D;,W, ), then § = k* o

(p~1)* (e“’"y'zw), for some w € 25(E,V). Clearly 8 and all its derivatives

are zero on 0D, since the form w and all its derivatives decay rapidly at
infinity. Thus, 6 can be extended by zero to a form in 2£(Ds, W).

Since differential d commutes with the maps 4, j and k* commute, they
induce the maps on the corresponding cohomology.

Lemma 6.5. For a >0 and any p
k*ojoi:HY(Dy,W) — HE(Dy, W),
k*oioj: HP(Dy,W,a) — HP(D1, W, )
are isomorphisms.

Moreover, since k* is an isomorphism on the cohomology, so are ¢ and j,
and we have a corollary:

Corollary 6.6. For any o > 0 and any p
HP(Dy, W) = HP(D, W).
This corollary together with Lemma 6.4. proves Theorem 6.2.

Remark 6.7. Corollary 6.6 can also be proved by methods of [Bott-Tu,
Chapter 1]. Also see [Bue-P] for another proof of Corollary 6.6.

7. The asymptotic of the spectrum of the Witten Laplacian.

7.0. Introduction. For each a >0 and p=1,...,m+n,let 0 < M(a) <
M(a) < ... denote the eigenvalues of [P(c). The goal of this section is to
investigate the asymptotics of the eigenvalues of (0P(a) as a — oo.

The main result of this section is Theorem 7.23. This theorem states that
the bounded eigenvalues of () approach the eigenvalues of the Laplacian

A (M,V®o(ET)) — 2°(M,V ® o(E7))

on the space of V-valued differential forms on M, twisted by the orientation
bundle of E~. The theorem also estimates the rate of convergence of the
spectrum.
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In Section 7.1 we relate the spectrum of () to the spectrum of the
adiabatic deformation [1(6) of the Witten Laplacian (1 = (J(1). We observe
that if § = o~'/2 then the operators [(a) and 6~2[](6) are isospectral. The
isospectrality means that if {X(6)} denote the eigenvalues of P (5), then
for any p and a > 0 we have Xj(a) = 672)(6), j=1,2,....

In Section 7.2 we study the kernel of [1(8). We conclude that for large
enough 0 the dimension of ker ﬁl(é) does not depend on ¢ and is equal to
the dimension of H?~" (M, Vj)s ® o(E™)). Moreover, by the Hodge theory
on M we have

dim HP™™ (M,V ® o(E~)) = dimker AP™" .

In Section 7.3 we start the Taylor analysis of the small spectrum of [J(5)
(which corresponds via Theorem 7.1 to the bounded spectrum of () by
formulating several preliminary results.

In sections 7.4 and 7.6 we introduce a model operator A and prove the
main result of this section. We use the classical variational approach as
in [Du-Sc] to compare the small spectrum of the Witten Laplacian to the
spectrum of the model operator.

The results of Section 7.4 are applied in Section 7.5 to study the eigen-
forms of the Witten Laplacian, which correspond to the small spectrum.
In Section 7.5 we obtain the description of the limiting behavior of the
eigenspaces similar to one in Section 5 of [Fo].

7.1. A rescaling of the eigenvalues. For a bigrading E = ET® E~ of a
vector bundle E — M let A=T"E, B =T""E. Then TE = A® B. As
in Section 1.3 we choose the metric g on TFE to be the sum of the metrics

on Aand B: g =g4®gB-
We define a deformation g5 (0 < 6 < 1) of the metric g on TE by the

formula
(7.1) 95 =94 ® 6 %gp.
We also define the operators d and ds by
d=etdeh =d+dhA and ds=d"®+6d™ +6%d V2 +dhA.

We recall that the horizontal space B was chosen so that dhjp = 0. Thus
dhA is a (1,0)-operator. Therefore,

(7.2) ds = d"0 + 6d%' + 62d~12, where d° = d"* + dh A .
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As in Section 2.3
(7.3) CP(6) = dsdt + dids

denotes the adiabatic deformation of the Witten Laplacian L.
We have the following theorem which is proved by a simple rescaling
argument:

Theorem 7.1. Let § = a~%/2, then for all p
(7.4) X() =872X(8), j=1,2,....
In other words the operators ((c) and 6=21(6) are isospectral.

7.2. Zero eigenvalues of lﬁ(d) In this section we reproduce the results of
Sections 3 and 4 in the setting of this section. We do not give proofs, but
only indications of the necessary changes. The main result of this section
states that for all p, dimker (?(§) does not depend on 4 and is equal to
dim F? = dim H?™" (M,V ® o(E™)).
As in Section 3 for each p we can define a nested sequence of spaces
EPDEPDEED...
by
Ei) = {w € .QISJ(E,VH dwi, .., Wk with
(7.5) ds(w + 6wy + -+ - + 8" Lwp_1) € 0(8%),
A (w+ wy + -+ 8 Lwp_1) €0(0F) Lk =1,2,....

Our computations of E} and Ej work as before and we have

(7.6) EP = {we 2P(E,V)| d"°w = 0, (d*°)*w = 0},

(7.7 E} = {w € E?| md®'mw =0, (md%'m)*w =0}.

Let w € E?. Since the differential dr0 preserves the bigrading, we may
assume that w € .Q;:’j(E, V) for some 4,3, i+ j =p.
We write w as
w=y®1p,

where v € £2¢(A,V), B € 29(M,V). Then we have
(7.8) 04w = (O47) @ 7B,
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where [14 is the Laplacian on £2i(7~1(m), V).
Thus

(7.9) ker V0 = T' (M, A*T*M @ H(A,V)),

where H (A, V) denotes the vector bundle over M whose fibers at m are the
[J4-harmonic forms (i.e. elements of ker[(J4) on 7~1(m). Now we have the
following lemma:

Lemma 7.2. Let Iji denote the restriction of the opemtor IjA to the space
2 (m _1(m) V). Then, for every m € M, dimy kerD 1, if i = n~;
dimy ker (J¢ Y = 0, otherwise. Furthermore, if w € ker I:l then w=yQm*0.
After an orthogonal change of coordinates in the fiber 1(m) we have
— 2
V(@i m) Vi1 ) = € P 1 A Adyn @ v
for some diagonal matriz D.

We note that H(A, V) is a rank-one bundle of the n~-forms. If E~ — M
is not orientable, then the line bundle H(A,V) — 2P~ (M,V) is not
trivial. On the other hand, the line bundle H(A, V) — 2P~ (M, V®o(E™))
is trivial.

Now we have the following theorem:

Theorem 7.3. For any p
(7.10) dim Ef = dim H?™ (M,V ® o(E7)) .

In a similar way as Theorem 3.4, this theorem follows from the following
lemma:

Lemma 7.4. Suppose v is any locally constant section of the bundle
H(A,V|4), then the following diagram is commutative:

1
D mw1d0imy p+1
E? RIS EF

T’Y@?W* T'r@?r*
P (M,V®o(E7)) —Io QPH (M, V ®o(E7)),
where an isomorphism
Yy 2P (M,V®o(ET)) — EY

1s defined by
1@ (B) =y@7p.
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Now we can prove our next theorem:
Theorem 7.5. For all small enough 6 and any p

dimker [P(8) = dim E§ = dim HP™ (M,V ® o(E™)).

Proof. By Theorem 7.3,
(7.11) dim B} = dim H?™ (M,V ® o(E™)).
Then by Corollary 5.4,
(7.12) dimHP™ (M,V ® o(E™)) = dim H?(E, V, a) = dimker (P (),
where the last equality is Corollary 1.4. Finally, by Theorem 7.1
dim ker (P (o) = dim ker CIP(6).

The statement of the theorem then follows from (7.11) and (7.12). d
Corollary 7.6. For any p

FY =Ef=..=E},.
Proof. From (7.12) we have that dim E} = dim HY(E,V, a). Moreover, by
applying the arguments from Section 4.3 to our setting we have dim E%, =

dim H% (E, V, ). Combining these two equalities we conclude that dim E =
dim E%,. d

7.3. The asymptotics of the small eigenvalues of [’(§). Prelimi-
nary results. We recall that m; : 25(E,V) — E} denotes the orthogonal
projection. We also denote as 7rf- the orthogonal projection onto (E¥ )t
Then m{- + m = 1.

Lemma 7.7. There ezists a constant ¢ > 0, so that for allw € Q5(E,V),

(7.13) (O, w) > c||miw|?.

The proof of Lemma 7.7 repeats arguments in the proof of Lemma 3.3.
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Theorem 7.8. There is C > 0 such that for all small enough §
(7.14) 1(6) 2 ST 4+ 8%(@%! — €) > F(EW + 0% - C).

The proof of this theorem is given in the Appendix 1 (see Theorem
A.1.8).

The proof of the following corollary is a simple application of Lemma 7.7
and Theorem 7.8.

Corollary 7.9. There existc; > 0 andca > 0, so that for anyw € 23(E,V)
It wll < er|B@)w]| + cabllw]|-

Lemma 7.10.

(7.15) rd®lmy = 7 (d%Y)*m = md®lag = m (d%Y)*alt = 0.

Proof. We will prove that mi-d%'m; = 0. It is enough to show that for any
w € EY, dwis d“0-harmonic. By the commutativity relation (2.5) we have

dH0d%y = —d*1dM0w = 0.

By another commutativity relation in the statement of Lemma A.1.6 part

(1) we have
((il’o)*do’lw = —do’l(dAl’O)*w =0.

Thus d*'w € EP*! = n-d%lw = 0. O

7.4. The model operator. The asymptotics of §-small eigenvalues
of [P(d). We denote as

(7.16) AR 2P(M,V @ o(ET)) — 2°P(M,V @ o(E7))
the standard Laplacian on M acting on (V ® o(E~))-valued p-forms.

Theorem 7.11. For any p > n~ the operators Wlﬂg’lm : E¥ — E¥ and
ART™ are isospectral. For allp, 0 <p<n~, 7r1[:|2’17r1 =0.

Proof. Tt follows from the diagram in the Lemma 7.4 that operators AR, ™

and
7r1d0’17r1 (7T1d0’171'1)* + (7l'1d0’171'1)*7T1d0’17l'1
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are isospectral. The statement of the theorem then follows from (7.15). O

Let _ _
0< 8™ <ub™ <... and up,ug,--- € Ef
denote the eigenvalues (counting multiplicities ) of 7r1EIg’17r1 and the corre-

sponding orthonormal eigenforms. By Theorem 7.11 these eigenvalues equal

to the eigenvalues of AR ™ .
It follows from Theorem 7.5 that

dim Ef = dim ker(ﬂ'lljg’lwl) = dim ker(CIP(5)).

Therefore for small enough & > 0 the number of zero eigenvalues of [17(4)
equals to the number of zero eigenvalues of AR, "
Fix 0 < € < 1/2. For every p and for each 6, 0 < 6 < 1, we define the

space WP (0) to be the span of the eigenforms {o.r;7 (5)};?2({S ), satisfying

(7.17)  CP(S)wh(8) = Mo(8)wh(0) with N2(8) < 6275, j=1,...,kp(5).

Since [1P(8) has discrete spectrum, k,(8) = dimW?(§) < oo.

Similarly, we define the space WP(§) C EY to be the span of the eigen-
kp(6)
=1

forms {uf};2" satisfying

(7.18)  mOPtmud = b7 Wl with " <67, j=1,...,k(5).
Definition 7.12. We call an eigenvalue A?(8) (uf™" ) d-small if it satisfies
the inequality

(7.19) N(81) < 8%7¢ (uE™ < 679)

for all 41, 0 < 61 < 6.

Our goal is to compare the d-small eigenvalues of lﬁp(é) to the d-small
eigenvalues of AP~ . First we want to estimate the eigenvalues of (?(§) in
terms of the eigenvalues of AP~" . Our strategy is to show that the norm
of the restriction of [IP(6) — WlElg’lm to WP(9) is small.

Lemma 7.13. Let P(6) denote the orthogonal projection on WP(8). Then
there exists a constant C > 0 such that for any p, and for all small enough
0 > 0 we have

| P()EP(8)P(6) — 2P (8)m O m P(8)|| < C8*<.
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Corollary 7.14. There ezists a constant C > 0 such that for any p, and
for all small enough 8, we have

(7.20) N(8) < 8%k + C6%E, 1< 5 < k().

Proof. Both operators P(8)CIP(6)P(6) and §2P(8)m 0% 7 P(8) are repre-
sented by symmetric matrices of the same dimension k(d). Therefore, from
Lemma 7.13 we can conclude that P(J)D”(J)P(J) also has exactly kp(d)
eigenvalues which we denote as 0 < X? P@0) <--- < )\k " 6)(6) This eigenval-

ues satisfy
No(8) < *uE™ + 085,

Then as a simple application of the classical min-max principle [Du-Sc| we

conclude that
XE(8) < NB(6) < 8™ + 08,

which is the statement of the lemma . O

Proof of Lemma 7.13. Since
(7.21) 7T1621’0 = 621’071'1 = 7!'1((21’0)* = (d‘l,O)*,n.l = 0,
it follows from an explicit calculation of [1(8) in (A.1.17) that

P(8)CP(8)P(6) = P(8)m LP(8)m P(6)
(7.22) = §2P(6)m O m P(8) + 6°P(5) K3 P(6)
+ 6*P(8)a"L2P(6).

Now we will estimate the second and the third terms in the right-hand side
of (7.22). From an estimate

(7.23) Ky <O O 12

in (A.1.24) we conclude that

(7.24) & P@E)KPO)| < 8*|IP@E)Ty P8Il + 8*||P(E)T~H2P(9)].
Moreover, by the definition of WP(4)

(7.25) IP(&)Tp P(O)]| < 67°.
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To estimate || P(6)0~12P(5)|| we recall that (see A.1.21)

(7.26) 0752 < 00 4 ¢y
Therefore, since P(§)(0M°P(8) = P(6)m (04071 P(§) = 0 we conclude that
(7.27) IP(D2PO) < 1P(6)(18™° + c2) P(9)]] < s

Now we use (7.22), (7.24), and (7.27) to get the following inequality

(7.28) ||P(§)TP(8)P(8) — 8*P(6)m Oy m P()|
< 6| P(8)TY P(6)] + 26°|| P(8)T 12 P(d)|
<83 4283 < 083
O

Our next goal is to estimate the §-small eigenvalues of AP~ in terms
of the 4- small eigenvalues of [IP(§). As before the required result will be a
corollary of the following lemma:

Lemma 7.15. Let P(8) denote the orthogonal projection on WP?(6). Then
there exists a constant C > 0 such that for any p and for all small enough
0 > 0 we have

(129)  IPOPEPE) - PPEMOY mPE)] < 8.

Corollary 7.16. There ezists a constant C > 0 such that for any p and for
all small enough 8, we have

(7.30) SEET™T < X(6) + O, 1< 5 < ().

In order to prove Lemma 7.15 we need several preliminary estimates
which are the content of the next lemma.

Lemma 7.17. There exists C > 0, such that for all § small enough we have
the following estimates:

(7.31) |1P@)mi P(8)] < C8'=/%;
(7.32) I1d*0B @) < Cav=e/2, ||(d0)*P(6)| < C5'/
(7.33) 1d% P (8)| < C57/2, ||(@>)*P(8)]| < 5™/
(7.34) 1% 7 P@8)|| < C6~/%, (&) *mP(s)]| < O~/
(7.35) la=2P@)) < C, (@2 PE)| < C;

(7.36) l&2mP@) < C, [(d ) mP)] < C.
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Proof. Let w be any form of norm one in WP(6).

(7.31). It follows from Theorem 7.8 and Lemma 7.7 that

20%7¢ > 2([P(8)w, w) > (0w, w) — 162

(7.37)
> cpl|miwl|2 = c16%

Inequality (7.31) easily follows from (7.37).

(7.32). We have an equality
(7.38) 145 0w]? + [|(d"°)*wl|? = (040w, w),

From Theorem 7.8 we can estimate (10, This estimate implies the following
inequality:

(7.39) |d0w]|? + || (d“0)*w]|? < e1{CP(8)w, w) + cad? < c627¢.

(7.33). Similarly,

B + (@) w]? < 8300w, w)

7.40 .
(7.40) < {(OP(8)w,w) + cp? < c627¢.

Inequalities (7.33) follow from (7.40) after dividing both sides of (7.40) by
52. ‘

(7.34). Since by Lemma 7.10 7;0% 7y + 0% 7 = O%1, we have
(7.41) m 0% < O%

Now the inequality (7.34) follows from (7.40).

(7.35). We have an equality

(7.42) ld=%01? + (@) w]? = (07w, w).

It follows from (7.26) that

(7.43) l472w]? + | (d7H2) w|)? < ({TMw,w) + 1 < C.

Therefore both ||d~12w|| and ||(d~12)*w|| are bounded.
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(7.36). The proof is similar to to the proof of the inequality (7.35). O

Proof of Lemma 7.15. Since
(7.44) 1=m + 71,

we have

(7.45) P6)CP(8)P(8) = P(8)m [IP(6) P(8) + P(8)m TP (6) P(6).

From (7.31) we have |P(6)n{P(6)| < q51“€/2. Moreover, since P(d)
isAan m;thogonal projector on the space W(d) of d-small forms, we have
|CP(8)P(0)]| < §2~¢. Therefore,
(7.46)

IP(6)EP(8)P(6) — P(O)mEP(8)P(8)| = || P(6)n1TP(8) ()|

< 1Pt P(S)IICP(8)P(3)l|
< C61—6/252—€ < C63—36/2'

From an explicit calculation of [J(6) in (A.1.17) and from (7.21) we conclude
that

P(8)mCP(8) P(8) = 62P(8)m 0% P(6) + 62 P(6)m Ko P(5)

(7.47) + B P(E)m K3 P(6) + 6*P(6)mO 12 B(s).

We now estimate each term in the right-hand side of (7.47). From Lemma
7.10 we have an equality for the first term:

(7.48) mO% = 10O%m.

To estimate the next term we write
(7.49) 8%m Ka = 827 d=12(d%Y)* + 6%my (d~12)*d%.
For any two norm one forms w;, wy € W?(§) we have

[(627m1 Kowr, wa)| < 62((dY0) w1, (d™12)* mywa)| + 62[{d 0wy, d~ 12 ws)|
(7.50) < &1 @) wrllll(d™2) *mws| + |4 0w [[[|d A mws|)
< 06251—6/2 < 053—6/2.
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We used (7.32) and (7.36) to get to the last line in the formula above.
Therefore,

(7.51) 82| P(8)m Ko P(5)|| < C83</2,
To estimate P(é)ngﬁ‘(é) we write

(m1K3w1, wo) = (d¥lwy, d™ 2 miws) + ((dO1)*wr, (d~12)*myws)
+ <d_1’2w1, do’lﬂ'lwg) + ((d_l’z)*wl, (do’l)*ﬂ'lwg).

(7.52)
It follows from (7.33), (7.34), (7.35), and (7.36) that

|(m1 Kawy, wp)| < C6~2,
Therefore,
(7.53) 83| P(8)m K3 P(8)|| < C3~</2,
Similarly, we use (7.35) and (7.36) to deduce an estimate:
(7.54) 84| P(8)mO~12P(6)| < Cs4.

Finally, by combining (7.46), (7.47), (7.48), (7.51), (7.53), and (7.54), we
get the inequality in

IP()EP(6)B(8) — P(E)mT* m P(8)|| < C5°2/2,
which is the statement of Lemma 7.15. a
Now we combine Corollary 7.14 and Corollary 7.16 into a single theorem:

Theorem 7.18. (1) For anyp, n~ < p < dim E, there exists C such that
for all small enough § we have

2, p—n~ 3-2 ;. _ : i
(7.55)  [N[(0) —0*ET™ | < C6°%, 5 = 1,...,min{kP(6), kP(5)}.
As § — 0, min{kP(6), kP(8)} — oo.
(2) If p< n~, TP(8) does not have §-small eigenvalues.

Remark 7.19. Constants C in the statements of Lemmas 7.13, 7.15, 7.17,
Corollaries 7.14, 7.16, and Theorem 7.18 do not depend on the choice of e.
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7.5. Asymptotics of the eigenforms of lfl”(é). In this section we compare
(rescaled ) eigenforms of (1P(§) and the eigenforms of wng’lwl.

Suppose p is an eigenvalue of 171[32’1%1. We denote as F}; the corre-
sponding eigenspace in EY. For each § we denote FE(6) = span{w;(6)},
where [P (8)w; (6) = X2 (8)w?(6), with

(7.56) |AB(6) — 6%u| < C&°.

For all small enough ¢, dim F}(6) = dim F}.

Theorem 7.20. For any p and p, and for all small enough 6 we have
(7.57) FL(8) = Ff, +0(9).

Proof. Let w;(8) € FL(6), |lw;j(8)|| = 1. From Corollary 7.9 we conclude that
|miw;(8)|| < C§. Therefore,

(7.58) w;(6) = mw;(8) +0(6).

It follows from Remark 7.19 that we can take a limit € — 0 in the inequality
(7.29). Therefore, we conclude that

(7.59) IXE(8)w; (8) — 6*m O mw; (8)|| < C8°,
where the constant C depends on u. We write
(7.60) X(8)w; (8) = N(B) oy (8) + No(8)meo5(6) — pmeos(5) + 62 5).

Since || X% (8)miw;(8)]] < C8* and ||(N5(8) — 82 ;) miw; (8)]| < C8® after sub-
stitution of (7.60) into (7.59) we have

(7.61) 82| (umy — O 1 )w; (6]
< N(B(6) — 6°m Oy )w; (9)]] + C163 < C8°.
Let Pl;L denote the orthogonal projection on (FJ, )+ in EY, then
(n— TFID?,’IW1)7T1wj(5) = Pl;"(u - ﬂll:\g’lm)P/;ij(J).

From Theorem 7.11 it follows that there is a gap of a fixed non-zero length
[ between p and the rest of the spectrum of 71’1Dg’l7l’1. Therefore, we have

(7.62) 1P (5 = mOp ) Prew; (6) > U Pirw; (9)].
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Finally, we combine inequalities (7.61) and (7.62) to conclude:
Pyrw;(8) = 0(9).

Therefore,
wj(6) = Pymw;(8) + 0(9),

which is the statement of the theorem. O

If o =0, then F}, = Ef. Therefore, we have the following corollary of
Theorem 7.20:

Corollary 7.21. For any p and all small enough 4,
ker (F = p; ' ker OP(8) = p5 LEB + 0(9),
where ps was defined in Section 2.3.

7.6. The main result about the spectrum of [J(a). Now we reformulate
Theorem 7.18 in terms of the spectrum of [(0P(«) We recall from Section
7.1 that § = o~1/2 and M(6) = a~X?(a). Then we have the following
definition, equivalent to Definition 7.12:

Definition 7.22. We call an eigenvalue A\(a) ( ,ug_"_ ) a-bounded if it
satisfies the inequality

N(an) < ap”? (BT <o)
for all a1 > .
Theorem 7.16 can be reformulated as:

Theorem 7.23. (1) For any p, n~ < p < dimE there ezist constants
C > 0 and ag = ao(k) such that for all o > ap we have

(7.63) INe(a) — b~ | < Ca™V/2He j=1,.. k.

(2) If p < n~, OP(c) does not have a-bounded eigenvalues.

Remark 7.24. Theorem 7.20 and Corollary 7.21 can be easily reformulated
to provide information about the eigenforms of (), which correspond to
the small spectrum.
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8. The asymptotic of the spectrum of Witten Laplacian
on compact manifolds.

8.0. Introduction. In this section we observe that the asymptotics of the
bounded eigenvalues of the Witten Laplacian

L(a) : 2°(N,V) = 2°(N,V)

can be calculated by restricting the operator L(a) onto tubular neighbor-
hoods {E;} of connected components {M;} of the critical submanifold M
and then applying Theorem 7.18.

In Section 8.1 we recall the definition of a Morse-Bott function and the
statement of the Generalized Morse Lemma about the structure of a tubular
neighborhood of a connected component of the critical submanifold.

In Section 8.2 we define a metric on N, which in the neighborhood of
the critical submanifold comes from the metric on the tubular neighborhood
defined in Section 1.3. In that section we also define the Witten Laplacian
on N.

In Section 8.3 we prove Theorem 8.6. This theorem states that as a —
oo the bounded eigenvalues of L(a) on N approach the eigenvalues of the
standard Laplacian A on M, twisted by the orientation bundles o(E~).
The theorem also contains the estimate of the rate of convergence of the
eigenvalues of the Witten Laplacian L(a) on N.

8.1. The Generalized Morse Lemma. We start by giving a definition of
a Morse-Bott function.

Let N be a compact smooth manifold without boundary. Let h : N — R
be a C*°-function. We call a point m € M a nondegenerate critical point of
indez k if for any (or, equivalently, for some) submanifold W C N, which is
transverse to M at m, the point m is a nondegenerate critical point of hjy
of index k. A smooth submanifold M of N is called critical if every point of
M is critical. A critical submanifold M is called nondegenerate of indez k,
if each point of M is nondegenerate of index k.

Definition 8.1. A C*-function h: N — R is called a Morse-Bott function
if all critical submanifolds of h are nondegenerate.

Definition 8.2. A tubular neighborhood of a submanifold M C N is a pair
(f,E), where E — M is a vector bundle over M and f : E — N is an
embedding such that
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(1) fim = idjps, where M is identified with the zero section of F;;

(2) f(F) is an open neighborhood of M in N.

Lemma 8.3 (Generalized Morse Lemma) [Hir]. Let h: N — R be a
Morse-Bott function, M be a critical submanifold of h of index n~. If
M is connected, then there is a C*° tubular neighborhood (f,E = E+ &
E7), dimE~ = n~, and a Euclidean structure on E* @ E~ such that the
composition ho f: EY @ E~ — R is given by

Wy ) =l -y P+C
for all (y*,y~) € Ef ® E,,, m € M, and where C = h(M).

8.2. The Witten Laplacian on N.Let N be a compact Riemannian
manifold with the metric go. Let h: N — R be a Morse-Bott function. We
denote as Mj, ..., My disjoint connected components of the critical subman-
ifold M of h. For all j, ind(M;) = n;. We assume in this section that all
submanifolds M; have positive dimension.

From Lemma 8.3 each M; has a tubular neighborhood (fj, (p;, E;)).
Since submanifolds Mj, ..., My are disjoint we can always assume that
neighborhoods Uy = fi1(E1),...,Ur = fa(Ep) are also disjoint.

On each E; we put a metric g;, chosen as in Section 1.3 . Let E; C E;
be the subset of all vectors in F; with the norm less then 1 and f; (E‘J) = ffj.
We choose a smooth non-negative partition of unity {x;};=o,....A, such that
supp(x;) C U;j and x; =1 on U'j, j=1,...A. We define

A
X0=1_ij=1—X'
=1

Finally, we put a new metric g on N, defined by

A
(8.1) 9=x090+ >_x;(£7")9;-
=1

Let
L(a): 2°(N,V) — 2°(N,V)

be the Witten deformation of the Laplacian on N associated to A and g.

That is
L(e) = d(e)d*(e) + d*(a)d(a),
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where
(8.2) d(a) = e~ de?,

and d*(c) is an adjoint of d(c) with respect to the metric g on N and the
metric qy on V.

For any p, 0 < p < dim N, and for any « the self-adjoint extension of
the operator LP(c) to L-integrable forms on N is an elliptic self-adjoint dif-
ferential operator on compact manifold. Again we call this operator LP(c).
The spectrum of LP(a) is discrete. We denote as 0 < 1f(a) < 5(a)...
and ¢ (), #5(a), ... the eigenvalues (counting multiplicity) and the corre-
sponding orthonormal eigenforms of L?().

Our goal is to find the asymptotics of the bounded eigenvalues of L(c)
as a — 0o.

8.3. The asymptotics of the bounded eigenvalues of L(«). We start
by introducing some new notation. Let

CP(a) : 22(B;, V) — 22(E;, V),

be the Witten Laplacian on E; defined by

(8.3) [ (a) = d(@)d*(a) + d*(a)d(w),
where
(8.4) d(a) = e *hide®"i| h; = fjoh,

and d*(a) is an adjoint of d(a) with respect to the metric g; on E; and
the metric gy on the flat vector bundle V' over E; (see Section 1). Here we
do not distinguish between the vector bundle V on N and its push forward
under f to a bundle over E.

We denote the disjoint union of Ej;’s as E:

E=FEU.---UE,\.
Then we define
(8.5) P(a) = @), (o) : 28(E, V) — 22(E, V),

where
2(E,V) = @) 22(E;, V).



892 Igor Prokhorenkov

We denote as 0 < X (a) < Mj(a) ... the eigenvalues of [(c) (counting mul-
tiplicities). Let wf(c),w}(),... be the corresponding orthonormal eigen-
forms. Then

A
(8.6) X(a) = Z Af(i),j(a)a
=1

where )\f(i) ;(a) denotes the I(7)’s eigenvalue in the spectrum of WAGY
Fix 0 < e < 1. As in Section 7.6 we give

Definition 8.4. We say that an eigenvalue v}(a) (M ()) is e-bounded if
for all a1 > @, v (a1) < @ (N(a1) < ).

Let kP(c) (kP(c)) denote the number of a~bounded eigenvalues of L(c)
(P (a).

The following theorem is the main result of this section. It shows that
as a — oo the bounded eigenvalues of the Witten Laplacian L(a) on N
converge to the bounded eigenvalues of the Witten Laplacian [(a) on the
disjoint union of tubular neighborhoods of the critical submanifolds.

Theorem 8.5. There exists a constant C' > 0, such that for all large enough
a and for any p we have

87  (a) - vP(a) < CaV2 j=1,...,min{kP(a), P(a)}.

Moreover, as a — oo, min{kP(), k?(a)} — co.

The proof of this theorem is given in Appendix 3.

Fix e with 0 < € < 1/2. We now apply Theorem 7.23 to the setting of this
section. To do so we need to introduce some new notation. For each critical
submanifold M; of ind(M;) = n; and dim M; = m; we denote by op(M;)
the spectrum of the standard Laplacian AP~ on 27" (M;, Vim; ®o(Ej)).
This spectrum is only defined for n; < p < m; +n;. We define op(Mj;)
to be empty otherwise. We denote as op(M) the union of o,(M;) over
all critical submanifolds M; for which inequality n; < p < m; +nj; is
satisfied. We arrange all numbers from the set o,(M) in non-decreasing
order 0 < pf < ub < .... In other words each pf is an eigenvalue of the
standard Laplacian on 2P~ (M;, Vim; ® o(E;)) for some 1 < j < A.

By applying Theorem 7.23 to the Witten Laplacian on E = E1U---UE}
we see that there is a constant C, such that for all large enough o

(8.8) INP(a) — 1P| < Ca Y€ i = 1,..., min{kP(a), kP (a)}.
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Inequalities (8.7), (8.8), and the fact that min{k? (), kP(a)} — oo prove the
following theorem:

Theorem 8.6. There ezist constants C > 0 and ag = ag(k) such that for
all o > og and for all p

(8.9) [VE () — | < Ca~Y2*e j=1,...k.

Remark 8.7. Theorem 8.6 stays true if for some j dim M; = 0 (i.e M; is
a point). In this case if p = ind(M;) we set op(M;) = {0} and op(M;) =0
otherwise.

9. The Morse-Bott Inequalities.

9.0. Introduction. In this section we prove the Morse-Bott inequalities
as an application of the results of Section 8. The Morse-Bott inequalities
(or the degenerate Morse inequalities of R. Bott) [Bottl] relate the Betti
numbers of a compact manifold N to the Betti numbers of the connected
components of the critical submanifold M of a Morse-Bott function hon N.

The non-degenerate Morse inequalities are a particular case of the Morse-
Bott inequalities when a critical submanifold M is a union of a finite number
of critical points.

In order to prove the Morse-Bott inequalities we only need the estimates
on the number of zero eigenvalues of L(c) and the existence of the spec-

tral gap separating zero eigenvalues of L(c) from the rest of the spectrum
([Bott2], [Bra-Far]).

9.1. A proof of the Morse-Bott inequalities. Let v be an eigenvalue of
LP(). Let FY(c) be the corresponding eigenspace. For any non-negative
number a we define (25(a) to be

(9.1) 2(a) = Buv<aFy(a).

Lemma 9.1. For any a > 0, a > 0 the following sequence

(9.2) 0— 2%(a) = Ni(a) = -+ — 27 (a) — 0.

computes the V -valued de-Rham cohomology of N. In this sequence all the
arrows are d(a)’s .
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Proof. Fix v > 0. We observe that d(«) commutes with L(a) and thus
d(0)F2(a) € FZ*(a)

Therefore, we have the exact sequence:

(9.3) 0— F(a) = FX(a) — -+ — F™(a) — 0.

To see that (9.3) is exact, we recall that we have the following orthogonal
Hodge decomposition:

(9.4) 2°(N,V) = image d(c) ® image d*(a) & ker L(a).

Since both d(a) and d*(a) commute with L(a), it follows from (9.4) that

for any p,
FP(a) = d(@)FF " (@) ® d" (@) FEH ().

Therefore,
(9.5)  ker(d() : FP(a) — FP*l(a)) = image(d(a) : FP~1(a) — FP(c)).

Equality (9.5) proves the exactness of (9.4).
The following observation completes the proof of the lemma. From def-
inition (8.2) of d(a) we conclude that the map

e 2*(N,V) — 2°(N,V)
induces an isomorphism between H*(N, V, a), the cohomology of
(£2°(N,V), d(a)),

and H*(N,V). Therefore, for any p, HP(N,V, a) = ker [0?(«) is isomorphic
to HP(N, V). O

For every j, 0 < j < A, we define the twisted Betti numbers b; j of the
critical submanifold M; by
(9.6)

by ; = dimker (A;-’ D 2P (Mj, Ve o(EJ‘)) — 2P (Mj, Ve o(EI))) .
In particular, b, ; = 0 for p > dim M;.

Choose a to be less than the smallest non-zero eigenvalue from

k

U UP(M)7

p=1
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then from Theorem 8.6 we conclude that for all large enough «

A
(9.7) dim 22(a) = b, .

i=1

The following theorem is a standard consequence of Lemma 9.1 and (9.7).

Theorem 9.2. For any p with 1 < p < dim N, the following inequality
holds:

A
(9.8) Z[b;—n,-‘ i b;-n;'—l,z' + o (=1)PT by ]

=1

> Bp— Bp_1+-+-+ (~1)"Bo.
If p=n then (9.8) is an equality.

Let P(t) be the Poincare polynomial for H*(N.V). For each i, 1 <
i < A, let P (t) be the Poincare polynomial for H® (M;,V ® o(E;")), the
cohomology of M; twisted by the orientation bundle of E;". The Morse-
Bott inequalities [Bottl] say that there exists a polynomial Q(t) given by
Q(t) = Qo + Qit + ... with all non-negative coefficients, such that

A

(9.9) > (P - PW) = Q) +).
i=1

It is an easy observation that (9.8) and (9.9) are equivalent.

In order to recover the non-degenerate Morse inequalities, we assume
that all M;’s are critical points and V is a bundle of rank one. Let my
denote the number of critical points of index k. Then b;’:n_ =1lifp=n;
and b;’:n._ = 0if p # n; . The inequality (9.8) becomes

(9.10) mp —Mp_1+--++ (=1)Pmy > By — Bp_1 + - -- + (=1)PBo.

The inequalities (9.10) are called the non-degenerate Morse inequalities

(IBFKS)).

Appendix 1.
The Bismut connection and
bounds on the Witten Laplacian.

A.1.0. Introduction. In this appendix we make computations with the
Bismut connection on the tangent space TE of a vector bundle E. This
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connection is defined as the direct sum of a chosen Euclidean connection on
E and the Levi-Civita connection on the base M. The Bismut connection
is a more natural choice of a connection for our purposes than the Levi-
Civita connection on TE because (as it will be seen in Section A.1.1) the
Bismut connection preserves the decomposition of T'E into horizontal and
vertical subspaces. The drawback of the Bismut connection is that it has a
non-trivial torsion.

The Bismut connection was introduced in [Bis]. It is also studied in
[B-G-V].

In Section A.1.1 we define the Bismut connection and describe its torsion
and curvature tensors.

In Section A.1.2 we choose a basis on TE and express the differential d
in terms of the Bismut connection. In order to simplify proofs we assume
in sections A.1.2 and A.1.3 that the bundle V is a one-dimensional trivial
bundle.

In Section A.1.3 we give estimates on the Witten Laplacian [J(6) by
writing [J(6) in terms of the Bismut connection. These estimates are used
in Section 7.

A.1.1. The Bismut connection. The curvature and the torsion of
the Bismut connection. Let VZ be a Euclidean connection on E chosen
in Section 1.3, and let VTM be the Levi-Civita connection on 7M. Then
we define the Bismut connection V on TE by

(A.1.1) V=vEg V¥

For any e; € E, in order to parallel translate vector X € T,, F along the
path v : [0,1] — E with y(0) = e1, 7(1) = ez, we identify X with the
pair (XVer, Xhr) ¢ A @ B, where A ® B is identified by means of VE
with E @ Tp,,)M. Then the result of the parallel translation will be the
pair (XVver, Xhory ¢ E @ Tp(es)M, where XVer is the result of the parallel
translation of XV along py with respect to VZ and X1 is the result of
the parallel translation of X1°r along py with respect to vTM,

After Bismut [Bis] we denote as T(X,Y’) the value of the torsion tensor
T of V on the vectors X, Y. Similarly, we denote as L(X,Y) the value of
the curvature tensor L of V on vectors X,Y. By definition

(A.1.2) T(X,Y)=VxY -VyX - [X,Y],
(A.1.3) L(X,Y)=VxVy - VyVx — v[x,y].
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We denote as L and R respectively the curvature tensors associated to VE
and VIM_ That is R is just the Levi-Civita curvature of TM and L €
22(M,Hom(E, E)) is defined for X € TM,Y € TM by

(A.1.4) L(X,Y) = V§VY - VEVE - Vi y)-
Then it is a matter of simple calculations to get the following lemma.

Lemma A.1.1 ([Bis, Theorem 2.1]). The metric g on TE is parallel for
V. Moreover if X,Y,Z € T,E, then

(A.15) T(X,Y) = [L(X", Y ")y] = —[X, Y]*,
(A.1.6) L(X,Y)Z = [L(Xhor, Yhor) Zver] 4 [R(XPor, Yhor) Zhor,

A.1.2. A choice of basis. An expression of the Witten Laplacian
in terms of the Bismut connection. Take z € M. Let {a;}i=1,.n,
{b;}=1,...,m be orthogonal bases of E, T,M. Let {a'}iz1,..n, {#'}i=1,..m
be the corresponding dual bases. Take y € E,. We can lift {a;} and {b;} to
TE. Since there is no risk of confusion we can assume as well that {a;}i=1,.._»
is the basis of Ay and {b;};j=1,...m is the basis of By,

From the definition of the Bismut connection it follows that for all ¢ and j

(A17) vaiaj =0 and Vaibj =0.

In addition, we can choose the a vertical basis to be parallel in the horizontal
direction. Then for all 7 and j

(A].S) Vbiaj =0.

Now we describe the formulas for the operators d and d* in terms of the
Bismut connection. In order to simplify the computations we assume that
the bundle V is a trivial one-dimensional bundle over N.

We denote by i(v) the operator of interior multiplication by the vector
v. Then we have the following lemma.:

Lemma A.1.2 ([Bis, Proposition 2.2]). For any (z,y) € E, we have
d=0a"Va, + bV, + —;-b’“ A b([L(bg, b)),

(A1.9) & = ~i(a)Va, — i(b;) s, — 3 (L (be, bOWLi(biih).
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The following corollary expresses operators d'°, d%!, d—12 and their
adjoints (defined in Section 7.1) in terms of the Bismut connection.

Corollary A.1.3.

(A.1.10) d"® = aiV,;, (d"°)* = —i(a;)Va,,
(A.1.11) O =67, (d%N)* = —i(b;) Vs,
472 = 28 AL (s, )u] ), ()"
(A.1.12) 2

= —5 (L (b, b)yli(be)i(By)-

Corollary A.1.4.
d2,—1 — (d2,—1)* =0.

Now we are ready to compute O(a):

Theorem A.1.5. For any «,
(A.1.13) O(e) = O+ o?|dh|? + oA,

where for all p the operator A is a bounded endomorphism of AP(E).

Proof. We have d(a) = d + adhA and d*(a) = d* + ai(Vh). Therefore,

O(e) = O+ o ((dhA)i(Vh) +i(Vh)(dhA))
+ a (di(Vh) +i(Vh)d + d*(dhA) + (dhA)d¥)
=0+ o?|dh|* + cA.
We recall that dh = dbh is a (1,0)-operator. By making computations at

a point (z,y) € E and writing dh = -aay—hjaj, t(Vh) = %i(aj), it is easy to
conclude that

(A1.14)  dON(Vh) +i(Vh)d®! = 0, (d*)*(dhA) + (dhA)(d*H)* =0,
and

(A.1.15) d~12%(Vh) +4(VRh)d™12 =0, (d~12)*(dhA) + (dhA)(d~H2)* = 0.
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Thus,
A = dY05(Vh) +i(VR)d"C + (dV°)*(dhA) + (dhA)(dV0)*
= g2ﬁ(aji(w) —i(a;)a?) =0
ayjz J J :
Since a’i(a;) + i(aj)a’ =1, %’% =2 forj=1,...,n" and -g—:”z‘ = -2, for
J J
j=nT,...,n, we have
nt n
A.1.16 A=2n" —nY)+2) adli(a;) — 2 a¥i(a;).
j 3

j=1 j=nt+1

For any w of the form ¢a A --- A a®* A b+t A ... Abl?, ddi(aj)w = 1 if
j € {i1,...,3} and a’i(ix) = O otherwise. Explicit formula (A.1.16) shows
that A is a bounded endomorphism of AP(E). O

A.1.3. Some estimates for the Witten Laplacian. In order to estimate

t}le adiabatic deformation of the Witten Laplacian we explicitly compute
£1(6). Let 0% denote d**(d®?)* + (d*?)*d*?, then

lj(d) — lﬁl,O + 62[]0,1 + 54[:'—1,2
+ 5((d1’0(d0’1)* + (dO,l)*dl,O + (dl,O)*dO,l + dO,l(dl,O)*))
(A.1.17) + 62(d1,0(d-1,2)* + (d—1,2)*d1,0 + (dl,O)*d—l,2 + d—1,2(d1,0)*)
+ 63(d0,1(d—-1,2)* + (d—1,2)*d0,1 + (dO,l)*d—1,2 + d_1’2(d0’1)*),

where (110 = (%04 |dh|2+ A. In our computation first we used the fact that
the multiplication by e~* commutes with d*! and d~12, and then equalities
(A.1.14) and (A.1.15). To simplify notation we will write

(A.1.18) 0(8) = 00 4 620%! + 6*0712 4 6K + 6%°Ka + 63K,
Lemma A.1.6.

(1) dWO(d®1)* + (d1)*dM0 = 0, (d10)*dO! + dO1(d0)* = 0.

(2) The operator Ko is bounded zeroth order.

(3) The operator 0712 is a zeroth order operator. Moreover for any w €
2(E,V), |[O~1%w| < Clyl.
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Proof. To prove part (1) it is enough to show that (d9)*d%!+d%!(d%0%)* = 0.
We use Corollary A.1.3 to write

(@0)*d%! + d%1(dM0)* = —i(a;)Va,b* Vi, — bV, i(a;)Vy,
= —i(a;)b*Va, Vi, — b¥i(a;) Vi Vg,
= —i(a)b*(Va, Vi, — V5, Va,)
= —i(a;)b"(L(aj, bk) + Via, p]) = 0.
To get from the first to the second line in the formula above we use (A.1.7)
and (A.1.8). Then we use the anti-commutativity relation i(a;)b*+b*i(a;) =
0. To get the equality to 0 in the last line in the formula we use (A.1.5) and
(A.1.6).
To prove part (2) and part (3) of the lemma we explicitly computeKs

and 0712 in terms of the Bismut connection. From [Bis, Proposition 2.6]
we have

(a7 A [L(bk, br)ali(be)i(be) +(az)i([L(br, bi)as])bx Aby) -

N =

(A.1.19) Ko =
and

O 12 =_ i(bk A ([ L(br, br)y]) [ (bar, brr)y)i(bas )i(brr)
(A.1.20) + [L(bir, b )y (brr )b )b* A B([L (b, br)y]))-

The statement of part (2) of the lemma then follows from the fact that the
norm of [L(bg, b;)a;] is bounded.

To see (3) we observe that [L(bk, b;)y] is linear in y. Therefore, we have
an estimate |[L(bg, b;)y]| < c|ly| which becomes an estimate on O~1:2. O

Corollary A.1.7. There ezist constants ¢ and ca such that

(A.1.21) 0782 < 000 4 ¢y,

Proof. The proof of the corollary is the following string of inequalities:
012 < c|y|2 < clldh|2 < M0 4 ¢

O

Next we estimate the operator Ifl(é) from below in the following theorem:



Morse-Bott functions and the Witten-Laplacian 901

Theorem A.1.8 (Same as Theorem 7.8). There ezists a constant C>
0 such that for all & small enough

(4.122) 0(8) > %lﬁ”’ +6(0 - 0) > #@0 + 0% - 0).

Proof. We observe that 0-12 is non-negative. Moreover, by Lemma A.1.6
the operator K; equals to zero, and K is a bounded zeroth order operator.
Therefore, there exists ¢, so that

(A.1.23) [1(6) > G0 + 620%! + 6° K3 — c6°.

To estimate K3 we observe that for any w € £25(E, V) we have the inequality:
(3 Kaw, w) = 2(8%/2d%Lw, 8%/2d12w) + 2(83/2(d*!)*w, §/2(d~12)*w),

so that

(A.1.24) (6% Ksw, w)| < 83(0%w,w) + 630w, w)

Finally, by Corollary A.1.7

(A.1.25) (O M2w,w) < c{0Mw,w) + caw,w).

Thus, for § < 1/2

[1(6) > 00 + 820%! — 6*00 — €42
(A.1.26) .
> 1/2010 4+ 62(0%! —¢).

This inequality is the statement of the theorem. O

Appendix 2
The space of rapidly decreasing forms.

A.2.0. Introduction. It is useful to recall in a slightly different form the
definition of the space of rapidly decreasing forms from Section 1.9. For any
choice of numbers @ > 0 and I, 1 =0,1,2,..., we define the space

(A2.1) Spy={we 2°(E,V)|[(1+ [yD*(V)fw|| < oo, |k|=0,1,2,...,1},
where V is the Bismut connection, defined in the Section 1.4, and

(v)fc:v °"'°‘_7€i|,.;|

eil



902 Igor Prokhorenkov

for a multi-index & = {i1, ..., 4} Here
{e1,...semin}={a1,...,an} U{b1,...,bm}

is the basis of TE.

We say that w belongs to the space of rapidly decreasing forms 023 (E,V)
if we S, for all a > 0 and I > 0. We denote as S an intersection of
Sy for all @ > 0. This is the same definition as in the Section 1.9. In this
notation §25(E, V) = Seo,c0-

The space of rapidly decreasing forms is very convenient to work with
since, on one hand, for large @ > 0 the eigenforms of [J(c) are rapidly
decreasing forms. On the other hand, £22(E,V) is invariant under opera-
tors d0, d®1, d=12 and under exterior multiplication by dh. In particular,
22(E,V) is also invariant under d(a) and d*(c).

The goal of this appendix is to prove the following two theorems:

Theorem A.2.1. The space of rapidly decreasing forms is invariant under
operators d°, d%1, d=12, dhA, and their adjoints. In particular, 22(E,V)
is invariant under d(o) and d*(o).

Theorem 1.5. For any large enough o and any w € 2°(E,V, a), such that
O(a)w = Ma)w, we have w € 23(E,V); i. e. the eigenforms of O(a) are
rapidly decreasing forms.

We will prove Theorem A.2.1 in Section A.2.1. The proof of Theorem
1.5 is contained in Section A.2.2.

A.2.1. A proof of Theorem A.2.1.To simplify the computations we
assume that the vector bundle V is a trivial one-dimensional vector bundle.

We recall from Appendix 1 (Corollary A.1.3) the expression of the com-
ponents of the differential d in terms of the Bismut connection.

(A.2.1) d = a?V,,, (d"°)* = —i(a;)V,;,
(A.2.2) ! =¥V, (dON)* = —i(b;) Vs,
(A.23) 412 = %b’“ A B ([L(Br, B)y]""),
(.2.4) (d™12)" =~ Lk, b)lie)i(b):

By definition, the space of rapidly decreasing forms is invariant under Ve,
Therefore, we only need to show that §25(E,V) is invariant under exterior
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multiplications by the basis elements {¢’} of T*E, by dh, by L(bk, br)y, and
by all the adjoints of those operators.

Let w € °(E, V). As an example we show that e/ Aw € 25(E, V). Since
le? Aw|| = ||w]|, and the operator eA commutes with the multiplication by
(1 + |y])*, we conclude that e Aw€ Seop forall j=1,...,m+n.

To show that e/ A w € Seoco We Wwill use the simultaneous (for all )
induction in I. The case [ = 0 is settled above.

Assume that e/ Aw € Seoy forall j=1,...,m+n.

We want to show that e/ Aw € Seopq1 forall j =1,...,m+n. It is
equivalent to show that for any multi-index &, || =1+ 1, we have VE(ed A
w) € Seo,0. We write

(A.2.5) VE(ed Aw) = &l A VFw + [V*, ] Aw,

where [V*,el] = V*el — e/V* is the commutator. Since V*w € 25(E, V),
it follows that e/ A VFw € Sc0,0-

The crucial step is to show that [V*,ef] Aw € S 0. This step easily
follows from out next lemma.

Lemma A.2.2. The commutator [v",ej] can be represented as
(A.2.6) [VE,e] = €™ A Py jr(V, ).

where each P,g,j,r(v, y) is a polynomial in y and V of the form

Z Cﬂry(m)yﬁvy

BslvI<t

Here 8 and v are multi-indeces, and coefficients Cp(z) depend only on the
coordinate on the base.

The statement of the lemma above can be deduced from the calculation
of the commutator [V*,e’] in local coordinates. Local expressions for the
Bismut connection and the basis elements are all linear in y. Moreover, the
transition functions between the coordinate neighborhoods U x R™ which
cover the bundle E are also linear in y.

A.2.2. A proof of Theorem 1.5. We start by observing that the local
elliptic estimates imply that for any o all eigenforms of the Witten Laplacian
O() are smooth.

The idea of the proof of Theorem 1.5 is to show by means of elliptic
estimates that for large o the powers of the Witten Laplacian control the
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powers of |y| and the powers of covariant derivatives with respect to the
Bismut connection.
The following lemma, is the first step in the proof of Theorem 1.5.

Lemma A.2.3. For any a > 0 and any w € 2°(E,V,a), such that
O(a)w = AM(a)w, we have w € S, d(a)w € S0, and d*(a)w € Soo 0.

Proof. We will start the proof by defining the family {J;| t > 0} of cut-off
functions on E.

Let ¢(s) : R — R be a smooth cut-off function defined by ¢(s) =1 for
0<s<1,¢(s)=0for s >2. We define the family Ji(y) : £ — R by
Ji(y) = ¢(|y|/t), where |y| is the Euclidean norm of y € E. Then for any
t > 0 and any form w € 2°(E,V, a), such that O(a)w = A(a)w, we have

(A4.2.7) @) Jelyl*wll? = (FylP*D()w, w).
After substituting ((a) = O+ o?|dh|? + oA into (A.2.7), we have

M) Jelyl*wl® = (2 |yl 0w, w) + o ( |y[**|dhf*w, w)

A28
(428 + o |y** Aw, w).

Moreover, we can integrate (JZ|y|**Clw,w) by parts to get

(v 0w, w) = || Jely|*dw]|? + || Jely|*d*w]?

(A.2.9) F(d(T2]y[?2) Aw, dw) + ([d(T2[y]*) A d*w, w).

First we put @ = 0 in (A.2.9). Since F is a vector bundle with compact
base there exists ¢ > 0 such that |dh|? > c|y|2. Therefore, after substituting
(A.2.9) into (A.2.8) we have:

[ Jedeo|® + | Jed*w || + ca®|| Tyl
< || Jedw|)? + || ed*wl|? + &* (7 |dh|*w, w)
= Ma)||Jw|? — a(JZ Aw, w) — 2(JydJ; A w, dw)
— 2y dJy A d*w,w).

We estimate further by means of Cauchy-Schwartz inequality:
[Tedw]|? + [[Jed*w|1® + ca?|| Jely[*w]|?

< XN@)[Tewl® + el Allll Jew|[? + 1/2]| Jedw]|?
+2||dJ; Aw|)? + 1/2||Jed*w||? + 2||dJ: Aw][?.
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Finally, since A is a bounded operator, and |dJ;| < § for some positive
constant c, there exists some positive constant C(a)such that

1Jedwl® + | Ted*w]® + | TelyPwll? < Ce)]| Jwl® < Cula)|w]®.

Taking a limit as ¢ — oo in the inequality above we get that dw, d*w and
|ylw all belong to Spo. So, in particular, w € S10. Now we go back to
(A.2.9). After differentiating J;|y|?* and substituting of (A.2.9) into (A.2.8)
we get

M) | Jely|*w]® = [|ely|®dw|? + | Jelyl*d*w]® + 2(Jed s A |y|**w, duw)
+ 2(JdJ; A |y|**w, d*w) + 20T |y** d(Jy)w, dw)
(A.2.10) + 2a(Jt2|y|2a“1d(|y|)w, d*w)
+ o2 (J2|y|%|dh| 2w, w) + a(J2|y|%* Aw, w).

Since there exists ¢ > 0 such that |dh|? > c|y|?, we have
(A211) (Rl w) > el 0, ).

After substituting (A.2.11) into (A.2.10) and taking into consideration the
boundedness of J;, dJ; and d|y|, we conclude that there exists C = C(a, a),
such that for all ¢t > 0, a > 1/2, we will have

I Telyledwl|? + || Fly|*d*w]® + ca?|| Jely|“+Hw]?

< C(|I Tyl ]2+t I1y1* 2w supp(asey 1912w ljsupp(an)
+ 1y1° 2 d*w | supp(ay 1912w | jsupp(any
+ [Tyl 2wl | Tely|* 2 dw]|
+ | Telyl* ||| Ty |* 2d ),

where || ® |||supp(dJ,) Mmeans that in the definition of || e || we integrate only
over the supp (dJ:). Now we use (A.2.12) to prove the lemma. First, we
assume that a = 1/2. Since we already know that w € S;, dw € Spp,
and d*w € S, we see that the right-hand side of (A.2.7) is bounded by
a constant, which is independent on ¢t. After taking a limit as t — oo, we
conclude that w € S3/90, dw € Sy/90, and d*w € Sy/90. At each step we
can conclude that if w € S,41/20, dw € S,_1/9,0, and d*w € S,_1/9,0, then
w € Sa41,0, dw € S, 0, and d*w € S, 0. By iterating this process we deduce
the statement of the lemma. a

(A.2.12)

Our next goal is to get an estimate of norms of covariant derivatives with
respect to the Bismut connection in terms of the Witten Laplacian.
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Proposition A.2.4. For large enough o > 0 and for any form w in the
domain of O(c) there ezists C = C(a) > 0 such that the following elliptic
estimate holds:

(4.2.13) Z IVawl® + Z IV, wll? < CUO@)w, w) + [|w]|?).
j=1

In the proof of Proposition A.2.4 we will assume for simplicity that w has
compact support. If w does not have compact support, then all calculations
should be done for Jiw. In this case as in the proof of Lemma A.2.3. we can
take a limit as ¢ — co. We have the following lemma:

Lemma A.2.5. Assume that in Proposition A.2.4 formula (A.2.13) holds
for all compactly supported forms w. Then (A.2.13) holds for all w, which
satisfy conditions in Proposition A.2.4.

Proof. Let w be in the domain of () then, by assumption,
(A213) Y [IVa, Jwl® + D Vs, Jwl? < C(DO(a) Juw, Jpw) + || Jew]?).
i=1 j=1

We have Vg, (Jw) = J;Vaw + ath and Vb (Jiw) = JtVb w. Therefore,
there exist constants C; > 0 and C’2 > 0 such that

Z 17V aw]| + Z 17V,

=1

(Z IV, Jw]® + Z IV, Jw]® + Ilelz)

j=1
< Co((0(a) Jpw, Jyw) + ||th|| ).

On the other hand,
(O(a) Jw, Juw) = (JEO(a)w, w) + ||dJs Aw||? + ||dJ; A sw]||? + (dJ; Aw, JI),

where the term I is linear in dw and d*w. Moreover, we choose small € > 0
and estimate by Cauchy-Schwartz:

(dJy Aw, BI)| < 1/€||dJy Aw]||? + €| JI||2.
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The norm of J;I can in turn be estimated by

¢y (Z EAAESS thvbjwlF) .
i=1 j=1

Finally, combining all the estimates together, we conclude that there exists
C > 0 such that

m

n
S Tl + 3 14,0
i=1 1

j=
< C ((JEO()w,w) + [lw]|?)
= C ((O(e)w,w) + (1 — J)O(e)w, w) + [|lw]?) .

Inequality (A.2.13) now follows if you take ¢ — oo in the inequality above.
a

Proof of Proposition A.2.4. After substituting O(a) = O + a?|dh|? + A
into (O(a)w,w) and integrating by parts we get

(A.2.14) (dw,dw) + (d*w, d*w) + 2(|dh|?w,w) + a(Aw,w) = (O(a)w,w).
We substitute d10 4+ d%! + d~12 for d and (d"0)* + (d%')* + (d~1?)* for d*
in (A.2.14). After integrating by parts, we have

(42.15) (0w, w) 4+ (0%'w, w) + (0712w, w) + cross-terms

o + a%(|dh| 2w, w) + a(Aw,w) = (O(a)w, w)

We observe that according to Lemma A.1.5 the cross-terms which contain
dY0 with d%! and (d'°)* with (d%!)* will disappear. We will now estimate
the rest of the cross-terms in terms of ((0"%w, w), (0%'w,w) and (O~12w, w).
Namely,

(A.2.16) 2|(d0w, d"22w)| + 2|((d"0)*w, (d~12)*w)]
< 1/2(0Y%, w) + 2012w, w).

Similarly,

(A.2.17) 2/(d'w, d"22w)| + 2)((dV)*w, (d~12)*w)|
< 1/2(0%w, w) + 207w, w).
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We can use (A.2.16), (A.2.17) (estimating the cross-terms in (A.2.15) from
below) to get the following estimate

(O(@)w,w) > 1/2((0"w, w) + (0w, w)) — 3(0"12w, w)
+ a?(|dh|*w, w) + a{Aw,w).
In the basis defined in Section A.1.1 we calculate

(A.2.18)

(A.2.19) (00w, w) Z [V a,w]|2.
=1

On the other hand, for (0%w, w) we have

(O0%w, w) Z Ve, wl|?

(A.2.20)

+ Z <bk Ai(by) (L(bl, by) — V[L(bk,b,)y]) w,w> .
kil

It follows from the description in Lemma A.1.1 that the operator
> b Ai(br) (L (b, br) = Viz o o)
k|l

is of first order in ?ai and Vbj with the coefficients which are at most linear
in y. Therefore, it can be estimated in terms of operators OO0, (0%! and
1+ |y|%. That is, there is a constant C; > 0 such that

(A2.21) | (0 Adby) (L(br,be) — Vizgowby)) @s )]
k,l

< 1/4(0Mw,w) + 1/4(@% w,w) + Ci(|lw]® + (jy*w,w)).

After estimating (with the help of (A.2.21)) the first order part on the right-
hand side of (A.2.20) from below, we get

(O0w,0) > 3 [ V02 — 1/4(0 0w, 0) — 1/4(0%w, )
j=1
= il + (jyfPw, w)).
The inequality above is equivalent to
(O0w,w) 2 4/5 3 [Vs,0]12 = 1/5(0" 0w, w) — 4/5C (Jlw]l?
(A.2.22) =
+ (jylPw,w)).
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Next we substitute (A.2.22) into (A.2.18) to get

(O(@)w,w) > 1/2(0w,w) +2/5 > [Vp0|® = 1/10(0" 0w, w)
j=1

(A.2.23) — 2/5C1(lwl|? + (|yl?w, w)) = 30w, w)
+ o*(|dh|*w,w) + a(Aw,w).
We recall that |dh|? > c|y|? for some positive ¢ > 0, and that A is a bounded
zeroth order operator. Therefore, for large enough o there exists Co =
Cs(a), such that
~3(07 2w, w) — 2/5C1 (|w]* + (lylw, )

A.2.24
(4.2.24) o (bR, ) + o Aw,w) 2 ~Collw].

Finally, we combine estimates (A.2.23) and (A.2.24) (substituting
P [Tl for (040, w)) to get

(A225)  (O(a)w,w)22/5 [Vawl® +2/5)  [Vyw]? - Callwl|*.
=1 j=1

The statement of the lemma now easily follows from A.2.25. O

Corollary A.2.6. For large enough a and for any form w, such that
O(@)w = Ma)w, we have w € So1 N Soo,0-

The rest of the proof of Theorem 1.5 proceeds by induction in a and [.

For 0<a< ooandl=0,1,2,..., we denote by ||w|la,; the norm on Sa;
defined by
(A.2.26) lwll2, = >~ I+ g)* (V) wl?.
K,|k|<l

Let w be such that O(a)w = A(a@)w. Then by Corollary A.2.6 w € 50,1NS00,0-
This starts our induction.

Next by substituting Ji|y|°w instead of w into the elliptic estimate
(A.2.13) and by commuting |y|* with V and O() we can get the following
estimate

(A.2.27) wliZs11 < Cla, @) (lwllara0 + wllz,0)-

From (A.2.27) we consequently conclude that w € Sa,1MS00,0 fora=1,2,....
Therefore, w € Seo,1.
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By substituting J;O(a)w = A(a)J;w instead of w into the elliptic es-
timate (A.2.13) and by commuting C(e) with V, we deduce that w €
So,2 N Seo,1- Next we use induction to conclude that w € S 2.

In this fashion we see that w € S for £ = 0,1,2,..., which is the
statement of Theorem 1.5.

Remark A.2.7. The arguments similar to the proof of Theorem 1.5 show
that all solutions w of the equation

O(a)w =~
are from the Schwartz space 23(F, V) if the right-hand side  is Schwartz.

Appendix 3
A proof of Theorem 8.5.

A.3.0. Introduction. The goal of this appendix is to prove Theorem 8.5:

Theorem 8.5. There exists a constant C > 0, such that for all large enough
a and for any p we have

X(a) = (a)] < Ca~V2,j = 1,..., min{k?(a), B*(0)}.

Moreover, as o — oo, min{kP(c), k”(a)} — oo.

The idea of the proof is to use the classical variational approach to
eigenvalues of [Du-Sc]. On a small neighborhood around each component
of the critical submanifold operators L(a) and (o) are equal. Since for
large o the eigenforms of L(a) and () decay quickly away from critical
submanifold, we can use the cut-offs of eigenforms of one operator to build
test forms for the other.

The statement of Theorem 8.5 easily follows from two inequalities:

' -1/2 ,
M(a) < vE(a) + Ca 2, 1< j < kP(a) and

(A.3.1) » 172 .
(@) < M(a)+Ca™/*, 1< j < kP(a).
We will prove only the first inequality. The proof of the second inequality
is similar.

In Section A.3.1. we introduce a variational characterization of the eigen-
values of (J(c) and we define the test forms for the variational approach. In
sections A.3.2 through A.3.4 we complete our estimates.
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A.3.1. Test forms and the min-max principle. We start by defining
our test forms. First, we need to introduce a smooth family of partitions of
unity {xrj}j=o,.,o on N. This family will depend on a parameter R. We
define

Er;:={(z,y) € Ej| ly| < R}, Er=Epi1U---UERy,

ﬁR,j = fj(E'Rj) i’Rzi’RIU"'UﬁRA.

Finally, we define the non-negative smooth functions xg,;, j = 1,...,4, to
be 1 on U j and to be 0 on M — Usr ;- We further define:

A

XRo=1-Y Xxrj=1-xr
i=1

As our test forms we pick %’i(a), i=1,...,7, defined by

A
Yhi(@) =Y fH(#(@)xr) = [*(#(x)xr) € E(E,V).
=1

Then, provided that the test forms {1#’1’2,1.} are linearly independent for
i=1,...,j, we can use the min-maz principle in the form of the Rayleigh
quotient ([Cha, Chapter 1] or [Du-Sc]). From the min-max principle we have

<Dp(a)¢%,i(a)7 %,i(a»E
(Ygi(@),dpi(@)E

Fix small enough R. Then the metric on Ug is the pullback of the metric
on E under the diffeomorphism f = (fi,..., fo). Therefore, for such R

(P (a)yh (@), VR () E = (TP (@) F*(#F (@) xR), F* (¢} ()XR)) E
= (L7 (a) (¢} () xR), ¢} (@) xR)N-

A32 MN(a) < i=1,...,7.
J

(A3.3)

Similarly,

(A.3.4) (VRi(2), Yhi(0))E = (8 () xr, ] () xR)N-

Therefore, inequalities (A.3.2) become

B0 (LP(e) (¢} ()xR), ¢} (@)xr)
(A.3.5) )\ (a) < lr%a% O ACET
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A.3.2. A computation of the variational quotient. It is easy to com-
pute ([CFKS, Proposition 11.13]) that

(A.3.6) L(a) = d*d + dd* + o®|dh|? + aA,

where A is a zeroth order operator.
Since d*d + dd* = *d x d + d * d+, where * denotes the Hodge *-operator
on N, we have

(d*d + dd*)(F(@)x) = *d * d(¢ix) + d* d * (¢iX)
(A.3.7) = xd * (dx A ¢i + xddi) + d* (dx A x¢; + xd(x¢:))
= d*(dx A ¢3) + *(dx A xde;) + xd*dep;
+ d* (dx A *¢;) + dx A d*¢; + xdd* ¢;.

After multiplying (A.3.7) by x¢?(c) on both sides, integrating by parts, and
combining terms we have

(Lx#i, xbi) = (xLi, x$i) + (dx A bi, d(x¢:))
+ (x(dx A xdi), xdi) + (x(dx A i), d*(x 1))
+ (dx A d* i, xPi)-
Recall that L¢; = v;¢;. We rewrite the formula above as
(A.3.8)
(Lxéi, xi) = villxail> + lldx A ¢il)?
+ (dx A ¢, xdi) + (x(dx N *ddi), x i)
+ (k(dx A *i), *(dx A *¢h;)) + (*(dx A *¢;), xd * ;)
+ (dx A d* ¢, x i),
where x = xr.
We want to estimate the right hand side of this formula. We represent
it as (Lxdi, xbi) = villxrill* + I1 + Iz, where

(A.3.9) I = |ldxr A ¢ill> + || * (dxr A x40,
Iy = (dxr A éi, xrdb:) + (*(dXR A *d¢:), XRP:)

A3.
(A.3.10) + (x(dxR A *¢3), xrd * ¢3) + (dxr A d* i, XRS:)-

A.3.3. An estimate of I;. Since by definition of xr, supp (dxr) C Uar \
UR, and ||dxr|| < const, we have

(A.3.11) L] < Cull(60) 5,05 1>

Now we need the following
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Lemma A.3.1. There ezists a constant ¢ = c(R) such that

(4312 169 gl < o7

Proof. After integrating by parts in (A.3.6) we have

vi(@) = (LP(a) i, ¢i)

A3.13
( ) = ||deill> + ||d*¢sl|® + o®(|dh|>e;, i) + A, bi).

Since the term ||d¢;||2+||/d* ¢;||? is non-negative and A is a bounded operator,
we have

(A.3.14) a2(|dh|2qb,-, ¢i) <vi(a) + aa,
Therefore, we also have a similar bound for the restriction:
(A.3.15) @ ((1dh1%6:) g, 0 $3) < V(@) + c100.

On the other hand (Idh|2)‘(~]2a\(~]R > co for some positive co = co(R). Thus

o2eal|(91),0 > < (AP S5) 5,050 80

(A.3.16)
< vi(a) + aa.

After dividing both parts of (A.3.16) by a?cy we have

vi(a) + cro

5 < ca L.
a“Cy

(43.17) 1) g, sl <

In the last inequality we assumed that v;(c) is a-bounded. See Chapter 8.
a

We can now apply the lemma above to the inequality (A.3.11) to get
(A.3.18) |I1| < CoaL.
A.3.4. An estimate of I,. Since supp(dxr) C Usg \ Ur, we have
(4319) T2l < Call ()10, 0a ) (1(063);05,0 1 + 14 % 60) 0011

To estimate the right hand side of (A.3.19) we need the following
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Lemma A.3.2. There ezxists a constant ¢ = c¢(R) such that

(A.3.20) 1(dé) gy il < € I(d* 83) 5, \ 05|l < €

Proof. We start with the equality (A.3.13):
(4321)  wi(e) = |ldeil|* + [|d*¢ill* + o®(|dh|* ¢, i) + (A, 1).

Since the terms ||d¢;||?, ||d*#:||?, and o?(|dh|?¢;, #;) are all non-negative, A
is a bounded operator, and v;(c) is a-bounded, we conclude that for some
c1 > 0,

(A.3.22) ldes||® < ciev, ||d* 5] < cio.

Unfortunately, estimates (A.3.22) are not good enough, so we need to work a
bit harder. We define a non-negative smooth characteristic function X[R,2R)]

by

(A.3.23) Xir2r) =1 on Uap \ Ur, supp(x(r2m) C Usr \ Ugya-
Then, for x = X[r2R)»

B = ||(di) g7 I” + 11(d % 6:)y 5, 7 I

= (x(d*d + dd*) s, ;) + (x(dx A xd¢;), ¢:) + (dx A d* i, ).

(A.3.24)

Next, since ¢; is an eigenform for the eigenvalue v;, we observe that we have
the equality:
(A.3.25) xvid; = x(d*d + dd*)¢; + o®x|dh|*¢; + axAd;.
By expressing x(d*d+ dd*)¢; from (A.3.25) and substituting it into (A.3.24)
we get
B < —vi{x$i, ¢s) — @ (x|dh[*$;, 1) — a(xAdi, &)

+ (*(dx A *ds), §i) + (dx A d*¢i, &5).

Now we observe that, since x|dh|? is bounded from below by some positive
constant, the term

(A.3.26)

—a(x|dh|?¢s, i) — a(xAd;, b:)
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is negative for large a.. Therefore,

B < —vi(x®i, i) + (x(xdx A xd;), ds) + (dx A d* i, b;)
(A.3.27) < vi(@)1(@4) 5, \Ug oI

¢ (1160) 0\, 1 (@00) 007 )

We use (A.3.22) and (A.3.12) to deduce from (A.3.26) the estimate in the
statement of the lemma. O

It follows from Lemma A.3.1 and Lemma A.3.2 that for some C5 > 0,
(A.3.28) ||| < Cza™1/2,

Now we estimate the denominator in (A.3.2). To do so we need the
following lemma:

Lemma A.3.3. There exists a constant ¢ = ¢(R) such that for all o large
enough we have

(A.3.29) (#F (@) XxR, Ph()XR) — 0ik| < ca™, 1<,k <kP(a)

where 6; is a Kronecker symbol.

Proof. We write xg =1+ (xr — 1). Then

(#F(@)xr, Ph(e)xR) = (85 (@) + (xr — 1)¢F (@), #h(@) + (xr — L)#h())
= dik + 2((xr — 1)¢} (), ¢} () xR)
+{(xr — 1)¢8 (), (xr — 1)#h ().

Since supp(xr — 1) C N \ U,
(85 () xR, SR () xR) — dik| < cll$f ()i 7 |85 (@) 7 | < cal.

In the formula above the last inequality on the right follows from the ap-
propriately modified proof of Lemma A.3.1. a

Corollary A.3.4. For large enough « the test functions in (A.3.2) are lin-
early independent.
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Now we are ready to finish the proof of the Theorem 8.5. From (A.3.5),
(A.3.18), and (A.3.28) it follows that there exists C4 > 0, such that

v (@) IxrE (@I + I + I

No(o) <
)= Ixre? ()2
< maxi<i<;(VF (@) + Cra~1/?)
< T |

Thus there exists C > 0, such that
P -1/2 ; _ .
N(a) = vP(a) < Ca2i=1,...,3].
In particular, we have (A.3.1).
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