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Scalar and mean curvature comparison via the Dirac operator

SIMONE CECCHINI
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We use the Dirac operator technique to establish sharp distance estimates for compact spin manifolds
under lower bounds on the scalar curvature in the interior and on the mean curvature of the boundary.
In the situations we consider, we thereby give refined answers to questions on metric inequalities
recently proposed by Gromov. These include optimal estimates for Riemannian bands and for the long
neck problem. In the case of bands over manifolds of nonvanishing A—genus, we establish a rigidity
result stating that any band attaining the predicted upper bound is isometric to a particular warped
product over some spin manifold admitting a parallel spinor. Furthermore, we establish scalar and mean
curvature extremality results for certain log-concave warped products. The latter includes annuli in all
simply connected space forms. On a technical level, our proofs are based on new spectral estimates for
the Dirac operator augmented by a Lipschitz potential together with local boundary conditions.
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1 Introduction

Manifolds of positive scalar curvature have been a central topic in differential geometry and topology in
recent decades. On complete spin manifolds, a particularly powerful tool in the study of positive scalar
curvature metrics has been the spinor Dirac operator which facilitates a fruitful exchange between geometry
and topology. This technique exploits the tension between, on the one hand, the Schrodinger—Lichnerowicz
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1168 Simone Cecchini and Rudolf Zeidler

formula
P> =V*V + 1 scal,

which implies invertibility of the spinor Dirac operator /) when the scalar curvature is uniformly positive
and, on the other hand, index theory in the sense of Atiyah and Singer, which in various situations yields
differential-topological obstructions to invertibility. Until recently, and with the notable exceptions of
sharp Dirac eigenvalue estimates (see Friedrich [15] and Hijazi, Montiel and Roldan [27]), sharp K-area
estimates (see Goette and Semmelmann [16] and Llarull [31]), and approaches to the positive mass
theorem based on an idea of Witten [41], the strongest applications of the Dirac operator technique in
positive scalar curvature geometry have been of a fundamentally gualitative nature. Indeed, there is
a substantial body of celebrated literature addressing existence questions of positive scalar curvature
metrics on a given manifold, or more generally, studying the topology of the space of positive scalar
curvature metrics via the Dirac method; see Botvinnik, Ebert and Randal-Williams [7], Gromov and
Lawson [23; 21], Lichnerowicz [30] and Stolz [39] for a selection. However, Gromov [18; 19] recently
directed the focus towards more quantitative questions and proposed studying the geometry of scalar
curvature via various metric inequalities which have similarities to classical Riemannian comparison
geometry. This resulted in a number of conjectures, a few of which we now recall.

Conjecture 1.1 [19, page 103, long neck problem] Let (M, g) be a compact connected n—dimensional
Riemannian manifold with boundary whose scalar curvature is bounded below by n(n — 1). Suppose that
®: M — S" is a smooth area-nonincreasing map which is locally constant near the boundary. If

distg (supp(d®), IM) > %,
then the mapping degree of P is zero.
Conjecture 1.2 [18, 11.12, Conjecture D'] Let X be a closed manifold of dimension 7 and such that
X \ {po} with py € X does not admit a complete metric of positive scalar curvature. Let M be the
manifold with boundary obtained from X by removing an open ball around pq. Then for any Riemannian

metric of scalar curvature > n(n — 1) > 0 on M, the width of a geodesic collar neighborhood of dM is
bounded above by 7 /n.

Conjecture 1.3 [18, 11.12, Conjecture C] Let M be a closed connected manifold of dimension
n—1 # 4 such that M does not admit a metric of positive scalar curvature. Let g be a Riemannian metric
on V = M x[—1, 1] of scalar curvature bounded below by n(n — 1) = scalg». Then

width(V, g) < 27”

where width(V, g) := distg(d_V, 04 V) is the distance between the two boundary components of V' with
respect to g.

Note that we have strengthened the bounds in Conjectures 1.1 and 1.2 compared to the original sources.
All these constants are optimal, as we shall discuss below.
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Gromov'’s first definitive result on these questions [18] was a proof of Conjecture 1.3 for the torus and
related manifolds via the geometric measure theory approach to positive scalar curvature going back to
the minimal hypersurface method of Schoen and Yau [38]. In fact, it initially appeared that the Dirac
operator technique was not suitable to such quantitative questions, in particular because they involve
manifolds with boundary. However, in recent articles of the authors [43; 10; 42], we have demonstrated
that the Dirac operator method can in principle be used to approach Conjectures 1.1-1.3. A slightly
different Dirac operator approach based on quantitative K—theory leading to similar (nonsharp) estimates
for bands was subsequently given by Guo, Xie and Yu [24].

In the present article, we advance the spinor Dirac operator method further and put forward a novel point
of view towards Conjectures 1.1-1.3, which brings the mean curvature of the boundary into the focus of
attention. That is, under the assumption that the scalar curvature is bounded below by 7n(n — 1) and that
suitable index-theoretic invariants do not vanish, we establish a precise quantitative relationship between
the mean curvature of the boundary and the relevant distance quantity appearing in situations related to
Conjectures 1.1-1.3. More precisely, we show that in each case there exist constants ¢, (/) > 0, depending
on a distance parameter / > 0 and the dimension of the manifold, such that if the mean curvature is
bounded below by —c,(!), then the relevant distance is at most /. The crucial property of these constants
is that ¢, (/) — oo as [ approaches the conjectured distance bound. In other words, as the relevant distance
tends to the threshold, the mean curvature tends to —oo somewhere at the boundary. The geometric
intuition behind this behavior is that the metric must collapse as the critical threshold is approached.
Moreover, our new point of view allows us to establish rigidity results for certain extremal cases of the
predicted quantitative relationship between scalar curvature, mean curvature and distance.

On a technical level, one ingredient is to augment the spinor Dirac operator — similarly to our previous
approaches — by a potential defined in terms of a distance function. This procedure modifies the classical
Schrodinger-Lichnerowicz formula in a way that allows us to relate distance estimates to spectral
properties of the modified operator. However, the crucial new ingredient is that we study a tailor-made
boundary value problem associated to the augmented Dirac operator. This enables us to use spinorial
techniques to not only quantitatively control the scalar curvature using a differential expression of the
potential, but also bring the mean curvature of the boundary into play. The main principle behind our
new approach is that we can compare certain spin manifolds to model spaces which are suitable warped
products, provided that one can produce a nontrivial solution of a boundary value problem associated to
the augmented Dirac operator on the given manifold. Moreover, up to a constant, the potential directly
corresponds to the mean curvature of the cross sections in the model warped product space.

We develop this approach in a general setting that allows us to treat the results related to Conjectures 1.1-1.3
as well as further novel results in an essentially unified way. To this end, we introduce a new abstract
geometric structure which we call a relative Dirac bundle. This is a Dirac bundle S — M in the sense of
Gromov and Lawson [23, Section 1] (see also Lawson and Michelsohn [28]) together with a suitable
bundle involution o € C*°(M \ K, End(S)), which is defined outside a compact subset K C M ° of the
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interior of the manifold; see Section 2 for details. The use of this structure is twofold. Firstly, together
with a suitable function ¥ : M — R, it allows us to define the potential term necessary for the precise
quantitative estimates. This leads to the Callias' operator

Bw =D+w0,

where D is the Dirac operator associated to the Dirac bundle S. Secondly, the involution ¢ can be used to
define natural chiral boundary conditions, which are crucial for the development of a suitable index theory
for relative Dirac bundles (see Section 3) and allow spectral estimates for By, (see Section 4) relating
the mean curvature with the value of the function i along the boundary. These boundary conditions are
related to the treatment of the cobordism theorem via a boundary value problem as in [6, Section 21;
4, Section 6.3]. Our chirality also allows for an auxiliary choice of sign for each boundary component,
reminiscent of the boundary conditions considered by Freed [14]. This additional choice will be relevant
in the proofs of our results related to Conjecture 1.3.

A further notable observation is that our construction has a vague formal similarity to pu—bubbles or
generalized soap bubbles, which have recently led to substantial advances via the geometric measure
theory approach to scalar curvature; see Gromov [19, Section 5], Chodosh and Li [12], Gromov [20],
Lesourd, Unger and Yau [29] and Zhu [46; 45]. Indeed, the latter can be viewed as an augmentation of
the minimal hypersurface method by suitable potentials.

In Sections 1.1-1.3 of the introduction, we present a simplified overview of our main results. In the main
body of the article, these are derived by working with a suitable relative Dirac bundle and choosing a
potential that is appropriate for the situation at hand.

1.1 Length of the neck

Here we present our main geometric results related to Conjectures 1.1 and 1.2. We improve the upper
bound of 7/n to an estimate depending on the mean curvature of the boundary.

In our first result we estimate the length of the neck of a Riemannian manifold with boundary. Recall
that for a smooth map of Riemannian manifolds ®: M — N, the area contraction constant at p € M is
defined to be the norm of the induced map P : /\2 TyM — /\2 Tr(pyN on 2-vectors. We say the map is
area nonincreasing if the area contraction constant is < 1 at every point. If M is compact and N is closed,
both connected and oriented, where n = dim M = dim N > 2, then a smooth map ®: M — N that is
locally constant near the boundary dM has a well-defined mapping degree deg(®) € Z.> Moreover, given
a Riemannian manifold (M, g), we denote the mean curvature of its boundary dM by Hg (or simply H if
the metric is implicit); see also (2-14) in Section 2 for our sign and normalization conventions.

I'We use this terminology because the study of Dirac operators with potential was initiated by Callias [9].

2This can be defined as usual via counting the preir{lkage of a regular value with signs or, in cohomological terms, using the
induced map Z ~ H*(N;Z) =~ H"(N, ®(0M); Z) 2%, yn (M,0M;Z) = Z, where we use that ®(dM) is a finite set of points
andn > 2.
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Figure 1: The long neck problem.

Theorem 1.4 (see Section 5) Let (M, g) be a compact connected Riemannian spin manifold with
nonempty boundary, n = dim M > 2 even, and let ®: M — S" be a smooth area-nonincreasing map.
Assume that scalg > n(n — 1). Moreover, suppose there exists [ € (0, w/n) such that Hg > —tan(%nl)
and distg (supp(d®), M ) > I; compare Figure 1. Then deg(®) = 0.

The statement of Theorem 1.4 is sharp; we discuss this in Section 5, Proposition 5.2. In this context,
a subtle point hidden in the statement of the theorem is that we also rule out the equality situation
distg (supp(d®), IM ) = / under these scalar and mean curvature bounds if deg(®) # 0. This is in
contrast to the situations of the other conjectures, where the equality situations can be realized; compare
Remark 1.13 below. Addressing this detail requires a considerably more precise analysis than in the
earlier approach from [10, Theorem A].

Corollary 1.5 Let (M, g) be a compact connected Riemannian spin manifold with boundary, let n =
dim M >2 be even, and let ®: M — S" be a smooth area-nonincreasing map. Assume that scalg > n(n—1).
If distg (supp(d®), IM ) > 7/ n, then deg(P) = 0.

This corollary is a direct consequence of Theorem 1.4 because tan(%nl ) — o0 as [ — m/n. Thus this
refines the original approach to Conjecture 1.1 from [10, Theorem A]. Proposition 5.2 also shows that the
constant 77 /n is optimal here.

For our second result, we introduce the notion of A—area, which is a generalization of the notion of
K-area introduced in [17, Section 4]. For a Hermitian bundle £, denote by RE the curvature of the

connection on E.

Definition 1.6 Let (X, g) be a closed even-dimensional oriented Riemannian manifold. The A-area
of (X, g) is the supremum of the numbers |RZ ||3}, ranging over all Hermitian bundles E with metric
connections such that [, K(X ) Ach(E) # 0, where AX ) denotes the A—form of X and ch(E) denotes
the Chern character form of E.
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The A—area of (X, g) depends on the metric g. However, since X is compact, the notion of having
infinite A-area is independent of g. A closed spin manifold of infinite K—area also has infinite A-area.
An important class of examples consists of even-dimensional compactly enlargeable manifolds, eg the
2m—dimensional torus T2™. For the notion of enlargeability and more examples, we refer to [22; 23].
More generally, if X has infinite K—area and Y has nonvanishing A—genus, then X x Y has infinite
A-area. This includes, for example, the Cartesian product T2 % Y, where Y is the K3—surface.

Now suppose X is a closed n—dimensional enlargeable spin manifold. By [10, Theorem C], X \ {po}
with pg € X does not admit a complete metric of positive scalar curvature. Moreover, the double of
M := X\ B", with B” an open n-ball embedded in X, is enlargeable as well. Therefore, the next theorem
in particular refines the upper bound of Conjecture 1.2 in the case of even-dimensional enlargeable spin
manifolds, using information from the mean curvature of the boundary.

Theorem 1.7 (see Section 6) Let (M, g) be a compact connected n—dimensional Riemannian spin
manifold with boundary such that the double of M has infinite A-area. Suppose that scalg > 0 and that
there exist positive constants k and [, with 0 < | < 7 /(s/kn), such that

Hg > —ﬁtan(%ﬁnl).

Then the boundary dM admits no open geodesic collar neighborhood N' € M of width strictly greater
than [ such that scalg > kn(n—1) on N.

The estimate in this theorem is also optimal; see Remark 1.13 below.

Remark 1.8 Similarly as before, one deduces from this that the case / > 7 /(n+/k) is ruled out indepen-
dently of mean curvature restrictions. This also follows from the techniques in [10, Theorem B], and see
the discussion in [11].

In particular, Theorem 1.7 implies that a manifold with boundary whose double has infinite A-area cannot
carry any metric of positive scalar curvature and mean convex boundary. This also follows from recent
results of Bér and Hanke [5].

1.2 Estimates of bands

Here we exhibit our main results related to Conjecture 1.3. Similarly as above, we are able to improve the
upper bound of 27t /n to a bound depending on the mean curvature of the boundary. We will formulate our
result for manifolds which are not only cylinders. We say that a band is a compact manifold V' together
with a decomposition dV = d_V L d4V, where 04+ V are unions of components. This notion goes back
to Gromov [18], where such manifolds are called compact proper bands. A map V — V"’ is a band map
if it takes 0+ V to d+ V'. The width width(V, g) of a Riemannian band (V, g) is the distance between
d_V and 94V with respect to g.

We now focus on a class of bands to which our results apply and which is simple to describe. An
overtorical band [18, Section 2] is a band V together with a smooth band map V — T"~! x [—1, 1] of
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nonzero mapping degree, where T"~! denotes the torus of dimension n — 1. More generally, we can also
consider A—overtorical bands [42], which are defined similarly but replacing the usual mapping degree by
the ;‘:—degree in the sense of [22, Definition 2.6].

Theorem 1.9 (cf Corollaries 7.7 and 7.8) Let n be odd and (V, g) be an n—dimensional A-overtorical
spin band. Suppose that scalg > n(n — 1). If the mean curvature of the boundary satisfies either

e Hg > —tan(%nl) for some 0 < [ < 27 /n, or
* Hglsg_y =0and Hgly, p = —tan(%nl) for some 0 <[ < 7/n,

then width(V, g) < /.

Again, as the expression —tan(%nl ) tends to —oo as [ — 271/ n, we obtain the strict version of the original
estimate desired by Conjecture 1.3. This also follows from [42, Corollary 1.5]. If, in addition, we assume
that one of the boundary components is mean convex, then we can even obtain a strict bound of 7/n.

Corollary 1.10 (cf Corollary 7.9) Let n be odd and (V, g) be an n—dimensional A—overtorical spin
band. Suppose that scalg > n(n — 1). Then we always have width(V, g) < 27 /n. Moreover, if d_V is
mean convex, then width(V, g) < r/n.

Remark 1.11 The statement of Theorem 1.9 exhibited here in the introduction is a special case of the
more general Theorem 7.6 comparing the mean curvature to arbitrary values of the form :Ftan(%nti),
where —7/n < t_ <ty < m/n, to get a corresponding width bound 74 —z_.

Remark 1.12 Our methods apply to a more general class of bands of infinite vertical A-area which, in
particular, includes bands diffeomorphic to M x [—1, 1] with M being a closed spin manifold of infinite
A-area in the sense of Definition 1.6. See Section 7 for details.

Remark 1.13 The band estimates given in Theorem 1.9 are sharp. This follows from the warped product
metric 2 gmn—1 +dx ®dx on T"~! x [/, ] for any 0 </ < 7r/n, where gn—1 is the flat torus metric and
o(t) = cos(%nt)z/
on any manifold M allowed in Conjecture 1.3, the warped product metric ¢2gps +dx ® dx in fact shows

" as indicated by Gromov in [18, page 653]. By rescaling a given arbitrary metric gas

optimality of this estimate on any band diffeomorphic to M x [—1, 1]. Incidentally, this construction also
shows optimality of the estimate in Theorem 1.7 by forgetting the band structure and simply considering
M = T"! x[—[,[] with this warped product metric.

1.3 Extremality and rigidity results

In view of the band width estimates, it is natural to investigate the extremal case. The class of A—overtorical
bands discussed above includes the special case of A-bands, that is, bands such that A(a_ V) # 0 (and
thus, by bordism invariance also A(8+ V) # 0). In this special case, we prove the following rigidity
theorem stating that the extremal case can only be achieved by the warped product construction discussed
in Remark 1.13 over a Ricci flat manifold.
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Theorem 1.14 (cf Corollary 9.2) Let (V, g) be an n—dimensional band which is a spin manifold and
satisfies A(E)_ V') # 0. Suppose that scalg > n(n —1). Let 0 < d < /n and assume furthermore that one
of the following conditions holds: either

* width(V, g) > 2d and we have Hg|yy > —tan(3nd), or
e width(V, g) > d and we have Hg|y_y > 0 and Hg |y, y > —tan(3nd).

Then (V, g) is isometric to a warped product (M x I, g +dx ® dx), where I =[—d,d] or I =10, d],
@(t) =cos (nt/ 2)2/ " and gy is some Riemannian metric on M which carries a nontrivial parallel spinor.

In particular, gps is Ricci-flat.

Again, we also have a more general version of this theorem involving arbitrary mean curvature bounds of
the form :Ftan(%nti); see Theorem 9.1.

The study of extremality questions about scalar curvature has a long history initiated by Gromov’s K—-area
inequalities [17]. Llarull [31] proved sharp inequalities using the Dirac operator, which imply that the
round metric on the sphere is scalar-curvature extremal, meaning it cannot be enlarged without a decrease
in the scalar curvature at some point. Llarull’s technique and results were subsequently refined and
generalized by Goette and Semmelmann [16] and remain of central importance in contemporary research
on scalar curvature; see for instance [18, Section 10; 19, Section 4; 44]. Lott [32] recently extended the
technique of Llarull and Goette and Semmelmann to even-dimensional manifolds with boundary using
the Dirac operator with (local) boundary conditions. The following results combine the technique of
Goette and Semmelmann with our machinery to obtain a new kind of extremality result for a large class
of warped product manifolds.

Let M be a manifold with boundary dM. We say that a Riemannian metric gps on M is scalar-mean
extremal if every metric g on M which satisfies g > g, scalg > scalg,, and Hg > Hy,, already satisfies
Hg,, = Hg and scalg,, = scalg. Moreover, we say that gy is scalar-mean rigid if any such metric must

satisfy g = gas.
Theorem 1.15 (cf Corollary 10.3) Letn be odd and (M, gpr) be an (n—1)—dimensional Riemannian
spin manifold of nonvanishing Euler-characteristic whose Riemannian curvature operator is nonnegative.

Let ¢:[t—,t+] — (0, 00) be a smooth strictly logarithmically concave function and consider the warped
product metric gy = ¢?gpr +dx ®dx on V := M x[t_, t+]. Then any metric g on V which satisfies

i g=gv,
(ii) scalg > scalg,,, and
(ili) Hg > Hg,

is itself a warped product g = ¢?g s + dx ® dx for some metric $py on M such that scalg, = scalg,,.
In particular, gy is scalar-mean extremal.

If, in addition, the metric gps satisfies Ricg,, > 0, then gy is scalar-mean rigid.
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Note that strictly logarithmically concave means that log(¢)” < 0. Geometrically, this means that the mean
curvature of M x {x} in the warped product (with respect to the normal field d) is strictly increasing.

Remark 1.16 We have a more general version of this theorem involving distance-nonincreasing maps of
nonzero degree to these spaces; see Theorem 10.2.

A particularly interesting special case of manifolds which can be written as such log-concave warped
products are annuli in spaces of constant curvature. Indeed, as a direct consequence of Theorem 1.15, we
obtain the following result.

Corollary 1.17 (cf Corollary 10.5) Let n> 3 be odd and (M, g, ) the n—dimensional simply connected
space form of constant sectional curvature k € R. Let 0 <t_ <14 < too, Where too = +00 if k < 0, and
loo = 1/ /K if k > 0. Consider the annulus

At_,t+ = {p € MK | - = dg,c(l” PO) = t+}

around some basepoint py € M. Then the metric g, is scalar-mean rigid on A;_; .

Similar statements for log-concave warped products (and, in particular, punctured space forms) have been
suggested by Gromov in [19, Section 5.4] based on considerations with p—bubbles. Moreover, different
rigidity statements for hyperbolic space have been studied in the context of the positive mass theorem;
see for instance Andersson and Dahl [1], Chrusciel and Herzlich [13], Min-Oo [33] and Sakovich and
Sormani [37].

Remark 1.18 These results also appear quite similar to Lott’s main result in [32] (apart from the fact
that they apply in complementary parities of the dimension). They are, however, of an essentially different
geometric nature. On the one hand, [32] proves area extremality rather than merely (Ilength) extremality
as in our results. Our technique here relies on the existence of a suitable Lipschitz function and does not
appear to be readily applicable to the study of area-nonincreasing maps. On the other hand, we do not
require that the curvature operator of the metric on V itself is nonnegative or that the second fundamental
form of the boundary is nonnegative. Indeed, as the examples of hyperbolic annuli show, our results
include manifolds of negative sectional curvature. Similarly, suitable spherical annuli are examples which
have negative second fundamental form at the boundary. One should note that on a manifold without
boundary, a metric of negative scalar curvature can never be scalar extremal — simply rescaling using a
constant > 1 provides a counterexample. However, in our example of an annulus in hyperbolic space, the
outer boundary component has positive mean curvature, which thwarts such a rescaling argument. This
shows that the presence of the outer boundary component is crucial for our result to hold in the negative
curvature example. More generally, in all the examples covered by Corollary 1.17 it is the case that at
least one quantity is positive among the scalar curvature in the interior and the mean curvatures on the
two boundary components.
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1.4 Higher index theory and future directions

In the present article we are only working with classical Dirac-type operators on finite-dimensional
Hermitian vector bundles rather than using higher index theory, which would involve bundles with
coefficients in infinite-dimensional C*algebras. This is in contrast to our previous work [43; 10; 42]. The
main rationale behind this change of perspective is that it allows a quicker and more accessible exposition
of the novel geometric arguments we want to exhibit through this article. At the same time, this does not
sacrifice too much of the possible generality of the statements, because many examples which are usually
approached via higher index theory can already be dealt with via more classical notions like enlargeability
or infinite K—area. It does, however, restrict the parity of the dimension in some of the results.

Note that our central structure of a relative Dirac bundle can be straightforwardly generalized to C*-algebra
coefficients. In this way it would be possible to reformulate all arguments from [43; 10; 42] in terms of
this concept. This will be partly explained in [11]. Since this notion is fairly general, we also expect that
it can be applied in many other geometric contexts we have not considered thus far. However, extending
the results from this article to higher index theory requires some new analytic work because the present
state of the art in the literature on boundary value problems for Dirac-type operators, where we mostly
rely on Bir and Ballmann [4; 3], does not cover the case of infinite-dimensional bundles. Since this aspect
is orthogonal to the geometric arguments presented here, we will address it separately in future work.
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2 Relative Dirac bundles

In this section, we set up the differential geometric preliminaries underlying the rest of this article. In
particular, we introduce our new concept of a relative Dirac bundle.

We begin by fixing some notation. Let (M, g) be a Riemannian manifold and let £ — M be a Hermitian
vector bundle. The space of smooth sections will be denoted by C*° (M, E) and the subspace of compactly
supported smooth sections by CZ°(M, E). We denote fiberwise inner products by (—, —) and fiberwise
norms by |—|. Next we recall the notion of a classic Dirac bundle in the sense of Gromov and Lawson.
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Definition 2.1 [23, Section 1], [28] A (Z/2-graded) Dirac bundle over M is a Hermitian vector bundle
S — M with a metric connection V: C®(M, S) — C®(M,T*M ® S) (endowed with a parallel and
orthogonal Z/2—grading S = ST @ S™) and a parallel bundle map c: T* M — End(S), called Clifford
multiplication, such that c(w) is antiselfadjoint (and odd), and ¢(w)? = —|w|? for all w € T* M.

For simplicity, we sometimes denote Clifford multiplication by w - u# := c(w)u. Let the associated
Dirac operator be D = Y7, c(e)V,, : C°(M, S) — C®°(M, S), where ey, . . ., e, is a local frame and
el, ..., e" the dual coframe. If we have a Z /2—grading S = ST @ S, the operator D is odd, that is, it
is of the form o 0 D

“\pt o)
where D : C®(M, S*) — C®(M, ST) are formally adjoint to one another.

We now turn to relative Dirac bundles, an augmentation of a Dirac bundle.
Definition 2.2 Let K C M ° be compact subset in the interior. A relative Dirac bundle with support
K is a Z /2—graded Dirac bundle S — M together with an odd, selfadjoint, parallel bundle involution

0 € C®(M \ K,End(S)) satisfying c(w)o = —0 c(w) for every w € T* M |pp\ x and such that o admits
a smooth extension to a bundle map on an open neighborhood of M \ K.

The final technical requirement in particular ensures the existence of a unique continuous extension of o

to the topological boundary of K. We do not consider the further extension to a neighborhood of M \ K
part of the data, we just require its existence.

It follows directly from the definition that the Dirac operator anticommutes with the involution o where it
is defined.

One main use of this structure is that it will allow us to associate local boundary conditions to any choice
of a sign for each connected component of dM.

Definition 2.3 (boundary chirality for relative Dirac bundles) For a relative Dirac bundle S — M and
a locally constant function s: dM — {+1}, we say that the endomorphism

(2-1) X:=sc(v|’)0:S|3M—>S|3M

is the boundary chirality on S associated to the choice of signs s. Here, v € C*°(0M, TM |yps) is the
inward-pointing unit normal field.

Note that y is a selfadjoint even involution, which anticommutes with c¢(v") but commutes with ¢(w) for
all w € T*(dM). This defines local boundary conditions for sections u € C*°(M, S) by requiring that

(2-2) x(ulaar) = ulapr-

In Section 3, we will observe that these boundary conditions are elliptic. The next lemma will be used to
show that they are selfadjoint.
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Lemma 2.4 Let S — M be a relative Dirac bundle and s: oM — {%1} a choice of signs. Then
L(x) :=1{u € S|gpr | x(u) = u} is a Lagrangian subbundle of S|yps with respect to the fiberwise
symplectic form (u, v) — (u, c(v*)v). In other words, c(v?)L(x) = L(x)*.

Proof Note that L () is the image of the orthogonal bundle projection %(1 + ). Since L(x)* is the image
of the complementary projection %(1 —x) and x anticommutes with c¢(v), we obtain c(v?)L(x) = L(x)*.
O

In the following, we recall several standard formulas on Dirac bundles for later use.

¢ Green’s formula [40, Proposition 9.1] For the Dirac operator,

(2-3) / (Du, v) volps = / (u, Dv) volps +/ (u, e v) volyay,
M M oM

and, for the connection,

(24) | tvugyvolas = [ 9%y volas = [ . ptw) volon.
M M oM

where u,v € C°(M, S), ¢ € CP(M,T*M ® S) and v € C*°(0M,TM |yps) is the inward-pointing
normal field.

¢ Bochner-Lichnerowicz—Weitzenbock formula [23, Proposition 2.5] We have

(2-5) D? =V*V+R,
where V*V = =", Vi’ei is the connection laplacian and
R=> c(e')cle))RV (e, ¢))
i<j

is a bundle endomorphism linearly depending on the curvature tensor RY of V.
¢ Penrose operator and Friedrich inequality [8, Section 5.2] We have that
(2-6) Vul® = [Pul® + 1 1Dul?
for all u € C*°(M, S), where P: C®°(M,S) — C®(M,T*M ® S) is the Penrose operator defined as
. Teb
Peu = Veu + né Du.
In particular, we have the Friedrich inequality
Vul? = {Dul?,
n
where equality holds if and only if Pu = 0, that is, u satisfies the twistor equation
(2-7) Veu + }Zsb “Du=0
forall £ e TM.
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¢ Boundary Dirac operator [4, Appendix 1], [27, Introduction] Let v be the interior unit normal
field. We turn S? = S |aas into a Dirac bundle via the Clifford multiplication and connection,

08) (w) = c(w) c(V) for w € T*OM,

V) =Ve+ 3 (Ver’) for & e TOM.

Denote the corresponding Dirac operator by
n—1
(2-9) A:C®(0M, 8% — (M. S?),  where A=) "c(")V].
i=1
This is the canonical boundary operator associated to the Dirac bundle S — M. Note that 4 is even with
respect to the grading on S 9 restricted from the grading on S'. It satisfies

(2-10) Ac(W?) = —c(v") A
and, if S — M is endowed with the structure of a relative Dirac bundle, then
(2-11) Ao =0 A and yA=-—-Ay,

where y is defined as in (2-1) with respect to any choice of signs. This implies that, if u € C*°(M, S)
satisfies the boundary condition (2-2), then

(2-12) (ulgrr, Aulgpr) = 0.
Moreover,
n—1 )
(2-13) A=Ln-1DH=c(") ) c()V, =1n—1)H—c(")D-V,,

i=1
where H is the mean curvature of dM with respect to v. To avoid any confusion about signs and
normalization, let us be explicit about our convention for the mean curvature:

n—1

n—1
1 1 1
(2-14) H= ——u(-Vy)=—— E(e,-, ~Vev) = 2; U(e;, ;).
1= 1=
Here —Vv is the shape operator, II denotes the second fundamental form and we use a local orthonormal

frame eq,...,e,—1 on M.

Finally, in the remainder of this section, we discuss two concrete geometric examples of relative Dirac
bundles, which are relevant for our main results.

Example 2.5 Let M be a compact even-dimensional Riemannian spin manifold with boundary and let
Smu=29% ;\L,[ @ § ), be the associated Z/2-graded complex spinor bundle endowed with the Levi-Civita
connection. Let £, FF— M be a pair of Hermitian bundles equipped with metric connections. Note that
the bundle

S:=$m®(E®FP)
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is a Z /2—-graded Dirac bundle, where the grading S = St @ S~ is given by
ST=$u®E)®($y®F) ad S :=($3,8F)&($y®E).
In analogy with Gromov and Lawson [23], we make the following assumption:

(2-15) There exists a compact set K C M ° and a parallel unitary bundle isomorphism t: E|pn\ g —
F|p\ x which extends to a smooth bundle map on a neighborhood of M \ K.

In this case, we say that (E, F) is a GL pair with support K. Note that condition (2-15) implies that S is

a relative Dirac bundle with involution
%

. ~ (0t
0::1d$M®(t 0):S|M\K—>S|M\K,

where ® stands for the graded tensor product of operators; compare [26, Appendix A]. This means
(U Du_)R(e® f)) = (ut+ ®—u_) (t* f @ te) for sections uy € C*(M, $1T4), e € C®(M, E)
and f € C°°(M, F). The Dirac operator on S is described as follows. Let /) g and ) g be the operators
obtained by twisting the complex spin Dirac operator on M respectively with the bundles £ and F.
Observe that ) and P r are odd operators, that is, they are of the form

0 Dg 0 Dp

e (3 ) e 0r-(3; ).
Eo\nt o P7A\pE o

where P :C® (M, $ T ® E) > C®(M,$” ® E)and P}:C®(M,$ 7 ® F) > C®(M,$~ ® F), and
D% and P are formally adjoint to /)5 and I, respectively. The Dirac operator on S is given by

(2-16) D= (DO+ DO_):COO(M,S)—>C°°(M,S),
where D¥: C®(M, S*) — C®(M, ST) are the operators defined as
(2-17) Dt = (1;; ]’ZF) and D= (IDOF moE)
Moreover, the curvature endomorphism R from (2-5) is given by

(2-18) R = % scalg + RE®E

where

RE®F =3 "c(e) c(e/)(idg,, ®Rev,-,Ee?F)

i<j
is an even endomorphism of the bundle S which depends linearly on the curvature of the connection on
E & F; compare [28, Theorem 8.17].

Example 2.6 Let (V, g) be an odd-dimensional Riemannian spin band and let §; — V be the associated
complex spinor bundle, endowed with the connection induced by the Levi-Civita connection. Let £ — M
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be a Hermitian bundle equipped with a metric connection. Then S := (§)y Q E) @ (§y ® E) is a
Z /2—graded Dirac bundle with Clifford multiplication

Cg Ridg 0

where cg is the Clifford multiplication on §-. Moreover, S turns into a relative Dirac bundle with
involution

(0 =i
(2-19) o= (i 0)

globally defined on V (that is, the support is empty). The Dirac operator on S is given by

0 Dk
D= ,
(¢E 0 )
where Pg:C®(V, 8y ® E) — C®°(V, 8y ® E) is the spinor Dirac operator on (V, g) twisted with the
bundle E. As in the previous example, the curvature term from (2-5) is of the form

(2-20) R = 1scalg + RE,

where
. . . E
RE =) "c(e')cle!)(idg, a5, ®RS, ).

i<j
3 Index theory for relative Dirac bundles

In this section, we introduce the Callias operators associated to relative Dirac bundles, and review the
necessary analysis to develop an index theory for them.

We again start by briefly fixing the notation we are going to use. Let £ — M be a Hermitian vector
bundle over a smooth manifold M with compact boundary dM. The L?—inner product of two sections
u,v € C¥(M, E) is defined by

(u,v) = /M(u, v) volas.

The corresponding L2-norm will be denoted by |[u|| := (u,u)'/2. The space of square-integrable
sections, denoted by L?(M, E), can be identified with the completion of C2°(M, E) with respect to this
norm. We denote the space of locally square-integrable sections by L120C(M , E). Similarly, the latter
comes endowed with the family of seminorms |—|| g ranging over compact subsets K € M, where

lull e = (fi G, ) volag) /2.

We will also use Sobolev spaces to a limited extent; see for instance [40, Chapter 4] for a detailed
introduction. The Sobolev space H! (M, E) consists of all sections u € L2 (M, E) such that Vu,

loc loc
a priori defined as a distributional section over the interior of M, is also represented by a locally square
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1
loc

||u ||12{1 = ||lu ||%( +|Vu ||%(, where K ranges over all compact subsets of M. Since the boundary is assumed

integrable section. The space H, .(M, E) is topologized using the family of seminorms ||— ||H;( defined by
to be Iéompact, the restriction C°(M, E) — C®°(dM, E|ypr), u > u|yps, extends to a continuous linear
operator t: H! (M, E) — H'/2(dM, E|3y) by the trace theorem; see eg [40, Chapter 4, Proposition 4.5].
Here H!/ 2(0M, E|ypr) denotes a fractional Sobolev space for instance in the sense of [40, Chapter 4,
Section 3]. An equivalent (and in our setup more relevant) description in the presence of a suitable Dirac

operator on the boundary is given in [4, Section 4.1].

Next we turn to the main player, the Callias operator associated to a relative Dirac bundle and a suitable
potential function. To this end, fix a complete Riemannian manifold M with compact boundary dM and
S — M arelative Dirac bundle with support K. This means that K C M ° is compact and the involution
o is defined on M \ K; see Definition 2.2.

Definition 3.1 A Lipschitz function ¥ : M — R is called an admissible potential if 1 = 0 on K and there
exists a compact set K € L € M such that 1 is equal to a nonzero constant on each component of M \ L.

Let ¥ be an admissible potential. Then o extends by zero to a continuous bundle map on all of M. The
Callias operator associated to these data is the differential operator

(3-1) By =D+ yo.

Since ¥ is Lipschitz, the commutator [D, y] extends to a bounded operator on L2(M, S); compare
for example [3, Lemma 3.1]. In fact, by Rademacher’s theorem [35], the differential dyr exists almost
everywhere and is an L°°—section of the cotangent bundle. In this view, the commutator is given by the
formula [D, ¥] = c(dy) as an element of L°°(M, End(.S)). Using that the involution o anticommutes
with the Dirac operator, a direct computation then yields

(3-2) Bj, =D*+c(dy)o + ¢

To be very precise, this expression implicitly uses the requirement in Definition 2.2 that o extends to a
smooth section on a neighborhood of M \ K. However, as di = 0 on the interior of K, we only need
the values of the continuous extension of ¢ to m to specify c(dy)o, and this is only relevant if the
topological boundary of K has positive Lebesgue measure.

Observe that the distance function x from any fixed subset of M is 1-Lipschitz, so that |dx| < 1 almost
everywhere. In our applications, we will consider potentials of the form ¥ = Y o x, where Y is a smooth
function on R and x is a distance function from a geometrically relevant compact region of M.

For a choice of signs s: 0M — {£1}, we let By, ; denote the operator By, on the domain
Cors(M.S) :={u € C(M.S) | x(ulom) = ulom},
where y :=s c(v?)o as in (2-1).
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By definition, S = ST @ S~ is Z/2—graded and the differential operator By, can be written as

0 B,
(i)
BW 0
where Bf; are differential operators C*°(M, S*) — L?(M, ST). Since x is even with respect to the
grading, By, s also decomposes similarly into operators

By y:u € CO(M.5™) | x(ulonr) = ulang} — L*(M. ST).
Note that — even ignoring regularity — By, ; does not preserve its domain.

In the following, we will discuss the necessary analysis and index theory for these operators. We will
mostly rely on the general framework of elliptic boundary value problems for Dirac-type operators due to
Bir and Ballmann [4; 3]. However, as we will need to allow potentials which are a priori only Lipschitz
for some of our applications, we will take a slight detour and first apply the results of Bér and Ballmann [4]
only to the Dirac operator D and Callias operators By, with smooth potentials, before deducing the desired
statements for the general case.

We first observe that the canonical boundary Dirac operator A from (2-9) is an adapted operator for D
in the sense of [4, Section 3.2]. Since y anticommutes with A (see (2-11)), x is a boundary chirality in
the sense of [4, Example 4.20]. Thus By := HY/2(0M, Sg(M), where SE;(M is the 4+ 1—eigenbundle of y,
is an elliptic boundary condition in the sense of Béar and Ballmann [4]. Moreover, it is a consequence
of Lemma 2.4 that the adjoint boundary condition of B, (see [4, Theorem 4.6] and [3, Section 7.2]) is
B, itself (the crucial ingredient here is that x anticommutes with c(u")). In other words, By is a selfadjoint
boundary condition, and thus D is essentially selfadjoint on the domain Cg?s (M, S) by [4, Theorem 4.11].
Moreover, [3, Lemma 7.3] implies that the domain of the closure is given by the Sobolev space

Hy (M. S) :={u e Hl,.(M.S)NL*(M, S) | Du e L*(M, S), ot(u) = st(u)}.
We will endow H}, ;(M, S) with the norm defined by

(3-3) el psy =l + 1D,

It also follows from ellipticity (also of the boundary condition) that the inclusion H},’s (M,S) —
Hlloc(M ,S) is continuous. In particular, the trace operator is continuous on H;’s (M, S). The next
two lemmas allow us to also describe the domain of the closure of By, ¢, temporarily denoted by 1_31/,, PN
and show that compact perturbations of the potential do not alter any relevant properties.

Lemma 3.2 Lety be an admissible potential. Then l_i/,, s 1s selfadjoint and dom(l_S’I/,, 5) = H}, (M, S).
Moreover, the graph norm induced by Bw, s Is equivalent to the norm given by (3-3).

Proof This is a direct consequence of the fact that the difference By, — D = Vo is in L°°(M, End(S))
and (fiberwise) selfadjoint, and thus extends to a selfadjoint bounded operator on L?(M, S). O
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From now on, we will drop the notational distinction between By, ; and its closure E’v,’ s» and simply view
By, s as being defined on H(l,’ s(M, S), unless specified otherwise.

Lemma 3.3 Let ¥ and v, be admissible potentials coinciding outside a compact set L. Then By,, — By,
defines a compact operator H}m (M,S) — L*(M,S). In particular, viewed as maps H},’S M, S) —
L2(M, S), the operator By, s is Fredholm if and only if By, s is.

Proof Observe that, since ¥; and ¥, are Lipschitz and coincide in M \ L, both 1 := ¥, — 1 and its
differential dn are essentially bounded and supported in the compact set L. Together with the estimate

ID(By, = By Jull = Pnou|| < [[noDul| + [l c(dmull < [nlloo[|Dull + l[dnlloo]|u].

this implies that By, — By, = 1o defines a bounded operator H} (M, S) —H] (M, S). Moreover, since
n is supported in the compact subset L and using continuity of the inclusion H}L s(M,S) — Hllo (M, S),
this actually means that By, — By, is a bounded operator H}, J(M,S)— H'(L, S). Finally, since the
inclusion H! (L, S) < L2(M, S) is compact by the Rellich lemma, By, — By, yields a compact operator

H(I,’ (M, S)—1L2(M, S). The second claim follows from classical properties of Fredholm operators. O

Theorem 3.4 Let M be a complete Riemannian manifold with compact boundary 0M and S — M be a
relative Dirac bundle. Let  : M — R be an admissible potential and s: dM — {+1} a choice of signs.
Then the operator By, s is selfadjoint and Fredholm.

Proof Since for any given admissible potential we can always find a smooth admissible potential which
agrees with the original one outside a compact subset, Lemmas 3.2 and 3.3 imply that we can assume
without loss of generality that ¥ is smooth. As By, has the same principal symbol as D, the canonical
boundary Dirac operator A from (2-9) is also an adapted operator for By, in the sense of [4, Section 3.2].
Thus the discussion in the paragraphs preceding Lemma 3.2 applies verbatim with By, replaced by D.
Furthermore, since
B, =D? +c(dy)o + y*

and Y2 — |dy/| is uniformly positive outside a compact subset because ¥ is admissible, the operator
By is coercive at infinity in the sense of [4, Definition 5.1]. Thus By ¢ is a Fredholm operator by
[4, Theorem 5.3]. O

In particular, we obtain an index
ind(By ) := ind(B;};,s) :=dim ker(Bl'/'j"S) —dimker(By ) € Z.
As another immediate consequence of Lemma 3.3, we obtain the following statement.

Lemma 3.5 Let M be a complete Riemannian manifold with compact boundary oM and S — M be a
relative Dirac bundle. Let Y1, V¥,: M — R be two admissible potentials and s: 0M — {£1} a choice of
signs. Suppose that Y1 and y, agree outside a compact subset of M. Then

ind(By, ) = ind(By, ).
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The next theorem provides the main tool for computing ind(By; ).

Theorem 3.6 Let M be a complete Riemannian manifold with M = & and S — M be a relative Dirac
bundle of support K € M. Let : M — R be an admissible potential. Let N C M \ K be a compact
hypersurface with trivial normal bundle. Then we let M’ be the manifold obtained from cutting M open
along N so that )M’ = Ny U Ny, where Ny and N; are two disjoint copies of N. Pulling back all data
via the quotient map M’ — M induces a relative Dirac bundle S’ — M’ and an admissible potential
V' M’ — R, respectively. Lets: M’ — {£1} be any choice of signs such that s|y, = s|ny,: N — {£1}.
Then

(3-4) ind(B! 1) = ind(By),

where By, = D + Yo denotes the Callias operator on M, and B{/,/ the corresponding operator on M.

Proof Using Lemmas 3.3 and 3.5, it is again enough to prove the claim in the case when ¥ is smooth.
We will prove this case as a consequence of the general splitting theorem due to Bir and Ballmann; see
[4, Theorem 6.5; 3, Theorem 8.17].

First we note that, by the proof of Theorem 3.4 and the remarks preceding it, the boundary condition
Bl C HY/2(dM’, S't) defined by the chirality x = s c(v”)o restricted to ST is elliptic and its adjoint
is the corresponding boundary condition B} H'/2(3M’, S$'7). Thus we can also apply the theory of
Bir and Ballmann [4] separately to Bi and B:;E’ - In this light, the theorem is a direct consequence
of the general splitting theorem; see [4, Theorem 6.5; 3, Theorem 8.17]. To see this, observe that
B)‘(" = B(;r <) BlJr with respect to the decomposition H'/2(dM’, §'T) = H'/2(N, ST) @ H'/2(N, ST)
coming from M = Ny L Ny, where

Bi+ ={u eHl/z(N,S+) |sc(vb|Ni)0u =u} fori=0,1.

By construction, the interior normal field of M’ along Ny is equal to the exterior normal field along N,
and hence v|y, = —v|n,. Thus (B(;F)J- = BlJr viewed as an L2—orthogonal complement in H'/2(N, S ).
Consequently, the hypotheses of [4, Theorem 6.5] are satisfied and we obtain ind(B:};,’s) = ind(B;};). This
concludes the proof because, by definition, ind(B:p/,s) = ind(B:;’s) and ind(By,) = ind(BJ). a

Lemma 3.7 Let M be a complete Riemannian manifold with compact boundary oM and S — M be a
relative Dirac bundle. Let ¥ : M — R be an admissible potential and s: 0M — {£1} a choice of signs
such that

(i) there exists C > 0 such that > —|dy| > C on all of M, and
(i) sy¥ >0 along oM.
Then By, ¢ is invertible. In particular, ind(By, s) = 0.
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Proof By Green’s formula, for any u € Cgf’s (M, S), we have

/ |l’>’,pu|2 volps = / (|Du|2 + (u,c(dy)ou + wzu)) volps +/ (u, ¥ c(WP)ou) volyps
M M oM \?su-/
= [ =tawbiuPvolu + [ sylufvolaas = € [ ful? voly.
M oM =~ M

>0

By continuity, the final estimate holds for all u € H},’s (M, S). Therefore, By, s is invertible; compare
[4, Corollary 5.9]. O

Lemma 3.8 Let M be a compact Riemannian manifold with boundary 0M and S — M be a relative
Dirac bundle with empty support (that is, the involution ¢ is defined on all of M). Let s: oM — {%1} be
a choice of signs. Then any Lipschitz function y : M — R is an admissible potential and ind(By, ;) does
not depend on the choice of the potential vr. Furthermore, if the sign s € {£1} is constant on all of dM,
then ind(By, ;) = 0 for any potential V.

Proof Since M is compact and ¢ is defined on of all M, the condition of being an admissible potential
is vacuous. Moreover, by Lemma 3.5, any two potentials yield the same index. Finally, if the choice
of signs s is constant, then Lemma 3.7 implies vanishing of the index for the constant potential ¢y = s.
Since the index does not depend on the potential, it must vanish for any choice of potential. a

Let us now specialize to the case of Example 2.5. Let M be a compact even-dimensional Riemannian
manifold with boundary. Let S be the Dirac bundle associated to a GL pair (E£, F) over M. For an
admissible potential ¥, consider the Callias operator By,. With the choice of sign s = 1, let us consider
the index of By, ;. In order to compute ind(By, 1), we make use of the following construction. Form
the double dM := M Ugps M~ of M, where M~ denotes the manifold M with opposite orientation.
Observe that dM is a closed manifold equipped with a spin structure induced by the spin structure
of M. Using condition (2-15), let V(E, F) — dM be a bundle on dM which outside a small collar
neighborhood coincides with £ over M and with F over M~ defined using the bundle isomorphism
implicit in a GL pair. The relative index of (E, F) is the index of the spin Dirac operator on d M twisted
with the bundle V(E, F), that is,

indrel(M ; E, F) = ind(lDdM,V(E,F)) eZ.
The computation of ind(By, ) is given by the next proposition.

Corollary 3.9 Consider the setup of Example 2.5. Then for any choice of potential ¥, we have
ind(By,;) = indrel(M; E, F),
where the latter expression is described in the paragraph preceding this corollary.

Proof Let E' = V(E, F). Moreover, extend the bundle F to a bundle with metric connection F’ on
dM such that F’|p;— = F. Consider the Z/2—graded Dirac bundle W' := $43 ® (E’ & (F')°P) with
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associated Dirac operator D’. Observe that
(3-5) ind D' = indrel(M; E, F)

ELF cutdM
open along dM as in Theorem 3.6. Pulling back all data, we obtain the operators Bf ’IF on M and Béz ’IF
on M ™. By Lemma 3.8, ind Bé:’lF = 0. By Lemma 3.5, ind(Bf’lF) = ind(Bf’lF). Therefore, the thesis

follows using identity (3-5) and Theorem 3.6. |

because the index of the Dirac operator on §4ps ® F’ vanishes. Observe also that D' = B

We now deal with Example 2.6 in a similar fashion.

Corollary 3.10 Consider the setup of Example 2.6 and choose the signs so that s|y, y = £1. Then for
any choice of potential r, we have

ind(By.5) = ind(By_y.g1, ,) = fa AGV) Aeh(B)la_y.,

where Dy_y, g, , denotes the corresponding twisted spinor Dirac operator on 3_V, A(a_V) is the
A—form of _V and ch(FE) the Chern character form associated to E.

Proof First of all, the index does not depend on ¥ by Lemma 3.8 since V' is compact. We can thus
choose a function v suitable for our purposes. Furthermore, let

Voo =V_Us_y VU p Vy,
where
V_o:=0_V x(—o00,—1] and Vi:=09d4+V x[l,00),

be the infinite band obtained from attaching infinite cylinders along the boundary parts d1V. We
extend the Riemannian metric on V' to a complete metric on V4. Then the same construction as in
Example 2.6 yields a relative Dirac bundle on V, extending the data on V. Now choose a smooth function
Yoo: Voo = [—1, 1] such that Yoo (VL) = 1. We will denote ¥ := Yoo|y. Applying Theorem 3.6 to the
splitting of Vo along dV = 0_V U 04V implies that

ind(By, yo,) = Ind(By,y,5) + ind(By_ —1,—1) +ind(By, +1,+1)-

However, Lemma 3.7 implies that ind(By,_ +1,+1) = 0, and so ind(By_, y.,) = ind(By,y. ). Finally,
it follows from [2, Corollary 1.9] that ind(By,_ .. ) = ind(Dy_ V,E|,_)s for a more general context
compare also the partitioned manifold index theorem from [43, Appendix A]. The last equality follows
from the Atiyah—Singer index theorem [28, Theorem 13.10]. |

4 Spectral estimates

Our goal here is to establish spectral estimates for the Callias operator By, from equation (3-1) associated
to a relative Dirac bundle S — M and an admissible potential ¥ : M — R. The parts only concerning the
Dirac operator are similar to estimates of imaginary eigenvalues in the context of the “MIT bag boundary
conditions” due to Raulot [36].
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We start with a lemma computing the L?—norm of the Dirac operator applied to a section in terms of the
Bochner-Lichnerowicz—Weitzenbock curvature term and a boundary term. In the following, we make
extensive use of the notation and formulas introduced in Section 2.

Lemma4.1 LetS — M be arelative Dirac bundle and s: dM — {£1} a choice of signs. Then for every
u e C(M,S), the following identity holds:

/ |Du|? volps :L/ (|Pu|2+(u,Ru))VolM+/ <u,(QHg—LA)u>V013M.

Proof Using the Green and Weitzenbock formulas, we obtain
/ |Du|? volps :[ (u,Dzu)volM—i—/ (u,vb-Du)VolaM
M M aM

=[ |Vu|2V01M—|—/ (u,Ru)volM+[ (u, (c(W*)D + Vy, )u) volyyy.
M M oM —
=l(n-1)Hg—A

The identity now follows from equations (2-13) and (2-6). O

We now combine this with another application of Green’s formula to get a corresponding computation for
the Callias operator.

Proposition 4.2 Let S — M be a relative Dirac bundle and ¥/ : M — R be an admissible potential. Then
for every u € C°(M, S), the following identity holds.

(4-1) /M |Byul* = n”j[M(muV + (u. Ru)) volps +/M(u,(w2+c(d1ﬂ)a)u)volM
n n b
+ /8M<u (5 Hy — nTlA+ Ye(v )0)u> volyps.

Proof We have
|Byul|* = |Dul* + (Du, you) + (You, Du) + ¥ |ul?.
Using Green’s formula (2-3) on the second term implies
f |Byul? volps = / |Dul? volas + / (u. (DY o +yaD) u) +y2|ul?) voly
M M M N—

=c(dy)o
+ / (u, 0 You) volgpy.
oM

Combining this with Lemma 4.1 yields the desired identity (4-1). a
Finally, this leads to the main result of this section.

Theorem 4.3 Let S — M be a relative Dirac bundle over a compact manifold M, let v : M — R be
an admissible potential and s: 0M — {+£1} be a choice of signs. Then for every u € H},’s (M, S), the
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following estimate holds:

4-2) / |B¢u|2volM2L/ (u,Ru)VolM+/ (u, (W% + c(dy)o)u) volys
M n—1Jum M

—i—/ (%an—i-SW)h(u)lZVOlaM
oM

> " (u Ruyvolys + / (W2 — dy)ul? volas
n—1 M M

+ / (%n Hg + s1ﬂ)|t(u)|2 volypys.
oM
Moreover, equality throughout both estimates in (4-2) holds if and only if
Peu = Veu + %C(Sb)Du =0 forall £ €C®(M, TM),
c(dy)ou = —|dy|u.
Proof We first assume that u € C% (M, S). Then

)8

(4-3)

b .
c(vV)oulgnr = syulan = sulapr  and - (ulapr. Aulypr) = 0;

see equations (2-1) and (2-12). Thus (4-1) simplifies to the equality

(4-4) /M |l’>’¢u|2 = nnj /‘M(Ipul2 + (u, Ru)) volps + /M(u, (V2 4 c(dy)o)u) volps

T /a (e, (3 Hg + 592t volay.

Now we observe that both sides of the identity (4-4) are continuous in # with respect to the topology of
H, (M, S). Thus (4-4) still holds for all u € H} (M, S).

The first estimate of (4-2) now follows directly because |Pu|?> > 0. The second estimate follows from
c(dy)o = —|dy|. Moreover, equality in the first estimate is equivalent to [, |Pu|? = 0 and thus Pu = 0.
Equality for the second estimate is equivalent to

/M<”’ (c(dy)o + [dy ) volps = 0.

Since the selfadjoint bundle endomorphism c(dy/)o + |dy| is fiberwise nonnegative, this is equivalent to

(c(dy)o + |dy¥|)u = 0, as claimed. m|
Remark 4.4 Suppose that u lies in the kernel of By, and at the same time satisfies (4-3). Then Du =—vyou
and so

(4-5) Veu = %C(Sb)au forall £ € TM.

On each point where dy # 0, this implies
d
Veu = ﬂc(éb)c _W u,
n |dy/|
and in particular, "
Vvy vy =—--u.
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In the final remark of this section, we prepare another technical observation in the context of the extremality
case of Theorem 4.3, which we will use on multiple occasions. Here we assume that the potential has a
special form relevant for our applications.

Remark 4.5 Suppose that there is a 1-Lipschitz function x: M — [ for some compact interval / C R
and let ¢: I — (0, c0) be a smooth strictly logarithmically concave function such that

7 1 @' (x)
Y= f(x):= 2n¢(x)

is an admissible potential for the relative Dirac bundle S — M we consider — the geometric meaning of

this relationship will become apparent later; compare Section 8 below. Now suppose that we are in the
same situation as in Remark 4.4, that is, we have an element u € ker(By, ) C H(l,, ¢(M, S) that realizes
equality in Theorem 4.3. Then the section w := ¢(x)~ /2y still lies in Hcl,’s (M, S) because ¢(x)~1/2 is
a Lipschitz function. Using the elementary computation

dp(0) 7)) = o072 L ax o),
we deduce from (4-5) that the (weak) covariant derivative of w satisfies, almost everywhere,
(4-6) Vew = L (dx (@) +c€)o)w
for every smooth vector field £ on M. In particular, Vw = 0 on K. Moreover, on the set

{cdX)u =ou}:={pe M\ K|c(dpx)up =0up}

we deduce that

Vew = L(dx @) +o@)oyw = L(dx @) + o) cdv)w = L e@ ndvyw,
where in the last step we use the Clifford relation c(dx) c(£%) 4 c(£”) c(dx) = —2 dx (&) and the notation
c(€” Adx) := 3 (c(6”) c(dx) —c(dx) c(&”)).

In summary,

4-7) Vew = % c(éb Adx)w almost everywhere on {c(dx)u = ou}.
Finally, since c(£” Adx) is an antiselfadjoint bundle endomorphism, (4-7) further implies that d(|w|?)(£) =
2(w, Vew) = 0 almost everywhere on {c(dx)u = ou}. Together with (4-6) this implies that

(4-8) dlw|®> =0 almost everywhere on K U {c(dx)u = ou}.
A priori, this only holds in the weak sense, but it still implies that |w|? is a constant function if M is
connected and we have K U {c(dx)u =ou} = M.

We also note that since dyy = f’(x) dx and f’(x) > 0, the second part of (4-3) implies that {c(dx)u = ou}
contains the set of points in M \ K where |dx| = 1. But this is not a priori satisfied everywhere, just
under the hypotheses of this remark, and so we will verify the condition c(dx)u = ou directly in the
specific applications when needed.

Geometry & Topology, Volume 28 (2024)



Scalar and mean curvature comparison via the Dirac operator 1191

5 A long neck principle with mean curvature

In this section, we establish our long neck principle for Riemannian spin manifolds with boundary, relating
the length of the neck to the scalar curvature in the interior and the mean curvature of the boundary.
Based on the technical preparations from the previous sections, we now directly enter into the proof of
Theorem 1.4, starting with the following lemma.

Lemma 5.1 Suppose that M is a compact spin manifold with boundary and ®: M — S" is a smooth
map that is locally constant near M and of nonzero degree, where n = dim M > 2 is even. Set
[ = distg (supp(d®), 0M) > 0. Then there exists a GL pair (E, F) in the sense of Example 2.5 such that

(1) R£®F >—a(p)- %n(n — 1) at each point p € M, where a(p) is the area-contraction constant of ®
at p,
(ii) (E, F) has support K :={p € M | distg(p, M) > [} 2 supp(d®),
(iii) indrel(M; E, F) # 0.

Proof We fix a basepoint * € S”. Since ® is locally constant on M \ K and 0M has only finitely many
components, there exist finitely many distinct points ¢, ..., qr € S™ such that (M \ K) ={q1,...,qx}.
Let Q; = ® !(¢;) N M \ K. Then each €; is an open subset and M \ K = |_|f~‘=1 ;. By continuity,
®(Q;) = {¢;} and hence the closures Q;,i = 1,. .., k, form a family of pairwise disjoint closed subsets
of M. Thus there exist open neighborhoods V; D Q; that are still pairwise disjoint together with smooth
functions v;: M — [0, 1] such that v; = 1 on ﬁi and v; = 0 on M \ V;. Next we choose geodesic curves
;. [0, 1] = S” such that y;(0) = * is the basepoint and y;(1) = ¢;. From this we obtain a smooth map

(see Figure 2) )
vii(p)) if peVi,

v: M —S", )\ =
») { «  ifpe M\, Vi

It follows that W = g; = ® on each Q; and, since W by definition locally factors through smooth curves,
the induced map Wy : /\2 ™ — /\2 TS" vanishes.

Llarull’s argument [31] shows the existence of a Hermitian vector bundle £y — S” such that for any smooth
map ©: X — S” with X any spin manifold, we have R®"£0 > —4¢q - %n(n — 1), where ag is the area-
contraction function of ®. Moreover, if X is closed and ® has nonzero degree, then ind (/) X,0%E,) 7 0.
We now define Hermitian bundles £ = ®*Ey and F = W* Ey on M. Then F is a flat bundle because ¥
induces the zero map on 2-vectors. Thus Llarull’s estimate for E = ®* E, shows that (i) holds.

To see that (ii) holds, we choose pairwise disjoint open balls Uy,..., Uy C S" such that ¢; € U;
together with a unitary trivialization to: Eo|y =5 U xC", where U = |_|f«€=1 U;. On the open set
N :=® 1 (U)NW¥~1(U), this induces a unitary bundle isomorphism
* * —1
t Ely 220 prxer 7 gy
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Figure 2: Construction of the map W.

Note that M\ K € ®'({g1,....qx) "Y1 ({q1.....qr}) SN by construction and thus A is an open
neighborhood of M \ K. The bundle isomorphism is not parallel on all of A, but as ® = W is locally
constant on M \ K, it follows that t|ps\ g is parallel. Thus the condition (2-15) from Example 2.5 is
satisfied, showing that (£, F) is a GL pair with support K.

Finally, let ®:dM = M Ujypy M~ — S” be the smooth map defined by ®|ps = ® and O[3~ = V. Then
deg(®) = deg(®P) # 0 because ¥ has zero degree. By definition, we have ®* Eq = V(E, F) and thus

indrel(M; E, F) = ind(Dapr, v, F)) = ind(Dypr,0+E,) # 0
by Llarull’s argument. This shows that (iii) holds and concludes the proof of the lemma. O
Proof of Theorem 1.4 Suppose, by contradiction, that distg (supp(d®), 0M') >/ and deg(P) # 0. We

then pick a GL pair (E, F) satisfying the conditions (i)—(iii) from Lemma 5.1. Moreover, restating the
hypotheses of the theorem, we have the curvature bounds

(iv) scalg >n(n—1) on M,
(v) Hg > —tan(%nl) on oM.

We then consider the relative Dirac bundle S — M constructed out of the GL pair (£, F) as in Example 2.5.

Recall from (2-18) that the relevant curvature term here takes the form
R = % scalg +REOF,
To construct a suitable admissible potential, we first define the 1-Lipschitz function
x: M —[0,1], x(p):=min(distg(K, p),[).

Since distg (K, dM) > I, we have that x|gps = I. Let ¢, f: [0, 7/n) — R given by ¢(1) = cos(%nt)yn
and f(r) = —%nga’(t)/go(t) = %n tan(%nt); compare Remark 1.13. Then we set ¢ := f(x) := fox.
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Since x is 1-Lipschitz, it follows that
(5-1) Y2 —ldy| = ()% = f1@)ldx| = f(x)? = f'(x) = —4n°
almost everywhere on M. Moreover, by (v),
(5-2) Vlonm = intan(inl) > —1nH,.
Then y is an admissible potential for the relative Dirac bundle S. Corollary 3.9 together with (iii) implies
that the corresponding Callias operator subject to the sign s = 1 satisfies
ind(By,;) = indrel(M; E, F) # 0.
In particular, there exists an element 0 # u € ker(By, ;). To analyze u further, we let
U:={peM|dp®+#0} and U :={pelUla(p) <3}

Then, by definition, U’ € U are open subsets in the interior of M and U € K. Since ® has nonzero
degree, the set U must be nonempty. Furthermore, as the map & is locally constant near the boundary
and M is connected, the intermediate value theorem implies that U’ is also nonempty. Then using our
main spectral estimates (4-2) from Theorem 4.3, we obtain

ozL/ iscalg|u|2+(u,RE@Fu)VolM+/ (u, (W2 + c(dy)o)u) volps
]’l—l M M

+/ (AnHg + ) [t(u)|? volgps
oM ~—— —

>0 by (5-2)
and continuing the estimate, using that ¢ = 0 on U and RE®¥ =0 on M \ U, leads to

n

> _
“n—1

/U % scalg lu|? + (u, RE®F u) volps
> 0 by (iv) and (i)

+/ _n_. Tscalg Jul® + (f2(x) = £/ ) |ul® + £/ (x){u. (1 —c(dx)o)u) volps
M\U n—1

> 0 by (iv) and (5-1)

> %scalg lu|? + (u, RE®F u) volps + S (x){u, (1 —c(dx)o)u) volps
n—1 U’ M\U

> /U/(%n2 — 3n%)|u* volps + /M\U S @) {u, (1 —c(dx)o)u) volps > 0,

where in the last step we used (iv) and (i) together with the fact that the area-contraction constant
is at most % on U’ by definition. We conclude that we are in the equality situation of Theorem 4.3.
Furthermore, since the last two integrands are separately nonnegative, we also deduce u = 0 on U’ and
S/ (x){u, (1—c(dx)o)u) =00on M \U. Since f’(x)>0and |dx| <1, the latter implies that c(dx)u = ou
almost everywhere on M \ U. Hence it follows from (4-8) in Remark 4.5 above that the modified section
w = (p_l/ 24 has a constant norm. But since # vanishes on the nonempty open subset U’ and ¢ > 0, this
implies that u vanishes almost everywhere, a contradiction. O
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The precise analysis of the equality situation in the proof above is necessary to rule out the case
distg (d®, dM ) =1. If we only wanted to establish the nonstrict estimate distg (d®, dM ) </ for deg(P) #0,
then this could be proved in a simpler way along the same lines as in [10, Proof of Theorem A] by directly
showing that the operator By, ; must be invertible if distg (d®, IM) > /.

We now show that Theorem 1.4 is in fact sharp. The proof of the following proposition is an almost
verbatim adaption of a construction due to Gromov and Lawson [23, Proposition 6.7]; see also [28,
Chapter 1V, Proposition 6.10].

Proposition 5.2 Foreveryn>2,e> 0 and 0 <[ < m/n, there exists a compact connected n—dimensional
Riemannian spin manifold (M, g) and a smooth area-nonincreasing map ®: M — S™ of nonzero degree
such that

(i) scalg =n(n—1),
(i) Hg =—tan(gnl),
(iii) distg(supp(d®),oM) > 1 —e.

In particular, Theorem 1.4 is sharp.

Proof We again work with the example from Remark 1.13; that is, consider V :=T"~! x[~/, /] endowed
with the metric gy = ¢?gm-1 + dx ® dx, where g1 is the flat torus metric and () = cos(%nl)z/n.
Then scalg,, =n(n—1) and Hg), = —tan(%nl). Let S! be the circle of radius 1 and * € S! a basepoint.
We choose a smooth map y: [/, /] — S! of degree one such that y takes [/, []\ (—¢, €) to the basepoint
% € S!. For any § > 0 we can find a finite covering T"~! — T"~! together with a §-Lipschitz map
h: T"1 — §"~1 of nonzero degree. Then we set M := T"~! x [—], /] endowed with the lifted metric
g :=¢?g7.—1 +dx®dx. This still satisfies scaly =n(n—1) and Hg = —tan(1n/). Let ©:S" 7! xS! — 8"
be a smooth map of degree 1 which factors through the smash product S”~! A S!. If § is sufficiently
small, then it follows that the composition

O M =T x [0, 1] XY g1 st @, gn

is (& - C)—area-contracting for some constant C > 0 which only depends on ¢ and the Lipschitz constants
of y and ®; this can be seen using [23, Proposition 6.3]. By having chosen § sufficiently small, we can
thus arrange that f is area-nonincreasing. Moreover, it follows that deg(®) = deg(/) # 0. Finally, the
support of d® is contained in T"~! x [—e¢, £] by construction; hence distg (supp(d®), M) > [ —¢, as
claimed. |

Note that unlike the extremal examples for the band and collar width estimates discussed in Remark 1.13,
the bounds from Theorem 1.4 are only approximately realized. Indeed, it is not possible to do better
because — unlike in our other results — Theorem 1.4 actually rules out the equality situation.
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6 Relative K- and K—area

In this section, we aim to prove Theorem 1.7 from the introduction. We begin with a version of K—area
for manifolds with boundary. The classical case has been introduced by Gromov in [17, Section 4]. A
slightly less general variant of the following was recently studied by Bér and Hanke [5].

Definition 6.1 Let (M, g) be a compact orientable Riemannian manifold with boundary. An admissible
pair of bundles over M is a pair of Hermitian bundles £, F — M endowed with metric connections
such that there exists a unitary parallel bundle isomorphism E|gps = F laps along OM. We say that an
admissible pair (E, F) has a nontrivial Chern number, if there exists a polynomial p(cg,cy,...) in the
Chern forms such that

6-1) /M p(eo(E).c1(E)....) — p(co(F).cr(F)....) £ 0.

The relative K—area of (M, dM) is the supremum of the numbers

IRFEF)S,
where (E, F) ranges over all admissible pairs of bundles which have a nontrivial Chern number.

Remark 6.2 Since the bundles with all structures are isomorphic along the boundary, the Chern—Weil
forms associated to £ and F agree if pulled back to the boundary, and so (6-1) is a well-defined
cohomological expression.

Remark 6.3 As in the classical case, the property of having infinite relative K—area does not depend on
the Riemannian metric.

We now relate the notion of infinite relative K—area for a manifold with boundary M with the notion
of infinite K—area for its double d M. For a pair of Hermitian bundles £, F — M which are suitably
identified in a neighborhood of dM, as in Section 3 we denote by V(E, F) the Hermitian bundle on d M
obtained by gluing £ and F over a neighborhood of dM.

Proposition 6.4 Let M be a compact manifold with boundary. The following conditions are equivalent:

(a) The double dM has infinite K—area in the classical sense.

(b) (M, dM) has infinite relative K-area.

Proof We fix a smooth Riemannian metric on dM and endow M with the restricted metric for the
purposes of this argument. Then the statement would become immediate, if — in the definition of K—-area —
we only considered bundles which restricted to a fixed tubular neighborhood oM x[—1,1]= U C dM
are of product structure, that is, they are of the form prj Ej for some bundle £y — dM together with
the pullback connection. Indeed, a bundle £ — dM of this form is just a pair of two bundles on M
which are identified and of product structure on the corresponding collar neighborhood U N M of dM.
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Conversely, suppose E, F — M have product structure and are identified on the collar neighborhood
U N M. Then the Chern numbers of V(E, F) agree with the corresponding relative Chern numbers (6-1).

The general case can be reduced to this observation by using a smooth map ¥ : dM — M such that ¥ is
smoothly homotopic to the identity map on d M through maps which are the identity on dM and preserve
each half of d M, and such that ¥ |y agrees with the projection onto dM. In fact, ¥ can be constructed on a
slightly larger tubular neighborhood by manipulating the radial coordinate and setting it to be the identity
on the rest of d M. Then, for any bundle £ — d M, the pullback y* E is of the special form described in
the previous paragraph. Since ¥ is homotopic to the identity, ¢* E and E have the same Chern numbers
(and the same applies to the relative Chern number (6-1) when passing from a pair of bundles (E, F) to
(Y13 E. ¥y F)). Moreover, ¥ is a smooth map on a compact manifold, it admits some fixed Lipschitz
constant L > 0, and hence passing from E to {* E only changes the norm of the curvature by at most a
factor of L2. Hence, for the purposes of detecting infinite K—area, it makes no difference to restrict to the
class of (pairs of) bundles described in the previous paragraph, and the proposition follows. a

The notion of K-area is quite appealing because it is a purely bundle-theoretic property of the manifold
and does not rely on spin structures or index theory. However, to apply it to positive scalar curvature
geometry via spin geometry, the nonvanishing property (6-1) has to be translated (by potentially changing
the bundle) into a property which can be used in the Atiyah—Singer index theorem for the Dirac operator.
This is possible by the classical algebraic argument using Adams operations given in [17, Section 5%];
see also Bir and Hanke [5, Lemma 7] for a situation closer to the present context. In the following, we
introduce an explicit notion to capture the resulting property.

Definition 6.5 Let (M, g) be a compact Riemannian manifold with boundary. The relative A-area of
(M, dM) is the supremum of the numbers
IREEF)S,

where (E, F) ranges over all admissible pairs of bundles such that
(6-2) / A(M) Ach(E) — / A(M) Ach(F) #0.
M M
Here K(M ) denotes the A—form of M and ch denotes the Chern character form.

Remark 6.6 The notion of A—area for closed manifolds was discussed in Definition 1.6. An analogous
argument as in Proposition 6.4 shows that (M, dM) has infinite relative A-area if and only if the double
dM has infinite A—area.

In the next proposition, we clarify the relationship between the notions of infinite relative K—area and
infinite relative A—area.

Proposition 6.7 Let M be a manifold with boundary of infinite relative K—area and N a closed manifold
such that A(N ) # 0. Then M x N has infinite relative A-area. In particular, infinite relative K—area
implies infinite relative A-area.
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Proof Let e > 0. We start with an admissible pair of bundles (E, F) on M such that |[RE®F |, <
and such that (6-1) is satisfied. Arguing as in the proof of Proposition 6.4, we may assume without loss of
generality that on a collar neighborhood U of the boundary the bundles E, F' are of product structure and
that there exists a parallel unitary bundle isomorphism ®: E |y — F|y. Consider the bundle V(E, F)
on dM. It follows that

/ peo(V(E. F)).c1(V(E. F))....) #0.
dM

Now using the fact that A(dM ) = 0 (as the double is nullbordant), the argument given in [17, Section 5%]
shows that (after altering the initial choice of &, passing to a bundle associated to V(E, F), and restricting
the new bundle on dM to obtain a new pair of bundles on M), we can achieve that

/ A(dM) Ach(V(E, F)) #0.
dM

But this just means that (6-2) is satisfied for (£, F) on M and already shows that M has infinite A-area.
Finally, pulling back the bundles from M to M x N via the projection pry,: M x N — M yields the
desired result for M x N because

/ A(dM xN)Ach(V(prh, E,pri, F)) = f privs A(dM)Apriy A(N)Aprty, ch(V(E, F))
dM XN d N

X

= ( / A(dM)Ach(V(E, F)))-A(N) #£0. O
dM

We can also relate this property to enlargeability. For an n—dimensional Riemannian manifold N with
boundary, we say that (N, dN) is compactly area-enlargeable if for any € > 0, there exists a finite covering
N — N and an e—area-contracting map M — S” of nonzero degree which is locally constant outside a
compact subset of the interior.

Proposition 6.8 If N is an even-dimensional compact manifold with (N, N ) compactly area-enlargeable
and there exists a smooth map ®: (M, dM) — (N, dN) of nonzero A—degree, then (M, OM) has infinite
relative A—area.

Proof By passing to doubles and Proposition 6.4 and Remark 6.6, it suffices to consider the case that
M and N are closed manifolds. Since N is compactly area-enlargeable, for any ¢ > 0, there exists a
Hermitian bundle Eq — N such that |[RE0||o, < &/L?, where L is a Lipschitz constant for ®, and such
that ch(E) as a cohomology class is concentrated and nontrivial in the degrees 0 and dim N ; see for
instance [25, page 313]. Let E = ®* E and F to be the trivial bundle of the same rank. Then it follows
that |RE®F || o, < e and

/ A(M) A (ch(E) — ch(F)) = A—deg(®) [ ch(Eq) # 0. O
M N

In the following lemma, we spell out a technical consequence of infinite A-—area that will be used in our
applications.
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Lemma 6.9 Let (M, g) be an even-dimensional compact spin manifold of infinite relative A-area and
U =~ M x(—1,0] € M be an open collar neighborhood. Then for any sufficiently small 1, &, > 0, there
exists a pair of Hermitian vector bundles (E, F) on M such that:

(i) There exists a parallel unitary bundle isomorphism t: E |Usl - F |U51 , where Ug, corresponds to
OM x (—1 + &1, 0] in the tubular neighborhood.
(i) [IRE®F oo < 2.

(iii) ind(By,;) # 0, where By, ; is the operator considered in Corollary 3.9 associated to the relative
Dirac bundle constructed from (E, F) as in Example 2.5.

Proof Let (£, F) be an admissible pair of bundles given by infinite A-area satisfying (6-2) and (ii).
Again arguing as in the proof of Proposition 6.4, we may assume that £ and F are of product structure
on the collar neighborhood and that also (i) is satisfied. We again consider the bundle V(E, F) on d M.
Using Corollary 3.9 and the Atiyah—Singer index theorem, we deduce

ind(By, 1) = indrel(M:; E, F) = ind(Bypr.p(£.F)) = / AM) Ach(V(E, F)) #0,
dM

where the final nonvanishing statement is due to (6-2). Thus (iii) is also satisfied, completing the proof. O

After all these technical preparations, we are now ready to give a proof of Theorem 1.7 from the

introduction.

Proof of Theorem 1.7 For all sufficiently small d > 0, denote by N the open geodesic collar neighbor-
hood of M of width d. Suppose, by contradiction, that A}, exists for some / < !’ < 7/(4/kn) such that
scalg > kn(n—1) in Np. Fix A € (I,1"). Then Kp := M \ Ny is a compact manifold with boundary
such that scalg > kn(n—1) in M \ K. For r € (0, y/kn/2), consider the function Y, (z) = r tan(r?),
with ¢ varying in [0, 7r/(4/kn)). Observe that Y, (0) = 0 and

2

1,2 2 N1 2
gkn” + Y, —|Y,| = z6n° —r=>0.

By choosing r close enough to 4/kn/2, we can also ensure that
(6-3) Y, (A) > %\/En tan(% ﬁnl).

Let ko := infyec g, scalg(p) > 0. By Lemma 6.9, Corollary 3.9 and Example 2.5, there exists a GL pair
(E, F) and associated relative Dirac bundle S — M such that

(1) (E, F) and thus S have support K 4,
(i) 4RF®F |00 < ko,
(i) ——|RE®F||og < Lien? —12,
n—I1
(iv) ind(By,;) = indrel(M; E, F) # 0 for any admissible potential /.
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We now use the function Y, to construct an admissible potential. Let x: M — [0, A] be the distance
function from K. Consider the Lipschitz function v := Y, o x (which is actually smooth in the
complement of K 5). Then ¥|gx, =0 and ¥[3ps = Y, (A). By (i) and (6-3), ¥ is an admissible potential
satisfying

(6-4) Vlom > 2/kntan(3vknl).

Let By, 1 be the associated Callias operator subject to the boundary condition coming from the sign s = 1
and u € dom(By, ;) = H}, (M, S). From (6-4), we deduce
1 2
/ (31 Hg + %) |u|* volaps > 0.
oM

Therefore, the estimates (4-2) in Theorem 4.3 imply

/|Bl/,u|2V01M2/ @1/,,,,|u|2V01M,
M M

where ®, , is the L>°—function defined by

Oy n = nnTl (% scalg — |RE€BF|) + 2 —|dy|.
By (ii) and since ¥ is constant on K A, in the interior KZ we have
Oy = = (§ sealg = [RFEF)) 2 2= (fico — [RP®F ) > 0.
By (iii), scalg > kn(n—1) on Ny and since x is 1-Lipschitz, in M \ K% we have
Oy = gen” + 97 —|dy| = 2 [RF®F oo = guen® —r? — T RFO oo > 0.

Therefore, there exists a constant ¢ > 0 such that || By u| > c||lul| for all u € H(lf (M, S). Tt follows that
ind(By, ) = 0, contradicting (iv). |

7 Estimates of bands

In this section, we prove our statements related to Conjecture 1.3, that is, estimates of Riemannian
bands under lower bounds on scalar and mean curvature. We start with reviewing Gromov’s notion of a
Riemannian band [18] and other relevant concepts to formulate our results more conveniently.

Definition 7.1 (i) A band is a compact manifold V' together with a decomposition dV =0d_V Ud4 V,
where d+ V are unions of components.

(i) A map ®: V — V' between bands is called a band map if ®(0+V) C 9L V’.

(iii) The width width(V, g) of a Riemannian band (V, g) is the distance between d_V to 04V with
respect to g.

(iv) A width function for a Riemannian band (V, g) is a 1-Lipschitz function x: V — [t_, £+ ] for some
real numbers 7_ < 74 such that 3+ V € x~!(t4).
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In other words, a width function is a band map V — [¢_, t4] which is 1-Lipschitz. A width function
x:V —[t—, t4] always satisfies 1+ —— < width(V, g). We also have the following converse:

Lemma 7.2 Let (V, g) be a band. Then there exists a width function x: V — [t_, t4] which is smooth
near the boundary of V and is such that t4 — t— = width(V, g). Moreover, for every t— < ty satistying
t+ —t— < width(V, g), there exists a smooth width function x: V — [t—, t4].

Proof Let w = width(V, g). Then we obtain the desired Lipschitz width function by setting

d(p,0-V) ifd(p,a_V)S%w,
XV 0wl x(p)i=Jw—d(p,d+V) ifd(p,d+V)<lw,
%w otherwise.

Note that this x is already smooth in a neighborhood of dV'. Moreover, if 4 —7_ < w, we can find ¢ > 0
such that (1 4+ &)~ !w = ¢, —¢_. We can then approximate x by a smooth function X: V — [0, w] which
agrees with x near 3V and is (1 4 ¢)—Lipschitz. Then (1 4+ ¢&)7'%: V — [0, ty —¢_] is a smooth width
function. Translating to the interval [z_, 4] yields the desired result. O

The following notion is an adaption of the ideas from Section 6 to the situation of bands.

Definition 7.3 A band V is said to have infinite vertical A-area if for every ¢ > 0, there exists a Hermitian
vector bundle E — V such that ||R ||c < & and such that we have

(7-1) /a i A(O_V)Ach(E|y p) #0.

Example 7.4 A simple example of an infinite vertical A-area is an A—band; that is, a band such that
AG_V) = 0. Another is a band of the form V = M x [—1, 1], where M has infinite A-area.

Example 7.5 If N is a closed manifold that is compactly area-enlargeable and there exists a band map
V — N x [0, 1] of nonzero A—degree, then V has infinite vertical A—area; compare Proposition 6.8.
In particular, this includes the classes of overtorical bands introduced by Gromov in [18], and the
generalization of A—overtorical bands studied in [42].

Theorem 7.6 Let (V, g) be a spin band of infinite vertical A-area. Suppose that scalg > n(n—1) and let
—m/n <t— <ty < m/n such that the mean curvature of 0V satisfies

(7-2) Hgls, v = Ftan(§nis).
Then width(V, g) <t4 —t_.
Proof Assume by contradiction that width(V, g) >ty —7_. Let fg := %(t+ +¢_) be the midpoint between

t— and 74+. Then we can find d > 0 such that width(V, g) >2d >ty —t_and —n/n <tg—d <to+d <m/n.
Lemma 7.2 implies that there exists a smooth width function x: V — [—-d, d].
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Now for 0 < A <1, we set

fii[=d,d] =R, fils)= %kn tan(%n(to + ks)).
We now fix a A¢ < 1 such that
(7-3) Fyntan(gnts) = F fo, (£d).

This is possible because the tangent function is increasing and tg —d < — <14 < tg+d by our choice of d.
We now choose a Hermitian bundle £ — V satisfying (7-1) and such that the corresponding Weitzenbdck
curvature endomorphism satisfies R > —§ for some § < %nz(l — k(z)). Now we consider the Callias
operator By, ; associated to the relative Dirac bundle from Example 2.6 (using the twisting bundle E)
and with potential ¥ := fj o x and subject to the boundary conditions coming from the choice of signs
s(d+V) = £1. Now (7-1) and Corollary 3.10 imply that ind(By, 5) # 0. On the other hand, we have

V2 =1y ] = fiy () = £, (Ddx] = fiy () = fi (x) = =Ag - gn*.

Thus (4-2) together with scalg > n(n — 1) implies that each u in the domain of By, ¢ satisfies

/V|B¢,su|2volyz (%nz(l—kg)—é)/V|u|2volM+/a V(%an—f;\o(—d))lu|2vola_y

+/a V(%an+f10(d))|u|2V013+V.

Since the terms %n Hgls, v & f,(£d) at the boundary are nonnegative by (7-2) and (7-3), this implies
that

/|Bw,s”|2V01VZC[ |u|? voly,
|4 v

where C = %nz(l — k%) — & > 0 by the choice of § > 0. This shows that the operator By, ; is invertible, a
contradiction to ind(By ) # 0. |

Corollary 7.7 Let (V, g) be a spin band of infinite vertical A-area. Suppose that scalg > n(n — 1) and
that the mean curvature of 0V satisfies
1 2
Hg > —tan(znl) for some 0 <[ < o
Then width(V, g) <.
Proof This is a consequence of Theorem 7.6 by setting 74 := j:%l . a

Corollary 7.8 Let (V, g) be a spin band of infinite vertical A-area. Suppose that scalg > n(n — 1) and
that the mean curvature of 0V satisfies

Hglg_y =0 and Hgly, y > —tan(3nl) forsome 0 </ < %
Then width(V, g) <.

Proof This is also a consequence of Theorem 7.6 by setting 7— := 0 and 74 := /. O
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Corollary 7.9 Let (V, g) be a spin band of infinite vertical A-area. Suppose that scalg > n(n—1). Then
we always have width(V, g) < 2w /n. Moreover, if d_V is mean-convex, then width(V, g) < 7 /n.

Proof The first statement follows from Corollary 7.7 and the second is a consequence of Corollary 7.8,
in both cases because —tan(}) — —oo as ¥ /' 7, but inf,¢5p Hg > —o0 by compactness. |

8 The general warped product rigidity theorem

In this section, we establish a general rigidity theorem which allows us to compare metrics on bands with
certain warped products.

Setup 8.1 We consider the following setup. Let n € N, let / C R be an interval, V aband, and x: V — 1
a continuous function. Furthermore, let ¢: I — (0, 00) and «, v: V' — R be smooth functions. We define
the auxiliary functions %, f: I — R by
/
t
hry = 20
(1)

and suppose that the following two conditions are satisfied:

and  f(t):=—1nh(),

 The function ¢ is strictly logarithmically concave, that is, 4’(¢) < 0 for all 7 € I.
e For all p € V, the following inequality holds:

O ) ) 2 0

(8-1) Ik (p) +—

Remark 8.2 The geometric motivation for (8-1) is the following. Suppose that we have a warped product
metric ¢ = ¢?gas + dx ® dx on an n—dimensional band of the form V = M x [t_,¢;]. Then, if we
choose k: V' — R and v: V' — R such that n(n — 1)k = scalg and —v = % scaly2,, = (1/(4¢%)) scalg,,,
we precisely obtain the relation

V(y, 1)
n—

4” 2k )+ —2 4 f(O)*=f"(t)=0 forall (y,1)e M x[t—,t4].

where f is defined as in Setup 8.1 above. In this sense, (8-1) abstractly models the scalar curvature
equation for warped products.

Theorem 8.3 Let (V, g) be an n—dimensional Riemannian spin band and E — V be a Hermitian vector
bundle endowed with a metric connection. We suppose that we have chosen smooth functions x: V — I,
o, h, f: 1 > R and k,v: V — R satisfying Setup 8.1. Furthermore, we assume that the following
conditions hold:

(i) scalg =n(m—1)x and RE > v.

(i) x:V —[t—,t4] is a width function for some t_,t4 € I.

(iii) Hgls, p = £h(t1), where Hg denotes the mean curvature of V.
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(iv) ker(By.s) # 0, where By ; is the Callias operator associated to the relative Dirac bundle from
Example 2.6 with potential ¥ := f o x and subject to the boundary conditions coming from the
choice of signs s(d+ V) =

Then scalg = n(n— 1)k, and (V, g) is isometric to the warped product
(M x[t-.t4]. p*gpr + dx ® dx),

where M = x~1(ty) for an arbitrary fixed ty € [t—,t+] and gas 1= @(to) ~2g|ar on M. Furthermore, for
any u € ker(By, ) and t € [t—, t4], the restriction u|ps sy is parallel with respect to the connection

VS =Veg+3 C(ngx) c(dx), with & € T(M x{t}).

The proof of this theorem is based on the following lemma, where we include the slightly more general
situation of x being a not necessarily smooth Lipschitz function. This will be of importance later for the
rigidity of bands.

Lemma 8.4 Let (V, g) be an n—dimensional Riemannian spin band and let E — V be a Hermitian vector
bundle endowed with a metric connection. Let x: V — I be a 1-Lipschitz function, and ¢, h, f: I — R
andk,v:V — R be smooth functions satisfying Setup 8.1. Suppose furthermore that the conditions (i)—(iv)
from the statement of Theorem 8.3 are satisfied. Then, for any u € ker(By, 5), the section w := (p(x)_l/ 2y

lies in H(l)_ sV, S) and satisfies almost everywhere
(8-2) c(dx)w = ow,

f()

(8-3) Vew = c(éb Adx)w

for every vector field £ on V, where c(£” A dx) = z(c(é ) c(dx) —c(dx) c(£)). In particular, |w|? is a
constant function and thus |u|? is a constant multiple of the function ¢(x). Moreover, |dx| = 1 almost
everywhere and scalg = n(n —1)k.

Proof We first observe that [dx| < 1 almost everywhere because x is 1-Lipschitz. Let u € ker(By ;).
By (iv), we can assume that u# # 0. Then, using (4-2) from Theorem 4.3, we obtain

(8-4) o=/ |Byul? voly
Vv

= 4(nn_ 1)/(Scalg—”(”—l)K)lulzvolV +%/((U,REH)—U|M|2)V01V

+fV(;n2/<+—+f(x)2 f! (x))|u|2V01V—|—/ £ (x){u, (1 4 c(dx)o)u) voly
+/3_V(%an_f(t_))|u|2VOIa—V+/ V(%an+f(t+))|u|2vola+V.

9+
Note that in the latter six integrals each integrand is nonnegative —in the first two cases due to (i), in
the third this follows from (8-1), in the fourth from |dx| < 1, and for the two boundary integrals this is
a consequence of item (iii). Thus all integrands appearing in (8-4) vanish (almost everywhere) and we
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are in the equality situation of Theorem 4.3. Since f” > 0 and 1 + c¢(dx)o > 0 almost everywhere, we
furthermore deduce from vanishing of the fourth integrand that c(dx)ou = —u almost everywhere and thus

(8-5) c(dx)u = ou.

This already proves (8-2) for w := ¢(x)~!/2u. The identity (8-3) and the fact that |u|? = c¢ for ¢ = |w|?
constant is now a consequence of Remark 4.5 because (8-5) holds almost everywhere. Moreover, since
|2

|u|* = cp > 0, vanishing of the first integrand in (8-4) implies that scaly = n(n — 1)k. It also follows

from (8-2) that |dx|?|w|? = | c(dx)w|? = |ow|?> = |w|?, and thus |dx| = 1 almost everywhere. |

Proof of Theorem 8.3 We will refer to Lemma 8.4 and its proof in the following argument. First of all,
we obtain that |dx| = 1. Since x is assumed to be smooth, this already implies that V' is diffeomorphic to
M x[t—, t4] with g corresponding to gx + dx ® dx for some family of Riemannian metrics (gx)xe[r_,r4 ]
on M. To prove the theorem, it remains to compute the Hessian of x. To this end, we let 0 # u € ker(By, 5)
and let w := @(x) "2y as in Lemma 8.4. Since ¥ = f(x) is smooth, boundary elliptic regularity (see
for example [4, Theorem 4.4]) implies that u and thus w are smooth sections. Using equations (8-2) and
(8-3) and the fact that o is parallel, we compute for any smooth vector field £ on V,

c(Vedx)w = Vg (c(dx)w) —c(dx)Vew = f( )a (§ Adx)w f(x) c(dx)c(Eb/\dx)w
e (8-3 n
e = &(C(Sb/\dx)ow—f-c(éb/\dx) c(dx)w)
2f( )

= (5 Adx) c(dx)w

= _ @ (£ —dx (§) dx)w =h(x) c(£* — dx(£) dx)w.

Since w vanishes nowhere, this implies Vedx = h(x)(§ b _dx (&)dx) for each vector field £. Hence the

Hessian of x is given by
(8-6) V2x = h(x)(g —dx Q@ dx).

Using standard formulas for Riemannian distance functions (in the sense of [34, Section 3.2.2]), the
identity (8-6) implies for the Lie derivative of g, that

Ly, gx = 2h(x)gx:

see for instance [34, Proposition 3.2.11(1)]. Let g = ¢(x)%gas, where gas := ¢(t9) "2g|ar. Then gy
satisfies the same differential equation because

@' (x)
@(x)

Since g, = g1, = g this implies that gx = Zx = ¢(x)? gy, as desired.

Lo, &x =2¢'(x)p(x)gm =2 8x = 2h(x)&x.
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To see the final statement, observe that by Remark 4.4 we have

Veu = 2 c@hyou = L o) cqanu

Since Vedx = h(x)é = —(2/n) f(x)& for any vertical tangent vector £, this implies that u|psx (s is
parallel with respect to V. a

9 Rigidity of bands

In this section, we use the general results from the previous section to deduce a rigidity result for A-bands
subject to scalar and mean curvature bounds.

Theorem 9.1 Let (V, g) be an n—dimensional band which is a spin manifold and satisfies A(d_V') # 0.
Suppose turthermore that there exist —mw/n < t— <ty < m/n such that

(i) scalg >n(n—1),
(i) width(V,g) >ty —t—,
(ii1) Hg|aiV > :Ftan(%nti), where Hg denotes the mean curvature of V.

Then (V, g) is isometric to a warped product (M x[t_, t], *>gar +dx ®dx), where ¢(t) = cos(%nt)z/n

and gpr is some Riemannian metric on M which carries a nontrivial parallel spinor. In particular, gps is
Ricci-flat.

Proof We first prepare a particular case of Setup 8.1 we wish to apply. To this end, let

. T _ /n
2 _;9 ;) - (07 OO), @(t) COS( )
Then 0 1
h(t) := = —tan(3nt), h'(1) =—3n—— <0,
(1) cos(%nt)
and
1.2 2 / _
9-1) i+ SO =) =0,
where f = ——nh Thus (8-1) is satisfied with k = 1 and v = 0 and we are in Setup 8.1. Next we use

Lemma 7.2 to choose a width function x: V — [f_, 4] which is smooth near the boundary of V. We let
¥ = f ox and form the Callias-type operator By, = D + y/0.

We choose signs s: dM — {£1} as in Corollary 3.10. Then, since A(a_V) # 0, we deduce from
Corollary 3.10 that ind(By, ) # 0. In particular, ker(By 5) # 0.

At this point, if x was smooth everywhere, the result would follow readily from Theorem 8.3 because
(iii) says that Hg |y, p» > £/(1). However, since we do not know this a priori, we need to supply an
argument ensuring that x is indeed smooth everywhere. To this end, we fix 0 # u € ker(By ;) and apply
Lemma 8.4. From equations (3-2), (8-2) and (9-1), we thus deduce

0= Blzpu =D%u+ f'(x)c(dx)ou+ f(x)*u =D*u— f'(x)u+ f(x)*u =D*u— {n’u.
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Then interior elliptic regularity for the operator D? — %nz implies that u# is smooth in the interior of V.
Since, by Lemma 8.4, u is nowhere vanishing and we have the equality c(dx)u = ou, this implies that
the covector field dx must also be smooth in the interior of V. Since we already know that x is smooth
near the boundary, this just means that the function x is smooth everywhere and so we can indeed apply
Theorem 8.3.

We conclude that (V, g) is isometric to a warped product (M x [t—, 1], ¢*>gar + dx ® dx) and scalg =
n(n—1). Moreover, the final statement of Theorem 8.3 implies that any 0 # u € ker(By, ¢) restricts to a
nowhere-vanishing parallel spinor on each fiber; compare (2-8). It is a well-known fact that the existence
of a parallel spinor forces the Ricci curvature to vanish; see for instance [8, Corollary 2.8]. |

Corollary 9.2 Let (V, g) be an n—dimensional band which is a spin manifold and satisfies A(a_ V) #£0.
Suppose that scalg > n(n —1). Let 0 < d < m/n and assume furthermore that one of the following
conditions holds: either

o width(V. g) > 2d and we have Hg|yy > —tan(3nd), or

o width(V.g) > d and we have Hg|y_y> 0 and Hgly, > —tan(3nd).
Then (V, g) is isometric to a warped product (M x I, p*>gpr + dx ® dx), where either I = [—d, d] or
I =0, d], and we have ¢(t) = cos(%nt)z/
a nontrivial parallel spinor. In particular, gas is Ricci-flat.

, while g is some Riemannian metric on M which carries

Proof This follows immediately from Theorem 9.1 by setting /4 = £d in the first case, and 7/~ = 0 and
t+ = d in the second. |

10 Scalar-mean extremality and rigidity of warped products
In this section, we prove our general extremality and rigidity results for logarithmically concave warped
products.
As a preparation for the proof of the main theorem, we discuss a particularly relevant example of a
twisting bundle £ — V to be used in Theorem 8.3, namely the fiberwise spinor bundle on a warped
product.
Remark 10.1 (twisting with the fiberwise spinor bundle) Consider a warped product band

(V=M x[t_,14], g .= ¢*gy +dx ® dx),

and let ,§ — V be the spinor bundle with respect to the metric g. Then we let Eo := § be the same
bundle endowed with the same bundle metric but with the “fiberwise spinor connection”

VE .= v8 4 L (Vxdx)c(dx) for X € TV.
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With this connection, each restriction E¢|azx{s} is precisely the spinor bundle of M x {t} (if n is odd) or
two copies of it (if n is even); compare also (2-8). Moreover, a direct calculation using the warped product
structure shows that the curvature tensor of VE0 satisfies Rei 0’ x = 0 for any tangent vector X € TV In
other words, the connection V0 is chosen in such a way that only the vertical directions contribute to
its curvature. Consequently, if we form the twisted spinor bundle § ® E, the corresponding curvature
endomorphism from the Bochner-Lichnerowicz—Weitzenbdck formula (see equations (2-5) and (2-20))

satisfies
n—1 . n—1 5
E ' j VEo ' j VEo Eolprxis
RE = Y e () @RS ;= ) cle) e(dx) cle’) e(dx) ®RY ;= REOM=,
i,j=1 iL,j=1
where eq, ..., ey is alocal orthonormal frame of TM and REolMxtt} denotes the Weitzenbick curvature

endomorphism on the fiber M x {t} of the twisting bundle E|psx{s} (or two copies thereof). Finally,
since the metric on M x {t} is simply the constant multiple ¢(¢)?>gas of the metric gas, we can identify
each restriction Eg|psx{;; With the spinor bundle on M (or two copies of it) and with respect to this
identification, we obtain

(10-1) RE prxiry = o(t) 2RM-Eo,

where RM-Eo denotes the curvature endomorphism on (M, g7) associated to using the spinor bundle
on M itself as a twisting bundle (or two copies of each).

We now state and prove the main result of this section.

Theorem 10.2 Letn be odd and let (N, gn) be an (n—1)—dimensional Riemannian spin manifold of
nonvanishing Euler-characteristic whose Riemannian curvature operator is nonnegative. Moreover, let
@:[t—,t+]— (0, 00) be a strictly logarithmically concave function and consider the warped product metric
g0 =¢%gn +dy®dy on Vy:= N x|[t_,t4]. Let (V, g) be an n—dimensional Riemannian spin band and
d: (V,g) = (Vy, go) a smooth band map such that

(i) @ is 1-Lipschitz and of nonzero degree,
(i1) scalg > scalg, o P,
(iil) Hgly,y>Hgola, v,= £h(tx), where h = ¢'/¢.
Then scalg = scalg, o ®, and (V, g) is isometric to a warped product
(M x[t—,11).¢*grr + dx ® dx),

where x = y o ®, M = x"!(ty) forany to € [t_,t+], and gps := ¢(t9)">g|pr on M. Moreover, we have
scalg,, = scalg, o @|ps in this case.

If, furthermore, the metric on N satisfies Ricg,, > 0, then ® is an isometry under the above hypotheses.
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Proof The main idea of the proof is to apply the argument of Goette and Semmelmann [16] fiberwise in
combination with Theorem 8.3. Since @ is a 1-Lipschitz band map, the function x = yo ®: V — [1_, 1]
is a width function. We need to verify that we are in an instance of Setup 8.1. To this end, we set

— scalg, o ® and v _scalgy opry o ®

nn—1) 4¢(x)?
where pry: Vo — N is the projection onto the first factor. It is now a consequence of the discussion in
Remark 8.2 that

(10-2)

(10-3) ineE T (0 = () =0,
where f := —%nh. In particular, this choice of functions satisfies Setup 8.1.

Now we consider the fiberwise spinor bundle Eq — Vj constructed as in Remark 10.1 and let E := ®* E|,
be the pullback bundle on V. Now the main estimate of Goette and Semmelmann [16, Section 1.1]
together with the description of the Weitzenbock curvature endomorphism of E¢ from (10-1) shows that
we precisely have the estimate

RE > .

For each ¢ € [t_, t4], the twisted Dirac operator ) Nx{t},Eo|ny; 18 the Euler characteristic operator of N
and thus has nontrivial index because n — 1 is even. Since the degree of ® is nonzero, it follows that
the index of Da_y, E|,_y 18 also nonzero. Hence, Corollary 3.10 shows that the Callias operator By,
considered in Theorem 8.3 has nontrivial index and hence nontrivial kernel. Thus Theorem 8.3 applies
and we obtain scalg = kn(n—1) and (V, g) is isometric to a warped product

(M x[t—. t4]. 9> gpr + dx ® dx),

where M = x~!(ty) for some arbitrary but fixed o € [f_, 1] and some Riemannian metric ga; on M.
Using the warped product structure, we obtain

scalg,,
p(x)?

Together with (10-3), this completely determines the scalar curvature of gps, and we obtain scalg,, =

kn(n—1) =scalg = —2(n— D' (x) —n(n—1)h(x)>.

scalg o ®|ps. This proves the first part of the theorem.

To prove the second part, we first observe that due to x = y o ®, under the isometry V = M x [, 4],
the map @ is of the form (p,x) = (®x(p),x), where ®; := ®|pryqy3: M — N. Since ||[TP| <1
and T®(0,0x) = (0Px/0dx, dx), it follows that 0Py /dx = 0; that is, D, = P4, for all z. Moreover,
®;,: M — N is 1-Lipschitz with respect to the metric ¢(t9)?gas and ¢(t9)*>gn. Thus the same holds
with respect to the metrics gps and g . If we assume that Ricg,, > 0, then the rigidity argument of Goette
and Semmelmann [16, Section 1.2] (and note that our ®;, is length-nonincreasing), implies that ®, is
an isometry. Together with the warped product structure, all of this implies that ® itself is an isometry. O
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Restricting to the special case where @ is the identify map immediately yields the following corollary. The
notions of scalar-mean extremality and scalar-mean rigidity are defined in the introduction in Section 1.3.

Corollary 10.3 Let n be odd and (M, gpr) be an (n—1)—dimensional Riemannian spin manifold of
nonvanishing Euler characteristic, whose Riemannian curvature operator is nonnegative. Let ¢ [t—,t+] —
(0, 00) be a smooth strictly logarithmically concave function and consider the warped product metric
gy = ¢?gy +dx ®dx on V := M x[t_, ty]. Then any metric g on V which satisfies

i) g=gv,
(i1) scalg > scalg,,,
(iii) Hg > Hg,,

is itself a warped product g = ¢? gy +dx ®dx for some metric 37 on M which satisfies scalg,, =scalg,, .
In particular, gy is scalar-mean extremal.

If, in addition, the metric gps satisfies Ricg,, > 0, then gy is scalar-mean rigid.

In particular, the main theorem and corollary of this section are fully applicable to strictly log-concave
warped products over even-dimensional spheres. This corresponds to a fiberwise application of Llarull’s
result [31]. In the following, we single out one important special class of examples, namely annuli in
simply connected space forms.

Indeed, let ¥ € R be fixed and (M, g,) be the n—dimensional simply connected space form of constant
sectional curvature x. To apply the theorem, we recall the description of (M, g,) as a warped product
over the sphere. Choose a basepoint py € M. Let sn, be the unique solution to the initial value problem
¢” + ko = 0 with (0) = 0 and ¢’(0) = 1. Similarly, cs, denotes the unique solution to the same
differential equation but with initial values ¢(0) = 1 and ¢’(0) = 0. If k > 0, we let poo € M| be the point
opposite to po and set M, := M, \{po, Poo}. If k <0, we let M = M, \{po}. On M = S""1 x(0, ts0)
the metric g, appears as the warped product

8k = sn,% ggn—1 +dx ®dx,

where 7o is chosen so that I := (0, 7»,) is @ maximal interval on which sn, remains positive. This means
too = +00 for k < 0 and ts = 7/+/k for k > 0. Moreover, log(sn,)” = —1/sn2 < 0; that is, sny is
strictly logarithmically concave. This means that Theorem 10.2 is applicable to the metric g,. Given
0 <t_ <t} <ts, we consider the annulus

= < <
—sl4 — ) =
Ay ={peMc|t-=dg. (p, po) <ty} C M.

We will view A;_;, as a band with 0+A;_; = S;, :={p € My | dg (p, po) = t+}. Furthermore,
we set ¢t = cs,/sn,. Then the mean curvature of 1 A;_ ;. is equal to Zct,(7+). We thus deduce the
following consequences of Theorem 10.2.
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Corollary 10.4 Let n > 3 be odd and (M, g,) be the n—dimensional simply connected space form of

constant sectional curvature k € R. Let 0 < {_ < t4 < tso and consider an annulus A;_ ;, as above. Let

(V, g) be an n—dimensional spin band and let ®: V — A;_ ;. be a smooth band map s;t:h that
(i) @ is 1-Lipschitz and of nonzero degree,
(ii) scalg >scalg, =«n(n—1),

(iii) Hgls, > Hg, |3:|:At—.t+ = dcte (11).

Then ® is an isometry.

Corollary 10.5 Let n > 3 be odd and (M, g,) the n—dimensional simply connected space form of
constant sectional curvature k € R. Let 0 < {_ <t} < tx and consider the annulus

Ar_ 1 ={pEeEMy|i-<dg. (p,po) <t+}

around some basepoint pg € M,.. Then any Riemannian metric g on A;_ ¢, which satisfies

@ &= 8«
(ii) scalg > scalg, = kn(n—1), and
(ii1) Hg|st:t2 HgK|St:|:: +cte (1)

is equal to g,.. That is, g, is scalar-mean rigid on A;_ 4 .
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