ABSENCE OF EMBEDDED EIGENVALUES FOR RIEMANNIAN
LAPLACIANS

K. ITO AND E. SKIBSTED

ABSTRACT. In this paper we study absence of embedded eigenvalues for Schrédinger
operators on non-compact connected Riemannian manifolds. A principal example
is given by a manifold with an end (possibly more than one) in which geodesic
coordinates are naturally defined. In this case one of our geometric conditions is a
positive lower bound of the second fundamental form of angular submanifolds at
infinity inside the end. Another condition is an upper bound of the trace of this
quantity, while a third one is a bound of the derivatives of part of the trace (some
oscillatory behaviour of the trace is allowed). In addition to geometric bounds
we need conditions on the potential, a regularity property of the domain of the
Schrédinger operator and the unique continuation property. Examples include
ends endowed with asymptotic Euclidean or hyperbolic metrics.
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1. INTRODUCTION AND RESULTS

Let (M, g) be a non-compact connected Riemannian manifold of dimension d > 1
(possibly incomplete), and H the Schrédinger operator on the Hilbert space H =
L*(M):

H=Hy+V; Hy=—3A=3pig"p;, pi=—i;

We introduce four conditions under which we prove that a self-adjoint realization of
H does not have eigenvalues greater than some computable constant. Our conditions
appear rather weak and allow for application to manifolds with boundary (possibly
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caused by metric or potential singularities). In particular, to our knowledge, they
are weaker than conditions used so far in the literature on the subject, cf. e.g.
[Me, MZ, Do, Kul, Ku2]. The present work is applied in a companion paper [IS] in
which scattering theory is studied for a general class of metrics. Our conditions are
also weaker than the conditions of [IS].

For the Euclidean case (and a particular subclass of potentials) the theory amounts
to absence of positive eigenvalues which is a very well studied subject, see e.g.
RS, FHH20, JK, KT]. More precisely we recover then [RS, Theorem XIII.58].
On the other hand it does not cover absence of positive eigenvalues for N-body
Schrodinger operators, cf. [FH]. The aim of this paper is rather to study absence
of embedded (possibly only high energy) eigenvalues of Schrodinger operators in a
general geometric framework.

The first condition we impose guarantees intuitively that (M, g) has at least one
“expanding end”. Recall the definition of the geometric Hessian V2, i.e. for f €
C?(M) in local coordinates

(V21)ij = 0:0;f —Ti0uf; Th = 29" (0igi; + 0595 — D195).

We denote the gradient vector field for r € C*(M) by 97, i.e. O"f = (0ir)g” (0; f)
for f € C'(M). For functions f,r: M — R we introduce the limits:

fiminf f = lim (inf{ () |r(x) > v}),
limsup f = Vlggo(sup{f(a:) |7(z) > v}).

Condition 1.1. There exist an unbounded real-valued function r € C*(M), r(z) >
1, constants ¢; > ¢» > 0, and a decomposition as a sum of C*-functions, Ar? =
p1 + p2 + p3, such that:
(1) There exists a constant ro > 1 such that, as quadratic forms on T'M,
V2r? > (e + %pl)g and p; > 0 for all z € M with r(z) > ro. (1.1a)
Moreover
liﬂ(i)gf('r’87’|d7’|2 + (c2+ Lp1)|dr?) >0, limsup|dr| < oo. (1.1b)
(2) The following bounds hold
lim sup |[r~ ' Ar?| < oo, (1.2a)
limsupp; < oo, limsup|dps| < 0o, limsup Aps < oc. (1.2b)

Most of the above quantities along with the potential in Condition 1.2 below will
be used quantitatively, in particular to define a certain energy Ey (see (1.4a)) above
which we will show absence of eigenvalues. The regularity assumption on the metric
is implicitly included in Condition 1.1, and we require, at most, C*. The (highest)
third derivatives of g could show up in Apz of (1.2b), because A = tr V? and the
Christoffel symbols Ffj contain the first derivatives of ¢g. If we choose p3 = 0, then the
metric may be C?, but this might give a worse critical energy in (1.4a). Note that the
subsets {x € M| r(x) <7}, 7 > 1, may not be compact (this is similar to [Kul, Ku2],
see Subsection 2.2). The function r could model a distance function within a fixed
single end of M extended to be bounded outside, in particular bounded in other
ends of M. Note that for an exact distance function (1.1b) is trivially fulfilled (for
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any ¢y > 0), and in that case the above operator 0" is identified as the geodesic
radial derivative 0,, see Subsection 2.2. Also note that (1.1a) implies the convexity
V22 > ¢1g > 0 for r > 1o, and that (1.1b) imposes further lower boundedness for
the dr ® dr component since

(VQTQ)ij(ﬁi’r’)(aj’r’) = 2|dr[* + 2T(V27’)ij(8ﬂ’)(aj7’) = 2|dr[* + ro"|dr|?.

In particular the geodesics in this region are non-trapped, more precisely r? > ct?
for t — o0o. Another immediate consequence is the lower bound Ar? > ¢d for
r > ro. Finally it is worth noting that one could think about p; as a small oscillatory
function. This is motivated by examples, see the discussion before Corollary 2.4.

Condition 1.2. There exists a decomposition V = Vi + V5, V] € L%OC(M), V, €
CY(M) and V4, Vs real-valued, such that uniformly in z € M:

limsup |V] < 0o, limsupr|Vi| < oo, limsuprd Vs < co. (1.3)
The decomposition of Ar? in Condition 1.1 as well as that of V in Condition 1.2
represent a trade-off relation between regularity and decaying properties for pertur-
bations. Note that under Condition 1.2 the subspace C°(M) C D(V') and hence H
is defined at least on C2°(M). However under Conditions 1.1 and 1.2 this operator is
not necessarily essentially self-adjoint. Note that (M, g) is allowed to be incomplete
and that V' is allowed to be unbounded. For instance (M, g) could be the interior of
a Riemannian manifold with boundary and for essential self-adjointness we would
then need a symmetric boundary condition. Lack of essential self-adjointness could
also originate from unboundedness of V' in some end. To fix a self-adjoint extension
we first choose a non-negative xy € C*(R) with

(r) = 0 forr <1,
XT=11 forr > 2,
and then set

xu(r) =x(r/v), v=1

We shall henceforth consider the function y, as being composed with the function
r from Condition 1.1. In this sense particularly x, € C*(M).

Condition 1.3. The operator H defined on C°(M) (by Condition 1.2) has a self-
adjoint extension, denoted by H again, such that for any ¢ € D(H) there exists a
sequence ¢, € C°(M) such that for all large v > 1

X (¥ — V)|l + lIxo(HY — Hipy)|| — 0 as n — oo.

Note that Condition 1.3 is fulfilled if (M, g) is complete and V' is bounded. In
that case indeed H is essentially self-adjoint on C°(M), see Proposition 2.1 for a
more general result.

As a global condition we impose for this self-adjoint extension the unique contin-
uation property.

Condition 1.4. If ¢ € D(H) satisfies Hp = FE¢ for some E € R, and ¢(x) = 0 in
some open subset, then ¢(x) =0 in M.
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In Section 2 we shall discuss various models satisfying Conditions 1.1-1.4. We
define a “critical” energy,

E, = (Oinf ]lim sup (V + lﬁ;i—;w), (1.4a)
ce(l,c1—c2| r—oo ¢
ac:C1—C+%p1, (1'4b)
5= Ldp, + Vidr?, (1.4c)
v = —10ps 4+ (Ar*)Vi — 2r0"Va. (1.4d)

For some examples in Subsection 2.2 (where for simplicity V' = 0) we compute that
the essential spectrum oes(Hy) = [Fo,0), see Examples 2.2 and Remark 2.3 1).
Whence for these examples indeed Ej is critical regarding absence of eigenvalues as
stated more generally in the following theorem.

Theorem 1.5. Suppose Conditions 1.1-1.4. Then the eigenvalues of H are absent
above Ey, i.e. opp(H) N (Ey, 00) = 0.

Under the above conditions embedded eigenvalues can occur. It is well known
in Schrodinger operator theory that the von Neumann Wigner potential, see for
example [FH] or [RS, Section XIIL.3], provides an example of a positive eigenvalue
for a decaying potential O(r~!), r = |z|. Whence the conclusion of Theorem 1.5
is in general false above the bottom of the essential spectrum. An example of a
Laplace-Beltrami operator having an embedded eigenvalue is constructed in [Kul].
This is for a hyperbolic metric, and the example shows similarly that the conclusion
of Theorem 1.5 in general is false above the bottom of the essential spectrum, see
also Remark 2.5 1). (Actually Kumura uses the von Neumann Wigner potential in
his construction.)

The proof of Theorem 1.5 follows the scheme of [FHH20, FH, DeGé, MS] employ-
ing in particular a Mourre-type commutator estimate and super-exponential decay
estimates of a priori eigenstates. In our geometric setting the “Mourre commutator”
can be very singular (in particular not bounded relatively to H in any usual sense).
Consequently we only have a weak (however sufficient) version of the commutator
estimate, see Lemmas 3.3, 4.1, 5.4 and 5.5.

Aside from Theorem 1.5 itself we also generalize [VW| showing absence of super-
exponentially decaying eigenstates under somewhat weaker conditions than those of
Theorem 1.5 as well as those of [VW], see Section 5. Our proof is in the spirit of
the well known Carleman estimate, cf. [JK], [KT], [RS] and [VW].

We use throughout the paper the standard notation (¢) = (1 + |o|?)*/? and (as
above) d for exterior differentiation (acting on functions on M). Note that in local
coordinates p := —id takes the form p = (p1,...,ps). We shall slightly abuse
notation writing for example pyp € H = L?*(M) for p € C>®(M) even though
the correct meaning here is a section of the (complexified) cotangent bundle, i.e.
pyp € D(T"M). Note at this point that ||pv[ := [|p¥[lrcr-ay = |[[pY][ln. If A
is an operator on H and ¢ € D(A) we denote the expectation (i, Ay)) by (A)y.
Unimportant positive constants are denoted by C, in particular C' may vary from
occurrence to occurrence. The dependence on other variables is sometimes indicated
by subscripts such as C,,.
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2. DISCUSSION AND EXAMPLES

In this section we investigate how general our conditions are by looking at several
examples.

2.1. Global conditions. We recall some general criteria for self-adjointness and
the unique continuation property.

Proposition 2.1. Let (M,g) be a complete Riemannian manifold of dimension
d > 1. Then the free Schridinger operator Hy is essentially self-adjoint on C'°(M).
Suppose V' is real-valued, measurable, bounded outside a compact set and in addition:
Ve L2 (M) ford =1,2,3,V € L2 (M) for somep > 2 if d = 4 while V € L{>(M)

for d > 5. Then V is infinitesimally relatively small. In particular H is essentially
self-adjoint on C°(M).

We refer to [Ch] and [RS, Theorems X.20 and X.21]. We can generalize the class
of potentials to the Stummel class, see e.g. [DoGal.

As for the unique continuation property, Condition 1.4, there is an extensive lit-
erature although mostly for Schrédinger operator theory, see e.g. [JK]. For general
connected manifolds we refer to [Wo| and references therein, quoting here the follow-
ing sufficient conditions supplementing connectivity and the conditions in Proposi-
tion 2.1: 1) d = 2,3,4 and V is globally bounded, or 2) d > 5. One could (of course)
add 3) d = 1.

2.2. Conditions inside an end. In the sequel we consider a connected and com-
plete (M, g) of dimension d > 2 and take (for simplicity) V' = 0. We shall examine
the meaning of Condition 1.1 in the case where, in addition, (M, g) has the following
explicit end structure: There exists an open subset £ C M such that isometrically
the closure £ = [0, 00) x S for some (d— 1)-dimensional manifold S where the metric
on [0,00) x S has the form

g = grdr @dr + Jap do® ® dOﬂQ grr =1, Gra = Gar = 0,9ap = gaﬁ(ﬁ U)' (2'1)

Here (r,0) € [0,00) x S denotes local coordinates and the Greek indices run over
2,...,d. Whence actually r is globally defined in E and it is a smooth distance
function (here given as the distance to {0} x.S). In particular we have |dr| = 1 which
obviously implies (1.1b) for any ¢ > 0. Notice here that Condition 1.1 involves only
the part of the function r at large values, so in agreement with Condition 1.1 we
can cut and extend it to a smooth function on M obeying » > 1. This is tacitly
understood below. To examine the remaining statements (1.1a), (1.2a) and (1.2b)
of Condition 1.1 we compute

V4?2 = 2dr @ dr 4 1(0,gap) do® @ do”, (2.2a)
Ar? = g3 (V%) =24+ 19°%(0r9ap)- (2.2b)
2.2.1. End of warped product type. If we consider the warped product case where

gap(r,0) = f(r)has(o) we obtain, using (2.2a) and (2.2b), the following examples
fulfilling also (1.1a), (1.2a) and (1.2b) of Condition 1.1.

Examples 2.2. (1) Let f = r?® with a > 0. Then (1.1a), (1.2a) and (1.2b) hold
with ¢; = min{2,2a} and p; =0, p» = 2+ 2a(d —1), ps = 0, and the critical
energy Fy = 0.
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(2) Let f = exp(2xr?) with k > 0 and ¢ € (0,1). Then (1.1a), (1.2a) and (1.2b)
hold with ¢; =2 and p; =0, ps = 2+ 2kq(d — 1)r?, p3 = 0, and Ey = 0.

(3) Let f = exp(2xr) with x > 0. Then (1.1a), (1.2a) and (1.2b) hold with
c1=2and p; =0, ps =2+ 2k(d — 1)r, p3 =0, and Ey = k?(d — 1)?/8.

Remarks 2.3. 1) For all of these examples it is easy to compute that the es-
sential spectrum oess(Hy) 2 [Fo, 00). If in addition M\ E' and S are compact
then we have oess(Hoy) = [Ep, 00). Whence indeed the absence of eigenvalues
in (Ey,00) as stated in Theorem 1.5 is optimal under these additional con-
ditions for the above examples (except possibly that the threshold energy
E = Ej in a concrete situation might not be an eigenvalue either).

2) It is not required in Condition 1.1 that r is an exact distance function so we
may still have this condition fulfilled in perturbed situations (letting r be the
unperturbed distance function). This is also the spirit of [Do, Me, MZ] where
(roughly) perturbations of the Euclidean metric (corresponding to a = 1 in
(1)) are studied. The authors show absence of positive eigenvalues for these
models. More generally, but roughly still in the framework of perturbations
of (1), absence of embedded eigenvalues was obtained in [Ku2], and for hyper-
bolic models (roughly for perturbations of (3)) it was done in [Kul]. However
Kumura’s results are stated in terms of an exact distance function and all
results involve conditions on a radial curvature (possibly including here the
radial Ricci curvature). Whence his framework is seemingly somewhat dif-
ferent. It turns out, however, that some of Kumura’s conditions appear too
strong, in particular curvature conditions are not needed. In Corollary 2.4
below we state a simplified and extended result, see Remark 2.5 2) for further
discussion and Corollary 2.6 for an application recovering a main result of
[Kul].

3) Under the condition of warped product metrics growth rates between f = r2
with @ > 1/2 and f = exp(2xr?) with x > 0 and ¢ € (0,1/2) define a
class of metrics for which the scattering theory [IS] applies. More generally
Conditions 1.1-1.4 are weaker than the conditions used in [IS].

2.2.2. Volume growth and curvature. Here we describe the meaning of Condition 1.1

in terms of geometric quantities, and then relate the critical energy Ej to them. We

continue to assume (2.1) in the end E although without warped product structure.
Suppose Condition 1.1 (note that ¢; < 2 is necessary). Then, by (1.1a)

V2r? > c1g for r > . (2.3)

In the coordinates (r,o) € [0,00) x S used in (2.1) we have (2.2a), so that the
inequality (2.3) is equivalent to

(r0rgas — C19ap)a,p = 0 for r > rg. (2.4)

Hence, (1.1a) implies that the induced metric on the angular manifold S = {z €
E|r =7} grows as a function of 7, and ¢; € (0, 2] gives a lower growth rate of the
metric depending on directions. On the other hand, since we have

Ar? =24 2rAr, Ar=0.In+/detg,

and we can measure the volume growth in the radial direction in terms of 9, In \/det g,
the bounds (1.2a) and (1.2b) yield an upper bound for the volume growth. We note
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that, by taking the trace of (2.4),
2rAr > ¢i(d — 1) for r > o,

and this implies that the volume has to grow, at least.

Next we assume the “lower metric growth rate” (2.3) with ¢; there replaced by
some ¢ € (0,2]. Assume also the existence of “asymptotic volume growth rate”:
There exist constants pg, ws such that for large r > 1

Ar = o—i-w; 0 >0, w_o<w<w,, wy—w_<dag.
P T P + +

Then we can verify Condition 1.1: By setting
P1 :2("‘}_2("‘}—7 P2 :07 p3:2+2w—+2r007

and choosing ¢; = ¢ — (wy —w_) and sufficiently small ¢; > 0 indeed Condition 1.1
is fulfilled. Hence we can estimate inf{Ey | Ar? = p; + p2 + p3} in terms of the lower
metric growth rate and the volume growth rate:

nf{By | A% = py + po+ pa} < 02/ (der) = ) (46 —wi +w0). (25)

Note that above ¢; is taken as a bound of the amplitude of oscillation allowed in

Ar? (i.e. a bound of the term p; = 2w — 2w_ with allowed “bad” derivatives).

However, also note that in general ¢; is just a rough bound because there can be

some cancellation in V27?2 — % p19 (an example of this occurs in Corollary 2.4 below).
Now we recover and extend various results of [Kul, Ku2].

Corollary 2.4. Suppose (M, g) is connected and complete having an end E with
metric of the form (2.1). Suppose there exist k > 0 and real numbers a < b, a > 0
if kK =0, such that for large r > 1

() + D)9 —dr@dr) < Virs, < (k+)(g — dr@dr), (2.6)
and that
o B _Jmin{2,a +b} if k=0,
A= (d-1)(b—a) < B, B.—{2 if k> 0.
Then
Opp(Ho) N (%Q(d —1)?/(2 = A),00) = 0. (2.7)

Proof. Taking the trace of (2.6), we define w by
Ar=rk(d—1)+ w(r)

and set
pr=2w—2a(d—1), p2=0, p3=2+2a(d—1)+2rx(d—1).

Then, noting for x = 0 that there is cancellation of the smallest eigenvalue of V?r|s,,
we obtain with ¢; := B — (d — 1)(b — a)

V2?2 — 3pig > crg, p1 > 0.
Thus the result follows by applying Theorem 1.5. OJ
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Remarks 2.5. 1) In [Kul] Kumura constructed an example, fulfilling the con-
ditions of Corollary 2.4 with & > 0, for which e (Ho) = [ (d — 1)2, 00) and

app(Ho) N (%(d —1)%,00) # 0. Whence in such case (2.7) is an upper bound
of the set of embedded eigenvalues. Clearly, as a general feature, the bound is
better the smaller A > 0 can be chosen. In the extreme case, imagining here
the quantities a and b being depending on r, where lim inf a = limsupb € R
we get an even better bound. We give below an application of Corollary
2.4 to this situation stated in terms of the radial curvature, cf. [Kul, The-
orems 1.4 and 1.7]. Note that the radial curvature can control the second
fundamental form V27’| s, by a standard comparison argument, see e.g. [IS,
Remark 1.13] for a reference.

2) The bound (1.1a) and parts of the bounds (1.2a) and (1.2b) may be viewed as
bounds on the minimal and the mean curvatures of S, respectively, whereas
(2.6) certainly is a uniform asymptotic result for all the principal curvatures.

Corollary 2.6. Suppose (M, g) is connected and complete having an end E with
metric of the form (2.1). Suppose there exists k > 0 such that the radial curvature
Ryaq, defined in local coordinates by (Ryaq)ij = (Okr)(0yr)R*;, satisfies

Riaa = — (K2 4+ 0(2))g on S, (uniformly in x € E),
and there exists r1 > 0 such that
Riaqa <0 on S; for all 7> ry; and V3 >0 on Sy -
Then
opp(Ho) N (K*(d — 1)?/8,00) = 0.

We note that although the radial curvatures Ryaq and K,aq of [IS] and [Kul, Ku2],
respectively, are different objects they contain equivalent information. Whence in
fact the results Corollary 2.6 and [Kul, Theorem 1.4] (almost) coincide.

3. PRELIMINARIES

The proof of Theorem 1.5 begins from this section. Obviously, Theorem 1.5 is
a consequence of the following two propositions, a priori super-exponential decay
estimates for eigenfunctions and the absence of super-exponentially decaying eigen-
functions.

Proposition 3.1. Suppose Conditions 1.1-1.3. If ¢ € D(H) satisfies Hp = E¢ for
some E > Ey, then e°"¢ € H for any o > 0.

Proposition 3.2. Suppose Conditions 1.1-1.4. If ¢ € D(H) satisfies Hp = E¢ for
some E € R and e”"¢p € H for any o > 0, then ¢(z) =0 in M.

We shall prove Propositions 3.1 and 3.2 in Sections 4 and 5, respectively. In fact we
prove a little generalized version of Proposition 3.2. This generalized version recovers
the result of [VW], see a short discussion in Section 5. The rest of the present section
is devoted to preliminary steps for the proofs: We derive a commutator formula
which will be our substitute for the so-called Mourre commutator, and we rewrite
Condition 1.3 in a more practical form.



ABSENCE OF EIGENVALUES 9

3.1. Mourre-type commutator. We shall use the Mourre-type commutator with
respect to the “conjugate operator”

A =i[Ho, "] = 3{(0*)g"p; + p;g" (Or*)} = rp" + (p)'r: P = 10"
While not necessarily being self-adjoint this operator is certainly symmetric as de-
fined on C°(M), and that suffices for our applications.

Lemma 3.3. As a quadratic form on C®(M),

i[H, A] = pi (V21 — 0.9)p; + 2Re(acH) — 2Im(3'p) + 7,
where ae, 8,7 are defined by (1.4b), (1.4c¢), (1.4d), respectively.
Proof. We note the commutator formulas, valid for any ¢ € C*(M),

—[Ho, [Ho, ¢]] = p; (V?¢)"p; — 1 (L), (3.1a)
Piog7p; = ¢Ho + Hoop + 5(A0), (3.1b)
0 =i{(8:9)g"p; — p;g7(0;0)} + (L¢). (3.1c)

As for (3.1a) we refer to [Do, Lemma 2.5] or [IS, Corollary 4.2]. The lemma follows
by first using (3.1a) with ¢ = r? and then using (3.1b) and (3.1c) with ¢ = a, and
¢ = ipg, respectively. O

3.2. Approximate sequences. To implement Condition 1.3 efficiently we need to
strengthen the stated approximation property in H = L?(M) under some additional
conditions.

Lemma 3.4. Suppose the second bound of (1.1b), (1.2a), the first bound of (1.3)
and Condition 1.3. Let 1) € D(H). There exists vy > 1 such that for v > vy and
for any o > 0 such that e, e" Hy € H the following properties hold: The states
Xv€7 Y, €7 X € H and there exists a sequence ¥, € C°(M) (possibly depending
on o) such that as n — oo

Ixve” (& = ) | + Ixwe™ (ph — pou) | + Ix0e™ (Htp — Hipy)|| — 0. (3.2)
Proof. Step I Note the distributional identity
Xve” pib = e pxut + 167y dr.

Applied to the given v we see that x,e”" py € H if and only if e”" px, ¢ € H.
Step II We claim that there exists C' > 0 such that, if v > 1 is large, then for any
e CX(M)and o >0

Ixve Ipw 1 < lxwe Hpl* + C (o) I xu 26" 1. (3:3)
In fact by (3.1b)
e Pl = 2Re (ue o, xue™ Hip) + (0, (Axpe’ i) = 2007, Ve d)
< Ixue HY||* + C o) [ xw 2" ||,
Here we used the second bound of (1.1b), (1.2a) and the following consequence
|Ar| = L|Ar? = 2|dr[’| < C for r = r(z) large. (3.4)

Step 1II We consider the case 0 = 0, and hence suppose only ¢ € D(H). Let
y, € CP(M) and large v > 1 be as in Condition 1.3. Then, regarding (3.2), it
suffices to consider the middle term. By (3.3) we have

HXV(pwn - pwn/>H2 < C(HXV<Hwn - Hwn/>|‘2 + HXV/Q(wn - wn/>H2)
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This implies x,pw, converges strongly. Since also y,pi, converges in distributional
sense to y,pY, we obtain that the limit y,py» € H and then in turn, by letting
n’ — oo above, (3.2) for ¢ = 0.

Step IV We let 0 > 0 and suppose e”"1,e’"Hp € H. Choose ¢, € C*(M) and
large ¥ > 1 as in Condition 1.3, again. As for the first and the third terms of (3.2),
we compute as follows: Put 1, = x4, for v/ > 2v with x,» := 1 — x,s. Then we
decompose

Xvew(w - wn,u/> = )ZV/GWXV(Q/J - wn) + xve” . (3-5)
We put

Ry =i[H, xv] =00+ (0")X,) = X0 — S(x0|drf” + X, Or), (3.6)
and decompose similarly

X" (H — Hpp, )
= e o (HY — Hipy) + Yo € Htp + 17" Ry (10 — 1by) — i€ Ryyth.

The norm of the right-hand side of (3.5) can be arbitrarily small by first letting v/
be large and then n large accordingly (using that y,.€’" is bounded). Similarly the
norm of first three terms on the right-hand side of (3.7) can be arbitrarily small by
first letting ©/ be large and then n large accordingly (for the third term we use Step
III, i.e. (3.2) with 0 = 0). It remains to consider the last term on the right-hand
side of (3.7). We claim that

(3.7)

le”" Rl < C/V. (3.8)
To show this we use again Step III to write

e pll* = lim [|x, e pthm]|*

On the other hand by the derivation of (3.3)

or or o)\ 2 - or
e pnl® < O (X e Himll* + (42) 2 X2me” bl

and hence we conclude by taking the limit that

el < (22)2 (1 Xawe™ HEIP + [xyaXove™ vl) (3.9)
< (S) (e HY 1P + lle)?).

A consequence of (3.9) is indeed (3.8), and whence in turn also the last term on the
right-hand side of (3.7) is small for / sufficiently large.

We conclude that there exists a sequence of indices (/(m),n(m)) so that with
Ym = Yn(m),v (m) (here and henceforth slightly abusing notation)

e (¢ = m)[| + [[xve™ (Hy — Hepm)|| — 0.

In particular, using here (3.3), the right-hand side of
X2 p(n — ) [I* < C (Ix2ve™ H(Wn = ) I* + [x0e™ (U0 — ¥w)|1?)

is small for n,n" — oco. We can from this point mimic the last part of Step III. [
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4. A PRIORI SUPER-EXPONENTIAL DECAY ESTIMATES OF EIGENSTATES

Now we prove Proposition 3.1. Suppose Conditions 1.1-1.3 from this point. We
introduce the regularized weights

O(r) =07 (r) =or+dr(1+ L)~
for 0,0 > 0 and m > 1, and denote the first and the second derivatives in r by
O =0c+6(1+L1)2 ©'=-2(14L)7 (4.1)
Set
Ho =e¢®°He ® = H — 1|dO]> +iRep®; p°® = (9,0)g"p; = O'p". (4.2)
We shall consider Hg as an operator defined on C°(M) only.

Lemma 4.1. Let E > Ey and 09 > 0. Then there exist ¢ € (0,¢1 — o], € > 0 and
do > 0 such that for large v > 1 and for all o € [0,0¢], § € (0,00] and m > 1, as
quadratic forms on C°(M),

WA2Im(A(Ho — E)b > xofe + 2Re(ae(Ho — )b (43)
Proof. By (4.2) and Lemma 3.3 we obtain
2Im(A(He — E))
=2Re(ac(Ho — E)) 4+ 20(E = V) + pi(V?r? — aeg)p; — 2Im(B'p;) + v (4.4)
+ a,|dO* + 2Tm(a, Rep®) + r(97[dO%) + 2Re(A Re p®).
By (1.4a) we can find ¢ € (0,¢1 — ¢2], € > 0 and v > 1 such that for r > v
20.{E — (V + 2=2)1 > 4e.

2cae
Hence, if we consider large r» > v only, omitting the cutoff y, for the moment, this
implies by (1.1a) and the Cauchy Schwarz inequality

20(E — V) + p; (V*1® — aeg)p; — 2Im(B'p;) + 7
>2a.(E—-V)— @4—7246.

To complete the proof it suffices to demonstrate the lower bound —3e for sum of
the last four terms on the right-hand side of (4.4). By (1.1b) and (4.1)

e |dBJ? + r(0"|dO|?) = (6")2(ro"|dr|* + a|dr|?) 4 2r0”O'|dr|*
Z —450(0’0 + 50)|d7”|4.
This implies for sufficiently small dy > 0

(4.5)

. |dO + r(07|d6 ) > —e. (4.6)
Next, noting the expressions
A=rp"+ (p")r=2Rep")r — Ldr|?, (4.7)

Rep? = (07 + (p°)7) = ©'Rep’ + z|dr|*0”,
we compute with 7 := |dr[?©’ + r|dr[?0” — a0’
2Re(ARep®) + 2Im(a. Rep®)
= 4(Rep")r®'Rep” — 2Im (yRep") + (|dr|* — a.|dr|*)®"
> 4(Rep"){r0" — L’} Rep” — e + (|dr|* — a.|dr|?)©".
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By using (4.1) we see that in the regime r — oo the first term on the right-hand
side is non-negative and the third term is arbitrarily small. Hence,

2Re(ARep®) + 2Im(a. Rep®) > —2e. (4.8)
Thus by (4.4)—(4.8) the asserted inequality (4.3) follows. O
Proof of Proposition 3.1. We let E and ¢ be as in the proposition. Set
oo =sup{o > 0| e”"¢ € H},

and assume oy < co. We fix ¢ € (0,¢; — ¢2], € > 0, 49 > 0 and v > 1 in agreement

with Lemma 4.1. If oy > 0, we choose ¢ € [0, 0¢) and 6 € (0, §o] such that o439 > oy.

If 09 = 0, we set ¢ = 0 and choose any d € (0,dp]. In any case we have e”"¢ € H.
With these values of o and § we set for any v € C°(M), m > 1,V > 2v

a,0
1/16 = Xu,l/egw = Xu,l/egm 1/};
where X, = XuXv/, Xor = 1 — x». We note, putting R, = i[H, x,| as in (3.6),

i(Ho — E)Yo = ixye®(H — EY +e®(R, — Ry)v. (4.9)
Due to Lemma 4.1,
ellvell® < 2Im(A(He — E))ye — 2Re(ac(Ho — E)) o, (4.10)

where, recalling from Section 1, in general (A),, = (¢, Ay) denotes expectation. Let
us compute the right-hand side. We indicate below the dependence of constants
using subscripts. For the first term of (4.10) we use (4.9) and

2Im(A(He — E))yy = —(Atbe, ixy,e®(H — E)) — (Ao, e®(R, — R,)¢) + h.c.
< 2| Ao |ll[xvure®(H = EYPI| + Collxw2toI* + X0 2p9]|)
+ O/ X2 € | + V7V X2 PUII?)
< (V) lIxwwre® (H = EYSI* + Colllxu2I” + lIxos2p¥lI?)
+ CnlIVT/V X020 e | + V1V Xu20re” D0 ||?),
where we used that r/v/ < 24/7/v/ on supp x,.a. to estimate (/)| Avg|[*. Simi-
larly we can estimate the second term of (4.10), and
—2Re{ac(Ho — E))ye < (V') [xwwre®(H = EYOI* + Colllxu2I* + xw o 1?)
+ O/ X2 e Y |* + [V 7/ xu 20 PUII?)-
Hence
e 2 "2 Om 2 2 2
sllvell” < (V) Ixwwe™ (H = E)OI" + Cullixv o I + Ixv2p )

+ O/ X2 Y |* + [/ 7/ xu20re” PUI?)-

By Lemma 3.4 we can replace ¢ of (4.11) by ¢. This makes the first term on
the right-hand side disappear. Next let v/ — oo invoking Lebesgue’s dominated
convergence theorem. This makes the third term disappear, and consequently we
are left with the bound

a,0
v @lI* < 22 (lxw20 01 + llxw209])- (4.12)

By letting m — oo in (4.12) invoking Lebesgue’s monotone convergence theorem we
conclude that Xye(U”L‘S)’”(b € H. This is a contradiction since o + § > oy. O

(4.11)
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5. ABSENCE OF SUPER-EXPONENTIALLY DECAYING EIGENSTATES

We complete the proof of Theorem 1.5 by proving Proposition 3.2 in this section.
The proof relies on similar techniques as the one of Proposition 3.1. We will consider
a little generalized setting replacing Conditions 1.1 and 1.2 by the following ones
stated in terms of a parameter 7 < 1:

Condition 5.1. There exist an unbounded real-valued function r € C*4(M), r(z) >
1, constants ¢; > ¢ > 0 and a decomposition Ar? = p; + ps + p3 such that uniformly
inz e M:

(1) There exist constants o > 1 and C' > 0 such that

V2r? > (err” + ip1)g — Cr7dr @ dr and p; > 0 for r > rq. (5.1a)
Moreover
lim inf 77 (r0"|dr|* 4 (cor” + 2p1)|dr|?) >0, limsup |dr| < cc. (5.1b)
(2) The following bounds hold
lim sup |[r ' Ar?| < oo, (5.2a)
limsupr 7p; < oo, limsupr "|dps| < 0o, limsupr "Ap; < oc. (5.2b)

Condition 5.2. There exists a decomposition V = Vi + V5, V] € L%OC(M), V, €
CY(M) and V4, V; real-valued, such that uniformly in z € M:

limsup |V| < oo, limsupr' 7|Vi| < oo, limsupr' 79"V, < oo. (5.3)
The case 7 = 0 corresponds to Conditions 1.1 and 1.2 although even in this
case (5.la) is somewhat weaker than (1.1a) since now possibly some negativity of
V2r? along the dr ® dr component occurs. The weakening of these conditions will
be compensated by the assumption of super-exponential decay for the considered
eigenfunction. Another remark here is that the negative case, 7 < 0, is also allowed.
With Examples 2.2 in mind, this means that an end of very slow expansion, which
is so slow that the end might be asymptotic to a straight cylinder, could be treated.
In fact the stronger decay properties (5.2b) and (5.3) appear somewhat harmless in
this case. In the other extreme case 7 = 1 the bounds (5.2b) and (5.3) are relaxing
(1.2b) and (1.3), respectively.
Under these conditions we prove

Proposition 5.3. Suppose Conditions 5.1 and 5.2 for some 7 < 1. Suppose 1.3
and 1.4. If ¢ € D(H) satisfies Hp = E¢ for some E € R and e”"¢ € H for any
o >0, then ¢(z) =0 in M.

Proposition 5.3 obviously generalizes Proposition 3.2. We note that Proposi-
tion 5.3 generalizes [VW] when 7 = 1 while Proposition 3.2 does not. For a mani-
fold of bounded geometry and pinched negative curvature is always endowed with
a metric of the form (2.1) with uniformly and strictly positive V?rg, and with
bounded derivatives of Ar (for r large). Then the verification of Condition 5.1 is
straightforward. For these geometric terminologies we refer to [VW] and references
therein.

For the proof of Proposition 5.3 we first rewrite Lemma 3.3 as follows.
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Lemma 5.4. As a quadratic form on C°(M),
i[H, A = p}(V*?* — ag)?p; + 2Re(aHy) — 2Im(8'p;) + ;
o= cyr’ + %pl,
B =—icodr™ + Ldp, + Vidr?,
v = —iApg + (AT*)V) — 210" V.

We omit the proof which goes along the same pattern as the one of Lemma 3.3.
Note that by Conditions 5.1 and 5.2 for large » > 1 the coefficients «a, § and v satisfy

cor’ <a<Cr’, B <Cr” and vy > —=Cr". (5.4)
As in (4.2) we introduce for o > 0 the conjugated operator
H, = Hyso = ¢ He™ = H — Z|dr|* + io Rep". (5.5)

Again, we consider H, as an operator defined on C°(M) only.

Lemma 5.5. There exists € > 0 such that, if v > 1 and o > 0 are large, then, as
quadratic forms on C(M),

o (2Im(AH,))xy > xu(e0®r™ 4+ 2Re(aH,)) X, (5.6)
Proof. Similarly to (4.4), by (5.5) and Lemma 5.4 we obtain
2Im(AH,) = 2Re(aH,) — 2aV + pi(V*? — ag)?p; — 21m(B8'p;) + v (5.7
+ o?aldr|? + 20 Im(a Rep") + o%r(0"|dr|?) + 20 Re(ARep").

Let us estimate the right-hand side. We consider large » > 1, and omit the cutoff
X» for the moment. By (5.1a), the Cauchy Schwarz inequality, Condition 5.2 and
(5.4)

—2aV +p; (V*r* — ag)p; — 2Im(6'p;) +
> —2V — )1 — |+ (5.
> ()Y -
On the other hand by using (4.7) and the Cauchy Schwarz inequality we obtain
20 Re(ARep") + 20 Im(aRep")
= 40(Rep")rRep” + 20 Im(a Rep") — 20 Im(|dr|* Re p")
> 20(Rep”)r" Rep” — aCr™ — ¢d"|dr|?.
Whence, by using

Rep" = 50" + (")) = p + 5(40),
the Cauchy Schwarz inequality and (3.4), we conclude that
20 Re(ARep") + 20 Im(a Rep")
> o(p ) rp" — Cor™ —ar™ Hr' " dr|? + ar7|dr|?).

Now we put (5.8) and (5.9) into (5.7) and then obtain that for all large ¥ > 1 and
>0

Xv(2Im(AH;))xy
> v, {o®rT (1 — o ) (T |dr | + ar T|dr|?) — Cor” + 2Re(aH,) } ..

(5.9)
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Clearly (5.6) follows from this estimate and (5.1b). O

Proof of Proposition 5.3. Let ¢ € D(H) be a super-exponentially decaying eigen-
function as in Proposition 5.3. Then, by assumption, for any v > 1 and ¢ > 0

bs = P = X" M € H. (5.10)

We will choose v > 1 large in agreement with Lemma 3.4 with ¢y = ¢. In the
following computations we actually have to first choose an approximate sequence
for ¢ from C°(M) and then take the limits in the last step as in the proof of
Proposition 3.1. This can be done by using Lemma 3.4 and the closedness of H, but
since the verification is rather straightforward we shall not elaborate on this point.
Put H, = e”"He " as in (4.2). Then by Lemma 5.5 for large v > 1 and 0 > 0

eo*(r")g, < 2Im(AH,)s, —2Re (aH,)g, . (5.11)
We note, putting R, = i[Hy, x,] = Re (x,p") as in (3.6),

H,¢y = B¢y — 1" ™R, 6. (5.12)
Hence we can write the right-hand side of (5.11) as

2Im(AH;)s, —2Re(aH, )y,

5.13
= —2Re(e?" Wy, AR, — 2F(a)y, — 2Tm{ax, e "TTIR,),. (5.13)

As for the first term of (5.13) we estimate (recall the notation y, =1 — x,)

— 2Re<e(’(r ) XVAe”(T ) Ry>¢

< X2 Ao 0|* + e R, 0|

< {112r%axue” "I | + [[Xan (2r]dr[2x, + 20 [dr (2 + L(Ar?)x,)e g}
+ {Ix,e”"Mp el + L Oldr]? + X, (Ar))e Mg}

< CV?|[xupalpol|* + Cv3(o)? |1 6],

where we have used (3.4). Note that C' > 0 does not depend on v or o because
r < 2v on supp x,. By using (3.2) and (3.3) (both with 0 = 0) we then conclude

_2Re<ea(r 4v) X Aeo(r 4v) Ry>¢ < CV2<O->2H¢H2'

Next, we examine the third term of (5.13). This term is estimated similarly, and we
obtain the rough bound

—2Im (aXVeQU(T_4”)Ru>¢ < Cv¥{o)?||]*.
We summarize
(c0” = C)(1")g, < Cv2(0)?||S|| (5.14)

Now assume xs,¢ # 0. After division by ()2 on both sides of (5.14) the left-hand
side grows exponentially as ¢ — oo whereas the right-hand side is bounded, and
hence we obtain a contradiction. Thus ys5,¢ = 0, and then by Condition 1.4 we
conclude that ¢(z) = 0in M. O
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