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SPECTRAL ASYMPTOTICS FOR MANIFOLDS
WITH CYLINDRICAL ENDS

by T. CHRISTIANSEN AND M. ZWORSKI

1. Introduction and statement of results.

In this note we obtain spectral asymptotics for manifolds with
cylindrical ends. Since the Laplacian has continuous spectrum one expects
Weyl asymptotics for the sum of a term measuring the behaviour of the
continuous spectrum and the counting function for embedded eigenvalues.
Following ideas originating in mathematical physics the first term is
expressed using an appropriately defined scattering matrix for manifolds
with cylindrical ends [2]. In fact that term is an exact analogue of the
scattering phase: see [1], [9], [14] for a discussion of the Euclidean situation,
[8] and [11] for finite volume hyperbolic surfaces and [12], [13] for infinite
volume hyperbolic manifolds. The consequent bound on N (), the number
of embedded eigenvalues less than or equal to A2,

NO) =00

is optimal as shown by the example in Section 3. Here n is the dimension
of the manifold.
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Figure 1. A manifold with a cylindrical end.

Manifolds with cylindrical ends (see Fig. 1) are a special case of
b-manifolds [10] and since our results are expected to hold in that more
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general setting we recall the definition of the scattering matrix in that
case. Thus let X be a compact manifold with boundary X and let z be a
defining function of 8X, that is

z)x0 >0, T]9x =0, dzjgx #0.

Then a complete metric g on X is an exact b-metric if near the boundary
it can be written as

(1) 9= () +n

where h is a semi-positive metric on X which restricts to a non-degenerate
metric on 0X.

If Ax is the Laplace operator for (X,g) then the spectrum
decomposes as

0(Ax) = 0ac(Ax) + Upp(AX)a Oac(Ax) = U [/f‘,

neo(Aox)

where Apx is the Laplacian of (0X,h|sx). Hence the multiplicity of
A2 € 0,(A) is given by Npx (), the number of eigenvalues of Agx less
than or equal to A2 — see [10], Section 6.9.

If ak € 0(Asx) and 0 < o, < A, then there exists a generalized
eigenfunction of the Laplacxan ®F, \ (A=AM?)®7, | =0, which has the
following expansion at the boundary

(2) 29 zkx—x“AZ-ak‘ﬁ
2 /4 i /N2—og2
S (FE) b T ),

2 _ 52
A2 -2,

where €¢(\) > 0. Here ¢,,,’s are the orthonormal eigenfunctions on 90X
corresponding to o,,’s. The scattering matrix ¥, (A) = (Vg mi(N)) is an
Nax (X)) X Nax () unitary matrix whose entries are given above, for A > 0.
The relationship ¥, (—\) = ¥%()) gives the matrix for negative A — see [2]
for a detailed discussion. We recall here that the scattering matrix depends
mildly on the choice of boundary-defining function z, as the notation
indicates. This definition should be compared to that in the simpler finite
volume situation (see [8] and [11]) where the scattering matrix is given
by the coefficient in the expansion of the Eisenstein series: there, however,
only o¢ = 0 contributes.
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The scattering phase is defined as the winding number

(3) oz(\) = 5% (log det ¥ (A) — log det ¥,(0)),

and we refer to Section 1.3 of [2] for its continuity properties.

A manifold is said to have cylindrical ends if it is a b-manifold and if for
some ¢ > 0 we have h = hjgx for some identification X|,. ~ [0,c) x 0X.
By changing the defining function of the boundary we can change the value
of ¢ and below it will often be convenient to take ¢ > 1. For manifolds with
cylindrical ends we have:

THEOREM. — For any boundary defining function x such that the
metric on X is an exact product (dz/z)? + h|gx for z < 8, for some § > 0,
we have

N(A) =00\,

N\ +02(A) = cn lim [ / 1+ 1ogeVol(aX)] A" 4+ O
X

€lo |z>e

as A — oo, where n is the dimension of X, ¢, = w,(2m)™", and w,, is the
volume of the unit ball in R™.

Here, the leading term depends on the «b-volume »
lim [/ 1+ logeVol(aX)]
€l0 UX|zse
as one expects. The estimate improves the estimate of [4]:
N =0\ 1),
It is natural to conjecture that the theorem holds for manifolds with exact

b-metrics as well.

After this note was completed, we learned that L. Parnovski has
independently obtained similar results.

We would like to thank Charlie Epstein, Richard Froese, Laurent
Guillopé and Richard Melrose for their help in our work on this paper.
The partial support of the second author by the National Science
Foundation is also gratefully acknowledged.
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2. Proof of the asymptotic formula.

The method of proof is inspired by the pseudo-Laplacian of
Lax—Phillips [8] and Colin de Verdiere [3]. If X is a manifold with cylindrical
ends such that for some 6 > 0

(Xjacrre9) = (10,1+9) xax(d )+hwx)
we decompose X into
X=XoUX1, Xo=X|z>1
If u is an eigenfunction of the Laplacian, that is
u€ LX), Axu=\u

here L?(X) = L?(X,dvol,)) then
b g

(ux,)(@,y) = Zu] (@)6;(¥), (z,y) €[0,1] x X

and to have u| x, € LZ(X1) the coefficients must satisfy

w; (1) zVoi*2  if A2 < o2,
(4) uj(x>:{ s !

0 if \2 > o7,
and that extends to < 1 + §. This implies that

(5) (8 + (Dox =AY *)ujax, =0,

where 9, is the outward unit normal derivative and where (Asx — )\2)1/ 2
is defined using the spectral decomposition as the positive square root of
the positive part of (Agx — A?).

Let T be defined as the Laplacian Ax, on X, with the boundary
condition given by (5) and with the domain C'*°(Xy). The operator T is
symmetric and we define its Friedrichs extension using the form

6)  Qu(u,v)= [ VuVo+ [ (Bax — A%V u (Asx — A2)Y %
Xo 0Xo
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" with the form domain

Dy = {u € L*(X0): Qx(u,u) < 0o} = H(Xo).

We will denote the corresponding self-adjoint operator by T as well. For
Dirichlet and Neumann problems on X the forms and form domains are
given by

Qn(u,v) = [ VuVu, Dy = H'(X).
Xo
Hence Qx(u,u) > Qn(u,u) for u € H'(Xo) and Qa(u,v) = Qp(u,v) for
u,v € H}(Xo) C HY(Xo) = D. Thus the spectrum of T} is discrete and if
p1(A) < po(A) < --- < pj(A) < --- are the eigenvalues, then the max-min
characterization

ni(A) = sup Cinf o Qa(u,w),
M;_y  weH'(Xo)NMj-,
dim M;_;<j Jlul|=1

the fact that @Qx(u,u) is non-increasing in A, and comparison with the
Dirichlet and Neumann forms gives the following

LeEmMA 1. — The eigenvalues of T depend continuously on A and are
non-increasing. If Nx(r), Ny(r), Np(r) denote the number of eigenvalues
less than or equal than r? for Ty, the Neumann and the Dirichlet Laplacians
on X respectively, then

(7) ND(’I‘) < N)\(r) < NN(’I').

By applying the standard Weyl law for the Dirichlet and Neumann
problems, (7) immediately yields

(8) Na(r) = ¢, Vol(Xo)r™ + O(r™™1).
We also note that the error estimate is independent of .

From the comments in the beginning of this section we see that
if u is an L? eigenfunction of Ax, then u|y, is in the domain of T, and
T (u|x,) = A2(u|x,), that is

N eopp(Ax) = N ea(Th),

with at least the same multiplicity. Other eigenvalues A2 of T are
characterized by
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LemMA 2. — If A2 is in the spectrum of Ty, but does not correspond
to an eigenvalue of the Laplacian on X, then the scattering matrix ¥, ()
has 1 as an eigenvalue. Conversely, if 1 is an eigenvalue of ¥;()), then A2 is
in the spectrum of Ty. The multiplicity of \? as an eigenvalue of T is equal
to the sum of the multiplicity of A2 as an eigenvalue of Ax and the
multiplicity of 1 as an eigenvalue of U, ().

Proof. — Suppose A? is in the spectrum of T, but does not correspond
to an eigenvalue of the Laplacian on X. There is an eigenfunction u of T},
which, near the boundary of Xy, can be expanded in terms of the boundary
eigenfunctions, with

(u|z<1+6)(x’ y) = Z (cj,+wi\/ A2—o? +cj7_$“i Az—g? )¢j
OSU]'S/\
+ Z djzV a’g_v‘ﬁj-

ag;i>A

Clearly u can be smoothly extended to & on X by allowing z to range
down to 0 (as in the expansion above), and then Ax# = A?4. The fact
that u does not correspond to an L? eigenfunction for the Laplacian on X
means that not all the ¢; 4, ¢; — are 0, and the boundary condition implies
that c;+ = c¢j—. Since we can write 4 as a linear combination of the
generalized eigenfunctions @;k’ , (and possibly L2 eigenfunctions), this
means that 1 is an eigenvalue of the matrix

S2(X) = {Se.mr (N} = {02 = )42 = 02) V400 (N}, A# 05

Then it follows that 1 is an eigenvalue of W (A), if A # o, since Sz(A)
and U, ()) are similar matrices. When A\ = ¢, using the fact that ¥,())
and S;(X) are continuous as |A| | |o;| (see [2], Section 1.3), we see the
eigenvalues of ¥, (A) and S;(A) are equal at these points as well.

Conversely, assume 1 is an eigenvalue of ¥;(A), and thus of S;(A).
That is, there is a v which is a linear combination of the generalized
eigenfunctions @;k, , of the Laplacian on X which is given, near the
boundary, by

Z dk(zi\/ﬁ‘—ai-l-w—i\/m)d)k 4 Z cka:\/”'zc—_ﬁqbk
o2<A? oZ>A?

for some constants di and cg, with not all dx, = 0. If we restrict v to X, we
find Ax, (v x,) = Av|x,, and (8, + (Aox — /\2)1/2)1’]6)(0 =0.
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This proves the lemma, except for the question of multiplicities. From
the argument above it follows that to independent eigenfunctions of T, with
eigenvalue A\? which do not correspond to eigenfunctions of Ax, we obtain
the same number of eigenvectors of ¥, (), corresponding to eigenvalue 1.

Thus it remains to show that the multiplicity of A2 as an eigenvalue
of T} is at least as great as the multiplicity of 1 as an eigenvalue of ¥, ().
Suppose that 1 is an eigenvalue of W (\) with multiplicity J. Then,
since ¥, () is unitary, it has J linearly independent eigenvectors with
eigenvalue 1. If A # o;, any j, then we get J linearly independent
eigenvectors of S;(\) and thus, by the discussion above, J linearly
independent eigenfunctions of Ty.

If \? = 02,, we proceed as follows: if ¢ = (c1, ...c,) is an eigenvector
of Uy (\), let

& = { (N2 — o)~V ifi# M,
e if i = M.
Then
(2de¢;k,)‘)|z<1+6 = Z di (z*V Aok gk ) br

oi<a?,
* + Z Cope + Z Ee.TVU?_)‘2¢[.

2_,2 23 52
Ty=0 N Ty>0

Restricting ) di, @:’ K b0 Xo, we get a function that satisfies the boundary
conditions for T, and thus is an eigenfunction for T. Additionally, if we
start with J linearly independent eigenvectors of ¥ () with eigenvalue 1,
we get J linearly independent eigenfunctions of 7. O

This motivates the following definition:

(9) P,(\) = Y dim{v € C"ox©): ¥, (&)v = v},
0<€<A

that is, P;(A) is the number of times 1 is an éigenvalue of ¥, (&) for
0 < & < ) (counted with multiplicities). Lemma 2 shows that

(10) N(r) + Py(r) = #{3*: N> € o(T»), 0 < A <1},
where the eigenvalues are counted with their multiplicities.
For the right hand side we get:
LeEMMA 3. — If N, is defined as in Lemma 1 then

#{3?: A2 € o(Th), 0 < A< 1} = N, (r).
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Proof. — By Lemma 1, p;(\) € o(T,) are continuous and non-
increasing in A. Hence if pj(A\) = A < 72 for some j then
pi(r) < pi(X) <r?. Conversely, if pj(r) < r2, then pj(A) = A% for
exactly one 0 < A < r, since p;j(A) — A? is a strictly decreasing func-
tion, and 1;(0) > 0. O

The next lemma gives the desired upper bound for the sum of the
counting function P;(\) and the number of embedded eigenvalues:

LEMMA 4. — If the metric on X is of exact product type forx < 146,
some 6 > 0, then

N +P(N) = ¢, (/ 1) A" 4+ O(A"1).

X,z>1

Proof. — This follows from (8), (10) and Lemma (3). |

The following lemma bounds the variation of o,.

LeEmMMA 5. — For any boundary-defining function x such that the
metric has the form (1) near the boundary,

loz(A+ 1) — 02(A)| < Po(A+1) — Po(X) + O(A™ 7).

Proof. — We note that the unitarity of ¥, () implies that

(1) =g 3 60,

0<a; <A

where the 0;()) are the arguments of the eigenvalues of ¥, ()). We recall
(see [2], Section 1.3) that W, ()) is continuous, except where A? crosses a
point in the spectrum of the boundary Laplacian Agx. The magnitude of
the jump in o5 () at A = o; is no worse than -21- times the multiplicity of o2
as an eigenvalue of Apyx, a contribution which is O(A\"~!). Since there are
O(A\*™1) 0;’s in (11), and if any is to change by more than 27 it must cross
an integral multiple of 27 (and hence a point where 1 is an eigenvalue of
the scattering matrix), we get the lemma. O

For completeness, we include the following lemma which describes the
variation of the scattering phase under a change of a boundary defining
function.
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LEMMA 6. — If a > 0 is a constant and if the metric on X is of the
form (1) for z < €, some € > 0, then

Oaz(A) —oz(A) = % loga Z VA2 —c}.

0<oK<A

Proof. — Recall that the entries in the scattering matrix corresponding
to the boundary defining function z are determined by the leading terms of
a generalized eigenfunction of the Laplacian at the boundary, as in (2):

. 2 _g2\1/4 .
VTt 3 (Grmak) Ve N VIR 10 )

2 _ o2
0<om<A m

~ |V,
)‘2_02 1/4 i 20244 —0o —1 202
£ 3 () e T () R,
+ O((am)e(’\))] a~ WA=

The sum in square brackets on the third line is the expansion, at the
boundary, of the generalized eigenfunction which determines the entries in
the scattering matrix for the boundary defining function az. Therefore,

Vo mk(N) = W mi(A) @V —TRHVN =05,
and a straight-forward computation completes the proof of the lemma. O

Proof of Theorem. — We recall the trace formula of [2]:

]-'[b—Trz(cos(t\/Z))](/\) = 7rad—)\oz()\) + 37 Z 5(\ — o)

oz €spec Apx

o #0
(12) + 3T Tr L0080 + 7 Y 6(A—))
A?GppSpecA

and the behaviour of b-Tr, cos(tv/A ) near ¢ = 0 (see [2], Lemma 1.1)
(13) %J-‘[ﬁ(t) b-Tr, cos(tVA )] )

= nep lim [ / 1+ log eVol(aX)] A o(Am2),
€l0 X|z>e
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where p € C°(R), p(0) = 1, and p(t) has sufficiently small support. We
will also require that p > 0. Let

(14) ez(A) = oz (A) + N(A).
Then for A > 0, the formula (12) shows that

(15)  prdedd) = - F(p(0)b-Try cos(tVR))(N) + OO2),

where we used the standard estimate Npx(\) = O(A""1) to estimate the
contribution of the second term.

We will now apply Hérmander’s Tauberian argument [7] to obtain
asymptotics for e;(A) in the special case where x is chosen so that the
metric is a product for z < 1+ §, some § > 0. We do not, however, have the
positivity of d e;(\), and to circumvent this problem we use the asymptotics
of Lemma 4 and the estimate of Lemma 5. In fact, they yield immediately

(16) ex(A+1) — ez (A) = O(A™ ).

Integrating (15) from 0 to A gives the theorem in this special case, since (16)
shows that

(17) | / P\ — wew () dpt — ex(V)|= O™ 1),

The proof for the more general choice of z satisfying the conditions
of the theorem follows from the result in the special case above, along
with (13), (15), Lemma 6, and Hérmander’s argument. O

3. An example.

This section describes a class of examples of compact manifolds with
boundary and exact b-metrics which have an infinite number of eigenvalues.
In fact, the manifolds are n-dimensional, and N()\) grows like A\™. This
shows that the bound on the growth of the number of eigenvalues proved
in the previous section is sharp. These examples were motivated by the
example of [5].

It will be helpful to consider manifolds with two infinite cylindrical
ends instead of two boundary components. Let (Y, h) be a smooth, compact,
(n — 1) dimensional Riemannian manifold without boundary, and let

(X,9) = (Rx Y, dt? + f(t)/ D),
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where f € C°(R) — see Figure 2. We choose f(t) = 1 outside a compact
set; then a change of variables makes X a compact manifold with two
boundary components and an exact b-metric. The Laplacian on X is

a9 A= (or+ L0 ot an) s,

where Ay is the Laplacian on Y.

J\
7

(Y,h) (X,9) ~ (R x Y, dt? + f(t)4/(n—1)h)

Figure 2. A manifold with many embedded
eigenvalues: f(t) large on a compact set.

If {0;‘?} are the eigenvalues of the Laplacian on Y, listed with multipli-
city, and {¢,} are a set of corresponding orthonormal eigenfunctions, then
we may expand (18) in terms of the eigenfunctions on Y. If x(¢,y) € C°(X),
then

1 £(t) 1

(19) Ax(t:v) = 755 ;(Df + 55t Fave o?)
x £(£) 6;(v) /y 5@t y)

- % ;wf +V; + o) ()65 (0) /Y 5@ x(6.v)

where

o () -4/(n=1) _ 1) 42

If we choose f(t) > 1, and f(t) > 1 on a compact set, then V; has
compact support, and V; < 0 on a fixed compact set for j sufficiently large.
Using (19), we see that A2 is an eigenvalue of the Laplacian on X if and
only if (A7 — 0?) is an eigenvalue of D7 + V; for some j.
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To find the asymptotic behaviour of N()\) for X, we need to know the
asymptotic behaviour both of the 032. and of the eigenvalues of D? 4V}, as j
goes to infinity. The standard Weyl law for X gives that

(20) Z ;=

a; <A

cn 1 Vol(Y) A" + O(A™ 1),

where ¢, = W, (27)™™ and wy, is the volume of the unit ball in R™.

To study the behaviour of the one dimensional Schrédinger operator
we take the semi-classical point of view with h = o 71 —see [6]. As j — oo,
the operator D? + V; has

(21) 5 (/ Vi ey e+ o()

eigenvalues, and they lie in the interval [-o0%a + ¢, 0], where
a=max(1— f~"=1()).

Finally, using (20) and (21), we can bound N(X) from above and
below as A — co. Summing over o7 such that o7 < A2, we get, as A — oo:

NQY o (= Den /,/1_ [/ (=D(t)dt + o(1
P nmw

This shows that the order of growth of embedded eigenvalues given by
the theorem in Section 1 is indeed optimal. Similarly, summing over
those 02 such that 07 < A?/(1 — a), we can bound N()), as A — oo, by:

P nmw
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