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Inverse Regge poles problem on a warped ball

Jack Borthwick? Nabile Boussaid! Thierry Daudé*

Abstract

In this paper, we study a new type of inverse problem on warped
product Riemannian manifolds with connected boundary that we name
warped balls. Using the symmetry of the geometry, we first define the
set of Regge poles as the poles of the meromorphic continuation of
the Dirichlet-to-Neumann map with respect to the complex angular
momentum appearing in the separation of variables procedure. These
Regge poles can also be viewed as the set of eigenvalues and resonances
of a one-dimensional Schrédinger equation on the half-line, obtained
after separation of variables. Secondly, we find a precise asymptotic
localisation of the Regge poles in the complex plane and prove that
they uniquely determine the warping function of the warped balls.

1 Introduction

1.1 The model of warped balls and the statement of the in-
verse problem

This paper is devoted to the study of an inverse problem on warped product
manifolds with connected boundary from a new set of spectral data that we
refer to as Regge poles.

Precisely, let K be a compact (n — 1)-dimensional (n > 2) Riemannian
manifold with metric g and consider the warped product:

M = (0,1] x K,
with interior M = (0,1) x K and boundary OM = {1} x K, equipped with
the metric:
g=c(r) (d?"2 + rng) ,
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for some function ¢ > 0. Setting z = —Inr brings the metric g into the
form:

g =cle™®)%e 2 (dz* + gr) = f(x)%0,
so that g is conformally equivalent to the product metric:
go = da” + gk,
on [0, +00) x K. The conformal factor is defined for z > 0 by
f(z) =cle ") " > 0.

We emphasise that under these general assumptions, the above metrics are
not necessarily regular, but can have a conical singularity at » = 0. Actually,
this is, in some sense, the generic situation as one proves' that the metric g
is regular if and only if:

1. the odd-order derivatives ¢***1)(0) vanish for every k € N,
2. K =S"! and gx = dQ? where dQ? is the round metric on S* 1.

Our ultimate goal is to determine the conformal factor ¢ (or equivalently
f) from the knowledge of the Regge poles (see Definition 1) in addition to
some boundary datum. For simplicity we shall make the assumption that
the conformal factor c is a small perturbations of 1, in the sense that:

=1+V>0,VelLx (01
c + ~> ) € COmp(( I })7 (CFl)
Jd e R,V > —-1+4d.
Or, in terms of f:
=e "4+ V>0,Vel® (R
f € + > U, € comp( +)7 (CFl’)
dd e R:,e*V > —1 +d.
We shall require some minimal regularity in the sense that:
Ve CLR,), V' € WHR(R,). (CF2)

The starting point towards defining the Regge poles is to consider the
Dirichlet-to-Neumann operator, a natural quantity in the study of inverse
problems. In fact, we shall consider a slight generalisation of this alllowing
for fixed non-zero energy A\ > 0. Consider first, for any ¢ € H2(0M),
the (non-homogenous) Dirichlet boundary condition problem in the natural
Hilbert space: L?(M):

—Agu = Auon M, (1)
u=¢ on OM.

!see [Pet16, Section 4.3.4]



Recall that: L?(M) = L?(Ry x K, f*dzdK).

Under the assumptions (CF1’, CF2), we will show that given any ¢ €
Hz (OM) there is a unique solution u, to problem (1) in H*(M) and define
the Dirichlet-to-Neumann operator (at fixed energy \) to be the operator:

AN : H2(OM) — H™2(OM),

mapping any ¢ € H > (OM) to the boundary value of the (outgoing) normal
derivative of the solution to problem (1), in other words:

A(A)¢ = =0pug(0, ).
Since g is conformally equivalent to the product metric, the Laplacian
Ay is closely related to the product Laplacian Ag,. In fact, the change of
variable v = f2 !y, shows that problem (1) is equivalent to:

—A = \f? 0
{ gV +qfv ffv, x>0, (@)

v(0,) = f271(0)¢.

with v € L2(R; x K, f2dzdK) = L?(R4, f?dx) ® L?(K)?. The potential gy

is given by:
( fgfl )//

—_ W@ . 3

as = (3)

The symmetry of the overall manifold can now be used to its full advan-

tage. Indeed, the Laplacian —Ag on the compact manifold K has compact

resolvent and L?(K) can be decomposed onto an orthonormal basis of eigen-

vectors (Y )ren. Let (u2)gen denote the eigenvalues of —Ag, counted with

multiplicity and ordered such that 0 = u2 < u? < p3 < .... Recall now

that:

Ag =02 + Ag.

Since the coefficients of —Ag v +qy — Af? depend only on the coordinate =,
the operator is stable on any of the subspaces:

Ej, = L*(R,, f?dz) ® span {Y}}.

On each Ej it reduces to a 1-dimensional Schrodinger operator and (2) can
be written in terms of the components of the decompositions:

d=> Vi, v=) Y,

keN keN

as:

ue(0) = f271(0) -

2Because f depends only on z.

{—UIZ + (qr — A2 op = —piog,




A key point is that introducing:

(n—2)°
Q fF=4qf =
2 2 (n— 2)°
k 4 )
the equation on each component can be rewritten as the Schrodinger equa-
tion on the halfline:

— 0"+ (Qp — Ne ) = —22, (5)

where we have dropped, for convenience, explicit dependence on the index
k. Assumptions (CF1’, CF2) ensure that the potential Qy € Lg5,,,(RT).
The Schrodinger operator:

2

H=-2
dx?

+Qp(z) — Ae %,
with Dirichlet boundary conditions at = 0 will have a central importance
in this work; it will be referred to as the associated Schréodinger operator.

Lastly, we point out that our spectral study will put emphasis on the
spectral parameter —z2 appearing in (5) as opposed to the more natural pa-
rameter A which will be fixed throughout. In particular, (—z2) will be not
be restricted to the discrete values —zl% and we will be especially interested
in what happens for complex values. From this perspective, it can be nat-
urally viewed as a complex angular momentum coming from the separation
of variables.

Let us now take a closer look at the Dirichlet-to-Neumann operator in
terms of v. It is also stable on any of the subspaces Ej and its restriction
can be written:

A\ = —u, (0) = _u(0) b = — {%(0) 3 (ﬁ _ 1) f’(O)] b1,

ur(0) ur(0) 12 £(0)

Let g € H 3 (M) as in the previous paragraph, in Section 2.4 we will show
that when n > 3 the components vy of v = f%_1u¢ satisfy: vy, v}, € L2(RT).

Hence, the term z;’zgg; is in fact the value of the Weyl-Titchmarsh function

for the Dirichlet Schrédinger operator H at —z,%. We will use the usual




notation®:

= M(~2),

v (0)
for the Weyl-Titchmarsh function associated to (5).
In summary, the Dirichlet-to-Neumann operator A(\) can thus be diago-
nalized onto the Hilbert basis of eigenvectors (Y)ren and on each invariant
subspace Ej, it acts as an operator of multiplication by:

koy) — _ _2_n_>f/(0)}
AR = AN, 21) [M( 22) (2 D50

Note that A(\) is completely determined by the Weyl-Titchmarsh function
M, the shifted eigenvalues zz of the transversal Laplacian —Ag and the
quotient %.

We will prove that in our particular model, the Weyl-Titchmarsh func-
tion M(—22) is meromorphic on C. By analogy with scattering potential
problems [Reg59; AR65], we then define:

Definition 1. The Regge poles are the poles of the meromorphic extension
to C of the Weyl-Titchmarsh function M(—2%) of the operator H.

It is well known (see for instance [RS00]) that these poles can be equiv-
alently defined as the set of Dirichlet eigenvalues and resonances of the
operator H. They can therefore be thought of as resonances with respect to
the shifted “angular momentum” z.

The question we want to address in the present work is then the following:
does the knowledge of the Regge poles of a warped ball (M,g) determine
uniquely the warping function ¢ (or f) 7

According to the previous observation, this problem amounts to studying
an inverse resonance problem for the half-line Schrodinger operator H. Note
that, in the case of compactly supported potentials, such problems have been
studied thoroughly in [Kor04; MSW10]. One of the novelties of this work
consists in considering non-compactly supported potentials of the form:

Qf - Ae—2x7 Qf € L(c:)gmp(R+)'

3A way one can understand this notation is as follows, let S be the Riemann surface
S = {(w,2) € C?,w+ 2*> = 0}. S is in fact diffeomorphic to C and the variable z is a
global coordinate. The Weyl-Titchmarsh function can first be defined as a function on the
open set U = SN {(z,w) € C*, Rz > 0}, on which we could use the variable w = —2? as
local coordinate. The notation M (—z?) denotes the value of M defined on U at the point
(—2%,2) € U. We will show that M has a meromorphic extension to all of S = C, and,
in order to avoid confusion and simplify notation in later analysis, we will write m(z) to
denote the value of the meromorphic extension of M at any point (—z%, z) of S. This is
equivalent to expressing M in the global coordinate chart given by z.




1.2 The results and strategy of the proof

Our results on the Regge poles problem are twofold. First, we give a positive
answer to the uniqueness inverse Regge poles problem:

Theorem 1. If two warping factors f and f satisfying (CF1’) and (CF2)
have the same Regge poles {(ax)k>0 U (8;)jez} then:

Qr=Qy

Hence, assuming f(0) = f(0) and f'(0) = f(0), we have:

f=1r

The second part of our results pertain to the distribution of the Regge
poles. However, we need to make another assumption on the warping func-
tion f = e™* 4+ V. Precisely, we assume additionally that:

Assumption (CF3).
e suppV = [0,a],
e There exists p € N*, such that V € CP(R*) N ACPTH(RT),

e 02"V is continuous R* except at a where it has distinct left and right
limits.

Assumption (CF3) entails that the corresponding potential Q¢ satisfies:
supp Q5 = [0,a], Qs € CP*(RT) N ACP™!(R™),

and 8?,?71Qf is continuous on R™ except at a where it has a jump. (If p =1,
we will understand this to mean that )y is continuous on R except at a
where it has a jump.)

With this assumption, we obtain precise asymptotics of the Regge poles.
Precisely, we have:

Theorem 2. The set of Regge poles is given by the union of two sequences

{(ar)r>0 U (Bj)jez~},
where:

1. The ay’s are real numbers asymptotically close to the negative integers
—k as k — oo, i.e. for any 0 < < %, there exists N such that for all
k>N,

lag + k| < 0.



2. The ;s are complex numbers which form a set that is symmetric with
respect to the real axis and satisfies for all j >> 1,

™

e
Bij Z2(1

L, p—=1 p+1. i
(2\]|+2 :l:(sgn(A)—|—1)> 50 log "

1
+ 5 log|A|(p — D)t + o(1),
2a
for a certain explicit constant A.

Roughly speaking, the first sequence of Regge poles (ay) is due to the

exponentially decreasing potential —Ae™2% in the Schrédinger operator H,
whereas the second, (3;), is due to the compactly supported perturbation
Q-
Remark 1. We emphasize that the large Regge poles (aj)r>0 seem to be
quite stable under compactly supported perturbations. We mean by this
that if we replace Q; € L>([0,a]) by another potential @ € L>([0,al),
then the corresponding &;’s remain asymptotically close to the negative
integers —k.

In opposition with the above corollary, the Regge poles (53;) are quite
unstable under compactly supported perturbation. This can be seen from
the precise asymptotics given in Theorem 2. Indeed, slight modifications
in the support [0,a] of the perturbation, or in the value of the jump of
@y at a, entail dramatic changes in the asymptotics. This is a well-known
phenomenon for scattering resonances [DZ19] and black holes quasinormal
modes [Des+21].

Theorem 1 will be proved according to two distinct strategies, the first
will not require assumption (CF3) and will provide a general uniqueness
result. The second will avail of (CF3) in order to follow the strategy
of [BKW03; BW04]. This will enable us to obtain a formula for the Weyl-
Titchmarsh function in terms of the Regge poles:

Theorem 3. Under the assumptions given in the text, and assuming, for
readability that all the Regge poles are simple then:

af b;
M(_Z2):_Z+Zz—ak+z Z_JB}.
J

k>0 JEZL*

Similar expressions exists when the poles are not simple.
The strategy is then as follows:

e Step 1: We consider the Jost solution ¢ (x, z) of the one-dimensional
Schrodinger equation, that is the unique solution (up to multiplicative



constant) of (5) that is L? at 2 = +-00. The Weyl-Titchmarsh function
M (—22) is then defined for Rz > 0 by:

¥'(0,2)
$(0,2)

When V' = 0, the Jost function (0, z) turns out to be explicitly given
by a Bessel function. When V' # 0, using the notion of transformation
operators introduced by Marchenko (see for instance the presentation
given in [Lev18]), and a perturbation argument, we will show that the
map z — (0,2) is an entire function of order 1 and infinite type.
Moreover, we obtain precise asymptotics of ¢(0, z) for |z| large in the
complex plane. These asymptotics allow us to locate the zeros (0, z)
by a standard Rouché argument and classical results on the location of
zeros of Laplace transforms due to Hardy, Cartwright [Car30; Car31;
Har05] (we refer to Zworski [Zwo87, p. 287] for a similar application
of these results). The zeros of ¥(0, z) being the Regge poles of (M, g),
Theorem 2 will be proved.

M(—2%) =

e Step 2: Thanks to Step 1, the Weyl-Titchmarsh function M (—2?%) has
a meromorphic extension to the Riemann surface:

{(w,2) € C%w+ 22 =0} = C,

with poles given by the Regge poles. Using a Cauchy theorem on a
well-chosen contour, we are able to express this function as in Theo-

rem 3: b
af i
M(=2z%) = — J
(—2?) Z+Zz—ak+2z—6j’
k>0 JEZ*

where, in the above, we assume that all Regge poles are simple for
readability. Moreover, using essentially the Hadamard factorisation
theorem for entire functions of finite order [Lev+96], we can prove
that the residues a; and b; only depend on the Regge poles { (o )r>0U
(Bj)jez~}. Consequently, we prove that the Weyl-Titchmarsh function
M is uniquely determined by the Regge poles. However, it is well-
known that the potential @); is uniquely determined from the Weyl-
Titchmarsh function by the Borg-Marchenko theorem [Ben01; GSO00;
Sim99].

1.3 Some bibliographical comments

In this section, we give some references that solve inverse problems on
warped product Riemannian manifolds similar to the one studied in this
paper.

In [DKN21; Gen20; Gen22], it is shown that the Steklov spectrum, i.e.
the eigenvalues of the Dirichlet-to-Neumann map A(0) at frequency 0, of a



warped product with connected and disconnected boundary uniquely deter-
mines the warping function f. Moreover, logarithmic stability estimates are
provided.

In [IK17; IK21], some inverse spectral problems on compact and non-
compact rotationally symmetric manifolds are studied. These are similar
to the warped product Riemannian manifolds considered in this paper. In
[IK17] for instance, it is shown that the spectral data consisting in the eigen-
values and norming constants of a family of one-dimensional Sturm-Liouville
operators, corresponding to the diagonalisation of the Laplace-Beltrami op-
erator onto a fixed spherical harmonic, determines uniquely the compactly
supported potential. Moreover, the authors give an analytic isomorphism
from the space of spectral data onto the space of functions describing the
warping function, hence answering the inverse characterisation problem. In
[IK21], a similar uniqueness inverse result is obtained for a class of non-
compact warped product Riemannian manifolds. Here, the spectral data are
given by the set of eigenvalues and resonances of a family of one-dimensional
Schrédinger operators, corresponding to the diagonalisation of the Laplace-
Beltrami operator onto a fixed spherical harmonic.

The results in [IK21] are the closest in spirit to the ones presented in this
paper. The main difference with our work is that the authors only consider
Schrodinger operators with compactly supported potentials and their spectral
data does not correspond to the Regge poles considered here.

1.4 Content of the paper

In Section 2, we provide some additional results on the geometric models
of warped product Riemannian manifolds. In particular, we give the proof
of the existence and uniqueness of a solution u to the Dirichlet problem
(1). In Section 3.1, we study in detail the unperturbed model, that is the
case V = 0. The Jost function is shown to be merely a Bessel function and
its behavior with respect to the complex angular momentum z is studied.
In Section 3.2, we extend the analytic properties of the Jost function from
the unperturbed case to the perturbed case. The main technique used here
consists in using the so-called transformation operators that connect the
solutions of the unperturbed Schrédinger equation to the solutions of the
perturbed Schrodinger equation. Eventually, in Section 4, we put together
all the previous results and prove our main theorems.

2 Preliminary results

2.1 The relationship between A, and A,

To begin this section, we explain the equivalence between problems (1)
and (2) in a geometric manner by means of the conformal Laplacian. For



this, recall that, in terms the coordinate z = —Inr € R*, warped-balls are
described as M = R™ x K equipped with the metric:

9= f(z)%g,

where f(z) = c(e™®)e™ > 0 and gg = dz? + gk. g and go are therefore in
the same conformal class.

For any w € R, let £[w] denote the module of sections of the bundle
of conformal densities® of weight w. The conformal Laplace operator is the
operator acts from £[1 — §] into £[—-1 — 5] and can be calculated using any
metric ¢ in a given conformal class according to the formula:

(n—2)

abxrg9
&VaVe T a1y

gabRZb'
In this expression RY, is the Ricci tensor for the given metric g and g is the
conformal metric g = (0,)?g where o, is the unique density of weight 1 that
evaluates to 1 along the section g; unlike g; g is conformally invariant.
Using the conformal invariance of the conformal Laplacian in the specific
case g = f2go and using bold letters to indicate that the conformal metric
is used in contractions as opposed to a given metric in the conformal class,
we find that for any conformal density o € £[1 — 5]

B (n—2)
Ayo = Agy0 — m(Rgo - Ry)o.
Now
CRo—o a1 (TN, )
Ry~ Ry, = o, [(4 o= (L)~ ]
hence:
L [(n=4)(n=2) (f(r)\* n—2f"(r)
Bo7 = B = [ 1 (f(r)) R f(r)] ’
s—1\n
— Agoa—ag_oQ <(J;g_1) )a

. . . . . 1-
To reinterpret this relation in terms of functions set® o = uos, 2 = voy,
Note that:
v=f2"lu.

4A conformal density of weight w can be thought of as a function on M depending on
the metric and homogeneous in the sense that: f(z, Q%g) = Q™ f(z,g). Since any metric
g on M defines a canonical volume density Volg, and that Volgz2, = Q2" Voly, one has a
correspondence (that depends on the choice of metric) between the usual 1-density bundle
and conformal densities of weight —n via the map: ¢ — %}g

P4 is parallel for the Levi-Civita connection of g and similarly for oy, .

10



In particular, for any A € R,.:

—Agu=Au & —Ayo = )\0;20,

Z—1\n
& —Ago+o,’ (%) o =\f’o,l0,
)

Z—1\nm
& —Agv+ <(f2_1> v=\fv.

fz

2.2 A few properties of Bessel functions

Bessel functions will play an important role in the sequel and we will need

a few results regarding their behaviour as functions of their order. We
state and prove the relevant properties here. We first recall an integral
formula [Wat95, Schldfi’s formula, Equation (4), §6.2 p.176 |:

™

1 o ; 00
Vz € C7t c Rj—’ Jz(t) — 27 / e—zzeeztsmede _ Sln(ﬂ.z)/ 6_826_t5h5d87
T 0

o s

from which it is straightforward to see that vy : z +— J,(t) is an entire
function. In fact, from this representation we will show that g is of finite
order, this is contained in the following lemmata:

Lemma 1. For any compact interval I = [a, f] C R%., there are constants
c1,cy > 0 such that:
|Jz(t)‘ < 01602Z1n(z),

uniformly in t € I, for |z| large enough.

Proof. Since for any 6 € [—m, 7], |e”*¥esn0| = 320 < cl2I7 the first
integral is bounded by el*I™. Therefore it will satisfy an estimate of the
required form for |z| large enough. The second part of the formula can be

estimated roughly by:
e|z|7r 0
/ es\z|—tshsds‘
T Jo

oo
It remains to determine the behaviour of the integral / e*l1=tshs 4 for

0
large values of |z|. For this we notice first that when |z| > ¢, the map
s+ s|z| — tshs has a global maximum at:

5max(|2’) argc P n ; + 2
Its maximum value is given by:
z
¢max(|z|) = ’Z‘ argch’t‘ — |Z|2 — {2,

11



Now:

00 00
/ es\z|—tshsds _ 62¢max(\z|) / es|z|—2¢max(|z|)e—tshsds
0 0

For fixed s > 0, the map |z| — s|z] — 2¢max(|2|) has a global maximum
attained when |z| =t ch 3, so that for any s > 0 and any |z| > ¢ > 0:

slz| = 2émax(]2]) < 2tsh§.

Hence:

0o oo .
/ es\z|—tshsd5 < e2¢max(\z|) / et(2sh 5_Shs)d8,
0 0

the integral on the right converges and this estimate concludes the proof. [

Remark 2. In fact for any € > 0, there is C' > 0, such that one has:

/oo es\z|—tshsds < C€(1+5)¢max(‘zl)’

0
+oo
Lemma 2. Let 0 < § < 3, et let Us = C \ U D(—n,d), then uniformly for
n=1

tea,Bl CRY:

oot (o)) e

Proof. Recall the more usual series representation of the Bessel function for
t > 0 given by:

To(t) = <;>;§ T(m + 1()r2«1m+ 1) (;)27”

0

Using that I'(z + 1) = 2I'(z), this can be rewritten:

_ ) S G A
To(t) = F(22+ 1) (H; m!(z + 1) () (2) ’

where (z)(,) denotes the Pochhammer symbol, or increasing factorial:
@)y =2(x+1)...(+n-1).
On Us one certainly has:

(z+ Dy > 2+ 16m1,

so that: N
00 _1\m 2m 2
T e (t> <% .z O
=1 m‘(z+1)(m) 2 ’Z—|-1|

12



From these two lemmata it now follows that:

Corollary 1. For fized t > 0, the entire function z — J,(t) is of finite order
p=1.

The asymptotics (FA) are fundamental and will be used extensively in
what follows.

2.3 Gelfand-Levitan transformation operators

As previously mentioned, the operator:

2

d —2z
H:—@—)\e +Qf7

is of central interest in this work. This is clearly a perturbation of the
Schrédinger operator:

d2
dx?
In this section we will write: ¢ = go + Q. Our assumptions on f ensure

that the perturbation Q; = q — qo is bounded and of compact support. For
definiteness we assume:

Hy = +q0,  qo(x) =—-Xe ¥,z €Ry.

supp Qf C [0,a],a € RY.

Finally, let D(Hy) (resp. D(H)) denote the maximal domain in L?(R,,dx)
of Hy (resp. H):

D(Hy) = {g € L*(Ry,dz), 9,9 € AC(R,), Hyg € L*(R,,dz)},

and similarly for H.

Since H is a very reasonable perturbation of Hy solutions of Hg = —z2%g
can be related to those of Hyg = —z2¢g by means of a transformation op-
erator [Lev18, Chapter 1]. This is in all points analogous to a scattering
operator but in a slightly different context.

The result is that one can find an integral kernel K such that the operator
X defined by:

XD = f@)+ [ K07 edte >0,

T

maps D(Hp) into D(H) and satisfies the interlacing relationship:
HX = X H,.

The kernel K is defined as a fixed point:
t—x
1 o oo 5
Ko =5 [ @uost [ [ 7 (ala=p)-mlot5)K(a—5,a+5)d5da.
2 2

13



for0 <z <t.

We will now reformulate and refine a little the results of [BW04, Sec-
tion 5]. Below we will omit the dependence on f but emphasise on the
dependence in . We assume:

t—x

t—x .
Mg q ::sup{/ ’ lg(a — B) — qo(a + B)|dS, * Saﬁa,OSxSt} < 0.
0

2

Remark 3. We can consider K¢ continuous on R xR* with the requirement
Ko(z,t) =0 ifx+t>2ao0r x>t

Note however that the condition that K¢ has support on < ¢ does not seem
to be fulfilled by the term [/t> Q(s)ds while it is for the others as, by conven-
2

tion, the integrals vanish whenever the lower bound is larger than the upper
one. So from this point of view, below we could consider %]lxq f&; Q(s)ds
- 2

instead.
We will actually consider K¢ continuous on Q = {(z,t) € R%,0 < z < ¢}
with the requirement

Kg(z,t) =0 if z +t > 2a.

The proof will be the same and up to a multiplication by 1,<; which only
affects the first term, the solutions will coincide.

Let E, be the set of continuous functions on {2 with support in g =
{(x,t) e RT xR, 0 <z <t x+t<2a}. This space is endowed with the
supremum norm. We consider the map Fq:

Fo(at) =3 [ Qs [ [ 7 (ata=)-a(a+B)Lia—s.a+5)d5da.

If @ is integrable then F, is stable under Fg,.

Remark 4. Note that Kq is the unique fixed point of Fg if and only if Kq
is the unique fixed point of Fo for some n € N.

Lemma 3. Let a > 0 and and @Q integrable with support in [0,a]. Let
q:= qo+ Q. Then there exists N > 0 such that forn € N andn > N, Fo
18 a contraction mapping on E,.

Proof. One can write:

FG(L) =) Kon+Gon(L),
k=1

14



with:

Goa (L), ) / / a(a = 8) = qola+ B)L(a — B,a + B)dfda,
Gou(L) = Goa (Gaa(L)) = G571 (L),
o=} [ o
KQnt1 = QQ,l(KQ,n) = Gon(Kqgpa),

with the convention that Gg o is the identity. Moreover, for L € E,, we
have:

M™ . t+ n
Gon(Dit o)l < 252 (= 22) ). 0
: +

This is proved by induction on n following for instance [BW04, Lemma 1].
Hence, for n sufficiently large, Gg , is a contraction on E, endowed with
supremum norm L and so is Fo 0

From Banach’s fixed point theorem, Fo and Fg have a unique fixed
point on E, which is given by the convergent series in Fj:

Ko = Z Ko,
neN

defined in the proof of Lemma 3. Notice that the smaller @) is, the smaller
K is, and this ensures the invertibility of X.

Below for O an open subset of R? with closure S, d € N, C*(S) is the
set of functions I with are C*(Op) for some open set of R? with S C Op.
This is equivalent to the fact that F belongs to C*(0) and its derivatives of
order k have a limit at any point of 0.

Lemma 4. Let Q € L.. Let k € N. If Q is in C*(RY) then K¢ is in
CH1(Q) and (even if k = 0) the derivatives

8%8%1(@ 8%8#1(@,
exist and are both equal to (q(x) — qo(t))Kqg(x,t) and
(07 Kq — 03KQ)(x,t) = (a(z) — qo(t)) Kq(=,1), (7)
in a distributional sense on the interior of Q if k = 0, or, in the strong sense
for any (z,t) € Q if k € N.

If, moreover, 0%Q is continuously differentiable except at a where it has
distinct right and left derivatives then:

(x,t) = Ho(x —t) .= Kg(x,t) —

15



is C*+2(Q) and for any x € [0, 2a] :
P Ko(a™, (20— x)7) = — 57 Q(a").

Proof. Let us first consider Q € L!. For L € E,, due to continuity of
translations in L', the quantity:

S (t4a t+x t+z t+a
L7 (o (5 -0) a () ) (S50 -0 5T s

is continuous in S and absolutely continuous in x + ¢ whilst:

/Oo a_t—a: B a+t—x I a_t—a:a+t—x o
HTZ q B q0 B 5 B ,

is continuous in « and absolutely continuous in ¢ — x.
From the fundamental theorem of calculus, we deduce that

t—x
2ttt t+x t+x t+x
02001 (Dant) = = [ 7 (=B a8, B
(8)
and, using first Fubini’s theorem, we deduce similarly:
*° t—=x t—x t—=x t—=x
012G (L) (1) = /sz(q(a— Salet S DL~ E 0t e
(9)

In a distributional sense on the interior €2 we obtain:
0001200, (L)(2.1) = Duse D1z Gou (L) (w,1) = (a(w) = a(t) Lz, 1). (10)
It follows then that K¢ satisfies the wave equation:
(07 Kq — 0;Kq)(x,t) = (q(z) — qo(t)) Kq(x,1),

again, in distributional sense on the interior of (2.

Recall K is continuous on €2 and gp is smooth on R. Thus, if @ is
continuous on R (g is too), from the fundamental theorem of calculus K
satisfies (7).

Assume moreover that @ is in C¥(R*) and let £ € N. From (8), (9)
and (10), we infer that Gf§ maps C*(Q2) to Cmin(t+nk+1)(Q) Tt follows then
that K¢, is in CK¥+1(Q) for any n € N and K¢ is in C*+1(Q).

To conclude the proof, let us remark that if @ is C’;fzj L(RT) (piecewise
C*+1) then (8) and (9) provide that if L € C*(Q) then aH—ngQ,l(L) and

G%QQJ(L) are C™in(bk+) i B2 and 5T pespectively. If (moreover) Q

is C¥(R*) then the right hand side of (10) is actually C™»(%F)(Q) so that
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Go.1(L) is C™n(+1E+2) (). For L = K this provides Kg—Kg 1 is C*+2(Q)
as announced. Since the supports of Kg and Kg — K¢ 1 are contained in
Qo, we deduce that for z € [0, 2d],

o Ko(a™, (20— 2)7) = — 105 Q(a)

which concludes the proof.

We conclude this paragraph with a continuity result.

Lemma 5. Let a > 0 and L. be the space of integrable functions with
support on [0,a] endowed with the L'-norm. The map

Qe Lcll — KQ € FE,,
1S continuous.

Proof. We consider another potential Q integrable with support in [0, a] and
G = qo + @ such that

t—x

t—
M3 40 ::sup{/ ’ |G — B) — qo(a + B)|dS, 2x§a§a,0§x§t}<oo.
0

Let K@ € E, be the fixed point of ]:Q' Then

<KC2 — KQ) (x,t) = ;/:j (Q — Q) (s)ds

+/t; /Otgz((f(aﬁ)q()(aJrﬁ)) (KQfKQ) (o — B,a + B)dBda

# o ) @la ) Qe gD Kate e+ s

= Jo_qga(@ 1) + G5, (Kg — KQ)(x,1).
In the above:
Jo-01 = Kg-qgi1tHgo(Ka),
with:
HooWet)= [ [ 7 (@a=5)-Qla-#)Lia - f.a+ Hasda.

Let, for n € N,

Jo-0m+1 = 961 (Jo—qn);

17



then:

n
Ks~Kq=Y J5 qu+95.Kg— Kq)-
k=1

Recall now (6) to deduce that for L € E,:

Mglq a”
Gan(Dlloe < 28| L o

Similarly, for L € E,, we have:

Ha_q(L)lleo < mg_gallLllso,

where:

t—x
2
mQ_Q (= sup {/0

Therefore, we obtain:

1Q(a — B) — Q(a — B)dB, t;gcgaga,ogmgt}@o.

1 =
15 gullee < 510 = @Il +mg_qall Kall,

and:

n—1_n—1

LA 4,90
HJQ~7Q,nHoo < <2HQ - Q[+ mQQaHKQ”oo> W

Overall we obtain:

n
1K = Kolloo <D 1g_qulles + 19, (Ko = Ka)lloo

k=1
" MF aF 1 -
< (Z i) (312 - Qlh + mg_gal ol )
k=1
(MQ:QO +mea_ )nan
+ | K~ Kol

and hence, for me_g bounded and n sufficiently large, there exists C' > 0
such that:

1 -
15 ~ Kol < € (510 - @l +mg_gal gl ).
1 ~
<0 (5 +alKolx )1 Q.

and so K¢ is continuous in L*-norm with respect to ) in L'-norm. ]
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2.4 Existence and uniqueness

In this section, we prove that there exists a unique solution u of the Dirich-
let problem (1) and show that the Dirichlet-to-Neumann operator is well-
defined. Due to the possibility of a conical singularity at » = 0, we cannot
appeal to the well-known existence and uniqueness theorems for regular
Riemannian manifolds, however the basic results we require follow through
without essential modification.

For clarity, we define H %(8M ) as the completion of C°°(OM) for the
following norm based on the spectral data of the Laplacian on K by:

o2, =S (1+ )2 |oul.
k

HE (0M)

We mean by H'(M), the closure of D = {u € C®(M), ||u||g1(pr) < +00}"
for the natural H!(M) norm, which we recall is:

llBiscan = [ (|u|2+g(w,w>) avol,,
/ / (lul® + = (102ul® + |V kul?) ffdedK
R

We begin by showing the following lemma;:

Lemma 6. The trace operator v : H' (M) — H%(aM) is a well-defined
bounded operator.

Proof. Using that: |VgYy|? = (—AgYs, Vi) = p3, the norm in H'(M) can
be expressed in terms of the decomposition u = ), - uz Y% as:

+oo
[l ary = 3 ()
k=0

a(u) = HUkH%?(RJr,fndx) + M%||f71uk||2L2(R+,fndx) + ||f71u;c||%2(R+,f"dx)‘
(11)

Working on the dense subset D we have:
P OuOP =—e-2) [ Diupraon [ s

Multiply by (1 + ui)% and sum over k, then estimate the first term by:

2|72

1 + Hi)”f*luk”%%nh,fndz)v
O k>0

51t should be understood here that these are smooth functions such that all successive
derivatives extend continuously to the boundary.
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and the second term, using the Cauchy-Schwarz inequality, by:

2

2 Z|’f_1u§cH%2(R+7f"dx) Z(l +N%)Hf_1uk"%2(ﬂh,fndx) ;
k>0 k>0

N|=

thus: )
D ()2 720) uk(0)* < Cllul i ap)-
k>0

with, € = max((n —2) | £|| 157 % (0 = 2) ||| L 11771%). We con-

clude by a standard density argument. O

We shall now prove the existence and uniqueness of the unique u €
H'(M) solution of (1). In fact, we shall instead work with variable v =
f2z 'y and solve (2). We begin with an important lemma:

Lemma 7. Let n > 3, A & 0,(—Ay)7, ¢ € H%(M) If v is a solution
of (2) such that u = fatlye H' (M) then the components vy, are uniquely
determined and satisfy vy, v), € L?(Ry, dx). In particular, v is unique.

Proof. Let us first begin by expressing ||ul|g1(5) in terms of v and its com-
ponents vi. We have (see Equation (11)):

n, f’
ak(u) = Hvk‘|i2(ﬂg+,f2dx) + MiHUkH%2(R+,dx) + (1 - 5)7% + UZH%2(R+,(1$)7

= vkl |-

Decomposing onto harmonics, we see that v must satisfy (4) and lie in the
Hilbert space Hj with norm || - ||; defined by the above expression. For
k> 1, ur # 0 so that Hy, — L?(R,,dz), continuously. Standard theory of
ODE’s then imply that v; exists and is uniquely determined thus proving
Lemma 7 for these harmonics.

The case k = 0 requires further analysis of the behaviour of solutions
for large values of z, existence and unicity being guaranteed by standard
ODE results. Furthermore, according to our assumptions (CF1’,CF2), z —
f(x) — e™® is compactly supported so working away from its support we
can assume: f(z) = e~ ®. We are therefore interested in the asymptotic
behaviour of solutions of the equation:

—vf — Ae™ g = — 220,

—92)2
where 23 = ("4) )

Tt should be understood here that —Ag is viewed as an operator on L?(M) with
homogenous Dirichlet boundary condition.
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Setting z = —1In L)\, the function y defined by y(t) = vo(x(t)) satisfies
the Bessel equation:

2y (t) + ty' (t) + (2 — 25)y(t) = 0.

According to the parity of the integer n > 2, zg is either a positive integer
or half-integer:

o If zy is a half-integer > % then the generic solution is a linear combi-
nation of:

v (2) = Tz (VAeT)

+2z
(2)
=\z)

At infinity, one has:

+22z9
A
’Uil:(x)Qe_zaC :)3*}:00 <f> 62(4320—1)1"

Com (Ve \T"
Zm!r(zo—i—m—i—l)( 2 ) '

m2>0

2

from which it follows that all solutions that are in L?(R,, e 2%dx) are
constant multiples of vy and therefore also belong to L?(R,dz).

e In the special case zo = 1 (n = 3), both solutions are in L?(R, e~?*d).
However, we also require v’ +v € L?(Ry,dz). Now:

and:

1

v (z) + vy (x) = 2 (262”” sin(vV e ) — e 27 )\cos(\f)\ex)) ,

v (x) +v_(x) = % (geéx cos(VAe™) + e 27 /\sin(\F)\e_x)> ,

therefore only vy satisfies the additional condition. So all solutions
that satisfy the required condition are constant multiples of vy and
are additionally elements of L*(R,dz).

e When 2z is a non-zero positive integer, then the solution vy (z) =
J.o(VAe™®) is clearly in L2(Ry,dx) — L?*(Ry,e ?*dx) furthermore
v, € L?(R,,dz). Another linearly independent solution is given by
means of Bessel functions of the second kind:

TR0 20—1 . 2r
v-(@) = e (ﬁ> y dasn (ﬁe ) 20, (VAe ™)

2 — I'(r+1) 2
oo (—1)7" \/X_x 20+2r
+§]F(HUF(MH1)<¢<r>+w<n+r>>( : ) ,
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with ¢(r) = [ InT'(t+1)];,—,. Hence all solutions that are in L*(R, e~**dz)

are constant multiples of v.

e Finally, in the special case zgp = 0, (n = 2), the solution v satisfies
vy € L*(Ry, e ?*dz) and v/, € L*(R4,dz). A linearly independent
solution is given by:

+00 o yvp—1 g 2r
v_(z) = —xJo(VAe™®) + Z I§<le_ 1)? <ﬁ2 ) ¥(r).
r=1

Whilst it satisfies L?(R, e~ 2*dz) it does not satisfy v/ € L?(R,dx),
hence all solutions that satisfy the required condition are constant

multiples of v;. Note however that in this very specific case vy &
L2(R,,dz).

O
‘We conclude this section with the existence result:

Lemma 8. Letn > 3, A & o,,(—Ay), ¢ € H%(M) and (vg)ken be the func-
tions given by Lemma 7, then u = ) f=30,Yy s an element of HY(M)
and is therefore the unique solution of (1).

Proof. We must show that Y, ||vg||2 < 400, for which it will be sufficient
to show that there are positive constants Cq,Cy > 0 such that for large
enough k € N,

Cy
1ol 2 1) < 7k|¢k|2a (12)
10172 a0y < Cozklrl”. (13)

Let K be the transformation operator of Section 2.3 and define:

W(x,2) = J.(VIe™) + o K(x,t)J. (Ve )dt,

xT

using the properties of K, one sees that:

%b(%z) 2 n 2
wl) = S O =i (5-1) )

We begin with a rough estimate of |¢)(z, zx)|. Note that the condition \ ¢
opp(—Ay) guarantees that it does not vanish for any k. Using Lemma 2,
for large enough k, one has uniformly for ¢ € Ry (since the Bessel functions
t — J, are regular at 0),

)\%e_t'zk
(Ve ) <2—— .
(VA < 25 m e
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Therefore, for large enough k:

AF 1 loe
<97 (14 12N ez

Hence, for large enough k:

z 2
2 %3 I|K]|
2 fo'e)
der < — 1
/R+ (@, z)["d < 2k (22kI‘(zk +1) < + 2k

We also require a lower bound on (0, z), for this we use (in advance)
Lemma 18 that enable us to show that, for large enough k, one has :

2k
A2

1
> . 1
Thus: )
8 [[K]] n_
2 <2 (1 0 LoV 2 o l2.
lonlBege,an < = (1 250 ) 210y

This proves the first estimate. For the second, write:
+oo

W (2, 2) = Ve I (Ve ™)~ K (z,2) ., (Ve )+ / 0p K (2,1)J., (Ve t)dt.

T

Then, using the recurrence relation for Bessel functions, one has:

J;k(ﬁeix) - %J@(ﬁefz) - Jzzc-l—l(\&eix)’

So that first term can be estimated for k large enough by:
)\%kefzkl“ /\6721
. . _z
Al (VACTT) = VAT o a (VAT | < % (o 1 1) (o + =5 )
4 AT ke
<4zp .
= R 9aT (2, + 1)

The second and third terms can respectively be estimated for large k by:

z

QZkF(Zk + 1)

+o00 )\%ke_zkx ||(9 KH
LI (1), (Ve T)dt| < 2 o
/;p OuK (@,8) 2, (VAT < 25 mm e =

K (2, 2) J.(VAe )| < 1K oo

Hence for large enough &:

TP K

QZkF(Zk + 1)'

Applying again (15), we now conclude that, for large enough k:

191225,y < 162877 2(0)]0k]*.

¢ (2, 2)| <
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3 Jost functions and Regge poles

We are now ready to address the main objects of our study: the Regge
poles. Recall from Definition 1 that they are the poles of the meromorphic
extension of the Weyl-Titchmarsh function of the Schrédinger operator:

d2

H=-2_
dxz?

+ Qf(:v) — )\6_295,
with Dirichlet boundary conditions at = = 0.

We shall first discuss the reference case in which Q; = 0, and collect in-
formation about the corresponding Jost functions of which zeros are exactly
what we refer to as the Regge poles. We recall the following terminology
from the context of 1-dimensional Schrédinger operators with a potential
gc L{ (R;). Let z € C,Rz > 0.

loc

e The Jost solution, (-, z) is the unique solution of the Schrodinger
equation:

—¢"(x,2) + q(x)¥ (2, 2) = —2*Y(x, 2),
that satisfies the condition: ¥ (z,z) ~ e **. Note that the notation

T—r00
" will always indicate derivatives with respect to x.

e The Jost function is defined to be z — (0, z).

It is well-known that (see for instance [Sim99; Ben01]), the Weyl-Titchmarsh
function is then:
¥'(0,2)

$(0,2)

Thus, if we can extend z +— (0,2) to an entire function on the whole
complex plane, M extends meromorphically to the whole Riemann surface:
{(w,z) € C?,w+ 22 = 0} = C, and the poles of this extension correspond
to zeros of 1. For clarity, and since the Riemann surface is holomorphic to
C, we shall view this extension as a meromorphic function on C, that we
denote by: z — m(z).

M(-2%) =

3.1 The reference case )y =0

In this section, we assume that )y = 0. Referring now to Section 2.4, we
know that in this case, the Jost solution as defined above is given by a
rescaled Bessel function:

O(x,2) =D(z+1)22A"2J,(VAe ™). (16)

We can observe that this normalisation introduces poles in the Jost solution.
However, the Weyl-Titschmarsh function, which is the object of true intrin-
sic interest to our problem, as a quotient, will be insensitive to an overall
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normalisation factor that depends only on z. We will therefore work with
what we shall call the modified Jost solution, which is a rescaling of these
quantities that removes these poles. In the case )y = 0 we shall simply set:

wo(% z) = JZ(\/Xe_I).

We can now apply the results of Section 2.2, that show that for any
fixed © € Ry, 9o(x,-) analytically extends to an entire function of order 1
and infinite type. Let us denote by mg the meromorphic extension of the
Weyl-Titchmarsh function in this case.

We can obtain some basic information about the distribution of the
Regge poles in this case, as zeros of 1y(0,z). The asymptotics given by
Lemma 2 in Section 2.2 is a key ingredient to our results. We first have:

Lemma 9. There are an infinite number of Regge poles when Q; = 0.
Asymptotically, they are simples poles on the negative real line approaching
the negative integers.

Proof. Appealing to Equation (FA), for |z| sufficiently large in Us, we have:

() | | ()

TGC+D| TG+

Jz(\/x) -

Rouché’s lemma [Rud87, Theorem 10.36] then shows that the zeros of z —

v z
J.(V/A) are same as those of z — <27 on any disk completely contained

in the intersection of Uy and the oul‘;éziélré)of a large enough disk centered in 0.
Since the second function has no zeros in this region, neither does .J,(v/)).
This proves the second point.

Turning this around if 6’ > § is such that, for any n € Z* S(—n, ") C Uy,
then Rouché’s lemma shows that for large enough |n|, there is exactly one
zero in such a disk. The zeros are in fact symmetric with respect to the real

axis, so it must be on the negative real axis. O
Lemma 2 also gives directly the asymptotic behaviour of mg on Us:

Lemma 10. For z € Uy:

TL(VA)

J.(VA)

Proof. Let t > 0, starting from the recurrence relation:

(I21)

Imo(2)] =

N |z]—o0
-
J.(t) = ng(t) — Je41(t),
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one has, for large enough |z|:

St _ 2z Jen(t)

L)t L)

The result then follows from the asymptotics given in Lemma 2, that show

that: T (8) .
z+1 t
= 0 — . O
‘ J:(t) ‘ Iz—>oo<\2|>

3.2 The perturbed case Q; # 0

By definition of the transformation operator in Section 2.3, the modified
Jost solution in the general case is given by:

o0
W(w,2) = J, (\F/\efm) —I—/ K(x,s)J, (\F/\efs) ds. (17)
x
Using the properties of the transformation operator, we can now gener-
alise the lemmata of the previous section:
Lemma 11. Let z € R, then:
1. z— Y(x, z) is an entire function,
2. there are constants ci,cy > 0 such that:
[(x, 2)| < ere e,
for |z| large enough.

Proof. The key point is that, since the potential is of compact support,
K(z,-) is equally of compact support. The first statement then follows from
an easy refinement of the estimates in the proof of Lemma 1 to show that
for any compact subset [a, 3] C R, R € R% one can find M € RY,

V|z| > R.t € [a,8],|J.(t)] < M.

The second statement is also an immediate consequence of the estimate in
Lemma 1 and continuity of the kernel K. O

3.2.1 Asymptotics of z — (0, 2)

We shall now use the asymptotics of Section 1 to derive asymptotics for ¢,
in particular in the half plane £z < 0.

To begin our development let us first reformulate the asymptotics of
Lemma 2 as follows. For z € Us:

z

AEE—SZ

J.(VAe™®) = 2T+ 1)

(1+ R(s,2)),
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where, R(s,z) = R(v/Ae™*, z) with:

_ i’f (=)™ [\

R(t,z) = — () )

— m(z 4+ 1)) \ 2

and R(t,z) = | IO <|71‘> uniformly for ¢ in a compact set. Injecting this
Z|—00

into equation (17) evaluated at = = 0, we have:

z

9(0.2) = gy (L4 R0.2) + 1) £ ().
with: .
Li(z) = K(0,s)e**ds,

0
2a

I(z) = ; K(0,s)R(s,z)e **ds.

In the half-plane C; = {Rz > 0}, the Riemann-Lebesgue lemma shows,
without any further assumption on the potential @, that I;(z) vanishes
in the limit |2| — oo and z € C4. Using the estimate on R, we see that

I(z)= O é as long as z € C,. Hence, in summary:
|z]—o0
Lemma 12.
A2

Lemma 12 determines some universal asymptotics for Jost solutions
within the class of potentials we consider. Combined with Lemma 11, this
can be used to assert that:

Proposition 1. If two warped balls have the same Regge poles then the
modified Jost function’s of the associated Schrédinger problem are the same.

Proof. The Jost function is entire and of finite order p = 1, hence by the
Hadamard factorisation theorem [Lev+96, §4.2]:

(0, 2) = 2F expla+ zﬁ)jfjl ((1 - ZZ]) e;J')nj .

Where, {z;} are the non-zero Regge poles, {n;} their multiplicity and k €
{0, 1} according to whether zero is a pole or not. It follows then that:

o0 z n; )\E
1((6-2)e) st
=1 Zj 2ZF<Z + 1)

in the half plane Rz > 0. Hence, «, 8 are determined by the asymptotic
behaviour of the canonical product associated to the {z;} in this same half-
plane, and therefore depends only on their distribution. ]
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Remark 5. At least in principle, studying the asymptotic behaviour of the
canonical product should enable to determine « and S.

In order to have precise asymptotics in the half-plane Rz < 0, where
the dominant terms arise from the Laplace type integrals I, I, we require
further assumptions on the potential Q. As mentioned in the introduction,
we make the assumption that there is a jump in the (p — 1)th derivative
of Qf, p > 1, at the boundary point a of the support of the potential. As
we observed in Section 2.3, this leads to a jump in the pth derivative of the
kernel K. This allows us to handle the Laplace integrals I, I and extract
a dominant term by integration by parts. Indeed, after p + 1 integrations
by parts:

p+1

1 1
Li(z) =) 5 (05'K)(0,0) — ——5 OPK(0,2a7) e>*
i zP T/
1 2a +1
D —sz
+ s /0 (0P K)(0, s)e”**ds.

1
The dominant term is clearly: —— 0PK(0,2a~)e 2%, the other bound-
2Pl ;,_/

#0
ary terms from the integration by parts are negligible compared to this in

the half-plane {fz < 0}. Without further hypothesis, the final term is
€2az
lz‘goo <2P+1> Indeed:

2a 2a
OPTK(0,5)e?*=9)7ds = OPTLK(0,2a — u)ev?ds,
0 0

and the latter integral vanishes in the limit |z] — oo if Rz < 0 by the
Riemann-Lebesgue lemma.

Remark 6. Note that the estimate of the remainder can be improved to:

e2a(Rz) - al ¢
O | —— |, where (z)_ = =21 denotes the negative part® of z €
|z]—o0 ‘Z|p+2 ( ) 2 & P

R, in the intersection of Us with any sector of the form:
Rz < —e|Qz|,

where € > 0.

The same method will enable us to treat the remainder term I3(z). We
will need the following Lemma which can be proved in a similar fashion to
Lemma 2:

8which is positive.
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Lemma 13. Let p > 1, then:

+00 S \mdp, p \/X _s 2m
» _ (=1)™*Pm e
OYR(s, z) /\szlml(z-i-l)(m) ( 5 ) ,

furthermore for z € Us,

NS X Ae—2s
1Y
10555, 2) —rz+1rz ( )

Therefore,
1
PR(s,z) = O <>,

|z] =00 |Z’

uniformly for s € R,.

Now, as before, we can do p + 1 integration by parts in I3(z) to obtain:

IQ(Z) = Rl(z) + RQ(Z) + Rg(z),

with:
pl o k-l
Ri(z) =) = > (97K)(0,0)05 "™ R(0, 2),
k=1 o m=0
P
Ry(z) = zp+1 ZakK (0,2a7)"FR(2a, 2)e2%*, (19)
p+1
Rs(z) = s Z/ OFK(0,5)0P 1k R(s, z)e™**ds.

We estimate each of these terms as follows:

R O 1 R O eZa(?Rz)_
1<Z)_|Z|%o(|z|2>’ 32 = 0 \

2a(Rz)—
_ —2az __ €
RQ(Z) == p+1 apK(O 2a~ )R(2CL, Z)@ a4z — |Z|(_)>OO <|2|p+2> .

Hence, we have shown that:

Lemma 14. If Q; € CP72(Ry) N ACP™Y(R}) and its (p — 1)th derivative
s continuous, save a jump at the boundary point a, p > 1, then in the open
half-plane Rz < 0:

v(02) = 2F(A»Z+1) <1 1% (Iil) 00, 207 )e;i“f (1 " z|3oo(1)>> '

Which can be improved a little in sectors:
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Lemma 15. Lete >0 and 0 < < % Under the same assumptions on the
potential Qf as in the previous lemma, we have the following asymptotics:

LK (0,24 )A\2e 207
P(0,2) = 2T Do <1 + e (1)) ;

in the domain {Rz < —¢|Sz] } NUs.
We are now in a position to prove Theorem 2.

Proof of Theorem 2. Given e > 0, we consider first the sector {fz < —¢|Jz| }
that contains the negative real axis. Using the asymptotics given in Lemma
15, it follows easily from Rouché’s theorem applied to each disk D(—k,d), k €
N,0 <6 < % that for large enough |z|, the zeros of (0, z) are simple, real
and contained in D(—k,d). These zeros correspond to the (aj)r>0’s in the
statement of Theorem 2.

Consider now the sectors {R(z) < 0} N {Rz > —¢[Tz| }. From the
asymptotics given in Lemma 14, the zeros of 1(0, z) coincide there with the
zeros of the function:

672az

1 1) —0PK(0,2a” ) —= (1 1 .
( ¥ oG () 7 O (0207) ( F %00 )>)

However, it follows from the method of Hardy [Har05] and Cartwright

[Car30; Car31] that these zeros - denoted by (f;)jez- - satisfy the asymp-

totics:

s

2a

_p+1o

) 4 p—1
== 2 —_— A 1 log ——
sy =i (201 + 25 sam(a) + 1)) = 2 o

a

1
—log|Al(p— 1) +o(1
+ o og |Al(p — 1)! + o(1),

where A = (—1)?}3#. This concludes the proof of Theorem 2.

4 Solving the inverse problem

4.1 The Gelfand-Levitan-Marchenko method

In the introduction of [MSW10], the authors outline a general scheme for
the proof of the uniqueness result we seek, based on the theory of Gelfand-
Levitan-Marchenko [Lev18, Chapter IV]. The advantage of this approach
requires only a rather mild assumption on the overall potential: ¢(x) =
—Xe™ % + Q¢(z); that is:

+oo
/ z|q(z)|dz < +oo.
0
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This condition is clearly satisfied by the class of potentials we consider.

The proof however is based on a different set of spectral data, neverthe-
less we will show that it can be obtained from the knowledge of the Regge
poles. Let us begin by introducing some notation. First, we must revert to
the usual normalisation for the Jost solutions, and define:

$(z,2) = T(2+1)2°A"29(x, 2), (20)
Consider now the S-function for £ € R:

$(0,ik) (0, ik)

S(k) = =t = =2t
¥(0,—ik)  4)(0, ik)
and set: )
Fs(z) = 5 /R [1— S(k)]e**dk.

Zeros on the positive half-line of the (modified) Jost function correspond
to negative Dirichlet eigenvalues. For nicely decaying potentials like those
we consider, they are finite in number and simple (see for example [Lev18,
§4.2, Property 5, p79]). Let us denote them: 0 < a1 < ag < -+ < ap.
Corresponding eigenfunctions are given by: ¢ = 1;(, ay). Define now:

mp = /OOO |pr.|Pdx = _YG, ak)w(o’ak), kell,... k}.

20y,

In the above " denotes differentiation with respect to z. Now set:

N

F(z)= Y

k=1

e QKT

+ Fg(x).

o~ s(x)

Lemma 16. Suppose that two warped balls have the same Regge poles, then
their respective S-functions and the coefficients my, coincide.

Proof. In Proposition 1, we have already established equality of the modified
Jost functions, it follows from Equation (20), that the usual Jost functions
coincide also. It follows immediately that the functions S and Fs must be
identical.

In order to show that the mj must coincide it suffices to show that
¥'(0, ay) can be determined from the Jost function (0, ay). However, the
Wronskian is known independently of the potential @ to satisfy:

W ((0, 2),4'(0, —2)) = 22.
If a, > 0 is a Regge pole it follows then that:

~ QCkk
(0, 04) = —=——"—.
w(oa —Oék)
Note that the denominator cannot vanish as oy # 0. Therefore the mj must
also be identical. ]
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Corollary 2. If two warped balls have the same Regge poles then the corre-
sponding functions F are identical.

The relevance of the function F' for the inverse problem is that if K is
the Gelfand-Levitan transformation operator then it satisfies the so called
basic integral equation:

o0
Fla+y)+ K(z+y) —i—/ Kz, t)F(t+u)dt =0, (y>x).
’ ([Lev18, Equation (4.5.8)])
Based on the theory of this equation they show that:

Theorem 4 ([Levl8, Theorem 4.7.1]). Let two potentials q and G salisfy
fooo z|q(x)|dr < 400 and assume that the corresponding functions Fy, Fg are
equal then: ¢ = q.

The uniqueness result, Theorem 1 which we restate here, then follows
directly:

Theorem 5. If two warped balls have the same Regge poles then the po-
tentials Q5 are identical. Assuming that the boundary values f(0), f'(0) are
also equal, it follows that the warped balls are defined by the same conformal
factor f.

4.2 A formula for the Weyl-Titchmarsh function

We will now solve the inverse problem again following the strategy of [BKWO03],
under the Assumption (CF3). Our aim is to choose a sequence 7, of contours
that grow in the limit n — +o0o0 and such that for fixed z:

. 1
hm -
n——+oo 247

/ e (w)m(u)dp = 0.
Yn

In the above, h, is an auxiliary function that we will choose after finding
such contours. This will provide the formula stated in Theorem 3. The
choice of contour is based on the study of the asymptotics of m using the
results of the previous section and the relation:

Lemma 17.
2sin(zm)

a 7T¢(07 Z)¢(07 _Z) .
Proof. Recall from [Wat95, §3.12, p.43, Equation (2)] that:

m(z) = m(—z2)

2sin zm

W(Jz(t)7 J—z<t)) = -

Tt
Thus:

2sin zmw

W(wo(% Z)¢w0($7 _Z)) = W(¢0(07 Z)v ¢0(07 _Z)) -
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Since Qs has support [0, al, for any x > a,z € C, 9(x, 2) = 1o(z, 2), so that:

2sin zmw

W(w(ov Z)v ¢(07 _Z)> = W(?,/)(.%', Z)? lb(% _z)) = .

™

The desired equality then follows from the definition of the Wronskian. [

The asymptotics of m in the half-plane z > 0 is well-known for a wide
class of potentials, we can nevertheless find these asymptotics here directly.
Note that:

V'(0,2) = —VAJL(VA) — K(0,0)J. (V) + /OO 9. K (0, 5).J,(VAe™)ds.
0

The integral is estimated as before and using Lemma 10 we find that, on
the half-plane Rz > 0:

[N

, B A
v (O’Z) N |z|9>oo (ZQZF(Z + 1)) '

Observe now that it follows from Equation (18) combined with Rouché’s
lemma that, for large enough |z|, 1(0, z) does not vanish and hence:

m(z) = MQOO (Iz]), Rz > 0. (21)

Lemma 15 enables us to extend this to sectors of the form:
S.5 = {Rz < —¢[Sz| } NUs, e > 0.

Indeed, appealing once more to Rouché’s lemma, Lemma 15 shows that
asymptotically there are no zeros in this region. Moreover, combining the
asymptotics, one has:

_ OEK(0,2a7)e 20
$0.20(0.~2) = FROEIEE (14 o ).
_ sin(mz)00K (0, 2a )e 2%
= <1 —I-‘ o (1)> ,

2T z|—o0

where in the last equality we have used the Complement Formula for the
Gamma function. Therefore, for |z| large enough and z € S. 5:
22p+3e2az
m(z) = m(—z <

—W 0 (1)>—m(—z)+ o (1). (22)

|z]—o0 |z]—o0
We must now treat the regions near the imaginary axis defined by the
inequalities:
0> Rz > —¢|Jz|.

This will not be achieved uniformly but instead on specific circular arcs with
increasing radius. Thanks to the asymptotics in Lemma 14, we can refer
to [BKWO03, Lemma 6], which can be applied directly to show:
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Lemma 18. Let ¢ > 0. There is a real 7, such that for all sufficiently large

n €N,
0 Az
¥(z,0) = mg(z)7
where |g(z)| > % on all circular arcs given by |z| = (2n;ra+7) and —¢e|Jz| <
Rz <0.

The previous lemmata give the required information to construct con-
tours for our Cauchy integral argument, however first we shall pause to make
a remark about non-positive integer zeros.

Lemma 19. Integers n € Z are at most simple zeros of z — (0, z). Fur-
thermore, if z = n is a Regge pole, the residue of m is then given by:

(="
2 (Ly(0,n))°

Proof. Let us assume that ¢(0,n) = 0 for some n € Z. Observe first that
the Wronskian, W (1(0, z), (0, —z2)) is given by:

res,(m) =

sinmz

W((0,2),4(0, —2)) =

Differentiating this identity respect to z and evaluating in z = n, it is easily
seen that:

2¢(0, fn)%z/)((),n) = cos(mn) = (—1)".
So that: %w((),n) # 0. O

In the choice of contour we must of course pay attention to the domain
on which we derived our asymptotics: S.s. Let us fix € > 0, set § = L and

1
choose € > ¢’ > 0. Let:

e 7 be the real given by Lemma 18 and Ny € N, be large enough such
that the conclusion holds for any n > Nj.

e Ry € RY, such that if z € C;. N (C\ B(0, Ry)), then:

z

A2
2°T(z 4+ 1)

A2
27T (z + 1)

¢(07 z) -

This is possible by Lemma 12.

e Ry € RY, such that if z € S, 5, then:

LK (0,24 )A\2e 207
22T (z 4 1)2P*2

LK (0,24 )A\2e 207

¥(0,2) — 2T(z + 1)2P 12

This is possible by Lemma 15.
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Figure 1: Sketch of S; s and a generic curve 7,.

Let us denote E(z) the half-integer closest to z € R; if z is integer we
choose F(x) = = + % Now choose N; € N such that for every n > Ny, we

have: 5 5
min (E ( Uil T) ) ™t T) > max(No, Ro, R1).

2a 2a

For any n > Nj, ¢(0, z) none of the zeros of (0, z) are located on the
circular arcs defined by:

_ (2 2
R G G G

Increasing if necessary V7, we can also assume that there are no zeros on
the line segments of Nz = —eJz that can be used to join these two circular
arcs as in Figure 1, let us denote by ~, the obtained closed contour.

Based on our asymptotics for z — m(z), the appropriate auxiliary func-

tion is:
h( )_ 2\% 1
z w) z—p

We shall now show that, as desired, for fixed z € C such that z is not a zero

of (0, z):

. 1
hm —_—
n——+oo 207

/ he(p)m(p)dp = 0.
Tn

For large enough n, z is completely enclosed by the contour. Denote by s,
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the union of the two line segments that join the circular arcs and write:

/ he(p)m(p)dp = / he(p)m(p)dp+ /F | ha(p)m(p)dpt . he(p)m(p)dp.
Tn Sn n n

I'L and s, are completed contained in S5, hence using Equation (22),
we see that their contribution vanishes when n — oo by the mean value
theorem. Appealing to Lemma 18, it follows that on the circular arcs given

by |z| = 22T and —¢[Sz| < Rz < 0, one has:

m(z) =m(=z)+ o (1),

n—oo

combining this with Equation (21) and the mean value theorem, it follows
that the contribution along I'2 vanishes also in the limit n — oo.

Let us now assume for the moment that 1(0,0) # 0. The Cauchy integral
theorem applied for large enough n such that -, encloses z leads to:

1
i ). ho(wym(p)dp = —m(z) +m(0) +2m/(0) + Y res;,(ham).
z; Regge pole
enclosed by vy,

Since the limit on the left exists and vanishes, it follows that the sum over
all Regge poles converges and:

m(z) = m(0) + zm/(0) + Z res, (h,m). (23)
z; Regge pole

If it so happens that ¥ (0,0) = 0, then this formula should be adjusted to:

_ g"(0) | reso(m)
m(z) = ¢'(0) + 25— + OZ + %:0 res,, (hom), (24)

Regge pole

with g(u) = pm(p).
This is in essence the content of Theorem 3:

Proof of Theorem 3. If we assume, for simplicity, that the Regge poles are
all simple, using the well-known asymptotics [Sim99]:

M(=2*) = —z+0(1), z— 400, z€R,

we obtain from either Equation (24) or (23) a synthetic expression for the
Weyl-Titchmarsh function:

@

M(=2%) = — L

( : ) at ; Z— Z

Regge pole
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In order to obtain the desired uniqueness result from our current strategy,
we must now argue that the terms in this expansions can all be determined
either by known asymptotics for the Weyl-Titchmarsh function m, which
is the case for the first order polynomial, or directly from the Regge poles.
As an intermediate step, let us first explain that the residues can all be
determined from the Jost function. If z; # 0 is a pole of order j then:

i—1 — 2 2\
res,, (h,m) = d(ij—l ((Nz - ;j)J <u> m(M)>‘

Since m(u) = ﬁ/((g ’/‘j)) , the only quantities appearing in developing this expres-

p=z

sion that have yet to be determined are that of ¢/(0, z) and its derivatives
with respect to z, evaluated at the Regge pole z;. For any possible non-zero
integer poles, we have already seen in Lemma 19 that they are at most sim-
ples poles and that the residue of m is completely determined if we know the
Jost function. For non-integer poles, the required values can be determined
iteratively in the same way by differentiating the Wronskian as many times
as necessary. This method works since sin only vanishes on the integers,
so that (0, z) and (0, —z) cannot vanish simultaneously for non-integer
values. For definiteness let us illustrate this for a non-integer Regge pole zy,
of order 2. Recall the following identity:

2sin zm

WWJ(O, Z)) 1/)(07 _Z)) = ¢(07 Z)lﬁ/(o, _Z) - 1//(07 2)1/}(07 _Z) = )

s

When evaluating at z;, we obtain:

2sin zpmw

_1/]/(07 Zk)w(ov _Zk) = # 0,

™

from which we can determine the value of ¢/(0, z;). Proceeding identically
after differentiating with respect to z (denoted by ) we obtain:

7¢,(0’ Zlc)¢(0, *Zk) + d}/(oa Zk)w(oa *Zk:) = COS 2.

Since (0, —z;,) does not vanish and (0, —z;) can be calculated if the Jost
function is known, we can infer the value of ¢ (0, z;). When the pole is of
higher order, we can repeat this procedure iteratively to calculate all the
z-derivatives of 1’(0, z) up to the required order.

This argument show that m is completely determined by the Regge poles
if they determine uniquely the Jost function. However, this was established
in Proposition 1. We can now give the second proof of Theorem 1 :

Proof of Theorem 1. Tt follows from formulae (23) and (24) and the above
discussion that the Weyl-Titchmarsh function M is uniquely determined by
the set of Regge poles z;. Appealing to the well-known Borg-Marchenko the-
orem [Sim99; GS00; Ben01], it follows that the potential —\e % + Q¢ () is
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uniquely determined on R*. Finally, using the explicit form of the potential
Qy, and assuming f(0), f’(0) known, a simple argument using uniqueness
of Cauchy for second order ODEs shows that the warping function f is also

uniquely determined. O
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