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Abstract

The existence of potentials for relativistic Schrodinger operators allowing eigenvalues em-
bedded in the essential spectrum is a long-standing open problem. We construct Neumann-
Wigner type potentials for the massive relativistic Schrodinger operator in one and three
dimensions for which an embedded eigenvalue exists. We show that in the non-relativistic
limit these potentials converge to the classical Neumann-Wigner and Moses-Tuan poten-
tials, respectively. For the massless operator in one dimension we construct two families
of potentials, different by the parities of the (generalized) eigenfunctions, for which an
eigenvalue equal to zero or a zero-resonance exists, dependent on the rate of decay of
the corresponding eigenfunctions. We obtain explicit formulae and observe unusual decay
behaviours due to the non-locality of the operator.

Key-words: relativistic Schrodinger operator, non-local operator, Neumann-Wigner poten-
tials, embedded eigenvalues, resonances

2010 MS Classification: primary 47A75, 47G30; secondary 34140, 47A40, 81Q10


https://core.ac.uk/display/288368808?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

1 Introduction

Non-local Schrédinger operators, and related random processes with jump discontinuities as
well as integro-differential equations, attract increasing attention in modern functional analysis
and probability. In particular, recently much effort has been made to find explicit solutions of
non-local eigenvalue problems, or derive precise estimates on eigenfunctions and other spectral
properties. Relativistic Schrodinger operators are one specific case of non-local operators, and
display a number of interesting properties which differ qualitatively from their non-relativistic
counterparts. The study of non-local operators also offers a new view of the results established
for differential operators such as the Laplacian.

In the theory of classical Schrodinger operators H = —A + V, with the Laplacian A and
potential V| a remarkable result says that eigenvalues embedded in the absolutely continuous
spectrum may occur for carefully chosen potentials [32, 11]. A first example has been proposed
by von Neumann and Wigner in the early days of quantum mechanics [30], constructing an
oscillating potential for which the reflected wave and the transmitted wave combine through
tunneling to a finite wave-function at eigenvalue equal to 1 in appropriately chosen units. This
is a rotationally symmetric potential on R? given by

sin |z| (g(|:1c|)3 cos |z| — 3g(|z|)? sin3 |z| + g(|x|) cos |x| + sin® |x|)
(1 +g(|=[)?)? ’

where g(|x|) = 2|z| — sin 2|z|, and the corresponding eigenfunction is

VNw(.I') = —-32 (1.1)

sin |x|

W) = LT gl (12)
Bound states corresponding to positive eigenvalues have been realized also experimentally [6].
Since this initial example, Neumann-Wigner type potentials have attracted much attention
[35, 38, 14, 27, 5, 9, 16, 4, 3, 25, 26, 37]. In particular, the set of embedded eigenvalues is not
necessarily a small set, Simon has shown that examples can be constructed for which there is
a dense set of positive eigenvalues [36], see also [29, 31, 33]. In spite of this, the possibility
of existence of embedded eigenvalues is a delicate problem. On the one hand, a fundamental
result by Kato shows that if V(z) = o(1/|z|), then no embedded eigenvalues exist [21]; see

related results in [13, 8, 23] and the references therein. Since

8sin 2
sin \:E|+O

Vaw () >~ — (1/1z?),  as|a| = oo,

||
clearly there is only a narrow margin separating potentials for which embedded eigenvalues
exist from potentials for which they can be ruled out. On the other hand, even if an embedded
eigenvalue does exist, it is very unstable to perturbations [32, 1].

The existence of embedded eigenvalues and the construction of appropriate potentials for
relativistic Schrodinger operators has been a long-standing open problem. In this paper we
consider this problem for the Hamiltonian

H=(-A4+m>)Y2—m4+V (1.3)

on L?(RY), with rest mass m > 0. The spectral properties of this operator and its variants
have been much studied, see e.g. [39, 15, 7, 17, 18]. The main difficulty in comparison with the



non-relativistic case is the following. In the classical cases the idea underlying the construction
is to rewrite the eigenvalue equation and seek a suitable potential V = A + %, where A is an
eigenvalue and u is a corresponding eigenfunction. In order the potential V' to be non-singular,
the zeroes of u need to be matched with the zeroes of Au. Since in this case a differential
operator is involved, the problem can be analyzed by PDE techniques. When, however, the
operator (—A + m2)1/ 2 is used instead of the Laplacian, one has to cope with the difficulty of
controlling the zeroes of functions transformed under a non-local (pseudo-differential) operator.
There are presently no general mathematical tools for this, and a functional calculus even for
the fractional Laplacian (—A)*/?2, 0 < a < 2, is only in the making. In the present paper we
develop a technique for dealing with this, and obtain explicit formulae.

Our results are as follows. Assuming m > 0, in Section 2.1 we construct Neumann-Wigner
type potentials in one and three dimensions for which the relativistic Schrodinger operator
(1.3) has a positive eigenvalue equal to v/1 + m? —m. These potentials are smooth and decay
at infinity like O(1/|x|). In Section 2.2 we show that in the non-relativistic limit, the potentials
obtained in Section 2.1 converge uniformly to the classical Neumann-Wigner potentials in the
C?-norm, thus our result can be seen as a genuine relativistic counterpart of the original
Hamiltonian. In Section 2.3 we construct a second example of a potential for which a positive
eigenvalue exists, and whose classical variant is due to Moses and Tuan [28]. This potential
has a less regular behaviour than the relativistic Neumann-Wigner potential and needs a more
delicate treatment.

Next we consider the massless case m = 0 of the operator (1.3). In this case it is known
that for d = 3 the conditions that |V|, |z-VV| and |z-V(z-VV)| are bounded by C(14z2)~1/2,
with a small C' > 0, jointly imply that H has no non-negative eigenvalue [34]; see also [24].
In Section 2.4 we construct a family of potentials V,, in one dimension, for which the massless
relativistic Schrodinger operator has an eigenvalue equal to zero corresponding to an even
eigenfunction, and a family V,, for which there is a zero eigenvalue corresponding to an odd
eigenfunction. In either case the eigenvalues become resonances if v is small enough. Our
formulae are explicit, involving hypergeometric functions. The potentials show unexpected
behaviour on changing the parameter v (the decay exponent of the related eigenfunctions),
specifically, in the family V,, only the case v = 1 is short-range. Another feature of these
results is unusual decay rates of the eigenfunctions. By the results obtained in [19, 20], it
would follow for the massless operator with a decaying potential having negative eigenvalues
that the corresponding eigenfunctions decay at a rate 1/|z|?, while in our cases they decay like
1/|x| or slower. Since for such potentials the fall-off of eigenfunctions depends on the distance
of the eigenvalue from the edge of the continuous spectrum, it is interesting to see that when
this distance drops to zero, the decay of eigenfunctions goes through a regime change slowing
them down, and we are able to determine the precise rate. Our examples for the massive and
massless operators also complement the explicit formulae recently obtained in developing a
calculus for the fractional Laplace operator [10].



2 Existence of positive eigenvalues

2.1 Neumann-Wigner type potential for relativistic Schrodinger operators

We consider the relativistic Schrédinger operator on L?(R) as given by (1.3), and assume
m > 0. If V decays at infinity, the essential spectrum of this operator is [0,00). Denote
p = —id/dx and define the following functions:

- 1

1+ g(x)?

f@) = (Vo+ 12 +m2 + =17+ m?) h()

g(z) := 2x — sin(2x), h(z) :

and

where \ := V1 +m2 —m > 0.

Theorem 2.1. Let H be given by (1.3) and V' by (2.2). If m > 146, then V is a real-valued
smooth potential with the property that V(x) = O(1/|z|), and A and u satisfy the eigenvalue
equation

Hu = M, u € D(H). (2.3)
Remark 2.2.

(1) The restriction m > 146 is inessential in the sense that by scaling a similar result applies
for all m > 0. For a > 0 let (U,g)(z) = a'/?g(az). Then H is unitary equivalent to

UHU, ' = % ( p? + (am)? — am + aV(ax)) : (2.4)

By using Theorem 2.1 we can construct a smooth decaying potential V' such that (2.4)
has a positive eigenvalue for any a with am > 146.

(2) While it is clear that u and V satisfy the eigenvalue equation (2.3), a main difficulty is
that since in (2.2) the denominator u has zeroes in © = nw, n € N, the numerator should
vanish at the same points in order V to be continuous. However, in the numerator we
have u under the non-local operator (p>4m?)'/? and in general there is no straightforward
way to control the zeroes of such functions. This problem is solved by Theorem 2.1 in
the present setting, and we show that V is well-defined and smooth.

We can use this basic result to derive a result in three dimensions.

Corollary 2.3. Let m > 146, write W(z) = V(|z|), = € R3, and define

H, =vV-A+m?—m+W(x), (2.5)



acting on L?(R3). Then
u(|z])
v(x) =
(@) Vx|
is in D(H;) and satisfies the eigenvalue equation Hyv = v with the same eigenvalue A =

vV1+m2—m.

2.2 Non-relativistic limit

Next we show that in the non-relativistic limit the potentials, eigenvalues and eigenfunctions
constructed in the previous section converge to the expressions obtained by von Neumann and
Wigner. To show this, we restore the speed of light ¢ > 0 as a parameter in the operator,
while keep using a system of units in which Planck’s constant is o = 1. Let

folw) = 5 (Vi T 1P 4 m2e 4 o= 17+ m2) h(a), (2.6)
uc(z) := fe(x)sinz, (2.7)

Ae i=¢ (\/ 14+ m?2e? — mc) ) (2.8)
(\/m — mc) Ue(x)

ue(x)

Then we define the relativistic Hamiltonian with ¢ by

H. :=\/c2p? + m2ct — mc? + V(). (2.10)

By Theorem 2.1 we see that the eigenvalue equation H.u. = Acu, holds for all ¢ > 146 /m.

Ve(z) :=Ae— ¢

Theorem 2.4. For every fited m > 0 we have the following non-relativistic limit:

li}m uc(z) = sin(x)h(z) =: uso (), uniformly in C*(R), (2.11)
. 1

e = g (212)
. 1 p2uoo(aj)

1 =—(1——F= R . 2.1

S Vi) = g (1= Gy ) meRA (219

In the three-dimensional case we retrieve the expressions (1.1)-(1.2). With a similar notation
as in (2.6)-(2.10) we obtain
1

Corollary 2.5. For every fived m > 0 we have lime o0 A\e = 5,-, liMe o0 ve(7) = unw(2),
uniformly in C*(R3), and lim._,oo We(z) = Vaw(z), for all z € R3.
2.3 Moses-Tuan type potential

In [28], Moses and Tuan presented another example of a potential and eigenfunction for which
an eigenvalue equal to 1 occurs. Their observation is the following. Write

() = sin |z - e RS
M) G gy

~ —32sin |z|((|z] + 1/2) cos x| — sin |z])
Vaur(z) = (1t g(la])?



Then (—A + Vyrr(2))umt(7) = upmr () holds, for all z € R3. In this section we construct the
relativistic counterpart of this example.
Let
~ 1
1) = ——
) = T gaD

and write p = —id/dz as before. Define

z € R, (2.14)

fl@)= (Vo + D2 +m?+/(p—1)? + m?)h(z), (2.15)

a(z) = f(x)sinz,
(VPR = m)fa), (2.16)
H=\/p>+m?—m+V(z)

where A\ = /1 +m2. Since h € D(p?) € L*(R), f in (2.15) is defined as a function in L?(R).

Theorem 2.6. If m > 34, then V() is a continuous function with the property that V(z) =
O(1/|x|), and X and u satisfy

V(z)=\—

Hi=Xi, @€ D(H). (2.17)
This can be extended to the three dimensional case.

Corollary 2.7. If m > 34, write W (z) = V(|z|), = € R3, and define

Hy:=V—-A+m2—m+W(z), (2.18)

on L2(R3). Then

. a(|x])
v(x) = 2.19
@)= oy (2.19)
s in D(ﬁr) and satisfies the eigenvalue equation H,% = \o with A = V1 4+ m2 —m.

The proof of Theorem 2.6 is more delicate than the proof of Theorem 2.1. The technical
difficulty comes from the fact that A" is not continuous and so h ¢ D(p*). The non-relativistic
limit yielding uyt and Vgt can be derived in a similar way as in Theorem 2.4; the details are
left to the reader.

2.4 Massless case and zero eigenvalue

Next we consider the massless relativistic Schrédinger operator

HOV) :=+/—d?/dz? + V (),

on L?(R). The proofs of Theorems 2.1 and 2.4 exploit essential cancellations of an oscillatory
part, however, this does not extend to the massless case. The reason can be appreciated
more directly by using a Feynman-Kac-type description through which it is transparent that
the large-jump behaviours of the processes generated by the massive and massless operators
differ essentially [20] and this has an impact; this will be further explored elsewhere. Instead
of strictly positive eigenvalues, we obtain two families of potentials for which H%(V') has an
eigenvalue equal to zero or a O-resonance. Recall the hypergeometric function o F}, see e.g. [2].



Theorem 2.8. Let v > 0 and define

2 I'(+v
Vy(.%') = _ﬁ(lz(—:))(l + $2)_1/22F1(1, % + v, %, —J}2)
. 1
uy(z) = Ara

(1) If 0 <v < 1/2, then V,(z) = O(1/|z|) and u, satisfies
2
_EUV —+ VVUV = 07 (220)

(2) If v = %, the same eigenvalue equation holds with
1 1 2|z| arcsinh|x|
Vija(z) = —= -
1/2() - < i e
and we have Vy j5(x) = O(log |z|/|z]).

in distributional sense.

1
V1422

) and () =

(3) If 1/2 < v < 1, then V,(z) = O(1/|z|>=%), and the eigenvalue equation (2.20) holds.
Remark 2.9.

(1) Every V, € C*(R), is long-range, and positive as |x| — oc. Since u, € L?(R) only for
v > % H°(V,) has an eigenvalue equal to zero if 1 < v < 1, and a zero-resonance if
0<v<i

=1

(2) Since u,, is strictly positive, H(V,,) is in the critical coupling situation, i.e., the operator
(—d?/dz?)'/? 4 \V,, has a strictly negative eigenvalue if and only if A > 1. This has the
flavour of being a relativistic counterpart of the cases discussed in [22].

Since u, is an even function, Theorem 2.8 can not be extended to three dimensions. The
following result gives odd zero-energy eigenfunctions for another family of potentials.

Theorem 2.10. Define

_ _1
SR B e G RS U BT R R

V,(x) = (I—)v/al(v—1)
_1_’_%7 ZfV = 17
T
Uy(if) = m

Then \/—%UV + Vyvy = 0 holds in distributional sense, and

o(1/|x)), if%<1/<%,u7él
TR LIS T
’ O(log |x|/|=[), if v =3
O(1/|lz|*=?%), if 3<v<2.

(2.21)



Remark 2.11.

>J>\O.J

(1) H°(V,) has a zero eigenvalue if v > 4, and a zero-resonance 1f s <v<

(2) A special situation occurs for v = 1. In this case H 0(V1) has a zero-energy eigenvalue,
and Vi (z) = —H% is a smooth, short-range and strictly negative potential. Note that

this is the only case when V, is short-range.

(3) Since v, is an odd smooth function, by taking its radial part as in Corollary 2.3, the
conclusion of Theorem 2.10 can be extended to three dimensions.

(4) Both V, and V, have a finite number of zeroes. For 0 < v < %, we have that |z|V} (z)
tends to a positive number given below by (3.56) as |z| — oo, i.e., V,(z) has no zeroes
beyond large enough |z|, and since 9 F} is an analytic function, there is no accumulation
point of the zeroes of V,,. A similar argument applies for the other ranges of v and for
‘7,,. In fact, we conjecture that each of these functions has at most one zero.

3 Proofs

3.1 Proof of Theorem 2.1

We start by showing some properties of h.

Lemma 3.1. We have that h € C*®°(R) and the estimates

éHl:CQ < h(z) < x2+12/3 (3.1)
W ()] < 8h(x)*? (3:2)
|h" ()| < 120h(z)>/?, (3.3)

hold for all x € R.

Proof. The fact h € C*®°(R) and estimate (3.1) are elementary. Note that ¢'(z) = 4sin®z,
thus |¢'(x)| < 4 and |¢" ()| < 4. Since b/ = —2¢'gh?, we have

/ lg(x)| l9(2)| 1
W ()] SSh@)m 8h(x )\/1+g T+ 90r)

Also, we have b = —8(¢")?h® + 6(¢')?h? — 2g¢"h?, and thus

4h(fv) 3)(¢'(2))*h(2)?| + 2lg" (x)g(x)h(z)?|
)2h(x)?| + 2lg" (x)g(2)h(z)?|

= < 8h(z)*?. (3.4)

Dh(z) + |g(x)|h(z))
Va(x)? + h(x)/?) < 120h(x)3/2. (3.5)



We write for simplicity p := —id/dxz and (z) := (1 + 22)"/2. The nth derivative of h will
be denoted by A",

Lemma 3.2. For every n € N there exists a constant Cy, > 0 such that
K" ()| < Co ()™, wzeR (3.6)
In particular, we have that h, f,u € NS, D(p").

Proof. Note that |g(z)| < 2 (x). Since ¢'(z) = 4sin®z, it is clear that ¢ (z) is bounded for
all n > 1. We show (3.6) by induction on n. For n = 1 we have h/(z) = —2h(z)?g(x)d (),
which is bounded by 36 ()™ and (3.6) holds. Suppose that the claim holds for k < n. We
estimate (h?)®) and (g¢')*). By the assumption, we have for k € N that

k—1
|(h%) P ()| = | 2h(x )+ W9 ()
e+ 3 (3)0e
k—1 k
<3(2) P Cr ()0 + | (j.)cjck_j ()~ <w>‘3] <Cufo)™,  (37)
j=1

where C1 1, is a constant. Since all derivatives of g are bounded, the estimate |(gg’)®(z)| <
Co (z), k=0,1,2,..., holds with a suitable constant C5j. Thus we have

[hHD (@) = (1)) ()] = 2|(h*gg") ™ (2)]

< 2h*(x)(g +2Z< )\ (h%)" 9 (@) (99")® (@)]. (38)

The first term in (3.8) is of order ()™, and the second of order (x)~*. Thus |h("1(z)|
is bounded by Ci,1+1 <a:)73 with a constant C),41, which completes the induction step. The
bound (3.6) implies that h € D(p") for all n € N. Hence we obtain by functional calculus that
fyu e D(p") for all n. O

Note that since h is real and even, the eigenfunction w is real and odd, and the potential
V' is real and even. We write

w(p) =P +m2—m and w(p) = \/p> +m2.

Lemma 3.3. We have that

wp)u(x) = Nu(w) +sin(e) @(p + 1) = N f(2) = 271 (2) (39)
_ (wlp+1) =N f(=z) 2h/ (z)e i
V= f(x) * f(z)sinz (3.10)



Proof. By functional calculus it is readily seen that the equality e “pe® = p 4 1 gives
e "w(p)e”™ = w(p+ 1). Using this, we obtain
1

26— T = (M (p+ 1) — e Tw(p — 1)f

2
= sinzw(p+ 1] + o w(p+1) —wlp — 1)
efix
24

w(p)u = w(p)

=u(z) +sinz(wlp+1) =N f+

(wo(p+1) —wo(p —1))f.
(3.11)

By the definition of f, we furthermore get that

(wo(p+1) —wolp — 1)) f(z) = (wo(p + 1) —wolp — 1)) (wo(p+ 1) + wo(p — 1))h(z)
= (wo(p + 1) — wo(p — 1)Hh(z) = —4il/ (z). (3.12)

O

Since h' = —2¢'gh = —8sin? zg(x)h(x)?, the potential can be written as

1 16~

The following lemma makes the crucial steps for proving the main statement. In Proposi-
tions 3.10 and 3.12 below we will prove that conditions (P.1)-(P.2) in the lemma hold.

g(x)h(z)?sinz. (3.13)

Lemma 3.4. If

(P.1) there exists a constant C > 0 such that f(z) > C(1+ 2%)~1 for all z € R,
(P.2) (w(p+1) = N f(z) = f(2)O(|2[!) as x — oo,

then Theorem 2.1 follows.

Proof. Note that the eigenvalue equation (2.3) is equivalent to (2.2) and (3.13). Since by
Lemma 3.2 we have f € N7, D(p"), it follows that w(p + 1)f € N22,D(p"), in particular,
wp+1)f € C*(R). By (P.1) the denominator f(z) in (3.13) has no zeroes, and thus V has
no singularity. Since f(z), w(p+1)f(z) and g(x)h(x)e~™ sin x are smooth functions, V is also
smooth. By (P.2) the first term of (3.13) is of order (z) ', and by (P.1) and Lemma 3.1 the
second term of (3.13) is also of order (x)'. Hence V(z) behaves like (z) ™' at |z| = co. [

Let K : R — R be a Borel measurable function. Writing I?(:J;) = 5= Jp K(k)e~™**dk for
Fourier transform, the operator K(p) can be formally defined by

K)a(o) = =K +9)@) = <= [ Kla=patw)ay

Lemma 3.5. For every x € R we have

Jramen T i< (3.14)
- —e T )—————=<w, (o) < . .
™ Vit2mlz] ~ Y T mla

10




Proof. Using that

o5 () = \/Zfa)(mrww, (3.15)

where K denotes the modified Bessel function of the second kind, by a change of variable we
obtain

o0
Ky(z —/ exp(—zcosht)d / 3.16
for all z > 0. Since
1 —s s
e e
K >e? ——ds>(1—e ) —,
o(z) 2 /0 e SR by
the lower bound in (3.14) follows. To get the upper bound, we estimate
oo e—S e—Z
Ko(z) <e” ds = .
o(z) 0o V2sz \/sz
O
Lemma 3.6. If m > 18, then for all x € R,
_ 1 _
wo(p)Mh(z) > o ()7 (3.17)
Proof. By Lemmas 3.1 and 3.5, we have
1—et / e~me=yl 11
-1
w h(zx) > - d
op) " h(@) = s R 1+2m|x—y|61+y2y
11— et 1 e~mlyl 1+ 22 d
6r 1+2° ) JTomly i+ @+y)?"
1422 _ 2 1
We estimate the integral by using that inf,cr 1+(x+y) = i > CE=TIEE and
e—myl 1 2 [ e~ ® 6
> 2 / ds> 2
r /1 + 2mly| (1 + [y[)? m Jo V1+2s(1+ (s/18))2 om
Thus finally we have
l—el6 1
-1
h(z) > —
wolp) ™ hlz) 2 6m  5m1+ 22’
which proves the claim. ]
Lemma 3.7. If m > 0, then for all x € R,
3+4m?
1 2
h x) “. 3.18
wo(p)” h(z) < i (z) (3.18)

11



Proof. Lemmas 3.1 and 3.5 imply

1 e—mlz—yl 1

d
21 Jr \/ml|z —y| y* +2/3 Y
1 1 e~myl ( 1+ 22 >
< 3.19
~ Vorl+ 22 R A/M |y xE]R $+y +2/3 ( )

Since the supremum in the integral is further bounded by 2y% + 2, we get

wo(p) " h(w) <

1 eyl 3+4m? 1
2y2—|—2)dy +am

W) S o | = Vows Trat

Lemma 3.8. If m > 10, we have for all x € R that

lwo(p) ' PPh(x)| < ﬂmo ()7 (3.20)

Proof. By Lemma 3.1 and 3.5, it follows that

)] < 120 e~ mle—yl
V21 Jr M|z —
120 e—mlyl 1 J
Y
r /mly| (z+y)?+ 3)3/2
- 120 1 eyl < 1+ 22 )3/2d
\/277(1+:E23/2 Jm |y xeR (r+7v) +2 Y
240 1 /
= Verm (1 +x2 3/2 f

where in the last inequality we used the assumption that m > 10. By computing the integral,
the claim follows. O

|O.J0( ) 1 Qh ‘_ ’WO lh// )3/2dy

2(5/10)? + 2)?ds, (3.21)

Lemma 3.9. If m > 146, we have for all x € R,
wo(p)h(z) > ()72 (3.22)

Proof. We split up the expression like

p* +m® m? »?
wo(p)h(z) = —F——= = ——h(r)+ ———=h(zx 3.23
o) = L) = )+ h(e) (3.23)
By Lemmas 3.6 and 3.8, for m > 146 we have
m 700
2 2 >71 2—1_ 1 2—3/2
Vpr+m h(:c)_25( + z9) —m( + z7)
m 700 o1 1
>(—=—-—)(1 > : .24
—<25 m>(+$) =142 (3:24)
O

12



Now we turn to proving conditions (P.1) and (P.2) in Lemma 3.4.

Proposition 3.10. If m > 146, then for all x € R we have

flx)>2(x)2. (3.25)
Proof. Define

T(k) :=/(k+1)2+m2+ /(k — 1)2+m2 — 2V k2 + m?,

and note that T'(k) — 0 as k — oo. Fourier transform gives
T(x) = 2w(z)(cosz — 1).
By noting that wo(k) = (k% +m?)wy ' (k), from (3.16) we have
_ d? 5
Gile) = <—d$2+m )o@
\/>m exp(—m|x| cosht) sinh? tdt < 0. (3.26)

Hence f(:c) is non-negative and 7T'(p) is positivity preserving. Thus by the definition of f and
Lemma 3.9 we have

f(@) = T(p)h(z) +2v/p? + m?h(z)

~ 2
= (T *h)(x) + 2v/p?> + m2h(z) > 2/p? + m2h(x) > a2 (3.27)
0
We use the extra shorthands w4 (p) := /(p £ 1)2 + m? and g := V1 + m?.

Lemma 3.11. For every w € D(p?) and almost every x € R we have

[(w+(p) = Mo)w(@)| < wy[(p* + 2p)w(x)], (3.28)
|(w-(p) = Ao)w(@)| < wy''[(p* — 2p)w(@)]. (3.29)
Proof. Let w € D(p?). Then

(W (p) = Mo)w(@)] = |(wi(p) + Xo) " (ws (p)* — A)w(z)]
= [(wi(p) + 20) (P + 2p)w()|
= &7 (wo + Xo) '™ (P + 2p)w(x))|
< (wo + o) (P* + 2p)w(x), (3.30)

where in the last step we used that (wg + \g) ™! is positivity preserving. Moreover, since also

wo Lig positivity preserving, for any non-negative function s(z) we have

L (w) = wys(a) —

From (3.30)-(3.31) we obtain (3.28). The estimate (3.29) can be shown similarly. O

wy ts(z) < wyts(w). (3.31)
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Proposition 3.12. If m > 146, then for |x| — oo we have that

i | (Vo 07 = Vi) f@)] = 0llal ).
Proof. We apply Lemma 3.11 to w(z) = f(z) = (w+(p) + w—(p))h(z). Thus
(Wi (p) = Ao) f ()]
< wp (0 +2p) f ()]
< wy t(wr + w_) (P + 2p)h(x)]

<yt (Iws = 20) (2 + 2p)h()| + (- = 20)(p* + 2p)h(x)|
+ 2ol (0 + 20)h(x)])
9#@ﬂ%+mW+MMMMwWL%MM%WM
+ Aol (p? + 2p)h(x)]
m%0@+m>@»ﬂ@—@W@M+%%Wﬁ+%M@L (3.32
using (3.28)-(3.29) in the last inequality. From Lemma 3.1 we know that
PO (@) < C ()™ and WY ()| < C ()7
where C' = max{C}, C2}. Thus
r.hus. (3.32) < Clwg? (2) 7% + MClwy t (z) 72, (3.33)

with some C’ > 0. As shown in the proof of Lemma 3.8, there exists a constant Dy > 0 such
that wy ! (z)7® < Dy (z)>. This implies that there exists Dy > 0 such that

r.hs. (3.32) < Dy (2) 7. (3.34)

Hence, by Proposition 3.10 we have

[(w+(p) — o) f ()] < D2
f(z) T2

i.e., of the order O(]z|™1). O

3.2 Proof of Corollary 2.3

Let
L}(R®) == {f € L*(R%) : f(x) = f(|z]), = € R’} C L*(R)

be the closed subspace of rotationally invariant square integrable functions on R3. Consider
the unitary transform

f(|lz]) = Varrf(r), reR", (3.35)
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from L2(R?) to L?(RT). Using that —A on L2(R?) has the form D, := —r~2(d/dr)r?(d/dr),
we have
d2

=
i.e., the Laplacian in one dimension on [0, c0), with Dirichlet boundary condition at 0. Note
that (Uv)(r) = u(r), r € RT. Since u(r) is smooth and odd (Theorem 2.1) in r € R, we have
u € D(—d?/dr?). Moreover, since V is bounded, it follows that D(H,) = D((—A +m?)Y/?) >
D(—A). Thus, v € D(H;) and the equality

(V=A+m20v)(z) = (U*UV-A +m2U*Uv)(z)
= (U*\/—d?/dr? + m?u)(x) (3.37)
holds. By Theorem 2.1, the right hand side of (3.37) equals
U'A=V(r))u)(z) = (A= W(z))v(z). (3.38)

UD,U* = (3.36)

Hence v satisfies the eigenvalue equation H,v = Awv.

3.3 Proof of Theorem 2.6

From the definition of &, we can show the following result directly.

Lemma 3.13. h € D(p*) and the estimates
ey P <h@) <ec@', zeR (3.39)
WD (@) <es (@)™, j=1,2,3 (3.40)

hold with ¢; = 0.26, co = 1.02, c3 = 2.2.

Lemma 3.14. If

(Q.1) there exists a constant C > 0 such that f(z) > C (z)~" for all z € R,

(Q-2) (w(p+1) = M) f(z) = O((x) %),

then Theorem 2.6 follows.

Proof. By Lemma 3.13, f and (w(p + 1) — \)f are continuous. By a similar argument as in
the proof of Lemma 3.3, we have

) - Nf@) | 2 e
Vi) f@ ¢ sme f@)

Notice that (2.17) and (3.41) are equivalent. Since A'(z) = —4sgn(z)sin® z h(z)? by direct
computation, we obtain

, (@p+1) = Nf@) o e

(3.41)

e
V(z)=— L — 8h(z)*=— sin |z|. (3.42)

f(z) f(z)
Assumption (Q.1) implies that the denominator of (3.42) is strictly positive, and hence V(x)
is continuous. Moreover, Lemma 3.13 and assumption (Q.2) yield that V = O((z)™"). O
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To prove (Q.1) in the previous lemma, we need some further preparation.

Lemma 3.15. If m > 20, then for all x € R we have

17 C1
wo(p) lh(x) > 10m

Proof. The proof can be obtained along the argument used in the proof of Lemma 3.6. By
Lemma 3.13 we have

(@) (3.43)

- 1—e" e~myl 1+ 2
—1 > -
wo(p)” h(z) 2 ———a(z > 1+ 2mly] (meR 1+ (z +y) > w

1—e1 e ® 1 ds c1

>97 ¢ > -1,
S Cl<x>/0 A3l 4s520m = 1om @

O
Lemma 3.16. For allm > 0 and x € R,
~ 2 1
—1 —1
) i) < (24 2 ) 07
Proof. Similarly as above, by Lemma 3.13 we have
- —mly| 9
-1 C2 02
w h(z) < x 292 4+ 2dy = —= / s2/m?2 +
o) hie) < ) [ /B 2y = e
202 -1 s 2 -1
<2 /O = (afm s = o <m + m2> ()"
O
Lemma 3.17. For m > 0, the estimate
-1,27 c3v2 3 -2
o) i) < 22 (24 2 ) )
holds.
Proof. As in the proof of Lemma 3.8, we have
Jwo(p) "' h(x)| < cswo(p) ™ (x) 2
<c X sup —————5
- 3\/27T< ) R /M|y r€£1+(x+y)2
c3v/2 3 —2
= 2 .
m < + 4m2> ()
O
Lemma 3.18. If m > 34, then
wo(p)h(z) > (x)~". (3.44)



Proof. By Lemmas 3.15 and 3.17 we have

woh(z) = mwo(p) " h
> m2wo(p)~th

Since m > 34, we have that %qu — gc;», (2 + 47%2) > 1, which completes the proof. ]
Hence follows (Q.1) in Lemma (3.14).

Proposition 3.19. If m > 34, we have for all z € R that

flz)=2(x)7".
Proof. Similar to the proof of Proposition 3.10. O

In order to prove (Q.2) we will use a limiting argument. Let j € C§°(R) be a function such
that j(x) > 0 and [, j(z)dx =1, and set j,(x) = nj(nz). Write

Fa(@) := (Wi (p) +w—(p))hn(x)

Since h and f are continuous and decreasing, the sequences h, and f, converge uniformly to
h and f, respectively, as n — co. For the same reason, furthermore we have

lim D fu(z) = Df(x),

n—o0
for D = wp,w+(p),w—(p). Now we can show (Q.2).
Proposition 3.20. For m > 0,

(Wp+1) =Nf(@)=0(@)~%), zeR, (3.45)
holds.

Proof. By the above observations on convergence, we have

(@ (p) = 2)J (@) = lim_[(@s(p) = 20) ().

n—oo

Note that fn € D(p") for every n € N. By using Lemma 3.11, we obtain
(@4 (p) = A0) fu(@)] < wi ' (p° + 2p) fu ()]
= wy H(wr +wo) (PP + 2p)hn(2)|

< w 2(1(0% 4 2p)* ()] + (07 — 2p)(P* + 2p) ()
< wy 2 (2|p R (2)] + 4Pk ()| + 8|p*hn(2)]).
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From the fact that h e D(p?) it follows that |p3h,| converges to [p*h| in L?-norm. Hence
wgz\p3hn| goes to w0_2|p3h| in L? sense. By taking a subsequence n;,

Wy 2[p*hn, | (z) — wy 2[pPR|(z)  for ae. z €R,

as j — oo. Similarly, wy? ]p2i~znj|(a:) goes to wy 2[p?h|(z) for a.e. x € R. Next we consider the
term

p4iLn = (]n * B(3))/
In the remainder of the proof we denote g(|z|) by g(z). Writing
B3 = —g®p2 4 gy,

we obtain J; = —4g"h*h" — 2§/ ((h')? + hA") € D(p). Thus we have

wo_zyjnj*J{](x)%w&zuﬂ(x), a.e. T € R,
as j — oo. Hence
(wi(p) = Ao) f ()| < 4wy *[p° ()] + 8w 2 |p* ()| + 25 2| T} ()] (3.46)
+ 21imsupwy 2| (G, * (G52 |(2), (3.47)
j—o0

for a.e. z. By differentiation in distributional sense, we get 3 (x) = 8cos(2z)sgn(z). Write
Jo := 8cos(2z)h?. Then we have

(n * (@OR2))' = (i * sgn(w)J2) = 2J2(0)jn() + jin + (sgn(z).J3).
Again, by noting that Jj € L?(R), we get that |j,, * (sgn(x)J3)(x)| — |J(x)|, for a.e. . Thus

(3.47) < 4]J5(0)| lim sup wy % jn, () + 2wy *|J5(z)].

j—o0
Since wy? = (p? +m?)~L, it follows that

efml‘Z'

. —92. -
A 40l =

Thus, with J3 = 4|p3h(z)| + 8p?h(z)| + 2|J} (z)| + 2|J5(z)|, we have

e_m"rl

Lh.s. (3.46) < wy2Js3(z) +

om

By the definition of J1, Jo and h, we have J3(z) < H%’ for some C' > 0. Hence, by the same

argument as in the proof of Lemma 3.16, we obtain that
) -2
wy “J3(x) = O((x) 7).

Clearly, el /2m = O((x)™?), and therefore we conclude that |(w.—\)f(z)] = O((z)~?). O
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3.4 Proof of Theorem 2.4

The limit (2.12) is elementary. We show that f.(z) converges to h(z) in the uniform norm
of C*(R). Lemma 3.2 implies that |k|"h(k) € L?(R) for all n = 0,1,... By this fact and the
Holder inequality we have

1
/ kP (k) dk = / kI (k) |+ / PRI
R -1 [k|>1

1 1/2 N 1/2 ~
< ([ ) e+ ([ k) e < oc.
-1 [k|>1

Hence k"h € LY(R), for all n > 0. By using Fourier transforms, we have

sup | fo(x) — h(@)] < | fo — Bl 1, (3.48)

z€R

and by the definition of f. we obtain the bound

<\/012(k: +1)24+m? + \/012(k: —1)2+m? — 2m) h(k)

1 2k2 42 ~
< - h(k)|. 3.49
5 (k)] (3.49)

1
2m

|fe(k) = h(k)| =

This estimate and (k? + 1)7L € L' imply that the right hand side of (3.48) goes to zero as
¢ — 0o. Thus

sup [ue(z) — h(z)sinz| < ||fe — k|1 — 0 as ¢ — oo. (3.50)
z€R

Similarly, we can show that f. and f” are uniformly convergent to b’ and h”, respectively.
Hence u.(x) converges to h(z)sinz in the uniform norm of C?(R).
Next we show that

<\/ —2 L meh - ch) ()—>—271nj; oo (), (3.51)

uniformly as ¢ — oco. Using Fourier transforms, we get

\/ —C i d 5 +m2ct —mc? ) ue(x) Ld—Qu (x)
¢ 2m dx? >
ki2
< H(\/ k2 +m2ct — mc?), —

2m

2
< H <\/ 2k2 + m2ct — mc® — 2’;) Ue

sup
zeR

e, e

Ll

The estimate

1 k4
Ve2k2 2.4 _ _7’f‘ ‘
‘ CR +miet —me 2mc2 (m + Ve 2k2 + m?2)2 4m2c2
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gives
(3:52) < — g K98l 1 + = K20 — o)l
4m2c? 2m
Note that G, (k) = (fo(k + 1) — f.(k — 1))/2i holds identically. Thus
k()| < k(| fe(k + D] + |fe(k = D))
From (3.49) we have |f.(k)| < (1 + (k* + 1)/m2c?)[h(k)|. This and kSh € L*(R) imply that

.1 -
Jim 6] 2 = 0.

Similarly, we can show that ||k?(7i, — Uso) |11 goes to zero as ¢ — co. Hence (3.51) holds.
By Proposition 3.10, f.(z) is strictly positive and thus u.(x) has zeroes only at 7N. There-
fore by (3.50)-(3.51) we conclude

d2

. 1 1 — 3 Uoo(T)
A Ve(®) = 5~ o u@) (3:53)
for all x € R\ 7N. The proof of Corollary 2.5 can be done similarly.
3.5 Proof of Theorems 2.8 and 2.10
Proof of Theorem 2.8. Using [12, p11, (7)], we have that
(k) = 2R, (k) (350
AT v—g P :
By the integral formula [12, p61, (9)], we obtain
T 2I'(3 + v)
V—d2/dx?u,(z) = (k| )(x) = W oFy (1,3 + ;35 —2?). (3.55)

Thus (2.20) follows. Next we show that V;,(z) = O(|z|™!) whenever v < %. In this case, by
Pfaff transformation [2, Th. 2.2.5] it follows that

1
o (1’%+Va%,—l'2) — (1+$2)_V_22F1(%—|—I/’—%;%;li%).

From the definition of V,, we have
V —d?/dx? u,(x) = =V, (x)u, ().
With a constant C' > 0 we obtain

|z| =00 22
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Using Gauss’s formula [2, Th. 2.2.2], the limit at the right hand side can be computed to be

L(3)l(; —v)

oA +v, -1 1) = N (3.56)

where we used that 0 < v < 3. Hence V(z) = O(1/|z|). Similarly, if £ < v < 1, by Pfaff
transformation we have

— 2
2F1 (1,5 + w345 —a%) = (1+2%) 2 Fi(L v 55 7).

Hence,
2]:‘(% + l/) 2\—1+4+v 1 2
Vu(z) :—W(1+$ ) 21 (1, —v; 53 1),
which is of order O(1/|x|*>~%"), and (3) follows.
For v = $ we have uy/o(k) = (2/m)/2Ko(|k|). Hence,
[ o) = (BfinyalB)) (@) = dx / Ko(k) sin kadk. (3.57)

This integral can be computed explicitly [12, p93, (51)], and we obtain

2 I sinh ™! |z|
. 3.58
350 =2 (5t A (3.59)

It is straightforward to show that (3.57) is of order O(log|z|/x). O

Proof of Theorem 2.10. For v = 1 we derive the equation

2 -
\ —d2/dl'2 V1 = m = Vl(fI,')?}l. (359)
Thus the eigenvalue equation and part line 2 in (2.21) hold. Note that v, = (2—2v)~(d/dz)u,,
whenever v # 1. By (3.55) we have

Y
W:(”)H() 4R (L1 4L —a?)
_ 20— I( _l):n o F (2,%4-1/;%;—1'2)

C (Q-v)rT(v—-1)
=V, (z)v, (3.60)

Thus the eigenvalue equation follows. Next we show lines 1, 3 and 4 in (2.21). By Pfaff
transformation we obtain

2

o F (2,%4—1/;%;—;[2) :(1+x2)—22F1 (2 1-— ,2,136_962)
2

(1,
= (1+27)"E™,R <%+V,—%;%;1fﬁxz)-
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By another use of the Gauss formula we see that the limits lim 4y 2F71(2,1 — v;3/2;2) and
lim,q 2F1(1/2 + v, —1/2;3/2; 2) are finite whenever v > 3 and v < 3, respectively. Hence the
expressions in lines 1 and 4 hold. Consider now the case v = 3. Making use of (3.57), we have

——s 1 inh~!
—dz/d:r2u3/2(:n):2< x sinh x>,

T\22+1 (g2 4 1)

and thus

2d( 1 sinh ™!
/—d2? [ da? Vs = — < xsinh™ z )

R \F 1 (211

Combining this and (3.60), we obtain

Vaja(x) = —— /=@ da vy o(x)

v3/2()
_ 2 (14 22)3/2 d I rsinh ™z ‘ (3.61)
7T x dr\z? +1 (324 1)%?2
It is then direct to show that (3.61) is of order O(log|z|/z) as |z| — . O
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