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Abstract

Superoscillations are functions with the paradoxical behavior of oscillating (at least lo-
cally) faster than their largest Fourier component. For example, plane waves with small
frequencies (e.g. red light) can interfere in such a way that a resulting wave with arbitrary
large frequency is created (e.g. blue light or theoretically even a gamma ray).

Due to the wave-particle duality in quantum mechanics, also particles can exhibit this
superoscillatory behavior. One of the main questions in this context then is: What happens
when a particle with a superoscillating wave function interacts with a potential? Does
this delicate interference effect persists in time, or is it destroyed by the external force?
Mathematically this means: Is the solution of the time-dependent Schrédinger equation,
with superoscillatory initial condition, still superoscillating at later times?

So far, answers to this question only have been given for some potentials, for which in
particular the associated Green’s function is known explicitly. The aim of this doctoral
thesis is now to develop a general approach that proves the time persistence of superoscil-
lations not only for individual but for whole classes of potentials. The explicit form of the
Green’s function will no longer be needed, only qualitative properties as holomorphicity
and growth conditions will be assumed.

Another problem addressed in this thesis is, that there is still no uniform definition of a
superoscillating function existing. Superoscillations have been developed by various sci-
entific disciplines over the years and there is a certain discrepancy between the mathemat-
ical and the physical perspectives in particular. The aim of this work was to close this gap
by giving a generally valid definition of a superoscillating function. Furthermore, it is also
proven, that all popular variants of superoscillations from the mathematical and physical
literature satisfy this definition.
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1 INTRODUCTION

1.1 What are superoscillations

Superoscillations are functions with the paradoxical behaviour to (locally) oscillate faster
than their largest Fourier component. For instance, one can take plane waves, all having
small frequencies, and interfere them in a way that the resulting superposition has a larger
frequency than all the original waves had. What happens is an almost destructive inter-
ference, leaving a remainder with a small amplitude but an unexpected high frequency.
One can even choose this interference such that the resulting frequency as well as the su-
peroscillating region becomes arbitrary large. However, the price to pay is an exponential
decrease in the amplitude, which is then of course very sensitive to noise, as pointed out
in [47].

Although this effect may sound surprising, already the following simple example shows,
that the above described increase in frequency is indeed possible. Consider for n € N and
k > 1 the sequence of functions

Fy(x) = (cos (%) + iksin (%))n -y Ci(n)eM"* xeR, (1.1)
=0

with coefficients

c_,~(n)=<';> (17“)”7"(17_1‘)] and  k;j(n) = —%. (1.2)

In particular one sees, that F, is a linear combination of plane waves with frequencies
kj(n) € [—1,1]. The superocillatory behaviour now comes from the fact, that

lim F,(x) = ¢, xeR, (1.3)

n—yoo

converges to a plane wave with frequency k > 1. The convergence (1.3) can be understood
as uniform on compact subsets of R, or if one considers the F;, as complex functions,
i.e., replaces x € R by z € C, this sequence even converges in the space A;(C) of entire
functions with exponential growth. See Chapter 2 and in particular Proposition 2.8 for a
detailed discussion.
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Figure 1.1: Illustration of the superoscillatory function (1.1) for n = 5 and k = 4. The thin
lines show the functions fj(x) = C;(5)e®*i®>*, which add up to the function
Fs(x) = ):3:0 fi(x). Observe the almost destructive interference of the f;, the
high frequency of F5 in the central region, and also the small amplitude inside
and the larger amplitude outside the superoscillatory region.

But it is not only the limit n# — oo what makes the F, superoscillating. In [51] for example,
the authors interpret the superoscillating property as the size of the local wave number

)= £ vt = v e () 05 ()

d d
=n— Arg (cos ({) + ik sin (f)) = n— arctan (ktan ({))
dx n n dx n
B k
cos?(%) +k2sin? (%)

This local wave number shows, that the frequency varies in between kjo.(0) = k and
kioc(“£) = 1. In particular, it is larger than 1 in the region |x| < ncot™!(v/k). Moreover,
the number of oscillations in this region is

1 ncot™! (Vk) oo L
n n -1
Nosc = E / k]oc(x)dx = E / mdk = Etan (\/E),
—ncot=1(v/k) Vk

which is more than 2 cot™!(v/k), the number of oscillations a wave with frequency 1 would
admit.
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1.2 From the beginnings of superoscillations to the present state of art

The early pioneer of the concept of superoscillations was G. Toraldo di Francia who al-
ready used this effect in the 1950s to create narrow beams in antenna theory [109]. He
also recognized that his research may have an impact on optics, allowing subwavelength
resolution in microscopy. However, unable to produce a suitable lens system at that time,
these ideas took another 60 years until they were realized in the first practical imaging
aperture, built by N. I. Zheludev and collaborators in 2012 [60].

The initiator of the modern study of superoscillations was Y. Aharonov, who in his still
unpublished preprint [24] from 1991 made a thought experiment considering a box only
containing red light, but emitting a gamma ray. His early attempts to reformulate quantum
mechanics as a time-symmetric theory [8], gave rise to the so called weak value of a quan-
tum observable. A weak value is the result of a measurement which selects independent
initial and final states [10, 11,23,26, 30, 65]. As a consequence, Y. Aharonov found a way
How the result of a measurement of a component of the spin of a spin—% particle can turn
out to be 100 [3]. It was also shown in [108] that these measurements may observe infor-
mation without disturbing the system, which was against the common believe that weak
values can only be determined in statistical ensembles. Continuing this line of thought
even questions the present understanding and interpretation of conservation laws [25].

It was then M. Berry, who started a mathematically more rigorous treatment of superoscil-
lations in his work Faster than Fourier [43]. He constructed whole families of superoscil-
lating functions and investigated them systematically with respect to their superoscillatory
behaviour. In a series of papers, [43,44,46,48,49,51,52] just to name some of them, he
also explored various ramifications of superoscillations in different areas of physics and
mathematics. This, as a consequence, made superoscillations more popular and attracted
many researchers in the subsequent years to contribute in this research field.

In quantum mechanics, superoscillations appear as initial conditions of the time dependent
Schrddinger equation

2
,%xp(;,x) _ (_ % n V(t,x))‘P(t,x),

and evolve in time accordingly. Since, as mentioned in Section 1.1, superoscillations arise
from a delicate, almost destructive, interference, it is a question of central importance,
whether they are destroyed or preserved when interacting with some external potential.
In other words: If the initial condition F of the time dependent Schrédinger equation is
superoscillatory, is this still the case for the solution W¥(z, - ) at later times ¢ > 0 ?
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The first contribution to this problem was [43], where it was shown, that for free particles
the superoscillatory behaviour occurs within a region |x| < O(n) and within the time ¢ <
O(n). In particular, in the limit n — oo this property is preserved for all times ¢ > 0, as first
shown in [15]. Also for nonvanishing potentials the time persistence of superoscillations
was investigated, as for example the harmonic oscillator was considered in [22,33, 35,55,
56, 68], the electric field in [19, 22, 35, 55], the magnetic field in [22, 66], the centrifugal
potential in [22,33,67,68], the step potential in [20] and distributional potentials as & and
6" in [5,6,36].

This time evolution property of superoscillations is of course interesting not only for the
Schrodinger equation but also for other evolution equations as the Dirac or the Klein-
Gordon equation. So far, only very little is known in those settings and no more than
the following three basic contributions exist in the mathematical literature. In [88], the
authors numerically consider the time evolution of superoscillating spin-0 wavepackets
in the Klein-Gordon equation as well as spin-% particles in the Dirac equation. In the
work [21] again the Klein-Gordon field was considered, but this time the time persistence
of superoscillations was proven from a mathematical point of view. Also for the Dirac
equation, the analogue time persistence was considered in [72]. This field of relativistic
evolution of superoscillations, has numerous open questions, and will for sure be subject
of future research.

1.3 Topics of this thesis

The drawback of all the time evolution results mentioned in Section 1.2 is, that only spe-
cific potentials were considered, for which in particular the corresponding Green’s func-
tion is known explicitly, i.e. the function G which connects the initial value F to the wave
function W via the integral

W(1,x) = /R Glt,x,y)F (y)dy.

One of the main novelties of this thesis is a generalization of the above results, considering
whole classes of potentials simultaneously. This theory will be developed in Chapter 5
for potentials defined on the whole real line R, and in Chapter 6 for potentials on R\ {0},
having singularities at x = 0 or being distributional as 8- and &’-potentials. In particular,
almost all potentials which were already considered separately in the existing literature, see
also the list in Section 1.2, are covered by this unified approach. The key feature of this
general theory is to impose qualitative properties on the corresponding Green’s function,
see Assumption 5.1 or Assumption 6.1, which allow to prove a continuous dependency
result between the initial condition and the solution of the time dependent Schrodinger
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equation. Roughly speaking, for a sequence of converging initial conditions

lim F, =F

n—o0

we prove, that the sequence of solutions still converges as
lim ¥(t,x; F,) =¥ (t,x; F),
n—soo

see Theorem 5.6 and Theorem 6.4 for details.

However, this continuous dependency is not enough to conclude time persistence of su-
peroscillations, i.e., the superoscillatory behaviour of the solutions W¥(z,x; F). It turns out,
that the precise mathematical definition of superoscillations is too narrow to persist in
time. The reason is, that if we define superoscillations via the convergence to a plane
wave, as in (1.3), some potential will in general deform this plane wave and the resulting
limit ¥(¢,x; e ") may still be oscillating in some sense, but in general no longer as a plane
wave. This problem was already realized in [6, 20, 33,68, 72] and inspired the notion of
supershift, where one principally neglects the oscillatory behaviour of the plane waves e/
and substitutes them by arbitrary functions ¢. Motivated by (1.1) this means, that the
supershift in the existing literature, considers functions of the form

n

Fu(x) = ;)Cj(”) Py (m) (%), (1.4)
f=

with coefficients C;(n) € C and «;(n) € U in some region I/, which converge to
lim F,(x) = @ (x), (1.5)
n—oo

for some k € C\U. One of the main results of this thesis is now Theorem 7.5, where
we use the above mentioned novel unified approach to prove the time persistence of the
supershift property.

The second part of this thesis addresses the problem that the theory of superoscillations
was developed by different communities using different approaches throughout the years.
For instance, beside the standard example (1.1), M. Berry constructed a whole family of
superoscillating functions in [43], which are given by some integral of the form

Fo(x) = /R Cp(u)e™ ¥y, (1.6)

In order to unify those functions with the ones in (1.1), the notion of a Type I superoscil-
lating sequence is introduced in Definition 3.1. In this definition, a sequence of functions
(Fu)n has to be of the form

koo
Fu(z) = / : eCdu,(k), zeC, (1.7)

0
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with some ko > 0 and complex Borel measures f, on [—kg,kp]. While this representa-
tion indeed covers both (1.1) and (1.6), see the choice of measures i, in Lemma 3.4, the
required convergence

lim F,(z) = €, (1.8)

n—ro0

to some plane wave with frequency k > 1, is until now only known for the functions (1.1),
see [70, Lemma 2.4] or [69, Lemma 1]. In [43], complex saddle point methods were used
to verify the superoscillatory properties of (1.6), but a convergence of the form (1.8) was
not given there. This missing part is now added in Section 3.2, where Theorem 3.6 proves
the required convergence, which makes (1.6) a Type I superoscillating sequence. The same
is done in Section 3.3 for the one specific example given in [46]. Also for the functions
in [12] it is proven in Section 3.4, and for the functions constructed in [16, 28] it is shown
in Section 3.1, that all of them can be considered as Type I superoscillating sequences.

However, in order to agree with the new Type I superoscillations, also the notion of super-
shift in (1.4) is extended to the more general form in Definition 7.1, namely

F0) = [ oclx)du(x)

Another type of superoscillatory function was constructed in [79,91], where the functions
still admit an integral representation of the form (1.7), but the superoscillatory property
manifests itself no longer by the convergence (1.8), but by the number of zeros inside
some interval. In Definition 3.2 we introduce the terminology Type II superoscillating
function for these kind of functions.

The authors of [79,91] proved, that there exist functions of the form

ok
F= [ cledr,
7/(0

for arbitrary small ky > O which have arbitrary many isolated zeros in some arbitrary small
interval. Moreover, they even managed to construct a particular function having minimal
L?-norm, while passing through an arbitrary set of prescribed points. Due to the exponen-
tially small amplitudes of superoscillations, generating them can be very energy expensive
and this minimal energy result may be useful in practical applications. One result regarding
these Type II superoscillating functions is now given in Theorem 3.16, where the just men-
tioned method from [79] is generalized to not only prescribed values of the function itself,
but to also allow prescribed values of any derivative. Note, that a particular generalization
to include the first derivative was already done in [84]. These additional prescribed values
of the derivatives can now be used to control the shape of the resulting superoscillating
function.

Summing up, in order to organize the existing literature, a mathematical precise definition
of two types of superoscillations is given in Chapter 3. It is then a collection of various
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results, which categorizes most variants of superoscillating functions in the existing liter-
ature into those two classes. At some places missing parts were added or existing results
generalized, as the mentioned convergence of Berry’s superoscillating functions in [43]
or [46] in Theorem 3.6 and Theorem 3.9 or the additional prescribed values of the deriva-
tives of the Kempf-Ferreira superoscillations in Theorem 3.16. All of this is done to give
a more complete picture of how the different superoscillating functions are related to each
other. Closing these gaps is another step in the direction of a complete picture of the theory
of superoscillations.

1.4 Applications of superoscillations

In this last part of the introduction we want to give a short overview of (possible) ap-
plications of superoscillations which are sometimes of realistic and sometimes of more
academic nature.

One quantum mechanical thought experiment is the acceleration through a slit [57]. A par-
ticle with a bounded momentum range may have a superoscillatory wave function which
locally oscillates with a shorter wavelength then classically allowed. If this superoscilla-
tion exactly happens at the position of a slit in some screen, only the superoscillatory part
of the wave function will pass through and the rest of the wave stays on this side of the
screen. Since the amplitude in the superoscillatory region is very small, this event of the
particle gaining momentum is very unlikely, but still possible.

There is a large field of applications in optical superresolution, which is a way of analyzing
a probe in details smaller than the diffraction limit. The theoretical basis was given by
Berry and Popescu, who in [51] proved, that the superoscillatory sub-wavelength structure
retained without evanescent waves. This method was then first tested in 2007 by Huang
and Zheludev [89], who managed to focus light through a crystal nano-hole array. Together
with coauthors they improved their technique and lenses, see [1,61,90, 111], until the first
practical imaging apparature was built in 2012 [60]. A large progress was also made
by the invention of the “metamaterial super-lens” in [104], which allows focus points of
arbitrary shapes. For a rather complete overview, we refer the reader to the Roadmap of
superoscillations [9].

Superoscillations can also be used in combination with surfaces whose reflection and trans-
mission properties are frequency dependent, see [94]. On the one hand, if one sends a beam
towards a surface which reflects low but transmits high frequencies, its distance can only
be measured with accuracy according to the reflected long wavelength. A superoscillating
signal instead will also be reflected completely (since it only consists of long wavelengths),
but the accuracy of measuring the distance increases to the wavelength of the superoscil-
latory region. Conversely, if the surface only reflects high but transmits low frequencies,
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one can do imaging behind the surface. Classically, one can only do this with a resolution
determined by the long wavelength. Using superoscillations, one can choose the super-
oscillatory region to be behind the surface, which means, that all the long wavelengths
pass through the surface and interfere to a superoscillating high frequency behind the wall.
This allows a related high resolution of images.

Finally, we also want to mention the papers [92, 93], where A. Kempf collected some
(thought) experiments how one could use and apply superoscillations. Topics are the usage
of superresolution for the detection of landmines, superabsorbtion in optogenetics, proving
a generalization of the Shannon-Hartley theorem, recording a Beethoven symphony with a
1 Hz bandlimited signal, data compression and the trans-Planckian problem of black hole
radiation.



2 THE SPACES Ajp(C)

In the introduction we mentioned the standard example (1.1) of a superoscillating se-
quence, which is, by its physical origin, a function of one real variable x € R and converges
uniformly on compact sets, but not uniformly on all of R [13, Theorem 4.3]. Unfortunately
it turns out that in view of Chapter 7, the time persistence of superoscillations, the uniform
convergence only on compact sets is not enough. However, noting that the constructed
examples (3.16) and (3.20) are entire functions of the complex variable z € C and also
that the standard example (1.1) obviously admits an entire extension, it is a more suitable
way to consider superoscillating functions as elements in the space .4, (C) of entire func-
tions with exponential growth. The aim of this chapter is now to introduce these spaces
and prove basic properties which will be of importance in the applications throughout this
thesis. In the context of superoscillations it is already state of the art to consider conver-
gences and operator continuity in these spaces, see for example [4, 5, 19, 33, 35, 66, 68].
we want to mention that these spaces are special cases of Analytically Uniform spaces
(AU-spaces), introduced by Ehrenpreis in [75] and enhanced by Berenstein, Taylor and
coauthors in [38,41,42,107]. An overview can also be found in [16, 39, 40].

Definition 2.1. Ler H(C) denote the set of all entire functions on C. Then for every p >0
define the space of entire functions with exponential growth of order p as

Ap(C) = {F € H(C) ‘ 34, B > 0 such that |F(z)| < AP’ forallz € C } R

A sequence of functions (F,), € Ap(C) converges to Fy € A,(C) in A,(C), if and only if
there exists some B > 0, such that

lim sup|F,(z) — Fo(z)|e B =o. (22)
N eC
. . Ap .
We will write F,, — Fy for this type of convergence.

For more details about the topology of the space .4, (C) which leads to the convergence
(2.2) we refer to [28, Section 2] and [39, Section 2.1]. For the purpose of this thesis, the
detailed structure of the topology will not be of importance.

The following lemma shows, that the spaces .A4,(C) are continuously included in each
other, and also give some relation to the uniform convergence.
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Lemma 2.2. For every 0 < p < g we have A,(C) C A4(C) and for any Fy, (F,), C A»(C)
we get the following implications of convergences

n—soo

F,— F in .Ap((C)
U
n—yeo

RS R in A, (C)
N3

FE, e Fo uniformly on every compact K C C

Proof. Let F € A,(C). Then by definition there exist A, B > 0 such that
|F(z)] <APF, zec.
It then immediately follows from p < ¢ that also

Bz ~f| ‘ >1
€ , 1z) =21, B Bz
< <
|F(z)] A{ o, iz > 1, Ae’e’* zeC, (2.3)

which proves F € A;(C). Let now F, % Fyin A,(C). By definition this means

lim sup |, (z) — Fo(z)|e #" = 0,

n—o0 zeC

for some B > 0. By the same estimate as in (2.3) we get

sup |Fy (2) — Fo(2) e P" < eF sup|F,(2) — Fo(2)|e PH" =5 0,
zeC zeC

and hence the convergence Fj, "% Fin A4(C) follows. Furthermore, for every r > 0 we
get

sup |Fy(z) — F(2)| < €% sup |F,(z) — F(z)]e BF"
el<r l<r

< &P sup |Fy(z) — F(z)|e BRI =% 0.
zeC

Hence F, 3 F, uniformly on every ball of radius r > 0 and hence also on every compact
subset K C C. O

One standard example of an A,-function is the following Mittag-Leffler function (2.4).
This function will also play a central role in the upcoming estimates of this chapter.
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Definition 2.3 (Mittag-Leffler function). For every o, 3 > 0, we define the Mittag-Leffler
function as the power series

©0 n

L Z
Eyp(2) '*,gir(awﬁ)’ z€C, (2.4)

where T denotes the well known Gamma function.

Lemma 2.4. Let o, B > 0. Then there exists some Ay g > 0, such that

1
|Eq5(2)] SAaﬁelzla7 zeC. (2.5)
In particular we have Eq g € A1 (C).

Proof. Due to [99, Eq. (1.1) & (1.2)], the Mittag-Leffler function admits the asymptotic
behaviour

1 [aT71] 1 2min
E == erre T — oo,
a,p(X) p Z{H as x
n=—[%"]
where [251] denotes the nearest integer part, i.e. [%1] =N € Ny, if 41 € (=&, J]. This

sum can now be estimated as

[E]] e"}”"s(2 ><$(2{QT_1}+1>€“%, as x — oo.

1
Ey [3( ) <—
o a—1
n=—15"]
Since Ey g is an entire function, it is in particular bounded on any compact interval and
hence there exists some Ay g > 0 such that

1
Eqp(x) <Agpe™, x>0.

For the complex argument then immediately follows the desired
1
|Eqp(2)| < Eqp(l2l) <Agpe™, zeC. .

With this result about the Mittag-Leffler function, we can now characterize the space
Ap(C) and the corresponding convergence (2.2) in terms of the power series coefficients
of the respective functions. See also [35, Lemma 2.2].

Lemma 2.5. For every p > 0, the space A,(C) can be characterized by

k

A, (C) = {F € H(C) | 3A,B > 0 such that | fi| <Ar(kB+l)for all k € Ny } , (2.6)
P

where (fi)r € C are the coefficients of the power series representation F (z) = Y.r_ fiZ".
Moreover, any sequence (Fy), € A,(C) converges to Fy € A,(C) in A,(C) if and only if
there exist (Ap)n, B > 0, such that
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B
( ) k,n € Ny,

(i) |fnk_

(i) lim A, = 0.
n—yoo

Proof. We start with the inclusion “ C “ of (2.6). Let F € A,(C). By (2.1), there exist
A,B > 0 such that |F(z)| < AeB | for every z € C. Without loss of generality we will

assume B > 0. Using the Cauchy integral formula, the power series coefficients are given
by

27
F ip\ ,—ikg
27” ék 277:}’ / (re )e d(P, k € N7

where ¥ is a circle around the origin with a not yet specified radius r > 0. This integral can
now be estimated as

21 A
i< oz [ e do =G keN.

= 2mrk

Since the right hand side depends on the free parameter r > 0, we can minimize it by

1
choosing r = (Bip) », which is possible since we assumed B > 0 and only considered k € N.
This gives the upper bound

k
i

B 3
p ) . keN. 2.7)

| fil <A( A

k
Due to the asymptotic behaviour F(% +1) ~ /2nk ( ) 7, as k — oo of the Gamma func-
tion [2, Eq.(6.1.37)], we get

2k

<

as k — oo,

k b

k k
2r 2r

(gp>;r(f,+1) N
k

Since the right hand side tends to zero as k — oo, there exists some Ar > 1, such that

(k41
e
(?”) PP <Ar, keN. 2.8)
2r
Using this in (2.7) gives
k
(2B)7
<AAr—/———, keN. (2.9)
|fk| F(%—O— 1)

The missing term k = 0 can be estimated as | fo| = |F(0)| <A, and since we chose Ar > 1,
it is also covered by (2.9).



13

For the inverse inclusion “ D “let the coefficients be bounded as | fi| < Am for some

A,B > 0. Then we can estimate the function as

- BIZI

F(z)] <A Z

=AE, (Blz|), z€C,
L TE ) 1,(BL), 2

using the Mittag-Leffler function (2.4). From Lemma 2.4 we then conclude the estimate

[F(2)| <AA, (&, zec, (2.10)
17’
which proves, that F € A,(C).

For the equivalence of the A,-convergence, let us first assume, that F;, T FRin Ap(C).
If we define

Ay = sup|Fy(z) — Fo(z)]e B,
zeC

then lgn A, =0by (2.2) and we get the estimate
n—oo

|Fu(z) — Fo(z)| < AP, zecC.

In the same way as we derived (2.9) we then also get

(2B)

|fnk fok‘ AAFm~

Note here, that the coefficient Ar from (2.8) does not depend on n. Hence we proved the
conditions (i) and (ii).

Conversely, assume that the conditions (i) and (ii) are satisfied. Then analogously as we
derived (2.10), we get

|Fu(z) — Fo(z)] < AnAs (2H7 zeC.
L

Also here we note, that the constant A; | comes from the estimate (2.5) and in partic-
5

ular does not depend on n. Since lim,_.A, = 0 by assumption we conclude the A,-

convergence

sup |Fu(z) — Fo(z)]e BB 1" < AnAs Z20. O
ze

A similar argument as for the power series coefficients in Lemma 2.5 shows, that for
functions in A, (C) all its derivatives are contained in A,(C) as well.
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Lemma 2.6. Let p > 0 and F € AP(C). Then also F™) € A?(C) for every n € Ny.

Proof. Let F € AP(C) and A, B > 0 such that |F(z)| < AePl", for every z € C. Without
loss of generality we will assume B > 0 and n € N. By the Cauchy integral formula, we
can write the n-th derivative as

(n) :L‘/ F(é) _ n! m i\ ,—ing
FY"(z) i y(éfz)"“dé 20 Jo F(z+re'?)e "?do,

where 7 is a circle around z with a not yet specified radius r > 0. This integral can now be
estimated as

An! " B‘ZJrrei(p‘p An! B2P(|2|P+-rP
< T B2
PO < A [ do < e
Since the right hand side still depends on the free parameter > 0, we minimize it by

1
. _ 1 no\- . .
choosing r = ()7 This gives

Bp\ 5 porip 12"t >B” P[P
Fm (A < A g2"<67)” BYfP  pp 2 D7 B2l
PO < an(SE) e < ae e ,
where in the last inequality we used the constant Ar from (2.8). O

By definition, the space .4, (C) consists of entire functions which admit some additional
exponential growth condition. From standard analysis we know, that the power series
F(2) =Yr, fizX of any entire function uniformly converges on compact subsets of C.
However, the next lemma shows, that the additional exponential growth constraint of
A,(C) ensures, that the series even converges in the stronger .A,,-sense.

Lemma 2.7. Let F € A,(C). Then the power series representation

=Y fidt converges in A,(C).
k=0

Proof. For every z # 0, we can use the Cauchy integral formula to write for every N € Ny
the function as,

Fo- o [ e

27i Jig)= 2\\§—z
1

:%_/‘5‘:2‘2‘ €)25k+1§
% k

F(E), z
fzm /5‘ B +2m /m:sz(é) Y g

k=N+1

oo

k
—ka %/é‘ 2‘Z|F(§) )y ﬁdé, ze C\{0}.

k=N+1
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where in the last line we used the Cauchy integral formula for the coefficients of the power
series. Using the exponential bound |F(z)| < AeB” of functions in A,(C), we can esti-
mate the difference between F and its partial sum as

N 2n oo
1 ; 1 A
_ k|l « iQ - A B|2g|P

UCEWEE o | Pk I Y o<y zeTho)

Since this estimate is obviously also true for z = 0, we conclude the .A,-convergence
N

_ A Noe
sup |F(2) = Y fi|e P2 < 15 " o, 0

zeC k=0

As an application of the .A,-spaces, we verify, that the example superoscillating functions
(1.1) indeed converge in A (C). It is to mention, that a very similar proof is already given
in [68, Lemma 2.4] or [69, Lemma 1].

Proposition 2.8. For every k € C, the sequence
n .
Fi2) = Y Ci(n)es", zeC,
Jj=0

with the coefficients

o\ ke 1=k 2
Cj(n)—<j> (—2 ) (—2 ) and kj(n)=1——,
converges to

lim F,(z) = €*, in A;(C). (2.11)

n—soo

Proof. Using the binomial formula, we write the function F;(z) as

- £ () ()0 (5

Using the bounds

|sin(&)| < |E|elé! and |cos(&)| <, Eec, (2.12)
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which immediately follow from the respective power series representation of sin(&) and
cos(&), we can estimate the functions F, as

"< (1 +M)"e‘2‘ < KDE e (213)
n

|Fn(z)| = ‘cos( )—i—zksm(z>

Next, we estimate the difference of the cos-terms

’cos(z)—cos(];z)‘z‘./zl;zsin(é)délSk_nl”ZI sup |sin(&)]

n felz k]
2
< (A Dkl Elelé] < M EEE 01
gelz k) "

where we again used the estimate (2.12). In a similar way we also derive an inequality for
the difference of sin-terms, namely we use

e R e < g e gee

to estimate

‘ksin(%)—si kz \kHz\‘/ cos(§) sin 5))(1&‘

By M et sinte)

T ! 6 &
1 21,12 1 21,12 (& z

< DT g QR DR e
n : k n

gelil

Using now the identity A" — B" = (A — B) Z:f;éAfB”_l_j , together with the estimates
(2.13), (2.14) and (2.15), gives for every n > |k| + 1 the estimate

|F(z) — | = ’(cos ( ) + iksin (;))" _ (ei%)n

n—1 . .
j X2 J n—1—,
’cos( ) + ik sin (Z) —e’kW Z (cos( ) + ik sin (Z)) e'#kz'
n =0 n
< 20K+ 1) o "ie%ukm)\z\e—"*i*f\knz\
- n? 4
j=0
212
< 21K+ D712l (i+1)1
n

2
< SUMAD” o
ne
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where in the last line we used |z|> < e‘z‘ This estimate now shows, that

k|+1)2
lim |Fa(2) — e~ (2K < gi SUKEDT o
n—o0 N—soo ne
and hence lim,, o F;,(z) = €% in A;(C). .

In these spaces A,(C) we can now define different kind of infinite order differential op-
erators as in (2.17), (2.21) and (2.29). In the literature, those kind of operators play the
role of a time evolution operator for the time dependent Schrodinger equation, and were
used to prove continuity results similar to the one in Theorem 5.6 and Theorem 6.4, see
for example [5,19,20,22,32,34,35,55,66,67,72]. However, our methods in Chapter 5 and
Chapter 6 use more direct arguments and avoid these operators. Nevertheless, they will
still be used in Theorem 3.5 for the construction of superoscillating functions, similar as
n [16,28]. The first very large family of operators is introduced in the following Theo-
rem 2.9 and is for p > 1 already stated in [35, Theorem 2.4]. Also the proof is basically
taken from there.

Theorem 2.9. Let p > 0 and (ay), : C — C be entire functions, such that there exists some
C > 0 and for every € > 0 some Bg > 0, with

e p
|an(2)| < Be=7—e" | z€C, (2.16)
T(2+1)
1-1 ifl<p<o
here L .= P’ " Then the infinite order di tial t
where { 0, Fo<p<l. en the infinite order differential operator
o g
U=) a,—, 2.17

acts continuously as an operator U : A,(C) — Ap(C).

Proof. Let F € A,(C) admitting the power series representation F(z) = Y5 fiz*. In this
form the action of U on F is

> d" & > > n+k)!
=y a(2) Y id=Y ax) ) f,,+k%zk, zeC. (2.18)
n=0 2" k=0 n=0 k=0 :

By the boundedness of the functions a, in (2.16) and the bound |fi| < A of the

Bk
T(5+1)

coefficients in Lemma 2.5, we can estimate this expression for every € > 0 by

zeC.

P (1R (Be)" (BI2])¢
‘(UF)(Z” <ABg r;)kz F(”+1)F(”+k+1)k
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Next we will use the following basic inequalities of the Gamma function and factorial

(n+k)!  (n+k\ " nt+k ik
wi Lk )=l )=

=0\ J
T2+ 305 +3) n 1k 1 11
—:B— _—, — — <B** =
(4 1) (p+2’p+2)* (33)==

to further estimate the double sum as

(UF)(2)| < ABereCil Yy MRBO" g (2B

C.
L hanEey

1
Due to the asymptotic behaviour I'(x) ~ v/ 2717 f, as x — oo, see [2, Eq.(6.1.37)], the
coefficients of the first sum for 1 < p < e and L >t l = 1 asymptotically behave as

" P i i (prgh)” asn —
~ - ) n o,
LG +0rG+ +3) ~ TEIE) \/ﬁ(gﬁ*%(%)%*% V27pg

However, also for 0 < p < 1, where 1 7= = 0, we have the inequality

n! n!
— <
rC+5 = T

=n+1, n>1.

11
Hence, if we fix 0 < € < p;gq , the sum
n!(2Be)"

; (2+ DI +3)

is finite. Using the Mittag-Leffler function (2.4), with its exponential bound (2.5), we can
finally estimate (U f)(z) as

|(UF)(z)| < ABeCeme'E | (2B[2]) <44, lBgcgne<C+<23 P zec. (2.19)

ELy
On the one hand, this estimate now proves, that the sum (2.18) uniformly converges com-
pact subsets of C, and hence UF is entire. On the other hand, it also gives the exponential
boundedness UF € A,(C).

- A .
In order to prove the continuity of the operator U, let F, —% Fy. According to Lemma 2.5,
this means that there exist constants A,,B > 0 with lim,_,.A, = 0, such that the power
series coefficients can be estimated as
k

——— knéeN,.
I +1)

|fn,k - fO,kl <A,
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The same estimate (2.19) done for the difference UF,, — U Fy, gives
(UF)(2) — (UFRy)(2)| < AnAL %BecgneW*(ZB)”)‘ZV’.
70
Rewriting this inequality gives

(UE) (@)~ (UE)@le IR < A4, BeCon ™50,

[S]

1

5
A

which is exactly the A,-convergence (2.2). Hence UF, =2 UF, and we proved the A,-

continuity of the operator U. O

For the particular .A;-space the previous Theorem 2.9 can still be generalized in the sense

that the simple derivative d% can be replaced by some operator H (d%).

Theorem 2.10. Let p > 0 and H, (ay), : C — C be entire functions, such that there exists
some C > 0 and for every € > 0 some B > 0, with

lan(z)| < Beg"eF" . zeCe>0. (2.20)

Then the differential operator
U'—ia (H(i))" 2.21)
- n=0 " dz 7 .

acts continuously as an operator U : A;(C) — A, (C). Note, that for H(z) = Y7o hiz' we
consider the corresponding infinite order differential operator H (d%) =Yro hlj—zll.

Proof. For any F € A;(C), having the power series representation F(z) = Yo, fiz*, the
action of H (d%) is given by
d > d s k+1)!
(- § - £ Eun s o
< =0 %< k=0 =0i=0 :

where we already interchanged the order of summation, which will be justified by the up-
coming estimate (2.24). This shows, that H (d%)F is again a power series with coefficients

d 1 &
H(—)F) = =Y fes(k+1), keN,. 223
( )F) = . ng 1fir1(k+1) €Np (2.23)
Using now the estimate | f;| < A%( from Lemma 2.5, we estimate the coefficients (2.23) by

‘(H((%)F)k’ SAi];g'hl'Bl :AD%I;, (2.24)
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where we used the constant D := Y \h1|B[ < oo, With this estimate we verified, that the
double sum in (2. 22) is absolutely convergent and we were indeed allowed to interchange
the sums. Since H ( )F is an everywhere convergent power series, it is again entire, and

since its coefficients admit the bound (2.24), even H ( dz)F € A;(C). Moreover, equation
(2.24) tells us, that whenever we apply H (d%), the estimate of the corresponding power

series coefficients gets multiplied by D. Which means, that if we apply H (d%) n-times, we
get the estimate

‘((H%)) )\<AD”§.a k€ No, (2.25)

of the corresponding power series coefficients. Next, the action of U on the function F is

given by
T o (19) N R

Using (2.20) and (2.25), we can estimate this function for every € > 0 as

B AB
|(UF)(z)] < ABee“F! Z Z k( l2])* 1—eSDe(B+C)‘Z|’

k=0n=0

zeC, (2.27)

where we chose 0 < € < %. This estimate shows, that the sum in (2.26) is absolutely
convergent as well as uniform on compact subsets of C, hence UF is entire. On the other
hand it also gives the exponential boundedness to make UF € A;(C).

.. A .
In order to prove the continuity of the operator U, let F,, = Fy. According to Lemma 2.5,
this means that there exist constants A,,B > 0 with lim,_,. A, = 0, such that the power
series coefficients can be estimated as

Bk
‘fn,kffo,k‘ SAnﬁy k,n € Np.

The same estimate (2.27) done for the difference UF, — U Fp, gives

(WE)Q) ~ (UR)E)| < 7228 B0, zec. (228)

Rewriting this inequality gives the convergence

AuBe nseo
sup|[(UF,)(z) — (UFy)(z)|e (€ B)lE < ﬁ ),
zeC P

which is exactly the .4;-convergence (2.2). Hence UF, i> UFp and we proved the A;-
continuity of the operator U. O
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The following corollary is a direct consequence of Theorem 2.10 and will play a central
role in the construction of superoscillations in Theorem 3.5. For the special case of a
monome H (z) = z” this operator is already considered in [34, Theorem 2.3]. A similar op-
erator as (2.29) is already considered in [16, Theorem 2], but defined via infinite products
there.

Corollary 2.11. Let A € C and H : C — C be an entire function. Then the differential

operator N .
- 2 .
U ::,;OE@(_TZ)) (2.29)

acts continuously as an operator U : A (C) — Al((C) Moreover, for every F € A;(C)

with power series coefficients bounded as |fi| < A for some A,B > 0, the image UF
admits the exponential bound

[(UF)(z)| < Ael|EolmlB' BRI 2 C, (2.30)

where (h;); are the power series coefficients of H(z) = Y52 o hiZ..

Proof. This operator U is of the form (2.21) with the entire function H(-) replaced by
H(—i-), and the constant functions a,(z) = ’}l—';, which obviously satisfy (2.20).

In order to check the estimate (2.30), we note, that in (2.26) we derived the representaton

(UF)(z) = Z Z(( (—z—))nF)kzk, zeC.

Choosing D = Y |y|B' we can use (2.25) to estimate

(UF)(z)| < Z ZAD" =APMSBE e O






3 CLASSIFICATION OF SUPEROSCILLATIONS

As mentioned in the introduction, the existing literature consists of various variants of su-
peroscillating functions, defined in different ways and having different types of oscillatory
properties. The aim of this chapter is now to unify these concepts and categorize them into
two classes of superoscillating functions.

Beside the difference in their oscillatory behaviour, all superoscillations have in common,
that they are entire functions and (linear) combinations of plane waves with frequencies
lying within a bounded range. ILe., for some ky > 0 and some complex valued Borel
measure U on [—kg, ko] we consider functions of the form

ko .
F(z) = / e*du(x), zeC. (3.1
J—kq
In order to be superoscillatory, we additionally have to ensure that some oscillatory be-
haviour occurs, which exceeds the intrinsic frequency range [—ko,ko]. There are now two
different ways how this oscillatory behaviour manifests itself.

The first type of superoscillations considers sequences of functions for which the super-
oscillatory property is realized by the convergence to a plane wave with a frequency outside
the expected range.

Definition 3.1 (Type I superoscillations). A sequence of functions (F,),, each of the form
(3.1) with corresponding measures L, but a common maximal frequency ko > 0, is called
a Type I superoscillating sequence, if there exists some k € R\ [—ko, ko), such that

lim F,(z) = *, in A;(C). (3.2)

n—yoo

In contrast, the following Type II superoscillation is a property of a single function only.
Here, the superoscillatory behaviour is connected to the number of zeros in some inter-
val.

Definition 3.2 (Type II superoscillations). A function F of the form (3.1) is called a Type 11
superoscillating function on the interval [a,b] C R, if

ko(b—a)

F has at least ~ isolated zeros in the open interval (a,b). (3.3)

The following lemma ensures that the functions (3.1) are indeed elements in the space
A;(C) of exponentially bounded entire functions (2.1) and hence the convergence (3.2) is
well defined.

23
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Lemma 3.3. Let ko > 0 and | be a complex Borel measure on [—ko,ko|. Then the function
F in (3.1) is an element in A, (C).

Proof. The integrand %% in (3.1) is an entire function in z and its derivative can be esti-
mated by

iKz

= |kle "M < goefoll k€ [—ko, ko], z € C. (3.4)

d
&
Since the interval [—ko, ko] is of finite measure, the x-uniform upper bound (3.4) is inte-
grable and hence ensures the complex differentiability of the function (3.1). Moreover, the
exponential boundedness follows from the estimate

ko . ko .
FEI=| [ eauto)| < [ 1eldlul(e) < lul(—ko ko[, e,
—R0 —R0
where || is the variation of the complex measure . This verifies that F € A, (C). O

The next lemma verifies that the two specific representations (1.1) and (1.6) of superoscil-
lations are indeed covered by the general form (3.1).

Lemma 3.4. Let kg > 0 and F : C — C be one of the following types of functions:

(i) A linear combination of plane waves
n .
Fz)=) Cie*i*, zeC,
=0
with coefficients Cj € C and k; € [—ko, ko).
(ii) An integral of the form
F(z) = / C(u)e®™qu, zeC,
JR

for some C € LY(R), k(u) € [—ko, ko] for every u € R.

Then there exists some complex Borel measure W on [—ko, ko), such that F admits the
representation (3.1).
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Proof.

(1) Choosing the Dirac measure

for any Borel set B C [—ko, ko], then F obviously admits the representation (3.1).

(i1) In the first step we define the complex measure

G(A) = /A Cu)du,
for any Borel set A C R. With this measure, the function F' admits the representation
F(z)= /}Reik<“)zd6(u), zeC.
Choosing furthermore
w(B) =c({ucR|k(u)eB})

for any Borel set B C [—ko, ko], we can even rewrite F as

ko .
F(z):/oe”‘zdu(k), z€eC,
—ko

which is exactly the form (3.1). Il

The following sections now collect superoscillations of the existing literature, generalize
them if possible, and prove that they fit in either of those two classes. In particular, the
Sections 3.1-3.4 treat Type I superoscillating sequences and in Section 3.5 & 3.6 Type II
superoscillating functions are considered.

3.1 Constructing Type I superoscillations via generalized Schrodinger
equation

In this section we derive two methods, which take a given Type I superoscillating se-
quence, for example the one in (1.1), and construct a new family of Type I superoscillating
sequences out of it. The idea was first considered in [16], revisited in [28] and uses the
generalized free Schrodinger equation

FI 9
2 W(1.7) = —H(— la—Z>LP(I,Z), t,z€C, (3.5)
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where for some entire H(z) = Y, h,2" the operator H (—id%) =Y hn(—id%)” is de-
fined as the corresponding infinite order differential operator acting in A;(C). Choosing
the initial condition ¥(0,z) = /%, the equation (3.5) has the explicit solution

Y(t,z) = eHWtgike 4 e C.

Consequently, taking some function F;, of the form (3.1) as initial condition, the solution
formally looks like

ko . .
Y, (t,z) = /: e’H(K)’e”“d/.Ln(K)7 t,zeC. (3.6)
—Ko

If we now assume that the initial conditions (F,), form a Type I superoscillatory sequence,
one may expect, that also at other times ¢ € C the sequence (W, (¢, -)), is still a Type I
superoscillating sequence. This method is precisely specified in Theorem 3.5 (i). It will
also turn out in Theorem 3.5 (ii), that at the point z = 0, the sequence (¥, (-,0)), is Type I
superoscillating sequence in the time variable 7.

The novelty of Theorem 3.5 compared to the works [16,28], is firstly, that in (3.5) arbitrary
Type I superoscillating functions of the form (3.1) are chosen, while in [16, 28] only the
standard example (1.1) was considered. Secondly, it is proven, that the resulting functions

F,,(l) and F,,(z) in (3.9) and (3.10) converge in .A; (C), while only uniform convergence on
compact subsets was proven in [16,28].

Theorem 3.5. Let (F,), be a Type I superoscillating sequence, which satisfy (3.1) in the
form

ko
F.(z) = / eduy(x), zeC, 3.7
7](0
Sor some ko > 0 and complex Borel measures i, on [—ko, ko], and which converge as
lim F,(z) = ®  in A)(C), (3.8)
n—yoo
for some k € R\ [—ko, ko).
(i) Then for every entire function H : C — C, also the sequence
(1) —a) [ a0 ik
F'(z)=e / e\ du,(x), zeC,neN, (3.9
J ko

is a Type I superoscillating sequence, with limit lim F,,(l)(z) = ¢ in A;(C).

n—soo
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(ii) For every entire function H : C — C, which satisfies H(x) € [—ho,ho] for every
€ [—ko, ko] and H (k) € R\ [—hg, ho|, for some ho > 0, the sequence

oo
F2(2) ::/ ’ gy, (), zeCneN, (3.10)
—ko

is a Type I superoscillating sequence, with limit lim F,Ez) (z) = e 02 jn A(C).

n—oo

Proof. For every t € C we consider the operator

Ut) = ng (i)™ (H( . i%))m, G.11)

which, according to Corollary 2.11, is continuous in .A; (C). Starting with the power series
representation H(z) = Y.;7 7., it turns out that the operator H (—i d%) acts on plane waves
€'¥% as the multiplication

H( ) iKkz _ Zhl —l)l Zh K.l iKz _ ) sz‘

Consequently, the operator U (¢) acts as

W)= ¥ D8 (i) e = i

|
m=0 "M

eH(K)telK'z'

)m iKz __

(3.12)
Since the right hand side of this equation is uniformly bounded as

‘eiH(rc)teiKz| < SH 1] lxll2] < eth:O\h,\k(’)eko\z\, = [71{0’](0}7
and since the interval [—ko, ko] has finite measure with respect to U,, a version of the

dominated convergence theorem allows to carry the operator U inside the integral (3.7),
namely

WORE = (U0 [ & ()@
ko . ko . .
= [ WO @) = [ M ().

—K0

(3.13)

(i) In order to prove, that (3.9) is a Type I superoscillating sequence, we choose t = —i
in (3.13) and get

o h i H(k) (1)
(U(*i)Fn)(z):/ HMeNedp, (k) = MVE 1 (2), zeC.
—ko
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(ii)

Since U(—i) is continuous in A;(C) and F, — ¢** in A;(C), we conclude the con-
vergence

. (1) _ —HK) g .
tim £{(@) = 1Y fim (U(-)F,)(2)

=e MO (=i )(z) =™ in A (C). (3.14)
The fact that F,,(l) is of the form (3.1) was already proven in Lemma 3.4 (ii), and
hence this proves that (F,,(l)),, is indeed a Type I superoscillating sequence.

According to the A;-convergence (3.8) and Lemma 2.5, there exist A,, B > 0 with
lim, A, = 0, such that we can estimate the power series coefficients of the differ-

. AV
ence F(z) — e = Y7 o (frr — U507 by

fn,l, I,n € Ny.

(ik)! B!
! . = A

From the estimate (2.30) we then conclude
using D ==Y |hy|B'. This estimate shows in particular for z = 0 the convergence

lim sup | (U (t) (F, — ¢%")) (0)][e P < 1im A, = 0.

n—e ¢ n—yoo
In other words this is nothing else than the .4-convergence

lim (U (t)F,,)(0) = (U (t)e™)(0),

n—yoo

in the variable t. Using the identities (3.12) and (3.13) this convergence can be
written as

.
lim 520 = tim [ e dp,(x)

n—»oo n—eo J_ko
= lim (U(1)F)(0) = (U(1)e™ ) (0) = . (3.15)

Since H(x) € [—hy, hg| for every k € [—ko, ko] by assumption, it follows again from
Lemma 3.4 (ii), that F,l(z) admits the representation (3.1) for some complex mea-
sure [, on [—hp,hp]. Together with the convergence (3.15) to a plane wave with
frequency H (k) € R\ [—ho, ho), this proves, that (Fn(2)),, is a Type I superoscillating
sequence. O
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3.2 Type I Superoscillations as integrals

Another way of constructing superoscillating functions was initiated by M. Berry in [43],
where he considered functions of the form

_ (u— 1a)2
*(w)xe™ 552 du, xeR.

Fs(x

)= 6\/27r /
The idea is, that

1  (u—ia)?
262 — O(u—ia asd — 0T,
5\/27r ( )

approximates the complex delta function and consequently

Fs(x) — *@% a5 § - 07,

converges to a plane wave. In the following Theorem 3.6 we want to revisit this idea and
prove that under certain assumptions the resulting functions form a Type I superoscillating
sequence, see Corollary 3.7.

Moreover, we also improve the above construction of [43] in three ways. Firstly, an ad-
ditional function g is allowed in the integral (3.16). This function does not affect the
superoscillatory property of the Fy’s, but allows to modify their shape. Secondly, precise
assumptions on the involved functions g and k are given. Thirdly and most importantly,
while in [43] mainly the complex saddle point approximation is used to derive properties
as the local wavenumber, the convergence in the space .A4;(C) is proven here. In par-
ticular, this is necessary for (Fg)g to be a Type I superoscillating sequence according to
Definition 3.1.

Theorem 3.6. Let I C R be some closed but not necessarily bounded interval. Consider
continuously differentiable functions k,g : I — C, which for some B > 0 admit the bounds

sup|k(u)| < oo and sup|g(u)|e P < oo,
uel ucl

Furthermore, let o € C\ R be such that

[Re(a) — [Im(ax)|, Re(et) + | Im(et)|] C 1,

and k, g extend to the closed triangle A with the corners a and Re(o) & |Im(at)],
that they are holomorphic on the interior of A and continuously differentiable on A. Then
for every 8 > 0, the function

_(wa)?
F5(z) = / PO Py du, z€C, 3.16
5(2) 5\/27r (3.16)
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satisfies Fs € A1 (C) and converges as
ggﬁwzgmﬂWZmAmw (3.17)
Corollary 3.7. Let I CR and k,g : I — C be as in Theorem 3.6 and additionally satisfy
gla)=1, k(a)eR\[—ko,ko| and k(u)€ [—ko, ko] foreveryuel,

for some ko > 0. Then (Fs)g from (3.17) is a Type I superoscillating sequence.

Proof. The convergence

lim Fs(z) = ¢*(®7 in A,(C), (3.18)
507
follows from Theorem 3.6 and the assumption g(@) = 1. Since k(u) € [—ko, ko] fpr every
u € I, the representation (3.1) follows from Lemma 3.4 (ii). Finally, since the frequency
k(o) of the limit function in (3.18) lies in R\ [—kp, ko], we indeed verified, that (Fs)s is a
Type I superoscillating sequence. |

Now we come back to the proof of the main result of this section, Theorem 3.6.

Proof of Theorem 3.6. Without loss of generality we choose o = ia for some a > 0. This
simplifies the geometry to

X0 -a a X

Furthermore, we will use

—B|u|
)

C:=suplk(u)|, A:=sup|g(u)le xo :=inf(I), x;:=sup(]).

uel uel

In Step 1 we will interchange the part —a — a of the integration path in (3.16) by the
triangle path —a — ia — a. Since the functions g,k are holomorphic in the interior of A,
we have to scale the triangle by some sufficiently small parameter € > 0, in order to apply
the Cauchy theorem
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wel (&~ faieV2 (E—ia)? Im
Q(E)ME e e = / o(£)e @5 g
—ate(it14v2) —ate(i+1+v?2)
a+e(i -1- V2) -
lk(‘5>z T l;) fl+ (i+14v2 e (i-1- 2a
+ g(&)e 252 dE. arelivlevd)  are(i1VD)
ia—ie\/2

Since g and k are continuous on the closed triangle A, we are allowed to apply the limit
€ — 07" and end up with

a ; _ (i ia .  (E-ia)? =
/ s(&)ek e 5 e = [ g(remme e + / e ag

Hence we can split up the function F into the four parts

) /ﬂl u)z *(“;(;i;)zd + 1 ia (5) ik(&)z 7(52—6:';)2 dé
s2)= e u e e
5\/27[ svam -t
=2 =y (2)
[ g@)e e ag + [ ek S e 3.19)
8 21 Jia \/7
=F{ () =r{"(2)

In Step 2 we will apply the limit § — 0T to (3.19). Starting with F, §4) (z), we estimate

@) A o "—22/)” Bu GOl Bap( @ BS
|Fs (Z)|§75\/27re e2s ; ePile 2 du<2 A(S\f \[>

where in the second equation the integral identity (A.18) was used. Due to the asymptotics
(A.22) and since a > 0, this proves the A;-convergence

A a Bé
F —Clal <« ZpBap §—0".
jggl V@)l < e (af f) as

In the same way we also observe

lim su F —Cll = ¢
Jim suply o)
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_ (E=ia)”
For the function F (z) we use [i e s dé = T‘F (7) to rewrite the difference
. iq)2
(3) g(l(l) ik(ia)z / g(la ik(ia)z) -~
Fs7(z) — e - e 2% d
o ( ) 2 5\/27l' ia é) erf(ﬁ\/) 6
g(ia) ik(ia)z d §—
=—= g(&)eE S 1S A ) erfc ( )dé
< erf ( \/) dé 5vV2
(la) Jikla ay, 1 (€ §-
= )2 erfe ( ) ( & ) erfc ( )d
2 5vi/ " 2 Jia df: ©) 5V2 3
where in the last line we applied integration by parts. Since g, g’, k,k’ are continuous on the
closed triangle A, we denote their respective suprema with || - ||. Using this, we can now

estimate the difference by

la L la
FO () - (2) ik (

1= (442 )

LRI oo, (e
Using
s s V2 (62
eric 67\6 = 57\6 < 6\/7 min 37;, = ff
ete (57| = [AG )| < A(Gy5) < min{ Sz M@} = min{ T2 1,

by (A.22), gives for every 0 < 6 < a\\éﬁ the estimate

V2 V2 a
erfc(é\/ ‘d </fld —i—ST &fsds 6\/%(1—0—1 (5\\/[§))7

which then leads to the final estimate

) - £ o ﬁ<'%'+<ng'n+ng|k’|z|>(1+1 (“§ ))) e

Il this estimate proves the convergence

0

g

Since |z|ellIl < ”1

611%1+ FéS)(Z) _ @eik(ia)z in A;(C).

For the same reason also

511%1+F( )( ) = (;a) eklia)z 4 A (0),

and we proved that all the terms in (3.19) converge in .A;(C), and consequently also their
sum, as it is the statement of the theorem. O
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Next we will point out some possible choices of functions k in Corollary 3.7, which lead
to Type I superoscillatory sequences (Fy)s. In particular, we will take the functions k from
the original paper [43], which then also shows, that the result of this section indeed cover
all the situations investigated there.

Example 3.8.

o We start with the function k(u) = + —— integrate over I = R in (3.16). Since k is
holomorphic on C\ {=£i}, the allowed values oo € C\ R for which the triangle A is
contained in C\ {=i}, are characterized by the condition

NS
N

0# |Im(a)| < 1+|Re(ar)|. - 5

’ N

In particular, choosing g = 1 and a. = ia, for some 0 < a < 1, then k(u) € [—1,1] for
every u € R and k(ia) > 1. This gives the Type I superoscillatory sequence

_ (u—ia)” ra2 S§—0+

F5(z) = 282 du — eﬁ in A;(C).

/el+u
8\/5

o The second example in [43] considers k(u) = and again integrates over [ =R.

cosh( )
Since k is holomorphic on C\in(Z+ %), the allowed values o € C\ R for which the

triangle A is contained in C\ in(Z + %), are characterized by the condition
T Re
07&|Im(a)|<§+|Re(a)\. _ I &

In particular, choosing g = 1 and o = ia, for some 0 < a < %, then k(u) € [-1,1]
for every u € R and k(ia) > 1. This gives the Type I superoscillatory sequence

2

(u—ia) N
Fs(z) = /ec‘“h(”)e 7 du =% e“"“U in A;(C).

5\/ﬁ

o Another example is k(u) = e’”z, which is holomorphic on all of C. Hence, Corol-
lary 3.7 is applicable for every a. € C\ R and in particular, for every a > 0, we can
choose o = ia and g = 1, to get k(u) € [—1,1] for every u € R and k(ia) > 1. This
gives the Type I superoscillatory sequence

(u—ia)?

2
5 du % e i A(C).

Fsla) = 5\/27:/
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o Another possible frequency function is k(u) = cos(u). This function is again entire
and Corollary 3.7 is again applicable for every o € C\R. In particular for g =0
and for every a > 0, we get k(u) € [—1,1] for every u € R and k(ia) > 1. This leads
to the Type I superoscillatory sequence

u—ia)?
F5(z) = 1 / pieos(g G gy 20 pieosh(@y Ai(C).
R

5V2r.

o One possible frequency function, for which we only integrate along the finite interval
I=1[-2,2), isk(u)=1— % Here, the values oo € C\ R are not restricted by the
holomorphicity of k, but by the condition [Re(at) — |Im(a@)|,Re(c) + |Im(a)|] C I.
Hence the allowed values o. € C\ R are those who satisfy

0# |[Im(a)| < [2£Re(a)].

In particular, choosing g = 1 and o = ia, for some 0 < a < 2, one gets k(u) € [—1,1]
Jor every u € [—2,2] and k(ia) > 1. This gives the Type I superoscillatory sequence

g §0*

2 2 . 2
FS(Z):%m'[ze’(l_T)ze w2 du "= 1T in 4,(C).

3.3 Type I Superoscillating sinc-function

Not a whole class, but one particular superoscillatory function was considered in [46] by
M. Berry. For every a > 1 he considered the functions

2 2i 1
Fg(z)zae_tl‘isinc< zz—’gz—éz) 7€C, 8 >0, (3.20)
using the Sinus cardinalis sinc(z) := mz—() Note, that it does not play any role which branch

of the complex square root one uses, since the sign, which distinguishes the two branches,
gets cancelled out by the symmetry of sinc. The aim of this section is now to verify that
(3.20) indeed is a Type I superoscillatory sequence according to Definition 3.1. This will
be done in two steps. In Theorem 3.9 we prove the convergence (3.2) and in Theorem 3.10
the integral representation (3.1).

Theorem 3.9. For every a > 1, the functions (Fg)g from (3.20) are elements in A, (C) and

converge as .
lim Fg(z) =% in A(C). 3.21)

5—0F
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Proof. First of all, although the complex square root in (3.20) is not an entire function, the
power series expansion shows, that

- _(=D"
sinc(v/€) = ), 5—-58" £€C, (3.22)
Lo
and hence Fj is again entire. The illustrative reason for this is, that the sign, which distin-
guishes the two branches, cancels out when \/E is put as the argument of sinc(\/g ). In
order to show that F5 € .A;(C) and to prove the convergence (3.21), we define
2iaz 1
R =\ eC, 3.23

such that we can write F5(z) = %e’é sinc(Rg(z)). We will now estimate different regions
of z separately. In the first case we will estimate in the whole complex plane except regions
around the zeros z”?b of Rs, where b := v/a? — 1, and in the second and third case we
consider the neighborhoods of those zeros.

o If|z— i%| >1and |z— iﬂ| > 1, the square root (3.23) can be estimated as

) a+b|_  .a—b 2 —i%52], if Im(z) > &,
IRs(2)] :‘z—z H —i ‘_ a+b| S%, zmax{ 6}

if Im(z)
(3.24)
(@)
If we now define the function Gg(z) = — t3R5IZ) , we can estimate
2¢7s e iRs(@) | o5 TImRE)
Fs(z)—Gs(2)| = ‘ Rs(z - <’ @325
Fl6) = Gs(2) = 5~ [sine(R5(2) + 55| = g < e 429

where in the last inequality we used (3.24) and the fact that the square root Rg(z) is
chosen to have nonnegative imaginary part.

Defining also Hg(z) := —I.Sf;%, we can further estimate
! Ro(0) _ giaz| _ €| itky(ora—g)
G H —7—l 52 az| —l s5\Z)Taz— 1
| 5( ) 5(Z)| 5|R (Z |‘e e ‘ 5|R5( ‘| |
< IRs(@) a2~ 5 s mims(oyaz ). (3.26)

- Vb5

where in the last inequality we used (3.24) and that | — 1| < |E|el™ )] for every
& € C. Since we can write

Rs(z) +az— (\/ 6272 —2iadz— 1 +a52—1)

Y
= b 62 ; (3.27)
V8272 —2iadz—1—adz+i
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we can use the two estimates (A.1) and (A.8) to further estimate (3.26) as

_VBSIP asnia

|Gs(z) —Hs(2)| < min{b.a—b]

(3.28)

Thirdly, we estimate

|1 +idRs(2)| —alm(z)
S|Rs(2)]

( Vb 83|z N aﬁIZI)eam
min{b,a — b} Vb ’

where in the first inequality we used (3.24) in the denominator and in the second

inequality (3.27) together with (A. 1). Combining now (3.25), (3.28) and (3.29) gives
for the difference of Fs(z) and ¢'** the upper bound

_1
s Vb8 2| L2atD) \z|+( Vb3 |z +a\/5\2\)ea\z\

_ iaz c -
[F3(2) — e < = 5 +min{ba—b} min{b,a—b} /b

e 3 4Vb(1+6) a N\ a1
= f( 53 mem)e ; (3.30)

where in the second inequality we used |z| < e‘z‘ and |7)? < < 4 elel,

Hy(e) — 6] = < \\/g(‘Rg(zH-az— £l aff) e

(3.29)

o If|z— i%\ < 1 we can estimate

a+b a—>b a—b 2b

Ralo)f = |o— i o= <= <14

\g(z)lzzazls Zl6 +t5

With the additional |sinc(&)| < em,é € C, this then leads to
IFy(2) — | < %efée\Rg(Z)\+efaIm() % S RRVARE BEIC e RPN
o For |z— 1%| < 1 we similarly get
. 2 2b a

[Fo(2) — €| < e el ), (3.32)

Combining the three estimates (3.30), (3.31) and (3.32) proves the A -convergence (3.21).
O

Next, we derive some integral representation for the functions Fy.
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Theorem 3.10. For every a > 1, 8 > 0, the function Fs from (3.20) admits the integral
representation

| 2 _ _ 12 .
FB(Z) = %Lle k51J()< (a 15)(1 k ))elkzdk, ZE(C,

where Jy is the Bessel function of order zero.
Proof. In Lemma A.3 we already calculated the integral
1t
sinc (V22 +52) = 3 / e*Jo(bV/1—k2)dk
-1

If we replace z — 7z — ﬂ and set b = 7V81

Fa(Z)—geésiHC(\/z—zT— 6/ ke s m)dk. O

Finally, we will now combine Theorem 3.9 and Theorem 3.10 to show that the functions
F5in (3.16) indeed form a Type I superoscillating sequence.

immediately gives the stated integral

Corollary 3.11. For every a > 1, the functions (Fg)g from (3.20) are a Type I superoscil-
lating sequence.

Proof. The convergence
lim F5(z) =€, in A;(C),
6—0t

to a plane wave with frequency a > 1 is proven in Theorem 3.9. Moreover, the integral
representation

|
Fs(z) = | ds(a), zeC

is satisfied due to Theorem 3.10 and Lemma 3.4. Hence Fj is indeed a Type I superoscil-
lating sequence according to Definition 3.1. U

3.4 Type I Superoscillating sum of plane waves

The standard example (1.1) of a superoscillating function admits a representation as a
linear combination of plane waves

2) =Y Ci(n)ehi":, zeC,neN,, (3.33)
j=0
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with specific frequencies kj(n) =1— 2,1—1 and coefficients Cj(n) = (7) (L£)n=7(15£)/. These

frequencies and coefficients are chosen in a way that

lim Fp(z) = *, zeC, (3.34)

n—oo

converges to a single plane wave with frequency k, which may be arbitrary large. It was a
fundamental problem for a long time how many of those superoscillating functions exist,
until in the recent paper [12] the authors managed to find coefficients C;(n) for any set of
given frequencies k, k;j(n) € C, such that the corresponding sequence (3.33) converges as
in (3.34).

While in [12] the convergence (3.34) is understood as uniform on compact subsets of C,
we will go one step further in this section and prove the .4;-convergence in Theorem 3.13,
under certain additional assumptions on the frequencies kj(n). As a consequence the re-
sulting functions (F;), form a Type I superoscillating sequence.

The main preparatory result is the following Lemma 3.12, which constructs linear combi-
nations of plane waves with prescribed values of its derivatives at the origin. Many parts
of the proof will be similar to the original paper [12, Theorem 2.1, Theorem 2.2].

Lemma 3.12. Consider pairwise disjoint frequencies (kj);?:o C C and arbitrary values
(a1)]_y € C. Then there exist unique coefficients (C j)?zo C C, determined by the linear
system (3.37), such that the function

n
F(z)=Y cje"*, zec, (3.35)
j=0

has derivatives with values at the origin given by

FO0)=a;, 1€/0,...,n}. (3.36)

Proof. The I-th derivative of the function (3.35) is given by

FO@z) =Y ¢jlik;)'e™?, zeC,1€0,...,n}.
j=0

By the requirement (3.36), the values of these derivatives at z = 0 should equal
Y Cjlik;)' =a;, 1€10,....n}.
Jj=0
This linear system of equations can now also be written in the matrix form
(iko)® ... (iky)? Co ag
SN =] ] (3.37)
(iko)" ... (iky)" Cy an
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Since the coefficient matrix is a Vandermonde matrix, its determinant is given by

(iko)? ... (iky)® .
n(n+1

det o =i [] ki—k), (3.38)

(ko)™ ... (ikn)" Osi<jsn

and hence nonvanishing due to the pairwise disjoint frequencies (k j)’;:O. This means, that

the system (3.37) is uniquely solvable and leads to the required coefficients (C j);?zo. O

Consider now for every n € N pairwise disjoint frequencies (k j(n));?zo C C, and choose
the particular values a; = (ik)l for the derivatives in (3.36). Then Lemma 3.12 states the
existence of functions F,(z) = X*_C;(n)e™i", for which the first n derivatives at z = 0
equal

FY0)=(ik)!, 1€{0,....n}.

Le., the first n+ 1 terms of the power series expansion of F, coincide with the one from the
plane wave ¢/**. Hence it is reasonable to expect some convergence F,(z) — €%, as n —
oo, Indeed, under some additional assumptions on the difference between the frequencies
kj(n), the following Theorem 3.13 proves the .A;-convergence of this sequence.

Theorem 3.13. Let ky > 0 and consider for every n € N pairwise disjoint frequencies
(kj(n))}_o € [—ko,kol, such that there exists some & >0 with

[T lk(n)—kj(n)|>8", neN,;jeA0,...,n}. (3.39)
1=0,1#]

Then, for every k € R\ [—ko, ko), the sequence of functions

< o k(n) —k ) ik (n)
F,(2) = < —t )"V zeC,neN, (3.40)
( ) jg() 1=0,1] kl(n) _kj(n)

is a Type I superoscillatory sequence with limit li_r>n Fo(z) = €* in A (C).
Prarest

Remark 3.14. Note, that if we choose the frequencies kj(n) =1 — % as it is done in (1.1),
we do not end up with the coefficients Cj(n) from (1.2). This means, that although the
coefficients in Lemma 3.12 are uniquely determined by the values of the derivatives at
7 =0, there are different ways how to linear combine the plane waves %12 and still end
up with a sequence convergent to .

Proof of Theorem 3.13. By Lemma 3.12, the coefficients C;(n), which ensure that the
function F, (Z) = 27:0 Cj(n)eikj(”> satisfies

FP0) = (i), 1€{0,...,n}, (3.41)
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are uniquely determined by the linear system (3.37), i.e.

(iko(n))® ... (ikn(n))®\ [ Coln) (ik)°

(iko())" .. (ka(m)) | \ Ca(n) (ik)"

Note, that all the imaginary units cancel and the equation reduces to

ko(n)? ... kn(n)® Co(n) K0

ko) .. ka(n)" ) \ Caln) g

Using Cramer’s rule, this system admits the solution

ko) ... kisi(n)? K0 kji(n)® L. ka(n)°
det : : : : :
. k()(n)” kjfl(n)n k" kj+1(n)" kn(n)”
Cilm) = ko()® .. kn(n)°
det : :
ko(m)" ... ky(n)"
0<r,1<,-(k —ki(n)) j<IlT<n(kz(n) —k)
T () —k(m) T (k(n) =k (m)
0<i<j J<I<n
I k[(n)—k

= ———— j€{0,...,n},
1=0,1#j kl(n) —k/(l’l) }

where we used, that both determinants are Vandermonde determinants of the form (3.38).
Since these are exactly the coefficients of the functions (3.40), this proves that the functions
F;, admit the values (3.41) of their derivatives at z = 0.

In order verify the convergence F,(z) — e')¢_ we first note, that the estimate (3.39), together
with the explicit form (3.40) implies the following estimate of the functions Fy,,

S § LA L IR WA
F(2)l < ) <l=10:[# |k[(n)—kj(")|>

Jj=0

v (T 1 ol
< (ko + |k]) Z( I k;(n)kj(n)) (3.42)

J=0 \I=0,1%j

<(n+ 1)(“%'“)"8‘0‘4, zeC.
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Next, we write the difference between F,(z) and ¢** as the Taylor series

o (l) Ay o () Nl
i Fy — F, —
Fi(2)— e = Z 7(0)1' (ik) 4= Z le, z€C, (3.43)
=0 ' l=n+1 :

where in the second equality we used the values (3.41) of the derivatives of F;. For every
o > 1 and for every z € C\ {0}, we now use the Cauchy integral formula, to estimate

T
A0 -1 = |y [ PSS

27 gl

nooqen
< Seat
~ 2mallz|! Jo

l’ k0+‘k| n kolz kl|z
< (D (T ) et el

< (e () et

where in the third line we used the estimate (3.42). Plugging this into the Taylor series
(3.43), gives

N Ko+ [k|\ NERREE
=< (e n(gn) s 1)t ¥ G

Fn(a|z\ei"’) B eika\z\e"’

de

- (Y e e

Due to (3.43), this inequality also holds for z = 0. Choosing now o > max{ko%‘kl, 1} leads
to the A;-convergence

o 1 ko + [K| 7
ke| ,—alk 0
jgg\Fn(z)—e’ﬂe el < (a—l)aﬂ((n+1)( 5 ) +1>—>O7 asn — oo,

Finally, the fact that the functions F,, are of the form (3.1) is already shown in Lemma 3.4 (i).
This now proves that the sequence (F,), is indeed a Type I superoscillating sequence with
respect to Definition 3.1. OJ

In the following corollary we use the more explicit condition (3.44) on the distance be-
tween the frequencies k;(n), than the one required in (3.39). In particular the frequencies
ki(n)=1- 2 of (1.2) belong to this setting.

n

Corollary 3.15. Let ko > 0 and consider for every n € N pairwise disjoint frequencies
(kj(n))i_o € [—ko,ko), such that there exists some & >0 with

|kl(n)—kj(n)|2§, neN,l#je{0,...,n}. (3.44)

n
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Then, for every k € R\ [—ko, ko), the sequence of functions

( " k(n) —k

Fa(z) =), 1K) — k()

)eikf(”>z, ze€C,neN,
=0

is a Type I superoscillatory sequence with limit lgn Fu(z) = * in A (C).
frares

Proof. We will prove that the condition (3.44) implies the condition (3.39). Without loss
of generality we will assume that
ko(n) <ki(n) <--- <kp(n), neN,

are in ascending order. Then the condition (3.44) implies the condition

) ki) > 2= e o, ).

Then the estimate (3.39) is satisfied by

[T W -keiz [ =iy &ite=it_ & >(5)n7

= > (=
1=0,1#] 1=0£; " n' n' (,) 2e

where in the last inequality we used (;L) < 2" as well as Z—’: < ¢", which is a consequence

of the Stirling formula. O]

3.5 Energy optimized Type II superoscillating functions

While the Sections 3.1-3.4 all consider Type I superoscillating sequences, this section will
be the first dealing with Type II superoscillating functions.

The problem of constructing bandlimited functions of minimal energy (L-norm), whose
graph passes through a prescribed set of points, was first addressed in 1965 by L. Levi
[97]. Similar methods were later on used by A. Kempf, P. Ferreira and collaborators.
In [79,81,83-85,92,95,102] the authors construct L2-functions with compactly supported
Fourier transform, which change their sign arbitrarily often in an arbitrary small interval
and are optimal with respect to energy minimization. In [78, 80] it is even shown, that
the energy expense to create such superoscillatory behaviour grows exponentially with
the number of oscillations and polynomially with the inverse bandwidth. Also additional
constraints, as matching derivatives, were allowed in [57, 84]. Furthermore, a slightly
different kind of optimization problem was considered in [91], where not the energy of the
whole function is minimized, but the ratio of the energy inside the superoscillatory region
and the energy of the whole wave.



3.5 Energy optimized Type II superoscillating functions 43

The following Theorem 3.16 revisits the works mentioned above and in particular [84], but
also generalizes previous results in the sense that prescribed derivatives of higher order are
allowed.

Theorem 3.16. Let ko > 0, ai) € C, x) € R for j € {0,....J}, n€ {1,...,N;}. Fur-

thermore, for every j € {1,...,J} let (xE, ))
F € L*(R) satisfying

a1 be pairwise disjoint. Then one function

(i) supp(F[F]) C [—ko,ko|,
(i) FO)y=a, jefo,....J},ne{l,....N;},

and having minimal L>-norm, is given by

JN/

F(x)= Z Z ¥ sincl (x(j) —x)), (3.45)

j=0n=

()

where the coefficients c;i’ are the unique solution of the linear system (3.49).

Note, that since the Fourier transform JF[F] is compactly supported, it follows from the
Paley-Wiener theorem that the function F is infinitely often differentiable. This in partic-
ular means, that the requirements on the derivative in (ii) are well defined.

The following corollary is a special case of Theorem 3.16 with J = 0, i.e., only the ampli-
tudes of the function are prescribed.

Corollary 3.17. Let ko > 0, (a,)"_, C C and pairwise disjoint points (x,)Y_, C R. Then
one function F € L*(R) satisfying

(i) supp(F[F]) C [—ko, ko],
(ii) F(xn) =an, ne{l,...,N}.

and having minimal L>-norm, is given by

N
=Y cusinc (ko(x, —x)), (3.46)

n=1

where the coefficients c, are the unique solution of the linear system Sc = a with the matrix
entries

S = sinc (ko (xm — xn)).
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Remark 3.18. In order to use Corollary 3.17 for the construction of superoscillations,
one can choose points (x,)_, € [a,b] in ascending order and amplitudes (an)\_, with
alternating sign. For example

-1
xn:a—l-:, (b—a) and a,=(=1)"". (3.47)
This way, the resulting function F from (3.46) changes its sign at least N — 1 times and con-

ko(b—a)

sequently has at least N — 1 zeros in the open interval (a,b). If we choose N—1 > =

the assumption (3.3) is satisfied. Moreover, due to the requirement (i) in Corollary 3.17,
the function F admits the representation

1 fho :
F(x)= Nr L ko]-"[F] (k)e*dk, xeR.

Hence by Lemma 3.4 (ii) it is of the form (3.1), which then makes the function F a Type Il
superoscillating function.

Additionally, prescribing also values of the derivatives, as it is done in Theorem 3.16,
allows to control the shape of the function, see Figure 3.1.

106 +

/\‘ .
AVA

Figure 3.1: In this example we construct a function with maximum frequency ky = 1 and
want to prescribe the values in the points x, =n—1,n € {1,...,6}. In the left
picture the function (3.45) is plotted when only the values F (x,,) = (—1)"*! are
fixed. While the function oscillates with a high frequency in the interval [0, 5],
the shape of the function is by no means a plane wave. In the right picture, we
additionally fix the values F’ (xn) = 0 of the derivatives, with the result, that
the shape of f, inside the superoscillatory region [0, 5], is modified and now
approximates a plane wave. However, the cost for adapting the shape lies in
the outer region, which is of magnitudes larger that in the left picture.

400 T

Remark 3.19. The optimality result (3.46) can also be interpreted in another way. If
we only consider normalized functions F € L*(R) with ||F|| 2r) = 1, and allow the am-

plitudes (a,)N_, being scaled to (na,)N_,, then the function (3.46), divided by its nor-

n=1
malization, allow the largest value of W and consequently has the biggest amplitude of
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superoscillations. A similar problem in maximizing the amplitude of a bandlimited signal
with normalized energy, was already considered in [96].

Proof of Theorem 3.16. We want to minimize the following problem:

min ||F HiQ(R), under the restrictions

supp(F[F]) C [~ko,ko] and FUGY=al)| je{o,.... 0}, ne{l,... .Nj}.

We can translate this problem into Fourier space, i.e., we look for G € L*([—kg, ko]), which
is the representative for G = F[F], satisfying the minimization problem

min |G| ;2(_g, ko)) under the restrictions (3.482)

m/ (i) G(EVIE =df), jef{0,... . Jhne{l,... N}  (3.48b)

The Lagrangian of this minimization problem is given by

=GP+ zz( Re ((i8)7¢5% G(&)) + 1! 1 ((i8)/5 6(8)) ),

JOn

with Lagrange multipliers ﬂL,Ej ), ,u,(,j JeR. Differentiating with respect to Re(G) and Im(G)
then gives the two equations

2Re(G(£)) + 122( (&) 1 tm (38 e

/On

21m(G(8)) + ZZ( D1 ()¢5 ) + ) Re ((16)75 ) ) =0,

] On=

()

) =0

which can be written as one complex valued equation

T Y iy,
] On=1 k]+l
. j+1 .
where we defined ¢/ = —%(1,5]) +iu,§ )) Multiplying \}Q eiE , for 1 € {0,...,J},

m € {1,...,N;} and integrating over & € [—ko, ko], gives

o

a 5 Nj - :
m L &y — AL il ()~
W m%/ e eras = X Y U [ et
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where in the first equation we used the conditions (3.48b). This is a linear system of
equations of the form
Sc=a, (3.49)

with the vectors

a= 0 ) ) Y L] vttty 1
R
0 0 J I\ T
ei= (e
and the matrix
0,0 0,0 0,J 0.J
s s s s%)
0.0 ( 0.
Sey . Sy, SO S
S= : : : : (3.50)
7,0 7,0 J.J JJ
sy s s s
10 00) 0 )
S S “.SM S,
j —1) ko o
S = #/ (i& )/ i b df (—1)7 sinct+!) (ko(xg,) —xﬁlj))).
0 - ()

In order to show that the matrix S is invertible, we show that it is positive definite. To do
s0, let v.e CM1+ N and consider the inner product

J N J N;

(vv=Y X X L

=0m=1 j=0n= 12
J N

1 /k0 Z Z Z (-l% zljxm V (_15) ﬂc‘,‘x,, v /)dé

2ko J—ko (= m= 1, 0n—=1

_ L/ko Z Z (_15) —zéxﬁl/)v’(lj)
2ko —ko

J
Jj=0n=1 k

ko D) N
k1+l+l /_k (i&)TH et —x) gy L)

dE > 0.

Moreover, since for every j € {0,...,J} the (x,, )n | are pairwise disjoint, all the functions

(i&) e’iéx'(f,) are linear independent and it is obvious that this integral vanishes if and only
if the vector v = 0 vanishes. This shows that the matrix S is positive definite and hence
invertible. The unique solution ¢ of (3.49) now determines the optimal solution of the
minimization problem in Fourier space (3.48). Inverse Fourier transforming then also
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gives the optimal solution in real space

F() = 3% [ (i) 15 ) ag

ot 2k{)+1 :
J N; J
= Z Z i sincl ko(xn —x)),
j=0n=
which is exactly the stated representation of the minimizer (3.45) O

Although the result (3.45) gives an explicit solution of the minimization problem, it is
shown in [80, 82] that the actual calculation of the coefficients cS," ) is problematic since the
corresponding coefficient matrix S in (3.50) is highly ill conditioned as the points xﬁ,l ) are

()

located close to each other. Moreover, the sensitivity of the amplitudes a,/’ with respect

to errors of the coefficients c,(l) is investigated in [85]. Improvements of this issue by

using the technique of oversampled signal reconstruction are done in [81], by shifting the
interpolation points in [82], or by constructing only approximations of superoscillating
functions in [95].

3.6 Type II superoscillating product of shifted functions

While solving the linear system (3.49) is very difficult from a computational point of view,
we want to present a very efficient way of constructing Type II superoscillating functions
in this last section. The idea was given by A. Kempf in [63] and is to multiply many,
slightly shifted versions of a functions of low bandwidth. For example

no X —§&j
—[Tsin (%),
j=1 "

with &; > 0 being small displacements which determine the final spacing between the zeros
of F. One can also consider

n X —
x) =[] sinc ( !
j=1
for an L?-superoscillating function.

The following theorem generalizes this idea and proves that this method indeed yields
Type II superoscillating functions.
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Theorem 3.20. Let ko > 0 and f : R — R with f(0) =0 and f % 0. Moreover, f admits
one of the following representations:

(i) A linear combination of plane waves
fx)=Y ge**, xeR, (3.51)

with coefficients C; € C and frequencies k; € [—ko, ko).
(i) f € L*(R) with compactly supported Fourier transform supp(F[f]) C [—ko, ko).

Then for any interval [a,b] CR, n > (b a)

the product of shifted functions

and pairwise disjoint points (8])”_1 (a,b),

Flx) = Hf(xif), x€R, (3.52)

is a Type Il superoscillating function.

Proof.

(1) If we assume f to be of the form (3.51), we can rewrite the product as

HZCzen 1(x=¢)) Zn: ﬁ(C ekt s’))

j=1i= 11,...,1,1:01':1

Hence F is a linear combination of plane waves with frequencies bounded as
1| & 1 &
- ki | < =% ko=ko, l,...,0,€{0,...,n},
n\j; <5 Lo=tor (0]

and consequently of the form (3.1) due to Lemma 3.4 (i).

We also see immediately, that F(g;) = 0 for every j € {1,...,n}, which means, that
F has at least n zeros in the open interval (a,b). Since F obviously extends to an
entire function, these zeros are also isolated. The assumption n > k"(b % then indeed
ensures that F is a Type II superoscillating function according to Deﬁnltlon 3.2
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(ii) Considering now the second type of functions, we note, that the Fourier transform
of each individual factor is given by

()]0 = ()] = ne P F SR, ke

n

Since by assumption supp(F[f]) C [—ko, ko], we have

supp (F[1(—=2)]) € {—k—o,@], jefl,...n).

n n n

By the convolution theorem about the Fourier transform of products we know, that
the Fourier transform of F is included in the sum of the individual supports

supp( F])gi[—@ ’io} [—ko,ko)-

Hence we can represent the function F via its inverse Fourier transform
ko o
F(x) = / FIF|(k)edk, xeR.
—ko

Lemma 3.4 (ii) then ensures the representation (3.1).

Since again F(g;) = 0 for every j € {1,...,n}, the function F' admits at least n >
kO(b 9 zeros inside the interval (a,b). The compactly supported Fourier transform
of the function f in particular implies, that it extends to an entire function by the
Paley-Wiener theorem. Hence the zeros are isolated and we verified that also in this

case the function (3.52) is a Type II superoscillating function. O






4 FRESNEL TYPE INTEGRALS

In this chapter we develop the so called Fresnel integral technique, which is a method to
make sense of integrals of the form

/W?w@, @.1)
R

in particular in situations where the function f itself is not integrable. The basic idea is
to use the Cauchy theorem to rotate the domain of integration into the complex plane and
consequently make the oscillating prefactor ¢ a Gaussian ¢ whose decay at infinity
ensures integrability.

The results of this chapter, in particular Corollary 4.2 with the choice a = 1 and x = 0, will
show that for holomorphic functions f which are exponentially bounded, one can insert
the Gaussian e~€00)” and view the integral (4.1) as the limit

lim [ e €006 £(y)dy.
-0t JR
Under some slightly stronger growth assumptions, which in particular implies that f is
bounded on the real line, such a regularization is not necessary and one can regard the
integral (4.1) as the limit
Ry .
lim / e (y)dy.
—R,

R[,Rzﬂw

However, under both assumptions one has the absolutely convergent representation
. a2 .
e [ 0 f(ve )y

for some o > 0. Note, that the subsequent Fresnel type integral technique is in two ways
an improvement of the version in [7]. The first improvement lies in the fact, that we allow
an exponential growth of order p € (0,2) in (4.3) and (4.6), while in [7] only p = 1 was
considered. The second improvement lies roughly speaking in the fact, that in [7] the
function f had to be holomorphic in a neighborhood of the closed cone S, (4.20), but here
it is enough for f to be holomorphic in the interior of Sy with a continuous extension to
the boundary.

Proposition 4.1 (Fresnel type integral). Let a > 0, x € R and consider for a. € (0,%) the
sector

Im(z)

St St ={z€C\{0} | Arg(z) € [0,t] }, 4.2)

Re(z)

51
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and a continuous function f : S§ — C which is holomorphic on the interior of S§;. Then
the following assertions hold.

(i) If f satisfies the estimate
f(z)] < AP zesg, 4.3)

Sor some and A;B > 0 and p € (0,2), then for every yo € R

lim [ e €00 a0 (1) gy — o / " gialye
0

=07 J0

i

0 f(yed)dy,  (4.4)

2a

where both integrands are absolutely integrable. Moreover, for 0 < € < an(a)

over get

more-

2

/0 o030 ialy—? (1) gy — gl /0 ¢ E0e 0 a1 (i) gy (45)

(ii) If f satisfies the estimate
@I <Al ze sz, (4.6)

for some A,B >0 and p € (0,2), then

"R =

lim 6ia(y7x>2f(y)dy — eia/ eia(ye
R—ee J0 0

io

7x)2f(ye"a)dy, 4.7

where the integrand on the right hand side is absolutely integrable, and also the
integrand on the left hand side is absolutely integrable for every R > 0.

Proof. Since the calculation is the same, we will for simplicity only consider x =0, a =1
and yp = 0.

We start by proving (i). For any 1 in the interior of S, and with || < 1, we define the
shifted function

fo@)=fz+n), z€Sg—n. (4.8)
Then f; is holomorphic on the interior of S§ — 1 and admits the exponential bound

fa ()] < ABRTNT < A B2 (P + M) < p B2 (27 +1) :ngld”’ z€SF—n, (49)

by (4.3) and using the new constants A = AeB?” and B = B2”. Fixing R > 0, we then
consider the integration path
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= e i@ ) e

% :={R+iy|Rtan(a) >y >0}. —n Lal

0<y<

Since the integration paths ¥;, 1, 73 lies inside the interior of S — 1, where f; is holo-
morphic, Cauchy’s theorem yields for every € > 0

/ e("f‘g)zzfn (z)dz =/ e("f‘c’)zzfn (z)dz+/ e("f‘g)zzfn (z)dz. (4.10)
"N T2 »
Using the exponential bound (4.9), we can estimate the integral along 3 as
. ~ Rtan(ct)
‘ / e(’_S)Zan (z)dz' < Ae—¢F /
ke J0

~ BRP Rtan(ct)
< Ae_8R2+7C°S"(°‘) / e—y(ZR—ey)dy
- 0

2_ R P
&5 2Ry+B|R+iy| dy

~ _op2. _BRP
< ARtan(a)e K ad@

where in the last line we restricted € < W to conclude €y < 2R. This estimate proves
the convergence

I%ij:o 5 e(i—e)zzfn (z2)dz =0,

and consequently, in the limit R — oo, the integrals (4.10) become
< li—e)? ia [T (i—e)(yei®)? i
/O el fn(y)dy:e“/o IE0C f (ve')dy. 4.11)

Here both integrals are absolutely convergent, the left hand side because of the factor e’
and the right hand side due to the estimate

|e(i7£)(ye"“)2fn (yeioc)| < gef(sin(2a)+£cos(2oc))y2+§yp’

< A i€ (@ B 4.12)
which is integrable for every € < ﬁ. Moreover, since the upper bound (4.12) is 1-

independent, we can apply the dominated convergence theorem to both sides of (4.11) and
obtain

oo

€ Oy = e [T ey @13

which is exactly the identity (4.5). Finally, we want to apply the limit € — 0" to this
equation. By the estimate (4.12) for f instead of fy, i.e., formally putting n = 0, the
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integrand on the right hand side of (4.13) is bounded by some majorant which decreases
as € — 07. The dominated convergence theorem then yields the stated limit (4.4).

For the proof of (ii) we again consider the function f;; from (4.8) with |n| < I, which in
this case satisfies the estimate

|fy (2)] < APIMEMI” < 4 B2 (M1 Im()17) < AP SEom, 414

using the constants A = AeB? and B := B2”. In the same way as we derived (4.10), we
also get

eizzfn(z)dz: eizzfn(z)dz+/ eizzfn(z)dz. (4.15)
1 V2 P&l

With the exponential bound (4.14) we can estimate for every R > (%ﬁl(o‘))zﬂ7 the inte-

gral along 73 as
Rtan(o 1
. lZf dZ‘<A/ y(2R—By )dy

<A/ y(2R—BRP~ tan?~ l(a))dy

. (4.16)
TR —BRP*1 tan?~! (o)

Hence also in this case the integral over 3 vanishes in the limit R — oo and (4.15) becomes
. R o [ i
fim [ fy )y = e [~ e07P gy (vei)ay, @.17)
—0 /0 0

where the integrand on the right hand side is absolutely integrable, since the inequality
(4.14) gives the estimate

’ei(}'eia)zfn (yeia) | < Avefyz sin(2a)+By? sin”(a). (4.18)

This estimate also gives an 7M-uniform majorant which allows to carry the limit n — 0
inside the integral on the right hand side of (4.17), i.e.,

R . . . ia .
im lim [ e fy (y)dy = /O A0 F(yei®)dy, (4.19)

n—0R— /o

On the left hand side we still have to interchange the two limits, which means we have to
show that (4.17) converges uniformly in 7. To do so, we use the Cauchy theorem (4.15) to
estimate

R : o0 a2 i
’/0 e” fn(y)dy*ew‘/o 0 fo (ve “)dy‘
<| /YBeiZan(z)dZ‘+ [ @ e )a].
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The integral along 3 converges uniformly due to (4.16), but also the second integral can
be estimated by the n-independent upper bound (4.18). Hence the convergence (4.17) is
indeed uniform in 11 and we are allowed to interchange the limits in (4.19) and get

. oL . R . R

e’o‘/ eile a)zf(ye’a)dy = lim lim [ &’ n(y)dy = lim / e (y)dy,
0 R—eon—0.J0 R— J

where in the second equality we were allowed to carry the limit inside the integral due to

the n-independent upper bound (4.18). This finally proves the second assertion (4.7). [

The Fresnel integral technique of Proposition 4.1 can also be applied on the negative semi

axis, which leads to the following corollary.

Corollary 4.2. Let a > 0, x € R and consider for some o € (0, %) the double sector

Im(z)
o SOZ Re(z)

)oy‘ Se={z€C\{0} | Arg(z) € [0,]U[r,m+ ]}, (4.20)

and a continuous function f : Sq — C which is holomorphic on the interior of Sy. Then
the following assertions hold.

(i) If f satisfies the estimate

1f(2)| <AL ze Sy, 4.21)
for some A,B >0 and p € (0,2), then for every yo € R
lim [ e €020 a0 () gy = i / 1A ) (310 gy, 4.22)
e—0t JR R
where both integrands are absolutely integrable. Moreover, for 0 < € < taf(“a) we

even get

/' e €00 il £y gy = eia/ o€ —y0)? yialye
R R

io

= f(yel®)dy.  (4.23)

(ii) If f satisfies the estimate
1f(2)] <ALIMEI" " 7 € §q, (4.24)
for some A,B > 0 and p € (0,2), then

R17R2%°°

Ry . 2 : (ol 2 i
lim / =) f(y)dy:e’a/e"‘()e =) Fye'®)dy, (4.25)
—Ry R

where the integrand on the right hand side is absolutely integrable, and also the
integrand on the left hand side is absolutely integrable for every Ri,Ry > 0.






5 SCHRODINGER EQUATION ON R

The central topic of this chapter is the investigation of the Cauchy problem (5.3) of the
time dependent Schrodinger equation. In particular we consider the Green’s function ap-
proach, which means to write the solution ¥ as an integral of the form (5.4), where G is
the so called Green’s function. The main result of this chapter will then be Theorem 5.6,
which puts the integral (5.4) into a mathematical rigorous framework using Fresnel inte-
grals (4.22) and gives a continuous dependency between the initial condition F' and the
solution W. In the application on superoscillations in Chapter 7, we then put some su-
peroscillating function as initial condition and conclude from this continuity property, that
also the solution attains some superoscillatory behaviour at later times ¢ > 0.

In the history of superoscillations, continuous dependency problems of this kind were
treated using infinite order differential operators of the form (2.17), see for example [4,
19,20, 22,28, 33, 35, 36, 66, 67]. However, in our proof we avoid this detour and follow
a direct path by using estimates of the integral representation (5.4). At this point we also
want to mention the recent work [101], where the authors give sufficient conditions on the
moments [ y"G(t,x,y)dy of the Green’s function to prove some continuous dependency
of solution and initial condition of the Schrédinger equation.

We start to specify in detail in which sense we want to understand the Cauchy problem
(5.3). It will be convenient to view the solution (and its derivatives) in the context of
absolutely continuous functions. The linear space of absolutely continuous functions on
some open interval I C R will be denoted by AC(I). Recall, that a function f : I — C is
said to be absolutely continuous, if there exists some g € LllOC (I), such that

)
J0) =10 = [ gls)ds, xyel 5.1)

Also observe, that f € AC(I) is differentiable almost everywhere and its derivative f’
coincides with g in (5.1) almost everywhere. For T € (0,00] we shall now work with the
space

AC1((0,T) x R) = {\I‘: (0,T) xR = C ‘ F(-,x) € AC((0,T)), x€R }

\P(tv ‘):%T(I7 ) € AC(R)7 re (07T)

(5.2)
LetV :(0,7) x R — C be some potential and F : R — C some initial condition. We call a
function ¥ € AC; »((0,T) x R) a solution of the time dependent Schrédinger equation, if
it satisfies

e )—(—a—2+v(t ))‘I‘(t ) fae te(0,T),xeR (5.3a)
i W(r,x) = 2 ,X ,X), .a.e. T, x , 3a
lim ¥(z,x) = F(x), xeR. (5.3b)
t—0t
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As already mentioned, the starting point will always be the corresponding Green’s function
G:(0,T) x R x R — C, which only depends on the potential V and is independent of the
initial condition F'. With this Green’s function the solution ¥ then admits the (formal)
representation

¥x) = [ GexyFO)dy, 1€ (0.7),xeR (5.4)

Since we want to apply this theory to superoscillations, one of the important tasks of this
chapter is to make sense of this integral for exponential initial values of the form (1.1), or
more general for exponentially bounded initial conditions F € A,(C) from (2.1). It turns
out, that the integrand in (5.4) is not in L' (R) and hence the integral does not exist in the
Lebesgue sense. Instead, the Fresnel integral technique of Chapter 4 will be used for a
rigorous interpretation of the integral. Roughly speaking, the integration path is rotated
into the complex plane, where the integrand becomes absolutely integrable and the wave
function becomes

W(t.x) = ¢ [ Gle,x.ye®)F(ye)dy, (5.5)
R

for some & € (0,%). Equivalently, (5.4) can also be interpreted as the regularized inte-
gral
W(tx) = lim | e G(1,x,y)F (3)dy.
-0t JR
and under certain stronger assumptions, see Remark 5.7, even as the improper Riemann
integral
Ry
P(t,x) = lim G(t,x,y)F (y)dy.
R|,Ry—o0 —Ry
Next we collect a set of assumptions on the Green’s function, which ensure that the wave
function (5.4) is well defined (in one of the just mentioned equivalent senses) and a solution
of the Cauchy problem (5.3). The precise formulation of this statement, and also the set of
allowed initial conditions, is given in Theorem 5.6.

Assumption 5.1. Let T € (0,00] and G : (0,T) xR xR — C. For some o € (0,7) let
So be the double sector (4.20), and suppose that G admits a continuation to a function
G:(0,T) xR x Sq — C, such that for every fixed t € (0,T), x € R the mapping G(t,x, -)
is continuous on Sy, and holomorphic on the interior of S¢. Moreover, it will be assumed
that G satisfies the following properties (i)—(iii).
(i) For every fixed z € Sg, the function G(-, -,z) € AC12((0,T) x R) is a solution of the
time dependent Schrodinger equation

. d 92
IEG(E)C»Z) = (— 52 +V(t,x))G(t,x,z), fae t€(0,T), xR, (5.6)

X

withV : (0,T) X R — C the considered potential.
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x|, such that for every F € H(C) we have

(ii) For every x € R there exists some xo >
the initial condition

lim /)i) G(t,x,y)F (y)dy = F(x). (5.7)

t—=0" J—xg

(iii) There exists a € AC((0,T)) with a(t) > 0 and lim; o+ a(t) = oo, such that the func-
tion G in the decomposition

G(t,x,z) = ei“(’)(z_x)zé(t,x,z), t€(0,T),xeR, z€Sq, (5.8)
is for everyt € (0,T), x € R exponentially bounded as
|G(1,x,2)] < Ag(t,x)eP I ze Sy, (5.99)

Glt,x z)( ’a SG(1,%,2)], até(t,x,z)‘ <A (1,x) B EE e s, (5.9b)

5

Here g € (0,2) and Ag,A1,Bo,B1 : (0,T) xR — [0,00) are continuous and for every
xeR A
M and By (- ,x) are bounded ast — 0. (5.10)

va(-)

We briefly comment on some of the conditions in Assumption 5.1 and also refer the reader
to Section 8.1-8.4 for explicit examples of Green’s functions.

Remark 5.2. The holomorphic extension of G in the z-variable is needed to apply the
Fresnel integral technique of Corollary 4.2. The crucial assumption is the decomposttlon
(5.8), where the exponential gia)z— ( quadratic in z) is separated from the remainder G,
which admits the exponential growth (5.9a) of order q < 2. The rotation of the integration
path in (4.22) from the real line into the complex plane, turns the factor @0 10 g
Gaussian, which then dominates the exponential growth of G in the integral (5.5).

Remark 5.3. Note, that the Equation (5.8) of Assumption 5.1 introduces the reduced
Green’s function G(t,x,z). From a practical point of view it is often easier to differen-
tiate G instead of G. Hence we can translate the Schrodinger equation (5.6) or (5.13) for
G into an equivalent differential equation for 6, namely

d ~ 92 )
WG:( = +dia(z— x)—+(4a +d)(z—x) 21a+V)G (5.11)

Since in practical applications the initial condition (5.7) is often hard to verify, the follow-
ing Assumption 5.4 gives an opportunity to replace it by the simple limit (5.14). Roughly
speaking, the limit (5.14) is one way how the Green’s function can approach §(x —y) as
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t — 0T, while (5.7) allows any approximation. However, in order to use this simplification
it is necessary for the Green’s function to be holomorphic (and satisfy (5.9a)) not only on
S but also in a neighborhood of the real line. More precisely, for a € (0,%) and A > 0 we
define the domain

Im

L o S(x,h R
y San=SaU(R+i[—h,h]), (5.12)

Assumption 5.4. Let T € (0,00] and G : (0,T) x R x R — C. For some a € (0,5), h >0
suppose that G admits a continuation to a function G : (0,T) x R x S  — C, such that for
every fixedt € (0,T), x € R the mapping G(t,x, -) is continuous on Sq , and holomorphic
on the interior of Sq. Moreover, it will be assumed that G satisfies the following properties
(i)—(iii).
(i) For every fixed z € Sg, the function G(-, -,z) € AC12((0,T) x R) is a solution of the
time dependent Schrodinger equation

2
i%G(I,x,z) = (— % —I—V(t,x))G(t,x,z), faete(0,T),xeR, (5.13)
withV : (0,T) X R — C the considered potential.

(ii) With the function a(t) from (5.15), the Green’s function admits the limit

I
fim C05Y) _ L g (5.14)
=0t \Ja(t)  Vim

(iii) There exists a € AC((0,T)) with a(t) > 0 and lim; o+ a(t) = oo, such that the func-
tion G in the decomposition
G(t,x,2) = 6V "G(1,x,2), 1€(0,T),xeR,z€ Sy (5.15)
is for everyt € (0,T), x € R exponentially bounded as

G(1,%,2)] < Ao(t,x)eP0IR" 2 e 5., (5.16a)

0 ~ 9% ~ 0 ~ B (102l
’aG(I,x,z) 356022, EG(r,x,z)’ <A (1,x) B ET e s, (5.16b)
Here g € (0,2) and Ag,A1,Bo,B;1 : (0,T) X R = [0,00) are continuous and for every
xeR 4
M and By( - ,x) are bounded ast — 0. (5.17)

Va(+)
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The following lemma proves that the Assumption 5.4 is indeed stronger than the Assump-
tion 5.1.

Lemma 5.5. [fG: (0,T) x R x R — C satisfies Assumption 5.4, it also satisfies Assump-
tion 5.1.

Proof. The only thing to check is the initial condition (5.7). For fixed x € R, we first

.
generalize (5.14) in the sense, that for any z(¢) € Sg 5, with z(¢) 120, x, we have

. Gtxz(r) 1
lim ———~ = ——. 5.18
=0t /a(t) Vin o189
Note, that any closed ball of radius 0 < r < & around x is contained in the interior of S¢ ;,
where G(t,x, - ) is holomorphic.

h

;_

Hence we are allowed to apply the Cauchy integral formula to write

G(t,x,2(0)) — Gt x.x) = ﬁ/‘ - (f(_[’f(’f)) ey,

Cz(t)—x G(t,x,7)
 2mi /‘Z,x‘:, 20"
_z(t)—x /2” G(t,x,x+ re'®)
2 Jo x+rel® —z(r)

Using (5.9a), we can further estimate the integrand to get

G S )| < A0EDN() —a 27 Polt et

Gl x,2(0) = Glrw)| < S B [ e
Ao(t,2)[2(8) =] gy 12) (s} 0
r—1z(0) =4 '
Since Aoy

e and By(t,x) are bounded as t — 0T and lim,_,+ z(¢) = x, it follows, that

|G(t,x,2(t)) — G(t,x,%)|
t—0+ a(t)

=0.
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With (5.14) and the decomposition (5.8), we then obtain the limit (5.18), namely

lim G(t,x,z(1)) — lim G(t,x,x) lim G(t,x,x) 1

=0t Ja(t) =00 \Ja(t) =00 \Ja(t)  Vix

For the actual proof of the initial condition (5.7), we choose any xo > |x| and use the
Cauchy theorem to change the integration path [—xg,xp] to

[ GxnFeay = /y Gltx,2)F()dz+ [ Gltx,)F (2)dz

—X0 )2

+ | G(t,x,2)F(z2)dz+ | G(t,x,2)F(z)dz,
b4l Ya

Im

h Xo+ih
={—xo—is|s€[0,h]},
Nn={-x %s\s [ H’. - Sa,h V3 .
Yr={—-x0—ih+s(x+xo+ih)|s€[0,1]}, B
X X
% ={x+s(xo—x+ih)|s€0,1]}, % 0
ta={xo+i(h—s)|s€[0,h]}. _xy/ T

Since F is holomorphic, it is in particular bounded on [—xg,xo] + i[—, A], i.e
|F(z)| <AFp, z€ [—x0,%0] +i[—h,h].

Using this, together with the estimate (5.16a), the integral along ¥4 can be estimated by
. Gl PR / G(t,x,x0 + i(h — 5))F (xo + i(h — 5))ds
h
< ArAo(t,x) / o 20(0) (0= (h=s) Bo(t.0) wo+i(h—s) |7 g
0

h
< AFAO(t7x)eBo(t-,x)\xo+ih\q/ e*Zﬂ(I)(XO*X)SdS
0

_AFAVLX) gy (1)l inle
~ 2a(t)(xp — x) .

Since f:/((i)) and By(-,x) are bounded as t — 0" and a(r) 120] oo, this inequality proves

the convergence
lim [ G(t,x,z)F(z)dz=0. (5.19)

=0t Jy
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In the same way one proves that also

lim [ G(t,x,2)F(z)dz=0. (5.20)

=0t Jy

The integral along 3 can be written as

G(t,x,2)F(z)dz
B
= ()C()*X*I’lh)/l (t x,x+s(xo—x+ih))F (x+s(xo —x+ih))ds
_xofx+lh/ (x()forih))F(x_’_s(xoforih))dS.

Valt) alt)

Since the integrand is bounded as

Ol R (e T

s(xg—x-+ih) |9
AFAO t7x) eizh(inx)SZeBo(t,x>|x+ (\)/fm |

<

Q
—

~
~—

AFAO(tvx) e—2h(x0—x)szeBo(r,x)(\x\+s|x0—x+ih\)q
a(t ’

IN

where we chose ¢ > 0 small enough, such that a(¢) > 1. Since % and By(z,x) are
a

bounded as t — 07, this upper bound can be made ¢ independent and integrable. Hence
we are allowed to apply the dominated convergence theorem and carry the limit inside the
integral

G <t,x, x4 s(xo—x+ih) )

B BN 0
tlﬁu& ; G(t x,2)F(z)dz = (xo —x—i—lh)/o t1ﬁ11(1)1+ 0 F(x)ds.
_ F()C)(xo _x+lh) /weisz(xoforih)zds _ F(x) ) (5.21)
Vin 0 2

where in the first line we used the continuity of the function F and in the second line the
convergence (5.18) from the first part of the proof. In the same way we also get

im | Gle.x.) () - % (522)

t—0t

Combining now the limits (5.19), (5.20), (5.21) and (5.22), we conclude the initial value
(5.7) and consequently proved that G indeed satisfies the Assumption 5.1. O
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The following Theorem 5.6 is the main result of this chapter. It will be shown that un-
der Assumption 5.1 or Assumption 5.4 the integral (5.4) is meaningful as a Fresnel type
integral and that the resulting function W is a solution of the time dependent Schrodinger
equation (5.3). We also show that the solution continuously depends on the initial condi-
tion. Note, that the assumed .A,-convergence on the initial conditions is stronger than the
resulting uniform convergence on compact sets (5.25) of the solutions. However, this A4 ,-
convergence is justified, since A;(C) is the natural space in which superoscillations are
normally treated, see Definition 3.1 and A,(C) is also a suitable space for the applications
on the supershift, see Theorem 7.5 and Theorem 7.7.

Theorem 5.6. Ler G : (0,7) x R x R — C be as in Assumption 5.1 or Assumption 5.4.
Then for every F € A,(C), p € (0,2), the wave function
P(r,x) = lim [ e G(t,x,y)F(y)dy, t€(0,T),xeR, (5.23)

e—0T JR

exists and ¥ € AC12((0,T) x R) is a solution of the Cauchy problem

9 WY(t,x) = o2 Vit Wt te (0, T R 5.24
15 (,x)—(—ﬁ—l— (,x)) (t,x), fae t€(0,T), xR, (5.24a)
lim ¥(r,x) = F(x), x€R. (5.24b)

t—0t

Moreover, for any sequence of initial conditions (F,), C A,(C) which converge as F, iy
F in A,(C), also the corresponding solutions (5.23) converge as

lim ¥(¢,x; F,) =P (¢,x; F), (5.25)

n—oo

Jor fixed t € (0,T) and uniformly on compact subsets of R.

Note, that for convenience we used the notation W(z,x; F) to emphasize the initial condi-
tion.

Remark 5.7. If one replaces the growth condition (5.9a) in Assumption 5.1 by the stronger
condition

1G(t,x,2)| < Ag(t,x)ePotXNMEI 4 2 (0.T), xR, z € Sq, (5.26)

‘or some q € (0,2), and also choose some initial condition F € A,(C), p € (0,2) which is
p
bounded as
IF(2)| <AL e85, (5.27)

then it follows from Corollary 4.2 (ii), that the wave function (5.23) can be written in the
equivalent form

Ry
Y(¢t,x) = lim / G(t,x,y)F(y)dy, t€(0,T),xeR.
Ri,Ry—ee J Ry
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We point out that the stronger growth condition (5.26) on the Green’s function is for g = 1
satisfied in all the examples of Chapter 8. However, the growth condition (5.27) for the
initial condition F is rather restrictive and it is desirable to allow also initial conditions
that may be unbounded on the real line. See for example the type of initial conditions
which arise naturally for the supershift property in Theorem 7.5.

Proof of Theorem 5.6. Since Assumption 5.4 is stronger than Assumption 5.1 due to Lemma 5.5,
it is sufficient to prove the theorem for Green’s functions satisfying Assumption 5.1. First
we note, that due to F' € A,(C), there exists A,B > 0 such that

IF(z)| <A, z eS8, (5.28)

Step 1. In the first step we want to apply Corollary 4.2 (i), to show, that the expression
(5.23) for the wave function is meaningful and give a representation using Fresnel type
integrals. For this, we fix r € (0,T), x € R and use the estimates (5.9a) and (5.28) to get
|Gt,x,2)F (2)| < Adg(t,x) Mo HBE
< AAo(t,x)e(3+30<”"))(1+|Z‘)max{p'q}
< Ao (1, x)elBHBole0) 2P (L esiraly
:go(t,x)eg()(""‘)‘z‘ﬁ7 7€ Sq, (5.29)
where we introduced the new coefficients
ﬁ:: max{p,q}, EO(tvx) = (B+BO(I:X))2137 XO(tax) = AAO(t:x)eg()(t’X% (5.30)

Hence, due to the decomposition (5.8), the assumptions of Corollary 4.2 are satisfied,
which means, that the wave function (5.23) exists and admits the absolute integrable rep-
resentation

W(t,0) = lim [ @O0 Gl y)F ()dy
— i / eia(t)(yeiaix)zé(l,X,yeia)F(yeia)dy
R

:eia/ G(t,x,ye'®)F (ye'®)dy. (5.31)
R

Step 2. We show that the function ¥ in (5.23), is a solution of the Schrédinger equation
(5.24a). Roughly speaking, since G is already a solution of (5.6) by Assumption 5.1 (i), it
is sufficient to carry the derivatives inside the integral (5.31).

For the time derivative we note, that G(-,x,z) € AC((0,T)) for every x € R, z € Sy by
Assumption 5.1 (i). Hence, for any 7y € (0,7) we have

1

0
G(t,x,z) = G(t9,x,2) + %G(T,x,z)d‘t, t€(0,T),xeR, z€ Sq,
fo
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which leads to the following integral representation of the wave function (5.31)
. t 9 . ‘
Y(r,x) = ‘P(tmx)—ﬁ—e’a/ / a—TG(Lx,ye'a)dTF(ye’a)dy. (5.32)
R Jty

Using the decomposition (5.8), we can write the derivative as

d iy (1 io 25 io J ~ ioy\ yia(t)(ye'®—x)?
EG(T,x,ye )—(za (7)(ye'* —x)°G(7,x,ye )—O—EG(T,x,ye ))e .

Using the estimate (5.29) and a similar estimate for %G(I,X,Z)F (z) with the coefficients

Bi(t,x) == (B+B1(t,x))27 and A;(r,x) = AA, (t,x)eP1 1),

we get
|- Gle.xye) F(ve)
aT b b

. ~ . Jd ~ . : i ;
_ ’ia’(r) (yeltx —x)zG(T,x,ye’a) + %G(T}X,yela) |ela(r)()’e 7x)2F(yeza)’

|d'(7)||ye'® — x|*Ag(T,x) + A (T7x)> ¢~ a(®)sin(a)y? Bo(T.x) 1P +2a(7)sin(@) o]

<

~/~

Since Ay, Ay, By, B; and a are assumed to be continuous and @’ € Ll .((0,T)) due to
the absolute continuity of a, the right hand side of this estimate is integrable on [fg,?].
Additionally, the factor e~@(?)sin2®)” implies integrability with respect to y € R. Hence
we observe absolute integrability on [fp,?] X R and are allowed to interchange the order of
integration in (5.32) by the Fubini theorem. L.e., we obtain

. ¢ . .
Y(zr,x) = ¥(19,x) —l—e'a/ / iG(T,x,ye’a)F(ye’a)dydT‘
to JR aT

In particular, this shows ¥(-,x) € AC((0,T)), the ¢-derivative exists almost everywhere
and is given by

d ; 0 . .
E‘P(r,x) = e’a/REG(I,x,ye’a)F(ye’a)dy.

Using the same argument, also ¥(¢, - ) and %‘P(r, -) are absolutely continuous on R, with
spatial derivatives almost everywhere given by

a—‘P ’a/ G(t,x,ye'®)F (ye'*)dy, (5.33)

9* _ i i
E‘P(ux)—e ./REG(“xaye JF (ye')dy
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This means ¥ € AC »((0,7T) x R) and from (5.6) we conclude, that the Schrdinger equa-
tion (5.24a) is satisfied for almost every ¢ € (0,T), x € R.

In Step 3 we verify the initial condition (5.24b). To do so, we fix x € R, let xo > |x| be
from Assumption 5.1 (ii) and split up the integral (5.23) as

Y(t,x) = hm / & G(t,x,y)F(y )dy+ hm / e e’ G(t,x,y)F (y)dy

—"{‘1 (t.x) =Y, (1,x)
+ lim & G(t,x,y)F(y)dy
e—0+
=¥;3(7,x)

We will now investigate all three integrals separately. Starting with W3, we can, similar
as for (5.31), use Proposition 4.1 for the shifted integrand z — G(t,x,x0 + 2)F (xo + z) to
write the integral as

=

Ys(t,x) = lim e“g("‘)ﬂ’)zG(t,x,xo +Y)F (xo+y)dy

e—=0%.Jo
= / G(t,x,x0 +ye'®)F (xo + ye'®)dy.
0
Using the inequality (5.29), we can now estimate this integral as

(1, 0)] < Ag(r,0) [ et Bl g

< Avo(l‘,x) /oo efu(t) sin(200)y>—2a(r) sin(tx)(ngx)y+§0(t,x)(x0+y)ﬁdy
0

Ao(t,x) [= —sin2a)y?~2,/a(t 4B N
_ ()( ,X)/O . sin(20)y ) sin(@) (xo—x)y o(tx)(xo \/7) dy.

a(t)

According to (5.10) and (5.30) we know that % and Eo remain finite in the limit ¢+ — 0,

and also that lim,_,o+ a(t) = oc. Therefore, since xo > x, the integrand vanishes in the limit
t — 0" and so does the whole function

lim ¥5(¢,x) = 0. (5.34)
t—0+

In the same way we also get
lim W (z,x) = 0. (5.35)
t—0+

For the function ¥, (#,x) we first note, that due to the dominated convergence theorem we
are allowed to carry the limit £ — 0" inside the integral and get

lI”2(l‘vx) = /xo G(taxvy)F(y)dy

—X0



68 5 Schrédinger equation on R

Since F € A,(C) is an entire function, the initial value
lim W (t,x) = F(x) (5.36)
=0t

follows from assumption (5.7). Combining now (5.34), (5.35) and (5.36) gives the initial
value (5.24b) of ¥(z,x) and hence finishes Step 3 of the proof.

Step 4. Tt remains to check the continuous dependency (5.25) of the wave function on
the initial condition. According to the .4,-convergence (2.2) of the initial conditions, we
define the coefficients

Ap=sup|F(z) —Fu(z)|e €, neN,
zeC

for which obviously

limA, =0 and |F(z)—F,(z)| <A zec, (5.37)

n—yoo

holds true. Let xo > 0 be arbitrary and for every ¢ € (0,T), x € [—xg,x0] we split up the
W-integral (5.23) into

Y(t,x;F) =W (t,x; F) +Wao(t,x; F) +Wa(t,x, F),
with

Wit F) = lim [ e G(tx,y)F (y)dy,

-0t J -

X0
o, F) = lim [ e @ G(1,x,y)F (y)dy,

e—07 J —xq
. o —_ 2
W30 F) = lim / e G(t,x,y)F (y)dy.
X0

We will now prove the convergence (5.25) for the three parts of the wave function sepa-
rately. Starting with W3, we use Proposition 4.1 with the shifted integrand z — G(t,x,x0 +
2)F (xo +z), to write the integral as

Yi(t,x;,F) = eia/ G(t,x,x0 +ye'®)F (xo + ye'*)dy,
0
and estimate the difference by
[W3(1,2F) —P3(t,x: F,) |

o /o G(t,x,x0+ye') (F (xo + ye'*) — Fy(xo +yeia))dy‘

< ApAo(t,x) / " g alt)sin(200)y2~2a(s) (xo—x)ysin(@) +Bo(1.2) o +ye" 9+ Clxo tye )7 g
JO

< AAp(t,x) /°° . sin(200)y?—2+/a(t) (xo—x)ysin(a)+Bo(7,x) (XOJF\/%.(T)) ‘ic (xo+\/%<7’>)pdy,
0

Val)
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Since Ag and By are continuous by Assumption 5.1 (iii), they are in particular bounded on
the compact set [—xp,xo] and therefore can be made x-independent. Also, the right hand

side converges to zero as A, 20 by (5.37), which proves that

lim W3 (¢,x; F,) = Wa(t,x; F)

n—soo

for every fixed 7 € (0,7T) and uniformly on [—xp,xp]. Following the same arguments, one
obtains the same convergence for ¥, namely

lim ¥ (t,x; F,) = ¥ (t,x; F),
n—soo

for every fixed 7 € (0,7) and uniformly on [—xg,xo]. Finally, the difference between the
W,-functions can be estimated by

|Wo(t,x; F) —¥o(t,x; F,)| = lim

e—01

o
/ e Gt x,y)(F(y) = Fa(y))dy
-
S ™

—X0

< 2A,A0(t, x)xpe0! X)¥+Cxg

Also here, since Ag and By are continuous by Assumption 5.1 (ii), they in particular are
bounded on the compact set [—xp,xp] and the right hand side can be made independent of
n—oo

x. Since also A, — 0 by (5.37), this proves that

lim Wy (1,x; F,) = Wa(t,x;, F)

n—yoo
for every fixed ¢ > 0 and uniformly on [xg,xp]. Since xp > 0 was arbitrary, the uniform
convergence holds on any compact subset K C R, which verifies the convergence (5.25)
and hence finishes the proof. O






6 SCHRODINGER EQUATION ON R\ {0}

In comparison to the previous Chapter 5, where we considered the Schrodinger equation
on the whole real line, we remove the point x = 0 now. This means, that we consider
the Schrodinger equation on R\ {0}, and allow boundary or transmission conditions at
x = 0. The latter also implies distributional potentials as the Dirac 8- or 6’-potential, since
they are mathematically implemented via transmission conditions at the point of interac-
tion. Similar as in (5.2), it is convenient to view derivatives in the context of absolutely
continuous functions. In particular we define

AC(R) = { £ : R = C | flig.e) € AC((0,59)) and f]( ..y € AC((—,0) }

to work for 7' € (0, 0] with the space

o . . P(- ,x)eAC((O T)), xR
AC,((0,T) xR) ._{‘P.(O,T)XR—>(C Wi, )aax‘f’(f ) € AC(R), 1 € (0,T) }
6.1)

where for a shorter notation we introduced the notion R := R\ {0}.
Let V: (0,7) x R — C be some potential, M, N € C>*? matrices describing the transmis-

sion condition and F : R — C some initial condition. We call a function ¥ € AC; »((0,7T) x
R) a solution of the time dependent Schrédinger equation, if it satisfies

Y(t,x) = ( ;2 +V{(t, x)) (t,x), fae.t€(0,T),x€R, (6.2a)

d
lP(t70+) _ (l O+)
M< lI"(l70_) > _N< a)é lII(t 0~ ) ) ’ re (07T)7 (6.2b)
1i131+‘1—’(t7x) =F(x), xeR. (6.2¢)

The corresponding Green'’s function is a function G : (0,7) x R x R — C, which depends
on the potential V and the matrices M, N, but not on the initial condition F, such that the
solution ¥ admits the (formal) representation

W(r,x) = /H%G(z,x,yw(y)dy? re(0,T), xeR. 63)

In Assumption 5.1 and Assumption 5.4 we already introduced a set of properties for the
Green’s function on R. The following adapted Assumption 6.1 and Assumption 6.2 for the
Green’s function on R are similar, the main difference only lies in the additional transmis-
sion condition (6.5).
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Assumption 6.1. Let T € (0,%0] and G : (0,T) x Rx R — C. For some a € (0,%) let
S« be the double sector (4.20), and suppose that G admits a continuation to a function
G:(0,T) xR x Sg — C, such that for every fixed t € (0,T), x € R the mapping G(t,x, -)
is continuous on Sy, and holomorphic on the interior of Sg. Moreover, it will be assumed
that G satisfies the following properties (i)—(iii).

(i) For every fixed z € S, the function G(-, -,z) € AC12((0,T) x R) is a solution of the

time dependent Schrodinger equation
2

0 0 )
iEGmndz(—§;+V0¢»GmL@,f&atewjmxeR, (6.4)

with V : (0,T) x R — C the considered potential. Moreover, for every y € R the
Green’s function satisfies the transmission condition

G(t’OJray) > o %G(I,O+,y)
M ( G(t7077y) =N —%G(I,Oi,y) , IE (O,T), (6.5)

with matrices M,N € C2*2,

(ii) For every x € R there exists some xo >
the initial condition

x|, such that for every F € H(C) we have

lim [ Gt,x,y)F(y)dy = F(x). 6.6)

t—0t+ —X0

(iii) There exists a € AC((0,T)) with a(t) > 0 and lim,_o+ a(t) = oo, such that the func-
tion G in the decomposition

G(t,x,2) = DG, x,2), 1€ (0,T), xR, z€ Sq, (6.7)

is for every t € (0,T), x € R exponentially bounded as

|G(t,x,2)| < Ao(t, )P ze Sy, (6.8a)
0 ~

’ a*xG(t,x,z)\ <Ay (t,x)eP1 R zes,, (6.8b)
‘8—26(1‘ x,2) ié(t x z)‘ < Ag(1,x)eP I e s (6.8¢c)

axz vy 9 81 vy = ) ) o- .
Here g € (0,2) and Ay,A1,A2,Bo,B1,By : (0,T) x R — [0,0) are continuous and

for everyx € R
Aol -

o(:.%) and By (- ,x) are bounded ast — 0, (6.9)

Va®

and for every t € (0,T):
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o If M = N =0, no further assumptions.
o IfM #0, N =0, then Ay(t, -), By(t, -) are bounded as x — 0.
o IfN #0, then Ao(t, -), A1(t, -), Bo(t, -), Bi(t, ) are bounded as x — 07,

Note, that the Remarks 5.2 & 5.3 are still valid for this Assumption 6.1. Moreover, see
the Sections 8.5 & 8.6 for explicit examples of Green’s functions which satisfy Assump-
tion 6.1.

Similar as we replaced the initial condition (5.7) by the simple limit (5.14) in Assump-
tion 5.4, we can also replace (6.6) by the upcoming limit (6.13) for the Schrodinger equa-
tion on R. However, in order to use this simplification it is necessary for the Green’s
function to be holomorphic (and satisfy (6.8a)) not only on Sy, but also in a neighborhood
of R. More precisely, for a € (0,%) and 4 > 0 on the domain

Dy i={z€ C\{0}| Arg(z) € [-o,a] and Im(z) > —h}
U{zeC\{0}|Arg(z) € [r—a,7+ o] and Im(z) <h}. (6.10)

Assumption 6.2. Let T € (0,00 and G : (0,T) x R x R — C. For some o € (0,%), h >
0 suppose that G admits a continuation to a function G : (0,T) x R x Dy — C, such
that for every fixed t € (0,T), x € R the mapping G(t,x,-) is continuous on D, and
holomorphic on the interior of Dy . Moreover, it will be assumed that G satisfies the
Sfollowing properties (i)—(iii).

(i) For every fixed z € S, the function G(-, -,z) € AC; 2((0,T) x R) is a solution of the

time dependent Schrodinger equation
2

d d .
iEG(t,)@z) = (f 52 +V(t,x))G(t,x,z), fae t€(0,T),xeR, (6.11)

with V : (0,T) x R — C the considered potential. Moreover, for every y € R the
Green’s function satisfies the transmission condition

G(t,0%,y) | _ 2G(t,0%,y)
M( G(t,07,y) ) _N< —a%G(t,O*,y) > , t€(0,7), (6.12)

with matrices M,N € C*>*2.
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(ii) With the function a(t) from (6.14), the Green’s function admits the limit

G(t 1 .
lim M:—., xeR. (6.13)
t—0+ a(t) Vi
(iii) There exists a € AC((0,T)) with a(t) > 0 and lim,_,y+ a(t) = oo, such that the func-
tion G in the decomposition
2~

G(t,x,z) = ean)z=x) G(t,x,z), t€(0,T),x€R,z€ Dy, (6.14)

is for every t € (0,T), x € R exponentially bounded as

|G(t.x,2)| S Ag(t,x)eP R zeDgy,  (6.152)
’%G(I,x,z)‘ < Ay (t,x)ePr 2€Saq, (6.15b)

P = 9 5 B0l
‘WG(t,x,z) , EG(Lx,z)‘ < Ap(t,x)e2PIIRT 7€ 8q. (6.15¢)

Here g € (0,2) and Ag,A1,A2,Bo,B1,B; : (0,T) x R — [0,00) are continuous and
for every x € R

AO( i ,)C)

a(t)

and for every t € (0,T):

and By( - ,x) are bounded ast — 07, (6.16)

o If M = N =0, no further assumptions.
o IfM #0, N =0, then Ay(t, -), Bo(t, -) are bounded as x — 0F.
o IfN #0, then Ay(t, -), Ay (t,-), Bo(t, -), Bi(t, -) are bounded as x — 0F.

The following lemma proves that the Assumption 6.2 is indeed stronger than the Assump-
tion 6.1.

Lemma 6.3. [f G : (0,T) x R x R — C satisfies Assumption 6.2, it also satisfies Assump-
tion 6.1.

Proof. The only thing to check is the initial condition (6.6). Since the calculation is prin-
cipally the same for x < 0, we only consider x > 0 here. First of all, we generalize (6.13)
in the sense that for any z(¢) € Dq , with lim z(t) = x we have

’ t—0

Glt,xz(t) _ 1
tiO* a(t) - in ©.17)
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In order to prove this, we follow the same steps as in the proof of (5.18) with the only
difference, that we consider a closed ball B,(x) with radius 0 < r < min{A,xsin( )} around
x. This ball is then obviously included in the interior of Dy .

Im
h D h

o\

-h

Choose now any xp > x and let F € H(C). then there exist 8,8, > 0 such that —xo —
i0,x — 0¢'* lie in the interior of Dy 5, and we can use the Cauchy theorem to change the
integration path [—xg,xg] in (6.6) to

X0

G(t,x,y)F(y)dy = ; G(t,x,z)F(z)dz-F/wG(t,x,z)F(z)dZ

J —X0

—l—/y3 G(t,x,z)F(z)dz—i—/q;4 G(t,x,z)F(z)dz—l—/YsG(t,x,z)F(z)dZ,

n={-x—is|0<s<d},
={s(xo+id)| -1<s<0},
}@:{s(x—ﬁzeiayogsgl},

_ io _&< <x0—x
& {x+se *S*cos(a) '

¥s ={xo+is|(xo—x)tan(a) >s>0}.

Since F is holomorphic, it is in particular bounded on { z € Dg j, | |Re(z)| < xp }. i.e.
|F(z)] <AF, z€ Dgy with|Re(z)| < xp.
Using this, together with the estimate (6.15a), the integral along y; can be estimated by
0
‘ / G(t,x,z)F(z)dz‘ = ‘ / G(t,x, —xo—is)F(—xo—is)ds‘
N JO
19
< ArAo(t,x) / b —2a(0) (xo-+x)s ,Bo (1) o +isl? ¢
0
3
< AFAO(t’x)eBO(t,x)|x0+i5| | / : 872¢t(t)(x0+x)sds
o 0

AfpAo(t,x) Bolt0)lxo+idi 7
~ 2a(t)(xo +x)
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Since 4L 4pd By(-,x) are bounded as t — 07 and a(t ti); oo, this inequality proves
V()
the convergence
lim [ G(t,x,2)F(z)dz=0. (6.18)

=0T Jy

In the same way one proves that also

lim [ G(t,x,z)F(z)dz= lim / G(t,x,2)F (z)dz = hm G(t x,2)F(2)dz=0.
=07 Jp =0T Jy t—=0"
(6.19)

The integral along y4 can be written as

X

X0~
G(t,x,2)F (z)dz = &'® /w\(a) G(t,x,x+ 5¢'%)F (x + s¢'®)ds
Y -&
0 io io
/M G t,x,x—i—L)F(x—i-L)ds
Yz a(r) a(r)

Since the integrand is bounded as

io io |‘1

se (t)) ( sel® )) < AFAO(I,X)e_SZSin<2a> Bolt ’x>|x+\u}m

vz0) a

‘ \/7 ( b 7
AFAQ(1,X) _2in(2a) Bo(t.x)(r+]s))7

< OF704 eBolL;
Ja() ’

where in the second inequality we chose ¢ > 0 small enough, such that a(¢) > 1. Since
Ao(1%)

Val(t)

Hence we are allowed to apply the dominated convergence theorem and carry the limit
inside the integral

and By(t,x) are bounded as ¢ — 0, the right hand side can be made ¢-independent.

. _ G(t X, X+ ) 1ed
' _ ia el 2 210¢ —\/7 l
tim [ GlxaP@z=é® [ &7 lim bR (1T
eiaF(_x) 0 i52e2i0t
e /_ o g = (), (6.20)

where in the second line we used the continuity of the function F as well as the convergence
(6.17) from the first part of the proof. Combining now the limits (6.18), (6.19) and (6.20),
we conclude the initial value (6.6) and consequently proved that G indeed satisfies the
Assumption 6.1. O

In the following Threorem 6.4 a similar result as Theorem 5.6 is given for the Schrodinger
equation on R and hence for the Green’s function satisfying Assumption 6.1. In particular,
transmission conditions at x = 0% are included.
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Theorem 6.4. Let G : (0,T) x R x R — C be as in Assumption 6.1 of Assumption 6.2.
Then for every F € A,(C), p € (0,2), the wave function

¥(t,x) := lim e_‘gyzG(t,)c,y)F(y)dy7 t€(0,T),xER, (6.21)

-0t JR

exists and ¥ € AC12((0,T) x R) is a solution of the Cauchy problem

'8‘Pt = o2 V(t,x) )Pt te(0,T R 6.22

S W() = (= 55+ VD))V, fae e (OT)xE R (622)
(1,00 \ _ o &Ww,0")

M( W(r,0-) > N( —%‘P(t,O*) , t€(0,T), (6.22b)
11153r Y(t,x) = F(x), xeR. (6.22¢)

Moreover, for any sequence of initial conditions (F,), C A,(C) which converge as F, =
F in A,(C), also the corresponding solutions (6.21) converge as

lgn Y(t,x;F,) =¥(t,x;F), (6.23)
Nn—yoo
for fixed t € (0,T) and uniformly on compact subsets of R.

Note, that for convenience we used the notation W(¢,x; F) to emphasize the initial condi-
tion.

Remark 6.5. If we replace the growth condition (6.8a) in Assumption 6.1 by the stronger
condition
q

1G(t,x,2)| < Ag(t,x)ePotIIME 4 e (0,T), x e R, z € Sq, (6.24)

or some q € (0,2), and also choose some initial condition F € , p € (0,2), whic
0,2 d also ch initial dition F € A,(C 0,2), which
is bounded as
F(z)] <ALPIMOI 7 e 8, (6.25)

then it follows from Corollary 4.2 (ii), that the wave function (6.21) can be written in the
equivalent form

R
W(r,x)= lim / " Glt,x,y)F(y)dy, t€(0,T),xeR.
Ry,Ry—o0 J_R,

We point out that the stronger growth condition (6.24) on the Green’s function is for g = 1
satisfied in all examples in Section 8.5 & 8.6. However, the growth condition (6.25) for the
initial condition F is rather restrictive and it is desirable to allow also initial conditions
that may be unbounded on the real line. See for example the type of initial conditions
which arise naturally for the supershift property in Theorem 7.5.
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Proof of Theorem 6.4. The proof of the existence of the wave function (6.21) and the fact
that ¥ € AC;2((0,T) x R) is a solution of (6.22a) and (6.22c¢) is the same as in the proof
of Theorem 5.6. Also the continuous dependency result (6.23) can be proven in the same
way.

It remains to verify the transmission condition (6.22b). If M = N = 0, the transmission
condition (6.22b) is trivially satisfied. In the case M # 0 and N = 0, we can estimate the
integrand of the integral (5.31) as

|G(t,x,ye")F (ye'®)| < AAg(t,x)e~ ") sin(20r)y” +2a() sin(00) !+ Bo (e )P +BYNY

using the decomposition (6.7) as well as the estimate (6.8a). Since by Assumption 6.1 (iii)
the coefficients A(z, -) and By(t, -) are bounded in the limit x — 0%, the right hand side
can be replaced by some integrable and x-independent majorant, at least in a neighborhood
of x = 0. Hence we can apply the dominated convergence theorem to (5.31), which gives
the boundary value

¥(r,0%) =e"°‘/ G(t,0%,ye'®F (ye'®)dy, te(0,T). (6.26)
R

Since moreover the estimate (6.8a) in the limit x — 0F shows that
IG(1,0%,2)] < Ag(1)eP D" 1€ (0,T), 7 € Sq,

where Aq(t) and By(t) are upper bounds of Ag(t, -) and By(t, -) in the limit x — 0%, we
can apply Corollary 4.2 to rewrite the integral (6.26) into the form

P(1,05) = lim | e ©°G(t,0%,y)F(y)dy, t€(0,T). (6.27)

e—=0t JR
Since the Green’s function satisfies the transmission condition (6.5) with N = 0, the same

equation carries over to the wave function ¥ and we end up with the stated (6.22b).

In the situation N # 0, also the coefficients A; (¢, -) and By (¢, - ) are bounded as x — 0™ by
Assumption 6.1 (iii). In the same way as we derived (5.33) in the proof of Theorem 5.6,
we also get the Fresnel type integral representation

d a9 i i :
E‘P(t,x) =e /RaxG(t,x,ye VF (ye'*)dy, t€(0,T),x€R, (6.28)

of the spatial derivative. Using the decomposition (6.7) as well as the estimate (6.8a) and
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(6.8b) to estimate the integrand as

)(%G(t,x, yeia)F(yeia)‘

= [ptate)x 360556 + 550,360 |00 E )|
X
< A(2A0(t,2)a(0)]x — ye'¥| itV

FA(t,x)eP <r,x>|y|")eB\y\qeza<r>sin(a)\xy|efa<r> sin(2a)y?

Since, by assumption the coefficients Ay, Aj, By, By are bounded as x — 0%, the right
hand side can be replaced by some integrable and x-independent majorant, at least in a
neighborhood of x = 0. Hence we can apply the dominated convergence theorem to (6.28),
which gives the boundary value

i +\ _ ia i + a i
ax‘I—’(I,O Y=e /RaxG(tﬂ ,ye' OV (ye'*)dy, 1€ (0,T).

In the same way as above, Corollary 4.2 then transforms this integral back into the form
il}'(z 0%) = lim e*eyzic(t 0%, y)F(y)dy, t€(0,T) (6.29)
ax -0+ JR ax 7 ’ e '

Since we already know by assumption that G satisfies the transmission condition (6.5),
the integral representations (6.27) and (6.29) show, that it carries over to ¥ and gives
(6.22b). O






7 STABILITY OF SUPEROSCILLATIONS AND SUPERSHIFTS

It is a question almost as old as superoscillations itself: What happens to a superoscillating
function as it evolves in time, when interacting with some quantum mechanical system?
Or in other words: Does a frequency shift of the initial condition at r = O survives the time
evolution and leads to a similar shift for the solution at times ¢ > 0? As one can imagine,
this time persistence of superoscillations is of crucial importance in applications, since
one has to guarantee that the superoscillating wave is not right away destroyed by some
potential or perturbation. Since, as mentioned in the introduction, superoscillations al-
ways appear with an exponentially small amplitude, one could think of them being quickly
destroyed by the exponentially large amplitudes of the outside regions. However, it was
shown in [51], that at least in the potential free case, superoscillations survive for an un-
expected amount of time. An experimental verification of this fact is for example done
in [3,27].

The particular case of the quantum mechanical evolution problem with respect to the one
dimensional Schrodinger equation will be the main topic of this chapter. This means, for
some potential V (¢,x) we consider the Cauchy problem

2

. d d
IE\P(I’X) = (f 52 +V(t,x))‘P(t,x), (7.1a)

Y(0,x) = F(x), (7.1b)

and ask, what happens to the wave function W(¢,x) if we put some superoscillatory func-
tion F as its initial condition. Will the solution ¥(z,x) still be superoscillating at times
t > 0? The first mathematical rigorous treatment of this question was the paper [15],
where for the free particle the authors proved a superoscillatory behaviour for any time
t > 0. Subsequent works then also consider nonconstant potentials as the harmonic os-
cillator in [22, 33, 35, 55, 56, 68], the electric field in [19, 22, 35, 55], the magnetic field
in [22,66], the centrifugal potential in [22,33, 67, 68], the step potential in [20] and distri-
butional potentials as § and &’ in [5, 6,36]. But also the time persistence with respect to
other evolution equations as the Klein-Gordon equation in [21, 88] or the Dirac equation
in [72,88] were considered.

While all the previous works only consider specific potentials and investigate them one
by one, the main novelty of the unified approach of this thesis is, that it is based only on
certain regularity and growth conditions of the corresponding Green’s function but avoids
its explicit form, see Assumption 5.1 and Assumption 6.1. It will turn out that all the above
mentioned potentials are covered by our unified approach, as verified in Chapter 8.

In order to motivate the structure of this chapter and in particular the time persistence
result of Theorem 7.5, we start in Chapter 3 where we introduced two different types

81



82 7  Stability of superoscillations and supershifts

of superoscillating functions. The Type II superoscillations of Definition 3.2, which are
characterized by their number of sign changes, will not be treated here. We will only
consider the Type I superoscillations of Definition 3.1, where the convergence

: ikz
r}gr;F,,(z) =™ in A;(C),
plays a central role. This limit perfectly harmonizes with the continuous dependency re-
sults of Theorem 5.6 and Theorem 6.4 and already indicates some convergence of the
form
lim W(r,x; F,) = ¥(t,x;¢*),
n—soo

and hence some superoscillatory property of the wave function. However, although the
limit function W(z,x;¢*") may admit some oscillatory behaviour, it is by no means ex-
pected (and also not true) that it is again a plane wave %% with some frequency k(r).
Hence, the sequence W(¢,x;F;) is no longer superoscillating in the sense that it con-
verges to some plane wave with high frequency. A second issue is, that the desired A;-
convergence in the variable x may in general fail since some arbitrary potential, having for
example discontinuities, leads to a wave function which is no longer holomorphic although
the initial value was. To overcome this dilemma, the notion of supershift was introduced
in [68]. The upcoming definition of supershift mainly means, that we forget about the
oscillatory behaviour of the plane waves ¢/** and replace them by some arbitrary functions
¢ (z). The only property we stick to is the convergence (7.4). Whether the functions @y
admit any kind of oscillatory behaviour has to be investigated independently and is not part
of the general theory in this chapter.

Definition 7.1 (Supershift). Let O,U C C withUd C O and X be a metric space. Consider
a family
o:X—C, keO, (7.2)

of complex valued functions, such that for every s € X the mapping k — @i(s) is bounded
onU. We say that a sequence of functions (®,,), of the form

uls) = /u Oc(s)dun(K), sEX, (7.3)

with complex Borel measures W, on U, admits a supershift, if there exists some k € O\ U,
such that

lim ®,(s) = @(s), se€X, (7.4)
n—oo
converges uniformly on compact subsets of X.

Remark 7.2. Note, that the integral (7.3) is well defined since any complex measure L, is
in particular finite and the integrand K — @ (s) is bounded by assumption.
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Remark 7.3. If the sequence (®,,), in (7.3) admits a supershift, then the values of @ for
some k € O\ U, outside the smaller set U, can be calculated by only using values @ at
the points K inside U. Hence, informally speaking, when considering the mapping k — @,
there is a breeze of analyticity in the air, see also Theorem 7.7 and Corollary 7.8.

Since we introduced the supershift property with the aim to generalize superoscillations,
the following example shows, that the superoscillating sequence (1.1) indeed admits the
supershift property.

Example 7.4. Let X = C and consider for every k € O = R the exponentials
o(z) =e*, zeC.

Then the functions F, from Definition 3.1 can be written as

ko
B = [ ocdmx), zeC.

due to the representation (3.1). Moreover, by (3.2) it follows that
lim F,(z) = ¢(z) in Ai(C),
n—oo

for some k € R\ [—ko,ko|. Since this Ay-convergence in particular implies the uniform
convergence on compact subsets of C, the superoscillating sequence (Fy), indeed admits
a supershift according to Definition 7.1.

The main result of this chapter is the following Theorem 7.5 on the supershift property of
the solution of the Schrodinger equation, which can be viewed as a corollary of the contin-
uous dependence results of Theorem 5.6 and Theorem 6.4. Roughly speaking, we consider
a family of initial conditions that admits a supershift (with respect to a slightly stronger
form of convergence as in Definition 7.1) and conclude that the corresponding solutions of
the Schrodinger equation admit a similar type of supershift, see also Remark 7.6.

Theorem 7.5. Let the function G be as in Assumption 5.1 (or Assumption 6.1) and O,U C
C with U C O. Moreover, for some p € (0,2) let ¢ € A,(C), k € O, be a family of
functions, such that the required A,-boundedness is satisfied by

lo(z)| <A(R)PPR e, (1.5)

for some A(k),B(k) which are bounded on U. For complex Borel measures [y, the func-
tions

Fn(Z):/u(pK(Z)dun(K)7 z€C, (7.6)
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are elements in A,(C) and if they converge as
,}EI;F” =@ in Ap(C), (1.7)

to some @ with k € O\ U, then also the sequence of solutions of the Cauchy problem
(5.24) (or (6.22)) converges as

lim W(1,x:F,) = lim / W (1,5 0 ) d it (K) = (1,500, (7.8)
n—ree Jy

n—yoo

for every t € (0,T) and uniformly on compact subsets of R (or R).

Proof. In the first step we want to show that F;, is an entire function. To do so, we choose
any closed triangle A C C and consider the path integral

/AF,,(z)dz:/A/u(p,c(z)du,,(ic)dz.

Due to (7.5) and the uniform bounds A(k) < A. and B(k) < B., for every k € U, the
integrand can be estimated by

|0c(2)] < AP kel zeA.

Hence the double integral over A x U/ is absolute convergent and we are allowed to inter-
change the order of integration, which leaves us with

./AF"(Z)dZI,/L{/A(PK(Z)dZdu”(K):/Z/,Od'u”('():ov

where the integral [, @«(z)dz vanishes due to the holomorphicity of ¢@,. By the Theorem
of Morera this implies that F;, is an entire function. The fact that it is also exponentially
bounded follows from the simple estimate

RN < [ lox@ldn|(x) < Aclu @)™, zec,
where |1,,| is the variation of the complex measure y,. Hence we verified F, € A,(C).

The fact, that the convergence (7.7) leads to the convergence (7.8), was already proven in
Theorem 5.6 and Theorem 6.4. It is left to show that it is possible to write

‘I’(nx;Fn):/U‘P(t,x;qo,()dun(ic).
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Using the representation (5.31) of the solution gives
Wt,xF) = ¢ [ Glt,xye)F(ye)dy
=¢ / G(t,x,ye'®) / O (ye'®)dp, (x)dy
JR Ju
= [ | Gle.xye ) pelye)dydp ()
UuJR

= [ ®(xi00)dun(x),

where we were allowed to interchange the order of integration because of the estimate
|G(t,x,y¢'%) @y (ye'®)| < AOQAO(Lx)e*a(t)sin(m)yzﬂa(t)Sin(a)\xy\JrBo(t-x)\y\"+Bwb‘\”.

. . . . . H 2
Since the complex measure L, is finite, and due to the decaying Gausssian e—4(")sin2a)y”,

the double is absolute convergent and we are allowed to apply the Fubini theorem. OJ

Remark 7.6. Since the convergence (7.7) implies uniform convergence on all compact
subsets of R, it is clear, that the initial conditions (Fy), in (7.6) admit the supershift prop-
erty of Definition 7.1 with respect to the metric space X = R. Furthermore, at any time
t € (0,T), the convergence (7.8) shows that the sequence (¥(t,x;F,)), again admits a
supershift with the functions (7.2) chosen as §(x) == ¥ (t,x; ).

In the next result we continue the theme of Theorem 7.5 and return to the analyticity issue
of Remark 7.3. In fact, the following Theorem 7.7 shows, that analyticity in the variable k
of the initial condition implies analyticity in the k-variable in the wave function.

Theorem 7.7. Let G be as in Assumption 5.1 (or Assumption 6.1) and P (t,x;F) the so-
lution of the corresponding Cauchy problem (5.24) (or (6.22)). For some open set Q C C
and p € (0,2), we consider a family of functions ¢ € A,(C), k € Q, such that
()| <A(K)PPE - zec, (7.9)
is satisfied for some A(k),B(k) > 0, locally bounded. If for every z € C the mapping
Q3k— g(z)
is holomorphic, then for every fixed t € (0,T), x € R (or R), the mapping

Q>k—P(t,x; )

is holomorphic as well.
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Proof. Fixt € (0,T), x € R (or R). For any closed triangle A C Q, we get

[ exgdi= [ & [ Glt.x.ye)gu(ve)dydk, (7.10)
A A R

due to the representation (5.31) of the wave function. Here o € (0, ) is the angle of the
double sector Sy in Assumption 5.1 (or Assumption 6.1). In order to interchange the order
of integration, we prove absolute integrability of the double integral. Firstly, the estimate

|G(t7x,yeia) (Pk(yeia) | < A(k)A() (t’x)efa(t)sin(Zoc)y2+2a(t) sin(oc)|)cyH»].’§0(t,x)\y\‘I+B(k)\y\”7
(7.11)
follows from (5.9a) (or (6.8a)) as well as (7.9), and shows that the y-integral is absolutely
convergent. Moreover, the coefficients A(k), B(k) are assumed to be bounded on the com-
pact triangle A. This means, that the right hand side of (7.11) can be replaced by some
k-independent and y-integrable upper bound. Hence, the double integral (7.10) is abso-
lutely convergent and we are allowed to interchange the order of integration and get

/‘P(t,x; o )dk = '® / G(t,x,yeia)/(pk(yeia)dkdy.
A JR A

Since the mapping Q > k — @ (ye'®) is holomorphic the path integral along A vanishes
and we get

/ W(t,x;0,)dk = 0.
JA
Due to the Theorem of Morera this implies the analyticity of Q > k +— W(z,x; @ ). O

In order to appreciate our main results, the following corollary shows how the above The-
orem 7.5 and Theorem 7.7 combine in the special case of exponentials ¢ (z) = €%, i.e. in
the case of a Type I superoscillating sequence of Definition 3.1.

Corollary 7.8. Let G be as in Assumption 5.1 (or Assumption 6.1) and (F,), a Type I
superoscillating sequence. Then the sequence of solutions of the Cauchy problem (5.24)
(or (6.22)) converges as
ko . .

lim W(r,x;F,) = lim [ W(t,x;¢™ )du, (k) = P(r,x;¢~), (7.12)

n—oo n—eo J_fo
for every t € (0,T) and uniformly on compact subsets of R (or R). That is, the sequence
W(¢t,x; F,) admits a supershift. Moreover, for every fixed t € (0,T), x € R (or x € R), the
mapping ‘

Csx—P(t,x;e™) isanalytic.

Proof. Since the functions @ (z) = /%% satisfy the estimate

oc(x)| <eF KzeC,

the assumptions of Theorem 7.5 and Theorem 7.7 are satisfied and the statement of the
corollary follows. L]



8 EXAMPLES OF GREEN’S FUNCTIONS

In this chapter we apply the theory of the previous Chapters 5, 6 and 7 to some specific
potentials and transmission conditions, where the corresponding Green’s function is known
explicitly. We start by the simplest case, the free particle V = 0 in Section 8.1, and proceed
with the electric field V ~ x in Section 8.2, the harmonic oscillator V ~ x? in Section 8.3,
the Poschl Teller potential V ~ le(x) in Section 8.4, which are all applications of the
Schrodinger equation on R, i.e. Section 5. As examples for the Schrodinger equation on
R :=R\ {0} of Section 6, we consider the centrifugal potential V ~ x% in Section 8.5 as
well as arbitrary point interactions in Section 8.6. The main task in the above mentioned
examples is to verify either Assumption 5.1 or Assumption 5.4 is satisfied for the potentials
on R and either Assumption 6.1 or Assumption 6.2 is satisfied for the potentials on R.
Hence in all the cases the corresponding Theorem 5.6 or Theorem 6.4 is applicable and in
particular the time persistence of the supershift property in Theorem 7.5 holds true.

While the forthcoming examples of Section 8.1-8.4 were already considered in the paper
[7], the centrifugal potential of Section 8.5, in particular in the attractive case A < 0, is
a potential for which the time persistence of supershifts is proven for the first time. For
arbitrary point interactions this result is already known, see [6], but Section 8.6 at least
shows that also these distributional potentials fit into the general framework of the unified
approach.

8.1 Free particle

The free particle V (¢,x) = 0 is the easiest example and also the one which was investigated
first in the history of time evolution of superoscillations, see [15]. The corresponding
Green’s function is given by

1 -x?
e @, t>0,x,yeR. 8.1
2V imt Y

Theorem 8.1. The Green’s function (8.1) satisfies Assumption 5.4 for V(t,x) = 0.

G(t,x,y) =

Proof. Tt is obvious by simply replacing y — z in (8.1), that G(¢,x, - ) extends to an entire
function. Moreover, the decomposition (5.15) is satisfied using a(t) = % and

G(t,x,z) = t>0,xeR, zeC.

1
2/int’

Next we verify the properties (i)—(iii) of Assumption 5.4.
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88
(i) In order to see, that (8.1) is a solution of the time dependent Schrodinger equa-

tion (5.13), or equivalently that G is a solution of (5.11), we explicitly calculate its
-1
(8.2)

derivatives, which are
G(t,x,2) =0 azé(t )=0 and aé(t )
P X = _— X = - X = .
ax b 7Z b axz ) 7Z at b 7Z 4 int%
Hence, G(t,x,7) satisfies
2 Gle,x,2) ( A e X i)é(r )
i— X2)=(—=5+—5——=— X
Tt ox2 it Jdx 2t i
which is exactly (5.11) with a(t) = 4% and V(¢,x) = 0.
(ii) For any x € R, we trivially obtain the limit (5.14) as
G(t,x,x) . 1 1
im —— = lim — = —. 8.3
A0 e S Vim v ®.3)
(iii) The absolute value of G and its derivatives are
|6(I7X7Z)| = L7
2w
‘aé(t )‘ ‘azé(t )‘ 0 (8.4)
— x,2)| =|== x,7)| = .
ax ) 7Z axz ) 7Z )
d ~ 1
|5-Gt,x,2)| = ——.
o1 4w
1
27\/5 and

This shows, that the exponential bound (5.16a) is satisfied with Ag(z,x) =

By(t,x) = 0, for which
Ap(t 1
0(t,%) =— and By(t,x) =0,

a(t)y V=m

are obviously bounded as t — 0", as claimed in (5.17). By the explicit form (8.2)
of the derivatives we immediately see, that also the exponential bounds (5.16b) are

satisfied.
Hence the Green’s function indeed satisfies Assumption 5.4 and Theorem 8.1 is proven.
O
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8.2 Time dependent electric field

In this section we consider V(¢,x) = A(¢)x, for some continuous A : [0,00) — R. For the
special case of a constant strength A (7) = A, this type of potential was already investigated
with respect to the time persistence of superoscillations in [19, Theorem 3.6]. Even for
some generalized Schrodinger equation, i.e. f% replaced by f (fi%) where f is a poly-
nomial of even degree, the electric field potential was investigated in [22]. The Green’s
function, associated with electric field potential, is given by

G(t,x,y) = ;eiﬁ(t)+it(x’(t)x+ia(l))’*7(":,-7)2’ t>0,xy€ER, (8.5)

2/ imt

where the parameters o, 3 : (0,00) — C are the solutions of the ordinary differential equa-
tions
ta (1) 4+2a/(t) = —A(r) and B'(t) = —r*d'(1)?, >0, (8.6)

with initial conditions

lim o) = li t) = lim ta/(t) =0. 8.7
Jlim, ()= Jim B(0) = lim 10/(0) S
For the particular special case of a time independent electric field A (#) = A with constant
strength A € R, the solutions of the initial value problems (8.6) and (8.7) are in this case
explicitly given by

At A3

a(t):—i and ﬁ(t):—ﬁ.

Consequently, the Green’s function (8.5) becomes

1 A28 idt(xty) _ (v-x)?

G(t,x,y) = e- 2 —Hm . t>0,x,yeR.

Note, that this Green’s function coincides with the ones the authors used in [35, 101].
Theorem 8.2. The Green’s function (8.5) satisfies Assumption 5.4 for the potential V (t,x) =
A(t)x.

Proof. Tt is obvious by simply replacing y — z in (8.5), that G(z, x, - ) extends to an entire
function. Moreover, the decomposition (5.15) is satisfied using a(r) = % and

é(l‘,x, Z) _ eiﬁ(t)+izoc’(t)x+ioc(t)z7 t>0,xeR,zeC.

1
2vVimt

Next we verify the properties (i)—(iii) of Assumption 5.4.



90 8 Examples of Green'’s functions
(i) In order to see, that (8.5) is a solution of the time dependent Schrodinger equa-
tion (5.13), or equivalently that G is a solution of (5.11), we explicitly calculate its
derivatives, which are
9 G(1,x,2) = it (1)G(t,x,2)
— X,2) =1 X
ax ) 7Z ) 7Z 3
a—250 x,2) = —12(£)*G(t,x,2) (3.8)
axz vy badel ) .
Jd ~ 1\ ~
EG(t,x,z) = (iﬁ’(t) +id/ (1) (z —x) —ixA(t) — Z)G(r,x,z),
where for the time derivative we used the differential equation (8.6). Hence é(t,x, 2)
satisfies
d ~ > x—zad 1 ~
i—G(t,x, :(f— —+— lt)Gt,, ,
"ot (t,%,2) o2 T ox T (1)x) G(e,,2)
which is exactly (5.11).
(i1) For any x € R, we obtain the limit (5.14) as
lim G(t,x,x) _ 1 lim B +ire! (x+ia(r)z _ 1 ’
t—0t+ 4 /a(t) \/ﬁHm \/ﬁ
where we used the initial conditions (8.7) of the parameters o and f3.
(iii) The function Gis exponentially bounded by
IG(t,x,y)| < ! atim@ 50 veR zeC (8.9)
b — 2\/E ) ) ) )

and hence satisfies (5.9a) with the coefficients

Ao(t.x) = —— and  Bo(t,x) = |a(t)].

2/t
Moreover, the coefficients

Ao _ L im(Bo)-m@©On g Bo(r) = ).

a(ty Vm

are bounded in the limits t — 0, again by the initial conditions (8.7). By the explicit
form (8.8) of its derivatives, we immediately see, that also the exponential bounds
(5.16Db) are satisfied.

Hence the Green’s function indeed satisfies Assumption 5.4 and Theorem 8.2 is proven.

O
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8.3 Time dependent harmonic oscillator

One particularly important potential is the harmonic oscillator V (¢, x) = (¢)x?, with some
continuous frequency ® : [0,00) — R. The reason for this is, that in many approximations
the potential gets Taylor expanded up to the quadratic term, which is mainly the first in-
teresting one. This approximation is often called semiclassical approximation or WKB
approximation. The particular case of constant frequency @(¢) = ® > 0 is already treated
in [33, 35,55, 68] and a numerical illustration of the superoscillating solution is displayed
in [56]. Also the time dependent case @(r) = £t was considered in [22, Theorem 2.1 &
Theorem 2.3].

The Green’s function of the harmonic oscillator is given by

1 o (12 -2+ (1)y?

G(t,x,y) = ———c @) 1e(0,T),x,y€eR. (8.10)
2\/ira(t)

where the parameters o and 3 are solutions of the ordinary differential equations
a’(t) = —-do()a(t) and B"(t)=—40@)B(r), t>0, (8.11)
with initial conditions
a(0m)=B'(0")=0 and o' (07)=B(0")=1. (8.12)

Moreover, T > 0 is chosen as the smallest positive zero of either a () or B(¢), or T = e
if o(¢) and f(¢) have no zeros on (0,c0). With this choice of T, it follows from the initial
conditions that o(t) > 0 and 3(¢) > 0 forr € (0,T) and (8.10) is well defined.

In the special case of a time independent harmonic oscillator, we obtain the following
explicit forms of the Green’s function.

o If V(t,x) = @*x? for some @ > 0, the differential equation (8.11) has the two linear
independent solutions sin(2w¢) and cos(2wt). With the initial values (8.12), this
gives the solutions

ot) = % and B(t) =cos(wt).

The smallest positive zero of those functions is 7 = %, which is then also the max-
imum time for which our unified approach works. Plugging these solutions into
(8.10), gives the Green’s function

2
Vo —iwxytan(wz)—%
)

V/2imsin(2ot)
Note, that we obtain the same results as in [7, Remark 5.2], with the only difference,

that the upper bound is 75 instead of 75 there, which is an error in the paper.

G(t,x,y) = te (0,1),x,y€R.

4w



92 8 Examples of Green'’s functions

o IfV(t,x) = —w*x* for some ® > 0, the differential equation (8.11) has the two linear
independent solutions sinh(2w¢) and cosh(2@r). With the initial values (8.12), this
gives the solutions

_sinh(201)

P and fB(¢) = cosh(2wr).

ot)
Since both functions do not have positive zeros, we get T = oo, which means, that
the Green’s function is valid for all times ¢ > 0. Plugging these solutions into (8.10),
gives the Green’s function

/= 2
@ Rl tanh(or)— 21?;5311("2)(1»)

G(t,x,y) = —————
t2x,3) 2imsinh(20t)

, t>0,x,yeR.

o For vanishing potential @(¢) = 0, the initial value problem (8.11) and (8.12) has the
solution
a(t)=t and P(r)=1.
These solutions also have no positive zeros, i.e. T = oo, and the Green’s function

becomes
1 _e?

e @, t>0,x,yeR,
2v/imt Y
which means, that we regained the one from the free particle (8.1).

G(t,x,y) =

Theorem 8.3. The Green’s function (8.10) satisfies Assumption 5.4.

Proof. Ttis obvious by simply replacing y — z in (8.10), that G(¢,x, - ) extends to an entire

function. Moreover, the decomposition (5.15) is satisfied using a(r) = 4[;(8) and

~ 1 (B()=0 (1)) +2(1-B(1))xz
G(t,x,z) = ———e¢ 4ia(r) , t€(0,T),xeR,zeC.

2 /ima(t)

Next we verify the properties (i)—(iii) of Assumption 5.4.
(i) In order to see, that (8.10) is a solution of the time dependent Schrodinger equa-

tion (5.13), or equivalently that G is a solution of (5.11), we explicitly calculate its
derivatives, which are

3 G- GO (Bl
2 ~ i(a() — — o (1)x+ (1 - 2\~
55 = (1 %(rf(t))((ﬁ(t) a(ts)()m)z( PO )60 s
J ~ @@ -12 (1-o(O)z ) | .
5612 = 8ici(1)? Galy sa@) 00 #6132,
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where for the time derivative we used the differential equations (8.11) of the param-
eters and that the Wronskian has the constant value

odOB@E)—a@)B'(t)=1, t>0. (8.14)

Plugging in a(t) = b (( )> and using once more the Wronskian (8.14), turns the differ-

ential equation (5. 11) into
J ~ _ B)x—2) &  (B)*-1)(z—x)>* B
i, 09 = (- 8x2+ i) ox ' da@? " aial )“"(’)x) (:x,2)

which is clearly satisfied if one plugs in (8.13).

(i) In order to conclude the initial value (5.14), we first note, that it follows from (8.12)
and L’Hospitals rule, that

1=B() _ . —B0) _0

=0+t o(r) =0+ o'(t) T =0, (8.152)
B —a) . p)—a") . B)+Hae@al)
T T ) B S R

Hence, for every x € R we obtain the limit

Gltxx) _ 1 Godopeopoer ]

lim =

t—0+ F targl* \/W ¢ \/71;

(iii) Since the parameters « and 3 are real valued, the absolute value of the function G

equals
~ 1 (A-B(1)x
G(t,x,2)| = ———e 20 ™9 1€ (0,T),xeR,z€C, (8.16)
2/ ma(r)

and hence satisfies (5.16a) with the coefficients

1 [1—B()]lx]
Ao(t,x) = ——— and By(t,x) = —————.
olt:x) 2/mal) o0 =500
It also follows from the above limits (8.15), that
Ay 11
t~>0+ Va(t) =0t /aB(t) \/ﬁ’
(1-B())lx]
lim By(t,x) = li =
Jim Bo(t,x) = lim 5oy =0

and hence are bounded as claimed in (5.17). By the explicit form (8.13) of its deriva-
tives, we immediately see, that also the exponential bounds (5.16b) are satisfied.

Hence the Green’s function indeed satisfies Assumption 5.4 and Theorem 8.3 is proven.
O
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8.4 Poschl-Teller potential

In this section we consider the Poschl-Teller potential V (¢,x) = Co(sl;;?) [ € Ny. This

potential was already investigated with respect to superoscillations for example in [7].
Using the function R in (A.26) and P;" from (A.30), the Green’s function of the Poschl-
Teller potential reads for every t>0,x,yeRas

! m)!
6t = (7+ mz S

This Green’s function can for example be found in [87, Section 6.6.3].

7’1 (x )Pf”(y)R(mzt,m(yx)))eW. (8.17)

Theorem 8.4. The Green’s function (8.17) satisfies Assumption 5.4.

Proof. Since R(mf?, ) is an entire function and P!" is holomorphic on C \im(Z + }), the
Green’s funcion G(t,x, - ) trivially admits a holomorphic extension to Sy , from (5.12) for
every o € (0,%), h € (0,%), by simply replacing y — z in (8.17). Moreover, the decompo-

sition (5.15) is satisfied using a(t) = i and

G(t,x,2) = P,’"( VP (2)R(m*t,m(z—x)), z€Sqp (8.18)

2\/5 Z 2(l+ )'

= Gflee(t X Z)

=Gn (’-,x-,z)

Next we verify the properties (i)—(iii) of Assumption 5.4. Note, that we already treated
Giree in Section 8.1, and we will refer to these results in the following.

(i) In the first step, we check whether Gm is a solution of (5.11). From the differential
equation (A.31) of ;" and the derivatives (A.27) of the function R, we immediately

derive the derivatives of G,, by

$Gn(t:5.9) = 5 Gl0.2.2) + PP (OPP (2 sinh(on(z )
’"(x)Pl ()R (m t,m(z—x))
2 —
%Gm(t,x,z) = (2%[* ( 4I2Z) +m?— c(EShz(lj)) n(t,%,2) (8.19)
1 m m X—2 .
+ﬁ’Pl (x)P; (z)(T s1nh(m(z—x))—2mcosh(m(z—x)))
+73,m/(x)73 (Z)(FSIHh( (Z_x))+)%R(m2t,m(z—x))>
~ 7x2 ~
%Gm(t,x,z) = i(m2+ (Z4t2) )Gm(t,x,z)

+ i\/ll_ﬁpzm (xX)P"(2) ()% sinh(m(z — x)) — 2mcosh(m(z 7x))> .
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These derivatives now show, that (~}m satisfies

ax2 " it Jx it
1(0+1) ~
=——— " Gplt,x,z
cosh?(x) nl )

GRS AT

d

+ \/%a (PIm(z)P,’"(x) sinh(m(z fx))) .

The derivatives of 5free(t,x,z) were already calculated in (8.2) and give

d 9% z—x9d 1\~
(15 + ﬁjLTﬁ - E) Grree(1,X,2) = 0.

Using now the identity (A.33), this immediately shows that indeed

0 2 z7—x0 1\ ~
R RTr A [

1(14+1) & m(l—m)! ~
B 7COSh2(x) Z 2(l+m)! Gm(t,sz)

2 d & om(l—m)!

m=1

+ \/%amﬂmfplm(z)ﬂm(x) sinh(m(z —x))
i 5 ~ (I+1) d
= _C(ES;;(IX)) (G(t,x, z) — Giree (1, z)) + 2(% a(tanh(z) — tanh(x))
RSP
~ cosh®(x) Gt,x.2),

is a solution of (5.11).

(i1) For every x € R, we obtain the limit

lim G, (t,x,x) = P"(x)*(A(0) — A(0)) =0,

t—0+

by the explicit form (A.26) of the function R. In the decomposition (8.18) this then
gives the limit
G(t,x,x) lim Giree(t,x,x) 1

lim = = ,
t—0F a(t) t—0t a(t) \/ﬁ

where the respective limit of Gy Was taken from (8.3).

(>iii) For the estimate (5.16a) of 6,,, we will use, that

o Re(2)] R S
—— < ) S )
[cosh(z)] = % CEPah
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for some Cy j, > 0. Together with the estimate (A.29) of the function R and the
estimate (A.32) of P/, this gives the bounds
elRe )m( elxl )m
|cosh(z)] cosh(x)

)
V2

Plugging now (8.20) into the decomposition (8.18) shows, that the estimate (5.16a)
is satisfied with

1 m)! my/t
2\/* Z l+ Clm(xhCZhA(_W

Glt,x,2)| < 2Cim7a,h/\( "%) (

<2C} aiC A( (8.20)

A()([,)C)

) and By(t,x) =0.

With these coefficients the values % and By are obviously bounded in the limit

t — 07 as claimed in (5.10). By the explicit form (8.19) of the derivatives, we im-
mediately see, that also the exponential bounds (5.9b) are satisfied for the derivatives
of G,, and hence also for the derivatives of G.

Hence the Green’s function indeed satisfies Assumption 6.2 and Theorem 8.4 is proven.
O

The Poschl-Teller potential was the last example, for which the potential was defined on
the whole real line R. In the upcoming Sections 8.5 & 8.6 we consider potentials on IR,
and consequently the Schrodinger equation (6.22) on (0,7) x R including transmission
conditions.

8.5 Centrifugal potential

In this section we consider the strongly singular centrifugal potential V (¢,x) = f—z of strength

A € R\ {0}. We want to mention, that the repulsive potential V (¢,x) = 3—2 A >0, was al-
ready investigated with respect to superoscillations in [22,67]. In [33] even the combined
centrifugal and harmonic oscillator potential V (¢,x) = j—z + wx? is considered, which would
also be possible in our case by combining the ideas of this section with the ones in Sec-
tion 8.3. However, for simplicity we will omit this discussion and concentrate on the pure
centrifugal potential here. The case A < 0 on the other hand is not yet treated with respect
to stability of superoscillations and is a novelty of this thesis.

For A > 0, the Green’s function of the centrifugal potential V (¢,x) = % is given by

X2 V
®(XY)\/)Ty€,%

2 /Xy .
Glt.xy) = — oy, Jv<§), 1>0,x,y€R, 8.21)
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and for A < 0 by

O(x X Z4y? .
G@szgégégz’%%Hw(%),t>0Jy€R. (8.22)
Here ®(¢) = { (1)’ :1{2 z 8’ is the step function, v := /1 + 4 is either nonnegative or

purely imaginary with positive imaginary part, Jy is the Bessel function of the first kind and
H‘(,z) the Hankel function of the second kind. Note, that the Green’s function vanishes for
xy < 0, which is due to the fact that the xiz—potential is too singular at x = 0 to allow any in-
formation exchange between the two halflines. Additionally, this nonintegrable singularity
automatically implies a Dirichlet boundary condition of the form ¥(¢,0") = ¥(¢,07) =0,
see for example [76] for justification.

Theorem 8.5.

a) The Green’s function (8.21) satisfies the Assumption 6.1 for the repulsive centrifugal
potential V (t,x) = )?“—2 A > 0, and the transition matrices M = I, the identity matrix,
and N =0.

b) The Green’s function (8.22) satisfies Assumption 6.2 for the attractive centrifugal
potential V (t,x) = j—z A <0, and the transition matrices M = I, the identity matrix,
and N = 0.

Proof of Theorem 8.5 b). First of all, the Green’s function (8.22) can be written as

@ 2
G(tax7y) = (xy) 77)}[&/2) (g

oWy -
2ivHi/2t 2t

using the modification (A.36) of the Hankel function. It will now be shown, that G satisfies
the Assumption 6.2. Obviously, G(¢,x, - ) holomorphically extends to C\ iR by

) t>0,xy€cR, (8.23)

O(tx) _ (g2

i S -2 (X2
2i"+1\/27te Hv( ), +Re(z) > 0.

G(t,x,z) = %

In particular, G(t,x, -) is holomorphic in the interior of Dy, in (6.10) for any o € (0,%),
h > 0. Moreover, the decomposition (6.7) is satisfied using a(t) = % and

~ _O(Ex) (X2
G(t,x,z) = WHV (Z), +Re(z) > 0.

Next we verify the properties (i)—(iii) of Assumption 6.2.
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®

(ii)

(iii)

It is obvious, that for fixed z € C \ iR we have G(-, -,z) € AC;2((0,T) x R) and in
order to see, that it is a solution of the time dependent Schrédinger equation (6.11),
it is equivalent to show that G is a solution of (5.11). Hence, for every t € (0,T),
x € Rand z € C\ iR we explicitly calculate its derivatives

9 Gi(t,) = I3y (X0

Jx 4v+1y/213 2/
5 v2—i~ O(+x)z? (2) (X2

O(£x)z° Xz 24
e - Al R
9 - 1 ~ O(Ex)xz 2y (X2
EG(t,x,z) _?G(’ 2) = mH (Z)’

where for the second spatial derivative we used the differential equation (A.37). This
shows, that G(t,x,z) is a solution of

9 ~ 2 x—zd 1 Vi-iyv~
latG(t;va)—<_ax2+ it a)("‘ﬂ"‘ x2 )G(l,x,z),

which is exactly (5.11) after using v? — }T = A. Moreover, the boundary values of G
in (6.12) follow from (A.45) and are given by

O(xy) 2 2) (XY
i it -
60:0*) = s i 1 (5) =

From the first limit (A.45) of the Hankel function, we obtain for every x € R the
initial value (6.13) by

i SO L m () =
Using (A.44a), the absolute value of G can be estimated by
|6(t,x,z)| 2(;:1) ’H (xz)‘ < ;\V/; |Arg(+z)| < a, (8.25)
and hence satisfies (6.15a) with the coefficients
Ao(t,x) = 2&% and By(t,x) =0. (8.26)

These coefficients are bounded as x — 0F and also A—\/% and By are also bounded as
= 07, as requested in (6.16). Due to the explicit form (8.24) of the derivatives of
G and the additional estimate (A.44b) of the derivative of the Hankel function, one
immediately sees, that also the exponential bounds (6.15b) and (6.15¢) are satisfied.
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Hence the Green’s function (8.22) indeed satisfies Assumption 6.2. Il

Next we prove the repulsive case a) of Theorem 8.5. Although some parts will be similar,
especially the verification of the initial condition is different in the sense that in this case the
simple limit (6.13) is no longer satisfied and we really have to check the initial condition
(6.6).

Proof of Theorem 8.5 a). First of all, G(¢,x, - ) holomorphically extends to C\ /R by
O(£x)/xz _2+2  /xZ
G(f,X,Z) = We it JV(Z)’ :l:RC(Z) >0

In particular, G(z,x, -) is holomorphic in the interior of the double sector S¢, for any o €
(0,2). Moreover, the decomposition (6.7) is satisfied using a(t) = 4 and

~ O£ 1z
G(t,x,z) = %e’fh (%), +Re(z) > 0.

Next we verify the properties (i)—(iii) of Assumption 6.1.

(i) Itis obvious, that for fixed z € C \ iR we have G(-, -,z) € AC; 2((0,T) x R) and in
order to see, that it is a solution of the time dependent Schrodinger equation (6.4), it
is equivalent to show that G is a solution of (5.11). Hence, forevery t € (0,T), x € R
and z € C\ iR we explicitly calculate its derivatives

d ~ iz~ ®(j:x)\/5cz% o (X2

EG(I,)QZ) = (ﬂ-'— Z) G(I,X,Z) + W@ 2 JV (271‘)7 (8.27a)
9% ~ iz 2 VP—i\= @(ix)\/fcz% iz, (X2
5 C2) = (5= 5+ — ) Sl + =Zm=e T (57). @270
9 ~ 1 ixzy ~ O(+x)(x2)? 1 , (X2

EG(Z‘,)@Z) = (* ; - ?)G(I,JQZ) - W@ 2 ‘,V (27), (827C)

where for the second spatial derivative we used the differential equation (A.35a).
Hence G(1,x,z) is a solution of

0 ~ 2> x—z0 1 v -1~
.7Gt7 )=\ T332 T T 3.7 54 4)Gt7 1% )

"ot (t,x.2) < w2 T T T e (t,%,2)

which is exactly (5.11) after using v — % = A. Moreover, the boundary values of G
in (6.5) follow from the fact, that J, (z) 290 and are given by

_9(%y)

+
G(t70 7y) - 2i"+1t

»? xy .
— i J*J(—):Q 1>0,yeR.
¢ VY, Y
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(i) In order to check the initial condition (6.6), we fix x € R and without loss of gener-

ality we will only consider x > 0. The calculations for x < 0 are the same. Let now
Xp > x be arbitrary, F € H(C) and consider the function

X0

X
Wo(t,x) = [  G(t,x,y)F(y)dy= 2lv+1t/ Vxye: = Jv(zf)F(y)dy,

—X0

as well as, motivated by (A.54), the approximated function

_xt iyt 4:\ cos (xy (2V+ 1)71'

‘Po(LX) = 2 1

e f [ )E ()

In the inequality (A.50), we can interpolate between |z|~2 and |z|’% to get an in-
equality of the form

ﬂ (2v+1)7r E,
_ Y= A S < =2 [Tm(z)| .
Jv(2) ﬁcos <z )‘ \z\f’te , Re(z) >0

With this one, we can now estimate the error of the approximative function by

~ X0 /Xy xy 24/t xy (2v+D)m
Folto) o) < [ (2) - 2L oy (2 CYEDTY
Folt ) =l x)|_/0 20 \2r) T ey () ldy
~ 1 [ 1
<E0Y [T —IFO)ldy
0 (xy)?
4E, (ZIXO)
< S [ F g llee
x4
Since the right hand side converges to zero as t — 0™, we get
lim Wo(t,x) = lim Py(t,x), 8.28
i Yo(t2) = i Fol0,0) 29

and we reduced the problem (6.6) to the one of the initial value of ‘i‘o(t,x). Writing
the cosine as an exponential function we can split up the integral as

x +\ R (2V+1)7[ xy , (2v+Dm

it e 7 B giiijlﬁ)F(y)dy

@O(I’x) 21"*1\/7/

1 ()2 (x—y)?

Vta e~ i +e i )F(y)dy

Xo
B Zx/int/o

Using the derivative d% erf(z) = %e’zz of the error function and applying integration
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by parts, one can rewrite this integral as

Po(t,x) 2/)60 d V+1 zerf ()ZC\J;;) —erf (;—/g))F(y)dy

— (—12)v+1 (erf(?\‘/?t())F(xo)—erf(z\x/E)F(O)_/Ox"erf (;Cj_ﬁy)F’(y)dy>
_1< rf(xzx/ﬁ))F(xo)—erf(z\r>F(o)_/Ox erf(zf)F(y)dy>

Applying now the limit # — 0" and carrying it inside the integral is allowed since
the integrand is uniformly bounded. Using also 0 < x < xp as well as the limit
limg_, 4o erf(%) = =41 of the error function gives the initial value

im (1) = = (pta) 000~ [ 900y

=0+ 2

3 (ot - 00 - [“sentr—3)e)ar) ot

Together with (8.28) this proves the initial value (6.6).

(iii) Using (A.49), the absolute value of G can be estimated by

~ O(+x Xz| _ xIm() Xz
Glen o) < SNV ()
< Cy0(+x) ei“;l{(:)e‘xlr;(@‘ < Cy

V2t TV

+ze 8,

where we used that |xIm(z)| = xIm(z) since 4z € S; and +x > 0. Hence G satisfies
the bound (6.8a) with the coefficients

Ao(t,x):% and By(r,x) = 0. (8.29)

These coefficients are bound as x — 0F and also 4 \f and By are bounded as t — 0T,

as requested in (6.9). Due to the explicit form (8.27) of the derivatives of G and the
additional estimate (A.49) of the derivative of the Bessel function, one immediately
sees, that also the exponential bounds (6.8b) and (6.8c) are satisfied.

Hence we also proved (i), namely that the Green’s function (8.21) of the repulsive cen-
trifugal potential satisfies Assumption 6.1. O



102 8 Examples of Green'’s functions

8.6 Arbitrary point interactions

In this section we consider the classical potential V (z,x) = 0 on (0,) x R, and allow all
possible self-adjoint singular interactions at the origin. In particular the Dirac 8- and &’-
potential or boundary conditions of Dirichlet-, Neumann- or Robin-type are included. In a
mathematical rigorous way, those distributional potentials manifest themselves as interface
conditions at the point of interaction x = 0.

There are various ways to describe the complete family of self-adjoint interface conditions,
see for example [54,59, 62,77, 105, 106], but for our purposes it is convenient to use the
one from [37, Chapter 2.2], namely

(1—J) ( iggf; ) —i(1+7) ( oy \15(105)) ) (8.30)

where [ is the 2 x 2 identity matrix and J is some arbitrary 2 X 2 unitary matrix, see (8.32).
The class of interface conditions (8.30) coincides with the class of self-adjoint interface
conditions at x = 0. In other words, each unitary matrix J € C>*? leads to a self-adjoint
realization of the Laplacian in L?>(R) with a generalized point interaction supported at
x =0, and conversely, for each self-adjoint Laplacian with a generalized point interaction
there exists a unitary matrix J € C2*2 guch that the interface condition (8.30) is satisfied.

For an arbitrary point interaction (8.30), we can now use this function A from (A.16) to
write the Green’s function as the linear combination

x| + |y\ (kb
G(t,x,y) = A( + f)
|x| + Iyl ()
+ jfy ( +w_ f) it 8.31
u NG (8.31)
( 7}) 2 2
X q 1 x—y .
Ho -t o , t>0,x,yeR.

+ e +
2 int 2int

The value of the coefficients ,uj(f >, ,u(() ") and @4 will now be specified in terms of the

unitary matrix J. We first note that any 2 x 2-unitary matrix can be represented as

_ o[ & —B
J=e <[3 g ), (8.32)

with parameters ¢ € [0,7) and «, B € C satisfying |a|* + |B|*> = 1. Moreover, it is conve-
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nient to use

7Im(a)7 if-x,y > 07
! —if,  ifx>0,y<0, .
(x) [ P, X s Y s f |R 1
n 1 —RC((X)Z lﬁ, lf_x < 0’ y > 07 1 ‘ C(a)| 7& 5 (8332‘1)

Im(e), ifx,y<0,
nte) =, if [Re(a)| =1.  (8.33b)

In order to define now the coefficients of the Green’s function (8.31) we distinguish three
different cases.

Case I: If Re() # —cos(¢), then

_ —sin(@)£/T-Re(a)? (1)) o: o) .
@ = cos(¢) +Re(a) v He = (@) +n™Y),  pg™ = sgn(xy).

Case II: If Re(ot) = —cos(¢) # —1, then 0_ = /,L(f’y> =0 and

X, (0 ERY X,y Xy
oy =cot(9), uf™ =-ZE(00)+n™Y), ug™ =0 - ().

Case IIT: If Re(ar) = —cos(¢) = —1, then w4 = ”ir,y) =0and ”(gx,y) =-1.

These three cases correspondent to the rank of the matrix 7+ J on the right hand side of
the interface condition (8.30). More precisely, in Case I we have rank(/ +J) = 2, in Case
II we have rank(/ +J) = 1 and in Case III we have rank(/+J) = 0.

Theorem 8.6. The Green’s function (8.31) satisfies Assumption 6.1 with the vanishing
potential V (t,x) = 0 and the transition matrices M =I1+J and N = i(I+J).

Before we do the actual proof of Theorem 8.6, we first verify the transmission condition
(6.12) separately.

Lemma 8.7. With the coefficients u(()x‘y ), ,uj(f Y and W+ specified as above, the Green’s
Sfunction G from (8.31) satisfies the transmission condition

- G(t’0+’y) > =1 %G(ta(ﬁ—?y) .
(1 J) < G(l,077y) o l(1+J) _%G(t’o—’y) , > 0,)’ e R. (834)
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Proof. Using the derivative (A.17) of the function A, the spatial derivative of the function
G is given by

_ (]
it
2Vit vV l7'L'l‘>

() x| + [y 1 ) (el
+ur 0_A +o_Vit) — T
1 st (0.4 ) )e

—1( 7 sen(a) (i -+ e+ (o >e<*4,->;>2>
dir/im \0 8 y y .

d xy +
axG(t,x,y)=u(+'”sgn(X)(w+A(|x |y|+w+f)

For the interface condition (8.34) we have to evaluate G and %G at x = 0%, This will be
done in a vector form, where the first entry is the limit x = 0" and the second entry the
limit x = 0~. We have

(+5) (+)
(&630) = (40 )2 o)+ (100 )G v o)
1

(+.5) 2
+ ( u(—y) ! ) >ea,-,7
uy Y +1
aaxG t 0+,y)
G(t 0,
)
y)

(( E ¥ )w A( |\)}L+w+\/>) (Z?f;)wA(;j}t—i—w f)

N ué ) —sen) )t
Vint ui DpwC ) din/im Y +sen(y) 7
and since (8.34) has to be satisfied for all y € R, it suffices to compare and match the
coefficients corresponding to the terms

1
A<|y|—|—a)i\/ﬁ> , and i

2V/int’ dit\/int
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Since the variable y only appears as sgn(y) each equation splits up in one for y > 0 and one
for y < 0. We will consider this by writing (A), (B), and (C) as matrix equations, where
the first column is for y > 0 and the second column for y < 0. For a shorter notation we
will use the matrices

11 SRR IS ) ( u(.+'+) u(.+‘_) )
]1:—( ), N:—( B ), M= s -y ], (839
1 1 n( +) n( =) J l'L](' +) l'L](' =)

where j € {0,£}. Note that the matrix N satisfies the identity

1 —Re(a)2N = ( ’I%(O‘) Ir;(ig) ) (8.36)

by (8.33a) for |[Re(a)| # 1 and also for |Re(a)| = 1, since then Im(a) = = 0 due to
|a|*+|B|*> = 1. From (8.36) and ||> + |B|* = 1 it immediately follows that

_ 1 ~Im(a) —if )’ _ Im(e)?+|B .
Nz_lRe(a)2< i Im(a)> - lfRe( p[=1 ifRe(@)[#1,
and, consequently,

(N+I)(N—I)=N*~N+N—-I=N*—1=0, if|Re(a) #1, (8.37)

to which we will refer throughout the proof. With the help of the matrices (8.35) we now
rewrite the equations (Ay), (B), and (C) above in the matrix form

(Ai) (I J)Mi = za)i(l—Q—J)Mi,
(B) : (I—J)(Mo-+1) = —2i(I+J)(M, +M_),
(C) : 0= (I1+J)(Mo+1—2I).

Plugging in the matrix J from (8.32) and multiplying by ¢~ these equations turn into

—ip _ R —i¢ R
(As): ( e*id’ﬁfa )Mi SN < elra B )Mi, (8.38)

B et a
1¢ — 3 —i¢ P
< eiid’ﬁfd >(M0+]1):_2i< ¢ ﬁ+a e*i(bﬁd )(M++M)a
(8.38b)
n e ra —B
(C) : 0= B i1 & (Mo+1-2I). (8.38¢)

In the following we will discuss the three cases above Lemma 8.7 separately and verify
that in each case with the proper choice of the coefficients @+ and u., lp the equations
(A+), (B) and (C) are satisfied; that is, the jump condition (8.34) holds.
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Case 1. Observe first that the equation (8.38c) is satisfied since u(()x’y) = sgn(xy) in this

case, and hence we conclude My = 21 — 1. Next we use ||+ |B|* = 1 to compute

det< e""’;;“ e,,.;,’i . ) =267 (cos(9) +Re(@0)) #0,

where we also used the assumption Re(o) # —cos(¢) in Case I. It follows that the matrix
on the right hand side of (A1) and (B) is invertible with the inverse

< e 4a -B )1 B e'? < e ra B )
B e+ a ~ 2(cos(¢) +Re(x)) B e ta )’

and this leads to

(5 ta) (75 )

_ —i ( sin(¢) +Im(c) iB >
cos(¢) —|—.Re(o¢) —if sin(¢) —Im(c)

= W(sin(q))lfq/ 1 —Re(at)?N),

where in the last line we used the identity (8.36). Hence the equations (8.38a) and (8.38b)
turn into

sin(¢)/ —+/1—Re(a)’N
(Ag): cos(6) + Re(a) My =—0iMy,
sin(¢)I—+/1—Re(a)*N

cos(¢) +Re(a)

(B) : (Mo+1) =2(M, +M_).

—sin(¢)++/1-Re(a)?

cos(@) Re(@ i (Ax) and My =21 — 1 in (B) these

Using the explicit form oy =
equations reduce to

(Ai) : 1 7Re(a)2<N:FI)Mi = 0,
sin(¢)I —+/1 —Re(a)’N

B) : =M, +M_.
(B) cos(9) +Re(a) v+
Since we treat Case I we have ,u(ix ) = f% (G)(xy) +n (x=y)) and from that we conclude
My = —%(Iizv). (8.39)

In particular, this yields

(o +o )+ (0 —w_ )N sin(¢)l —+/1—Re(a)?N
M+ M=~ 2 =T cos(0) +Re(a)
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which shows that equation (B) is valid. It remains to check (A1). These equations are
obviously valid if |[Re(a)| = 1 and if |Re(o)| # 1 they follow from the identities (8.37)
and (8.39).

Case II. Here we assume Re(at) = —cos(¢) # —1, which implies, in particular, ¢ # 0 and
consequently sin(¢) # 0. The matrices in the equations (A+), (B), and (C) in (8.38) now
have the form

e 0 _ B .. . —1m —if
(05 g ) = oot isn@ri (T P
:fisin(¢)((2icot(¢)+l)IfN)»

e ¥ta B L ( —Im(a) —iP
( B e ta > = —isin(@)l i ( i Im(a)
— —isin(0)(I+N),
where in both cases we used (8.36) and /1 —Re(a)? = sin(¢), which is due to the as-
sumption Re(@) = —cos(¢) in Case II. Using this in (8.38) leads to
(As): ((2icot(@) + 1) —N)My =iy (I+N)My,

(B) : ((2icot(¢)+ 1) —N)(Mo+1) = —2i(I+N)(My+M_),

(C) : 0= (I+N)(Mo+1—2I).
Since in Case II we have ,u(f’y ) = 0, that is, M_ = 0, the equation (A_) is trivially satisfied.
Furthermore, with our choice @, = cot(¢) the equation (A} ) reduces to

(Ay): (icot(¢)+1)(I-N)M. =0.

By our choice of uf"y) we have M, = —%(I—FN) as in the previous case (cf. (8.39))
and hence we conclude together with (8.37) that equation (A ) is valid; note that we
can apply (8.37) since Re(at) # —1 by the assumption in Case II and also because of
Re(a) = —cos(¢) # 1 as ¢ € [0,7). Next, we observe that also equation (C) holds by

(8.37) and ,uéx’y) = () — @(—xy), which gives My = N — 1+ 1. In order to check (B),
we plug in the above values for M and M. and obtain

(B): (1+icot(9))(I—N)(N+I)=0,
which holds by (8.37).

Case III. Here we assume Re(¢t) = —cos(¢) = —1 and hence Im(¢t) = 8 = ¢ =0 follows
from the condition || 4-|B|> = 1. Therefore, the equations (A ), (B), and (C) in (8.38)
have the particularly simple form
(Ag): 2M1 =0,
(B) : My+1=0,
(C): 0=0,
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and are all obviously satisfied by the definition of the coefficients in Case III. L

Once we verified the transmission condition of the Green’s function, we are ready to prove
Theorem 8.6.

Proof. First of all, we split up the Green’s function (8.31) into the four parts

G(t,x,y) = 1™ Gt x,y; 00) + 1 G (1 %,y 00) + 8™ Go(t%,9) + Grree (8,5, ),

(8.40)
where
1 (D2
Go(t,x,y) = ——e
‘x| + ‘y| - (Ix+1y)?
Gi(t,x,y;0 ::A( +a)\/7t)e T
1 _e?

Fir

Giree(t,X,y) = e
free( y) 2\/%

These functions then extend holomorphically to C\ iR by

1 (xl22)?
Go(t,x,z) = ———e a1 +Re(z) >0,
+ (Ixl=2)%
Gilrxzo) = A avin)e Re(2) >0,
1 _w2?
e it Re(Z) §£ 0.

Giree(t,x,2) == ,
free( ) 2\/%

Moreover, the reduced Green’s functions, according to a(t) = % in the decomposition
(6.7), are given by

~ 1 iO(£x)xz
Go(t,x,z2) = ——e 1 , +Re(z) >0, 8.41a
O( Z) 2\/% (Z) ( )
~ |x| j:z - iO(+x)xz
Gi(t,x,z;0) = A +oVit)e T, +Re(z) >0, 8.41b
(nzo)=A(5 ) (2) (8.41b)
~ 1
Gree(t,x,2) = ——, Re(z) #0. 8.41c
free( ) 2\/% ( ) 7'é ( )

We will now verify the properties (i)—(iii) of Assumption 6.1.
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(i) In order to see, that G is a solution of the Schrodinger equation (6.4), it is equivalent
to verify that G is a solution of (5.11). We will verify this for the functions Gy, Gy
and Giee separately by explicitly calculating its derivatives. For Gy they are

d ~ iO(+x)z ~
—G =——=G 8.42
e o(t,x,2) = ; o(t,x,2), (8.42a)
0% ~ O(+x)z
" 2G0([ x,2) = QG{)(I X,2), (8.42b)
d ~ O(xx)xz 1\ ~
EGo(t,x,z) = (T — Z) Go(t,x,7). (8.42¢)
For 61, we use the derivative (A.17) of the function A and get
iél (tx,z;0) = sgn(x)(| e +a))G1(t X,2,0) — sgn(x)7 (8.43a)
ox Vimt
% ~ x| £z 2 1\~ 1 /lx]%z
t — 1,X,2,0) —
e ——Gi(t,x,20) = (( " +a)) +2it>Gl( X,2,0) r‘m( 0 +a)>,
(8.43b)
J = (W ED o\ . i (lxlEz
EGl(t,x,z,w) —z(Ter )Gl(t,x,z,w)Jr \/ﬁ( 5 —w).
(8.43¢)

Since the derivatives of 5fre£ were already calculated in (8.2), we conclude that all
three functions Go, G1 and Gire satisfy
0 ~ 2 x—z 8
i—G; 1,x, = ( BN .
"ot i(tx%,2) 8x2+ it ax
which is exactly (5.11) for a(z) = % and V(z,x) = 0. Hence Gy, G| and G, satisfy

(6.4) and since the coefficients [,Lo(x’y ) and ufx’y) are constant in x on each half line

x> 0 and x < 0, the whole Green’s function G is a solution of (6.4) as well.

1
)G (t.x,2), je{0,1,free},

The fact, that G satisfies the transmission condition (6.5) was proven in Lemma 8.7.

(i1) The initial condition (6.6) will again be proven for the three functions Gy, G| and
Giree separately. Fix x € R and choose xy > |x| arbitrary and F € H(C). For Giyee,

we can use the derivative -2 iE erf(§) = \/ﬁe’52 and apply integration by parts to write
the integral as

"X0 —1 % d X—y
F = — —erf(—= |F
. Giiree (t,%,)F (y)dy - prh ( \/E) (v)dy
1 X+ X0 1 X—X0 L X /
= —erf F(—xg) — —erf +f erf F'(y)dy.
: (m)< 0)-3 (M) o)+ ) (M) )
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Applying the limit  — 0T and using the limit limg_,+.erf(
initial value

\Sﬁ) = +1, we get the

. *0 F(—x0)+F(x Y0 sgn(x —
tim [ Grealt, )Py = T ECOL S gy e,
t—0t —X0 2 X0 2

(8.44)

For the initial value of Gy we similarly write

0 Lod o+l
Go(t,x, d —erf( )s n(y)F(y)d
| GoltmFO)dy =5 | Frerf (= ) sen()F ()dy

ef(\x;'/‘i‘o‘)}:( 0) — erf( E}) (0)+ = rf(|x\2—yco\) (—xo)

1 ‘xl ‘y| /
— = f n F d .
2 —Xo er ( 2\/5 ) 58 (y) (y) Y

In the limit + — O™ this equations now becomes

lim /XO Go(t,x,y)F (y)dy = M—F(O)JFM—/X0 20D )y —

t—07T . —X0 2 2 —X0 2

(8.45)
Also for the function G| we get

/_200 Gi(t,x,y; @)F (y)dy
; ):;yerf(lx;yy') gn(y)A('xz\?y+w\/7> (y)dy
:Eerf(“‘zf/'ii;()')/\(‘x';ycolmf) (—x0)

+%erf(‘x|2—\;§0‘)A(|x|;\—/|fo| —l—a)\F)F(xO)

et o)
4\l/> 7xoerf(|x‘\+f|y‘>A/<|x|;ly| +a)\f)F(y)dy

X0

_% _xosgn(y)erf(| 2‘\';5") (|x|\';l)’|+w\f)F (v)dy.

Due to the asymptotics (A.22) and the derivative (A.17) we get the following asymp-
totics of the derivative of the function A

o=z Zeen{ o ro) - B =o(h)
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as z — o0, Re(z) > 0. Hence all terms in the above representation vanish in the limit
t — 0T, which leads to the initial value

X0

lim G1 (t,x,y; 0)F (y)dy = 0. (8.46)

t—0*

Using now the three limits (8.44), (8.45) and (8.46) in the decomposition (8.40) gives
the initial value (6.6).

(iii) In order to derive the estimate (6.8a) of the functions (8.41), we use the monotonicity
and the estimate (A.21) of the function A to get for every +z € S,

|5 (t )‘ 1 _ O(xx)xIm(z) < 1
X = ——e t
oL, %2 2\/7t =27t
et :l:R :l:I w\/t x)xIm(: W
|G1(r,x,z;w)\§/\(|x| e(z) m(Z)+ \/) — Olenine) ( \/)7
2+/2t V2 V2

|5free(taxvz)‘ =

1
2/t

Note, that for Go and G| we used that &Re(z) =+ Im(z)
O(x)xIm(z) > 0 for all z € S and also O(—x)xIm(z) >
the estimate (6.8a) is satisfied with

> 0, but also the fact that
0 for all —z € S;. Hence

1
Apo(t,x) = —= d Boo(t,x) =0
0,0( ,X) 2\/E an 070( ,X) ;
(1)\/;
A()_l(t,x) :A(i) and B()](t,x) =0,
) \/E s
1
AO,free (t>x) = T and BO,free (va) =0.

These coefficients are bounded as x — 0% and also the boundedness (6.9) in the limit
t — 0T is satisfied. Moreover, the estimates of the first spatial derivatives (8.42a),
(8.43a) and (8.2) are

Gotxz)‘ Aoo(t X),

B
‘8 Gi(t,x,2 ,a))‘ (' ‘;‘Z|+|w\>A01(I x) + \/%,
‘a Gfreetxz)‘_
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If we additionally use that |z| < e|z|_1, the estimates (6.8b) are satisfied with

Aoolt
AI’O(LX)ZM and Bl7o(t7x):1,
i e
x|+ 1 1
Au(r,x):(| 2te+|w|)A°’l(t’x)+ﬁ and By (t,x) =1,

Al,frce(tax)zo and Bl,free(tyx):().

These coefficients are obviously bounded as x — 0*. Finally, also the second spatial
and the time derivatives of Gy, G| and Gy in (8.42), (8.43) and (8.2) are exponen-
tially bounded as claimed in (6.8c).

Hence the Green’s function indeed satisfies Assumption 6.1 and Theorem 8.6 is proven.
O

Next we want to have a closer look at certain special point interactions and derive the
explicit form of the corresponding Green’s function in those cases. As an almost trivial
case we start with the free particle in Section 8.6.1, discuss the well-known & and &'-
interactions afterwards in Section 8.6.2 and Section 8.6.3, and in the Sections 8.6.4-8.6.6
we treat decoupled systems with Dirichlet, Neumann, and Robin boundary conditions at
the origin, and also show in Section 8.6.7 that these are the only decoupled systems. In
each of the examples we first provide the corresponding matrix J for the interface condition
(8.30) with parameters ¢, o, 8 of the matrix J in (8.32). Then we determine which of
the Cases I-III above Lemma 8.7 appears, and finally we compute the coefficients in the
Green’s function (8.31). The special Green’s functions in this section are well known from
the mathematical and physical literature.

8.6.1 Free particle

We start with the easiest case, the free particle, where there is no interaction at x = 0
happening. This means that the wave function as well as its derivative are continuous

d d
-\ — + i -2 +
Y(,07)=¥(,0") and ax‘P(t,O )= 8X‘I‘(t,0 ), t>0.

These continuity conditions are described in (8.30) with the unitary matrix

(01
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This matrix is of the form (8.32) with o =0, B = —i and ¢ = §. In this situation the
coefficient n("‘” in (8.33a) is

0, ifx,y>0,

(xy) _ 1, ifx>0,y<0, —o(_

N 1 ifx<0y>0, ~ @)
0, ifx,y<O0,

Since we are in Case II the coefficients of the corresponding Green function in (8.31) have
the explicit form

(l),:(), ):07

[0) ,
'=-SHO0) +1™) =0,

n (:my
W, = cot (g) =0, ,uff’y
i =0t — @ (—xy) =0.
Therefore, the Green’s function of the free particle is given by
1 (=)
G(t,x,y) = ——e 4 |
t,%,3) 2Vimt

which clearly coincided with the Green’s function (8.1) of the free particle on the whole
real line.

8.6.2 O-potential

In the next example we treat the classical 8-point interaction located at the origin. Such
singular potentials were studied intensively in the mathematical and physical literature;
we refer the interested reader to the standard monograph [31] for a detailed treatment and
further references. The particular Green’s function that appears below can also be found
(sometimes in a slightly different form) in the papers [58, 86,98].

We consider the standard §-interaction of strength 2¢ € R\ {0} located at the point x = 0.
This situation is described by the formal Schrodinger equation

9 92
i W(1,x) = (— = +2c5(x))‘P(t,x), t>0,xER,

and is made mathematically rigorous in the form

.0 92 .
lE‘P(t,x) = —ﬁ‘l‘(t,x), t>0,xeR, (8.47a)
W(t,07) =P(t,07), t>0, (8.47b)
d 0 o N
5\}'(;,0 )—a‘l‘(no ) =2c¥P(t,0%), t>0. (8.47¢c)
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The jump condition (8.47b)—(8.47c¢) is realized in (8.30) by using the matrix

J—,1<C. i>.
1—cC 1 C

In fact, with this choice of J and multiplication by (c — i) the condition (8.30) reads as

o) (e - (D (B )

or, more explicitly, we have the two equations

(2c—i)®(1,07) +i¥(,07) = %‘P(t,O*) - %‘P(r,O’),
P(t,07) + (2c —i)P(1,07) = %‘P(r,O*) - El}f(t,(r).

By subtracting these equations from each other we first conclude (8.47b) and adding the
equations leads to (8.47c). In order to write the matrix J in the form (8.32), we choose
¢ € (0,7) such that cot(¢) = c. Next we set & = —cos(¢) and f = —isin(¢). It follows
in particular, that

cos(9) =

eM(g :f)zilc(i Z)ZJ'

Plugging these values in (8.33a) gives

and sin(¢) = ,

2w
<.E\)

and therefore

0, ifx,y>0,
1, ifx>0,y<0,
1, ifx<0,y>0,
0, ifx,y <0,

i) = —6(-x),

and since we are in Case II, the coefficients of the Green’s function are

w_ =0, u(f’y) =
_ _ (y) _ € _ __¢
w; = cot(¢) =c, ui = =3 (00y) +0(—xy) = -3,

U5 = ©(—xy) — ©(—xy) = 0.

With these quantities we conclude that the Green’s function (8.31) of the §-potential is
given by

x| + |y] Gt ) I p?
G(t,x, ( +c f) + e dr .
rx,5) = 20/t 2im
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8.6.3 &’-potential

Now consider the &'-interaction of strength 2 € R\ {0} located at the point x = 0, which is
another popular singular potential that appears in various situations. The formal Schrodinger
equation

i%‘f’(t,x) = ( ;2 +=68 (x)) (t,x), t>0,x€R,
which in a mathematically rigorous form reads as
ii\y(f x)__izw(f x) t>0,xeR
at ’ B sz ’ ’ ? )
J P
SW(,01) = SW(1,07), (>0,
W(t,07) —¥(t,07) = %iq;(t 0) £ 0
’ ’ T cox V7 .

One verifies in a similar way as for the §-potential that the jump conditions are realized in

(8.30) by the matrix
1—cC —C l

This matrix is of the form (8.32) if we choose ¢ € (0,7)\ {5} such that tan(¢) = —c and
set o = cos(¢) and B = —isin(¢). The coefficient n*¥) in (8.33a) then becomes

0, ifx,y>0,
1, ifx>0,y<0,
1, ifx<0,y>0,
0, ifx,y<O0,

N = = 0(—),

and since we are in Case I the coefficients of the Green’s function are

y ¢ csgn(x
o =—tan(9) =c, 'ugw) = —§(®(Xy) —@(—xy)) = _#’
0y = 0) ,uf’y) = O7
/Jéx’y) = sgn(xy).

It follows that the Green’s function (8.31) of the §’-potential is given by

¢ sgn(xy x| 4y <\x\+m>2
Gitoxy) =~ “EIN (M evir)e

(xl+pD? _ ()

2\/7(sgn(xy) W e 4ir2).
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8.6.4 Dirichlet boundary conditions

Now we turn to generalized point interactions that lead to decoupled systems. In the fol-
lowing examples we discuss Dirichlet, Neumann, and Robin boundary conditions at the
origin. For a characterization of all decoupled systems see also Section 8.6.7.

We consider the free Schrodinger equation on the two half lines R with Dirichlet boundary
conditions

'i‘P(t )——a—zlP(t ) t>0,xeR
lat 7x - axz 7x7 7x )

¥(t,0") =¥(r,07) =0, t>0.

These boundary conditions are realized in (8.30) using the matrix

-1 0
]( 0 _1), (8.48)

that is, with the coefficients ¢ =0, o = —1 and B = 0 in (8.32). Hence, Case III applies
and the coefficients of the Green’s function are given by

o+ =0, ,u(ix’y) =0, and u(()x’y) =-1
This leads to the Green’s function
1 (=9 (1x+pD?
G(t,x,y) = (e* e ) 8.49
(t,x,y) T (8.49)

8.6.5 Neumann boundary conditions

We consider the free Schrédinger equation on the two half lines R with Neumann boundary
conditions

9 9 ,
la?(t,x) 7@‘1‘0,)0, t> 07 X € R,
oo A
a‘l’(r,o )_a‘P(r,O ) =0, t>0.

These boundary conditions are realized in (8.30) using the matrix

10
1_<0 1>, (8.50)
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that is, with the coefficients ¢ =0, & = 1 and B = 0 in (8.32). Hence, Case I applies and
the coefficients of the Green’s function are given by

o =0, uf™ =0, and pi™ =sgn(xy).

This leads to the Green’s function

1 -2 _ (b2
G(t,x,y)zz\/ﬁ(e @i +sgn(xy)e 4 ) (8.51)

8.6.6 Robin boundary conditions

In the next example we consider the free Schrodinger equation on the two half lines R and
Robin boundary conditions at the origin x =0, i.e.

'E‘P(I )——a—z‘l’(t ) t>0,xeR\{0}
lat ,)C - axz ,)C, ,X 9
J +y +

a‘P(r,O )=a¥(s,07), t>0,

d _ _

a‘l’(r,o )=b¥(t,07), t>0,

for some a,b € R.

If one notes, that the minus sign for the derivative at x = 0~ on the right hand side is
omitted here, these boundary conditions are realized by (8.30) with the matrix

ia

J= < 16" ib ) . (8.52)
i+b

This matrix is of the form (8.32) with the coefficients

(1 —ia)(1— ib)

LU0 and B =0,
V1+a2V/1+b2 b

o =sgn(b—a)

and ¢ € [0, ) chosen such that

(1 —ia)(1+ib)
VI+2V1+b2

¢ =sgn(b—a)
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where we use the convention sgn(0) = 1. One immediately sees that we are always in Case
I and the coefficients reduce to

n(x,y) — { Sgn(b_a) Sgn(a+b) Sgn(x)e)(x)})v if (a7b) 7& (050)7
0, if (a,0) = (0,0),
(a—b)+sgn(b—a)sgn(b+a)(a+b)
2
a, if £sgn(b—a)sgn(b+a) >0,
—b, if £sgn(b—a)sgn(b+a) <0,

) = { 4(1+sgn(x))®(xy), if £sgn(b—a)sgn(b+a) >0,
+

w4+ =

2(1¥sgn(x))O(xy), if £sgn(b—a)sgn(b+a) <0,

a®(x)0(y), if £sgn(b—a)sgn(b+a) >0,
bO(—x)O(—y), if +sgn(b—a)sgn(b+a) <0,
ug™ = sgn(xy).

Plugging these coefficients into (8.31) gives the Green’s function for the Robin boundary
conditions

_ x| + [y .
Glt,x,y) = (b@(—x)@(—y)A( N WE)
x| + [v] - _ “‘”‘L‘;"”z
—a®(x)®(y)A(M+a\/E)>e (8.53)
1 _ (\XHJZ.\'\)Q _ <x;5v>2
2\/% (Sgn(xy)e ! +e )

Remark 8.8. It is clear, that for a = b = 0 the boundary condition and the Green’s function
reduces to those of the Neumann boundary condition in Section 8.6.5. Moreover, also the
boundary condition and Green’s function for the Dirichlet decoupling of Section 8.6.4 can
be formally recovered by considering the limits a — oo and b — —oo of the coefficients. In
this case the matrix J in (8.52) tends to the one in (8.48) and using the asymptotics (A.22)
of the function A we also obtain

+

x| + [yl . 1 x| =+ [y] . -1
A( —|—a\/5) ~—— and A( —b\/E) ~ )
24/t aVint 2/it bVirt

These asymptotics show, that the Green’s function (8.53) turns into (8.49).
8.6.7 Decoupled systems

A decoupled system is when the transmission condition (8.30) reduces to one boundary
condition for ¥(z,0") and %‘P(t, 0%) on the right half line, and a second one for ¥(z,07)
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and %‘P(I,O_) of the left half line. One can easily see, that this is the case if and only if
the matrix J from (8.32) has the value § = 0. Le., the matrix J is a unitary diagonal matrix
and hence of the form

0
1=(5§). reeci=lol-1

Since every complex number, except 1, with absolute value 1, can be written in the form
Z*i, for some a € R, we see from Section 8.6.4, Section 8.6.5 and Section 8.6.6, that the
only decoupled systems are the Dirichlet, Neumann and Robin boundary conditions.

As the following lemma shows, the situation of a decoupled system also manifests itself
in the fact that the Green’s function (8.31) vanishes if the values for x and y lie in different
half spaces. This property is plausible since in the decoupled case there is no information
exchange between the two half spaces and the wave function evolves on each half space
independently. See for example also the Green’s functions (8.22) and (8.21) where also a
decoupling takes place due to the very singular potential V ~ Xiz

Proposition 8.9. The transmission condition (8.30) is the one of a decoupled system ( =
0) if and only if for the Green’s function G in (8.31) we have

G(t,x,y) =0, t>0,x,y€Rwithxy<O0.

Proof. If we assume that = 0, then it follows by definition (8.33), that
N =0, x,yeR withxy <O0.

In all the three Cases I, II and IIT below (8.33), where we specify the parameters of the
Green’s function, we immediately see, that

p =0 and p{™ =—1, xyeR withxy<0.

With this coefficients, the Green’s function then vanishes as

1 C D2 _een? C
G(t,x,y) = 7(78 G e A ) =0, t>0,x,y€Rwithxy<O0.

2v/int

For the inverse implication, we assume, that the Green’s function (8.31) vanishes for all
x,y € Rwithxy <0, i.e.

G(t,x,y) = <H+ (|x2|yy| -I-(D.pf)

(x,y)

x|+ [y] Ho +1) _?

+ A + o Vit )+ 7 =0.
K ( 2\/E ) 2VIT
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First of all, if |Re(at)| = 1, it immediately follows from the condition |a|+ |B| = 1, that
B =0 in this case. Because of this we only consider |Re(a)| < 1 in the following. In
Case I we note, that @, # w_ follows from |Re(¢t)| < 1, and hence the bracket term of
the above Green’s function is a linear combination of three linear independent functions

x| =+ [y] . x| +]y] . 1
A(7+w \/E), A(7+w,\/ﬁ> and ——.
2/it * 20/it 2/imt

In order to make the Green’s function vanish, it is necessary to make all the coefficients
vanish, i.e.

‘u(f’y) =0, u(_x’y) =0 and ‘u(gx’y) =—1, x,y€Rwithxy<0.
Since u(()x’y ) =0 by definition, it remains to check whether
HELXQ:) _ %n(x,y) -0 and uEX)y) — %n(x,y) =0.

Since @ # ®_, it is only possible for both terms to vanish if *) = 0 vanishes. However,
this is by definition (8.33a) only possible if § = 0.

In Case II we already have u(f‘y =0 by definition. Hence the Green’s function is a linear
combination of the linear independent terms

x| + [yl : 1
A( + \/E) and .
Wi 2/imt

In order to make both terms vanish we have to make sure that both prefactors vanish
independently, i.e.

u(f’y) =0 and ‘u(()x’y) =—1, x,yeRwithxy<0.

However, already from u(gx"y) =n) -1 < 1 it follows that n®¥) = 0 has to vanish and
hence = 0 by definition (8.33a).

Finally, the Case III is not possible since |Re(ct)| < 1 and we finished the proof. O



A APPENDIX

In this appendix we consider some special functions and derive corresponding properties,
which will be used throughout the paper.

A.1 The complex square root

For this section let /- be the complex square root, chosen such that 0 < Arg(y/-) < 7.
In the upcoming Lemma A.1 and Lemma A.2 we derive two basic inequalities which are
used to prove the A;-convergence in Theorem 3.9.

Lemma A.1. For any a > 1 and b := v/a* — 1 there holds the lower bound
|V/22 —2iaz—1—az+i| > min {b*,b(a—b)}, z€C. (A.1)

Proof. Since we have to prove (A.1) for every z € C, we can shift the variable z — z+ia
and verify

}\/22+b2—az—ib2|Zmin{bz,b(a—b)}, z€C, (A.2)
instead. First of all note that our used square root, satisfying Arg(,/w) € [0,7), acts as

Vw= sgn(Im(w)) |w|+Re(w)+L\/|w|—Re(w), weC, (A3)

V2 V2
if x >
using the convention sgn(x) = { E | iii ; 8’ Writing z = x+ iy and choosing
w =22+ b* = x* —y* + b* + 2ixy, (A.4)

we determine the absolute value of f(z) := \/w — az — ib* by
@ =wl +a*( +y%) +2ab’y + b
- \ﬁ(axsgn(xy) lw|+Re(w) + (b* + ay) W) (A.5)
For a further estimate we distinguish three cases.
o If y <0, we write (A.5) as

1f(2) > =|w| +d?(x* +?) + 2ab*y + b*

+ V2 (alx] /Iwl +Re(w) — (% +ay)/Iw| —Re(w) ). (A6)

121
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A Appendix

The bracket term is obviously nonnegative for x = 0, but also for x # 0 we can
estimate

alx|\/|w|+Re(w b2+ay )V [w| —Re(w)
_ a|x|(|W\ +Re(w)) +2(b* +ay) x|y
- [w| +Re(w)
|x|(ay? 4 2b%y + ab?)
[w[+Re(w)

)

where in the first inequality we used |w| > 0 and Re(w) > b? — y? and in the second

inequality that the parabola y — ay® 4 2b%*y+ ab2 attains its minimal value aty = — L

a
and consequently is bounded from below by 2 ; and hence also by 0. We can then
estimate (A.6) by

|f(@)* > |w|+a*? +2ab*y + b* > |b* — y?| + a*y* + 2ab*y + b* > b*(a — b)?,

where in the second inequality we used |w| > |b? —y?| and the third inequality can
easily be verified by seeing that the expression admits its minimal value at y = —b.
This leaves us with the inequality | f(z)| > b(a— b), as stated in (A.1). Note that this
lower bound is obtained for z = —ib.

If y = 0, the absolute value (A.5) can be estimated as
1f(2))? = (1+a®)x* + b+ b* — 2ax\/x2 + b2
= \/4a2x2(x2 +52)+ b4 (x> —1)2 4+ b* —2ax\/x2 4+ b2 > b*,

which shows that | f(z)| > b?. Note, that this lower bound is obtained for z = 1.

If y > 0, the expression (A.5) turns into
[f@)P =b* =|w|+a*(® +5?) +2aby
V2 (a|x| W+ Re(w) + (b2 +ay)/|w] — Re(w)). (A7)

In order to show that the right hand side is nonnegative, we note that it is the differ-
ence of two nonnegative terms. Hence it is equivalent to consider the difference of
the square of the respective terms, namely

5= (|w|+a2(x2+y2)+2ab2y>2—2(a|x\ W]+ Re(w)+ (b2+ay)y/[w] —Re(w))z,

and prove its nonnegativity. This term reduces to

o
= (2 +Y2)2 420 + 1 +4a>y? —2|w| +day(x* +y* +1)

> (x2+y2—1)2+4a2y2+4y3+4(a—l)y(x2+y2+1) >0,
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where in the second line we used
w| < [Re(w)|+ [Tm(w)| < +y” + 5" +2[x[y <> +y* +b° +2(x> + 1)y.

This shows, that the right hand side of (A.7) is nonnegative and hence |f(z)| > b*
also in this case. 0

Lemma A.2. For any a > 1 there holds the upper bound

|Im (V22 —2iaz— 14+az—i)| < (a+1)[z], z€C. (A.8)

Proof. Writing z = x -+ iy and choosing b := va? — 1 as well as
wi=z"—2iaz—1=x>—y*+2ay—1 +2ix(y —a),
we use the representation (A.3) of the complex square root to write the imaginary part of

flz)=y/w+az—ias

Im(f(z)) =ay—1+ \% |[w| —Re(w). (A.9)

In the first step we calculate an upper bound of the imaginary part (A.9) and use the esti-
mate

lw| = \/(x2+y2 —2ay+1)2+4b2x2 < |¥* +y* — 2ay+ 1| +2b|x|, (A.10)
to do so.

o In the case x2 +y2 —2ay+1 >0, we can use (A.10) in (A.9) to estimate

Im(f(z)) <ay—1+ \/y272ay+1+b\x|.

In order to show that the right hand side is bounded by (a + 1)|z], i.e.

\/y2—2ay+1+b|x|§(a+l)|z|—ay+1, (A.11)

we note, that both sides of this inequality are nonnegative and we are allowed to
equivalently consider the difference of the respective squares, namely

((a+1)|z| —ay+ 1)2—y2+2ay— 1—b|x|
= (a+1)°x* +2(a+1)(ay* —aylz| + |z|) — b|x]|
(a+1)2% +2(a+ 1)(ay* — alyz| + |z]) — blx]

>
> (a+1)x* + (2a+2—b)|x| >0,

where in the last line we used that |yz| < % +y% as well as |z| > |x|. This proves,
that the estimate (A.11) is satisfied and hence Im(f(z)) < (a+1)|z].
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o If x> +y? —2ay+1 <0, the inequality (A.10) used in (A.9) leads to

Im(£(2)) < ay— 1+ /bl 22,

We want to show that also in this case the right hand side is bounded by (a + 1)|z],

ie.
\/blx| —=x2 < (a+1)|z] —ay+1.

Since the left hand side is y-independent, we minimize the right hand side with
respect to y. Standard analysis shows, that the minimum value is attained at y =
alx|

Neny and we need to verify the inequality

\/blx| —x2 < |x|vV2a+1+1.

By squaring both sides one immediately sees that this inequality is satisfied. Hence
we conclude, that also in this case there holds Im(f(z)) < (a+ 1)[z].

In the second step we derive the lower bound of Im(f(z)). To do so we distinguish two
different cases.

o If [y —a| > b we can use |w| > x> +y? —2ay+ 1 in (A.9) to get

Im(f(z)) > ay—1++/y*> —2ay+1

0, ify>a+b,
> —by, if0<y<a-—b, »>—(a+1)[z
(Ll— 1)y7 lfySOa

o If [y—a| < b we can use |w| —Re(w) > 0 to estimate (A.9) as
Im(f(z)) >ay—1>—by> —(a+1)|z]. O
If we combine the complex square root with the sinus cardinalis

sin(z) .
sinc(z) — { zZ ) ?fZ € (C\{O}7
1, if z=0.

we obtain the following integral representation.

Lemma A.3. For any b > 0, there holds

[
sinc (V22 +b?%) = %/ 1 e Jo(b\/1—k2)dk, zeC.

where Jy is the Bessel function of order zero.
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Proof. In Step 1 we consider the function

S(z) :=sinc (V22 +b?), z€C,

which is an entire function due to the power series expansion

v D" a2y 200
S@) =) — 2+ b? b eC.

@=Y Gurni(VE+R)” ; i C Y
Since the restriction S|g is square integrable, its Fourier transform is given by the improper
Riemann integral

1 Ry .
FIS|r](k) = —— lim / e MS(x)dx, keR.
SIel0 = = tim [ e st)
For simplicity we will write [ instead of limg, g, ff;el in the following, but always
interpret the integral as this limit. Starting with |k| < 1, the imaginary part of the Fourier
transform vanishes due to the symmetry of S, i.e., we get

FISIr](k) = cos(kx)S(x)dx

ik

Substituting x = bsinh(r), we rewrite this integral as

FIS|r](k) = cos (kbsinh(t))S(bsinh(r)) cosh(r)ds

v
i
2\/2?/

where in the last line we used the trigonometric identity 2sin(u)cos(v) = sin(u+v) 4+
sin(u — v). Distinguishing further the two cases |k| < 1 and |k| = 1 we get

cos (kbsinh(z)) sin (bcosh(r))dt (A.12)

sin (bcosh(t) + kbsinh(r)) + sin (bcosh(r) — kbsinh(t)))dt,

o For |k| < 1, there exists some fy € R such that e = ii,’z and hence we get the

hyperbolic identity
cosh(t) £ ksinh(¢) = v/1 — k2 cosh(z % 1y),

with which we can write the above integral as
FISIr](k) = 2\/7/ sin (b\/1 — k% cosh(t +19)) + sin (b\/1 — k> cosh(r — 1o ))
sin (b\/1 — k2 cosh(t
= [sino ()
= —J bV 1—-k?),
V2 0( )

where we used the Mehline-Sonine integral representation [2, Eq.(9.1.23)].
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o If |k| = 1, the integral (A.12) becomes

sin( be

FIS|r](k) = sin(be') +sin(be™"))d

2f/ f/

Substituting s = be' this integral has the explicit solution

/ sm(s Nz
~Vom T2

F[S|r](k

For k > 1 we use the Cauchy theorem to change the integration path to a semicircle in the
lower half space

FISR)®) = tim R [T ke g0 0 A13
Sle](k) = lim —= | e (Re'?)e'dg. (A.13)

Choosing R > b, the function S in the integrand can be estimated by

sin(VR?e%9 + b?) <
v/ R2e2i9 + b2

Using the representation (A.3) of the complex square root, we can estimate the exponent
2|Im (V/R2e29 + b?) ’2 = |R%*e*® + b?| — Re(R*¢*® 4 b?)
= \/(R2 cos(2¢) + b2)2 4 R*sin(2¢) — R? cos(2¢) — b*

ol M(VR?e20+12)]
R2 —_p2

IS(Re'?)| = . @em2n]. (A.14)

— (R +52)2 — 42R2sin? () — R cos(2¢) —
< R* +b* — R*cos(2¢) — b*
= 2R%sin? ().

Hence we can further estimate (A.14) by

e R sin(@)

ip -
S(Re?)| < s

¢ € [r,2n].
Using this inequality in the Fourier transform (A.13) can be estimated by
|[F[S|r] (k)] < lim ————

2
/ (k—1)Rsin(¢ d(P
R%m\/Zn(Rz b?)

m (k—1)Rsin(¢)
== / Jim ¢! de = 0.
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This proves, that F[S|g](k) = 0 for k > 1. By the symmetry of S we also conclude
FI[S|r](k) = 0 for k < —1. Altogether we now proved the Fourier transform

Jz 1, if|k <1,
f[SIR](k):%Jo(b\/l—H) 1, iflk| =1, (A.15)
0, if [k > 1.

In Step 2 we now apply the inverse Fourier transform to (A.15) and obtain

1/t
S(x) = E/ e®Jo(by/1—k2)dk, xeR.
-1

Since Jy is a bounded function, the right hand side extends to an entire function when x € R
is replaced by z € C. Since the holomorphic extension is unique, it has to coincide with
S(z) and we conclude the stated integral representation

[
sinc (V22 +b?%) = %/ e*Jo(b\/1—k2)dk, zeC. O
-1

A.2 A modification of the error function

In order to write down the Green’s function for arbitrary point interactions (8.31) it is
convenient to use ,
Az) =€ (1 —erf(z)), z€C, (A.16)

where erf(z) = % Jo e’ézdé is the well known error function. Some important properties
of this function are collected in the following lemma.

Lemma A.4. The function A in (A.16) has the following properties:

(i) The function A satisfies the differential equation

d 2
—A(z) =2zA(z) — —, zeC. A.17
M@ =22A0) T C (A.17)
(ii) The function A admits the integral identity
Alz) = 2 / - e 23gs, zeC. (A.18)
V7T Jo

(iii) The function A admits the power series representation

2, z€C. (A.19)
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(iv) The value of the function A at —z is given by

A(—z) =265 —A(z), zeC.

(A.20)

(v) The function A is monotonically decreasing on R and its absolute value can be

estimated by
IAG)| < ARe(z), z€C.

(vi) The function A asymptotically behaves as

1 1 .
AlZ) = ﬁg-FOI(W), l if Re(z) >0,
2e° +ﬁ—|—0( 2)7 lfRe(Z)SO

]

(vii) For every a > 0 and b,c € C one has the integral identity

/ e by — ﬂA(L)
0 2\/a \2y/a
as well as another identity
AO-AGT) b
* -1 b 5 750
/ e_“xz_be(\/sz+ c)dx = NG o5 fes 2
0 “ A/(C)a ifc= ﬁ-

Proof.

(i) Using the derivative d%erf(z) = %e‘f it follows immediately, that

d d

dz dz

NG

(ii) Using [y e ds = @ in the definition (A.16) gives

Az) = ;Eezzlggl}o</()Re52d§ —/Ozeézdg).

GAE) = 9 (e (1 —erf(2))) = 2267 (1 —erf(2)) ~ = = 22A(2) -

(A21)

(A22)

(A.23)

(A.24)

sl

. . . 2., .
Now we use that the complex integral over the entire function e % is path indepen-

dent to rewrite it as

B 2 2. Z+R 752 Z+R 7{:2

(A.25)
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Since the integral along R — z+ R can be estimated as

R 1 !
‘/Z+ e*‘?zdf‘ = ‘Z/ e*(R+sz>2dS‘ < |z|67R2/ ¢ 2RsRe(@) ~*Re(@) g
R 0 0

< |Z|e—R262R\Re(z)\-&-\Re(zz)\ ’ﬂ;’ 0

)

and hence vanishes in the limit R — oo This means, that in (A.25) only the first
integral survives which, after parametrization, gives

2 R 2 [
Az) = L im [ e G ds= 2 [ e 2y,

VT R o VT Jo

(iii) Using the integral representation (A.18) and writing the exponential as a power series
gives

ZSZ)” _c i Zz)n/ P —s? ds.

AR) = f/ nl

Using the integral identity [ s”e""zds = %F(%) as well as the Legendre duplica-
tion formula T(21)I(4 +1) = gr(n + 1), further reduces this series to

anJrl) B oo (_1)n n
e W o

(iv) Using the obvious property erf(—z) = —erf(z) it follows immediately, that
A(—2) = e (1 —erf(—z)) = &7 (1 +erf(z)) = 265 — A(2).

(v) Firstly, the monotonicity is a direct consequence of (A.18). This integral representa-
tion can also be used to estimate the absolute value

AG)] < % e R s = ARe(2).

(vi) Applying integration by parts in (A.18) gives

L /= 1 d _o 5 1 I~ 1
[ _— - —_— —e
VT Jo z+sds VEz Vo (z+5)?

2Re(z)

A(Z) - 75272zsds

In the case Re(z) > 0 we can use e~
integral as

¥ < 1aswellas |z+s| > |z] to estimate the

—s2—2Re(z )sds —szds _ 1

1 1
— | < — e / = .
\/ﬁz’ ~VvrJo |z+s)? - \f|z|2 2|z|?

The case Re(z) < 0 then follows from (A.20).

AG)-
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(vii) For the identity (A.23), we substitute x = % in (A.18) and evaluate at 7z = ThlS

e

exactly gives

A(z\f f/ ¢V ds = 2‘/5/;@*“2*%.

In order to verify (A.24), we first use (A.17) to obtain the primitive

d 7ax27be(\/ax+c) (fx—i—zf)
dx 2\/ac—b

Integrating both sides over the interval (0,o0) gives

eiaxzibe(\/le‘i’C) —

oo ax—+c) —A(Vax+=2-) =
/ef‘”‘th"A(\/ax—i-c)dx:Le"”‘2 ( ) (\[ 2\/‘3)

: 2/a T
A -AGY)
 b—2y/ac
where the evaluation at x = oo vanishes due to the asymptotics (A.22). |

For the Green’s function (8.17) of the Poschl-Teller potential we further need

i)

R(t,2) = eZA< it), t>0,z€C, (A.26)

Z Z
2Vt 24/t
This function then has the following properties, which are mainly consequences of Lemma A .4.

Lemma A.5. Foreveryt >0, z € C, the function R admits the following properties.

(i) The derivatives of R are given by

d izsinh(z) = 2icosh(z)
—R — +1|R(, , A27
3 (t,2) = (42+ ) (t Z)+\/E(it)% NG ( a)
0 oz 2sinh(z)
(ii) R admits the symmetry
R(t,—z) = R(t,z). (A.28)

(iii) The function R can be estimated as

IR(1,2)| < 2e‘Re(Z)‘A( - \\/g) (A.29)
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Proof.
(1) Using the derivative of the function A in (A.17) immediately gives

\/E) zl\f(zzzt 1)A/(2\Z/E+\/E)

( (21t+1) (2Zzt_l>)
DS >+’3Sit‘fff§ T

Using again (A.17) also gives the z-derivative

%R(t,z) = 2:\1/5 (ZLU + 1) ( N
2
(4t2 + I)R( 2=

2

%R(t,z) = eZA(z\Z/E - \/E) +eiZA<2\ZF it)
#5a (X Gl V) - (i)
_ g R(t,2) 2sinh(z)
2it Vimt
(i) Using the property (A.20) of A with negative argument we get
R(t,—2) 7672A(2\F f) erA(z\/, )
= _e*ZA(Z—\/E + \/E) +eZA(2ﬁ it) =R(t,2).

(iii) Due to the symmetry property (A.28), it is sufficient consider values z € C with
Re(z) +Im(z) > 0. With the estimate (A.21) and monotonicity in Lemma A.4 (iii)

we get
IR(,2)] < eRe@A(Re(zf Vi) )+ A(Re(zf )
SeRe(Z)A(R (2)\4;111(2) \\//%) 4o Re: A(Re(zz)j/-im( )+\\//%)
< eRe(Z)A( — \\/[%) +eRe(Z)A(\\/[§) < 2e‘Re(Z)‘A( — :/[%) O

A.3 Legendre Polynomials

In this section we consider for [ € Ny, m € {0,...,/} the functions

P/"(z) == P"(tanh(z)), z€C\ix (Z + %) , (A.30)
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which are a modification of the associated Legendre polynomials P;". Since the Legendre
polynomials are holomorphic on C\ {£1}, see [2, Eq.(8.1.1)], and since tanh never obtains
these values 1, we only have to exclude the singularities i(Z + ) of tanh from the
domain of definition. These functions are in particular used to write down the Green’s
function of the Poschl-Teller potential in (8.17). Next we will derive some basic properties
of the functions (A.30).

Lemma A.6. For every | € No, m € {0,...,1} there holds
(i) The function P}" satisfies the differential equation

(+1)
cosh?(z)

P @)+ ( w)PI@) =0, zeC\in(Zt3).  (A3D

(ii) Forevery oo € (0,%) and h € (0,%) there exists some constant Cy, o j, > 0, such that

Crom,oh
mg)| < —bmah o cg A32
|Pl (Z)| = |COSh(Z)|m’ z€e o,h ( )

where Sy j, is the domain from (5.12).
(iii) The functions P}" satisfy for every x,z € C\in (Z + %) the identity
i

Y T PO (e )PP =

I(1+1)
4

(tanh(z) — tanh(x)). (A.33)

m=1

Proof.
(i) By [2, Eq.(8.1.1)] the functions P;" satisfy the Legendre differential equation

m2

(1= w2)P"" (w) — 2wP" (w) + (z(z+ 1) — m)P;"(w) =0, weC\{xl}.

After replacing w = tanh(z), z € in(Z + %), this equation becomes
P (tanh(z))
cosh?(z)

Since the derivatives of ;" are given by

—2tanh(z)P" (tanh(z)) + (l(l +1)—m? coshz(z)) P/"(tanh(z)) = 0.

PZ’"/ (tanh(z)) = cosh?(z)P}" (2)

P[”” (tanh(z)) = 2sinh(z) cosh? (2)77,”’, (2)+ cosh4(z)’P,mN (z),
we immediately end up with the stated differential equation
I(1+1)
cosh?(z)

szﬂ(z)‘f'( —mz)Pl’"(z)ZO, zeC\in(Z+%).
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(i1) First of all we note, that since 0 < h < %, the domain S, 5, has positive distance to
the singularities +=Z and hence the hyperbolic tangens is bounded on Dy, j, as

|tanh(z)| < caps 2 € Daps (A.34)

for some cq 4 > 0. Moreover, by [2, Eq.(8.6.6),(8.6.18)], the associated Legendre
polynomials are of the form

P (x) = (1 —x%)% (polynomial in x), xe(—1,1).

Hence also the modified function ’P[m is of the form

Pl (x) polynomial in tanh(x))7 xeR.

Since the analytic continuation is unique, this representation carries over to complex
arguments

1 1
my . . 1
Pi(z) = cosh () (polynomlal in tanh(z)), zeC\in (Z+ 2).

Combining this representation with the estimate (A.34) it is now clear, that the in-
equality (A.32) is valid. O

A.4 Bessel and Hankel functions

In this section we derive asymptotics and estimates of the Bessel function Jy, as well as
the Hankel functions Hf,l) and H‘(,2>, Re(v) > 0, which are solutions of the differential

equations
2IN() +20,(2) + (22— v I(z) =0, z€C\ (—o0,0], (A.352)
2HMY )+ B )+ (2 —vIOEMY =0, zeC\(—=,0.  (A35b)
These functions will be needed in the investigation of the Green’s functions (8.21) and
(8.22) of the centrifugal potential. In particular for the Hankel functions it is more suitable
to consider the following adaption
1Y (@) = vze "Hy(2), Re(z) >0,
1P (2) = vzeH" (2), Re(z) > 0.
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For a shorter notation we will introduced the signs & or = in the sense, that the upper sign
always belongs to 7-[5,1) and the lower sign to 7-[5,2). For example, the above definition of

the functions H‘(,l) and 7—[5,2) looks like
1 (2) = vzeT 7l (1), Re(z) >0, (A.36)

using this convention. According to (A.35a), these functions then satisfy the differential
equation

" ! 1
ZHIY (2) —2i2wHI (2) + (Z - vZ)H‘v‘*” () =0, z€C\(—e,0]. (A37)
We start deriving an integral representation of the Hankel functions, which will be the basis

of the upcoming estimates in Lemma A.8.

Lemma A.7. For every Re(Vv) > 0 the function H‘(/l’z) admits the integral representation

(1,2) Fiv2 /"" 2 \V1 .,
H =—V2 (i dt, R 0. A.38
V0= (5%i) e e(z) > (A.38)

Proof. From [53, Equations (10.9.4) & (10.9.5)] and H\"? (z) = J,(z) + i¥y (2), see [53,
Equation (10.4.3)], we get
217va+%e¢iz 1 1. il 1
1P (2) = (/ 1 -2V 3¢ gy i/ 1412 Vze”dt) A39
= U ) T ["(147) (A39)

217v1v+% i 1-e 2\v—1 tiz R 2\wv—1 oz
=———¢" lim lim / 1—t7) 2% drt i/ 14+17) " 2¢77 dt).
VAT(v+1) ee()*R%w( 0 ( ) o ( )

For sufficiently small € > 0 and sufficiently large R > 0 we consider the integration path

oz B
| ) Re(z)R+ilm(z¢)
no={Fiz(l-1)|e<t <1}, n >
=y
'yz;:{tz|0§t§R}a
Bi={ze+1[0<1 <Re(Rz—z)}, r !
o= {Re(R +ilm(ze) +it [0 <t < Im(Rz—) ), n

where for a shorter notation we defined z¢ := Fiz(1 — €). Using complex path integrals we
can write (A.39) as

_ B e _1 2 y-1
(12)y _ F2 V2T L / &\ e / So\r e
2 (105 g | (145 ).
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If we interpret the complex power of the integrand as

( éz)v—% e(v%)m(wf—f)
with the complex logarithm holomorphic on C\ (—ee,0]. In order to make sure that 1 +
% ¢ (—o0,0] does not cross the negative semiaxis, we need & # izr, for any r e R\ (—1,1).
However, since we introduced € > 0, and z¢ respectively, this does not happen in the above

integration path. Hence the integrand is holomorphic and we are able to apply Cauchy’s
theorem to change the integration path to

vyl i 0 N
(12) 2TV L / AN / EX\v2 ¢
=T 2 d 112 de ).
H () i\/ﬁl"(v+%) el{g*'RTgo },3( +z2) e > dE+ 74( +ZZ) e =dg
(A.40)

The first task is now to show that the integral along Y4 vanishes in the limit R — e. To do
so, we start with the estimate

/y4 (1+§;)Vée5d<§’

Im(Rz— 1
_ o Re(R / m(Rz=ze) (1 L (Re(z )R+lI;n(Ze) +ir)? ) iy, (A4D)
0 z
. _ 2 1
c ermnreon (1 (ReR i) i) 0,
0 z
where we used the estimate
|ab‘ | bln(a | ’ bln|a|+ibArg(a) | — |a|Re(b)€7[m(b)Arg < ‘a|Re n'\Im( |7 (A42)
which holds true for every a € C\ {0}, b € C.
o For0 <Re(v) < % we can further estimate the integrand as
‘ - (Re(z)R 4+ iTm(z¢) + it)? ‘ - ‘ Re(z)R+iIm(z¢) + it ‘2 s Re(z)’R*
2 = = 2 )
z Z Iz|

which leads for R > : (‘ j to the convergence

. 2 y-1 2p2 R
’/ (l—}—%)v 2e§d§‘§e7ﬂm(")RC(Z)R(ReT;)zR_l) *V)2 |Im(RZ Z£)|Ij;0
Ya

o For Re(Vv) > 4, we estimate the integrand as

(Re(z)R 4+ iTm(z¢) + it)?

‘ <1t (Re(2)*R? + (Im(z¢) +1)?
2

l2I? ’

‘1+
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which means, that the integrand in (A.41) grows as R2R(V)=1 Since also the upper
bound grows of order R, the whole integral grows as R2Re(v), Together with the
exponential prefactor e Re(@R | the whole right hand side of (A.41) converges to
zero as R — oo and hence also in this case we proved that the y;-integral vanishes in
the limit R — oo,

This shows, that in the limit R — o in (A.40) only the 73-integral remains. Parametrising
the path integral gives

pl-v v—3 ‘Re(z)R—Re(z¢) £)2\v—1
’H(vl’z) () = BRI 12 e™ lim lim eiZf/ (1 + @) Teldr
VET(v+ —) £0" R—oo 0 z

1=V v oo v-1
_F2lve lim / (1+M) e~dr. (A.43)
fr‘(v + = ) £-0+ 72

In the final step we now have to argue why we are allowed to carry the limit £ — 0"
inside the integral. In order to apply the dominated convergence theorem, we estimate the
integrand as follows.

o If 0 <Re(v) < 1 we use the inequality

Lo if Re(w) >0
[1+w] = 7|ITM(;|V)|, if Re(w) <0

which holds for all w € C, to estimate the integrand as

(ze +1)?
Z2 ’ |z |2‘

z‘ *Re(z)

1+
‘ |3

1Fi2—e)° Hli ie
Since the right hand side is independent of € and the factor e ™' ensures convergence
on (0,), we found an integrable majorant.

o IfRe(v) > ; we simply estimate
2 2

+t +t
<1 (|ze[+1) <1 (2| +1) .

(Zs +I)2’
- 2> = K

1+
S

Again this upper bound is €-independent and together with the factor ¢ an inte-
grable majorant.

Hence we verified, that the dominated convergence theorem is applicable and we are al-
lowed to carry the limit € — O™ inside the integral (A.43) to finally end up with the stated
integral representation (A.38). O

Next we give some estimates and limits of the modified Hankel function.



A.4 Bessel and Hankel functions 137

Lemma A.8. Let Re(v) > 0 and a € (0,%). Then there exist constants Cy o, Dy o > 0,

(1.2)

such that the functions H,, ' and their derivatives are bounded by

< s
, ifRe(v) > é |Arg(z)| <. (Adda)

<
. -2
1+— 1 ifRe(v)> 1. |Arg(z)| < a.  (A.44b)

Moreover, for Re(v) < 1 they admit the limits

hm H( )() (:Fi)‘“’%\/i

and  lim H{"?(z)=0. (A.45)
Agl<a v al

|Arg(z)| <

Proof. For the proof of the boundedness of H‘(/l’z) in (A.44a), we use the integral repre-
sentation (A.38) and estimate

(12) zen’\lm /
H < — t
MOl e o

where we used the identity (A.42) for the complex power. For Re(v) < %, we need the
following lower bound of the integrand,

v)—1
2

e ldt, (A.46)

t 2 tIm(z) 12 Re(z)? 2 2
—Fi| =1+ > =cos“(Arg(z)) > cos“ (o), |Arg(z)| <a,
5% FERR R (Arg(2)) > cos”(@), | Arg(z)|
(A 47)
where the first inequality comes from minimizing the parabola r — 1 + ’llm‘( I 4‘ ‘2 This
gives
I Re(v)—1 oo
|H$,1*2) |§ V2eml m(v)\COS(al) e(v) 2/ Re(v)—} i g0
VEID(V+3)] 0
B V2™ M)l cos ()R =T (Re(V) + )
VATV + )| '
For Re(Vv) > 5 on the other hand we use the inequality
R _1 R _1
’iq:i " <or3 (1) ) F+1), (A48)
2z 2|z
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to estimate
(1,2) ﬂ\lm / 12 Re(v f R 1 _
'H < +t e(v)—5 tdt
| ( )| < f|l“ ] 2\z| )
V2 emlm(v |F(2Re(v)) 2ReW) 7 Im(V)IP(Re(v) + 1)
- 1 Re(v)fl + r 1
VLW + 1) JefRe) - AT+

For the inequality (A.44b) we first use the recurrence relation [2, Eq.(9.1.27)] to write the

derivative as

) Hy(z) —Hy+1(z), Re(z) >0.

’ \/—|—l
HY Y () = (2

Hence we can use the already derived estimate (A.44a) to get

<] U e o1+ ) Re(d) < 4,
(Tﬁﬂ)cv,a(u‘z‘,{ : 7)+cv+1a(1+“ ). Re() 2 4,
SDv,a{iiil’ Re8§%
Re+ 23

For the proof of the first limit in (A.45), we once more use the integral representation
(A.38). With the inequality (A.47), where the right hand side is z-independent, we are

allowed to interchange limit and integral and get
2

. (12) Fiv2 . /°° V-
lim - 1
o Y @ \/EF(VJF%)‘AE;?;“ 0 (Zz:Fl) ¢
_ (32 / "
VAD(v+1)
_F)V2
=

For the second limit in, we are allowed to carry the limit inside the integral once more

L

~dt

because of the inequality (A.47). This gives

iv/2 o [2 v—1
lim ’H(vm)(z)_\f?\fl lim / (2—$it) feldr =0,
2| —0 5 -0 Z
\Ar‘g‘(Z)\Sa & (v+2)\Ar‘g‘(2)I§a 0

where the integrand vanishes in the limit |z] — 0 since Re(v) < %
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Also for the Bessel function we obtain the following inequalities.
Lemma A.9. Let v > % and a € (0,7%). Then there exist constants Cy,Dy > 0, such that
the Bessel function Jy is bounded by

v (2)| € —=e™C ana |7,(2)] < || Y elm@l - Re(z) > 0. (A.49)
Z2

m

Moreover, for some E, > 0, the asymptotics for large arguments of Jy can be read off the
estimate

V2 (2v+r 1 L i)
Jv(z) — \/77008 (z - T> ’ <Ey (E + g) » Re(z) >0. (A50)

Proof. According to [2, Eq.(9.2.5)], the Bessel function admits the representation

Jv(z) = ﬁ (Pv(z) cos (z— M) — Qv(z)sin (z - M)) , Re(z) >0,

V7z 4 4
(A5D)
using the series
v (=Dt S (2k-1)
Pu(z) = ngo ) (2z)2"k1;l, (v " ) (A.522)
. i (_l)n 2n+-1 (2k— 1)2

First of all, since obviously P,(z) and Q,(z) are bounded for |z| > 1 by some constant

C >0, we get
20V2 o)
7|z

v (z)| < ;2> 1,

However, since Jy is continuous this inequality is obviously also fulfilled for |z| < 1 and
hence (A.49) is satisfied. Using the connection formula Jy,(z) = —Jy+1(z) + %Jv(z) from
[2, Eq.(9.1.27)] also the second inequality in (A.49) follows immediately.

For the proof of the asymptotic inequality (A.50), we will once more use the representation
(A.51) and again start with |z| > 1. The functions (A.52a) and (A.52b) can be estimated as

> 1 2 (2k—1)?
P <Y ——TIlv —7\
P (2) - ; 2n)!|27)%" I:[ 4
B 1 i ZﬁZ‘ 2/(—1)2’
2 (2n+2 '|2z|2"‘*‘1 4
5 e (- 25
=2 (2n+2 (2n+2)1220H1 T
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and as

2n+1 2k— 1)2‘

-

2n+l‘ ) (Zk_l)z‘
4

1
0v(2)| < Z 2n+1—|2z\2"+1

2|z| ,Z (2n+1 '|2z\2”

2n4-1 2 )
5 (2k—1) ‘ Dy
- = > 1.
_2|Z|Z(2n—|—l 14 H‘V 4 FRELE
Altogether, this leads to the following estimate of the Bessel function
V2 2v+1)m
JV(Z) - \/7>ZCOS (Z— %) ‘
2 2v+1)m 2v+1)m
~ V2 (R - 1)cos = Q) 0 (2)sin: u)
V7|7 4 4

M, p@
< \/§(DV +PV )e\lm(z)\
VT2

Since Jy is bounded as already proven in (A.49), we can also estimate

\/\/%cos (zf M)‘ < (Cv+\/\%)€lm(z), ol < L. (A.54)

Combining now (A.53) and (A.54) gives the stated estimate (A.50). [l

;7 > 1 (A.53)

Jv(Z) -
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