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Abstract

It has been known since at least 1969, that there exist quantum states of a free
particle on the line with purely positive momentum that exhibit probability transfer
towards the negative half-line. This phenomenon, the quantum backflow effect, is
the subject of this thesis. The largest amount of backflow any state can exhibit over
a single time interval, the Bracken—Melloy constant, was initially calculated to be
cpm ~ 0.04.

In the first half of this thesis, we consider the question of how much quantum
backflow states can exhibit over disjoint time intervals. This is done by formulating
the question in terms of the spectra of bounded operators. When considering more
than one disjoint time interval, we discuss a new phenomenon where a state exhibits
more probability transfer in the same direction as its momentum than any classical
state. We call this effect quantum overflow. Given a number M of disjoint time
intervals, we give bounds on the maximum amount of backflow and overflow a state
can exhibit over any M many intervals. The limiting cases in which two disjoint
intervals merge into one is particularly studied. Finally, we show plots of the time
t = 0 momentum space wavefunction of states exhibiting multiple quantum backflow
and quantum overflow.

The second half of the thesis contains a detailed numerical investigation into
the backflow problem for a single time interval. Based on previous conjectures, we
construct the maximum backflow state from a given set of normalised states closely
resembling the sinc function. The Bracken—Melloy constant is then bounded from
below by the largest solution to a generalised eigenvalue problem. Using a multi-step
numerical procedure, we solve a high precision large dense generalised eigenvalue
problem. From this we obtain new numerical approximation to the backflow state

and the best known rigorous lower bound of the Bracken—Melloy constant.
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1

Introduction

1.1 QUANTUM ADVANTAGE

In the game of rugby, a player may only legally pass the ball to their teammate
backwards. That is, the player must be positioned further towards the opposing
team’s posts than the intended recipient of the ball. Fortunately, rugby league is a
sport played by macroscopic players obeying the laws of classical mechanics, most
rugby players do not find it so difficult to obey this rule and avoid losing their team
possession of the ball. The same cannot be said for a rugby game played with a
quantum rugby ball. Imagine a player Bob passing a quantum rugby ball backwards
to their teammate Alice with Charlie positioned further up the pitch. It is possible,
despite the fact that Bob aimed to legally pass the ball to Alice, for Charlie to find
the ball in his hands. However, the upset was not Bob’s fault. This was due to the
phenomenon that goes by the name of quantum backflow.

Quantum backflow (QB) is the counterintuitive phenomenon whereby a free
particle moving on the line with momentum in the positive spatial direction can
exhibit probability flow in the negative spatial direction. This is in sharp contrast to
the case of a classical ensemble of free particles which will always exhibit probability
transfer in the same direction as its momentum. The first example of quantum states
exhibiting QB was found by Allcock [2] in 1969 while studying the problem of time of
arrival in quantum mechanics. In his study, he showed that the quantum mechanical
current of a state with non-negative momentum could be negative, giving rise to the
QB phenomenon. The work of Allcock was significantly expanded by Bracken and
Melloy in 1994 [12], who conducted the first thorough study of QB.

The phenomenon of quantum backflow can be firmly placed among physical

11



12 CHAPTER 1. INTRODUCTION

effects exhibited by quantum systems that outdo some bound obeyed by the system’s
classical counterpart. Quantum effects that display this behaviour of exceeding some
classical bound are often labelled under the umbrella term quantum advantage, for
which the canonical example would be quantum tunneling. Tunneling is the well
studied quantum effect [54] whereby a quantum particle, initially localised in some
classically insurmountable energy well, may be measured to be outside of this well
some time later.

Quantum advantages in general transport tasks have been studied by Trillo,
Le and Navascués [64]. In their paper they study the quantum projectile scenario
whereby a quantum particle is prepared such that it is localised in some bounded
region B with momentum distribution p and left to freely propagate to some region R
far away from B. The behaviour of these states are then compared to the behaviour
of an analogous classical particle with momentum distribution |p|?. In the paper,
they find that there exist ultrafast and ultraslow quantum states in the sense that in
expectation, these states will be measured in the distant region R quicker and slower
than the associated classical particle respectively. As is shown in [64], this transport
problem is closely related to the quantum backflow phenomenon. Intuitively, one
may suppose that such an ultraslow state is one exhibiting backflow in some time
intervals between B and R.

Another related quantum effect is Tsirelson precession. Consider a one dimen-
sional classical harmonic oscillator of frequency w with some initial position z, and
three distinct equally spaced times 0, 27/(3w), 47 /(3w). Now suppose one of these
times is chosen at random, and the position coordinate of the oscillator is measured.
This process is called the Tsirelson protocol, and the probability of measuring the
chosen position coordinate as positive is called the Tsirelson score. It was shown by
Tsirelson, in an unpublished preprint [65], that the Tsirelson score of this classical
oscillator will never exceed 2/3. Now turn to the analogous quantized oscillator.
Again in [65], it was shown that there are initial states of the quantum harmonic
oscillator for which the Tsirelson score can exceed 2/3. This protocol has been
studied extensively by Zaw and others in [18, 70, 72]. In particular, in [71], it
was shown that the maximum Tsirelson score for the quantum harmonic oscillator
associated with any three times (satsifying some technical condition) P satisfies
the bound 0.709364 < P3; < 0.709511. The original Tsirelson protocol has further
been generalised to an arbitrary odd number of times in the unpublished thesis of

Zaw. There is good reason to believe that this phenomenon has a firm link to the
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quantum backflow of a free particle, based on work by both myself and Zaw, which

it is hoped will be developed elsewhere.

In the different setting of quantum field theory, there are also well known examples
of the observables of quantum fields exceeding the bounds obeyed by their classical
counterparts. In classical relativistic field theories, the energy density of a field is
described by its stress—energy tensor T,,. This is a quantity typically made up of
local quantities associated with the field. One of the assumptions of general relativity
is the weak energy condition, which is the proposition that all observers measure
the local energy density of matter to be non-negative. Mathematically, this can
be expressed as Tutu® > 0 for all timelike vectors u®. This condition, as well as
others like it, are assumptions added into the theory of general relativity alongside
the Einstein equations. The story for the quantum fields is quite different, as has
been known since at least 1965 [28]. For even the simplest quantum fields, there are
states of the field for which the quantized stress-energy tensor’s expectation value
does not obey the weak energy condition. Furthermore, such states of a quantum
field can possess pointwise negative energy densities that can be arbitrarily negative.
However, it was first shown by Ford [37] that temporally averaged expectation values
of the quantum stress—energy tensor, when appropriately smeared, admit bounds
from below. These are known as quantum energy inequalities, for which there are
examples in globally hyperbolic manifolds of arbitrary dimension [31, 22, 34]. Many
other examples exist in globally hyperbolic manifolds of dimension two [21] and yet
more examples for four dimensonal Minkowski space [35]. For a full pedagogical

overview, the reader is guided to [32].

The overall theme of this thesis is to describe the extent of the quantum advantage
of generalised backflow problems, as well as describe some of the states that possess
this advantage. To do this, we first note the following. All of the examples given
above possess a common feature. That is, quantum systems typically violate bounds
obeyed by their classical counterparts. All of these examples admit a mathematical
description in terms of the extremal spectral values of some operator. We now move

on to describe an operator associated with the quantum backflow phenomenon.
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1.2  BACKFLOW OPERATORS

Throughout the thesis, we work in units with # = 1. A free quantum particle of
mass p > 0 is described at time ¢ by a quantum state 1; € L?(R) obeying the free
Schrodinger equation

10phy = Hiby (1.1)
where H = —1/(2p)9? is the Hamiltonian of a free particle and with initial condition
g = 1. Choosing yu = 1/2, we find the formal solution is given by ¢y = exp(itd?)i.

Define the unitary F as the Fourier transform with explicit form

FO)) = —= [ dr i) (1.2

with the inverse Fourier transform denoted by F*. Commonly, we will make use of
the abbreviation @/AJ := F1. By applying the Fourier transform to the Schrodinger

equation, we find the general solution has momentum space representation

i(p) = exp(—itp?) o (p)- (1.3)

To discuss QB, we must first define the subspace H™ of position representation

quantum states with non-negative momentum as

Wt — {w € [2(R)

supp 1 C [0, oo)} . (1.4)

Similarly, we define the momentum representation quantum states with non-negative
momentum as FHT = L*(R"). Note that by (1.3), H* is invariant under the free
Schrodinger evolution. For fixed ¢ < t9, the amount of QB a normalised quantum

state 1 € HT can exhibit is given by
A 1) (¥) = Proby (X € (—00,0] | t = t3) — Proby (X € (—00,0] |t =1t1) (1.5)

where for a spatial region R C R, the probability of finding the particle in the state
1 at a time ¢ in the region R is given by

Proby(X € R|t) = /Rda: e ()2, (1.6)

According to classical intuition, the momentum of a particle expresses the direction
that it is moving in. Since any state in H* has non-negative momentum, one should

expect the probability of finding the state in the left half-line (—oo, 0] to only ever
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decrease in time. However there exist normalised states 1) € H with Ay, 4, (1)) > 0
and we call every such ¢ a backflow state. The maximum amount of backflow any
state can exhibit is the constant cgy ~ 0.04, first found by Bracken and Melloy in
[12].

To understand the possible range of values Ay, ,,y can attain we first describe
some important operators and note some symmetries. The position and momentum
operators are denoted by X and P, each densely defined on the domains Dy and

Dp which are given by

Dp — {1/) € I2(R) : /O; da [/ (2)[? < oo}. (1.8)

Dx = {¢ € L*(R) : /O:O dz|zy(z)]? < oo}, (1.7)

On these respective domains, the actions of X and P are given by

(XY)(z) = wp(x),  (PY)(z) = —it)'(x) (1.9)

and we note that together they generate a representation of the canonical commu-
tation relation algebra (CCR). Let S; = F* exp(—itP?)F : L*(R) — L*(R) be the
Schrodinger evolution operator acting on wavefunctions in the position representation.
Then firstly, as first shown by Bracken and Melloy in [12], we find that

A(t1+’r,t2+’r)(w) = A(t1,t2>(ST¢)' (110)

Secondly, for a > 0 let D, : L*(R) — L?(R) be the dilation operator with action
(D)) (z) = a*/*(a*?x). (1.11)

A simple computation, again performed first in [12], shows that S,; = DS, D, and

consequently we find that

Aatrata) (V) = Dy 1) (Dat)). (1.12)

For a > 0 and ¢t € R, the unitaries D, and S; leave H" invariant. Since for any
t1 < ty and s; < sy, one can find a,b with s; = at; + b, j = 1,2 it follows that
Ay, 1) (M) remains fixed for any ¢ < 5.
One easily sees that the amount of backflow over any continuous time interval
must be bounded by
Ay iy (HY) € [=1,1] (1.13)
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from the trivial bounds on probabilities. To improve the bound in (1.13), we follow a
calculation first done by Bracken and Melloy. Let IT~ : L*(R) — L?*((—oc, 0]) be the
projection onto the negative half-line. Then one can write the amount of backflow a

normalised state ¢ € H' exhibits over the interval (¢;,%,) as

A(m,m} (w) = <77Z)t2

4y, ) — (i,

T, ) (1.14)

Writing ¢ = ¢) with supp ¢ C [0, 00), for each ¢ € R one finds

([T 4) = (S [T~ Sp)
= <.F*e_ip2t¢’1'[_]:*e_ip2tgb>
= (glem I Fe ) (1.15)
and hence
A<t1,t2><¢) = <¢’B<t1,t2)¢> (1.16)

where the manifestly self-adjoint Bracken-Melloy operator By, 4,y : L*(R*) — L*(R")
acting on quantum states with positive momentum in the momentum representation

is given by

By oy = S;, FIIT F* Sy, — Sp FIITF* S, (1.17)

From equation (1.16), it is clear that Ay, 4,y(¢)) belongs to the numerical range’
N (B, 1,)) of the backflow operator By, 4, for any normalised ¢ € L*(R™). Conse-
quently, the supremum value of A<t1,t2>(7-[+) is the top spectral point max o (B, t,))-

Clearly, from (1.17), By, 4, is the difference of two non-negative self-adjoint
bounded operators, each of which is bounded above by the identity. Hence, By, 1,
is a self-adjoint bounded operator with spectrum o (B, +,)) € [—1, 1].

To find an explicit form of By, 4,), we first compute an explicit form of FII™F*.

Let ¢ be a compactly supported smooth function vanishing on the negative half-line,

'For a bounded operator A on a Hilbert Space H, the numerical range is given by N (A) =
{(¢lAg) : ¢ € H, || = 1}
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then
(,7:1_[ ]:* —/ dre” / dq (g
_ = —i(p—q)z+tex
] / dg
27T 50t e—i(p— q)
S A e . C)
271 e=0+ Jo p—q-+ie
1 > ¢(q)

=-—PV — 1.18
271 0 qp—q ( )

where on the second line of (1.18), we have made use of Fubini’s theorem. On the

final line PV denotes the principal value integral

p—€ )
lim ( / + ) )
e—0t 0 pte

Both sides of (1.18) are continuous in ¢, and since this holds on a dense subset of
L*(RT), it follows that (1.18) holds for all ¢ € L*(R™). Furthermore, the calculation
in (1.18) demonstrates the well known fact that F*II-F = —2i$ [26] where $ is the
restriction of the Hilbert transform to L2(R™). Returning to (1.17), we find that the

Bracken—Melloy operator has the explicit form

1 oo eit2(P®—a?) _ pit1(p*—¢?)
(Brosss) )=~ [

2w Jo

p— ¢(q) (1.19)

which holds pointwise almost everywhere for any ¢ € L?(R"). Note that the principal
value is no longer required since the integral kernel is finite on the diagonal. A

particular special case is

(B<7TT = _*/ d sin T p —4 )¢(Q) (120)

for any 7 > 0. Both (1.19) and (1.20) were first given in [12] and will be generalised
to new backflow operators in this thesis.

The backflow operators satisfy a covariance relation expressed as
SrBit112)Sr = Bity4rtatr)- (1.21)
Furthermore, for a > 0, the dilation operator alters a backflow operator as

DZB<t1,t2>Da - B(afltl,afltg)' (122)
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Combining (1.21) and (1.22), for any 7 > 0, we have

B<t17t2> = S€t1+t2)/2D* 27-/(t2—t1)B<7T’T>D /—27/(t2—t1)5(t1+t2)/2 (1.23)

which shows that all the operators By, 1, for t; < t, are unitarily equivalent and
therefore have the same spectrum. Note also that ¢ — S;9S; is strongly continuous,
because S; and S} are strongly continuous and uniformly bounded. It follows that
(t1,t2) — By, 1, is strongly continuous on the set T3 = {(t1,t2) € R* 1 t; < to}.

One final unitary transform will play a central role in the thesis. For any 7 > 0
we may define a unitary U, : L*(R*,dk) — L*(R",dq) by

Gy = 2YD (124)

V2(qr)V4

where ¢ is a dimensionless variable (representing action in units of 7). Making the

change of variables ¢ — ¢?, one finds that

1 oo (et2lpma)/T _ gitip=a)/m) 1 /N 1/4 p\ V4
BV = =g [ G+ ]
(Ur B g Uro)(p) = = — | dg P . T ¢(q)
(1.25)
for o € L*(R*,dg) Accordingly, every single backflow operator By, t,) is unitarily

equivalent to the bounded operator C' = U, B_, nU* € B(L*(R",dq)) given by

o) = o [TarE DOV (Y )

2 P—q q q

By definition, cgy = max o(C'), and as ||C|| < 1 it follows that o(C) C [—1, cpm].
Since the original calculation by Bracken and Melloy in 1994 that cgy =~ 0.04,
there have been two further supposed improvements. In this thesis, we will present a
new value for cgy, accurate to 6 significant figures. The first was by Eveson, Fewster
and Verch (cgm ~ 0.03845(2)) [29] and shortly thereafter by Penz et al. (cpy =~
0.0384517) [53]. Recently, Trillo, Le and Navascués showed that 0.0315¢cgy < 0.072
[64]. The upper bound of 0.072 is of significance here since it is the first known upper
bound of the cgy. Due to the small value of gy, experimental verification of QB is
an ongoing effort. Goussev has shown that when considering an angular analogue
of QB for a particle on a ring, the associated maximum possible backflow is larger
than in the linear case with ¢ing =~ 2.6 cpy [39]. Angular QB has also been studied
in the case of a charged massless fermion [23]. Palmero et al. have shown how QB

could be experimentally verified by measuring density fluctuations in a Bose-Einstein
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condensate [52]. Bracken has explored a whole family of QB related problems where
the quantum states considered have their momentum restricted to p > py for some
fixed py € R [11]. Other variations of QB that have been considered include but
are not limited to: QB in two dimensions [4], QB in a relativistic setting [3], the
relation between QB and the local wave number [7] and QB across a black hole
horizon [9]. Finally, Bostelmann, Cadamuro and Lechner [10] studied the extent to
which scattering states exhibit the backflow effect for general short-range potentials,
while Yearsley and Halliwell showed that the dependency of the maximal QB on %
reappears [68] once a realistic measurement apparatus is considered.

We note in particular here that all previous methods to numerically investigate
quantum backflow have employed lattice methods, which have the following drawback.
Any lattice method depends on the lattice spacing Ap, as well as the maximum
lattice size pmax. Therefore any attempt to calculate cgyr is found by taking the limit
of some function ¢(Ap, pmax) as Ap — 0 and ppax — 0o. In practise one lets Ap and
Pmax depend on some independent parameter n so that Ap(n) — 0 and ppa.x(n) as
n — oo. Furthermore, previous attempts to estimate cgy, such as in [53] and [29]
have modelled the relation ¢(Ap(n), pmax(n)) using a simple power law. This lays

the basis for the numerical investigation that takes place in this thesis.

1.3 PLAN OF THE THESIS

Throughout the thesis, we generalise and expand on previous work on the quantum
backflow problem. Previously, the question of how much backflow quantum states
can exhibit has been restricted to the case of a single continuous time interval. In
chapter 2, we introduce the notion of a state undergoing QB over multiple disjoint
time intervals. This is done by first fixing an arbitrary integer number M and
increasing list of times tq, s, ..., top—1, taps Which parametrise the M intervals as
[taj—1, 2] jj‘il. Given a collection of such intervals, we construct an associated M-fold
backflow operator in the spirit of Bracken and Melloy. An explicit formula for
such operators can be found in (2.25). From here, we introduce the phenomenon
of quantum overflow. This is the existence of quantum states that exhibit more
probability transfer in the same direction as their momentum than is classically
allowed.

From there, by writing M-fold backflow operators as a sum of single backflow
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operators, we establish general outer bounds on their spectra. This is given in
theorem 2.3.1. After constructing a particular class of multiple backflow operators
C™) with closed form integral kernels, we show in theorem 2.4.1 that for each M
one can find an M-fold backflow operator whose spectral suprema and infima grow
as O(M'*). This establishes that for any amount of backflow b > 0, one can find
an M € N and collection of times tq, s, ..., tap—1, taps parametrising disjoint time
intervals and a state 1), exhibiting backflow larger than b. An analogous statement
exists for quantum overflow. In theorem 2.5.1 and theorem 2.5.2; we establish various
properties of the maximum amount of backflow and overflow that states can exhibit
for a given parametrisation of time intervals. Particular care is taken in the limiting
case where two disjoint time intervals coincide.

In chapter 3, we conduct a detailed numerical study of multiple backflow states
for the specific multiple backflow operators (C*))%,_,. To do this we make use of a
generalised Rayleigh-Ritz method. Given parameters a > 0, || < 1, we describe an
arbitrary multiple backflow operator in terms of a dense sequence of exponentially
damped monomial vectors (1, .5)3%, C L*(RT) where

Unaslp) = e,
The method, encapsulated in lemma 3.2.1, involves first fixing parameters a,d
and N € N from which Hermitian matrices C™)(a, ), P(a,d) € CNFTUXN+D) are
generated. The matrix C™)(a, ) is made up of the matrix elements of C™) with
respect to (Vn.as)2_o, and P(a,d) is the Gram matrix for the same finite sequence of
vectors. Formulae for these matrix elements can be found in appendix C and (3.18).
With these matrices in place, the maximum backflow and overflow values exhibited
by states in the span of (1,.445)2_, can be found by finding the largest and smallest

A that solve the generalised eigenvalue equation
C™M(a,8)v = A\P(a,d)v.

Furthermore, the associated such v can be used to construct time ¢ = 0 quantum
states Yhack/over € L?(RT) that exhibit backflow and overflow respectively over the
time intervals that the operators C™) correspond. Plots of these normalised quantum

3/4 can be found in figures 3.4 to 3.10. A specific

states, after multiplication by p — p
comment is made regarding the types of states exhibiting C!) expectation value

close to the lower bound —1. Plots of such states can be found in figure 3.11.
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The final section of chapter 3 is devoted to a numerically accelerating the sequence
of generalised eigenvalues found to better approximate cgy. Using such techniques,
we find a value of ey = 0.0384506 to 6 significant figures. This is of note because
of its contrast to the previous accepted value of 0.038452 found in [53] and [29].

The content of chapters 4 and 5 is made up of a more detailed numerical study
of a single backflow operator, C', which is unitarily equivalent to the Bracken—Melloy
operator. This is the same operator studied in [29]. As discussed in section 4.1.1,
we are inspired by the conjecture of Halliwell and Yearsley that the maximizing
vector of the Bracken—Melloy operator, should it exist, is asymptotic to sin(p?)/p.
Expressed in the variables we use, this would suggest that a maximizing vector of
C is asymptotic to ¢~*/*sin(q). Using the same method as in chapter 3, namely
lemma 3.2.1, we describe the operator C' in terms of a doubly infinite sequence
(p2,) C L*(RT) where

lqil/zx sin(q — n)
T q—nm

vi(q) = p > 0.

The density of this sequence is given in theorem 4.1.2 which is proven using methods
from Paley-Wieiner and distribution theory. This method has the advantage that
for each N chosen, the largest \ that solves an assoicated generalised eigenvalue
problem provides a rigorous lower bound of cgy;. That is because this method solves
for the largest backflow vector belonging to the span of ()N, C L*(R").

With this density result in place, for each N we construct matrices CIN! and P!
whose generalised eigenvalue problem is solved to approximate cgy. The remainder
of chapter 3 is taken up by the computation of the matrix elements of C!™ and PV,
The reader is guided to (4.61) and (4.60), as well as (4.63) to (4.114) for the full
formulae used. All of these formulae are proven in appendix D.

With these matrices constructed, in chapter 5 we describe a multi-stage numerical

procedure for the computation of the generalised eigenpairs (A™Y), V(")) solving

COINL(N) — \(N) pIN], (N)

The strategy involves converting the generalised eigenvalue problem to a standard
eigenvalue problem and is described in lemma 5.2.1. The transformation is done
in such a way that the resulting matrix has an increased gap between the top two
eigenvalues, thus allowing for faster computation of the top eigenvalue using the

power method. A plot of the resulting sequence of eigenvalues is given in figure 5.1.
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Of particular note is the largest rigorous lower bound A 7 for cgy which we find to
be Ai700 = 0.03837 to 4 significant figures. Further, from this method we obtain a
simple formulae, given in (5.19), for a backflow vector. The vector exhibits just under
one third of the maximum backflow for a single interval and is a linear combination
of just four of the basis vectors (pF)l_,. Using 602 basis vectors, we obtain a plot
approximating the backflow maximizing vector in figure 5.6, which matches previous
work done by Halliwell and Yearsley in [69] as well as that by Penz et. al. in [53]. A

discussion on the numerical analysis of (A™))Y9% is given in section 5.4.
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Multiple Quantum Backflow

2.1 CLASSICAL STATISTICAL MECHANICS

Consider a classical ensemble of particles C of mass p under free evolution on the

line. The phase diagram is given in figure 2.1.

Figure 2.1: Phase diagram for free time evolution with initial position X

r
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Let the distribution of particles on phase space P = R? at time t be given by a

probability measure p; so that a randomly chosen member of the ensemble has phase

23
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space position (X, P) in a Borel subset S C P at time ¢ with probability
Prob,((X,P) € S| t) = p(5), (2.1)

where we write p = pg for the state at time ¢ = 0. Denote the continuous functions
on phase space by C(P). The ensemble average of an observable f € C(P) at time ¢
is given by [ fdp; = [ f o1, dp by Liouville’s Theorem, where

i(w,p) = (x + pt/u,p) (2.2)

is the forwards Hamiltonian time evolution through time ¢. Correspondingly, we find
that p(S) = p(77(S)). If the ensemble only contains particles with non-negative

momentum then one has
p(S) = p(SN (R x [0,00))) (2.3)
for any Borel subset S C P, and consequently,

Prob,(X € (—00,0) | t) = p((—00,0) x R)
= p(7; ' ((—00,0) x R)) N (R x [0, 00))
= Prob,((X,P) € {(z,p) € P:x < —pt/u, p>0}). (2.4)

The difference between the probabilities of finding a randomly chosen particle on

the left-hand half line at time ¢’ and an earlier time ¢ is therefore
Probp(X € (—00,0) | t’) — Probp(X € (—00,0) | t) = —Probp((X7 P) € Siv), (2.5)

where
Siv ={(z,p) eP:—pt'/u<z<—pt/p, p>0} (2.6)
for any ¢’ > t. Note that we may replace p > 0 by p > 0 in the formula S;, without
loss because Sy N (R x {0}) = 0. Accordingly, —p(S;+) measures the probability
backflow between times ¢ and ¢'; as it is clearly nonpositive, we see that there is no
classical backflow.
Now consider adding together the backflow for a set of disjoint time intervals.
Specifically, given M € N and times t; < ty < - - - < topr_1 < tap, the total amount

of probability backflow is given by
M

AL 1(p) =3 (Prob,(X € (—00,0) | ta;) — Prob,(X € (—00,0) | ts;-1))
j=1
y y (2.7)
= — PI‘Obp(X - StQj—1,t2j) = —PI‘Obp X c U StQj—l,tQj
j=1 j=1
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because the sets S, , 4, are disjoint for distinct j.
It follows that, for a classical ensemble with non-negative momentum, the total

amount of probability backflow over multiple disjoint time periods is bounded by

~1 < Al ia(p) <0 (2.8)

classical

for every M. In particular, a classical ensemble cannot exhibit positive probability
backflow, and the probability transfer in the forward direction is bounded by unity.
By contrast, it is well known that quantum particles can exhibit backflow over a
single time interval, thus violating the upper bound in the analogue of (2.8). One of
the main results of this paper is that the violation increases with M, and that the

lower bound of (2.8) is also violated in quantum theory for M > 2.

2.2 QUANTUM MECHANICS

We turn to the quantum case, using units in which 7 = 1. Consider the motion of a
free quantum particle of mass p with normalised state vector ¢y € L*(R™) at time ¢,

whose dynamics is governed by the free Schrodinger equation
1
0, = ——0? 2.9
104y 2% 0 (2.9)

e ey .. —in2 .
and initial condition 1y = 1, so 1, = e~ '), where p = —id, and we have chosen
1
27
nonnegative momentum form the subspace

units so that © = 3, as we shall do from now on for simplicity. The states with

Hy = (v € LA(R, da) : supp ) € [0,00)}, (2.10)

where

~

1 —1ipx
wm=¢%éwe ¥(x) (2.11)

is the Fourier transform of .
Let t; < t. The probability backflow exhibited by the normalised ¢t = 0 state 1

between times t; and ¢ is quantified by
A<t17t2>(’¢)) = PI'Obw(X <0 | tg) — PI'Obw(X <0 | tl) (212)

where Prob, (X € R | t) = [rdz |1(z)|? is the probability of measuring the position

of the particle to lie in the region R C R at time ¢. There are simple examples of
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states 1 € S for which Ay, 4,)(¢)) > 0, showing that quantum mechanical particles
can exhibit nontrivial backflow (see e.g., [41]) whereas the classical backflow quantity
for particles always lies in [—1, 0].

We are interested in the range of values assumed by Ay, (1) as 1) varies over
normalised states of 77, . As a difference of probabilities, its range is contained in
[—1, 1]. Moreover, because ¢, is invariant under both the free time evolution and
dilations, the range is invariant under (¢, t2) — (t1+7,ta+7) and (t1,t2) — (Atq, Atg)
for all 7 € R and all A > 0. This is given in more detail in equations (1.10) and (1.12).
It follows that the range is independent of both t; and t5, provided t; < t5, as was
observed by Bracken and Melloy [13]. As noted in [40], Dollard’s lemma (Lemma 4 of
[25]) shows that Proby(X < 0|t) = 1 ast; — —oo and Proby(X < 0] t2) — 0 as
ty — 400 for any fixed ¥ € ., thus giving Ay, 1,)(¢)) = —1 when both limits are
taken. Intuitively, Dollard’s Lemma shows that the probability of finding a quantum
particle with positive momentum in the negative (resp. positive) half-line vanishes
in the far future (resp. past) limit. Thus —1 belongs to the closure of the range of
A, 1,y for any t; < ts.

More detailed information can be found by reformulating backflow in terms of
operators. For normalised ¢ € 77, a calculation due to Bracken and Melloy [13]

gives Ay, 1,)(¢) as a quadratic form

P*=a*)t2 _ piP*—a*)tr N
Do) == [T [Tin T =i i, a3

which can be written as

A<t1,t2>(¢) = <1;’B<t1,t2>2/;> . (214)

An algebraic form of (2.14) was given in (1.15). Here, the operator By, 4,y on L*(R")
has the following properties, which are established in the introduction, drawing on

arguments in [53].

Theorem 2.2.1. For any ty < ta, By, 4,) 95 a bounded self-adjoint operator with
| Bt o)l = 1. There is a unitary equivalence between By, .,y and the operator
C € B(L*(R",dq)) with action
~  sin(p — 1/4 —1/4
o) =5 [T () () e s
on ¢ € L*(R", dq), where (2.15) holds pointwise almost everywhere on R*. The map
(t1,t2) = By, 1, is strongly continuous on {(t1,t2) € R? : 1 < to}.
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The unitary equivalence in Theorem 2.2.1 is a combination of translations, scale
transformation and a change of variables. It follows from (2.14) that the range of
A, 1) (1), as 1) varies over the normalised elements of J#, , is the numerical range
of the operator By, 1,). We recall the definition and main properties of numerical
range of a bounded operator (see e.g., Section 9.3 of [20]). We denote the spectrum
of a bounded operator A by o(A).

Definition 2.2.2. Let A be a bounded self-adjoint operator on a Hilbert space F€ .
The numerical range N (A) C R of A is given by

N(A) = { 10, \¢ € %\{0}} (2.16)
One has N(A) = N(UAU*) for any unitary U € B(), and

o(A) CN(A) =Convo(A), (2.17)

where = denotes topological closure and Conv the convex hull. In particular o(A)

and N (A) have the same supremum and infimum.
It follows immediately that, for all t; < %o,
N(Bit,42)) = Convo(C) € [-1,1], (2.18)

using ||C|| = 1. We have already noted that —1 € N (By, 4,y). Defining the Bracken-
Melloy constant as the largest spectral point of C,

cgm = sup o (C) = maxo(C), (2.19)
the possible values of the backflow Ay, +,)(¢) obey
=1 < Ay 1) (V) < cBm (2.20)

for all normalised ¢ € 7%, . Note that the second equality in (2.19) holds due to the
spectrum of a bounded operator being closed.

These ideas, first exhibited in [12], are readily generalised to consider the total
backflow over M > 1 disjoint time intervals [to;_1, to;] for 1 < j < M, which can be

represented by a list (¢y/) = (t1, ..., taps) in strictly increasing order.

Definition 2.2.3. For positive integer M, let

TM = {(tM> = <t1, ...,t2M>’t1 <ty < v < g1 < tQM} . (221)
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The total probability backflow exhibited by the initial state ¢ € L*(R, dz) over
the intervals parameterised by (ty;) € Ty is defined as

tM

= Z (Proby (X < 0]t = t9;) — Proby (X < 0|t = t3;-1)), (2.22)
7j=1

so that, for example, Agll) (V) = Ay, 1) (V).

For normalised ¢ € 47, , one has
M A (M)
A () = (9|BGD ) (2.23)
where the M -fold backflow operator

(M)
B<t1\1> -

M=

By (2.24)

tojtoj—1)
1

j
is a bounded self-adjoint operator on L*(R™, dq) acting as
1 M i(p* ="t _ oi(p?—a*)tan—1

(Bl )0 = =5 [ da X p— dla).  (229)

In the same way as before, the set of possible values taken by AEK 1)> (1) for normalised
W € J, is the numerical range of B<(tMM )> and can be studied via its spectrum. As
before, if AEX 2> (1) > 0, we say that the state exhibits quantum backflow. We will
also investigate states ¢ € J#, for which AE?@ () < —1 for M > 2, a phenomenon
we will call quantum overflow.

The following straightforward argument shows the existence of states exhibiting
quantum overflow with M = 2. Fix t; < ty and suppose ¢ € %, is such that
AW

(t1,t2)
T > max(|t1], |t2|), one can write the total backflow over [—T', ;] U [t2, T] as

() = XA > 0, i.e., there is nontrivial backflow between ¢; and t,. Taking

AP @) =AU L @) = AR (). (2.26)

For any fixed € € (0, \), one can find 7" sufficiently large such that AE?Tﬂ () < —1+e,
because Dollard’s lemma [25] implies that Agl_)T;p)(W — —1las T — oo. It follows
that
2
AP () < —1=X+e< -1, (2.27)

showing that the state ¢ exhibits quantum overflow on [—T,#1] U [t3, T]. As ¢

can be chosen to make A arbitrarily close to cgy and e could be chosen arbitrarily
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small, this already shows that 2-fold overflow can approach —1 — cgy; over suitable
intervals. In this example, we chose the time interval after fixing the state, without
any control on the size of T'. However, in Section 2.4, we will consider M equally
spaced intervals of equal width, and show that the total M-fold overflow can be
made unboundedly negative as M increases, and similarly that the M-fold backflow
can be made unboundedly positive as M increases.

The invariance of 7, under time evolution and dilations does not completely

fix N/ (Bg\/[M )>) if M > 1. However, time translation invariance shows that A/ (Bg\/[M)Q
is a function of the successive differences (to — t1,t3 — ta, ..., taps — tapr—1), and the

scaling invariance shows that it may be expressed in terms of successive ratios of

these differences. For each M > 1, then, there are backflow and overflow functions

béﬁi/over :RE2 — R (writing R¥; = (0, 00)**) so that
ta — 1 t — topns—
sup M (B) = WA ( sty taw ~tu ) 40 rsd(t)  (2.28)
ty — 1 torr—1 — tamr—2
) M l3 —to tong — tapr—1
WENBE) =06 () a9
2 — 11 oM—1 — tam—2

where srsd is the operation of forming the sequence of successive ratios of successive
differences. By convention, we write bl(ola)Ck = cpu, b1 = —1 and dictate that srsd
maps any element of 77 to the empty list.

The dependence of the backflow and overflow functions on the successive ratios
of successive differences of times, as in (2.28) and (2.29) can be seen by the following
argument. Take some function f : R** — R obeying f(ti,...,tons) = f(t1 +
t,...,top +t) forall t,tq,... top € R (scalar translation invariance) and dilation
invariance. For j =1,...,2M — 1 let d; = t;;1 — t; be the sequence of successive

differences. Immediately it is seen that

[ty ton) = f(O,ta —t1, ... topr — 1) = f(0,dy,dy +dy, ... di 4+ -+ dops—1)

(2.30)
by the scalar translation invariance property. Now by dilation invariance and (2.30)
we find

di +d dy 4+ -+ doyrs
f(ty, ... tas) = £ 10,1, 1+ 2, L dans (2.31)
dg d2
—f(071’t3_t2,_“,tﬂ‘4_tm‘/1_1> (2.32)
ty — 1, ty — 1
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Let rj = (tj42 — tj11)/(tjy1 — t;) for j =1,...,2M — 2, then by a simple calculation
we find that

lgyo —
n-~-m=% for k=1,...,2M —2. (2.33)
24U

Hence

f(tla---atQM) :f(o,l,T’l,...,T’l"'TgM,Q) :f (0,1,

t3 —to tonr — tov—1 )

to—t1" " tan—1 — tan—2
(2.34)

and so the backflow and overflow functions depend only on the successive ratios of
the successive differences of the times.

As we now describe, the backflow and overflow functions are semicontinuous.

Lemma 2.2.4. For each M > 1, the functions béack/over are lower/upper semicon-

tinuous on R ™2, That is, for all ug € R ™2, one has

lim inf bback( ) > béﬁf{(uo) lim sup b™M) (u) < b™M) (uy), (2.35)

= Yover
u—uo u—ug

as u — U mRZM 2,

Proof. The function (ty;) — BgWM )> is strongly continuous on Ty due to (2.24)
and Theorem 2.2.1, so for each normalised (b € L*(R",dq), (ty) — <¢‘B<(i\l\?>¢>
is continuous on Tyr. As (ty) — supN( () ) b]gack(srsd<tM>) is the pointwise
supremum over ¢ of a family of continuous functions, it is lower semicontinuous
(see, e.g., Chapter 2 of [58]). Fixing 7 > 0, it follows that bback o srsd is lower
semicontinuous on the subset {(0, 7,3, ..., ton) € Tar} (in the relative topology). As
this subset is mapped homeomorphically to R2M % by srsd, we conclude that bgﬁ%{ is

lower semicontinuous on R2y =2, The proof for the overflow functions is similar. O

We also introduce sequences of backflow and overflow constants, by

cha = sup bhk. M) = inf b (2.36)
R2ZM—2 >0 -2

for M > 1, in which the Bracken—Melloy constant appears as the first backflow

constant: cpy = cga)ck, while the first overflow constant is c{!) = —1. Just as with
(M)

back /over A€ quantities that are fixed by

cgMm, the functions pM and constants ¢

back Jover

the free quantum dynamics on the line. However, as the b M are dimensionless

back/over
functions of dimensionless variables, they are manifestly independent of Planck’s
constant. In the remainder of this thesis, we will initiate the study of these functions
and constants using both analytical and numerical methods, starting by considering

the spectrum of the operators B for (tar) € Tur-
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2.3 THE SPECTRUM OF M-FOLD BACKFLOW OPERATORS

2.3.1 BOUNDS ON THE SPECTRUM

Our aim in this section is to obtain estimates on O‘(B<( ) for a variety of (ty) € T
The simplest estimate arises from the triangle 1nequahty since || By, )|l = 1 for
all t; < ty, we have from (2.24) that HB(M || < M and consequently O'(B<(M)>) C
[—M, M] for all (ty;) € Tar and M > 1.

To get a better estimate of the upper bound on the spectrum, we note that any

sum of self-adjoint bounded operators obeys
M M
supo | Y A; Z supo(A (2.37)
=1 =1
and therefore

supa( () ) Z Sup 0 (Bity,_1,t2;)) = Mcpum. (2.38)
To get a lower bound on the spectrum, it is convenient to rewrite Agé\ﬁﬂw) as

A () = Probw(X < 0|t = taps) — Proby (X < 0ft = 1)
M—
Z PI‘Obw X < 0|t = tzj+1> Prob¢(X < 0|t = tQj)) , (239)
7j=1

from which it follows that

(M) _ (M-1)
B(tM> — B<t1,t21\1> B<t2 77777 ton— 1> (240)
[terating, one obtains the formula
o)\
i—1
B(tl\/1> - Z(_D] B<tj7t2ij+1>7 (2'41)
j=1
which will be used later on.
Returning to (2.40), an analogue of (2.37) gives
. M . : M-1
inf o <B<(tM)>) > info (B<t17t2M>) +info (—B<(t2 ..... t)2M—1>)
_ (M-1)
=—1—supo (B<t2 .... t2M—1>)
2 -1 - (M — 1)CBM7 (242)

where we have used (2.38). Summarising, we have shown the following.
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Theorem 2.3.1. For any M € N and (ty;) € Ty, the spectrum of Bg\;% satisfies

M
U(B((tM))> C [-1 = (M — 1)cgm, Mcpml. (2.43)
Thus one has bounds
béﬁi(ul, ce ,UQM_2> S Céjgc%( S MCBM (244)
bg{f@(ul, Ce ,UQM_2> Z Cg{\l/e{z 2 —1 — (M — 1)CBM (245)
for all (uy, ... usp_o) € RET2.

Theorem 2.3.1 shows that ¢\’%) do not grow faster than linearly in M, but

back/over

does not answer the question of whether they grow at all. In the following subsections

we will prove rigorously that for a particular class of backflow operators, both the
(M)

(tm)
oMY ). This is in stark contrast to the classical case where, irrespective of the

infimum and supremum of o(Bj, ) tend to 00 as M — oo at least as fast as
number of disjoint backflow intervals, the total backflow always lies in [—1,0]. The
rigorous results presented will be supplemented by a numerical investigation for values

of 1 < M < 4 which clearly indicate monotonicity of the infimum and supremum of
o(BM).

(tm)

2.4 UNBOUNDED M-FOLD BACKFLOW AND OVERFLOW AS
M — o

Siel

In this subsection we will show that c](fcf{ and —cg,., grow unboundedly with M, by
considering the M-fold backflow operator corresponding to M backflow periods of
equal duration, separated by M — 1 intervals of the same duration. Specifically, for

M € N and fixed T > 0 consider the M-fold backflow problem for the times

2M —1 2M — 3 T T 2M — 1
=(-T -T ey ——, —, ..., T
<tM> < 9 ’ 2 1 T g 9 >7

(2.46)

displayed in figure ??for which the total backflow is bounded between bM)(1,... 1)
(M)
and by, 4 (1,...,1).

Figure 2.2: Equally spaced times, as in (2.46)
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Note that b*)(1,...,1) and bg[c%{(l, ..., 1) are invariant under the choice of 7" > 0.

One can write the associated M-fold backflow operator B<(t]\1\44 )> as

over (

M
(M) _ 11
Bt = Zl( D Bl a1/ (2.47)
J
using (2.41). Each of the BEPT(]-A J2).1(j—1/2)) operators has the closed form
1 sin (T(j — 1/2)(k — 2)/2)
(B<(—)T(j—1/2) T(-1/2)® - _*/ dl L —1 o(l).  (2.48)

Let U : L*(R",dk) — L*(R",dp) be the unitary implementing the change of variables
p = k¥T/2, (Ug)(p) = (2pT)~V*¢(/2p/T), so that U*B CrprU = C s the
operator defined in (2.15). The identity
M in2M (p —
S ()M sin(2 — 1/2)(p ) = 2= D)

_ , 2.49
s 2cos(p — q) (249)

is easily proven by expressing sin in terms of complex exponentials and can be
verified in Maple™ 2024 or higher. From (2.49), we find that the operator C*) =
U *BE?J@U € B(L*(R*,dq)) is independent of 7" and has the action

(M) _ 1o sin(2M[p — q) p 1/4 p —1/4
(C 90)(19) 47r/0 dq (p— q) cos(p — q) [(q) +<q> ]Lp(q). (2.50)

The following theorem shows that the suprema and infima of A'(B()) = A(CD)

(tar)

grow arbitrarily large in magnitude with M at least as fast as O(M/4).

Theorem 2.4.1. For M € N, let C™ € B(L*(R*,dq)) be the backflow operator
defined in (2.50) describing M backflow periods of unit duration separated by M — 1

periods of unit duration. Then there is a constant k > 0 so that
sup o (C’(M)) > kMY (2.51)
for all positive even M, and furthermore,

liminf M~Y4supo (C(M)) >k >0, lim sup M4 inf o (C'(M)) < -k <0,
M—o0 M—o0
(2.52)

where the limits are taken over all M € N.
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Proof. We begin by proving (2.51). For even M € N and e € (0, §], define the
intervals Zy,Z; C R by

€ T € T €
Iy = |0, — L=|——— —+— 2.93
0 {M] ! [2 202 oM (2:53)
and associated normalised vy, € L2(RT, dq) by
I
2 4 € IO U Il
Yu(q) = ¥? : (2.54)

0 otherwise

We will estimate the supremum of the spectrum using the bound sup o(C'*)) >
<w m|C (M )¢M>- The following Lemma is established in Appendix A.

Lemma 2.4.2. For even M € N and € € (0,7/6],

97/4,.3/4

2
(arlCOar) = S mitis (=2, (2.55)

where - - 072
T T
Sip) =1 — /a9 5/4
(n) <0 " 31~ 175"

Clearly S(n) > 0 for sufficiently small n > 0. Fixing e € (0, 7/6] sufficiently small

(2.56)

that S > 0 on [0, ¢/7], and using continuity of S, let
27/463/4

neloe/xl 3r11/A

k= S(n). (2.57)

Then (2.51) follows because 2¢/(wM) € [0,¢/m] for all even M > 2. (The value of k
can be optimised by varying e.)

To establish the first result in (2.52), we need some information on sup o(C™))
for odd M > 1. Writing

M M
((tM—:B - B<(77)12MQ+1 _rr T2M273> + B<(;21\/1271’T2M2+1>a (2'58)

,,,,, T3
the left-hand side is unitarily equivalent to C™*1 while by making time translations
and dilations, the first and second terms on the right-hand side are unitarily equivalent
to C™) and CM respectively. Consequently C™+1 is a sum of operators unitarily
equivalent to C™) and C™. As the supremum of the spectrum is a sub-additive
function on bounded self-adjoint operators, and spectra are invariant under unitary

equivalence, it follows that

sup o (C(M+1)) <supo (C’(M)) +supo (C'(l)> = cyM +Sup o (C’(M)) . (2.59)
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and therefore sup o (C(M)) > k(M 4 1)/* — ¢y for all odd M > 1, using (2.51).
Combining with the bound (2.51) for even M, one has sup o (C(M)) > kMY — cpu
for all M € N and the first part of (2.52) follows immediately.

Finally, for any M > 1, B<(tMM ig can be rewritten as

G — g B (2.60)

(Ert1) (—T2MEL p2Maly T P ey)

which, because all single-backflow operators are unitarily equivalent, gives
cM+) — ¢ _ o) (2.61)

where CW is unitarily equivalent to C"). Using invariance of the spectrum under
unitary equivalence and the fact that supo(—A) = —info(A) for any bounded

self-adjoint operator A, we find
sup o (C’(M+1)> <supo (C’(l)) —info (C(M)) (2.62)

and consequently
inf o (C(M)) < ¢y — Supo (C’(M“)) : (2.63)

Thus limsup,, ,., M~Y*info (C’(M)) < —liminfy_oo M~ Y4 supo (C’(MH)) < —k.
|

Numerically, the first positive zero of S(n) occurs at 1y = 0.0046 to two significant
figures and S is decreasing on the interval [0, 70]. Then the constant &k in Theorem 2.4.1

may be taken as
97/4,3/4

max ————
e€[0,7mno] 37’(’11/4

computing the maximum numerically to 2 significant figures. By considering more

k= S(e/m) =2.1x 1074, (2.64)

complicated trial functions, it seems likely that we can increase the coefficient; at any
rate, the main point is to establish the growth of at least O(M?'/*). For comparison,
the numerical results of Section 3.1 show that sup o(C¥) 2 0.095, which far exceeds
the lower bound 4Y/*k = 0.0003 for this case.

Theorem 2.4.1 has an immediate corollary relating to the asymptotics of the

backflow and overflow constants.

Corollary 2.4.3. Let c}gﬁi and M) be the M-fold backflow and overflow constants
defined in (2.36). Then

liminf M~ Y™ >0, limsup M~ Y4M) < 0. (2.65)

over
M—o0 M—s00
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Proof. Since C™) is unitarily equivalent to Bg‘l/[w ) ), we find that

(T)

p o (C00) < B ) < el i (CO0) = BN 1) > 20

(2.66)

1/4 and employing Theo-

The result follows on multiplying each inequality by M~

rem 2.4.1, together with elementary properties of lim sup and lim inf. O

Theorem 2.4.1 and Corollary 2.4.3 demonstrate the unboundedness of the quantum
backflow and overflow effects as M — oo. In Section 3.1, we will find numerical
estimates of the spectral extrema for M equally spaced intervals of equal width, with
2 < M < 4, showing in particular that

sup (C'(M)) > g, inf (C’(M)) < -1 (2.67)

and further give numerical evidence for lower bounds on CE)]:Q( as well as plots of

vectors in L*(R™, dp) exhibiting backflow and overflow.

2.5 LIMITING CASES AND MONOTONICITY OF THE BACK-
FLOW CONSTANTS

In Lemma 2.2.4 we have already seen that the M-fold backflow and overflow functions
are semicontinuous for limits taken within R%¥~2. We now consider certain limiting
cases, which show how backflow and overflow functions with different numbers
of parameters are related and establish monotonicity properties of the backflow

constants.

Theorem 2.5.1. Let M € N and j,k € Ny so that j + k = 2L is even and positive.

RgM_z) and any sequences (Vy)nen in RL and (wy)new in RY

Consider any u €
whose last and first components obey v, ; — 0 and w, 1 — co. (In the case M =1
one omits u; similarly, in the cases j =0 resp., k =0 one omits v resp., w.)

If 5 (and hence also k) is even, then

lim inf bgﬁ;” (U, Uy Wy) > bg&(u), lim sup 6N (v, u, w,) < b3 (1) (2.68)

over

where we use the shorthand notation

(v, u,w) = (v1,...,V5,U1,. .., Uspr—2, WH, . - ., W)
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On the other hand, if j (and hence also k) is odd, then

lim inf béﬁ;m (Un, 1, wy) > —1 — b3 (w),
lim Sllp bo{z\/éjL) (Un, u, wn) <-1- bback(u) (269)
Consequently, the sequence of backflow constants céﬁ%{ is nondecreasing in M, and

M) - . . . . (M+L)
the sequence of overflow constants ™) is nonincreasing in M ; moreover, ¢y, = >

—1 — M) gnd (MAD < 1 — M) for Il L € N

over

We remark that the result holds also, with the same proof, if the discrete index

n on v and w is replaced with a continuous a € R.

Proof. Choose any (ty) € Ta so that u = srsd(ty) (if M = 1, any element of T;
can be chosen). With this choice, for each v € (RY)’ and w € (RE)* there are unique
r € R and s € R* so that (tM+L> = (ri,...,"j t1, ..o tong, Sty - -5 Sk) € Tasr
satisfies srsd(f var) = (v,u,w). Specifically, the components are defined recursively
by

Ta —T
Ta—1 = Tq + avima Sa+1 = Sq t+ (Sa - Sa—l)wa—H (270)
a—1

with so = tom, S—1 = ton—1, Tj41 = t1, Tj12 = to. It is easily seen from (2.70) that
v; — 0+ implies r; — —oo (and therefore also r, — —oo for each 1 < a < j), while
if w; — 400 then s; — +oo (and therefore also s, — 400 for each 1 < a < k).

For any € > 0, we may choose ¢ € JZ, so that

ALD (1) > sup ALY (9) — e, (2.71)

(tm oC I
whereupon Dollard’s lemma [25] gives

J

AL (1) = 37 (~1)"Proby(X < 0]t = r0) + (~ 1AL, (1)
a=1
k
Y (1) Proby (X < Off = s,) (272)
a=1

-1- A () 7 odd
— bt ‘ (2.73)
A () (w j even.
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as v; — 0+ and w; — +oo. As the limit is approached, in the case where j is even,
it eventually holds that A M+L) (1/)) > Agi‘f [)> (1) — € and thus the inequalities

A E () > sup AL () — 2¢ (2.74)

(tm+r) oEH,

and

M+L M+L) M
bl()ac—ki_ )<Uvu7 w) = Ssup A( —:_ >(¢) > sup A (tar) ( ) —2e= béac%{(“’) —2€ (275>
PeHy eI,
are eventually true. Replacing v and w by sequences as in the statement and using
the fact that € > 0 was arbitrary, we have proved the first statement in (2.68); the
second part is proved analogously.

If 7 is odd, we argue in a similar way that for any € > 0,

(M+1) _ (M+L) L (M) _ (ML)
bpack (v, u, w) 1/jseujg+ A(tJVI+L> (¥) > —1 wl&% Ay (@) =26 = =1 —bgy 7 (u) —2e.
(2.76)

is eventually true as the limit is taken, thus giving the first statement in (2.69); the
second is again proved analogously.
To establish the monotonicity of the backflow constants, for any M € N, let

¢ > 0 be arbitrary and choose u € RZ* ™ 5o that b}(fci(u) > céﬁf{ — €. Then (2.68)

with L = 1l and j = 2, k = 0 (or j = 0, k = 2) implies that c,(fcﬁl) > {)?fc{{ — €

and taking € — 0+, we deduce that cgﬁil) > ](Daci, an analogous argument proves

that M) < M) Finally, for any L € N, we may use (2.69) with e.g., j = 1

and k = 2L — 1 to prove c}(ﬁ;j” > —1 — M) and MHD) > 1 — c}(ﬁ:{{ by similar

means. O

Theorem 2.5.1 has a number of consequences. First, the bound ¢(2) < —1 — céi)ck

can be combined with (2.45) to give the sharp value

) = —1— cpu. (2.77)

over

Second, as the overflow constants are nonincreasing, we see that for every M > 2
and € > 0 there exists (t);) € Ty and ¢ € S, so that

ALD (1) < =1 — cpy + € (2.78)

which (taking 0 < € < cgm) provides another proof, independent to Theorem 2.4.1,

of the existence of overflow states for any M > 2. Similarly, we may deduce that
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there are backflow states for every M € N. This follows from combining (2.78) with
the final statement in Theorem 2.5.1 to find

céﬁ%{ > —1-— cgb)er = CBM (2.79)

for all M € N.
Third, the proof of Theorem 2.5.1 can be modified slightly to give the following
result (many other variations are possible) which may be useful for further studies.

The notation Li will be explained after the statement.

Theorem 2.5.2. For M € N and (ty;) € Ta, one has

(M) . (M+1)
—1-N (B<tM>> < Tigliooj\/’ (B<T—’tM’T+>) (280)
and
(M) . (M+1)
N (B<tM>) S T,T’I;lfooN (B<T7T’vtM>) ' (2.81)
T<T'

Here, Li denotes the Painlevé-Kuratowski lower closed limit, see e.g. Chapter 29
of [47] and Chapter 5 of [6], defined as follows.

Definition 2.5.3. Given a net of sets (An)acr in a topological space X, where I is
a directed set, i A, C X is the set of points p € X with the property that, for every
neighbourhood N of p, there exists ag € I with Ao, YN # 0 for all a > ay, i.e., every
neighbourhood of p is eventually intersected by A,.

Proof of Theorem 2.5.2. For the first inclusion, fix (ty) € Ty and let T- < 0 < Ty
so that (T, ty, T}) € Tare1. As in the proof of Theorem 2.5.1, take j = k =1 and
let ry =T ,s1 =T,. By (2.72),

AT L W) — =1 AR () for any v € He (2.82)

(T—tar,T4)

as Ty — Fo00. So for each A € N(Bgi‘g) and € > 0, one can find 7 < 0 < T such
that

[F1=A—e,—1=A+dnN (Bl 7)) #0, (2.83)

whereupon the first result follows by Definition 2.5.3. The second follows in a similar

way, taking j =2 k=0and ry =and r; =T,r, =T". O
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A fourth consequence of Theorem 2.5.1 is that it provides an understanding of
(2)

(t1,t2,t3,t4
which the two backflow intervals merge together, i.e., to,t3 — 7 for some 7 € (ty,ty4),

how the spectrum of an two-fold backflow operator B ) behaves in a limit in

with t1, %4 held fixed and maintaining t, < t3. An obvious question is whether the

)
(t1,ta)

case. Writing srsd(tq, ts, t3,t4) = (v, w), we have v — 0+ and w — +oc in the limit.
Using the M = j = k = 1 case of Theorem 2.5.1, we find

spectrum converges in some sense to that of B As we now show, this is not the

lim sup b2 (v, w) < —1 — b](gla)ck = —1—cpu (2.84)

over

from (2.69) in the limit of interest. Hence b2)

(v, w) = —1 — ey because we also

have b2 > c?) = —1 — cgy. Thus, J(B<(t21),t2,t3,t4>) contains points approaching

—1 — ¢y arbitrarily closely in the limit, while U(B&)m)) C [—1,cgm]. Therefore the

spectra do not coincide in the limit; in fact, we have

. (2) (1)
Lgn%glf dHaus (U(B<t1,t2,t3,t4>)> U(B<t1,t4))) = CBM; (2.85)
ta<ts

where the Hausdorff distance between compact A, B C R is

dfaus(A, B) = max{igg ggg la — b, 225 ;Ielg la — b|}, (2.86)

and gives the collection of non-empty compact subsets of R the structure of a

complete metric space (see, e.g., Theorem 3.2.4 of [6]). As one has the inequality

diaus(0(A),0(B)) < ||A — B|| for self-adjoint bounded operators on Hilbert spaces

(2)
(t1,t2,t3,t4)

do not converge in norm to B&) ! the limit considered. This can also be seen

(see e.g., Theorem V.4.10 in [46]), we may infer that the backflow operators B

directly as follows, noting that

B{ - By, =B (2.87)

(t1,t2,t3,ta) (t1,ta)

and therefore
|IB - BY =1 (2.88)

(t1,t2,t3,ta) (t1,ta)
by recalling that all single backflow operators have unit norm. It would be interesting
to study other mergers of multiple backflow intervals in a similar way.
We end this discussion with a cautionary note. For A > 0, let L?([0, A], dk) be
the space of positive momentum states with momentum cutoff A, in momentum
representation. Let ¢y : L2([0,A],dk) — L*(R*,dk) be the subspace inclusion
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map, whereupon ¢} is the subspace projection. The following Lemma describes the
continuity of single backflow operators restricted to the space of finite momentum

states.

Lemma 2.5.4. Let 1y : L2([0, A],dk) — L*(R*,dk) be the subspace inclusion. Then
(s,t) = i Bisyyea € B(L*([0,A],dk)) is norm continuous on Ts.

Proof. For ¢ € L*([0,A]) we have (almost everywhere)

] t — s)p? A4
(5.6 = S0 = sin® (2N o < Tis — o 289
and consequently, in the operator norm on B(L?([0, A], dk), L*(R*, dk))
A?|s —t
165, — Sl < 21571, (2.90)

Thus the restricted Schrédinger time evolution operators Syn @ L*([0, A], dk) —

L*(R*, dk) are norm continuous in ¢. Using the general inequality
|A*CA - B*'CB| = [[A*C(A = B) + (A= B)"CB|| < ||C[[([[All + IBID]A - B,

for bounded Hilbert space operators A, B € B(., %) and C € B(¥') it follows

that ¢ ST R*II" RS is also norm continuous in ¢ and the result follows. O

Considering (2.87) again, it follows that

« [ (2 1
||LA(B<(t1)7t2,t3,t4> - B<(t1)7t4>)LA||A —> O (291)
as the backflow intervals merge, so
lim  dyaus!| ol ¢ B LA ), ol e BY Al —0 (2.92)
tz—t2—0t ans ATt t2,t3,t) ’ ATty ta) :

in this limit. Accordingly, any numerical scheme implementing a fixed momentum
cutoff will give the erroneous impression of a convergence of spectra as backflow
intervals merge. To see the true behaviour of the backflow operators as in (2.85), it

would therefore be necessary to increase the momentum cutoff as t3 — ¢t decreases.
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Numerical Investigation of Multiple

Quantum Backflow

3.1 NUMERICAL CALCULATION

The goal of this section is to numerically investigate the multiple quantum backflow
and quantum overflow effect over M disjoint intervals of equal duration separated
by gaps of the same length, corresponding to the bounded operator C™) given
in (2.50). Although our method would in principle apply to arbitrary M, the
computational effort rises quickly with M and we have chosen to restrict to M < 4.
(M) (1,...,1) for

back/over

1 < M < 4. In particular, we will find for 2 < M < 4 that maxo (C(M)) > CBM

The numerical results give lower bounds on the magnitudes of b

and min o (C(M )) < —1. This complements the analytic results in Theorem 2.4.1
and Corollary 2.4.3 on the large M asymptotics of o(C™)) and the mononotonicity
results in Theorem 2.5.1. By numerical acceleration methods, we will give improved
estimates for b}gﬁz{ Jover(Ls -+ 1) for 1 < M < 4. In addition, we will investigate the

properties of states that come close to maximising the backflow or overflow for these

operators.

3.2 BACKGROUND THEORY

Our numerical calculations are based on the following basic observation. (See Section
XIIL.1 of [56] for a discussion of other min-max results and Theorem VII.12 of [55]
for Weyl’s criterion.) Here, 0(B,Q) = {\ € R : det(B — AQ) = 0} is the set of

42
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generalised eigenvalues for Hermitian matrix B with respect to a positive definite

matrix () of the same dimension.

Lemma 3.2.1. Let A be a bounded self-adjoint operator on Hilbert space € and let
(Xn)nen C J€ be a sequence of linearly independent vectors with dense span. Define
sequences of self-adjoint N x N matrices (AN yen and (P™N)yew with matriz

elements
A[rit\gz = (Xm|AXn) , Pg\g = (Xm|Xn) (3.1)
for 1 < m,n < N. Then o(AN PINl)y C N(A), and maxo(AN PN (resp.,

min o (AN, PIN) ) is a bounded nondecreasing (resp., nonincreasing) sequence with

max o(A) = A}im max o (AN, PN
— 00

mino(A) = lim mino (AN, PV, (3.2)

N—o0

For each N € N, suppose v'N) € CN is a generalised eigenvector obeying
ANy =\ PN oMWt pINL(N) (3.3)

and define v\N) € H by

N
M =3 oM. (3.4)
n=1

If ™) — o € H in norm then

1. the sequence of generalised eigenvalues (An)nen converges;

2. the sequence of vectors (YN yew is a Weyl sequence for X = limy_,o0 Ay, i.€.,

[9™M]] =1 and (A= AP — 0;
3. the limiting vector v is an eigenvector for A with eigenvalue \.
Proof. If A € a(AN] PIN]) with ANly = APy for nonzero v, then

ANy (9]4g)
AP T gl) 39

where ¢ = > v,x,, so A € N(A), which is a bounded set. Let

Sy = span(xi, .-, XN),



44 CHAPTER 3. NUMERICAL INVESTIGATION OF MULTIPLE QUANTUM BACKFLOW

then monotonicity of the sequences of maximum and minimum generalised eigenvalues
is guaranteed because Sy C Syy1. Finally, as Uy Sy is dense in 7 and A is bounded,

we easily compute

| (6 A0) v ARy
max o(A) = sup N'(4) = lim e (16 = Jim seon g0y 01 PNy

= lim maxo(AMN, PV, (3.6)

N—oo

where in the final equality we have made use of the (generalised) Courant—Fischer
min-max principle — see, e.g., Theorem 2.1 of [48]. The proof for the minimum of
o(A) is analogous.

For each N € N, let Qn be the projection onto Sy. First we show that ¢()

an eigenvector of QyA. Since QnA™N) € Sy, we must have

N
QnAP™ = 3wy, (3.7)
k=1
for some w™) € CN. For 1 < j < N, the inner product of (3.7) with y; can be

written as both

J

(x;j|Qu AP = i Gy wp = (PNl (3.8)
k=1

and

N

Cal@vAs™) = 30 of™ (1 Axe) = (AN =

J

Av (PM™) - (3.9)

J

By the linear independence of the x;, PN has trivial kernel and we find w®) =

Avv®™ | from which it follows that

QnAYN) = Ay, (3.10)

Note that ||™)|| = 1 because of the normalisation condition on v¥). Property (1)
follows from the fact that

Ay = (@™ Ap™) (3.11)

converges to some A € R by the norm convergence of the 1™ to ¢ and boundedness

of A. To prove property (2), note that

1A = XD < (A = Aw DY+ [Ay = A (3.12)
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so since Ay — A, it suffices to note that

I(A = Av D™ = [[(A = QuA)™| (3.13)
< I = Qw)AY| + (I = Qu) Al =l — 0

by the density of Uy Sy in H and convergence of (1)™))yey proving property (2).
The final property follows from

I(A =MDl < (A= ADY™ + (A + MDY = v =0 (3.14)

and hence 1) is an eigenvector of A with eigenvalue \. O

The generalised eigenvalue problems in Lemma 3.2.1 reduce to standard eigenvalue
problems if the trial vectors x, are orthonormal. In principle one could always
orthogonalise to express the matrix elements in a Gram-Schmidt basis, but this
introduces a nontrivial computational overhead and the generalised eigenproblem

may be preferred.

3.3 NUMERICAL METHODOLOGY AND RESULTS

We will apply Lemma 3.2.1 to the operators C™), but our methodology also applies
to general backflow operators. Given 6 > —1/2 and a > 0, define the sequence of
normalized L?(R*, dq) vectors (¢n.q5)5%, by

wn1a75(Q> = E’n(aa 5>qn+5€—aq7 (315)

with the normalization constant E,(a,d) given by
(2a)"+0+1/2

- JT(2n+26+1)

E,(a,?) (3.16)
The reason that the vectors (¢, 4.4)5>, were chosen is two fold. The first is that
for small ¢, the vectors replicate the behaviour of monomials, with the exponential
factor playing the role of L? normalisation. The second is that the matrix elements
of arbitrary backflow operators with respect to the sequence can be computed in
closed form, a feat that has previously not been done before. The following density
result is found in Theorem 5.7.1 of [63] in the case a = 1/2, and follows for general

a > 0 by a unitary scale change.
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Lemma 3.3.1. For a > 0 and —3 < § < 3, the sequence (n05)52, has a dense
span in L*(R*, dq).

To apply Lemma 3.2.1 to C™) we require the matrix elements

O(M) (av 5)mn = <¢m,a,5

C(M)l/}n,a,(5> ) P(CL, 5)mn = <¢m,a,6’¢n,a,5> (317)

for m,n € Ny. The components P(a,d),,, admit the closed form

 /Buing(m + 0+ 1/2) Baag(n + 6 + 1/2)

P
(@; 0)rmn Bm+d6+1/2,n+6+1/2) ’

(3.18)

where B(z,y) = I'(z)['(y)/T'(z + y) is the beta function and Bgi,e(2) = B(z,z) =
['(2)%/T(2z). The components C™)(a,d),,, (or indeed, those of general multiple
backflow operators) also have a closed form expression in terms of incomplete Beta
functions, for which the reader is referred to Appendix C.

For each M, and for fixed a > 0, § € (—1/2,1/2), the matrix elements P(a, d)mn
and C™)(a,d),,, can be computed for 0 < m,n < N, giving (N + 1)-dimensional
square matrices. The minimum eigenvalue of P! tends to zero as N increases,
so the generalised eigenvalue problem is increasingly ill-conditioned and requires
high-precision calculation to obtain accurate results. The following theorem, stated
as Corollary VI.3.3 in [62], shows how the numerical precision of a pair of Hermitian

matrices affects the accuracy of the associated generalised eigenvalues.

Theorem 3.3.2. Let A, B be n-dimensional Hermitian matrices with B positive

definite, and consider n-dimensional Hermitian perturbations AA, AB. If

VIAATE, +ABTE, <1(A,B) = min /i A0f + (@1B2, (319)
z|o=
where || - ||op s the operator norm induced by the Euclidean vector norm || - ||2 on R",

then the matriz pair (A + AA, B+ AB) is definite and, for all 1 <i <mn,

A=Al IAAIR, + IABIG,
VA+2) 1+ (4, B)

, (3.20)

where Ay < -+ <\, and 5\1 <. < S\n are the generalised eigenvalues of (A, B) and
(A+ AA, B+ AB) respectively.

We adapt this theorem to our numerical calculation in the following corollary.
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Corollary 3.3.3. Let A, B be n-dimensional Hermitian matrices with B positive
definite, and let Ay < --- < A\, be the generalised eigenvalues of the matriz pair
(A, B). If n-dimensional Hermitian perturbations AA, AB obey

AA|% + ||ABJ|2 1
max = 1 A >\n 2 || = = = 21
where Amax = max(|A1], |[An|) and || - || is the elementwise maximum modulus matrix

norm, then the matriz pair (A+AA, B4+ AB) is definite, with generalised eigenvalues
A < -+ < A\, satisfying

. C
N2« Ymax 2
A= N < gl (2 (3.22)

forall1 <i<n.

Proof. First note that Cpa, < 1/2 implies that [[AA[%, + [[AB||% < mino(B)? <
(A, B)?, using the trivial bound

(A, B) > min z'Bz = mino(B). (3.23)

llzll2=1

Then (A+AA, B+ AB) is definite by Theorem 3.3.2, and we proceed to obtain (3.22)
by estimating and rearranging (3.20). Applying the inequality

w2 [ Mllop < [ M]|oo 1= max | My, (3.24)
for n-dimensional square matrices (see [43], pp. 313-314) and Theorem 3.3.2 we
obtain

i = Al? < (1+X)C, (3.25)
where

[AA% + [[ABIIZ,
min o(B)?
Now note that A2 < (|A;]+ | A = Ai])? < 20024 |\ — \g|?) (using (a+b)? < 2(a®+b?)).

Combining with (3.25), we find

C; =n(1+ A7) | (3.26)

X — Nil? < Ci(1+ 207 + 2|0 — A]P). (3.27)

Rearranging the above, we obtain

Ci(1+23) _ Cunax(1+2)3)
1-2C;, = 1- 20

i — N2 < (3.28)

by making use of the fact that z +— 2x/(1 — 2x) is monotonically increasing on
0,1/2] and where Cp.x = max; C; has the closed form (3.21) with 1 —2C},.x > 0. O
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In our application, using (3.18), numerical experiments showed that
min o(PN(a,§)) ~ 102709V

independently of §. Further, any generalised eigenvalue A € o(CMIN PNy C
N(CH)) obeys || < 1+ (M — 1)egy < M by Theorem 2.3.1. Letting A =
CMIN(g,8) and B = P(a, )™ in Corollary 3.3.3, we find that condition (3.21) is
satisfied if the maximum error € in the matrix elements obeys

10270.94N

2,/(N +1)(1+ M2)

(3.29)

€

QA

As we study 1 < M < 4, this constraint is satisfied, with some room to spare,
by computing the matrix elements to N + 30 digits of precision, whereupon the

maximum error A\y on the elements of o(CMIV PIN]) is bounded by

[AAy| £ 10700832 [o(N 1) /(1 + M2)(1 + 2M2) (3.30)

For the N = 500, 1 < M < 4 calculations we find it is possible — in theory — to
calculate the generalised eigenvalues to [AX| < 7.5 x 1075 or around 59 digits.

To calculate the matrix elements of C*)(a,§) and P(a,d) to high precision,
we make use of the Python 3.11 library python-flint (a wrapper for the FLINT
package [36]) whose method good automatically increases working precision to
produce results accurate to the required precision. In particular, python-flint was
used to calculate the incomplete beta function in terms of hypergeometric functions,

implemented as described in [45]. The generalised eigenvalue spectrum
o(CMN(a, 6), PM(a, )

was computed numerically using Maple™ 2023, using N + 20 digits of precision.
Although Corollary 3.3.3 gives a bound on the theoretical error for the generalised
eigenvalues, it does not take account of numerical error accumulated in the generalised
eigenvalue solver. In practice, we found that, when calculating the first Ny
generalised eigenvalues, the Nth generalised eigenvalue is accurate to around Ny, +
3 — 091N digits. This means for Np., = 500, the final eigenvalue is accurate to
48 digits, rather than the 59 digits estimated above, but for N < Np,.., the Nth
generalised eigenvalue is accurate to higher precision, with over 90 digits expected
for N < 450.
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Further experimentation was used to find the values of a,;, d); that appear to
produce the best, i.e., approximately largest magnitude, values of )\back /Over(a, 0; N)
for given M across the range of N studied, resulting in choices ay; = 2M /7 and
oy = —1/4. (We do not claim that these values are precisely optimal.) Our choice
relies on the following observations. Each v, ,5(¢) has a unique global maximum at
q = a *(n+9) and hence for each number of backflow periods M, we expect that a
good choice of a); would be comparable with the gap between consecutive peaks of
the top approximate eigenvector zﬂéﬁl){(a, 9; N). Early numerical results suggested
that for M = 1, this gap tends to m as N increases and the best numerical results
were found when using a; = 2/7. For larger values of M, the top approximate
eigenvector has M times as many stationary points (see Figures 3.5, 3.7 and 3.9
below) and so we selected ay; = Ma; = 2M /7. To motivate the choice dy; = —1/4,
consider the action of a vector of the form v (q) = ¢~'/*f(q) under C™)_ we find

(M) _ p Mt sin(2M(p — q))
() ) = =F - [Tda o )
B pU/A

/OOO dq sin(QM(p B Q)) qfl/2f(q)7 (331)

A (p —q) cos(p — q)

suggesting that any eigenfunction of C™) is likely to diverge as O(p~/*) as p — 07.
We define Aback/over(N ) = )\back/over<aM L~ ).

We present numerical results for M € {1,2,3,4} in graphical form in Figures 3.1
and 3.2 for 100 < N < 500 and tabulate the values of )\back Jover(000) in Table 3.1.
The values obtained for all V stored at 150 digits may be found in the Supplementary
Material.! Note that the Nth eigenvalue should only be trusted to around 503—0.91N
decimal places. The plots display the values for N > 100, over which range they
increasingly resemble smooth curves. Each separate eigenvalue sequence is monotone
and would tend to the maximum or minimum of the appropriate spectrum o(C™))
as N — oo. We will discuss the convergence rates and estimated limits with more
detail in the next subsection, but it is already clear that the M = 1 values stay below

the previously estimated value of the Bracken—Melloy constant cgy =~ 0.03845 [29,

40], that one has ¢ > M) (1,...,1) > cpy and M) < p00(1,...1) < —1 for
2 < M <4, and that the value of bover(l, 1) appears to be much closer to —1 than

to the 2-fold overflow constant 2 = —1 — cpy.

over

The final values for each of our sequences )\back and AM) are shown in Table 3.1.

1See https://github.com/hkk506 /Repeated-quantum-backflow-and-quantum-overflow/.
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Figure 3.2: Plot of A

(M) for 100 < N < 500.
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M| Maek(500) A (500)
1 0.036933 —1

2 0.058464 —1.0030
3 0.074860 —1.0089
4 0.088378 —1.0157

Table 3.1: Values of A\

back/over

(500) for 1 < M < 4.
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As well as estimates for the backflow and overflow values of C™) we also
computed the associated approximate eigenvectors as follows. As in Lemma 3.2.1,

each vector v € RN*! with v PIN(a,6)v = 1 defines an approximate eigenvector
Y € LART) for O,

N
1/} = Z Unqvbn,a,& (332)
n=0

Define wéﬁl){ Jover(@5 05 N ) as the L*(R™) vector given by applying (3.32) to the
generalised eigenvectors associated with the largest/smallest generalised eigenvalues
of (CMWN(q, ), PN(a,§)). Figure 3.3 shows the vectors wéﬁf{(aM, —1/4;500; p) for
p € [0,10]. As can be seen, all the M-fold backflow maximizing vectors appear to
diverge as p — 0. In line with 6 = —1/4 giving the best approximate eigenvalue
results, we conjecture that all of the M-fold backflow maximizing vectors behave
like p~'/* for p ~ 0.

Figures 3.4-3.11 show the approximate backflow and overflow eigenvectors for
1 < M < 4. A common feature is that the envelope of the wavefunction decays
ay, —1/4;500);p), we plot the

to better illustrate the oscillatory structure.

as p~3/* for large p; in all cases except for (1) (

eigenfunction multiplied by a factor of p3/4
From Figures 3.5, 3.7 and 3.9, one sees that all M > 2 backflow vectors have higher
frequency contributions when compared with the M = 1 backflow vector. This is

not a surprise when considering the integral kernel of the C™) for M > 2 in (2.50).

As shown in Lemma 3.2.1, if the sequences (¢back/over(aM, 1/4; N;-))nen con-
verge in norm, then they are Weyl sequences and the associated hmltlng vector

and spectral point constitute an eigenpair. For integers n, m, let dback /Over( n,m) be
defined as

e fover (1 110) = [t o (@11, =1/45 15 ) = D oven (s, =1/45m5 )| 2.

(3.33)
As a crude test, we have computed df)ﬂ(N ,500) for 1 < N < 499. For each
M = 1,2, 3,4 the values form a decaying nonincreasing sequence with final values
tabulated in Table 3.2. Similar results are obtained for the norm differences of
overflow vectors dM)(N,500) for 1 < N < 499 and M = 2,3,4. Though far from
a rigorous proof, our numerlcal results suggest that bback( ., 1) = max o (C™M))
is an eigenvalue of C™) for 1 < M < 4, while bM)(1, ...,1) = mino(C™) is an

eigenvalue of CM) for 2 < M < 4.
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M| d™M) (499, 500)
1 0.0058
2 | 0.0017
3 |0.0041
4 |0.0084

Table 3.2: Values of norm differences of the approximate backflow eigenvectors for
1 < M < 4 given to 2 significant figures.

0.5
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- ¢1()?ck(a4, — 1/4;500; p)
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Figure 3.3: Plot of wéﬁ@(a% —1/4;500; p) for p € [0, 10]
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Figure 3.4: Plot of p3/4y!). (a1, —1/4;500;p) for p € [0,100]
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Figure 3.7: Plot of p3/4w}gilk(a3, —1/4;500; p) for p € [0,100]
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Figure 3.8: Plot of p*/4)®) (a3, —1/4;500; p) for p € [0, 100]
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Figure 3.11: Plots of ¥{}) (a1, —1/4; N;p) for N in multiples of 50 and p € [0, 800].

The plots illustrating the structure of the backflow and overflow maximizing
vectors in Figures 3.4 to 3.10 show a particular feature. That is, the higher M
backflow/overflow maximizing vectors resemble the M = 1 backflow/overflow maxi-
mizing vector with higher frequency contributions increasing with M. Physically,
one expects that the quantum states maximizing higher M backflow and overflow
are more spatially extended?.

The infimum of the spectrum of the M = 1 operator CV) requires particular
discussion. Fig. 3.11 shows the vectors ¥)}) (a;, —1/4; N) for N running from 50 to
450 inclusive in multiples of 50, generated from Ny, = 500 data. Each plot consists
of a single peak centred roughly at 1.5N, which broadens as N increases. This
suggests a sequence of vectors weakly converging to the zero vector in L*(R™, dp)
as N increases, whose C'(V-expectation values tend to —1. Such a sequence would
constitute a singular Weyl sequence for CM) at —1, from which one could deduce that
—1 € 0egs(CM) (see e.g., Theorem 2 in of [8]) — a fact that was proved rigorously

n [53]. Our numerical results are therefore in line with this result.

3.4 NUMERICAL ACCELERATION

The sequences AWM are guaranteed to converge to the backflow/overflow values

back /over

bM)(1,...,1), but the rate of convergence is slow. For example, /\&)Ck(500) = 0.03693

2This is shown in Section J of http://dx.doi.org/10.6084/m9.figshare.c.8174360.
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can be compared with the expected value bga)ck = 0.03845 to 4 significant figures. In
this section we consider numerical acceleration techniques that modify a convergent
sequence, while preserving its limit, but increasing the speed of convergence, at least
for sequences of interest. The aim is to provide a better estimate of the eventual
limit from the available data.

Let [°™ be the vector space of convergent real-valued sequences in (>°(N).

Definition 3.4.1. A map A : [ — [®™ is called a sequence accelerator for

x €1 if Ax and x have the same limit and

(Az)p — Too

— 0. (3.34)
Ty — Too

as n — 00, where oo = lim,, o0 T,

Richardson accelerators provide a particularly useful class of sequence accelerators;
see Chapter 1 of [15] for a modern overview and [60] for detailed theory and

generalisations.

Definition 3.4.2. The Richardson accelerator of order vy is the linear map R, on

(€™ with action

271»2” — Tn

(R'Yx)n = 27 o 1

(3.35)

It is clear that R,z is convergent with the same limit as x. Moreover, every

sequence (n~%) ey is an eigenvector of R, with eigenvalue (27-* —1)/(27 — 1), while

«

for any sequence = with |z,| < n~® we have a bound

27 +1
As R, is linear, if
b C
Ty = a+ — + €, len] < — (3.37)
ny n%
for constants a, b, C', and a > -y, then
27741 C
R—yl'n =a-+ (Rfyﬁ)n, |<R7€)n| S ﬁﬁ (338)

and it is clear that the rate of convergence has been improved from O(n~7) to

O(n~%); moreover, the error terms are suppressed if

v >1—logy(1—277). (3.39)
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The Richardson acceleration can be iterated, but a significant disadvantage is that
the number of the available terms in the resulting sequence is approximately halved
on each iteration. Alternatively, one can generalise the Richardson method as follows
— see [60] for yet further generalisations and discussion. Suppose, for some integer

k > 2, that
k

a4
j
= — < .
T Zl oy ten el < (3.40)
]:
where 0 = v < v < -++ <Y < Yga1, @1, - -.,a; and C' are constant real numbers,
SO T, — a; asn — oo. Let 1 = r < ry < ... < r; be integers and write

~y= (v, -, %), "= (r1,...,m%). Let v € R* be the unique solution (the relevant
generalised Vandermonde determinant is nonvanishing by the remark at the end
of [57]) to

k 1 =1
0 o iz0] 4
Then
k
R, 2)n Zv]xm] ar + (Ryr€)n, |(Ryr€)n| < Z (3.42)

717k+ r

J=1

The accelerator R, , removes k — 1 power-law terms, while reducing the number
of available terms by a factor of approximately r. Provided that r, < 25! this
represents an advantage over the iterated Richardson accelerator R, o---0o R,,
The simplest usage is to set r; = j for 1 < j < k and we will do that from now on,
dropping the vector r from the notation.

Our aim is to apply (generalised) Richardson accelerators to the sequences
)\(M )

back/over

also have to determine that the sequences are well-described by expansions of the

for 1 < M < 4. As the asymptotics of these sequences are unknown we

form in (3.40), and to determine the relevant exponents. Another issue is that the
sequences )\fﬁi contain oscillatory components with amplitude and period increasing
with M. These oscillations become apparent in the accelerated sequences, once the
dominant power law terms are removed, obstructing attempts to estimate the limit.

To dampen the oscillations in the sequences Kolmogorov—Zurbenko (KZ) low-pass
filters [74, 67] are applied before Richardson acceleration. The KZ filter KZ,, s, can
be regarded as k € N iterations of a moving average over an odd number of points
m € N, and preserves limits of convergent sequences. We chose k& = 5 for each

filter application and then for each M chose the parameters mj; such that the 3¢
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M 1 2 3 4
Filter KZ775 KZ1375 e} KZ775 KZQ475 e} KZ775 KZ3875 o KZ775

Table 3.3: KZ filters applied for 1 < M < 4.

successive differences have significantly diminished oscillations. Table 3.3 shows the
choice of filtering for each sequence of approximate eigenvalues. With the oscillations
significantly dampened, we begin analyzing the non-decreasing backflow sequences

by assuming that each sequence )\,gﬁf( has successive differences of the form

el 1
AN +1) = AN) = N +0 <]\/"y+1+6) (3.43)
for some 3,7, > 0. Resumming, this implies that each )\back has the form
P 1
AN)=a— 1= +0 ( NW) (3.44)

for some constant o € R, which is the limit of A(V) as N — oo and estimates
the supremum of the spectrum of the relevant backflow operator. We will write
gﬁ{ll, fyéﬁl)( to indicate the leading order parameters of the sequences )\back
To find the leading order parameters of )\back, we make use of two tools: a log-log
plot and the Pearson correlation coefficient.

Taking the logarithm of (3.43), we find that

lo8(\vis — Av) =log(8) — (7 + Dlog(N) + 0 () (349

and so one can estimate the parameters 3,y by the estimating the intercept and
gradient of the plot of log(Anx11 — An) against log N.
The second tool in our arsenal is the Pearson correlation coefficient. Given two

sequences X, Y their Pearson correlation coefficient p(X,Y) € [—1,1] is given by

Cov(X,Y)

X Y) = \/Var ) Var( )

(3.46)

which measures the extent to which Y is linearly dependent on X, with values
of p(X,Y) = +£1 for the case of perfect linear correlation with positive/negative
coefficient, and values closer to 0 indicating poor linear correlation. For a given

~v > 0 and sequence A, consider the sequence

p(y; v = N7 Ay = A). (3.47)
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Comparing with (3.43), we will choose the value of ¥ so as to maximise the Pearson
coefficient.

Using the log-log plots, we obtained Table 3.4 of approximate values of ﬁk%l){, %%1){
to 3 significant figures. Meanwhile, computation of the Pearson coefficients all give
peaks within 0.02 of v = 0.5. On natural grounds, we argue that %(QQ( = 0.5 for
each M, which justifies applying the accelerator Ry 5 to each sequence. We can then
repeat the process of trying to estimate the next term in a putative asymptotic
expansion for )\éﬁf{. In the case M = 1, we obtained good evidence for a power
v =1, and after applying the combined accelerator 5,1y to the original sequence,
we found evidence that the next power is below 2. This suggests a conjecture that
)\}(Jg)ck admits an asymptotic series of the form

A (N) ~ et = 3

k>1

B

i (3.48)

for some coefficients 3, with g; > 0.

Using generalised Richardson accelerators, we obtain conjectural bounds on cgy;.
Application of Rg.1,1,1.52.253) and Rs1,1.5225335) to A&)ck result in descending
and ascending sequences respectively as shown in Figure 3.12. By selecting the
final values of each sequence, we obtain conjectured upper and lower bounds to the

Bracken-Melloy constant. To eight significant figures, we find
0.038450556 < cpy < 0.038450568 (3.49)

and thus cgy = 0.0384506 correct to the first 6 significant figures. Of particular
note is that the upper bound we obtain is strictly below the previously accepted
figure of 0.038452. Possible reasons for this are discussed below. Note that while
the accelerators we use result in sequences whose eventual limit is guaranteed to be
equal to cgy, it is conceivable that the limited number of terms available may give
a misleading impression. For example, we cannot be sure that the two sequences
arising from R51,152253) and Rs51,1.52,25335) remain monotonic and provide
upper and lower bounds to cgy. It is conceivable that if more terms were computed,
these sequences might cross, perhaps many times, before approaching their common
limit. However, problems of this sort are common to all numerical computation that
is unsupported by rigorous bounds. We are currently conducting an independent
calculation of cgy which it is hoped will serve as a cross-check on these values.
Our estimate for cgy agrees with those of [29, 53] to 4 significant figures but

differs beyond that. In fact the 5th significant figure in [29] was stated tentatively,
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M| Bl Track
1 0.0329 0.494
2 0.0739 0.495
3 0.118 0.502
4 0.0168 0.514

Table 3.4: Values of 51%1)(7 7{)22 for1 <M < 4.

though it was then apparently confirmed and refined in [53]. We briefly compare the
methods used to argue that our new estimate is likely to be the more accurate of the
three, based on the following two observations. First, in [29, 53] the backflow operator
(or an operator unitarily equivalent to it) on L?(RT) was numerically diagonalised
by truncating to a subspace L*([0, A]) and then discretising the resulting operator
by setting a mesh size § < A resulting in a matrix problem of dimension O(A/9).
Although the techniques in [29, 53] were different in detail, they share the feature
that cgyr is obtained in a double limit § — 0 and A — oo. In practice, a mesh size
d(A) > 0 is selected that appears to give reasonable estimate of the 6 — 0 limit at
fixed A, and a sequence of results is obtained by increasing A through some sequence
of cutoff sizes Ay. Consequently, the sequence of results can depend on the sequence
A as well as the dependence of 9 on A. By contrast, our method is based on closed
form expressions for the matrix elements in terms of special functions, avoiding
cutoffs and discretisation. Once we have chosen our sequence of basis functions, the
sequence of eigenvalue estimates is labelled by the single parameter N that indicates
how many basis vectors have been used; we are also able to compute these estimates
to high precision based on the error analysis in Section 3.2. Second, [29, 53] used
relatively straightforward fitting or extrapolation methods to estimate the limiting
value cgy, whereas we have used sequence acceleration to systematically remove
terms in the asymptotic series resulting in sequences that converge significantly faster

to cpy than the raw sequence )\l()la)ck.

The numerical evidence for an asymptotic expansion of )\f)]:g( for M = 2,3,4
beyond the initial N~'/2 term is rather weaker, but we conjecture that they have a
similar asymptotic expansion to the case M = 1. However, the results of successive
acceleration are limited by the extra smoothing required to limit the impact of the

more complicated oscillations in the sequences. Plots of the accelerated sequences
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Figure 3.12: Plots of R )\(Mi for selected powers v,, and 1 < M <4

Y v “bac

are presented in Figure 3.12, with the resulting bounds tabulated in Table 3.5. As
with the M =1 case, these ‘bounds’ are not rigorous, but indicate that accelerated

sequences appear to sandwich the limiting value.
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M | Acceleration parameters Lower bound (LB) | Upper bound (UB)
1 LB (0.5,1,1.5,2,2.5,3), 0.0384505563 0.0384505678
B: (0.5, 1,1.5,2,2.5,3, 3.5)
2 LB (0.5,1,1.5,2), 0.0618453024 0.0618597497
UB(O&lJB)

3 LB: (0.5,1), UB: (0.5,1,1.5) | 0.0800324618 0.0801617473

T UB: (05) - 0.0955940854
Table 3.5: Conjectured upper and lower bounds for cgy and béﬁ%{(l, ..., 1) for
1< M < A4,

As a check on our attempts to numerically accelerate )\éla)ck, we also made use
of Theorem 5 from [49], which gives an acceleration method based on the Raabe-

Duhamel (RD) convergence test.
Theorem 3.4.3. If a sequence x obeys

lim |(n+1)22 7Tt ol o (3.50)
n—roo Tnt+1 — Tn

then x converges and the nonlinear sequence transformation

n(Tpy1 — Tp)>
(n+ 1)(Tnt2 — Tnp1) — n(Tpp1 — )

RD[z], =z, — (3.51)

accelerates the convergence of x.

The sequence )\](DL)Ck appears to satisfy equation (3.50) for large N, as does
RD* [)\](Ogck] for k = 1,2,3. After four applications of Theorem 3.4.3 (with some
intermediate KZ-smoothing) to A,E)Qck, we find cgy ~ 0.0384506, backing up the
values we find in Table 3.5 from the generalised Richardson accelerator. We were
only able to apply the accelerator once to each of the sequences )\back for M =2,3,4
and the Richardson results of Table 3.5 appear to be more stable estimates on
the basis of the data for N = 500, though they rely on our assumption that the
asymptotic behaviour mirrors that in the M = 1 case.

We now turn to the analysis of the minimum spectral estimates A\(M) for 2 <
M < 4. Note that we do not include any analysis of M = 1 since it is known that
A (N) = mino(CW) = —1as N — co. Our analysis follows that of the maximum

spectral estimates and we assume that each \() has asymptotics satisfying (3.43),

over

however now we will have 8 < 0 in line with A{Y) being monotonically decreasing
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]»4- ﬁiaver éégg
2 | —0.0141 0.46
3 | —0.0439 0.479
1 | —0.0826 0.497

Table 3.6: Values of S

over

) and M) for 2 < M < 4.

over

M | Acceleration parameters Lower bound (LB) | Upper bound (UB)
2 LB (0.5,1,1.5), —1.0037916 —1.0037899
B: (0.5,1,1.5,2)
3 LB. (0.5,1,1.5), UB: (0.5,1) —1.011078 —1.011029
4 UB: (0.5), (0.5,1) —1.01947 —1.01934
Table 3.7: Conjectured upper and lower bounds of b(M)(1,... 1) for M = 2,3,4

intervals of equal length and spacing.

sequences for M = 2,3,4. Before going ahead with our analysis, we applied KZ
filters to AlM) with the same parameters as in Table 3.3.

Using the log-log plots, for each M = 2,3, 4 let sM
parameters as in (3.43). The values we find are tabulated in Table 3.6. Similarly

) and 7{¥) be the leading order

over

to the parameters of maximum spectral estimates, we find peaks of the Pearson
1/2 for each

M = 2,3,4. Following as we did for the maximum spectral estimates, we conjecture

correlation coefficient within 0.03 of v = 0.5 and we infer 7{M) =

that the AM) admit an asymptotic expansion of the form (3.48). Again by making
use of the generalised Richardson accelerators, we accelerate the convergence of the
minimum spectral estimates. The plots of these accelerated sequences are shown in
Figure 3.13.

The final values of the generalised Richardson accelerated overflow estimates are
tabulated in Table 3.7. The values are written as upper and lower bounds on the
overflow values bM)(1,...,1) for M intervals of equal length and spacing, in line
with the assumption that the monotonicity of the sequences remain fixed. We note
in particular that the overflow value b(2) (1,1) for two intervals of equal length and

spacing is far from the M = 2 overflow constant ¢?) = —1 — ¢py arising from all

over

possible pairs of intervals.



3.4. NUMERICAL ACCELERATION

-1.019234

-1.0192848 -

-1.0193356
-1.0193864 -
-1.0194372 -

-1.019488

R(0A5) >\£)4\1/22r (N)
— R(0.5,1))\g%)er(N)

-1.01095

-1.01098
-1.01101 =
-1.01104 -

-1.01107

-1.011100

R0.5,1,1.5) Ag?/)er(N)

7 R(0.5,1)/\(()§/29r(N)

-1.003787

-1.0037882 |-

-1.0037894 -

7R(0.5,1.145))\(()%)er(N)

R.5,1,1.5.2) A2,

-1.0037906

-1.0037918 -

-1.003793

-30

Figure

3.13: Plots of R

YMm

-20

A\(M)

over

15 -10 5

for selected powers v,, and 2 < M < 4.

65



4

Numerical Investigation of the

Bracken—Melloy Operator

4.1 MATRIX APPROXIMATION AND A DENSITY PROOF

As defined in (1.17) and (1.19), the backflow operator for a pair of times t; < t5 is
given by

B d ztz _ iti(p*—q*) i1
( <t1,t2> - 27_”/ p—q ¢(q) ( : )

for ¢ € L*(R"). As has been discussed in 1 and 2, the largest possible amount of

quantum backflow for a single continuous time interval, named the Bracken—Melloy

constant cgy;, was first approximated in [12] to be cgy &~ 0.04. In particular we have
cpm = max (B, 1)) (4.2)

for any t; < t5. We restrict our attention to the particular Bracken—Melloy operator
B := B(_;,) which has the simplified form

(86) () = —+ [~ aa =Ty (4.3

for ¢ € L*(R™"). Rather than work with the Bracken—Melloy operator, we instead
work with a unitarily equivalent operator C' = U*BU where U € L?*(R") has the

action

(V)
U¢)(q) = NP (4.4)

66
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It is a straight-forward calculation to verify that the bounded operator C' then has

the action

(Co)la) = - [ dg L0 [@)m + (2)1/4] o) (49

for ¢ € L*(RT).

4.1.1 THE STRATEGY

The strategy to find the largest spectral point of C' is encapsulated in the following

lemma, first given in Chapter 3 but reiterated without proof for readability.

Proposition 4.1.1. Let A be a bounded self-adjoint operator on Hilbert space
and let (Xn)nenw C € be a sequence of linearly independent vectors with dense span.
Define sequences of self-adjoint N x N matrices (AN yew and (PN yew with matriz

elements
AN = (il Axa) . PR = (X (4.6)

for 1 < m,n < N. Then o(AN PINl)y C N(A), and maxo(AN PN (resp.,

min o (AN, PINY ) is a bounded nondecreasing (resp., nonincreasing) sequence with

max o(A) = J&im max o (AN, pIV)
—00

mino(A) = lim mino(AM, PV, (4.7)

N—oo

For each N € N, suppose v'™) € CN is a generalised eigenvector obeying
AN () = ) PV, (M) oMWt pINL(N) (4.8)

and define v\N) € H by

N
PN =30V, (4.9)

n=1
If W) — o € H in norm then

1. the sequence of generalised eigenvalues (Ay)nen converges;

2. the sequence of vectors (YN yew is a Weyl sequence for X = limy_ o0 Ay, i.e.,

[ =1 and ||(A = AP — 0;

3. the limiting vector v is an eigenvector for A with eigenvalue \.



68 CHAPTER 4. NUMERICAL INVESTIGATION OF THE BRACKEN—MELLOY OPERATOR

Hence, by finding the closed form of the matrix elements of C' with respect to some
dense sequence in L*(R™), it will be possible to obtain rigorous lower bounds on cgy;.
This method is akin to a finite element method, often used in the numerical analysis
of partial differential equations. All previous attempts to numerically study the
Bracken—Melloy operator have used lattice methods. Typically, the Bracken—Melloy
operator is studied by first fixing a finite lattice A(pmax,d) C R? with maximum
Siz€ Pmax > 0 and minimum distance d > 0. Let Kpgy be the integral kernel of the

Bracken—Melloy operator. Then the matrices B(pmax, ) with
B(pmaxa 5)nm = KBM((Sna 5m)7 0 S n,m S meaxJa (410)

approximate the Bracken—Melloy operator. The largest eigenvalue A(ppayx,d) of
B(Pmax, 9) then satisfies
lim A(0, Pmax) = CBM- (4.11)

0—0, pmax—00

In particular, two limits are required to find cgy. The finite element method used
in this chapter has the advantage that cgy; arises from the limit of a single discrete
variable and the resulting spectral estimates constitute rigorous lower bounds on
CBM-

The choice of dense sequence is inspired by the conjecture by Yearsley and
Halliwell [69] that the Backflow maximizing vector for B has the asymptotic form
#(q) ~ sin(¢?)/q. This would imply that the vector maximizing the expectation
value of C' has the asymptotic form ((q) ~ sin(q)/¢**. Additionally, by inspecting
the integral kernel of C, one might expect the asymptotic form of a vector in the

image of C' to be
sin(p — «) sin(p — «)

for fixed . It is this heuristic that led to choosing the sequence

(On,41/4)n>0 = (Pn,1/45 Pn—1/2)n>0 S L*(RT) (4.13)
to be the sequence of trial vectors used to estimate cgy where for integer n and
la| < 1/2, ¢4 is given by

(q) = 1 sin(g —nm)
Prale) = =t =

Before applying Lemma 3.2.1 to the backflow operator C' and the sequence

(4.14)

(Pn,+1/4)n>0, We require density of the sequence. We make an important comment
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here. It was only possible to prove that (oF),cz is dense in L?(R™). We do, however,
conject that (¢F),>¢ is dense in L?(R"). The proof of the density of (Pn,+1/4)nez is
given by the following theorem.

Theorem 4.1.2. For |a| < 1/2 and integer n € Z, let ¢, o € L*(R") be defined by

(q) = 1 sin(qg —nm)
Prale) = =t =

Then (n.a)nez is dense in L*(RY).

(4.15)

Before stating the proof we make a short digression to discuss and prove some
facts about band-limited functions. A band-limited function is one whose Fourier

transform is compactly supported.

flx) = #Sirﬁz) 0.75 1 f(k) = %X[—l,l](k)
0.5 1
1 0.25 +
17 -8 \5 g T2 : :
\/40.1 1 \<{/ 2 1 1 2

Figure 4.1: Example of typical band-limited function

A typical example of a band-limited function is shown in Figure 4.1. The
compactly supported nature of f means that f is intuitively a very smooth function,

since it imposes limits on how fast f can oscillate.

Definition 4.1.3. For p,o > 0, let PWP7 be the class of Paley-Wiener functions
defined by
pwre ={f e L’(R) :supp f C [-0,0]}. (4.16)

Elements of Paley-Wieiner spaces are also called band-limited functions. An
important property of band-limited functions is that they can be extended to
holomorphic functions on C. This can be seen in the following argument. For

f € PW?! we have , )
fr) =~ /_ dk (k). (4.17)

As can be seen, by substituting x with x 4 iy for some y € R, we obtain

flx+iy) = \/12_7r /_11 dk f(k)e " veik (4.18)
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which clearly converges for any z,y € R. Differentiating (4.18), it follows that
f is holomorphic on C. An immediate corollary of this is that for any p > 1,
PWPL C C*®(R). The Paley-Wieiner spaces PWP! for p > 1 will play an important
role in the proof of theorem 4.1.2 for the following reason. For n € Z, let s, € L*(R)
be the shifted sinc vector

_sin(q — nm)

sn(q)

Note that for n € Z and ¢ € R, we have

(4.19)

q—nm

dk —— —iknm B k ikg _ _— i(g—nm) _ _—i(g—nm) 4.20
V2m /—oo \/§e Xi-s(k)e V7 2(q — nm) (e ¢ ) (4.20)
1 sin(q — nn)

RV (4.21)

and hence by the Fourier inversion theorem on L?(R), we find that §, € PW?! for

all n € Z. As was first shown by Shannon in 1948 [59], one can reconstruct a function
f € PW?>! by its samples on the grid (nm),cz using the shifted sinc functions s,,.
For a modern overview of sampling theorems, the reader is guided to [16, 17]. The
classical Shannon sampling theorem says that if f € PWP? for some p > 1 and
o > 0, then f admits a representation as an infinite sum of sinc functions. The

following theorem is a precise version of this, taken from Theorem 1 of [30].

Theorem 4.1.4. (Shannon sampling theorem) Let o > 0 and 1 < p < oo. If
f € PWP? then

. km
A}l_lr}%o f- |k|§§:Nf <0> sk(o) p = 0. (4.22)
Furthermore,
f)= 3 f (’if) (o) (123)
k=—0o0
for all x € R.

Theorem 4.1.4 tells us that if f € PWP? then f may be reconstructed from its

samples. The following Lemma will be used in the proof of theorem 4.1.2.

Lemma 4.1.5. Let 1 <p < oo, f € PWP! and |a| < 1/2. Then

where X is the densely defined position operator with action (X f)(z) = zf(z).

— 0 as N — oo, (4.24)
2

(s some)

In|<N
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For the proof, we require the notion of Schwartz functions®, defined by
SR) = {f ‘R — C’f smooth and || f||,, < oo for all p,q € NO} (4.25)

where || f||,, are The Schwartz seminorms given by

d p
e q _—
o =sup e (51) 760 (4.2
Proof of lemma 4.1.5. Note that for any N € N we can write
2
> f(m)sn)
[n|<N )
1 sin(z — )|
oo sin(x — nw
_ dr 12 4.27
[+ ) e po= & pem=20) o)

Let I1(N) and I5(N) denote the first and second integrals in (4.27). Then we find
that

L(N) < sup |f(z)— Y f(nm) sm / dx 2**
0<z<l In|<N
1 sin(x — mr)

sup (4.28)

" 2a + 1 o<e<1 T —nm

Since supp f C [-1,1], f extends to an entire function on C. Applying equation 4.23
of theorem 4.1.4, we have

Ii(N)—0as N = o0 (4.29)
Now consider the integral I5(N) given by and obeying

2

o0 N sin(x — n)
- / Cdra? f(x)—n%N f(mr)ﬁ (4.30)
1+e
<sup | 2°*|f(z)— > f(nm) sm( || > f(nm)s
@21 In|<N v In|<N e
(4.31)

LAn exposition of Schwartz functions and the associated Schwartz distributions can be found in
[42].
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for 0 < e < 1—|2a|. We will now show that the supremum is bounded from which
convergence will follow from the convergence of the Whittaker series in the L1*€
norm. First let

1—e

=Y ) sm( —nm)

In|<N —nm

S(N) = sup [ z*

x>1

(4.32)

By the triangle inequality

sin(z — nm)

Tr —nm

) _ . (4.33)

The first term in (4.33) is finite from the fact that f € S(R). For the second term,

note that for any x > 1 we have

S(N) < (supx%‘/1 € |f )|+ Z | f(nm) |sup:z:2a/(1 ©)

In|<N x>

g/ [SME = nm) | sz = nm)| o) o ] | SR8 =)

r —nm

(4.34)

where we have added and subtracted nms,(z) under the absolute value and applied

Tr — nm r —nm

the triangle inequality. Taking the supremum over x > 1, we find

1/(2(1+¢) Sin(z — n)

<1+ |nm|. (4.35)
T —Nnm

sup |r
x>1

Substituting this into the sum in (4.33), we find that

1—e
S(N) < (Sgliw W f@) + X |f(nm \(1+|n7r|))

[n|<N

1—e
_G@ﬁwﬂwf H»Z|fmr1+MﬂQ

n=—0oo

< 0 (4.36)

since f € S(R). Now note that there is a continuous embedding S(R) < L'™¢(R)

since
1+e€ |f”1+E 1+e
I < [ de e = CalfIE: (437

where for p,q € NU{0}, || - ||, is the Schwartz seminorm defined by

NEAY
x (das) f(x)‘ (4.38)

and C, > 0 is a constant independent of f. Hence f € L'™¢(R) and by assumption
supp f C [—1,1]. By equation 4.22 of theorem 4.1.4, the right hand side of (77)

vanishes in the limit as N — oo. This completes the proof. O

1fllp.g = sup
zeR
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Proof of theorem 4.1.2. First note the natural embedding, My : L*(R") — L*(R),
given by multiplication by the Heaviside function 9. From here onwards we will
drop the ¢ with the understanding that L?*(R™) C L*(R). A well known property of
Hilbert spaces is that a sequence is dense if and only if there is no non-trivial vector

orthogonal to every element. Assume that there exists some g € L*(R) with

supp g C R", (9lena) =0 (4.39)

for all n € Z. Recall the definitions of the unbounded position operator X and that
the shifted sinc functions s,, € L*(R). We can write the orthogonality condition on
g as

0= (g||X|%sp) forall n € Z. (4.40)

For g obeying (4.39), let T, : S(R) — R be the map defined by
T,(f) = {glX“f). (4.41)

Immediately, we find that
/ dx g(x) / dx
X«
= <1 <29 (1+ Xz)f> : (4.42)

Since X*(1+ X?)"'g, (1 + X?)f € L*(R"), by Holder’s inequality, T,(f) exists for
all f € S(R) and

1+93 )f ()

1,0 < |59 141 (.43

where the Schwartz seminorms || - ||, , are described in (4.26). Consequently we find
T, € S'(R). We will now show that supp 7, N [~1,1] = () in the distributional sense.
Recall that for n € Z, s,, € L*(R) is the shifted sinc vector s, (z) = sin(x — nnw)/(x —
nm). Then for f € S(R) and any N € N one can write

T,(f) = <

Xazfm > <

n—=—

(f— S f(nm)s )> (4.44)

n=—N

By hypothesis, the first term of (4.44) vanishes. By the Cauchy-Schwarz inequality
we have

: (4.45)

2

To(H < Nlgll2

X (f— _i f(mr)sn>
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for any N € N.

For a distribution u € §'(R), let @ € §'(R) be its Fourier transform defined by
a(f) = u(f). Now suppose that f satisfies supp f C [~1,1]. Then by taking the
limit of (4.45) as N — oo and applying lemma 4.1.5, we find

T,(f) = 0 (4.46)
for any f € S(R) N PW?! or equivalently
supp T, N [—1,1] = 0. (4.47)

Now we turn to the bulk of the theorem. For ¢ € C§°(R) with supp ¢ C [-1+6,1—0]
for some small 0 < 6 < 1, let fg = ’fg x 1) € C*(R). The support of fg obeys
supp t, C supp Tg + supp® and so suppt, N [—d,8] = 0. One can express f, as a

distribution,
W) = [ def@) [ dyg@lyl® [T dkvk oyt @)
= [ i@ [yl [ akwme o (aa9)

[ dwg@) [ dy gy (4:50)
= [y sl ) i) (451)
=T (f). (4.52)

Note that since 1) € C°(R), we have ¢ € S(R). If there exists a non-trivial g € L2(R™)
satisfying (g|pn.a) = 0 for all n € Z, then setting h = g@@ one finds a distribution
T, € C=(R) N S'(R) satisfying supp T}, N [=6,8] = @ for some § > 0. We can then

assume there exists a h € L*(R) satisfying
supp h CR™, supp 1) N [=4, 0] = 0, P(X)h € L*(RT) (4.53)

for all polynomials P where the condition involving polynomials follows from the
fact that ¢» € S(R). Let us further assume that ¢ satisfies [ 1) = 0. This implies that
$(0) = 0. Since 1) € C(R), it follows that 1 is entire. For z in an open set containing
0, we have ¢(z) = ¢/(0)z + O(22). Consequently |X|*4) is bounded and it follows
that |X|*h = |X|*)g € L?(R). The distribution T}, is then simply the image of
| X|*h in the natural embedding L*(R) < S&'(R) given by f + (¢ € S(R) — (f|®)).

For convenience we write T}, € L*(R) now obeying (4.53) and

supp T, N [—6,6] = 0. (4.54)
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Define C* as the upper (+) and lower (—) complex half planes. From the support
property of T}, in (4.54), we find that T}, given by

A

To(z) = ;ﬂ [ e Ty (4.55)

is analytic on the lower half plane C~. We now make use of the Schwarz reflection
principle, for which the reader is guided to Chapter 6 of [1] for an overview. The
Schwartz reflection principle says that from an analytic function s~ : C~ — C, one

can define an analytic function s*: CT — C by s*(2) = s7(2) for z € C*. From the

reflection principle, we find that Gj given by S, (z) = T, (%) is analytic on the upper
half plane C* and furthermore both T n and S} agree on the real line.

Here, we make use of a edge of the wedge-like theorem for complex functions of a
single complex variable. Letting the region [0, §] X R be our wedge with edge [0, ],
we find that the function F' defined on [0,4] x (R\{0}) by

e - Th(z) z€C N([0,0] xR) (4.56)
Sn(z) ze€CTtn([0,] xR)

is analytic on its domain. Furthermore, one can distributionally define ' on smooth
test functions ¢ € C*(0,0) by

(Flo)y = zlg% 06 dx F(z + iy)o(z). (4.57)

By [66, page 53], we find F is in fact holomorphic on all of [0, 4] x R. However, by
(4.54), F vanishes on an open interval and so F' = 0 identically. The only way this
can be the case is if T}, = 0 identically from which it follows that | X |°‘129 =h=0.
Since v is compactly supported, 1/; must be analytic and consequently has isolated
zeroes. We conclude that g = 0 up to L? equivalence. Hence there is no non-trivial

vector g obeying
<g|§0n,a> =0 (458)

for all integer n > 0.
O

Applying theorem 4.1.2 with o = 1/4 and o = —1/4, we find that (¢, 11/4)n>0 is
dense in L?(R™). As such, we can now safely apply lemma 3.2.1 to find lower bounds

on the Bracken—Melloy constant cgyy.
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4.2 MATRIX ELEMENTS

As in lemma 3.2.1, we now construct the matrices of Gram elements and operator
matrix elements for the sequence (¢ +1/4)n>0 and Bracken-Melloy operator C. For

integer N € N, let

() 0, = (orrennlomrnn). (), = (orronnfCimson) (459

for 0,7 € {4+, —}. Further for i, j € {1,2}, let e;; € R**? be the basis matrices with

entries (€;;)mn = O0imd;n. Then we define

nm

P[N} :P_LA_Q®€11—|—P_E_Ai]®€12+P£]\_Q®€21+PE\1]®622, (460)
C[N] = C_[i_J\ﬂ X €11 + C_[FN_] X €12 + C[_]\ﬁ X €21 + C[_]\g X €929 (461)

as the complex valued 2N + 1 square matrices. From these two sequences of square
matrices, we will find an approximation to the Bracken—Melloy constant cgy and

associated approximate eignvector according to proposition 3.2.1.

4.2.1 P AND (' MATRIX ELEMENTS

This subsection is concerned with calculating the matrix elements of the bounded

integral operator C', which as in (4.5), has the action

Co)p) =~ [ dg T2 [(p)m + (p)/] o) (162)

p—q q q

for p € L*(RT).

Much of the following work was done prior to the start of my PhD by Chris
Fewster. However, every calculation done prior has been repeated and furthermore
generalised by myself, as can be found in appendix D.

For o,7 € {+,—} let P, and C, . be the infinite matrices with elements

(Pa,f)m+1,n+1 = <Q0n,o/4’90m,7/4>7 (CU,T)M-i-l,n-l-l = <90m,a/4‘090n,7'/4> (463)

for m,n € Z. The elements of P are given by

IS sin(q — nm) sin(q — mm)
)22 T 7/ da glo+7)/4
(Por)msrnr = — | dag () (g — )

m+n o) i 02
_ =y / dggernn S0a (4.65)
s 0 (¢ —nm)(q —mm)

(4.64)
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Letting f, . be given by

l.(1+a)/4 (1+7)/4

Y

for(z,y) = lyu_f)/z; T o) (4.66)
then
(Cor)mm (4.67)
sin(z — mm) sin(z — y) sin(y — nm)
d / dy - (z, 1.
27r2/ ’ x—mﬁ)(x—y)(y—mr) Jor(2,y)  (4.68)
1)mtntl sin z(sin x cos y — cos x sin y) siny
2 9.2 / df/ ) fU,T<x7y)
m (# —mm)(z — y)(y — n7)
(4.69)
1)mtntl sin? o sin 2y — sin 2z sin?y
d / - (zy). 4.70
47?2 / v (x — mm) (:L‘—y)(y—mr)f’(x v) (4.70)
Define
41/2 sin? z sin 2y — sin 2z sin? y
/ dz z / dy (4.71)
(x —mm)(z —y)(y — nm)’
/ d / dy sin? z sin 2y — sin 2z sin?y (4.72)
(v —mm)(z —y)(y —nm)’
12 dy sin?zsin 2y — sin 2z sin’ y
Fon :/ dx x'/*sin(z — a)/ . (4.73)
0 o y? (z—mm)(z—y)(y —nm)
Then
o (_1)m+n+1 o o
(OUU)WTL - 47T2 (Dmn + Dnm)’ (474)
-1 m-+n-+1 -1 m—+n—+1
(Com = T Bt Fud. (O = T (B + ).
T T
(4.75)
For |¢| < 1,a, B € R let
d in 2
Fle,a; ) PV/ &y smey (4.76)
(z =)y — )
d 2
G(c,a;x) PV/ & sin”y : (4.77)
(z—y)(y—a)

H(c,a;2) = F(c,a;x)sin® x — G(c, a; ) sin 2w, (4.78)
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then we have

:|:1/2H
/ dz 0, nmiz) (4.79)
x — mm
Dynn / dp 0T T) (4.80)
xr —mm
xV/2H(1/2
/ 1/2,nmiz) (4.81)
xr — mm
( O‘T)m+1 n+1 — ( )m+n+1G ( c 1_ T , N, mﬂ') . (482)

The closed forms of C*

mn’

Dy, and E,,, are given by

— (f(0,nm) + 7)G(F1/2,nm;mm) + ;g(O,mr)F($1/2, nm; mm)

,n#0
Cron = + K(F1/2,0; nm, mn)
J(F1/2,mm) ,n=70.
— (f(0,nm) + m)G(0, n;mm) + ;g(O, nm)F (0, nm; mm) %0
D, = + K(0,0; nm, mn)
J(0,mm) ,n=>0

Epn = —f(1/2,nm)G(—=1/2,nm;mm) — 7G(0, n; mm)

+ 39(1/2, nm)F(—=1/2,nm;mm) + K(—=1/2,1/2;nm, mm) (4.83)
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where for m #n

1_ 5mn 1 2’ J— 1 2’
K(F1/2,0;nm,mn) = F Im q(F1/2,mm) — q(F1/2,nm)
2 m—n
qEL/2pim(9(n)(1F1/2)-1/2) /1 iﬂ—g(n)
O 2[n|1F1/2 <2 log [n7| — —— + 1)
(1 = Gy )TEY20(1 £ 1/2)
m-n

« Re [G:Fmﬂ(n)m‘n‘i1/2f(¢1/2, —2ni)
_e:Fim?(m)/Q |m|:|:1/2f‘(:|:1/27 —Qmm)]

S 2T (1 F 1/2)
4’n’111/2

% Tm e (1F1/2)9(n)-1/2) |:€$i7rs(n)/2|2nﬂ_|$l/2

—T(1F 1/2) + (2nmi F 1/2)0(F1/2, —2nmi)]

(1= 6,,) Im e¥in/a ZEFL/2mm) = P(F1/2,n7)

2m(m —n)
+ O Im €7 P (12, ), (4.84)
1-— —
K(0,0;nm,mm) = Onm q(0, n) — q(0,mm) — dpme(n)
Am? m-—n 4dn
T~ Rell r(, -2
* 4(m —n) Re [log|n| +I'(0, =2nmi)
—log |mn| — I'(0, —2mmi) — imw(e(n) — e(m))/2]
5nm .
— ™ Im F(O, —2nm) (485)

L(mm) — L(nn)

K(=1/2,1/2;nm,m7) = (1 — ) — Snn®? Lo (nm) + i

2y/m(m —n) 2n
+ 5m”§<”) mlma —)D(1/2, 2|n|mi)
+ O ()72 Re T'(1/2, 2n7i) (4.86)

for m,n € Z\ {0}. The derivation of the closed form expressions for F, G, H, J, P, L
and Ly can be found in Appendix D.1. We give the general formulae for the functions,

as well as the more specific values for arguments on 7Z. The function F' is given by

F(c,a;x) = fle.a) = fle, x)7 (4.87)

r—
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where

m)(x) cos 2z

fle,x) =T(1 — ¢) Tm e ™2 (ix)~*'T (¢, 2x1) + : (4.88)
l»C
'l — - - 2
= (1—c) Im e~ @720 (¢ 27) + M. (4.89)
|l.|c xe
In particular, we have
2x
F(1/2,2) [Re 25D (1/2, 251) + TO22) (4.90)
Vi
f(1/2,n7) = _ﬁ Re e™ /21 (1/2, 27n4) + 9(n) f (4.91)
n n
F(1/2,0) = 27, (4.92)
£(0, ) = Im e*'T(0, 2x7) + 7 cos 2z, (4.93)
f(0,nm) = ImI'(0, 27ni) + J(n)m, (4.94)
J(0,0) = 2. (4.95)
f(=1/2,z) = ';I Re **'T'(—1/2, 2xi) + 7 /T cos 2, (4.96)
f(=1/2,nm) = = ;/a Im e ™™/21(—1/2, 27ni) + 9(n)72 /n, (4.97)
f(=1/2,0) = \f (4.98)
Making use of (4.87), the specific values of F(c,nm;x) at x = nw for n € Z\ {0} are
given by
e—iﬁ(n)w/2 ' ' 1 19(71)
F(1/2,nm;nm) = Im W(l — 4dnmi)I'(1/2, 2nmi) — o~ + 5,52 NG (4.99)
F(0,nm;nm) = 2Ci(2nm), (4.100)
7119 Y /2 1 9
F(=1/2,nm;nn) —Im 4\/» (14 4nmi)I'(—1/2,2nmi) + TN \/2%\/5_?)
(4.101)
Similarly for G, its closed form is given by
Gleasm) = 910 = 9le) (4.102)

2(x — «)
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where
I'l—c¢)

i (V(z) cot me + I(—x) ecscme) — e

= e Re e V@) 220 (¢ 97)
€T (&

g(c, )

7 (x) sin 2z

x()

(4.103)

Furthermore, we have

L(nm) = VAReT(0,2n|ri) — 272 Imexfe(y/|n|m (1 +4)) + /7 (log(8|n|7) +7)

+4m \/In| Im» Fy(1, 15 3/2, 2; —2|n|mi), (4.104)
1 Y. _ 1
Ly(nm) = — NG ImI'(0, —2|n|mi) + Tl Reerfe(/|n|m(1 —1i)) — 53723
1
_ __ 4.105
2/ |n|3/2 ( )
forn € Z \ {0} and
L(0) = 2 /7 log 2. (4.106)
The values for the function ¢ are given by
q(F1/2,n) = T2y |F1/2 (log |nm| — 27?52(71)) , (4.107)
ime(n) 2
q(0,nm) = (log\mr[ - ) : (4.108)

The values for the function .J are given by
T'(1+1/2)
| 1F1/2
TF20(1 £ 1/2)
n|1F1/2
—2T'(1 F 1/2, —2nmi))
21F1/27T(1 £ 1/2)
1¥1/2

T Im e~ ™ MWOFY2) [D(1 1 1/2)¢(1 F1/2)

J(F1/2,n7) = F Im ™ UFYIP (0 2n7d)T(1 F 1/2, —2nmi)

+

Ree ™01 (11 51/2) + 7

ImoFo(1,1F1/2;2,2F 1/2;2nmi)

2

N 7(log |2n7| — ime(n)/2 — w(jzl/Q)]
T(1+1/2) ’

— (1 F1/2,—2nmi) (log 12nm| — WT&?(TL))

(4.109)
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- 1
J(0,n7) = 27m _ iiz) + 5 — ImT(0, ~2n73) + ReaFy(1, 152, 2; —2nmi)
— (1 4+ ) ReoF5(1,1;2,2; 2nmi)
“Re | LB,1,1:6,2,2:20m) + — I (0, —2ni)
dc _1 Y Y ) ) ) b 2/]’1/7"' )
. .
_Em) L Im | v — log |2nm| + ime(n) (1, —2nmi)
2n 2nm
1

Finally, the P values are given by

P(F1/2, nr) = 02| F1V2D(1 4 1/2)1(0, 20mi) D (F1/2, —2n7i)
+ eFmE /AR F2D(1 41 /2)T(F1/2, 2nri)
+ e A F2T (1 £1/2) [T'(1 F 1/2, —2ni)
+ (1 + 1/2>>] , (4.111)

ime(n)

—T'(F1/2, —2nmi) (log |nm| —

P(0,nm) = (—v + ime(n))(0, 2nmi) — 2Im IV(0, 2nmi)
— (0, 2nm0) * + G35 (05,0 | 20mi))

— 1(0, —2n7i) <log | — mz(n) + 7) , (4.112)
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P'(F1/2,n7) = (imm £ 1/2)e™(AFY2)/2) 7| £1/271
x T(1 4 1/2)[(F1/2, —2nmi)[(0, 2n7i)
N 27120 (1 4 1/2)T(0, 2nmi)
nm

— 2eFmEM/2D (1 £ 1/2)|na[FY20(F1/2, —2nmi)T(0, 2ni)
— M UFY2)/2) #2710 (] 4 1 /2T (F1/2, —2nmi)
Tal(1+1/2)

X [(F1/2 = 2ni)e eI 2 K271 (31 /2, 2nmi)
2?1/2]

+
nm

T D2 B2 £ 1/2) G (T o] 2nmi)

+ (b4 2nmi)T (1 4 1/2)e ™MW AFL2)/2 ) £1/2-1

+(1 £ 1/2))

ime(n)

X lF(ZFI/Z, —2n7i) (log |nm| —

—T'(F1/2, —2nmi)]
[(F1/2, —2nmi)

nmi

+ e mUFY2/2 |y |F1271D0 (1 £ 1/2) [

+2F 2R 2 F2 (41 £ 1/2) — log2)|,  (4.113)

P'(0,nm) = 2[(—v + ime(n))L'(0, 2n7i) — I'(0, 2nmi)]

_|me(n) +iy N ilog |2nm| — me(n)/2
nm nm

— 2iReT'(0, 2nmi) + 20G55 (4 | 2ni)
— 2[I"(0, —2nmi) + (v — (log |nw| — iwe(n)/2)(0, —2nmi)
_Z,log 2+~ +1(0, —2nm’)]

4.114
— (4.114)

forn € Z \ {0}.
With these matrix elements calculated, it remains to compute the generalised

eigenpairs of (C, P) which is done in the following chapter.
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Numerical Analysis of the

Bracken—Melloy Operator

5.1 NUMERICAL EVALUATION OF THE MATRIX ELEMENTS

This chapter is dedicated to the solution of the generalised eigenproblem
O™y = ApM (5.1)

for N € N. From Section 4.2 of chapter 3, we have closed form expressions for
the elements of C!M and PW!. To numerically compute these elements, we make
use of the arbitrary precision C libraries Arb [44] and FLINT (Fast Llbrary for
Number Theory). Arb makes use of a computational tool known as ball arithmetic.
Each value in Arb is represented as a ball, a subset of the real line in the form
[m — r,m + r| where m (the midpoint) and r (the radius) are both given as binary
floating point numbers, i.e. values of the form u2¥ for u,v € Z or one of the special
values +00, NaN(Not a Number). In practice the radius r is the error on the value
m. The real benefit of using Arb is that with every step of a numerical computation,
the radius r accommodates any additional numerical error that may arise through
rounding or other approximation.

With this data structure in place, Arb implements functions as follows. Suppose
we have some function f: A — B, then a ball implementation of f is some F such
that

F(lm —r,m+r]) = [f(m) =1, f(m) + '] (5.2)

for some known ' > 0 depending on m,r and f. The Arb ball data structure is

very useful for computing special functions which are typically calculated using some

84
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infinite series or integral. To demonstrate this, suppose some function f is defined as
flz) =3 an(z) (5.3)
n=0

where the (a,)5, are functions that are ‘easy’ to compute. Then, as is typical
in any numerical computation, a ball implementation of f only needs to compute
SN an(r) where N is the smallest N such that | f(z) — SN a,(2)| < 1079 where
dps is the decimal precision as set by the user. The ball implementation of f(x) for
some z will then be

F@) € [ anle) — 63 anla) + 5.4)
n=0 n=0
with the guarantee by Arb that f(x) € F(x). This guarantee, coupled with the well
benchmarked speedup [44] that ball arithmetic demonstrates compared to standard
floating point arithmetic, is why Arb was necessary for the computation of the matrix
elements of P and C.
Now using corollary 3.3.3 from chapter 3, we find that the error A\ on the

generalised eigenvalues A\ satisfying
CMy = APy (5.5)

is bounded by
|APMIZ, + [ACT]|o

AN < N(1
AN < N1+ enu) min o (PIN)2

(5.6)

where APIN and AC™! are error matrices associated with PV and CIV] respectively.

Early numerical experiments showed that min o( PIV) ~ 10727V

and so using Arb,
we ensure the matrix elements are computed to 10> + 50 decimal places. It
is worthy of note that without computing these matrix elements to this level of
precision, the resulting generalised eigenvalues are wildly incorrect. In this sense,

the calculation automatically reveals when it is wrong.

5.2 THE GENERALISED EIGENVALUE PROBLEM

To estimate cpy;, we will generate a sequence of 1700 values (A% with

IV, (N) — 3 (N) pINT, (V) (5.7)
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such that for each N, A\®¥) is the largest generalised eigenvalue. By construction,
(A))I100 is a monotonically increasing sequence all elements of which are bounded
above by cgy, as shown in Proposition 3.2.1. As discussed in section 5.1, to obtain the
maximal eigenvalue AN) generated from the 2N 41 dimensional matrices (CV!, PIV))
to 50dps, the matrices must be generated to 2.7 x 1700 4+ 50 = 4640dps. As such
this section is dedicated to the solution of the generalised eigenvalue problem of
dense matrices of dimension 2 < N < 3402, stored to 4640dps. This required the
writing of bespoke algorithms and access to the University of York’s high performance
computing Viking cluster!.

To find the approximate eigenpairs (AXY), v™V)) we use a shift and invert strategy
to convert the generalised eigenvalue problem into an equivalent standard eigenvalue
problem with improved convergence properties. From there, we make use of the
standard power method, detailed in algorithm 1, to find the largest eigenvalue. The
transformation of the generalised eigenvalue problem into a standard eigenvalue
problem is given by following lemma. A point on notation, for an invertible M €
CV*N welet M~T = (MY = (MT)~1

Lemma 5.2.1. Let A, B € CN*N with A, B Hermitian and B positive definite and
pu>maxo(A, B). Further, let L, E € CN with L lower triangular be defined by
LL' = uB — A, E=L"'BL (5.8)

Then .
U(A, B) = { — y
Proof. If X € 0(A, B), then Av = ABwv for some v € CV. By assumption p > \. By

subtracting pBv from both sides and rearranging, we find

Ve U(E)} . (5.9)

(uB — A)v = (u— \)Bv (5.10)

Since B is positive definite and Hermitian, we can write B = KK for some lower
triangular matrix K, a unique representation known as the Cholesky decomposition.

Using this representation, we can write
K uB - A)K v = (u— N\ (5.11)

and since 1 — A > 0 by construction, it follows that K ~1(uB — A)K~1 > 0. Here we

make use of the fact that positivity is preserved under conjugation to conclude that

'More information regarding Viking can be found at https://vikingdocs.york.ac.uk
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uB — A > 0. Hence, we can write 4B — A in its Cholesky representation, LL" with
L lower triangular. Substituting this representation into (5.10) and rearranging, we

obtain
1
Bv=——LL" (5.12)
= A
Since A — uB is strictly positive, L is invertible and so by writing w = Liv for some

w € CN we find
1
L'BL 'w=—— 5.13
W= (5.13)
This is precisely what it means for 0 # 1/(u — \) € o(L~'BL~T). Each step in the

proof is reversible, so the lemma holds. O

A note on Lemma 5.2.1, the map A — p — 1/ is order preserving and so finding
the largest value of o(A, B) comes from finding the maximum eigenvalue of E.

As shown in theorem 5.2.2, the power method applied to a self-adjoint matrix
A € C™ converges as O(|A2/A1|") where A\; and )y are the two largest eigenvalues
by absolute value. By choosing a shift parameter p such that > maxo(A, B), after
a shift and invert, the power method applied to the matrix E as defined in 5.2.1,
will converge as O(|(1n — A1)/(p — A2)|™). Selecting a p close to Aj, the improved
convergence is evident.

The matrix L may be calculated using [38, chapter 4, algorithm 4.2.1]. We
will denote the Cholesky decomposition of a positive self-adjoint matrix A € C4*9,
Chol(A) as the unique lower triangular L € C4? satisfying A = LL!. The matrix £
may be calculated using a combination of forward and backward substitution as in
[38, chapter 4, algorithms 4.3.2 and 4.3.3]. With the generalised eigenvalue problem
transformed into a standard eigenvalue problem, it remains to solve for the largest
eigenvalue of the resulting matrix. We choose to do this using the power method.
The algorithm for the power method is described in [38, chapter 7, section 7.3.1] and
given below in algorithm 1.

With this algorithm written out, the following theorem, again found in [38,

chapter 7, section 7.3.1] shows the convergence properties of the power method.

Theorem 5.2.2. For N € N, let A € CV*N be self-adjoint such that X 1AX =
diag(A1, ..., \y) with X =[xy, ...,xn] and |A\y| > |Ae| > -+ > |An|. For ¢ e CV
with ||¢©]|2 = 1 and for k € N let (A®) ¢®) be a sequence of scalar-vector pairs
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Algorithm 1 Power Method

Input: Self-adjoint matrix A € C¥?, vector ¢(©) € C?, tolerance €, max steps K.
Output: Scalar A, vector q.
for £in1: K do
rk)  Aqt-1)
d® e r® /O],
AEB) BT 44F)
if ||Ag® — A®¢®)|| < € then
return (A% ¢®)
end if
end for
return (A% ¢(K))

obtained by algorithm 1. If x{w(o) # 0, then

A2
Y

X
M

k
B x| =0 ( ) . dist(span g™, spanvy) = O (

k
) . (5.14)
With the theory laid out, we discuss the details of implementing Lemma 5.2.1
and algorithm 1 for (C!™!, PIN). From Lemma 5.2.1, we will choose p = 0.039 for

which the reason will become clear. For each N € N, let

L) = Chol (CIN — 0.039PIM) E[N]:(L[N]>_1C[N] (L[N])_T, (5.15)

and let o) = o\ > 68" > ... > o) be the eigenvalues of EIN! with associated

I(n]\;;,wgm, e ,wl(n]\i/g. Selecting p = 0.039 significantly amplifies the

eigenvectors w
ratio [o(N)/ aéN)| compared to [A\V)/ )\gN) | and consequently when applying the power
method to EN! we obtain drastically better convergence. First we discuss the
efficient computation of LIN! and E™. To speed up the computation of LM and
E[M we make use of parallelised Cholesky and linear systems solver algorithms.
These parallelised algorithms split the task into chunks of equal complexity according
to algorithms 2 and 4. As is common, we denote the integers (inclusive) between
a € Z and b € Z with a : b. Further, we use |-| to denote the nearest integer.

The following algorithms were originally written by Fewster, though they were
improved to their current form by both Fewster and myself.

Given a matrix L € C™? for which we wish to compute the Cholesky decom-
position, the standard Cholesky algorithm [38, chapter 4, algorithms 4.3.2] takes

arow 1 < i < d and performs computations on the matrix elements (L;;)i<j<q in
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series. Computing the 7, j element of the Cholesky decomposition has complexity
proportional to j — i. In the parallelised Cholesky algorithm, we account for this
and for each row index i, the corresponding column indices [i : d] are split into p
chunks for which the computations necessary are of roughly equal complexity. A

longer discussion of a parallel Cholesky algorithm can be found in [38, Section 6.3].

Algorithm 2 Complexity Splitting 1, (split,)

Input: Parameter n, number of parallel processes p,
Output: Array of ranges S.

s o] ] | ] ]
p p

S%[Sl+1252,...,5p+115p+1]
Return: S

With this complexity splitting algorithm written out, we write out the algorithm
for the parallelised Cholesky decomposition. This algorithm is parallelised and more
efficient version of [38, chapter 4, algorithm 4.2.1]. The notation parfor in the

algorithm denotes the parallelised for loop.
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Algorithm 3 Parallelised Cholesky, (ParChol)

Input: Matrix L € C**? number of parallel processes p.
Output: Lower triangular matrix L.

d <+ dim L
for 7 from 1 tod —1 do
Lii < V' Lii

for j from 141 to d do
Lji < Lj; /Ly
end for
if d—1 > p then
Q < split,(d — 4, min(d — i, 6))
R+ [[n+i:q2+1i] for ¢ in Q]
else
R« [i:d]
end if
parfor r in R
for j in r do
for k from 7+ 1 to j do
Ljy <= Lji, — Lj;Ly;
end for
end for
end parfor
end for
Lga < v/Laa

Return: L as lower triangular.

The following two algorithms present a method for the parallelised computation
of L='CL~1 where L is lower triangular. The first algorithm allows for the splitting
of the computation according to tasks of equal complexity. The second presents the
computation of L='C'L~1 itself using a combination of the forward and backward

substitution algorithms.
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Algorithm 4 Complexity Splitting 2, (split,)

Input: Parameter n, number of parallel processes p.
Output: Array of ranges S.
if d<p—1 then

[+ [1:n]
else

[ + liquo(r(n+1),p),r =0:p
end if
if |/| =1 then

return [0]
else

return [[l,, 11 — 1] for 1 <r <|l|]
end if

In algorithm 4, for n,m € N, iquo(m,n) refers to the integer quotient of m

divided by n and for an array [, |{| refers to its size.
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Algorithm 5 In place L=!CL~T, (LeftInvRightInvDagger)

Input: Matrices L, C' € C¥¢ with L lower triangular, number of parallel processes
.
Output: Matrix C' € R¥*¢
for j from d to 1 by —p do
parfor & from 1 to min(j, p)
m<+ max(l,j—p+1)+k—1
for i from 1 to d do
x4 Cim/Li;
for [ from i + 1 to d do
Cl,m — Cl,m — Lml‘
end for
if i<k then
Ci,m +~—0
else
Ci’m —
end if
x <+ 0
end for
end parfor
for n from 0 to min(j,p) do

Cimnidj—n < Cj—n:dmtmin(p)—n
end for
end for
note: At this stage lower triangular part of C' holds the lower triangular part of
the solution X to LX = C.
for ¢ from 1 to d do
R <+ [splity(d — 1,p)1 + 7 : splity(d — 1, p)2ys
parfor r in R
for j in r do
Cij < %(ng — izt LikCry)
end for
end parfor
end for
return C

note: The lower triangular part of C' now agrees with the lower triangular part of
L~'CL .

One important benefit to algorithms 3 and 5 is that they compute L and L=*C' LT
respectively in place. That is to say, no auxiliary matrices are required that take

up additional memory. With these algorithms written out, we now perform the
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following set of instructions.
1. LIV« ¢V — 0.039 PIV]
2. ParChol(LIM)
3. LeftInvRightInvDagger (LN, CM)

This procedure works as it does because the algorithms perform the numerical linear
algebra in place without the need for additional auxillary matrices. After performing
these steps, the matrix L™ now holds the matrix E™. To find the generalised

eigenvalues, we now perform the power method as described in algorithm 1 on the
(N)

max

and associated eigenvector wY) . To

matrix EN to find its largest eigenvalue o ).
(N)

computation AN = 0.039 — 1/c(N)

max max*

obtain the generalised eigenvalues AL%) that converges to cgyr, we perform the simple

5.3 NUMERICAL ANALYSIS OF THE BRACKEN-MELLOY OP-
ERATOR’S SPECTRAL ESTIMATES

EHJ\Q()}V@% as the approximate spectral

From here on, we will refer to the sequence (A
estimates. Figure 5.1 shows the approximate spectral estimates in full followed by

Figure 5.2 showing the final 500 values.
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Figure 5.1: Plot of A for 1 < N < 1700

max
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0.03838

0.03837
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=3
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0.03834 ’ ‘ . ’
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N

Figure 5.2: Plot of A(Y) for 1200 < N < 1700

max

The histogram in Figure 5.3 shows the spread of generalised eigenvalues o (C400, pl400]),

400 == 5
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)\(400)

Figure 5.3: Generalised spectrum o (CH00 pl00])

We note several features of Figure 5.3. First, note the significant concentration
of eigenvalues around mino(B) = —1. As shown by Penz et al in [40], —1 is not an
eigenvalue of the backflow operator B and so one may conjecture that this feature of
Figure 5.3 indeed indicates a feature of the Bracken—Melloy operator which certainly
has a continuous part of the spectrum containing —1. Another important feature
that one can point to is the largest spectral point close to 0.04 that approximates

cgM, as has been previously discussed.
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One must be very careful to extract any more information about o(B) from
Figure 5.3 due to the phenomenon of spectral pollution. For a detailed discussion on
spectral pollution see [19]. Spectral pollution is the following phenomemon. Let A
be some bounded self-adjoint operator on a Hlbert space H, some nested sequence of
subspaces (L, )nen € H with U, L,, dense in H and let P, denote the projection onto
L,,. If there is some sequence A, € o(P,AP,) with A\, — X\ € R such that A ¢ o(A),

then A is a point of spectral pollution. Fortunately Proposition 3.2.1 ensures that the
(V)
max,/min

spectral points that do not reside on the boundary of o(C™), PV} are not afforded

sequences A will not be points of spectral pollution however any sequence of
this same guarantee. There are simple examples of spectral pollution described in
[19]. The fact that there do appear to be converging sequences of discrete points in
the spectra of o(CIV!, PIN) suggests that this numerical scheme is indeed prone to
spectral pollution.

Similarly to the approximate spectral estimates, we find the sequence of gener-

alised eigenvectors v{) that, together with A(Y) ~ solve equation 5.7 by

max max’

L~ twW)
) - L max . (5.16)

max \/<L_Twr(n@< P(N)L_TU)r(njgzi>

To find approximate eigenvectors close to the bottom of o(B), we use a different
strategy. Our method of approximating the spectrum of the Bracken-Melloy operator
is optimized for calculating approximate spectral values close to cgy, through the
shift and invert strategy as discussed earlier. One may expect it is possible to adjust
this shift and invert strategy to efficiently calculate approximate eigenvalues and
associated eigenvectors close to the bottom of the spectrum —1 = mino(B(_11)).
This is incorrect. For a given, sufficiently large N, numerical experiments showed
that the generalised eigenvalue spectrum o(CH), PIN!) contains a bulk of eigenvalues
very close to —1. This can be clearly seen in Figure 5.3. This means it is not possible
to use the power method efficiently and we rely on the eigenvectors procedure

built into Maple 2024. For N € N, we find the approximate eigenvector gbfrjl\l?l
(™)

min

as

follows. Let v, be the vector obeying

min min

CINI ) — A pINT, () <U(N)‘P[N]U(N)> =1 (5.17)

with A = ming(C™), PIM). The normalisation in equations 5.16 and (5.17)

(N)

are done so that the associated L*(R") vectors ¢, /min» constructed according to
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Proposition 3.2.1 and given explicitly as

N+1
¢£rﬁ2</min - Z (Ur(n]\a[g(/min>2k71 302_—1 + (Ur(n]\eizc/min) o 3012—1:| (518)
k=1

have unit L*(R") norm. The ordering of the vectors in (5.18) is inherited from the

construction of the matrices CINl, PVl given in (4.61) and (4.60). The plot of ¢{3%%)

is given below.

Figure 5.4: Plot of ¢3%)(p) for 0 < p < 100.

max

ax’ (D)

(300)
max

~ | | |
0'50 10 20 30 40 50 60 70 80 90 100

(300) .

Note that the v3%) vector has elements of order 103% and so the vector ¢ s

the result of a lot of cancellation. The plot in Figure 5.4 of the backflow maximizing
vector for the time interval [—1, 1] matches precisely what was found by Penz et.
al. in Figure 3 of [40] and matches the shape of the vector found by Halliwell and
Yearsley in Figure 4 of [68]. Immediately, one notices that the p ~ 0 behaviour
of #(19) follows that of the function p — p~'/%. Just as was found in Figure 3.4,

we again notice that the envelope of ¢{1%) for large p follows p~3/4. Figure 5.5 of

p = p¥4oB%) (p) that closely replicates an oscillating wave of constant amplitude

illustrates this.
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Figure 5.5: Plot of p*/4¢3%)(p) for 0 < p < 100.
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Here, we note that the approximate backflow vector ¥V (ay, —1/4;500; -), with
a, = 2/m, computed in chapter 3 and plotted with a multiplication by p** in
Figure 3.4 was the maximium backflow vector for the time interval [—1/2,1/2]. One
can find a normalised approximation backflow vector for the time interval [—1, 1]
by applying the unitary Dy, defined in 1.11 with explit form (Dyf)(p) = v2f(2p).
Figure 5.6 shows ¢3%) plotted on the same axes as Dy (ay, —1/4;500;-). As can
be seen, both approximations agree to a high degree. We note that the vector ¢(0)

exhibits the most backflow of the two.

Figure 5.6: Comparison of the approximations of the maximum backflow eigenvector.
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At the other end of the spectrum, just as in section 3.1, we find approximately

Gaussian states whose expectation value with respect to the backflow operator

approximate —1.

Figure 5.7: Plot of ¢{Y)(p) for 100 < N < 400 in steps of 50 and 0 < p < 1000.
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These approximate eigenvectors for the bottom of the spectrum —1 € o(C)
appear to be Gaussian vectors with reducing maximum and larger spread as N
increases. This pattern is very similar to what was found in Figure 3.11 using the
exponentially damped monomial vectors as trial vectors.

Returning to the sequence of approximate spectral estimates, one feature of the
sequence Ay that we highlight is that, to 3 significant figures, A\(2) = 0.0125 > 0.

From this we conclude that the vector ¢2) given by

sin p _ sin(p _
Ponx(p) = N l . (asp* +ap ) - p_(ﬂ) (B:p" 4+ Bp7Y 4)] (5.19)
where N is a normalisation constant and
oy =4.38, a_ = —2.42, By = 4.33, b= —T7.62 (5.20)

to 3 significant figures, is a backflow vector exhibiting slightly below one third
of maximum backflow for a single time interval. Each Ap.x(IN) gives the total

amount of backflow exhibited by vectors belonging to span(¢y, ..., ¢1%) c L*(RY)
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and hence are each rigorous lower bounds on cgy. Notice that A79) = 0.03837 (to
4 significant figures) gives the best rigorous lower bound on cgy to date. This value
is an improvement compared to the lower bound 0.036933 found in chapter 3 using

the exponentially damped monomial vectors 1, , 5 as given in (3.15).

5.4 NUMERICAL ANALYSIS

The goal of this section is to accelerate the sequence of estimates A, using conver-
gence acceleration methods discussed in section 3.4, chapter 3. One common feature
of convergence accelerators is that they amplify oscillations in the sequences they are
attempting to improve the convergence of. One important feature of the approximate
spectral estimates A is the presence of structured oscillations. To discuss this, first
let e and o denote the even and odd subsequences of \,... Further, for £ € N and
a sequence s, let sdy(s) denote the k'™ successive difference of s. Figure 5.8 below
shows the second successive differences of the even and odd subsequences of the

approximate spectral estimates.

Figure 5.8: Second successive differences of ™) and o) for 700 < N < 720.
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As can be seen in Figure 5.8, the even and odd subsequences of A possess

oscillations with a of period of 7 that are almost exactly out of phase with one
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another. To dampen the oscillations, we perform the following. Compute

1
)\smooth = KZ?,IO (2 [6 + 0]) (521)

where the addition of sequences is done element-wise and KZ is the Kolmogorov—
Zurbenko filter discussed in Chapter 3, section 3.4. A longer exposition of this filter
can be found in [74, 67]. After the application of the KZ filter, the oscillations in
Asmooth are only visible after 8 successive differences where the oscillations in the
final 100 elements have an amplitude of order 10724

There are significant problems with trying to accelerate the sequence Agnooth-
First one can attempt to fit the sequence (Asmooth(N))n to an ansatz of the form

a1 a2

Com — Nt + Noz

R (5.22)

however it is clear that the sequence does not follow this simple pattern. The most
reliable method for determining the leading order power «; is using a log—log plot.
Simply, if
B aq (05}
x(N)=c— Aor +N0‘2 + e (5.23)

with oy < ag < --- then the sequence

log(zn12 — Tny1) — log(wy g1 — o)
log(N +1) —log N

= (o +1) (5.24)

as N — o0o. Performing this log—log analysis on A\gpo0tn leads to a value of ay ~ —0.2.
Clearly, Agmootn is converging, and so cannot possess a leading asymptotic of the
form N%2. We can conclude that the ansatz given in (5.23) is incorrect.

Since the asymptotics of Agnootn do not follow a simple sum of powers rule, this
effectively rules out linear accelerators to improve the convergence and we are left
at the mercy of nonlinear accelerators. Many nonlinear accelerators were used to
attempt to improve the convergence of Agnootn, all of which suffered from the same
problem which can be summed up in the following way.

A good acceleration regime, even with nonlinear accelerators, involves gathering
evidence of the asymptotic ansatz of the sequence. Selecting the correct nonlinear
accelerator to use requires knowledge of the ansatz as without this, many nonlinear
accelerators do not come with guaranteed limit preservation. Discussion of nonlinear
sequence accelerators can be found in [14] and [61]. One can try to test for more

complicated asymptotics such as N~®e~%". However, attempts to test for asymptotics
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of the form N~%~*N were inconclusive. Clearly the asymptotics of Agmooth are
complicated and so far it has not possible to accelerate the convergence of Agmooth-

Many other attempts to calculate cgy have involved plotting the approximating
sequence against 1 /N for some appropriately chosen « such that the resulting curve
looks approximately straight. Once « is chosen, a straight line is drawn from the

end of this approximately straight line to the y axis to predict the value of cgy.

ook

Despite the fact that the approximate spectral estimate A\*) does not follow a power

law, previous attempts to calculate cgy, such as in [53], have plotted their estimates

(N)
max

against 1/N. Hence, Figure 5.9 shows the curve resulting from plotting A
1/N.

against

Figure 5.9: Plot of A(Y) against 1/N for 500 < N < 1700
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It is clear that, after extrapolation, the curve in Figure 5.9 will meet the y axis
somewhere around 0.03845. Taking a linear fit of the final 10 data points meets the

y axis of Figure 5.9 at 0.038436 to 5 significant figures. One should not take this

(N)

as the value of cgy as clearly Ay

does not follow a simple 1/N relation, however
it does show the estimates are heading for a similar value to that found before by
Fewster [29] and Penz et. al. [53]. This value is also very close to the value given in

chapter 3 of cgy &~ 0.0384505.
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Conclusion

In the first half of this thesis, we describe two new quantum mechanical phenomena
and analyse them in detail. The first of these is the existence of quantum states
that repeatedly exhibit the quantum backflow phenomena over multiple disjoint time
intervals. The second new phenomenon we have demonstrated is quantum overflow.
This is the existence of quantum states undergoing free Schrédinger evolution
that exhibit more probability transfer in the direction of their momentum than is
possible for any freely evolving classical ensemble. The quantum overflow effect is a
phenomenon only visible when multiple disjoint time intervals are considered, thus
explaining why it has not yet been seen in the literature.

In addition to demonstrating these new phenomena, a numerical study into the
single backflow maximizing vector led to a new conjectured value for cgy ~ 0.0384506.
This marks a contrast from previous calculations in [53] and [29] in that the new
value is lower than the previously expected value of 0.038452.

A particular point of interest, as shown in Theorem 2.4.1, is that the largest
amount of quantum backflow that some state can exhibit is unbounded as a function
of the number of disjoint time intervals. The same is true of quantum overflow. States
that exhibit such maximal multiple backflow and overflow for 1 < M < 4 have also
been described in chapter 3 using a numerical scheme. It is particularly interesting
that states exhibiting backflow over multiple disjoint time intervals appear to mimic
the backflow vector for a single time interval but with higher frequency contributions.
This suggests that such states are more physically extended in position space, a
prediction that requires further study.

Prior to this year, the only examples of experimental verification of backflow have

come from classical optical systems [27]. We particularly note the work of Zhang
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et. al. [73], who earlier this in 2025 showed the existence of azimuthal backflow.
Specifically they showed that a photon prepared in a state with only negative
azimuthal angular momentum can exhibit positive azimuthal angular momentum
some time later. This was done using a weak measurement, a type of measurement
that minimally modifies the state under investigation. We note that given the
amount of quantum backflow a state exhibits can grow arbitrarily large when the
state’s probability density is measured at more than 2 times, it may allow for the
experimental verification of quantum backflow of a system undergoing evolution on
a line. Such an experimental scheme would have to make use of some kind of weak
measurement to avoid disturbing the state under investigation. We note that there
is increasing interest in controlling the quantum backflow phenomenon, in particular
for its use in imaging and metrology [73] as well as transportation tasks [64].

In the second half of the thesis, we conducted a thorough numerical study of the
backflow effect over a single time interval. This numerical study led to the best raw
estimate and rigorous lower bound on cpy, namely that cgy > A7) = 0.03837. In
principle, this sequence of estimates obtained can be accelerated to find more digits
of cgy. There are a number of challenges which make it difficult to be confident in
any numerical scheme. This is a challenge for more advanced numerical methods
in the future. A next step to obtain more more digits of cgy would be to use a
larger number of exponentially damped monomial vectors. This is due to the clear
asymptotic pattern that the estimates follow. An ideal future project would involve
finding basis vectors that produce eigenvalue estimates converging exponentially
fast. In addition to the estimate of cgy, we were also able to provide the second
independent verification of the shape of the backflow maximizing vector, as seen in
Figure 5.6.

There are a number of future directions that can be worked on in the study
of quantum backflow. One project that is close to completion, that I will report
elsewhere, is quantum referenced quantum backflow. That is, the study of states
exhibiting quantum backflow when the device measuring the position itself obeys
the laws of quantum mechanics. In practice this is very similar to the study of
quantum backflow in the presence of non-sharp measurements as discussed in [69]
when deriving the classical limit of quantum backflow. Another interesting avenue,
particularly in the context of experimental verification, is the study of quantum
backflow in the presence of electromagnetic fields. We note here that this has been

studied in the context of angular quantum backflow by Goussev [39].
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Finally, we make a comment regarding conjectural features of the backflow effect.
In Bracken and Melloy’s first paper on the backflow effect [12], it was conjectured that
the Bracken—Melloy operator has a positive eigenvalue at the top of the spectrum
(corresponding to cgyr) and a sequence of positive eigenvalues with accumulation point
0. There is clear evidence, described in Section 5.3, that the single backflow operator
has an eigenvalue at the top of the spectrum. The plot of the full approximate
spectrum, given in Figure 5.3, would easily lead to the spurious conclusion that the
Bracken—Melloy operator also has eigenvalues at —1, —0.5 and 0. However, as is
discussed in the material surrounding Figure 5.3, this conclusion is likely false and a
consequence of the spectral pollution phenomenon. Numerical experiments of the
same type also suggested that the Bracken—Melloy operator may have a tower of
positive eigenvalues roughly of the form (cgy X 1072"),,50. Once again, one must be
careful to infer genuine properties of the Bracken—Melloy spectrum outside of the
spectral maxima and minima.

Furthermore, there are analogous conjectures for M > 2 multiple backflow
operators. One conjectures that the top and bottom of the spectrum of multiple
backflow operators, corresponding to backflow and overflow maximizing states, are
indeed eigenvalues. Similar to the M = 1 backflow operator, it is possible that the
M > 2 multiple backflow operators also have sequences of eigenvalues above 0 and
below —1. It is clear that the backflow problem requires new analytical techniques

in order to find answers to these conjectures.



A
Proof of Lemma 2.4.2

The expectation value of C™) in the state 10y (see (2.54)) can be written in the

form
M2
<¢M‘C(M)¢M> = "1 [foo + 21y + 111} (A1)
e

where, for 7, j € {0, 1},

Lij = / “dpdq g (p — q) Kp>1/4 + (p>_1/4} (A.2)

T xZ; q q

with

€ T € T €
IO—[()’M]’ Il—[2_2M’2+2M] (A-3)

and gy € C*(R) is given by

oni(z) = sin(2Mx)

~ 2Mux cos(x) (4.4)

except at the isolated zeros of the denominator, where one extends by continuity.
We first show that |gy(x)| < 1 for all z € R. Recall that sinc(x) = sin(x)/z for

x # 0 and sinc(0) = 1. By insertion of the factor sin(z)/sin(x) in the definition of

gy and using the double angle formula for the sin function, one finds

_ sin(2Mz)  sin(z) _ sin(2Mz)
2M sin(z) cos(z) x M sin(2x)

1 :
= MUM_I(COS(Q.T)) sinc(z), (A.6)

g (x) sinc(z) (A.5)

where U,, are the Chebyshev polynomials of the second kind defined by

Ui (cos(o)) = =2 (A7)
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and, as shown in Lemma B.0.1 of Appendix B, obey |U,(cos(f))| < n + 1 for all
6 € R. Thus |ga(z)] < |sinc(z)| < 1 as claimed.
Using |gar(x)| < 1 on Zy, one can bound Iy, by

P 1/4 P —1/4 3922
Iw< [ dpd () () S, A8
0= J1ox1, P [ q * q 1502 (A.8)

Similarly,

L < . i da Kg) 1/4 N (Z>—1/4] - 2762 <%> 1/4’ (A.g)

where we use the fact that

0 S T=ef(ehD (4.10)
for p,q € Z;. One can write
(1 ¥ e/(wM)) v (14 2LED el A
L= ¢/(xM) T—¢/m)) =" 21— ¢/(md)) |
by Bernoulli’s inequality. Clearly, for M > 2 and € < & we have —5; < % and hence
(1 + 6/(7TM)) " <1+ ¢/ (M) <1+ e (A.12)
1—e/(nM) - 2(1—¢/(mnM)) — 11a M’ '

Combining this inequality with (A.9) we find

2¢2 Ge
;< —[(1 . Al
ns M?( * mM) (A.13)

Finally, consider Iy, the integral over Zy x Z;. We claim that

gu(p—q) < —2811:(36) (1 = WL) (A.14)

holds for (p, q) € Zy x Z;, for which one also has

T 3e ™ €
—_ < g—p < =4+ —. A.15
5 o =17 P=5 1oy (A-15)

To establish the claim, we first rewrite the even function gy (x) for z # 0 as

sin(2Mx) sin(2M (x — w/2)) sinc(2M (z — 7/2))
9(w) = 2Mx cos(z) T 2Maz sin(z — 7/2) Tz sinc(z — m/2) (A.16)
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after recalling that M is even, so

) _ sinc(2My) _ _ Uanr—1(cos(y))
(m/2+y) sinc(y) 2M (7/2+y)’

T
g (5 + (A.17)

By Lemma B.0.2 in Appendix B, the even expression Usy;_1(cos(y)) is nonnegative

and nonincreasing on [0, 57-]. It therefore follows that for 0 < € < Z and y €

» 9M 6
[— 55 557], we have
T sinc(3€) 2 sinc(3e) ( Qy)
° < _ < — 1—-—= Al
M <2 * y> ~  (m/2+y)sinc(3¢/(2M)) — T ) (A.18)

where the last step uses the elementary inequalities sinc(z) <1 and —1/(1 +z) <
—(1 — ) for all z € R. Since y € [—2%, 5], we deduce

T 2M 2M
T 2 sinc(3e) €
Z < 22 (- )
W) B0y
which establishes the claim (A.14). Now we can use (A.14) to obtain an upper bound
for ]01 by
2 gi 3 1/4 —1/4
W) a0 e
7 M) J1oxT, q q

32sinc(3e)e/4 € T e\t /m e \9/M4
15w M3/4 ( 7TM> [(2 * QM) (2 QM) ] ( )

where we have dropped the contribution from the first term in the integrand in the
second line. By the mean value theorem, we have
ozy‘)‘_1 O<axl y* — @ az® ! O<a<l

0< < < . (A.22)
ar®t a>1 y—z ay®l a>1

Applying (A.22) with o = 5/4, we find

T e \%4 T € \%4 _ be /m\4 e \4
LA R (L R A e S A.23
<2+2M> (2 2M> _4M<2> < 7TM> ’ ( )

and substituting back into (A.21) gives

I, < 8 sinc(3e)e’/* 5/4

€
= _3 . Q1/Ar3/4 ) [7/4 (1 B M

(A.24)

N—

An application of Taylor’s theorem yields (1 — z)5/4

Recalling that 0 < € < % so that sinc(3¢) > sinc(r/2) =

1— 3 for all z € (0,1).
we obtain the final bound

4 7 2 \/4 De
< — (= — : :
for < 3 <M7r) (1 47TM) (A.25)

Ao [V
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Recombining the bounds for Iy, Ip; and I1;, we find

211/463/4 %
(M) 1/4
supo (JM) > =M S(mw) (A.26)
where 12 . 02
T T
i) — 1 — /a2 O s/ A.27
(1) 0" 31 176" (A.27)

thus completing the proof of Lemma 2.4.2.
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Chebyshev Polynomials

This appendix concerns the value and distribution of the extrema of Chebyshev
polynomials of the second kind as defined in (A.7). The results are presumably
known, though we did not find a reference. The following Lemma bounds the absolute

value of the extrema of U, (z).

Lemma B.0.1. For n € N, the Chebyshev polynomials of the second kind are

bounded as

U (2)] <7 (B.1)

for all x € [=1,1] and furthermore achieve this extremum for x = +1.
Proof. As Uy = 1, we may restrict to n > 2 and = € (—1, 1), noting that
Un_1(E£1) = (£1)" 'n.

The derivative of U,,_1(x) is given for x € (—1,1) by

U (cos(0)) = n sin(#) 005(2?213?0()308(0) sin(nf) ’ (B.2)

so the stationary points of U,_;(z) with z € (—=1,1) \ {0} occur when we have
x = cos(0) with
tan(nd) = ntan(0). (B.3)

We can rewrite U, _;(z)? as

o tan*(nf) 14 tan*(0)
Un-1(e)” = tan?() 1+ tan?(nd)

(B.4)
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Suppose xy = cos(fy) satisfies (B.3), then

o, 1+ tan?(6p) n?
n —_=
1+n2tan?(6p) n?+ (1 —n?)zd

Un—l(x0>2 = € (17 n2)7 (B5)
using trigonometric identities and recallling that 22 € (0, 1). Therefore |U,,_(z0)| < n

at any extremum zo € (—1,1) \ {0}. O

As well as an understanding of the best upper bound for U, (x), we would further

like to bound the position of the nearest extremum of U, (cos(#)) to 6 = 0.

Lemma B.0.2. For fizedn € N with n > 2 the function U,_1(cos(0)) has no extrema

for 0 € (O, %) and U,,—1(cos(9)) is nonnegative and nonincreasing on [0 ”}.

Proof. Note that U,_;(cos(d)) — n > 0 as § — 0. There are no zeros of sin on

(0,7/n) so the extrema of U,_1(cos(6)) in this interval satisfy
tn(0) := tan(nh) — ntan(f) = 0. (B.6)

We will show that ¢, > 0 on (0,7/(2n)) and ¢, < 0 on (7/(2n),7/n), and it is clear
that ¢,(0) — too as § — 7/(2n)F. Hence there are no zeros of t,, in (0, 7/n) and
therefore no extrema of U,,_1(cos()). Since U,_;(cos(#)) is smooth, achieves its
global maximum of n at # = 0, and satisfies U,,_1(cos(7m/n)) = 0, with no extrema in
(0,7/n), it follows that U,_1(cos(#)) is nonnegative and nonincreasing on [0, 7/n].
It remains to prove the statements made about t¢,. First, for § € (0,7/n) \

{m/(2n)}, the derivative of ¢, is given by

n

t(0) = n(secQ(nﬁ) - 5662(9)), (B.7)

which is positive on (0,7/(2n)) because sec?(f) is a strictly increasing function on

the range (0 ”). As t,(0) = 0, this implies ¢, > 0 on (0,7/(2n)). Second, by

)
trigonometric identities, we may write ¢/, equivalently as

, sin([n + 1]0) sin([n — 1]6)
ta(0) = cos?(6) cos?(nb) ’

n

(B.8)

from which it is clear that the only zero ¢;, has on (0,7/n) is at 0 = ;75. At this

point, one has

™ nmw ™ s
t =t —nt = — 1)t B.
n<n+1> an<n+1) nan<n+1) (n+ )an<n+1><0 (B.9)
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using tan(m — ) = — tan(#). Now t,(0) — —oo as § — 7/(2n)+ and also

t,(0) = tan(nf) —ntan(f) < tan(mw)—ntan (n j_ 1> = —ntan (ni 1) < 0 (B.10)

for 6 € (HLH, %) by considering an upper bound for each term individually, using the

'3
at its unique extremum in (7/(2n),n/n) it follows that ¢, < 0 on this interval,

fact that the tangent function is increasing on [O ) and (g, w}. As t, is negative

completing the proof. |



Y o B
Exact Multiple Backflow Matrix Element

Integrals

In this appendix we compute closed forms for the matrix elements of an arbitrary
backflow operator with respect to the dense sequence (¢, 4.6)nen, given in (3.15). Let

C’g\é )> = W*Bgf/[M )>W, where W is the unitary implementing the change of variables

q — ¢'/?, with action

itak(p—q) _ pit2k—1(p—q)

/ooo dqz : P(p,q)e(q), (C.1)

pP—q

1
47

(Cle) (v) = -

where P(p,q) = (p/q)"* + (p/q)~"/%. As shown in (2.24), one can write an arbitrary
multiple backflow operator as a sum of single backflow operators. Hence it suffices
to compute the matrix elements of C&)’Sﬂ with respect to (n.4.5)52, for general

$1 < 89. For n,m € N we have

En(a,8)Em(a,6) [ [ o
( 4> : ( )/ dp/ dg p"°q™° P(p, q)
T 0 0

eis2(p—a) _ gisi(p—a)
% e—alpta)

b—q
E.(a,0)E,(a,d)

— _ ood /ood n+6m+6P
o /0 p | dap"q (P, q)

> > dt t(P=4a) o —alp+a)
51

= — Bl Bn(a,0) /82 dt (I+(n,m,6;t) + 1_(n,m, d;t)),

47 S1
(C.2)

1
<wn,a,6|c<(51)752)¢m7a,6> = -
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where we have interchanged the order of integration noting that the integral converges

absolutely. Here, E,(a,d) is the normalization constant given in (3.16) and
Ii(n,m,é;t) = /OO dp /Oo dq prOEA T /A= (a=itp o~ (atit)g
0 0

=T(n+d0+1/44+ DT (m+0F1/4+1)x (C.3)
x (a — it) V0T (g 4 ) T EYASL (C.4)

In the definition of Iy, the branches for noninteger powers are fixed so that z* is real
and positive for z > 0 and the cut is taken along the negative real axis. Combining
(C.2) with (C.4), we find that

1
<wn,a,6|0<(511) 52>¢m,a,5> = _Z [Dnm(a; 5)J(51a 5923 Oz:, O‘;L; a)
’ T

+Dmn<a76)=](317SQ;O[;aa;;;a)] 9 (05)

where o;f =n+ 6 £ ; with

(2a)™ 2540 [Buag(n + 6 + 1/2) Bang(m + 8 + 1/2)

Dy(a,8) = 72 . (C6
(a,8) =7 v2 B(n+6+1/2,3/4)B(m+06+ 1/2,1/4) (C-6)
in which B is the beta function, Byi.(z) = B(z, ), and

Tonspapra) = [t (a— ity 0 a ity ©7)

As shown below, the closed form expression for J is given for si, s, € R\ {0} by

Ji(81,89;0a,8;a) s1859 >0
Tou sz Bia) = | O 0P oiss )
J_(s1,80;0,B5a) 51 <0 < sy,

where

S=82

9

o—imsen(s)(5+1) g <04+5+1 5. 2a >
T a—si

1
Ji(s1, 80,0, B;0) = T (2a)riAr s=s1

(C.9)

and

27 [la+p+1)

J_(s1,80; 0, B5a) = Jy(s1, 82; 0, B5a) + (20)cF1D(a+ )D(B+ 1)

(C.10)

To obtain these closed form expressions, first make the transformation of variable
t +— 2at in (C.7) so that

S /(2@) 1 —a—1 1 7ﬁ71
J(s1,8; 0, B; a) = (2a)—a—ﬂ—1/ S ( - it) ( +@'t> . (C11)
51/(2a) 2 2
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Next, recall that the incomplete beta function B(u,v;z) is given for > 0, v € R as
a holomorphic function in z € C\ ((—o0,0] U [1,00)) by

B(p,v;z) = /OZ dv v* (1 — ), (C.12)

where the integral is taken over any contour avoiding (—oo, 0] U [1,00). Thus, for
t € R\ {0},

cclifB( P (1/2 —dt)” ) — (_; —it)y_l (; —z't>_u_y

) 1 v—1 1 —p—v
:ie_”““US@“)<24—ﬁ) (2——#> . (Ca3)

Setting p = a+ f+ 1 and v = —f, we may evaluate (C.11) in cases where
a+ > —1and s, sy € R\ {0} using the fundamental theorem of calculus to obtain
J(s1, 805, B;a) = Ji (81, S2; 0, B;a), where Jy is given by (C.9).
In the case where s; < 0 and s; > 0, we can decompose the integral f
n (2.15) as 8812//((225) = %% = Jay@a) — 2% “1/(22) The first integral can be evaluated in
closed form (see (5.12.8) in [24]) giving (C.15) below, while the others are limiting
cases of the result just proved. Noting that

32/ 2a)

hm B(a+6+1 ﬁ,

s—+too

,)—Q (C.14)

— 51
the overall effect is to add

el 27 a4+ p+1)
Lm“( i)™ o+ i) = o (e 2 (B 1 1)

(C.15)

to Ji(s1,$2; @, B;a), thus obtaining J_(s1, s9; v, B;a) as given in (C.10).
The incomplete beta function is computed using the hypergeometric representa-
tion
e
B(p,v;z) = ngl(,u,l—y;u—i—l;z). (C.16)

given in Section 8.17 of [24]. We also make use of the identity J(s1, s9; v, B;a) =

J(s1, 82; 8, ; a), readily seen from (C.11).



D

Closed form of the auxillary functions for

the matrix elements

Before beginning the calculation of the matrix elements found in chapter 4, we write
down a few important integrals that will be made use of. First note the following
integral, taken from the Digital Library of Mathematical Functions (DLMF) [24,
Chapter 8, equation 8.6.4]. For Re A > 0,a € C\ (—00,0] and ¢ < 1 we find

by

/OOO de e a=eI(1 — o)I'(c, Aa). (D.1)

¢ T+ a

where I'(+) is the gamma function and I'(+,-) denotes the incomplete gamma function

whose definition is
D(u, 2) = / dt t'te i,z €C (D.2)

where the integral is taken over any contour connecting the end points. When the
contour avoids the negative real axis, we say the incomplete gamma function takes
its principal value, as described in [24, Chapter 8]. Tt is readily seen from the defining
equation D.2, that for u € C, I'(a, ) is analytic on C\ (—o0, 0].

Continuing on from the integral in (D.1), for a,b € C\ (—00,0],¢ < 1, A > 0, we

obtain

> dx e_Ax _ F<1 — C) —c_Ma —c
/0 @t d@th) . b-a [a T (¢, \a) — b~ MT (e, )\b)} , (D.3)

by means of partial fraction decomposition. For |¢| < 1 and writing A = s — iw, one

can take the limit of (D.3) as s — 07 giving

© dx eiwm o F(l — C) e —iwa ) e —iwh '
/0 € (z+a)z+b) b—a a7 T (¢, —iwa) — b~°e”“"T(c, —iwb)| ,
(D.4)
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where the left-hand side converges by the dominated convergence theorem. A final
integral of use for the P elements is obtained by taking the limit of (D.3) as A — 0

which gives

% d 1 ['(e)l(1 - b
I TP =0 (g T
0o a¢(z+a)(r+0b) b—a (b — a) sin(mc)
by making use of the reflection identity of the gamma function as shown in [24,
Chapter 5, equation 5.5.3]. The above integral holds for all |¢| < 1 and a,b €

C\ (~o00,0].

D.1 CLOSED FORMS OF F,G AND H

To find closed forms of F',G and H, we will first make use of the following Lemma.

Lemma D.1.1. Let A, B,C be holomorphic in |arg z| < /2 4+ § for some § > 0,
with A, B bounded on the first quadrant of the complex plane and C' bounded on the
fourth quadrant of the complex plane. Let

F(z) = A(2) + B(2)e** + C(z)e” =, (D.6)

and c € (—1,1). For « € R and v € R\ {a}, let I,(x) be the integral

_ <dy  F(y)
Lo(z) = Pv/O o ey (D.7)

Then for a # 0,

r1-o2 [ Ay Aliy) + Bliy)e™ gy [©dy_ Cl=iy)e™
I _ im(1-c)/2 wJ im(l—c)/2 e
N A T (R MR S e vy
A(x) + B(z)e* — C(x)e > A(a) + B(a)e*™ — C(a)e 2
z¢(x — ) ac(r — )

— imd(z) + imd(a)
(D.8)

Furthermore, if F(z) has a zero at z = « then

I (z) = €179/ /°° @A("y)fB(iy)?‘Qy 4 emin(-0)/2 /°° dy C(fiy)e—QZ{
oy (y+iz)(y+ia) 0 ¥ (g —iz)(y —ia)
Alz) + Bl)er — Clz)e ™ Cfa)e™

~ imd(a) z¢(zr — ) ac(x —a)

— 2im ()

(D.9)
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In the particular case o = 0, we have

o  dy A(iy) + B(iy)e 2 + C(0)
_ in(l—c)/2
[0(37) =€ /0 yetl Y+ iz
gy / < dy C=iy)e™ — C(0) (D.10)
0 yC+1 y J— Zl’
A(z) + B(x)e* — C(x)e** 4+ 2C(0)

.CEC+1

—imd(z)

Finally, in the case where F(z) has a zero of order 2 at z = a with x,a > 0 then

I,(a) has a finite value with

I(a) = ¢m(1=9)/2 / *dy Ally) + By)e™ | _ing—o)2 / < dy C(=iy)e™™
0 0

y©  (y+ia)? ye (y —ia)?
+ 27 () e 2 <C () ;0220(04) — ci&c:))
(D.11)

Proof. First, we deform the principal value integral to the contour I', illustrated in

figure D.1, avoiding the poles z and « of the integrand if they are present to find

Im(z)

1

I(x) = /F dz F(z) +ird(x)x™° F) _ imd(a)a® Fla) :

2 (x—2)(z — ) T—« T—«

< Re(z)

0 \/ \>/ —+00

Figure D.1: The contour I'

(D.12)

We now split the integrand up and deform the integrals to the positive and negative

imaginary axes in such a way that the new integrals converge exponentially.

e ddy Aliy) + Bl(iy)e™% < —idy C(—iy)e
L= G iy ) | b Car e ~ 9
_ 22ﬂﬁ(w)A<x£c?_xBi(Z))e - + 2i7T79(C¥> A<O;ZC—(;B_(Z))6 -

(D.13)

+ iﬂﬁ(%)@ — i) Fla)

r — r—
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where we have picked up residue contributions for the integral rotated to the positive

imaginary axis. Simplifying, we find

L(z) = e™1-0/2 /°° dy A(iy) + B(iy)e ™ 4 emim1-a)/2 /°° dy C(=iy)e™™
“ o ¥ (y+iz)(y+ia) o ¥ (y—iz)(y —ic)

+ mﬁ(@% —imd(x) A(xx)c?_xti(zge o i?TW@%
+ i () A<026?—x£i(z)>e - :

(D.14)
Now with the additional assumption that F'(a) = 0, we find

L (x) = ¢1-0)/2 /°° dy A(iy) + B(iy)e ™ 4 oin(1-0)/2 /°° dy C(—iy)e ™
“ o ¥ (y+iz)(y+ia) o y°(y—ix)(y — i)

, C(z)e ™ S A(z) + B(x)e*™ e Cla)e 2
+imi() ¢(r — ) V() ¢(r — ) 2imd( )ozc(x - oz()b 15)

from which equation (D.9) follows. For the case a = 0, letting I be a contour
following the positive half-line and avoiding the pole at z = = from below, we split

up the integral as

B dz A(z) + B(z)e*" + C(0) dz C(2)e™?* —C(0) F(z)
Io(:lﬁ)—/F,ZcJrl S +/rfzc+1 po— —|—z7m9(.7c)x_a
(D.16)
. 00 ; 1 —2y
_ em(l—c)/2/ di Aliy) + B(Zy)é + C(0) + () F(x)
0oy Y +ix T—
Cin(1— © dy C(—iy)e 2 —C(0)
im(l—c)/2
Te /0 yc+1 Y — i
221
— omin(z) D)+ BT + Cla) (D.17)
l/I;C
_ gim(1-c)/2 /Oo dy A(iy) + B(iy)e * + C(0)
0o yett y+ix
Cin(1— < dy C(—iy)e ® — C(0)
im(1—c)/2
Te A yc+1 Y — i
i (x i i
— xcil) (A(x) + B(x)e* — C(z)e " + 20(0)) ) (D.18)

Finally for the case where F(z) has a zero of order 2 at z = «, we can calculate
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I, (o) as

Io(a) = ¢"1=9/2 /oo dy A(iy) + B(iy)e ™ | min(1=c)/2 /°° dy C(—iy)e
* oy (y+ia)? 0o y° (y—ia)?

2zt —2x1 —2a1
_ imd(a) Iim 1 lA(x) + B(x)e C(x)e N 2C(a)e ] .
Ty — x° ac
(D.19)
By L’Hopital’s rule, we can write the limit as
2xi —2x1 —2at
fim 1 [A(Q:) + B(z)e C(x)e N 2C (a)e ]
Toey — z° af
_d A(z) + B(x)e* — C(x)e " N 20(0[)620”1 (D.20)
dr| x° ac
—2x1 —2a1
_d [F(w) Ly (C(m)e ~ Cla)e )1 (D.21)
dr| x¢ x° ac
_ g2 [C’ (a) =2iC(a) CO(O&)] (D.22)
af ac—l—l

since F'(a) = 0 and F'(«) = 0 by assumption. Returning to (D.19), we find

Io(@) = ¢(1=0/2 /OO @A(zy) + B(iy)e ™ | emin(1-0)/2 /OO @C’(—iy)e_%
0 0

yo o (y+ie)? v (y—ia)?
_ Coni |C'() = 2iC(a)  Cla)
200
+ 2ird(«)e [ v — e | (D.23)
completing the proof of the lemma. O

As a brief comment, we note that if B and C' are as in lemma D.1.1 with

B(iy) = C(—iy) for all y € (0,00) then by a simple computation we have

pin(1=0)/2 / ©dy_ Bliyle™ g0y / =dy_ Cl-iy)
o Yy (y+iz)(y +ia) o y°(y—iz)(y —ia)
— 2 Re ¢im(1=9/2 / ~dy  Blig)e™

o ¥ (y+ix)(y +ia)

(D.24)

provided that both integrals on the left hand side exist.
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D.1.1 CALCULATION OF THE F AND (G INTEGRALS

Recall that F(c, a;x) and G(c, ;) are defined by

% d in 2
F(c,a5) = PV/ i et (D.25)
o ¥ (z—y)ly—a)
oo ( in2
G(c, ;1) = PV/ & Y : (D.26)
o ¥ (r—y)y—a)
We begin with the F' integral.
Using lemma D.1.1 we find
) o) -2y 2 2
F(c,a;z) = Re e—mcﬂ/ dy ° ‘ _mg(x)m mg(a)M
0oy (y+ix)(y+ia) z¢(r — ) a’(z — «)
(D.27)
for general |c| < 1 and a € R\{0}. By (D.3), this can be simplified to
F(c,a5) = fle,a) = Je, x)’ (D.28)
T —
where
, , Y 2
f(e,x) =T(1 — ¢) Im e "2 (iz) =™ T (¢, 221) + () cos 2w (D.29)
xC
= L(l —9) Im e’m(x)’rcemf‘(c, 2x1) + —mﬁ‘(a:) cos 2 (D.30)

|x’c xre

where on the second line we have made use of the fact that for ¢,z € R, we have
(ix)~¢ = exp(—imcd(x) + imc/2)|z|~°. (D.31)

The case x = « for a # 0 can be obtained by taking limits. Firstly we find

Fle,a;a) = =0, fle,x) (D.32)
and
S0, f(ew) = D(1— &) Ime /2 | 2T (e, 200) [ S — 21 ) 4 &
R ’ Gy (z)<) @
() )
+ 22 sin(2x) 4 ccos(2z)] . (D.33)
Now we can rewrite
. (¢ — 2ix) (D.34)

z(ix)e  (ix)e  (iz)et!

— _efiw(c+1)79(x)+i7rc/2|x‘fcfl<c . sz) (D35)
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Combing (D.35) with (D.33) we find

(C+UWO¢)M(C — 2ia)) — I'(1 — ¢)sin(re/2)

F(c,o;a) = —T(1 —¢)Ime™™™ o] -

()
ac+1

[2asin(2a) 4 ccos(2a)] . (D.36)

At this stage, we calculate individual values of f(c,z) for ¢ € {0,1/2} and z = nx
for n € Z, which is precisely what is required for the computation of the matrix
elements as in equations (4.79) to (4.81). As we will make use of, for z > 0 and

n € Z\ {0}, we have

i , . mecos(2x)
1/2,z) = — /= Ree*”'T'(1/2,2 — D.
£(1/2,2) = = [T ReeT(1/2,201) + TEE, (D37)
1 )
f(1/2,n7) = _ﬁ Re e™ /21 (1/2, 27n4) + 9(n) \/? (D.38)
n n
£(1/2,0) =2/ (D.39)
For the case ¢ = 0, we have
£(0,2) = Im e*'T(0, 221) + 7 cos 2, (D.40)
f(0,nm) = ImI'(0,2mni) + d(n)m, (D.41)
£(0,0) = g (D.42)
Finally in the case ¢ = —1/2, we have
F(=1/2,2) = Lz” Re 27T (—1/2, 22i) + 7 /7 cos 2z, (D.43)
f(=1/2,n7) = W;/ﬁ Im e ™W7™/20(—1/2, 27nid) + O(n)7/2 V/n, (D.44)
f(=1/2,0) = \f (D.45)
with the values for F'(c,nm; x) built from the corresponding f values as
F(c,nmx) = fle,nm) - f(c,x)' (D.46)

r —nm
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The specific values of F(¢,nm;z) at x = nw for n € Z\ {0} are given below

e—iﬂ(n)ﬂ/2 . . 1 19(”)
W(l — 477,7TZ)F(1/27 27177'2) — n ﬁ -+ 2n3/2 ﬁ,

F(O nm;nmw) = 2Ci(2nr), (D.48)

e L R
4\/» (—=1/2,2nmi) + TN N

(D.49)

F(1/2,nm;nm) = Im

(D.47)

F(=1/2,nm;nn) —Im (14 4nmi)T

Now with the values of f and F' in place, we recall that the matrix elements are

built out of linear combinations of Ty, (a, b; mm; nw) as

T, (a,b;nm, mn) = PV /OOO ;lfim_z(;zF(b, mm; x) (D.50)
— 0. 9G a0 -V [T IO )
where p L,
dy sin?y
G(c, a;z) PV/ == (D.52)

We begin by calculating G(c, a;; x). Note that the integral in (D.52) corresponds
to calculating I,(x) in Lemma D.1.1 with A =1/2, B = C = —1/4 and hence for
arbitrary |c| < 1 and «, f € R\{0} we have

n(1—c)/2 d 2
G(c, ;1) = 67/ & —°
4 oy (y+ia)(y+iz)
67177(1 c)/2 / dy e~y
4 oy (y —ia)(y —ix)

. m I(z) J(a)
2( —a) \ z¢ ac

T J(x)sin2z () sin2a
2(r — ) x¢ ac

w(1—c)/2 d 1

ey 1 o5
2 0o y° (y+ia)(y+ix)
. —2

I 1 Re 6i7r(1—c)/2/ dy e

2 0o y° (y+ia)(y+iz)

a 2(3:i ) (ﬂ:) _ ﬁé(j)) |
2(;_ . (ﬂ(x) sin2z  Y(a) sm2a> |

(D.54)

x¢ af
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Restricting to the case 0 < |¢| < 1, the integrals above can be calculated once again
using (D.3) and we find

71_61‘71'(170)/2 (Z.[E)ic _ (Z.O./)ic

Glea5w) = - 2 (x — ) sin(7e)
_ =9 Re eim¢/2 {(ix)_cez”f(c 271) — (ia)~e**'T(c 20&')}
2(z — ) ’ ’
o m J(x) (o)
2(r —a) \ z¢ ac
o J(x)sin2z  J(a)sin2a
2(z — ) x¢ ac
(D.55)
Note that we can write this as
i _g(c,oz)—g(c,x)
G(c,opx) = 2 —a) (D.56)
where
7.‘—61'7‘-(170)/2(ix)ic —ime/2( ;. \—c 2zt : - —c
g(c;x) = —T(1 —¢)Ree ™™ (ix)~e*"'T (¢, 2xi) + ind(x)x

sin e
+ md(x)z~ sin 2x
(D.57)
can be simplified to
g(c,z) = m (V(x) cot me + I(—z) cscme) |z| 7 — D(1 — ¢) Re e /2 (iz) ~°e**'T(c, 221
+ md(x)x ™ sin 2.

(D.58)
For the case § = 0, using lemma D.1.1 we have
. o~ dy Sin2y
&le 0) = Pv/o yetlo —y (D.59)
1 ' ° dy 1—e® md(x)sin2z
=_R z7r(1—c)/2/ D60
o oyt y+4ix T e (D.60)
- 5 R e ( €T C) [C - (Zx)_C(F(C) — 62067,1—\(67 20{2))
md(x) sin 2z
2zl (D.61)
(1 — 20—1 9
- ( c) — cos(me/2) . 2’;‘TC+1 (9(x) cot me + Y(—x) csc mwe)
r(1— | |
(1= ¢) b pinlcr1o@) 25D, 2 D.62)

o 2’x|c+1
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for |c| < 1,5 # 0 and

o [ dy [sin 2_ ( )
G(C’O’O)_/o yy< yy> 21+l (5+1)

G(0,0;0) = 5. (D.64)

(D.63)

Njo | N

/ ‘ =

Both integrals directly above were computed using Maple 2024. For the case ¢ = 0,

we must take extra care. Firstly, using lemma D.1.1 we find

. /2 oo dy L Reeim2 [ e
GO, a2) = —— | (y + ia)(y + ix) Tk /0 dy(y+m)(y+ix)
_ifi(@) — )] i) o wbe)
2z —a) 2o —a) I ) DY

. By taking the limit of (D.5) as ¢ — 0, we find

log |a| — log ||

- W i) — ()] =

y+ia)(y + ix) r—a« (D-66)

for all ,z € R. Further making use of (D.3), G(0, a, ) admits the closed form
9(07 Oé) B g<07 CL’)

G(0,;2) = (D.67)
T—
where
g(0,z) = Re e**'T'(0, 221) + log |z| + 79(z) sin 2. (D.68)
We can calculate GG in the limit as « and z coincide as
G(0, ;) = lim G(0, a; ) (D.69)
1d
= —-— G0, o D.70
sig| G0 (D.70)
- 1
= Im e**T'(0, 20vi) + % Y(a)m cos 2av. (D.71)
o

To summarise, we present specific values of g that will be made us of in the calculation

of the matrix elements. For n € Z\ {0} and x > 0 we have

9(1/2,7) \f Tm 27T (1/2, 22i) + ”jl;x, (D.72)

™ Im e™"/21(1/2, 27ni) + 0(—n) ml (D.73)
n n

9(1/2,0) = 2 /7. (D.74)

9(1/2,n7) = —
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For the case ¢ = 0 we have

9(0,z) = —logx — Re e*"'T'(0, 221) + 7 sin 2, (D.75)
g(0,nm) = —log |nmw| — ReI'(0, mni), (D.76)
9(0,0) = v+ log 2. (D.77)

Finally for ¢ = —1/2, we have

g(—1/2,x) = \/2_ Im e**'T'(—1/2, 2xi) + 7 /7 sin 2, (D.78)
g(—=1/2, nw { ™20 (1/2 2nmi) — I(—n)m*?\/|n|,  (D.79)
9(=1/2,0) = —\f- (D.80)

At this stage we can construct the closed form of H as

2sin?z(f(c, ) — f(e,z)) — sin2z(g(c,nw) — g(c, x))

H (X)) = D.81
g(c,x)sin2x — 2f(c, z) sin®
= H : D.82
O(C,Oé,l')—}— 2(1’-&) ( 8 )
where 2f(c. o) sin? (c.0)sin2
¢, ) sin® x — g(c, ) sin 2z
H Tx) = . D.83
0(07a7x> 2(1’-0&) ( )
At this stage we split up f and ¢ into
T COS 2T 7 sin 2x
f(C, iL‘) = fF(Ca 1’) + e ) g(c, .’I) - gF(ca .Z') + e ) (D84)
fr(c,z) = ReW(c, x), gr(c,z) =ImW(c, x), (D.85)
zrﬁi‘cc)e*w(x)”emf‘(c, 2zi), ¢#0
Wi(c,x) = , : (D.86)
—i(e* (0, 224) + log ), c=0

Combining all of this, we have

I WHCOD) _ _ fe.0)G(b.0sB) + Lgle.0)Flb0:B) — 7G(b -+ c,0:0)

-

1 PV/ dz gr(c,x) sin 2z — 2fr(c, x) sin’ z
(z —a)(z =)

Recalling the earlier discussion, we require (D.87) with

(b,¢) € {(£1/2,0),(0,0), (—1/2,1/2)}. (D.88)

(D.87)
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By direct calculation,

gr(c, z)sin 2 — 2fr(c, v) sin® v = Re(e " —

and consequently all remaining integrals are of the form

—2xt __

1 oo
K(b,c;a,ﬁ)ziRePV/O xf(e

with o = mm, 8 = nm, b, c € {£1/2,0}.

D.2 CALCULATION OF THE K INTEGRALS

(z —a)(z = B)

ELEMENTS

(D.89)

(D.90)

To begin calculating the K integrals, we first make a rotation in the complex plane

to the negative imaginary axis, giving

gy Lpy [P W e
K(b,c, 75) 2Pv/0 b (l’—Oé)(x_ﬁ)

1 imby2 [ dx (1 — e *")W(c, —ix)
=g lme /0 b (z—ia)(z —if)

(672,21‘ -

T
+ Xzt () Xnz+ (6)5055 Im Res._,,

20(z — a)?

(e — 1)W(c, 2)

™
+ 5XR+ \nZ+ (Oé) Im R‘eszza

#(z—a)(z—p)
(e7 — 1)W(c, 2)

m
+ EXR‘*‘ \nZ+ (ﬁ) Im ResZ:g Zb(Z — Oé) (Z —_ B)

™
+ §XR+ \7Z+ (Q)XR+ \7Z+ (B)(Saﬁ Im Res.—q

Y

(D.91)

(D.92)
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where yg is the indicator function for the set S C R and the residue terms are the

result of closing the principal value integral. Evaluating the residues, we find

1y (oda(l— e i
K(b,c;a,5)=§lme”b/2/o dz (1 - e™™)W(c, —iz)

xb (r —imn)(x — inm)

~ Szt () xnz+ (8) 25 Re W (e, ) (D.93)
ng+ iz (@) Tm <€_2‘:bza W 556, %)
NNt T
+ D vz (0)Xa oz (B)0s I [“ — e W)
_szl ai W (e, x)] (D.94)
= K(b,c;a, B) + R(Z,Z; a, ) (D.95)

where

o dx (1 — e 2*)YW (¢, —ix)
xb (z—ia)(z —if)
— GapXnz+ (O) Xaz+ (6)% Re W (e, @) (D.96)

~ 1 ,
K(b,c;a,8) = ilme”bm/o

and R(b, ¢; a, f) contains the remaining residue terms that arise when «, 5 are not
integer multiples of m. Specifically, for the specific case o« = mn,f = nr with

n,m € Z we find the drastically simplified

K (b, ¢;mm,nm) = K(b, ¢; mm, n) (D.97)

_ llm oimb/2 /°° dr (1 — e )W (c, —ix)
2 o ab (z —imm)(x —inm)

()t Re W (c,nm). (D.98)

— Spn?(n)

For the remainder, we will calculate the integral K with the understanding that if
ever a non-integer multiple of m may be required, then K is obtained by adding on

the relevant residue contributions R.
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For the case ¢ = 1/2, this gives
VT (% dr (1 —e2)e*T'(1/2,2x)
K(b,1/2; - I <+1>/4/ :
(b, 1/2; ma, ) 2 me’ o xbtV2 (x —imm)(x —inm)
732 ReT'(1/2, 27ni)
(nmr)ot1/2
_ﬁlmem(zbﬂ)m /OO de (1-—e*)U(1,3/2,2x)
2 o xbtY2 (x —imm)(x — inm)
/2 ReT(1/2,27ni)
(nm)b+1/2
where Ul(a, b, z) is the confluent hypergeometric function related to the incomplete
[-function by DLMF 8.5.3 as

+ 0 (n)

(D.99)

+ 8y (1) (D.100)

C(e,z) =z2%¢*U(1,1+¢, 2). (D.101)
In particular for b = —1/2 we have
oo 1 — e 2%)e%1(1/2,2
K(~1/2,1/2, mm, nm) = —ﬁlm/ gy L= &) (1/2,22)
2 0 (x —imm)(z — inm)

+ O (n) 3> ReT'(1/2, 2nmi). (D.102)

For m = n, the integral may be split into partial fractions, to give
L(mm) — L(nn)
2y/m(m—n)

K(—-1/2,1/2;mm, nm) = (m #n) (D.103)

where

Do) = Re [~ ap UZCIETUR2D _ =, (1 RIeem T2 20)

T — i 2 + o2
(D.104)
For m € Z, we have
' B 3o [ (1 —e ) ze*T(1/2,22)
K(—1/2,1/2;mm, mn) = —mx®/ /o dx (0% + m2r?)?
+9(m)7¥2 Re T (1/2, 2mmi). (D.105)
For o € R\{0}, using integration by parts, we find
xI'(1/2, 2x) —2
dz - / D.106
/ (22 + a?)? 2a2 V2 1/2 :v2 + a? ( )
VT VT i) 212, 20ali) (D.107)

202 V2lal
1 1 ; ; .
= \/Z <052 + W Im 6—7,71'/462‘0411"(1/2’ 2’@’2)) . (D108)
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Combining (D.105) with equations (D.106) to (D.108), we find

1
K(—1/2,1/2;nm,nw) = —nx>?Ly(nm) + o + (271) |7T| Im(1 —4)T'(1/2,2|n|ri)
n n

+ 9(n)7¥2 ReT'(1/2, 2n7i) (D.109)

where

/ o ze*T'(1/2,2x) \/_/ e werfe(\/2x) (D.110)

(22 4+ a2)? (2% 4 a?)?

for « € R"\{0}. To calculate the ¢ = 0 case of K we find

e [ dr (1= e72)(e*T(0,22) + log & — im/2
K(b,0;mm,nm) = —1Ree”b/2/ de(l—e™)(e . (0, 22) +.ng im/2)
2 o ab (x —imm)(z — inm)

— Omn¥(n)—— Im T'(0, 2nmi) (D.111)

(mr)

for (m,n) # (0,0). To calculate this, for m,n # 0, let

K(b,0;nmr,mm) = K" (b nw, m) + K§ (0w, mar) — 8, 0/(m) —— Im (0, 2mri)

(P
(D.112)
where for o, 8 # 0
1 . % dzlogx — im/2(1 — e22)
K(l) b: - "R z7rb/2/ - D.113
0 ( 70475) 2 ce o xb (;U—Z@)(«T_Zﬁ) ’ ( )
i P(b,3) — P(b, )
K(Q) b:a, B) = Im e™/2 22 —, D114
( ) 2(a — ) ( )
(D.115)
and for o € R we have
K§? (b, a) = Im ™2 P (b; ) (D-116)
where
o B 21, _ —2$
/ dT (1= e7)eT(0,22) — e loga (D.117)
0 T — o
—2z\ ,2x _e 2
o xb (r —ia)?
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The integral K(()l) can be calculated as

1 . o drlogx —im/2(1 —e™2"
Kél)(b;oz,ﬂ)Z—iRee”b/z/ drlogr — in/2(1 — e 7) (D.119)

o ab  (z—ia)(x—1if)

1 , o dx log
= __R z7rb/2/ hatad
g e o ab(z—ia)(x—if)

T - o dx 1—e 22
T ”b/2/ ar D.120
g me 0o ab(z—ia)(x—if) ( )

1 , o dx log
—__R z7rb/2/ it
g e o ab(z—ia)(x—if)

Zj/gl_ Of’)) (€7@ o] T (b, —2a)
—e™ |8 7T (b, —23i)

(1 —0)
of 4 afp+!

—T(b+ 1) + (b + 20i)e>*T(b, —20i)| (D.121)

— (1 —5a5) Re
+ 9

[m et (bte(@)(b+1))/2 {efiwbs(a)/2|2a|b

for b # 0 using the integral identities (D.3) and (D.5). Similarly, for b = 0 we find

1) /n. o _} o0 logx
Ko™ (050 5) = 2Re/0 P o) (@ —iB)
+ 5QI3W Re [log la| + 72T (0, —2av)
—log | 8] — e7*T(0, —28i) — im(e(e) — £(8))/2]
- Mg Tm e 270(0, —2ai) (D.122)

As for the logarithmic integral, this can by

dx log x
D.12
/0 b (ac—zoz)(x—zﬁ db/ b (z — i x—zﬁ) ( 3)
iTe —imb/2

= ) (7 —a) 108) —albia)] (D.124)

where for b # 0,

g(b; ) = ™ || <7r cot(mb) + log || — j‘”)) b#0. (D.125)
To calculate the case b = 0, we take the limit of (D.123) as b — 0 and first notice
that

lim[q(b, &) — q(b, B)] = 0. (D.126)

b—0
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By LHopital’s rule, and with the assistance of Maple, we find

log:c i
/ dm (z —ia)(x —if) 27(B—a) 19(0, ) = (0, 5) (D.127)

where

¢(0: ) = <10g|:1:| - ”€2<“’>)2. (D.128)

For the case where aw = 3, we can take the limit of (D.5) as f — « to find that for
a € C\ R~ and then subsequently differentiate in b to find

o0 1
/ dz =T et (D.129)
o zb(z+a)? sinwc
/oo dr logr e -1+ 7rbcofc(7rb) + bloga7 (D.130)
0o ab(z+a)? sin b
00 1 1
/ dp—8% 08¢ (D.131)
0 (x+ a)? a
where on the final line we have taken the limit as b — 0. For the specific case that
a = —ia with a € R, we obtain
/oo dﬁ 1 B 6i7r5(o¢)(1+b)/2b (D 132)
o ab(r—ia)? |afttlsinmb’ '
/oo dzx log.x o pime(@)(b1)2 —1 + whcot(mb) + bl‘og la| —imbe(ar) /2 (D.133)
o xb(z—ia)? |a|bt+1 sin b
and specifically
00 log T 7.(_i1/262'7r<€(n)(1¥1/2)/2 1 ?:7T€(7’L)
dv 2*/? = +1+ -1 — :
/0 o (x — nmi)? |n|1¥1/2 o8 I 4
(D.134)

Combining (D.119)-(D.121) with (D.133), we find
.ﬂ- Im Q(b, E) B Q(b7 O./)
2sin b b —«
9e)(br1)—1/2) — L + mbcot(mb) + blog |a| — imbe(a)/2

K (b0, 8) = (1 6ap)

o 5a i (
pme 2|afb*1sin b
I'(1—-0b ; =
- (1= ww Re [¢™)|a| *T'(b, ~2a)
— ™| 3|V (b, —23i) |
UL = b) ©  rbre(@)(b+1))/2 [ —imbe(a)/2]0 - (b
005y e 1M & 20

~D(b+ 1) + (b+ 20i)e T (b, —204)| , (D.135)
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for b # 0 and

1) /. 1 =345 9(0,2) — ¢(0,B) me(a)
Ko (050, 8) = 47 -« ~ Oas 4oy

+(1— Re {log la| + e 72T (0, —2av)

BT
—log|B| — eT(0, —28i) — im(=(a) — £(8))/2]
- 5a3g Tm e 2°0(0, —2ai) (D.136)

Consequently, we find

1= 0wm . q(bymm) — q(b,nm)
K(b,0;mm,nm) = SYEep Im S—
5 imom b1 -1/2) —1 + wbcot b + blog |nm| — imbe(n)/2
" 270 n b+ sin 7wh
1= 0mn)l'(1—10 ‘ bE :
— ( )I( ) Re {e”bﬁ(")|n| T (b, —2ni)
w(m —n)
— ™0 || T (b, —2mi) |
5mnr(1 — b) im(b+e(n)(b+1))/2 | —imbe(n b

+(b + 2nmi)I'(b, —2n7i)]
mb/2p(b§ mr) — P(b;nm)
27(n — m)

+ Oy Im ™2 P (b; ) (D.137)

+ (1 = dpm) Ime

for b # 0. In the case b = 0, we have

1 = 0um q(0,nm) — q(0,mm)  dpme(n)

K(0,0;mm,nmw) =

47?2 m—n 4n
1 — 0pm .
—_— 1 o, -2
+ m —n) Re [log |nm| 4+ T'(0, —2n7i)
—log |mm| — I'(0, —2mmi) — im(e(n) — e(m))/2]
_ MO 1 10, —2nmi) (D.138)

for m,n € Z \ {0}.

The final breakdown we require is for the integral

< dx H(0,0;x)
ﬂa@:/'ﬂﬂ P (D.139)

0




D.2. CALCULATION OF THE K INTEGRALS 133

required for the first row elements of C* and D as
Coto = J(F1/2imm),  Dyo = J(0;mm). (D.140)

To do this, we return to the decomposition of H, first given in (D.81), which we

recall as

sin 22((0,2) — 9(0,0)) — 2sin? 2(/(0, ) — £(0,0))

H(0,0;2) = — 5
x

(D.141)

Making use of the closed expressions for f(0,0), f(0, x), g(0,0) and g(0, ) summarised
in (D.42), (D.40), (D.77) and (D.75) respectively, we can write

f(0,2) — £(0,0) = Re [—iemr(o, 271) — g + weﬂ : (D.142)
g(0,z) — ¢(0,0) = Im {—i (eQwiF(O, 221) + log 2x + 7) + W@Zmi] . (D.143)
This inspires writing H (0, 0; z) as

Im (W(x) - 7re2“> sin2x — 2Re (W(x) + 7 (€2 — 1/2)) sin? x
2z

H(0,0;x) = :
(D.144)

where for x > 0,

W (w) = —i (e*'T(0, 22i) + 7 + log 2z) (D.145)
By a simple calculation, one can rewrite (D.144) in terms of complex exponentials as

1Re(1—e ) W(z) 2msin’z
2 x x

H(0,0;2) = — (D.146)

where we have made use once again of the identity sin? 2z — 2 cos 2z sin? x = 2sin? .
Combining (D.139) with (D.144) and recalling the definition of the G integral, we
find

J(b;a) = —27G(b,0; @) + J(b; ) (D.147)

where for |b] < 1 and o € R.

1 oo —i (e2*T°(0, 221) + log 2
Jb: a) :—§PVRe/ dx —i(e*™I'(0,2xi) + log 2z + )
0

b+l T —

. (D.148)

Making use of lemma D.1.1, we find J(b; @) can be written as

1 o
J(b:a) = =3 Ree™/2pV /
0

der 1 —e 2

2+l — i

(e*T(0,22) + 7 + log(2x) ) . (D.149)
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D.3 THE L AND L, INTEGRALS
The L and L, integrals are required for the calculation of the integrals
K(—1/2,1/2;nm,mm)

with n,m € Z. Recall that the L integral is given by

— Re /OOO gy L= )T 1/2,22). (D.150)

r— o

We can write the L integral as
o (1 —e W)eXerfe( /2
L(er) = ﬁRe/ dy( e )eertel y2y) (D.151)
Y — i
Z2)erfc(z)
— 2a1

(D.152)

—2\/_Re/ dz>

after making the transformation y = 22. For a # 0, we split up the integral into
L(o) = Lo(a) + Ly («) where

ze? erfc( )

Lo(a )—2\/_Re/ a5, (D.153)

Li(a) = —2 \/_Re/ dz Zerfc( ) (D.154)

—2ai

— 20

To calculate the Ly integral, we first note that the integrand has poles at z =

+ v/2ae™*. Then rotating the integral contour to the negative imaginary axis we

find

2
o = ze *erfe(z)
Lofa) = 2/iRe [ =20

Similarly, one can rotate the contour to the positive imaginary axis by picking up a

(D.155)

contribution from a residue as

Lo(a )—2\/_Re</ dz

72’

erfc(zz) ze* erfe(iz)

+27TZR€SZ_\/£6“7/4 - > <D156)

+ 21 22 — 2

w2 erfc(iz)

o 2132 Im e**erfe( a(1 +1)). (D.157)

:2ﬁRe/wdzZ€
0

Summing (D.155) and (D.157), and then making use of the identity erfc(w) +
erfc(—w) = 2 we find

22

Ly(a) \/_Re/ dz — 732 Tm e**erfe( V/a(1 +14)). (D.158)

22 + 2@2
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Once again making the change of variables y = z? and using (D.1), we find

Lo(w) \/_Re/ dy———— T 2 — 732 Tm e**erfe( Va(1 + 1)) (D.159)
ai
= V7T Re®™T(0,20i) — 732 Tm e**erfe( a(1 + i)). (D.160)
Now moving onto the L, integral, we first note that the derivative of the erfc
function is erfc’(z) = —2e72"/ /7 and so using integration by parts we find
fi
Li(a) :_2\/’/ dzercz() (D.161)
— 2ai
= — /7 Re {erfc(z) log(z - 2ai>ro —2Re /OO dze ™™ log(22 - 2ai)
0 0
(D.162)
= /T Re (log( 2ai) + v + 2log 2 + imerfe( V(1 + 1))
—dai 5 Fy(1,1;3/2,2; —2ai)) (D.163)
= 7 (log2a + v + 2log 2) — 7/ Im erfe( v/a(1 + 7))
+4+/ralm oFy(1,1;3/2,2; —2ai) (D.164)

where to go from (D.162) to (D.163), we made use of Maple 2024. Now combining
(D.160) and (D.164) we find

L(a) = V7T Re (0, 2ai) — /2 Im(e** + 1)erfe( va(l + 1))
+ /7 (log 2a + v + 21og 2) + 4 /maIm oFy(1,1;3/2,2; —2ai). (D.165)
To find the value of L(0), we take the limit of (D.165). Using Maple, we can calculate

the series of L(a)) about v = 0 where we find

L(a) =2/Tlog2 + O(a) (D.166)
and hence

L(0) = 2 /mlog 2. (D.167)

We now move onto the L, integral, which is given by

00 W1 (1/2,2y)

ye ) 2Y
Lae) = [ d D.1

2(0&) 0 Y (yg n ag)g ( 68)

for « € R\{0}. Since L, is an even function of a real variable, without loss of

generality we assume o > 0. Making use of equation 8.4.6 of the DLMF [24], we find

\/’/ dy2f1a2)> (D.169)
y erfe(/2y)
I / e (D.170)
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Making the change of variables z = / 2y, we now find
2
ze* erfe(z)
Lo(a) = 2V / dzZ | D.171
(@) o (z — 2a1)? ( )

The integrand is meromorphic with poles at z = 4 v2ae "/* with decay like
|z| ™/ /7 as z — oo for |arg z| < 37/4. As such, we can rotate the integral to both

the positive and negative imginary axes independently as

2w oz erfe(iz)
2\/m o ze # erfe(—iz) _
= | [ 2 D.1
o Im [ ; dz (2= 20i)? +2miR(«) (D.173)

where
ze* erfe(z)
(2% + 2ai)?
1 o 14
== “ erfi 1—1)— D.1
5 (e erfe(v/a(1l — 1) m) (D.175)

where the residue has been computed using Cauchy’s formula for higher order residues.

R(a) = Res,_ /55, in/a (D.174)

Next, by noting that the complementary error function admits the identity

erfc(z) 4 erfe(—z) = 2 (D.176)
for all z € C, we find
2\/m o0 ze ,
Ly(a) = = Im VO g mR(a)] . (D.177)
The integral here can be calculated by making the change of variables z = 22 and
writing
o0 ze o0 e
dz——— = / dr—— D.1
/0 Z(22 —2a1)  Jo x(m — 2a1)? (D-178)
__14a /OO dmL (D.179)
i da Jo (x — 2a1) '

4o

200 . €
= (0, -2 .
¢TI0, —200) + o7

Combining (D.175), (D.177) and (D.180) and simplifying, we find

(D.180)

N . m3/2 .
Ly(a) = - Im e**T(0, —2ai) + — Ree 2 erfe( v/a(l — 1))
T osd T
—T.{ZCOS (I—2a3/2

This concludes any work done prior to the start of my PhD.
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D.4 THE J INTEGRAL

The first row elements of C* and D are calculated using the .J integral given by

dr 1—e 2

ot — i

1 , o0
J(b;a) = —5 Re ¢'™/2 PV/ (eQzF(O, 2z) + v + log Qx) (D.181)
0

for |b] < 1 and o € R. In particular, the closed forms we require are given in the
below table.

b
{0,+£1/2} |0
{0,1/2} | 7N

To begin calculating, we will write
~ 1 )
J(b;a) = = Re e [In(b; @) + I (b; @) + Log (D; )] (D.182)

where for 5 >0

< dr 1—e

% dr 1—e
% dr 1—e
]10g<b; O[) :/0 ﬁmlOgQ"E (D185)

To begin calculating I, we make use of the following representation of the
incomplete gamma function,
e’ T'(a, z) = / dt (z+t)* e, (D.186)
0
which holds for z € C\R™ and Rea > 0. The integral representation follows from the
simple change of variable ¢ — z +t of equation 8.2.2 of the DLMF [24]. Substituting
(D.186) into (D.183) and rearranging the order of integration, we obtain

1 foo o dx 1—e 2
I (b: :f/ dt *t/ D.187
rra) =5 ), A S Gy )@ =) (D-187)
o0 —t - "
— F(—b)/o dt j o [(—ad) T (b + 1, —2ai) — 21T (b 4 1,1)
(D.188)

= T(=b)(—ai) " 1e®(0, 2a0)T (b + 1, —2ai)

o dt e 'I'(b+1,t)

_ b+ (p / D.189
(=b) o tbtl t+ 2«1 ( )
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where the second line has been computed using (D.3) and (D.5), and the third line
by a single application of (D.186). Note that the new integral in (D.189) converges
for any b € (—1,00) \ {0}. We will write

" o dt e " (T(b+1) —e'T(b+1,1))
Ir(b;a) = /0 o1 {1 2ai

whose closed form and limiting values will be of particular interest here-on in this
subsection. Immediately, since I'(1;¢) = I'(1) — e'T'(1,t) = 0 we have

, (D.190)

Ir(0;a) =0 (D.191)
foralla € C\R™.

For b # 0, it will be convenient to decompose I according to

Ir(b;a) = lilrg ffl)(b, G a) — 1:9)(6, ¢ a), (D.192)
c—
with
(o ) e ~dt e
=T(c+ 1)D(=b)(2ai) " D(b + 1, 20v) (D.194)
and
) s dt T(c+1,t)
D0 ea): = / ! D.1
rbaa)i= T T Sad (D.195)
1 [7(c—b)e™et(2ai) =01 :
= r 1)-T 1,-2
c—b[ sinm(c — b) (Tle+1) e+ 1, —2ai)
I(e—=b+1) ' o
_H—12FQ<1’ b+1;2+0,1+b— c;2ai)

m2c(2ai) 01
_ D.196
I'(1 — ¢)sinwbsin e ( )

can be computed in closed form by Maple 2024 and simplified using an identity of the
incomplete gamma function. Before computing a closed form for lim,_;, I @ (b, ¢; ),
we note that 4

7(20i) 70712 (b + 1, 2ai)

lim IV (b, ¢ ) = — . D.197
AT (b, ;@) sin b ( )

We now turn to computing the limit of (D.196) as b — ¢, we first note that
. Dle=b+1)F(1,1+b;24+0,14+b— c;2ai)
lim
c—b 1+ b
= (=2ai) ' (T(c+1) = T(c+ 1, —2ai)) (D.198)
_ N\ —1=b i (ct+1)
— lim (e —b)(2a0d) "'

c—b sin(c — b)

(C(c+1,—2ai) —T(c+1)).  (D.199)
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As such, by L'Hopital’s rule, we find that

~ d . b 2 -\ —b—1 iﬂ'(c+1) F 1 . 1*\ 1 _2 .
liII% 11(12)((), c: a) — lim — [71’(0 )( O‘Z) € ( (C + ) (C + 1, Ozl)
c—

c—b de sinm(c — b)

C(c—b+1)2F5(1,b+ 1;b+2,1—|—b—c;2ai)1
b+1

T2b(20vi) 7071

— D.200
['(1 — b)sin® b ( )
. [me e e (T (e 4+ 1) = T(c+ 1, —2))
= lim .
c—b sin(c — b)
(e —1b) 27ttt (D(c+ 1) — T(c+ 1, —2z) cosm(c — b)
sinm(c — b) sinm(c — b)
(D.201)

+inz e T+ 1) =T (b + 1, —2))

ol
———F5(1,14+b;2+0b,1;
+b+12 2(7 +7 +7 72)

+ 27O (g (b DT (b + 1) = T'(b + 1, —2) log(—2)
1

c=1

&‘Q‘

30, 1,1
—G2,3(0,0,1+b _Z)) 7[)

7T2bsz71

_ D.202
['(1 — b)sin® b (D-202)

where z = 2ai and G§;§ is a Meijer G function. The limit in (D.201) vanishes and so
we find

hmI b, c;a) = im(200) POV (T(b 4 1) — T(b + 1, —2ai))

i )
— o F5(1,1+b;24+b,1:2
+b+12 2(7 + ) + 5 Oél)

+ (200) 707 L (b + DI(D + 1)
— T(b+ 1, —20i) log(—201) — G35 (o011, | — 204))

1 d 72b(20) 01
—_— (1,1 +0;24+b,c;201) — .
* b+ 1lde| ° (1140240, e:20i) (1 —b)sin®7b

c=1
(D.203)
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Substituting the closed forms (D.197) and (D.203) into (D.192), we find

Fo(bia) = m(200) T (b 1, 200) | w?b(20i) !
PR sin b (1 — b)sin® b
— im(200) LD (b 4+ 1) —= T(b+ 1, —2a4))

Y .
— ——— (1,1 4+b;2+0b;1;2
b—|—12 2(7 + 3 + 5 4y Oﬂ)

— (20i) L™ D (o (b + 1T (b + 1)
~T(b+ 1, —20i) log(—2ai) — G55 (o014 | — 20:0))

1 d

b+ 1dc -
B We—iws(a)(b+1)/262ai1"<b +1, 2042) 7.‘.2b€—i7r6(oz)(b—i—l)/2
12ar|b*1 sin 7 |2cr|o*1 sin? b

— ime™ 32N 190 | (T(h + 1) — T(b + 1, —2ai))

Y .
— ———F(1,14+b6;2,2+b;2
b+12 2(7 + ) 4y + y Oﬂ)

i 6i77(3/2—19(a))(b+1)|2a’—b—1 W(b + 1)F(b+ 1)

—T'(b+ 1, —2ai)(log |2a] — ime()/2)

+7rb(log |2a| — ime(ar) /2 + wcot wb — Y (—D))
['(1 —b)sin7b

im(b+1)
b+ 1

b d
b+ Ldc|

c=1

(&

+ 2Fy(b+1,b+ 1,0+ 2,b+ 2, —20i)

o F5(1,1 4 b;¢,2 + b; 2ai) (D.205)

It is of note that the derivative of the hypergeometric function with respect
to a parameter has not been simplified. In principle it is possible to write this as
a Kampé de Férier function; a double sum generalisation of the hypergeometric
function. However, for the purposes of numerical calculation we make use of a trick

implemented in the python library Arb, [44].

Let f be some function for which we would like to compute the derivative.
Suppose the computational implementation of f allows for its argument to be a
formal power series in some variable A, in which case f(ag+a;A+---) = bog+b A+ -
as a formal power series. It follows by simple Taylor expansion, that if f € C*(R),
we have f(a+ \) = f(a) + Af'(a) + O(\?), where O()\?) simply indicates the next
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leading order coefficient. It hence follows that

; o F5 (1,14 b;2 4+ b, ¢; 2ai) = o F5(1, 1+ b;2 + b, 1 + X; 2ai) [\ ] (D.206)
C

c=1

where for k € NU {0} and P € C[\], P[A\¥] indicates the coefficient of A* in the

formal power series.

With Ir calculated for all b of interest, we return to (D.189) to find

T(b+ 1, —2ai
Ir(b;a) = —T'(1 = b)(—ia) "1™ T(0, 2ai) (b b’ i)
201 — b
N é) Te(b: ) (D.207)
i@ OHD/2 (1 — )2 (0, 200) T (b + 1, —20i)

b|0é|b+1

_pmime@in2_ LA =) aaing g oy T
¢ b|a|b*1 sin b T (b+1,200) sin b

s -9« z7rF(1 - b) .
— 320 >><b+”W(F(b+1) —T(b+ 1, —2ai))

,}/2b+1F(1 — b)
b(b+1)
e m(3/2=9(@) ()P (1 — p)

b|OZ|b+l

o F5(1,0 4 1;2,b + 2; 2a1)

Wb+ 1)T(b+1) —T(b+ 1, —2«i)(log |2«

mb(log |2a| — ime(a) /2 + ot wh — ¥ (—b))

mime(a)/2) + ['(1 —b)sinmb (D.208)
22T (1 —b) /
I S im(b+1) . o .
b(b+ 1) (™D Fy(b+1,b+ 1;b+ 2,b + 2; —20i)
d
— 2F2(1>b+ 1;C,b+2;2ai)) . (D.QOQ)
c
c=1

In particular, we require this for b € {0,+1/2}. The values b = £1/2 are a simple

case of substitution and simplification and we find

For the case b = 0, by taking the limit and applying Lﬂopital’s rule we find

1 d
ol db

Ip(b; @). (D.210)

~ d
(b, —2i) + 2—

Ir(0; 0) =
F(O7 Oé) db

=1
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The first term in (D.210) admits a closed form from the fact that

d| = d ,
—|  T(b,—2ai) = — (b)) — e 2*I'(b, —2ai D.211
| T—20i) = 21 (D) = e T(b, ~20i)) (D.211)

b=1 b=1
=T"(1) — e 2*T'(1, —2ai) (D.212)

where we make use of the notation I"(b, z) = 0,I'(b, z). Using the standard integral

representation of the incomplete Gamma function we find

7 T(b, —20i) = — — e’2ai/ dt e logt (D.213)
—2ai
b=1
= —v — log(—2ai) — e **T'(0, —20) (D.214)

after an application of integration by parts. It remains then to calculate
d/db|y—oIr (b; ).

Using Maple 2024, the series expansion of I (b, z) centered at b = 0 can be computed
and the b' coefficient coincides with the derivative required. Hence we find

_ 62011' -1

d
% IF(b7 Oé) =7

b=0

5 + 2515 (1,1; 2,2, —2ai) + 9 Fy(1,1;2,2; 2ai)
al

d
+ 72 F5(1,1;2,1;2a0) — y—|  oF3(1, 14+ b;24b,1;2ci)

db
b=0
+i Fy(1,1;2, ¢; 2a4)
de 242\ L4 6
c=1
A B 452+ b, e 20d) (D.215)
de| _ db ,702 . | - |

At this stage, we will derive a simpler form of the derivative d/db|p—p2F2(1,1+ b;2 +
b, 1;2ai). By equation 16.2.1 of the DLMF [24], we have

oF5(1, 1+ b;¢,2 + b5 2) = ni) m; =I(e)(b+1) ni) F(nFJ(rnc;r(;i - 27:

(D.216)
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and hence
d T'(n+1D)I'(n+b+1)2"
—oFy(1,0+ 1;¢,04+2;2) =T —
db2 2( ) + ; Gy + 7Z> <C)T;F(n—|—cﬂ‘(n+b+2) n‘
X T'(n+1)I(n+b+1)%2"
—I'(e)(b+1 — (D.21
(c)(b+ )7;1 (n+c)T'(n+b+2)% n! ( 7)
T+ 1) i (1), (b+ 1)n§
T T(h+2) 2 (0)nlb+2), n!
C(O+1) & (1)u(b+1)2 2"
— o — D.218
Tb+2) 2 (ub 22 1 (D-218)
1
= b+1 [2F2(17b+17c7b+27z)
—3F3(L,b+1,b+ 1;¢,b+ 2,0+ 2; 2)]. (D.219)
In particular for ¢ = 1 we have
A B b+ 11,b422) = — [ F(b+1:b+ 2 2)
db227 ) Ly az_b_l_lll ) 3 <
—oFy(b+1,b+2;04+2,b+2;2)]. (D.220)

Returning to (D.215), after simplification we find

d ~ e2ai _
2 Ie(ba) =
@) r(b;a) =7

=0

1 )
S ey Fy(1,1;2,2; —20i) + o F5(1,1; 2, 2; 204
(0%)

d
+72Fo(L1:2,2:200) + — | aFy(1,1,150,2,2;200).  (D221)
C

c=1

Now we can calculate Ir(0; «) according to (D.210) and after simplification we find

1 . )
I(0;0) = —— (2 =€) + log(—2ai) + e 2*'T(0, —20i) |

— 2e°¥5F5(1,1;2,2; —2ai) + 2(1 4+ )2 Fo(1, 152, 2; 2ai)

d
+2—

7 3F5(1,1,15¢,2,2; 20i). (D.222)
c

c=1

The integral I; can be calculated immediately using (D.3) and (D.5) and we find
T(1—b)

n(b;a) = lim i [(—ia)"T(b, —20i) — BT (b, 28)] (D.223)
_2'(1-b)

[(—2ai)—bf(b, —2ai) — H : (D.224)

(10}
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By the recurrence relations of the gamma and incomplete gamma functions we find

2T (1 —b C(b+1)—e2T(b+ 1, —2ci
Lib:a) = (m)(—Qaz')_b (b+1)—e y (b+ 1, —2ai) (D.225)
—2a :
B o in(b+1)e(a)2 € Lb+1,—2ai) —T(b+1)
=T(1—-b)e bl (D.226)
from which it is straightforward to see that
1 )
L(0ja) = —— T2(1, —2ai)) D.22
1(00) = —— (v + ¢ 7T(1, ~201)) (D.227)
By simple inspection, we obtain
Log (b; @) = —2b§bz—bzl(b; ). (D.228)
This derivative is simple enough to compute and we find
I]Og(b, Oé) = "Lp(l — b)[1<b, Oé)
I'(1-15b) 0 A pL(0+1) — e 2T (b + 1, —2ai))
— — (=2 D.22
ia 0b [( i) b (D-229)
ra-os ~
= (1= b)L(b,a) — ra-s [(—ai)™ (= log(—2ai)T'(b, —2avi)
1o
. ) b
+I(b, —201) ) + 62] (D.230)
e/ D@21 — p)[(b, —20vi)
bla|+!
ei7r(b+1)€(a)/2r(1 _ b) B .
+ e [F’(b, —2qi)
5 , ime(a) i2°T(1 — b)
—I'(b, —2a1) (log 12| — 5 ﬂ + " (D.231)

We now proceed with calculating Ij,,(0, ) by taking the limit of (D.229) as b — 0.

It follows that
2

Log(0, ) = —vI1(0, ) — [27 log(—2a1) + v+ T

6
+2e* log(—2ai)I(1, —2ai) — e >*'T"(1, —20@} (D.232)

ot

2

1
=50 [72 — % + imye(a) — 27 log |2¢]

+2 (7 — log |2a| + WQ(O‘)> e TV (1, —2ai) + e 2¥T(1, —2042')] :

(D.233)
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Hence, we find
. @D (1 — b)e** T (0, 200) 0 (b + 1, —200)
J(b,a) = Im SDjalrh
i NG , , b
1 im(¥(a) (b+1)+b) T 2ai h—+1.2 -
e 20| |0+ sin b e (b+1,20) sin b
im(2b—9 () (b+1) (1) B o
i y2'D(1 — b)
Ree™22= =" 2 py(1,b+ 1;2,b + 2; 20
+ Ree b(b+1)22(’+’7+’0ﬂ)
i7r(2b—z9(a)(b+1))r(1 _ b)
e .
+ Im 2Dl (O + Db +1) =T+ 1, —2ai)(log |2a]
, mb(log |2a| — ime(a) /2 + mcot b — P (—b))
— 2 D.234
ime(a)/2) + ['(1 —b)sinmb ( )
and similarly
J(0,0) = (2 20) = T L L e, —oai)
a) = —(2—cos2a) — —= + — —
’ 200 4oy 20 ’
+ Re ey Fy(1,1;2,2; —20i) — (1 + ) ReoFy(1, 1; 2, 2; 20v4)
— Rei 3F3(1,1,1;¢,2,2; 2ai) + lIme_QaiF’(l —2ai)
dc » Y ) Y 2@ 9
1 ) .
— WW;(ECY) ~ 5 Im (7 — log |2a| + z7r62(a)> e 2 T(1, —2ai)
1 )
— —TIme 2T"(1, —20i) (D.235)
4o

D.5 THE P INTEGRALS

The remaining integrals to calculate are the P integrals, given in (D.117), with closed
forms

1 — —2x 2:):1‘\ 2 _ 72:1:1
P(b,a) = / ;f( e )e” (0, 2x) — e logx. (D.236)
0o T —ia
foe) 1 — —2x ZxF 2 _ 72;]51
P'(b,a) = / de (1 - e)eI(0,22) — e Plogx. (D.237)
o ab (x —ia)?

Immediately we notice that

P'(b,a) = —iEP(b, Q)

o (D.238)



APPENDIX D. CLOSED FORM OF THE AUXILLARY FUNCTIONS FOR THE MATRIX
146 ELEMENTS

and by inspection we note that

P(b,a) = Py(b, ) + Py(b, @) (D.239)

o0 e 2)e*T(0, 2x)

7 D.24
(b, ) /0 T —ia ’ ( 0)
dr e

(b a) = b / b —ia (D.241)

for b € (—1,1) and a € R. From (D.1), for b # 0, we obtain
Py(b,a) = ab( ia)Pe™2T(1 — b)['(b, —2ai) (D.242)

= (—ia) 2T (1 — b) [I"(b, —20vi)

—I(b, —20i) (log(—ia) + (1 — b))] . (D.243)

We proceed with the calculation of P; with a similar method to the calculation of Ir.
First, we use the integral representation of I'(0, 2x) in (D.186) to find
1 oo % dx l—e2
= [Tdse [T . D.244
a) 2/0 ¢ Jo B (et s/2)(z —ia) (D.244)
We define the inner integrand of (D.244) as I(b, a;s) which by (D.3) admits the

closed form

1—e 2
10, / D.245
@ s) T2 ab ( :c+s/2(a:—za) ( )
't —» —b 't —o)I'(b
R € )] Gall) AT ) Y ()]
s + 2av sb(s + 2ai)
e’T'(b, s)
271 — b)———— D.24
+ 27T >sb(s + 2ai) ( 6)
again for b € (—1,1) \ {0}, € R and s € R*. It follows that
Pi(b,a) = /OO dse *I(b, a; s) (D.247)
0
and
Pl(b, Oé) = PH(b, CY) + Plg(b, Oé) -+ Plg(b, CK) <D248)
where for b and « in the same domains as PP, we have
Pii(b, @) = (—ia)"T(1 — b)(b, — '/Ood - D.249
11( 70'/) ( ZO[) ( ) ( ) Oﬂ) 0 s s+ 204’ ( )
Pia(b,a) = —T(1 — B)T(b) /Oo ds e’ (D.250)
S 0o 8P s+2ai’ '
% ds I'(b,s)
Pis(b :2bF1—b/ a5 2098 D.251
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By appealing to (D.1), we immediately find

Py (b, ) = (—ia) "°T(1 — b)e*T(0, 20i) T (b, —2ci), (D.252)
Puafb.0) — _ﬂ(ia)_be%“l;i(r?;iai)l“(l — b). (D.253)

To calculate the integral of the incomplete gamma function in P;3, we first note

that the incomplete gamma function can be written as the Meijer G function
L(0,5) = G5 (ool ) (D.254)
for s € RT. To calculate the integral we make use of the identity

o c— grymyn( Al a a“’ m+1,n+1,1—c,a1,..., a
/0 ds 57 (s +a) TG (o e S)ZmGpﬁ,qJ(a—c,Iﬁ ..... b @) (D.255)

taken from page 418 of volume II of [5]. Applying (D.255), we find
Pig(b, o) = (i) T (1 = b) G5 (130 | 2000). (D.256)
Combining (D.252), (D.253) and (D.256), we arrive at

P(b, ) = e~ ™=@ || 7PT(1 — b)e>*T(0, 20T (b, —2cvi)
B me~mbe(@)/26207 (h 204)T(1 — b)
|a|b sin b
+ e MO a7 (1 — b)G233 (s be | 2012)
+ e me(@/2| o | The2 (1 — b) [TV (b, —2ai)
—I'(b, —2cvi)(log || —ime(a) /2 + (1 —b))] (D.257)

forb € (—1,1)\ {0} and o € R.
We also require the limit of P(b, ) as b — 0. Naively taking the limit, we find
(i) ~2e? (b, 20T (1 — b))

sin b

P(0,a) = lim ((—m)—bm — b)e*™T(0, 2ai)T(b) —

b0
—T(0,2a)T(0, —2ai) + G5 1(0 0.0 2ai)
+ e 2 1Y(0, —2ai) — T'(0, —2ai) (log(—ia) + 7)] . (D.258)
We only require then the calculation of the non-trivial limit of (D.258) which we can
simply calculate according to L’Hdpital’s rule and hence
P(0,a) = e** (—v +ime(a)) T(0, 2ai) — > T7(0, 2cvi)
— T'(0,20)I'(0, —20i) + G35 (b | 20v0)
+ e 2 1Y(0, —2ai) — T'(0, —2ai) (log |a| — ime(a)/2 +7)].  (D.259)
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At this stage we can calculate P'(b, ) by applying —id/da to (D.257) and
(D.259). Hence, we find

P'(b,0) = (i — b)e2emO+D(@/2|o|=0=11 (1 — p)[ (b, —20aii)T(0, 2xi)
N i2°T (1 — b)e2*T(0, 2cvi)
a
— 2T (1 — b)e"™=@/2|| =T (b, —20ii)T'(0, 200)
e HD(@)/2) | b1 (1 — BT (b, —20ni)
r(1—b imbab
n ( ) (b o 2(Jéi> 2azez7r(b+1 /2|Oé‘ —b— 1F(b 20(2) €
sin wh 1e"
+e —im(b+1) a(a)/?‘ | —b— 1F(1 o b)G (b+1 b0 | 2&2)
+ (b = 2ai)T (1 — b)e2iembHDe()/2) | ==L (b, —2ai) (log | a|

—ime(a)/2 + (1 — b)) — IV (b, —2ai)]

4 e OHDE(@)/2] | b1 200 (1 _ ) [F(b,—?m)
ia

+2be TN 2o P12 (4 (1 — b) — log 2)] (D.260)

for b € (—1,1)\ {0} and a € R. For the case b = 0, we find

—2a1
P'(0,a) = 2 [(—y + ime(a))T(0, 2ai) — T7(0, 2ai)] — e** [(—’y + ime(a)) em
(D.261)
_ e*(log |2a] —ime(a)/2) N e 2 T(0, —2ai) + e**'T'(0, 2av1)
1e% ot

+20G55 (] 2ai) — 2e72 [17(0, —2ai)

+(y — (log|a| — ime(a)/2)T(0, —2ai) + log2 4+~ +I'(0, —204@')] |

o
(D.262)

This finally concludes all of the integrals required to calculate the matrix elements

of the Bracken-Melloy operator with respect to the sinc-like vectors.
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Simplification of Meijer G functions

Numerical experimentation showed that the main time bottleneck to the computation
of the matrix elements of the Bracken—Melloy operator with respect to the dense
sequence (pF),en, was the evaluation of Meijer G functions that appear in the
evaluation of the C' matrix, see equations (4.112) to (4.114). These functions were
initially computed using the Python library mpmath [51]. The next section is
dedicated to the evaluation of these Meijer G functions in terms of hypergeometric
functions that are readily handled in Arb.
Let
Go(b;2) = Gos (il 2),  Galbi2) = G5 (45001 2): (E.1)

From equation 16.17.1 of the DLMF [24], we find

1 / ds T2 0 =) I T —a + s) s
LT T = b + ) T2, D@ — s)

where the integration path L separates the poles of the factors I'(b; — s) from those

G (] 2)

(E.2)

of the factors I'(1 — a; + s). After the change of variable s = —w, we obtain

1 I'(w+ 0)*T(w)l'(1 — b — w)
Golb,2) = 2mi dw ['w+1)

zY (E.3)
where the contour L’ encloses all the poles of the integrand contained in the left-hand
plane. We will define the integrand in (E.3) as fueijer (b, 2; w), given by

[(w+ b)*T(w)T(1 — b —w)
['(w+1)

fMeijer(ba Z; W) = z~ Y. (E4)

The contour integral is equal to the sum of the residues at the poles of the integrand.

These poles qualitatively depend on the value of b.
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Value of b Poles Order of Poles
b0 w =0 ord(w=0) =3
B w=—nforneN ord(w——n) 2
=0 d(w =20
beR\Z w ord(w = 0) =
w=—-n—bforneN | ord(w = —b— n) 2

For each b of interest, we use the residue theorem to write

Go(b, z) = Ro(b, 2) + i Ry(b, 2) (E.5)

n=1

where

Ro(b, Z) = Resw:O fMeijer(ba <5 w)7 Rn(b’ Z) - Resw:—b—n fMeijer(b7 <3 w) (E6)

We begin with the case b = 0 where, after applying the addition and reflection

formulae for the gamma function, we find

nl(w)
eijer O, ; = . v E.7
Frscier (0, 230) wsmmuz (E7)
has a pole of order 3 at w = 0 as well as poles of order 2 at w = —n for n € N. The

residue at w = 0 is easily computed in Maple 2024 since

Ry(0,2) =

1 0 <w3fMeijer(z;w)) [w”)] (E.8)

(3 -
; (7 + 22 + 27y log z + log(z) ) (E.9)

To calculate the residues of the poles of fyteijer at w = —n for n € N, we make use of
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the Cauchy residue formula for higher order poles and hence find

1 . d w(w+n)’T(w)z~
S — 1 R
(2= 1) wo-ndw w sin Tw

T <_ mz~"log 2l (w)(w +n)* 7wz "T'(w)(w + n)?
w——n w sin Tw w? sin Tw
72 ()T (w) (w + 1)?
w sin Tw
227 (w) cos mw(w + n)?

wsin? Tw

N 27z T(w) (w + n)> (E11)

w sin Tw
n

R,(0,2) = (E.10)

+

n

z z

=log z —
& n-n!  n2.nl

+ jim 7wz T (w)(w + n)
z—=—n w sin Tw

[Y(w)(w +n)

B 7rcos7‘rw(w +n) +2]
sin Tw

Zn

1
— ' (7 +logz — — — Hn> (E.12)
n-n! n

where H,, is the nth harmonic number. Summing up all the residues, we find

2 o] N

1
Go(0,2) = 5 (72 + % + 2vlog(z) + 10g(z)2> (v + log(z Z
— n2 n! z_:

_ ; (72 + 5 T2 log(2) + 10g(2)2> — (7 +log(2)) (v +log(—2)

+ (0, —2)) — 23F3(1,1,1;2,2,2; 2) — H(0, 2) (E.14)

o0 n TL

(E.13)

where suggestively, we write

(E.15)

for b € R\Z. Note that we will only make use of b = +1/2. The residue Ry(b) is

immediate and we find

Ro(b,2) = 2. (E.16)
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By Cauchy’s residue formula once again we find
7(w+ b+ n)*T'(w+b)z"*log 2
wsinm(w + b)
m(w+b+n)?T(w+ bz

a w?sinw(w + b) 1

2r(w 4+ b+ n)I'(w + b)z="
[ wsin(w + b)
N m(w + b+ n)*Y(w + b)T(w +b)z™v

wsinw(w + b)
72 (w + b+ b)*T'(w + b) cos m(w + b)z™

a wsin? (w + b) ] '

w——b—n

Ru(b,z) = — lim [

+ lim

w——b—n

(E.17)

The limits on the first line of (E.17) are found by the well known residues of the I'

and csc functions and hence we obtain

I (w4 b+ n)*T(w+ b)z""log 2 N m(w+ b+ n)*T(w + b)z‘w}
im
w——b—n wsinw(w + b) w?sinw(w + b)

Lotn IOgZ Lbtn

- (n+0b)-nl  (n+0b)?-n (E.18)

for n € N;b € R\Z. In order to calculate the remaining limits of (E.17), which we
define as
2n(w + b+ n)I'(w + b))z~

wsin m(w + b)
N m(w + b+ n)*P(w+b)T(w+b)z™v

wsin w(w + b)
2 (w+ b+ n)*T(w + b) cosm(w + b)z

B wsin? 7(w + b) > ’

L,(b,z) = lim (

w——b—n

(E.19)

we factorise as
Lo(b2) = lim (w+b+n)l(w+b)z~ . [ | 2
w—r—b—n w w——b-n [sin7(w + b)
N Tp(w+b)(w+b+n) 7(w+b+n)cosT(w+ b)}

sinm(w + b) sin? 7(w + b)
m(—1)nmto [ 27 mh(w 4+ b)(w+b+n)
— 3\ ;  uam - :

(n+b)n! w-o—b-n [sin7(w + b) sin m(w + b)
_ X (w+b+n)cosT(w + b)}
sin® 7r(w + b)

- _”E:r)z;: LO(b, 2) (E.20)
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where
LO® 2) = lim | 27 mh(w + b)(w+b+n)
w——b-n | sin(w + b) sinm(w + b)
7 (w + b+ n)cosm(w + b)
— — (E.21)
sin® 7(w + b)
To calculate L), we first, we first note that
ling (w+b+n)(w+b)=-1 (E.22)
w——b—n
and consequently
b 1
LOG, )= tip |LFbEmelwtd) (E.23)
wo—b-n sin7(w + b) sin(w + b)
© lim 1 —7r(w+b+r'z) sin(w + b) cot m(w + b) . (F.24)
w——b-n sinm(w + b)

By multiplying the limits through by sincm(w + b) and making use once again of
L’Hopital’s rule, we find the final result to be

P(w+b)(w+b+n)+1

LO(b, 2) = (=1" l lim

T w——b—n w+b+n
1—
+ lim (w+b+n)cot m(w + b)] (B.25)
w——b—n w + b +n
: d / /
= w}gnin e (W' +n)p(w) (E.26)
=H, — . (E.27)
Combining (E.20) and (E.27) and recalling the relation to Ry, we obtain
b+n b+n H n+b
R, (b,2) = (log z + ) - - n” (E.28)

(n+b)-n  (n+b2-n  nl-(n+0b)

forn € Nand b € R\Z. Summing (E.16) and the closed forms of R, given in (E.28),
we find

7l(D) N (log z + 7)zb*1
sin 7wh 1+b

Z1+b

- mst*)(l, 14+b,14+6;2,24+0,2+b;2) —2"Hy(b,z) (E.29)

GO(bvz) - 2F2(1a]-+ba 272+ba Z)

where Hj is defined in (E.15).
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It remains to calculate a closed form for the Harmonic number power series,

which we label

H(b, z) = = E.
o) =3 o (830)
To do this, we first note that the harmonic numbers can be written as
1 d
H, = — n E.31
o (B:31)
where (a),, is the Pochhammer symbol. Hence we find
d = (a), 2" d < (a),(1), 2" d
(0,2) do _1 nz::l n(1),n!  da _1 nz::l (1)n(2), n! da _01 1(e2:2)
(E.32)
For b € R\Z, we similarly find
d > (@)nz
H(b — E.
09 = G S s (5
d = (@)n(b)n Z"
= E-34
dal o= 17; (D)p(14+0),n ( )
d
= — Fy (o, b;1,1 + b; E.
dOé a:12 2(a7 s Ly + ’Z) ( 35)
and so the final closed form of the Gy Meijer G functions are
1 ) 71_2 9 o0 oM
Go(0;2) = S\t 2y log(2) + log(z) (v + log(z Z
— E.
— n2 n! Z_: (E-36)
1, = 2
=5\ 5 +27log(z) +log(2)" | — (v +log(2)) (7 + log(—=2)

d
+T(0,—2)) — 23F3(1,1,1;2,2,2; 2) — T 1Fi(a;2;2),  (E.37)
a

a=1

(b 1 b+1
i) Uosz £ by 1y b2 1 bi2)

sin b 1+
Zl+b

Go(b;z) =

a=1




155

forbe R\Z and z € C\R™.
It remains to calculate a simpler form of G;. To do this we make use of a neat
indentity first derived by Meijer in [50, page 1064].

Gi(b, z) = —zb+1aaz(szo(b, z)). (E.39)

Simply applying this, we find

2 wbl(b) (147 +logz)zb™!

Gi(bz) = =7 - F(1,1+6;2,2 + b;
1(0, 2) b+sin7rb bo 1 oF5(1,1+6;2,2+b; 2)
(7 +log 2)2"*?
- F5(2,2+0;3,34b;
2(b+2) 2 2(7 + y Oy + 72)
Lo+
————3F3(1, 1+ 6,14+ 0;2,2+b,2 + b;
LI b2 240 24 k)
Sb+2 .
+W3F3(2,2+b,2+b;3,3+b,3+b;z)+z Hy(b, z) (E.40)

where Hi(b, z) is a power series containing the harmonic numbers for which, with
similar techniques to that we used for H,, we find
1 d ' '
Hl(b,Z) = bj@ 3F3(Oé,b, b,l,l—i—b,l—l—b, Z) (E41)

a=1

for b # 0.
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