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Description of weak measurements and weak values in the phase
space representation of quantum mechanics

Bryan Renard
Résumé

Les mesures faibles estiment la valeur d’un opérateur sur un systéme quantique tout en min-
imisant la perturbation de I’état, au contraire d’'une mesure forte. Les observations tirées des
mesures faibles avec post-sélection dépendent de nombres complexes appelés valeurs faibles.
Lorsque trés grandes ou complexes, elles sont appelées valeurs faibles anormales et indiquent
un comportement quantique. Afin d’avoir plus d’intuition sur leur sens physique, nous les
décrivons dans 'espace de phase quantique défini en utilisant la distribution de Wigner et la
transformée de Weyl. Nous illustrons le formalisme par une mesure faible de deux oscillateurs
harmoniques couplés. La valeur faible est interprétée comme la moyenne par rapport a un
terme d’interférence entre la pré-sélection et la post-sélection. Le cas particulier de 'opérateur
impulsion est étudié et une interprétation est proposée, par des notions de la littérature. En-
suite, nous transposons le modéle de mesure de von Neumann dans l’espace de phase pour
des mesures fortes et faibles post-sélectionnées. En utilisant le noyau de Stratonovich-Weyl,
nous généralisons par la suite le formalisme de 1’espace de phase & des espaces de configuration
courbes, utiles pour décrire des espaces contraints. Les résultats précédents sont étendus a
cette situation.

MOTS-CLES - Mesure faible - Valeur faible - Espace de phase quantique - Distribution de
Wigner - Espace courbe - Mesure de von Neumann

Abstract

Weak measurements estimate an operator’s value of a quantum system while minimising the
perturbation of the state, contrary to the usual strong measurement. The observations from
weak measurements with post-selection depend on complex numbers called weak values. When
very large or complex, they are called anomalous weak values and indicate a quantum be-
haviour. To get more intuition about their physical meaning, we describe them in the quantum
phase space defined with the Wigner distribution and the Weyl transform. We illustrate the
formalism by a weak measurement of two coupled harmonic oscillators. The weak value is
interpreted as the average value over an interference between pre-selection and post-selection.
The particular case of the momentum operator is studied and an interpretation is proposed,
using notions from the literature. Then, we transpose the von Neumann model of measurement
in phase space for strong and weak post-selected measurements. Using the Stratonovich-Weyl
kernel, we then generalise the phase space formalism to curved configuration spaces, useful to
describe constrained spaces. The previous results are extended to this situation.

KEYWORDS - Weak Measurement - Weak Value - Quantum Phase space - Wigner distri-
bution - Curved space - von Neumann Measurement
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I would like to make a confession which may seem immoral: I do
not believe absolutely in Hilbert space any more.

— John von Neumann
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1 Introduction and Problem Statement

Quantum physics. These two words are quite recent in the scientific language, and are able to
either scare or fascinate any person hearing these words. As Richard Feynman said so rightly,
"I think I can safely say that nobody really understands quantum mechanics”. Indeed, the
quantum behaviour of light and matter at the particle scale is so far away from our classical
intuition that it brings to us many destabilising concepts or the so-called quantum paradoxes.

One of these concepts is the incompatibility. In quantum physics, measuring two non-
commuting observables on the system gives different results depending which one is measured
before the other. A common example is the measurement of the position x and momentum
p of a particle. Another one is the contextuality [I] of quantum mechanics, meaning that a
property of a particle is not intrinsic of the particle but depends of the act of measurement itself.

These problems can be resolved or studied using weak measurements [2, [3, 4], 5]. The idea
of a weak measurement is to measure a property of a system with a very weak efficiency. This
seems useless, since very little information is extracted from such a measurement. However, by
performing a post-selection, i.e. by strongly measuring another property of the system, a con-
ditional measurement is made. This gives additional information from the weak measurement.

Weak measurements depend on weak values [2, 3, 4, [5]. When measuring a given operator,
the associated weak value can exceed the range of the eigenvalues of the operator. This allows
for an amplification effect, experimentally useful to develop ultra-sensitive experiments [6), [7] or
to detect minute phenomena [8]. Moreover, the weak value can be complex, a useful property
to perform quantum tomography easily [9]. Non-commuting observables can also be measured,
for example in the determination of trajectories in a two-slit interferometer [10]. Lastly, weak
measurements are used to study quantum paradoxes [11, 12] and the foundations of quantum
physics [13].

However, weak measurements originate from quantum effects and the physical interpretation
of the experiments and the weak values is tricky. In a projective measurement, the eigenval-
ues of the operator are obtained. But in a weak post-selected measurement, it is a quantity
related to the weak value. It can be very large and it is complex, so the question whether the
weak value gives meaningful information about the property itself is open. Furthermore, the
paradoxes involving weak measurements also evidence the problem of the interpretation of the
weak values (for example in the Cheshire cat paradox [I1] or the three-box paradox [12]).

A possible way to understand weak measurements is to bring their description closer to the
classical intuition. Physical situations in classical physics are often described in phase space
[14]. Each degree of freedom of the system gives an axis of the space, and one point of the
phase space corresponds to one particular state of the system. The most common phase space
is (x,p), to describe for example the trajectory of the pendulum. It is also often used in chaos
theory, since it allows to observe the evolution of a system as a trajectory in phase space [15].

There exists a phase space description of quantum physics, using the notions of Wigner
distribution and Weyl transform [16], 17, [I8]. It is constructed by analogy with concepts of
statistical physics [19]. For a quantum state |¢), it gives a complete description of the (x,p)
distribution instead of ¢ (z) and ¢ (p) separately. The Wigner function is a quasi-probability
distribution, meaning that it can take negative values [10], [I7]. The origin of the negativity is

Bryan Renard - Master’s thesis University of Namur



2 WEAK MEASUREMENTS 2

purely quantum since a negative point in phase space doesn’t make sense in classical physics [20].

The objective is to better understand the process of weak measurement and the concept
of weak values, by describing them in phase space. This might help to understand how the
quantum system evolves in the process of measurement. The concept of phase space is also
generalised to describe weak values and weak measurement in other phase spaces than (z,p),
and this is more specifically applied to a curved space.

More precisely, the weak value is first described in the phase space (z, p), as a function of the
pre-selection and the post-selection. This result is then extended to describe the weak value in a
generalised phase space and in a curved space. In particular, the weak value of the momentum
post-selected on the position is studied. We show that the real part of this weak value is linked
to the notion of probability current and the imaginary part to the osmotic velocity |21, 22].

The von Neumann model of measurement is the framework in which the weak measurement
is usually presented. It gives a continuous description of the measurement process. We describe
this process in phase space, to have the possibility to know the phase space representation of the
states at each step of the measurement. It is done for strong and weak measurements, as well
as post-selected weak measurements. The results are then generalised to curved configuration
spaces, to describe a measurement in constrained spaces. This can be useful in describing the
phase space of a rotation problem or in curved space-time.

The thesis is organised as follows. The two main concepts of the work are first introduced,
in Section 2 for weak measurements and Section 3 for the phase space formalism. In Section
4, the Wigner distribution is generalised and constructed on curved space. Section 5 is then
devoted to the study of weak measurements and weak values in phase space.

2  Weak Measurements

2.1 Projective measurement

The notion of measurement in quantum physics is very different from its classical counterpart.
Indeed, since the birth of quantum physics, it is known that a measurement of any physical
property on a quantum system instantly modifies (projects) the system state. This was observed
experimentally and the scientists carved this property as a postulate of quantum mechanics.

Definition 2.1: Quantum Postulate [23] .

Consider a quantum system &, initially in the state |s), and a physical quantity A to
measure on the system. This quantity is described by a Hermitian operator (observable)
A, with (non-degenerate) eigenvalues a; and eigenvectors |a;) for i =1,...,n.

The measurement of A gives one of the eigenvalues a; with probability P, = | (s|a;) |2

The measurement instantly projects the system state on the eigenvector |a;).

7

In that scenario, the initial state is completely modified and the measurement is complete,
meaning that no additional information about the initial state can be obtained. The measure-

Bryan Renard - Master’s thesis Unwversity of Namur



2 WEAK MEASUREMENTS 3

ment has indeed destroyed it.

This understanding of a quantum measurement can be generalised to a quantum state that
is initially mixed and not pure, using the reduced density matrix p. The eigenvalue a; is then

obtained with probability P, = Tr (ﬂzﬁ) with II; = la;) {(a;| the projection operator on the

corresponding eigenvector. The system state after the measurement is
o Tt
Pproj = —— 7 — N
Tr <Hip)

It is the initial state, projected onto the eigenvector and normalised with respect to the
probability. This process can be generalised for any possible measurement described by positive-
operator valued measures (POVM) [24]. A POVM is usually incomplete, meaning that the
resulting state might still depend on the initial state. An example is a weak measurement.

(2.1)

2.2 Motivation of weak measurements

A measurement in the usual quantum theory is a discontinuous process, the projection being in-
stantaneous. In classical physics, it is rare to have truly discontinuous phenomena, if described
as such, it usually means that an underlying continuous description exists. For example, switch-
ing on and off a generator might be considered as instantaneous in the time scale chosen. The
charge and electric field in a pn junction are also not as discontinuous as described in textbooks.

The same reasoning might putatively be applied to the projection occurring in a quantum
measurement. We could ask if the discontinuity comes from the use of a measurement device
treated classically. The measurement apparatus is not taken into account in the usual descrip-
tion, but it would make sense to add it in the formalism with a given interaction with the
system. Moreover, it is also assumed that the measurement is made with maximum accuracy.

A better description of the measurement process comes from the von Neumann model |4}, [5].
This scheme takes into account the measurement device and its coupling with the initial state.
It depends on the way the meter and the system interact and the strength of their interaction.
The time during which the two parts evolve together is also taken into account. This quantum
treatment gives an entanglement between the two subsystems but a projection is still necessary,
in the end, to select one of the possibilities of the superposition.

Any usual projective measurement can be described in this scheme. Moreover, a more inter-
esting behaviour appears when considering a weak coupling between the system and the meter.
In this case, the information extracted from the system is small but its state is only slightly
perturbed instead of the projection onto the corresponding eigenvector. This is the basis of
a weak measurement [2 B3, 4], [5]. Performing it in a clever way, with pre- and post-selection,
allows to gather meaningful information about the system while keeping it largely undisturbed
(before post-selection). The advantage of a slight perturbation of the state is that it leads to
the possibility to measure non-commuting observables (usually not possible in a strong mea-
surement). This property is for example used to determine the average trajectories of photons
in a two-slit interferometer [10].

Bryan Renard - Master’s thesis Unwversity of Namur



2 WEAK MEASUREMENTS 4

More precisely, a post-selected weak measurement of an operator A depends on a weak
value [2, Bl 4, B]. As we shall see, this quantity can exceed the range of the eigenvalues of the
operator or be complex; it is then called an anomalous weak value. The amplification effect,
appearing for large weak values, is used in experiments to detect minute phenomena such as the
spin Hall effect 8] or to design very sensitive experiments [0l [7]. Complex weak values allow to
perform quantum tomography of states [9]. Paradoxical behaviours can also be studied (three-
box paradox [12], Cheshire cat paradox [II], pigeonhole paradox [25]). Weak measurements
provide insight into the foundations of quantum physics. Anomalous weak values manifest for
example the contextuality of quantum mechanics [13].

2.3 von Neumann model of measurement

The von Neumann model inserts the influence of the measurement apparatus in the quantum
formalism [4, 5]. Consider the system S and the meter M. The objective is to entangle the two
in order to correlate the measure of the operator A on the system and the readout performed
on the meter. We assume that the system and the meter interact from ¢t =0tot="1T.

Proposition 2.1: von Neumann measurement [3, 4, 5]

Consider the initial system state [¢;) and the initial meter state |¢). The interaction
couples the system operator A with the momentum meter operator p through

I:Iint = g(t)A ® ]57

with a coupling ¢(¢) depending on time and equal to zero out of the range [0,7]. The
total coupling strength is v = fOT g(t)dt and [1;) = >, a; |a;) so that the final joint state
1s

vy = / dola) Y aple —1ai) oo

Proof. The total Hamiltonian describing the evolution of the state and the meter is
H = Hg+ Hy + Hypy (2.2)

The Hamiltonians Hg and Hy, give the free evolution of the system and the meter, respec-
tively. After the weak measurement, the readout of the meter is done. The free evolution of the
system is therefore not important, as long as the property A of the system doesn’t change with
time. The Hamiltonian Hg is consequently neglected. The evolution of the meter is also not
taken into account. It could be considered through time-dependant operators in the Heisenberg
representation but in the limit of a short interaction time, it is negligible [4] [5].

The evolution of the system is therefore directed by the unitary operator

A~

07 = i lo Hit — =3 g Hine(Wdt _ ,—7 [q 9@®)dtAcp _ —pvA®p (2.3)
The joint state |¥) after the interaction of the system [¢;) and the meter |¢) is

) = U (lvn) ®[¢)) (2:4)

Bryan Renard - Master’s thesis Unwversity of Namur



2 WEAK MEASUREMENTS 5

The eigenvectors |a;) of the operator A form a basis of the system state. The initial state
|1;) is written in this basis,

lh;) = Za la;) . (2.5)

Therefore, the joint state after the application of the evolution operator is

) =08 (Sl ) 10 = Db

In the x basis of the meter, we get a shift of the pointer state,

ai) @ |P) . (2.6)

) = / da |z) (W) = / drfw) 3 cse” () ai) = / de ) D aid(x = yai) lai) (27)

by the definition of the translation operator. m

This theorem shows that the joint state after the interaction is in a quantum superposition.
Thus the meter and system are entangled. Coupling the meter and the system yields a shift in
the x coordinate of the meter state, directly proportional to the eigenvalues of A.

Consider that the meter ¢(z) is initially in the ground state of a harmonic oscillator,

o(x) = ——=——=€ 257, (2.8)

It is the square root of a Gaussian distribution centered in z = 0 and of deviation %0’. If v

is large with respect to the deviation, as illustrated in Figure (a), the Gaussian distributions
do not overlap. This figure shows the distribution of probability of the meter measurement, de-
pending on the position x. The experimenter can clearly identify each one of the distributions.
Since the link between the Gaussian distributions and the eigenvalues is clear, the experi-
menter can know the eigenvalue obtained. The system state is projected on the corresponding
eigenvector, it is a strong measurement. However, if v is small, there is overlap between the
distributions, as illustrated in Figure [I(b). The distribution of probability is shown with the
red line. The experimenter cannot identify the different Gaussians. The system state is not
projected on a single eigenvector but on a mixture of the eigenvectors corresponding to the pos-
sible eigenvalues. We have what is called a weak measurement (without post-selection). Note
that in practice, a weak measurement is such that the Gaussians of Figure [I[b) are completely
merged and only the average value can be obtained. The representation corresponds to an
intermediate measurement but is useful to show the idea.

If the coupling strength goes to zero, then the meter is nearly unmodified and the system
is also barely disturbed. But as the coupling grows, the perturbation grows as well. A good
condition to decide that a measurement is strong is, for a Gaussian distribution,

VAa > o?, (2.9)

with Aa the minimal distance between the eigenvalues of A [4].

Bryan Renard - Master’s thesis Unwversity of Namur



2 WEAK MEASUREMENTS 6

Strong measurement superposition Weak measurement superposition

I o p(x-va)
DA d)(x—wai)

_

R, 7, 13 T S T T

A,

Figure 1: Overlap of Gaussian distributions. (a) In the strong measurement case. (b) In the
weak measurement case. The red line is the sum of the individual Gaussians.

2.3.1 Example: Stern-Gerlach Experiment

The Stern-Gerlach experiment is an experiment used to measure the spin. A particle is sent
through a magnet creating a magnetic field B oriented in the z direction. The interaction
Hamiltonian is [20]

A

z

Hint = U Oz

5. ® 2. (2.10)

with p the magnetic moment. The system is the spin, the meter is the profile of the beam and
the observable is A = 7. For a sufficiently strongly varying magnetic field, the two eigenvalues
of the spin operator (£1) are clearly separated and two beams are detected on the screen.

2.3.2 Example: Coupled Harmonic Oscillators

Another example is a bi-dimensional harmonic oscillator. Contrary to the previous example,
the two Hilbert spaces (system and meter) are continuous. The corresponding Hamiltonian is
52 52
S el 1
H ="+ “mwi(2* + C9*). 2.11
B (@ + O (211)
The two oscillators are decoupled. A magnetic field is applied to couple them through the
orbital momentum operator L,. The Hamiltonian becomes
S RN
A -+ 1 R R ~
g=lel + —mwi(2* 4+ CP*) — aB(t)L.. (2.12)
2m 2
The additional term is the Hamiltonian of interaction. The operator is L, = Dy T — Y R Py,
so the interaction Hamiltonian is

Hini = —aB(t)L, = —aB(t)(py, ® & — § @ pp) = aB(t)) @ pr — aB(t)p, @ Z. (2.13)

The total coupling strength is v = fOT aB(t)dt. For a constant magnetic field during a finite
time T, the coupling strength is v = aBT. We consider that the oscillator in the x direction is

Bryan Renard - Master’s thesis Unwversity of Namur



2 WEAK MEASUREMENTS 7

the meter and the oscillator in the y direction is the system to probe. The coupling is slightly
different than the one used in Proposition because the observable z is also coupled with
the system. This part of the coupling will give a shift of the p, coordinate of the meter. This
example will be used throughout the thesis to illustrate the concepts.

2.4 Weak post-selected measurement and weak value

Performing a weak measurement doesn’t allow to extract much interesting information except
the average value. However, there is a way to extract much more from a weak measurement, by
performing a post-selection on the system after the weak interaction with the meter [2 3] 14, [5].
This post-selection consists of making a final projective measurement of another operator and
consider only one of the results. The others are discarded. The different steps of the mea-
surement are summarized on Figure 2 The pre-selection is the choice of the initial state of
the system, as is often done experimentally. The interaction, assumed to be weak, evolves the
states according to the Hamiltonian. The post-selection is then performed. The correlated
readout of the meter is done in parallel to measure the result of the experiment.

Pre-selection Post-selection

System

Interaction

Readout

Meter

Figure 2: Steps of a weak measurement with pre- and post-selection.

The observations in a post-selected weak experiment depend on the weak value.

J

Definition 2.2: Weak Value [3, 4, 5]

Let [¢;) and |¢f) be the pre- and post-selected states of the weak measurement, respec-
tively. The system’s observable to measure is A. The weak value is defined as

(Wy| A )
Ay = ——7—".
(V5|9

\. J

It is a complex number. The meter in a post-selected weak measurement is shifted by a
quantity determined from this value, according to the von Neumann model.

Proposition 2.2: Weak post-selected von Neumann measurement [3, 4, 5]

Consider the initial system state |¢);) and the initial meter state |¢). The post-selected
system state is |¢)7). The interaction couples the system operator A with the momentum
meter operator p through R )

Hint = g<t)A ® ﬁ?

with a coupling ¢(¢) depending on time and equal to zero out of the range [0,7]. The

Bryan Renard - Master’s thesis University of Namur



2 WEAK MEASUREMENTS 8

total weak coupling strength is v = fOT g(t)dt. The final post-selected joint state is

[W5) = [95) (s [0) = [37) (s lhi) e”lm(A”)ﬁ/dl‘ |) ¢(z — 7 Re(Ay)).

7

Proof. The beginning of the proof is similar to Proposition 2.1, The post-selected joint state is

05) = [g) (s W) = [abr) (sl e 87452 (Jain) @ |)) (2.14)
The coupling strength is small so the evolution operator is approximated to the first order,
e~ #7A®D o ] %721 ® P, (2.15)

so that

l

(sl (1= §rA® ) 16) = shond = 5 (sl Al = turlon) (1-

l

Aup | - 2.1

The weak value appears. By applying again the first-order approximation of the exponential
in reverse, we get

195 o) ) (1= vu) 1) = o (ol 00 1) (217
= 167) ekt e [ dzle) o (218)

= 10) (0loe) e84 [ o) bl — 3 Re(A). (219)

]

This means that applying the post-selection after the weak measurement shifts the x coor-
dinate of the apparatus function in proportion to the real part of the weak value. A shift in the
momentum p of the meter is also produced, depending on the real and imaginary parts, as is
shown later in Proposition 2.3] For some applications, a weak measurement is used because an
amplification effect can appear. Indeed, choosing Re(A,,) large allows to get a greater shift of
the meter. To achieve this, the pre- and post-selections are typically chosen nearly orthogonal.
Indeed, the denominator of the weak value becomes very small in that case. This creates the
amplification effect, allowing to see a shift of the meter much larger than the range of eigen-
values of the operator A. Some tiny effects, usually too small to be detected, can therefore be
detected using weak measurements [0, [7, [§].

However, the probability of observing a result is approximately

P = | (Wylea) I (2.20)

For an amplification experiment, with nearly orthogonal initial and final states, it is a very
small number. In order to determine the weak value in an experiment, it is therefore necessary
to have enough data to observe the Gaussian distribution ¢(x — vy Re(A,)), so the experiment
needs to be reproduced identically a large number of times. The distribution is then averaged

Bryan Renard - Master’s thesis Unwversity of Namur



2 WEAK MEASUREMENTS 9

Weak measurement with post-selection

p(x-7A,)

“/531 7532 Vsa3 Vsa4 7sa5 Tw Aw

Figure 3: Shift of the Gaussian distribution for a post-selected weak measurement (coupling
strength 7,,) (red). It is compared to a strong measurement (coupling strength v, > 7,,) (blue).

to obtain the weak value. A representation is given in Figure Compared to the range of
eigenvalues, the shift in a weak measurement can be much greater. However, the height of the
Gaussian is very small and to detect it, the experiment is repeated numerous times.

As said before, for a complex weak value, a shift appears in both the x and p coordinates.
To prove this, the following lemma is useful.

Lemma 2.1: Average value of the meter [3, 27]

Let |¢;) and |1s) be the pre- and post-selected states of the weak measurement, respec-
tively. The initial meter state is |¢). The interaction couples the system operator A with
the momentum meter operator p through

ﬁint = g(t)A ®I§a

with a coupling ¢(¢) depending on time and equal to zero out of the range [0,7]. The
total weak coupling strength is v = fOT g(t)dt. The post-selected joint state is

U5) = [by) (gl e F7A9 (|yy) @ |9)) -

For any observable M on the meter space, the average value in the post-selected state is

(U1, ® M |y)

= (6] V0 16) + 7 Re(Au) (9] [p, M1 ) + 2 Tm(Au) (6] {5, M1} |}

(W;]%;)
2 - .
= 3 7Im(Au) (9| M |¢) (4] D |¢) -
Proof. The objective is to evaluate the normalised average value % of any operator

M acting on the meter Hilbert space. From the proof of Proposition the post-selected joint
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state |U;), for a weak coupling strength +, is approximately equal to

195) = s} o) (1= v ) 1. (2.21)
Therefore, the denominator to the first order in ~ is
(W) = oyl st o] (14 %ﬂm) (1= f4a8) 10 (2.22)
— o it P ((06) - 3ru 01916 + A @ipl)) . (229)
and the numerator is
(0180 N 195) = (s} o) P ol 1+ %ﬂwﬁ) vi(1-ga) e e
= (sl (st P ((613116) = it 6] NIP10) + 52780 019N 16))

(2.25)

so that . ) . , . - -
(110 M 18 _ (@1116) = o (0 Mplo) + A 015N 1) )0

(W) {0l0) — fvAw (8l D1e) + v Au (6l 5 |6)
We assume that the initial meter state is normalised, (¢|¢) = 1. The approximation - =
1 4 z is used to obtain
(W] 1 @ M |0y)
(W5 195)

= (6] M1 16) — 77w (8| NI16) + 1772 (6] 51|}

+ 214 = ) (6] 1 16) (61516) (2:27)
The weak value is decomposed as A, = a + b to get

Wi, MY;) - i - 1 - 2 . .
’ (05 5) = (@l M |@) +57a (@l [p, M] |6) + 7 (9 {p, M} 6) — 27D (8] M |9) (6] P 6) -

(2.28)
Using the definition of the commutator and the anti-commutator gives the result. O

The lemma points out that the average value of the meter observable M (such as & or
p) after interaction and post-selection is the initial average value shifted by a quantity pro-
portional to both the real and imaginary part of the weak value and to the commutator and
anti-commutator of M with p. More particularly, the shift for M=% and M = p is studied.

Proposition 2.3: Shifts for a complex weak value [3, 27]

Let |¢;) and |1)f) be the pre- and post-selected states of the weak measurement, respec-
tively. The initial meter state is |¢). The interaction couples the system operator A with
the momentum meter operator p through

Hint = g(t)A ®]§7
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with a coupling ¢(t) depending on time and equal to zero out of the range [0, 7]. The
total weak coupling strength is v = fOT g(t)dt. The post-selected joint state is

05) = |7) (sl 4% (|9) @ |9)) .
The average value of the meter observable 7 is

(0,1, ® 2 |0;)
(W;|¥;)

d Var,(Z)
dt

= (912 16) +7Re(A4u) + 77 Im(A,)

and the shift for the meter observable p is

(U1, @p|Vy)
(W5|Wy)

= (61510} + 27 Tm(A,) Vary(5).

Proof. First, the shift in p is obtained by using Lemma directly, writing A, = a + b,

(U1, ®@p|0y)
(Wy|Wy)

= (01916) + 29 (61 7*16) — 20 ({91P16)* = {61 16) + 2bVary(5) (2:29)

The shift in Z is obtained in the same way, using the Lemma The commutator [p, z] =
—ih appears in the formula, as well as the anti-commutator {p,z}. The average value of p is
also present. To obtain a shift depending only on 2, these two quantities need to be calculated.
This is done using the Heisenberg equation of motion to get

dz. _ p di? _ pT + TP (2.30)

dt m’ dt m

so the average value of the position operator is

(U1, @2 |0;)

= (61 216) + 77001 [5,116) + 390 (6] {5, 2} 6) — 261 216) (6| pl6)) (231

(W]0;)
= (@216 + 0+ o (m T o 210 LTI (2.32)
dV. %
= (9| |¢) +va + %75%@)_ (2.33)
Il

The shift in the position of the meter is proportional to both the real and the imaginary
parts of the weak value. Moreover, it also depends on the variance of the initial distribution in
2. The shift in the momentum of the meter is proportional to the imaginary part of the weak
value as well as to the variance of the distribution of p.

2.4.1 Conclusion - Importance of weak measurements

Weak measurements have four important advantages:

1. They produce an amplification of the shift of the meter compared to a strong measure-
ment. This allows the detection of very tiny effects, such as the spin Hall effect of light
[8] (see example below).
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2. They keep the original system state mostly unperturbed. This allows to measure incom-
patible observables, or physical properties impossible to measure with a strong measure-
ment, such as the trajectories of photons in a two-slit interferometer [10] (see example
below).

3. They allow to probe paradoxical effects such as the three-box paradox [12] or the Cheshire
cat paradox [I1]. This gives insights into the foundations of quantum physics.

4. They are complex, and both the real and imaginary parts can be measured. This allows to
perform direct tomography of quantum states [9] and determining their real and imaginary
parts effectively by measuring an adequate weak value.

2.4.2 Example: Stern-Gerlach Experiment

The Stern-Gerlach experiment is the original example of weak measurement proposed by
Aharonov in [26]. The experiment is the same as in Section [2.3.1] with a weak magnetic
field and additional pre-selection and post-selection. The beam is prepared with its spin ori-
ented |1¢) in the direction £ at an angle o with respect to the x axis (pre-selection). The weak
measurement is performed in the z direction by a first magnet and a second one does a strong
measurement of the spin in the x direction, &,. Only the eigenvalue +1 is kept (post-selection).
The experiment is represented in Figure [dl The weak value is

= (ol 0: [te) = tan %. (2.34)

7 T )

The coupling is made with the Z operator of the beam, so a shift of p, is observed after the
post-selection,

op. = 1 P tan —. (2.35)

Figure 4: Experimental device for a post-selected weak measurement of the spin along the z
direction. [26]

2.4.3 Example: Weakly Coupled Harmonic Oscillators
Consider the previous example of Section The interaction Hamiltonian is

~

Hit = aBy ® p, — aBp, @ T. (2.36)
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To the first order in v = aBT, the two coupling terms are applied successively and no
superposition of the two couplings is taken into account. The first term of the coupling gives
the weak value of the operator y and the second term gives the weak value of the operator p,,

S (T TN L (VM /%)

Consider the initial meter state ¢ as the ground state of the harmonic oscillator in the z
direction and its Fourier transform (see Appendix B),

2 2 2
1 €L \/O‘m _Pzom

¢ ) = 6_20,,2717 ¢ De) = e 2n? | 2.38
@)= g ()= S (239
with o2 = -2 It is the square root of a Gaussian distribution of deviation % From

Proposition @j a shift is present in both meter distributions, depending on the two weak
values. To the first order, the shift corresponding to the two couplings is the sum of the two
individual shifts. Therefore, the shift of the x distribution considering the two weak values is

m dafn 1 9
1) (x — v Re(yw) — 77 Im(yw)w + o7 Im(pyw)am> ; (2.39)
and for the p distribution,
1 h? m d h?
— —~1 — —~1 — . 2.4
) (px T m(yw)agn + v Re(pyw) + o m(pyw)dt U?n) (2.40)

The parameter o, is constant, so the two derivatives are equal to zero. To calculate the
weak values, assume that the pre-selected state is the ground state 1y of the harmonic oscillator
in the y direction,

L i 2.41
= e 29, .
V/T\/Ts (241)
with 02 = G TZWO The post-selected state is taken as a superposition of the ground state and the
first excited state of the harmonic oscillator,

Vi(y) = arbo(y) + (1 — )i (y), (2.42)

depending on a parameter a € R (Figure . It is not normalised, but the normalisation factor
cancel in the weak value so it is not taken into account. The first excited state ¢ (y) is

Vi(y) = Yo(y)

1 2y - y22
— =€ 25, 2.43
v\ o, crs6 (2.43)

Both states are normalised, (¢g|1)g) = (¢1|t1) = 1 and they are orthogonal to each other,
(¢1]1hg) = 0. The parameter o controls the orthogonality between the pre-selection and the
post-selection,

P1(y) =

(thrlthi) = (o (ol + (1 — @) (¢1]) [o) = a. (2.44)
The weak values y,, and p,,, are calculated in Appendix C and are equal to

(1—a)os (1 —a)h

- ’ L, = A Y 2.45
y a\/g py OZ\/éO'S ( )
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The weak value y,, is real while py,, is purely imaginary. Assuming that o, and o, are
constant in time, the shift of the meter is

(1—a)os (1—a) ,
gb(az—fy 2 +’Y2Oé\/§O'SO-m> (2.46)

and represented in Figure [0 For « close to 1, the distribution is slightly shifted. However, for
a close to 0, the distribution is largely shifted. Indeed, a small « gives pre- and post-selected
states more orthogonal to each other, leading to the amplification effect of weak values. The
p coordinate of the meter (equation depends on the imaginary part of y, and the real
part of p,,,. They are zero, so the distribution is not shifted. Note that the experimenter can
isolate one part of the total shift or the other by selecting the parameters o, and o,. Indeed,
if oy > 0,,, the first shift is predominant and if oy < 7,,, then the second shift is measured.

08

06

0.8 1 1 1 1 1 1 1 1 1

Figure 5: Representation of the final state 1)y (non normalised) as a function of the parameter
a. The parameter varies the proximity to the ground state vy or the first excited state ;.

Figure 6: Shift of the meter state for a weak post-selected measurement. Each color is associated
to a different parameter «, controlling the orthogonality between the pre- and the post-selection.

2.5 Applications

Weak measurements, more than a theoretical phenomenon, have been observed experimentally.
Even if their interpretation is still subject to caution, their existence and usefulness is unde-
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niable. Experimenters are now able to use them at their advantage, and the two following
examples illustrate the experimental use of weak measurements.

2.5.1 Spin Hall effect of light

The spin Hall effect of light arises when a beam passes through an interface, typically air-
glass for example. The initial beam, assumed to be linearly polarised, is split into two slightly
displaced beams. They are respectively left- and right-circularly polarised. The phenomenon
originates from the spin-orbit interaction and is illustrated in Figure [7a] The shift is only of a
fraction of the wavelength. For a He-Ne laser beam, for example, the shift can be of the order
of 10 nm. Experimentally, such a small shift is very complex to detect.

Weak measurements, by their amplification properties, allow to put into evidence the shift
[8]. Indeed, the spin Hall effect amounts to a weak measurement of the spin component along
the z direction, 6,. The evolution is given by e*i‘S&Z’%y, with l%y the transverse momentum and
0 the shift of the beams from the spin Hall effect of light.

The meter is the transverse mode and the system is the polarisation of the light beam. The
simplified experimental setup is shown in Figure [7b| with polarisers performing the pre- and
post-selections. The pre-selection is the horizontal polarisation state |H), and the post-selection
is a nearly vertical state |V + A), with A the angular distance to the exact vertical state and
the perpendicularity of the pre- and post-selection. Expressed in the terms of the basis states

[+) = 2 and |—-) = HEM of 5 it s
1
i) = |H) = ﬁ(|+> +1=)); (2.47)
V) = [V £ A) = —ie™2 |+) +ie¥2 ), (2.48)

They are nearly orthogonal, to have a great amplification effect. Indeed, the weak value is

Wilos ) eFd 4 exid
<¢f’¢z> e:tzA _ e$zA

For A close to zero, the weak value is big. The shift in the meter is given by (o),
so measuring this shift, big enough to be detected because of the weak value amplification,
allows to recover the strength 0 of the coupling. The shift coming from the spin Hall effect of
light is therefore measured. This experiment increases the effect by an order of 10* [§]. The
experimental results are quite close to the theoretical expectations.

(02)w = = +icot A. (2.49)

2.5.2 Trajectories in a two-slit interferometer

The two-slit interferometer is a well-known experiment evidencing the wave propagation of light
as well as its particle behaviour. The principle of the experiment is simple. A beam is sent
through a plate with two parallel slits. The light goes through and an interference pattern is
observed on a screen behind the slits. The interference shows that the light propagates like
a wave. However, the experiment can be made photon by photon, detected individually on
the screen, evidencing the particle aspect of light. The experiment therefore shows the wave-
particle duality of light. Moreover, if one put a sensor at the slit exits, then the interference
pattern disappears. Indeed, the measurement projects the state of the photon.
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Detector

Polarizers

(a) Spin Hall effect at an air-glass interface. (b) Experimental setup to highlight the spin Hall ef-
The initial beam is splitted into two slightly fect of light [2]. Polarisers perform the pre- and post-
shifted ones with orthogonal polarisation. [8] selections, and the effect takes place in the prism. [2]

Figure 7: Quantum spin Hall effect of light

However, weak measurements only slightly disturb the initial state, so they could be used
to determine the average trajectory of a photon from the slits to the screen [I0]. The system is
the transverse mode of the beam and the meter is the polarisation. In this way, the weak value
of the transverse momentum k, is measured at a given distance from the slits. The average
trajectory is then extrapolated, according to the weak value, up to a slightly further distance
from the slits where the measurement is performed again. By this process, the average trajec-
tories of the photons can be obtained.

The Hamiltonian of interaction is Hipy = vk, S with S = YIH) (H| = V) (V]) = 26. acting
on the polarisation. The shift will appear on the phase of the state. The initial system state
is the wavefunction itself, |¢;) = [1patn), and the post-selection is performed on |1)f) = |zf), a
given position in the experiment. The phase is shifted by an amount proportional to (k,), and
this can be measured to reconstruct the trajectories.

The result of the experiment is given in Figure [8| The computed average trajectories are
shown. The interference pattern is clearly visible at the end, and it seems that the upper
(bottom) part of the photons on the screen only comes from the upper (bottom) slit. This is
interesting because the trajectories observed correspond to those expected from the de Broglie-
Bohm interpretation of quantum physics. This interpretation gives back a localised position to
any quantum particle but the movement of the particle is dictated by a pilot wave. This is a
non-local deterministic (but statistical) theory, still subject to a lot of debate.

Interference pattem ¢ o

o

Plate with slits

0 4000 5000 6000 7000 8000
Distance past slits (mm)

Figure 8: Two-slit interferometer and the trajectories measured using weak measurements. [2§]
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3 Phase Space Formalism

3.1 Motivation

The Heisenberg and Schrodinger formulations of quantum mechanics are very efficient and are
widely used since the beginning of quantum physics to describe the mathematics surrounding
the theory. However, physically understanding the meaning of the different objects of the the-
ory is complex. Indeed, the theory describes wavefunctions defined in a Hilbert space, on which
act Hermitian operators [23]. These notions are far away from our classical R?® world.

One of the main problems comes from the uncertainty principle for x and p,
AzAp ~ h. (3.1)
This relation states that no one can know with infinite precision the two variables simulta-
neously [23]. This translates in the mathematical formalism, where for a given state [¢), the

x representation ¢ (z) or the p representation ¢)(p) can be known, but never both simultaneously.

On another side, classical mechanics is generally described in phase space.

Definition 3.1: Phase space [15]

Consider a physical system presenting n degrees of freedom. The associated phase space
is a space of dimension n, where each degree of freedom is represented as an axis. Every
possible state of the system is a point in the phase space.

For example, chaotic systems, planetary orbits or oscillators are usually represented and
studied using phase spaces [15]. Indeed, these examples often only have the position and mo-
mentum as degrees of freedom, giving the phase space (x, p).

Quantum mechanics exposes many puzzling behaviours, and is complex to understand.
Therefore, having a quantum phase space description would get us closer to the common clas-
sical sense. This can bring new insights in the theory. To this aim, physicists developed such
a quantum phase space using quasi-probability distributions [29].

The idea lying behind their definition comes from statistical physics and the notion of
ensemble averages [19]. A statistical ensemble is defined by a probability density, P.(z,p),
acting on the phase space of the system. It is normalised, [| Py(z,p) =1, and always positive.
The average value of a property Ay(z,p) is computed as

(A) = // Au(z, p) Pl p)dadp. (3.2)

The property is evaluated at every point of the phase space, depending on the probability
that the system is in the given (x,p) state, to get the average value. We want a similar
construction to hold in quantum physics. This means that we have to define some "probability
distribution" P,,an¢(x, p) such that, for an observable A on the system,

<A> = ﬂAquant(x7p)Pquant(x,p)dl’dp. (33)
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The factor Agyant(x, p) needs to be carefully defined and the distribution as well. The prob-
ability distribution describes the system in the phase space.

A great advantage is that it is much easier to compare classical and quantum physics, as
well as the transition between the two regimes. However, the quantum behaviour comes out at
some point and some properties of the probability distributions have to be relaxed. The passage
from quantum observables to classical functions is also not straightforward and different ways
of making it exist, giving different yet perfectly valid phase space descriptions of the system.
In this work, we will more particularly focus on the most common, the Wigner distribution.

3.2 Wigner distribution and Weyl transform

The Wigner distribution, for a given state p, represents the state in the phase space (x,p).

Definition 3.2: Wigner distribution [16, 17, 18, 19]

For a quantum state p, the Wigner distribution is

For a pure state, the density operator is p = [¢) (1| so the Wigner function becomes

1 i
W)= [ imo (s 5) v (o= 5)an (3.4)
h 2 2
On the contrary, a mixed state is written as
p=D_ Pl (0, (3.5)
J

with P; being the probability linked to the pure state |¢);). By linearity, the Wigner function is

W%MzZ%%@m (3.6)

and is therefore the weighted sum of the Wigner distribution of each of the states [1;) composing
the mixed state. An equivalent writing of the distribution depending on the p basis exist,

W(z,p) = %/eéw <p—|—g‘[)’p—g>du. (3.7)
It can also be noted that the wavefunction is found back from the Wigner distribution by
vle) = [ W (500) el (3.8)
¥ (0) 2
where the prefactor —2— is determined by the normalisation condition.

¥*(0)

We have a description of a quantum state in phase space. To get a complete phase space
description of quantum physics, we also need to define the equivalent of an operator in phase
space. This is done using the Weyl transform.
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Definition 3.3: Weyl Transform [16, 18, 19]

For any operator A acting on the Hilbert space, the phase space equivalent fl(sc, p) is the
Weyl transform of A,

A(z,p) = /e_;py <:v + %‘ A ‘x — %> dy.

The Wigner function can be rewritten using the Weyl transform. Indeed, it is proportional
to the Weyl transform of the density operator p,

Wiep) =L (3.9)

For any operator A, the average value can be calculated as in statistical physics, with the
Wigner distribution W (z, p) acting like a probability distribution and A(x,p) as the represen-
tation of the operator A in phase space. To show this, the following lemma is necessary.

Lemma 3.1: Trace property of the Weyl transform [16, 17, 18]

For any operators A and B , the following relation holds:

Tr AB // x,p)B(x, p)dzdp.

Proof. 1t is straightforward to show it using the definition of the Weyl transform. The relation
L [e®/"dp = §(y) is used to go from the first to the second line

// (x,p)B xpdxdp— ////e PYe~ ﬁpy +%Ax—g><x+%3x %>dmdpdydy
(3.10)
y Y| £ y

Y Y v v 1
/// (y+y) 2 2><£L‘—|- 5 Blx 2>dxdydy (3.11)

_ [ _¥ _Y B y
—// x+2Ax 2><x 2Baz7—|—2>dacaly (3.12)
://(u+y|fl|u)(u|3|u+y)dudy u:x—g (3.13)

://<U|A|u> (W Blo)dudv v =1u+y (3.14)
_ / (v ABv) dv = Tx (AB). (3.15)

_ This lemma is used to compute the average value of any operator fl, from its Weyl transform
A(z,p) in phase space.

Tt will be used in multiple proofs of the thesis
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Proposition 3.1: Average value [16, 17, 18]

For any operator fl, the average value of Ain phase space is

) = [ Wa.p)Aw,p)dsdp

\. .

Proof. From Lemma and the writing of the Wigner distribution of the Weyl transform of p
(Equation (3.9))), we find

// W(a, p)A(z, p)dadp — // g,fx(x, p)dedp = Tr(pA) = (4). (3.16)

]

As will be detailed later, the Wigner distribution is not the only distribution able to describe
the quantum state in phase space. However, it has interesting properties that distinguish it
from the other distributions and make it the most studied one in literature. More precisely, it
always gives the correct marginals over x and p and it is real. The other distributions do not
necessarily have these properties.

Proposition 3.2: Properties of the Wigner distribution [16, 17, 18]

The Wigner distribution

1. gives the correct marginal distributions of z and p,

/Wmm@:mmwzwm% /ﬁwwwzmmmzwm%

//W(x,p)dxdp =1;

2. is normalised,

3. is real;
4. can take negative values.

The Wigner distribution is therefore a quasi-probability, differing from a classical prob-
ability because of the negative values that it can take.

The proof is given in Appendix D. Each point is proven using the definition of the Wigner
distribution.

An important feature of the Wigner distribution is its translation property. The displace-
ment of the quantum state ¢ (z) to ¢¥(x — b) changes W (z,p) to W(xz — b,p) in phase space,
and equivalently for the momentum coordinate.

Lastly, an equivalent of the Schrédinger equation is defined. It gives the time evolution of
the Wigner distribution in phase space.
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Proposition 3.3: Time evolution in phase space [16, 17, 19, 30]

The evolution of the Wigner distribution in phase space is given by the differential equa-
tion

W2, S gy L () I ()

ot m  Ox — (2s+ 1) \ 2 dz2+1 \ dp

for a potential U(z) acting on the system.

This equation describes how the Wigner distribution evolves in time in the phase space.
This is a quite complex differential equation, it is therefore often more practical to study the
evolution using the Schrodinger equation and then compute the Wigner distribution of the
resulting state.

3.2.1 Example: Harmonic Oscillator

Consider a harmonic oscillator. The ground state and the first excited states are

1 22 1 2 22
%(33) = W67ﬁ7 ¢1($) = %\/256%2, (317)

with o = % The Wigner distribution of the ground state is, using the Appendix A,

1 i
Wo(z,p) = E/e_ﬁpy <$ + %)¢0> <¢0‘$ - %> dy (3.18)
1 ; 1 @+5)° 1 (=-9*
_ = —ipy T T 202 3.19
N o
1 i 244 1 o2 i 2
= haﬁ/e_hpye_ = dy = hgﬁe_o?/e_hpye_w?dy (3.20)
I 2 _pPe? 2 a2 pP?
= ha\/7_re 220\/me” a2 = e Ze w2, (3.21)

The Wigner distribution of the first excited state can be calculated in the same way and is

2 o*p? 2P 22 _pPo>
Wilz,p) = - —-1+2—+2— | e e 7. 3.22
1( p) h ( hZ 0_2 ( )

The two distributions are represented in the upper part of Figure[9} The ground state of the
harmonic oscillator, on the left, is of minimal uncertainty. It is therefore the "most classical"
state we can have, called a coherent state. The first excited state, on the right, is not a coherent
state. There is clearly some quantum behaviour visible from the negative part.

The two lower figures are pure and mixed states constructed from two displaced ground
states of the harmonic oscillator. For the mixed state W,,izea(, p), the Wigner distribution of
the two shifted ground states of the harmonic oscillator are summed,

Winea 2 p) = % (Wl — a,p) + Wolz + a,p)), (3.23)

with a the shift considered. The resulting state is mixed. Indeed, it is the Wigner distribution
of the sum of two density operators, resulting in a mixed state in most cases. The two parts
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Figure 9: Representation of Wigner functions. On the up left is the Wigner function of the
ground state of the harmonic oscillator. On the up right is the Wigner function of the first
excited state of the harmonic oscillator. On the bottom left is the Wigner function of a mixed
state (a classical statistical distribution of the two states) and the one from a pure state is given
on the bottom right. The pure state corresponds to the superposition of the two parts of the
mixed state.

visible correspond to two coherent states, constructed from a shift of the initial ground state.
They are both of minimal uncertainty. They evolve during time by describing an ellipse in
phase space. This corresponds to the movement of a classical harmonic oscillator with the
minimal quantum uncertainty.

In the pure case Wyyre(,p), the two shifted wavefunctions ¢o(x — a) and ¢o(x + a) are
added, normalised and the associated Wigner function is shown,

Woure(,9) = WL (o o—a)rgo (a-+ay) (€ P)- (3.24)

The total wavefunction is pure. The resulting Wigner distribution is very different from the
mixed one and exhibits non-classical behaviour, it is not a coherent state. It is clearly visible
in the middle of the distribution, resulting from the coupling between the two states. The
Wigner distribution takes negative values and this feature is essential in describing quantum
superposition [20]. Indeed, in a classical situation, the probability distribution is always posi-
tive, like for the mixed state. However, this example shows that the Wigner distribution is a
quasi-probability and the negative values come from the quantum behaviour.

3.3 Other phase space distributions

In the previous sections, were introduced the Wigner distribution and the Weyl transform.
Other definitions of the phase space distribution and the operator correspondence exist. This
non-uniqueness is closely related to what is called the ordering problem [17, 18] [19] [30]. This
problem appears when considering the way to link classical functions to quantum observables
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(or quantum observables to classical functions).

For example, the quantum observable Z is simply given by x in phase space. It is the same
for p, that is given by p. For any observable A(i:, p) linear in Z and p, the corresponding classical
function is directly A(z,p) by "removing the hat". However, for more complex situations, the
ordering problem appears. If we have fl(fc, p) = Zp, the instinctive mapping is A(z,p) = xp
(standard ordering) [I7, [18]. However, we can write

A(z,p) = p = pi — [p, &] = p& + ih. (3.25)
By replacing the operators by phase space variables, we get A(z, p) = pz+ih (anti-standard
ordering). A third way to write it is

As,p) = %(@p +pi) + %m, (3.26)
that gives a third different mapping to phase space, A(x,p) = xp + %ih. It is called symmetric
ordering. We see that the mappings are different, because the operators do not commute
(unlike their classical equivalents in classical physics). This is called the ordering problem. The
ordering chosen is important to determine the phase space distribution used. To understand
this, we evaluate the Weyl transform of the operator A = #p [I7]. Using that p = [ p'[p) (/]

and (z|p) = feﬁ‘”p we get

Atw) = [ et (oY aplo—Lhay (3:27)
:/e—gpy <x+%> x+%ﬁx—%>dy (3.28)
— // Py <:c + %) Y <:1: + % p’> <p’ r — %> dydp' (3.29)

= — //eépy (x + % p’e%(“%)p/e’%(’”’%)p/dydp’ (3.30)
1 i /
=7 //p’e_ﬁ(p_p Jy (x + Q) dydp’ (3.31)

:2//}96 ﬁppydydp+—// yp'e hppydydp (3.32)
—:p/pé(p p)dp —l——// e ~5 =)y )dydp’ (3.33)

— o= #(=p")y — i
+4 8p//pe at dydp’ = xp—l— 6 / (p—1p) (3.34)
ih 0
vap+58—p —ap+ S 2 (3.35)

We obtain a correspondence with the symmetric ordering. The Weyl transform, and con-
sequently the Wigner distribution, correspond to this ordering. More formally, let’s take an
arbitrary classical function A(z,p) [19]. Its Fourier transform «(o, 7) on phase space is

Atwp) = [ ator)erPdodr. (3.36)

We want to find its operator equivalent. We can choose

Az, p) = //oz(a, 7)er ) dodr. (3.37)
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This choice leads to the Wigner distribution. The Proposition for en(@#+7P) ig rewritten
in the following way, replacing the Wigner distribution by an unknown distribution P(z,p),

Tr (peﬁ ”””+Tp // x, p)er ) dadp. (3.38)

The evaluation of the average value of the exponential operator is important to know the
average value of the operator A. Moreover, this operator defines displacement operators from
which are constructed coherent states by translations in phase space. We will show that the
expression works only if P(z,p) = W (x,p). The exponential of commutators is evaluated using
the BCH (Baker-Campbell-Hausdorff) formula,

i igg drp A
en(OTHTP) = oot ei TPz (3.39)

Therefore, spotting the translation operator ™ |¢) = |¢ — 7), we get
Tr( eh("”T”)) = em" Tr( eh‘meﬂp> = e;h‘"/<§| penoentd |€) d¢ (3.40)
— s [ (€l et -y dg = edem it (el ple—rds (34D
:/eé‘”<x+%’ﬁ‘x—%>d:ﬂ xz&—% (3.42)

://eémé(y—T) <x+%‘ﬁ‘x—%>dmdy (3.43)

1 Yyl . Y
-p(T—Y) _ 2
///ef e <x+ 5| P |* 2> dxdpdy (3.44)
/ W(x,p)e e OTHE) dodp, (3.45)
by setting
1 _i Yl . )
—_ , DY <z _ <z
W(:B,p)—h/e Z <[L’+2‘p‘l‘ 2>dy (3.46)

as the Wigner function. So if we identify the operator e (7%+7P) to the classical function
en(@7+7P) " the Wigner distribution has to be used to compute the expectation value of any
observable. For different identifications of the exponential, we obtain other distributions with
different properties (Table . A more general result gives the distribution depending on a
function f(o,7) [30],

Tr(pe #(OEETD) £ (g, 7) //Pf x,p)e %””p dzxdp, (3.47)
with
' — —> f(o, T)e%”(m/_x)e_%Tpdadex’. (3.48)

=g [ (3|03

If we choose f(o,7) = 1, we get back the Wigner distribution. Other choices lead to
other distributions, summarised in Table [l Each one is specific in the properties it exhibits
(Table[2). For example, the standard-ordered and the anti-standard (Kirkwood) distributions
are not real, contrary to the Wigner distribution. The Husimi distribution is always real
and positive, an advantage compared to the Wigner distribution, but doesn’t give the proper
marginal distributions.
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Distribution functions Rules of association f
Wigner Weyl (e?a+imp ¢y eia+ip) 1
standard-ordered standard (e®9TP ¢ ideinP) e~ then/2
antistandard-ordered (Kirkwood) antistandard (e®4+HP ¢ eMMPeitd) ethen/2
2 pmwn?
normal-ordered (Glauber-Sudarshan) normal e tma
2 mwn2
antinormal-ordered antinormal e~ dmo
2 men2
generalised antinormal-ordered (Husimi) generalised antinormal et

Table 1: Quasi-probability distributions, rules of association and f functions. [30]

Distribution function Properties
Bilinear | Real | Nonnegative Marginal Complete,
distributions | Orthonormal

Wigner yes yes no yes yes
standard-ordered yes no no yes yes
antistandard-ordered yes no no yes yes
normal-ordered yes yes no no no
antinormal-ordered yes yes yes no no
Husimi yes yes yes no no

Table 2: Properties of the different quasi-probability distributions. [30]

3.4 Cross-Wigner distribution

The Weyl transform of an operator of the form py, , = |¢) (¢| is called the cross-Wigner distri-
bution between the two pure states. It is useful when describing interferences between the states.

Definition 3.4: Cross-Wigner Distribution [31, 32]

For two pure states [¢)) and |¢), the cross-Wigner distribution is

Wy.o(z,p) = %/6_%7’% (m + %) ¢* (m — %) dy.

The cross-Wigner distribution appears when computing the Wigner distribution of the sum
of two wavefunctions i) and ¢. Starting from now, we will specify by a subscript the wavefunc-
tion to which the Wigner function is linked.

Proposition 3.4: Wigner distribution of a sum of pure states [31, 32]

The Wigner distribution of \/LN(W)) + |¢)) is

1 1 9
Wyig(z,p) = NWN,I?) o NW¢($,p) i Re(Wy 4(z,p)).

with N = 2+ (¢|¢) + (¢[1)) a normalisation factor.
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Proof.

Woeo(op) =57 [ € (2 3] (10) + 1) (w1 + (0D [~ £ dy (3.49)

i e ) oo D) (D) v (e ) o
[ el ) (D (Y

.
- Nt M [ (o D)o (s 2)

l\')l“ﬁ

h 2 2
(e o e ) o2
= %Ww(:ﬂ,p) + %W¢(m,p) + ﬁ/e‘é”% (:E + %) " (93 - %) dy
o [ o (= 2) v (e + ) ay (v — —) (3.53)
- %m(w,p) + %%(w,p) A}h /e‘ﬁp% (w + g) 9" (I - %) dy
+ Nih </ e_%PyQp (:U + g) o} (:U — %) dy) (3.54)
= P Walaop) 3 Wolop) + - ReWyol.p). (3.55)
]

The cross-Wigner distribution encodes an interference between the two states. In the ex-
ample of Figure [9] on the bottom left, the interference pattern appearing in the center is due
to the cross-Wigner distribution between the two Gaussian states. If ¢ = ¢, we get back the
usual Wigner function. The cross-Wigner distribution is however not normalised over the whole
phase space.

Proposition 3.5: Norm of the cross-Wigner distribution [31, 32]

The norm of the cross-Wigner distribution is the scalar product between the two states,

[ Westayivs = (610).

Proof.

// Wy o(z, p)dpde = %/// e_%pyw (:L‘ + %) " (:U — %) dydpdzx (3.56)

= //5(y)w T+ g) o (x - %) dydz (3.57)
/ ()" (2)dz = (Dl) (3.58)
Il
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If [¢) = |¢), the norm equals to one as wanted for the Wigner function. Another interesting
property is that the cross-Wigner distribution corresponds to the Weyl transform of the operator

Py = V) (9],

pusten) = [t (o 3o (oo - Dydy = [eim (o4 8) o (2= ¥) dy = ool

(3.59)

Contrary to the Wigner distribution, the cross-Wigner distribution is not real, it can take

complex values. It is interesting to note that the cross-Wigner distribution is also used in the
classical theory of signal processing, as it is the Fourier transform of the ambiguity function.

3.4.1 Example: Harmonic Oscillator

Consider the ground state of the harmonic oscillator, 1(x). In the example of Section ,
the Wigner distribution of the sum of two shifted wavefunctions, y(z — a) and ¥o(x + a),
is evaluated. The representation of this state exhibits non-classical behaviour. This comes
from the cross-Wigner distribution of the two states, following Proposition [3.4] To show it, we
calculate the cross-Wigner distribution,

1 _i Y y
Woo(@—a)apo(a-+a) (z,p) = 7 /6 Pahg (x —a+ 5) Yo (17 +a— 5) dy (3.60)
1 i (r=at$)? _ (ata—§)?
— e ne” 2.7 e 22 dy (361)
haﬁ/
2 _ig —iopy! I G
= e w P | eTHPY o7 252 e 22 dy/ (3.62)
ho/m /
= 2\/_6221)&63:3 /e;ﬁpyleyﬁdy/ (363)
hoy/m
— " 2\/_6_)%2pae§§0'\/%ep?‘52 (364)
O/ T
= 26_%21’“6_%6_1%2 (3.65)
= h 3 o 0 . .

The real part of the distribution is

2 2pa’\ _22 _p?o?
Re (W¢0(x—a),¢o(z+a)(xap)) = ECOS(T)e ofe  nt . (3'66)

It is represented in Figure [I0] It is clear that it is exactly the middle of Figure [9 so the
cross-Wigner distribution is the origin of the interference visible in Figure [9}

4 Wigner Distribution on Curved Space

4.1 Motivation

Until now, the phase space introduced was the (x,p) space, for example in the situation of
a 1D harmonic oscillator (Section . The quasi-probability distribution can easily be
extended to R™ x R" for a motion in an n-dimensional continuous space, with coordinates
(1,22, ooy Ty D1, P2, -, Pn). However, other scenarios might include different kinds of phase
spaces. For example, the phase space description of the spin cannot be defined using the
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Figure 10: Cross-Wigner distribution of two shifted ground states of the harmonic oscillator.

Wigner distribution, in the way they were defined at least. Moreover, the spin degree of free-

dom is a discrete system and the phase space description can thus be discrete as Wel]EL
opposition to the continuous variables considered until now [33] [34, [35].

n

A generalisation of the notion of phase space is therefore needed and is defined using the
concept of Lie groups [36, 37, [38]. In the context of this master’s thesis, we will apply this
generalisation process to curved configuration spaces [39]. Indeed, such spaces can appear when
considering, for example, constrained experiments. An example is the motion of a particle on
the surface of a sphere. It could describe the rotation or vibration of a molecule [40], or be

useful in the framework of transformation optics.

4.2 Lie algebra and Lie groups

The generalised phase space is constructed using Lie algebras and Lie groups.

Definition 4.1: Lie algebra [36, 37, 38]

A Lie algebra g is a finite-dimensional vector space on a field’] K defined with a Lie
bracket [.,.] : g X g — g such that Vz,y,z € g,Va,b € K|

1. The Lie bracket is bilinear,
l[ax + by, z] = a[x, 2] + by, 2] [z, ax + by] = a[z, z] + bz, y].
2. The Lie bracket is skew symmetric,
[z, 4] = —[y, «].
3. The Lie bracket respects the Jacobi identity,
[z, [y, 21 + [y, [z, 2] + [z, [, 9] = 0.

*for example, C or R.

2Tt is not studied here because of a lack of time but the concepts presented can be applied to that case.
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The skew symmetry implies that [z, 2] = 0,Vx € g. If for two elements z and y of g, [z, y] =
0, then the two elements are said to commute. An interesting example is the Heisenberg-Weyl
algebra used in quantum physics [36, 37, 38|. It is a Lie algebra generated by the commutator
of # and p as the Lie bracket, together with the identity,

iz, —ip| = ihl,  [iz,ihI] =0,  [—ip,ihi] = 0. (4.1)

This Lie algebra is noted . Any element of the algebra is given as a combination of these
three elements, R
g = iahl 4+ ipyT — ixop € g. (4.2)

The concept of Lie algebra is closely related to Lie groups.

Definition 4.2: Lie group [36, 37, 38] .

A Lie group G is a smooth manifold such that

1. G, equipped with a multiplication operation e, is a group (the multiplication is
associative, has an identity and an inverse element).

2. The product operation e : G x G — G and the map sending an element to its
inverse Inv : G — G are smooth.

. 7

Any Lie group is associated to a Lie algebra. For a Lie algebra g, the associated matrix Lie
group G is given by the exponential map exp : g — G. This map is defined for any element
g € g and for any t € R as exp(tg).

The example of the Heisenberg-Weyl algebra ) therefore translates to the Heisenberg-Weyl
group H, through the exponential map [36, 37, 38]. For any ¢g € b, an element of the group is
given by )

o9 — pial+ipoi/h—izop/h _ ia i(poi—zop)/h _ ia D(xo, 20), (4.3)

with D({lfo, po) the displacement operator. This operator is generally used in quantum physics
to apply a translation to a given state. Applied on the ground state of the harmonic oscillator,
it gives a coherent state. Any element of the Heisenberg-Weyl group is therefore described by
the three parameters a,z, and py and thus H ~ R x R%. The exponential ¢ encodes the
information about the non-commutativity (BCH formula). We can see that the exponential of
equation reappears, motivating the interest to study it.

For position-momentum states, the Hilbert space is the set of square—integrableEl functions
L?. The set of displacement operators is an irreducible representation? of the Heisenberg-Weyl
group [36], 37, B8] because the only subspaces invariant under the application of the displacement
operators are {0} and L?. Moreover, from the Stone-von Neumann theorem, it is the unique
irreducible representation of H up to an unitary transformation [36], 37, [38].

4.3 Generalisation of quasi-probability distributions

The phase space is generalised for any Lie group . This gives a mathematical and abstract
phase space, that reduces to (z,p) in some cases.

3A function f(x) is square integrable if [ |f(z)|?dz converges.
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Definition 4.3: Generalised phase space [41]

For a Lie group G of finite dimension and an isotropy subgroup K of GG, the generalised
phase space X is the quotient’] group X = G/K (= {¢9K : g € G}).

*The quotient group is the equivalence class of all the elements of G equal up to the action of K.

Consider an irreducible representatiodﬂ T of G. For any g € GG and for a given reference
state [1o), it acts as

[¥g) = T(9) [¢0) - (4.4)

The resulting state |¢,) is interpreted as a coherent state. The isotropy subgroup K is the
set of all the elements k in G that leave any state [1)y) unchanged up to a phase factor,

T (k) Japo) = €™ [1hp) . (4.5)

The subgroup K therefore consists of all the global phase transformations. This is why
G/K 1is used as the phase space, omitting the information about the global phase. From the
definition of a quotient space, for any element €2 € X we have g = Qk with k& € K. Therefore,

T(g) o) = T(QT (k) [to) = €T (Q) o) = €*® [thq) . (4.6)

The coherent state is uniquely defined with €2, and two different elements of G with the
same () will give the same coherent state, up to a global phase.

To illustrate these concepts, let’s get back to the Heisenberg-Weyl group H. For any ele-
ment of the group, described by the three parameters a, g, pp, the irreducible representation is
the displacement operator ei“ﬁ(xo, po)- The isotropy subgroup is the multiplication by a phase
factor, so it is all the elements in the group such that o = 0 and pg = 0. These elements only
apply a global phase, given by a. Therefore, the coherent states are described by Q = (¢, po)
on the phase space H/R = (R x R?)/R = R?. The definition of the generalised phase space is
therefore consistent with the usual phase space.

On this generalised phase space, a generalised Wigner distribution as well as a generalised
Weyl transform can be defined, through the concept of Stratonovich-Weyl image.

Definition 4.4: Generalised phase space transform [41]

Let X be the phase space, A an operator and dy the invariant integration measure on
X. The phase space description of the operator is the Stratonovich-Weyl image Ff(f) of
A. For any 2 € X, five conditions are fulfilled:

1. Linearity: The map from A to F/(‘S) is linear.
2. Reality:
FR@ = (FR@)

3. Normalisation:

Tr(A) — /X FOQ)du(Q).

4A representation is irreducible if the only subspaces invariant under the application of T are {0} and G.
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4. Traciality:
Tr(AB) — / FO@QFS () du(Q).
X

5. Covariance: For any g € G,

FOQ) =FP(g7'Q),  g-A=T(9)AT \(g).

The reality condition means that if A is Hermitian (A = A"), the distribution is real. The
traciality condition ensures the statistical interpretation, so that the average value of A can be
calculated with an equivalent of the ensemble average on phase space, by taking B = p. Lastly,
the covariance expresses that the phase space must get the symmetry of the initial quantum

system. For example, if A = [} (tol, then - A = T(g) [h) (o] T~(g) = té,) {t,|. The phase
space description must therefore be the same as before, with an additional "translation" from

[%0) to ).

A way to express the phase space transform is using the generalised Weyl rule, with the
Stratonovich-Weyl kernel.

Definition 4.5: Generalised Weyl rule [41]

For any €2 € X and any operator A, the generalised Weyl rule gives a generalised phase
space Weyl transform FIE‘S) by

FP@) =T (AA0(@)),

with A®)(Q) an operator called the Stratonovich-Weyl kernel.

The image is effectively linear, the first condition is therefore fulfilled by construction. The
other conditions are translating to conditions on the kernel. The Weyl rule can be inverted, to
find the operator A from Fxgs) :

Proposition 4.1: Inverse of the generalised Weyl rule [41]

For any Stratonovich-Weyl image ij) on the phase space X, the operator A is obtained
using the inverse of the Weyl rule,

~

A= / FOQAC(Q)du().

Proof. Consider an arbitrary operator A. From the traciality rule and Definition we have

Tr(AB) - / FO@Q)FS(Q)du(Q) (4.7)
_ / F©) T (BAC)(@) ) du(0) (4.8)

= Tr { [ /X F§s>(Q)A<s>(Q)du(Q)} B} . (4.9)
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Since B is arbitrary,

A= / FEQAE)(Q)du(). (4.10)
0

The conditions 2-5 from Definition [£.4] define conditions on the Stratonovich-Weyl kernel.

Proposition 4.2: Conditions on the Stratonovich-Weyl kernel [41]

To describe a phase space representation in phase space through the Weyl rule, the
Stratonovich-Weyl kernel A®®) has to respect the following conditions, for any Q € X (in
relation to the corresponding conditions of Definition {4.4]),

2. Hermiticity:

3. Normalisation:

4. Traciality:

5. Covariance: For any g € G,

AL (g) = T(9) AP ()T (g) .

The proof is given in Appendix E. The choice of the kernel, through the s index, decides
the choice of the distribution [4I]. For s = —1, we can get the normal-ordered distribution. If
s = 1, it is the anti-normal ordered distribution that is obtained. Lastly, the case s = 0 can
give the Wigner distribution.

4.3.1 Example: Wigner distribution in 1D

As explained, the phase space is X = R? and the irreducible representation is the set of
displacement operators B($0, po)- The objective is to define the kernels in this space [39]. We
choose a starting point of the phase space, (xg,po) = (0,0). From there, the kernels are defined
by the application of the irreducible representation,

A(zo,p0) = D(x0, po)A(0,0) D (0, po). (4.11)

The initial value of the kernel, A(0,0), is still unknown. This is a choice and different
possibilities exist while respecting the previous conditions. To find the Wigner distribution

back, we choose
A _1 A////_/E/A/// /_/x_/ _LE_/
80,0 = [ Dy = [ (5 [ Dl )ax = [15) (=3

using the relation
x x
5> <_§ '
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Injecting this in equation (4.11)), we get

n U x’
A _ 7 (PoZ—mop) |2 =
ip ip A i b 1’/ :U/

— —5rP0OTO0 , 7z POT ,— 7 X0 . .

/6 e e 5 >< B

/ /

_i i izl x x

— e hPOwoehpofEOeﬁpo 2 xo _|_ P xo -
2 2

/ /

i ’ xr X

= [ e lgg+ =) (20— =
/ 2 2

With this kernel, the Weyl transform A of the operator A is obtained back,

:L’/ i
x°+5>d”’:/e RS
(4.18)

For A = %, we get the Wigner distribution back. It respects all the required properties of
the Definition [4.4]

e~ i (Pod=w0D) ]/ (4.14)

Cipod igep.
e~ nPOTeRTOP e 2R POTO (g (4.15)

eiP s dy’ (4.16)

da, (4.17)

. / . A
A(x07p0) = Tr(AA(xo,p0)> — \/egpox’ <]70 N % A A

4.4 Curved space

In some situations, a curved configuration space is considered [39]. The Wigner distribution
must be defined on this space. For example, a particle might be constrained on a sphere or a
hyperbolic plane. It can be useful in the determination of the motion of a rigid body describing
quantumly the orientation of a molecule [40]. It could also be used in transformation optics, to
study the trajectory of light in metamaterials.

Proposition 4.3: Phase space formalism in curved space [39]

Consider a Riemannian manifold of dimension n. Any vector is z = (2!, 22, ...,2") € R™.
The metric tensor is g;;(z) and the metric determinant is g(z) = det g;;(x). We assume
that the coordinates z¢,7 = 1, ..., n are not bounded. The Weyl transform of the operator
A on curved space is

19 _ 4 y ( _ g) —Lpyt g ~ B g
and the Wigner function is
1 L
Wi (z,p) = ﬁ/ </g (a:+ g) g (x— %)e—gmy <x+g ble — g> dy.

\.

J

Proof. The manifold is parameterised by the coordinates x' and the associated operators are
2% so that

&' |r) = 2" |z) . (4.19)
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The associated conjugate momentum operators are p;. They are continuous because the
coordinates z* are not bounded. To satisfy the usual commutation relations, the momentum is

0 1
pi = —ih (a -+ 2Fj2( )) , (4.20)

with F] ;(z) the Christoffel symbol at . To define the Wigner function on the curved space,

we apply the procedure using the Stratonovich-Weyl kernels (Definition B Let’s start with
the definition of the identity operator. For a curved space, it is given by [42]

i- / V@) |z) (x| d = / 1p) (| dp. (4.21)

The scalar product (z|p) can be shown to be [39]

z|p) = —————. 4.22
el = e (422
The action of the translation operators, in x and p, is
h ) = [ ) ol o= ﬁ/ T pdp (423)
\/ (x + T+
/ plx +2') |p) dp-#[x—i—x’), (4.24)
g(')
e |y = [ enri\ [q(z) |z) ( VI pesatye z) dw (4.25)

hn/2
:/ V() (zlp+p') |z) dz = [p + p') . (4.26)

The translation operator acts in the same way as usual for the momentum but is modified
for the position. Indeed, the translation acts as if it also translates the metric determinant.
This is consistent because for calculations, what matters is the metric at the given point, so
operating a translation must also translate the current metric. The metric g will now be used
as an exponent to denote the operators in this metric. In the same way as in the example of
section [4.3.1] the displacement operator is

Dg(x7p> — e%(piji_riﬁi)7 (427)

T '
(s

that gives the undisplaced kernel

A(0,0) / DI, p')da' dp’ —/ (/9 (‘%) g (%)

5The Christoffel symbols are defined by Ff’j = % (%‘;ﬂ’ + 34 — 99y )

da’, (4.28)

Oxl
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and the displaced kernel,
TN/
2

a: x’
Alr.p) 5 g 5
a: :c’ x T
_ _ pz prz _ o
\/ 2 9 2> Tt 2>< 2
/ / , ] / /
13 LU/
e+ §> < da’ (4.32)

e~ (P D) ! (4.29)

e~ iPit o1 Pi gy (4.30)

e dy (4.31)

R\

1\3|5%

x/ i
x4+ — |ent
)o +2)

!
8w

/\/ :U—— :U—l—Q)ehpZ x+2><x—§ dx’. (4.33)

The Weyl transform A¢ of the operator A is therefore
A9 = Ty (AA(q;, p)> (4.34)
/\/ :c—— £L'+ Q)ehpz <x——'121 >d1: (4.35)
:/i/g x+_ g x_g>€fgpiyi<x+y‘;1’x__>dy (4.36)

2 2 2 2 ’
and the Wigner function in curved space is

1 i
wien =k [ ol Dol Do (o ol Do
O

Compared to a flat configuration space, the Wigner distribution and the Weyl transform
are modified by adding a factor dependant of the curvature of the space. It is possible to show
that the Wigner distribution is however unchanged in the p representation,

1 iy i
Wote.p) = 5 [ b (o 55

The distribution still verifies the required properties of the Wigner quasi-probability distri-
bution,

> du. (4.38)

[ W pydp = /o) (el ). (4.39)
[ Wt s = ol plp). (4.40)
/ Wg(w,p)dxdp=/<plﬁ|p> dp =1, (4.41)

except for the x distribution, weighted by the amount 4/g(z). The product formula

Tr AB //Ag z,p)BI(x, p)dxdp (4.42)
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still holds, so the expectation values can be evaluated in the exact same way as before,

(A) = Tr(,éfl) = //Ag(x,p)Wg(x,p)dxdp. (4.43)

The Weyl transform of the operator py, = [1) (¢| gives the cross-Wigner distribution gen-
eralised to a curved space,

W 4(z,p) = % / Q/g <x + %) g (:E - %)e_%p"yioﬁ (:v + %) o (:v - %) dy. (4.44)

Again, a factor depending on the curvature is present in the definition.

4.4.1 Example: Motion on a 2D curved space

Consider a particle moving on a 2D surface inside a 3D Euclidian space. The objective is to
find the metric determinant to use in the Wigner distribution [39]. The z coordinate is assumed
to be given by a function of z and y,

z = f(x,y), (4.45)

so the configuration space is curved by this function. The infinitesimal dz is

dz = fydz + f,dy, (4.46)
where f, = % and f, = g—i. This element squared is
dz* = f2dz* + f;dyQ + 2f, fydzdy. (4.47)

Therefore, an infinitesimal length element ds? is

ds® = da® + dy® + d2* = dz’® + dy* + flda® + fdy* + 2f, f,dxdy (4.48)
= (1+ f2) da® + (1 + f2) dy? + 2f. fydady = gijda'da’. 49)

Identifying the elements of the metric gives
Gea(,y) =1+ f7, (4.50)
gyy(,y) = 1+ fy, (4.51)
9zy (T, Y) = Gya(,Y) = fufy (4.52)

The metric determinant is then

g(x,y) =detgy(v,y) = (1+ £7) 1+ f)) = (fufy)* =1+ 2+ 1) (4.53)

By Proposition [£.3] the Wigner function is

1
W@,y pespy) = 75 // {‘/(1 + 2wy, yy) + 2,y ) U+ f2 e, yo) + f2(z—,y-))

TR ) (0 y | pla,y) da'dy (4.54)

Wherexi:xi%’andyi:yi%.
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This can be more specifically applied for a paraboloid curvature. It is defined as

s = (2 = (2) 459

where the + denotes an elliptic paraboloid and the — is for a hyperbolic paraboloid. In both
cases, the metric determinant is

4:52 49/
g(x,y) = 1+ +— i (4.56)

Therefore, the Wigner distribution in this curved phase space is

4 4 4 4y?
W (2, y, pas py) = //\/ +—++%)<1+—+%>

e K ) (0 y |l y-) da'dy’ (457)

4.4.2 Example: Sphere

Consider a particle moving on a sphere of radius R. The metric determinant has to be found.
It is done in a different way than the previous example, by looking at the kinetic energy part
of a Hamiltonian defined on the sphere [39]. The motion is described by the polar angles 6 and
¢ and the Hamiltonian is

_ 1 ) | PG g piP;j
M R? (pﬁ sin29) =970 250 (4.58)
By identification, we get
1 1
00 0 0
0 = — 20 = — ?(0 = g%’ (0 = 0. 4.59
g0.0) =75 9709 = gy 97(0.0) =97(0,9) (4.59)

The metric is diagonal, so g;;(0, ) = (¢ (0, ¢)) . The metric determinant is therefore
9(0, ) = det g;;(0,¢) = det(g"” (6, gp))_l = R*sin’ 6. (4.60)

The considered configuration space is compact, meaning that the momentum distribution
is discrete. The phase space is thus (6, ¢, mg, m,) where my, m,, € Z. The development leading
to the Wigner distribution can be remade for a compact configuration space [39]. The Wigner
distribution for a particle on a sphere is

/2
W(0, ¢, mg,my) / / R%\/sin 6, sin 0_e*™e% ™% (0_ o | p0,, 0y ) dp'dd,
w/2J —m
(4.61)
with 0L = (0 + %/) mod 7 and ¢ = ((p + %) mod 2.

5 Weak Measurements in Phase Space

5.1 Motivation

Weak measurements, as explained in Section [2 are particularly useful in some experiments.
However, their meaning is still subject to a lot of debate. The seminal paper of Aharonov
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and his colleagues introducing weak values is entitled "How the result of a measurement of a
component of the spin of a spin-1/2 particle can turn out to be 100" [26]. This provocative
title highlights the conceptual difficulty: should the weak value of the spin of the particle be
interpreted as related to the authentic spin, or is it just the manifestation of an interference
effect that doesn’t give concrete information about the spin? Interpreting the measured weak
value, exceeding the range of eigenvalues and that might even be complex, is a difficult task.

It is therefore important to link weak values and weak measurements to other concepts, to
get a different point of view on their meaning. A geometrical description of weak values of
projectors has been developed in [43] and extended to general observables of N-level quantum
systems in [44]. Another geometric tool used is the Hopf fibration, for 4-level systems [45].

Besides the usual way to mathematically formulate quantum physics, we have seen that a
phase space description exists. This formulation allows us to get an understanding of states
closer to the classical intuition. Applying the phase space description of states to describe weak
values and the process of weak measurement therefore makes sense to get a different light on
these concepts.

Moreover, the use of the phase space description is also motivated by common features of
weak values and phase space distributions. Indeed, quasi-probability distributions are used
to describe the phase space and it turns out that weak values of projectors might as well be
understood as quasi-probabilities.

Proposition 5.1: Weak value of projectors [46]

Consider an operator A = > a;Il; = >_;ajlaz) (a;| of the system, with pre-selection
|¢;) and post-selection |¢h;). Then, the set of weak values of projectors,

(T )
{“”“‘ () }

form a quasi-probability distribution.

Proof. The weak value of the operator A is

Al a;1L; | 11 |4
A, = Wyl Algn) _ (sl 225 0515 [9i) Z (Wl 1 |4p) =Y T, (5.1)
(Vlthi) (Vlabi) (Wl -
The quantities II;,, are understood as a pseudo probability since performing the average
weighted with II;,, gives the weak value. It respects the second Kolmogorov axiom of probabil-
ities,

S, =Y (W T [) (e 55T ) (| T [} L (5.2)
’ —~ (Yrln) (Wylthi) (Vylehi)
However, it may be complex or negative so the first Kolmogorov axiom is not verified and
it is a quasi-probability. O
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Some links between weak values and the phase space formalism already exist in the literature
and a non-exhaustive state of the art is first presented. Some of these results are then extended
and generalised. The von Neumann procedure and weak measurements are also reproduced in
phase space.

5.2 State of the art

In this section, the literature review about the description of weak values in phase space using
the Wigner formalism is presented. However, there is no description of a weak measurement in
phase space and we will study it in the following sections.

5.2.1 Weak value and the cross-Wigner distribution

In phase space, any weak value can be directly related to an average over the cross-Wigner
distribution Wy, ., (Definition [3.4)).

Proposition 5.2: Weak value in phase space [31, 32]

Consider the pre-selected state |¢;), the post-selected state |1);) and the operator A.
Then, the description of the corresponding weak value in phase space is

ff W¢i7¢f (IL‘, p)A(l’, p)dl‘dp

A, =
ff Wwi,w,f (.T,p)dili'dp

Proof. The weak value is

A, = il Al (53)

(Wrli)

From Proposition [3.5] the denominator is

(Wsln) = / Wo.oo, (@, p)ddp. (5.4)

The numerator is evaluated using the trace property (Lemma 3.1)),

sl A1) = (b, A) = 1 [[ A9 (wp)dzdp = [ Awip)Wo, (2. p)dod.

(5.5)
Consequently, the weak value is expressed in terms of the cross-Wigner distribution,
ff qui,zpf(ilf,p)le(l’,p)dl‘dp
ff Wwwl)f (CE,p)dl‘dp
]

From Proposition the cross-Wigner distribution is interpreted as an interference oc-
curring between the two states |1¢;) and [¢f). Therefore, the operator A is averaged over the
cross-Wigner distribution coming from the interference and this makes the weak value appear.
One possible physical interpretation, in a time-symmetric formulation of the measurement pro-
cess, is that the wave v; propagates forward in time and the wave ¢, from the post-selection,
propagates backward in time. They then interfere to give the weak value.
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5.2.2 Example: Weakly Coupled Harmonic Oscillators

Consider the example of Section[2.4.3] The two weak values, y,, and p,,, can also be calculated
in the Wigner formalism, using Proposition . The Weyl transforms of ¢ and p, are simply
y =y and p, = p,. The weak values are therefore given by

T YWy, (y, py)dydp, S 2 W, (y, py)dydp,

yw i p w T .
ff W¢s,¢f (yapy)dydpy Y ff Wd)sﬂZ)f (yapy)dydpy

First, we need the cross-Wigner distribution between the pre- and post-selected states,
1 4 , y/ y/
W (Y, py) = E/e wPvY (y + 5) o (y -5 | (5.8)
a s , / /
= E/e P aho <3/ + %) Yo <y - %) dy’ (5.9)
1—a iy y/ y/ )
+ i e b [y + B U1 |y — 5 dy’, (5.10)

where ¢;, 1y, 100,71 and « are defined in the example of Section [2.4.3] The state 9y is not
normalised, so the cross-Wigner distribution is not normalised either. However, the normali-
sation is an unimportant factor since it is cancelling in the ratio of the definition of the weak
values. The first integral is the Wigner distribution of the ground state and is calculated in
equation . The second integral is proportional to the cross-Wigner distribution between
the ground state and the first excited state, Wy, 4, (v, py). It is equal to

(5.7)

1 iy y/ y/
W, (Y, py) = E/e P g (y + 5) (0 <y - 5) dy’ (5.11)

V3 R ) BN G O
= W/G_ﬁpyy e 203 (y — —) e 207 dy/ (512)
2 y/2
2 ! i, _@
= V2 / <y - y_) e e e dy (5.13)

2 _y2 i ’ —y,Q 1 i ’ —9,2
= V2 se °F [y/ehpyye Qd@/—ﬁ/y’eh”yye Qdy’] (5.14)

ryet 1 —ip,do? Pyos
= ot oF [QUSy e n2 —5—% Ve i ] (5.15)
o2
WE ([ ipl\ i et
_ hf <y+%%) ¢ BT (5.16)
s

Therefore, the cross-Wigner distribution of the pre- and post-selection, up to a normalisation
factor, is

200 _¥2 _pyos 22 ip,02] —v2 _ryod
Wi, (Ys Dy) = 7€ Fe w4 (1-aq) h\;_ {?J‘F pz% 8] e wFe (5.17)
2 242 1D, 02 _y2 piol
— [gm_a) hf (yﬁp;"s)] ¢ eTe e (5.18)
Os

With the knowledge of the cross-Wigner distribution between the pre- and post-selected
states, we can now evaluate the numerator and denominator of the weak values of position
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and momentum. The denominator of the two weak values is the integral over y and p, of the
cross-Wigner distribution,

//% v (Y, py)dydpy = —//e Co dydpy (5.19)
2

2V2 _¥2  pyold
+(1—a) \(:_//ye se” w2 dydp, (5.20)

hos
2io, _u _ryed
+(1—-a) \/7;7@(27 //pye Se” w2 dydp,. (5.21)

The second line is zero because of the odd argument with respect to y. The third line is
zero too for the same argument over p,. Therefore,

20 _¥>  pyod 20 B
/ Wy, v, (Y, py)dydp, = 7//6 te” n dydp, = 705\/7?/6

9 h
- %asﬁ—ﬁ = o (5.23)
s

The numerator of the weak value y,, is

2av _¥2 ol
//wai,wf(’y,py)dydpy = T//ZJe ofe” nZ dydpy (5_24)
24/2 _¥>  pyoi
F1-a)22 // e e dydp, (5.25)

2i0, _y: ol
+(1—a) \/7;20 //ypye fe” 2 dydp,. (5.26)

The integral of the first line has an odd argument, so it is zero. It is the same for the integral
of the third line. Therefore, we have

L 2 2 2\/_
// YW, (Y, py)dydpy = ha // yle Fe W dydp, = (1 —

2v/2

(5.22)

yPe Ad
(5.27)

f— £—(1—(1) % (5.28)

:(1—a) NG

The numerator of the weak value Dyw 18

// PyWe (Y, py)dydpy, = // pye de ?ngydpy (5.29)

2 2 p2e?

+ ( \/_ /pyye Tem T dydp, (5.30)
\/_ws e

+ ( — // e Fe dydp,. (5.31)

The integral of the first line has an odd argument, so it is zero. The two integrals of the
second line also have odd arguments. Therefore, we have

\/_Ws _ \/_w pyos
//pwaz v (Y, py)dydpy = // i dydpy =(1-a /pye 2 dpy

VT
\/_102h3\/__<1_a) ih
Vol 2 V2o,
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The different parts can be put together to find the two weak values,

(1 —a)og (1 —a)h

WITR T ™ avm,

The objective was to illustrate that the cross-Wigner distribution can be used to calculate
weak values. In the case of the bi-dimensional harmonic oscillator, the weak values obtained
are the same as those demonstrated previously in equation ([2.45]).

(5.34)

5.2.3 The momentum weak value

The weak value of the momentum operator p, with post-selection on the state |z), can be di-
rectly related to the Wigner distribution (instead of the cross-Wigner distribution).

Proposition 5.3: Real part of the weak value of momentum [47]

Consider the pre-selected state [¢)) and the post-selected state |x). The real part of the
weak value of the operator p is described in phase space as

(z[ply) _ [ pWy(z,p)dp
(z]1) S Wy(z,p)dp

Re

Proof. The Wigner distribution of the pre-selected state is

Wy(z,p) = %/e;py <a: + g‘w> <w)x — %> dy. (5.35)

For a given x, the partial average of p in the initial system state is

[ oWetaito = [ perivr (o Bl (wfe — 5) dydp (5.36)
_ %//ma%e—éw <x + g‘@ <¢’x . g> dydp (5.37)
[l kel T o

et (e A D)o e

where an integration by parts is done. In the first term, the wavefunction is evaluated at the
infinity. However, a wavefunction is finite and must vanish at the infinity, so this first term is
equal to zero. The second double integral is evaluated by distributing the derivative and by
noticing that the integral over p is proportional to §(y),

ot [ [ (G Yo)) ol 5+ o 1) (ol - 23)

(5.40)
Observe that
5 ({4 30) = 335 (e 3)). (41
0 -1 0
2 (=20 - T (-2 e
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so the partial average becomes

Jowsteir= [ |5 (G §le)) (ol = 5) - (o 3l 3 (vl 5)) ot

(5.43)
= TR (k) (la) — 2 () () (5.44)
= S5 g el la) + (5 (Galon i) (5.49)
= Re | =i ({el6) ()| = Relfel514) (01} (5.40

This relation is related to the Terletsky-Margenau-Hill quasi-probability distributiodﬂ Not-
ing that

[ Wty = el tole). (5.47
the real part of the weak value of p is
(z[pl) _ [ pWy(z,p)dp
R = . .
STy T Wl p)dp (5:48)
O

This proposition describes the real part of the weak value of the operator p, for the pre-
selected state |1)) and post-selected state (x|, using the Wigner distribution of the initial state.
As was explained in Section [2.5.2] this weak value is used to determine the average trajectories
of the photons in the two-slit interferometer.

5.3 Generalised weak value

Until now, the main results were coming from the literature (with a personal contribution in the
different examples and illustrations). Starting from here and until the end of the thesis, only
original results are presented. The Proposition defines a relation between the cross-Wigner
distribution and the weak value of the operator A. In subsection , the notion of phase space
quasi-probability distribution has been generalised to the Stratonovich-Weyl image FIE{S) (Defi-
nition . Using this, we extend the Proposition to express weak values in the generalised
phase space.

Proposition 5.4: Weak value in generalised phase space

Consider the pre-selected state [¢);), the post-selected state [¢;) and the operator A.
Then, the description of the corresponding weak value in the generalised phase space X
1s

[y Fe (QFT (Q)du(@)
S Fold oy ()dpu()
The exponent s decides the distribution considered, as explained in Section

Aw

P, +1y = Re (z|p) (p¥) (¢|z). Tt is the real part of the Kirkwood quasi-probability distribution (Table.
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Proof. Two important conditions on the Stratonovich-Weyl image are, for any two operators A
and B (Definition ,

(B) = /X FY @), Te(AB) = /X FOQFP(Qdu(Q).  (5.49)

These two equations are applied using B = py, ;= i) ¥y,
Te(pos,) = (sl = [ FS, (@)dn(@) (550
Te(Apoun,) = W Al) = | FLD, (O (@)du(o. (5.51)

Therefore, the weak value is

(—s)
A, — fX pww OF, (Q)dﬂ(Q) (5.52)

fX Pw Wy (Q)dﬂ<Q)

]

This proposition describes the weak value in the generalised phase space X. For s = 0 in
the phase space R?, the Stratonovich-Weyl image reduce to the Weyl transform and du = dxdp,
giving the Proposition [5.2] back.

5.4 Curved space

The curved phase space situation is a particular case of the generalised phase space. The weak
value can therefore be easily defined on the curved space.

Proposition 5.5: Weak value in curved configuration space

Consider the pre-selected state |¢;), the post-selected state |1);) and the operator A.
Then, the description of the corresponding weak value in curved space is

JIWs. o, (@, p) A9 (z, p)dwdp
Wy, (@, p)dadp

A, =

Proof. Consider the trace formula (4.42) in curved space. For B = Pus s, WE have

T (Apos,) = (sl A1) = [ WE,,, 0.p) A0, p)drdp. (5.53)
The denominator of the weak value can also be obtained,
(p¢z ¢f = (Yily) = // ity (z,p)dxdp. (5.54)

Therefore, the weak value in curved space is

ff ng,v,bf (x7p>Ag('T7p)dxdp

A, =
ff W’tii,wf ($,p)dl’dp

(5.55)

This can be useful to describe a weak value in a constrained configuration space.
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5.5 The momentum weak value

In Proposition the real part of the weak value of the momentum operator p post-selected
on the position |x) is described in phase space using the Wigner distribution of the pre-selected
state. The imaginary part can also be obtained, so that the complete weak value is described
in phase space.

Proposition 5.6: Weak value of momentum

Consider the pre-selected state |¢)) and the post-selected state |x). The weak value of
the operator p is described in phase space as

(@ ple) _ [pWy(z.p)dp  ih g [ Wy(@,p)dp
(@) [Wylz,p)dp 2 [Wy(z,p)dp

\.

Proof. The real part of the weak value is already obtained in Proposition The imaginary
part is deduced from the following integral,

oWt =3 [ 3 (o 2o (ol - ) eimayar (5.50)
~ [ (5 (o o)) (ol = 5+ (ot o) 5 (o= 9) ] e

(5.57)

= 20 (fal) l) — & () () (559)

th 0 7 0
= 20 (fal) {wle) — o (o) (W) (5.59)
=t =i (o) ()| = (el 514 (1) (5.60)
Noting that
[ Wl = (a1 ). (5.61)

the weak value is

alpv) _ ] oWz p)dp +z‘f_5%W¢<x p)dp _ [ pWy(z,p)dp ik 5 [ Wy(x,p)dp
) I Wend - [Wsad Wk 2 [Tend
O

The real part of the weak value is, for a given x, the average of the momentum operator in
the pre-selected state. The integral of the numerator, from equation [5.44] is

[t =5 (t0) 300 - Dy ta) ) = . (5.69

with J the probability current density |21} 22]. It is a quantum mechanical quantity. It respects
a continuity equation of the probability density,

0 >
—5 V@) (5.64)
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The imaginary part is the derivative of the probability distribution in x. From the time
evolution of the Wigner distribution, equation (3.3, for a free particle, the derivative of the
Wigner distribution over z is related to the time derivative of the distribution. Moreover,

g Wolz.p)dp _ 3 (1¥(2)]?)
J Wy(z, p)dp (@)
and this corresponds to a quantity called the osmotic velocity. This concept appears in the

stochastic interpretation of quantum mechanics [21] and is also linked to the de Broglie-Bohm
interpretation [22].

(5.65)

In Section [2.5.2] the determination of the average trajectories of photons in a two-slit in-
terferometer is presented. The weak value considered in the experiment is the transverse mo-
mentum pre-selected on the wavefunction and post-selected on the position. It is exactly the
weak value computed here, described in phase space. This experiment shows trajectories that
are compatible with the de Broglie-Bohm theory.

5.6 von Neumann model of measurement in phase space

5.6.1 Motivation

The von Neumann scheme allows to define weak measurements by taking into account the
measuring device in the description. Describing the process in phase space is really interesting
because it provides a phase space representation of the meter and the system states, at each
step. It helps to understand how the Wigner distribution evolves and how the two parts interact
with each other. Describing the process in phase space also allows to check that the shift of the
meter state while performing the measurement are also present in the phase space description.

The von Neumann process is first reproduced for a general measurement without post-
selection. It is then developed for a weak coupling, with the additional post-selection. It is
shown that the shift is effectively proportional to the weak value, as expected.

5.6.2 von Neumann measurement

The usual von Neumann measurement (Proposition is described in phase space. It is first
realised for a measurement without post-selection. In the following proposition, the operator
A has a discrete spectrum but the phase space is still continuous. For example, the energy op-
erator has a discrete spectrum in the harmonic oscillator but it is still defined in a continuous
phase space.

Proposition 5.7: von Neumann measurement .

Consider the joint phase space (zs,Ds,Tm,Pm). The initial system distribution is
Wy, (zs,ps) and the initial meter distribution is Wy(@p,, pm). The interaction couples

the system operator A (of eigenvalues a; and eigenvectors |a;)) with the momentum
meter operator p,, through
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with a coupling ¢(¢) depending on time and equal to zero out of the range [0,7]. The
total coupling strength is v = fo t)dt. The final joint distribution is

= =i a;j—a Y
W\I/(xs,psu xmapm) = Zajake hpm( 7 k)Waj,ak <x57ps)W¢ (xm - §(aj + ak>7pm> .
7k

The information available to the experimenter is the reduced state of the meter,

/ W\If(x&ps; $mapm)dxsdps - Z |aj|2W¢ ('Tm - Vajupm) .
J

J

Proof. The initial joint distribution is a separable state described by the product of the Wigner
distribution of the meter and the system initial states,

W<xsap57xmapm) = Wwi(xsaps)WQS(xmapm) (566)
1 _i
— ﬁ e 7PsYs < > >dys

(]
/ e (i _) ) < ‘ >dym (5.67)

// (psys+pmym < + Z= ¢17 ¢>
<¢i, N y_m> dysdym. (5.68)
2 2
The interaction operates through the evolution operator,
U = eminAein, (5.69)

with the same hypothesis on the Hamiltonian as in Proposition 2.1} After the interaction, the
Wigner distribution Wy (s, ps, Tm, Pm) 18

1 ; 3 -
W (xs,ps,:rm,pm) h2//eh(psys+pmym) <x3+y2 xm_|_y7 e h’yA@pm‘wZ’ >

< wia ¢’ 6%7A®ﬁm ‘xs - %7 Tm — y?> dysdym (570)

Consider the decomposition of the initial system state in the basis of the operator /1,
i) = ajlag). (5.71)
J
The Wigner distribution becomes

sYs mYm y ym —inA Dim
W (xs,ps,$m7pm hz//z%ake hpy-l-p Y )<.Z‘ + Z= 5 T + = 5 e~ n7 Xp ‘aj;¢>

Ys
o> Ty — 7> dysdyy,, (5.72)

1 i
_ m / Z Oéjakefﬁ(l’sys+1’mym) <xs + y2 Ty + _‘ e n'Y“me ’ aj; ¢>
jk
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1 _ _ i Ys Ys
/e—gpmym <$m + %"‘ 6_%'Yaj13m ‘ ¢> < ¢

1 i .
= ﬁz%ak/ehz’sys <$s —|—% CL]'> <ak
ik

/e_épmym <:vm + %n — ya, gb> <¢‘xm _¥m wak> Ay . (5.75)

2
The first integral corresponds to a cross-Wigner distribution between the two eigenvectors

a; and ay, of A,
1 ; \
z / it (g 5 Jos) (e

The second integral is a shifted Wigner distribution of the meter. Indeed, by the change of
variables z), = z,, — 3(a; + ax) and y;, = ym — v(a; — ax), we have

/e‘fiip'”ym <xm + %ﬂ — a;

. . /

i b Ym
Yagp:
en " ‘xm > dym

Ry
T B Ys

Ys
Ty — 5> dys = Wa, a0, (Ts, Ds). (5.76)

0) (0frm — B~ yar) dym (5.77)

‘)

/
<gz§ o+ %(aj +ay) — y?m — %(aj —ag) — Vak> dy,. (5.78)
i i ’ y, y,
— e_ﬁpm(a]’_ak) /e_ﬁpmym <m{rn + 7777, ¢> <¢ I',/rn — 7m> dy,:n (579)
= e‘lﬁpm(aﬁ_ak)hl/% (xm — %(aj + ak),pm) . (5.80)

The Wigner distribution of the joint state is therefore

W\I/(xsapsa xmapm) = Z ajake_%pm(aj_ak)Waj,ak ($s>ps)w¢ <$m - %(aj + ak)apm> . (581)
jk
The experimenter observes only the meter and the system part is traced out. This is done,
in phase space, by integrating the coordinates of the system x, and pj,

/ W\Il(m&psa :L‘mapm)dl‘sdps - // Z O-/jake_%pmwj_ak)waj,ak (xsaps)qu (xm - z(aj + ak)apm) dxsdps
7k

2
(5.82)
— Z ajake_%pm(aj—ak)w¢ (:Em — %(aj + ak),pm> // Wa; ai (s, ps)d s dps

jk

(5.83)

= Z ajake’%pm(aj’“’“)wqg (xm — %(aj + ak),pm> (ajlak) (5.84)
ik

= Z || We (2 — Yaj, ) - (5.85)
J

]
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The joint Wigner distribution describes the entanglement between the system and the meter,
depending on the eigenvalues of the operator A and the decomposition of [¢;). From the point
of view of the experimenter, the resulting Wigner distribution of the meter describes a mixture
of shifted meter distributions, proportional to each of the eigenvalues of the operator A.

5.6.3 Example: Coupled Harmonic Oscillators

Consider the situation of the coupled harmonic oscillators, [2.3.2 Taking the ground state of
the oscillator in the x direction as the meter initial state ¢, the Wigner distribution of the
meter is the equation (3.21]). The representation of the meter distribution after the measure-
ment (Proposition is shown in Figure [11] If the interaction is strong, the shifted Wigner
distributions are separated and the system is projected on an eigenvector, when performing
the measurement of the meter (figure [L1a)). For a weak interaction, the distributions are not
separated and the system is not projected on an eigenvector of the operator A (figure .
The experimenter observe a merging of the Gaussian distributions linked to each eigenvalue.

2
5 o W (x - va,p,)
2
1oy W06, - 73y,

Pm P B ) X

X
m

m

(a) Wigner distribution of the meter for a strong (b) Wigner distribution of the meter for a weak
von Neumann measurement. von Neumann measurement.

Figure 11: Meter distribution after a von Neumann non post-selected measurement.

5.6.4 Weak post-selected measurement

The von Neumann model can also be studied in phase space to describe a weak measurement
with post-selection, in parallel to Proposition For a weak interaction, this gives a shift of
the meter Wigner distribution proportional to the weak value.

Proposition 5.8: Weak post-selected von Neumann measurement

Consider the joint phase space (s, Ps,Tm,Pm). The initial system distribution is
Wy, (x5, ps) and the initial meter distribution is Wy(xp,, pm). The post-selected system
distribution is Wy, (s, ps). The interaction couples the system operator A with the mo-
mentum meter operator p,, through

ﬁint = g(t)/i ®ﬁm;
with a coupling ¢(t) depending on time and equal to zero out of the range [0,7]. The
total weak coupling strength is v = fOT g(t)dt and the weak value A, is assumed to be

real. The final (non normalised) post-selected joint distribution associated to the state
|W,) (equation [2.14)) is, to the first order in -,

W\I/j (-1757]73, xmapm) = | <wf|ws> |2W¢f(a:5,ps)W¢(.7cm - 'YAwapm)-
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Proof. The initial joint distribution and the evolution operator are the same as for a strong
coupling. The interaction corresponds to the application of the evolution operator and the
post-selection is realised using the projection operator II 5 = [¥5) (] @ 1,,. The projection
is not unitary, so the resulting Wigner distribution is not normalised. The final joint Wigner
distribution is obtained in the same way than the equation ([5.70]),

1 ;
W‘I’ (xsapsyl.n”wpm) //eh(psstrpmym) <:L‘S + = Ys , Ty + _‘ er rL'YA®Pm ‘ w ¢>

n2 2’
(o) vo= 5t — ) dy.dy,, (5.80)

f
// +(Psys+Pmym) <Is + Ys > <1/;f’ Ty + %n) e_%7A®ﬁm ‘ i, ¢>

(0] b4 |op =20 (g, — 2) dydyn. (5.8

The bracket term (¢ e~ w1A®p |1;), in the system space, is

(gl 48P [y = T (i) (o] €704 ) = / Wiy (@ p)e 17 APmda dpl,. - (5.88)

The Weyl transform of the exponential evolution operator must be evaluated. For a weak
interaction, v is small. Therefore, the exponential can be approximated to the first order as

e hrA®Dm o ﬁ’yA ® Poms (5.89)
so that
e~ i7APm 1 / o Py <x + y2 (1 - %721 ® pm> o %> dy, (5.90)

Ala - %> dys P =1 — %Mﬁm. (5.91)

i Y Ys
—1-2 hpsys<
hy/e m—|—2

This gives for the bracket term, applying the approximation of the exponential in reverse,

(| e~ FYASPm |y = // W, w, (@, p ) da'dpl, — %’Y / Wos s, (2, pL) Ad,dpl, pr, (5.92)
= / W, (2, p,)dadp (1 - %v%%) = (y|p;) e i AwPm - (5.93)

by setting

I W, (6, p5) Als, ps)daydpy
I Wy (5, ps)dsdp,

as the weak value. For simplicity, it is assumed to be real in the remaining of the calculations.

The complex case is dealt with later. The other bracket term in equation (5.87)) can be treated
in the same way to obtain

Ay = (5.94)

(ihi] €R7ASP |4 ) = (yifapy) ei A, (5.95)
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Finally, the joint Wigner distribution after post-selection becomes

W, (T, Dss Tony D) = h12 //e £ (Psys+Pmym) <x + > (W s|s) < y?m’ o~ 1 Awbm ’ ¢>
(9| etrerm |z, - %”> (wilwr) (. - %} dydy,  (5.96)

~ L [t (et o e o 5 )

(9]am = 5 = 10 ) Wile) (0|2 = %) dysdyn (5.97)

= ol sl / e <xs #2200 (o, - %> .
/6 "”’"‘y’” fvm + 2 A, ‘¢> <¢>‘xm — 2 — A, >dym (5.98)
= | (Wyli) I” Wwf(xs,ps)%( — YAuw,s Pm)- (5.99)
[l

The shift of the Wigner distribution of the meter state is coherent with the shift obtained
in the usual von Neumann scheme (Proposition . The system is also rightfully in the post-
selected state. Moreover, it can be readily seen that the amplitude of the (not normalised)
Wigner distribution is given by | (¢¢]¢;) |>. When a weak value is chosen to have an ampli-
fication effect, the pre- and post-selection are taken nearly orthogonal. The scalar product is
therefore close to zero, so the amplitude of the Wigner distribution will be small in that case.

In this case, contrary to Proposition [5.7] there is no need to perform a partial trace. Indeed,
the information accessible to the experimenter is directly readable in the result. This comes
from the post-selection, that has disentangled the system and the meter and no superposition
is present anymore. The state is therefore directly separable.

To find the shift in the z,, and p,, coordinates for a complex weak value, the Lemma is
shown to hold in the phase space.

Lemma 5.1: Average value of the meter .

Let Wy, (zs, ps) and Wy, (2, ps) be the pre- and post-selected distributions of the weak
measurement, respectively. The initial meter distribution is Wy (2., ). The interaction

couples the system operator A with the momentum meter operator p,, through
[:[int = g(t)/i ®ﬁm7

with a coupling ¢(t) depending on time and equal to zero out of the range [0,7]. The
total weak coupling strength is v = fo t)dt. The post-selected joint state is |V;) with
Wigner distribution Wy, (x5, ps, T, Pm). For any observable M on the meter space, the
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average value in the post-selected joint state is

<\IJJ" ]Als ® M ‘\II]> _ ff W‘I’ xsvp&xm7pm)M($m7pm)dmmdpm
<\IJ]‘\IJ]> ff W\Il xsapmxmapm)dxmdpm

= (61 311) + 7y Re(Ay) (8] [, N1 ) + v Im(Ay) (6] . 37} 16)
— 2 Tm(A) (6] 116} (6] 5 |6).

J

Proof. Since we work with the operator p, it is more convenient to write the Wigner distribution
in the p basis instead of the x one. The total joint state, up to the first order, is calculated in
the same way than to obtain ([5.96|). By approximating the exponential, we find

1 TsUs+TmU s l ~
WWJ($57PS7$mapm) = ﬁ//eh( sthstm m) <ps + (1 - ﬁ'YAwpm) ‘¢>

(o £ e i () e
(5.100)

(o)

<¢>) (1 + vAwpm) ‘pm — >dum (5.101)

| ) (rls) (pm +

1 L Usg
= W (oap)| sl P [ e (s

h
1
= —W¢f (s, ps)| <wf’wl> |2

h
> <¢‘pm - >dum (5.102)

it
_ A zxmum/h < -

e o 2

The two parentheses have been distributed and the term proportional to 72 is neglected.
The first integral is the Wigner distribution of the initial meter state, Wy (2, pm). We
want to evaluate the normalised average value of the operator M in the final state, with respect
to the meter coordinates. By the properties of the Wigner distribution (Proposition ,

‘ ¢> <¢‘pm - >dum (5.103)

Us

Pm ‘pm - —> dum] . (5.104)

2

<\1jj| ﬂs ® M |\Ijj> _ ff W‘I/j (xmpsa xm,pm)]\;[(xm,pm)d:cmdpm
<\I]J|\Ijj> ff W\Ifj (msvpsa x'rmpm)dmmdpm

The denominator is first calculated. The double integration acts on each of the three
integrals, (5.102]),(5.103)),(5.104)). The first term (5.102)), integrated, is proportional to

(5.105)

/ We(Zm, P ) dmdpm = ($]¢) = 1. (5.106)
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The application of the double integrals on the second term ([5.103)) is proportional to

. (%VAw) JI] et (o 5 | 0) (ol = ) dundo, (5.107)
=5 (G ) [l et (o) G
( )/ 5um pm ><pm
(

o) [ 2o talo) Gl v = (%Aw) [ {6l) 1) o = (G000 ) 6l b
(5.110)

*[6) (8]pm — ) dudandpn (5.108)

= > <¢‘pm . > dttmdprm (5.109)
7

A similar development can be made for the third part, (5.104)). Finally, the denominator of

equation ([5.105|) is

/ Wals, Ps: s D) dimdpm = W (25, ps)| (g5 ((¢\¢> - —%4 (@] D |6) + +7Aw (@] i |¢>>

(5.111)
The numerator of equation (5.105)) is now studied. We first need the Weyl transform of the
operator M (in the p basis),

M (Zy, prm) = /efxm”m <pm + —’ M‘ 5 >dvm (5.112)

Again, three different parts of the numerator are present because of the three integrals
(5.102)),(5.103),(5.104) in the definition of the Wigner distribution W (zs, ps, Zm, ). The first
one ((5.102)), averaged on the operator M, is proportional to

/ Weo(Zm, Pm) (xm,pm)dxmdpm = Tr<p¢M> = (¢ M|¢> (5.113)

by the properties of the Wigner distribution. It is the average value of the operator M, in the
initial meter state. The second term ([5.103|), once averaged, is proportional to

(52 3 [ e (o | ) ol — )

(pm+ —‘ Vi ‘pm = 2 At drndp (5.114)
() st G 5 e 0 = )
(b + 2] 01 [py = 22 duy v (5.115)
- )ipm“mz%fﬁ>@m——>
<pm -5 + 5> dttydpy, (5.116)
= (~540) [ p01e) ol wl S dpder 0=~ =gt % 1D
= (=540) [ @111 p ko) o = (~ 50 ) 61 00 b (5.118)
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A similar development can be made for the third part, equation ([5.104]). The numerator of
equation ([5.105)) is therefore

/ W\If]- (xwps’ xm7pm>M(xm’pm)d$mdpm = W1,/;f ((L'saps)| <¢f|¢z> |2

((61316) = 740 (61 ¥ 0} + £ (019001 15))
(5.119)

Putting the two results in equation ([5.105)) gives the average value of the operator M ,

I W, (@35 P T Pro) M (@, ) _ (9] M 16) = 57 Aw (8 M 6) + 74w (] 5 |9)

[T W, (s s @ms pm)dmdpr— (916) = 17w (Sl B |0) + 57 A (0] Bm [0)
(5.120)
This is the same result as in the proof of Proposition in equation ([2.26). The remaining
of the calculations are identical, to find the final result. O

The lemma just proven gives the same results as Lemma [2.I] Therefore, it can be applied
to get the shift in z,, and p,,, as has been done in Proposition 2.3] The shift of the Wigner
distribution after a weak post-selected measurement can finally be obtained, for a complex
weak value.

Proposition 5.9: Meter shift for a complex weak value

Let Wy, (25, ps) and Wy, (x4, ps) be the pre- and post-selected distributions, respectively.
The initial meter distribution is Wy(2,, prm). The interaction couples the system operator
A with the momentum meter operator p,, through

f{int = g(t)/i ®ﬁma

with a coupling ¢(¢) depending on time and equal to zero out of the range [0,7]. The
total weak coupling strength is v = fOTg(t)dt. Then, the post-selected joint Wigner
distribution is

W\I/j<xsapmaxm7pm) = | <77Df|wz> |2Wwf(xs,ps)

d i\4tm
Wy <xm —vReA, — %VImvaar—(x)

dt ’

2
DPm — i—_Lfy ImA, Vari(pm)> )

Proof. This is an application of Lemma for M = &, and M = p,, and the translation
property of the Wigner distribution. O]

5.6.5 Example: Weakly Coupled Harmonic Oscillators

Consider the coupled harmonic oscillators of Section [2.3.2] The Proposition [5.9] gives the shift
of the Wigner distribution of the meter. The weak values are already known from equation
(5.34). The Wigner distribution of the meter is also known, equation (3.21)). It is represented
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in Figure[12] for different values of the orthogonality parameter o. The variance o,, is assumed
to be constant so the Wigner distribution is

(5.121)

w¢(x_7m (L= o)k )

2
= —0m7 xT
av/2 n) av/20, P

Only the x coordinate is shifted by the measurement, so the p distribution is left unchanged.
In Figure [12] four different values of « are taken and the Wigner distribution of the meter
is shown for each case (a shift in the p distribution is artificially added for clarity of the
representation). The amplitude parameter is taken into account, to show the low measurement
probability for increasing amplification. The higher distribution, on the left, corresponds to «
close to one. The shift of the distribution is therefore small but the amplitude is high. The last
distribution, very small on the right, is obtained with a close to zero. The shift of the meter
distribution is more important but the amplitude is low.

03,

0.25,

02,

X

Wo(x,p ) shifted

Figure 12: Shift of the meter Wigner distribution for different values of the orthogonality
parameter a. Around x = 9 is the smaller value of «, hence showing a large amplification but
a small height.

5.7 von Neumann measurement in curved configuration space

The complete von Neumann section can be generalised to a curved space. Indeed, the Wigner
distribution and Weyl transforms are modified by a factor depending on the metric determinant
(Proposition . By paying attention to the application of the displacement operator (that
also displaces the metric determinant, equation (4.24))), the von Neumann process is generalised.

This development is interesting because, in the usual von Neumann process, a curvature of
the space cannot be easily considered. However, in the phase space formalism, it is much more
straightforward. This allows us to consider a measurement involving curved meter and /or sys-
tem spaces. The curvature might be intrinsic, like the curvature of space-time, or it may come
from constraints applied on a system. Some examples are the motion of a particle constrained
on a sphere, or an optic measurement involving metamaterials.
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The meter and the system are defined on independent Hilbert spaces. The phase spaces
are therefore also different, and we assume that the degrees of freedom of the two spaces are
completely independent. Therefore, the curvature is considered as decoupled between the two
spaces. The metric determinant of the system space is gs(xs, ps) and the metric determinant
of the meter space iS ¢, (Tm, pm). It makes sense to consider a curvature of the meter space
because the system and meter are often two properties of a same particle, with a common
global curvature.

First, the von Neumann measurement for a measurement without post-selection is repro-
duced in curved phase space.

Proposition 5.10: von Neumann measurement in curved space

Consider the curved joint phase space (s, ps, m, Pm). The initial system distribution is
Wi (zs,ps) and the initial meter distribution is W7™ (2, pm). The interaction couples

the system operator A (of eigenvalues a; and eigenvectors |a;)) with the momentum meter
operator p,, through ) R

Hint = g(t)A ®]§ma
with a coupling ¢(t) depending on time and equal to zero out of the range [0,7]. The
total coupling strength is v = fo t)dt. The final joint distribution is

W\%sgm (xs;p.ﬁ 'Tmapm) — Z ajake_%pm aj—llk)WgS ak (.’Es,ps)ng (xm - %(afj 9F axk)7pm) .

The information available to the experimenter is the reduced state of the meter,

/ W\gsgm (xsaps; xmapm)dxsdps = Z |O‘]'|2W£m (:Um - fyaj’pm) ’

J

Proof. The proof is very similar to the proof of Proposition [5.7, with the metric determinant
rightfully positioned. The initial joint distribution is

Wgsgm(xSapsaxmvpm) Wgs $57P3)ng(fﬁm,pm) (5.122)
_ % _ipsys yS
/\/gs xs s(xs 2>eﬁ <$5+2¢><¢1 2>dys
[ {fon (o33 (o= 23t o ) o3

(5.123)
1 i Y y
— Z( sYs+DPm m)/h s _ _S
ﬁ//e PsYs+Pmy i‘/gs<x$+3)gs<x8 2)
4 5) g (= 51 ) (e G + 5 0)

Up to the equation ((5.74)), the development of the proof is the same. Therefore, the Wigner
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distribution after the interaction is

1 i s s s s
Wésgm(xsvpsaxmvpm> = ﬁ Zajak/e_hpsysi/ s (xs + %) s (175 - %) <xs + % aj> <ak Ts — %> dys
ik
_ipmym 4 y_m> ( _ y_m>
/eﬁ \/gm<xm+ 9 Im | Tm 9
(wm+ o) et |g) (g] oo ‘xm - %’”> . (5.125)

The translation operator is then applied. From the equation (4.24)), the metric determinant
of the meter should also be shifted. Therefore, the resulting state is

I 1 _ i Ys Ys Ys Ys
W\Igf I (xSap&xm:pm) = ﬁ jzkajak/e hpsysil/ s (l's + ?) gs (ms - 5) <ms + E aj> <ak‘ Ts — §> dy
/e‘épmym </gm (xm + %n — vaj) Im (xm - %n — yak>
Ym Ym
T+ = 745|9) (O Tm — T =k ) dym. (5.126)

The development can then be pursued with no further difference except the metric factor,
so that the joint Wigner distribution is

W9 (&g, s T Pm) = Y cjaige” 1P (g p YW (xm — La; + ak),pm) :
ik

2
(5.127)
and the experimenter observes the partial traced distribution
/ W™ (s, Dsy Ty P )dT5dps = Z | PWIT (2 — a5, ) - (5.128)
J
O

The Wigner distributions, compared to a flat space, are different but the shift of the meter
state is identical in curved space and in flat space.

5.7.1 Weak post-selected measurement

The same generalisation can be made for a weak post-selected von Neumann measurement in
curved space.

Proposition 5.11: Weak von Neumann measurement in curved space

Consider the curved joint phase space (s, ps, Tm, Pm). The initial system distribution is
W (zs,ps) and the initial meter distribution is WJ™ (2, pn). The post-selected system

distribution is Wf;f (s,ps). The interaction couples the system operator A with the
momentum meter operator p,, through

I:Iint = g(t)/i ®ﬁm;
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with a coupling ¢(t) depending on time and equal to zero out of the range [0, 7]. The
total weak coupling strength is v = fOT g(t)dt and the weak value A,, is assumed to be
real. The final post-selected joint distribution is

W\%?gm (xs7psa xmvpm) = | was) |2W£; (xsaps)ng (xm - 7Awapm)-

The proof is very similar to the proof of Proposition [5.8, and is given in Appendix F. For
a weak measurement, the shift in curved space is the same as in flat space. As in Proposition
5.8| it is not necessary to perform a partial trace because the post-selection destroyed the su-
perposition.

The lemma [5.1] is also generalised to describe the average value of an observable of the
meter, after weak measurement and post-selection, in curved space.

Lemma 5.2: Average value of the meter in curved space

Let W{Zs (xs,ps) and W{Z; (x5, ps) be the pre- and post-selected distributions of the weak
measurement, respectively. The initial meter distribution is ng (Zm, Pm)- The interac-

tion couples the system operator A with the momentum meter operator p,, through
ﬁint = g(t)/i ® Pm,

with a coupling ¢(t) depending on time and equal to zero out of the range [0,7]. The
total weak coupling strength is v = fOT g(t)dt. The post-selected joint state is |V,;) with
Wigner distribution W\%‘;g’" (s, Psy Tm, Pm)- For any observable M on the meter space, the
average value in the post-selected joint state is

<lI/J| M |\Il]> ff W\%jgm(x&p&xmypm)Mgm(mm,pm)dl'mdpm

<\I]]|\I]J> B ff W\I%jgm (155? Ds, Tm, pm)dxmdpm
= (6] 3116} + -y Re(Aw) (9] [, M1 16) + 17 Im(Au) (9] (B 31 |6)

— 2 Tm(Ay) (6] 7 16) (6] 5 |6)

Proof. The proof is identical to the proof of Lemma [5.1] Indeed, the development is realised in
the p basis of the Weyl transform and the Wigner distribution and the equation (4.38) shows
that the Wigner distribution is unchanged in the p distribution. O]

For a complex weak value, applying the lemma gives the shift of the Wigner distribution in
curved phase space.

Proposition 5.12: Meter shift for a complex weak value on curved space

Let quf(:vs, ps) and Wlif (x5, ps) be the pre- and post-selected distributions, respectively.
The initial meter distribution is W™ (2, pm). The interaction couples the system oper-

ator A with the momentum meter operator p,, through

f{int = g(t)/i X f)ma
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with a coupling ¢(t) depending on time and equal to zero out of the range [0, 7]. The
total weak coupling strength is v = fOT g(t)dt. Then, the post-selected joint Wigner
distribution is

WE™ (L5, Py Ty D) = | (W |90i) PW: (6, 25)

. m d Var;(zx,,)
w3 (xm —~vRe A, — =7 Im AwT,
2
P — 2y Im A, Varz-(pm))

J

Proof. This is a direct application of Proposition [2.3]and the translation property of the Wigner
distribution. O]

6 Conclusion and Outlooks

The physical interpretation of weak measurements and weak values is a complex task. That
motivates the search for alternative ways to describe weak values and weak measurements, in
a manner that is easier to understand physically. Since weak measurements are also involved
in the description of many quantum paradoxes [11, 12, 25], such a task is also important to
understand the meaning of these paradoxes.

An interesting tool to use in this context is the quantum phase space [16], 17, 18, 19| [30].
The classical physical reasoning takes place in phase space, so a description of the quantum
theory in phase space is important to bring more insights into its meaning. This is why the
Wigner distribution was introduced, by reasoning in terms of statistical physics at first [19].
This gives a representation of a state (in an abstract Hilbert space) into the phase space (z,p).

The concept of weak value has therefore been studied in phase space. It has been shown in
the literature that it is obtained from the cross-Wigner distribution between the pre-selection
and post-selection, interpreted as an interference occurring between the two states [31,32]. The
weak value is the average of the cross-Wigner distribution. This was extended to generalised
phase spaces and to curved configuration spaces. The weak value can therefore be described in
any phase space as an interference between the pre-selection and the post-selection represented
in the given phase space.

Another interesting result is the determination, in phase space, of the weak value of the
momentum, post-selected on the position. Its real part is proportional to the probability cur-
rent while its imaginary part is linked to the osmotic velocity. These concepts are widely used
in the stochastic interpretation of quantum mechanics [21], as well as in the de Broglie-Bohm
theory [22]. Therefore, this gives a clear meaning to the weak value in the framework of these
two interpretations. Moreover, this specific weak value appears in one of the most important
weak experiment, the two-slit interferometer [10]. The average trajectories of the photons are
obtained from this weak value, and the results also support the de Broglie-Bohm interpretation
of quantum physics.
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The von Neumann model is a description of quantum measurements taking into account
the system and the measuring device, with a given coupling strength between the two [3], 4] [5].
This model allows to define weak as well as strong measurements and post-selected ones. The
process, in all cases, has been reproduced in phase space. This makes a shift of the Wigner
distribution appear, in the x and p coordinates, depending on the eigenvalues of the operator
if the measurement is not post-selected, depending on the weak value if it is. The Wigner
distribution can therefore be described, for the meter and for the system, at each step of the
measurement. The experimenter, in a weak post-selected measurement, will observe the weak
value.

The description of the von Neumann model in phase space has then been generalised to
describe the process of measurement in curved configuration spaces. Interestingly, the weak
value is the same in a flat or a curved space, so the shift is identical. Only the shape of the
Wigner function itself is modified by the curvature. This can be used, for example, for a weak
measurement of a particle constrained on the surface of a sphere. In practice, this could be
useful to study rotating or vibrating molecules [40], or in transformation optics where the light
propagates in a metamaterial as it would in a curved space.

Most of these concepts and results have been illustrated on the example of a bi-dimensional
harmonic oscillator, coupled through a magnetic field. This example has the advantage to be
easy to treat and to give intuitive representations of the concepts in phase space. Moreover, the
ground state of the oscillator is a coherent state, interpreted as a state close to a classical one.
This is useful to understand the generalised phase space from the point of view of generalised
coherent states.

For a future work, the Wigner distribution should be evolved directly in phase space, through
the time evolution equation of the Wigner distribution. It is here described before and after
the measurement, however a description of the distribution during the measurement would be
very interesting. However, the post-selection step is a part that should be difficult to treat in
phase space.

Another outlook is to use the formalism of generalised phase space presented in this thesis
to describe discrete systems, such as the spin. The phase space can then be discrete and the
Wigner distribution is described differently [33] 34 [35]. This is important because many weak
measurements involve the spin or the polarisation of a particle. Furthermore, the phase space
of a given system is not uniquely defined. In this thesis, we used only the phase space con-
structed from the Wigner distribution but other phase space distributions on (z,p) exist and
could provide insight into weak measurements.

Lastly, the weak value of the momentum post-selected on the position is hugely interesting.
From its interpretation with concepts of the statistical and Bohmian interpretations of quantum
physics, the study of this weak value can provide insights in the foundations of the quantum
theory. Evidencing the links between weak measurements and the de Broglie-Bohm theory, in
phase space, can be interesting to better understand these two concepts together.
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7 Appendices

Appendix A: Integral calculation

A particular integral I appears in multiple places of the thesis. In general, its form is
4 m2
I= /ehmea?dx. (7.1)

It can be evaluated by noting that

2 ipx 2 ipx 2q? 202 z  ipa\’ 2a?
L A G E A (72)
a? h a? h 4h? 4h? a 2h 4h?
so the integral becomes
p2a2 T ipa 2
[ = e wmZ /e(a+2h) dx (73)
= /e_yQa d _ L e (7.4)
N 4 v= a 2h '

2.2

= e%&/edey. (7.5)
The remaining integral is called the Gauss integral,
/e_y2dy = /7. (7.6)

Finally, we get

p2a2

I = ay/me” a7 . (7.7)
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Appendix B: Fourier tranforms of the harmonic oscillator
The Fourier transform v,(p) of the ground state of the harmonic oscillator ¢y (z) is
1 ;
i) = 7= [ @) (78)
3 R vl (7.9
= — e hnbr e 20° 0T .
Vh NG
e iPETe” o dx. (7.10)
fff/
This integral is solved in Appendix A. Therefore, the distribution is
2wro _pio®
————\20/7e 4h2 e 22, 7.11
wO(p> \/—\/—\/— \/_ \/E% ( )
The Fourier transform v, (p) of the ground state of the harmonic oscillator ¥ (z) is
1 i
(o) = 7= [ () (712
1 21 ; 22
= \/_{4/_\/j_ /:Ue_ﬁpxe_%?d:r (7.13)
”,U »202
\/_ /xe v dme ECE (7.14)
O-S
\/_\/_U\/7 B \/_O'/( 200 — %) e da (7.15)
2
— %%e* 2 (\/ﬁa/m/ezlzdx’— % e da (7.16)
2ino2 & 2202
2R (7.17)
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Appendix C: Calculation of the weak values (2.45) of the coupled har-

monic oscillators

The numerator of the weak value y,, is

(s o) = / (s} 1) dy
=a/ (oly) (o) dy + 1—a/ (W) (ylo) d

o« ye_gédy+ (1—a) LQ

B ﬁas \/_(72

_ (1- oz)\/§03 y2e Y dy' Y = Yy
Jroz ° O

(7.18)

(7.19)
(7.20)

(7.21)

where the integral of the first term is equal to zero because the argument is odd. The remaining

integral is

/ yPeVdy = g

The numerator of the weak value becomes

Os

(sl g lpi) = (1 = a)\/?

with the denominator (¢¢|1);) = «, so the weak value is

(1-— oz)as'

yu}: C(\/§

The numerator of the weak value py,, is

(W5 By 165) = / Py (85194 (B, 05) dp,
—a / Py (olpy) (pylbo) dpy + (1 — @) / by (Wlpy) (o410} dpy

Qo PQo? (1— «a)i2o? e
e e s T e

hy/m
_ (1— 04)2'20? RBym i(l—a)h

V21 h? 203 V2o,

so the weak value is

i(l—a)h
pyw Oé\/égs .

(7.22)

(7.23)

(7.24)

(7.25)
(7.26)
(7.27)

(7.28)

(7.29)
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Appendix D: Proof of Proposition (3.2

1. The distribution is recovered by integration. The first marginal is realised using the
Wigner distribution in the x basis, and the second is done in the p basis. This gives

/W(x,p)dp = %//e_;/py <x + %’ p ‘l‘ - g> dydp (7.30)
— [ow) (o + oo~ ) dy = tal ). (7.31)
/W(m,p)dx = %//eém <p —|—§ plp— g> dudx (7.32)
= [otw) (o 5| 8lp— 5y du =6l 515 (7.33)

2. The Weyl transform of the identity operator is 1 = 1. Using this and Lemma , we
have

// W (z,p)dedp = // W (z,p)ldzdp = Tr(pl) = Tr(p) = 1. (7.34)

3. To show that the distribution is real, the complex conjugate of the distribution is shown
to be equal to the distribution itself,

1 i
W*(Lp)zﬁ/ehpy <x—g p x+%>dy y=—y (7.35)
1 [ ! !
= E/e_hpy <x+y§ plx— %>dy’ = W(z,p). (7.36)

4. To show that the Wigner distribution is not always positive, a counterexample is shown.
Let’s consider two density operators p; = [¢1) (¢1] and pg = |)a) (1a]|. We have

Tr(p1p2) = / (ulthr) (1[ta) (alu) du = (P [1ha) (alihr) = | (¥ |iba) . (7.37)
Using Lemma [3.1], we also have
(i) = 3 [[ ulo )l pldadp = b [ Wiwp)Watzp)dedp. (739)
If we assume that the two states are orthogonal, we obtain

/ Wi (. p)Wa(z, p)dadp = | (ta]iba) [2 = 0. (7.39)

The two functions cannot be zero on the whole space so at least one of them must take
negative values in some regions of the phase space.
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Appendix E: Proof of Proposition 4.2

2. For any Q € X and any operator A,

FP@ = (F@) (7.40)
& T(AA©Q) =T (4! A(s)(Q))* (7.41)
s T (AA<8>(Q)) - Tr<(A<8><Q))TA) (7.42)
& T (AA<5>(Q)) = Tr <A(A(S)(Q))T> (7.43)
It is valid for any 4, so
AP (Q) = (AP Q). (7.44)

3. For any operator A,

Tr(/l) = Tr(Aﬂ) :/ F(Q)dp(Q) :/ Tr(AA@)(Q))dIU(Q) =Tr (A/ A(s)(Q)du(Q)),
It is valid for any A, so (7.45)

/ AP(Q)du() = 1.
X
4. For any operator A and any () € X, using the Proposition and the Definition ,

F9(0) = Tr (A0 () = /

X

_ / Tr(AAY (@) Tr(AD@QAC(Q) ) du(@)  (7.47)

FS(Q) T (A(S)(Q)A(‘S/)(Q’)) du($) (7.46)

—Tv (A /X A% () Tr(A<s>(Q)A<—S’>(Q')>du(m>. (7.48)

It is valid for any fl, SO

A (Q) = / A () Tr(A(S)(Q)A(‘S')(Q’))dp(Q’). (7.49)

The factor Tr <A(s)(Q)A(_S/)(Q’)> acts like a delta function on X.

5. For any operator A and any Q € X,

FONQ) = FP(g7'0) (7.50)
= Tr(T(g)AT—l(g)A<S> Q)) - Tr(ANs)(g—lQ)) (7.51)
& Tr(AT—l(g)NS)(Q)T(g)) ~ Ty (ANS)(g—lQ)) (7.52)
It is valid for any 4, so
AC)(g71Q) = T (g) AL (Q)T(g). (7.53)

Bryan Renard - Master’s thesis Unwversity of Namur



7 APPENDICES 69
Appendix F: Proof of Proposition |5.11

The proof is very similar to the proof of Proposition The joint Wigner distribution, after
interaction and post-selection, is

1 i S S
Wq%jgm(l‘sapsa l’mapm) = F //e—ﬁ(psys-‘rpmym)il/ s <ZEs + %) Js <l‘s - %)
s y_m> < _ y_m> < Ys
\/m<$m+2 G (Fm = 57 )\ T

) (il =)

<¢fv Tm + %m) 67%7A®ﬁm ‘ 1/11'7 ¢> < 1?1;7 (b‘ e%’YA@ﬁm ‘wfa Tm — y7m> dysdym
(7.54)
The bracket term can be evaluated in the same way as in flat space, to get
(sl eTFIASP i) = (g |apy) 77 AwPm, (7.55)
by setting .
Wie o (@5, ps) A% (5, ps)dasdps
a Wy, (s, ps) A% (4, ps) (756

ff Wi:,q/;f ('IS? pS)dxsdps

as the weak value. For simplicity, the weak value is assumed to be real. Finally, the joint
Wigner distribution in curved space after post-selection becomes

1 i 3} ;
W\i]l;gm(xsapsaxmapm) = ﬁ //e_ﬁ(psys+pﬂtym)</ s <xs + %) s <xs o %) <xs + Y
il/ " <°Tm * y7m> Gm (xm - %n) brlei) <£Bm + Y| o= Auim ) ¢>

< 2
(9| erremn o = 20) ulusg) (wy|os = %) dydyn. (7.57)
- // e;<psys+pmym></ (o Y g (- %) (Y

)

il/ m (xm + Y _ ’YAw> 9Im (xm - yEm - fVAw> <wf|wz> <¢z‘¢f>

2
Ys > /
9 Ys dym

(ot 55 = a0 (ofem =557 =)

(7.58)
Wl [ e ¢ o+ L) g (n )
oA e
[ M (o)
<xm v Im A, ‘¢> <¢‘xm _Im 4, >dym (7.59)
= [ (Wylvi) Wij(xs,ps)ng (m — vAw,pm). (7.60)
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