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Abstract

The uncertainty principle lies at the heart of quantum physics. It exhibits one of the
key divergences between a classical and a quantum system: it is impossible to define
a quantum state for which the values of two observables that do not commute are si-
multaneously specified with infinite precision. A paradigmatic example is given by
Heisenberg’s original formulation of the uncertainty principle expressed in terms of
variances of two canonically-conjugate variables, such as position x and momentum
p, which was later generalized to a symplectic-invariant form by Schrédinger and
Robertson. A different kind of uncertainty relations, originated by Biatynicki-Birula
and Mycielski, again for canonically-conjugate variables, relies on Shannon entropy
instead of variances as a measure of uncertainty. In this thesis, we suggest several
improvements of these entropic uncertainty relations and highlight the fact that they
are better formulated in terms of entropy power, a notion borrowed from the infor-
mation theory of real-valued signals. Our first novel entropic uncertainty relation
takes x-p correlations into account and is consequently saturated by all pure Gaus-
sian states in an arbitrary number of modes, improving on the original formulation
by Biatynicki-Birula and Mycielski. Our second main result is the derivation of an
entropic uncertainty relation that holds for any n-tuples of not-necessarily canoni-
cally conjugate variables based on the matrix of their commutators. We then define
a general form of the entropic uncertainty principle that combines both previous re-
sults. It expresses the incompatibility between two arbitrary variable n-uples and
is saturated by all pure Gaussian states. Interestingly, we can also deduce from it
the most general form of the Robertson uncertainty relation based on the covariance

matrix of n variables.

This line of research underlines the interest of defining an entropic uncertainty rela-
tion that is intrinsically invariant under symplectic transformations. Then, as a first
attempt to reach this goal, we conjecture a symplectic-invariant uncertainty relation
that is based on the joint differential entropy of the Wigner function. This conjecture
is, however, only legitimate for states with a non-negative Wigner function. We also
suggest a complex extension of this so-called Wigner entropy, which could provide
the way towards an extension (and proof) of the above conjecture for all states. As
a second attempt, we introduce the notion of multi-copy uncertainty observables,

exploiting a connection with the algebra of angular momenta. Expressing the posi-

ix



tivity of the variance of our multi-copy observable coincides with the Schrodinger-
Robertson uncertainty relation, which suggests that the discrete Shannon entropy
of such an uncertainty observable provides a new symplectic-invariant measure of

uncertainty.

Currently available separability criteria for continuous-variable systems imply a nec-
essary and sufficient condition for a two-mode Gaussian state to be separable, but
leave many entangled non-Gaussian states undetected. In this thesis, we introduce
two improved separability criteria that enable a stronger entanglement detection.
The first improved condition is based on the knowledge of an additional parame-
ter, namely the degree of Gaussianity, and exploits a connection with Gaussianity-
bounded uncertainty relations by Mandilara and Cerf. We exhibit families of non-
Gaussian entangled states whose entanglement remains undetected by the Duan-
Simon criterion. The second improved separability criterion is based on our im-
proved entropic uncertainty relation that takes x-p correlations into account, and has
the main advantage over the one proposed by Walborn et al. that it does not require

any optimization procedure.



Titre

Etude des relations d’incertitude entropiques a variables continues et des critéres de
séparabilité dans 'espace des phases quantique.

Résumé

Le principe d’incertitude se situe au cceur de la physique quantique. II représente
I'une des différences majeures entre des systemes classiques et quantiques, soit qu'il
est impossible de définir un état quantique pour lequel deux observables qui ne
commutent pas auraient des valeurs spécifiées simultanément et avec une préci-
sion infinie. La formulation originale du principe d’incertitude est due a Heisen-
berg et est exprimée en termes des variances de deux variables canoniquement con-
juguées, telles que la position x et I'impulsion p. Cela fut par la suite généralisé
par Schrodinger et Robertson qui ont donné au principe d’incertitude une forme in-
variante sous transformations symplectiques. Si l'incertitude est mesurée a l'aide
de I’entropie différentielle de Shannon plutdt que des variances, il est alors possible
de définir d’autres types de relations d’incertitude. Originellement introduites par
Biatynicki-Birula et Mycielski, elles expriment également I'incompatibilité entre deux
variables canoniquement conjuguées. Dans cette these, nous proposons différentes
améliorations de ces relations d’incertitude entropiques et mettons particulierement
I'accent sur le fait qu’elles s’expriment mieux sous forme de puissances entropiques,
une notion empruntée a la théorie de l'information. En premier lieu, nous intro-
duisons une nouvelle relation d’incertitude entropique qui tient compte des corréla-
tions x-p et qui est par conséquent saturée par tous les états purs Gaussiens, ce qui
représente une amélioration par rapport a la formulation originale de Biatynicki-
Birula et Mycielski. En second lieu, nous dérivons une relation d’incertitude en-
tropique valide pour tous les n-uplets de variables non nécessairement canonique-
ment conjuguées et basée sur la matrice de leurs commutateurs. Nous définissons
ensuite une forme plus générale du principe d’incertitude entropique qui combine
les deux résultats précédents. Il exprime l'incompatibilité entre deux n-uplets arbi-
traires de variables et est saturé par tous les états purs Gaussiens. Notons que de ce
principe d’incertitude entropique, nous pouvons déduire la forme la plus générale
de la relation d’incertitude de Robertson, basée sur la matrice de covariance de n

variables.
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Les résultats précédents soulignent un des points essentiels de notre axe de recherche:
définir une relation d’incertitude entropique intrinsequement invariante sous trans-
formations symplectiques. Afin d’atteindre cet objectif, notre premiere tentative est
de conjecturer une relation d’incertitude — invariante sous transformations symplec-
tiques — basée sur 1'entropie différentielle jointe de la fonction de Wigner. Cette
conjecture n’est cependant légitime que pour des états décrits par une fonction de
Wigner non-négative. Nous proposons aussi une extension complexe de cette en-
tropie dite entropie de Wigner, qui pourrait ouvrir la voie vers une extension (et une
preuve) de la conjecture proposée ci-dessus qui serait alors valide pour tous les états
quantiques. Comme seconde tentative, en exploitant une connexion avec 1’algebre
des moments angulaires, nous introduisons la notion d’observables d’incertitude
agissant sur plusieurs copies d"un état. Exprimer la positivité de la variance de notre
observable coincide avec la relation d’incertitude de Schrodinger-Robertson, ce qui
suggere que l’entropie discrete de Shannon d’une telle observable fournit une nou-
velle mesure de l'incertitude. Cette relation d’incertitude est invariante sous trans-
formations symplectiques.

Les criteres de séparabilité actuellement disponibles pour les variables continues
donnent une condition nécessaire et suffisante afin qu’un état Gaussien bimodal
soit séparable, mais laissent de nombreux états intriqués non-Gaussiens non détec-
tés. Dans cette these, nous introduisons deux nouveaux criteres de séparabilité qui
permettent une meilleure détection de l'intrication. La premiere nouvelle condition
est basée sur la connaissance d'un parameétre supplémentaire, a savoir le degré de
Gaussianité de 1’état, et exploite une connexion avec les relations d’incertitude de
Mandilara et Cerf bornées par ce degré de Gaussianité. En particulier, nous donnons
I'exemple de familles d’états intriqués non Gaussiens dont l'intrication est détectée
par notre critére, mais pas par celui de Duan-Simon. Le second critere de séparabil-
ité entropique que nous proposons est basé sur notre nouvelle relation d’incertitude
entropique qui tient compte des corrélations x-p. Son principal avantage par rapport
au critere de Walborn et al. est de ne nécessiter aucune procédure d’optimisation.
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1 Introduction, motivation and
scope

In quantum mechanics, everything is about probabilities. While classically a particle
is localized at a very specific point, in quantum mechanics, it will be described by
a wave function (x, t) and we will find the particle at the point xo, at time fy with
probability density |((xo, to)|>. This statistical interpretation of quantum mechanics
generates the notion of uncertainty. If one measures the position of a quantum parti-
cle, one cannot know with certainty the outcome of the measurement, but will only
get a statistical distribution of all possible results. Yet, the notion of uncertainty goes
even further. If there exists some situations when one knows precisely the position
of a particle, then, quantum mechanics tells us that the momentum of this very same
particle cannot been known exactly. This principle, at the foundation of quantum me-
chanics, is known as the uncertainty principle. It was first expressed by Heisenberg,

in 1927, for position and momentum [1] and formalized by Kennard [2] as
hZ
2 2
020y = (1.1)

where 02 and (Trz, denote the variance of the position and momentum, respectively,
and 7 is the reduced Planck constant. Shortly after, it was generalized to any pair of
observables! that do not commute [3, 4]. The uncertainty principle then states that

their values cannot be both sharply defined?.

This fundamental, yet quite mysterious uncertainty principle is still studied exten-
sively today. First of all simply because it is at the root of this branch of physics which
is quantum mechanics, but also because it has many important implications. For ex-
ample, in the last years we have witnessed the rise of quantum information theory,
a field which brings together quantum mechanics, quantum optics and information
theory. Probably one of its forefront application is quantum cryptography. Without
going into details, it is important to know that the security of cryptographic protocols

1By observable, we mean any variable that can be measured.

’Note that there are actually two views on the uncertainty principle. It can either be seen as a
property of the state itself or refer to the disturbance that is due to the measurement process. More
details are given in Chapter 4.



CHAPTER 1. INTRODUCTION, MOTIVATION AND SCOPE

relies on the uncertainty principle. Typically, the uncertainty on the data acquired by
an eavesdropper is conjugated, in the sense of the uncertainty principle®, to the data
that flows to the authorized receiver. This means that by comparing (a subset of) his
data with the original data as sent by the emitter, the receiver can estimate the error
(i.e. the uncertainty) that is due to the eavesdropper’s interception, and infer from it
the error on the eavesdropper’s side, hence estimating an upper limit on the tapped
information [5, 6]. Studying and developing new uncertainty relations can only help
developing new protocols or improving security proofs.

Uncertainty relations find other applications, for example, in the context of separa-
bility criteria, that is criteria that enable us to distinguish between entangled and
non-entangled states. Indeed, the most famous separability criteria, the positive-
partial-transposed criterion [7] and its equivalent form for continuous variables [8, 9]
are based on uncertainty relations. In short, they say that a state is entangled when
its partial transposed state is not physical. And how do we check this condition?
We use uncertainty relations. The more the uncertainty relation is tight, the more we
can detect entangled states. It is thus obvious that seeking new uncertainty relations
leads to better separability criteria.

We said that quantum information is at the crossroad of quantum optics and informa-
tion theory. It means that entropies must play a key role because they are the natural
quantity of interest in this area. They are of relevant importance in many different
facets of quantum information, but in particular for uncertainty relations. Indeed,
entropy is another way of measuring uncertainty and, in 1957 Hirschman stated the
first entropic uncertainty relation [10], which was proven by Biatynicki-Birula and
Mycielski in 1975 [11]. This result is interesting not only because it highlights the fact
that notions of information theory can help better understand fundamental concepts
of quantum mechanics, but it also opened the way to a new and fruitful formulation
of uncertainty relations. Why such a success? We believe that an entropic formula-
tion of uncertainty is more robust. In particular, it can be shown that the entropic
uncertainty relation implies the one of Heisenberg and so is stronger. It seems thus
more natural to try developing entropy-based rather than variance-based uncertainty
relations. Moreover, entropic uncertainty relations can be generalized in a way such
that (non classical) correlations with the environment are taken into account [12].
Typically, entanglement between a system and its environment can be exploited in
order to reduce uncertainty. If an observer has access to a quantum memory system,
the entropic formulation also allows to establish more accurate uncertainty relations
and this is particularly useful in quantum key distribution, an important protocol of

quantum cryptography.

The first steps of quantum information were mainly focused on qubits, that is discrete

(binary) variables such as the spin state of an electron or the polarization state of a

3 About measurement.



photon. Of course, it seems natural since it is simply the quantum analog of the classi-
cal bits. However, quantum information can also be expressed in terms of continuous
variables and can sometimes even be more interesting. Indeed, if qubits seem easier
to manipulate on a theoretical level, they are in fact harder to use in experimental
setups because it is difficult to isolate and manipulate single particles. Continuous-
variable quantum information, on the other hand, offers a framework which is more
easily accessible in a lab as no single-particle source or detection are needed. We will
then talk about observables with continuous spectrum and variables will be encoded
in the quadratures of the electromagnetic field. Using the basics of quantum optics,
many protocols can now be realized. Interestingly, continuous-variable quantum in-
formation does not give only experimental advantage, but also suggests a different
way to study quantum information. We will use a phase-space representation and
give prominent place to Gaussian states as they exhibit very interesting and useful
properties. The basic notions of quantum optics in phase space will be explained in
Chapter 2, while Chapter 3 will be devoted to information theory. Note that we do
not aim to give an exhaustive review of those fields, but simply introduce the main
concepts that will be useful to this thesis. We also assume that the reader is familiar
with quantum mechanics. In Chapter 4 and 5 we explain, in more detail, uncertainty
relations and separability criteria, respectively. Even though we do not introduce
any new notions, we will sometimes present some elements in a way different from
the usual path taken by standard textbooks because we believe it will help the reader
better understand the contribution of this thesis. Those four introductory chapters

form the first part of the thesis. Parts II and III are devoted to new results.

In Part II, we focus on entropic uncertainty relations and give several improvements.
As it will be explained in Chapter 4, the original formulation of the entropic un-
certainty relation of Biatynicki-Birula and Mycielski exhibits some weaknesses since
it is not invariant under Gaussian transformations and is not saturated by all pure
Gaussian states, two conditions that are respected by the variance-based uncertainty
relations®. To remedy to the second point, we propose in Chapter 6 an entropic un-
certainty relation that takes x-p correlations into account. This chapter is the result
of a publication in Journal of Physics A [b]. We first show that a proper expression of
the uncertainty relation for a pair of canonically conjugate continuous variables relies
on entropy power, a standard notion in Shannon information theory for real-valued
signals. The resulting entropy-power uncertainty relation is equivalent to the en-
tropic formulation of the uncertainty relation due to Bialynicki-Birula and Mycielski,
but can be further extended to rotated variables. Hence, based on two reasonable
assumptions, we give a proof of a tighter form of the entropy-power uncertainty
relation taking correlations into account. Interestingly, it implies the generalized
(rotation-invariant) Robertson-Schrddinger uncertainty relation exactly as the orig-

inal entropic uncertainty relation implies Heisenberg relation. It is saturated for all

4We are not talking here about the Heisenberg uncertainty relation, but about its extension by
Robertson-Schrodinger.
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Gaussian pure states, in contrast with hitherto known entropic formulations of the

uncertainty relations.

Another improvement of the entropic uncertainty relation is given in Chapter 7. The
uncertainty relation for continuous variables due to Biatynicki-Birula and Mycielski
expresses the complementarity between two n-tuples of canonically conjugate vari-
ables (x1,x2,- -+ ,x,) and (p1,p2,- -+, pn) in terms of Shannon differential entropy.
Here, we consider the generalization to variables that are not canonically conjugate
and derive an entropic uncertainty relation expressing the balance between any two
n-variable Gaussian projective measurements. The bound on entropies is expressed
in terms of the determinant of a matrix of commutators between the measured vari-
ables. This uncertainty relation also captures the complementarity between any two
incompatible linear canonical transforms, the bound being written in terms of the
corresponding symplectic matrices in phase space. We also extend this uncertainty
relation to Rényi entropies. The results of this chapter form a publication accepted in
Physical Review A [c].

As a logical continuation, we propose in Chapter 8 to combine both results in order
to suggest the most general entropic uncertainty relations which combines both of
the previous results, that is, our entropic uncertainty relation is defined for any n-
tuples of quadrature observables and is saturated by all pure Gaussian states. We
also prove that the generalized version of the Robertson uncertainty relation based
on the covariance matrix can be deduced from this entropic uncertainty relations.
This work is in preparation and will be soon submitted to a peer-reviewed scientific

journal [d].

At this point, we have solved the first one of the weaknesses of the original entropic
uncertainty relation, but not the second one: we are still looking for a relation invari-
ant under Gaussian transformations. In Chapter 9 we make an attempt and suggest
a conjecture which answers this problem. However, this is only applicable to states
with a positive Wigner function. In order to consider all quantum states, we make a
complex extension of the definition of the joint differential entropy. We then study
the properties of this so-called Wigner entropy, but were not able to find any new en-
tropic uncertainty relation. When the quantum state has a positive Wigner function,

we recover our conjecture, which is verified numerically.

As a second attempt, in Chapter 10, we introduce two multi-copy uncertainty ob-
servables. First, we define a 2-copy observables denoted [, that acts on two iden-
tical replica of a state and takes on integer or half-integer values from —n/2 to n/2
for a n-boson state. It is invariant under any symplectic transformation (rotation
and squeezing), and vanishes with probability one if and only if it is applied onto
a minimum-uncertainty state (Gaussian pure state). The obvious condition that its
variance must be positive actually translates into the usual Robertson-Schrodinger

uncertainty relation based on the determinant of the covariance matrix. The Shan-



non entropy of this two-copy observable provides a new measure of uncertainty.
However, the framework we develop only works for state that are centered at the
origin in phase space. To overcome this problem, we then define a 3-copy observable
denoted L*. Its spectrum is one half of the spectrum of an angular momentum and,
here too, the positivity of its variance coincides with the variance-based uncertainty
relation. We therefore derive an entropic uncertainty relation based on the Shannon
entropy of this 3-copy observable. For Gaussian states, the entropy of both multi-
copy observables are equal. This work too will be soon submitted to a peer-reviewed
scientific journal [e].

The third part of this thesis is dedicated to separability criteria, which, as we already
mentioned, directly depend on uncertainty relations. We thus show how improve-
ments in uncertainty relations lead to better entanglement detection. Chapter 11 was
actually the first result we obtained during the realization of this thesis and it is the
subject of a publication in Physical Review A [a]. We introduce an improved sepa-
rability criterion based on an additional parameter of the state: its degree of Gaus-
sianity. Entanglement detection is improved thanks to the fact that the degree of
Gaussianity allows to establish more accurate uncertainty relations. We exhibit fam-
ilies of non-Gaussian entangled states whose entanglement remains undetected by
the Duan-Simon criterion. In Chapter 12, we use the improved entropic uncertainty
relation of Chapter 6 to enhance the already existing entropic separability criteria.
Our main contribution here is that it is no longer necessary to make an optimization
to find the optimal correlations and possibly detect entanglement since it is already
included in the uncertainty relation.

Note that in the conclusion of this thesis (Chapter 13), we provide the reader with
two summarizing tables. Table 13.1 gives an overview of all the entropic uncertainty
relations encountered throughout the thesis while Table 13.2 exhibits the separability

criteria and their associated uncertainty relations.
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2 Quantum optics in
phase space

Quantum optics is a field of research that uses quantum mechanics to describe phe-
nomena involving light, whose energy is quantized according to an integer number
of particles known as photons. Roughly speaking, one makes the transition from
classical to quantum mechanics by turning the position and momentum observables
into non-commuting Hermitian operators. In the following chapter, we give a brief
introduction to quantum optics. First, we show how one can quantize the electro-
magnetic field and give the phase-space representation of a quantum state. Then,
we introduce Gaussian unitaries and Gaussian states as well as the symplectic for-
malism. This chapter is not exhaustive and we decided to focus on the notions in
quantum optics that will be useful to understand the results of the present thesis. For
more details, we suggest references [13, 14, 15, 16, 17, 18]. In fact, most of the defini-
tions of this chapter come from those references. Note that for simplicity, we will fix
It = 1 throughout the rest of this thesis.

2.1 Quantization of the electromagnetic field

Classically, the electromagnetic field is described by Maxwell equations. Solving
them allows us to describe the electromagnetic field as

E(I‘,t) = EEkek(A) |:Dék,/\€i(kr_wkt) + “l*(/)\e—i(kr—wkt)] ’ (21)
kA

where k is the index of the mode, Ey a constant containing all the dimensional pref-
actors, A the polarization, wy the angular frequency, ey ) the polarization vector and
ax and &y are the complex amplitudes. To quantize the electromagnetic field, we
replace the complex amplitudes by the annihilation and creation operators, namely

an — A,

sa oAb, 22)

9
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Those mode operators satisty the commutation relation of bosons

[t aly ] = Skwdan,
[ G y] = 0,
[af v al ] = 0. (2.3)

For brevity, let us study one single mode with fixed polarization and thus drop the
subscripts k and A. From the single-mode operators 4 and 4f, we can define the

(dimensionless) quadratures of the electromagnetic field
t=-——=(a+a") and p=-—=(a—a"), (2.4)

which are equivalent to the position and momentum of a harmonic oscillator. It is

easy to see that the quadratures satisfy the commutation relation
(%,p] =i (2.5)

and therefore the uncertainty relation !

1
2 2
030, 2 1 (2.6)
In terms of those quadratures, the Hamiltonian of the harmonic oscillator reads
2 2
p=rrx 2.7)
2
or, in terms of the creation and annihilation operators,
N 1 ~ 1
A=dta+-=N+= 2.8
ata+ 5 + > (2.8)

where N is called the number operator. The eigenvectors of N are called Fock states
and denoted by |n). The associated eigenvalue willbe n = 0,1,2, - - - and we say that
a Fock state |11) contains 1 photons (or quanta of light), with the state containing no
photons at all being the vacuum state |0). From this, the mode operators can be un-
derstood as operators that add (creation operator) or remove (annihilation operator)

a photon from the state. Formally, we define them as
atln) = vn+1n+1) and  an) = Vnjn —1). (2.9)

Remark that N has a discrete spectrum while £ and p, in contrast, have continuous
spectra. Indeed, their eigenvectors are defined as

[x) =x[x) and  p[p) = plp) (2.10)

IThe uncertainty relation is expressed as U%Uf, > 1|{[x, p])|*>. More details are given in chapter 4.

10
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with x,p € Rand {|x)}, {|p)} representing two bases connected by a Fourier trans-
form

1 [~
x) = 5o [ e,

_ i * —ixp
P = 5o [ e (2.11)
These bases are orthogonal
(x[x') = o(x = x'), (plp") = o(p = 1", (212)
and complete
| lixldx =1, | _ipplap=t. (2.13)

The wave function of any given state is (x) = (x|¢) and its Fourier transform is

given by ¢(p) = (ply).

A continuous-variable system is a quantum system living in an infinite-dimensional
Hilbert space and described by observables with continuous spectra. In this chapter
(and the rest of this thesis), a continuous-variable system is represented by n modes
of the quantized electromagnetic field. It can be understood as a system correspond-
ing to n quantum harmonic oscillators. We will usually associate 7 modes to a tensor
product of n Hilbert spaces. Each mode is associated with a Hilbert space spanned
by the Fock basis and has its own mode operators 4; and 41 which verify the commu-
tation relations (2.3).

2.2  Wigner function

If one follows a classical particle in a phase space, it is represented by a single point
since a classical particle can be ascribed a definite position and momentum. How-
ever, if we want to do the same for a quantum particle, due to the uncertainty rela-
tions?, we will not have a point anymore since position and momentum cannot be
known precisely, simultaneously. Rather, the quantum particle will be described by
a quasi-probability distribution® in phase space called the Wigner function after Eu-
gene Wigner [19]. There is an exhaustive literature on the Wigner function, but we
mainly follow the paper of Case [20] and all the following formulas are taken from
this article®.

2More details are given in Chapter 4 since it is its main subject.

3To be more accurate, we should call it a probability density function, since we deal with continu-
ous variable, but in the thesis, and like it is done in many papers on the subject, we choose to call it
probability distribution, having in mind that we talk about a continuous distribution.

“Note however, that we do not use the same convention so the equations differ slightly between this
thesis and the paper.

11
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Why is the Wigner function called a "quasi"-probability distribution? Because even
though its integration over the entire space gives one — like any probability dis-
tribution — the Wigner function can have negative parts. Some will say that this
is a signature of the quantum character of the state [21]. Note however that some
states with Wigner function positive everywhere can be entangled5 , which is clearly
a quantum behavior, while there are states with negative Wigner function that exhibit

no specific quantum behavior.

Every quantum state p (of n modes) is associated to one Wigner function® defined as
_ 1 © —ipy
WO p) = e |y e Y bty 2ok —y/2) 214
and which is normalized to one
/ dxdpW (x,p) = 1. (2.15)

Here the vectors x = (£1,%2,---,%,) and p = (p1, P2, -+, Pu) contain the position
and momentum quadratures of all modes.

For pure states, Eq. (2.14) can be simplified and the Wigner function is computed
through the wave function ¥(x) = (x|y),

Wp) = g |4y e PV p(x+y/ 20 (x—y/2). @.16)

Equivalently, the Wigner function can be defined in the momentum representation

1 [ .
W(x,p) = (271)"/—00 dq e™%p+q/2lplp — q/2). (2.17)

Another explanation for the name “quasi-probability distribution” is that, unlike a
classical probability distribution, the Wigner function cannot take arbitrary large val-
ues. Indeed, using the inequality of Cauchy-Schwarz on a one-mode Wigner func-

tion, we have

1 .
Wepl = | [dve Pyt /2 (- y/2)

< o) 1wty Py [ 19— yr2)lay

- ;n\/ 210 Rz [ 21y @) (2.18)

5More details about entanglement will be given in Chapter 5.
®The proof of uniqueness is given in [22].

12
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Since the wave functions are normalized, we thus get

[W(x,p)| < (2.19)

ql=

If the Wigner function is integrated over p or over x, we obtain the marginals of the
Wigner function which are the probability distributions of the position and momen-

tum quadratures:

[ apWixe) = W = (il

["axwip) = Wip) = (plolp). 2.20)

Those probability distributions are true classical distributions. In particular, they are

always positive and normalized to 1.

It is also possible to retrieve the wave function given a Wigner function using the

following formula

¥(x) = 1/1*1(0) / W (x/2, p)elP dp. 2.21)

The Wigner function can also be used to compute the mean value of an operator A

in a quantum state p
(A) = Tr(pA) = l °; dxdp W(x, p)A(x,p) 2.22)
where A(x, p) is the Weyl transform of the operator A,
Alop) = [dy e P (x+y/2|Adx - y/2), (2.23)
and A is the symmetrized version of the operator A which is also a polynomial in

x and p (see [23, 24] for more details). As an example, Table 2.1 lists some Weyl

transforms of useful polynomials of £ and p.

Operator A | Weyl transform A(x, p)
£ x
p p
22 x?
P 7
(£ + p2) /2 xp

Table 2.1: Example of some Weyl transforms.

13
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Finally, we are often interested in the purity 4 = Tr(p?) of a state p which describes
its mixedness. A pure state will have y = 1 while mixed state will have 0 < u < 1.

In terms of the Wigner function, the purity of a state is given by

u="Tr(p*) = (2m)" /_O:o dxdp W (x, p). (2.24)

Fock states

As an example, and because they will be useful in the following chapters, especially
for numerical simulations, we give here the wave functions ¢, (x) and the Wigner

functions Wy, (x, p) of Fock states |n), withn = 0,1,2,- - -. They are expressed as
1 —x2/2
P (x) = WHAX)E (2.25)

where H,(x) are the Hermite polynomials and

Wa(x, p) = (_;)"exzm 2 (2 +p?)) (2.26)

where L,(x) are the Laguerre polynomials. On Figure 2.1 we plotted the Wigner
function of the vacuum |0) as well as the Fock states |1) and |5). In the two last

examples, we see clearly that the Wigner functions have some negative parts.

Figure 2.1: Wigner functions of different Fock states. From left to right: the vacuum
|0), |1) and |5).

Let us mention that the Wigner function of Fock states is invariant under rotations.

7

Fock states have no covariance, but their variances’ increase with the number of

photon since they are given by 02 = (7,2, = n+1/2. Note also that for all Fock states,

the value of the Wigner function at the origin is given by

W, (0,0) = (_;)n. (2.27)

7Variances and covariance are introduced formally in the next section.
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2.3 Gaussian states

In quantum information with continuous variables, we focus particularly on one
class of states: the Gaussian states. They inherited their name from their Wigner
quasi-distribution function which, itself, is a Gaussian distribution. A Gaussian state
is completely characterized by its mean value vector and its covariance matrix. The

mean-value vector of a state p, also called the displacement vector, is defined as
(r) = Tr(rp) (2.28)

where r = {®1, p1, %2, P2, - - , Xn, Pu} is the quadratures vector, and, throughout this
thesis, (-) stands for the expectation value Tr(-p). The second moments make up the

covariance matrix oy whose elements are given by

({Pi, 7}) — (i) (7))- (2.29)

NI —

Yij =

Here {-, -} stands for the anti-commutator. For one-mode states, in the present thesis,
we will usually express the covariance matrix as

2
7= 5 (2.30)
pr Up
where 0’% and 0’% are the variances of position and momentum and oy, is the covari-

ance. Remark that a covariance matrix is a real, symmetric, and positive semi-definite
matrix [25].

As we already pointed out, the Wigner function of a Gaussian state is a Gaussian
distribution given by

1 1 T, —1
Welx,p)= — ¢ 20=)" 7 (x={r) 231
G( p) (27_[)” \/m ( )
Once again, we see that the only information needed is the displacement vector and
the covariance matrix. It is interesting to note that we can easily compute the purity
u of a Gaussian state through its Wigner function (see Eq. (2.24)) and we simply find

that
1

He = v Jdety

(2.32)

As we will see in Section 4.1.2, not all real symmetric positive semi-definite 2n x 2n
matrices can be a legitimate covariance matrix of a quantum state. Indeed, they must
respect the uncertainty relation 7y +i(2/2 > 0 (see Eq. (4.9)) which is the only neces-
sary and sufficient constraint -y has to fulfill to be the covariance matrix of a physical
state [25].

15



CHAPTER 2. QUANTUM OPTICS IN PHASE SPACE

In 1974, Hudson [26] proved that the Wigner function of a pure state is everywhere
positive if and only if the state has a (complex) Gaussian wave function (thus a Gaus-
sian Wigner function). In other words, the only pure states whose Wigner functions
are positive everywhere are Gaussian states. As we will see in Chapter 4, Gaussian
states are also the only ones to saturate the uncertainty principle. This will imply that

the only pure states that have dety = 1/4" are necessarily Gaussian.

The simplest example of a Gaussian state is the vacuum state |0). Its Gaussian Wigner
function is plotted in Figure 2.1. The vacuum state has a mean value vector equal to

0 and its covariance matrix is given by

_(1/2 0
Yvac = ( 0 1/2> (2.33)

which means that the uncertainty on the quadratures x and p is equal to 1/2 as it can
be seen in Figure 2.2 where we plotted a projection of the Wigner function in phase
space.

Vacuum state Coherent state

a2=1/2

» |
a?2=1/2 -

l o3=1/2 A N1
V2R(a)

Squeezed state

A

W

a2 < 1/2

2_ 1
ap—r';> 1/2

Figure 2.2: Examples of Gaussian states in phase space.

Of course, the vacuum state is not the only Gaussian state. Other examples are the
coherent and squeezed states, the two-mode squeezed state or the thermal state. We
will talk about them more in details in section 2.5, but we first introduce Gaussian

unitaries that are used to create® those Gaussian states.

8Starting usually from the vacuum |0).
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2.4 Gaussian unitaries

Let us consider a unitary transformation U = e~'H where H is the Hamiltonian of
the system (and we conventionally consider a unit time interval). Obviously, since

the transformation is unitary, we have Ut = U1 and it transforms a state as
p—upu'. (2.34)

If the unitary is such that it maps a Gaussian state onto another Gaussian state, it
is called a Gaussian unitary. They divide into two categories: the passive Gaussian
unitaries that preserve the mean number of photons (1) and the active Gaussian uni-
taries, which do not. All Gaussian unitaries are generated by Hamiltonians which are
second-order polynomials in the mode operators. Namely, if we define the vector of

mode operators @ = {@1,4y,- - - , 4, }, the Hamiltonian has to be of the form
A=a'a+atFa+atGa® +he (2.35)

(h.c. stands for hermitian conjugate) where « is a complex vector and F, G are some

symmetric, complex n X n matrices.

In the Heisenberg picture, Gaussian unitaries correspond to a Bogoliubov transfor-
mation
a—Ual=Aa+a'B+a (2.36)

where A, B are matrices that satisfy ABT = BAT and AAT = BBT + 1 (in order
to preserve the commutation relations). However, rather than expressing this linear
transformation at the mode operators level, we will usually prefer to analyze it at the

quadratures level.

241 Symplectic transformations

In terms of the quadrature operators, a Gaussian unitary is more simply described.
Let us define the quadrature vector r = {£1, p1, - - , £, Pn }- Then, a Gaussian unitary
is defined as

P— St+d (2.37)

where d is a real vector of dimension 2n and S is a real 2n x 2n matrix. Once again,
the commutation relations have to be preserved and this is respected if the matrix S
is symplectic, that is if

SQST =0 (2.38)
with

" 0 1
Q=Pow, w = (_1 0) . (2.39)
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and Q) being the symplectic form. Note that QT = Q! = —Q and O? = —1.

Be aware that this definition of symplectic matrices is linked to the definition of ri.e.
the order of the entries in r. If one choses to definer = {%1,--- , 24, P1,- -, ﬁn}g, then
the matrix S is symplectic if

SJST =]  with ]:(0 1). (2.40)

Here too, note that [T = 7! = —J and J? = —1.

Clearly, the eigenvalues of r must also follow the same transformation rule and so
the quadratures transform as
r— Sr+d (2.41)

under a symplectic transformation. Regarding the mean values and the covariance

matrix, the transformation rule is
() >S{)+d and ¢ — SyST. (2.42)

In addition, any symplectic matrix has the following properties:

For any symplectic transformation S, ST, S~ and —& are also symplectic.

e The inverse of S is givenby S7! = —QSTQ (or S7! = —]STJ, depending on
the definition of r).

e detS = 1, which implies that det y is conserved by any symplectic transforma-
tion.

o Ilfr={%, -+, %0, p1,- -, Pu}and S = (*4), then SJST = ] implies that ab”
and cd” are symmetric matrices and ad” — bc! = 1.

e We said earlier that a Gaussian unitary is passive if it conserves the mean pho-
ton number. In term of symplectic transformations, a Gaussian unitary will be
passive if and only if

d=0 and S'S=1, (2.43)

which means that the symplectic matrix must be orthogonal.

Williamson’s theorem

An important result of the symplectic analysis is Williamson’s theorem [27] which
states that, after the appropriate symplectic transformation, every positive real ma-
trix of even dimension can be brought to a diagonal form ®, with its symplectic values

9As it will be done in chapter 7.
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V¢ on the diagonal. In other words, there exists a symplectic matrix S such that!

n
v =8y°ST, where 7% = P vlaso. (2.44)
k=1

Obviously, since the determinant of a symplectic matrix is equal to 1, v and v have
the same determinant. Therefore, for a one-mode state, its symplectic value is simply
equal to /dety. For a two-mode state, the two symplectic values v can be found
using the following formula [28]

vy — \/A + \/A22—4det('y) (2.45)

where the covariance can be written in the block form

A C
v = (CT B> (2.46)

and A = |A| + |B| +2|C|. In general, one can find the symplectic values by diagonal-
izing the matrix i{)y and taking the absolute value of its eigenvalues. Indeed, let us
define the matrix M = Q)y. Using the fact that O = STQS for all symplectic matrices
S, we can write

STMS™T = STQysT

= QS lys7T
= Oy®
0 1n
—v; 0
= . (2.47)
0 vy
—v, 0

where ST means (ST)~!. The eigenvalues of the matrix STMS~T are thus given by
{+iv;}. But M and STMS T have the same eigenvalues since S is symplectic!! and
so {%iv;} are also the eigenvalues of ().

As we will see in chapter 4, the uncertainty relation y 4 i(2/2 > 0 can also be ex-
pressed in terms of symplectic values. A state is physical if and only if all its sym-
plectic values satisfy v; > 1/2fori=1,--- ,n.

10We use here the definition r = (21, P1, -, Zn, Pn)-

HTo prove this, we have to know that every symplectic matrix can be decomposed into a product
of one orthogonal matrix (a rotation), one diagonal matrix (corresponding to N single-mode squeezing
transformations) and another orthogonal matrix. Since the spectrum of a matrix is conserved under an
orthogonal or a diagonal matrix transformation, it is conserved under a symplectic transformation.
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2.5 Examples of Gaussian unitaries and Gaussian states

2,51 Coherent states and displacement operator

Let us start by discovering some single-mode Gaussian states. If we take a suitable
superposition of Fock states, we can create a family of minimal uncertainty states
in the sense that they saturate the Heisenberg uncertainty relation (T,%Ug = 1/4 (see
Eq. (2.6)). Moreover, if we take both variances o2 and (7’% to be equal, those states are
called coherent states |a). A first way to define a coherent state is as an eigenstate of
the annihilation operator,

ala) = wla) (2.48)

with & complex. A coherent state can also be seen as a displaced vacuum state. It

means that we can apply a displacement operator

+

D(a) = M —a'4 (2.49)

to the vacuum state |0) so that

_lal? ad o
la) = D(a)|0) =e |2 /zrgﬁ]n) (2.50)

Since we applied a Gaussian unitary to a Gaussian state (the vacuum), the output
state which is our coherent state is also Gaussian. Note that D(«) is unitary so that

D'(a) = D }(a) = D(—a). (2.51)
DY (a)aD(a) = 4 +a D'(a)a'D(a) = a" + a* (2.52)

DY(a)2D(x) = £+V2R(a)

DY (a)pD(x) = p+V23(«) (2.53)
where R(a) and () stand for the real and imaginary part of the complex number
«. The two last equations clearly show that the displacement operator translates the
vacuum state in phase space as illustrated in Figure 2.2. In other words, a displace-

ment operator will displace the mean value vector, but will not modify the covariance

matrix, which will be the one of the vacuum state, that is
R(x 1
(r) = V2 ( ( ;) and Y = Yoac = E]l. (2.54)
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Therefore, the Wigner function of the coherent state is the same as the one of the

vacuum given in Figure 2.1, but not centered at the origin anymore.

In contrast to a Fock state, a coherent state has an undefined number of photons. Fol-
lowing definition (2.50), we see that the probability of measuring n photons follows

a Poisson distribution
) | A |2n
|

P(n) = [(nfa)? = 7 e

(2.55)
where the mean value and the variance of the distribution are both given by |a|?.

Let us mention that coherent states are not orthogonal

(Blay = e~la=PF/2, (2.56)
but are over complete

1

p / ) (a| > = 1 (2.57)

which means they form an over-complete basis.

2.5.2 Squeezed states and squeezing operator

Coherent states are part of the family of states that minimizes the uncertainty relation,
but have the particularity that the variances of both quadratures are equal. If we still
want to minimize the uncertainty but allow different values of 02 and (7 we can

introduce the squeezed states. They can be generated using the squeezing operator

42 A‘PZ)

S(z) = e2(@'#—=d (2.58)

where z = re'? is a complex number, 7 is the squeezing parameter and ¢ the squeez-
ing angle. Thus, a general squeezed state |, z) is defined as

la, z) = D(a)S(2)]0). (2.59)

When there is no displacement, the squeezed vacuum state will be written as

12) = S(2)[0) = VC;W > Vzn , i1 (tanh r)" [21). (2.60)

Remark, once again, that the squeezed state is Gaussian since we applied a Gaussian

unitary to a Gaussian state. Note also that the squeezed vacuum contains only Fock

states with an even number of photons.

Just like for the displacement operator, it also holds for the squeezing operator that

St(z) = S71(z) = S(—2). (2.61)
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The action of S(z) on the mode operators is given by

St(2)aS(z) = acoshr —ate?sinhr
a

S*(z)a%S(z) = a'coshr —ae ?sinhr. (2.62)
Now, if we fix ¢ = 0 so that z = r, the action of S(r) on the quadratures is given by

St ()2S(r) = e’
St npsS(r) = €p. (2.63)

=

The last two equations clearly show that, this time, the squeezing operator squeezes
one quadrature and anti-squeezes the other one in phase space, as it is shown in

Figure 2.2. Therefore, the associated symplectic transformation is

e 0
S = ( 0 er> (2.64)

and the covariance matrix of a squeezed state is given by

1(e? 0
Y = SYoac ST = 5 ( 0 €2r> . (2.65)

Later in this thesis, we will need to use squeezed states for numerical computations.
We thus give here the wave function of a squeezed state with squeezing along an
arbitrary axis, characterized by the angle ¢,

h(x) = < 1 )1/4exp{_xzcosqb—ie_zrsin(p}

2702 2 e 2 cos¢p —ising
B 174 _ x?coshr + e*#sinhr (2.66)
-~ \2n02 2 coshr — e2¢sinhr | '
The associated covariance matrix is then given by
1 e sin® g + e 2 cos’ ¢ cos¢psin(e 2 — )
i 2 \cosgsing(e™? —e*) e 2 sin® P + €% cos® ¢
_ 1 (cosh2r —cos2¢ sinh 2r —sin2¢ sinh 2r 2.67)
2 — sin2¢ sinh 2r cosh 27 + cos2¢ sinh2r ) - '

Obviously, if the squeezing is along the axis so that ¢ = 0, we fall back on the covari-
ance matrix Eq. (2.65).
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2.5.3 Phase-shift operator

The free evolution of an harmonic oscillator induces the unitary
R(0) = e 00'0 — o~ 10N (2.68)

called the phase-shift operator. Its name comes from the fact that it adds a phase to the
mode operator
4 — ae 0. (2.69)

In phase space, it has the effect of rotating the quadratures by an angle 6

£ — Xcost+ psind
p — —%Xsinf+ pcoso. (2.70)

The associated symplectic matrix is then simply given by the rotation matrix

R(6) = ( cos 6 sin@) . @71)

—sinf cos®

2.5.4 Beam splitter

We now introduce unitary transformations which transform two-mode states. The

first one is induced by the beam splitter operator
B(ﬁ) = eﬁ(ﬁlﬁzfﬁiﬁz)_ (272)

The transmissivity of the beam splitter is given by T = cos? f and its value is between
0 and 1. In the Heisenberg picture, the beam splitter operator transforms the mode

- e

while the quadratures transform according to

operators as

>

>
>

X1 bel
P Sps | 7 (2.74)
X2 X2
p2 P2
where
JT 0 Vi-t 0
0 0 V1-—
Sps = VT K (2.75)
Vit 0 JT 0
0 —V1-71 0 VT
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is a symplectic matrix.

An interesting property of the beam splitter is that if the input is composed of two
coherent states, the output will remain a two-mode coherent state, but with different

values of displacements (thus behaving as classical light fields).

2.5.5 Two-mode squeezer

Another important two-mode unitary is induced by the two-mode squeezing operator'?
STMS = E%(ﬁlﬁz_ﬁ{[ﬁ). (276)

The two-mode squeezing transformation can be seen as a combination of a balanced
beam splitter (T = 1/2), a one-mode squeezer and a one-mode antisqueezer, and
another balanced beam splitter, as depicted in Figure 2.3.

S—l

50 :50 50 :50

Figure 2.3: Physical realization of a two-mode squeezer.

Using the symplectic matrices for the beam splitter and the one-mode squeezing op-

erator, we can compute the symplectic transformation of the two-mode squeezing

operator
Srms = Sps(S71©8)Sps
1 0 -1 O e 0 0 0 1 0 10
B 1 01 0 -1 0 e 0 O 0 1 01
210 1 o 0 0 e” 0|]-1 0 10
01 0 1 0 0 0 e 0 -1 0 1
coshr 0 sinh r 0
h —sinh
_ 0 coshr 0 sinhr ‘ 2.77)
sinhr 0 coshr 0
0 —sinhr 0 coshr

12To be precise, the two-mode squeezing operator Stys(z) also depends on a squeezing angle ¢ such
that z = re’?, but by simplicity, we chose to consider ¢ = 0. Note that one can always add some
rotations before and/or after the squeezing in order to change the squeezing orientation axis.
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Therefore, the transformation of the quadratures is given by

X1 be]
rjl — STMS p}\l . (278)
X2 2
p2 p2

When we apply the two-mode squeezing operator on a vacuum state, we obtain a
well known Gaussian state: the two-mode squeezed vacuum state. Also called the EPR
state (for Einstein-Podolski-Rosen13), it is defined as

— — 1 n
|EPR) = Stpms(r)]0,0) = p— ngo(tanhr) |n,n). (2.79)

Note that we will sometimes prefer the following notation
|[EPR) = /1 =A%) _ A"|n,n) (2.80)
n=0

where we simply used A = tanh r. The covariance matrix of this state is given by

cosh 2r 0 sinh 2r 0
1 0 cosh 2r 0 —sinh 27
=5 STve == . 2.81
i TMS Yvac STMs 2 | sinh2r 0 cosh 2r 0 ( )

0 —sinh 27 0 cosh 2r

The EPR state is famous because in the limit of infinite squeezing (r — ©0), it rep-
resents a maximally entangled state: we obtain perfect correlations between the £
quadratures and perfect anti-correlations between the p quadratures as in the origi-
nal EPR state.

2.5.6 Thermal states

If we trace out one of the modes of the two-mode squeezed vacuum state, we obtain

the mixed state
1
Pt = Toosh T Z (tanh7)*"|n) (n]| (2.82)

called the thermal state. We can compute its mean photon number
(n) = (N) = sinh?r (2.83)

and using this equivalence, we can rewrite the thermal state as

13See Chapter 5.
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=3 ) (2.84)

YOS () e
This last expression is precisely the formulation of a thermal state in thermodynam-
ics. The thermal state is another example of a Gaussian state and so is completely

described by its covariance matrix, given by

_(m+3 0
Yin = ( 0 (n) + %> . (2.85)

As we can see in Figure 2.2, the thermal state is similar to the vacuum state in the
sense that the uncertainties are the same for both quadratures. However, it is not a
minimal uncertainty state anymore since the product of the variances is greater than
1/4 (see Eq. (2.6)). Note that for integer (1), a thermal state with (1) mean number

of photons has the same covariance matrix as the Fock state |n).

It is worth to remark that the symplectic diagonal form of the covariance matrix,
Eq. (2.44), can be seen as the covariance matrix of a tensor product of thermal states,

each of them with a mean number of photon (n) = v; —1/2.

2.6 Passive states

Finally, even if they are not Gaussian states'*, we would like to introduce here the pas-
sive states [29]. They are defined as a mixture of Fock states with decreasing weights
for increasing photon number

Ppassive = Zci|i> (il with ¢ >c1>-->¢cp >+ (2.86)
i=0
so their Wigner function is given by
Wpassive(x/ p) = Z ciWi(x, p) (2.87)
i=0

where W;(x, p) is the Wigner function of the Fock state |i). Interestingly the Wigner
function of a passive state is positive everywhere [29]. We can also define the extremal
passive states, i.e. passive states with equal weights up to a certain number of photon
1 n
=——) |i)(i. 2.88
Pextremal n+1 1:20 ’ >< ‘ ( )
Note that all passive states can be expressed as a convex mixture of these extremal

passive states.

14Except when ¢y = 1 and ¢; = 0 for all i # 0 since it is then the vacuum state.
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3 Shannon information theory

Shannon information theory owes its name to Claude E. Shannon who developed
this theory in 1948 [30]. One of the principal quantities in information theory is en-
tropy. But, not only is this quantity central to the information theory field, it is also
one of the main subject of this thesis since entropy allows us to measure the uncer-
tainty of a random variable. Information theory is a large field, but we chose in this
chapter to present only the elements that will be relevant to this thesis. For more
information, we refer the reader to the book of Cover and Thomas [31] from which
most of the equations of this chapter are taken.

Shannon information theory was first developed for discrete variables, using discrete
probability distributions and was then extended to continuous variables. Therefore,
even though we are interested in the latter, we will first introduce some important
formulas for the discrete case.

3.1 Discrete variables

3.1.1 Shannon entropy

Let X be a random discrete variable, x € X’ the possible values that X can take and
p(x) its probability distribution. The Shannon entropy of X, H(X) is defined as

H(X) = H(p) = = ) p(x)log, p(x). (3.1)

xeX
Note that the logarithm is in base 2 so the entropy is expressed in bits. From this
definition, we understand that the entropy is a measure of the uncertainty in the
random variable X. We can understand H(X) as the number of bits, on average,

required to describe an instance of the random variable.

For example, let us compute the entropy of a fair coin toss. In this case, both prob-
abilities to obtain head (X = 0) or tail (X = 1) are equal. Thus, H(X) = 1 which
means that 1 bit of information is needed to describe the variable X. This one bit can
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also be understood as the amount of information gained by flipping the coin.

Intuitively, adding terms with zero probability should not change the entropy. There-
fore, we use the convention 0log 0 = 0, which is justified by the limit of x log x when
x tends to 0. An important property of the discrete entropy is that H(X) > 0, since
0 < p(x) < 1. As we will see, this property will no longer be true for continuous

variables.

Let us mention that the entropy H(p) is a concave function which means that

H(Ap1+ (1= A)p2) > AH(p1) + (1 — A)H(p2). (3.2)

3.1.2 Joint entropy

Equation (3.1) can be generalized to n variables { Xy, - - - , X, }. We then speak of joint
entropy and it is defined as

H(Xy,--,Xy) = — Z E p(x1, -+, xn)log, p(x1,- -+, xn). (3.3)

X1EX X, EXy

where p(x1,- -+, x,) is the joint probability distribution and each variable X; can take
discrete values x; € X]. Since, the variables X; might be correlated, the joint entropy
can only be lower than the entropies of the individual variables. We say that the joint
entropy is subadditive:

H(Xy, -, X,) < Y H(X;) (3.4

The equality is obtained if and only if all variables are independent.

3.1.3 Relative entropy

If one desires to measure the distance between two distributions p and g, one can
use the relative entropy D(p||q). The relative entropy is a measure of how different
two distributions are. To better understand this notion, let us suppose we want to
construct a code for a variable X with its true probability distribution p(x). We would
need H(p) bits on average to describe the variable. Suppose now that, instead, we
use the probability distribution g(x), we would now need H(p) + D(p||q) bits on
average to describe the random variable.

The relative entropy, also called the Kullback-Leibler distance between two probability
distributions p(x) and g(x) is defined as

Diplln) = ¥ plx) log’;(ﬂ’j} (35)
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An important property of the relative entropy is that D(p||q) > 0 and we reach the
equality if and only if p(x) = q(x), Vx. Note that D(p||q), however, is not a genuine

distance in the mathematical sense.

In contrast to the Shannon entropy, the relative entropy D(p||q) is a convex function

since

D(Ap1+ (1 = A)p2||Agr + (1 = A)g2) < AD(p1||q1) + (1 — A)D(p2llg2).  (3.6)

3.1.4 Mutual information

Another quantity which is worth mentioning is the mutual information. It gives the
amount of information that one random variable contains about another random
variable. In other words, due to the knowledge of one variable, the mutual infor-
mation is the amount by which we are able to reduce the uncertainty of the other

variable. For two random variables X and Y, the mutual information is defined as

10:7) = T T plaw log P~ Do) Ip(Dpw). 67)

From the second equality, we understand that the mutual information is simply the
relative entropy between the joint distribution p(x,y) and the product of marginal
distributions p(x)p(y). Therefore, we can conclude that I(X : Y) > 0 with equality if
and only if X and Y are independent. The mutual information can also be expressed

in terms of the joint and individual entropies:

I(X:Y)=H(X)+H(Y) - H(X,Y). (3.8)

3.2 Continuous variables

3.2.1 Shannon differential entropy

Let us now introduce similar concepts for continuous random variables. We will
thus speak of differential Shannon entropy. In general, it is similar to the discrete case,
in particular in the sense that the differential entropy still represents the uncertainty
of the random variable. However, as we will see, some important differences arise in

some properties of the differential entropies.

The differential entropy of a continuous variable X with probability distribution p(x)
is defined as

h(X)=h(p) =— lm dx p(x)Inp(x). (3.9)
The definition is the continuous extension of the discrete case, where we simply re-
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placed the sum by an integral.1 To distinguish them, we will use a small letter for the
differential entropy h(X) and a capital letter for the discrete entropy H(X).

As we mentioned earlier, the discrete entropy cannot take negative values. This is no
longer true for the continuous entropy which can take any real value and can thus be
negative. Indeed, let us, for example, take a random variable distributed uniformly
on an interval from 0 to 1/2. Its probability density is thus

2 ifxel0,1/2
p(x) = : ] (3.10)
0 elsewhere.

The computation of its entropy then gives h(x) = — 01/2 dx2In2 = —In2 which is

negative.

3.2.2 Joint entropy, relative entropy, mutual information and properties

Here too, if we have a probability distribution of n continuous variables p(x1, - - -, x,),
we can define the joint differential entropy

h(Xy, -, Xn) = — /dx1 coedxy p(x1, 0 xn) Inp(xg, -0, xp). (3.11)

The relative entropy between two probability distributions p and g as well as the
mutual information have definitions similar to the discrete case, where we basically

replace the summation by an integration

_ p(x)
D(pllq) = /dxp(x) In () (3.12)
y) — p(x)py)

In addition,
I(X:Y)=h(X)+h(Y)—h(X,Y) (3.14)

still holds and the properties of D(p||q) and I(X : Y) are the same as in the discrete
case. In particular, they are both always positive and D(p||g) = 0 if and only if
p(x) = q(x), Vx. The subadditivity of the joint entropy is also still true

WXy, Xa) < Y R(X). (3.15)

Under a translation, the value of the differential entropy does not change

h(X +¢) = h(X), (3.16)

To be more precise, 1(X) is the limit of H(X%) + log A when A — 0 and H(X") is the quantized
entropy of the variable X. More details can be found in [31].
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however, under a dilation the differential entropy changes as
h(aX) = h(X) +In|a|. (3.17)
For a multivariate distribution, the equivalent expression is
h(AX) = h(X) +1In|det A| (3.18)

where A is an invertible matrix that transforms the vector X.

3.2.3 Entropy of Gaussian distributions

In the previous chapter, we introduced Gaussian states and their properties. In quan-
tum information theory, Gaussian states, or we should say for now, Gaussian distri-
butions also have interesting properties. Let X be a Gaussian distributed variable,

1 a2
X ~ p(x) = 728 202 (319)
and let us compute its entropy

h(X) = —/dxp(x)lnp(x)

/d 1 _il ( 1 _x2>
= — X e 22 In e 2072
V27o? 2702
1 _ a2 x2 1 _ i
= ln\/ZmTZ/dx e 2 +/dx— e 272

V2mo? 202 /27102
= InV2mo?+ %
= % In(27tec?). (3.20)

In general, for n variables, the Gaussian distribution is given by

(x) = ;e
peiy = (27r)" dety

NI

(x= ()T (x=(x)) (3.21)

and the entropy is equal to % In((27te)" dety) where 7 is the covariance matrix.

What is the main interest of those Gaussian distributions? If we compare the en-
tropy of all distributions with same covariance matrix, the maximum is given by the
Gaussian distribution, that is

h(p) < h(pg) = 5 In((27e)" det-). (3:22)

One can prove this relation by evaluating the relative entropy between a Gaussian
distribution pg(x) and any other distribution p(x) with same covariance and then
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using the fact that D(p(x)||pc(x)) > 0. Note that the equality is reached only if p(x)
is Gaussian too.

From the subadditivity of the entropy applied to a multivariate Gaussian distribu-
tion, we can derive an interesting inequality named Hadamard's inequality. Indeed, if

we apply Eq. (3.15) to the multivariate Gaussian distribution Eq. (3.21) we find

n
dety <[ (3.23)
i

3.2.4 Entropy power

Sometimes it is useful to speak of entropy powers instead of entropies. The entropy
power of a distribution of n random variables X is defined as

N(X) = - e3h(X). (3.24)

It is the variance (power) of a set of n independent Gaussian variables that produce

the same entropy as X.

In particular, we can derive the well-known entropy power inequality
N(X+Y) > N(X) + N(Y). (3.25)

In Chapter 6, we will show that entropy powers are more suitable to express entropic
uncertainty relations. In particular, the latter are then written in a form similar to the

variance-based uncertainty relations.

3.2.5 Rényi entropy

Since the beginning of this section, we only talked about Shannon differential en-
tropies. However, they belong to a wider family called Rényi entropies. The Rényi

entropy 11, (X) of order a is defined as

he(X) = 5 1 ~log [ [ O:O dx p“(x)} . (3.26)

For & = 1, we need to take the limit of this expression and we fall back on the def-
inition of the Shannon entropy. Rényi entropies are monotonically decreasing as a
function of «. Note that they also satisfy the scaling property so that

ha(AX) = hy(X) + In | det A| (3.27)

32



3.2. CONTINUOUS VARIABLES

when X transforms as AX. Rényi entropies are Schur-concave? but they do not satisfy
subadditivity.

3.2.6 Wehrl entropy

Finally, let us mention the Wehrl entropy [32] defined as

hw(x,p) = = [ dxdp Q(x,p) n Q(x,p) (3.28)

where .
Qw) = —(wlpla) (329)

is the Husimi Q-representation [33]. Just as the Wigner function, the Q-representation
is normalized. However, in contrast to the Wigner function, it is always positive for
all quantum states. Indeed, Q(«) can be seen as proportional to the probability of
finding the system in the coherent state |a) and so 0 < Q(«) < 1/m. In particular,
this implies that the Wehrl entropy is always positive, unlike the Shannon differential
entropy. In his paper, Wehrl actually conjectured that iy (x, p) > 1 and this was
proven a bit later by Lieb [34]. The equality occurs if and only if the density matrix p
is a pure state projector onto any coherent state, i.e. p = |a) («|.

2 A Schur-convex function is a function such that for all x, y such that x is majorized by v, f satisfies
f(x) < f(y). A function f is Schur-concave if — f is Schur-convex.
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4 Uncertainty relations

The uncertainty principle lies at the heart of quantum physics. It exhibits one of the
key divergences between a classical and a quantum system. Classically, it is in princi-
ple possible to specify the precise value of all measurable quantities simultaneously
in a given state of a system. In contrast, whenever two quantum observables do not
commute, it is impossible to define a quantum state for which their values are si-
multaneously specified with infinite precision. First formulated by Heisenberg for
position and momentum, the uncertainty principle has been generalized to variables
which are non canonically conjugate and has been extended to include correlations.
In addition, while it was first formulated in terms of variances, uncertainty relations
have been extended to an entropic formulation. In this chapter, we give an overview

of uncertainty relations and review some of the most important formulations.

4.1 Variance-based uncertainty relations

4.1.1 Heisenberg uncertainty relation

In 1927, Heisenberg was the first to express an uncertainty relation between the posi-
tion and momentum of a particle. In his paper [1], he exposed a thought experiment
— known as the Heisenberg’s microscope — for measuring the position of an elec-
tron. The idea was to send a y-ray on the particle and to measure the position of
the scattered photon. We can then deduce from it the position of the electron, but
with a small indeterminacy éx due to the wave property of the photon. According to
Compton’s effect [35], we can also compute the momentum of the scattered photon,
but we cannot know precisely its direction. This generates an indeterminacy dp on
the measurement of the momentum of the particle. From this experiment, Heisen-
berg explained that there is a trade-off about how precisely both the position and the

momentum can be measured, and it is expressed as
Oxép ~ h (4.1)
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where £ is the Planck constant. Shortly after, Kennard [2] mathematically formalized
the uncertainty relation and proved that

oRoy > (4.2)

SEE

where 02 and ar% represent the variances of the position and momentum of a quantum
particle and /i = h/27 is the reduced Plank constant.

Note that, as expressed by Kennard, the uncertainty relation is actually a property
of Fourier transforms and thus has many applications in classical physics. What
makes it quantum then? It is the wave description of the particle. More precisely, the
uncertainty relation connects the position x of the particle and the wavelength A of
its associated wave, but thanks to de Broglie formula p = h/A [36], the wavelength
is related to the momentum p which implies the uncertainty relation for position and

momentum.

Remark also that Heisenberg made a statement about measurements, while Ken-
nard’s formulation is really expressing an intrinsic property of the state. Indeed,
Kennard uses the variances which only depend on the state itself. His inequality does
not concern any trade-off relation between the knowledge on the position and distur-
bance on the momentum due to the quantum measurement. Following Heisenberg’s
view, where the uncertainty originates from the measurement, many works have fo-
cused on finding an appropriate definition for measurement uncertainties (see [37]
for a review). In particular, let us mention Ozawa [38] who derived an inequality
about error-disturbance and claimed that this was a rigorous version of Heisenberg’s
formulation of the uncertainty principle. Nevertheless, this claim is still a matter of
debate (for more details, see for example [39, 40]). Nowadays, most textbooks adopt
the view of Kennard, even though Eq. (4.2) is widely called the Heisenberg’s uncer-
tainty relation.

If the uncertainty relation was first formulated for position and momentum, it is well-
known that it holds not just for the position and momentum of a particle, but for any
pair of canonically-conjugate variables'. In fact, in 1928, Robertson [41] extended the

formulation of the uncertainty principle to two arbitrary observables A and B as

1
305 > (WA, Blly)[* (43)
where [+, -] stands for the commutator. Obviously, if A = x and B = p, since
[x,p] = i, we retrieve the Heisenberg uncertainty relation. Note that being aware

that uncertainty relations are expressed in terms of 71, for simplicity, we now fix 1 = 1
throughout the chapter.

Relation (4.2) is invariant under (x, p)-displacements in phase space, since it only

IThat is variables related to each other by a Fourier transform.
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depends on central moments (esp. second-order moments of the deviations from the
means). Furthermore, it is saturated by all pure Gaussian states provided that they

are squeezed in the x or p direction only. More precisely, if we define the covariance

2
e G (4.4)
pr Up

as in Eq. (2.30), we note that the Heisenberg relation is saturated for pure Gaussian

matrix

states provided the principal axes of -y are aligned with the x- and p-axes, namely

0xp = 0. The principal axes are the x4- and pg-axes for which oy, , = 0, where
Xg = cosO X +sinf p po = —sin@ X 4 cosf p (4.5)
are obtained by rotating x and p by an angle 6 as shown in Figure 4.1.

Pe P

Xp

X

Figure 4.1: Principal axes (xp, pp) of the covariance matrix -y, defined in such a way
that oy, », = 0.

4.1.2 Robertson-Schrédinger uncertainty relation

The fact that Eq. (4.2) is saturated only by certain Gaussian states is linked to the

fact that this uncertainty relation is not invariant under rotation. The problem of

invariance was solved in 1930 by Schrodinger [3] and Robertson [4] who added an

anticommutator to the relation (4.3). The new uncertainty relation, for any two arbi-
trary observables now reads

, o1 2 1 2

choh > 7| ({4, BY) —2(A)(B)| + 7]([4,B])| (46)

and its proof is given in Section 4.1.3. In the special case of position and momentum,

A = x and B = p and the Robertson-Schrodinger uncertainty relation reads

det(y) > 4.7)

| =

This uncertainty relation is now invariant under symplectic transformations and so
is saturated by all pure Gaussian states, regardless of the orientation of the principal
axes of the covariance matrix. Indeed, in Section 2.4.1, we mentioned that under
a symplectic transformation S, the new covariance matrix is given by 7/ = SyST.
Now, remember that the determinant of a symplectic matrix is equal to 1, so that

det(7’) = det(S) det(vy) det(S) = det(7) (4.8)
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which shows that Eq. (4.7) is invariant under symplectic transformations, hence un-
der all Gaussian unitary transformations (since it is also invariant under displace-

ments).

In n modes, the generalization of the Robertson-Schrodinger uncertainty relation for
position and momentum is due to Simon et al. [42]. It is formulated as an inequality

for the covariance matrix 7

v+ éQ >0 (4.9)

where
" 0 1
QO=Pow, w = (4.10)
=1 -1 0

as already defined in Eq. (2.39). For one mode, Eq. (4.9) reduces to the Robertson-
Schrodinger uncertainty relation, but in general, we can understand Eq. (4.9) as n
inequalities that must be satisfied in order for a covariance matrix to represent a
physical state. Remember that according to Williamson’s theorem (see Section 2.4.1)
we can always diagonalize v in its symplectic form ¥ with the symplectic values v;
on the diagonal. Therefore, if <y is the covariance matrix of a physical state, it satisfies
Eq. (4.9) and so must ¢ since

7+ 10 > 0
& SySt+isast > o0
& ¢+ 50 > 0 (4.11)

where S is a symplectic matrix and () is, by definition, invariant under a symplectic

transformation. This means that the eigenvalues of the matrix

1 1/2
—1/2 1 0
1%) 1/2
—i/2 v (4.12)
0 v, i/2

—i/2 vy
must all be positive. In other words, Eq. (4.9) is equivalent to

v; > fori=1,---,n. (4.13)

N —

In Section 5.3.1 we give an example where we check the physicality of a state with
the help of the symplectic values.
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Among others, an inequality easy to derive is

det(y?) = ﬁvf > (i)n. (4.14)
i=1

More interestingly, since the covariance matrix is invariant under symplectic trans-
formations, det(y) = det(y®) and we thus have, for all quantum states, the follow-

ing inequality
det(y) > (i) (4.15)

which is the straightforward generalization of Robertson-Schrédinger uncertainty

relation.

Finally, we mention that in 1934, Robertson [43] introduced a covariance-based un-
certainty relation for N observables which generalizes Eq. (4.6). If we define the
vector R = (Rj,- -, Ry) containing N observables, then the uncertainty relation is
expressed as

det(o(R)) > det(C(R)) (4.16)

where o (R) is a covariance matrix and C(R) the commutator matrix. Their elements
are defined as

1 i
Oij = §<R1RJ + R]Rl> — <R1><R]> and Ci]' = —§<[Rl’, R]]>, (4.17)
respectivelly. We can easily see that for N = 2, we retrieve Eq. (4.6). Surprisingly,
when N is odd, det C = 0. Indeed, C is an antisymmetric matrix since C;; = —C;; and
SO

C=-Cl' & detC=(-1)"detC’ < detC=(-1)NdetC  (4.18)

which implies that detC = 0 when N is odd. This uncertainty relation is thus not
interesting for an odd number of variables. In 2014, Kechrimparis and Weigert [44]
proved that for the three pairwise canonical observables p, £ and 7 = —% — p (which
satisfy the commutation relations [p, %] = [%,7] = [f,p] = —i), the bound on the
product of variances is actually given by

1 3
U007 > (\@> : (4.19)

Very recently, Dodonov proposed a more general relation involving any triple or
quadruple of observables [45].
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4.1.3 Proof of the Robertson-Schrédinger uncertainty relation

The proof of Robertson-Schrodinger, Eq. (4.6) is easy. Since it is at the root of this
thesis, we chose to present it here.

The variance of an observable A in a state |¢) is defined by 0 = (|(A — (A))?|¢).
Thus,

p[(A = (A))p) (4.20)

where, in the last line, we used the fact that an observable is an Hermitian operator.
We do the same for 03. Let us now define 03 = (f|f) and 03 = (g|g). Using Cauchy-
Schwartz inequality, we obtain

oaos = (f1f)(glg) > [(flg)I*. (4.21)

Let us thus compute (f|g):

{flgy = (A={A)p|(B—(B))¢)
= (W[(A—=(A)(B—(B)[y)
= (Y[(AB — A(B) — (A)B + (A)(B))[¢)
= (AB) —(A)(B) — (A)(B) + (A)(B)
= (AB) - (A)(B), (4.22)
and similarly (g|f) = (BA) — (A)(B).
For any complex number, we have the property
o = R + 92 = |2 HF 2 i E 2 (4.23)
Therefore, we can develop |(f|g)|? as
2 2
_ ‘ (AB) — (A)(B) + (BA) — (A)(B) |’
2
n ‘ (AB) — (A)(B) — (BA) + (A)(B) |*
2
1 1 2
= 2| By —204)(B)[ + £ ][4, B))| (4.24)
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which gives, using Eq. (4.21),

Aok > 1[((ABY) ~20a)B)[ + [ (4.8 (429

This completes the proof.

4.1.4 Gaussianity-bounded uncertainty relation

Degree of Gaussianity

We understood by now that Gaussian states play a prominent role in continuous-
variable quantum information. However, non-Gaussian states should not be put
aside as several protocols necessarily require the use of non-Gaussian states, such as
for example entanglement distillation [46, 47, 48] or quantum error correction [49, 50].
With the increasing importance of non-Gaussian states, the question of measuring the
Gaussian character of a state has naturally arisen. Several Gaussianity measures have
been introduced, see e.g. [51, 52, 53, 54], but we find it more convenient in this thesis
to use the degree of Gaussianity g introduced in [55]. In particular, this definition
will allow us to present another uncertainty relation which will serve in detecting
entangled states in Chapter 11.

Consider a two-mode state p. Its first- and second-order moments, denoted respec-
tively as d and v, are expressed from the vector of quadratures ¥ = (%1, p1, X2, p2).
As defined in Chapter 2, the elements of the coherent vector are given by d; = (7;),
while the elements of the covariance matrix are defined as 7;; = %(?ﬁ’j + #if) — did;.
The degree of Gaussianity g of state p is defined as

_ Tr(pp®)
= Tr%%) (4.26)

where p® is the Gaussian state characterized by the first-order moment d and covari-

ance matrix vy of state p.

Properties of the degree of Gaussianity

One may easily verify that ¢ = 1 for Gaussian states, since p = p®. Note, however,
that the converse is not true. Indeed, here are some counter examples. Consider p a

non-Gaussian state being the mixture of two Fock states

1 1
p= 5520+ (1= ) ool @27)
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The covariance matrix of p,

v = (“ O) with o= ﬁ, (4.28)

0 a

determines a Gaussian (thermal) state

_ V2 1\ .
0% = 1+\@;<1+ﬁ> 1) (- (4.29)

It is then easy to see that

Trp®p®] = Tr[op®] = (4.30)

1
1++2
This obviously gives ¢ = 1, although p is a non-Gaussian state. Other counterex-
amples of non-Gaussian states with ¢ = 1 may be found among the states of the

form
p=pln)(n|+(1-p)[0)(0]. (4.31)

Given 7, the real roots of the equation
(1+2np)(np)" — (1+2np —n)(1+np)" =0 (4.32)

satisfying 0 < p < 1 provide g = 1. Note that Eq. (4.32) is polynomial of degree ,
therefore, the number of its roots providing counter examples is expected to increase
with n.

Other important properties of the degree of Gaussianity are that g is real and is invari-
ant under Gaussian unitary transformations, transposition, and partial transposition.
The proofs are given below. Note that definition (4.26) holds for a n-modal state, but
in this thesis, we will focus on # = 1 and n = 2, because this is what we will need to
define the separability criterion of Chapter 11.

e ¢ is invariant under Gaussian unitary operations (i.e. symplectic transforma-

tions and displacements).

Proof: Consider an arbitrary state p and corresponding Gaussian state p©. A
Gaussian unitary operator U transforming Gaussian states to Gaussian states
transforms p to o’ = U%p(U%)*t. The operator similarly transforms the Gaus-
sian state p© to p'¢ = USp®(U%)T. The latter transformation is equivalent to
a symplectic transformation of the corresponding covariance matrices. By con-
struction of p©, its covariance matrix is also the covariance matrix of p. This
covariance matrix is transformed by the symplectic transformation into the co-

variance matrix of p’C. Therefore, p’® is the Gaussian state corresponding to p'.
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Then a simple calculation gives us the desired result

;o Te(p'p')

§ Tr(p'p")

Tr(UCp(U%)TUCp" (U°)T)
Tr(quG(uG)’rquG(uG)-l-)

Tr(pp°)

Tr(pCp©)

= & (4.33)

where we used the invariance of the trace under cyclic permutations. [

e ¢ isinvariant under partial transposition.

Proof: Partial transposition implies sign-flip of one of the two momentum quadra-
tures (say p2 — —p2), i.e. one of the arguments of the Wigner function describ-
ing a two-mode state. Then we have

. Tr(p'p'°)
Tr(pcp’®)
(2m)? [ dx1dp1dxodpy Wy (x1, p1, X2, pz)Wp/c (x1,p1, %2, P2)
(27)? [ dxidprdxadpaWyc (x1, p1, X2, p2) Wy (x1, p1, X2, p2)
(2m)? [ dxydpidxadpyW,(x1, p1, X2, —p2) W (x1, p1, X2, —p2)
(27)? [ dxidpidxadpaWoe (x1, p1, X2, —p2) Wye (X1, p1, X2, —p2)
Tr(0p°)
Tr(p©p®)
— 4 (4.34)

where at the last step we make the change of variables —p, — p>. [

e ¢ isinvariant under transposition.

Proof: The proof follows the same steps as for the partial transposition, but in
this case, we have both po — —p», and p1 — —p;. This does not change the
conclusion. UJ

e gisreal

Proof: Tr(pp®) and Tr(p®p®) can both be seen as the expectation value of an
Hermitian operator (a density matrix is Hermitian). Since the expectation value

of an Hermitian operator is real, so is g. [J

Gaussianity-bounded uncertainty relation

The aim of defining the degree of Gaussianity is to present the Gaussianity-bounded
uncertainty relation found by Mandilara and Cerf [55]. They show that the knowl-
edge of g gives a tighter bound on the uncertainty relation. Moreover, remarkably,
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all Fock states — not just the vacuum — appear as minimum uncertainty states.

a
A
| 4)]
8_
| 3),
6_
12),
4_
| 1)
2_
| 0)
0.8 1.0 12 14 ~ 8

Figure 4.2: Gaussianity-bounded uncertainty relation. Plot of &, threshold value for
a state to be physical, as a function of the degree of Gaussianity g. All physical states
lie on or above this curve.

The Gaussianity-bounded uncertainty relation appear in Figure 4.2. All physical

states lie above the curve determined by the following equations. Let us define?

a = 24/det(7y). (4.35)

_ 8
=gt (4.36)

If g > 1, the curve is given by

If ¢ < 1, the parametric equations of the curve are given by

n = 2n+3-2r,

20(a —1)" ((a—=1)(1—7)
g = (D(+1)n+1< T +r>, (4.37)

where n € IN and r € [0,1[. The latter curve consists of consecutive segments cor-
responding each to a binary mixture of nearest-neighbor Fock states |n) and |n + 1).

Note that for ¢ < 1, the curve exhibits some discontinuities.

4.1.5 Purity-bounded uncertainty relation

Finally, before ending the section about variance-based uncertainty relation, we would
like to mention another uncertainty relation whose bound is now based on the purity

2This « has nothing to do with the « used to describe a coherent state (see Section 2.5).
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of the state. Indeed, Dodonov [29] presented the following uncertainty inequality
det(y) > @(p) (4.38)

where ® () is a function of u = Tr(p?), the purity of the state. This function does not
have a simple analytical form, but details can be found in [29]. Note, however, that in
the case of pure states, we fall back on Robertson-Schrédinger uncertainty principle.
In [56], Mandilara et al. pushed the work a bit further by deriving an uncertainty
relation bounded by both, the purity and the degree of Gaussianity of the state.

4.2 Entropy-based uncertainty relations

4.2.1 Continuous-variable entropic uncertainty relations

As we mentioned in Chapter 3, uncertainty can also be measured with entropy. So
an obvious question arises: can we also express an uncertainty principle in terms
of entropies. The first to ask and answer this question was Hirschman [10] in 1957.
He conjectured the first entropic uncertainty relation for the position and momen-
tum observables which was then proved by Beckner [57] and Biatynicki-Birula and
Mycielski [11] in 1975. The entropic uncertainty relation reads

h(x) + h(p) > nln(reh) (4.39)

where h(-) is the differential entropy defined in Eq. (3.9) and n is the number of
modes. The proof of this inequality is given in Section 4.2.2. We want to point out that
Eq. (4.39) may look wrong at first sight as we take the logarithm of a quantity with di-
mension /i. This may be viewed as a feature of the differential entropy, since we have
a similar issue in the definition Eq. (3.9) itself, but the problem actually cancels out in
Eq. (4.39) since we have dimension /i on both sides of the equality. More rigorously,
Eq. (4.39) may be understood as the limit of a discretized version of the entropic un-
certainty relation, with a discretization step tending to zero [58]. This problem was
absent in the original expression of this uncertainty relation [11] because the variable
k = p/h was considered instead of p, giving h(x) + h(k) > In(me). Being aware of
this slight abuse of notation, we now prefer to keep i = 1 for simplicity.

This entropic formulation of the uncertainty principle has recently attracted much at-
tention in quantum information sciences because entropies are the natural quantities
of interest in this area. In particular, an extended version of the entropic uncertainty
relation was derived, where some available quantum side-information (e.g., a quan-
tum memory) is taken into account [59, 60]. It expresses the tradeoff between the
information that two parties may have on non-commuting observables, which is of

particular relevance to quantum key distribution. A variant version of this uncer-
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tainty relation formulated in terms of smooth entropies [61] indeed provides a use-
ful tool for finite-key security analysis [62], going beyond asymptotic proofs. In the
special case of continuous-variable quantum key distribution, the original entropic
uncertainty relation [11] was first applied to proving the optimality of Gaussian indi-
vidual attacks at the asymptotic key limit [5]. More recently, a finite-key analysis for
certain continuous-variable protocols was performed based on the smooth-entropy
formalism extended to infinite dimensions [6].

An interesting fact about inequality (4.39), already proven in the original paper [11],
is that the entropic uncertainty relation is stronger than, and hence implies, the un-
certainty relation of Heisenberg, Eq. (4.2). Indeed, we saw in Chapter 3 that for a
fixed variance 02, the maximum entropy is given by the Gaussian distribution, with
entropy given by 1 In(27eo?). This is true for any variable, and so is valid for p too.
Therefore, we can write

%111(271@(7%) + %111(27‘[60”%) > h(x)+h(p)
In(7ze) (4.40)

\Y

from which we deduce that U%Uf, > 1/4 which is precisely Heisenberg’s uncertainty
principle (with # = 1). Note that since h(x) = 1In(2mec?) if and only if x has a
Gaussian distribution, the entropic uncertainty relation is strictly stronger than the
variance-based one for non-Gaussian states. This pushes us to believe that entropic
uncertainty relations are more fundamental or at least preferable over the variance-
based ones. This is also the reason why the second part of this thesis is entirely

devoted to improved entropic uncertainty relations.

Just as the Heisenberg uncertainty relation, Eq. (4.39) is only saturated by pure Gaus-
sian states whose principal axes are aligned with the x- and p-axes (i.e., Oxp = 0). This
means that there is room for an improved entropic uncertainty relation that would
be saturated by all pure Gaussian states, in analogy with the Robertson-Schrédinger
uncertainty relation Eq. (4.7). This will indeed be the subject of Chapter 6.

Remark that we may also re-express the entropic uncertainty relation in terms of
relative entropies. More precisely, using a measure of non-Gaussianity that relies on
the relative entropy [52], we have

D(x||x6) = h(xg) — h(x) > 0, D(pllpe) = hips) —h(p) >0  (441)

so that the entropic uncertainty relation is equivalent to

D(llxe) + D(pllpe) <1n (77 ). @)

We see immediately that if the Heisenberg relation is saturated, 070, = 1/4, then

D(x||xg) = D(p|lpc) = 0, which means that the x- and p-quadratures must both
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be Gaussian distributed. Thus, as emphasized in ref. [63], the entropic uncertainty
relation may also been viewed as an improved version of the Heisenberg relation
where the lower bound is lifted up by exploiting an entropic measure of the non-

Gaussianity of the state, namely

2D (xl[xc)+2D(pllpc) (4.43)

N

Uf 0'][2, >

Finally, let us mention that we can write an uncertainty relation for Rényi entropies
defined in Eq. (3.26) [64]

nln(a) L In(B)

ha(x) + hg(p) > nin(m) + -1 T20-1) (4.44)
where & and B satisfy
1 1
" + B =2. (4.45)

4.2.2 Proof of the entropic uncertainty relation of Bialynicki-Birula and
Mycielski

Here, we would like to present the proof of the entropic uncertainty relation for con-
tinuous variables, Eq. (4.39). Since the proof exploits the fact that position and mo-
mentum are related by a Fourier transform, it will provide us with intuition in Chap-
ter 7 where we will derive an entropic uncertainty relation for variables related by a

fractional Fourier transform.

Let ¢(x) be the wave function of a pure state and ¢(p) its Fourier transform. The
probability distributions of the position and momentum are give by Wy (x) = |(x)|?
and W, (p) = |¢(p)|? respectively. Here, W, (x) and W, (p) are the marginals of the
Wigner function.

It was shown by Babenko [65] and Beckner [57] that a Fourier transformation satisfies

the following (g, 4')-norm inequality

lp(P)lly < k(. 4)lp(x) 4 (4.46)

where
1/q
9l = (f axtvor) 447)

is the g-norm, q > 2,
1

; ;/ =1, (4.48)
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n is the dimension of x and p, and

272\ o\ T
k(q,9") = (q,) <q) . (4.49)

We can rewrite Eq. (4.46) in the form

x(q") =k(a,4)[9()llg = ll¢(p)lly >0 (4.50)

where g can be treated as a function of ¢’ according to Eq. (4.48).

In the specific case where g = q' = 2, Eq. (4.46) is known as Parseval-Plancherel
theorem and k(g,q9’) = 1, so that x(2) = 0. Now, since x(¢') > 0 and x(2) = 0, the

derivative of x(q') at g = 2 cannot be negative. In other words,

/
dX(IZ ) >0 s
dq =2
is equivalent to
nN 1 1 ' " ’ 1 , )
4 ge 2N ~ 5N >
7 " ZN/d x[p(x)|” In [p(x)| ZN/d plo(p)*In|¢(p)| + NInN >0
(4.52)
where N = [|[¢(x)|2 = ||[¢(p)]|2 = 1 since the wave functions of position and mo-

mentum are normalized. Using the definition (3.9) of the differential entropy, this
completes the proof for pure states. Since the differential entropy is concave, pure
states are the most restrictive states, which means that the uncertainty relation also

holds verified for mixed states.

4.2.3 Discrete-variable entropic uncertainty relations

Entropic uncertainty relations were first introduced for continuous variables, but
were later also developed for discrete observables of finite-dimensional systems. The
tirst relation is due to Deutsch in 1983 [66], but was then improved by Maassen and
Uffink in 1988 [67] who proved a conjecture by Krauss [68]. Using the Shannon en-
tropy as defined in Eq. (3.1), the discrete entropic uncertainty relation reads

H(A)+ H(B) > log (4.53)

max | (a|b) |?
a,b

where |a) and |b) are the eigenstates of the observables A and B. Therefore, the bound

is given by the maximum overlap between two eigenstates of A and B. Interestingly,

the bound is state-independent, contrary to the Robertson-Schrodinger uncertainty

relation.
Discrete entropic uncertainty relations can also be derived from a majorization the-
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ory approach [69]. One can consider the product of two probability distributions
and express a majorization inequality from which it is possible to derive an entropic

uncertainty relation. In short, if there exists a majorization relation of the form
pR®qg<w (4.54)

where p, g and w are probability distributions, from the Schur-concave property of

Rényi entropies, we can deduce that
Hu(p) + He(q) = Ha(w) (4.55)

where H,(-) is a Rényi entropy. This idea was first introduced by Partovi [70] and
was then extended by Puchata et al. [71] and Friedland et al. [72].

I will not give any more details about discrete entropic uncertainty relations, because
it is outside the scope of this thesis, but more information can be found in Coles et

al.’s review [12] on entropic uncertainty relations.
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5 Separability criteria

Another distinctive difference between classical and quantum mechanics is the na-
ture of the correlations between two systems as in the quantum world, correlations
go beyond the ones observed classically. We talk here about entanglement. The name
was coined by Schrodinger, but the phenomenon was first pointed out by Einstein,
Podolsky and Rosen in 1935 [73]. In their famous paper, they proposed a thought
experiment which was supposed to break down the theory of quantum mechanics.
Their goal was to show that quantum mechanics was incomplete and inconsistent
with causality. Ironically, it is the same paper which is now one of the fundamentals
of the theory.

To introduce the concept of entanglement, let us present a simplified version of the
EPR argument. Consider a two-mode squeezed state (see Eq. (2.79)), in the unphysi-

cal limit of infinite squeezing, i.e. ¥ — oo so that

|EPR) o i |n,n). (5.1)
n=0

Using the identity operator 1 = f dx1dxy|x1, x2) (X1, x2|, we can rewrite the state as
[EPR) o / dxidxs |x1, %) (Z<x1|n><x2|n>>. (5.2)
n=0

We see from Eq. (2.25) that the wave function of a Fock state is real, meaning that
(x2|n) = (n|x2). Hence,

|[EPR) o /dxldxz |x1, x2) (Z (x1]m) |x2>

=0
= /dxldxz |X1,XZ < |TZ ) |XQ
n=0
= /dx |x, x) (5.3)

since Y7o |n)(n] = 1 and (x1|x2) = J(x1 — x2). This is the state introduced in the
EPR paper. The authors then argued as follows. Suppose that one part of the state
is given to Alice and the second to Bob and both of them are situated at distant loca-
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tions, far enough so that they cannot communicate. Imagine now that Alice measures
the position of her part of the state and she obtains xg as a result. According to the law
of quantum mechanics, we know that their shared state collapses to |xg, xo) so that
Bob should now on measures x( too, meaning that the half of Bob has a well defined
position. Suppose instead that Alice measures the momentum of her half of the state
and obtained p. Using the Fourier transform relation between position and momen-
tum, we can show that the EPR state can also be written as |[EPR) « [ dp|p, —p) so
that the quantum state will collapse to |po, —po). Once again, it now means that the
half of Bob has a well-defined momentum. Remember that we want Bob and Alice to
be far away meaning that Alice cannot modify the physical state of Bob’s half. There-
fore, since Bob is oblivious of Alice’s measurement choices, the half of Bob must have
been in a state with well-defined position and momentum from the beginning. How-
ever, this is not possible, because it violates the Heisenberg uncertainty relation. That
is why Einstein, Podolsky and Rosen claimed that quantum mechanics was incom-

plete or inconsistent.

It was surely not their first motivation, but this argument is famous as the authors
were actually the first ones to realize that quantum correlations can go beyond the
classical ones. Today, we understand much better this phenomenon, in particular
thanks to Bell and his inequalities. He showed in 1964 that the predictions of quan-
tum mechanics cannot be reproduced by a theory of local hidden variables [74].
There is still some holes to fill in order to have a totally coherent interpretation of
quantum mechanics, nevertheless, we are not mystified by entanglement anymore
and we focus rather on its applications, as entanglement proves to be a useful re-
source in quantum protocols such as teleportation. One important problem nowa-
days, however, is to determine whether a state is entangled or separable (that is, not
entangled). Indeed, when it comes to mixed states, it is provably a hard decision
problem [75]. This is why many scientists are working on separability criteria, i.e.
they seek conditions on a state allowing us to say with certainty whether this state is
entangled or not. In this chapter, we review important separability criteria for both
discrete and continuous variables. This will serve as a starting point to the improved
separability criteria presented in the third part of this thesis.

5.1 Entangled states

Let us first give a mathematical definition of separable and entangled states. The
definitions below are valid for bipartite states, that is for states that live in a tensor
product of two Hilbert spaces.

A pure state |¢) is separable if and only if it can be written as the tensor product of
two states

[¥) = [¥1)|2) (5.4)
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where |¢1) lives in the first Hilbert space and |¢,) in the second. Otherwise it is
entangled. A mixed state p is separable if and only if it can be written as a convex

combination of pure product states
p=Y pip®p2 =) pilp1) (1| @ [$2)(¢2] (5.5)
1 1

where 0 < p; <1and ) ; p; = 1. Otherwise it is entangled.

5.2 Discrete-variable separability criteria

The bipartite entanglement of pure states is easy to handle. Indeed, we know that we
can define an orthonormal base for each subsystem of any pure bipartite state, |u;)
and |v;), so that the total state can be written in the Schmidt decomposition [76] as

) = Zci‘“i>’vi> (5.6)

where ¢; > 0 and }; C% = 1. The number of non-zero values c; is called the Schmidt
number of the state. A pure state will be entangled if and only if it has a Schmidt
number strictly greater than 1. This implies that two subsystems that partition a
pure state are entangled if and only if their reduced states are mixed states. With this
in mind, we can understand that the von Neumann entropy [77] is suitable to measure
entanglement in a bipartite state. Indeed, for a state p, its von Neumann entropy is
defined as

S(p) = —Tr (pInp) (5.7)

and has the property to be equal to zero if and only if p represents a pure state. From
the Schmidt decomposition, we have that

S(p1) = — chz In ¢? (5.8)

where p1 = Tra|¢) (9] is the reduced state of the first system. S(p;) will be equal to
zero if only if the Schmidt number is equal to one, that is if |¢) is a product state of
two pure states (so is not entangled).

When it comes to mixed states, the problem of detecting entanglement is much more
complicated. In discrete variables, a widely used separability criterion is the Peres—
Horodecki criterion [7, 78], often called PPT criterion for positive partial transpose. Its
name is due to the fact that the PPT criterion states that if a state is separable its den-
sity matrix remains positive after a partial transposition. This condition is generally
only necessary and becomes sufficient only for systems of dimension 2 x 2 and 2 x 3.
Note that the positivity of the density matrix after the partial transposition is simply
another way to say that the state remains a physical state since we know that a den-
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sity matrix p describes a physical state only if p > 0. We will see in Section 5.3 that
the idea of verifying the physicality of the partial transposed state will be applied in

continuous-variable separability criteria.

Mathematically, the PPT criterion takes the following form. If the initial state is de-
scribed by the density matrix

o =Y pijli,j) k1] (5.9)
ifKl

the partial transposition of the density matrix is given by

o1 =Y piuali, 1)k jl = Y paili, ) (K, 1] (5.10)

ijkl ijkl
where we understand that the partial transposition means that only part of the state is
transposed. Note that we can equivalently partially transpose the first or the second
system. The PPT criterion then states that if p is separable, then p”T has only non-
negative eigenvalues (since it must represent a physical state). In other words, if ot

has at least one negative eigenvalue, we know that p is entangled.

Of course, there exist also other sufficient criteria to detect entanglement. For exam-
ple, in [79, 80] it was shown that if a state p4p is separable, its von Neumann entropy
verify

S(pas) = S(pa)  and  S(pag) = S(ps) (5.11)

so that, once again, the violation of these inequalities is a sign of entanglement.

Nielsen and Kempe [81] also developed a condition based on the theory of majoriza-
tion. They showed thatif p4p is separable, then A(pap) < A(pa) and A(pap) < A(pB)
where A(p) is the eigenvalues vector of p and x < y means that y majorizes x. As
mentioned in the title of their paper, this majorization separability criterion empha-
sizes the fact that each part of an entangled system may exhibit more disorder than
the system as a whole. Note that this criterion is stronger than the one based on the

von Neumann entropy since it implies it.

5.3 Continuous-variable separability criteria

5.3.1 Variance-based separability criterion

In the context of continuous-variable systems, the most widespread necessary cri-
terion for the separability of any two-mode state has been derived by Duan et al.
[8] and Simon [9] simultaneously in 2000. This criterion results from translating the
PPT condition, which had been established for finite-dimensional discrete systems,
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to continuous-variable (infinite-dimensional) systems. In continuous variables, the
partial transposition of a state is simply expressed as a sign inversion of the mo-
mentum of one of the subsystems. More precisely, from the definition of the Wigner

function, it is possible to show the following equivalence

PT

p—p & W(x1, p1,x2,p2) = W(x1, p1, X2, —p2)- (5.12)

The partial transposition can therefore be understood as a mirror reflection in the
phase space or a time reversal on mode 2, which inverts only the p, coordinate.
As stated by Simon [9], the PPT criterion can thus be translated as follows in the
continuous-variable framework: “if p is separable, then its Wigner distribution nec-

essarily goes over into a Wigner distribution under the phase space mirror reflection

(x1, p1, %2, p2) — (x1, p1, %2, —P2)”.

Following the notations of Duan et al. [8], the separability criterion expresses the fact
that if a two-mode state is separable, then its so-called EPR variance A complies with

the following inequality’

1
A= ((AR)?) + ((AD)?) > a® + = (5.13)
for any real (nonzero) &, where the operators
R R 1, . . 1.
= |zx\x1—|—ax2 and 0= |a|p — P (5.14)

are functions of the quadratures components £ and p of modes 1 and 2. Thus, if a

state violates inequality (5.13) for at least one value of «, it is entangled.

Both formulations of the criterion, the one of Duan et al. and the one of Simon are
equivalent. Note that Eq. (5.13) was derived without using the PPT criterion. Nev-
ertheless, one can derive this inequality by applying the PPT criterion on the para-
metric form of the uncertainty relation introduced in [8] and thus establish the corre-
spondence with the results in [9]. Indeed, let us define the two following operators

N O SN ~ .1

= |a\x1+&x2 and U = \zx!pl—k&pz. (5.15)
The first one is the same as defined by Duan and the second one has been modified,

replacing the minus sign by a plus. From the Robertson uncertainty relation Eq. (4.3),

we know that every physical state must obey the following inequality

\/<(Aa)2><(m3')2> > %K[ﬁ,&]ﬂ - % < 2 ;) . (5.16)

Here ((A#)?) = (#2) — (#1)? is the usual variance. The difference in notation between ({(A#)?) and

0"% is simply here to distinguish between separability conditions and elements of the covariance matrix.

It is also a notation used in many papers.
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In addition, using the identity x> + y? > 2xy (since (x — y)?> > 0), we can conclude
that any p satisfies

<(Aﬁ)§> + <(Az3/)§> > 2\/<(Aﬁ)g><(Az}/)g> > a2+ % (5.17)

We can now make use of the PPT criterion. If a state p is separable, then its partial

transposed state p”’T must also be physical and so, it must verify the same inequality

(8% )+ ((A5)%0r ) > 4 + % (5.18)

Doing a partial transpose, on the second mode, simply means that p — —p>. There-
fore, we have <(Aﬁ);PT> = <(Aﬁ)f,> while <(A5’)§PT> = <(A6)§> (0 is the operator
defined by Duan) which gives us the result of equation (5.13).

Remarkably, this separability condition becomes necessary and sufficient in the case
of Gaussian states. One can show that every covariance matrix of a Gaussian state

can be transformed by symplectic transformations into the standard form [8]

ni 1
n c
y = 2 2 (5.19)
C1 mq
C2 niyp
where
m—-1 = nx—1
m -1 my—1,

1] = leo| = \/(”1 —1)(m —1) - \/(nz —1)(my —1). (5.20)
Then, by introducing the following operators, related to the covariance matrix

1 1
0 =oagf — -~ % = aop1 — 2 — Py (5.21)

1= 7. *2 I e
|e1] ao |c2| o

2 ml—l I’Hz—l
= = 5.22
%0 \/m—l \/nz—l ( )

we can express a necessary and sufficient separability criterion: a Gaussian state is

where

separable if and only if

1 ny+ny m+mp » 1
A>al+ = & w3 —lei| = |e2| > a3+ .  (5.23
= Ko 06(2) 0 ) 204(2) ’1| |2|— 0 D% ( )

This separability condition can even be extended to (N+M)-mode Gaussian states
[82].

Note that from Eq. (5.16), it is possible to derive another separability criterion. In-
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deed, using again that <(Aﬁ)f27”> = <(Aﬁ)g> and <(A5’)§FT> = <(Az§)§> after a
partial transposition, we can write that any separable state must verify the inequal-
ity

A = \/<(Aa)g><(m3)g> > a2+ % (5.24)

This separability criterion was obtain by Mancini et al. in 2002 [83]. According to
Eq. (5.17), this criterion is stronger than the one of Duan et al. Nevertheless, both
criteria must coincide for Gaussian states since the Duan-Simon criterion is necessary
and sufficient in this case. To see it, let us take a Gaussian state. If A’ < a2 + % then
we know that the state is entangled. If however, A’ > a2+ ;—2, according to Eq. (5.17),
we can also say that the sum of the variances A is greater than a? + % Yet, for
Gaussian states, we showed that A > a? + % means that the state is separable (see
Eq. (5.23)). Condition (5.24) is thus necessary and sufficient for Gaussian states.

What we must remember from those separability criteria is that a state is entangled
if its partial transposed state is not a valid quantum state. This means that the main
point is to check the physicality of the partial transposed state through uncertainty
relations. Duan et al. used the Robertson uncertainty relation (4.3), while Simon
based his argument on the uncertainty relation Eq. (4.9), but we saw that it boils
down to verify that Eq. (4.13), based on the symplectic values, is respected. Let us
study the specific cases of two families of Gaussian states whose covariance matrix
is written in a second standard form [8]

a 0 ¢ O
0 a 0 (8))

= ) 5.25

i C1 0 b 0 ( )
0 Co 0 b

Of course, it is always possible to study the symplectic values of this matrix, but in
the specific cases when 1) a = band ¢; = £cx = ¢; 2) c1 = *c = ¢, they take a
simple form which allows us to easily study the separability of the underlying states.

Example 1: Symmetric Gaussian states, 2 = b and ¢; = £c2 = c.

A Gaussian state with covariance matrix

a 0 ¢ O
C 0 0 +
N _ a ¢ (5.26)
CT g c a 0
0 £c 0 a

(we choose ¢ > 0 without loss of generality) will be physical if the symplectic values
are greater than 1/2. Note that the local covariance matrices must also represent a
physical state, meaning that dety4 = det<yp = a?> > 1/4. Since covariance matrices
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must be such that ¢y > 0 (i.e. the eigenvalues must be positive), we need to impose
a > 1/2. The eigenvalues of vy are a & c. They are always non-negative if 4 > c. The
symplectic values are computed with the help of Eq. (2.45) and we find

+ if >
Ve — { atc if detC >0 (527)

a? — c2 if detC <0
so that <y is the covariance matrix of a valid quantum state if v+ > 1/2.

Let us see now if the state is separable or not. Note that if det C > 0, the covariance
matrix of the partial transposed state is also given by Eq. (5.26) but with det C < 0. In
this case, the state will be separable if the symplectic values of the partial transposed
state viT are greater than 1/2 (remember that the criterion is necessary and suffi-
cient for Gaussian states), i.e. if v} = Va2 -2 >1/2 (according to Eq. (5.27) for
det C < 0). From Eq. (5.27), we see that v, v_ = a*> — ¢?> where v, are the symplectic
values of the states before the partial transposition. Therefore,

viT=Va2—c2= Jvv_>v. > -, (5.28)

N[ —

This state is thus always separable.

If now det C < 0, the covariance matrix of the partial transposed state is also given by
Eq. (5.26) but with det C > 0. In this case, the state is separable if viT =axc>1/2
or simply if a —c > 1/2, since a + ¢ > 1/2 is always true. If 2 — ¢ < 1/2 the state is
entangled.

Example 2: Non-symmetric Gaussian states, c; = ¢, = c.

We now take a Gaussian state with 4 and yp different so that the covariance matrix

is given by
a 0 ¢ O
+
T Y- |° 0 =+ (5.29)
C YB c b
0 £c 0 b

(we choose ¢ > 0 without loss of generality). Once again, the local covariance
matrices must also represent a physical state, so we need to impose a > 1/2 and
b > 1/2. The eigenvalues of 7 needing to be positive, we have the additional con-
straint ab > ¢2. Finally, The symplectic values are given by

L. 3atbE /@ —bZ+4) if detC >0 6530
T M@ b =42+ (a—b)  if detC <0 ‘
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so that 7 is the covariance matrix of a valid quantum state if v+ > 1/2. This adds the
physicality conditions

if detC >0

© (5.31)
c if detC < 0.

As in the previous example, if detC > 0, the covariance matrix of the partial trans-
posed state is given by Eq. (5.29) but with detC < 0 and vice versa. One can
then check that if detC > 0, the state is always separable since 7.. > 1/2 implies
(a+1)(b—1) > ¢ which is always respected since (a+1)(b—1) > (a—1)(b—1)
and (a—1)(b—1) > caccording to Eq. (5.31) (for a state with detC > 0). If det C < 0,
the state is separable if (a4 — 1)(b — 1) > ¢ and entangled otherwise.

5.3.2 Entropy-based separability criterion

Another important separability criterion is due to Walborn et al. [84] in 2009. The
idea, once again, is to check if the state we obtain after a partial transposition is
still a physical (valid) state. However, while the previous criteria used the variance-
based uncertainty relations to see if the covariance matrix is physical or not, Walborn
et al. base their criterion on the entropic uncertainty relation of Bialynicki-Birula
and Mycielski, Eq. (4.39). Since, as we showed, this entropic uncertainty relation
is stronger than the variance-based one (see Chapter 4), this separability criterion is

stronger in the sense that it allows us to detect more non-Gaussian entangled states.

Following the notation in [84], we define
ri = cosbix; + sinb;p; and sj = cos0p; — sinb;x; (5.32)
forj = 1,2 as well as
re =11k and S4 = 81 £ So. (5.33)
To each of these observables, we can associate a Shannon differential entropy (Eq. (3.9))
hr) = — / drR(r)InR(r) (5.34)
where R(r) is the probability distribution of r. In particular, we have
hre) = — / driRs(re)InRe(rs) (5.35)
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with

1 ry+r_ Yy —71_
Ri(ri) = E/d?’q:Rl <+2> Rz <+2>

_ / drRy (1) Ro(Fr £ 72) (5.36)

and similarly for h(s+ ). The separability criterion reads thus as follows: any separa-

ble state must verify the inequality
h(rs+) + h(sg) > In(27e) (5.37)

meaning once again that if this relation is violated, the state is entangled. This sepa-
rability criterion is equivalent to the Duan-Simon one for Gaussian states.”

Note that the power of this entropic separability criteria lies in the fact that one can
optimize over the ¢; in order to find the most restrictive inequality and so to detect
a maximum of entangled states. However it is double-edged since it requires more
complex numerical computations. In Chapter 12, we suggest a new separability cri-
terion which allows us to detect the same amount of entangled states, but without

the use of any optimization.

5.3.3 Other separability criteria

With the exception of the special case of Gaussian states, separability criteria are only
necessary conditions which means that many entangled states are left undetected by
the previous criteria. Earlier work has aimed at improving the actual separability cri-
terion for arbitrary states. Let us mention, for example, Shchukin and Vogel who de-
rived a hierarchy of inequalities involving higher-order moments of the quadrature
components [85] (the Duan-Simon criterion only depends on the second-order mo-
ments). However, many entangled state are still left undetected. In the third part of
this thesis, we propose two improved separability criteria. In Chapter 11, the detec-
tion of entangled states is enhanced by taking into account an additional parameter,
namely the degree of Gaussianity of the state, while in Chapter 12, the improvement
is due to the fact that we use our improved entropic uncertainty relation of Chapter
6.

2To see it, one need to use the fact that h(r+) = In(27ev?, ) /2 for a Gaussian state (and similarly for
h(s+)) and then isolate the variances. We then retrieve Eq. (5.24) which we proved to be equivalent to
the Duan-Simon criterion for Gaussian states.
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6 Tight entropic uncertainty
relation for canonically
conjugate variables

This chapter is the subject of the following article:
A. Hertz, M. G. Jabbour, and N. J. Cerf, J. Phys. A 50 385301 (2017) [b].

In Chapter 4, we mentioned that the entropic uncertainty relation due to Biatynicki-
Birula and Mycielski [11]
h(x) +h(p) > In(rre) (6.1)

is not invariant under all symplectic transformations and is not saturated by all pure
Gaussian states. In this chapter, we investigate whether tighter entropic uncertainty
relations can be derived, which, by taking correlations into account, are saturated
for all Gaussian pure states. The idea is to make an analogy with the Schrodinger-
Robertson uncertainty relation which is saturated by all pure Gaussian states and is
invariant under all symplectic transformations. To reach this goal, we make use of
entropy powers, Eq. (3.24), which, we believe are more suitable to describe entropic
uncertainty relations and especially to emphasize the homology with variance-based

uncertainty relations.

In the next section, we first review variance- and entropy-based uncertainty rela-
tions, and then define what we coin the entropy-power uncertainty relation for a pair of
canonically-conjugate variables, namely Ny N, > 1/4, where N, and N, are entropy
powers. It trivially implies the Heisenberg relation as a simple consequence of the
definition of entropy power (actually, they coincide for Gaussian states). Then, we
suggest an extended form of the entropy-power uncertainty relation, which would
be stronger than the regular form for rotated variables as it builds on the covariance

matrix vy. It reads

P (6.2)
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where ¢2 and 0"% are variances. This inequality is proven by making use of variational
calculus, conditionally on two assumptions: pure Gaussian states are the global min-
imizers of the uncertainty functional and this uncertainty functional is concave. We
also suggest an extended version of the above entropy-power (or entropic) uncer-
tainty relation that is valid for n modes and is saturated for all n-mode Gaussian
pure states. Finally, we also conduct extensive numerical tests in order to illustrate

the validity of our extended uncertainty relations and conjectured concavity.

6.1 Entropy-power uncertainty relations

Variance-based and entropic uncertainty relations were already introduced in Chap-
ter 4. Here, we will show that it is possible to rewrite the entropic uncertainty relation
(6.1) in a form similar to the one expressed in terms of variances, provided we make
use of the notion of entropy power. We remember from Eq. (3.24) that entropy pow-
ers of the x- and p-quadratures are defined as

1 1
x = 762h(x)/ NP = ﬁbﬂh(p) 7 (63)
and we have N; = ¢? and N, = (7% if and only if the x- and p-quadratures are
Gaussian distributed. Thus, Eq. (6.1) can be simply reexpressed as

1
Ny Ny > 1 (6.4)

which is what we call an entropy-power uncertainty relation for a pair of canonically-
conjugate variables, as presented in the introduction. It closely resembles the Heisen-

berg relation (4.2), but with entropy powers instead of variances.

Since N, < 03% and N, < 0';%, which reflects the fact that the Gaussian distribution
maximizes the entropy for a fixed variance, we have the chain of inequalities

0705 > NeNp > 7. (6.5)

N

Hence, the entropy-power uncertainty relation implies the Heisenberg uncertainty
relation, and they coincide for Gaussian x- and p-distributions (we mentioned in
Section 4.2 that this implication was already derived in [11]). This can also be con-
nected to relative entropies as a measure of non-Gaussianity. From the definition of

N, and Np, we get

h(x) = %1n(27reNx), h(p) = %ln(ZneNp) 6.6)
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%
In | — 6.7
() e

02 = Ny ¢2Plllxe) 0'}3 =N, e2D(pllpe) (6.8)

which implies that

N =

1 o2
D(xllxg) = 5In{ 5~ | D(pllpc) =

or equivalently

It is clear that Eq. (6.4) becomes more stringent than Heisenberg’s uncertainty rela-

tion, Eq. (4.2) as soon as we deviate from a Gaussian state.

6.2 Extended forms of entropic uncertainty relations

6.2.1 Motivation

Our goal is to address the problem that, unlike the Schrodinger-Robertson uncer-
tainty relation, the entropic uncertainty relation (6.1) — or equivalently the entropy-
power uncertainty relation (6.4) — is not saturated by all pure Gaussian states but
only by those whose principal axes are aligned with the x- and p-axes. In other
words, we would like to make Eq. (6.1) or (6.4) depend on the possible correlations
between x and p (as witnessed, for instance, by oy, # 0). Ideally, the new inequality
should have the property of being invariant under all Gaussian unitary transforma-
tions (displacements and symplectic transformations) and being saturated by all pure

Gaussian states, regardless of the orientation of the principal axes.

A first natural idea is to make use of the joint differential entropy, which is defined

as

hx,p) = = [ £l p)In flx,p) dxdp 69

where f(x,p) is the joint probability density of the random variables x and p. As
mentioned in Chapter 3, the joint entropy can also be expressed as h(x, p) = h(x) +
h(p) — I(x:p) where I(x:p) > 0 is the mutual information. Thus, one may think
of improving the entropic uncertainty relation (6.1) by replacing h(x) + h(p) with
h(x, p). Moving the mutual information I(x:p) on the right-hand side of the inequal-
ity, it thus corresponds to an improvement of the lower bound. Moreover, h(x, p)
has the desired property of invariance under symplectic transformations. Indeed,
if we transform the coordinates according to (x' p')T = S (x p)T, where S is the

transformation matrix, the joint differential entropy transforms as'

h(x',p') = h(x,p) +In|detS|. (6.10)

1See Section 3.2.2.
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Thus, if S corresponds to a symplectic transformation, |detS| = 1, then the joint
differential entropy remains invariant. Furthermore, hi(x, p) is also invariant under

(x,p)-displacement, so it looks like a good uncertainty functional.

However, we deal with quantum states, so the Wigner function W(x, p) is not a gen-
uine probability density and may admit negative values. Hence, the joint differential
entropy of W(x, p) is not always defined (one would need to compute the logarithm
of negative values), and so is the mutual information I(x:p). Nevertheless, in Chap-
ter 9 we will conjecture an entropic uncertainty relation, based on the joint probability
distribution, valid only for states with positive Wigner functions:

h(x,p) > In(me) V statess.t. W(x,p) > 0. (6.11)
This conjecture can equivalently be written as
h(x)+h(p) > In(mte) + I(x:p) V statess.t. W(x,p) > 0. (6.12)

which corresponds to lifting up the lower bound of the ordinary relation (6.1).

6.2.2 Tight uncertainty relation saturated by all pure Gaussian states

Equations (6.11) or (6.12) are not valid for states with negative Wigner functions, but
they give us a hint on how to proceed in order to derive an entropic uncertainty
relation that is valid for all states and takes correlations into account. While the joint
entropy and mutual information are not defined for all states, they are well defined
for Gaussian states (since their Wigner function is always positive). In particular, the

Gaussian mutual information is expressed as a function of the covariance matrix,

1 030
Ig(x:p) = Eln detry > 0. (6.13)

We obtain our tight® entropic uncertainty relation simply by substituting I(x:p) with
Ig(x:p) in Eq. (6.11) or (6.12), namely

2,72
h(x) + h(p) — Lin (Uxa” ) > In(rre). (6.14)
2 dety
This inequality is meaningful for all states, regardless of whether the Wigner function
is positive everywhere or not. Unlike Eq. (6.11), however, it is not invariant under
rotations. In the next section, conditionally on two assumptions, we will prove in-
equality (6.14) using a variational method. Assumptions concern the concavity of the
uncertainty functional and the fact that Gaussian pure states are global minima. They

are not proven but are reasonable assumptions since they hold for the usual entropic

2By tight, we mean that the inequality is saturated by all pure Gaussian states.
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uncertainty relation, Eq. (6.1). Moreover, we have numerical evidence confirming
they should hold.

Note that Ig(x:p) vanishes if the principal axes of the covariance matrix are the x-
and p-axes, i.e. 0yp = 0, so that Eq. (6.14) reduces to the regular entropic uncertainty
relation (6.1) in this case.

As before, it is useful to rewrite our new relation in terms of entropy powers, result-
ing in

2 2
1050,

Ny N, > (6.15)

= 4 dety
which can be viewed as an improved version of the entropy-power uncertainty rela-
tion (6.4), where the lower bound 1/4 is lifted up when the principal axes differ from
the x- and p-axes (0y, # 0). If the principal axes correspond to the x- and p-axes, we

recover Eq. (6.4). Alternatively, we may also reexpress our new relation as

(6.16)

Then, using Ny < 02 and N, < af,, we see that our tight entropy-power inequality

(6.15) implies the Robertson-Schrodinger uncertainty relation, namely

Ny N,
dety > (T%U% dety >

(6.17)

N

These two inequalities coincide for Gaussian x- and p-distributions. Furthermore,
they are both saturated for pure Gaussian states regardless of the orientation of the
principal axes (since dety = 1/4and N, = 02, N, = (Tr%).

In addition, we may reexpress Eq. (6.15) as

2 2
1 0305
dety > — ——— 6.18
T=4NN, (6.18)
which can be viewed as an improved version of the Robertson-Schrédinger uncer-
tainty relation where the lower bound 1/4 is lifted up when the x- and p-distributions
deviate from Gaussian distributions. In terms of non-Gaussianity measures based on

relative entropies, it transforms into

v de”) . (6.19)

D(x||xc) + D(pllpc) <In <1/2

which is the counterpart of Eq. (4.42) but having replaced o2 UFZ, with det 7, just as we

do when going from the Heisenberg to the Robertson-Schrodinger relation. It also
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corresponds to a stronger version of Eq. (4.43), which reads

dety > Llleznuuxcwzn(pnpc)_ (6.20)

To be complete, let us mention that we can express our tight entropic uncertainty
relation (6.14) as
h(x) +h(p) 2 h(xc) +h(pc) +In(pc) (6.21)

where x¢ (pg) is Gaussian distributed with variance o2 ((Tf,) and yc = ’crpG2 is the
purity of the Gaussian state p¢ associated to the covariance matrix 7.

6.2.3 Numerical evidence of relation (6.14)

Before presenting the proof of our conjecture, let us mention that we have conducted
numerical tests in order to verify the correctness of the tight entropic uncertainty
relation. This was especially important since our proof relies on two assumptions

that are not proven.

For numerical purposes, it was simpler to consider the uncertainty relation in its form
with differential entropies, Eq. (6.14). First, we have considered random pure states,
which we generated by applying a random unitary transformation to the vacuum
state. In Figure 6.1, each blue dot corresponds to h(x) + h(p) as computed for a
random state generated with a 4 x 4 unitary matrix (each state belongs to the space
spanned by the Fock states |n) with n = 0,1,2,3). The dashed red curve represents
the previous bound In(7re) while the plain red curve represents the improved lower
bound on k(x) 4 h(p) that results from Eq. (6.14), namely In(7te) 4 I (x:p). Here, the

Gaussian mutual information is expressed as

Ig(x:p) = —% In (1—p?) (6.22)

where p = 0yp/ (O'x(Tp> stands for the correlation parameter. We clearly see that all
points lie above the improved lower bound, corroborating the new entropic uncer-
tainty relation (6.14). Note that other tests have been carried out with unitary trans-
formations of greater dimensions, but this generally yields states with greater values
of h(x) + h(p), which are less interesting for verification purposes.

As a more stringent test, we have computed h(x) + h(p) for some slightly non-
Gaussian pure states lying in the neighborhood of the Gaussian pure states that
saturate the uncertainty relation. To do so, we have generated states of the form
|) o< (|s) 4+ €|¢p)) where |s) is a squeezed state, |¢) is any other pure state and € < 1.
In Figure 6.2, we have chosen |¢) as some random pure state generated by the above
method, e = 0.01, and a squeezed state |s) along an axis rotated by an angle of
0 = /4 with the x-axis (with a squeezing parameter s = ¢ = 1.5). Its wave function
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h(x)+h(p)

3.5

Figure 6.1: Test of the tight entropic uncertainty relation (6.14) for random pure states
generated by applying a 4 x 4 random unitary onto the vacuum state. The blue dots
correspond to h(x) + h(p), the plain red curve represents the improved lower bound
In(7te) + Ig(x:p) and the dashed red curve shows the previous bound In(7te). All
quantities are plotted as a function of the correlation coefficient p.

h(x)+h(p)

2.455

~N
2450
2445

2.440

24351

. . . N
-0.675 -0.670 -0.665 —O.660’

Figure 6.2: Test of the tight entropic uncertainty relation (6.14) for slightly non-
Gaussian states of the form |¢) « (|s) + €|¢)) where |s) is a squeezed state (with
s = 1.5) along an axis rotated by an angle of 6 = 77/4, |¢) is a random pure state as
in Figure 6.1, and € = 0.01. The blue dots correspond to h(x) + h(p), while the red
curve represents the improved lower bound In(7te) + Ig(x:p). All quantities are plot-
ted as a function of the correlation coefficient p. A zoom in of the interesting region
is shown in this figure .

has the form

] 282 i(s?+1i)x?
(x|s) = mexp <2(52_1)> (6.23)

which is non-Gaussian, implying that it cannot saturate the ordinary entropic uncer-
tainty relation (6.1). Be aware that the Wigner function of |s) is of course still Gaus-
sian, so that this state is Gaussian. We have verified that, even if they lie very close
to the boundary, all states |¢) verify the tight entropic uncertainty relation. Similar
simulations have also been performed with squeezed states of different parameters

and with different values of €, yet no counterexample was found.
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6.3 Conditional proof of relation (6.14)

We will now give a conditional proof of our tight entropic uncertainty relation (6.14).
We first prove it for Gaussian states, since no hypothesis is needed in this case and
then prove it for all states by using a variational method, in analogy to the procedure
used in Ref. [86, 87]. This proof, however, will be based on two assumptions. More
precisely, we will prove that any squeezed vacuum state rotated by an arbitrary angle

is an extremum of the uncertainty functional

1

o202
F(p) = h(x) +h(p) — 5 In <deti> : (6.24)

Since F(p) is invariant under (x, p)-displacements, it follows that all Gaussian pure
states are extrema too. The first assumption is that these extrema are global minima
of our functional. The second assumption is that the uncertainty function F(p) is
concave. This allows us to conclude that relation (6.14) is also valid for mixed states.
We know that both assumptions prevail for the regular entropic uncertainty relation
(6.1) as well as for our conjectured relation (6.11), so the above assumptions are very

natural.

6.3.1 Special case of Gaussian states

In the case of Gaussian states, we can prove Eq. (6.14) without any assumptions.

2
Theorem 1. Let o€ be a Gaussian state with covariance matrix y = (ZX (‘T:f > and differ-
xp Yp

ential entropies h(x) = % In(27meo?) and h(p) = %11’1(27‘[60’5). Then it satisfies the entropic
uncertainty relation, Eq. (6.14) and the saturation is obtained if and only if pC is pure.

Proof. By simple calculation we have

2.2 2.2
LY LT 2y, 1 2y 1, [ %%
h(x) +h(p) > In <det’y) = 3 In(27tecs) + 7 In(27tec;) 7 In dety
= In(me) + %ln(4 det )
> In(rte) (6.25)

since dety > 1/4 according to Robertson-Schrodinger uncertainty relation, Eq. (4.7).
This proves Eq. (6.14) for Gaussian states. This inequality is saturated if and only if

pC is pure since dety = 1/4 only for pure Gaussian states. ]
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6.3.2 General case
The two assumptions

The proof of Eq. (6.14) for any state relies on two assumptions that we cannot prove.

We however explain here why we believe they are natural assumptions.

Assumption 1. Pure Gaussian states are global minimizers of the uncertainty functional
F(p), Eq. (6.24).

First of all, note that since F(p) is invariant under (x, p)-displacements, it is enough
to consider only squeezed vacuum state rotated by an arbitrary angle.

This hypothesis is verified in Theorem 1 for Gaussian states since indeed the min-
imum is attained by all pure Gaussian states. We know that this hypothesis also
holds for the original entropic uncertainty relation of Biatynicki-Birula and Myciel-
ski, Eq. (6.1). Finally, the numerical evidence of Section 6.2.3 also confirms that pure
Gaussian states are global minima of the uncertainty functional.

Assumption 2. The uncertainty functional F(p), Eq. (6.24) is concave.

This assumptions is important as it allows us to extend our proof to mixed states.
As an example, the original entropic uncertainty relation (6.1) was first proven for
pure states in [11]. However, since the differential entropy is a concave function of
the probability distribution, it is valid for mixed states as well (as mentioned in [11]).
Decomposing a mixed state into pure states, the concavity implies that pure states

are the “worst cases”, i.e., the lowest value of the functional h(x) + h(p).

Naturally, we also need to investigate the concavity of our new uncertainty function-
als. Unfortunately, it seems hard to prove the concavity of the uncertainty functional
F(p) of Eq. (6.24) which appears on the left-hand side of the tight entropic uncer-
tainty relation (6.14). This is because while h(x) and h(p) are concave, Ig(x:p) is
not convex. And while it is known that log(dety) is concave [31], nothing can be
said about log(cy07). Nevertheless, numerical tests corroborate the fact that F(p) is
a concave function of the state. As an example, we have analyzed mixtures of two
pure states of the form Ali1) (¢1] + (1 — A)[2) (2|, with 0 < A < 1. In Figure 6.3,
we have numerically verified that F(A|g1) (y1] + (1 — A)|¢2) (¥2|) > AF(J3p1) (P1]) +

(1= A)E([¢2)(2))-

Interestingly, we can prove the concavity of F(p) in some special cases by using the
expression of the entropic uncertainty relation in terms of non-Gaussianity measures
based on relative entropies, Eq. (6.19). We consider the mixture of two states that
have the same first- and second-order moments. Hence, the right-hand side term of
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H(x)+H(p)-Ig(x,p)

35
o /-\//la

25

0" 10

0.0 0.2 0.4 0.6 0.8 1.0

Figure 6.3: Test of the concavity of the uncertainty functional F(p) defined in re-
lation (6.14). We consider three different binary mixtures tuned by parameter A:
M0) (O] + (1 = M)[1) (1], A[2)¢2[ + (1 = 2)[0){0], and A[p) (| + (1 = A)|¢) (¢], where
|p) = 7il0) + |2) and |¢p) = (1 + 3i)[0) + (2 +5i)|1) + (1 +3i)[|2) + (6 + 8i)|3).

Eq. (6.19) is constant and we need to prove that

D(/\xl + (1 — )\)Xz H [/\X1 + (1 — )L)XQ]G)

< AD(x1 || (1)) + (1 - )D(xa || ) &2

where [x]|; means that we take the Gaussian distribution that leads to the same vari-
ance as the probability distribution of x (of course, we have an identical inequality

for p). By comparison, the convexity of the relative entropy implies that

D(Ax1 + (1= A)xz || Alxi]g + (1 — A)[x2]c)

< AD(x1 || [1al) + (1 - )D(xa || ) &7

which is equivalent to the previous inequality since we mix distributions with the

same first- and second-order moments.

Note that the uncertainty relation (6.14) is invariant under displacements so that,
without loss of generality, we only need to consider states with zero mean values.
Thus, we have proven the concavity of F(p) when two states with the same covari-
ance matrix are mixed. Yet, in the general case, we have not been able to prove

concavity.

Proof conditional on the assumptions

Based on the two previous assumptions, we can now state our main theorem.

Theorem 2. If Assumptions 1 and 2 hold, then any state p with covariance matrix v =

2
(;‘p ‘;%” > and differential entropies h(x) and h(p) satisfies the entropic uncertainty relation

1 030
h(x)+h(p) — 5 In > In(7e). (6.28)

dety
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Proof. We first prove the theorem for pure states. Let us seek a pure state |¢) that
minimizes the functional F(|¢) (¢|). For this, we use the Lagrange multiplier method
and insert the normalization of |¢) as a constraint. Since F(|¢) (¢|) is invariant under
displacements, we may also impose without loss of generality the constraint that
mean values vanish, (£) = (p) = 0. We define

E([) () + A([g) = 1) + p(p[2]9) +v(plply) (6.29)

where A, y and v are Lagrange multipliers. Since we impose the state |i) to be nor-
malized and centered at the origin, we can express the second-order moments as

= (p|£2[y), of = (p|p*|¢), and 0y = 3(w|{%, p}|¥), so that we may replace the
functional F(|y)(y|) in ] by

! (12219) (917*]9)
2" (<wxzr¢>< #ly >—1<¢\{f,;a}rw>2)' (630

Now, in order to solve the variational equation

F(lp)(y]) = h(x) + h(p) —

9
(Y|

we start by expressing the variational derivative of each term of | separately. The

(-
< W (

where we used the relations [ dx|x)(x| = 1 and [dxf(x)|x)(x| = f(£). Similarly,
the second term gives

=0 (6.31)

first term gives

oh(x)
(Y|

Wy (x)In Wx(x)dx>

\\

(1) xlp) In((p |x><x¢>>dx)
)+ 1) [) (6.32)

=

MP) _ (1w, (p) +1) ). 633)

(|

For the third term, we use

o ( WIL[9) (12ly) )
ol \ (wl2lp) (wlp?ly) — £wl{2 p}v)?

34
[3?2 P2 £202+ﬁ20'2_{A/ﬁ}0xp] (6.34)

¥)

o2 o? detry

while the last terms give

0

<¢,<<<¢|¢> 1)+ <¢rf|¢>+v<¢w¢>):<A+we+vﬁ>\w>. (6.35)

Putting all this together, the variational equation (6.31) can be rewritten as an eigen-
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value equation for |¢),

—InW,(%) —InW,(p) —2+A+ut+vp

S S R el S Loy I
_203_TI§+ 2dety ) =0

Let us check that Eq. (6.36) is verified by |¢) = $|0), that is, by a squeezed vacuum
state with § = exp{}(z*4% — za"")}, where z = re'? is a complex number®. For such

a state, the marginals of the Wigner functions are given by

2

Wy (x) = (27'((7,%)’% 67%, Wy(p) = (27{05)’% 6_;7%, (6.37)
so that e 5
InWy (%) +InWy(p) = —In(27t0y0) — 202~ E. (6.38)
Hence, we can simplify the eigenvalue equation as
[In(27tox0y) =2+ A+ pt +vp+ Al [p) =0 (6.39)
where we have defined the operator
6252 4 52,2 o 5 .
o ()

Let us now compute the action of A on the squeezed vacuum state, that is,

A

Alp) = AS|0) = §(8* 48)|0) (6.41)

where we used the fact that §* = §~1 (see Eq. (2.61)). For this, we use the canonical

transformation of £ and p in the Heisenberg picture, namely

§t
(555) () o2

where M is a symplectic matrix defined as

M = cosf —sinf e" 0 cosf sinf
N sinf cos@ 0 € —sinf® cos@

B (COShT’ —cos ¢ sinhr —sin¢ sinhr >

=>
O
=

L . (6.43)
—sin¢ sinhr coshr + cos ¢ sinhr

with ¢ = 26. The covariance matrix -y of state |) can be expressed with transforma-

3Note that the squeezing angle ¢ allows to apply squeezing in any direction. We thus consider all
pure Gaussian states, no matter along which angle the squeezing is applied.
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tion M applied to the covariance matrix of the vacuum state 7yac, namely
v = MygacMT. (6.44)

Using Egs. (6.42) and (6.44), we get

A 1, e
Alg) = 35(2 p) MIy M (}5) 0)

(+ 7)
= 282 p)MIMT) i MM (p) o)
= 25(¢ p) (p) o)
= 5@+ pN0)
= S(2N +1)|0)
= Sj0)
= |¢) (6.45)

where N is the number operator. This calculation implies that the squeezed vacuum
state ) is an eigenvector of A with eigenvalue 1. Therefore, the eigenvalue equation

can be written as
[In(27woxop) — 1+ A+ ug +vp] [) = 0. (6.46)

We can determine the value of A by multiplying this equation on the left by (| and
using the constraints (¢|¢) = 1 and (¢ |%|p) = (P|p|P) = 0, namely

(| [In(27t0y0p) — 14+ A + u +vp| ) = In(2rox0p) =1+ A = 0. (6.47)

Therefore, state |ip) is indeed a solution of our extremization problem, if we set
A = 1—1In(2moy0;). We are left with equation

[u2 +vplly) =0 (6.48)

which is satisfied if we set 4 = v = 0. Summing up, we have proven that, with
the appropriate choice of A, y and v, the squeezed vacuum states (with arbitrary
squeezing and rotation) are solutions of Eq. (6.36), so they are extrema of our un-
certainty functional F(|¢) (y|). Since F(|¢) (¢|) is invariant under displacements, the
displaced squeezed states are also solutions, so this result includes all pure Gaussian
states. Using Assumption 1, we consider that pure Gaussian states are not just ex-
trema of our functional, but are the global minima. We find the minimal value In(7te)

simply by evaluating F for any of these states.

Remark that in our proof, we consider (| and |¢) as independent. This can be
understood as follows. When expressing the variation of a functional of (x), we
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should take into account that it is complex valued so we must consider separately the
variation in the real part and in the imaginary part. As we will see, this is equivalent
in making variation in (x) and ¢*(x). Let us consider a real function f(z,z*) with z

a complex number. We can thus define its real and imaginary parts

_z+z*
2

2i=(z) =2 ;iz . (6.49)

zy = R(z)

According to the chain rule we have

o _ afm  ofen _1(of of

dzl» 9z, 0z 9z; 0z 2\9z, 9z;)’

of | ofdz of oz 1 (of of

9z lz azraz*+a.ziaz*_2<azr+lazi ’ (6:50)

Since, f(z,z*) is real, % and g—; will also be real. Equating both of the above equa-

tions to zero then yields to % = 0and % = 0, which proves the equivalence. Gen-
eralizing this to a real functional, it thus means that one has to consider

WL _ nqg YLELIPI
i =0 and i 0 (6.51)

where in the first equation we keep |¢) constant while in the second we keep (| con-

stant. Now, the functional has the property that J[(¢|, |¢)] = J[|¢), (¢|]*. Therefore,

%)AM = 0 is simply the complex conjugate of U] — 0 and we do not learn

(Y|

any new information from the second equation. It is thus sufficient to solve % =0.

In order to extend the proof to mixed states, we use Assumption 2 about the concav-
ity of the functional. O

We conjecture that Theorem 2 holds even without the assumptions.

6.4 Generalization to 7 modes

In ref. [11], Bialynicki-Birula and Mycielski also extended the entropic uncertainty
relation to n modes, namely

h(x) + h(p) > n In(re) (6.52)

where the joint differential entropies h(x) and h(p) are computed from the marginals
of the Wigner functions Wy (x) and W, (p), withx = (x,- -+, x,) andp = (p1,-- -, pn).

Naturally, our entropic uncertainty relation (6.14) can also be extended to n modes as

h(x) +h(p) — > In <det(1’;)t?;)t(7’”)

2
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where the covariance matrix <y is defined as -y;; = Tr[p {r;, 7;}]/2 — Tr[p ;] Tr[0 7;] and

Yx (77p) is the reduced covariance matrix of the x (p) quadratures.

Just before presenting the conditional proof of this relation which is obtained by fol-
lowing a variational method based on Assumptions 1 and 2 — as in the one-mode
case — let us mention that equation (6.53) is again saturated by all n-mode Gaussian
pure states. More precisely, we have the following theorem for all Gaussian states:

Theorem 3. Let p© be a n-modal Gaussian state with covariance matrix vy defined as y;; =
Te[p {ri, rj}]/2 — Te[pr;])Te[p rj] and differential entropies h(x) = 1In((2me)" det(7x))
and h(p) = % In((27e)" det(7y,)). Then it satisfies the entropic uncertainty relation (6.53)
and the saturation is obtained if and only if pC is pure.

Proof. By simple calculation we have

1 (det(w)detm))

h(x) +h(p) — = In det(7)

> = nln(me) + %ln(éln dety)

> nln(rre) (6.54)

since dety > 1/4" according to the n-modal version of Robertson-Schrédinger un-
certainty relation, Eq. (4.15). This proves Eq. (6.53) for Gaussian states. This inequal-
ity is saturated if and only if p© is pure since dety = 1/4" only for pure Gaussian
states. O

As an example, we can see that relation (6.53) is thus saturated by the two-mode
squeezed vacuum state with covariance matrix

cosh 2r 0 sinh 2r 0
o 1 . 0 cosh 2r 0 — sinh 2r / (6.55)
2 | sinh2r 0 cosh 2r 0

0 — sinh 27 0 cosh 2r

obtained by injecting an x-squeezed state and a p-squeezed state (both with a squeez-
ing parameter r) on a balanced beam splitter. This is easy to check by computing the
entropies with h(x) = 1 In((27e)" det(v,)) and h(p) = 3 In((27e)" det(y,)) and us-
ing det(7x) = det(7,) = (1/2)? and det(y) = (1/2)* However, the regular entropic
uncertainty relation (6.52) is already saturated for this state, which is expected since
the state exhibits no x-p correlations. More interestingly, the state resulting from two
rotated squeezed states (one being rotated by 7/4, the other by —7/4) injected on
a balanced beam splitter still saturates relation (6.53), while it does not any more
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saturate relation (6.52). Indeed, the covariance matrix of this state reads

cosh 2r 0 0 —sinh 27
. 1 0 cosh2r —sinh?2r 0 . (6.56)
2 0 —sinh2r cosh?2r 0
— sinh 2r 0 0 cosh 2r

so that we get h(x) + h(p) = 21In (wecosh2r) > 21n (7te). But since
det(vy) = det(y,) = (1/2)*cosh®2r (6.57)
and det(y) = (1/2)* we get

Ly (e
2 det(7y)

implying that relation (6.53) is saturated by this state.

> = —2In(cosh?2r), (6.58)

In this context, it is also interesting to rewrite the tight entropic uncertainty relation
(6.53) in term of entropy powers, defined this time for the joint entropy in n dimen-
sions, namely

) _ 1 2nx ) _ 1 2pp)
Ny 27tee N, 271’66 (6.59)

Equation (6.52) then transforms into a n-mode entropy-power uncertainty relation

NN > 2 (6.60)

I

which has the same form as relation (6.4) but for n modes, while our new equation
(6.53) transforms into a tight version of the n-mode entropy-power uncertainty rela-

tion

() o 1 (det(%c) det(7p) ) v , (6.61)

(n) 2
NNy 2 2\ 7 det(y)
which is the n-mode counterpart of Eq. (6.15).

Here too, we can use the fact that the maximum entropy for a fixed covariance matrix

is given by the Gaussian distribution, which implies that N < (detyy)/" and

N,(,”) < (dety,)!/". Rewriting Eq. (6.61) as

n
()
det(7yx) det(vy,

; det(y) > <i> 6.62)

we then see that our new n-mode entropy-power uncertainty relation implies some

(variance-based) n-mode uncertainty relation (see Eq. (4.15)), namely

< (n) (”))n
N,"’'N

X 14

det >

) 2 Fet(ry) det(r)

det(y) > (i) (6.63)
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6.4.1 Conditional proof of the n-mode generalization

We now prove the n-modal version of Theorem 2 using the same variational method
and conditionally to the same assumptions. It means that we will prove that any

n-mode squeezed vacuum state is an extremum of the uncertainty functional

r=s i (550

(6.64)

Since F(p) is invariant under (x, p)-displacements, it will imply that all Gaussian
pure states are similarly extrema. Note that we keep the same two assumptions,
that is that pure Gaussian states are global minima of our uncertainty functional (As-
sumption 1) and that the uncertainty functional F(p) is concave in g (Assumption 2),
so that (6.53) is valid for mixed states as well.

Theorem 4. If Assumptions 1 and 2 hold, then any state p with covariance matrix vy defined
as vij = Te[p {r;,7j}]/2 — Te[p r;|Tr[0 rj] and differential entropies h(x) and h(p) satisfies
the entropic uncertainty relation

1 <det<vx>detm>
2

h(x)+h(p) — =z In det(7) ) > n In(7e). (6.65)

Proof. Once again, we start by proving the theorem for pure states. We seek an n-
mode pure state |ip) that minimizes the functional F(|¢)(y|) with constraints on the
normalization of |¢) and mean values of x and p quadratures. We use the Lagrange

multiplier method with

1 1 1
J=h(x) + h(p)— 2 Indet(yy) — 2 Indet(y,) + 2 Indet(y) + A({(p|y) — 1)
2n
+ ) uylAily). (6.66)
i=1
Here, A and y; are Lagrange multipliers, while the elements of the covariance matrix
7 can be expressed as 7;; = (|7i?; + 7;7;|1) /2 since the states are normalized and
centered on 0. As in the one-mode case, we solve the variational equation % =0,

so we write the derivative of each term

oh(x) (I .

ol = WD)

oh(p) _

78(44 = —(anp(p)+1)|1,lJ>. (6.67)

For the three terms involving the derivative of the determinant of a matrix, we use

79



CHAPTER 6. TIGHT ENTROPIC UNCERTAINTY RELATION FOR
CANONICALLY CONJUGATE VARIABLES

Jacobi’s formula so that

d 1 d
W Indet(7yy) 7det(’yx) W det(7yx)
_ 1 -1 a’Yx
= ety ™ ot 510
_ CRY fla’yxki
- gg’)’xik 3|

= xly Ix|p). (6.68)

where we used the fact that ’)/1.21 = 'y,gl since the matrix is symmetric. Similarly, we
find

d B d B
3y P det(ny) = P, plY) arp) M det(r) = 'y ey). (6.69)
Finally, the last terms give
p) 2n 2n
star (A1) =1+ L tolile) ) = (A ¥ zlwl) 9). (6.70)
i=1 i=

so that the variational equation can be rewritten as an eigenvalue equation for |1),

2n
.1 _ 1 _ 14
[— InWy(x) —InW,(p) =2+ A+ Y uifi — EXT'Yx Iy — EPT,YP Ip+ ErT’Y 11} lp) = 0.
i=1
6.71)

We now check that Eq. (6.71) is verified by |¢) = $|0), that is, by any n-mode
squeezed vacuum state. For such a state, the marginals of the Wigner functions are
given by

PP, (6.72)

so that

1 _ 1 _
In Wy (x) + InW, (p) = —In ((271)"/det(yx) det(1,) ) = 5x"77'x = 5p7; P
(6.73)
We apply % r’ v 1r on the squeezed vacuum state |) by using the canonical trans-
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formation of r in the Heisenberg picture, namely S$'r§ = Mr, we find

1 _ 1 A
Sty = Sty rS|o)

= [¢) (6.74)

since the covariance matrix v of state |{) can be expressed as 7 = MyacMT. This
implies that state |¢) is an eigenvector of 11T 7 !r with eigenvalue 1. Therefore,
using this result together with equation (6.73), the eigenvalue equation for |¢) can be

written as

2n
[ln ((ZH)”\/det(’yx) det(’yp)> —1+ A+ ; m] ) = 0. (6.75)

The value of A is found by multiplying this equation on the left by (i| and by using
the constraints (y|¢) = 1 and (|?;|p) = 0 for all i, namely

2n
0 = (y [ln((ZN)”\/det(’rx)det(w)>—1+A+Zyi?i] ¥)  (676)

i=1

= A = 1-In ((ZN)”\/det('yx) det('yp)) .

We are now left with equation

2n
[Z ym] lp) =0 (6.77)
i=1

which is satisfied if we set all the y; = 0.

In conclusion, we have proven that, with the appropriate choice of A and ;, the
n-mode squeezed vacuum states are solutions of Eq. (6.71), so they extremize our
uncertainty functional F(|¢)(y]). Since F(|¢)(y|) is invariant under displacements,
the displaced squeezed vacuum states are also solutions, so this extremization result
encapsulates all pure Gaussian states. Using Assumption 1, we consider that pure
Gaussian states are not just extrema of our functional, but are the global minima. We

find the minimum value 7 In(7te) by evaluating F for any of these states.

In order to extend the proof to mixed states, we use Assumption 2 about the concav-

ity of the functional. O

We conjecture that Theorem 4 also holds even without the assumptions.
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6.5 Attempts towards a full proof

We would like to complete this chapter by mentioning some proof attempts of the
entropic uncertainty relation Eq. (6.14). Indeed, we explained that the proof given
in Section 6.3 is only partial since we had to make two (reasonable) assumptions.*
Naturally, we would have preferred a complete proof and thus tried different other
techniques, but none of them was successful. To prevent the reader to lose time on
trying those different methods, we list the most promising ones and explain briefly

why there were not successful.

Gaussian functional

Here, the idea is to start with a pair of canonically conjugate quadratures xg and pg
which correspond to the principal axes of the covariance matrix, so that oy,,, = 0.
Then, we apply a rotation in the phase space, resulting in the pair of canonically con-
jugate quadratures x and p. This rotation conserves the determinant of the covariance
matrix det y. If we could prove that

dety > —*—= dety = NN, (6.78)
o2 (712, 0%6 Urz,g 0" "Fo

where we used the fact that dety = Ufe (7;2,9,

ski inequality Ny, Np, > 1/4 would imply our entropic uncertainty relation in its

then the Bialynicki-Birula and Myciel-

entropy-power form, Eq. (6.2). Thus, we wished to prove the second inequality in

Nx Np > Nx@ NPB

2 2 — 2 52
UxUP Uxeapo

1>

(6.79)

Translated back into entropies, this gives
0 <h(x%) +h(p®) — h(x) = h(p) < h(xg) +h(pg) — h(xe) —h(ps)  (6.80)

where the letter G indicates that the variable has a Gaussian distribution (with the

same covariance matrix). In terms of relative entropies it can also be written as
0 < D(x[[x%) + D(pl|p®) < D(xellx§) + D(pol Ip§) (6.81)

which would have mean that the sum of the non-Gaussianity in the two canonically
conjugate quadratures can only decrease when we rotate away from the principal
axes.

Since h(x¢,p®) = h(x§,pS) (the joint differential entropy is invariant under rota-

“We supposed that the extremum we found is a global minimum and that our functional is concave.
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tions), we can write, for Gaussian states, that

h(x©) +h(pc) — %ln (W) = h(xff) +h(p(§) (6.82)

and thus inequality (6.80) can be rewritten as

h(x) = h(xe) + h(p) — h(pe) > ~In ("’%"5> (6.83)

since 02 = aﬁc and 0’?, = (7;6. The r.h.s. of Eq. (6.83) corresponds to the value taken

by the 1.h.s when all variables are replaced by their Gaussian counterpart.

Finally, we can also define the functional

F(p) = h(x) +h(p) — h(xs) — h(po) (6.84)

and then, proving Eq. (6.83) or the second inequality in Eq. (6.80) is equivalent to
show that the functional F(p) is minimized for Gaussian states, that is

F(p) = F(pg)- (6.85)

We wanted to use the paper of Wolf et al. [88] who presented a general method to
prove that a functional satisfying some specific conditions is minimized by Gaussian
states. Unfortunately, our inequality is too strong and we found numerically some
counter-examples® to Eq. (6.85).

Entropy-power inequality

Here too, the idea was to compare the x, p quadratures with the ones in the principal
axes: xp and pg. We wanted to use the entropy power inequality ® which states that
N; > Ny + Ny when z = x + y to first express two inequalities of the form

Ny > cos® 0Ny, + sin 0N,
N, > sin?6ONy, + cos? 0N, (6.86)

and then to find an inequality on the product NxN,. However, this is not possible
because the entropy power inequality only applies if the variables are independent.
Here, it is not because 0y,;, = 0 that xg and pg are necessarily independent.

SCounter-examples were obtained with some slightly non-Gaussian states.
%See Section 3.2.4.
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Fractional Fourier transforms

We will give more details about fractional Fourier transforms in Section 7.1, but in
short, it allows us to connect the wave function of xy to the one of x. If 6 = 71/2, it
is the usual Fourier transform. The idea was thus to connect /1(x) and h(xy) through

the use of the fractional Fourier transforms in order to prove something of the form
h(x)+h(p) > h(xg) + h(pe) +C (6.87)

where C would hopefully be the Gaussian mutual information. We would then have
used Biatynicki-Birula and Mycielski entropic uncertainty relation for h(xy) + h(pg),
since, along the principal axis, it already gives the best possible bound. Unfortu-
nately, we do not know how to bound the difference h(x) — h(xy). As we will see in
Chapter 7, we can indeed use the fractional Fourier transforms, but to find a bound
on the sum h(x) + h(xg).

Gaussian channel

Another idea was to use a Gaussian channel and to compare the functional of the
input and output states. Indeed this technique was successful to prove that for a
phase-insensitive bosonic channel, the minimum output entropy is achieved by co-

herent input states [89, 90]. In short, we were hoping to prove that the functional

1 o0,
F(p) = h(x) +h(p) ~ yIn | 357 6.88)

can only decrease when p goes through an infinitesimal pure loss channel.” We thus

wanted to prove that
d

ZF(p) <0 (6.89)
where we would have used the Lindblad equation to describe the infinitesimal evo-
lution of p. Since the fixed point of a pure loss channel is the vacuum, we would have
proven that for any state, F(p) > F(|0)) = In(mte). Unfortunately, we found some
counter-examples. For some states, the functional F(p) increases before decreasing
towards the asymptotic value In(7te). Indeed, let us take for example a Fock state |1).

At the output of a pure-loss channel of transmissivity 77 we obtain the state

711) (1 + (1= 1)[0)(0]. (6.90)

If we now compare the functional F(p) for both input and output states we can see
in Figure 6.4 that the entropy increases when 7 is slightly greater than 0.

7 A pure-loss channel of transmissivity 7 is represented by a beam splitter of transmissivity 7 where
the auxiliary input mode is the vacuum state. This mode is traced out at the output of the beam splitter
and we then only consider the in signal mode.
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F(p)

3.0F

0.2 0.4 0.6 0.8 1.0

Figure 6.4: Functional F(p) for a state p = #|1)(1| + (1 — #)]0)(0|. The dashed line
represents F(|0)) = In(7e).

6.6 Conclusion

We have shown that the entropic uncertainty relation derived by Bialynicki-Birula
and Mycielski can be expressed as an entropy-power uncertainty relation, which
makes a straightforward connection with Heisenberg uncertainty relation: the vari-
ances in the latter are simply replaced with entropy powers in the former. Moreover,
the entropic version of the uncertainty relation implies the variance-based one as a
consequence of the fact that the entropy power of a variable cannot exceed its vari-
ance. Then, we suggested a tighter form of the entropic uncertainty relation, which
takes the correlation between the x- and p-variables into account. It can also be ex-
pressed as a tighter entropy-power uncertainty relation, Eq. (6.2), and is saturated for
all pure Gaussian states. It is the entropic counterpart of the Schrédinger-Robertson
uncertainty relation, which it implies. We have provided a proof of Eq. (6.2) based
on variational calculus and conditionally on two reasonable assumptions, and have
provided numerical evidence that it is correct. Interestingly, this tighter entropic and
entropy-power uncertainty relations can be extended to n modes, and all the above-

mentioned properties remain true.

Possible applications of these new entropic uncertainty relations include the elabora-
tion of stronger separability criteria for continuous-variable systems, as we will see
in Chapter 12. Both variance- and entropy-based uncertainty relations can be trans-
lated into a sufficient entanglement condition (a necessary and sufficient condition
for Gaussian states) as they can be used to express a condition on the physicality
of the partially-transposed state [8, 9, 84]. For example, in Chapter 11, we will show
that an uncertainty relation that is tight for all Fock states [55] yields an entanglement
criterion that enables the detection of certain non-Gaussian entangled states whose
entanglement remains undetected by the Duan-Simon criterion. Thus, a natural di-
rection is now to exploit our tighter entropic uncertainty relations in order to improve
our tools for discriminating entangled from separable states in continuous-variable

quantum systems.
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7 Entropic uncertainty relations
for arbitrary quadratures

This chapter is the subject of the following article:
A. Hertz, L. Vanbever, and N. J. Cerf, arXiv:1711.04566 (2017) [c].

Traditionally, continuous-variable entropic uncertainty relations were formulated for
the position and momentum quadratures or, more precisely, for quadratures related
by a Fourier transform. However, in 2011, Huang [91] generalized the entropic uncer-
tainty relation to a pair of observables that are not canonically conjugate!. Defining
the observables

n n
A= (a; %; +a} pi), Z (b; %; + b} p;), (7.1)
i=1 i=1
he showed that
h(A) + h(B) > In(e|[A, B]|) (7.2)

where /i(+) is the Shannon differential entropy and [A, B] (which is a scalar) is the
commutator between both observables. Obviously, if A=%and B = p, this inequal-
ity reduces to the entropic uncertainty relation of Biatynicki-Birula and Mycielski’.

h(%) + h(p) > In(re). (7.3)

In addition, a similar result had earlier been obtained by Guanlei et al. [92] in the

special case where n = 1, namely
h(%) + h(%y) > In(7re|sin(6 — ¢)|) (7.4)
where £9 = £cos 6 + psinf and £y = £ cos ¢ + psin ¢ are two rotated quadratures.

In this chapter, we introduce a generalization of the uncertainty relation of Biatynicki-
Birula and Mycielski, which is stated in the form of our Theorem 5. It addresses the

IThat is variables that are not related to each other by a Fourier transform.
2See Section 4.2.
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situation where 7 arbitrary quadratures are jointly measured on n modes, expressing
the balance between two such joint measurements (see Figure 7.2). In other words,
we state an entropic uncertainty relation between two arbitrary n-modal Gaussian
projective measurements (or, equivalently, two n-mode Gaussian unitaries U4 and
Ug). The lower bound of our uncertainty relation, Eq. (7.31), depends on the deter-
minant of an 7 x n matrix formed with the commutators between the n measured
quadratures in both cases. In contrast, Eq. (7.3) is restricted to the case of measuring
either all x quadratures or all p quadratures on n modes, while Refs. [91, 92] treat the

balance between two single-mode measurements only.

Interestingly, the probability distribution of the measured quadratures is given by
the squared modulus of the linear canonical transform (LCT) associated with Uy or
Ug, so that our entropic uncertainty relation also captures the complementarity be-
tween two incompatible n-dimensional LCTs as expressed by our Lemma 1. It simply
reduces to the usual entropic uncertainty relation, Eq. (4.39) when the two LCTs are
connected by an n-dimensional Fourier transform, mapping x = (xq,xp, - - - x,)T onto

p=(pup2-pn)"

In the next section, we define general n-dimensional LCT’s and give some useful
properties. Then, we present our results on uncertainty relations for n modes. First,
we derive a generalized entropic uncertainty relation based on Shannon differential
entropies (our Theorem 5, with its extension to a larger-dimensional space), then we
extend it to Rényi entropies (our Theorem 6), and finally we exhibit a covariance-
based uncertainty relation (our Theorem 7). In the last section, we conclude and
suggest a conjecture for a generalized entropic uncertainty relation in the case where

the commutators differ from scalars.

7.1 Linear canonical transforms

Before deriving our uncertainty relations, we need to properly define fractional Fourier
transforms (FRFTs) along with their generalization to LCTs Some early papers on
FRFTs appeared in the 1920’s, but this topic became investigated in depth only more
recently in the fields of signal processing and quantum optics (see, e.g., [93, 94, 95,
96, 97] for more details). In one dimension, the FRFT of a wave function f(x) can
be understood as the new wave function obtained when the Wigner function corre-
sponding to f(x) undergoes a rotation of angle « in phase space. If « = 77/2, then the
FRFT simply coincides with the usual Fourier transform, connecting the time and
frequency domains in the field of signal processing or the canonically conjugate x-
and p-quadratures in quantum optics. Mathematically, the one-dimensional FRFT of
the function f(x) is defined as

1—1icot i —iyx
Fuly) = STl e?yz“’”‘/esinjae?xzcomf(x) dx. (7.5)

27
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The one-dimensional FRFT can be generalized to one-dimensional LCTs by includ-
ing all affine linear transformations in phase space (x, p), going beyond rotations.
Accordingly, the LCT of the wave function f(x) is the new wave function obtained
when the corresponding Wigner function undergoes a symplectic transformation S.
The one-dimensional LCT of f(x) is defined as

id .2 —iyx  ja .2
zby b e d 7.6
=/ 5am ¢ e f(x) dx 76)

a b
where S = d) is a symplectic matrix with 4, b, ¢, and d being real parameters,
c

and b # 0.

The notion of a LCT can readily be extended to n dimensions, the resulting trans-
formation also being sometimes called an n-dimensional FRFT. The physical inter-
pretation is straightforward: a LCT is the transformation of an n-dimensional wave
function f(x) thatis affected by any symplectic transformation in the 2n-dimensional
phase space of variables (x1,x2,- - - x,) and (p1, p2, - - pn). We write the symplectic

s - (a b)
c d
1 o\(v oo 1\[1 o0
B (db—l 11) (o b—l) (-11 o) (b—la 11) 77

where a, b, ¢, and d are n x n real matrices, 1 is the n X n identity matrix, and

matrix S as

det(b) # 0. Since S is symplectic, we saw in Section 2.4.1 that it must obey the
constraint

SJST =7 with J= (_011 g) (7.8)

being the symplectic form, so that det(S) = 1. This also implies that ab” and cd” are
symmetric matrices, and ad” — bcT = 1. The corresponding symplectic transforma-

)-<6)

wherey = (y1,y2,- - ya)T and q = (g1,92,- - gx)" form a new pair of canonically

tion in phase space is

conjugate n-tuples. In state space, the LCT of f(x) can be written as

e it lyx eé[xT(b’la)eryT(db’l)y]

1
ZSf ) = s [ A

= Cyp 1Dy 1 FCya, [f(¥)](y) (7.10)
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with

Gl = eX™f(x)

DA = /Idet(d)[f(bx)
FIN = gmora [ v e (711)

where C, represents the chirp multiplication, Dj the squeezing (or dilation) opera-
tor, and F the usual Fourier transform. These operators are directly related to the
decomposition of S in Eq. (7.7) and we show an example of the action of each trans-
formation on some Wigner function in Figure 7.1. Note also that the chirp multipli-
cation (in one dimension) can be expressed as a product of the other two operators,
namely C; = Rg_5/2 - Dang - Rg where Ry represent the rotation and r = tan 6 — cot 6.
Finally, note that the set of LCTs in phase space is in one-to-one correspondence with
the set of Gaussian unitaries in state space [17], which can indeed be decomposed
into passive linear-optics operations (phase shifters and beam splitters, i.e., rotations

in phase space) and active squeezing operations (i.e., area-preserving dilations in

C, F ﬁ;

Figure 7.1: Example of the action of the different operations involved in a linear
canonical transform (see Eq. 7.11) on the projection of some Wigner function.

phase space).

Here are some properties of LCTs that will be useful to prove our results in the next
section

1. FaFB = FuB
2. Dy, Dy, = Dy,
3. F~! = D_; F where F~!is the inverse Fourier transform.

4. 1C fl = If|

Proof.

1. Using Eq. (7.10) and the corresponding representation in phase space, Eq. (7.7),
we see that F 4 Fp is represented by the matrix .AB. Since the symplectic matri-
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ces form a group, the product of two symplectic matrices is a symplectic matrix,
which also admits decomposition (7.7) and thus represents the linear canonical

transform F 4.

Proofs of 2, 3 and 4 are straightforward. 4

7.2 Multidimensional uncertainty relations

7.2.1 Entropic uncertainty relation between two linear canonical trans-
forms

Let |¢) be an arbitrary n-mode state. We wish to express the complementarity be-
tween two incompatible LCTs corresponding to two Gaussian unitaries (U4 or Up)
applied onto |¢). As shown in Figure 7.2, we measure in both cases the n-tuple of out-
put x-quadratures, which corresponds to applying two possible n-modal Gaussian
projective measurements on |i). The vectors of measurement outcomes are noted,
respectively, y = (y1,+ -+ ,yn)T orz = (z1, -+ ,z4)". Denoting as A and B the sym-
plectic transformations associated with U, and Up, and writing the 2n-dimensional
vector of input quadratures asr = (£1,- -+, %4, P1,- - -, ﬁn)T, we may express the cor-
responding vectors of output quadratures as

rA:ArE<y>, I‘B:BI‘E<Z> (7.12)
q 0

where q (resp. o) is the vector of quadratures that are canonically conjugate with y
(resp. z). The probability distributions for y and z are thus given by the squared mod-
uli of the LCTs associated with U, and Ug, i.e. | F4[p(x)](y)|* and | Fz[y(x)](z)|. In
order to find an entropic uncertainty relation for y and z, we first express the com-

plementarity between F 4 and Fjp in the following Lemma.

%,—vﬁ | _@zl
x) -~ T2 —_— —l :) )
ih Un : @ s W —] Uz —® 2,

Figure 7.2: Schematic of two n-modal Gaussian projective measurements applied
onto state |¢), resulting in the n quadratures J;’s or Z;'s. These measurements can
be implemented by applying a Gaussian unitary (U4 or Ug) onto |i) and measuring
the £-quadratures of the n modes. Our uncertainty relation, Eq. (7.31), expresses
the complementarity between the 7;’s and Z;’s, or equivalently between the linear
canonical transforms associated with U4 and Up.
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Lemma 1. Let F4 and Fg be two LCT5 of a function f(x) with x = (x1,-- - xy,). Then,
their squared moduli satisfy the entropic uncertainty relation

h(\}"A\z) + h(|]-'g|2) > In ((ne)”] det(BbA;{ — BHAE)|) (7.13)
where
A= (P M) g g (B B (7.14)
Ac Ad BC Bd

are the symplectic matrices associated with F o and Fp [acting on the quadrature operators
as in Eq. (7.12)] and h(-) denotes Shannon differential entropy.

Proof. Let us define the function
G(x)=C 1, Falx) =e 2 OO T, (x) (7.15)
The inverse Fourier transform of G(x) is
g(p) = F G ()](p) = [D-1F G (p), (7.16)

2 = [Fa(x)|?, the
probability distributions are equal, so that & <|G (x) \2> =h <|.7-" A (x) \2) Then, we
may apply the Bialynicki-Birula and Mycielski entropic uncertainty relation, Eq. (4.39),

where the second equality results from property 3. Since |G (x)

to G and g, which gives
B (1F4001) + 5 (I3 (p)F) = nin(re). (7.17)
With the change of variables p — b~ !p, we have
2 2 2
h(Ig@)P) = = [Ig®)Pnlg () dp

- sl () gy

By using the above properties of LCTs, we have

)g(b—lp)‘z = ‘ det(b) Dy [g] (p)
= |det(b)| | [Dy1D1FG) (p) |’
= |det(b)| | [Dy1D1FC_,1,Fa] (p) |
= | det(b)] | [C_gp1D_y1 FCy1.Fal (p) |
= |det(d)| |[Fs.Fa] (p)[*
= | det(b)||[Fs.4] (P)*, (7.19)
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where we have defined S¢, = ( 2 ;lb ) , s0 by plugging it into Eq. (7.18), we get

h(lg®)?) = h(|Fs.a(p)[?) —In|det(b)| (7.20)

since | Fs_ 4|* is normalized. Now, replacing % (|¢ (p) |*) in Eq. (7.17), we obtain
B (IF4 P ) + 1 (| Fs.a (p) 2) = In((7re)"| det(b)]). (7.21)

The last step is simply to define B = Sc.A or equivalently So = BA™!. Since sym-
plectic matrices form a group and A and B are symplectic, S¢ is necessarily sym-
plectic too. The property that A is symplectic translates into

T _ yT
At =JATT = (—ﬁ? A’?), (7.22)

hence b = B, Al — By Al. Replacing b into Eq. (7.21) completes the proof of Eq. (7.13),
which thus provides a n-dimensional entropic uncertainty relation for any two in-
compatible LCTs. O

Note that in the special case of one mode (1 = 1), we recover the result obtained by
Guanlei et al. [98] for one-dimensional LCTs, namely

h(|Fal?) + h(|Fp|*) > In (re|ab’ — a'b)) (7.23)

for two 2 x 2 matrices A = (75) and B = (9 %) (see Eq. (20) in Ref. [98]). Further-
more, for one-dimensional FRFTs (when .4 and B are simply rotations), we recover
Eq. (7.4) (see Eq. (15) in Ref. [92]). Now, returning to the n-mode case, if we choose
A = 1 and B being the direct sum of 7r/2 rotations on each modes (i.e., the usual
n-dimensional Fourier transform)?, then 4, = 1, A, =0, B, = 0, and B}, = 1, so that
By Al — B, AL = 1. Hence, we get back to the original entropic uncertainty relation
of Biatynicki-Birula and Mycielski, Eq. (4.39). Finally, if we consider twice the same
measurement, i.e., A = B, then

(A A (AT AT

Se = AAT = a b
- @fm>aﬂ M)
<AQA§ — AT —AAT 4 A AT )

7.24
AAT — MAT  —AAT + Ag AT 72

But since S, = 1, we have A, Al — AaAbT = 0, so that the lower bound in Eq. (7.13)
is —co. This means that we have no lower limit on the entropy (|F 4|?) so the prob-

ability distribution |F 4|? can be arbitrarily narrow, as expected.

Interestingly, in the special case where A = 1, it is possible to find a simpler alterna-

. . N 1
3To be more precise, according to our definition of the quadrature vector r, B = (—OIL 0) .
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tive proof of Lemma 1. We define

Bu Bb
S = 7.25
[ ) -
and may easily check that S is a symplectic matrix by verifying that SJST = J.
Indeed
_B.BT T -1
— (B, )TBL 0

is equal to | since B,B] is a symmetric matrix and det(53,) # 0 (as B is also a sym-

plectic matrix). Thus, S transforms 7 into a new vector of quadratures,

S = (—(B:l)Tx> (7.27)

where z is the vector of position quadratures in rp [see Eq. (7.12)]. Since S is sym-
plectic, zand — (B, 1)Tx are two vectors of canonically conjugate quadratures, which

we may plug into the usual entropic uncertainty relation, Eq. (4.39), giving
h (—(Bb_l)Tx) + h(z) > nln(e). (7.28)

By using the scaling property of the differential entropy (see Section 3.2.2), we have
h(—(B,1)Tx) = h(x) +In(| det((B,)T)|), so that Eq. (7.28) becomes

h(x) + h(z) > In ((re)"| det(By)]) (7.29)

Since the probability distribution of x is |Fy|* and that of z is |Fg|?, we recover
Lemma 1 when A = 1.

7.2.2 Entropic uncertainty relation based on a commutators matrix

Lemma 1 provides an entropic uncertainty relation for any two n-dimensional LCTs,
F 4 and Fp. As we show in the following theorem, this uncertainty relation can also
be expressed in terms of a matrix of commutators between the measured variables.

This is our main result.

Theorem 5. Lety = (41, - - )T be a vector of commuting quadraturesandz = (21, -+ 2,)7
be another vector of commuting quadratures. Let each of the components of y and z be written
as a linear combination of the (£, p) quadratures of an n-modal system, namely

n n
gi o= Yagkt ) appe  (i=1--n)
k=1 k=1
n n
5 o= Ybixft Y bigp  (i=1-n) (7.30)
k=1 k=1

Then, the probability distributions of the vectors of jointly measured quadratures §;'s or Z;’s
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satisfy the entropic uncertainty relation
h(y)+h(z) > In((rre)"| detK|) (7.31)

where Kij = [§);,2;] denotes the n x n matrix of commutators (which are scalars) and h(-)
denotes Shannon differential entropy.

Proof. Since the quadratures §; commute, [§;,§;] = 0, Vi, j, they can be jointly mea-
sured, and similarly for the Z;’s. Thus, the n measured quadratures correspond here
to the output of F 4 or Fp described by the symplectic matrix A or B, as defined in
Eq. (7.14). We simply have to compute the commutator between quadratures §; (at
the output of F 4) and Z; (at the output of Fp):

Ki = [9;2i]
2n  2n

= Z Z AjcBim [P, ]
2n
- Z (ZA]kBlm5Wk+n - Z -AjkBim(Sm,kn)

(g
(

n 2n
Z ]kBl k+n — Z AjkBi,kn>
= i (ByAT - B, Ab> (7.32)

k=1 k=n+1

]k81 k+n — A]',k+n Bik)

I M= I Mx

(Aa)jk(Bp)ix (-Ab)jk(Ba)ik>

Using Lemma 1, we know that the probability distributions |F 4(y)|? and | F5(z)|?
satisfy the entropic uncertainty relation, Eq. (7.13). Since By Al — B, AT = —iKT, we

have | det(B, Al — B, Al)| = | det(K)|, which concludes the proof of Eq. (7.31). O

We now show that this result holds even if we jointly measure n quadratures on a

larger-dimensional system.

Theorem 5. (Extended version.) Let y, = ({1, - - )" be a vector of commuting quadra-
tures and z, = (21, --2,)T be another vector of commuting quadratures. Let each of the
components of y, and z, be written as a linear combination of the (X, p) quadratures of a
N-modal system with N > n, namely

N N
i = Y aigfe+ ) ai; pr (i=1n)
k= 1
N N
& o= Ybut+ ) bixpe  (G=1--n) (7.33)
k=1 k=1
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Then, the probability distributions of the vectors of jointly measured quadratures §;’s or ;s

satisfy the entropic uncertainty relation
h(yn) + h(zy) > In((7te)"| detK]) (7.34)

where Kj; = [§;,2;] denotes the n X n matrix of commutators (which are scalars) and h(-)
denotes Shannon differential entropy.

Proof. The N-dimensional vectors y and z can be decomposed as

y= (y> z= <Z> (7.35)
y- Z

withy, = (y1,- - yn)T orz, = (z1,- - - z,)T being the n measured quadratures, while

y> = (Yns1, - -yN)T orz- = (zy41,- - zy) T is being traced over. We write
2N 2N
gi= Y Aufc  2j=) Bih (7.36)
k=1 k=1

withi,j =1, - - n, which generalizes Eq. (7.12) in the case where 7 is a 2N-dimensional
vector and A and B are 2N x 2N symplectic matrices (we only need to specify the
upper block of size n x 2N of A and B, which defines §j; or Zj, and complete the

matrices by ensuring that they remain symplectic).

We first note that the right-hand side term of Eq. (7.34) is invariant under symplec-
tic transformations (if both symplectic matrices .4 and B are multiplied by the same
symplectic matrix). Indeed, the commutation relations are preserved along symplec-
tic transformations and the determinant is invariant under permutations (the order of
the quadratures is irrelevant), hence det(K) is invariant. Thus, we may always apply
some symplectic transformation on the N modes so that the measured quadratures
in the first case are y; = x;, withi = 1,-- -, n. The two upper blocks of matrix A are
then given by

A, = (ﬂnxn 0n><(Nn)> (7.37)
NxN
and
A, = <0n><n 01 (N—n)) (7.38)
NxN
where we do not need to specify the matrix elements denoted with a dot.

Next, we may assume with no loss of generality that the two upper blocks of B are

Ba — < BHXH CnX(an) ) (739)
Din—wyxn T(N—n)x(N=n) ) NN
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and

By = ( B;xn C;/1><(N—n) > , (7.40)
ON—nysn  L(N=m)yx(N=n) ) nun

with B and C containing all b; entries for j = 1,--- ,nand k = 1,--- ,N, and B

and C’ containing all b}/k entries forj = 1,--- ,nand k = 1,--- ,N. This is the case

because the last N — n quadratures z-. are traced over, so they may be chosen arbi-

trarily as long as BB remains symplectic. This means that we must check that B,58] is

symmetric, which implies that

D=(C-c) (B)T (7.41)

where (-)~T stands for the inverse of the transpose of the matrix. Thus, the matrix D
can always be chosen in order to ensure that B is symplectic. It is easy to write the
n x n restricted matrix of commutators of the measured quadratures y, and z, (the
first n quadratures of y and z), giving | detK| = | det B'|, so the inverse of B’ is well
defined as long as det K # 0.

At this point, we only need to prove Eq. (7.34) in the case the upper blocks of A and
B are defined as above and | detK] is replaced by | det B'|. As before, we define the

S = (_(§:>_T ih>. (7.42)

It transforms the vector of quadratures r into

symplectic matrix

Zy

R Bax+ By p Z-
Si— _ 7.43
' (—(Bbﬂx) ~(B) Tx, 74

(C)(B) Txn — x>

where x, = (x1, -+ x,)7, x> = (x,41, - - xn)T. This implies that z, and —(B’)Tx,
are canonically conjugate n-tuples, so that we may apply Eq. (4.39) on the reduced

state of the first n modes, giving
7 (—(B’)_Txn> + h(zn) > nin(re). (7.44)
Using the scaling property of the differential entropy
h(—(B") "xn) = h(xn) + In(| det(B') "), (7.45)

we obtain
h(xy) + h(zy) > In((7ze)"| det B'|) (7.46)

This implies Eq. (7.34), thus completing the proof of the extended version of Theo-
rem 5. O
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Interestingly, Eq. (7.34) coincides with Eq. (7.2) in the special case n = 1. Thus, our
Theorem 5 can be viewed as an extension of the result by Huang [91] when we mea-
sure more than one mode (1 > 1). As already mentioned, we can check thatif 4 = 1
and B is a direct sum of 71 /2-rotations on all modes (i.e., the usual Fourier transform),
then K = —il and we recover the Bialynicki-Birula and Mycielski relation, Eq. (4.39).

7.2.3 Extension to Rényi entropies

We already saw in Chapter 3 that the Shannon differential entropy is a special case
of the family of Rényi differential entropies defined as

in(17007) = 2 tn ([ dx (170 .47

when a — 1. Let us now derive generalized entropic uncertainty relations for these

entropies.

Theorem 6. Let y = (1, - - )" be a vector of commuting quadratures, z = (21, - £,)"
be another vector of commuting quadratures, and let each of the components of these vectors
be written as a linear combination of the (%, p) quadratures of an N-modal system (N > n).
Then, the probability distributions of the vectors of jointly measured quadratures §;'s or Z;’s
satisfy the Rényi entropic uncertainty relation

nln(a) 4 In(B)

ha(y) +hp(z) = nin(m) + 3 PRSI +In|detK|.  (7.48)
where L1
&JFBZZI x>0, B >0, (7.49)

Ki; = [9i,2;] is the matrix of commutators (which are scalars), and h,(-) is the Rényi differ-
ential entropy as defined in Eq. (7.47).

Proof. The proof follows exactly the same steps as the proof of Lemma 1 and Theo-
rem 5 (both versions) except that Eq. (4.39) is replaced by its counterpart for Rényi
entropies (see Eq. (4.44))

nln(a) nln(B)
2(a—1)  2(B—-1)

for (w, B) satisfying Eq. (7.49). Note that Rényi entropies also verify the scaling prop-
erty 1, (Sx) = hy(x) +In|S| (see Eq. 3.27). O

o (x) + hg(p) > nln(mr) + (7.50)

As expected, in the limit where « — 1 and B — 1, we recover our uncertainty re-
lations for Shannon differential entropies. In addition, in the one-dimensional case
(N = n = 1), Eq. (7.48) coincides with the result found in [98].
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7.24 Corresponding covariance-based uncertainty relation

Finally, by exploiting Theorem 5, it is also possible to derive an uncertainty relation
in terms of covariance matrices. This can been viewed as a n-dimensional extension
of the usual Robertson uncertainty relation in position and momentum spaces where,
instead of expressing the complementarity between observables A and B (which are

linear combinations of quadratures), namely

|[A, B]]

AAAB >
- 2

(7.51)

with [A, B] being a scalar, we consider the complementarity between two n-tuples of

commuting observables.

Theorem 7. Let y = (1, - - )" be a vector of commuting quadratures, z = (£, - £,)7

be another vector of commuting quadratures, and let each of the components of these vectors
be written as a linear combination of the (%, p) quadratures of an N-modal system (N > n).
Let 'y;;‘ = ({9,9;})/2 — (9:)(9;) and ’yg = ({2,%})/2 — (2i)(£j) be the (reduced)
covariance matrices of the §j; and Z; quadratures. Then

(det'yA)% (det 73)5 > M;ZK' (7.52)

where K;; = [0;, 2] denotes the commutator matrix.

Proof. Let us define the entropy powers of y and z as

L2 Ng = -1 e3h (7.53)

Ny = , =
A B 27e

-~ 27te

which allows us to rewrite Eq. (7.31) as an entropy-power uncertainty relation (see

Chapter 6)

| det K|>/"

NN > (7.54)

Since the maximum entropy for a fixed covariance matrix is reached by the Gaussian
distribution, we have that N4y < (dety4)!/" and Ny < (det5)/". Combining
these inequalities with Eq. (7.54), we prove our theorem. O

In the one-mode case, we obtain AJ1AZ; > |[§1,21]|/2 which is Robertson uncer-
tainty relation applied to the two quadratures §; and %1, as already mentioned. Thus,
Theorem 7 extends this relation to two joint measurements of n modes and accounts
for the correlations between the #j;'s via the term det ¥4 (as well as between the Zi’s
via the term det 'yB ). Note, however, that this covariance-based uncertainty relation
is less strong than the entropic uncertainty relation since Theorem 7 follows from

Theorem 5.
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7.3 Conclusion

We have derived an entropic uncertainty relation which applies to any two n-dimen-
sional LCTs F4(y) and Fp(z) or any two n-modal Gaussian projective measure-
ments resulting in outcomes y and z. As implied by our Theorem 5, the sum of the
entropy of the probability distributions for y and z is lower bounded by a quantity
that depends on the determinant of the matrix of commutators [§;, ;], a quantity that
is invariant under symplectic transformations. This is a generalization of the usual
entropic uncertainty relation due to Biatynicki-Birula and Mycielski in the case of any
two n-dimensional observables that are not canonically conjugate but are connected

by an arbitrary LCT.

Theorem 5 can also be viewed as a natural extension of the uncertainty relation (7.2)
due to Huang [91]. As shown in Figure 7.2, the two considered measurements can be
realized by applying a Gaussian unitary U, or Up before measuring the £ quadra-
tures. If we restrict ourselves to measuring the £ quadrature of the first mode only,
then the resulting quadrature is A or B as defined in Eq. (7.1). Thus, our entropic
uncertainty relation generalizes Huang’s setup by including the measurement of any
number of modes instead of the first one only. It naturally accounts for the correla-
tions between the measured y;’s (as well as z;’s) via the use of joint entropies. Fol-
lowing the same scheme, we also recover the usual entropic uncertainty relation by
applying either the identity (U4 = 1) or a tensor product of 7r/2 rotations on each
mode (Ug = Rff’/“Z) before measuring all x quadratures.

Our results still hold true (with some adaptations) when Shannon entropies are re-
placed by Rényi entropies, as proven in Theorem 6. They also imply a generalized
version of Robertson uncertainty relation expressing the complementarity between
two n-tuples of quadrature observables in terms of the determinant of a commutator
matrix, see Theorem 7.

As a final note, it must be stressed that we have restricted ourselves to observables
that are linear combinations of the £ and p quadratures throughout this work, which
implies that all commutators [7;, 2]-] are scalars, as well as det K. However, we be-
lieve that it should be possible to extend Theorem 5 to general vectors of commuting
Hermitian operators A and B. Then, all commutators would be replaced by their
mean values, in analogy to the usual Robertson relation. We therefore suggest the
following conjecture:

Conjecture 1. Let A = (Ay, - - - A,) be a vector of commuting observables, B = (By, - - - By)
be another vector of commuting observables and |() be the state of the system. The probability
distributions of the jointly measured observables A;’s or B}’s in state ) satisfy the entropic
uncertainty relation

H(A) + h(B) > In ((e)"| det(y|K|y)]) (7.55)
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where Kl']‘ = [Ai, B]]

This would be a further generalization of the entropic uncertainty relation, also im-
plying an extended Robertson relation involving a matrix of mean values of com-
mutators instead of Eq. (7.52). Investigating this conjecture is an interesting topic of

future work.
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8 Tight entropic uncertainty
relation for arbitrary
quadratures

In Chapter 6, we showed that it is possible to define an entropic uncertainty rela-
tion which is saturated by all pure Gaussian states, in contrast to the usual entropic
uncertainty of Bialynicki-Birula and Mycielski which is saturated only by pure Gaus-
sian states with vanishing covariance. This uncertainty relation is expressed as (see

Eq. (6.14))

1

M@+MW—2m<®W“NHW”

det(7)

where 7, and 7y, are the reduced covariance matrices of the £ and p quadratures

) > nln(rre) (8.1)

and 7 is the full covariance matrix. We remember that the goal was to establish an
analogy with the Robertson-Schrodinger uncertainty relation dety > 1/4 which is

saturated by all pure Gaussian states.

In Chapter 7, we gave another improvement of the entropic uncertainty relation,
this time by expressing an uncertainty relation valid for any n-tuples of quadrature
observables y and z, which are not necessarily canonically conjugate. It is expressed
as (see Eq. (7.31))

h(y)+h(z) > In ((7re)"| detK|) (8.2)

where Kj; = [#);,2;]. The idea behind this uncertainty relation was also to generalize
the Robertson-Schrodinger uncertainty relation, but in a different way than Eq. (8.1).
Indeed, we saw in Chapter 4 that dety > 1/4 actually comes from the relation

2
+

2
LA B)

5 (8.3)

Aok > |3 ((A,B)) — (A)(B)

which expresses the uncertainty of any operators A and B which are not necessary
canonically conjugate. The important point is that the lower bound on the uncer-
tainty depends on the commutator between the two observables (the anticommuta-
tor appears in the definition of the covariance matrix y) and we thus generalized the

entropic uncertainty in the same way, that is by showing that the lower bound of the
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uncertainty of non-canonically conjugate n-tuples of observables actually depends
on their commutators.

Since we just presented two improvements of the entropic uncertainty relation, both
arising from the idea of translating the variance-based uncertainty relation of Schrod-
inger-Robertson to the entropic framework, it seems natural to combine both rela-
tions to create a more general one. In particular, relation (8.2), like the Biatynicki-
Birula and Mycielski one, is not saturated by all pure Gaussian states. To see this, let
us simply evaluate the one-mode case of Eq. (8.2)!

h(x) + h(xg) > In(rre|sin6)) (8.4)

for a squeezed state with covariance matrix

1 (e ? 0

Since the entropy of a Gaussian distributed variable is given by (x) = In(27ec?)/2,
Eq. (8.4) is saturated when
1
h(x) + h(xp) = 5 In((2me)?0707,) = In(me|sinf))

22 _ a2
& 4oy, = sin“b. (8.6)
From the covariance matrix, we can compute the variances of the x and xy-quadratures

—2r —2r 2 27 w32
e e “"cos 0 e“sin“ 0
0= > (7,%9 = > + > (8.7)

Thus, Eq. (8.4) can be saturated only if

e 4 cos? @ + sin? § = sin® 0 (8.8)
which happens only if 6§ = +71/2 — which is nothing else than the Biatynicki-Birula
situation since x,,, = p — or in the limit of infinite squeezing. But in general, for an
arbitrary angle 6, the squeezed state with covariance matrix (8.5) does not saturate
the entropic uncertainty relation (8.2). The latter is thus not saturated by all pure
Gaussian states. In fact, we will see in Section 8.2 that Eq. (8.2) is only saturated by
pure Gaussian states with vanishing covariance between the y and z quadratures.

Therefore, the idea of combining equations (8.1) and (8.2) is to get an entropic uncer-
tainty relation valid for any n-tuples of quadrature observables and saturated by all
pure Gaussian states because we now take the y-z correlations into account.

In the next sections we start by introducing our new entropic uncertainty relation and

then show that it is saturated by all pure Gaussian states. We then give a conditional

IThis also corresponds to Eq. (7.4).
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proof of this result based on two assumptions, as we did in Chapter 6. We end by
showing that this entropic uncertainty relation implies the generalized version of the
Schrodinger-Robertson uncertainty relation.

8.1 A general entropic uncertainty relation saturated by all
pure Gaussian states

Let |¢) be an arbitrary n-mode state. We wish to express the complementarity be-
tween n-tuples of quadrature observables which can be represented by the output
x-quadrature measurements of two incompatible linear canonical transforms (see
Section 7.1) corresponding to two Gaussian unitaries (U or Ug) applied onto |¢).
The vectors of measurement outcomes are denoted by y = (y1,---,y,) and z =
(z1, -+ ,zn)T respectively. A and B denoting the symplectic transformations associ-
ated with U and Up, and writingr = (£, -+ , %, P1,- -+, f)n)T for the 2n-dimensional
vector of input quadratures, we may express the corresponding vectors of output

rA:ArE<y>, I‘B:BI‘E<Z> (8.9)
q 0

where q (resp. o) is the vector of quadratures that are canonically conjugate with

quadratures as

y (resp. z). As we do for the x, p-quadratures, it is possible to define a covariance
matrix I' for the y, z quadratures. Its elements are expressed as

—_

ij — E
with R = (1, ..., Yn, 21, ..., Zn ). Using definition (8.10) of the covariance matrix I, we

introduce the general form of the entropic uncertainty relation.

h(y) +h(z) — %ln (det(lc;i),[?;)t(rz)

) > In ((7te)"| detK]) (8.11)
where (-) denotes the Shannon differential entropy, I', and I'; are the reduced co-
variance matrices of the §; and Z; quadratures and K;; = [§;, Z;] defines the elements
of the n X n matrix of commutators (which are scalars).

We will give the (conditional) proof of Eq. (8.11) in Section 8.4, but first, remark that
this uncertainty relation is invariant under displacements. Indeed, we know that any
differential entropy is invariant under displacements [31] and so are I, Ly and I', as
it is obvious to see from their definitions. From now on, we can thus restrict to states
centered at the origin.
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8.2 Explicit entropy calculation for Gaussian states

The understanding of the proof of Eq. (8.11) is easier if we first study how this en-
tropic uncertainty relation applies to pure Gaussian states. The Wigner function of a

pure n-modal Gaussian state is given by 2
WE(x,p) = —em2r 7t (8.12)

with r = (xq, ..., Xn, p1, ..., Pn) and its covariance matrix is expressed as

= (%‘ 7"”) (8.13)
Txp Vp 2nx2n

where 7, and 7y, are the reduced covariance matrices of the position and momentum
quadratures. Note that since the state is pure and Gaussian, det(y) = (1/4)".

To evaluate Eq. (8.11) we need to find the covariance matrix I', Eq. (8.10), for the
Y, z-quadratures. Since we know how to obtain y and z from x and p through the
symplectic transformations .4 and 3, we can compute the elements of I'. For exam-

ple, if we evaluate Fij for1 <i,j <n,wehave
1
§<Rz‘R' + RjRi) — (Ri)(R;)
= Z Ay Z Ajir + E Ajry Z Airi) — Z Aikrie)( Z Ajiry)
2n 2n
= Y ) AxAivu
k=11=1
2n 2n

= Y ) AwvuAf
k—1i=1

= (AyAT);. (8.14)

F,-]- =

In the same way, if we evaluate ', j, for 1 <i,j < n, we have

1
I‘i—o—n,j—i-n = §<Ri+nRj+n + Rj+nRi+n> - <Ri+n><Rj+n>

12}’1

= Z Birk Z Bjjr + Z Bjjr Z Bixri) — Z Bixri) Z ii71)
2n 2n

= Y ) BiBjvu
k=11=1
2n 2n

= Y ) Bik?leZE
k=11=1

= (ByB"); (8.15)

2Gee Section 2.3.
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and if we evaluate I'; ;, for 1 <1i,j < n, we have

1
Lijyn = §<RiRj+n + Ri+"Ri> o <Ri><Rj+n>

1271

= E Ak Z Bjr + Z Bjjry Z Aikri) — E Bixri) ( Z Ajry)

2n 2n
= Y. Y AuBivu
k=11=1

2n 2n

= Y ) AwruBj
k—=1i=1

= (AyBT);. (8.16)

Since the covariance matrix is symmetric, we can now write

Ty. . Ty, .
r— (ry I‘yz> _ <(-’47~’4T)1,]1 ..... n (-A’)’B )1,]:1 ,,,,, n) (8.17)

ryz I';

Pay attention to the fact that matrices Ay.AT, AyBT, By AT and ByBT all have di-
mensions 2n x 2n but we truncate them to keep only the reduced matrices with in-
dexes running from 1 to n. Therefore, Iy, I, and Ly, have dimension n x n while I is
a 2n X 2n matrix.

As we did in the previous chapter, we can use a block matrix representation of the
symplectic transformations,

A= (P M) g g (B B (8.18)
AC Ad BC Bd
so that we can simplify the expression of the covariance matrix. Indeed, we have, for
example

As Ay TYx  Yx AT AT
Ay AT = 4 a7 8.19
! (AC Ad) (Wp W) (AZ Aj &1

where we do not need to specify the matrix elements with the dots since all we need
is

(A'Y-AT)i,jzl,..,,n = Aal)’x-Ag + -Au')’xp-Al]; + -Ab')’xp-AZ + Ab'YPAlZ“' (8-20)

By doing the same calculations for the other reduced matrices of I' we finally obtain
that I' can be written as the product of the three following matrices

T
T = Aa Ay Yx o Yxp Aa Ay ‘ (8.21)
B, By Yxp  Vp B, By
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In particular, it means that the determinant of I is given by

2
detT = dety det [ (A“ Ab)] . (8.22)
B, B,

It is already an elegant expression, but it can be further simplified. First note that
BB represents a symplectic transformation and hence satisfies B( % §)BT = ( 4 1)
(see Section 2.4.1). In particular, this means that®> B,B] = B,B! or B, = BZ,BLITB;T.
Second, let us consider a block matrix M of size (n + m) x (n 4+ m) written as

M= Anxn Buxm ) (8.23)
Cmxn  Dmxm

It is easy to see that the following equality holds (we assume that D is invertible*)

<A B)( ]171 O>:<A—BD—1C B> 524)
c D) \-D'Cc 1 0 D

and if we take the determinant of this equation we obtain
det(M) = det(A — BD™'C) det(D) (8.25)

where we have exploited the fact that the determinant of a block triangular matrix is
given by the product of the determinants of its diagonal blocks [99]. Using this rela-
tion together with the symmetry of the matrix B,5] we can compute the following
determinant

det [ (Aa Ab) ] = det(A, — A,B,'B,) det B,

= det(A, — A,B; ' B,BI B, T) det B}

= det(A, — AbBTB T) det BY

= det(AB — A,Bl)
(
(

|
a.

= det(ByA; — B, AT
= det(B, Al — B.A]). (8.26)

Therefore, the determinant of I' can now be written as
T )2
detT = dety (det(BbAa — B, Al )) . (8.27)

But this expression can still be simplified. Indeed, we proved in Chapter 7 that
| det(Bp Al — B, Al)| = |detK]| were Kj; = [J;,2;] are the elements of the matrix

3(-)~T denotes the transpose of the inverse.
41f D is not invertible, Eq. (8.24) can be written in a similar way in terms of A~1.
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of the commutators as defined in Eq. (8.11)). Thus,
detT = det | detK|>. (8.28)

Note that this equation is actually true for any state, Gaussian or not. In our specific
example however, since we are dealing with a pure Gaussian state, we know that the
determinant of its covariance matrix, is equal to 1/4" so that

detT® = 4%1| detK|?. (8.29)

We now know the covariance matrix I' and its determinant so that the last step be-
fore evaluating Eq. (8.11) is to compute the differential entropies of the y and z
quadratures. We remember that those quadratures are obtained after applying some
symplectic transformations. This means that the Wigner function of our initial state,
which is a Gaussian, might be squeezed or rotated, but will remain Gaussian. The
probability distributions of the jointly measured quadratures §; or Z; are thus given
by the following Gaussian distributions

Ply) = —— BT, Plz) = —— L Tz (g3
(271)" det T, Vv (2m)" det T
and we easily evaluate the differential entropies
h(y) = %m ((27te)" detT,), h(z) = %m ((2me)"detT.).  (8.31)

Inserting these quantities together with the value of det(I'®) in Eq. (8.11) yields to
the bound In((7re)"| det(K)|) so that all Gaussian pure states saturate this entropic

uncertainty relation, as desired.

Let us emphasize the fact that the previous entropic uncertainty relation, which does
not take correlations into account (see Eq. (8.2)) is only saturated by pure states with
vanishing covariance I'y;. Indeed if we evaluate Eq. (8.2) for our pure Gaussian state

h(y) + h(z) =In ((27te)"/detT, detT;). (8.32)

This quantity will be equal to the lower bound of Eq. (8.2), In((7re)"| det(K)|) only

when
2", /detT, detl’; = |[det(K)|
& 2" /detT,detl; = +detI'2"

& detl'ydetl’; = detl (8.33)

we find

where we used Eq. (8.29). Obviously this is true only when T',; = 0, i.e. when there
is no correlation between the y; and z; quadratures. This calculation thus confirms
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that the initial entropic uncertainty relation, based on the commutators matrix, is not

saturated by all pure Gaussian states.

If we now consider a general mixed Gaussian state, Eq. (8.11) is easy to prove and
we can actually state the following theorem:

Theorem 8. Let o be a Gaussian state and let y and z be two vectors of commuting quadra-
tures, as defined in Eq. (8.9). Then, the probability distributions of the vectors of jointly
measured quadratures §;’s or Z;s satisfy the entropic uncertainty relation (8.11). The satura-
tion is obtained if and only if pC is pure.

Proof. For any Gaussian state, not necessarily pure, its entropies are given by Eq. (8.31).
Therefore,

h(y) +h(z) — % <det(zye )t?re)t(r2)> =1In ((Zmz)” det(r)> : (8.34)

Robertson-Schrodinger uncertainty relation tells us that’ dety > 1/4" and from
Eq. (8.28) we can thus deduce that

VdetT > |d§zK| (8.35)
which means that
In ((27‘(6)” det(I‘)) > In ((27‘(6)”M;K|) — In((7e)"| detK]) (8.36)

which completes the proof. We thus proved that inequality (8.11) is true for all Gaus-
sian states and moreover, as we saw previously, it is saturated when the Gaussian

states are pure. O

8.3 Other formulations

We emphasized in Eq. (8.28) the relation between det(I') and det(K). Using this
equivalence, we can rewrite our entropic uncertainty relation (8.11) as

1 detT’, detT,
h(y) + h(z) - 1 In (dzw

> > In ((te)"). (8.37)
Remark that 1y is the covariance matrix for the x, p-quadratures while I'y and I'; are
the reduced covariance matrices of the y,z quadratures. Interestingly, with this for-
mulation we do not need the matrix of commutators anymore. Indeed, if we know
v and the symplectic transformations .4 and 5, it is easy to access I'y and I'; through
Eq. (8.21) which makes the computation of this entropic uncertainty relation easier.

5See Eq. (4.15).
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Note also that this formulation takes a form similar to Eq. (8.1), the first entropic

uncertainty relation we introduced in Chapter 6.

8.4 Conditional proof of Eq. (8.11)

As we did in Chapter 6, we will now give a conditional proof of our entropic un-
certainty relation (8.11). We use a variational method (see Ref. [86, 87]), but condi-
tionally on two assumptions. More precisely, we seek a state p which extremizes our

uncertainty functional

F(p) = h(y) + h(z) — 5 In SotT (8.38)

1 <det ['ydetT, >
and we will show that any pure Gaussian state attains an extremum. The steps of
this proof are similar to the ones developed in Chapter 6, with the main difference
that we will have to make a change of variables going from x, p to y, z-quadratures.

The assumptions are also the same (see Section 6.3.2) that is :

1. Pure Gaussian states are global minima of the uncertainty functional, Eq. (8.38).

2. The uncertainty functional, Eq. (8.38) is concave®.

The second assumption allows us to conclude that relation (8.11) is also valid for
mixed states. We know that both assumptions prevail for the regular entropic uncer-
tainty relation (4.39) as well as for the entropic uncertainty relation (8.2), so the above

assumptions are very natural.

Theorem 9. Let y and z be two vectors of commuting quadratures, as defined in Eq. (8.9). If
Assumptions 1 and 2 hold, then the probability distributions of the vectors of jointly measured
quadratures §;’s or Z;’s satisfy the entropic uncertainty relation (8.11).

Proof. We start by proving the theorem for pure states. As it was already mentioned,
F(|y)) is invariant under displacements, so that we can restrict our search of extrema
to states centered on 0. We also require our extremal state to be normalized. Includ-

ing those constraints to the functional, by using the method of Lagrange multipliers,

we want to solve % = 0 with

1 < detT, detT, 2n

J=hty) + bt~ 31 (SGEE ) AWl -1+ L mloIRI). (639

Here, A and p; are Lagrange multipliers. Note that, as explained in Section 6.3, it is
not necessary to consider a‘% = 0 since no additional information will be obtained.

®We have numerical evidence of the concavity, but choose not to present any graph since there are
similar to the one of Figure 6.3.
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Let us evaluate each term independently. To begin, the derivative of h(y) gives

T = 2 ([ reimeay)

)
= oo (/) 9 i) 519Dy
= —(nPy)+ 1)) (8.40

and similarly for /1(z). With the help of Jacobi’s formula [100], the derivatives of the

determinant of the three covariance matrices give

) 1 9
—— IndetI', = detF
(| Y detT, 9(y]

- 1 1 9Ty
= detF —Tr [detFyFy 3<¢\]
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T,y ). (8.41)
and similarly

9
(Y|
d

Ayl

IndetT, = z'T;'z|yp)
IndetT = RIT7IR|y). (8.42)

Finally, the last terms give

d

2n
<¢|( Wl - +2uz |R\¢)=<A+mfzi> 9) (8.43)
i=1

so that the variational equation can be rewritten as an eigenvalue equation for [i),

2n
[—lnP(y)—lnP( )—2+A + Y iR —2yTry y (8.44)
i=1
1 Ty—1 1 Ty—-1
52 T2y + SRITTR |[y) = 0.

The states extremizing our functional are thus the eigenstates of the equation above.
However, instead of looking for all eigenstates, we show that pure Gaussian states
are solution of this eigenvalue equation.
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We already found in the preceding section the probability distributions P(y) and

P(z) for a pure Gaussian state (see Eq. (8.30)), so we have

InP(y) +InP(z) = —In ((2%)"1 /detT, det FZ> - %yTFy_ly - %ZTFz_lz (8.45)

and the eigenvalue equation reduces to

2n . 1
[m ((271)”1 /detT, det rz) —24+2+) R+ ;RT'R ] p) =0.  (8.46)
i=1

Now, in the state space, a pure Gaussian state can be written as |pC) = S |0) where
S is the squeezing operator.7 Once again, we suppose the state to be centered at
the origin so we do not need to apply a displacement operator. Let us now apply
% RITIR to this Gaussian state. To do so, we use the canonical transformation of r
in the Heisenberg picture, namely $'rS = Mr where M is a symplectic matrix so
that 7 = MyacMT. However, this expression is true for the x, p-quadratures while
we are working with the y, z ones. We thus use the following change of variables

- ol )
z B, Bb P
_ ./411 Ab §+ X S\
Ba By P
(A Ab) M (") (8.47)
a Bb | Y
A Ay

where we use the fact that $ and ( B B, ) commute since they act on two different

2

2

=

Hilbert spaces. Therefore, we now find

%RTF‘lR lp©) = %RTF‘1R§]0>
= %sﬁ@* R'T1RS|0)
1a/ar & ar & §+y§
- = t t -1
= 55 (s vé $ zs) r <§+Z§> 10)

1, _
= EsrT')’valcr’(»
= 5[0) = [¢°). (8.48)

In the second line, we used the fact that $* = 51 (see Eq. (2.61)) and in the fifth line,

7See Chapter 2.
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we used Eq. (8.21) in order to compute the inverse of I as follows

T -
I-.,l _ Au Ab ')’G Aa Ab
B, By B, By

o
B A, Ay [ As Ay
- (Ba Bb> MvacM <Ba Bb>

The result of calculations (8.48) implies that the Gaussian state |p©) is an eigenvector

(8.49)

of 3 RTT IR with eigenvalue 1. Eq. (8.46) can thus be simplified again as

2n
[m ((m)ﬂ /detT, det rz) —14+A+) yifzz} ly) =0. (8.50)
i=1

The value of A is found by multiplying this equation on the left by (©| and by using
the normalization constraint (©|¢®) = 1 as well as the fact that mean values vanish,
(| R;|p) = 0 for all i, so that we are now left with

2n
Y wiRi| [y) =0 (8.51)
i=1

which is satisfied if we set all the y; = 0.

In summary, we showed that there exist appropriate choices of A and y; such that all
squeezed vacuum states, with arbitrary squeezing or rotation, are extrema of the un-
certainty functional F(|y)) and since this functional is invariant under displacement,
this remains true for all pure Gaussian states. Using Assumption 1, we consider that
pure Gaussian are not just extrema, but global minima of the uncertainty functional.
The last step is now simply to evaluate this minimum, which we did in the previous
section, and we obtain In((7re)"”| detK|). This completes the proof of Eq. (8.11) for
pure state.

To complete the proof of Theorem 9 for mixed states, we use Assumption 2 about
the concavity of the functional. Indeed, if F is concave and true for pure state, it is
automatically true for mixed states too. O

8.5 Attempt to define a purity-bounded entropic uncertainty

relation

Let us mention that we thought of adding the purity of the state in the bound of the
entropic uncertainty relation in the following way. We saw in Eq. (8.34) that the value
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of our tight entropic uncertainty relation, for any Gaussian state, is given by

h(y) + h(z) — % <det<zi)tfre)t(r2)> —In ((m)ﬁ /det(r)> L (852)

We also saw in Section 2.3 that the purity of a Gaussian state is given by

1

= ——. 8.53
Mo =2, Aoty (8.53)
Together with Eq. (8.28) we can thus show that, for any Gaussian state,
1 (det(Ty)det(T:)\ .| detK]|
h(y) +h(z) — 5 < det(I) > =In <(7re) o ) . (8.54)

The idea was therefore to suggest that for any state, the bound of the entropic un-
certainty relation might depend on the purity of the state, as it is true for Gaussian

states, that is

y) +(z) — & (det(zﬁﬁf)t(m) > In ((ne)”mjfm) NCES

Nevertheless, numerical computations have shown that we can find many counter-
examples to this inequality and it is thus not a good suggestion for a tighter entropic

uncertainty relation.

8.6 Corresponding covariance-based uncertainty relation

We mentioned in Section 4.1.2 that Robertson generalized Eq. (8.3) for N observables

[43]. This uncertainty relation reads
det(c(R)) > det(C(R)) (8.56)

where R = (Rj,---,Ry) is a vector containing all the observables, ¢(R) is the co-
variance matrix and C(R) the commutator matrix. Their elements are defined as

i

1
Uij = §<RiR]' + RiR;) — (Ri)(R;), Gij 5

(R, R])  (857)
and it is easy to see that for N = 2, we retrieve Eq. (8.3).

We introduce here this generalized version of the variance-based uncertainty relation
because, interestingly, when we consider quadrature observables, it is implied by our

generalized entropic uncertainty relation Eq. (8.11)°.

8To be more exact, it only implies a particular case of the Robertson uncertainty relation.
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Exactly like we did in Section 7.2.4, we introduce the entropy powers of y and z as

L 2ny) N, = L p2iia), (8.58)

N, = , _
Y 27me 27 27e

This allows us to rewrite Eq. (8.11) as an entropy-power uncertainty relation

NN, > (8.59)

|detK[?/" (detT, detI,\""
4 detl’

Since the maximum entropy for a fixed covariance matrix is reached by the Gaus-
sian distribution, we can upper bound NyN; by (detT, detI;)!/". Combining this
inequality with Eq. (8.59), we obtain the uncertainty relation

(8.60)

@W>C“WUZ

271

which is nothing else than a special case of Robertson uncertainty relation (8.56).
Indeed, with Eq. (8.10), we see that I' has the same definition as ¢(R) in Eq. (8.57)
with N = 2n. In addition, the matrix of commutators C(R) can be written in terms
of Kij = [9;,2;] as

i {Ouxn K
C(R)=—= 8.61
T .
since R; = y; and R,; = z;fori = 1,--- ,nand [y;,y;| = [z;,z] = 0 foralliand j.
Therefore,
.\ 21 2
det(C(R)) = <—;> det(K)? = (’d;’flK’> (8.62)

where we used the fact that K;; are all pure imaginary numbers. This completes the
proof that the most general entropic uncertainty relation implies the most general

variance-based uncertainty relation.

Let us mention also that this entropy-power formulation helps us to better under-
stand that the general entropic uncertainty relation Eq. (8.11) implies the one of
Chapter 7, Eq. (8.2). Indeed, since detI', detI'; > detI’, we can deduce from Eq. (8.59)
(the entropy-power version of Eq. (8.11)) that

| det K|/™

i (8.63)

NyNZ Z

which is the entropy-power version of (8.2).

9See Eq. (7.54).
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8.7 Conclusion and perspectives

In this chapter, we derived an entropic uncertainty relation, defined for any n-tuples
of quadrature observables and saturated by all pure Gaussian states. We gave a proof
based on a variational method and conditionally to two reasonable assumptions. In
particular, we mentioned that this entropic uncertainty relation is more general than
the ones derived in Chapter 6 and 7. In the previous chapters, we already saw sev-
eral times that entropic uncertainty relations imply variance-based ones. Here too,
we have shown that the general entropic uncertainty relation implies the general
variance-based uncertainty relation of Robertson Eq.(8.56). As a matter of fact, to be
more exact, it actually only implies a specific case of it. We thus believe that there
exists a more general entropic uncertainty relation which we conjecture to be the fol-

lowing

Conjecture 2.

252 ... g2
B(E0) +R(E) -+ () — 5 1n (%) > 2 In((27)" detC) (869

where the §; are n observables which do not necessarily commute, o2 is the variance of &;,
Iz is the covariance matrix of all the observables and C the matrix of the commutators. The
elements of I'z and C are defined as in Eq. (8.57).

Remark that this conjecture is interesting only for an even number of observables.
Indeed, as mentioned already in Chapter 4 for the Robertson uncertainty relation,
Eq. (8.56), when n is odd, det C = 0 and the bound of our conjecture equals —co.

In the case of Gaussian states, it is easy to prove the validity of this conjecture. One
more time we define the entropy of a Gaussian distributed variable ¢; as In(27tes?) /2
and inserting this in Eq. (8.64) we obtain

1 N A 1 ,
- 2y _ 172 Tn >
Z 5 In(27tecy) 5 In ( detT; Z 3 In((27e)" det C)
o %m (27e)" detTs) > %ln((Zne)” detC)
& detl'z > detC (8.65)

and we know that this equation is true since it is the Robertson uncertainty relation.

Now, for any state, not necessarily Gaussian, we can show that this conjecture ac-
tually implies the Robertson uncertainty relation Eq. (8.56) in its general form. The

technique is always the same. We first define the entropy power

N; = LeZh(éi) (8.66)
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to rewrite Eq. (8.64) in its entropy-power form

o2

NiNp -+ N, > L2277 det C (8.67)

and then use the fact that, for a fixed variance, the maximum entropy is given by
a Gaussian distribution, or in other words, N; < O'iz. We thus obtain the chain of

inequa]ities
(7'20'2 0'2>NN N > 172" ”detC (8()8)

from which we derive Eq. (8.56). With those two arguments, we believe that the next
step of this research is to prove conjecture (8.64), using probably the same variational
method.
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9 Wigner Entropy

We understood by now that an improved version of the entropic uncertainty rela-
tion of Biatynicki-Birula and Mycielski (see Eq. 4.39) must exist since their relation is
not invariant under Gaussian unitaries and so is not saturated by all pure Gaussian
states. As already mentioned in Chapter 6, we propose a conjecture for a stronger
entropic uncertainty relation that would be invariant under symplectic transforma-
tions. This uncertainty relation is based on a quantity that we call Wigner entropy,
but is valid only for states with positive Wigner function. Thus, in the second part of
this chapter, we propose to extend the definition to the complex plane and give some
properties of this Wigner entropy.

9.1 A conjecture for positive Wigner functions

When one thinks about how to improve the original entropic uncertainty relation
h(x) + h(p) > In(7te), a first natural idea is to consider the joint differential entropy
instead of the sum of the entropies of the marginal distributions. Classically, the joint

entropy is defined as

hx,p) = = [ £l p)In flx,p) dxdp ©.1)

where f(x, p) is the joint probability density of the random variables x and p, as we
saw in Chapter 3. In this same chapter, we also mentioned that i(x, p) < h(x) + h(p)
since h(x,p) = h(x) + h(p) — I(x:p) and the mutual information I(x:p) is always
positive. Therefore, considering the joint entropy instead of the sum of /(x) and h(p)
will give a tighter entropic uncertainty relation. Moreover, hi(x, p) has the invariance
property that we seek. Indeed, remember that if we apply a symplectic transforma-
tion S to the coordinates, they transform as

9-()
P P
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and the joint differential entropy becomes (see Eq. (3.18))
h(x',p") = h(x, p) + In| det(S)]. (9.3)

But S is a symplectic matrix, so |det(S)| = 1, and the joint differential entropy re-
mains invariant under symplectic transformations as rotations or squeezing. Since,
h(x,p) is also invariant under (x,p)-displacement, it looks like a good uncertainty
functional. Therefore, we propose the following conjecture

Conjecture 3.
h(x,p) > In(me) V statess.t. W(x,p) > 0. (94)

The joint entropy of the quantum state (x, p) is now called the Wigner entropy since

it is computed through the Wigner function of the states

h(x,p) = —/W(x,p) InW(x, p) dxdp. (9.5)

Note that the conjecture is defined only for states described by a Wigner function
positive everywhere. However, in most cases, the Wigner function exhibits some
negative parts. Hence, the Wigner entropy is not always defined since one would
need to compute the logarithm of negative values. We thus decide to restrict the

conjecture to states with positive Wigner function only.

A difficulty, however, is related to the fact that characterizing the set of states with
positive Wigner functions is not an easy task [101]. This suggests that proving this
conjecture is hard too. Yet, an idea would be to use the majorization theory for con-
tinuous variables. Majorization theory is well known for discrete variables [69] and
was already proven to be a powerful tool in the proof of uncertainty relations!. In
continuous variables, we find almost no literature on the subject, but very recently,
Jabbour et al. [102] started to build the theory of continuous-variable majorization,
in order to prove, among other things, this conjecture. In particular, they have nu-
merical evidence that the Gaussian Wigner distribution of the vacuum continually
majorizes all the other Wigner functions, that is

Wo(x,p) <c Wigy (ol (x, p)- 9-6)
If they can prove this statement, it will directly imply conjecture (9.4).

Remember, that the differential entropy is a concave function of the probability dis-
tribution. Indeed, since we only consider states with non-negative Wigner function,
we can apply all the properties of the classical joint entropy to the Wigner entropy,
and in particular its concavity. This means that if one succeeds in proving the conjec-

ture for pure states, it will be valid for mixed states as well. Decomposing a mixed

1See Section 4.2.3 for uncertainty relations as well as Section 5.2 for an illustration of the use of
majorization theory in developing separability criteria.
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state into pure states, the concavity implies that pure states are the “worst cases”,

that is the lowest value of the functional h(x, p).

Finally, note that our conjectured rotation-invariant uncertainty relation (6.11) is sat-
urated by any pure Gaussian state, regardless of the orientation of the principal axes.
By taking the exponential of the joint entropy h(x, p), we can define the entropy
power of the Wigner entropy

_ 1 2h(x,p)
Nop = (e 9.7)

so that the conjecture (9.4) can be rewritten as

Ny > . (9.8)

|

Once again, we can use the fact that the maximum entropy is reached by the Gaussian
distribution with the same covariance matrix, thatis h(x, p) < 1 In((27e)? det~y) and
we find

dety > Nyp > i (9.9)

This means that relation (9.4) implies the Schrodinger-Robertson uncertainty rela-
tion (4.7).

Naturally, our conjectured entropic uncertainty relation can also be extended to n
modes:
h(r) > n In(te) V states s.t. W(r) > 0 (9.10)

where r = (x1, p1, X2, P2, ..., Xn, P ). Here, the joint differential entropy h(r) is invari-
ant under Gaussian n-modal unitaries (all symplectic transformations and displace-
ments) and our conjectured uncertainty relation (9.10) is saturated by all n-mode

Gaussian pure states.

We can also define the n-modal entropy power of the Wigner entropy

) _ 1 2y
pr = We” ( P) (911)

so that the conjecture (9.10) can be rewritten as

N >

w = (9.12)

I

Since the maximal entropy is given by the n-modal Gaussian distribution, we have
hmax = h(rg) = 3 In((27e)?" dety), and we can deduce that

M\" 1
wyzmy)zﬂ. (9.13)

This means that the n—modal entropic uncertainty relation (9.10) implies a n-modal
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version of the Schrodinger-Robertson uncertainty relation (4.7), like in Chapter 6.

In the following section, we run numerics to check the validity of Eq. (9.4), and pro-
vide examples of states where Eq. (9.4) gives a slightly better bound than the usual
entropic uncertainty relation h(x) + h(p) > In(7e).

9.2 Numerical evidences

We have not been able to find an analytical proof of our conjectured rotation-invariant
uncertainty relation (9.4) based on the joint entropy, so we have turned to numerical
tests. Since relation (9.4) is restricted to states with positive Wigner functions, we
have tested, in particular, passive states of the harmonic oscillator, that is mixtures of
Fock states with decreasing weights for increasing photon numbers (see Section 2.6).
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Figure 9.1: Test of the uncertainty relation (9.4) based on the joint entropy for ex-
tremal passive states, with N being the highest photon number of the state. The blue
dots correspond to h(x) + h(p), the red dots correspond to h(x, p), while the dashed
line is the lower bound In(7te).

In Figure 9.1, we consider extremal passive states (passive states with equal weights
up to a certain photon number N and vanishing weights for larger photon numbers)
and have plotted the joint entropy h(x, p) as a function of N, see red dots. The dashed
line is the lower bound In(7te), so we clearly see that the uncertainty relation (9.4)
is obeyed. Since h(x, p) is concave in the state, proving (9.4) for extremal passive
states would actually suffice to prove it for all passive states. For comparison with
the regular entropic uncertainty relation (4.39), we have also plotted h(x) + h(p), see
blue dots, which illustrates that our rotation-invariant uncertainty relation provides
an improvement. Although the improvement is minor in this example, it is worth
noting that Eq. (9.4) takes into account some x-p correlations that are not visible in
the second-order moments. In fact, passive states have a diagonal covariance matrix.
This means that the improved entropic uncertainty relation presented in Chapter 6
would not give a better bound (see Eq. (6.14)). In this case, 0'%0’% = det, so that
the Gaussian mutual information is equal to zero. Therefore, although correlations
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between x and p are not accessible via the second-order moments (0y, = 0) they
can be accessed via the mutual information I(x:p) providing some support to our

conjecture Eq. (9.4).

We have also numerically tested other states with positive Wigner functions which
are closer to the bound, such as mixtures of two squeezed states, and relation (9.4)

was verified in every tested case.

9.3 A complex-valued Wigner entropy

9.3.1 Definition

We emphasized the fact that the previous conjecture is only valid for positive Wigner
functions because the Wigner entropy implies the computation of the logarithm of
Wigner functions and we know that the logarithm is not defined for negative prob-
ability densities in the real domain. Nevertheless, we still would like to extend the
Wigner entropy to all states, even with negative Wigner functions. We thus propose
to make a complex extension of the Wigner entropy by using the complex logarithm
function

Ln(z) =1In|z| +iArg(z) (9.14)

so that the Wigner entropy can be expressed as

hix,p) = —/_0:0 W(x, p)Ln(W(x, p))dxdp
= - _0:0 W(x,p)In|(W(x,p))|dxdp — z/_O:O Arg(W(x, p))dxdp
= R(h(x,p)) +iS(h(x, p)) (9.15)

with the real and imaginary parts defined as

R(h(x,p) = — [ Wixp)In|W(x,p)ldxdp

S(h(x,p)) = 71/ ]W(x,p)\z—W(x,p) dxdp. (9.16)

Note that Arg(W(x, p)) is equal to 0 if the Wigner function is positive and is equal to
mt if it is negative (modulo 277) hence the definition of the imaginary part in Eq. (9.16).
The imaginary part can thus be understood as 7t times the volume of the negative
pockets of the Wigner function.

To avoid a multivalued function (since Arg(W(x, p)) is defined modulo 27), it will
be preferable to consider the exponential of the Wigner entropy e(**).
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9.3.2 Properties of the complex Wigner entropy

We now list some of the properties of the real and imaginary parts of the Wigner

entropy.

Property 1. Both real and imaginary parts of the Wigner entropy are invariant under any
symplectic transformation.

Proof. Let S be a symplectic transformation such that the quadratures transform ac-
cording to ' = Sr. After this transformation, the new Wigner function will thus be
expressed as W/ (x/, p') = W(x, p)| det(S)| but since S is symplectic, its determinant
is equal to 1 and so the Wigner function remains the same, but expressed in the new

variables. Therefore,

RO, p)) = = [ W) In W, p)ldx'dy’

- dxdp
= /pr In [W(x, p)|\det S|

= R(h(x,p)) (9.17)

and

Tl I\ TAT (el 3/
S(h(x,p)) = n [W'(x, p')| W<x'p>dx'dp’

2
[(W(x,p)| —W(x,p) dxdp
N n/ 2
(h

| det(S)]
(x,p))- (9.18)

Note that this property remains valid when we extend the Wigner function to n
modes. O

Property 2. The real part of the Wigner entropy, R(h(x, p)) is additive.

Proof. Let us consider a Wigner function defined on two modes as

W(x1, p1,x2, p2) = Wi(x1, p1)Wa(x2, p2). (9.19)
Then,
R(h(x1,p1,%2,p2)) = — / W(x1, p1, X2, p2) In |W(x1, p1, X2, p2)|dx1dp1dx2dps
= — / Wi (x1, p1) In |[Wq (x1, p1)|dx1dps / Wa(x2, p2)dx2dps
— / Wa(x2, p2) In [Wa(x2, p2)|dx2dp2 / Wi (x1, p1)dx1dps
= R(h(x1, p1)) + R(h2(x2, p2)) (9.20)
since Wigner functions are normalized to 1. O]
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Property 3. The imaginary part of the Wigner entropy, S(h(x, p)) is superadditive when
we choose Arg(W(x, p)) =

Proof. Once again, W(x1, p1, X2, p2) = Wi(x1, p1)Wa(x2, p2) and thus

S(h(xy, p1,x2,p2)) = 71/ (W, p1, 22, P2)|2— Wx, pr 2, pz)dxldpldedpz
= 71/ |W1W2‘2_ Wlwzdxldpldxzdpz (9.21)
and

S(h1(x1, p1)) + S(ha(x2, Pz)) (9.22)
= / ’Wl dx 1dp1 —|—7T/| Wzdxzdpz
= n/ (‘Wﬂ — W)W —; ([Wa| - Wz)wldxldmdxzdpz
_ ﬂ/ —WiW, + \W1\W22+ [W2|[W1 — W W, dxrdpydxadps

—|—7r/ Wil ; |W1W2‘dx1dp1dx2dp2

= S(h(x1, p1,x2,12)) — 7'(/ (W] = W1)2(|W2| — Wz)daqdmdxzdpz.

Since the integrand of the last integral is always positive, we have

S(h(x1, p1, %2, p2)) 2> S(hi(x1, p1)) + S(ha(x2, p2))- (9.23)

Note that S (h(x, p)) becomes subadditive if we choose Arg(W(x,p)) = —7. O

Property 4. The modulus of the exponential of the Wigner entropy,

ehtep) ‘ is multiplicative.

Proof. Once again, we consider W(x1, p1, X2, p2) = Wi (x1, p1)Wa(x2, p2) and thus

‘eh(xl,m,xzfpz)

- ‘g%(h(xlrplfxzfpz))+i5‘f(h(x1,P1,X2,Pz)

J— esﬁ(h(xllplle/pz))
e (x1,p1))+R (k2 (x2,p2))
R (x1,p1)) R(h2(x2,p2))

‘eén(hl(xl,pl)) ‘ewhz(xz,pz)) (9.24)

since the real part of the Wigner entropy is additive. O

Property 5. The exponential of the Wigner entropy, e"P) is supermultiplicative when we
choose Arg(W(x,p)) =
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Proof. Once more, we let W(x1, p1, X2, p2) = Wi(x1, p1)Wa(x2, p2) and thus

upixapa)  — pR((x,p1x2,p2)) +iS (R(x1,p1,%2,p2)

T (x1,p1)) +R (B2 (x2,p2))+iS (hn (x1,01)) +iS (ha (x2,p2))

v

ehl (xlrpl)ehZ(XZfPZ) (925)

since the real part of the Wigner entropy is additive and its imaginary part is superad-
ditive. Note that ¢"(*?) becomes submultiplicative if we choose Arg(W(x, p)) = —7t.
O

Property 6. The imaginary part of the Wigner entropy, S(h(x, p)) is a convex function of
the Wigner function when we choose Arg(W(x,p)) = 7.

Proof. Let us consider the following mixture W(x, p) = AWy (x, p) + (1 — A)Wa(x, p),
where A € [0,1]. Then,

S(h(x,p)) = n/dxdp ('Awl(x'PH (;—A)Wz(x,r))

_AWi(x, p) + (1= A)Wa(x, P)>

2
< [ty (AR QN ()
_ AWi(x,p) + (1 — A)Wz(x,p)>
2
= AS(m(x,p))+ (1 —A)S(ha(x,p)) (9.26)

where we use the triangle inequality in the second line. Note that 3(h(x, p)) becomes
a concave function if we choose Arg(W(x,p)) = —7t. O

Unfortunately, we cannot say anything about the concavity of the real part of the
Wigner entropy, R(h(x, p)). Numerical tests show that it is neither concave nor con-
vex. We also had a look into the concavity of the exponential of the Wigner entropy,
as well as both, its real and imaginary parts, but once again, we did not reach any
conclusion.

9.3.3 An entropic uncertainty relation?

Obviously, the aim of defining a complex extension of the Wigner function is, over all,
to discover a new entropic uncertainty relation. Sadly, the goal was not reached. On
Figure 9.2 we plotted the real and imaginary parts of both the Wigner entropy (top)
and exponential of the Wigner entropy (bottom) in order to avoid the problem of the
multivalued function. The gray dots represent random quantum states generated
using the same technique as for the graph of Figure 6.1, i.e. by applying a random
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unitary transformation to the vacuum state. The blue dots represent random quan-
tum states generated from a small deviation of the vacuum |0). They have the form
|p) = |0) + €|¢) where € is small and |¢) is a random state. The purple squares are
the Fock states and their number of photons increases when they go away from the
vacuum point represented by the coordinates (In(7te),0) ~ (2.1,0) on the top graph
and by (7re,0) = (8.5,0) on the bottom graph. It seems from the graph of e"(*?) that
all states are going away from the vacuum in a spiral shape. The orange triangles
represent a mixture of the vacuum |0) and the Fock state |1), with different weights.
Note that there is a discontinuity between values of h(x, p) for the vacuum |0) and
for the mixture (1 — €)]0) + €|1) where € — 0. The red line is located at In(7e) (the
entropy of a pure Gaussian state) on the top graph and the radius of the red circle is
e (the exponential of the entropy of a pure Gaussian state) on the bottom graph. We
were hoping that all points would lie at the right of the red line or outside the circle,
which would have meant that

R(h(x,p)) > In(me) (9.27)
or
‘eh(x,m’ > [on(me)| = e, (9.28)
since
‘eho@p)’ _ ‘ewh(x,p))w(h(x,p))’ — R(h(xp)). (9.29)

In particular, we know that both equations are true for states with positive Wigner
function, since it reduces to our conjecture 9.4 in this case. When the Wigner func-
tion is positive (for example, for all Gaussian states or for passive states), there is no
imaginary part and all complex entropies are located on the abscissa, above the point
In(7te) on the first graph and the point (™) on the second.

Nevertheless, we clearly see in Figure 9.2 that neither relation (9.27) or relation (9.28)
hold since there are some points located to the left of the red line or inside the red
circle. We thus cannot consider the real part of the Wigner entropy or the norm of the
exponential of the Wigner entropy as good candidates for a new entropic uncertainty
relation.

If one examines those conjectures a little bit further, it actually makes sense that there
are not valid uncertainty relations. Indeed, from the definition of the real part of the
Wigner entropy, Eq. (9.16), we do not see why R(h(x,p)) > In(me) would neces-
sarily be respected. In fact, the Wigner function being potentially negative, it is not
surprising that the positive and negative parts compensate each other so that the real
part of the Wigner entropy would have values inferior to the classical bound, where
there is no negative pockets.

Unfortunately, we were not able to define any entropic uncertainty relation based
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Figure 9.2: Real and imaginary part of the complex Wigner entropy (top) and the ex-
ponential of the Wigner entropy (bottom). Purple squares represent the Fock states,
orange triangles represent a mixture of |0) and |1), gray dots represent random states
generated from applying random unitaries to the vacuum, blue dots represent ran-
dom states generated from a small deviation of the vacuum, and the radius of the
red circle as well as the red line are equal to the (exponential of the) entropy of a pure
Gaussian state, that is 7re and In(7re) respectively.
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on the Wigner entropy yet, but we still believe that there must exist one. One pos-
sibility would still be to consider that there exists a forbidden region on each one
of the graphs, but its shape might be much more complicated than a simple disk
or line. It should include the abscissas axis from 0 to In(7te) or e (depending if
we look at /1(x, p) or e"®P)) since this reduces to the case of positive Wigner func-
tions. Another interesting goal would be to find an operational interpretation to this

complex-valued Wigner entropy.
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10 Symplectic-invariant entropic
uncertainty relation based on
a multi-copy uncertainty
observable

In this chapter, the motivation is once again to seek a symplectic invariant entropic
uncertainty relation. The path we follow is however slightly different from the pre-
vious chapters. Here, we develop a new framework that leads to new entropic un-
certainty relations based on the measurement of a multi-copy uncertainty operator,
that is through the computation of its Shannon entropy.! More precisely, we define a

2-copy uncertainty observable L, and its associated Shannon entropy
H(L:)p ==Y pmInpm (10.1)
m

where p,, is the probability of measuring the eigenvalue m of L.. Since the Shannon
entropy is always positive, our new uncertainty relation reads

H(L.), > 0. (10.2)

Interestingly, we will see that this coincides with the Robertson-Schrédinger uncer-
tainty relation with respect to the minimum-uncertainty states. However, this works
only if we first center the state at the origin. To avoid it, we also propose an extended
framework based on a 3-copy uncertainty observable L*. From this observable, we
can also compute the Shannon entropy and thus define a new entropic uncertainty
relation

H(L*), >0 (10.3)

which also corresponds to the Robertson-Schrodinger uncertainty relation. Here too
the saturation is reached by the pure Gaussian states.

1See definition (3.1).
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10.1 2-copy uncertainty observable L,

10.1.1 Definition of L, and link with the uncertainty relation

We are looking for an observable that simultaneously accesses both x and p quadra-
tures. To reach this goal, we consider a 2-copy observable which is acting on two
identical copies of state |¢). Defining [¥) = )1 ® |), as the joint state of systems
1 and 2, we may consider the 2-copy observable Z = £; ® p,. Its mean value gives

(Z)w = (YIZ]¥) = (pI2|) (p[ply) (10.4)

where we will use, throughout this chapter the notation (Z)y = (¢|(¥|Z|p)|¢) to
express the mean value in two copies of the state. Its second-order moment gives

(Z%)y = (p[£2[9) (9]p*|W). (10.5)

In the special case where the x and p distributions are centered on zero, (Z2) thus
gives access to the product of the variances in x and p in state |¢), which is not
accessible with a single instance of the state. We may easily verify that the observable
Z is invariant under a squeezing of the x quadrature with parameter r, that is, under
the canonical transformation

2 =73, plr) =¢ p. (10.6)

Indeed,
20 =2V @pl) =% @p =2 (10.7)

so that measuring Z on a state |¥) is insensitive to applying a prior squeezing oper-
ation along the x (or p) quadrature on the state |¥). However, this property does not
extend to rotated states since Z is not invariant under a rotation.

We define the uncertainty observable as the 2-copy operator
A 1, . . .
L.=3 (%1 @ P2 — P1 ® %2) (10.8)

where we use index z to denote that it is the third component (or z projection) of
an angular momentum operator L. This definition can be motivated by taking a
rotation-averaged version of the above operator Z = #; ® p,. Indeed, since the
canonical transformation of a rotation of angle 0 is written as

£ = cos 6 £ +sin 0 p ﬁ(e) = —sinf £ 4 cos0p (10.9)
we have

1 27 R R . . A A
5 /0 2 @ py) do = S (31 p2 — pr @ %2). (10.10)

21
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This observable is obviously invariant under a rotation as well as a squeezing oper-
ation, so it is invariant under the set of all symplectic transformations. Moreover, L,

is also invariant under a real rotation between systems 1 and 2. Indeed, if we define

£] = cos0% +sin0%;
£, = —sinf%; + cosfi, (10.11)
we can easily show that
T 1 ol Al NN 1 & oA A oa 7
L, = §(x1172 —pity) = 5( 1P2 — p1f2) = L. (10.12)

(L = 5 ((€p(Phy — (Bhy(2)y) = 0. (10.13)

(120 = 5 ()P0 — (2)e(po)y)
= (@l — 18D+ 1))
= 2 (detret ([ p1)?) (10.14)

where we have set i = 1 and used the fact that

() =5 (pd +xph)  and () = 5 (=l ph + ({xph)- (015

In the last line, 7, represent the covariance matrix of a state |¢) centered on 0 and is

defined as? , )
(W e
i <;<{x,p}> ) ) (1016

since (x) = (p) = 0. Thus since the variance of L, is defined as

a

(AL:)? = (L2) — (L)* = (L2) (10.17)

we just showed that the variance of the 2-copy observable is linked to the determi-
nant of the covariance matrix in the following way

N

1 1
(AL.)* = 5 (det% + (> p]>2> : (10.18)
Now we know that a variance is always positive. It means that

detye > —([x, )" (10.19)

2See Eq. (2.29).
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If x and p are classical variables, their commutator vanishes and the previous equa-
tion simply says that a covariance matrix is always positive. However, if x and p are
quantum variables, they do not commute anymore since [x, p] = i and Eq. (10.18) is
nothing else than the Robertson-Schrodinger uncertainty relation that is dety > 1°
Indeed, we know that the covariance matrix is invariant under displacements which
means that dety = det .. Therefore, we can understand the Robertson-Schrédinger
principle as the uncertainty relation for a state that we first center at the origin. From

this perspective, dety > > 1 3 is simply equivalent to the inequality
(L2) >0 (10.20)
where we first need to center the state on 0.

Obviously, we have found here a trivial inequality since we are simply saying that
the variance of an operator is positive. However, its equivalence with the Robertson-

Schrodinger uncertainty relation suggests a new formulation of uncertainty relations.

10.1.2 Physical realization

To begin, it is useful to give a physical interpretation to the uncertainty operator.
Using

a=

TP and 4t = (10.21)

V2 V2’

we may rewrite the 2-copy observable L, as

Tay). (10.22)

With this definition, it is easy to see that the action of L, on any pure Gaussian state
* 82 1‘2)

gives 0. Indeed, if [¢) = |s) = S(s)|0) is a squeezed state and S(s) = p2(s"#*—st
a squeezing operator?, we have the following equalities (once again, we only take
centered states, so we do not need to consider the displacement operator)

a|0)

S(s)as"(s)S(s)|0)
S(s)as'(s)ls) =

a’)ls)

)ls)

|
(acoshr 4 e sinhra')|s
|

t ¢ T 0

(a+e?tanhra®)|s (10.23)

3Here, 7 represents the genuine covariance matrix of any state, potentially not centered on the origin.
4Gee Section 2.5.
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Therefore,

i
Lils)s) = 5(ma; —ala)[s)]s)

(vt (- )
_ 2 (10.24)

More interestingly, this formulation of L, highlights the fact that it corresponds to a
beam-splitter transformation. As shown in Figure 10.1, if we make a 71/2 rotation of
the second mode, 4, — ﬁ’z = —idy, followed by a 50 : 50 beam-splitter transformation

of the two modes according to
a1 = (b1 +by)/V2 & = (b —by)/V2 (10.25)
we may reexpress the [, observable as
L. = 2 (bt — biby). (10.26)

Thus, it corresponds (up to a factor 1/2) to the difference between the photon num-
bers at the two output modes of the beam splitter. Indeed at the output of the beam
splitter, the quadratures are given by

1
X = —(x4xh) = x1 +
1 \@( 1 2) \@( 1 PZ)
1 1
out /
= —=p+ = —X
P Z(Pl P2) \/E(pl 2)
1 1
= —(x—xh) = X1 —
2 2( 1 2) 2( 1—p2)
1 1
pst = HP-p) =St (10.27)
and so
~AO0U ~AO0U 1 ou ou ou ou
agut —agtt = 5 ((xf N2+ (PP — (x8")* — (5 t)z)
1
= z(n+ p2)* + (p1 — x2)* = (x1 — p2)> — (p1 + x2))
= X1p2 — p1x2
— 2L, (10.28)

This provides us with a nice physical interpretation of the observable L.

Remember that a two-mode vacuum squeezed state can be realized with two single-
mode squeezed states with orthogonal squeezing orientations. Then, if we start with
two copies of an arbitrary pure Gaussian single-mode state (centered on the origin)

and rotate one of them by an angle 77/2 before processing both of them through a
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X1, P1

[¥)

’
X2 =p2

X2, P2 pa'=-Xa
Rn/
2

[¥)

Figure 10.1: Physical realization to measure the 2-copy observable L.

beam splitter, we get precisely a two-mode squeezed vacuum state. Such a state ex-
hibits perfect photon-number correlations since it is written as Y, ¢,|1n)|n), so mea-
suring the photon-number difference gives zero with certainty. This is consistent
with the fact that our observable [, takes value 0 and exhibits no uncertainty (no

variance) when applied to any pure Gaussian state (centered on the origin).

10.1.3 Ladder operators

By analogy with the algebra of angular momenta, it is possible to define the 2-copy
operators L, and iy. This will then allow us to define the ladder operators L and
L_. Remark that when we define L, = % (a4} — af4,) as in Eq. (10.22) it can be

associated to the Pauli matrix o, = (? Bi ) as

|
L,= EA‘LayA (10.29)

x>

1

where A = ( ) . Similarly, we can define

>

2

a

.1 1
L, = EA*axA, L= EA+ 0. A, (10.30)

where 0, = (9}) and 0, = ({} % )are the other two Pauli matrices. Thus, we obtain

the two following definitions

(A1 — fiz). (10.31)

. 1
Ly = (62 + ;)
1, . ..
= E(X1X2+P1P2),
. 1
i, = E(a{al—agaz)
1,0 A
= (& +p) - (5 +p2)
1
2
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Since the Pauli matrices respect the commutation relation [0}, 0] = 2ie;jk0x where €;jx
is the Levi-Civita symbol, we have that [I:i, I:]-] = ieijkI:k. Here is an example of the
calculation of the commutator between L, and ﬁy, where we use the properties of the

Pauli matrices. Using the notation above, we have

PO 1
[LoL) = [ATo, A, ATo A
1
= A" (UZAA*UX — o AAT az> A. (10.32)
We can easily compute
AAY = Lol + Lyox + Looy + Ly, (10.33)
where - -
fo =40 ;aﬂz 1= %A*A 1 (10.34)
and thus the commutator becomes
a N 1 .|. ~ a N a
Ly, L,] = ZA (UZ(LO]I + Lyox + Lyoy + Lr0z )0y

—ox(Lol + Lyoy + Looy + txaz)az>A

a

1 ..
= 1AJF(LO[(TZ,(TX]—2iLZ)A

i + n ~
= EA (Looy — L) A
= fA* 1A*A+1 o, —lA‘LaA A
2 2 vy Y

Iy i

— il + i (A’r (A*A) o, A— A (A* ayA> A) : (10.35)

(4t (a*a) o4 - A" (ATq4) A)

Looking at the quantity we just obtained, we simply want the last term to be equal
to zero. However, the calculation is not straightforward, because the matrices do not
all have consistent dimensions for multiplications. Nevertheless, we can prove that

AtM (A*A) NA = Yafmy (Zﬁ%) Nixd
ijk 1
= Y af (EajszNjkak> ay
1 ik

— A (A* MNA) A (10.36)

where the objects inside the brackets have the dimension of a scalar and the matrices

M and N are composed of scalar numbers so they commute with the mode operators.
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If we define M = 1 and N = 0, we have
At (ATA) A - AT (ATq,A) A=0 (10.37)
which completes the computation of the commutator

[Lx, Ly] - iLz. (10.38)

Since the 2-copy operators respect the commutation relations of an angular momen-

tum operator, we can define the ladder operators

(a —ia}) (a1 — ido). (10.39)

+ 1) . (10.40)

Therefore 152 (112 4 1) are the eigenvalues of L2. Since, in general, the eigenval-
ues of the squared modulus of an angular momentum are given by I(I/ + 1), we will

define
=M JZF”Z. (10.41)

Thus, if we label the eigenvectors of L, by ||I,m) where I represents one half of the

total photon number and m is the eigenvalue of I.,, we can write

Ll,m) = m|l,m)

PNm)y = 1(1+1))1,m)

Lellm) = \J10+1) —m(m+ 1)1, m+ 1)

Lollm) = \JI0+1) —m(m — 1)1, m 1), (10.42)

Let us mention that this definition of operators L, I:y and I, is equivalent, from
a mathematical point of view, to the model of Schwinger [103] who worked out a
connection between the algebra of angular momentum and two uncoupled bosonic
oscillators. It is also equivalent to the definition of the Stokes operators [104, 105, 106]
which describe the polarization of light.
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by
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50:50

as b,
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50:50
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Figure 10.2: Alternative physical realization to measure the 2-copy observable L..

10.1.4 Alternative definitions

In Figure 10.2, the first circuit is the same as in Figure 10.1, but emphasizes the fact
that, at the output, we obtain two different mode operators 151 and 132. The second
circuit is slightly different, since we now do the rotation after the beam splitter, and
the mode operators ¢; and ¢, are obtained at the output. The idea is simply to show
that the operators L, ﬁy and L, can equivalently be expressed in terms of the 4, b or

¢ mode operators.

In terms of the mode operator 4, the expressions are given by equations (10.22) and
(10.31). According to the first circuit, we already said that L, corresponds to one
half of the photon-number difference of the output modes. Using the definition
by = (20" +ipo)/v/2 and bf = (£ +ip?")/+/2 for i = 1,2 and equation (10.27),
we can prove that

L, =

NI = N|~—

L, = =(b465 —biby). (10.43)

Using exactly the same method, but based on the second circuit of Figure 10.2, we
. ~out

have ¢; = (f’?ut + iﬁ/?ut)/ﬁ and ¢f = (f’?ut +ip';)/V/2fori=1,2and

1 1
¥ = 5+ p2) ¥y = o5t —x)
ou 1 ou 1
' = _\ﬁ(xl + x2) P’ = ﬁ(m — p2). (10.44)

Table 10.1 gives a summary of all possible definitions of the operators L,, L, and L.
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L, 5 (21%2+ p1p2) Y(@tay +aal) | 5(bib} —Biba) | (eter —éier)
L. 3 (21p2 — p1£2)) $(aay —alay) | 3(bfby — Biba) | 3(c16) + elén)

Table 10.1: All possible definitions of the operators L, ﬁy and L,.

10.1.5 Eigensystem of L,

As we already mentioned, the variance of the operator [, coincides with the un-
certainty relation of Schrodinger-Robertson. We will now show that the Shannon
entropy of this uncertainty observable given by Eq. (10.1) provides a new measure of
uncertainty and non-Gaussianity. For this, we need first to determine the eigensys-

tem of the operator.

We will express the eigenvectors of L, as linear combinations of the 2-mode Fock
states |j, k):

|1, m) ZZc]k\ j k) (10.45)

Before looking for their general form, let us start with some examples for specific I.
Note that if we fix the value of ], it means that the only non-zero cj are those such

that j 4+ k = 21. If we fix [=0, the only eigenvector is
|0,0) = 10,0). (10.46)

If we fix I = 1/2, we have two eigenvectors with eigenvalues m = +1/2

11/2,-1/2) = (\0 1) +i[1,0))

S\

1/2,1/2)

E(|0,1> —1,0)). (10.47)

If we fix | = 1, we have three eigenvectors with eigenvalues m = {—1,0,1}

-1y = (2,00 - iVZ1,1) ~10,2))
o) = —5(120)+102)
[1,1) = %(|2,0>+iﬁ|1,1>—|0,2>). (10.48)

And so on. For higher values of /, it becomes more and more cumbersome to find
the general form of the eigenstates, but we will derive a procedure that allows us
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to construct all of them in principle. First, note that given the commutation relation
(10.38) (and its cyclic permutations), for every value of /, the possible eigenvalues of

L, arem € {—I,1} with integer jumps®.

For every even total number of photons, i.e. every time [ is an integer, we will have
an eigenstate that admit an eigenvalue m = 0. For those states, the general (not-
normalized) form will be

( 1)! [1/2-1/2]
I,0) = B 11,1) + Z w;(]2i,21 — 2i) + |21 — 2i,2i)) (10.49)

with

@ —2i—1)n@i-1)n
fio= (21 — 2i)11 (21 — 1)1 (20)!!

_ o jeprg-nuag-nn
a \/ ORIVZESVINON (10.50)

where (-)!! denotes the double factorial and the index i has to be an integer. Note

that those states are thus written as linear combination of only even Fock states of

the form |27, 2k). Let us now take two copies of a squeezed state |s)°

”
! Z VZDURION ki), 20). (10.51)

sy @ Is) coshr 2/tkjik!

It is also written as a linear combination of even Fock states of the form |2j, 2k). This
means that we are able to write |s) ® |s) as a linear combination of the eigenstates
|1,0) (with I integer). Therefore, applying L. on those states will always give us
zero, which confirms the result of Eq. (10.24).

A .
[ ]
2 ® o
[} [}
1 L ] L ] L]
[ J [ J [ J
r— o — 66— m
[ ] 1 [ ] 2 [ ] 3
-1 L ] L ]
[ J [ ]
-2 o o
[ ]
=3 ®

Figure 10.3: Possible eigenvalues of a state with /2 total number of photons.

Now, remember that for every value of [, possible values for the eigenvalues of L. are

m € {—I,1} with integer jumps, as it can been seen in Figure 10.3. The eigenstates

SIndeed, [L,,Ly] = Ly and thus L,L.|l,m) = (Ls L, + L)|l,m) = (m + 1)L, |l, m) where we
assumed that L;|l, m) = m|l, m).
6See Eq. (2.60).
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corresponding to the lowest diagonal, i.e., the (not-normalized) eigenstates of the
form |1, —I) are defined as follows

l1-1/2] o]
-1y = Y & <k>(k,zl—k)+(—1)ki21\2l—k,k>)
k=0
+1+(2_1)21il <zll>|l,l>. (10.52)

We can now apply the ladder operator L, defined in Eq. (10.39), as many times as
needed, in order to find all the other eigenstates since

1
VIO +1) —m(m+1)

I, m+1) = Ly |1, m). (10.53)

We thus have access to all eigenstates of the operator L.

10.1.6 Symmetry property

Let us briefly mention an interesting property of P, the operator that exchanges the
indexes of two systems. It can be seen as a reflexion along the x; = x, line and the
p1 = p2 line and acts as follows on L., ﬁy and L,

PLP = (a3 — o) P = (afa — afay) = —L.

U .1 .

PL,P = SP(aias +&300)P = S (830 + djay) = Ly

1 .1 A

PL.P = SP(afin — )P = (a3a — dfiy) = ~ L (10.54)

PL,P = DP(lytily)P=Ly+ily= 1_
PL_P = P(ly—il)P= L, —il, =L, (10.55)

In particular, we can evaluate the action of the operator P on an eigenstate of L.,.
Since L,||I, m) = m|l,m), L, = —PL,P and P~! = P, we have

— PL,P|l,m) = m||l,m) & L.P|l,m) = —mP|l, m). (10.56)
This means that P|l, m) is also an eigenvector of [, with eigenvalue —m so
Plt,m) o |1, —m). (10.57)

Thus, from the eigenstate ||/, m)), we can find the eigenstate ||, —m)) by interchanging
systems 1 and 2. From Eq. (10.57), we also understand that m = 0 states must be
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symmetric under the exchange of both systems as it can be seen in Eq. (10.49).

10.1.7 Entropic uncertainty relation based on L,

In Section 10.1.5, we found the eigenvalues and eigenstates of our 2-copy observ-
able. Since we know the whole eigenspectrum of L., we can, in theory, compute its
Shannon entropy. We saw in Eq. (10.1) that

IS

H(L:)p = =) pmInpm (10.58)

where p;, is the probability of measuring the eigenvalue m. From the eigenvectors,
we can compute the probability as

[ee]

pm =Y (Lmlp®p|l,m). (10.59)

I=|m|
The sum starts at | = |m| since —1 < m < I.

We saw in Chapter 3 that Shannon entropy is always positive. We therefore propose
the following new uncertainty relation

H(L.), > 0. (10.60)

In particular, we will see in the next sections that it is saturated by all pure Gaussian

states and is invariant under symplectic transformations.

10.1.8 Invariance of H(ﬁz)p

Let us go back to our main motivation: looking for an invariant uncertainty rela-
tion. Fortunately, H(L;), has the property we seek, that is the invariance under any
symplectic transformation, so under any Gaussian unitary U (except displacements).
Suppose we apply U ® U on an eigenstate |/, m})) and then compute the action of
L.. We obtain a new eigenvector with the same eigenvalue. We thus do not change
the eigenspectrum. Indeed, since L, is itself invariant under any Gaussian unitary

(except displacements) we have
L1, m)
U u't,ueU|l,m)

LusU|l,m) = mUeU|l,m)

Ll,m)y = m|l',m) (10.61)

= m|l,m)

= m|l,m)

where we defined |/, m) = U ® U|l,m) as a new eigenvector of L, with the same

eigenvalue m, but a different value of I given by I’. Let us now consider the state
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IE) = Y X a1 |1, m) written as a linear combination of the eigenvectors. Applying
U @ U on this state will give

U UIE) = Y an |11, m) (1062
m ]

which means that we find a new eigenvector, but which still belongs to the same
eigenspace of the eigenvalue m. To know the exact value of I” in function of I, we
simply apply the Gaussian unitary L? on the eigenstate. However, it is not necessary
here. The important point is that the subspace spanned by all states with eigenvalue
m is invariant under a Gaussian unitary. In particular, it thus means that the projector

associated to the measure of an eigenvalue m

agk

Py = ) [Lm)(Lm| (10.63)

1=

3

is invariant under Gaussian unitaries and so is the probability p,, of measuring m

since
o0

pm =Y. (Lmlo®pll,m) =Tr(p @ oPy). (10.64)
I=|m|
Therefore, the Shannon entropy of L, as well as our uncertainty relation H (ﬁz)‘O >0

are invariant under any Gaussian unitary (except displacements).

10.1.9 Special case of Gaussian states

In general, it is hard to compute the Shannon entropy of 1., because one first need to
express the state |1) as a linear combination of the eigenstates | I, m) of [.,. However,
it does not require many efforts in the case of Gaussian states. Beforehand, note that

according to Williamson theorem”

, every Gaussian state can be brought to a thermal
state by applying some Gaussian transformations. In addition, we saw that H(L,)
is invariant under any Gaussian unitary. Therefore, computing the Shannon entropy
of any thermal state actually gives the Shannon entropy of any Gaussian state with
the same symplectic spectrum. Luckily, it is not complicated to evaluate H(L.,) for a
thermal state - ("

Pth = HZ:%) W|”><”| (10.65)
because when inserted in the physical realization of Figure 10.1 the probabilities of
measuring any value of L, are easy to compute. Indeed, as mentioned before, mea-
suring [, simply corresponds to measuring d = @, the difference between the
photon numbers at the two outputs. Since a thermal state is invariant under a rota-
tion, after the 71/2 rotation of our physical realization, we still have a thermal state.

Moreover, when two copies of a thermal state are inserted in a beam splitter, the out-

7See Section 2.4.1.
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put as well is formed of the two same thermal states. It is thus straightforward to

compute the probability of obtaining a certain value for d.

The probability of measuring 1; photons on the i output is

(m)"

P(T’li = ”i) = W (1066)
for i = 1,2. Thus, the probability of measuring d is
Y P(fy =y +2d)P(fy = n2) d >0
1’12:0
P(d=4d) = ZOP(ﬁl =mn1)P(p =n1—2d) d<0 (10.67)
np=
ZOP(ﬁlzm)P(ﬁz:nl) d=0
np=
which gives
Pd=d)= — ( ) )Zd vd (10.68)
T 2my+1 \(n) +1 ' '

We remember that d can be half-integer and we will thus sum on 2d — d to simplify
the calculations. We can now compute the Shannon entropy of L, in this state:

H(L.)p, = - ;P(cf: d)InP(d = d)

I () ', 1 () \*
= §z<n>+1<<n>+1> : 2<n>+1<<n>+1>
2(n)((n) +1) ()
= In(2(n)+1) — 200y £1 In o) + 1
= In(2(n) +1) + E({(n)). (10.69)

Interestingly, if we compute the Shannon differential entropy of a thermal state with®

1 1.7
e 2"

W, = —
P 27, /dety

_ 1 1 2,2
Tl 1 ()
e ) (10.70)

we find
h(x, p)py, = — / Wo,, (x, p) InW,, (x, p)dx = In(rre) + In(2(n) +1)  (10.71)
which allows us to write
H(L.),,, = h(x,p)p, — In(7te) + E({(n)). (10.72)

Note that, as it can be seen in Figure 10.4, E((n)) admits values between 0 and 1 so
that, H(L.),,, + In(re) is very close to h(x, p),,,-

8Gee Section 2.5.6.
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E(<n>)

L] S——

0.8}
0.6
0.4
0.2

- . - . <n>
2 4 6 8

Figure 10.4: Graph of E((n)).

It is also possible to write both expressions in terms of the symplectic values of py,,
using the fact that, for the thermal state, (n) =v —1/2:

. M2-1 2w—1
H(Lz)p, = In(2v)——p NS (10.73)

h(x,p)p, = = In(me)+1In(2v). (10.74)

Note that H(L.),,, is monotonically increasing in v.

Once again, we emphasized that any Gaussian state can be expressed as a thermal
state — if we apply the appropriate squeezing or rotation — but the only thermal
state that gives H(L;),, = 0is the vacuum (since we only consider states centered on
the origin). Therefore, since our entropic uncertainty relation H(L,) > 0 is invariant
under symplectic transformations, it is saturated by the same states as the uncertainty
relation of Robertson-Schrodinger det(y) > 1/4.

We thus presented a new framework that allows us to define a new entropic uncer-
tainty relation which coincides with the covariance-based uncertainty relation with
respect to saturation. Note that the quantity H(L) can also be seen as a measure of
pure non-Gaussianity since H(L,) = 0 only for pure Gaussian states. Finally, if we
only look at Gaussian states, H (ﬁz) defined as in Eq. (10.73) can be understood as a
measure of the mixedness of the Gaussian state since the purity of a Gaussian state
is givenby yu = 1/2v.

10.1.10 Example of non-Gaussian states

Let us compute the entropy H(L,) for some examples of non Gaussian states.

Example 1: Let us first consider the Fock state |1). If we insert two copies of |1) in
the optical circuit of Figure 10.1 we find the state

L (102) - |20)) (10.75)

S

2
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at the output. Therefore, the photon-number difference will be +2, each with proba-
bility 1/2 and the entropy is thus given by

R 1.1 1.1
H(L)py=—) pmInpy=—>In-—-In- =In2. (10.76)
/1) ; mEsEm 272 2 2

As expected, the value is greater than 0 which is in agreement with our entropic
uncertainty relation Eq. (10.60).

Example 2: Let us now consider a mixture of |0) and |1)
p =«l0)(0] + (1 —a)|1)(1]. (10.77)

This time, we compute the entropy not with the help of the optical circuit, but rather
with the formula (10.59)°

[ee]

pm =) (Lmlp®p|l,m). (10.78)

1={m]

Since

p®p=a?00)(00]+ (1 —a)?[11)(11] +a(1—a)[01)(01] +a(1 —a)[10)(10]
(10.79)
we only need to consider states |/, m) with | = {0,3,1} and they are given in
Egs. (10.46)-(10.48). Accordingly, the possible values of m are {—1, —%,0, %, 1}. We
can now compute the different probabilities p,,

1~

po = ) {LOlp@plL,0) = (0,0l ®p[0,0) + (1,0[p  p|1,0) = &
1=0
1
Py = Y ALE1/2lp@pll, £1/2) = (1/2,£1/2[p @ p[1/2,£1/2) = a(1 —a)
1=0
! (1—a)?
pa = Y(Llp@pll+1) = (1L 1lp®p]1, +1) = = (10.80)
1=0
and the entropy is equal to
_ )2 _ )2
H(l.), = —a’Ina®—2a(1—a)lna(l—a)— 1 2"‘) in 2"‘)
= (1—a)’In2 —2alna —2(1 —a)In(1 —a) (10.81)

which is always greater than 0 except when & = 1 because then p is simply equal
to the vacuum and we are thus computing the entropy of a pure Gaussian state. If
a = 0, we find H(L;), = In2 as expected since it is the previous result obtained for
the Fock state |1).

9Note that there is a slight abuse of notation here since the sum on [ takes half integer steps that is
1= {|ml|, [m|+1/2, |m|+1,---}.
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Note that the Shannon entropy of this mixture is a concave function of a. This sug-

gests that H(L,) is probably a concave function in general.

10.2 3-copy uncertainty observable L*

10.2.1 Definition of L* and link with the uncertainty relation

All this framework is interesting, but not ideal since we first need to center the state
on the origin. To avoid it, we now propose to define a 3-copy observable instead.
The idea comes from a paper from Brun [107] where he shows that every nth-degree

polynomial function can be computed as the mean value of a n-copy observable.

We define the general covariance matrix <y, for any state, not necessarily centered on

L <1< () - (x)? ;<{x,p}>—<x><p>>, 1082

0, as

{x,p}) = (0)(p) (p?) — (p)?

This definition is valid for both classical or quantum systems. If we compute its
determinant, we then have

2
dety = (%)= (0) ()~ (02) = (5tx D) = () )) (10.83)
= (@)~ ) (P — (PR ) + (< ()
- (30l = ol )+ 02p2)

= () (p?) — () (p)(p) — (P} (x)(x) - 31<{xlp}>2 + ({x ) (x)(p)-

Let us now define the 3-copy observable. If it was surprising to find out that the
2-copy observable had the form of an angular momentum, it now seems natural to
consider the three components L} of a genuine angular momentum.'’ To be consis-
tent with the definition of the 2-copy observable, we nevertheless introduce a one

half factor and define

L; = %(fﬂ% — Pa%3)

Ly = %(fsr% — pat1)

L = %(flﬁz — p1x2). (10.84)
The 3-copy observable reads

pr = \%(i; +15+ 1), (10.85)

19The symbol * is here only to differentiate those 3-copy observables from the 2-copy observables L;
of the previous section.
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Since the 2-copy observable L, is invariant under rotations and squeezing, the L} ob-
servables having all the same form, are also invariant under those symplectic trans-
formations and so is L*. Moreover, L* is also invariant under displacement. Indeed,
since we always consider three copies of a same state, the displacement will always
be the same in each mode’s quadrature. In other words, the displacement in posi-
tion (or momentum) will always l:ie applied in the direction (%, %, %) which is
the orientation of the component L* of the angular momentum. Since an angular
momentum is invariant under a shift or a kick in its direction, [* is invariant under
displacement. This confirms that we do not need to restrict to states centered on the

origin anymore.

Interestingly, the variance of L* can be related to the determinant of the covariance
matrix, the same way we did for L, in the beginning of this chapter. First, remark that
{L*)y = 0 where {(L*))y means that we compute the mean value on three copies of
a state ). Indeed

(L = %<¢|<¢!<¢Ii§2!¢>|¢>\¢> = %(<x><zﬂ> —(p{x) =0 (10.86)

and similarly for (((i;)))w and (L), so that ((L*))y = 0. Now, let us compute the
second-order moment of L.*. First, we have

(Li4+Ly+ L) =L+ L2 + L2 + LiLy + Ly L + Ly} + LiL; + Ly L: + LiLy
(10.87)
with
1
LA+ L7417 = o (ap]+253p1 + xip3 + x3p3 + xip3 + x3p3)
1
1 <X1P1P2x2 + Xopap3Xxs + X3p3pi1X1 + p1X1xX2p2
+paxox3ps + Paxaxlpl)
1 (BpT+x3pt + xips + 3p3 + x4p3 + x3p3)
1

({x1, prH{x2, p2} + {x2, p2}{x3, p3} + {x3, p3}{x1, P1})

_|_

| — ool

([x1, p1][x2, p2] + [x2, p2][x3, p3] + [x3, p3][x1, p1])
(10.88)
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and
LiLy+ LyL; + LyLs + LyLy + LiLy + LiLy = —5 (p1p2x3 + papsxs + papsxi)

(pleX3 + p3x1x3 + pgxlxz)

I\)\P—\I\J\H

1 ({xl, p1}(x2p3 + paxs)
+{x2, p2} (x1p3 + p1%3)
+{x3, 3} (xip2 + p1xz)>. (10.89)

Therefore, if we take the mean value of (L*)? on three copies of the state we obtain

P = SR+ L+ L%
- 536< ><p2>—§3<x2><p><p>—§3<p2><x><x>+$6<{x,p}><x><p>
3P + o3l Pl

= 3 <det'y + 1<[x, p]>2> . (10.90)

If we summarize, we just showed that the variance of L.* is related to the determinant

of the covariance matrix as
1 1
(AL*)? = =5 dety + — <[ ,p))? (10.91)
Once again, since a variance is always positive, we can thus deduce that
1 2
dety > —([x,p))2. (10.92)

If x and p are classical, they commute and so the previous relation simply says that
a covariance matrix is always positive. However, when x and p are quantum, they
do not commute anymore since [x, p] = i and Eq. (10.92) says that dety > 1/4
which is nothing else than Robertson-Schrodinger uncertainty relation. Therefore,
this suggests that L.* is a good uncertainty observable and we would like to define a

new entropic uncertainty relation based on the Shannon entropy of this observable:
H(L*), >o0. (10.93)

Yet, to compute the Shannon entropy we need to know the eigenvectors or L.* and
their associated measurement probabilities. Since L* = (L} + I:; + L) //3, our 3-
copy observable is still the component of an angular momentum, but rotated along

the direction (%, % 7) Its eigenspectrum is thus the one of an angular momen-
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tum. More precisely, the eigenvalues of (L*)? and L: will be given, respectively, by

I = 0 m = {0}
. _ B 1 1
l = 1/2 m= { 2,0, 2}
. _ _ 1 1
r =1 m = { 1, 2,O, 2,1}
etc. (10.94)

Comparing to a genuine angular momentum, the eigenvalues are all divided by
two because of the definition of the I:;" (see Eq. (10.84)). Moreover, the jump be-
tween two eigenvalue is 1/2 instead of 1 because the commutation relations are
[Lz, I:;k] = %eijkﬁzn (while it is [L;, I:]-] = ieijkI:Z for a genuine angular momentum).

The eigenfunctions are the spherical harmonics. Nevertheless, their form is not con-
venient to manipulate since they have to be written in the associated rotated quadra-
tures. Computing the probabilities of measuring the eigenvalues of L* through the
spherical harmonics is then not an easy task and we most likely should find a way to

skirt this calculation.

10.2.2 Alternative definitions

Using the relations between the x, p quadratures and the mode operators, we can

also write the 3-copy observables as

A P
L= L(@a} - aday)

. i .

L, = E(ag,al — d3dy)

ir = %(ﬁlag—a{az). (10.95)

In particular, this allows us to compute (L*)? as

. 1
(L2 = o5 (i + o+ i) (i + iz + 13 + 1) — (af2 + a2 + a32) (8% + 3 + &) )
(10.96)

where 7; = 474;. We remark that it is symmetric, but does not have the form I(I + 1)

anymore, like we had before.

Another definition is given with the help of the generalization of the Pauli matrices
in 3 x 3 dimensions: the Gell-Mann matrices. There are eight of them, named A;, but

11 As we show in the next section.
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if we choose

00 O 0 0 i 0 —i 0
Sx=A7=|0 0 —i|, Sy=-As=]|0 0 0f, S:=A=1|i 0 0],
0 i O —i 0 0 0 0 O
(10.97)
A T A
and define A = (ﬁl > ﬁg) we can write the three operators L} as
7 x 1 t 7 x 1 t 7 x 1 t
L, = EA S:A, L, = EA SyA, L = §A S, A. (10.98)

From any of the above formulations, we can compute the commutation relations of

the L} observables. They almost obey the ones of an angular momentum, that is

T*x 7x i 7*

[LirLj] = EeijkLk (10.99)
where the 1/2 factor comes from our definition of the L which also had an addi-
tional one half factor. All the algebraic properties of operators L, i;, L should be
describable in a unified form based on (10.98) and the properties of the Gell-Mann
matrices.

10.2.3 Physical realization

For L* too, it is possible to find an optical circuit that allows us to measure this ob-
servable. The circuit is shown in Figure 10.5. We see that it is similar to the one of
the 2-copy observable in the sense that here too, we apply a rotation followed by a
beam splitter and then compute the difference of the output mean photon numbers
on mode 2 and 3, that is

L* = —(fp — f3). (10.100)

However, before applying this transformation, we first apply two beam splitting
transformations of transmittance 1/2 and 1/3. The purpose is to make the appro-
priate rotation such that we carry out the right change of basis in order to be in a
situation similar to the 2-copy observable case. Indeed, after the two first beam split-
ters, the mode operators are now given by

N ..
ap = %(ﬂl +dy +d3)
. r ..
11,2 = ﬁ(_al + az)
1
dy, = (i =i+ 200), (10.101)

In particular, the first mode is equal to the the sum of the three input mode opera-
tors. It means that the angular momentum of this mode is equal to (L} + I:; +L5/V3
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10.2. 3-COPY UNCERTAINTY OBSERVABLE [*

which is equal to L*. Therefore, learning from the 2-copy observable, we know that
we can measure this observable by applying a 71/2 rotation followed by a beam split-
ter on the two other modes. Of course, we still have a degree of liberty on the two
last modes after the two first beam splitters, since any real rotation between mode 2
and 3 will not affect mode 1 (and so it will still corresponds to L*) and this should

not change the value of the output measurement.'?

[¥)

¥) 1/3 @

1/2

I D)

Figure 10.5: Physical realization to measure the 3-copy observable L*.

Remark that the invariance under displacement is easy to see from the circuit of Fig-
ure 10.5. Indeed, let us insert a state with displacement D(uc)13 at each input of the

circuit. After the two first beam splitters, the displacement on each mode becomes
D(x)®* — D(v/3x)D(0)D(0). (10.102)

It means that no matter what is the value of the initial displacement, the displacement
will be 0 on the two last modes before we apply the rotation and the last beam splitter.
Therefore, the result of the measurement of the photon-number difference — which

gives [* — will not depend on the displacement.

Note also, that measuring the photon-number difference between modes 1 and 2 or
modes 3 and 1, we can measure the two other observables that complete this new
basis which includes L*.

10.2.4 Special case of Gaussian states

Interestingly, if we insert 3 copies of a squeezed state in the optical circuit of Fig-
ure 10.5, after the first two beam splitters, we still have the three same squeezed
states on each mode. It means that once again, similarly to the 2-copy case, we will
have a zero photon-number difference at the output and with probability one. In

other words, the entropy of L* is equal to zero for a pure Gaussian state. The new

12We can easily verify that adding a beam splitter between mode 2 and 3, right before the rotation,
do not change the measurement of L*. This is compatible with the fact that the 2-copy observable L. is
invariant under a real rotation between both systems.

13D is the displacement operator as defined in Section 2.5.1.
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entropic uncertainty relation H(L*) > 0 thus, one more time, coincides with the

Robertson-Schrodinger uncertainty relation with respect to saturation.

Moreover, if we insert any Gaussian state, mixed or pure, at the input, we will still
have the three same Gaussian states after the two beam splitting transformations.'*
In particular, it means that on modes 2 and 3, right before the 71/2 rotation, we have
two copies of the Gaussian state. The situation is thus the same as in the 2-copy
optical circuit of Figure 10.1 and all conclusions can be applied here. In particular,
the entropy of a Gaussian state will be the same as before

42 -1 2v—1

1
4y n21/+1

H(L*)pe = H(L:) 6 = In(2v) (10.103)

o

where v is the symplectic value of the Gaussian state.

10.2.5 Case of non-Gaussian states

Obviously, we however expect the entropy of any non-Gaussian state to be different,
hence the interest of defining another entropic uncertainty relation. For example, let
us consider the Fock state |1). If we insert three copies of this state in the circuit of
Figure 10.5, right before the 71/2 rotation, the state will not be |1)©®? anymore. There-
fore, the entropy H(L*) 1) will be different than the entropy of the 2-copy observable,
H(L,) 1y (as computed in Section 10.1.10).

4When two copies of a Gaussian state are traveling through a beam splitter, we find the same two
Gaussian states at the output.
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11 Improved continuous-variable
separability criterion based on
the degree of Gaussianity

This chapter is the subject of the following article:
A. Hertz, E. Karpov, A. Mandilara, and N. J. Cerf, Phys. Rev. A 93 032330 (2016) [a].

Quantum entanglement is nowadays considered a central resource in the field of
quantum information and computation [75]. It is therefore crucial to be able to deter-
mine whether a quantum state is separable or entangled, which is provably a hard
decision problem when it comes to mixed states. Currently available separability
criteria for continuous-variable states are generally based on the covariance matrix.
The well-known separability criterion of Duan et al. and Simon, for example, gives
a necessary and sufficient condition for a two-mode Gaussian state to be separable,
but leaves many entangled non-Gaussian states undetected (see Chapter 5). Here,
we introduce an improvement of this criterion that enables a stronger entanglement
detection. The improved condition is based on the knowledge of an additional pa-

rameter, namely the degree of Gaussianity,

Tr(pp®)
= 7=, (11.1)

Tr(p®p%)
and exploits a connection with Gaussianity-bounded uncertainty relations introduced
in Chapter 4. We exhibit families of non-Gaussian entangled states whose entangle-

ment remains undetected by the Duan-Simon criterion.

In order to follow the same notation used in the publication from which this chap-
ter is taken [a], we define here the covariance matrix as 7;; = (7i7; + #;7;) — 2(7:)(?})
where r = (%1, p1, £2, p2). It simply means that the covariance is worth double the
definition we had got used to in this thesis. In particular, it means that the Robertson-
Schrodinger uncertainty relation now reads dety > 1. Note also that we assume with
no loss of generality that all states considered in the following have vanishing coher-
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ent vectors (d; = 0) since first-order moments are irrelevant as far as entanglement

detection is concerned.

In this context, the continuous-variable separability criterion expresses that if a two-
mode state is separable, then its so-called EPR variance complies with the following

inequality
1 A\2 A\2 1 2 1
= - > = — .
S (02 +((89)) = 5 (o + ), (112)
for any real (nonzero) «, where the operators
. s 1y A L1
= ]a\xl—i—axz, 0= \uc]pl—gpz, (11.3)

are functions of the quadratures components £ and p of modes 1 and 2.

It is natural to expect that a stronger criterion can be obtained with more informa-
tion on the state, but the additional parameter should be chosen carefully. We could
think, for example, of using the purity of the state u = Tr[p?] as the additional con-
straint since Dodonov proved that the lower bound of the uncertainty improves for
mixed states [29]. However, the purity of the state is not a good candidate, since
the Duan-Simon criterion is necessary and sufficient for every Gaussian state of ar-
bitrary purity. As we show in this chapter, the degree of Gaussianity g is however a
good choice and we will thus exploit the fact that the knowledge of g gives a tighter
bound in the uncertainty relations (see Section 4.1.4), which in turns translates into a

stronger condition for detecting entanglement.

In the next section, we suggest a new criterion for a better detection of entangled
states employing this degree of Gaussianity, thus improving the Duan-Simon crite-
rion for non-Gaussian states. Then, we provide explicit examples of entangled non-
Gaussian states that are left unnoticed by the Duan-Simon criterion, demonstrating
the advantage of our new criterion. We also give an analytical way of computing pa-
rameter g. The examples are produced from non-Gaussian states belonging both to
the set of classical states (with positive Glauber P-function) and genuinely quantum
states (Fock states), reflecting the general applicability of our method. Finally, we

conclude and discuss possible extensions of our work.

11.1 Improved separability condition

Let us investigate the separability of an arbitrary two-mode state p. As mentioned
earlier, the PPT criterion consists in verifying the physicality of the partially trans-
posed state p”2 (which must hold for any separable two-mode state). Then, an en-
tangled state p will be detected if p™2 is not physical (it exhibits a negative eigen-
value). Applying a partial transposition (acting on the second mode) in state space
is equivalent to a mirror reflection p, — —p, in phase space. Thus, in order to detect
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11.1. IMPROVED SEPARABILITY CONDITION

entanglement, we need to check the physicality of p in phase space, which can be

achieved based on the symplectic values of its covariance matrix.

Suppose that a two-mode state p has a covariance matrix . According to Williamson
theorem (see Section 2.4.1), there always exists a unitary transformation Us mapping

the state p onto ¢ such that the associated symplectic transformation S maps y onto

1
Yo = S7yST = (”0 V0]1> , (11.4)

where v (v_) is the largest (smallest) symplectic value of y and 1 is the 2 x 2 identity
matrix. The uncertainty relations implie that the inequality v, > v_ > 1 L must be
respected for any physical state. Applying this condition to the partially transposed
state p2, we understand that the entanglement of states p is detected whenever the
smallest symplectic value of p'? is strictly smaller than 1, which is the core of the

Duan-Simon criterion?.

Let us now introduce our improved criterion. In order to detect the entanglement of
state p, we apply a partial transposition on the second mode (which may lead to an
unphysical state) followed by a symplectic transformation, which gives access to the
symplectic values v of the partial transposed state p™2. This is the “entanglement

analyzing box” shown in Figure 11.1.

——— e

Figure 11.1: “Entanglement analyzing box”. A partial transposition (T) and symplec-
tic transformation (S) are applied to state p, giving access to the symplectic values v
of the partial transposed state. Note that this circuit is not physical since T is antiu-
nitary.

A key observation is that the inequality v, > v_ > 1 boils down to expressing the
uncertainty relation for the two modes making ¢ at the output of the entanglement
analyzing box. Indeed, we have det(7,,) = (v4)?> > 1 and det(7,,) = (v-)? > 1,
where 74, (70,) refers to the covariance matrix of the first (second) mode of . Fur-
thermore, a tighter lower bound on the uncertainty det(y) of a mode can be ob-
tained if the degree of Gaussianity g of this mode is known [55] [we use definition
(11.1) for a single mode]. Combining these elements implies that we can detect the
non-physicality of p’2 whenever the lowest symplectic value v_ lies under the lower
bound corresponding to the degree of Gaussianity g, of 0», as shown in Figure 11.2.

IThe difference with Eq. (4.13) is due to our definition of the covariance matrix in this chapter.
2See Section 5.3.1.
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This lower bound is equal to 1 for g» = 1, but is strictly larger than 1 for non-Gaussian
states with g» # 1.

i 1)

0.8 1.0 12 14
Figure 11.2: Plot of vy,, threshold (minimum allowed) value for v_ as a function of

the degree of Gaussianity g, (details are given in [55]). All physical states lie on or
above this curve. Note that for g» < 1, the curve exhibits some discontinuities.

Hence, we obtain an improved separability criterion which works as follows. After
applying the “entanglement analyzing box” of Figure 11.1 to state p, we detect its
entanglement if the symplectic value of the reduced state 0, is smaller than a bound,

which is a function of the degree of Gaussianity g of 0. In other words,
Vo <vp(g2) = entanglement (11.5)

where 14, (g2) is the threshold given by the curve in Figure 11.2. As we already saw in
Chapter 4, if go > 1, the curve is given by vy, = ¢/(2 — ). If g < 1, the parametric

equations of the curve are given by

Vin = 2n-+3-—2r,
2vg (v — 1) (v —1)(1 —7)
= , 11.6
$ (Vi +- 1)1 v + 1 T (116

where n € N and r € [0,1[. The latter curve consists of consecutive segments cor-
responding each to a binary mixture of nearest-neighbor Fock states |n) and |n + 1).
In the examples that we will discuss in the next section, the degree of Gaussianity

always lies in the segment where n = 0, which corresponds to

2 g2 /1=
82 +g 82 i 3/4<g <1 (11.7)
2

Vin(82) =

In order to exploit condition (11.5), the last step is thus to be able to compute the
degree of Gaussianity g» as given by Eq. (11.1). The analytical computation of g,
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is not trivial for an arbitrary two-mode state (although we give an explicit method
for some class of states in the next section), but at least a numerical computation is
always feasible based on the Wigner function. First, remark that the denominator of
g2 is simply equal to 1/v_ since it corresponds to the purity of a Gaussian state (see
Eq. (11.12)). To express the numerator of g, we use the Wigner function Wz(xz, p2)
of the second mode o> at the output of the entanglement analyzing box. Starting
from W(x1, p1, x2, p2), namely the Wigner function of the initial two-mode state p,
we find W2 (x1, p1, x2, p2) = W(x1, p1,x2, —p2) after partial transposition and then
W(r) = W(S71r) after symplectic transformation, corresponding to a change of
variable r — Sr with r = (x1, p1, x2, p2)". Finally, we integrate over x; and p; to have
the Wigner function of the second mode ¢,, which gives

Tr(020%)

— A e
82 = Ty(gGaty ~ 2 /Wz(Xz, p2) W5 (x2, p2)dxadpy (11.8)

where WZG (x2, p2) is the Wigner function of the Gaussian state with covariance matrix
v_1.

Figure 11.3 enables us to visualize how entanglement detection is improved by our
method. Three distinct zones are represented, delimited by the curve of Figure 11.2
and by the constant line v_ = 1. If a state lies in the red (lower) zone, it is an entan-
gled state detected by the Duan-Simon criterion (v— < 1), hence it is uninteresting
for our purposes here. If it lies in the white (upper) zone, no conclusion can be made
because the partially transposed state is physical. But interestingly, if it lies in the

blue (intermediate) zone, we detect entanglement which was otherwise unnoticed.

Remark that, since partial transposition and symplectic transformation conserve the
Gaussian character of a state (see Chapter 4), if p is a Gaussian state then ¢ as well
as the reduced states 7 and 0 are also Gaussian. Then vy, (1) = 1, and we recover
the (necessary and sufficient) Duan-Simon separability criterion for Gaussian states,
as expected.

Let us also mention that our criterion does not improve entanglement detection when
the covariance matrix of p is diagonal, since the partially transposed state remain
physical. For example, the “NOON” states of the form (|NO) + [ON))/+/2 have a
diagonal covariance matrix for N > 2. Thus, even though those states are always en-
tangled, we cannot do any better than the Duan-Simon criterion, and entanglement
is undetected by our criterion. However, there exist many other interesting cases

where our method is useful, as shown in the next section.
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\
1.2 X Fock states
11¢ X
X
1.6 X3k
> g2

0.985 0.990 0.995 1.000 1.005

Figure 11.3: Examples of non-Gaussian entangled states generated from (x) Fock or
(+) phase-diffused coherent (PDC) states, which are detected by our improved crite-
rion. In general, all entangled states detected by the Duan-Simon criterion (v— > 1)
lie in the red (lower) zone, while the entangled states that are detected by our crite-
rion but remain undetected by the Duan-Simon criterion lie in the blue (intermedi-
ate) zone. The white (upper) zone contains either separable or undetected entangled
states. The curve vy (g2) separating the blue and white zones corresponds to the
lower bound on v_ for a fixed degree of Gaussianity g».

11.2 Detection of non-Gaussian entangled states

In this section, we apply our new criterion to two types of non-Gaussian states. Those
examples have in common that entanglement is not detected on the sole basis of the
covariance matrix (using the Duan-Simon criterion), but is detected with our im-

proved criterion exploiting the degree of Gaussianity.

11.2.1 Non-Gaussian states generated from Fock states or phase-diffused
coherent states

The first example uses non-Gaussian states as generated by the circuit shown in
Figure 11.4. The preparation of the states works as follows. Initially, we have a
state piy = Yo ¢n|n)(n| of covariance matrix 7;, = a1 in the first mode, where
a € [1,00), and the vacuum state in the second mode. Both states are processed
through a two-mode squeezer (TMS) of parameter A € [0,1). Note that if p;, is a
Fock state |n), at this point of the circuit we have a photon-added EPR state, which
we know is always entangled (its entanglement is monotonically increasing with )
[108]. Of course, if we have the vacuum on both modes, the resulting state is simply
an EPR state. The next step in the circuit consists in processing each mode of the state
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:__________I

N | Entanglement :

Pin — TMS — ' . !
| analyzing |

y ) | '

[0) — N box :
1 ' I

—_—— e e ———

Figure 11.4: Quantum circuit used to prepare the non-Gaussian states p with covari-
ance matrix . The entanglement of p is analyzed by the red box (see Figure 11.1),
which pictures our improved criterion.

through two independent Gaussian additive-noise channels A and \’. The variance
of the added noise on the first (second) mode is denoted as 7 (). This construction
ensures that the resulting (not necessarily Gaussian) state will always be physical
provided thata > 1,0 <A <landy,u > 0.

The state p at the output of this circuit has a covariance matrix

+A2 (a+1)A
o (\EEHT) L e (11.9)
- 2 7 .
(ﬁlA)zA 7, (aﬁj} + P‘) 1

where 0, is the third Pauli matrix. Note that this form for a covariance matrix is
actually quite general. Indeed, Duan et al. have shown [8] that any covariance matrix

of a two-mode state can be transformed into the form
v = (11.10)

by applying local linear unitary Bogoliubov operations, i.e., combinations of squeez-
ing transformations and rotations. These operations do not influence the separability
of the state, and are thus always allowed when studying entanglement. The covari-
ance matrix (11.9) depends on three parameters while the most general form (11.10)
has only one additional parameter, which reflects that (11.9) encompasses a wide

class of two-mode Gaussian states.

The entanglement of the resulting state p is now analyzed as depicted by the red box
of Figure 11.1. The resulting state ¢ has a covariance matrix of the form of Eq. (11.4)
and the symplectic values of p™> can be expressed as a function of the different pa-

rameters characterizing vy, namely

vi:1<(a+1)(1+}\2)+17+;4i\/(a—1+17—ﬂ)2+w>- (11.11)

2 1-A2 (1—A2)2
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Note that this expression is valid regardless of whether p is Gaussian or not. At this
point, using the Duan-Simon separability criterion ignoring whether p is Gaussian or
not would detect entangled state only if v_ < 1. But we can improve on this by taking
into account the degree of Gaussianity g» at the output of the circuit of Figure 11.1, as
explained previously. The calculation of g, could be done through the computation
of the Wigner function, but this would require some numerical integrations. We now
give a different way of calculating ¢» for this specific example. The final expression
is not very elegant, but calculations are performed completely analytically.

Computation of the degree of Gaussianity

Let us show how one can perform the computation of the degree of Gaussianity g»
of the reduced one-mode state corresponding to o> in the “entanglement analyzing
box” of Figure 11.1 (this state corresponds to the smallest symplectic value v_). The
same technique allows computation of the degree of Gaussianity g of the two-mode
state p (see Figure 11.4) as well.

By our convention the Gaussian state 05’ has the same covariance matrix 7, = v_1
as 2. Then, since it corresponds to the purity of 05, the denominator in the definition
of g» given by Eq. (11.1) is trivially evaluated as

G 1 1

Tr[UZG(TZ] — W — 7. (11.12)
(%) -

The evaluation of the numerator in Eq. (11.1) is more involved. Although after the
two-mode squeezer, we have a simple form of the density matrix of the state prs,
the addition of the Gaussian noises makes the density matrix of state p (and so the
ones of the reduced states ¢; and 02) very hard to express in a simple form. State p
is obtained as a result of the application of Gaussian additive noise channels ®, and

®, to the first and second modes of prpss correspondingly

o = ((DW & CDH) [PTMS] (1113)
B3+
T Ty

e
= /dxldpldxzdpz D(x1, p1)D(x2, p2) prms DY (x1, p1) D (x2, p2),

(27)%p
where D(x, p) is the displacement operator. We will perform calculations avoiding
the direct use of the density matrix 0,. Instead we use the following construction. Let
o be the density matrix of the two-mode state which has 07 and o> as reduced states.
Then we have the following equivalent representation of the numerator in Eq. (11.1):

Tr[onos] = Tr[o(1®0Y)]
. V+1
= lim

V—oo

Tr[o (o}, @ 05)], (11.14)
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where

2 V—-1\"
oI = V+1Z<V+1> ) (n (11.15)

n
is a thermal state with a covariance matrix V1. Identity (11.14) holds because this
state multiplied by (V + 1) /2 tends to 1 when V tends to infinity. Next we express
o as a result of the transformation of the initial state p;, ® |0)(0| by the circuit in
Figure 11.4:

Te[o(oy, @ 03)] = Tr [Us T[(®y @ @) [Un(pin @ |0) (0 UF]IUE pf;, @ 07 ]
= Tr [(0in ®0)(O)UL (D, ® ®,)[T[ULp), @ cTUs|UL] . (11.16)

Here Us is the final symplectic transformation, U, describes the action of the two-
mode squeezer, T is the partial transposition in the second mode and ®,, (¥,) denotes
the additive Gaussian noise channels with the noise variances 1 () being applied
to first (second) mode. At the final step we used the invariance of the trace under
cyclic permutations® and the equivalence of the partial transposition and additive
noise channel to their duals with respect to the scalar product of operators defined
as ((A|B)) = Tr[A'B] on a set of density operators of two-mode states. Let us prove
this last two statements.

e The partial transposition as a map defined on the set of density operators is
equal to its dual.

Proof. Let us take a representation of two arbitrary density operators describing
bipartite states in some basis

o= cimlij)(kl]  and o= ) dymrs|nm)(rs| (11.17)

ijkl nmrs

and apply partial transposition T on p. Then we have

Tr[Tlp]o] = Tr [Zcijkl]il><kj] ) dnmrs|nm)<rs|]

ijkl nmrs

= Y cijudgi
ikl

= Tr [Z Cijkl |l]> <kl| Z Anmrs |TZS> <rm|]
ijkl nmrs

= Tr[p T[o]]. (11.18)
0

e The Gaussian additive noise (product) channel is equal to its dual on the set of
density operators of two-mode states.

3Note that the invariance of the trace under cyclic permutations holds for bounded operators when
at least one is trace-class (which is the case of the density matrix) [109] and both density matrices and
Gaussian unitaries are bounded operators [110].
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Proof. We prove first the equivalence on the example of the two-mode channel
®, ® ®, applied to pruys:

Tr [(Py @ @u)lorms]e’] = Trlorms (Py @ Py)[0']]- (11.19)

Using Eq. (11.13) and the linearity of the trace we move it inside the integral
and then make a cyclic permutation of the displacement operators. Then by
applying the expression of the Hermitian conjugate of the displacement opera-
tor in the form D'(x, p) = D(—x, —p) and by changing the variables

—X1 — X1 —P1 — P

—X2 — X2 — P2 —p2 (11.20)

we come to the desired conclusion.

This proof holds if we replace the state prps by an arbitrary density operator.
O

Following Eq. (11.16) the trace in the right hand side of Eq. (11.14) can be computed
as the trace of the product of density matrices when the dual circuit is applied to state
p}, @ 0¥ taking into account the properties of the dual maps discussed above. The big
advantage of doing so is that p};, ® 05’ is a Gaussian state and all the transformations
which constitute the circuit (and their duals) preserve the Gaussian character of the
state. Thus the state

" = Ui (D, @ @,)[T[Udpy, © 05 Us|]Ux (11.21)

is completely determined by its covariance matrix * which is the result of the appli-

cation of the dual circuit to the covariance matrix of p};, ® 05:

7 = Srats(—A) (T[ST (‘g VO> s} + (g 2) )s%MS(—A), (11.22)

where S represents the symplectic diagonalization that gives the symplectic values,
T the partial transposition (which acts on the two-mode covariance matrices as p, —

1 1 Ao,
S A= —— , 11.23
TMS( ) m (/\U'Z 1 ) ( )

the two-mode squeezing transformation.

—p2) and

From covariance matrix 7*, we can easily deduce the associated Wigner function
W*(x1, p1, x2, p2) of p* (see Eq. (2.31) for the Wigner function of a Gaussian state) and
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with its help compute the following trace which is equal to the trace in Eq. (11.16)

Tr[pin ®10){0] p*] = (Zﬂ)z/dX1dP1ddePz W, (x1, p1) Wig) (x2, p2) W* (1, p1, X2, p2)

—onC / dxydpy Wy, (x1, p ) Wi (21, p1), (11.24)

where the normalization factor C is obtained by integrating over the variables of the

second mode
27 / dxadpaWio) (x2, p2)W* (x1, p1, %2, p2) = C Wy, (x1, p1), (11.25)

and by stressing out a new Wigner function W} (xy,p1) = %e_(’ﬁzﬂ’%)/ " corre-
sponding to a thermal state of variance m. Going back to the state space, the compu-

tation of the trace can be carried as follows:
Trlpw ©10)(0]p7] = CTr| Y guln) (nlof] (11.26)
n
2 m—1\"
- Cm+1 ;¢n<m+1> )

Both parameters, m and C, depend on V. The explicit formula for m and C are cum-
bersome and we do not present it here, however, they allow us to carry out the limit
V — oo which provides the trace in Eq. (11.14). Together with Eq. (11.12) this gives
us a value for g» following Eq. (11.1).

Numerical results

Now that we have defined a circuit to generate families of non-Gaussian states and
detect their entanglement, we will focus on some explicit examples of such states
in order to illustrate the usefulness of our improved criterion. In the circuit of Fig-
ure 11.4, we start with Fock-diagonal states p;,, which have a diagonal covariance
matrix 7;, with variance a = Y,” (¢, (2n + 1). We are interested in non-Gaussian
states p;, and will consider two rather extreme cases of such states. The first case
is a single Fock state |n) with n > 0, the parameter of the covariance matrix being
thus @ = 2n + 1. This state has clear quantum features, such as negative parts in
the Wigner function. Our second choice is a non-Gaussian mixture of coherent states
with a random phase, which can be viewed as “classical”. This phase-diffused coher-
ent (PDC) state can equivalently be represented as a mixture of Fock states following

a Poisson distribution:

(o]

()"
pin =Y e 71/ 2l (k. (11.27)
k=0 :

These two examples for p;,, are simple at a theoretical level, and may also be imple-
mented experimentally. For the state p to be feasible experimentally, we will focus
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on values of the parameter A of the two-mode squeezer that are smaller than 0.8
(= 10 dB). The values of the noise variances # and u will be chosen smaller than 2
units of vacuum noise because otherwise the state p is necessarily separable (regard-
less of whether it is Gaussian or not). Indeed, each mode of p can be seen as the
output of a classical Gaussian additive noise channel taking the corresponding mode
of p;, as its input, and it is known that such a channel is entanglement breaking if
=2 >2) 111l

In Figure 11.3, we exhibit explicit examples of non-Gaussian states p that are gen-
erated from p;, being either a Fock state or a phase-diffused coherent state. The
corresponding numerical values of the circuit parameters (a, A, u, v) are displayed in
Table 11.1. We first choose sets of values of the circuit parameters such that v_ =1,
implying that the Duan-Simon criterion does not detect entanglement. In this case,
entanglement is detected as soon as g, # 1, so all these example states are proven to
be entangled with our improved separability criterion. We then extend our search to
larger values of v_. An entangled state is then detected whenever v_ < vy, (g2). Since
in our examples, 3/4 < g, < 1, function vy,(g2) is given by Eq. (11.7). All points lo-
calized in the blue zone are thus examples of non-Gaussian entangled states that are
detected by our improved separability criterion but not otherwise. Remark that en-
tangled states can be found with both choices of p;, (either a highly non-classical

Fock states or a classical mixtures of phase-diffused coherent states).

typeofpiy | a | A Ul 2 = 82
Fock 3106]1/13 1 1 | 099541
Fock 3103| 01 | 228/757 | 1 | 0.99780
Fock 3105 01 0.9 1.1 | 0.99492
Fock 3105/ 01 0.8 1.04 | 0.99521
PDC 2 1 03| 01 |513/1271| 1 | 0.99798
PDC 2 107 | 01 | 931/677 | 1 | 0.99850
PDC 3106 |1/13 1 1 | 099781
PDC 3103| 01 | 228/757 | 1 | 0.99893
PDC 3105 01 0.9 1.1 | 0.99758
PDC 3 0.5 0.1 0.8 1.04 | 0.99771

Table 11.1: Values of the circuit parameters used to generate the examples of non-
Gaussian entangled states that are detected by the improved separability criterion.
The corresponding values of v_ and g, are also given.

Interestingly, for all states created with our circuit when Gaussian noise is added on
the first mode only (i.e., u = 0), we found out that the Duan-Simon separability crite-

rion becomes necessary and sufficient, even for non-Gaussian states. Indeed, if 7 < 2,
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the symplectic value v_ is smaller than 1 for all values of 2 and A, hence the state p
is entangled. On the contrary, if # > 2, we have an entanglement breaking channel,

so we know that the state p is necessarily separable. This confirms the validity of our

method.

Finally, Figure 11.5 illustrates how the different circuit parameters influence the sep-
arability of the state. Starting with a Fock state (or with a phrase-diffused coherent
state) with circuit parameters a = 3, A = 0.5, 7 = 0.1, and u = 0.7, we see that by
varying one of the parameters we can always create entangled states that are unno-
ticed by the Duan-Simon criterion. (Note that there is no curve to plot corresponding

to varying a for Fock states since a can only take odd integer values in this case.)

I
1.15F i
I
I
110} l' a
--- Fock states |
— I
105" PDC states I
i
' /
1.00 1
| /
).95-

0992 0994 0996 0998 1000 92

Figure 11.5: Evolution of symplectic eigenvalue v_ when varying the circuit parame-
ters, illustrating how they influence the separability of the states. For each curve, one
of the parameters varies while the others are fixed, starting froma =3, A =05, 1 =
0.1 and # = 0.7. Increasing v_ is achieved by increasing a, 77, 4, and decreasing A.
The blue curve is given by vy, (g2)-

11.2.2 Squeezed single-photon path-entangled state

As a second example, let us consider a squeezed single-photon path-entangled state,

i.e. the non-Gaussian state created from the circuit of Figure 11.6.

A vacuum and single-photon Fock states are both squeezed, with respective squeez-
ing parameters s_ and s, and are then coupled with a balanced beam splitter. The

wave function of the output (pure) state has the form [84]

)2

_4? (—y
1P(x,]/> — (X‘f‘y) e 45?# 4527 . (1128)
\/ 7ts_s3.
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r T

|
| Entanglement :
10) — S- : !
| analyzing :

[
(1) — sy [ box I
|

—_——— e —— — —

Figure 11.6: Quantum circuit used to prepare a squeezed single-photon path-
entangled state ¥ (x, y). The entanglement of the state is analyzed by the red box.

This state is obviously entangled for all values of s, but the Duan-Simon separability
criterion detects entanglement only for s_ /s, > /3 ors_/s, < 1/+/3. However,
similarly as what Walborn et al. [84] have shown using their entropic entanglement
criterion, we can detect entanglement for all values of s+ with our improved criterion.
Let us suppose that s_ /s > 1. Applying the “entanglement analyzing box” to this

state, we find that

_ J35+ _3./3
V*_\@s, and g = 71/5, (11.29)

where ¢, is computed with the help of Wigner functions. Therefore, according to Eq.
(11.7), vin(g2) = 1.7986 and entanglement is detected if

Vo <vn(g) & z—; > 0.963. (11.30)
However, we supposed at the beginning that s_ /s, > 1. Entanglement is thus al-
ways detected. The same analysis can be done if s_ /s < 1. Although the entropic
criterion of Walborn et al. also detects the entanglement of this state for all s+, we
believe that our method is easier to apply since their method require an optimization
over different angle to be truly effective (see Section 5.3.2).

11.3 Conclusion

In this Chapter, we have proposed a new continuous-variable separability criterion
by considering the degree of Gaussianity of the state, thereby allowing a stronger de-
tection of two-mode non-Gaussian entangled states. Our improved criterion works
by verifying the physicality of the symplectic values of the partially transposed state
in terms of Gaussianity-bounded uncertainty relations. We demonstrated the advan-
tages of our method by providing explicit examples of states whose entanglement
is detected by our criterion but left undetected by the Duan-Simon criterion. We
proposed an optical circuit for creating a family of such states and studied the entan-
glement detection as a function of the parameters of the circuit. The values of those
circuit parameters were chosen so that these example states could be experimentally
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generated to demonstrate the method. The general applicability of the method is
witnessed by the fact that these example states can be generated both from genuinely
quantum non-Gaussian states (Fock states) or from classical non-Gaussian mixtures
of phase-diffused coherent states (states with a positive P-function). We expect that
many more examples of entangled states could be found, first by testing different
values of the parameters a, A, 1 and y, second by generalizing the circuit (for exam-
ple, at the very beginning of the circuit, one can insert a thermal state instead of the
vacuum) or simply by devising a new circuit generating other types of non-Gaussian
states such as those of our second example.

As mentioned in the introduction, a separability condition such as inequality (11.2)
cannot be rewritten as such with a tighter lower bound that would solely depend on
purity Tr(p?). This is because the Duan-Simon criterion is necessary and sufficient for
all Gaussian states (of arbitrary purity). Hence, the lower bound in inequality (11.2)
cannot be moved upwards without being violated by some mixed Gaussian states
that are known to be separable. However, we expect that our separability criterion
may be further improved by taking into account both the degree of Gaussianity and
purity of the state, and then making use of the purity- and Gaussianity-bounded

uncertainty relations [56]. This topic is worth further investigation.
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12 Improved entropic
separability criterion
for non-Gaussian states

In this chapter, we propose a new separability criterion for bipartite continuous-
variable systems. This criterion is more sensitive than the one of Duan et al and
Simon (see Section 5.3.1), but not than the one of Walborn et al. (see Section 5.3.2).
In fact, the entropic separability criterion that we introduce will detect exactly the
same entangled states as the already existing entropic criterion, but the calculations
involved in the process are much easier. In [84], Walborn et al. give a criterion based
on two parameters which are the angles of rotations ; and 6, of the quadratures (see
Eq. (5.32)). The idea is then to find the optimal angles, i.e. the ones that highlight the
correlations in the state. In other words, one needs to optimize on the angles 0; and
6> in order to find the most restrictive separability criterion. Walborn et al. separa-
bility criterion is based on the entropic uncertainty relation of Biatynicki-Birula and
Mycielski, Eq. (4.39). Here, we propose to use the improved entropic uncertainty
relation presented in Chapter 8 since this uncertainty relation already takes the x-p
correlations into account. We thus do not need to make any optimization anymore,
since it is already included in this entropic uncertainty relation.

12.1 Derivation of the criterion

As in the other separability criteria, let us consider the EPR quadratures
X+ =x1E£x and p+=p1Ep2 (12.1)

where x;, p; are the position and momentum quadratures of mode i = 1,2 and they
obey the commutation relation [x;, pj] = iJ; ;, so that

[xi,py] =2 [x—,p-] =2
[xi,p-] =0 [x—p+] =0. (12.2)
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To each EPR quadratures is associated a probability distributions X (x) or P4 (p) and

we can write their Shannon differential entropies (see Eq. (3.9))

h(xs) = —/dxXi(x)lnXi(x)

hps) = — [dpPu(p)InPup). (12,9

Let us now consider a separable state. Since this state is separable, it must remain
physical after a partial transposition, (that is the PPT criterion, see Chapter 5), so it

has to respect the entropic uncertainty relation Eq. (8.11)

h h 11 7.0, > In(2 124
(x+) + (pi)_i n (}%ia%i — (Feape)? ) © n(27te) (12.4)

where (%) indicates that entropies and variances are computed after the partial trans-
position and we use Eq. (12.2) to evaluate the commutator [x, p+].

Under the partial transposition, the quadratures transform as

(x1, p1, %2, p2) — (X1, p1, X2, —P2) (12.5)

so that the probability distributions of X and Py are given by
Xi(x)=Xs(x) and  Pi(p) = Px(p) (12.6)
which means that
h(xs) = h(xs) and  h(ps) = h(p+). (12.7)
In the same manner, the variances are now given by
2 2 =2 2

0y, = 0y, 0y, = 0y and Oxips = Oxipys (12.8)

so that any separable state must verify

1 Tx. %,
h(xy) +h(ps) — 5 In 20T — (0r ) > In(27te). (12.9)
X+ 7 P ¥

In other words, any bipartite state is entangled if Eq. (12.9) is violated. This is our

entropic separability criterion®.

1 Assuming that Eq. (8.11) is fully proven (see Chapter 8).
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12.2 Example of an entangled mixed state

We present here an example that illustrates the utility of our separability criterion
Eq. (12.9). Let us consider the dephased cat state [84]

o =N (|, a) o a] + | — o, ~a){~a,~a| ~ Fla,a){~a,—a] ~ 1] o ~a)(w,a|)
(12.10)
where |«) represents a coherent state and N is a normalization constant. This state is
entangled for all values of &« # 0, however, it is never detected by the variance-based
separability criterion. Indeed, after a partial transposition, the covariance matrix of
the state will be

& w2
. 23()R(a)  BOECTREE a§(a)R(w)
a’zf\
) 23 () R () b 23 (o) R(a) 834”? (ii@fw)z
=1 o2 y
u(a)i;ie;‘ ‘1%(002 23 ()R (w) a —23 ()R (w)
Al (g )2 a)?
“28()R(@) TR 0%(a)R(a) b
(12.11)
with
A% (a)? et (AR ()2 + 1) — 1
a = 834‘“‘2—2
()20l ? Ao 2 _
p o 163(@Pet + et 4 aR(w)’ — 1 (12.12)
Sedla? — 2

We can thus evaluate the symplectic values with the help of Eq. (2.45). The smallest
symplectic values of the partial transposed matrix is given by

1
~ _ —4|x|? _
v_—i\/e o (8la|2 — 1) + 4 (12.13)

and this is always greater than 1/2, for any value of a. This fact is actually obvious
when we realize that the symplectic values of the partial transposed state are actually
the same as the ones of the initial state. Since we start from a physical state, we will
always have 7. = v_ > 1/2. It means that the entanglement of the state is never
detected by a variance-based separability criterion.

Let us now apply the entropic separability criterion of Walborn et al., Eq. (5.37).
We do not give here the explicit values of the Shannon entropies because they are
complicated, but for a large range of &, we have h(x+) + h(p=) < In(27te)?, when we
choose 01 = 6, = 0in Eq. (5.32), which means that the entanglement of this state is
detected.

2For this state, ii(x+) + h(p—) = h(x_) + h(p+).
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Nevertheless, let us now suppose that we have the following cat state

1 1
o' = N(|zx, i) (o) + | — o, —ia) (—o, —in| — ZM' i) (—o, —ioe| — Zl| —a, —in){a, ioc]).

(12.14)
It is the same cat state as before, but we applied a rotation®
o = e i1NpmitaR iR iR (12.15)
such that the new quadratures can be expressed as
X;=cosdjxj +sing;p; and  p;=cos¢;p; —sing;x;. (12.16)

In Eq. (12.14) we chose the specific case of ¢ = 0 and ¢, = —7/2. The rotation does
not change the entanglement of the state, so we know that this state is entangled. Let
us see if it is detected by the different criteria.

The covariance matrix of the partial transposed state, 4 will be different, but the
symplectic values will be the same. Indeed, symplectic values do not change under a
symplectic transformation like the rotation. It means that entanglement in this state
is still not detected by the variance-based separability criteria.

If we now turn to Walborn et al. criterion, and we fix 8; = 6, = 0, there will now be
some cases were the entanglement will not be detected anymore. Indeed, if we fix,
for example a = 4, with the initial quadratures, we had

h(xs) +h(ps) = 2.822 < In(27e) (12.17)
while with the prime quadratures (12.16) we obtain

h(x!.) 4+ h(pL) = 4.224 > In(27e). (12.18)
Entanglement is thus not detected anymore.
If we now use our separability criterion Eq. (12.9), we find

o o3

1 005
h(x) +h(ph) — 5 1n (‘Ti o (;x, : )2> — 2.815 < In(27e) (12.19)
r Px Pz

so that entanglement is now detected. Of course, if we would have used our criteria
with the initial state (before the rotation) we would have found

1 5,0y
hxs) +h(ps) = 5In | = - o) =282 < In2re) (12.20)
X+ ¥ X ¥

which shows that, here too, we are able to detect entanglement. Remark that the

3See Section 2.5.3.
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value is the same as in Eq. (12.17). This is because p does not exhibit any correlation
Ox. p 0 that both, our criterion and the one of Walborn et al. (with 6; = 6, = 0) give
always the same value for this specific state. In Table 12.1, we give a summary of the
entanglement detection according to the different separability criteria.

Variance-based | Walborn ef al. | New criterion
. <1/2 Eq. (5.37) Eq. (12.9)
0 X v v
o’ X X v

Table 12.1: Entanglement detection of the cat states p and p’ by the different separa-
bility criteria. The symbol v means that entanglement is detected and x that it is
not.

12.3 Discussion

Of course, if one makes an optimization over all the possible angles, the state of
the previous example will be detected by Walborn et al. criterion when choosing
01 = —¢p1 = 0and 0, = —¢ = /2. Yet, in general it is not easy to find the optimal
angles and the optimization might request some heavy calculations. Also, remark
that in our example, we detect entanglement but are very close to the bound (see
Eq. (12.19)). Since it is not an obvious violation of the uncertainty relation, Walborn
et al. might have very easily missed it and never detect entanglement. The power
of our entropic separability criterion over the one of Walborn et al. is that we never
need to make an optimization. We will detect all the entangled states detected by
the latter criterion, without the need of looking for the optimal angles showing the
maximum of correlations. This optimization is indeed somehow included in the term
% In (%) which takes correlations into account.

U}%i 0’%; - (Uxi P )

We also believe that this separability criterion brings another validation to the new
entropic uncertainty relations introduced in Chapters 6 and 8. Indeed, we were not
able to prove the concavity of those relations, so that we do not have a formal proof of
those entropic uncertainty relations for mixed state (but numerical evidence). Never-
theless, we showed in this chapter that we were able to reproduce results obtained in
[84] for mixed states. This gives an additional confirmation that Egs. (6.14) and (8.11)
should be true.
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13 Conclusion

The focus of this thesis was to explore entropic uncertainty relations. The original
formulation of Biatynicki-Birula and Mycielski is not invariant under Gaussian trans-
formations, which implies that it is saturated only by certain pure Gaussian states.
The main motivation was thus to improve this entropic uncertainty relation in or-
der to find a symplectic invariant formulation, that would thus be saturated by all
pure Gaussian states. Indeed, the variance-based counterpart, that is the Robertson-
Schrodinger uncertainty relation, verifies both conditions. Since we believe that en-
tropic uncertainty relations are more robust, it should be possible to answer those
questions in the entropic framework and develop the equivalent entropic uncertainty

relations.

In Chapter 6 we suggested a first improvement of the entropic uncertainty relation
which solves the saturation problem: the new entropic uncertainty relation, which
takes x-p correlations into account, is now saturated by all pure Gaussian states.
However, it is not invariant under symplectic transformations. If we consider the
joint entropy, like we did in Chapter 9, the new entropic uncertainty relation is now
invariant under symplectic transformations and thus, obviously, still saturated by all
pure Gaussian states. Nevertheless, we did not completely solve our problem since
the uncertainty relation proposed in this chapter, which is only a conjecture, is valid
only for states with positive Wigner function. For Wigner functions with negative
parts, we showed that it is possible to extend the definition of our so called Wigner
entropy, to a complex-valued function. Unfortunately, we were not able to derive

any entropic uncertainty relation from the Wigner entropy.

We also extended the entropic uncertainty relation to any arbitrary quadratures, so
we are not restricted to canonically-conjugate variables only. This is the subject of
Chapter 7. The relation developed here can also be understood as an entropic un-
certainty relation expressing the balance between any two n-variable Gaussian pro-
jective measurements. Interestingly, the bound of this entropic uncertainty relation
depends on a commutator matrix, exactly like the variance-based uncertainty rela-
tion does. Nevertheless, similarly to the original entropic uncertainty relation, it is
not saturated by all pure Gaussian states. Therefore, in Chapter 8, we proposed a
tight formulation of this entropic uncertainty relation. By taking into account the
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correlations between all the quadratures — through the covariance matrix — the
new entropic uncertainty relation is now saturated by all pure Gaussian states. A
small summary of all the entropic uncertainty relations encountered throughout the
thesis can be found in the first column of Table 13.1. The symbol v' means that the
entropic uncertainty relation is proven, t that it is proven conditionally on reasonable

assumptions and * that it is still just a conjecture.

Remark that in all those chapters, we always insisted on one point: entropic uncer-
tainty relations are actually better expressed in an entropy-power formulation. In-
deed, it resembles more the variance-based uncertainty relations. Moreover, using
the fact that for fixed variance, the maximum entropy is given by a Gaussian, we
can easily deduce a variance-based uncertainty relation from an entropy-power one.
The second column of Table 13.1 shows the equivalent entropy-power formulation
of the different entropic uncertainty relations, while we present in the third column
the variance-based uncertainty relations implied by the entropy-power ones.

We made significant improvement in entropic uncertainty relations, however, we
were still not able to answer the main question: what is the symplectic invariant en-
tropic uncertainty relation? We believe that we should keep looking for this more
general uncertainty relation. One possible line of approach is to develop further this
concept of Wigner entropy presented in Chapter 9. We need to better understand
what a complex-valued joint entropy means and then suggest its entropic uncer-
tainty relation. We believe that this entropic uncertainty relation should coincide
with conjecture (9.10) for positive Wigner functions. Indeed, even if it is not proven

yet (except for Gaussian states) we have numerical evidences that it is true.

Moreover, if we do not know yet how to access the correlations between the quadra-
tures through the joint entropy, we showed that taking correlations in the covariance
matrix into account help to find a tighter entropic uncertainty relation. We thus be-
lieve that research should also still be oriented in this direction and in particular, the
next step would be to prove Eq. (8.64).

In the idea of finding an entropic uncertainty relation invariant under any Gaussian
transformation, we proposed, in Chapter 10, a different framework. We defined two
multi-copy observables acting on two and three copies of a state and computed the
Shannon entropy of those observables. Since, for both of them, the positivity of the
variance of the multi-copy observable is equivalent to the variance-based uncertainty
relation of Robertson-Schrodinger, and they are saturated by the same states (the
pure Gaussian states) we proposed two new entropic uncertainty relations based
on the simple condition that the Shannon entropy is always positive. In particular,
we showed that those entropic uncertainty relations are invariant under Gaussian
transformations and are saturated by all pure Gaussian states. The 3-copy observable
has the advantage to not restrict to states centered on the origin. Nevertheless, we

do not know yet the eigenvectors of this observable and thus do not know how to
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compute its Shannon entropy in general. For Gaussian states however, both Shannon

entropies coincide.

Chapter 11 and 12 highlight one of the main applications of uncertainty relations:
separability criteria. In both chapters, we showed that using a tighter uncertainty
relation allows us to detect more entangled states. In Chapter 11, the separability
condition is based on the Gaussianity-bounded uncertainty relation. By taking into
account the degree of Gaussianity of the state, we gave some explicit examples of
non-Gaussian entangled states detected by our criterion, but not by the usual one of
Duan and Simon et al.. In Chapter 12, the detection is improved by the use of the
entropic uncertainty relation of Chapter 8. Note that to be more exact, the entangle-
ment detection reaches the same level as with the criterion of Walborn et al., however,
the calculations are easier since we showed that our separability criterion does not

require any optimization.

In Table 13.2, we present a summary of the separability criteria and their associated
uncertainty relations. Each inequality of the second column is a condition that is
respected by any separable states. Therefore, an entangled state is detected whenever
those inequalities are violated. The tighter the separability condition is, the more
entangled states we can detect hence the interest of developing tighter uncertainty
relations.

Let us conclude by mentioning that this work is more general than it first appears
to be. Indeed, even if everything was presented in the quantum optics framework,
the uncertainty relations presented here can actually be applied to any problem that

deals with bosonic modes.
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Entropic uncertainty relations

Entropy-power uncertainty relations

Variance-based uncertainty relations

182

h(x) 4+ h(p) > In(te) N:N, >1/4 oo > g
Biatynicki-Birula and Mycielski Eq. (4.39) v Eq. (6.4) Heisenberg Eq. (4.2)
h(x) + h(p) — 3 Aamﬁwm‘wmﬁﬁ“v > nln(e) AZ%VZM:VV: %ﬂmﬁem > & dety > &
Eq. (6.14) t Eq. (6.61) Schrodinger-Robertson-Simon Eq. (4.15)
h(y) + h(z) > In ((re)"| detK]) (N4Ng)" > LG dety dety? > L9k
Eq. (7.31) v Eq. (7.54) Eq. (7.52)
h(r) > n In(re) Vstates s.t. W(r) >0 Azmmvvx > % dety > Wx
Eq. (9.10) * Eq. (9.13) Schrodinger-Robertson-Simon Eq. (4.15)
h(y) + h(z) — 1 In A%v > In ((re)"| detK|) (NyN,)" gorletl e > Lokt detT > LdetKE
Eq. (8.11) + Eq. (8.59) Eq. (8.60)
(&) +h(E) + -+ h(Ey) — L Aﬁﬂwv Lin((27te)" det C) NiNz -+ Naigiis > detC detT; > detC
Eq. (8.64) * Eq. (8.67) Robertson Eq. (8.56)

Table 13.1: Summary of all the the entropic uncertainty relations and their entropy-power formulations as well as the variance-based uncertainty
relations implied by them. The symbol v' means that the entropic uncertainty relation is proven, t that it is proven conditionally on reasonable

assumptions and * that it is a conjecture.
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