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Abstract

Following recent applications of the so-called multicopy method in the context of quantum optics,
relations between bosonic modes and spin systems have proven to be instrumental to analyze
uncertainty relations. Here, we derive several second-order uncertainty relations and establish a
general mapping between the number basis of bosonic modes and the eigenbasis of spin operators.
More precisely, in the first part of this dissertation, we apply the Jordan-Schwinger map in order to
convert simple inequalities on spin (or more general) operators into non-trivial inequalities for the
quadratures of multimode bosonic systems. In the second part, we employ Lie algebra theory to
set up an algorithm decomposing the Fock space of multimode systems in irreducible submodules
of su(2); it enables us to deduce the eigenbases of spin operators and highlight the desired relation
between bosonic modes and spin systems. We exemplify our algorithm for the non-trivial 3-mode
system and show that eigenstates of other spin operators could be deduced by applying unitary
operators expressed in terms of Wigner d-matrices.

Keywords: quantum optics, uncertainty relations, Jordan-Schwinger map, bosonic modes, spin
operators, spin basis, multicopy method.
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1. Introduction

The uncertainty relations introduced in 1927 by Heisenberg |1]| highlight the existence of an inherent
tradeoff on the precision of the results when measuring particular pairs of physical quantities
in quantum systems, such as the position and momentum of a particle. It is a big divergence
between classical and quantum theories, as, in classical theories, there are no theoretical limits
on the precision one can obtain from a measurement and the knowledge of a physical property
should not affect the measurement of another one. In contrast, in quantum theories, there is
a limit on the precision of some measurements, and there are observable pairs for which the
knowledge of one gives a lower bound on the accessible knowledge on the other. This principle was
formalized by Kennard with inequalities using the variance of the measured distribution [2], while
Beckner [3], Bialynicki-Birula, and Mycielski [4] used entropies instead. Even if there is still an
epistemological debate about whether uncertainty is an intrinsic property of particles or of their
measurements, this feature of quantum theories provides fundamental insights into the limits of
measurement precision and bounds on physically allowed operations. For instance, in quantum
cryptography, it helps deduce the presence of an eavesdropper |5} 6] and in quantum information it
helps witness entanglement |7H9]. Although extensive research on uncertainty relations has already
been performed since the inception of quantum mechanics, there remain unexplored aspects and
potential extensions of these relations that warrant further investigation.

In particular, an entropic uncertainty relation for continuous-variable systems which is saturated
for all Gaussian pure states remains a conjecture and the derivation of stronger inequalities for
multimode systems is still an open research problem. In 2019, A. Hertz, O. Oreshkov and N. Cerf
showed that the Schrodinger-Robertson inequality (the strongest quadratic inequality for one-mode
systems) could be derived from trivial inequalities obeyed by a multimode operator defined via the
Jordan-Schwinger map and applied to several copies of the state of interest [10].

Chapter [3| generalizes the results of A. Hertz et al. by considering trivial inequalities on more general
operators created via the Jordan-Schwinger map and applying them to general bosonic multimode
systems. This multicopy approach yields new uncertainty relations for multimode systems. Yet,
limitations are met due to the lack of knowledge about the eigenstructure of operators generated
by the Jordan-Schwinger map. For instance, we are not able to deduce the saturating states for
these new uncertainty relations nor to investigate the entropy of these operators. Therefore, we
choose to investigate these eigenstructures in Chapter [4] This research extends the already known
relation between the number basis and the spin eigenbasis of operators created through the Jordan-
Schwinger map for two-mode states to general n-mode states, and provides several generalizations.
This result can hopefully contribute not only to computing the entropy of the uncertainty operators,
but also to addressing questions related to witnessing entanglement, nonclassicality, or nonlocality,
as it echoes questions raised by several papers at QulC (Center for Quantum Information and
Communication).



2. Quantum mechanics and algebras

2.1 Hilbert spaces in quantum theories

This section focuses on the mathematical foundations of quantum mechanics. Quantum theory
describes the states of a system by vectors (and further endomorphisms) lying in a Hilbert space
H. We extensively use the properties of this mathematical structure and its relationships with
other structures, in particular Lie algebras. First, we define the notion of groups, particularize it
into abelian groups, vector spaces, and end with Hilbert spaces. Subsequently, we explore several
mathematical tools used in this thesis. The notations, conventions and definitions employed are
those from [11-14].

2.1.1 Groups, vector spaces to Hilbert spaces

A Group G is a setﬂ of entities g,, the group elements, with a composition law (for short, we can
multiply them together)[14]. The composition law is described as

0:GxG—=G:(ga,98) = Ya © gs- (2.1)
This law must obey several postulates:

e Internality:

V9a, 98 € G, 9y = ga© gp = gy € G, (2.2)
e Associativity:
V90,9897 € G,(gda©9s) © gy = ga © (95 ° 94) , (2.3)
e Existence of the identity I:
A eGVgeG:Tog=gol =y, (2.4)
e Existence of the inverse:
Vge G,dh:hog=goh=1, (2.5)

where g~! = h denotes the inverse of g.

The notation for the group formed by the set G associated with the law o is written G, o.
Numerous mathematical structures are derived from groups, which can be discrete or continuous,
with a finite or infinite (countable or not) number of elements, bounded, or not, and many others.
Group theory is an important and large field of mathematics, but we will restrict ourseleves to
describing the following two particular kinds the abelian and Lie groups, and then give examples
of these groups in physics.

Abelian groups are groups with a commutative composition relation, i.e:

V9o, 98 € G, ga © g3 = 93 © ga- (2.6)

Thus, these are also known as commutative groups.

!We could delve deeper and first focus on the notion of sets, but we assume the reader to be familiar with this
topic.



A Lie group is a continuous and finite dimensional group such that G corresponds to a differentiable
manifoldﬂ. Both composition and inversion need to be differentiable everywhere (we will say that
the group is smooth).

There are many groups in physics: all vector spaces (cf. Section are groups, symmetry trans-
formations are described by groups (SO(3) for rotations of vectors in space or R? for translations,
both of which are Lie groups)|14]. Special relativity is the study of the Poincaré group (composition
of the Lorentz group SO(3,1) for rotations and boosts, with the translation group), and general
relativity is the study of the general group of diffeomorphisms (reversible changes of coordinates
on manifolds, differentiable, and whose inverse is also differentiable) |15} |16]. The standard model
describes particles based on the group SU(3) x SU(2) x U(1) |14]. Many mathematical tools form
groups, for instance, on functions: the Fourier transform, the parity, the inverse Fourier transform,
together with an identity transformation are a four elements group, which can be extended to the
fractional Fourier transform to make a continuous group. Similarly, the differential operators of
the functions form a group and can be extended to fractional differentiation|17].

Vector spaces are particular abelian groups. A vector space is defined over a particular field ]-'E|
For notations, we will use the Dirac notation, where the elements of the vector space V', the vectors,
are called kets and represented by the symbol |v). In quantum mechanics, the system states are
described by vectors (or more complex objects, as presented in Section , which motivates our
interest in vector spaces. The composition law for vector spaces is called an addition law, written
+, such that the fundamental abelian group behind the vector space is V, +.

Finally, the identity of the addition law is called the null vector written 6

The second law is a multiplication by a field element

CFXV SV IOW) = A [0) = AlY). (2.7)

This relationship follows five postulates:

e Internality in V:
VYae FYW) e VAl eV, (2.8)
e Mixed associativity:
VA p € F V) € Vi Mpl)) = (Au) [¥), (2.9)
e Mixed distributivity:
VA pEF VW) € Vi (A+p) ) = (MY)) + (1]¥). (2.10)

This property combined with the existence (and unicity) of 0 implies

YA e F: A0 =0, (2.11)

Vectorial distributivity:

VAe FV[Y),[¢) € Vi A[Y) +1¢) = (A[v)) + (A9)), (2.12)

20Once again we will spare the reader the definition of manifolds.

3We will not delve very far into the definition of fields, but to summarize it, it is a set of elements with two
binary laws: addition and multiplication. An additive and multiplicative inverse exists. The laws of associativity,
commutativity and distributivity are the same as for the rationals or the reals.

Moreover, the field does not need to be complete, vector spaces are not always complete.

4We do not write |0) as this notation will be used to describe the vacuum in section m




e Existence of an identity element for - in F:

Vi) e Vil-|9) =[¥), (2.13)
where 1 denotes an identity element.
The Vector space is then written F,V, +.
Hausdorff pre-Hilbert spaces or inner product spaces are vector spaces with an additional law:

the inner product (if F is a scalar ﬁeldE], it is called a scalar product).
First we require the field to have a complex conjugate operationﬁ

x: F—=F A=\ (2.14)

The conjugate needs to be distributive over addition and multiplication, and needs to be selfinversive
(an involution), i.e.:

VAe F:(\) =\ (2.15)
Then the inner product is a positive semi-definite Hermitian form
(|): VXV = F: |, w — (vw). (2.16)
In Dirac notation, this is called a braket. The postulates for this law are as follows:

e Hermitian symmetry or conjugate symmetry:

Vo,w eV : (vjw) = (wlv)", (2.17)
e Linearity at right:

VIw) € V,V|v) = cilvi) € Vi € F withi € {1,2,...,n},: (wlo) = > A (wlvr) . (2.18)

Combined with the first condition, this also implies anti-linearity at left:

VIw) € V,V[|v) = cilvi) € Vi € F withi € {1,2,...,n},: (vw) =Y ¢ (vi|w), (2.19)

% A

e Positive definiteness,
Yo e V{vvy >0, (vv)=0<v=0. (2.20)

Two vectors are considered orthogonal if their scalar product is 0.
Hilbert spaces Finally, if we add a distance law d or a norm || - [[[| such that, with this law, the
vector space becomes a complete metric space, we obtain a Hilbert space. First, we require an

absolute value for the field elements | - | and a square root law  /~ for the image of f(v) = (v, v) ﬁ
Then we define the norm as

|- :V = F:l|v),|wy = (v|v). (2.21)

We use the following abusive notation: || [v) || = ||v||. In general, to be a norm, a law requires the
following properties:

SEach element of the field can be represented by a single number.
SFor the real field, this operation is the identity.
A distance law and a norm are equivalent and related via d(|v) ,0) = |jv|| and d(|v), |w)) = || |v) — |w) ||.

2
8In particular this relations requires v = \, VA € F.
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e Subadditivity or triangular inequality:

VIv),[w) € Vo flo+wl| < floff + [[w], (2.22)
e Absolute homogeneity:
Vo e VYA € F o |[Av)ll = [Al vl (2.23)
e Positive definiteness
Yoe V|| >0, |v]=0&0v=0. (2.24)

Fortunately, we can demonstrate that Equation ensures all these properties. Finally, V|||l
is a complete metric space if any Cauchy sequence converges in it.

For the vocabulary, a vector is normal if its norm is 1. Normalizing a vector reduces to dividing
it by its norm to obtain a new vector that is normal. Two vectors are parallel or aligned if their
scalar product is the product of their respective norm. In quantum theories, we consider a Hilbert
space H, defined on the complex field C with classical arithmetic lawsﬂ The states of the system
are described by normalized vectors.

Vector spaces are well represented in physics, for instance, in classical mechanics, phase-space, or
spacd'| itself are Hilbert spaces, while in special relativity, space-time is a pseudo-Hilbert spacd'!]
Electromagnetic fields are vector spaces as well, such as the states of the system in quantum field
theory or statistical physics.

2.1.2 Dual space and space of the endomorphims

Several spaces can be built on each vector space V', such as the dual space or the endomorphisms
space.

The Dual space V* of a vector space V is the space of all linear forms of V. A linear form is an
application (w| (this is the Dirac notation, and they are named bra’s):

(w|: V= F:|v) = (w|(|v)). (2.25)
As the name indicates, it is linear:
Vivi),lve) € Ve {wl (o) + |v2) = (w] (Jor)) + (w] (v2)) - (2.26)

In space V*, the addition and multiplication laws are defined based on the application of the linear
form to the vectors:

+: VXV =V (w |, (wa] — (wq] + (ws,

such that [0} € V' : ((wy] + {wl) (j0)) = (wn] (1)) + (wal (o)), (2.27)
G F X VISV A (w| = A (w],
such that V|v) € V : (M (w]) (Jv)) = X ((w] (|v))) . (2.28)

Note that the dual of the dual of a space is the space itself. A space and its dual are both
isomorphic. If the vector space is now a pre-Hilbert space H, we can create a bijection from vectors
to linear forms, owing to the inner product. We say that the dual form (v| associated with a vector
|v) is the only linear form such that

Viv) € H: (v|(Jw)) = (v|w) . (2.29)

9In the following we will write H if we consider Hilbert spaces and V otherwise.
10The space as the space continuum in which objects lives.
HThe scalar product associated with this space is not positive definite.




Space of all linear endomorphisms. A linear endomorphismE in V' is a map intern in V; i.e.,
O:V =V, (2.30)

The map must be intern and linear. We will also discuss linear operators, and most of the
time, we will not underline the linearity and only say endomorphism or operator. The set of all
endomorphisms, End(V'), with the following addition and multiplication laws is itself a vector
space:

+ :End(V) x End(V) = End(V) : O1,05 = Oy + O,

such that ¥ [v) € V: (O + 0y ) () = 01 ([0) + Oz (|v)). (2.31)
2 F x End(V) = End(V) : A,0 = X- O
such that ¥ [v) € V/ - (AO) (Jo)) = A (O (|v>)> . (2.32)

In Dirac’s notation, the parentheses are removed for simplicity, such that O (Jv)) = O |v). Tt also
forms a group with a composition relation such that

0:0,P— [|v> - (Ooﬁ) 0y = OP o) = O (Pm)]. (2.33)

The neutral element for this operation is called the identity, and is written 1. This space is
isomorphic to the space of all linear forms in V* @ V: (V* @ V)" =V @ V*. with the following
isomorphism: [}

O — [<w| o) — <w|o|v>} . (2.34)

These two spaces are not distinguished in the remainder of this thesis. This isomorphism, combined
with the idea that V ® V* is self-dual (up to an isomorphism), implies that End(V) is also
self-dual. We can therefore build an operation, intern in End(V'), which plays the role of the
dual of operatorﬁ This operation is the adjoint operation, and we say that an operator is the
adjoint/conjugate transpose of another. The adjoint of O is the only operator Of such that

(0|O"|v) = (¥[Ol¢)" . (2.35)

Owing to the properties of dual and complex conjugation, any proposition in quantum mechanics
can be conjugated to obtain another equivalent proposition. To do so, each element is replaced
by its dual (a scalar by its complex conjugate, a ket by a bra, a bra by a ket, an operator by its
adjoint, etc.), and their apparition order is inverted. For instance:

M) (| T 1) = |z) + 1y} & @ T [w) (] AN = (2] + (y] - (2.36)

Several endomorphism subfamilies exist. The self-adjoints aka Hermitian operators or observableﬁ

are operators such that R )
A=Al (2.37)

12We denote the endomorphisms using a hat. This is used to distinguish, for instance, matrices and operators of
quantum mechanics.
13The inverse of this relationship requires the notion of bases. If |v;) is a basis of V' and (w;| a basis of V*, then

we have R
O ((wl,v)) = O = Z |wi) O ((wil ; [v3)) [v;) -

14 This affirmation can be understood by comparing the norm of a vector ||v|| = 1/(v|v) and the Frobenius norm
of operators ||O||p = v/tr (ATA). We could properly define the Frobenius inner product and demonstrate that it is
related to the classical inner product.

15This name is due to the existence of a one to one correspondence between these operators and the physical
quantities that can be observed in nature.



The unitary operators follow the property
UUt =00 = 1. (2.38)
The idempotent operators are defined by
Q*=Q, (2.39)
and the bounded operators by
IM eRS V) eV HB |U>H < M. (2.40)

Finally, we define several operations for the operators. The trace of an operator is the only linear
form on End(V), such that

tr (Jv) (w]) = (wlv). (2.41)
To obtain a more precise definition, we need to develop the notion of basesEG].
The commutator [-, -] and the anticommutator {-,-} of two operators are binary operations defined
as
[A,B]= AB — BA, {A,B} = AB+ BA. (2.42)

If respectively the commutator (anticommutator) is the null operator, then we say that the operators
(anti-)commute. Several properties of the commutator are extensively used in the following sections:

e Anticommutativity:

e Alternativity: o
(A4, A] =0, (2.44)
e Expulsion formulas:
[A, BC) = B[A,C] + [A, B|C, [AB,C]= A[B,C]+[A,C)B, (2.45)
e Jacobi’s identity: o o o
(A, B, ¢+ [B,[C, Al + [, [4, B = 0. (2.46)

2.1.3 Bases and components

The concepts of linear independence and basis are powerful tools in linear algebra and quantum
mechanics. Let us define a set of vectors {|v;)}. Then a vector |¢) is a linear combination of this
set if and only if there exists coefficients ¢; € F such that

E:QWOZhM- (2.47)

The set of all linear combinations of {|v;)} is written as Span ({|v;)}) and is called the set spanned
by {|v;)}, or the span of {|v;)}. The vectors of a set are linearly independent if and only if no
vectors in this set are explicitly a linear combination of the others:

Vvi) € {lvi)} < [vi) & Span ({|vi) i # j}) - (2.48)

16 Alternatively we could also precise the isomorphism between End(V) and V @ V*.




This set is also said to be a free part of V. Similarly, a set {|v;)} is said to be a generative part of
V', or a complete part, if and only if

Span ({|v;)}) = V. (2.49)

If a set {|v;)} is simultaneously a free part, and a generative part of V', then this set is said to be a
basis. In this case, the components of a vector |¢)) are the coefficients ¢; in Equation ([2.47). The
components always exist (because a basis is a generative part) and are unique (because a basis is a
free part).

Hereafter, we will only work with a Hilbert space H as we will use inner products. The dual basis
of the basis {|v;)} is the set of linear forms (v;|, such that (v;| is the dual form associated with the
vector |v;), as they are each other’s complex conjugate

) = ZCi lvi) & (Y| = Zcf (vil (2.50)
as shown in Appendix [A.T]
A basis {|n;)} is orthogonal if all the vectors of the basis are orthogonal to each other, whereas it
is normal if they are all normal, or orthonormal if both. In this last case, the components v; of 1)

on this basis are equals to
Vi = (nilY), (2.51)

as shown in Appendix [A.2] A powerful relation for orthonormal basis is the closure relation. To
find it, let us decompose any vector [1)) on an orthonormal basis:

¥) = ZWIW) =D (mly) ) = (Z\nﬁ <ni\) ) V). (2.52)

As this is true for all |¢), we find a relation whose name is the closure relation:

> fna) (| = 1. (2.53)

i

Changes of basis in this formalism are represented by invertible matrices. Considering only
orthonormal bases, then the changes of basis are described by unitary matrices. The change of basis
from {|t;)} to {|u;)} (both orthonormal) is an operator sending any vector of the ¢ basis on the
corresponding vector of the u basis:

U= Z ) (£] . (2.54)

This operator is indeed unitary since

UUt = (Z |wi) (tz‘|> (Z 2 <Uj|> = Z i) tilt;) (u;| = Z i) 05 (uy] = Z Juz) (ug] = 1.

(2.55)
Alternatively, if U is unitary and {|¢;)} is an orthonormal basis, then |u;) = U |¢;) is an orthonormal

basis:
(wiluy) = (G|UTU) = (tilt;) = 645 (2.56)

The change of basis applied to a vector |¢), gives us a vector U |1)). The vision of changing the
basis of the vectors is referred to as the Schrédinger picture. Yet, in Section we will explain
that we can only measure matrix elements of operators <U|O|w); this is equivalent to considering
that the change is not applied to vectors, but to operators. This representation is the Heisenberg
picture, and a change of basis leaves the vectors unchanged, but the operators become Utou.
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The trace of an operator can be made explicit thanks to bases. If {|n;)} is an orthonormal
basis, then the trace of A is defined as

tr (A) =3 (nilAlny) . (2.57)
i
The closure relation helps showing that the trace is independent of the basis, this is done in
Appendix [A.3] The trace exhibits several interesting properties. It is linear and independent with
respect to the basis, which directly proves that the trace is unitary invariant:

tr (U* OU) _ (A) . (2.58)
A stronger property is its cyclic invariance, which can be demonstrated using the closure relation.

Projectors are a particular kind of operators. If Z is a subspace of H, then the operator projecting
a vector onto Z is said to be a projector. The projector can be written with an orthonormal basis

of Z, {n;}, as
Pr = Z In;) (ng] . (2.59)

This operator is Hermitian, idempotent, and bounded. It is extensively used for measurements.
A generalization of the closure relation for the projectors is that for a collection of sets {Z;},
orthogonal to each other (all vectors of Z; are orthogonal to all the vectors of Z; if ¢ # j), such

that their direct sum is H itself (all vectors of H can be written as a linear combination of vectors
of {Z;}). Then:

> P =1 (2.60)

2.1.4 Eigenvalues, eigenspaces and spectral decomposition

Very useful concepts in quantum mechanics are the notions of eigenvalues, eigenvectors, and
eigenspaces. Any non-zero vector |\) such that

AN =N, (2.61)

is said to be an eigenvector of the operator A with an eigenvalue A. The subspace of all vectors
with the same eigenvalue is called eigenspace of the operator A. The dimension of the eigenspace
associated with )\; is the (geometric) degeneracy g; of the eigenvalueFj]. We call the spectrum of an

operator the set of all its eigenvalues o A , and spectral decomposition the set of pairs (\;, g;).

We call the eigenstructure the spectral decomposition coupled with eigenvectors. All operators
do not possess the same number of eigenvectors, and some do not even possess one eigenvector.
However, their existence is guaranteed for Hermitian operators by the spectral theorem:

]ffl 1s an Hermatian operator on H, then there exists an orthonormal basis of H consisting of the
eigenvectors of A. The eigenvalues are real.

This theorem guarantees the existence of eigenvalues and eigenvectors, and that the eigenspaces
associated with different eigenvalues are orthogonal to each other. A basis composed of eigenvectors
is called eigenbasis.

Note that for observables, we can use the eigenbasis of an operator to compute the trace, and we
find that for observables, the trace is the sum of the eigenvalues of the operator, weighted by their
degeneracies. A second important theorem is the compatibility theorem, which states that:

17As we will only work with Hermitian operators, our matrices will be diagonalizable and we will not distinguish
the notions of algebraic and geometric degeneracies.



If A and B are observables, those three affirmations are equivalent:

~

1. A and B are compatible,
2. A and B share a common eigenbasis,
3. A and B commute.

If {/L} is a set of observables, then if they all commute with each other, it is said to be a commuting
set; at least one common basis exists for all of them. If the basis vectors are unequivocally determined
by the knowledge of the eigenvalues or quantum numbersf;g], then the set of commuting operators
is said to be complete. These sets are complete sets of commuting observables (CSCO). Choosing
a CSCO fixes the basis in which we work. We say that a CSCO is minimal if removing any of the
observables removes the completeness of this set.

Several generalizations of the concepts of eigenvalues exist, such as the singular values decomposition,
whose applications include the Schmidt decomposition for any state of a multipartite system.

2.1.5 State and density operator

First, the states of quantum systems were described by normalized vectors; however, this formalism
cannot consider classical uncertainty. To solve this problem, states of a system are in full generality
described by density operators p (see Section [2.2.1)). These are Hermitian endomorphisms, positive
semi-definite and normalized; we will write 7 (H) C End (#) the set of all the endomorphisms
with those properties. The positive semi-definiteness is defined as

(Wlply) >0 Vp)e HSA>0 Yreo(p). (2.62)

The normalization of the operator is defined as

tr(p) =1« Y N=L1 (2.63)

This representation is more general than simply considering vectors. The vectors only represent a
part of the states of the system, which we will call pure states, as they do not contain classical
uncertainty. The density operator considers the stochastic distribution of the states and is called
a (statistical) mixture. Any pure state |¢)) matches with a density operator p, by the following
relation

py = [¥) (V] (2.64)
Because this application is not surjective, not all elements of 7 () are images of a pure state. This
shows that the density operators are a more general representation of the state of a system. If we

consider that the state of the system is one of the states {|¢;)}, with a probability p; respectively
(we impose that > p; = 1), then the system will be described by the statistical mixture

p=D_pilwi) (il (2.65)

This relationship from H" @ A"! — T (H) is surjective if n (the number of vectors considered in
the mixture) is sufficiently large. We can interpret any density operator as a mixture of dim (H)
VeCtOI"SF_gk indeed, if we consider the spectral decomposition of p (it exists as p is Hermitian), we get

p= Z Ai|Ai) (Al - (2.66)

8The quantum numbers are a set of numbers in bijection with the set of eigenvalues.
9That is, sufficiently large n.
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Based on Equations (2.62) and (2.63), we see that the eigenvalues are indeed probabilities (those
equations match the first two axioms of probabilities, and the third axiom will be obtained owing
to the measurement postulate, presented in Section . This proves that any density matrix
corresponds to a mixture of its eigenstates, with the probabilities being the eigenvalues. We can
add two additional comments.

First, the application presented in Equation is not injective, implying that several mixtures
correspond to the same state. This confirms that the global phase of a state is irrelevant. Indeed
let us consider two mixtures {|i;)} with probabilities p; and {€ |+;)} with the same probabilities,
then the density matrix for the second mixture is

/3 = Zpi (6 ¢ _ml w | sz ’wz wz (267>

Therefore, the mixtures are identical. Or, working with # of dimension 2, With a basis {|0), [1)},
then the mixtures of {|0),|1)} with a probability of 1/2 each, of {‘0 L |0 } and a continuous
distribution evenly distributed, i.e. {cosf|0) + sin@ |1)} give rises to the same density operator,

since 1<\o>+|1> O+ (1, [0)—11) 0] - <1|) -
2\ v2 V2 viooV2

/0 i % (cos @ |0) 4 sin @ |1)) (cos O (0| + sinf (1]) df = (|0> (0] + 1) (1]) .

(10) COF +11) 1)),

1
2

2.68
: (2.69)

Second, Equation proves that any pure state gives a density operator with an eigenvalue
of one and all the other 0; and putting such a distribution in Equation shows that such a
distribution gives a pure state. Therefore, we identify the pure state with the subset of T (#H) with
one eigenvalue 1, the others 0.

2.2 Elements of quantum mechanics

The great novelty of quantum mechanics lies in the use of mathematical tools of linear algebra to
represent physics with simple postulates, which we discuss below using |12, |18, [19].

2.2.1 Postulate of quantum mechanics
The State of the system is describe thanks to a density operator p € F (H), as explained in
Section 2.1.5]

The measurement on the system in quantum mechanics will be described through Hermitian
operators A. This justifies the name of observable for Hermitian operators as they represent
physical observable quantities. The equivalence relation between operators and physical quantities
is known as correspondence rule. As observable are Hermitian operators, it is possible to describe
them through their spectral decomposition:

A=>"AP,. (2.69)
A

The outcomes of a measurement can only be the eigenvalues A\ of the observable, and the corre-
sponding probabilities are given by

PO\ =tr (pz%) . (2.70)

11



Given this postulate, we can compute the mean value of the measured observable as

S aP) =Y At (pz%) — tr (Z AﬁPA> _ (ﬁA) . (2.71)

~ ~

We will abbreviated this by (A) ;o1 (A). After the measurement, if the outcome of the measurement
is A, the state of the system will be given by

o P\pP,
P =—F—F
tr (ﬁPA)

where the denominator ensures normalization. We may note that this kind of measurement is in
fact a particular kind of measurement, the projective (von Neumann) measurements. But there
are several generalizations such as the generalized measurements, or the positive operator valued
measure (POVM), but those will not be used in this thesis.

(2.72)

The postulate on evolution of the system states that the state of the system at time ¢4, py,,
and at time ty, p;, are related by a unitary U(ty, ) depending only on ¢; and t5. This unitary
can be related to the Hamiltonian in order to satisfy the Liouville-von Neumann equation (the
generalization of the Schrodinger equation for mixtures)

9P

A A A A t2 it
iy = [H,0] = fro = Up,, U with U = exp (—i / Hdt). (2.73)
t1

2.2.2 Composite quantum systems

In quantum theories, the state of composite quantum systems lies in the tensor product of the
vector spaces & associated with each subsystem[]

H=Q¢E: (2.74)

Then, if {|v}) ,Vj} is a basis of &, a basis of H is the collection of vectors {®; |v} ) ,Vj;}, abbreviated
as {|vj,,v3,,...)}. Note that we will also sometimes drop the commas.

An important difference between quantum and classical theories is that this representation allows
the appearance of new phenomena, with nonclassical correlations in the results of measurements.
This phenomenon is called entanglement, and presents several behaviours that classical systems
could not have, such as non-locality.

Let us describe particular kinds of states. First, if we describe a system where each subsystem is

in a state p;, then the global state is called a product state and is given by
p = Qipi. (2.75)

A more general situation is considering statistical mixtures of product states, a separable state
J

that is, a non-entangled state.

20Tt also describes systems with several independent degrees of freedom.
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Now let us consider a particular family of observable, that are the product of observable applied
on each subsystem independently

Then generally the mean value of this operator cannot be simplified,

(O) = tr (ﬁ@) _ (fs (gg@)) , (2.78)

but for separable states, we can separate the mean values of each subsystem

(0) =tr (p0) = tr (ij @i ®kok> ijtr (2i5:0:) = ZpJH 2
Even further, for product states, it becomes

0y =1]0).
In this thesis we will also work with a special family of product states which are the copy states. If
& = &,Vi, a product state is a state such that p; = pg, Vi:

~

p = Rifo. (2.80)

2.2.3 Bosonic quantum systems

A boson is a particle (or more generally a system, for example a pair of electrons) symmetric with
respect to the exchange of any two bosons. In particular, it is not constrained by Pauli’s exclusion
principle, as several bosons can be in the same state. If H is the Hilbert space for a single boson,
and S is the symmetrization operator; then N bosons lie in the symmetric space Wy = SHEN . As
we do not fix the total number of particles, the system is described by the direct sum of each space
with a fixed number of particles Wy:

F = sHeN. (2.81)

N=0

This space is called a Fock space. We call mode the n different degrees of freedom of the system.
A simple basis of the Fock space is the Fock basis, aka occupation number basis, or shortly, the
number basis. The vectors forming this basis are the Fock states, and they are described by the
number of particles in each mode, i.e. the occupation number of each mode. Therefore, we will
write |nq,ng, ..., n,) for the state with n; > 0 particles in mode [¢1), ngy > 0 in mode [1)5), etc. For
instance, with 3 modes

S (1) ® [¢h1) @ |s) @ [ha) @ [9h1) ® [¢5)) = [3,1,2) . (2.82)

The orthonormality relation reads

(1, Mg, ooy M [0, M, o 100 ) = Ot Oy it O - (2.83)

The vacuum state |0,0,0,...) will be abbreviated by |0).
We can define the annihilation a; and creation ELI operators as

a; N1, Mgy ooy Mgy My ) =4/ N1, Mgy ey — 1, ny,) (2.84)
&ZT N1, noy ey Mgy o) =V + 1 ng, ng, oy ng, oy, (2.85)
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One can verify that they are each other’s conjugate, and that they follow bosonic commutation

relations:

[@ﬁﬂzo,[@ﬁﬁ o,[@@y:@f

Those operators allow us to relate any Fock state to the vacuum via the following relation

|11, Mgy ey My, oo y) = (H \/n_ilil (dj>m> |0) . (2.86)

We can also define the number operators as
i = ala, (2.87)
which when applied on a state gives the number of particles in the mode 7:
N [N, nay ey Mgy ) = &Idi |11, Mgy ey My oM )
nidz In1,ngyymy — 1, ..np)
=n; Ny, N, oy Ny ooy ) (2.88)

The total number of particles is then defined as
V= (2.89)

For a set of free bosons, each mode can be interpreted as an independent harmonic oscillator with
a total Hamiltonian .
> (s3) 20

where w; is the frequency of the it oscillator. We can also define the position and the momentum
operators

A At . . . o
. a;ta L Wiy AP Wiy — 1D,

T, = , = Z\/E = a; = (2.91)
\/_

) a’i_

2%‘ Qwi 2(4}7;

Using these relations for Equation ﬂ ) leads to
widy 1
H= E Wit By (2.92)

For convenience, we set w; = 1 for now on.

In this formalism, a particular class of operators are the single-body observables. It is the class
of operators that acts on each particle separately (for instance the kinetic energy, or an external
potential are single body observable, while the potential due to the interaction of two particles is a
two-body observable). This class of observable can be expressed as

T =Y alT;a;. (2.93)
]

This formalism describes for instance photons in a black box, or more generally quanta of the
electro-magnetic field [20]. In classical theories the electromagnetic field is described as

F00) = 30 B g )1 om0 299

A
The quantized vesion of it is obtained by replacing the amplitude factor OF \s by an annihilation
operator d,;}/\ on a mode characterized by its wavenumber k and a polarisation A\. The complex

conjugate aE \ 18 replaced by the creation operator a% The quantum field theory, in general, is

then an extension of this formalism to infinitely many modes.
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2.3 Algebras and Lie algebras

In this thesis we will use the Jordan-Schwinger map extensively. This map, developed in Section [3.1]
binds matrices to operators, and preserves the commutation relations. As a vector space with
commutation relations is a Lie algebra, both the space of matrices and the space of operators
created thanks to the Jordan-Schwinger map are Lie algebras, and we will need several of their
properties. All the definitions and notations we will used are adopted from [21].

2.3.1 Definition:

An algebra g is a vector space defined over some field K equipped with of some binary bilinear
operation f:g®g—g: (A, B)— C= f(A B).

A specific kind of algebra is the Lie Algebra. In this case, the bilinear map f is a Lie bracket,
written, [-,-] obeying the following postulates:

e Alternativity:

Vgeg:lggl=0, (2.95)
e Jacobi’s identity:
Vg, h,i € g: g, [hil] + [h [, 9] + i[9, h]] = 0, (2.96)
e Anticommutativity:
Vg,h € g:[g,h] = —[h,gl. (2.97)

Using bilinearity, one can show that the knowledge of the Lie bracket in some basis on the vector
space g; is sufficient to totally determine the action of that given operation (cf. Appendix .

An important example of a Lie algebra is End(V') with the commutator as Lie bracket for any
vector space V over a field F' of finite dimension n. It is of dimension n?, and it will be denoted by
gl(V). Indeed, the set of all the endomorphisms of V, End(V) = {f : V — V| f linear} is a vector
space, and the commutator defined with the classical composition law for endomorphisms satisfies
all the required postulates for Lie brackets (cf. Equations (2.43), and (2.46)). This algebra,

and any of its subalgebras (a subspace of gl(V') where [-, -] is intern) are called linear Lie algebras.

2.3.2 Representations of Lie algebras

A representation of an algebra g is a homomorphism@ ¢ : g — gl(V). Later in this thesis, if such a
homomorphism ¢ exists, by abuse of language, we will refer to gl(V') as the representation itself.
The Jordan-Schwinger map being such a representation, the study of propertiesof representations
will be useful in Chapter [4]

First, as any linear operation, it can be defined by its action on a basis. Second, if the Lie bracket
is defined by its action on a basis, then the homomorphism conserves its definition. Explicitly,
for the particular homomorphism ¢ that directly maps the basis {g;} of g on a set {G;} € gl(V)
(with ¢o(g;) = G;Vi € 1,..., k), the defining properties of the Lie bracket are conserved by the
commutator:

[9i, 95] = Z sox = |Gy, G Z Z;Gk Vi,j€1,...,k cf appendix[B.2] (2.98)
2

An example of a representation is the identification of endomorphisms in V' with matrices by their
action on a basis. The homomorphism used is the canonical homomorphism between gl(V') and

21 A homomorphism ¢ is a linear transformation from ¢ : L — L’ such that ¢([z,y]) = [¢(z), d(v)].
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the algebra constituted by the set of n x n matrices with entries in F' and the Lie bracket gl(n, F)
is the commutator.
Additionally, a representation will be said faithful if the homomorphism is injective.

9i 7 95 = 0(g:) # 0(95). (2.99)

An example of not faithful homomorphism is the application sending any operator A t0 0. Indeed,
if [fl, B] = C, then @ </1> N0 (B)] =9 (é) is automatically verified as [0,0] = 0 is always true.

2.3.3 Modules

The concept of modules is equivalent to representations. If V' is a vector space with an operation
gxV =V :(z,v) = x-v with the following postulates:

e Linearity on Lie algebras elements:

(ax 4+ by)-v=alx-v)+bly V), (2.100)

e Linearity on vectors:
x - (av + bw) = a(z - v) + b(z - w), (2.101)

e Lie bracket acts as the commutator:

[Tyl v=z-y-v—y -x-v. (2.102)

Then V' is a g-module.

The connection with representations is immediate: in the representation ¢ : g — gl(V'), gl(V) is
a g-module where z - v = ¢(x)(v). Alternatively, the g-module gl(V') defines the representation
o:g—gl(V).

Defining modules helps extending the ideas behind representations by adding several concepts. A
submodule W of V' is a subspace of V' that is a g-module. This is possible if and only if W is an
invariant subspace of V', i.e.

VeegVweWCV:.ix-weW. (2.103)

A g-module is irreducible if it has only two submodules, 0 and itself. Those notions will be
helpful to construct a basis of the elements of the Jordan-Schwinger map. An important results on
irreducible modules, is Schur’s lemma. It has several formulations, but we will just note one of its
corrolaries. On irreducible submodules, the only operators commuting with all elements of the
algebra should act proportionally to the identity.

2.3.4 Casimir element of a representation

Let L be any semisimple algebra?, and 8 any nondegenerate symmetric associative bilinear form
on L. If {x;} is a basis of L, then one can show that there exists one unique other basis {y;} such
that 5(z;,y;) = d;;. This basis is called the dual basis relative to .

For a given representation ¢ : L — gl(V'), one can study the following endomorphism of V'

co(B) = D o) yi). (2.104)

22The semisimplicity is here only to ensure the existence of a non-degenerate trace later. To be semismple, the
algebra should be non-abelian, with no non-zero proper ideals. An ideal i is a subalgebra of g such that [g,i] Ci. It
is proper if i # g and non-zero if i # {0}.
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As shown in Appendix this endomorphism of V' has commutes with ¢(L), or explicitly
[6(v),co(B)] =0 VveL (2.105)

In the particular case where S(z,y) = tr (¢(x)d(y)) then cy = cy(5) is the Casimir element of ¢.
An important remark is that ¢, is not an element of the algebra L or its representation

~{VL,V, V¢:L—V,3ve Llp(v) =cy}. (2.106)

And as explained before ¢; commutes with all elements of the representation of L.
One can examine the dual basis of an algebra for 3(z,y) = Tr(¢(x)¢(y)). If M;’ is the basis
change matrix such as y; = >, M;’z;, and B;; = B(z;, ;)

0ij = Blaiyy) = tr (d()dly;)) = Y M tr (p(a)p(zi) = Y M8y =Y M By, (2.107)

If B;; is invertible, then one finds that M = 3~'. The condition for 3;; to be invertible, or even to
exist will be important later, as we will work with Fock space, i.e. non-finite dimensional space
where traces of some operators will diverge; for instance, for a 1-mode oscillator tr(n) = co.

2.3.5 Relation between Lie algebras and Lie groups

There is a correspondence between Lie groups and Lie algebras; the following section will only give
an idea of this correspondence, but one should be really careful with applying it.

To deduce the algebra associated with a Lie group, one can say that the neighbourhood of the
identity generates the Lie algebra. The Lie algebra is the tangent space to the Lie group at the
identity. As the Lie groups are manifolds, there exists a coordinate systemﬁ {z"} such that to
each vector z# corresponds one and only one operator J(z*); it is possible to fix the coordinates in
such a way that J(0) is the identity. As the manifold is differentiable one can define a notion of a
derivative V,, and define the operators A, = (V,J)|mu—o. Those operators will serve as a basis
for the vector space of the Lie algebra, and as they are operators the Lie bracket will simply be
defined as their commutator. Let us note that the derivative should be defined properly such that
A, behave as a vector under a change of coordinates. For instance, the groups U(1) or SO(2) are
both equivalent topologically to a circle, therefore their Lie algebra are both 1-dimensional, as
represented in Figure a). If there existed some Lie group diffeomorphid?] to a sphere, see b) (it
is not the case), then their algebra would be a plane, and it is the same for toroidal groups, see c).
SU(2) is diffeomorphic to a 3-sphere, therefore its algebra is 3-dimensional. For flat groups such
as the translation group (which is diffeomorphic to R?), the tangeant space is isomorphic to the
group. Physically, this means that for instance both SU(2) and the translation group have three
generators.

To derive the Lie group from the algebra, one should use the exponential map, which in most cases
in physics can be interpreted as a matrix exponentiation:

exp:g—G:w= Zquu — ezp(w) = exp(z whA,), = J(w,) = Z M (2.108)
o

o =0

23An implicit assumption made here is that the manifold can be covered by an unique chart, but this is not
always the case and one should be careful with the topology of manifolds.

2Two topological objects are diffeomorphic to one another if there exists a continuous differentiable isomorphism
with a differentiable inverse between the two.
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Figure 2.1: Topological representations of Lie groups and the related algebras.

2.3.6 Examples of Lie Algebra in physics

Physics is full of Lie algebras. First, as the symmetry groups are Lie groups, the vector space
generated by their generators with the commutation relations deduced from the commutation of
the elements of the groups are Lie algebras. s0(3) corresponds to the rotation group SO(3) and
su(2) to the rotation of spin 1/2 particles SU(2). Those are not the only algebras considered in
physics; in each discipline using vector spaces, then, the space of endomorphisms is an algebra and
in quantum mechanics, the spaces of all the observables, of all the projectors or the one of all the
POVMs are subalgebras of that space. If we consider Span(a, a'), the Heisenberg-Weyl algebra
is obtained where the Lie bracket is deduced from [, a'] = 1. In general relativity theory, the
set of generators of the group of changes of coordinates (the symmetry group considered is the
group of all the coordinate changes, as the equations of general relativity are covariant under any
diffeomorphism), constitutes a Lie algebra.

2.3.7 Properties of su(2)

A particularly important Lie algebra in this thesis and in general in physics is su(2). This algebra
is of finite dimension 3 and for a basis {g;}, the Lie bracket is defined by:

(9i, 9;] = ZZ * €ijk Gk (2.109)
k

In this section we will first present some properties of s1(2) and then, we will define the complexified
algebra, and delve in the structure of irreducible modules of this algebra.

Let ¢ be a representation of su(2) such that ¢(g;) = G;. First we show that in any representation,
the operators (G; are traceless. Using the classical commutator as Lie bracket, the linearity of the
trace and its invariance under cyclic permutations.

D ieutr (Gr) = tr ([Gy, Gy)) = 0 (2.110)

The Casimir operator of su(2) is G2 = 3~ G? (up to a normalization)??] We can easily verify that

251t is not easy to show in all generality. It would require to find the dual basis of {g;} according to Section ([2.3.4)),
but it can be verified for 2-dimensional representations, using the Pauli matrices as a basis of the algebra.

18



this operator commutes with each basis element of the representation,

G%.G,] = ZGG“G ZG G, G)] + Gy, G4)Gy = Z (i€ijuGiGy, + i€ GrGi)

(2.111)
= Z i(Eijk -+ Ekﬂ)Gle =0.
ik
Further calculations will be made using another basis of su(2), which is called the complexified
algebra su(2),

{Gy =G +iGy, G- = Gy —iGy,Gs} . (2.112)
The Lie bracket in this basis is then given by the following relations
[Gg,G+] - [Gg,Gl] +Z[G3,G2] = ’LGQ +Z(—Z)G1 = GJr,
Gs,G_] = [Gs,G1] —i[Gs,Gy] = iGy —i(—1)Gy = —-G_, (2.113)
Gy, G_] = 1[Gy, Gi]| —i[G1,Ga] = i(—i)Gs —i(+i)Gs = 2Gs.

We will not describe the structure of irreducible modules of su(2) precisely. If V' is a module of
the complexified algebra, then the definition of an eigenvector is similar to the one for operators :
v € V is an eigenvector of G = ¢(g) of eigenvalue A € F (R or C for the complexified algebra), if
and only if

Gv = . (2.114)

Then, let g3 be an eigenvector of Gj of eigenvalue A. From this one, other eigenvectors can be
deduced easily, yielding

G3G+gg = (G+G3 + [Gg, G+])95 = ()\ + 1)G+gs, (2115)
G3G_g3 = (G-G3+ [G3,G_])g3 = (A — 1)G.g3. (2.116)

This shows that both GG, g3 and G_g3 are eigenvectors of GG3, and as they have different eigenvalues
they cannot be the same vectors. Further, this explains why G, and G_ will be called rising and
lowering operators, respectively.

Now if there exists some W as submodule of V', irreducible and finite dimensional, there is only a
finite number of eigenvalues for any g € gl(W) (at most the dimension of W). By contradiction
there must exist some eigenvector wy of eigenvalue A such that G_wy = 0. Indeed, by construction
if A — 1 is a non-zero eigenvalue, nor A —n  Vn € N, there exists an infinite number of different
eigenvalues. We will note wy = G’iwk. By induction, we can deduce

G_w, = —k(2\+ k — 1)wg_1, (2.117)
as long as wy_1 # 0. Once again there is only a finite number of non-zero eigenvectors, therefore
JeN:w =0. (2.118)
Lets note w,, the last non-zero eigenvector, then:
0 = Wit = Gotwmer = —(m + 1)(2\ + m)wp,. (2.119)
As w,, # 0 and m > 0, we have:
A= —%. (2.120)

With this method, we have constructed m + 1 vectors wy, ...w,,:
G_wy=0 and G_wp=—-k(k—m—Dwx_1 Vk >0,
Giw, =0 and Grwg = wp Vk < m, (2.121)

Gg’wk = (k — %)wk
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The vector space generated by the wy is of dimension d = m + 1, and is a submodule of W as
Gs3,G,,G_ are intern. As W is irreducible this submodule which is of dimension d > 0 can only
be W itself.

W being an irreducible module of su(2), Schur’s lemma gives that all operators commuting
with each operator of the representation should be proportional to the identity on W. As G? is
proportional to the Casimir element, it should then behave as the identity:

+ G2,

2 2
cﬂ:ﬁ+eauﬁz(g%¥i>—(92;1>44%:G4;;GC”

=G_G4+Gs +G;

:ﬁG%%:(%k+D%—Wﬂ+MFj%+%h—%VM%:(%+(T)ju%:g:id+H%,

d—1d+1
G2=""-CT0
= 2 2

(2.122)
Interestingly, the proportionality coefficient is only a function of the dimension of the irreducible
module considered.

2.4 Uncertainty principle

2.4.1 Uncertainty relations

Uncertainty relations, and the uncertainty principle in general, are key findings in quantum theories.
In classical theories, there are no theoretical limitations on the precision one can get for the
measurement of observable quantities, and overall the knowledge of one does not impact the
precision obtainable on another. By opposition, in quantum theories, there exist uncompatible
observables, such that the precision of the measurement of one gives a lower bound on the precision
achievable with the measurement of the other.

The uncertainty principle was first introduced in 1927 by Heisenberg as a tought experiment
consisting of projecting photons on an electron to deduce its position and its momentum [1].
However this method of measurement introduces a little uncertainty on both the position of the
electron (as the photon comports as a wave its position is not precisely defined), and its momentum
(similarly, the direction of the photon is not precisely defined). In this procedure, Heisenberg
showed there was a trade off between both such that

dxdp ~ 27, (2.123)

where we set i = 1. Later Kennard formalized this idea in terms of the variance of both probability
distributions over the two quadratures z, and p [2],

A?xA?*p > i. (2.124)
Where A%z and A?p are respectively the variance of the probability distributions for the particle
with respect to the quadratures. Formally, he considered that both distributions are Fourier
transform from one another, and deduced this relation as a fundamental property of Fourier
transforms.
Physically, there are two interpretations of uncertainty, Kennard considered that it was an intrinsic
property of states, saying that any physical state has a variance in its position and its momentum.
In opposition, Heisenberg considerd that uncertainty relations describe an error disturbance only
due to the measurement of the system, and Ozawa derived formally his inequality in this sense [22].
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There have been many formulations of this principle. First in 1928 Robertson extended this
principle for any observables A and B 23], as

A*ANB > 2| [A, B [0) P, (2.125)

B |

where if we replace A and B by # and p, with [Z,p] = i we get back Kennard’s result. In
1930, Schrodinger [24] and Robertson |25] both independently improved this relation, to give the
Schrédinger-Robertson inequality

AZAAZB > L4 B2 +

1 ({A—(4),B- BN (2.126)

L
4

If the covariance of two observables is defined as cov; 5 = 3 {A—(A),B— (B)}), with naturally

A?A = cov 4, the covariance matrix is the matrix

o COVAA COVA,B
TAB = (COVB,A COVB,B) (2.127)
and the Scrhodinger-Robertson inequality becomes
1.~ =«
det (v4.0) = 71([A, B (2.128)

Amongst others, a notable family of uncertainty relations are the entropic uncertainty relations.
These are expressed in terms of the entropies of the distributions|26, [27]. For continuous variables
such as z and p, the entropy is expressed as

h(f) = — /_ " () log f(2)da. (2.129)

Then Beckner |28|, Bialynicki-Birula and Mycielski [4] showed that
h(xz) + h(p) > 1+ log . (2.130)

Entropic uncertainty relations are particularly important as they establish the link with quantum
information theories. Often, they are stronger than the classical Heisenberg relation that can be
deduced from it. Let us note that this formulation has, however, several weaknesses. Schrédinger-
Robertson’s inequality was saturated for all Gaussian pure states, and was invariant under
symplectic transformationﬂ, which is not true for Equation (2.130).Several recent works such as
the one from Hertz et al. try to tackle those weaknesses |10, 30].

Uncertainty relations play a fundamental role in several parts of quantum applications. In quantum
cryptography, many protocols rely on the idea that the sender and the emitter can deduce from the
receiver’s error, the error on an eavesdropper’s side, and deduce the presence of one eavesdropper
or not [5], 6]. There also exists entanglement criteria that use uncertainty relations to check if a
state is entangled [79)].

2.4.2 Multicopy uncertainty relations

In the article [10], Hertz et al. showed that the Scrédinger-Robertson uncertainty relation could
be deduced from simple relations on multicopy observables (by this we mean multi-mode operators
acting on a copy state). For instance, if we consider the operator

~

L,y=21@p—p1® o (2.131)

26For more details on this, have a look at [29].
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The positivity of the mean value of L2 on a copy state p ® p directly implies the Schrodinger-
Robertson inequality for centered states“’l This can be generalized to 3-mode observables, allowing
to drop the centered assumption. These results motivate the use of such observables to deduce
uncertainty relations from simple inequalities. For instance, considering their entropy could lead to
stronger entropic uncertainty relations, or considering other states than copy states could lead to
new multi-mode uncertainty relations.

2TStates for which the mean-value of & and p are null.

22



3. Uncertainty relations from the Jordan-
Schwinger map

3.1 Jordan-Schwinger map

The Jordan-Schwinger map is a homomorphism ¢ : h C gl(n,C) — gl(F(n)) between two
representations of a Lie algebra g of dimension N. More on this mapping can be found in the
initial article of Jordan [31], or in the article explaining how Schwinger used it [32]. Complete
development for su(2) can also be found in |13} 33]. These sources only consider the case of su(2),
but here we will define it for the general case.

b is a subalgebra of gl(n,C), the vector space of n-dimensional square matrices with complex
entries. By definition of a representation, b is of dimension N as g, so if the set of N vectors {g;}
is a basis of g, there exists some set of N matrices {G;} making a basis of h and obeying the same
commutation rule as the g;’s, as already seen with Equation ([2.98)):

95, 95] = Zf”gk =[G, G| =Y _fiGwVijel, . N. (3.1)
k

We note that for F(n), i.e. the Fock space of a n-mode harmonic oscillator, gl (F(n)) is the vector
space End(F(n)), the set of all the operators in F'(n), with the commutator as Lie bracket. A
basis of this algebra are the n creation and the n annihilation operators {a!, ...,a!} and {a, ..., a, }
with the bosonic commutation relations, 7.e.

e, Gg] = [al,a5] =0,  [aq,al] = dap. (3.2)
The Jordan-Schwinger map can be defined by its action on the basis of h : {G;} as:

G, = Za gas Vi€ [l .., NJ (3.3)

One can then show that the set of the operators G; is a representation of g by proving that the
commutation relation are preserved:

Gy, G Z LGy Vije L., N (3.4)

This is done in Appendix This also proves that the Jordan-Schwinger map is a homomorphism
as the Lie bracket is conserved. If one wants the operators G; to be observables, the matrices G;
should be Hermitian, as

Gl =3 (8 (@ s) = 30 (G p e = 3L (G 5 (3:5)
af af aB

The definition of the Jordan-Schwinger map directly shows that the operators generated thanks
to the Jordan-Schwinger map are only single body observables, as they are all of the form of

Equation (2.93).
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3.2 General strategy

The aim of the first part of this thesis is to derive uncertainty relations for a multimode Hilbert
space using the Jordan-Schwinger map. The idea is to take a matrix, pass it through the Jordan-
Schwinger map, and then use inequalities already known for any operator (more precisely on the
results of their measurements in particular states) to deduce new inequalities on the quadratures &
and p (on their measurements in these states). For instance A. Hertz et al. used the image of the
Pauli matrix o, by the Jordan-Schwinger map and considered that its variance should be positive
in a 2-copy state to deduce the classical Schrodinger-Robertson relation [10].

Several inequalities can be identified. For instance, for any observable, the mean square value and
variance of the measurement results should be positive.

(G* >0 and A2G>0. (3.6)

Further the entropy over the distribution of the outcomes of the measurement should also be
positive R
S(G) > 0. (3.7)

As discussed already, a big advantage of the Jordan-Schwinger map is that it preserves the
commutation relations. Let us not consider one matrix, but a set of matrices {L;} such that

(Li, L] Z fije L, (3.8)

then the commutation relations are the same for the operators {IA/Z} associated to them, i.e.
[Li, L;] Z fiikLi. (3.9)

We can then use the Schrédinger—Robertson on this set of operators as a new suitable inequality:

2 1 . S . 2
AL, AL > Z Fur (L ’ +Z‘<{LZ~— <LZ->,Lj—<Lj>}>‘ (3.10)
For the particular case of su(2 @ this can be simplified as
A2L,AL; > Z il (7 4\ {L — (L), L; - <ﬁj>}>]2 (3.11)
Alternatively we can use simpler of those inequalities such as for the mean square value
<<C§*1 + C:2> ) >0 <= (G2 + H?) > ‘({G iy, (3.12)

or for Schrédinger-Robertson

~ ~

(226 + 221) > (a%6)" + (220) "+ % (e, af + 411 e a—mp|. 6w

‘2
All operators we use are derived from the Jordan-Schwinger map; therefore, they are expressed in
terms of creation and annihilation operators. As Equation (2.91)) establishes a clear link between
these operators and the quatratures on each mode, all inequalities can be converted into inequalities
in terms of position and momentum in each mode.

In the following we consider a general state and then particularize to several kinds of state, including
separable, product, and copy states.

In Section we demonstrate that this approach does not lead to anything for 1-mode matrices.
In Section we derive several novel relations for 2-mode representations of su(2). In Section
we deduce general inequalities by considering general matrices.

28We consider only representations where L; are observables. Their measurement outcomes are then always real.

24



3.3 1-mode inequality

1-mode inequalities will not give interesting results; indeed, the only operators that can be created
with the Jordan-Schwinger map are proportional to the occupation number operator:

~

G = a'ga = gn = g(2* + p?). (3.14)

As there is only one operator that we can create, all inequalities with more than one operator are
irrelevant. The variance and mean square values of GG are trivially positive.

3.4 2-mode representation of su(2)
We consider Hermitian matrice®|in gl(2, C) such that

L;

0;

Ze 3.15
2 Y < )
where o; are the three Pauli matrices:

ax:((l) é) : ay:(z_ _OZ) : azz<(1) _01) (3.16)

Using the Jordan-Schwinger map (c¢f. Equation (3.3])), the spin matrices become spin operators
given by

o

o o oot
Ly=1L,= Zdiy (L:t)aﬁ ag = ne ;— a2a17
a?ﬁ
L . abar — alay
Ly=L,= ) a),(Ly),za8 =1 5 : (3.17)
a’ﬁ
Ly=L.=Yal (L), 45 = 5 fat2
a7/6

Using the relations between annihilation and creation operators, and the position, momentum
(Equations (2.91])) and the number operators (Equation ([2.87)), the spin observables can be
re-expressed as

R e A= R =g e N R e R i e el

f, - @t n®p i,=" T e N L S R G S R (3.18)
2 2 2 4

Each operator provides access to information about the position and momentum of the states. In

particular, L, is simple to measure with optical circuits as it requires only counting the photon

number in each modes.

Using these expressions we can develop the inequalities given in Section

291t is not necessary to consider other 2 x 2 representations of su(2), the matrices used n those representations
are linear combinations of the Pauli matrices, therefore the inequalities generated by those new matrices are bilinear
combinations of the one generated by the Paui matrices
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3.4.1 Inequalities from (i)g) >0

A. Hertz et al. showed that this inequality applied to a 2-copy state is equivalent to the Schrodinger-
Robertson inequality for a centered state. Here, we develop <L§> > 0 for a general 2-mode state:

N | . 1., 5. o o
0<(L)0< 1 ((Z1p2 — Prd2)?) ,0 < 1 [(@3p3) + (P1a3) — ({a1Pa, Pr2})] |
11 5. o 1, . o 1
=0 < 1 {(ﬁp@ + <p§x§> ) ({21, p1H{ 22, P2}) — 9| (3.19)

Equation (3.19) is an explicit uncertainty relation for a two-mode system. We can particularize
this result for several types of states using the properties of their means presented in Section [2.2.2]
For separable states we find:

01 3n GG - g W) e 5| )
while for product states we get
03 [(@) ) + @35 - 5 o pad) Gaaied) - 5. (3.21)

Finally, for copy-states we obtain

0<

B~ =

260 - 5 (E@ah* - 3 322

Which can be rewritten as the classical Schrodinger-Robertson relation

det (y) > i, (3.23)

where 1 is the covariance matrix for the centered stateg™}

_ (@) 3{a.p}) )
= (e ) 324
This result was already obtained by A. Hertz et al. in [10]. We proved that Equation ({3.19))
implies the classical Schrodinger-Robertson inequality, (3.23). Similarly, for the particular case
of centered separable states, we can show that the mean system is indeed submitted to the
Schrédinger-Robertson inequality. If 7 = 5”1”55’2 and p = ’#, and 7 their covariance matrix we
expect that

1
dety > — 3.25
ety 2 7o (3.25)
using [z, p] = %. If we note ~; the covariance matrix on mode 4, then
i [P RO 11 1
16 dety = det y1 + det o + (27) (P3) + (22) (D7) — 3 ({21,1}) ({Z2,p2}) 2 1t1t3=1 (3.26)

This should be true for any state, but we only succeeded in demonstrating it this way for separable
states.

Other way around, even if the Robertson inequality trivially implies (3.19)) if you consider
A=B= iy, indeed,

(A?ﬁy)Q > ([Ly, L)) = 0= (£2) > 0. (3.27)

30A centered state is a state such that (2) = (p) =0
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However, we were not able to derive Equation in full generality from combinations of
Schrodinger-Robertson inequalities applied to the single-mode quadratures or a combination of
both (for instance, the mean momentum /position of the two modes or the half-difference). If this
was the case, then Equation (3.19) would not give any new insights. In contrast, if we show that it
is not possible to derive Equation from simple inequalities, then there is a real novelty in
this equation, giving a coupling between the pairs Z1, ps and Zs, p;.

Equation can be used as an entanglement criterion, as if this inequality is violated, then the
state is not a product state, it is entangled. However, it requires the knowledge of the distribution
p; we do not know in general. Although, Equation can be used as an entanglement criterion
for pure states, if this inequality is violated, then the state is not a product state, it is entangledﬂ.
Future research should examine the states saturating Equations , , and . The
classical Schrodinger-Robertson and its symplectic generalization are saturated by all Gaussian
pure states, whereas ours is saturated by eigenstates of f}y with eigenvalue [, = 0, (which can be
derived using the results in Sections and .

3.4.2 Inequalities from A?L, >0

This inequality gives very similar results to those obtained in the previous section, and for centered
states, they are exactly the same. Similarly for the centered state, we get back Scrédinger-
Robertson’s inequality.The only difference between the equations in the previous section is an
additional term, non-zero only for non-centered states, such that

o o o o | 1
(@793 + P123) — (#1P2 + Prda)” — 5 ({21, p1 H{@2,P2}) = 5 (3.28)
In terms of variance, it becomes
A o | o 1
A% (21Pa) + A? (Pra) — 5 ({21, D1 H{@2, P2}) — 2(21P2) (Prd2) > 3 (3.29)

—h

This equation and those derived for separable and product states are saturated
of L,.

or all eigenstates

3.4.3 Inequalities from (L2) >0

We now consider L2. For a general state, the inequality (L2) > 0 is equivalent to:

1], 5. o v 1
1 {(ﬁﬁ) + (p195) + ({21, pr}{ @2, Po}) — 5} > 0. (3.30)
For separable states we get
1 R AU AU T S PN LU T
ZZB‘ [(7@ (@3)" + (01)" (P3) +§<{1’17P1}> ({Z2,P2})" — 51 >0, (3.31)
for product states
Lt oy /a0 NPT P A 1
1 (1) (23) + (1) (P2) + 5 ({21, p1}) ({22, P2}) — 3 > 0, (3.32)
and finally for 2-copy states
11,. . 1, . 1
Ll G- 3] 2o (3.5

31Tt is not a product state as we considered only pure states.
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The latter inequality is a weaker inequality than the Schrédinger-Robertson inequality. Plugging
. 2\ 2 O\ A . .
(%) = (%) 2 0= 2 (%) < @) + (7). (3.34)

and ({z,p})” > 0 in the Schrédinger-Robertson inequality, we find

<2 () — 3 LN < G+ () + 5 ((8,5))° (335)

N —

These inequalities are saturated for the eigenstates of f/z with I, = 0.

Similarly as for f/y we had derived the Schrédinger-Robertson for the mean system by adding
inequalities on each mode separately (here Equation ) and inequality on the global 2-mode
system (Equation (3.31)) gives for separable states

52 | ~2 2 52 | 2 2 T s oA 2
1+ 1 P1t D 1 {21, pi} + {22, Do} 1
—_— = > —. 3.36
And for centered states, we obtain an inequality on the mean system
. . S 1
(@) + () + —<{x’2p}> >3 (3.37)

The same way we have proven that could be derived from the classical Schrodinger-Robertson
inequality, this relation on the mean system can be derived from . With this new inequality;,
we have derived a new equation for 2-mode systems, which indicates correlations between ;24
and p1py, but all its consequences are weaker than those of <i§> > 0 therefore, we conjecture that

Equation (3.30) is weaker than (3.19). A
Finally, the results for A?L, are analogous to those for (L,); there is only an additional term that
is nonzero for the centered states.

3.4.4 Inequalities from (L?) > 0

We can treat f/z in the same way as we treated I:x and f/y:

1
T 16

0 >—((#1) + (B1) + (&) + (P2) — 2 (213) — 2 (¥1p3)
= 2(pid3) — 2(pipa) + ({31, 07 }) + ({43, 95 1))

<(x1 +p1 pz) )

0 2o () + (B + (33) + (58) — 2 (3343) — 2.(4%%)
-9 <ﬁ%$%> 2 <ﬁ%ﬁg> + <{§71a]§1}> ;— <{i'2,}32}> _ 3) (338)

If we particularize this equation to copy states, it gives 0 > 0. This shows that not all multi-mode
inequalities obtained by our method will give interesting when applying them to copy states.

3.4.5 Inequalities from (L2 + ﬁg} > [ ({Le, Ly})| >0

Let us consider a last equation, which has more than one operator. This equation can be developed
as the sum of those developed for L2 and Lz. This leads to the following results:

(&% +p7) (a5 +p3)) > 1 (3.39)
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This simplifies to
(@1 + 1)) (@2 +52)) > 1, (3.40)

for product states, and for 2-copy states to
(3 +59) > 1 (3.41)

This inequality is another consequence of the Schrodinger-Robertson inequality. None of the
inequalities we considered yielded stronger results than the Schrédinger-Robertson inequality.
However, several multimode inequalities were found.

3.5 General case

Let us now consider the general case of a Hermitian matrix GG. To simply the expressions, we use
the index notation, which implies summation over repeated indices. Applying the Jordan-Schwinger
map to this matrix gives the operator

~

G = al Gapapg, (3.42)

and using Equation (2.91)), we can directly express this operator in terms of the single-mode
quadratures, namely

~ 1 R o ) .
G= i(wa — iDa)Gap(Zp +ipg)
Ga,@ A A PN ‘A C A A
= =5 (@ads + Pabs + iZaPs — iPads)
.. . Z(Gup) (. .
=R (Gap) (£aZs + Pabs) — (2 2) {Za.ps}, (3.43)

where R and Z denote the real and imaginary parts, respectively. As we consider Hermitian matrices,
R (Gap) = Rop is symmetric and Z (Gop) = lap is antisymmetric, and they are independent.
Because [ is zero for diagonal terms, we can remove the anticommutator and only keep the product
Topp. For any operator G, we have <C§’Té) > 0; in particular, for observables, this becomes (G’Q) > 0.
Using this inequality on equation , we get

<(Ra6 (fajﬂ +ﬁaﬁ6) - ]aﬂffxﬁﬁ) (RWS @7@5 +ﬁvﬁ6) - ]“15£7ﬁ5)> >0 (3.44)
Developing the product leads to the following inequality
RogRys ((Talplyds) + (TalpPyDs) + (PaDplsTs) + (PaDpPyPs))
—Raplys ((LaZplyPs) + (PaDplyDs) + (T4PsTadp) + (EyPsPabs)) (3.45)
+Ia61’y5 <fijaﬁﬁi’yﬁ5> >0
The last term can be simplified to

Iaﬁl'y5 <iaﬁ5£'yﬁ5> = aﬂf'y5 <<jaﬁ5)(ﬁﬁiv>>

_ % ([Eaps) + {Zabs}) ([Psiy] + {Pain})

= 8 (15,5 + (o) (s + 1D }) (3.46)

[a I(S RPN . ~ A~ ~ A ~ A~
= 2P0 (80 505,y — i{Eabs )0,y + 1005 Ppin} + {Zabs HPots})

4
Lagls o
=tr ([2) + TW <{xap5}{x7pﬂ}> )
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In the last step, we used the antisymmetry of I to cancel the two imaginary terms with coefficient
i. If we insert the imaginary part of the matrix ﬁy and develop the sum, we obtain back all the
terms in equation [3.19

Now, we focus on the terms with two matrices R. We are not able to simplify the terms with four
Z’s or p’s, but we can simplify the two other terms:

Raalos (abaiyis) + Gaapss)) = Rasfosy iasis His sk} — S0 (). (347)
The development is written in Appendix [C.2] By inserting L, into this equation, we obtain the
terms in Equation (3.38]). However, this expression does not directly yield the expression we
obtained for L,, as there are still constants hidden in the couple of commutators at the end of
the equation. Therefore, this result is not yet satisfactory, but we were unable to find a better
simplification.
For terms with both R and I, we were not able to find simplifications either. Putting everything
together, we have the general inequality

3 o o | o
§tr (R2) —tr (]2) <Ru.sRs ((xax5x7x5> + (ol spyDs) + 5 ({xa,py}{x@,pfg}))
Ia ]"/5

— Raplys ({Tadp + Dabp, T4D5})  + ﬂT ({Zaps HTvDp}) 5

(3.48)

with some terms being not simplified. Note that the trace of the square of an antisymmetric
operator is always negative as the eigenvalues of I are all imaginary.

3.6 Outlook

In this chapter, in Section [3.4] we developed several equations for the two mode states, mainly
using the positivity of the mean square value and variance. We did not present inequalities derived
from the Schrodinger-Robertson as we did not succeed in obtaining satisfactory expressions. In
future studies, one should continue to investigate these inequalities and try to apply them to more
modes. We also left open the question of saturating states because we needed the tools developed in
Chapter [d These tools will also be useful for developing inequalities in the entropy of measurement
outcomes.

We then investigated more general uncertainty relations, where we performed calculations for
general matrices. However, we were not successful in simplifying all terms.
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4. Relating number and spin eigenstates

Several questions raised in the last chapter require a connection between the number basis and the
spin basis. Indeed, the states saturating the inequalities for the spin-like observables are easy to
find in the eigenbasis of those operators, but not in the number basis. Similarly, computing the
entropy of one of these spin operators requires knowledge of their eigenbasis. Further, as there are
many well-known results on finite dimensional, and particularly spin systems, whose analogs for
continuous variable systems have not yet been found, this research could provide new insights on
how to transfer those properties and help understand the behavior of continuous variable systems.
Beyond the entropic uncertainty relations, M. Arnhem, C. Griffet and N. Cerf raised the need for
such relationships since 2022 [34-36]. This motivates the investigation of the relation between the
spin basis and the number basis. We will develop the basis corresponding to the CSCO containing
(among others) the operators L? and L., and the change of basis in relation to the CSCO containing
the number operators of each mode. In Section particular cases of one and two modes are
considered, and a more general procedure is described for n-mode systems in Section [4.4] In this
chapter the representation of su(2) considered is always the one with the matrix L, being diagonal,
shortly this will be called as the diagonal representation of su(2). A more general treatment for
L., f/y, or other bases of the representation of su(2) obtained by Jordan-Schwinger can be derived
from Section [4.7, where the effects of unitaries and rotations in the spin space are discussed.

4.1 Low dimension cases

For particular cases of 1- and 2-mode systems, the relations between the number and spin basis are
trivial or already described in the literature. In this section, we review these relations and provide
several remarks to foreshadow their generalization.

4.1.1 1-mode systems

The particular case of 1-mode systems is trivial because Li=1%= . All states are eigenstates
of these operators, and they all share the same eigenvalue (or quantum number) 0. The entire
Hilbert space is an eigenspace for these operators. Neither L; nor L? helps distinguish different
eigenvectors; they will not be useful in the construction of the basis. We arrive at the same
conclusion, considering that observables L; and L? commute with all operators and do not add any
information on a common basis. Consequently, adding or removing those operators from a set of
observables does not affect the general commutation or its completeness. L; and L? are irrelevant
to any CSCO.

4.1.2 2-mode systems

2-mode systems are also a particular case, as we show at the end of this subsection that {Z;Q, L.}
forms a CSCO. In Section [2.3.7, we already showed that for any representation of su(2), L? and
L, commute, we only need to show that their respective quantum numbers are sufficient to fully

32In Section we said that all the 1-mode operators generated with the Jordan-Schwinger map are proportional
to the number operator. As the one dimensional matrix representation of spin is given by L; = (0), the proportionality
coefficient is 0.
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describe a basis. To establish the common eigenbasis of {fﬂ, I:,} we examine their eigenspaces and
intersections, see e.g. [13].

Let us define [v) =37 0, . |ni,ny) as a common eigenvector of L? and L., associated with
the eigenvalues A and A, respectively. First, we compute A by computing the matrix elements of
(ny, no|L2|v) for any vector |ny,ny) of the number basis.

<n17"2\£2|v> = <U|£2|”1”2>*7
Ny + Ny [N + Ny
2 2

*

A(ny, nalv) = (v|

+ 1) N1, n2)

_ ny _gn2 (nl —;/’7’2 + 1) <U|n1,n2>*
— nl—;nQ <n1 —2|rn2 + 1) (n1,n2|v)
= A= m;m (m ;% + 1) ,or (n1,n2lv) =0, Vni,ng €N. (4.1)

Defining [ = %, we obtain the expression of the eigenvalues of L? analog to the common
descriptions of spin systems:
A=1-(1+1). (4.2)

We use [ as a quantum number associated with the observable L2, Equation indicates that the
subspace associated with a given eigenvalue A =1 (I + 1), Elp, is a subspace with n; + ny fixed. In

other words, it is an eigenspace of the total particle number operator of particles N = > ;7 (this
illustrates the importance of N in the discussion). We can reformulate the condition for a vector
|v) to belong to Elﬁz as
l !
|'U> € gi/Q = Un1n2 X 5(n1+n2)/2. (43)

At this point, we introduce a representation that will be helpful for understanding what happens
in higher dimensions. In Figure we present all vectors of the number basis in a lattice, where
the coordinates of each point are the occupation numbers of each mode. In this representation, the
vectors spanning Slp are given by the isolines of the function [ = % = ’”TJF”Q, as shown in the left
plot in Figure [1.2] Physically, this implies that the spin of the system is equal to the mean number
of particles. R

Similar to the computation of the eigenvalues of L2, we now compute A, based on the matrix

element (nyny|L,|v).

<n17n2|£z|v> s — <v|f/zln17n2>*
ny—"n *
A, (ng, na|v) = (v|%|n1,n2>
o ny — N9 *
— —2 <v|n1,n2>
_ % (ny, nav)
N, = % ,or (nq,nalv) =0, Vni,ny € N. (4.4)

Further, we will use indiscriminately A, and [,, the first is the eigenvalue of LZ, and the second is
the quantum number associated, but in this particular case, they are equal. The eigenvalues of L,
are then *5*2 and the eigenspaces are subspaces with n; — n; fixed. The condition to belong to a
specific eigenspace £ lfz becomes

v E Elfz E Unyny X 52;1%2)/2. (4.5)
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Occupation number of mode 1: ny

Figure 4.1: Lattice representation of the vectors in the number basis for 2-mode systems.

We again represent the eigenspaces in the lattice representation. 5l is now represented by the
isolines of the function [, = ™52 as shown in the right plot of Flgure . The projection of the
spin is given by half the dlfference between occupation numbers.

Finally, the intersections of the eigenspace of L? corresponding to a given value [ and the eigenspace
of L. of eigenvalue [, are given by

(')‘l

n1 n2)/2 (n1+n2)/2
S Vyyny X OGN TE (4.6)

L. ! L
”Egzzﬂg © Unyny X0

We can use this to express |v) with the two quantum numbers [ and [,:

= Z Un1n2 |n1n2>

ni,n2
x Z ShH= 601 Inyns)
ni,n2
oc |l 41,1 —1.) (4.7)

This relation allows us to fully describe a vector |v) using the knowledge of [ and [,. All vectors
of the common basis of L2 and L, are fully determined by knowledge of these quantum numbers.
Similarly, given that |l,| <[, any pair of [ and [, describes only one vector of the Hilbert space.
This demonstrates the completeness of the set of commuting observables, {iz, I?} We can also
establish an explicit relation between what we call the spin basis (denoted by the index s) and the
number basis (which will, from now on, be noted by the index n):

Ny +ng Np— Ng

‘l,lz>s: |l+l27l_lz>n — ’nl’n2>”: ‘ 2 ’ 2 >s'

(4.8)

This relation is illustrated in Figure , where two intersections are shown: the intersection of £ 22
(red line) and 551 (blue line) corresponds to the state |2,4), as expected. The intersections of £7,

and 82/ ? determine the state |5.5,2.5) according to the rules given by Equation (4.8); however, this

33



N=6, I=N/2=3

n1-n2=2, lz=(n1-n2)/2=1

Occupation number of mode 2: n,
Occupation number of mode 2: n,

0 1 2 3 4 5 6 0 1 2 3 4 5 6
Occupation number of mode 1: n, Occupation number of mode 1: n;

Figure 4.2: Lattice representation of the elements of the number basis spanning 5%2 on the left,
and Slg on the right

is not a real state. Thus, we need to add the habitual selection rule stating that if the spin is an
integer, then the projection is also an integer, and similarly, for half integers. This completes the
construction of the spin basis for 2-mode systems. Before moving to the general case, we provide
some remarks. The creation of an appropriate CSCO containing the operators L? and L, is related
to the decomposition of the Hilbert space H, which is viewed as a module of su(2) in submodules
and, more precisely, irreducible submodules in the particular case of the 2-mode system.

The eigenspace 8l is indeed a submodule of su(2). In this case, for any |v) € Slp and for any

operator G in the Jordan-Schwinger representation of su(2), the application of G on |v) is intern
in Sl . To demonstrate this, we use that L? is the Casimir element of the representation and,
therefore, commutes with all the elements of the algebra:

L*Gv) = GL*|v) = (1 + 1)G |v) = G |v) € &L,. (4.9)

The application of G is intern to Elp, which proves that the eigenspace of L?isa su(2)-submodule.

As we only used the property that L2 commutes with each operator in the algebra, we can show in
the same way that the eigenspaces of any operator commuting with all the elements of the algebra
are submodules of the algebra.
Moreover, we can show that £ liz is an irreducible submodule. In Section we have proven that
for an irreducible submodule of dimension d, we get

A d—1d+1;

[?=——"1 4.10

5 g (4.10)

and the eigenvalues of L, are the d values from d+1 to 9=1 in steps of one. In the last paragraph,
we showed that Slﬁz is a submodule and we only have to prove its irreducibility. On the subspace

SlL2, the action of L? is proportional to the identity

L2y =11+ Dijo), (4.11)

with [ = 2322 By comparing Equations (4.10) and (4.11)), we find that for all irreducible

submodules included in Ele their dimension is d = 2l + 1 = ny + ny + 1. However, the dimension
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Figure 4.3: Intersections of the eigenspaces of £ 22 and Slg

of SlLQ itself is d = 2l + 1 = ny + ny + 1 (as it is spanned by 2/ + 1 vectors with [, running from —I

to +1). Comparing these two dimensions, we see that the submodule Slp can be decomposed into
only one (nontrivial) submodule: itself. This is sufficient for proving that 5%2 is irreducible.

In the following sections, to create a basis, we first decompose the Hilbert space H into irreducible
submodules of the algebra and use the quantum number associated with L, to determine the basis
for those submodules. This procedure has several advantages. First, the operators discriminating
the submodules will not only commute with L, but also with all G € g. This will simplify the
expressions of the actions of these operators by concentrating on their action on the submodules.
For instance, this construction will also facilitate the change of basis into a basis related to L, or
ij as we can restrict ourselves to the base change inside the submodules only.

The last remark is the particular role of the operator N. Indeed Equation shows that the
eigenspaces of N and L? coincide, and that the eigenvalues are related to each other by the relation

() a2

This is enough to conclude that

NN+2-1
2 2
but this equation can also be explicitly demonstrated (cf. Appendix . This result implies that
N? commutes with L? and L; Vi for 2-mode systems. Hence, the eigenspaces of N are submodules
of the algebra. In the following section, we demonstrate amongst other that this is also the case
for n-mode systems.

L2 = (4.13)
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4.2 Prerequisite discussion on basis relations

Before describing the general algorithm for deducing the spin basis from the number basis, several
prerequisites must be discussed.

4.2.1 Counting quantum numbers

Intuitively, we can assume that for an n-mode system, n quantum numbers are necessary to fully
describe the state of the Hilbert space. Indeed, in the number basis, the n occupation numbers
n; giving the number of particles in mode i each describe one basis vector. Nevertheless, this
statement is generally false, and the general algorithm uses at most four quantum numbers. To
understand how this is possible, we present a small example with the 2-mode Hilbert space and
the number basis. Each basis vector can be represented on a lattice as presented in Figure 4.4} on
the left. We can number the states as shown on the right-hand side of the figure; in such a case,
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Figure 4.4: Schematic representation of all basis state of a 2-mode Hilbert space on a lattice using
the quantum number associated with the number basis (left) and with a simple consecutive
numbering (right).

each state is perfectly defined by the new number associated with it and hence, this number can
be considered a quantum number describing the state. The map used is explicitly given by

(nl + ng)(nl + ng + 1)

¢:N* = N: (ng,ng) —i= 5 +n; + 1. (4.14)

Now, we rename the state |ni,ny) as |i) where i is the number associated with couple |ny,ns) by
the map presented in Figure Finally, we define the operator O

0= Z@'m (il (4.15)

such that the set {O} is a CSCO on its own, equivalent to {7, 75} because of the one-to-one
connection between quantum numbers ¢ and couples (nq,n3). Note that this is possible because
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the eigenvalues of n; and ns are infinitely degenerated. By contrast, for {O} no eigenvalues are
degenerated. This is because the cardinals of N and N? are equal and are denoted by ¥y, and
the renumbering map in this section is only a bijection between N and N? which was proposed
by Cantor in his first work on cardinality[37]. He also proved the existence of such bijections for
complete sets, using the decimal or the binary notations of the numbers, or space-filling curves [38|.
These bijections are, however, not bicontinuous. A further look at set theory considerations can be
enriching. For instance, we can show that not all continuous-variable states™| could be represented
by a countable basis, as the cardinal of the set of such functions is Ry = 2% = 22" £ X Only
adding the condition that the state is normalizable will not work either, indeed the cardinality
of the set of all these spaces (it corresponds to the set of the square-summable functions) is
the cardinality of the continuum R; = 2% and not R the cardinality of countable sets. Finally,
adding the restriction that the state should be continuous (the wave function is a square-summable
continuous function) provides the right cardinality. This is in line with the classical considerations
of quantum mechanics, which impose the continuity of the wave function.

4.2.2 Eigenspaces of N

As mentioned in Section 4.1.2} the eigenspaces of any observable O that commutes with all elements
of the algebra are submodules of the algebra. Indeed, let |[v) € £3, then VG € ¢(su(2))

OG [v) = GO |v) = oG |v) . (4.16)
Because the application of G is intern to 8 2 for all @ 50 is a submodule. Now, we can demonstrate

that N commutes with all the operators generated through the Jordan-Schwinger map. The proof
is provided in Appendix m but we present here a more elegant way to demonstrate this. N is
the application of the Jordan-Schwinger map to the identity, namely.

Z(IT(SO[/BQ/B—Z& (g = N

As shown in Appendix the Jordan-Schwinger map preserves commutation relations. However,
the identity commutes with any matrix. Therefore, the total number of particles operator commutes
with all operators obtained using the Jordan-Schwinger map. This implies that the eigenspaces of
the total number operator are submodules of the algebra.

4.2.3 Sufficiency of the CSCO {L., N}

One could expect that there exists a representation obtained using the Jordan-Schwinger map
that behaves similarly for n-mode states as for the 2-mode states. We look for a specific matrix
representation such that the subspace Wy = {[¢)) : N |1)) = N |1} is an irreducible submodule of
the algebra. If this is the case, then the value of [ is fixed by the value of N (as Schur’s lemma
indicates that on an irreducible submodule, L? acts proportionally to the identity, we then have
L= f (N )), and each state in the submodules can be directly distinguished by their eigenvalue L..
In Section m we proved that the action of L? on an irreducible submodule of dimension d is
proportional to the identity and that the coefficient of proportionality is %= d 1 d“ The dimension of
Wy is actually a combinatorial question: how many distributions of N balls 1n n bins do exist? It
is a problem similar to the number of combinations with repetition, for which the formula is

d:(”*%_l)z%__&)!:ownl). (4.17)

33The state is not continuous, it is expressed in terms of continuous variables, but the wave function does not
need to be continuous
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This means that if Wy is irreducible, then L2 should be given by
n+N—1)! (n+ N —1)! .
= —— 41 - 1| P 4.1
Z (N'n—l) + >(N!(n—1)! N (4.18)

where Py denotes the projector onto Wy. When replacing n by 2 for the 2-mode system, it
becomes

ﬁ2:¥%(N+2)(N)PN:§<§+1>. (4.19)

We obtained the same result by explicitly developing it. More generally, Equation (4.18) gives the
order of L? with respect to N explicitly, we hav

L? = O(N?*(=D), (4.20)

If we consider the expression of L? in the Jordan-Schwinger map

L= > (Z(Li)aﬁ(Li)w) alagal s, (4.21)

afy,d \ i

only two pairs of afa appear, which creates operators only in O(N 2). This shows that, in the
Jordan-Schwinger map, Wy can be an irreducible module only if n < 2. This being said, two
options exist, decomposing Wy in submodules (see Section or finding a generalization of the
Jordan-Schwinger map (discussed in Appendix .

4.3 Dimension of the eigenspaces of L,

Before establishing a connection between the number basis and the spin basis for the general case,
we need to examine the eigenstructure of the operator L,.

4.3.1 Eigenvalues of L,

In this section, we consider the particular case where L, is diagonal. Other representations can be
deduced using unitaries, see Section . In this matrix representatioﬂ, (L.)ap can be expressed

(L)as = Ous (a - @) Va, 8 € {1,..,n}. (4.22)

Through the Jordan-Schwinger map this gives directly

n n

L= (i~ (”;1))7@- =3 i - (”‘QH) S h= > i - (”‘2”%(7, (4.93)

i=1 i=1 =1 i=1

Applying this operator to any vector of the number basis shows that the number basis is an

eigenbasis of Lz
Lz 1y ey fvn 7 92 1y -5 vn/

=1

34More precisely, one should say A = O(N2("~1),

35The convention used in this chapter places the eigenvalues of [, in ascending order in order to facilitate the
calculations and interpretation of the combinatorial results we will be using. This convention is the opposite of that
used in the literature.
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_ <zn:1 ey — (n—;l) zn:kl> ety o k) - (4.24)

If N is the total number of particules, then the eigenvalue associated with each vector of the
number basis is

n

lZ—Zi-ki—M. (4.25)

This is the sum of the number of particles in each mode weighted by the number associated with
the mode, up to an additive constant that depends only on the number of modes and the total
number of particles.

4.3.2 Analogous combinatorials problems

The next question that arises in the study of this operator’s eigenstructure is the degeneracy degree
of each value. Let us define g(n, N,[,) as the degeneracy of the eigenvalue [, of the operator L,
acting on Wy, which is the subspace of the Hilbert space H,, with a fixed total number of particles
N. In other words, this is the dimension of the intersection of the eigenspace of L, with eigenvalue
[, and Wy. The problem of determining g(n, NV, [,) can be related to a combinatorial problem.

First, let us rewrite Equation (4.25]) as

lz:i(i— ”;1>n (4.26)

=1

This expression can be seen as N indistinguishable (in a quantum sense) balls distributed in n
boxes labelled by a score (i — ”TH), [, is the total score computed by adding the number of balls n;
in each box, weighted by the score of the box. This is presented on the left of Figure [4.5] Each
box contains a certain number of balls. In the figure on the right, this is particularized for the case
of 5 modes (5 boxes) and 6 particles (6 balls). With this particular distribution of the balls, the
scored obtained is

(=2)-04+(-1)-340-1+1-14+2-1=0. (4.27)

Hence, it corresponds to the eigenvalue [, = 0 for the vector associated to this distribution, which
is equivalent to saying that R
L,0,3,1,1,1) =0. (4.28)

As g(n, N, [,) is the number of distributions of the N balls in the n boxes that gives a score 1., we
can write that

. n n n+ 1
g(n,N,l,) = ke N" ki = N, i — cki=1, p, 4.29
g0t = {F w3 n -3 (11 i (129
where a constant factor (—”TH) appears. For the remainder of this section, we can make this disap-
pear by renumbering the boxes for simplicity: we define U(n, N, u) as the number of distributions
of N balls in n boxes numbered from 1 to n giving a score u, and T'(n, N,t) as the number of
distributions of N balls in n boxes numbered from 0 to n — 1 giving a score t.

Un,Nyu) = #{k e N2 k= N, Y0 i - ki = u} (4:30)
T(n,N,t) = #{ke NS k=N, Y0 (i—1) ki =t} '
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Figure 4.5: Illustration of the combinatorial problem equivalent to the computation of the
degeneracy of [,, in the general case (left) and for the particular case of 5 modes and 6 particles
(right).

This is schematically presented for the general and a particular case in Figure [4.6]

1 2 3

0 1 2
Figure 4.6: Schematic representation of U(n, N,u) and T'(n, N,t) in a general case, and the
particular case of 5 boxes and 6 balls.

U(n,N,u)

T(n,N,t)

As we only renumbered the boxes, it is easy to relate these three quantities by modifying the total
score, which gives the following relations:

{ g(n,N,l.,) = U(n,N,l, + ("+21)N) (4.31)

T(n,N,t) = U(n,N,t+ N)

In Figure [1.7], we present all combinations of 6 balls in 5 boxes, giving a score of u =13, ¢ =7 or
[, = =5, to exemplify Equations . It is important to emphasize that this is the only possible
combination, and that exchanging two balls does not count for a new combination. In contrast
to classical combinatorial problems, we find here the statistics of bosons that were considered for
the Jordan-Schwinger map. To compute these quantities, we attempted to find several recurrence
relations. For instance, we can express U(n + 1, N, u) using induction. Equation can be
written as

Umn+1,Nu)=T(n+1,N,u— N). (4.32)

T(n+1,N,u— N) is the number of ball distributions in the (n 4 1) boxes numbered from 0 to n
giving the total score u — N. These distributions can be separated into N + 1 sets according to the
number of balls in the first box (numbered 0). In the k™ set, there will only be distributions such
that there are k balls in box 0 and N — k balls in the others (then numbered from 1 to n), with k
going from 0 to N. That is, the number of distributions of NV balls in n + 1 boxes is the number
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§(5,6,—5) = 10

4 7(5,6,7) = 10
1 2 3 4 5 1 2 3 4 5 U(5,6,13) = 10
Figure 4.7: All combinations of 6 balls in 5 boxes giving a score of u =13, ¢t =7 or [, = —5.

of distributions with all the balls in the n last boxes (and the right score), plus the number of
distributions with 1 balls in the first box and N — 1 in the others, plus the number of distributions
with 2 balls in the first box, efc. until all the balls are in the first box (always with the constraint
to have the right score). The cardinal of the set of distributions giving the score u — N is the sum
of the cardinal of each of those subsets (giving the score u — N and with & balls in the first box)

n+1 n+1

N
Tn+1,Nu—N)=> #EeNY k=N>(i—1)k=u—N, k=Fk (433
k=0 =1 =1

The number of balls in the first box (numbered by 0) does not impact the score in this configuration;
therefore, we can forget this box and only consider the N — £ balls in the other boxes. The total
score should stay equal to u — N

N n+1 n+1
Tn+1,Nu—N)=> #{EeN|> k=N-k> (i—1) k=u— N} (4.34)
k=0 =2 =2

To be more precise, there is only one way to place £ balls in box 0, owing to the indistinguishability
of the balls; if it was not the case we should multiply each terms in the summation by the number
of possibilities to place k balls in this one box. Now, we count the number of possibilities of
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placing N — k balls in n boxes numbered from 1 to n realizing a score u — N. This quantity is
U(n,N — k,u — N). Indeed, it can be seen by making a change of variables in the last equation

T(n+1,N,u— N) #{keN"Zk—N k;z ki =u— N}

M= 1IM]=

Un,N —k,u—N) (4.35)

>
Il

0

Finally, we obtain the recurrence relation

N
Un+1,N,u) =Y Un,N—ku-N), (4.36)
k=0
with the initial condition
U(1,N,u) = Oy . (4.37)

This condition implies that if there is one box (with score 1) and N balls, then the total score is
necessarily u = N. We can examine how this relationship works by computing the first steps:

N N
2 N u ZU 1, N — k u — ):Z(SN,]C,U,N:Z(SIQ,QN,“
k=0 k=0

1 if u € [N,2N],
0 else.

(4.38)

Note the small notation abuse, as this function is also 0 if v is not an integer. Finally, for three
boxes, we obtain

U(3,N,u) = U2,N —k,u—N),

hE

B
I

0

1ifu— N €[N —k2(N — k),

NgE

k=0
N —
:#(Nﬂ AN —u, > 5 “]),
| =X if u € [N, 2N],
= L%J if u € [2N,3N], (4.39)
0 else,

where || is the floor function. In Appendix [D.4] the recurrence relations are implemented in a
simple code to compute an array containing all the values of U(n, N, u).

It should be noted that there exist other problems with a combinatorial logic similar to the one
we discussed. For instance, U(n, N, u) is the number of combinations of N indistinguishable dices
with n faces yielding the total score u. This is different from the classical dice counting problem,
as the dice is now indistinguishable in a quantum manner.

4.3.3 Links with the g-binomial coefficients

The recurrence relation we obtained in the previous section is functional but not efficient, as it
relies on a sum of N terms at each step (for a depth of one, there are N terms in the summation,
O(N?) in the second step, etc.), which gives a final complexity of the order of O(N™). Therefore,

42



we will develop another recurrence relation, which will be easier to compute, and that we will be
able to link with already known coefficients, namely, the coefficients of the g-binomial polynomials.
The distributions counted by U(n, N, u) can be separated into two subsets: those with at least one
ball in the first box, and those with no balls in the first box. The first category was counted by
U(n,N —1,u —1). Indeed, if we consider that there is always one ball in the first box, we cannot
consider this ball anymore (there are N — 1 balls left), and we have to subtract the points it gave
to the total score (u —1). The second category is represented by U(n — 1, N,u — N). Indeed, there
are no balls in the first box; therefore, we should only consider (n — 1) boxes. There are still N
balls, but the score on the boxes are now 2, ...,n, renumbering the boxes into 1,...,n — 1 which
gives back the expression of U when changing the final score to u — N (the N balls have lost a
point). This leads to the following relation

Un,N,u)=U(n,N —1,u—1)+U(n—1,N,u— N). (4.40)
The initial condition needed is the following
U(n,0,a) =U(1, N,a+ N) = da. (4.41)

If there are 0 balls, the score should be 0; if there is only 1 box, then the score is the number of
balls. Appendix implements these relations to directly compute the value of U and adapts
it to find all the distributions of the balls. The idea is this time to find the U(n, N — 1,u — 1)
combinations with at least one ball in the first box, by considering U(n, N — 1,u — 1) for ( - 1)
balls with a score (u— 1), and then adding one ball in the first box; similarly, for U(n—1, N,u— N)
combinations with no balls in the first box, by taking U(n — 1, N,u — N) for N balls in (n — 1)
boxes, with a score (v — V), and then adding one empty box in front.

Let us now use these relations to show that there is a link with the g-binomial (sometimes called
Gaussian binomial) coefficients that are already known and tabulated. All of their properties and
some tables are provided in [39].

For reminder, the binomial coefficients are defined through the following recurrence relation

n n—1 n—1
=1 . + : Vi<j<n-1, 4.42
(J) (J—l) ( j > == )
with the explicit form being
<”)——Ji— (4.43)
j jln =)t '

The Gaussian binomial coefficients are polynomials in ¢ defined in a similar way by

n| | n-—1 |l m—1 _
{k}q_{k—l}q—'—q[ 1 L Vi<k<n-1, (4.44)

n| .|l n-—1 n—1 B
(0] - [i7h] [ mees w5

Note that these relations are equivalent and that one is sufficient to determine the value of the
bracket. The initial values are given by

[g}qz{Z}qu (4.46)

An explicit form of the g-polynomial is given by

n e n)g!
{ ) L = ; C(n, k,a)q™ = m, (4.47)
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where C), ;o are the coefficients of the polynomial and [n],! is defined as:

n 1—1

)yt =[]l with [i], =) ¢ (4.48)

i=1 j=0

In the following, we will show that

Un,N,u) = C(n+ N —1,N,u— N), (4.49)
C(n,k,a) = Un—k+ 1Lk a+k). '
For this purpose, let us define the polynomial
k(n—k)
Poi(g)= > Um—k+1ka+k)q" (4.50)
a=0

Then, we can directly match the initial condition for the g-binomial (Equation (4.46])) with the
initial condition for the function U (Equation (4.41))):

0
Prolg) =3 Uln 1,00+ 0)g" = Uln +1,0,0) = 1 = [ " } , (451)
a=0 q
: n
Pon(q) = ZO Ul,n,a+n)g®=U1,n,n)=1= { ; L. (4.52)
Similarly, Equation (4.44) can be matched with Equation (4.40) as follows:
(k—1)(n—k)
Poii1(q) +q"Paik(q) = Un—k+1,k—1a+k—1)"
a=0
k(n—k-1)
+qk Z U(n_k7k7a+k)qaa
a=0
(k—1)(n—k)

= Un—k+1L,k—1a+k—1)¢"

a=0
k(n—k—1)
+ Z U(n_k7k7a+k)qa+k7
a=0
(k—1)(n—k)
= Un—k+1L,k—1a+k—1)¢"
a=0

k(n—k)
+ Y Un—kka)g".
a=k

If « < k, then U(n — k, k,a) = 0 because there is no distribution in which the score is lower
than the number of balls, as each ball brings at least one point. Similarly, if « > (k — 1)(n — k),
Un—k+1,k—1,a+k—1)=0 because there could not be any combination with a score higher
than the accessible score (each ball gives at most as many points as the number of boxes). We can
then extend the limits of the summation by adding these null terms.

k(n—k)
Poak (@) + 4" Poakle) = Y, Un—k+Lk—La+k—1)¢"

a=0
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k(n—k)
+ Z Un—k,k,a)q®,

a=0
k(n—k)
= Un—k+1L,k—1l,a+k—1)+U(n—kk,a))q".
a=0
(4.53)
Then, using Equation (4.40)), we find
k(n—k)
Poiho1(q) + ¢ Pacin(g) = > Uln—k+1,k,a+k)g”
a=0
=P, x(q). (4.54)

This is the recurrence relation of the g-binomial. As the initial condition is the same and the
recurrence relation is also the same, the two polynomials should be equal:

Po(q) = { " L' (4.55)

The other recurrence relation for the g-binomial, given by Equation (4.45]), can be verified similarly,
considering this time either the distribution with at least one ball in the last box or no ball in the
last box:

Un,N,u)y=U(n,N —1,u—N)+U(n—1,N,u). (4.56)

4.3.4 Examples and other comments

Finally, to determine the values of g(n, N, [,) starting from the values of U, Equation (4.31)) should
be applied. This gives:

g(1,N,l,) =0, 0and I, € Z,

: _N N (N+1)mod(2)
§(2,N,zz>={1 il € [=5,3]N2+ =57, (457)

0 else

24+ N—|l.| : .
H5.N.L) = L—z J ifl, € ZN[-N,N],
0 else.

These functions are shown in Figure [1.§] for one to three modes and from left to right 5 particles.
As shown in Figure 4.9 g(n, N,l.) becomes more complex for larger values of n and N. For large
values of n and N, the shape of the function appears Gaussian, as shown in Figure [£.10, However,
if we make a Gaussian fit conserving the variance, mean, and total sum of the function, we see two
divergences. For values of [, near 0 or |[,| > 0 the Gaussian is always larger. In opposition for
intermediate values the Gaussian fit is smaller.

One thing interesting to notice is that in some cases [, has to be an integer and in other cases it
should be an half integer. This question can be viewed from two perspectives. First, as U(n, N, u)
is non-zero only for integer values of u, one has that [, + w must be an integer. Therefore, [,
is an integer, except if neither (n + 1) nor N is even. In other words, [, is half-integer if n is even
and N is odd; conversely [, is integer if n is odd or N is even. Another perspective is that the spin
of our N particle state is the sum of the individual spins of each particle. If the number of modes
n is odd, then each particle carries an integer spin, and if it is even, then they carry a half-integer

spin. The value of the individual spins is related to the eigenvalue of the matrix L., which is an
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n=1 n=2 n=3

1y X 1 X X X X X X 3 X
0.8 0.8 2.5
P P > 02 XX XX
g 0.6 8 0.6 8
2 2 215
[0} (] (0]
D 0.4 2 0.4 o
k] ° T 1 XX XX
0.2 0.2 05
0 X X 0 . 0
2 1 0 1 2 6 4 2 0 2 4 6 10 5 0 5 10
l, value I, value I, value
Figure 4.8: Degeneracies of the eigenvalues [, for one to three modes and 5 particles.
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Figure 4.9: Degeneracies of the eigenvalues [, for four to seven modes and one to seven particles.

integer for odd numbers of modes. The total spin can then only be a half integer if the number of

46



n=15 n=20 n=30

15000 |- 6012

> - >
© I ©
o © ot
9] Q D senz
c & c
@ D e <)
(o)) [e)) (o))
() [} (4]
o] o O 2012

5000

— N=24
— Gauss. interp.

— N=9
— Gauss. interp.

— N=18
— Gauss. interp.

100 200 300
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Figure 4.10: Degeneracies of the eigenvalues [, for 15, 20 and 30 modes and 9, 18, 24 particles
respectively, and Gaussian fits preserving the variance and the total sum, showing that the
degeneracy distribution is of lower entropy.

[ Ne2N+1 Ne2N
ne2N+1 l,eZ l,eZ
n € 2N l,e &2 l,eZ

Table 4.1: Values of [, as a function of the parity of n and N

modes is even and the number of particles is odd, as summarized in Table (4.1]).
This discussion about the degeneracy of the eigenvalue [, on W,, can be used to answer several
questions:

e How many orthogonal irreducible submodules of su(2) can be constructed in Wy for n modes?
If the value of [, is an integer, then all submodules will have one and only one vector giving
[, = 0; if there is more than one vector, then the module will not be irreducible. This directly
implies that the number of orthogonal irreducible submodules is g(n, N, 0).

e What is the dimension of the largest irreducible module? Because the irreducible modules
are eigenspaces of L? their dimensions are given by (2/ 4+ 1). The largest value of I, in an
irreducible submodule is equal to the value of [ for such a submodule, and as the highest value
of [, reachable is (N(n — 1)/2), the dimension of the largest submodule is (N(n — 1) + 1).

The link with the g-binomials is not insignificient, as the g-binomials already have applications
in the study of the structure of vector spaces; in the future, it would be interesting to see if this
relation could have been found only by geometrical considerations.

4.4 General algorithm

This algorithm constructs the basis of the Hilbert space H,,, where all basis vectors are eigenvectors
of N , f/z) ﬁz, and the irreducible submodules are clearly separated, starting from the number basis.
The quantum numbers used will be N, [, and [, with an additional fourth number, called the
counting number, used to discriminate all basis vectors that share the same three first quantum
numbers. Therefore, each vector of the basis can be written as

IN, L., c). . (4.58)

The subscript s indicates that it is a vector of the new basis, the spin basis, and n indicates the
number basis (where the quantum numbers used to describe the state are the occupation numbers
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of each mode). In the following, we explicitly develop the first steps of the algorithm and then make
a shorter version to present it explicitly. The following notations are used: Wy is the subspace
with a fixed total number of particles NV, S]l\z, is the eigenspace of L, of eigenvalue [, in Wy, and
B,. is the basis of £ we construct.

Initial step: Let us consider only Wy, the subspace of H, with states with total number of

particles N. The maximal value of [, reachable in this subspace is equal to [, = N(n —1)/2 and as

g(n, N, W) = 1, there is only one vector [¢) realizing it, such that

N(n—-1)

L. |¢) = — ¥ (4.59)

As N commutes with all elements of su(2), it commutes with IAL+, or equivalently, as Wy is a

submodule of the algebra, each operator in the algebra is intern to it, and we have that L, |¢) € Wy.

The eigenvalue associated with IA/+ i) is (M + 1) and no vectors of Wy have such an eigenvalue

2
N(n—1)

2
=1, = w, because for irreducible modules of su(2), [ is equal to the largest admissible
value of [,. (This is the classical result presented in Section [2.3.7)). This vector is the first vector
of the basis. It corresponds to the particular case in which all balls are in the last box, that is,

|0, ...,0, N).We can then make the following identification:

(as is the largest admissible eigenvalue). This result implies that L, [¢)) = 0. Therefore,

N(n—1) N(n—1)

|f¢)> = |N7 2 Y 2 70)5 = |07"”O7 N>n (460)
We now have the first part of our basis
N(n—-1) N(n—1
Bym-y = {U\C (n2 ), (n2 >,0> } (4.61)
2 S

First iteration: We now consider all values of [, > 0 from [, = N(n — 1)/2 — 1 and at each
iteration, its value is decreased by one. Now, considering [, = N(n — 1)/2 — 1, once again

g(n, N, N(g_l) —1) =1 (if there is more than one mode), this corresponds to the single distribution
where all the balls are in the last box, except one that is in the penultimate box. This configuration
can be matched with the vector [0,0,...1, N — 1) . On the other hand, we can also construct a

vector with [, = N(n — 1)/2 — 1 by using lowering operators

N(n—1) Nn—1 L |N, Mo D g
N YOZD Mo gy 2 BN 0, (4.62)
2 2 s HL* N, No=b) N@-b o

As the dimension of the subspace with [, = N(n — 1)/2 — 1 is one (the value of §), those vector

are equal
N(n—1) N(n—1)

|N, 5 , 5 -1,0) =10,0,..1, N —1) . (4.63)
The second part of the basis is
Nn—-1) N(n—1
Baoy =M=t Non=D 0 L (4.64)
5 1 2 2 s

For the sake of completeness, one can check using the image of the matrix L_ by the Jordan-
Schwinger map L_ that the complex phase of the vector is correct.
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Second iteration: Subsequently, considering [, = N(n — 1)/2 — 2, and if n > 3, we have
G(n,N,N(n —1)/2 —2) = 2. This means that the eigenspace of L, in Wy associated with this
eigenvalue Ejl(; is of dimension 2. There are two distributions of the balls corresponding to this
value, and they are the ones with two balls in the penultimate box, and the one with one in the
antepenultimate box, which gives two vectors generating that subspace: (0,0, ...,0,2, N —2) and
0,0,...,1,0,N — 1) . In the subspace SJI\Z,, there is already a known vector

N(n—1) N(n—1 L_|N, M=) Neeh) g g
v Yoozl Nzl o = f V. =5 2 )s (4.65)
2 2 s HL* N, N@=D Nl g g

Knowing this, we need only one other vector to form an orthogonal basis of SZZ\Z,. One can, for
instance, take the Gram-Schmidt algorithm to deduce it, and we name it:

N(n—-1)

: Nip=1) _, 0) . (4.66)

[NV,
2 s

-2,
Let us examine the values of the quantum numbers: the number of particles is directly NV, [, is the
number chosen for this step, and C' = 0 as it is the only one we created here. For [ we chose the
same value as [, the reason is that

L. |N, % —2, % —2,0) =0. (4.67)

To prove this, we use the fact that L commutes with N and increases the quantum number [, by
N(n—1)

one. Immediately, L, |N, N(’;_l) — o Nn=h) o 0), is an element of £y * g However, this also

) _
e R : N@m=1) N(n=1)
belongs to & . Indeed the basis of £y only contains |N, =5—, —%— —1,0), and

2
L, |N, N(z_l) -2, N(z_l) —2,0) is orthogonal to it:

N(n—1) N(n—1)

- N(n—1) N(n—1)
N —1,0| Ly |N -2 -2
8< ) 9 ) 9 70| +| 3 ) 9 70>Sv
N(n—1 N(n—1 A Nn—1) Nn-—1 *
=, <N, (n ) _2’ (n ) —2,0‘[1_ |N7 (n )’ (n ) _ 170> ,
2 2 2 2 s
N(n—-1 N(n—-1 Nn—1) Nn—1 *
:3 <N7 (n ) _2, (n ) —2,0‘N7 (n )’ (n ) _270> ,
2 2 2 2 s
N(n—-1) N(n—-1 N 1 N(n—1
=, <N7 (n )’ (n ) _Q,O‘N’ (n ) _27 (n ) _270>
2 2 2 2 s
=0, (4.68)

where the last equality is true owing to the construction of the basis. As the vector be-
longs to a vector space and is orthogonal, this vector can only be null. This proves that
L. |N, N(”Q_l) -2, N(g_l) —2,0), = 0. Therefore, the value of [ is M — 2. This part of
the basis is then

N(n—-1) N(n—l)_2’0> ’|N’N(n—1)

BN(’sl)—?:{lN’ 2 2 ; 2 T

- 2,0>5} . (4.69)

The general procedure is described in the following.

General method

1. Fix the number of mode n and the total number of particles N a basis should be constructed.
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2. Construct the first part of the basis with Equation (4.60)):

N(n—1) N(n—1)

Bxg-1) = {lN, (4.70)
2

3. Loop over the values of [, from w to 0 (or % for half integer valued spins) by decreasing
[, by one at each step. In this loop, for each value of [.:
(a) Find all the vectors |E)n corresponding to the eigenvalue [,. These span E%.

(b) Construct the first part of the corresponding basis by applying the lowering operator on
the basis of (I, + 1)

L_|¥)

- V|Y) € By g (4.71)
L_[¢)

0 _
B, =

This set of vectors spans [A/_EJZ\Z,H and contains g(n, N, [, + 1) vectors.

(¢) Construct g(n,N,l,) = g(n,N,l.) — g(n, N,l, + 1) normalized vectors orthogonal to
each other and to Bglﬂ. Those vectors form the set

Bl ={|N,l.,1.,C),C €{0,1,...,9(n,N,L.) — 1}}. (4.72)

They span SJZ\Z, \ lAL,S]l\Z,H. The existence of such orthogonal vectors is guaranteed because
of the dimensions of £%. The value of I can be fixed to the same value as [, for the
vectors found (the demonstration is similar to that in Equation (4.68])).

(d) The basis of 6'][\7 is then simply given by the two bases spanning its two orthogonal
subspaces:
B, =B} + B|. (4.73)
4. Loop over the value of [, from 0 (—% for half integer valued spin) to —@, decreasing [,
by one at each step. In this loop, for each value of [, the lowering operator is applied on the
basis of the previous [, which do not vanish:

) LN+ 1,0)
Hz_ IN,I,I, +1,0)

B VN, +1,C) € By41, such that I, + 1] #£1 . (4.74)

z

This algorithm is the main result of this thesis. It is implemented in Octave for positive values of
[, in Appendix [D.6 In future research, it will help solve most of the issues we raised in Section [3.6]
In the rest of this section we will make some remarks regarding this algorithm, then in Section
we give an example of the application of the algorithm. In Section we will extends this
algorithm to other operators than only the spin-like, and in Section [4.7] we show how to consider
transformations applied to the matrices used for the Jordan-Schwinger map. In this last section,
we will also consider the special case of rotations of the spins which will show the advantages of
the decomposition in submodules.

364 is larger than 0 for positive values of [, because of the properties of Gaussian binomial coefficients.
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Speeding up the construction of the basis for negative [, by appropriately choosing the
arbitrary bases for positive [,. In the following, K is an array of n numbers such that K, = k,,_;.
Then, in the context of second quantification, we define a mirror symmetry as,

mir : |v) = Zc,;u;} — |a) = Zwﬁy (4.75)

A vector |v) is symmetric in itself with regard to the mirror symmetry if
|v) = |a). (4.76)

In the algorithm in step 3.c, we construct an orthonormal basis, and with an appropriate choice at
this step, it may be possible to dramatically speed up step 4. First, by considering only the integer
values of [,, if V|¢,,) € By, the corresponding vector in By, L |¢,) is symmetric, then we can
simply create the basis B_;, by using the symmetry of the vectors in B;,. For the half-integer spin
values of ., we require that

LIV ) = mir LV

Y. - (4.77)

Apparition of the irreducible submodules This construction allows us to highlight the
irreducible submodules. Indeed, the vector space

g(n,N,l)—1
V(N.19)=span | < [.) = > %[N,LL,i), VI, such that |1 <1 p | , with ¥ € C/»MD
i=0
(4.78)
is an irreducible su(2)-module. Intuitively, it is an eigenspace of the Casimir operator L? of
eigenvalue [(I+1) spanned from 2(l+1) basis vectors orthogonal to each other (they are eigenvectors
of the observable L, with different eigenvalues; they are therefore orthogonal) with the following
properties:
Lyl =0,

L ) = 0, (4.79)

L) o< |th4a).
Not all irreducible submodules can be described in this form because one can imagine an irreducible
submodule not contained in a space with a fixed total number of particles. For example, for 3-mode
systems:

10,0,0) +12,0,0). 1 1 1 )
X = Span s s = ——10,0,0), + —[1,0,1), — —0,2,0), ) , 4.80
pan (20 0,00, + =100, - =020, ), (@450)

is an irreducible submodule (the irreducibility is direct, its dimension being one, we cannot separate
it in a direct sum of more than one vector space of non-zero dimension) but cannot be represented
by a space of the kind of V. To be complete, we have that

X €V(0,0)® V(3,0). (4.81)

The construction of V' allows us to easily construct orthogonal submodules. Choosing orthogonal
vectors 4 ensures orthogonality between the vector spaces. For |v) € V(N, 1, %), |w) € V(N,1,7s)
with 4, and 7, orthogonal we find

(lw) o< 71 -9 =0, if 71 # .
The demonstration is written extensively in Appendix [D.5] Finally, based on these considerations,

we can construct a full decomposition of H,, in independent irreducible submodules by considering
the following set of submodules:

{V(N,1,7.)|c € {0,1,...,9(n, N,[) }}, (4.82)
where the collection {7.|c € {0,1,...,g(n, N,1)}} is an arbitrary orthogonal basis of CI(™N:0).,
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4.5 Application to 3-mode states

We apply the general method described above to create a basis for the three-mode case. In
Equation (4.57)), it is proven that function g is given by

24+ N—|L.| . B
§<3,N,lz):{L pe] ezl (4.83)

0 otherwise ,

We also find this result graphically. For the 3-mode case, we can represent the vector of the

29 x
NN S

4[1.2.3)

J213) 132

31,2y a3

Figure 4.11: Lattice representation of the vectors of the number basis for 3-mode systems in top
left figure. In the top right, the eigenspaces of N in this representation, and in the bottom left,
the eigenspaces of L,; their intersection is shown in the bottom right figure.

number basis in a lattice, as shown in the top left of Figure {.11] Then, the subspaces with a
fixed total number of particles N are the surface of the equation n, + ny + n3 = N, as shown in
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Figure 4.12: Lattice representation of the vectors with total number of particle 6 on the left, and
on the right the representation of the eigenspaces of [, on the same representation.

the bottom left panel of Figure In the diagonal representation, the operator L, is given by
ng — n1. Therefore, in this representation, the eigenspaces of L, are the planes of the equation
[, = n3 — ny, which we shox in the top right of Figure . Then, the value of ¢g(3, N, l,) is the
number of points on the line of intersection between the two planes, see Figure 4.11]

More precisely, when we focus on the case of a fixed total number of particles (as shown on the
right side of Figure [£.12)), the intersections with the planes of fixed [, become lines on which the
number of states can be counted to obtain g. In this case, increasing the value of [, by one will
never increase g by more than one. Therefore, a counting number is not required.

Let us now apply the general method; the initial vector is given by Equation (4.60)), namely

IN,N,N),=10,0,N), . (4.84)
Then, Equation (4.63]) predicts that
IN,N,N—-1),=10,1,N -1)_, (4.85)

This can be verified explicitly. In the matrix representation of su(2) where L, is diagonal, the spin
matrices for the spin read

010 0 1 0 -1 00
L,=2"* 101, L,=i&27"2( -1 0 1|, L.=[ 0 00 (4.86)
010 0 -1 0 0 01
Therefore, L_ is given by
010
L =L,—ilL,=2"2[0 0 1 (4.87)
000
Now, using Jordan-Schwinger map, the expression for L_is
L. =2 (a{em + agag) . (4.88)

Finally ,
L_10,0,N), =2 (a}aQ + a;a3> 10,0, N). |
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= \/5(6+ \/N\o,l,zv—mn) ,
= NN, N —1), = [0,1,N — 1), . (4.89)

Then, there are two vectors with [, = N —2: (0,2, N —2) and |1,0, N — 1) . In the new basis,
the first vector corresponding to this eigenvalue is

CIN,N,N — 1), = ﬂ(a{aﬁa;ag) 0,1, N — 1), ,
= V2 (J1.0,N — 1), +\/§\/N—1]0 2N -2),),

10N—1 N—-1)]0,2,N — 2
NN, N —2), = n V2 | (4.90)
\/m

We need to find another vector orthogonal to this one to make the second basis vector with this

eigenvalue

We can continue until we obtain [, = 0.
In Appendix [D.7], we show the full basis change for 6 particles.

4.6 Further generalization

A generalization of this algorithm considers the eigenbasis of any operator created using the
Jordan-Schwinger map (not only representations of su(2)). This section focuses on Hermitian
operators in diagonal form. The non-Hermitian operators are not treated here (the problem is that
their eigenbasis is not orthogonal), and the non-diagonal form can be deduced from this section
combined with the section on base changes [4.7]

For a diagonal matrix GG, the Jordan-Schwinger map transforms this matrix into

G=) faha, (4.92)

where A denotes a vector containing the eigenvalues of G.

As previously suggested, the total number operator N commutes with (¢ and can therefore be
used to establish of a CSCO. Further, any occupation number operator commutes with G , and
therefore, the number basis is always an eigenbasis of G. Indeed, the number basis is a basis and
all its vectors are eigenvectors of G:

Gl ookn) = > Aivg [kr, o k)

= Aoka by, ooy Fn)
=A-klky, . k) (4.93)

If one wants to construct a basis using a CSCO containing this operator, then one must consider
constructing the set:
Vw={keN'A-k=)\} (4.94)

The equation XNk = \is a linear Diophantine equatio. There already exists literature on this
problem, as it has applications in crystallography:.

37A Diophantine equation is a polynomial equation, with two or more variables, integer coefficients, and whose
solutions of interest are the integer ones.
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Once V) is known, the set {|E>}, with k € V) is the eigenspace of G corresponding to the eigenvalue
A If dim (V3) < 1, G is a CSCO. Otherwise, if dim (V,\ N{|k|; = N}) < 1, then {N,G} is a

CSCO because there are no states \E} with the same quantum numbers N and A. Finally, in
the other cases, other quantum numbers are required to discriminate the different eigenvectors.
In particular, in cases where the eigenvalues are an arithmetic sequence, this operator has to be
treated similarly to L,.

Here, we provide a particular example. Let us consider G to be a n x n diagonal matrix, the i‘"
eigenvalue )\, is equal to the logarithm of the i** prime number p;. Then, each basis vector |E> is
an eigenvector of G , and its eigenvalue is the logarithm of the number whose decomposition into
prime numbers is given by k-

lky =" Aaia |k) = Zlog Pa)ka k) = log (pke) k) = log (pri‘*) |E) (4.95)

This operator is a CSCO because only one quantum number is sufficient to determine each state of
a basis; each integer vector corresponds to one state and one prime number. We might speculate
that such decomposition could be useful in the context of quantum cryptography.

4.7 Effect of unitaries

4.7.1 General transformations of matrices

Another generalization we consider are non-diagonal matrices, but if we take M to be the unitary
matrix diagonalizing a spin matrix I, with A = diag (L) such that

L= MAM", (4.96)

as we already know how to construct the basis corresponding to A, we can solve the problem for
general L by discussing how the unitary acts. In the general case of the action of an unitary U
such that

G' =UGUT, (4.97)

using the Jordan-Schwinger map on L, we get the operator
G = alGlyap = al UnGrU, 45, (4.98)

where we used the index notation which implies the summation of repeated indices. We can define
two new operators I;u = Uzﬂfl/g and IA)I = dLUat, which behave exactly as creation and annihilation
operators, but for other modes, that is, the linear combinations of the initial ones. Indeed, by
properties of the conjugate transpose, it is straightforward to demonstrate that they are adjoint to
each other; however, with properties of unitaries, we can also show that their commuting properties
are the ones expected for such operators. Indeed, as [Bu,gt] = [i)L,l;I] = 0 by linearity of the
commutators. Further, we have

[bu, 0] = (U} sa5, 4l U] = Ul yUnilas, al)] = Ul jUai0p,0 = Ul Uat = bu, (4.99)

where the last line is obtained by saying that the product of a unitary matrix and its adjoint is
the identity, and therefore, in index notation, a Kronecker delta. With the verified commutation

38Note that not all matrices are diagonalizable, and only those with orthogonal eigenspaces are diagonalized by
unitaries. Fortunately, all Hermitian matrices match these requirement
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relation, we can define the new occupation numbers in the new modes as m,, = l;Lleu Yu. Fortunately,
the total number of particles remains unchanged by the unitaries:

Zmu = ZBLZ; =al UauU s = al 100808 = Za Zma = N. (4.100)

Those new operators b and b' create a new 'number’ basis |mq, ma, ..., my), with a similar definition
as for Equation (2.86)). In this basis, the operator G’ is obtained as a simple application of the
Jordan-Schwinger map (with the new mode operators) on matrix G:

G’ = biGub,. (4.101)

If GG is a diagonal matrix A, using the algorithm presented in the previous sections, we can create the
eigenbasis of G on the new number basis. However, if we want the eigenbasis to be expressed in the
original basis, we must know how to change the basis from {|my, ma,...,m,)} to {|ni, ne, ..., n,) }.
In order to obtain such transformation, we need to compute the scalar product

(N1, Mgy ooy Ny My, Mg, oy M) (4.102)

If wewrite N =) . n;and M =) ;m; for the total number of particles, we define two vectors 3 and

fof N and M components respectively. The n; first components of 5 are 1, the following ny seconds
are 2, etc. For instance, the vector § associated with the state |3,2,4) is (1,1,1,2,2,3,3,3,3). In
Appendix we show that the scalar product is given by

N
(nl,ng,...,nnlml,mg,..., _5NMH“ Z <HUdcjc> s

JEPerm

i N
— Ox H / TZ, 3 (H Uzm) ,
t (g N °

F€Perm(j

(4.103)

where ¢ are permutations without repetitionf_g—] (the vector (1,1) has only one permutation: itself.
Thus, it is not counted twice). To understand this expression, we can apply it to the cases where
{|n},nh,...,n. )} and {|n1,ng,...,n,)} belong to the same number basis. We know that the scalar
product is given by:

/ !/ /
(1, M2, ooy M |10, 1, o, 1) = Oyt Oy ity Oy, (4.104)

First, if N # N’, then the scalar product should be 0. If the basis is the same, the unitary is
a Kronecker delta, U, g = 04,8 The product in Equation is therefore 1 if ¢ = ,5 and 0
otherwise. The sum is then equal to the number of permutations of j which is equal to 5 . As we
consider permutations without repetition, we do not consider two times the same permutations;
thus, there cannot be two permutations equal to B the sum is either 1 if there is one permutation
equal to 5 ; otherwise, it is 0. Finally, as the components of ﬂ and j are in ascending order, the
only permutation & that can be equal to ﬁ is 7 itself, if it counts the same number of 1, of 2, etc.
and therefore if n; = n] Vi.

4.7.2 Relation between the spin-eigenstate using Wigner D-matrices

The result in the last subsection was general but it is complex to use, however, we can find a
particular expression for rotations in the space of spin operators. For instance, if we want to

39More precisely, due to intistinguishability of the particles, all equivalent permutations are counted only ones.
This is what we mean by without repetition in this Section, it is not the same meaning as classically.
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use the work we have done on L, to deduce the eigenstates of fly, using Equation is not
practical. The basic idea of this subsection is to express the eigenvectors of the operators ﬁx, ﬁy, L,
as rotations of each other. Generally, the rotations are symmetries generated by the momentum
operators. In the following, we denote {g., gy, 9.} a particular basis of 5u(2)@. One can show that
the operator e~%% generates a rotation of angle § around the axis j in su(2) [14]. This can be
resumed as
9i =7

Without loss of generality we can take j = z, to any vector § = (ag, + bg, + cg.) € su(2) to obtain
a more general expression

€% (ag, + bg, + cg.) e % = (acosvy + bsiny) g, + (bcosy — asin®y) g, + cg.. (4.106)

Identifying ¢ to the triplet (a, b, ¢), this can be rewritten as a simple matrix-vector product

cosy siny 0 a
Rg=|—siny cosy Of [0]. (4.107)
0 0 1 c

This is the general matrix for the rotation around the z-axis. Now that the rotation around one
axis has been derived, one can combine several rotations around different axis to realize arbitrary
rotations. In particular, the rotations of any observable can be described using the Euler angles.
In the literature [14], we find that

R (a, 8,7) § = 9P eiod G109z~ N9 =119z, (4.108)
Thus the corresponding operator R can be defined as:
R(a,B,7) = e e ez, (4.109)

In the matrix form developed earlier, this can be rewritten as

cosy siny 0 cosf 0 —sinf cosa  sina 0 a
R(a,B,v)g = | —siny cosvy 0 0 1 0 —sina cosa 0 b (4.110)
0 0 1 sinff 0 cospf 0 0 1 c
In particular:
9 = R(0.3.5)g, = RT(Ov%’%;QyR(Q%v%;’
g9, = R(0,2,2)g. = R'(0,2,2)g.R(0,2,%), (4.111)
g: = R(0,5.5) 9 = B'(0,5,5) %R (0,5 3),
and
9 = R(=5,-5,00¢: = R'(=5,-3,0)g-R(=3,-3,0),
9 = R(=3,-3,009. = R (=5,-5,0) R (=5, -3,0), (4.112)
9. = R(-5-50)g = A (—g,—g,o)gy}%(—g,—g,o).

All this discussion is valid for any representation of su(2). In particular, it is true for the matrix
representation, where the basis of su(2) we are using are the matrices L,, L, and L,. If we want to

40Tn Section we explained that the expected commutation relations for this basis was given by Equation [2.109

[9i, 95] = i€ijngn-
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make the base change using Equation (4.103)), we need to know the unitary U corresponding to
the rotation, and we can find it thanks to Equation (4.108) as:

G' =R' (o, 8,7) GR (v, 8,7)
— Lz giBLy gials (yp—iaLz o —iBLy g —ivL (4.113)

— [J = ¢ivLz giBLy il

However, we can proceed in a more efficient way. If we do not consider the matrix representation,
but directly the operator representation, we directly obtain that the the rotation operator Ris
given by: ) ) )

R (o, B,7y) = e tobzem by gmivke (4.114)
Applying this operator on a state gives the state after rotatio. We denote the eigenvector of L,
on a particular submodule with NV, [ and C fixed by an index z

IN, L1, C),, (4.115)
and similarly y for f)y etc. We then introduce the Wigner D-matrices as

Df;,lz (o, B,7) =. (N,,I, C|R (e, B,7) N, 1,1, C), .

7YY Yz

Due to Wigner-Eckart’s theorem, we know that these matrices are not depending on the quantum
numbers N and C. Stronger, they do not depend on the representation, therefore those matrices
are the same for our particular case of rotations of spin-like operators, and for classical rotations.
With those matrices we can simply compute the rotations as

R(a,8,7) N, 1,m,C), =Y Dj,, (a,8,7) IN,1,I,C), . (4.116)
ll

These matrices can be factorized in a simpler form using the Wigner small d matrices

Dy (, B,7) = e_mm/dﬁn,vm (B) e ™ (4.117)

Allowing us to have a very concise formula for rotations:

R(e,8,7)IN.L,1.,C), => e ™d, , (B)e ™" (a,8,7) [N.LIL,C), . (4.118)

L

This expression justifies our decompositions into submodules. We have found a basis in which
rotations are expressed as a sum of a small number of vectors only. Moreover only one quantum
number is not left unchanged, and this is the case because the subspace with all the others fixed is
an irreducible submodule. To give a small practical example, we can compute the eigenstates of
f/y. They are obtained by rotating the eigenstates of L, with angles o« = —7/2,0 = —7/2,7 = 0:

T, ™
N1, C), = S e i5tdl (—5) IN,1,1.,C). . (4.119)

lz

41Let us give a brief reminder about the Heisenberg picture and the Schrodinger picture. A symmetry operation
S is applied in the Heisenberg picture as A — STAS = SA, which is equivalent to the Schrédinger picture where
the operation is applied on the state [¢)) — S [1b) = |St)), since (¢|SA[) = (¢|STAS|Y) = (Sp|A|Sv).
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5. Conclusion and outlook

This thesis was structured in two parts: first, in Chapter |3| we have been able to find a gen-
eral way of producing multimode uncertainty relations using the Jordan-Schwinger map. Many
further calculations could still be performed and future works could consider other operators
(representations of su(2) with more modes, for instance) or other inequalities (for example, the
Schrodinger-Robertson inequality applied to the operators of the Jordan-Schwinger map or relations
on bounded observables). It would be interesting to determine whether the equations generated in
this way can (or cannot) be deduced from the classical Schrodinger-Robertson inequality or the
symplectic uncertainty relations. One may further investigate the inequality for general matrices
and check whether using a basis of Hermitian matrices could lead to a simpler result. We also
obtained different expressions of these uncertainties for several kinds of states, and it could be
interesting to check if the violation of a stronger inequality obtained for a single-party state could be
translated into an entanglement criterion for bipartite states. Finally, we left open the question of
the entropic uncertainty relations as this requires the knowledge of the eigenbasis of the constructed
operators.

We then naturally dedicated the second part of this thesis to the construction, in Chapter [ of the
aforementioned basis using the tools given by Lie algebra theory. We first rederived the already
known result for 2-mode states, and found a generalization for any number of modes. This result
is new and, beyond the computation of the entropy of the observables, could help settle several
questions that arose in different works about entanglement and non-classicality. We also gave a
new mathematical background which may lead to a general way to design optical circuits. As an
outlook, future work could look deeper into the generalization of the Jordan-Schwinger map by
replacing the creation and annihilation operators by other operators sharing the same commutation
properties, but which will give new representations of su(2) that are easier to use to make basis
changes and to simplify many calculations in quantum information research.

In this thesis, we tried to take a general approach by focusing on mathematical rigor, keeping it
general enough so it should encapsulate various physical situations. Future works should focus
on specific examples, or making a stronger link between the mathematical developments and real
physical systems, giving more illustrations of the theoretical concepts discussed in the thesis. For
instance, even if we suggested a link between unitaries in the matrix space and quantum circuits,
the correspondence should be made explicit so to yield a general method to design the quantum
circuit associated with any unitary.

Future studies could further investigate the fundamental link between our spin-like observables and
the real spin of a bosonic system. Indeed, if the matrix [, describes the spin of a single boson, then
the total spin of the system is the single-body observable, obtained via the Jordan-Schwinger map.
In this way, some of our results allow for a new physical interpretation. It becomes obvious that the
commutation relations should be preserved, that the rotation in the spin phase space is similar to
a real rotation in space, and, moreover, our algorithm can be interpreted as a general procedure to
find the eigenbasis of the total spin of a system with many bosons. This could help solve problems
such as the behaviour of several bosons immersed in a magnetic field. Our results can also be
generalized to fermionic systems, as there exists a generalization of the Jordan-Schwinger map
to fermionic creation operators [33|. The only difference is that the statistics of the particles will
change; in each box there cannot be more than one fermion by Pauli’s exclusion principle.

This thesis highlighted the fundamental relations between bosonic systems and spin operators. As
the properties of the latter are well-known, we hope that our results will help to answer fundamental
questions arising in the context of continuous-variables quantum information.
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A. Hilbert spaces in quantum theories

A.1 Decomposition of a linear form in function of the com-
ponents of the dual vector
The components of the dual of a vector |¢) on the dual basis can be deduced from the components

of the vector itself. We write (1| = >, d; (v;| the decomposition of ()| on the dual basis. Let us
compute the application of the linear form ()| on any vector |¢):

(¥[¢) = (¢[¢)", Hermitian symmetry
(Z d; <v,-|> ¢ = <<¢| (Z ¢ |vi>) > * . Decomposition in bases
ZZ di (vilo) =) <¢;v¢>* ,  Linearity
i d; (v;|¢) = Z ¢ (v;]¢) V¢, Hermitian symmetry
i =d; = c;j (A1)

We find that the components of the vector and its dual are the complex conjugate of each other.
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A.2 Decomposition of a vector in an orthonormal basis

Let’s be any vector [¢), and an orthonormal basis {n;}. As {n;} is a basis it is possible to define
1, the components of |¢)), as

) = Zl/fj n;) - (A.2)

Taking the scalar product of this vector with any vector of the basis will directly allow us to express
the components in the basis:

(nile) = (nil Yy ny)
J
= Z Y, (niln;), by linearity at right for the scalar product
J

= Z 10,5, by definition of orthonormality
J

= ;. (A.3)

This imposes that the components of a vector in an orthonormal basis is given by its scalar products
with the basis vectors:

i = (nalv) . (A.4)
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A.3 Independence of the trace of operators with respect to
the basis

If {|n;)} and {|m;)} are two orthonormal bases, we can use the closure relation to switch from one
to the other:

Z (ni|Aln;) = Z (n] (Z |m;) (m]|> A (Z |my,) (mk|> In;), Closure Relation

= (nalmy) (my|Almy) (myn;) ,,  Distributivity
ijk

= Z (mj| Almy) (my|n;) (n;lm;), Commutation of the scalars
ijk

= (my| Almy) (my (Z n;) <niy> Im;), Distributivity

ik i

= Z (mj| Almy) (mg|m;), Closure relation
ik

= Z (m;| Almy) 0x;,  Orthonormality of the basis
ik

= (mylAjmy) . (A.5)
J

The definition is consistent independently of the basis.
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B. Lie algebras

B.1 Determination of the action of the Lie bracket, based on
its action on some basis

Let’s be g some Lie algebra defined on some field F' doted of the Lie bracket [-,-]. Let’s be {g¢;} a
basis of such an algebra. Given that

Vgi,g9; basis vectors : [g;, gj] = f;}gk with fj eFr (B.1)

it is possible to deduce the effect of the Lie bracket on any vector v € g. Indeed as {g;} is a basis
of a vector space, it is possible to write:

v=wv;g; YvE€g with v; €F, (B.2)
where we used the index notation (with automatical sum over the repeated indices). Therefore:

r = [v,w],
= [Uigiawjgj]a

= v; - wj - [gi,94], Dby bilinearity
= viw; [ g (B.3)
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B.2 Conservation of the defining relations of an algebra by
its representations

Let us show that for any representation ¢, : U — 20, mapping a basis {g;} to a set {G;}, if the
Lie brackets were defined on this basis, then the defining relations are preserved.

9i5 9] = fzjgk:,
([ghg]]) Pol ijgk),
]
1=

[P0(9:), Polyg ) :f Do(9r),

[GZ7G kaa (B4)

where we used the convention that repeated indices are automatically summed.
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B.3 An element c¢; commutes with all elements of L
Let’s be  any non-degenerate symmetric associative bilinear form on L; {x;} a basis of L and

{y;} the dual basis relative to 5 (i.e. B(x;,y;) = d;;). Finally, let’s be any vector v. We can define
the coefficients a;; and b;; such that

[Uaxi] szaijmj,
{ [v,m] =32, biy), (B.5)

then, one can show that a;, = —by;,
ik = Z&iﬂjk,
J
= Zai]ﬂ(:ﬂj, yk), « and y are dual basis

= B([v, @], yx), Linearity and definition of a;;
= —f([x;,v],yx), Antisymmetry of the Lie bracket and linearity of /3

= —B(wy, [v,yx]) Thanks to associativity and symmetry

=— Z brjB(xi,y;), Linearity and definition of b;;

= — Z bijdij, x and y are dual basis
J
— by, (B.6)

This being shown, let’s compute the commutator between c4(f) and ¢(v) for some v € L.

[p(v), cs(B)] = Z o(v)p(x;)d(yi) — d(xi)P(y:)d(v), Definition of the Casimir element

= Z (@(0)o(x:)p(y:) — P(2:)P(0)D(yi)) + (D(w:) (V)P (wi) — ¢(:)D(yi) D (v))
= Z o(yi) + o(x;)[o(v)p(y;)], Definition of the commutator

(B.7)
= Z a;;0(z;)o(yi) + ¢(x;)bi;p(y;), Definition of a;; and b,

= Z CL”QS xj a]ng(l‘l) z]¢(yj)
) (B.9)

This shows that for any /3, ¢, commutes with ¢(L).
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C. Inequalities

C.1 Conservation of the commutator by the Jordan-Schwinger
map

The demonstration that the Jordan-Schwinger map preserves the commutation relations, and is
therefore an acceptable representation of the algebra, is obtained only using linearity and the
expulsion properties of the commutator, the definition of the Jordan-Schwinger map, and the
commutation relation of annihilation and creation operators. Therefore any generalization of
the Jordan-Schwinger using operators with the same commutation relation will also preserve the
commutation relations.

Letbe an algebra such that

G3, Gj] = [5G, (C.1)

using the index notation (implicit summation over repeated indices). The Jordan-Schwinger map
gives:

G =l (Gy)apis. (C.2)

Then we can develop the commutation relation of the operators by replacing their definition with
the Jordan-schwinger map.

Ladlag, as) + af [ag, allas + al[al, aslas + [af, alasas)

_ G (C.3)

This proves that the commutation relation of operators created thanks to the Jordan-Schwinger
map are similar to those of the initial algebra.
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C.2 Simplification of the general uncertainty relation for
symmetric matrices

In this appendix we simplify the cross terms appearing in the term with two matrices R in
Equation [3.45] using the symmetry properties of R.

RaosRys ((Dabpdnds) + (Tad phyDs))
=RopRys ({Zadp, PyDs})
=RagRys (Talls, PyPs] + {Za, DyPs}2s)
=RopRs (Lahy |25, Ds) + Talp, DylPs — Dy [Zas PslTs + {Zas Dy }DsT )

(
(
(
(2
=RopRys (i2apr0s, + 12008,Ds — iPy0a,628 + {Za, Py }DsZ3)
=RagRys (i05,6(28aDy — PrEa) + {Za, Dy }sTs)

(

(-

(-

—RaBR 5 Z(Sﬂ 6([Iaup'y] + $ap7) {i'ayﬁ'y}ﬁéjﬁ> (C4>
=RosRys5 (05500~ + 105 58aDy + {Zas Dy }DsT5)
085 0. o 1 . o o
=RopRy5 (05,600, + 1=~ 2 ([$aapv] + {xmpv}) + _{ajmpv}([péa 25 + {Ps, 2s}))
3 08,5 08,5
=RapRys <_ 5ﬁ 500y T Z { mpv}i - Zi{ cwpv} +3 {$aapv}{p5>$6}>

—Rangs {da, py}{xﬂ,pm — étr (R?)

We see a constant term appearing that will be used as a lower bound.
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D. Relating number and spin eigenstates

D.1 Relations between L? in the 2-mode system Jordan-
Schwinger representation of su(2)

To show the relation between the operator L? and the operator N , we can develop the operator
L? as the sum over the if, and then develop those operators through their definition by the
Jordan-Schwinger map, for a particular representation using Pauli matrices. As the Casimir
operator does not depend on the particular basis of the algebra that we use, this result will be
true for all representations of 2 x 2 matrices.

Lot o4 fr ot fro ot fooot
:Z(al Qal 2+a1 2a2 1+a2 1a1 2+a2 1&2 1
sta ata | oata atn L oata tn A ot
— Qo047 2a1+ 21 1CL2+ 10209071 — A1A2A1A2
Ata ata Ata ata ata Afa At A Ata
1a10141 — a1a1G509 — a5a20]a1 + G4a2a505),

\
e~ = | =
S M S A
22,
Q>
=
Q>

[\)

N(N .
-5 <5 + 1> ) (D.1)

We therefore have a clear link between the Casimir operator L? and the total number operator for
the particular case of 2-mode systems.
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D.2 Commutation relations between N and J ordan-Schwinger
single body operators

In this appendix, we want to compute the commutation relation between N and G = al,Gapas
(using the implicit summation notation). We can develop the commutator using the classical
properties of it:

~0. (D.2)

This is an explicit proof that the total number operator commutes with all operators created
thanks to the Jordan-Schwinger map.
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D.3 Generalization of the Jordan-Schwinger map

In this section, we investigate generalizations of the Jordan-Schwinger map using more mode
operators to obtain higher-order functions of N. The only requirement for such a map is to conserve
the commutation relations to preserve the algebra su(2). The first idea to generalize involves
replacing n x n matrices with 2f entry tensor{™| with n values for each index; that is, by using
operators of the form

f f
G- ¥ (e, (o) D3

o
ap, ..., 0 J

Bl) 7ﬁf

The convention for the product of two tensors used in this master thesis is the one conserving the
dimensions of the tensor

aj..a aq...q B1...8
(GH)™ iy = D G g H iy (D.4)
BBy

and the definition of the commutator of two tensors derives naturally from it as
|G,H| =GH — HG. (D.5)

We consider a particular subclass of tensors vanishing if all covariant and contravariant indices are
not the same. We refer to this family of tensors as the plane diagonal tensor (because the nonzero
entries describe particular planes in the tensors):

f f
Gy =Y G (H 5aai> (H 5%.) . (D.6)
a,f i=1 7=1

The product of two tensors of this form is given by

f /
(GH)™ ™ s = ZZG%H% (H 56“0‘1') (H 57%-) ' (D.7)

ay B

Therefore, the product of two plane diagonal tensors is plane diagonal, and trivially, this is also
the case for their commutator. Using Equation (D.3)), this family of tensors generates a specific
family of operators, referred to as plane diagonal operators, which are given by

G=Y"(al) G (as). (D.8)
a,B

If we compute the commutator of this family of tensors, we find that the commutator of such oper-
ators is no longer a plane diagonal operator, and is not even a tensor in the form of Equation (D.3)).
Without details, if G and H are two plane diagonal operators, their commutator is given by

/ /
Ga =53 ()’ (H(ﬁﬁ +i) = [J(hs+1— i)) (GoyH? — H,G") (a,)

ay S =1 =1

f f
= ZZ (H(ﬁg +17— f — ]{3) — H(fbg +1—17— f)) (dL)f (Gaﬁﬂﬁ’y _ H‘%Gﬁ}y) (&ﬁ/)f. (DQ)

ay B =1 =1

42These are tensors with n2/ elements.
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The polynomial of degree (f — 1) in ng that appears in this expression changes the order of the
operators in terms of a; therefore, the commutator is not intern in the class of operators described
by . Therefore, the commutation relation is not preserved for this generalization of the
Jordan-Schwinger map. This would be the case if the polynomial was 1 and if f = 1, that is, for
the classical Jordan-Schwinger map.

Even if this generalization does not work, there may be another that will. To find this, let us try
another generalization to increase the order of the Jordan-Schwinger map in terms of the operators
@ and a' to the second order. In the demonstration that the Jordan-Schwinger map preserves
the commutation relation in Appendix , we showed that the only property of a; and &; that
mattered was their commutation relation:

LR

For the first order, we consider the operator b = x (@) = ua + va' + c. The commutation relations
are preserved if |u|? — |v|* = 1, and such transformations are called Bogohubov transformations.
Now, if we consider second- order operators of the shape O = Aa>+ Ba+ Ca” + Da + Eat + F,
the conditions for the coefficients are more complex.

AB* = BC*, |A?=|C]*, 2AD*+ DB* =2EC*+ BE*, |D|*=|E|*+ 1. (D.11)
These equations have no general solutions; however, we can obtain two particular solutions:

Oy = (K (a—a)’+a+L) = (Kp*+a+1),
. | (D.12)
Oy = (il (a+a)’ +a+L) = (iK'a* +a+ L),

where K, k', L,¢ € R. In both solutions, we add a Hermitian or anti-Hermitian operator and a
constant to the annihilation operator (and a complex phase). These solutions allow us to postulate
a new form of operator O=1F+a for higher-order generalization. Fis an operator that must be
built as a function of & and af. The condition [0, Of] = 1 implies

[F, FY + [F,af] — [FT,a] = 0. (D.13)

If we postulate that F'' = ¢®F with |A| = 1, this expression can be further simplified. This family
of operators F' includes Hermitian operators if ¢ = 0 and anti-Hermitian operators if ¢ = 7. The
condition becomes

[F,af — e%a) = [F, (1 — )i 4 i(1 + €)p] = 0. (D.14)
This condition is verified automatically if F' = f(af — e?a) = g((1 — €)@ +i(1 + e?)p). If
flz) =320 exe™ ak with ¢, 1 € R, then the condition Ff = ¢ becomes

b = %((k+1)gb+lm). (D.15)

Therefore, a general family of operators that can generalize the Jordan-Schwinger map are operators
of the following form:

||
Cb
m\e
@>

00 00 k
ZOCk ¢'s _Z%df)k e %Zc' (s1n§a:+cos§p) . (D.16)

In particular, if we want a Hermitian operator (¢ = 0), we have F= S b = f(p), where fis

a real function, and if we want an anti-Hermitian operator (¢ = £m), we have F' =14 ;- 2" =

vf (a;) This describes a family of operators suitable for the Jordan-Schwinger map, as follows:

w\e»

“33 eieia—ie 3Nt +a, with o, 6 € R. (D.17)

k=0
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More generally, we can also consider multiplication by a complex phase and the addition of a

constant to get the transformation

A=0(a) =33 (ie’ta —ieFal)* +e%a+ L, with cx,¢,¢ € Rand L € C. (D.18)
k=0

If ¢, = 0 Vk > 2, we find the Bogoliubov transformation; hence, the transformation OA¢’¢,{C,€}, Lisa
generalization of these transformations. Equations are particular cases of this transformation,
with ¢, = 0 if k # 2. It has not been proven whether the composition of several transformations
O/\d)i’wi7 {ci},Li 18 another transformation O 4.9.4e.1 or if it describes a larger family of transformations.

Using transformations 0, we can generalize the Jordan-Schwinger map with a higher order in
terms of mode numbers as follows:

G =) AlGasAg, (D.19)
.8
with ) A
Ao = Ogo yo feoy 10 (aa) - (D.20)

Note that the coefficients ¢%, ¥, {c¢}, L* do not need to be equal for each mode.

We will not use this generalization in this thesis, but further research should investigate if this
map has applications in several problems; for instance, one should consider the submodules of the
representation of su(2) generated with this map.

74



10

11

12

13
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10

11

12

13

14

15

16

17

D.4 Computations of the values of U(n, N, u)

This codes implements the Equation (4.36)) with the initial condition given by Equation (4.37))
to create a 3-dimensional array containing all the values of U for 1 to n boxes, 1 to N balls and
scores from 1 to n X N.

function U=ballInBinStocked(n,N);
U=zeros(n,N,n*N) ;
for j=1:N
U(l,j,j)=1;
endfor
for i=2:n
for j=1:N
for k=j+1:ix%j
U(i,j,k)+=sum(U(i-1,(j:-1:1),k-3));
endfor
U(i,j,j)+=1;
endfor
endfor

The Equation (4.40) is implemented in the following code, with the conditions given by Equa-
tion (4.41)). A stronger initial condition is added: if uw < N, then U = 0. This is not necessary, but
will help speed up the algorithm.

function U=ballInBinNotStocked(n,N,u);
if ((u<=N) | | (N==0) || (n==1))
U=(N==u) ;
return;
endif
U=ballInBinNotStocked(n,N-1,u-1)+ballInBinNotStocked(n-1,N,u-N);
endfunction

This same relation can be a bit modified to find all the possible combinations explicitly.

#BallsCombt
function C=BallsCombi(n,N,u)
if N==0
if u==0
C=zeros(1,n);
else
C=zeros(0,n);
endif
elseif n==
if N==
C=[N];
else
C=zeros(0,n);
endif
else
Ci1=BallsCombi(n,N-1,u-1);
C1(:,1)+=1;
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21

22

23

C2=BallsCombi(n-1,N,u-N);
C2=[zeros(size(C2) (1),1) C2];
Cc=[C2;C1];
endif
endfunction
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D.5 Orthogonality of submodules defined by orthogonal vec-
tors

We note V(N,[,7) the submodules in the form of

g(n,N,l)—1
V(N,I,7) = span [y,) = Z v |N, 1,1, %), , VI, such that || <1 , with 7 € CImND,
=0

(D.21)
If you consider two of those modules with different values of N or [, they are automatically
orthogonal; indeed, they are included in two orthogonal spaces. Specifically, V(N,[,¥) is included
in the subspace of N with eigenvalue NV, and because N is Hermitian, its eigenspaces are orthogonal;
thus, V() and V(N’) lie in two orthogonal spaces if N # N’, they are orthogonal.
Now, we compare V(N,[,7;) and V(N,1,7,), where |v) € V(N,l,7), |w) € V(N,,7,), and ¢ and
w are the vectors containing their components. We can compute their scalar product

(v|w) = (Z v, <¢lz(71)|> > wi [ () ]

l=—1 I=—1

Z Z v wi, (Yr (en) [P ()

L=—11,=—1

g(n,N,l)— g(n,N,l)—1
Z Z Ul wy, Z 717, Nalal277'| Z Y2, |N7l7l;7j>s )
L=—11=—I J=0

g(n,N,l)—1 g(n,N,l)—1

Z Z v Wy, Z Z V2 (N LGN L, )

g(nzNJ)*l g(’nﬂN?l)il

Z Zvlzwy Z Z 71‘,~72j5z‘j5lzl; )

lL=—ll=-1 =0 7=0

The expression that we obtain is convenient. The scalar product of two vectors in two different
spaces V (N1, 11,71) and V(Ng, ls, Vo) is zero if Ny # Ny or [y # Lo, else it is the product of the
scalar product of the defining vectors ; and the scalar product of the vector of their components.
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D.6 Implementation of the general algorithm in Octave

We present here the implementation of the general algorithm of Section on Octave. The
coefficients for the basis change are stocked in the matrix C' (and must be related to the matrix V'
to find the corresponding vector in the number basis). It is not optimized, but is implemented in

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

order to be as close as possible to the algorithm we presented.

clear, close all, clc

4 step 1
n = 4; 7 number of modes
N =7; 7 number of particles

= (mod(n + 1, 2) &% mod(N, 2)) / 2; J walue to correct the indices for half
-~ spin valued

l zmax = (n - 1) / 2 x N; % mazimum value reachable for the spin
Lm = sqrt((n - (1:n-1)).x* (1 n-1)); / mon zero coefficients of the operator L_-
V = zeros(l_z_max + 1 - hs, 1, n); 7/ V(lz + 1, num, ind) This matriz contains
all the wvectors of the number bastis corresponding to a wvalue Lz. They are
all referenced by a number num. Therefore V(lz + 1, num, ind) gives the

— number of particles in the mode ind for the num_th vector of a given lz

C = zeros(l_z_max + 1 - hs, 1, 1_zmax + 1 - hs, 2); / C(lL + 1, C, lz + 1, num)
< contains the coefficients for the nmew basis lz.C(l+1, C, lz+l, nmum) gives
< the coefficients for a vector | N, 1, lz, C > _s for the vector num (cf

< array V)

g = zeros(l, 1_z_max + 1 - hs); / function g(lz) in the notes

!

!

4 step 2
V(l_z_max + 1 - hs, 1, end) = N; / only vector with lz=l_z_maz:/ 0, 0, ..., N
o o.m
C(l_z_max + 1 - hs, 1, 1_zmax + 1 - hs, 1) = 1; / <dentification | N, l_z_maz,
. L_z_mam 1> _s=10,0, ..., N>_n
g(en ) =
gt = g; / dzmenszon of the eigenspaces of lz
4 step 3
for 1z=1_z max:-1: 1 J lz est en fait lz + 1
count = 0;

[n1, n2, n3] = size(V);

4 step 3a and 3b

for num=1:n2

for ind=2:n
if V(1z + 1 - hs, num, ind) > O
VP = V(1z + 1 - hs, num,:);
VP(ind) -= 1;
VP(ind - 1) += 1;
test = 0;
for i=1:count
if sum(VP == V(1z - hs, i,: )) ==n
for 1=1z+1:1_z_max + 1
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37
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41

42

43
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46

47

48

49

50
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52
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57

58

59

60

61

62

63

64
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67

68

69

70

71

72
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for j=1:g(1 - hs)
c(1 - hs, j, 1z - hs, i) += C(1 - hs, j, 1z + 1 - hs, num) *
— sqrt( V(1z + 1 - hs, num, ind) * (V(1z + 1 - hs, num, ind -
o 1) + 1)) * Lm(ind - 1); / creatton of the first part of the
<~ mnew basts by applying L -
test = 1;
endfor
endfor
break;
endif
endfor
if !test 7 In this case we find a new vector of the number basis we had
-~ mnot considered
count += 1;
V(lz - hs, count,:)=VP;
for 1=1z+1:1_z_max + 1
for j=1:g(1 - hs)
C( - hs, j, 1z - hs, count) = C(1 - hs, j, 1z + 1 - hs, num) *
— sqrt( V(1z + 1 - hs, num, ind) * (V(1z + 1 - hs, num, ind - 1)
— + 1)) * Lm(ind - 1);
endfor
endfor
endif
endif
endfor
endfor
/ normalization
for 1=1z+1:1_z_max + 1
for j=1:g(1 - hs)
C(1 - hs, j, 1z - hs,:)=C(1 - hs, j, 1z - hs,:) / sqrt(sum(C(1l - hs, j, 1z
— - hs,:).” 2));
endfor
endfor
4 Step 3C
gt(lz - hs) = count;
g(lz - hs) = gt(lz - hs) - gt(lz + 1 - hs);
for j=1:g(1lz - hs) / Gram-Schmidt to construct the new vectors
C(lz - hs, j, lz - hs, 1: n2)=rand(1l, n2);
C(lz - hs, j, 1z - hs,:)=C(1lz - hs, j, 1z - hs,:) / sqrt(sum(C(lz - hs, j,
— 1z - hs,:).” 2));
for 1=1z+1:1_z_max + 1
for k=1:g(1 - hs)
C(lz - hs, j, 1z - hs,:) -= sum(C(1lz - hs, j, lz - hs,:).*C(1 - hs, k,
— 1lz - hs,:))*C(1 - hs, k, 1z - hs,:);
C(lz - hs, j, 1z - hs,:)=C(1lz - hs, j, 1z - hs,:) / sqrt(sum(C(lz - hs,
~ Jj, lz - hs,:).” 2));
endfor
endfor
for k=1:j - 1
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7
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99

101

C(lz - hs, j, 1z - hs,:) -= sum(C(lz - hs, j, lz - hs,:).*C(lz - hs, k, 1z
— - hs,:))*C(1z - hs, k, 1z - hs,:);
C(lz - hs, j, 1z - hs,:)=C(1lz - hs, j, 1z - hs,:) / sqrt(sum(C(lz - hs, j,
— 1lz - hs,:).” 2));
endfor
endfor
endfor
4 printing of the results
for 1z=1_z_max+1:-1: 1
for 1=1_z_max+1:-1: 1z
for i=1:g(1 - hs)
printf (sprintf('|%d,%d,%d,%d>_s = ', N, 1 - 1, 1z - 1, i))
for num=1:gt(lz - hs)
printf (sprintf('%d|', C(1 - hs, i, 1z - hs, num)))

for j=1:n
printf (sprintf('%d', V(1z - hs, num, j)))
if j !'=n
printf(',"')
endif
endfor

printf('>_n ')
if num '= gt(lz - hs) & (C(L - hs, i, 1z - hs, num + 1) >= 0)
printf('+"')

endif

endfor

printf('\n")

endfor
endfor
endfor
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D.7 Spin Basis for 3 modes and 6 particles

We computed explicitly the vectors of the spin basis for 3-mode and 6 particles using the general
algorithm described in Section [£.4] If you use algorithm of Appendix [D.6] the results are the same.

6,6,6), = 10,0,6),,,
16,6,5), = 0,1,5), ,

1
6,6, 4 :—(1,0,5 +/10(0,2, 4 )
| >s \/1_| >n | >'n,
16,4, 4) —(\/ 11,0,5) \o,2,4>n),
Vi1
6,6,3), —(\/_1 +f033)
| = (v3 0,3,3)
6,4,3)., J__<f|1’1’4 ~V310,3,3), ).
16,6,2). = —— (12,0,4), +4[1,2,3) +40,4,2) ).
V33
1
6,4,2) = —— (42,0,4) +5[1,2,3) — 6]0,4,2) ),
6.:4.2), = = (412,04, +5[1.2.3) ~6/0.4.2)
1
6,2,2) = —— (4]2,0,4) —2[1,2,3) +10,4,2) ),
6.2.2), = <= (412,0.4), = 2]1.2.3) + 0.4.2),)
1
6,6,1 —(\/52,1,3 +420(1,3,2) ++/8]0,5,1 )
1
6,4,1 —(\/35 2.1,3) +v1]1,3,2) —+/400,5,1 )
1
6,2,1 —(\/§2,1,3 —V8[1,3,2). +510,5,1 )
1
6,6,0). = —— (v/513,0,3) +90(2,2,2) ++120|1,4,1). ++/16(0,6,0). ),
6,600, = o= (V513,0,3), + V90[2,2,2), + VID|L 4, 1), + VI6]0,6.0),)
1
6,4,0), = —— (\/54 13,0,3) + V147(2,2,2) — V64|1,4,1) — +/1200,6, 0>n) :
/385
1
6,2,0) = —— <\/16 13,0,3) +v0(2,2,2) —v3|1,4,1), + 10 |O,6,0>n> ,
V21
1
16,0,0), = Nes (\/16 13,0,3). —v812,2,2) +V6|1,4,1) — \/5|0,6,0>n> :

The negative [, vectors can be obtained by symmetry, inverting the number of particles in each
mode. For instance:

6,4, 1), = (\/_|3 2),+V1[2,3,1), - VA0|1,5,0),)

ﬁ\
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D.8 Demonstration for the scalar products of numbers be-
tween different number basis

In this section we compute
(N1, Mgy .oy Ny |my, Mo, ooy my) (D.22)

where |nq,ng, ...,n,) and |my, ma, ..., m,) are two Fock vectors corresponding to two different Fock
bases, for whose creation and annihilation operators are related by the relation

by =Ulsas and b = alUs (D.23)

To do this, we need to develop the states with their definitions in Equation (2.86]):

<n1,n2,...,nn|m1,m2,...,mn> = (()| <H \/n_j!_l (da)”a> <H \/m_ilil <[;I>mz) |0>
~(I1v) () o (10 ) (108 o

(D.24)

Let us now focus on the braket. We consider N = 3 8ng and M = 3, m; and 3 and j the
vectors explained in Section [4.7]

(0| (Hagﬂ) (Hé}m") 10) = (0] { [ ae.
: |

J 1)
o)
)

N M
- Z <0| (H dﬂa) (H &LbUkbjb> |0>
Ee{l,...n}M a b
M N M
= > ATk | O T] . (H aLb> 10)
Ee{l,...n}M c a b
M n ;
= > (IIUei | O { [T (H al"" >> 10)
Y

Refl, o} \ @

M n
= > (T | I m et
Reft, . \ ¢ E
N n
= 5N,M Z (H Ugcjc> Hngl
FePerm(f) ¢ B
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= 5N,Mﬁn5! Z (H Ugcjc> (D25)
B

gePerm(B)

1)

Finally, the matrix element is given by

N
n;!
(nl,ng,...,nn|m1,m2,...7mn> :5N7MH mZAl Z <HUocjc>
. 7.
)

:b d€Perm( ]\‘; (D26>
= 5NMH ;:Z, Z (H U&m)
v F€Perm(j) ¢
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