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Chapter 1

Introduction

One of the most intriguing properties of quantum mechanics is the possibility of
establishing correlations between physical systems that have no classical counterpart,
the most peculiar ones being known under the name of entanglement. At first consid-
ered as a mere curiosity [1,2], entanglement has nowadays become a physical resource
allowing the realization of protocols and tasks in quantum information and quantum
technology not permitted by classical physics [3-5].

However, entanglement is a very fragile resource, and it can be rapidly spoiled by
the presence of an external environment. In general, any quantum system can hardly
be considered to be completely isolated: coupling to its surroundings is unavoidable
and, usually, this leads to decoherence effects and to the emergence of a classical
behaviour [6-13]. Indeed, although the dynamics of the total system, system plus
environment, is reversible, the time-evolution of the system alone, obtained by aver-
aging over the infinitely many, uncontrollable degrees of freedom of the environment,
turns out to be irreversible, rather complicated and hardly amenable to an analytic
treatment. Nevertheless, in many physical instances, the coupling between system and
environment can be considered to be weak; further, the system evolution usually occurs
on time scales much larger than the decaying time of correlations in the environment.
In such situations, very well met in many physical applications, the reduced dynam-
ics of the system alone can be given in terms of a quantum dynamical semigroup:
this is a collection (a one-parameter (=time) family of) linear maps on the set of sys-
tem’s states, composing only forward in time (semigroup property), with the additional
characteristic of being completely positive, property that guarantees consistency in all
physical situations. This framework, the so-called open quantum system paradigm, is
very general, and has been successfully used to describe environment induced decoher-
ence effects in atomic and molecular physics, quantum optics and condensed matter
models.

However, an environment not always degrades quantum coherence and entanglement:
in some situations, it may happen that it can enhance them through purely mixing
mechanisms. Indeed, it has been realized that, in certain circumstances, two indepen-
dent, non-interacting systems can become entangled by the action of a common bath
in which they are immersed [14-20]. In general, the obvious way of entangling two
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quantum systems is through a direct Hamiltonian coupling accounting for interaction
among them. A different possibility is, indeed, to put them in contact with a same
external environment; commonly, in these situations entanglement is still created by
an Hamiltonian coupling between the systems generated by the action of the bath. Re-
markably, it is possible to show that, even excluding any possible direct Hamiltonian
interaction, the presence of the bath induces a mixing-enhancing mechanism able to
actually generate quantum correlations among systems immersed within it.

So far, such an interesting possibility has been explored and ascertained in microscopic
systems, made of few qubits or oscillators [20-22]. In view of the recent developments
in optomechanics, spintronics and in the preparation and manipulation of trapped ul-
tracold gases, one may ask whether a similar mechanism may work also for “large”,
many-body systems.

At first sight this possibility seems rather remote: the larger a system becomes, the less
one is expecting quantum properties to be shown. This clearly holds for many-body
quantum systems, i.e. quantum systems composed by a large number N of elementary
constituents. In such systems, the study of single particle properties is impractical and
the only sensible information, that can usually be gathered, concerns the behaviour of
collective observables, i.e. observables involving all system degrees of freedom.

In general, such collective observables represent extensive properties of the system,
growing indefinitely with V. Collective observables need therefore to be normalized by
suitable powers of 1/N. Provided the system density N/V is kept fixed, V' being the
system volume, these normalized observables become independent from the number N,
allowing one to work in the so-called thermodynamic, large N limit.

Typical examples of collective observables are average observables, i.e. suitable means
of single particle quantities computed over all constituents, an example of which is the
mean magnetization in spin systems. Although single particle observables possess a
quantum character, average observables show in general a classical behaviour as the
number N of constituents increases, thus becoming so-called macroscopic observables.
The well-established theory of these average observables [23],24] precisely describes
many-body systems at this macroscopic level.

Nevertheless, recently there have been studies reporting the observation of some sort of
quantum behaviour also in systems made of a large number of particles; typically, these
systems either involve Bose-Einstein condensates [25-27], namely thousands of ultra-
cold atoms trapped in optical lattices [2829], or optomechanical systems [30] made of
micro-oscillators (cantilevers).

Clearly, macroscopic observables, being averages quantities, scaling as 1/N for large
N, can not be used to explain such a behaviour. Indeed, it turns out that the scaling
of these averages is too strong for them to retain quantum properties when N is large.
However, other kinds of collective observables have been introduced and studied in
many-body systems; in analogy with classical probability theory, they are called fluc-
tuations [31]. They still involve all the degrees of freedom of the system, but they
account for quantum deviations around the macroscopic average behaviour. They
scale as 1/ V/N and exhibit some quantum properties even in the large N limit. Being
half-way between the microscopic observables, namely those describing the behaviour
of single particles in the system, and the macroscopic averages, they are called meso-
scopic observables.

The set of fluctuation observables forms an algebra, that, irrespective of the nature of
the microscopic constituents, turns out to be non-classical, i.e. non-commutative, and
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always of bosonic character: it is at the elements of this algebra that one should look
in order to properly describe quantum features of large systems.

Although the properties and the time-evolution of the fluctuation operators algebra
have been studied in various physical models |[31H33|, very little is known of its be-
haviour in open many-body systems [34], i.e. in large systems in contact with an
external environment. As already mentioned, this is the most common situation en-
countered in actual experiments, where these systems can never be thought of as com-
pletely isolated from their thermal surroundings. Aim of this thesis is precisely to
give first a comprehensive analysis of the dissipative dynamics of many-body fluctua-
tion operators and then to study whether such open system time-evolutions are able
to generate quantum correlations through a purely mixing-enhancing mechanism. We
shall see that quite in general two non-interacting many-body systems, made of a collec-
tion of spin variables, and immersed in a common bath, can indeed become entangled
at the level of mesoscopic fluctuations solely because of the presence of mixing effects.
Even more strikingly, in certain situations, the created entanglement can persist for
asymptotically long times.

In more detail, the thesis is organized as follows:

e In Chapter 2, the basic mathematical tools for the description of many-body
quantum systems are briefly reviewed. They are based on the algebraic approach
to quantum mechanics, which represents the most general formulation of the
theory, valid for both finite and infinite dimensional systems. Furthermore, such
an approach is necessary for the definition and the study of collective observables.

e Chapter 3 focuses on the properties of collective many-body observables and in
particular on the algebraic structure generated by fluctuation operators. In many-
body systems characterized by short-range correlations, the large N limit leads to
fluctuation operators that are bosonic quantum degrees of freedom with Gaussian
characteristic function. Such a limiting behaviour can be shown by means of an
extension to the quantum setting of the classical central limit theorem [35].

e Chapter 4 is dedicated to the description of the dissipative dynamics of fluctuation
operators. A brief presentation of the theory of open quantum systems is first
given, assuming the coupling between system and environment to be weak. In
such situations, as already mentioned, physically motivated approximations lead
to reduced microscopic dynamics of the system that can be very well described
by a Markovian, i.e. memoryless, time evolution, generated by a master equation
in Kossakowski-Lindblad form. The dynamics is chosen in such a way to leave
the microscopic reference state of the system invariant and to map into itself the
linear span of relevant single-site observables. Under this condition, we show that
the emergent, large N mesoscopic dynamics for the bosonic fluctuations results
in a quantum dynamical semigroup of quasi-free type, thus preserving the initial
Gaussian character of the fluctuation algebra.

e In Chapter 5, this general result is applied to the study of the behaviour of a
many-body system composed by two, independent spin-1/2 chains, immersed in
a common thermal bath. The two chains are initially prepared in a microscopic
Gibbs state, with a separable, tensor product structure that excludes long-range



4 1. Introduction

correlations. The attention is then focused on a suitable set of single-site opera-
tors giving rise to quantum fluctuations that, in the large N limit, identify col-
lective bosonic degrees of freedom exclusively referring to either one or the other
of the two chains. Despite the lack of direct microscopic interactions among the
spins either in a same or in different chains, the dissipative dynamics due to the
presence of the bath is able to create mesoscopic collective entanglement between
the two many-body systems at the level of their fluctuation operators through a
purely noisy mechanism. Remarkably, in certain situations the created entangle-
ment can persist for asymptotic long times.

The behaviour of the created collective quantum correlations is then studied in
detail as a function of the bath temperature and other properties of the dissipative
dynamics. One then discovers that a sort of entanglement phase transition is at
work: a critical temperature can always be identified, above which entanglement
between mesoscopic observables can not be created.

The Appendices contain technical calculations and proofs that is not appropriate
to include in the main text.

Finally, we would like to point out that the obtained results are quite general and
independent from specific models. As such, they can find direct applications in all
instances where mesoscopic, coherent quantum behaviours are expected to emerge,
e.g. in experiments involving spin-like and optomechanical systems, or ultra-cold gases
trapped in optical lattices [25H2736H38]: the possibility of entangling these many-body
systems through a purely mixing mechanism may reinforce their use for the actual
realization of quantum information and communication protocols [39-41].



Chapter 2

Mathematical Description of
Infinite Systems

Physics deals with reproducible phenomena that can be tested and verified through
experiments. Any experiment consists in two main procedures: the preparation of the
system under study in an initial state and the measurement of some of its properties
or observables. The statistical interpretation of the measurement stems from the pos-
sibility of preparing many times the system in the same state.

On the other hand, an observable of a system is a physical quantity identified by the
apparatus used for its measurement [42].

From experiments one obtains outcomes of measurement processes, consisting of real
finite numbers associated to the correspondent observables; it is the aim of physics to
provide a mathematical setting where these outcomes can be interpreted and predicted.

2.1 Algebraic Approach to Quantum Mechanics

Any physical system is characterized by a set of independent measurable quan-
tities; to each of these quantities one associates an element in an operator set. Its
spectrum consists of the possible outcomes of a measurement; thus, the operator has
to be self-adjoint in order to possess real eigenvalues. Using these abstract elements
one can construct, by means of products and linear combinations, an algebra A, whose
self-adjoint elements correspond to all possible measurable quantities.

The algebra A turns out to be a C*-algebra; this means that it is a linear, associative
algebra (with unity) over the set of complex numbers C. Further, A is endowed with
an anti-linear involution * : A — A, such that (aT)T = a, Ya € A. In addition, a norm
| -] is defined on A, satisfying |lab|| < [la]| [|b]|, Va,b € A, such that |la’a|| = llal?;
A is closed under this norm, i.e. A is a complete space with respect to the topology
induced by the norm.

The main difference between quantum and classical mechanics lies in the character of
this algebra: observables of a quantum system do not commute, meaning that during
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experiments the ordering of the different measures is relevant.

To connect the abstract elements of the algebra A to actual experiments, a mathemat-
ical representation of the physical state of the system is needed. Since the complete
information about the condition of a system lies in the knowledge of all moments and
correlation functions of its observables, it is natural to identify its physical state with
a linear functional on the algebra A. Of course, in order for these functionals to be
interpreted as states, they must obey some physical properties.

Definition 2.1. A quantum state is a functional w : A — C, such that:

1) w(a+ Ab) =w(a)+ (), VYabe A NeC,
2) w(aTa) >0,Vae A,
3) w(l)=1.

The first condition represents linearity; the second one embodies the positivity
requirement: the expectation of any positive observable must be positive. The last
condition is the normalization requirement, which is needed to conform with the sta-
tistical interpretation of quantum mechanics.

Remark 2.1. The above definition of quantum states as positive linear normalized
functionals, reduces to the familiar one in terms of density operators, in the case of
finite dimensional quantum systems. In such cases, the set of all density matrices forms
the convex space of positive, unit trace operators on the system Hilbert space H.:

S(H)={p:H —>H[Tr(p) =1, p=0}.

Being hermitian the generic element of such space can always be written as follows:
S(H) 3 p =D Milthi)(wil,

(ilihy) =0y, 0N <L Vi, > A=1.

7

Pure states are projectors, obtained when just one \; is equal to 1 all others being zero.
Within this formalism, expectation values over states are computed by means of the
trace operation:

{0y =Tr(po), Voe A, peS(H).
Therefore, the state w of a finite-dimensional system can always be written as
w(o) = Tr(po),
and one can check that it obeys the rules of Definition[2.1].
The description of a quantum system as a C*-algebra containing the observables
and a functional w on this algebra, serving as state, is the minimal one, sufficient for

the description of any quantum system, finite or infinite dimensional. It further allows
a Hilbert space interpretation through the so-called GNS-construction.
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2.1.1 The GNS-construction

An important mathematical result, with wide application in many-body systems,
goes under the name of GNS-construction (Gelfand-Naimark-Segal) [4344]. It shows
that, given any C*-algebra A together with a state w, one can find a state dependent
triple (H,, 7., ¥,,), where H,, is a Hilbert space, m, a representation of the algebra
into linear bounded operators and W, is a cyclic vector for the Hilbert space H,,, such
that

w(a) = (V,|m,(a)|¥P,), VaeA.

This construction allows to pass from an algebra and a state, to the more familiar
description by means of Hilbert spaces and bounded operators [23,145-48].

Theorem 2.1. (GNS Construction) Let w be a state over the C*-algebra A. It
follows that there exists a cyclic representation (H, 7y, Vy) of A such that:

w(a) = (V,|m,(a)|V,), VaeA,

consequently, ||¥,|> = (¥,|V,) = 1. Moreover, the representation is unique up to
unitary equivalence.

The so constructed triple (H,, m,, ¥,,) provides the suited tools for the standard
description of quantum systems and makes it apparent that the notion of Hilbert space
associated to a quantum system is not a primary concept, but an emergent one.

Example 2.1. Consider a two-level system: it is described by the spin operator algebra
As = My (C), the algebra of 2 x 2 maltrices; a basis of the algebra is provided by
the operator {Su}izo: obeying the following commutation relations [s,,s,] = 1€umSy,
w,v,n =1,2,3, while [so,s,] =0, and Tr(si) = %, Y . Further, on this algebra let us

consider the functional such that:

wp(1) =ws(2) =0, wp(ss) = — tamh (g)

1t 1s straightforward to show that one can represent this functional by means of a density
matrix, interpretable as a thermal state at inverse temperature [3:

wp(+) = Tr(ps-) , (2.1)
e—Ps3
P = 2cosh(2) (22)

By purification (49] of the density opemtmﬂ one finds the following unit GNS-vector
|P,,,) € C*:
[Wus) = AL (B)14) @ [+) + A-(B)|-) @ |-)

!Given a d-dimensional quantum system, a generic density matrix p € S ((Cd) can be written as
(see Remark p= Z?Zl ri|8)(i| , with {|i)}f:1, an orthonormal basis of C¢. The purified vector
|U) related to p, in the enlarged Hilbert space C? @ C?, is of the form |¥) = Z?Zl VTilt) @ |i), and it
is such that

Trpr ([9)(¥]) = p,
being Try; (+) the partial trace over the second copy of the Hilbert space C<.
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with |+) eigenstates of s3, such that ss|+) = £5|+), and

8
ez
2cosh(§) '

Further, representing the algebra on C* as m,,(As) = My (C) ® 1, one can verify that:

1
ws(s,) = <\I/wﬁ|§a#®1\\llwﬁ>, Vue{0,1,2,3},

with (1,01, 02, 03) the Pauli matrices. The GNS-Hilbert space H.,,, is obtained complet-
L with |W,) = 0, ®1]T,,),

ing the complex linear span formed by the vectors {|\I/M>}#:1,
with respect to the vector norm |||W,)||* = (¥,|¥,).

This example is also useful to deduce some properties of representations; the commu-
tant of a representation w(A) : A — B(H) (where B(H) is the algebra of bounded linear

operators on H) is defined as the set [50):
7'(A) = {b € B(H)|[a,b] =0,Va e n(A)} . (2.3)

In the example what one can see is that the commutant is isomorphic to the represen-
tation itself, indeed m, (As) = 1 ® M (C); an algebra with non-trivial commutant is
called reducible.

Nevertheless, one can check that the center [50], defined as the intersection of the
representation with its commutant

Z =T, (As) ﬂﬂ;ﬁ(As) = {a1® 1‘04 € C} ,

consists of multiples of the identity. Such a representation is a reducible factor repre-
sentation.

It is interesting to consider the limiting case of zero temperature, so that f — oo; what
happens is that the GNS-vector becomes

Jim [o,) = |5 @),

and there is no need of enlarging the Hilbert space up to C*. In this situation, with the
vector |V, ) = |—) and the representation 7, (As) = My (C), one is able to recover
all expectations

1
WOO(SM) = <\:[ono|§0-,uf|l:[;woo> .

The state ws 1s a pure state and the arising GNS representation m,. has a trivial
commutant, hence irreducible.

2.2 Disjoint Phases and Inequivalent Representa-
tions

We have seen that, given an algebra A and a state w on it, one can construct
a cyclic representation of A, allowing for a fully physical description of the quantum
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system. Varying the state, one obtains several representations; it turns out that in finite
dimensions all these representations are unitarily equivalent, in the sense of Theorem
21

On the contrary, when the system is made of an infinite number of particles, this is in
general no longer true. Such a feature is not just a mathematical artefact, it reflects
specific physical conditions. Indeed, one has that the same infinite system can be found
in different inequivalent configurations corresponding to different physical phases. In
general, the physical configurations of a same system differ just for finite number of
operations that could be performed on the system, while others require an infinite
number of operations to be obtained one from the other, namely an infinite amount
of energy; experimentally, infinite amounts of energy are not accessible. The following
examples [50], clarify these points.

Example 2.2. Let us start with a system made by a number N of spm—% particles; the
algebra of each of these particles is the same finite dimensional algebra A, considered
before in FExample and to each particle is associated a Hilbert space C2.

The Hilbert space of the total system is constructed by means of the tensor product
structure

Hy =) ()™, (2.4)

where k labels different spins. Taking two vectors, representing the situation in which
all particles are in the same state |1) or |p),

N
[n) = &) 1),
k=1
N
lon) = Q) 1e™), 1), lp) € C* 0 < |(pleh)] < 1,

k=1

the scalar product is defined multiplicatively:

2

(enlYn) = H W}(k = (pl)™ . (2.5)

As N increases, the scalar product becomes smaller and smaller, and it eventually goes
to zero in the limit of infinite number of particles, even if (p|1) # 0.

The scalar product on this infinite tensor product Hilbert space defines equivalence
classes of wvectors belonging to the same phase of the system. Thus, the latter two
vectors become orthogonal and belong to different separable Hilbert spaces, describing
disjoint phases of the system.

In general, different equivalence classes cannot be unitarily equivalent. For instance,
on the single particle Hilbert space, one can always identify a one parameter rotation
Uas, Uy =1, such that there exists an &, giving:

Uslp) = [4)

thus, the operator UY = @, UM rotates lon) into |N); nevertheless, the formal
writing US® is meaningless, since such an operator would not even be a weakly contin-
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uoueﬂ unitary operator in «; indeed, it is easy to check that

o 1 if a=0
(PoolU"[Po0) = {O whenever o # 0
By Stone theorem (50], the existence of a generator for such a rotation is equivalent to
the strong continuity (see Footnote @) of U, but such an operator is not even weakly
continuous in «, thus there is no generator (notice that strong continuity would imply
the weak one). Physically speaking, the experimentalist should be able to provide enough
energy to rotate all particles of the system from |p) to |¢), but this operation would
cost infinite energy; the two states are thus meaningfully interpreted as different phases
of the system.

Example 2.3. Let us consider again spz'n-% particles; we show how in the infinite limit
imequivalent representations emerge.

We focus on the class of factorized, translation invariant states |n) with spins directed
along the direction n for all, infinitely many particles; thus

1) =@ ™), (alsin) =n,.
k=1

Considering the C*-algebra A containing all the observables of the systems (for a precise
definition, see below Section , by means of the GNS-construction, one can find
the triples (Hn, w7, Vi), based on the states |n).
It is clear from equation (2.5), that (n|n’) = 0, whenever i # 7'; furthermore, no
local action can change the convergence of the latter scalar product; this means that,
Vace A,

(n|ma(a)ln’)y =0 .

With the help of a particular class of observables, which will be thoroughly investigated
in Section (3.1, we shall show that there exists no unitary operator relating the two
representations Ty, Tn . Let us define the average magnetization along the a-axis

N
SN = o S (s (2.6)
k=1

i the limit N — oo, this observable converges in the strong topology of the GNS-
representation to a multiple of the identity, proportional to the mean-value [25,/31,|50].
Such a type of convergence means that
lim (n|m; (a') (S — na1)2 mn(a)|n) =0, VaeA, (2.7)
N—oo

and is denoted as

s— lim SN =n,1.
N—o0

2Given a Hilbert space H, and an operator A; depending on ¢t € R, acting on such Hilbert space,
the operator A; is said to be weakly continuous if lims_+, (P| (Ar — A, ) |X) = 0, Vx, ¢ € H. In other
words, an operator A; is weakly continuous if all of its matrix elements are continuous functions of ¢.
Similarly, the operator A; is said to be strongly continuous if lim;_,+, (p| (Ar — Ato)T (A: — Ay) |0) =0,
Vo € H.
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If a unitary operator U mapping the two representations one into the other existed,
once applied to the averages, it would imply that

-1 !
Un U™ =mn,.

This is impossible since different scalars can not be mapped one into the other by a
unitary operator.
Thus, the two representations my, Tn are inequivalent.

2.3 Infinite Number of Distinguishable Particles

In this thesis, we shall deal with many-body systems composed by an infinite num-
ber of distinguishable particles, such that one is able to address each one of them
independently (e.g. lattice systems). We first discuss the proper definition of the
algebra A containing all the observables of the system and then its relevant states.

2.3.1 The quasi-local Algebra

It is assumed that each particle can be described by means of a same d-dimensional
C*-algebra Ay, containing all relevant single-particle observables. Since one is able to
distinguish between different particles, the latter will be labelled by an integer number
k € Z; in particular .Aglk) will denote the algebra relative to particle k. Referring to
different degrees of freedom, we have

(AP AP =0, VE£hez; (2.8)

by means of the tensor product structure one can construct local algebras, including
just a finite number of particles. For instance, the algebra

p
A[‘]vp} = ®A((ik)7 q,p € Z7 q S D, (29)
k=q

contains all operators of the set of particles from ¢ to p. The family of local algebras
{A[qﬁp} }q -, bossesses the following properties [23]:

[A[Q17p1]7"4[q2,p2}] =0 if [QI,pl] N [Q2ap2] =0 (2.10)
Algim] € Afgs,po) if [q1,p1] € [g2, p2] (2.11)

The union of these algebras over all possible finite sets of particles, contains all the
observables of the system.

Definition 2.2. Microscopic observables are all the Hermitian elements of the C*-

algebra A, defined as:
A= U Ausg

Vq<peZ
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where the notation means completion with respect to the norm topology. The algebra
A is called the quasi-local algebra.
Within this algebra one can write the operator a of the particle k in the following way:

a(k) = ]-k—l] RQa® 1[k:+1 s

where 1;_q) is the tensor product of identities from —oo to the particle k —1, and 11y
is the product of identities from the particle k + 1 to +o00. Clearly, a® ,Va € Ay acts
non trivially only on the k-th particle.

Such an algebra, is naturally embedded with the translation automorphism 7: A — A,
acting on the operator a®) of the particle k in the following way:

7(a®) = ok +D), Vae Ay, VEeZ.

Clearly, some operators in this quasi-local algebra A act non-trivially only on a
finite set of particles and can be named local; to each of these local operators one can
associate a set, called support, providing a measure of the spreading of its action on
the infinite system.

Definition 2.3. An operator O € A is said to be local, if there exists a set of intervals
of lattice sites [k, h], with k < h € Z, such that [O,x(j)} =0,Vx e Ay, andVj ¢ [k, h].
The length of such intervals [k, h] is given by € ([k,h]) = h — k + 1, and the smallest
among all possible ones, according to such a length, is called the support of the operator

0.

Remark 2.2. The fact that, the quasi-local algebra A is the norm closure of the union
of all possible local algebras, has an important consequence in the approximation of
any given element a € A. Indeed, it means that, Ve > 0 , there exists a strictly local
operator a. such that in the norm topology

lac —al <e;

in other terms, the error considering a local observable a, instead of a € A can be made
arbitrarily small. This means that the set of strictly local operators is dense in A.

Such an algebra possesses an interesting property that has also a relevant physical
meaning; given the very large number of particles, it is physically expected that mea-
surements of observables far away from each other become compatible.

It turns out that indeed such an algebra, possesses the strongest form of such a prop-
erty, usually called asymptotic abelianess [23,46].

Proposition 2.1. The quasi-local algebra A is norm asymptotic abelian, in the sense
that:
lim H [Tk(a),b] H =0, Va,be A.

|k|—o00

Proof. Let us consider two operators a,b € A; because of Remark above, Ve > 0
one has

la —acl <e,
16 =bell <,
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with a., b, strictly local. Therefore

175 (a), 0] || < 2¢ (llacl| + [1b]]) + || [7*(ac). be]

)

and for k large enough, the support of 7%(a.) does not intersect the one of b, therefore
the two operators belong to disjoint local algebras, and the commutator, in the above
equation, becomes zero for the locality property . This means that the norm of
the commutator can be made arbitrarily small for £k large.

O

2.3.2 Physically Relevant Representations

After having introduced the main properties of the algebra of the microscopic ob-
servables, one has to specify a reasonable class of physical states that can only be
dictated by actual experimental conditions.

Given a many-body system, it is then reasonable to require that observables related
to regions that are far away from each other show no correlations. By means of the
translation automorphism 7, this property can be expressed in the following way:
lim [w(7"(a)b) —w (7¥(a)) w (b)] =0, Va,beA. (2.12)
|k|—o00
Therefore, the requirement , together with the asymptotic abelianess of the al-
gebra, gives the usual cluster property of states.

Definition 2.4. A state w is said to be clustering if Va,b,c € A, one has:

lim w (at*(c)b) = w(ab) limoow (7*(c)) .

|k|—o00 |k|—

Another assumption that is usually made on states of infinite systems is translation
invariance. We give now the definition and then explain the physical reasons why this
mathematical requirement does not restrict the class of physical operations that can
be performed during an experiment.

Definition 2.5. A state w is called translation invariant if Va € A, one has:

w (t"(a)) = w (7"(a)) = w(a), VhkeZ.

Any physical operation necessarily consists of a finite amount of energy transferred
to the system; this means that in an experiment only a finite number of particles can
be simultaneously addressed. Therefore, the phase of the system, as outlined in Section
2.2] is determined by the boundary conditions, roughly speaking by what happens to
particles at infinity. The most simple reference state for the system is therefore [46] a
translation invariant one, all other states being obtained by means of local (quasi-local)
perturbations of this reference state. Thus, considering a translation invariant state w
and a physical operation described by the operator b € A, a state w, can be obtained
from the invariant one as follows:

_w(b'-)

wy(-) = DR (2.13)
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Therefore, assuming a translation invariant reference state w, one can benefit from
relevant mathematical simplifications without limiting the class of states that can be
considered.

Definition 2.6. A state w : A — C is said to be a translation invariant, clustering
state if:

1) w(m™a)) =w(r"(a)) =w(a), VhkeZ (2.14)
2)  limyyeow (a7¥(c) b) w(ab)w(c), Va,bceA. (2.15)

In the following we shall always consider states w satisfying these two general prop-
erties. With any of these states, and the algebra A, by means of the GNS construction
one can identify the triple (H,,, 7., V), where the Hilbert space H,, contains all possi-
ble states that can be obtained by quasi-local manipulations of the unique translation
invariant vector W,,.

Example 2.4. Let us consider again an infinite number of spm-% particles, all with
the same thermal state as in FExample . Clearly, the corresponding state wg® is
translation invariant. Notice that this state can not be obtained by extending the finite
N density operator

e P Shen Sgk)

T G=TH)

to an infinite number of particles. In fact, when N — oo this operator is ill defined as
it converges in norm to zero [50):
2N+1
) =0, (2.16)

although it is a unit trace operator ¥ N. In the infinite setting, states are indeed not,
in general, represented by density matrices; instead, the functional wg’

P

B
e2

o 1 o (5

W)= W), w () =Trps) . (2.17)

with pg as in has a precise mathematical meaning.

Starting from this initial translation invariant clustering state, one can obtain all other
states in the GNS representation; for instance, the state in which the k-th spin is
directed down in the third direction can be obtained as follows

wgo (sf) . s(_k)>
wgo <s$€)s(_k)>

where sgf) are the ladder operators defined as sgf) = sgk) + isék).

@ () = (2.18)

As a matter of fact, usual states in quantum statistical mechanics are either ground
states of a given Hamiltonian or generalized thermal states (KMS-states [51-53]); since
the GNS representations arising from these two kind of states possess nice properties,
it is useful to review some of them explicitly.
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Ground state

Given a Hamiltonian, the eigenprojections onto its one-dimensional energy eigen-
vectors are pure quantum states. Within the algebraic formalism, one can rephrase the
notion of purity by means of the following definition [46].

Definition 2.7. A state w over a C*-algebra is said to be pure if it can not be written
as a conver sum
w=Aw+ (1 =MNwy, 0<A<1,

of other two states wy,wo.

As already seen in Example 2.1} representations arising from pure states are irre-
ducible, meaning that the commutant of such representations contains only multiples
of the identity. This result is a consequence of the following theorem [23].

Theorem 2.2. Let w be a pure state over the C*-algebra A, and (Hy, 7., V) the
associated GNS representation, then (H,m,) is irreducible.

KMS-states

Other relevant states are the so-called Kubo-Martin-Schwinger (KMS) states 23,
46,50]; for finite dimensional systems, these are just the Gibbs states with respect
to a given Hamiltonian at inverse temperature 5. As discussed in Example the
density operator formalism becomes ill-defined in infinite dimensions, and the proper
generalization of Gibbs states is as follows:

Definition 2.8. A state w is a KMS-state with respect to an automorphism oy and the
inverse temperature 3, if:

w(a(a)b) =w (baryip(a)) , Va,be A,

which is the so-called Kubo-Martin-Schwinger condition.
The state w is an extremal KMS-state if it can not be written as a conver sum

w=Aw+ (1 —=MNwy, 0<A<1,

of two other KMS-state wy,ws.

For extremal KMS-states one has the following Theorem [50].

Theorem 2.3. If a KMS-state w is extremal, then its GNS-representation m, is a
factor, i.e. the center Z = m,(A) N7/ (A) consists of multiples of the identity.

In this Chapter, we have provided the basic tools for the description of the mi-
croscopic degrees of freedom of an infinite quantum system. As mentioned in the
Introduction, these degrees of freedom are essentially local and, as such, unable to pro-
vide collective descriptions of many-body systems. In the next Chapter two relevant
classes of collective observables will be introduced and their properties studied.
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Chapter 3

Collective Observables of
Many-body Quantum Systems

In the study of many-body systems, made of a large number of microscopic con-

stituents, the relevant observables are collective ones, those involving all the degrees of
freedom; indeed, microscopic observables referring to single particles are usually exper-
imentally inaccessible. Collective observables are suitably scaled sums of microscopic
operators, as for instance macroscopic averages, but also fluctuations around these av-
erages.
Given the large amount of particles considered in these collective observables, one ex-
pects their quantum features to fade away as the number of constituents increases; this
is indeed what happens to macroscopic averages. This behaviour is not surprising: aver-
ages are believed to describe the macroscopic world, where quantum features should be
replaced by classical behaviours. However, taking inspiration from mesoscopic classical
physics, e.¢g. Brownian motion, one can identify another class of collective observables
retaining some quantum features: fluctuations around macroscopic averages. As we
shall see, this second class of collective observables will be very useful in the study
of the quantum behaviour of many-body systems at the mesoscopic scale, half-way
between the microscopic description of single-particle observables and the classical one
essentially based on macroscopic averages.

3.1 Macroscopic Observables

The first, most natural class of collective observables one can construct are averages;
considering the set of particles Ay from —N to N, and the single-particle observable
x € Ay, the average of x over Ay is defined as

My (z) = L > a2, (3.1)



18 3. Collective Observables of Many-body Quantum Systems

Np = 2N + 1, the collective nature of the large N operator being then transparent.

For finite V, such an operator inherits the properties of its microscopic building blocks
and thus behaves in a quantum way. For instance, one might consider the commutator
of this average with a local operator o, whose support is contained in the set Ay, : we

have (N > N,),

1 &

My (@).o] = 5
k=—N,

[a:(k), 0} : (3.2)
notice that the sum runs inside a finite set Ay, so that the commutator vanishes as
N7 becomes large.
This behaviour holds, even if one considers quasi-local operators o € A and not just
strictly local operators (see Remark . From these results one can deduce that the
limiting point of the sequence (3.1]) belongs to the commutant of the GNS representa-
tion 7/, (A), being w any state of the system; in other terms, one finds that, in norm,
Jim My(z), A| =0, Vo€ A, (3.3)

N—o0

Remark 3.1. In order to understand what kind of operator is the limiting point of the
sequence as N increases, one needs to find a proper operator topology, where a
good convergence 1s reached. For instance, such limiting operator does not belong to
the quasi-local algebra A. If it were so, since the C*-algebra A is closed in the norm
topology, then the sequence {Mny(x)}y should be a Cauchy sequenceﬂ with respect to
such topology, but this is not true.

To show it, let us consider the quantity:

Ink = ||My(x) = M (z)]| ;

without loss of generality, we assume N > K, thus collecting the equal terms of the

summation
1 1\ & 1
I _ - (h)y o = (h)
NK < Ny KT> hz v+ N Z x

=K T h=An\Ax

Since the norm is greater than the expectation over any possible state, we consider:

-K-1

K N
|¢NK> = ® |xmam>(h) &® ® ’xmm>(h) &® ® |xmax>(h)
h=—N h=-K

h=K+1

where |Tmin), |Tmaz) are the eigenstates corresponding to the minimum eigenvalue Ty,
respectively the mazimum x,,q.; therefore

K K
Ing > (Y| Mn(2) — Mg (2)|Ynk)| = ‘(N_; — 1) Tynin + (1 — N_z) Tmaz| »
that can be written as
K
[NK Z (1 - _T> ('Tmaa: - xmzn) ) (34)
Nr

showing that {My(x)}, is not a Cauchy sequence in the norm topology.

LA sequence of operators {4, }, is a Cauchy sequence in the norm topology, if Ve > 0, there exists
an integer ng, such that
|A, — Anll <e, ¥Yn,m>ng.
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Nevertheless, with respect to translation invariant clustering states (see Definition

, equations (2.14)),(2.15))), the limit of the sequence (3.1 can properly be defined.

Theorem 3.1. Given the quasi-local algebra A and a translation-invariant clustering
state w, in the GNS representation (H,, m,, ¥,,) one has:

T (s - A}l_r}r(l)o MN(ZL‘)> =w(x)l, VYzeA,.
with My (x) as in (3.1)).

Proof. We can consider = z', but the proof can easily be extended to non-Hermitian

operators.
Recalling Theorem and equation ([2.7)), in order to prove convergence in the strong
operator topology of the GNS representation 7, one has to show that

lim w (a' (My(z) —w(x))2a) =0, VaeA.

N—oo

It has been already shown that in the limit My(xz) commutes with the whole algebra
A, thus we have:

lim w (aT (My(z) — w(m))2 a) = lim w (aTa (My(z) — w(w))Q) ;

N—oo N—oo

using the Cauchy-Schwarz inequality and the norm bound for x and a, it follows that

w (o' (My(2) = w(@))’a) < 2||a||2||ff||\/w (My(2) = w(x))) .

showing that the convergence of this sequence does not depend on a. The relevant
contribution is given by the argument of the square root; expanding the square and
using the translation invariance of the state, one writes

N—oo N—oo

lim w ((My(z) — w(w))Q) = lim (w (My(2)?) — w(x)2> :

Focusing on the argument of the limit,

N

w (MN(:C)2) - w(a:)2 = % Z (w (x(k)x(h)) o w(:c)2> :

T kh=—N

by translation invariance of the state, it can be written as follows:

w (Mn(2)?) - w(@)® = % Z Z (w (z@z™) — w(x)z) ;

taking the modulus, and bounding it by means of the sum of the moduli, and extending
the second summation, we finally find:

o (Mn(@)?) @) < 35 > Y
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Because of the clustering condition,

lim
m—+oo

w (x(o)x(m)) —w(z)? =0,

by Cesaro mear] [54] one gets:
lim |w (My(2)?) —w(z)?| =0.

N—oo

3.1.1 The Classical Algebra of Macroscopic Observables

As a result of the previous theorem, one can conclude that no quantum description
is possible by means of macroscopic observables. The proper mathematical description
of the set of these classical observables can be given as follows.

Let us consider an orthonormal Hermitian basis of the single-particle algebra Ay,

{Uﬂ}le; this means that:
Tr(v,v,) = O, ol <1, V.
With these operators we construct the vector:
mn = (My(v1), My(vs), ..., My(vg))"

where " means transposition, and considering a translation-invariant clustering state
w, also the vector of expectations:

G = (w(vy),w(vy), ..., wve))" .

The space C of all possible configurations of & is constrained by the positivity of the
functional w; indeed, such a functional defines a single-particle density matrix p, acting
on the single-particle Hilbert space, given by
&2
p= Zw(va)va, p>0, Tr(p) =1.

a=1

Therefore, the only physical & are those & € C, where

d? @2
C = {f: Zmava >0, ZmaTr(va) = 1} )
a=1 a=1

Assuming 7 € C, given any continuous function f(Z), from Theorem [3.1] it follows
that:

lim w (f(my)) = f(J). (3.6)

N—oo

2Let {A,} be a sequence of numbers, if lim,, o, 4, = A, then also

) 1 n
Jim 5 2 A= 4
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This allows us to consider the commutative algebra £ of continuous functions f(Z) on
the space of configurations C, together with a state dz (-) of the following form:

35 (0) = [ 43 G- )3 () = o) (3.
and Theorem and relation show
lim w (f (mn)) =05 (f) = f(&). (3.8)

N—oo

Therefore, the algebra of macroscopic observables is, in the infinite particles limit, the
algebra of continuous functions £(C), where the actual information about the quasi-
local state w is encoded in the functional d5 : £(C) — C.

3.2 Quantum Fluctuation Operators

In order to get inspiration on how to construct collective operators that retain some
quantum behaviour, it is useful to recall some results in classical probability.

3.2.1 Classical Fluctuations and the Central Limit Theorem

For the sake of simplicity, let us consider a discrete family Xy = (X1, X», ..., Xy)
of independent stochastic variables with the same distribution p(X). Thus, calling
E [¢g] the expectation of the function g(X), we have

E[(Xi — p)(X; — )] = %05 (3.9)
E[g(X)h(X;)] = E[g(X)E[h(X;)],  Vi#j.

In classical probability theory, one can construct two quantities, both with well behaved
limit as N becomes large. The first one is the average and is governed by the law of
large numbers. Considering the stochastic variable X = Zévzl X}, one has that

1

lim —Yy =

Noeo NON T H
where the convergence has to be understood in distribution; this means that, when N
increases, the average of the considered process gets closer and closer to the determin-
istic value p, which is the single stochastic variable expectation. These averages are
obviously the classical analogue of the macroscopic observables introduced in Section
B.11

The second relevant collective stochastic variables are the fluctuations around mean-
values, F'(Xy), defined as follows:

_ 1 1
A :\/_N; (X = s :\/_NEN_\/N“’ (3.10)
F(Xy)] =0.

&=
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Their convergence in the large N limit can be studied by means of their characteristic
function )
lim E [ mF(XW] = X% 3.11
R YE() (3.11)
Expanding the exponential function, and using the third of the properties (3.9), one
has:

N o2 ) 1 o2 , N
X = (1 B el (N)) = Jm (1 “ o’ ) - (312)
k=1

showing that the stochastic variable F(Xy) tends to a Gaussian variable with zero
mean and covariance given by o2

What one would like to investigate is whether a quantum analogue of these fluctua-
tions can be defined having good convergence properties. Such a problem has been
investigated in [31}32,35], and it was found that the quantum fluctuations can be de-
fined and that they tend, in the large N limit, to bosonic operators, obeying a Weyl
algebra. Before introducing the definition of quantum fluctuation operators, it is then
convenient to recall the main properties of Weyl algebras.

3.2.2 Weyl Algebras and quasi-free states

Let H be the real vector space spanned by the sequence of the linearly independent
elements {x,}"_;; a generic element of this space can then be expressed as

¢ =(r.x) =Y ru,  withr, €R. (3.13)
pn=1

The space H is equipped with a bilinear anti-symmetric form oﬂ, defined as follows:

U:HXH%R, qrxqs_>0-(qr7QS)7

3.14
a<qr7 QS) = _U(QSa QT)a U(QQTa /qu) = O‘BU(QW q$> . ( )

To the space (H, o), one can associate the Weyl algebra W(H, c), generated by the
Weyl operators {W (r)|(r,z) € H}, defined by the following relations:

W (r)W(s)
T (3.15)

W(r+ s)e_%”(“s) ,
Wi(r) -

=W(-r).

As for any algebra, a state ) for W(H, o) is a positive, normalized, linear functional
Q:W(H, o) — C; with it, we can construct the GNS triple (Hq, 7o, Vq).

3In some of the original papers about fluctuations, the Authors refer to such a form as ”a possibly
degenerate symplectic form”. Here, the form will be generally called bilinear anti-symmetric, while it
will be named symplectic only if it can be shown that the form is also non-degenerate.
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Quasi-free states on W(H,0) An important class of states on Weyl algebras is the
set of the so-called quasi-free states. They are identified by the Gaussian character of
their expectations on Weyl operatorsﬁ

QW (r)) =e 3= (3.16)

where 3 is a positive symmetric matrix. It turns out that the corresponding GNS
representation is regular, so that the Weyl operator can be expressed as follows,

mo (W(r)) = P, (3.17)

in terms of a vector B = (B, By, ... B,)" of (unbounded) Bose-field operators. This
allows us to give an explicit form to the matrix ¥, whose elements are ({a, b} := ab+ba):

S = 50((Bu BY)

Furthermore, using relations (3.16)),(3.17) one can write
QW (r)) = (Ta|e' P |Wg) = e720=1) (3.18)

which shows that B;’s are quantum observables with zero average and covariance matrix
given by X.

From the first of relations , together with the Baker-Campbell-Hausdorff formula,
one derives the commutation relations of the Bose-field operators, that can be collected
in the anti-symmetric matrix o:

O = —1[B,, B, =0 (z,,x,) . (3.19)

It is important to recall that in order for €2 to be a positive functional on the algebra,
the following condition has to be verified [55.56]:

>+ %a >0. (3.20)

Example 3.1. The simplest example of Weyl algebra is the one with real vector space
H of dimension two. Thus, the independent elements of the vector space are x1,xs; on
this we consider the bilinear anti-symmetric form

o(zy,x9) =1,
giving rise to the anti-symmetric matriz
> ( 0 1>
-1 0/)°
Considering the regular state ) such that:
Q(W(r)) = e alrl?

1+io
2

that is positive since > 0, we can represent Weyl operators in the following way

o (W(r)) = "5,

4We consider here Gaussian states with zero average.
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with B = (By, Bo)™" obeying [By, Bs] = i (cf. (3.19)). In this case, By and By are

position and momentum like operators and the Weyl operators can be represented as
mo (W (1)) = /174720

i.e. through displacement operators as introduced in quantum optics.
By means of the following operators

1 1
a=—(x+ip), al = — (v —ip),

V2 V2

one can check that the chosen state ) corresponds to the expectation

where |0) is the vacuum state annihilated by a, a|0) = 0; indeed, by explicit computation
one finds

QW (r)) = e al"l* = (olein o200y

3.2.3 Algebra of Fluctuation Operators

Inspired by the classical results summarized in Section given a translation
invariant state w, one is led to define quantum fluctuation operators for the single-
particle operators x = ot € Ay as

N

! > (2P —w(@) . (3.21)

Fy(z) = N

First, let us show that these operators retain some quantum features as N gets large.
We choose two observables =,y € Ay, [x(k),y(h)} = 2" &, construct the relative
fluctuations Fiy(x), Fx(y) and study the commutator [Fy(x), Fx(y)]. We have

[Fa(z), Fx(y)] = NL S 20 = iM(2), (3.22)

T =N

showing that the commutator of two fluctuations is proportional to an average macro-
scopic observable, converging to a multiple of the identity. This suggests that fluctua-
tions, might give rise in the large N limit to Bose-field operators.

We would like to give a meaning to the limit of Fy(z) in , as N gets large. These
operators are more difficult to study than macroscopic observables, since their norm is
not bounded

1Ew ()| = VN [lz = w(@)] -

Nevertheless, the subtraction of the mean value, suggests the possibility of some good
convergence properties in some state induced topology.
Indeed, the expectation over the state gives a zero average, for any N

w (Fy(z)) =0,
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while w(Fy(z)?) can be made finite for some states w. One finds

w (Fy(z)?) = NLT Z (w (:L’(k)x(h)) —w(z)?) (3.23)
k,h=—N
so that: .
Nli_I)noow (Fn(2)?) < Z |w (2Q20) — w(x)?| ; (3.24)

the convergence of the series on the right hand side of the above inequality is a sufficient
condition for the existence of the variance of the fluctuation operator in the limit of
infinite particles. This condition represents an L!-clustering constraint on the state w
relative to the operator z, that needs to be enforced in order to have a well-defined
variance for Fiy(x).

In order to give a meaning to the convergence of these observables in the large N limit,
one can first try to adopt the same procedure used for average operators. In this case,
the sequence { Fiy(z)} 5 should turn out to be a Cauchy sequence in the strong operator
topology induced by the GNS-construction. As a consequence, defining

this should be arbitrarily small for N, M greater than a certain Ny. In order to show
that this is not possible, let us consider the case of a tensor product state w (x(’“)x(h)) =
w(z)w(x), Vk # h. By direct computation, one has:

- VA 5w ({—wle)®™ @ —awte)®)).

Iy =2 (w(z®) — w(z)?) !

(3.26)
and without loss of generality considering N > M,
- M
Ina =2 (w(z?) —w(@)?) (1 - T> : 3.27
v =2 () = o) (1= Y (327

that is not a Cauchy sequence. It turns out that, as in the case of the classical central
limit theorem, the proper convergence is a convergence in distribution [35].

The Characteristic Function of Fluctuations

Given a physical system, one can in general select a set {z1,xs,...,2,}, x; €
Ay of Hermitian single-particle observables physically relevant, in particular from the
mesoscopic collective point of view of their fluctuations.

Definition 3.1. Given the set {z,}2_,, of independent single-site observables relevant
for the description of a quantum system, one can construct the real linear span K,
whose elements are of the form

n
¢ = (r,x) = Zruxu, reR".
pn=1
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One can then construct the corresponding fluctuation operators.

Definition 3.2. Given a generic element (r,z) of the real linear space K, and a trans-
lation invariant state w, we associate to it the fluctuation Fy(q,), defined by

N

(r, Fn) = Fn(q,) = \/}V_T > (6% —wig) , (3.28)

where
n

g®) = (r, ™) = Z Ty xﬂ“) .
pn=1
The exponential of such an operator, referred in the following as a pre- Weyl operator,
15 explicitly given by

Wy (r) = S EN) Z ﬂ ) (3.29)

With the previous definition at hand, one has that the characteristic function of
the quantum observables Fy(z1), Fx(x2), ... Fx(x,) is given by

xn (1) =w (Wy(r)) . (3.30)

As discussed before, for suitable choices of the state w, this characteristic function
converges in the large N limit to a Gaussian one. The set of states for which this holds
is specified by the following [31]:

Definition 3.3. Given the Hermitian subspace K C Ay, the system (K, w), with w a
translation invariant clustering state, is said to have normal quantum fluctuations, if:

1) Z |w (2 @y ™) — w(z)w(y)| < oo, Vz,yeK, (3.31)
k=—00

2) lim w (eiO‘FN(x)) = e_a;s“(x’x), Vee K,aeR, (3.32)
N—o0

where s,(x,y) = limy_,0 3w ({Fn(2), Fn(y)}) for all z,y € K.

We shall now show how studying the behaviour of these operators Wy (r), Weyl-like
relations ([3.15]) naturally arise.

Weyl-like Relations for Exponentials of Fluctuations

Let us consider two exponentials of fluctuations e V@) ¢#~®). by Baker-Campbell-
Hausdorff formula, we have

PN @) PN W) — oxpy {z’(FN(x) + Fn(y)) — % [Fn(x), Fy(y)] +
(3.33)

L ((En(). [Py (@), Fy (w))] — [Ex (@), [Ex (@), Ex()l) + ... } )
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where the omitted terms involve higher order commutations. The first commutator,
as already seen, is proportional to an average macroscopic observable, so, with respect
to clustering states, it is expected to converge to a multiple of the identity. All other
terms in the above formula starting from the double commutators go to zero in norm
in the limit N — oo; indeed, as an example, we have

Aim |[[Fy(2), [Fn (), Ex ()]l =

Z [x(k), [x(k), y(k)H

k=—N

= lim 3
N—o0 NT

<

1 )
Jim Pl = 0.
(3.34)

These results suggest that, in the large N limit, equation (3.33]) reduces to
PN @) iFy (W) i (FN@+Fx () o~ A[Fn (). En (v)]

In order to better formalize this result, let us first introduce a proper anti-symmetric
matrix:

Definition 3.4. Given the ordered set {x,}"'_, of generators of the real linear space
K, we define the operator valued matriz T™ to be the matriz whose entries are

N . -
T,ul/ = —1 [FN(ZEM), FN(ZE,/)] s (335)
and, by means of a translation invariant state w, the matrixz of its expectations,

o = w (T) = —iw ([z,2,]) - (3.36)

%

Both matrices are anti-symmetric and we have:

lim w ([Fy(g,), Fy(q.)]) =i Jim w ((r,TVs)) ,

N—o0

where
n

(7‘, ™ s) = Z T#S,,Tﬁ,
=1
so that:
lim w ([Fy(q), Fn(gs)]) =i (r,a(“’)s) )

N—oo

Lemma 3.1. Given a normal fluctuations system (K, w), the following equality holds

lim w (Wy(r)Wa(s)Wa(ss) W (t)) =

N—o0

= lim w (Wy(r)Wy(s: + s9)Wa(t)) e 2(072) i g sy r e R,

N—o0

where W '’s are as in (3.29), showing that in the large N limit, under state expectation,

Wi (s1)Wn(s2) behaves as Wy (sy + 52)6—5(51,g<w>52) '

Proof. We divide the proof in two steps: we first show that

hm ‘WN((Sl)WN(SQ) — WN(81 + SQ)Bié(ShTNSQ)

N—oo

=0
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then, the proof follows thanks to the strong convergence of macroscopic observables
(Theorem [3.1).
We start with an algebraic identity:

N (a5)) piFN (as5) _ oi( v (as)4FN (a5y)) o= 5 (51T s2)

1 )
/ da di <eiaFN(q51)eiaFN(qSQ)ei(l—a)(FN(qsl)+FN(q52))€_1(120‘2)<s1,Tst)> ’
0 (07

computing explicitly the derivative, we get

di <6ichN(qsl)eiaFN(qSQ)ei(la)(FN(qsl)JrFN(qSQ))ei(12"‘2>(51,TN52)> _
0%

_i(1—a?)
2

— jeloFN(as) [FN(%)’ eiaFN(qSQ)} ei(lfa)(FN(qsl)+FN(q32))e (Sl,TNSQ)Jr

i(1—a?
_|_6iaFN(qsl)ez’aFN(qQ)ei(lfoz)(FN(qsl)JrFN(qu))ia (81, TNSQ) 67¥(51,TN52) )

Using the result of Appendix , and recalling the definition of Ty in ([3.35) we have

]\}gr(l)o H [FN(qsl),eiaFN(q”)} +a (51, TV s5) eiO‘FN(qw)H =0.

This result together with the observation that macroscopic observables commute with
fluctuations in the large N limit (see Appendix , allows one to conclude that the
limit of the norm of the derivative goes to zero as N becomes large. Then,

J\}i_rgow (W (r)Wa(s1)Wn(s2)Wn(t)) =

lim w (WN(T) [WN(sl + 32)67%(81’TN32)] WN(t)> .

N—oo

i (sl,TNSQ)

From this, using that e 2 commutes with Wy (t) in the large N limit (see

Appendix , and by adding and subtracting e*%(sl"’wsz’), one can recast the previous
result in the following form:

lim w <WN<T)WN<81 + SQ)WN(t)e*%(SlvTNSQU —

N—oo

lim o (Way(r)War(sy + so)Wi(e) (¢73(177) —emiloro)) ) 4

N—oo

+ T w (Wa(r)Wa(s1 + 52) Wi (1) g3 (s10s2)
—00

Finally, the limit in the second line of the above equation vanishes; indeed, using the
Cauchy-Schwarz inequality, and observing that Wy’s are unitary, this term is bounded

by

lim |w (WN(T)WN(Sl + s9) Wi (t) <67%(51’TN82) - 675.(31’0(“})52)))’ <

N—o0 -

~ N—oo

< lim w( (e*%(SI:Tst) — 6_5(31"’(“)52)>T <e*%(31»TNS2) — e_%(sl’”(w)52)> > )

which goes to zero thanks to the result of Theorem and equations (3.35)),(3.36)).
0
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The algebraic structure of fluctuations

The results just proven allow a complete characterization of the algebra obeyed
by fluctuation operators. It should be already clear that, given the system of normal
quantum fluctuations (K, w), the operators Wy(r) as in Definition behave, under
the state expectation, as Weyl operators in the large N limit; namely

lim Wy (r) — W(r),
N—oco

where W (r) belongs to the Weyl algebra W (K , a(“’)), with the anti-symmetric form
given in ([3.36]). Furthermore, the condition (3.32)) suggests the existence of a quasi-free
state € on this algebra W (K, a(“’)) such that:

QW (r)) = e 2slea)

The regularity of this state allows to represent Weyl operators as exponential of Bose-
field operatord’] '
o (W(r)) = e

where F is the vector F = (Fy, Fy, ..., F,)" corresponding to the large N limit of the
vector Fly.
This makes clear the convergence of these fluctuation operators to Bose-field operators

lim Fy(z,) = F,, a=1,2,...,n,
N—oo

where the convergence has to be understood in the quantum central limit sense [35].
This is the content of the following Theorem [31].

Theorem 3.2. If the system (K, w) has normal quantum fluctuations (Definition[3.5),
then for q,.,qs € K, there exists a quasi-free state §2 on the Weyl algebra VW (K, a(”))
of the quantum fluctuations such that:

hm w (eiFN(QT)eiFN(QS)) —
N—oo

. (3.37)
= exp <—%Sw (9 + s, 47 +0:) = 5 (r,o® 8)) =Q(W(r)W(s)),

From the previous Theorem, and the Weyl-like commutation relations of Lemma
3.1} it further follows that

Nli_{noow (Wn(r)Wn(ra) ... Wy(rm)) = QW (r)W(ry) ... W(ry)), ¥r; € R™.
This result can be reinterpreted through the introduction of what can be called a
mesoscopic limit.

Definition 3.5. Given a sequence {Xn} of operators made by polynomial or expo-

nentials of fluctuation operators, it converges in the mesoscopic topology to the operator
X, if

lim w (W (r) Xy Wa(r2)) = Q (W ()XW (), Vris € R, (3.38)

N—o0

5This representation holds in the GNS-construction induced by the regular state §2.



30 3. Collective Observables of Many-body Quantum Systems

where Wy (r19) = e"2F%) are as in Definition W(riz) € W(K,o®) and Q a
quasi-free state as defined in (3.37)).
In other words, one can say that X s the mesoscopic limit of Xy, denoting it as:

m— lim Xy=X.

N—oo

Notice that for any element X in the Weyl algebra W (K , a(‘“)), the quantities
Q (W (r1)XW(ry)) represent all possible matrix elements of X, and therefore they de-
fine uniquely the operator X.
What is remarkable is that, despite being collective, fluctuations retain some of the
quantum nature of the microscopic underlying system, providing a useful setting where
to look for the description of quantum effects in many-body mesoscopic systems [57-60].
Their quasi-free bosonic nature allows for a description of the state in terms of covari-
ance matrices. Indeed, defining the matrix with entries

W) —

uv

lim w({Fy (), Fy(,)}) |

N | —

0 (3.39)
(r,2%)s) = Z TS

pr=1

one has that
Q(W(r)) = e 3(mr)

and because of the Gaussian characteristic function, all possible moments of the quan-
tum variables I, Fy, ... F, are encoded in ¥,

Example 3.2. We consider again an infinite spm—% chain as in Example with the
same thermal state, wg>. The following fluctuations can be constructed

Fx(s,) = \/}v_ Yo —wr(s)
A

Ow = —inO ([su,80]) 5
0 n O
i 1
oS =-n 00|, n= wg(s3) = —5 tanh (g) .
0 00

From this matriz, it is clear that the asymptotic fluctuation limy_,o Fn(s3) — F3
represents a classical degree of freedom, since it commutes with the rest of the bosonic
algebra.

Out of the two remaining fluctuations Fi (s12), we can construct the following two
operators

) PN =
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such that their limiting points respectively x,p, in the mesoscopic limit reviewed in
this Chapter, obey [x,p] = i. The quasi-free state Qg on the generic asymptotic Weyl
operators e"®* ) s thermal, indeed

2 2 8
lim w (ei(aaﬁN—i-’ypN)) — exp (_l(oz + 77) coth (2)> — Q4 (ei(ax-l,-'yp))

N—oo 2 2

so that

Tr (efﬁH.) 22 p?

W()=rrmm H=5+7.

Tr (e=BH) 2 2
The operators x,p are position and momentum like operators, but their physical mean-
ing is not transparent; this can be better appreciated if one passes from x,p to creation
and annihilation operators a,a’, with a = %(m +ip). Indeed, in this description, al
represents the creator operator of an excitation of fluctuations, as it can be deduced by
looking at the following expectation

1
Qg (ala) = 2071 J\}I—I};owﬁ (FR(s1) + FR(s2)) —

Y

DN —

where the right-hand side of the equality, is proportional to total amount of fluctuations
in the system.
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Chapter 4

LDissipative Short-Range Evolution
of Fluctuations

In the previous Chapter, the kinematics of collective degrees of freedom was intro-
duced; here, instead we shall look at their dynamical properties.
A lot of work has been done in the study of unitary time-evolutions on quantum fluc-
tuations [31-33}/60], while very little is known about dissipative ones [34]. The latter
account for situations in which the many-body system is in interaction with an environ-
ment; this is the most common situation encountered in actual experiments, typically
involving cold atoms, optomechanical or spin-like systems [30,/61], that can never be
thought of as completely isolated from their surroundings.
The behaviour of the environment is usually not of interest; one just focuses on system
observables, tracing out the environmental degrees of freedom. This leads to an irre-
versible dynamics showing dissipative and noisy effects. In many physical situations
one can consider the interaction system-environment to be weak, and neglect memory
effects; in such a case the dynamics of the system can be described by effective, reduced
dynamics involving only the system degrees of freedom, that satisfies the forward-in-
time semigroup composition law.
After reviewing the theory of such open quantum systems we shall apply it to the study
of the open dynamics of fluctuations.

4.1 Effective Open Quantum Dynamics

For sake of completeness, we shall first review the standard approach to open quan-
tum systems, i.e. systems weakly coupled to external environments. The literature on
this topic is large, we refer to [8,/9] for details on the derivation of the master equation,
and to [6,[7], for a detailed analysis of the properties of quantum dynamical evolutions
and semi-groups.

33
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4.1.1 Open Quantum Systems

Let us consider a system S, whose observables belong to the C*-algebra Ag, inter-
acting with an environment F, whose degrees of freedom are collected in the algebra
Ag. The compound system, described by the total algebra Ar = Ag ® Apg, is con-
sidered to be isolated from the rest and, as such, evolves unitarily, according to the
Heisenberg equations of motion induced by the total Hamiltonian Hr,

d
EOt = 'l {HT, Ot] 5 VO € AT . (41)

Such a Hamiltonian can always be decomposed in the following way
Hr =Hs®1+1® Hg + \H; (4.2)

where Hg, respectively Hg represent the Hamiltonian generating the free evolution of
the system S, respectively the environment E, while H; is the interaction term made by
operators of both system and environment, A\ being a dimensionless coupling constant.
The solution to the operatorial equation , is given in terms of a family of one-
parameter unitary automorphisms U™ : A — Ap, obeying the composition law

S+E _ T1S+E _ T1S+E
Uy o Uy = U, t,seR,

and such that d
SUPEL = HoUFH L), M| =ilHr,] .

In usual situations though, one is interested in the evolution of the system .S, only.
This is obtained by tracing over the environment degrees of freedom. Furthermore, in
many physical cases, the system can be prepared independently from the environment,
so, one can consider the state of the compound system S + E to be a product state
wr = wgs ®wg. Given such a functional over the total algebra A7, one implements the
partial trace over the environment degrees of freedom by focusing upon the expectations
with respect to the state wg on the total evolution of the system .S observables of the
form O® 1 € Arp,
0; =wp (UJP[0®1]) .

The resulting operators belong to the algebra of the system, OF € Ag, VO € Ag and
the partial expectation defines a family of maps A; : Ag — Ag,

A O] = wp (USHE [0 1)) (4.3)

In general these maps are very complicated, do not obey the group composition law,
Ay o Ay # Ay, and, because of the partial expectation over the environment, with
whom the system interacts, they also embody the irreversible character of the reduced
dynamics in that A;* # A_,, and one then ought to consider positive times, only:
t>0.

Nevertheless, these maps are linear

A [A+0B] = wp (USHP[(A+6B) @ 1]) =

op (U A@ 1) +5US P (Bo1) = A A+ oA (B, )

and also completely positive.
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Definition 4.1. A linear map A : A — A is completely positive, if and only if A® 1,
is positive, on A ® A,,, Vm € N, being A,, the algebra of m x m complexr matrices.

Indeed, one can check the complete positivity of the maps A; based on the following
argument. For any m € N a generic operator O € Ag ® A, can be written as

0=> cap X @XP, where X € As, XJ' € Ap,
B

with c,p complex coefficients; from the linearity of the map (4.4) one has
A ® 1, [010] = > Capeyshy [XTTXT] @ XX (4.5)
a,B,7,0
Being Uts P automorphisms, one can write:
A [XTTXE] = wp (UFHP [XTTXP @1]) =wp (U7 (XS0 1) UPTP (XS ®1])

and introducing the new operator O € Ag @ Ag ® A,

0=> cap Ui [X@1] @ X},
o,

one recasts (4.5)) as follows
A 1, [00] = wys (070) .
Since O is an operator O € As @ Ap @ A,,, it can also be decomposed as follows

Zd HYSeYEoyr,

with & = (a1, ag, ag) a collection of indices, d(t) suitable time-dependent coefficients
and Y5, YF Y, proper operators of the system, bath and of the m-level system,

aq? )
respectively. Therefore, one has:

As @ Ay 3 wp (010) = 37 da(t)d5(t) Ouss, YEVE @ YV,
a,B

with Oa,s, = wg (YETY,?), entries of a positive semi-definite matrix ©. Recasting the
previous relation, one writes

T
wp (010) = 3 Ouup, (Z da() Y ® Y’") (Z da(t) Vi @ Yﬁ?) ;

az,B2 1,03 B1,83

the positivity of the matrix ©, together with the structure of the operatorial part in
the right-hand side of the above equation, ensures that

A ®1, [00] = wp <OTO) >0,

implying that the maps A; are indeed completely positive.
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Remark 4.1. Complete positivity is essential for the physical consistency of quantum
dynamical maps [8,|9]. Its necessity is strictly related to the possibility of having the
system initially entangled with an inert ancilla.

In these cases, positivity of the dynamical maps N; does not guarantee that the lifted
ones Ny ® 1,,,, implementing the evolution of system plus ancilla, are mapping positive
operators into positive ones. In absence of complete positivity, one could always find
a time t, an initial positive operator, and an entangled system-ancilla initial state for
which the expectation at the given time t provides a negative value. This contradicts
any possible experimental result.

4.1.2 Quantum Dynamical Semi-groups

Maps defined as in equation , are usually rather complicated and not amenable
to analytical treatment. Nevertheless, in many physical situations interaction between
system and environment can be considered to be weak A\ < 1. Moreover, when the
typical bath relaxation time-scales are much smaller than the characteristic time-scale
of the system, memory effects can be neglected. The resulting dynamics can then be
described by completely positive unital semigroups.

In this section, we briefly review how, by means of the weak coupling limit, one can
retrieve this kind of dynamics. We will follow the procedure presented in [§], revisited
according to our definition of state.

Weak-coupling limit

As already said, our aim is to find an effective description for the evolution of
expectations of system’s observables, namely,

(O); == wr (Ufo 0 1]) .

By means of the automorphism implemented solely by the free Hamiltonians U?, we
define the interaction picture functional w/ in the following way:

whi=wpoUPHE o (Ug)_l ;

this is the fully evolved initial state, rotated back by means of the free evolution.
The equation of motion for the functional becomes:

%wt] =w;oHy,  H{[]=i\[H(t),"], Hi(t)=U;[H]. (4.6)

Formally integrating the equation, one obtains
t
w! :wT—I—/ dsw! o H!,
0

and inserting it in (4.6)), we get

d t
&wt[:wToHtI—i—/o dsw! o H! o HY | (4.7)
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Since we are interested in the system S observables, only, we construct a reduced
functional on the algebra Ag in the following way:

w? (0) =wl(0O®1).

As it will be clear below, one can always recast the Hamiltonian in such a way that
wr (Hf O ® 1]) = 0, thus we can rewrite the above equation in the following way

t
iw{:/ dsw! o H! o H! .

Now the first approximation comes into play [§]: because of the weak system-environment
interaction, the influence of the system on the large environment is negligible, so that
the state of the total system at any time ¢ can be approximately described as the
following tensor product (Born approximation)

I s
Wy = wy Qwg.

Therefore, we have, on operators of the form O ® 1,

d t

&wf :/0 dswf@wEoHéon.

Further, when memory effects can be neglected, one can perform the so-called Markov
approximation; this is done in two steps. At first w? is replaced by w?, in order to get
a time-local differential equation

secondly, after operating the substitution s — ¢ — s, one lets the upper limit of the
integral go to infinity; this is permitted when the time-scales of the evolution of the
system are much larger than the bath relaxation time. With the two approximations
one gets

d
—(A}f = (A)f o Kt

dt

o0 (4.8)
K;: As — Ag, K: [O] = wg </ dst_son[O(@l]) .

0
These equations do not in general lead to completely positive dynamical semigroup
[62,63]; this is achieved from , averaging over the rapidly oscillating terms in the
map K, (secular approximation).
One first observes that in general the interaction Hamiltonian can be taken of the
following form

Hi=) Aa®Ba,

with A, = A,, B!, = B,. Assuming Hg to posses a discrete spectrum, with eigenvalues
e relative to spectral projectors I1(¢e), one can define the operators

Aa(6) = Y T(e)ALII(€).

e/ —e=0
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As a consequence, one has

[He, Aa(0)] = —0 Aa(0).
[Hs, AL(9)] = 6 A (6).
[Hs, AL(6)Ap(8)] =0,  AL(d) = Aa(=0);

this enables us to recast the interaction Hamiltonian in the following form
=Y A(O)®@By=)» A(0)®B
a,0 a,d

Therefore, in the interaction picture

=) e A(0) © Balt) = ) ¢ AL(S) ® Ba(t),  Balt) = U [Bd] ,
a,d a,d

and the condition wg ([Hy(t),0 ® 1]) = 0, VO, becomes wg (B,(t)) = 0.

Substituting the interaction Hamiltonian into K; one gets

K, [0] =X ) e [AL(6),0] As (') Lap (8') +

w0 (4.9)

A2 D e OAL) [0, Aa(8)] Tap (5.
a,3,0,0"

where, we have defined the quantities

Lop (0') = /000 ds €% wg (Ba(t)Bs(t — 5)) |

depending on the environment correlation functions. If we also assume the state wg
to be stationary with respect to the free environment evolution, one has that I',z(d’)
does not depend on ¢, since

wi (Ba(t)Bs(t — 5)) = w (Ba(s)Bs(0)) -

Typical time-scales of the system are represented by |6 — &'|71, &' # §; if these time-
scales are large compared to the relaxation time 7 of the open system, the non-secular
terms in , the ones with § # ¢’ may be neglected, since they oscillate very rapidly
during the time 7z over which the system state varies appreciably. Thus, the generator
becomes

K[0] =AY [AL(6),0] As (6) Tap (8) +

w0 (4.10)

+A2 Y " AL(6) [0, Ag(5)] Tga(8) -
a,3,0

The half-Fourier transforms I',g can be decomposed in the following way:

s(8) = 5705(0) + i805(0)
+o00
705(8) = Tas(8) + Tsu(8) = / 05 €0 (Ba(s) B (0))
1

Saﬂ((s) = Z (Faﬂ(é) - fﬁa(é)) )
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therefore, the following relations hold

Ts(6) = 570s(0) + i80s(0)

3 (8) = 5706(9) — iSu(9),

and one can recast the generator in the usual Lindblad form [64,(65]

K[O] = A2 3~ > 9as(0)( [45(6), 0] 45(0) + AL(9)[45(6), 00 )+ (411)
6 apf
+iN? Z Z SOJﬁ((S) [AL(5)A/3<5)’ O} ) (4'12)
6 apf

since the matrices 7,45(d) are positive and the generator in (4.12)) is Hermitian.
Within these approximations, we found that the evolution of the functional in the
interaction picture is governed by

whose solution is given by

X n
th:wSoetK::wSoE —KoKo---0K .
n!\ —~ J/
n=0 n—times

The second part of the generator , represents a contribution from a Lamb shift
Hamiltonian, which leads to a renormalization of the energy levels induced by the
coupling system-environment; the first term , called dissipator, is instead the
part of the generator taking into account the non-coherent aspect of the time-evolution
which is due to the interaction between the system and the environment.

The reduced dynamics acting on the algebra of the system e'™ : Ay — Ag, is such
that it obeys the semi-group composition law, indeed e o e¥ = (9K ¢ s> 0, and
provides us with an effective description of the evolution of observables. Indeed, the
above derivation shows that, under the performed approximations, we have, VO € Ag

wE(mf+Eo(mﬁy*[O@@u>fve“{O].

When the open system S is an m — level system, the results sketched above can be
summarized as follows [64,/65].

Theorem 4.1. Let Ag be the algebra of an m-level system and Ay : As — Ag form a
time-continuous semi-group of unital, completely positive, hermiticity-preserving linear
maps. Then, the semi-group has the form A, = e'™ with generator consisting of

L[O] = H[O] + D|[O],

H[O] =i[H,0), H=H',
(4.13)

DI0] = Y S (.0 + v, [0.V])

pr=1
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where the matriz of coefficients C,,, is the so-called Kossakowski matriz, and the oper-
ators V,, are such that

2
szz\/—m, Tr(VJVV)zéw,, 0< pu,v<m”.
The matriz C' must be positive semi-definite in order to ensure the complete positivity
of the maps A;.

4.2 The Dissipative Generator

We shall now apply these results to the description of the open dynamics of fluctu-
ation operators.
As discussed in the previous Chapter, we shall study a system formed by a bi-infinite
lattice, where each site supports a same d-level algebra Ajy.
The algebraic description of such a system is in term of a quasi-local algebra A.
One then selects an ordered set of single-site independent operators {z;}}_,, x; = x;r €
Ag, whose fluctuations are supposed of physical interest and constructs the real linear
span K (see Definition . For these operators, the corresponding fluctuations are
defined as in (3.28]).
Given a translation-invariant clustering state w (see Definition 2.6 (2.14)-(2.15))) on

this quasi-local algebra A, we will assume the system (K, w) to have normal quantum

fluctuations as in Definition equations (3.31)),(3.32)).

The aim is to study the dynamics of fluctuations inherited from a microscopic irre-
versible dynamics such that, in the Heisenberg picture,

8tXt - IL’N[Xt] ; (414)

for all local operators X € A|_y n), where Ly is a generator of Lindblad form (see
(4.13)).
Ly [X] =Hy [X] + Dy [X] . (4.15)

The Hamiltonian contribution Hy [X]| = i [Hy, X] will be sought with Hy of the form
N
Hy= Y n®, (4.16)
k=—N

namely it is the sum of single-site Hamiltonians h*) = (h(k))T, while noise and dissi-
pation, accounted for by the dissipator Dy[X], will be given by

N p

DyX]= 3 e 3 ([vfﬁ) X @D 4+ o | <v,i>“>}> ()
kf=—N w,r=1

In the above expression the operators o) are single site operators while the coefficients

Jre and D,,, form the Kossakowski matrix J ® D. We shall assume J > 0, D > 0 so

that J ® D results positive semi-definite guaranteeing the complete positivity of the

dynamics. The matrix D contains information about the noisy and mixing effects due
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to environment on couples of sites, while the matrix J accounts for the strength of
these effects as a function of the distance between sites. The dissipative contribution
is made translation invariant by setting

Jkg:(](k’—f), Jep = Jo >0, \V/k’,EGZ. (418)

We also assume that

> kl= Y @) <o, VkeZ, (4.19)

{=—00 r=—00

condition that establishes a fast decay of the strength of the statistical coupling of far
separated chain sites, thus describing short-range mixing effects due to environment.
A dissipative contribution of the form is very general and accounts for a generic
lattice-environment weak interaction. As explained in the previous Section, it can
be obtained by means of a weak-coupling limit, assuming an interaction Hamiltonian
H =H } of the following form

HI:Zfanghvék)@)Bha

« k,h
with v8)s single-particle operators of the lattice system, Bj’s operators of the envi-
ronment, and f,, ggn suitable coefficients.

4.2.1 Locality Conditions

The main purpose of this Chapter is to find the structure of the dynamics of fluctu-
ations, in particular of Weyl operators W (r), inherited from a microscopic dissipative
spin chain dynamics of the type (4.15)),(4.16]),(4.17).

In general, the action of the local Lindblad generator Ly on (r, Fiy) = 37, r;Fn(7;)
maps it into fluctuations of a single-site operator that is not in the linear span K, or it
might even generate fluctuations of operators that act non-trivially on more than just
one site. For the mesoscopic dynamics to be a map from the Weyl algebra W(K, o))

into itself, one has to assume

Lyfel”) =3 Lyl . L=H+D, (4.20)
7=1

for all z; € K, with k € [-N, N|, where L is the n x n matrix with entries £;; and H,
D are the n x n matrices with entries defined by

i [HN,:EE’“)] =S " #Hye", Dy [xg@] =3 Dyl (4.21)
j=1 j=1

In other terms, the above condition consists in asking the linear span K to be mapped
into itself by the generator L.

Such a constraint on the dynamics has also implications on the action of the generator
on products of operators from different sites.
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Lemma 4.1. Given a single-site operator basis {0,}%_, in Ay and a generator Ly
satisfying

d2

k)] & o)
Ly [00] = > cs05”

B=1

then: .
Ly [O(kl)x(k"’) .. .o(k’")} = Z c’; (ﬁ )0232 ). :L'gjnm) ,

a1 Yas m B

B
with multi-indices B = (B1, Ba, - - ., Bm) and suitable coefficients c* 2
We give here the explicit proof of this result, since it shows the general methodology

that needs to be adopted in order to show many of the results discussed in the following
sections.

Proof. Due to the properties of commutators, the lemma is certainly true for the Hamil-
tonian term Hy of the Lindblad generator. For the dissipative term Dy we proceed
by induction: the statement is true in the case m = 1 thus, assuming this to hold also
for the product of m single-site operators, we want to show that it is valid also for
products of m + 1 operators.

Using the algebraic relation

b(a[d,c]+[a,d]c> + (a[b,c]+[a,b]c)d—a[bd,c]—[a,bd]c — —2[a,0][d, d ,

one derives that

Dylab] = Dyla]b + aDy[b] —|—22 D Z Jre Uk ,a [ijy)} ’

w,r=1 kfl=—N

for all operators a,b € A_n ). Let a = 0&1 )ogkf) ) o&’i;" and b = ogkg‘:f), then,

Dy [0 . olkm)olbmin)] = gln)glha) oflm) pyy [ollmen] 4

a1 Yag am, am+1 az Qmt1
+ Dy [ 0&’“22) .. .ogjzl)} ogi:jll) +
v k) k Eem Em ¢
+2 Z D Z Jie | vlg , a1 g;) . O&m )] [ogm:;), vl )} .
n,r=1 kl=—

Due to the assumptions and the induction hypothesis, the first two contributions can
again be expressed as linear combinations of products of single-site basis operators at
sites ki, ks, ... kny1. As for the last term, it amounts to

Z Jrs v(k , ok (k’z)n'o(km)} [O(km+1)’ U(Tf)] =

1 061 062 Qm Om+1 v
kfl=—N
— (k1) ,(k2) (kg-1) | (@ (@) | H(kg+1) (km) [ (km+1) o)t (km41)
= E gk 1087 Oy 04 vV, O | O h oo [0%’1"+1 U™ } .
q=k1,k2,...km

Therefore, by expanding the various commutators with respect to the single-site matrix
basis {oa}le, it can also be written as a linear combination of products of basis

operators at sites ki, ko, ... kpi1.
O
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4.3 Mesoscopic Dissipative Dynamics

In this section we shall show that, under the conditions , on the micro-
scopic Lindblad generator preserving the microscopic state w, the mesoscopic dynamics
that emerges in the limit N — 400 is described by a semi-group {®;}+>o of completely
positive, unital maps on the quantum fluctuation algebra.

The assumption that the generator preserves the microscopic reference state w means
that we are considering dynamics such that

w(cng(X)) —w(X) & w(LN[X]> ~0.

This is what happens in many physical situations: asking wo ® = w is tantamount to
considering a dynamics that does not change the initial phase of the many-body system,
as discussed in Section For instance, with this assumption one can describe all
those experimental settings where the focus is on the dynamical properties of states
prepared perturbing, by means of local manipulations, an equilibrium time-invariant
state w (see equation and the discussion above it ]

Recalling the definition of the mesoscopic limit in , one naturally defines the
action of &, in the following way:

Definition 4.2. The microscopic dissipative dynamical maps ®Y on the local algebras
Ai_n,n) define the corresponding mesoscopic dynamical maps ®, on the Weyl algebra
W(K, o) of quantum fluctuations if the following mesoscopic limit

lim w (W (s1)@N W (r)] WN(SQ)):Q(W(SI)Q(W(T))W(SQ)), (4.22)

N—+4o00

is well-defined for all Weyl-like operators W (s1), Wy (sa), W (r), with W (sy), W(s2)
and W (r) the corresponding limiting Weyl operators, with w the state on the quasi-
local algebra A, and §2 the mesoscopic state on the Weyl algebra defined in by
Theorem [3.2.

We will look for dynamical maps ®; of quasi-free type, namely mapping Weyl
operators into Weyl operators:

O (W (r) =e"OW(r,), VreR", (4.23)

where both the time-dependent function f,.(¢) and vector r, € R™ are unknowns to be
determined. The maps are unital, ®;[1] = 1, and must be completely positive. As such
they must obey the Schwartz positivity inequality

O XTX) > O (XT)B(X), VX eW(K,o"). (4.24)
Then, since Weyl operators W (r) are unitary, f,.(¢) must satisfy
12, (W ()]l = eV < [[@i[1][| =1 . (4.25)

!Such an assumption can be relaxed, allowing the many-body system to dynamically change its
phase. This leads to two main technical complications: on one hand, the definition of fluctuations
as in must be changed, subtracting a time-dependent mean-value; on the other hand, also the
commutation relations of the large N fluctuation operators would evolve in time, according to the
evolution of averages. Such an interesting situation has been studied in [66}/67].
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The proof of equations (4.22]),(4.23)) will be based on a family of local microscopic
maps ¥ on the quantum lattice system interpolating between the microscopic, @2,
and the mesoscopic dissipative time-evolution, ®,, defined by:

Uy Wa(r)] = e"OWy(r) = el eilen) (4.26)
o= X'r, A= Pt (4.27)

1
@) = =(nYer), V= 3 (2@ — 2 2@ x| (4.28)

where X*" denotes the transposition of the n x n matrix X and X is the fluctuation
covariance matrix. Because of Lemma [3.1] and Theorem [3.2], we know that

lim w (W (s1) W (r:) Wa(ss)) = Q(W(SI)W(rt)W(SQ)) .

N—+400

We are going to show that the mesoscopic dynamical maps ®; in (4.22)) are of the form

[@23), @, [W(r)] = e/*® W(r,), where f.(t) and r, are given by (4.27) and (4.25).

The maps &, compose as a semigroup; indeed, for all s,¢ > 0,

D 0@ [W(r)] = eI ((r),)
o™ (V) =AY ) Py (Y (4.29)
e

TPV () = Oy [W(r)]

Furthermore, as required by complete positivity and unitality, and proved by the fol-
lowing lemma, the function f,.(t) defined by (4.28)) is such that exp(f.(t)) <1

Lemma 4.2. The invariance of the microscopic state w with respect to the microscopic
dissipative dynamics ®Y implies f.(t) < 0.

Proof. We shall show that w o ®Y = w, t > 0, makes negative semi-definite, J; < 0,
the matrix defined by (4.28] - for all t > 0. Let A € C" be a generic complex vector

and set ¢\ = Z 1 A\j x;; then, using Schwartz positivity, and the time-invariance of
the state that allows one to use equations (C in Appendix . one estimates

LS one({rt rtea}) = 35 (o i o))
(@) [Pyl @) [an) + g @ (e o 1Fv(a)))

L) ()« o) (o)

zn: AN X ngw({FN(xj), FN(;CS>}) .

i,7;r,8=1

Ir—~t\:>|>—t

In the large N limit one thus obtain, for all A € C”,

<)\ Y )\) Z N A7 ) = ()\ X5 X0 A)

2,7;r,5=1
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In conclusion, in order to prove (4.22]) with (4.23]), we need to show that

lim w (WN(sl)(quv W ()] — N [WN@)])WN(SQ)) —0, Vsp,8 €R".

N—+o00

Actually, like all positive, normalised linear functionals on the Weyl algebra, w satisfies
the Cauchy-Schwartz inequality |w(a' b)|> < w(a'a) w(bh), whence the unitarity of the
Weyl-like operators Wy (r) yields

w (W(s) Aw(t ) Wa(so) | < w(Wls) At ) Al (1) Wh(51)) . (4:30)
An(t,r) = Y [Wy(r)] — @Y [Wi(r)] . (4.31)

In order to show that the right hand side of the above inequality vanishes with
N — +00, we need relate the interpolating map W2 to the local microscopic dissipative
dynamics ® = e''v; namely, we need study the time-derivative of UV and its relations
with the generator Ly. The structure of the time derivative can be derived by means
of the following lemma whose proof can be found in Appendix [B]

Lemma 4.3. Let M, be a time-dependent Hermitian matriz and N; = ¢™Mt. Then,

AN T
N, = E =O;N,, Op:= Z EKMt [Mt] ) (432)
k=1

where Ky, [M,] = [Mt, K%I[Mt] and K3, [M,] = M,.

Equipped with this result, we can show that, for large IV, all terms in the series

expansion of &\Ifiv [Wx(r)] of order larger than 2 vanish in norm.

d
Proposition 4.1. For large N, the behaviour of E\I/iV[WN(r)] can be approzimated by

%‘Ijiv[WNOq)] = (Z (Tb (H + D)FN) - %[(TUFN)’ (Ttv (7-[ + D)FN)] +

+ (r,,(H + D)@ rt)> Y Wi(r)] , (4.33)
the error vanishing in norm.

Proof. The time-derivative

d -y
E\Pt (Wi (r)]

_dfi(®)
o dt

d .
WY Wi (r)] + e ellre)

consists of two terms: from (4.28)), by direct computation, the first one contains

() = % (re. (H+D)Z + SOH D)) r) = (r, (H4 DB ) | (434)
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where in the last equality use has been made of the reality of the vector Ty and of
the fact that the covariance matrix is real symmetric, namely %) = (Z ) Using
Lemma [£.3] and the notation of Definition [3.2] the second term contains

d . d . 1 .
4 ey D iFnGr) _ (F .y —[F Fo(c D i(re,Fx)
3° 3¢ i Fy (dy,) 5 N (@) s Fn(Gr) | ) e

+oo h

+ Z L K}};%qn) [FN(Qrt)] oi(re,F) ’

where ¢,, = (74, Fy) = <7’t, (7—[+D)FN) and KFN(q )[FN(q'rt)], is the multi-commutator
defined by
K! 2] = [z, KM '[2]] . Ki[z]=2. (4.35)

Then, since operators at different sites commute, one estimates

Zhl Z h/2 q’“t ['gk)}
h=3

+00 h ‘
Z h' K}}NIQH) FN(q"'t)] ez(ThFN)

<

2||qm|| . larell
T < T .

The result thus follows as ¢, and ¢,, are bounded single-site operators for all ¢ > 0
belonging to finite intervals of time.

[]

According to the previous discussion, the convergence of the microscopic dissipative
dynamics ®Y = e'¥ to the mesoscopic dissipative dynamics ®; in (4.23) amounts to
the validity of the following result.

Theorem 4.2. Given a quantum chain with normal quantum fluctuations (K,w), K
a linear set of single-site observables and a local Lindblad generator satisfying assump-
tions (4.19),(4.20) and preserving the microscopic state w, then

lim w <WN(51) An(t,r) Al (t,7) W] (31)> ~0, (4.36)

N——+400

where Ay(t,r) = U [Wy(r)] — ®F [Wx(r)] and UV is defined as in (&.26)([4.28).

Proof. The first step in the proof is the analysis of the action of the local Lindblad
generator on the pre-Weyl operator given in . This requires various tech-
nical steps that can be found in Appendix [C]

Then, coming to the proof of the Theorem, notice that

d

B W) = @ V)] = [ dyel

e [ )] =

/0 dy L [ dd U (W ()] — Ly [0 (W ()]
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From Lemma and using ((C.22)) (Appendix |C]) because of the time-invariance of the
reference state w, for large NV, one approximates

Ly [Wx(ry)] =~ (l (ry,(H+D) Fy) +

_% [(T&MFN)a (Ty7(H+D)FN>] + S(TyQN)> WN(T?J) )

with S(ry; N) as defined in (C.3), in Appendix [C] On the other hand, Lemma
asserts that the time derivative can be approximated as follows

d

N ~ |; !
d—y‘l’t (Wi (ry)] = (Z(%(HﬂLD)FN)— 5 (ry, ) s (ry, (H+D)EN)] +

+ <Ty= (H+D)X y>> wy (Wi (ry)] -

Since the errors in these approximations vanish in norm for all finite ¢ > 0 and ®Y is
a contracting map, ||®N[a'a]|| < ||al|?, what remains to be studied is the quantity

W (WN<S VA (t,r) Al (2, 7) W] (81)) -
= [ [z (Wl (D0 M) 92 [D105 )] Wits)
D(ry; N) == Z(ry,N)\IJN [e!(r)]
Z(ry; N) = (ry, (H+ D)X ) ry> — S(ry; N) .

Using the Cauchy-Schwarz inequality (4.30) and then twice the Schwartz positivity
inequality (4.24)), once for ®) and the other for U, the proof of the theorem reduces
to bounding

w (WN(Sl)(I)i\iy [D(Ty; N) DT(ry; N)D Wi n(s1)) <
< e2fr®) <WN(31 [ Ty; N)} W;{,(&q)) <
w (WN(31)¢gV_ L1220 V)] W}V(sl)> .

Indeed, Zy(r,; N) is Hermitian and e*®) <1 (see Lemma [4.2)). Consider now

220 N) = (805 V) = Jo(w) (437

where use has been made of (4.34]). The operator S(r,; N) can be written as

S(Ty, Z Jkg Z (k) /(3),

kﬁf a,p=1

with o4, 0g suitable single-particle operators, showing that it is a finite summation of
terms of the form - Lemma [4.1 implies that the support of the operators 0&) @
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is not altered by the local dissipative dynamics ® so that

o l
@, (S0 ) MZMZ%WMW,
kf4=—N a,f=1

where ¢27(t) are suitable coefficients, bounded for all finite ¢ > 0, and {0,}%_, is a

single-site operator basis in the algebra A,;. Analogously,

N
1 af,uv l
@ivy [Sz(ry; N)] =z Z Z Jie Jp dkfp’; (t—v) O&k)og) ol(f)o,(ﬁ) ,

T ktpg=—N afuv=1
with d§y o, () bounded coefficients for all finite positive times ¢ > 0.

Lemma asserts that the sums over k,/ and p,q commute with the Weyl-like
operators Wy (r) when N — +oc; then, using the time-invariance under ® of the
microscopic state w, we get:

lim w (WN(sl)CI) [Z%(ry; N)] WL(SQ) = lim w ((IDN [Z%(ry; N)] WN(81)W;{[(S1)>

N—+4o00 N—+400

= Jim_w (@) [Z%(ry; N)]) = Gim w (Z%(ry; N))

The proof is thus completed by means of (C.23|) and of Proposition which imply

lim w (S*(r; N)) :< lim w(S(r;N)))Q—fQ(t).

N—+o00 N—+oo
O

Remark 4.2. As the dynamical maps P, tmnsform Weyl operators into Weyl opera-
tors, their dual maps that act on the states ) on the Weyl algebra sending them into
O, = Qo@t, transform Gaussian states into Gaussian states. For instance, as expected
for it emerges from a microscopic time invariant state w, the state 2 in Theorem [3.
18 left invariant by ®,:

Q@ W) = O QW (r)) = e H0In 0070
o O MBI _ o= =N o (W(r))

As they inherit the semigroup property from the ®;, the dual maps have a generator and
this generator must then be at most quadratic in the mesoscopic operators F(z;) arising
from the local fluctuation operators Fy(x;). When the anti-symmetric matriz o) is
invertible (i.e. ¢ is symplectic), the explicit form of the generator is derived by duality
and by explicitly computing the time-derivative of ®, [W (r)], using the Weyl algebraic
relations to reconstruct it by means of the action I [W (r)|: it turns out that the resulting
Kossakowski matrixz is positive semi-definite so that the maps ®; on W(K,a(“)) are
completely positive.

In the cases where o) can not be inverted, thanks to the quasi-free character of the
maps P;, complete positivity can nevertheless be proved applying the same strateqgy
adopted in [65], as shown in Appendiz[D|
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Example 4.1. The following model is useful to understand the main result of this
Chapter. Consider a bi-infinite one-dimensional lattice of spin-1 systems. At each
site, one has the angular momentum operators Jyi, Jo, J3, such that:

[Jla JQ] = ZJ3 )
and cyclic permutations. A convenient basis, is the one made by the eigenstate of Js,

Jslp) = plp)y, p=-1,0,1;

using also the ladder operators J+ = Jy + 1Jy, whose action on the previous basis is
described by
Je1) =J_| = 1) =0, J|0) =V2[£1),

one obtains the action of all operators
H+1-1)
V2o

Jo| £ 1) = £45(0), J2|0) :m?f#.

On the quasi-local algebra of such spin-1 chain, we consider the following translation-
invariant factorized state wg,

Jil £1) = 7510, S1[0) =

2

wp (J1) = wp (J2) =0

B sinh (fe) (4.38)
ws (Js) = _21 + 2cosh (Be)’

corresponding to a tensor product of Gibbs states at inverse temperature 3 for each site,
with respect to the single-site Hamiltonian €Js.

We consider K as the linear span formed by the elements Jy, Jo, and therefore construct
the main local fluctuations

N
1 k
Fr (J12) = AN T R
k=—N

As reviewed in Chapter |3, these converge in the large N limit to Bose field operators
F(J1), F(J3), such that

[F (), F ()] = iws (J5) = in,

and whose covariance matriz is

s(ws) _ 14cosh(Be) (1 0
~ 1+4+2cosh(Be) \0 1)~

Thus, introducing the exponentials
WN(T’) = exXp (Z (TlFN<J1> + T’QFN(JQ)))

in the large N limit they tend to Weyl operators W (r) such that

lim wg (WN(T)) — 67%(7’,2(“’13)7") _ Qﬁ (W(T)) :
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where Qg is the quasi-free state on the Weyl algebra generated by W (r), induced by wg.
Let us now consider the following dynamical generator

N
LN[X]zzs[Z J X |+ ADy [X], A >0,
k=—N

Dy [X] = i (Jék)XJ?Ek) —%{(J?Ek’)z,x}) :

k=—N

(4.39)

since both state and dynamics are factorized, one can check the time-invariance of the
state on single-site operators. The generic operator can be written in term of the basis
formed by the eigenvectors |pu) of Js. Thus, one has

s oL (1 01) = (i =)+ (s = 2 ) Y o)

and wo Ly =0 follows from wg (|p)(v|) = 6,. This dynamical system obeys the main
assumptions under which Theorem[{.9 holds, and computing

Ly [riFn(J1) +roFn(J2)] = (r1,72) (_5% :g) (?}igi;) :

according to equations , one has
e N [(Ta FN)] = (T’ XtFN) )
with ‘
-t () aly)-

€
Therefore, the generic Weyl operator W (r), evolves according to

O, [W(r)] =W (X/r) exp <— ! _26 (r, »ws) r)) . (4.40)

Notice that e
tlim O, [W(r)] = 1€_§(T’Z ) :
—00

this means that whatever initial state Q acting on the Weyl algebra generated by W (r)
s chosen, it will asymptotically converge to the thermal one Qg; indeed,

lim O (&, [W(r)]) = e~ 2(*=“77) = 5 (W ()

t—o00

which 1s the characteristic function of the thermal state.

Remark 4.3. In the unitary case [31,/35,60], there are situations where the large N
dynamical maps on fluctuations are dependent on the reference state of the system w.
Nevertheless, it is known [33] that a factorized Hamiltonian, such as the one in (4.16),
acting separately on different particles without any interaction among them, determines
a dynamics for the fluctuations that depends only on the Hamiltonian itself, with no
trace of the microscopic reference state w.
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This can also be appreciated in the previous Example (4.39): indeed, consider the gen-

erator 7 and set X\ = 0. The resulting map (equation ) 18
&, [W(r)] = e OFI)+irsOF ()
ri(t) =
ra(t) =
In these equations, there is no dependence on the state wg of .

On the contrary, let us consider the purely dissipative map obtained settinge = 0, A > 0
in the generator (4.39); the dynamics is of the following form

1 cos(et) + rosin(et)

o cos(et) — rysin(et) .

At

O, (W(r) =W (B—%tr) exp (— L _26 (r, SR T)) 7

where the dependence on the reference state wg is embodied by the dependence on the
temperature parameter 3 in the exponential factor.

Therefore, even in the case of a strictly local dissipative evolution, with no mixing effects
among different sites, microscopic Lindblad evolutions give rise to dynamical maps on
fluctuation operators that are dependent on the reference state w.

Another interestz’ng comment concerns the asymptotic time-behaviour of these evo-
lutions ®, , with X, f.(t) as in - - respectively. If the microscopic
Lindblad dynamzcs, generated by (4.15) - s such that the matriz X; of equation (4.27)),
converges, for large times, in the norm topology, to the null matriz,

lim | A =0,
t—o00

then, whatever initial state Q on the Weyl algebra W (K, a(“)) 15 considered, in the
large time limit, as a result of theorem[{.3, the characteristic function of fluctuations
will converge to

lim Q (9, [W(r)]) = e~z (=)

t—o00

The right-hand side of the above equation represents the characteristic function of the
mesoscopic state 2 defined by the reference state w, in the sense of Theorem[3.9. This
means that, when lim, .. ||X;|] = 0, any initial mesoscopic state converges, asymptot-
ically in time, to a unique mesoscopic state ) on fluctuation operators, defined by the
reference state w.

In this Chapter we have shown that, in general, given a lattice system with normal
quantum fluctuations, in weak interaction with a heat bath in the sense of Section [4.1],
the dynamics of fluctuations, provided that the locality condition and short-
range mixing effects are guaranteed, consists of a semigroup of unital, completely
positive maps that transform mesoscopic Gaussian states into states of the same kind.
In the next Chapter, such a result will be used in order to prove the possibility of
entangling two many-body systems through the presence of a common heat bath.
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Chapter 5

Environment Induced
Entanglement in Many-body
Systems

The presence of an external environment typically affects quantum systems in weak
interaction with it via loss of quantum correlations due to decohering and mixing-
enhancing effects [6-8,/11]. Nevertheless, it has also been established that suitable
environments are capable of creating and enhancing quantum entanglement among
quantum open sub-systems immersed in them instead of destroying it [14-20]. It is
remarkable that entanglement can be generated solely by the mixing structure of the
irreversible dynamics, without any environment induced, direct interaction between
the quantum sub-systems. This mechanism of environment induced entanglement gen-
eration has been studied for systems made of few qubits or oscillator modes [20-22] and
specific protocols have been proposed to prepare predefined entangled states via the
action of suitably engineered environments [69]. Instead, here, we want to study the
possibility that entanglement be created through a purely noisy mechanism in many-
body systemsE] As already outlined in Chapter , in a quantum system made of a large
number N of constituents, typical accessible observables are collective ones, i.e. those
involving the degrees of freedom of all its elementary parts. There, it was pointed out
that fluctuations retain quantum properties in the infinite number of particles limit,
providing a suitable framework where to look for truly quantum behaviours in such
systems. The repeated claim of having detected “macroscopic” entanglement in sev-
eral experiments [36},37,74] poses a serious challenge in trying to interpret theoretically
those results: fluctuations may indeed play a relevant role [60].

In the following, we shall show that quantum behaviour can indeed be present at the
mesoscopic level in open many-body systems and, even more strikingly, that entangle-
ment can be generated in mesoscopic systems by the presence of an external bath. A
bipartite many-body system will be considered, with no direct Hamiltonian interaction

For different approaches to entanglement in many-body systems, see [29,[70H73] and references
therein.

53
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between the two subsystems, that are nevertheless immersed in a common heat bath.
It will be shown that emergent dissipative quantum time-evolutions on fluctuations, as
the ones studied in Chapter [4], are capable of entangling fluctuations of the two infinite
sub-systems; moreover, such dissipative generated entanglement presents interesting
features when studied as a function of the temperature of the heat bath.

5.1 The Model and its Fluctuation Algebra

The model we shall study consists of two infinite quantum spin—% chains (namely two
one-dimensional bi-infinite lattice systems, supporting on each site a spin—% system),
whose spins do not directly interact, but are immersed into a same environment and
therefore behave as an open quantum system; in the regime of weak coupling, the two
chains undergo a microscopic dissipative quantum dynamics described by a semi-group
with a generator in Kossakowski-Lindblad form. As discussed in the previous Chapter,
this induces a dissipative dynamics of the level of fluctuations; we shall show that,
solely because of its statistical mixing properties, this dynamics may induce mesoscopic
entanglement between the two spin chains.

Let us describe the system in more detail. At each site of both chains we attach the
algebra My(C) of complex 2 x 2 matrices generated by the identity and the Pauli
matrices o0y o3 satisfying the algebraic rules

[O’i, O'j] = 2i€ijk Of .

We shall pair sites from the two chains so that the single site algebra is Aik), represented
by the matrix algebra M(C) = My(C) ® M5(C) supported by the k-th sites of the
double chain. The quasi-local algebra A describing the double chain will then be the
tensor product of the quasi-local algebras of the single chains, with ¢ ® 1 and 1 ® a
denoting operators pertaining to the first, respectively the second chain. We consider
on A the microscopic thermal tensor product state at inverse temperature /3, such that
the only non-vanishing single-site expectations are

wg <a§j) ® 1) = wg (1 ® O’éj)> = —¢, (5.1)
wﬂ(aéj) ® a:(,,k)) = . (5.2)

where € = tanh (n/2), with n a positive constant. Namely, each site of the two chains
is equipped with a Gibbs state at inverse temperature J defined by the Hamiltonian

H=(s91+180) . (5.3)

Such a state does not support correlations between the two spin chains and manifestly

obeys the clustering condition (2.15) of Definition [2.6]

In the following, we shall focus on observables in the real linear span K generated
by the set {x; }55:1 consisting of the following 4 x 4 Hermitian matrices

.1'1201@1,$2202®1,$3:1®01,$4:1®O’2 (54)

[L’5:O'1®0'3,CL’620'2®O'3,1‘720'3®0'1,ZL'8:0'3®0'2. (55)
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One easily sees that wg(x;) = 0 for all j = 1,...,8, and that the condition (3.31) in
Definition [3.3] is satisfied; indeed,

0 k
> ws(@®2) - walas) wale)

k=—o00

= |ws(ziz;) (5.6)

Using the notation of the previous Chapters, in the case of N-site chains the local
fluctuation operators corresponding to the observables z; are given by

Fivt) = \/LN_T kZ_N (xgk) - W(%‘)) - \/LN_T kZ_N xEk) | o0

Notice that the matrices z1 5 and x34 refer to single sites belonging to different spin
chains: their fluctuations will provide collective degrees of freedom associated to the
first, the second chain, respectively. The matrix C“s) that in the large N limit gives
the correlations of fluctuations corresponding to the operators {zj}?zl is the matrix
with entries

O = Jim ws (P Fu(e)) - (5.8)
Such an 8 x 8 matrix can be expressed as a three-fold tensor products of 2 x 2 matrices:
C¥) =(1-€0)@1@ (1L +eoy) . (5.9)

In computing tensor products, we adopt the convention in which the entries of a matrix
are multiplied by the matrix to its right. According to Chapter[3] the algebraic relations
among the emerging mesoscopic bosonic operators F'(x;), to which Fy(x;) tend in the
mesoscopic limit, are described by the symplectic matrix with entries

(we) _
o8 = —2ie(1 —e0y) ®1 @0y,
while the covariance matrix of these bosonic degrees of freedom is
w 1
21(-]'6) = 5%({%’7 zi})
; (5.11)
ws) — 3 (C(WB) + (C(wﬁ))“‘) =(1—-€en)®1®1.

The inverse of the symplectic matrix ¢“#) can be computed and one explicitly finds:

1
(U(wﬁ))_lzﬁ(leem)@l@wQ ; c=V1—¢e. (5.12)

As discussed in Chapter , it is useful to introduce pre-Weyl operators (3.29)),

W (r) = eiFn(ar) — Gilr, Fn) (5.13)
8

(r, Fn) = r; Fn(xj) = Fn(gr) , (5.14)

j=1

2There are 16 single site independent observables of the form o, ®o0y,, p,v=20,1,2,3, 00 = 1. It
turns out that fluctuations corresponding to the chosen subset {z; }?Zl give rise to a set of mesoscopic
bosonic operators, whose Weyl algebra commutes with the one generated by the remaining eight
elements.
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where Fiy = {Fy(z;)}}_, is the vector of local fluctuations and the vector  is now 8-
dimensional, » € R®. In the mesoscopic, large N limit, they define the Weyl operators
W (r), forming the fluctuation algebra W(K, ¢(#)). Thanks to the regularity of the
quasi-free state (see Theorem , one has the representation

8
T (W(r)) = &) = e ZianFe) = D) g =5 gy (5.15)

where F' is the eight-dimensional operator valued vector with components F(x;), 1 <

j < 8. From (3.15)) and ({5.10f), one also finds:

8

T (W(r)) Fla)m (W) = F(z,) +i[(r,F), F(z;)] = Fz)) + Y_ o r; . (5.16)

j=1

The Weyl algebraic structure associated with the chosen set K of local observables and
the thermal state wg allow for the mesoscopic description to be formulated in terms
of four-mode bosonic annihilation and creation operators a# = (a, aj» ), 1 <i < 4,
satisfying the canonical commutation relations

la;, al] =65, ai, a;] =[a}, al] =0. (5.17)

1) J

Indeed, introducing the following four-dimensional complex vectors f; € C*,

1 0
0 0
fi=+/e ol fs = Ve e (5.18)
0 0
—€ 0
V1—¢2 0
B=ve| V0 ko= Vel (5.19)
0 V1—¢e2,
and fo; = —ife;_1,j = 1,2,3,4, one can obtain the commutation relations of the
bosonic degrees of freedom as
[F(:), Pla))] = 20Tm ((F £7) o (fin fi) = €357 + 5007 (5.20)

2

thus showing that these can be written in terms of the four modes a# 1<i <4,

4
F(z;) = a(f) +a'(fi), d'(fi) =) [filjal, 1<i<8. (5.21)
j=1
Setting
B; = (a;,a)" , A= (Bi,Ba, By, By)"" | (5.22)
one has

F=MA, (5.23)
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where

M, 0 0

0
0 0 M, 0

M= e —eM; eM; 0 0 |- (5.24)
0 0 —EMl CM1
M, = (1. 1.) .
T —i
The 8 x 8 matrix M can be inverted and used to write A = M™IF
T
seMi 0 0 0
ve pmi 0 LMl 0
M*l — 2¢c 1 26\/g 1 (525)
0 LM 0 0
Ve gt T

From the structure of M~!, one notices that the creation and annihilation operators
afé, respectively af come from single site operators T2, respectively T34, pertaining
to the first, respectively the second chain. Then, al and a3 describe two mdependent
mesoscopic degrees of freedom emerging from different chains. Instead, a2 and a4

result from combinations of spin operators involving both chains at the same time.

Remark 5.1. If the temperature vanishes, i.e. € = 1, ¢ = 0, the matriz M becomes
singular, thus showing that the representation in terms of bosonic creation and annihi-
lation operators can be reduced. Indeed, in such a degenerate case, only the following
two bosonic modes can be accommodated:

CLT . F(l’l) + ZF(.I’Q) a,T . F(l‘3) + ’LF(I’4)
1 2 Y 2 2 °

(5.26)

This degeneracy is due to a so-called coarse graining effect [31] that prevents distin-
guishing the mesoscopic limits of distinct fluctuation operators. In other terms, it may
happen that

N—oo

lim w([FN(qh) _ FN(q,,Q)f) —0,

even when gy, # qy,-

In the creation and annihilation operator formalism, the Weyl operators become
displacement operators D(z) labelled by complex vectors z € C%.
Let Z; = (2;,2])", and Z = (2, 24, Z3, Z4)'" € C® and 33 denote the diagonal 8 x 8
matrix diag(—1,1,—1,1,—1,1,—1,1); then,

D(2) = @A) = oxp (Z <z]~ a} -z aj>> : (5.27)

j=1

Lemma 5.1. Given the creation and annihilation operators a 1 <i <4, Weyl and
displacement operators are related by

W(r) = "9 =D(z), Z = (j) = —iSy M r (5.28)

T

D(z) = W(r.), r.=iM") 527 (5.29)
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According to Theorem , the mesoscopic algebra W(K, ¢(“#)) inherits a regular
quasi-free state from the microscopic state wg.

Proposition 5.1. The quasi-free state (13 on the Weyl algebra of quantum fluctuations
W(K, o)) is such that

Qs(W(r)) = exp ( - %(T,E(“"*) r)) , (5.30)

with covariance matriz X“) given by (5.11)). In the creation and annihilation operator
formalism, it amounts to the expectation functional Qg(W (r)) = Tr(Rsz W (r)), where

W~

L =nYd 5
Rg=—7——, H=n aa; 5.31
Tr (e—BH) j=1 7

namely to a Gibbs state at inverse temperature 3 with respect to the quadratic Hamil-
tonian H.

Proof. The tensor product structure and translation-invariance of wg yield

wg (Wn(r)) = (W,B (ei/ﬁzfmx"»]v
— (1 _ L i rirjws(z; ;) + o (;)) ;

zgl

whence, since r € R8,

1
_ Qi(r FN)Y — _ Z(r.xws) )
]\}gr;owg(WN( r)) Nh_r)rloowg( ) exp( 2(7",2 r)) .
On the other hand, writing W (r) as a displacement operator D(z,), from ([5.28)), its
expectation with respect to the state {23 reads

(W () = exp ( ~ ”il”Q) e Y L (fi fj)) |

Then, the result follows from (f;, f;) = Z(wﬂ ) + ig, (o6 of - and noticing that r

2%%4j
is a real-valued vector and ¢“#) an anti- symmetr1c matrix.

]

5.2 Dissipative Dynamics of Gaussian Fluctuations
and Entanglement

We shall focus upon dissipative dynamics of the type studied in the previous Chap-
ter; therefore, given our set {xi}il, we assume the dynamics to be generated by a

Lindblad map of the type (4.15)),(4.16)),(4.17) obeying assumptions (4.19),(4.20)). The
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previous Theorem |4.2f shows that, when the linear space K of selected single-site op-
erators is stable under the action of the local Lindblad generator, then the emergent
mesoscopic irreversible dynamics maps Weyl operators into themselves: it corresponds
to a semigroup of unital, completely positive maps on the Weyl algebra W(K, o«s)).
Since in the present case the matrix ¢#) is invertible, one is able to provide a general
form of the bosonic Lindblad generator, at most quadratic in the fluctuation operators
F(z;), that implements such dynamics.

Corollary 5.1. The maps W(K, @) 3 W(r) = &, [W(r)] = Wi(r) = O W(r))

with ry € R® and f,.(t) given by (4.27), respectively (4.28)), satisfy the time-evolution
equation OyWy(r) = L[Wy(r)], where the generator L is given by

LW = 5 32 HY [P F(), W) (5:32)
+ Z Dg) <F(:cl) Wi(r) F(x;) — %{F(:cl)F(xJ), Wt(fr)}) : (5.33)

with HY o Hermitian 8 x 8 matriz and DY a positive semi-definite 8 x 8 Hermitian
matrix, given by

HY = —j(gw))! (E Cws) _ C(Wﬁ)ﬁtT’) (c@s))=1 (5.34)
DY = (g»))= (LOWs) 1 O L) (glww))~ (5.35)

In the creation and annihilation operator formalism, using the notation introduced in

(5.22), the generator reads

LID(2)] = % ZS: HY [l 45, Du(2)| (5.36)
—%iilﬁ?<AjDA@fg——%{APU,DAQ}), (5.37)

ij=1

where Dy(z) is the time-evolved displacement operator ((5.29)) corresponding to the time-
evolved Weyl operator Wy(r) and H® and D@ are 8 x 8 matrices, given by

HY = MHO M D =M DD M | (5.38)
where M is the matriz in (5.24)).
Proof. Using Lemma , the explicit expressions for 74, f,.(t) and the relation
Cws) = yws) 4 %U(Wﬁ) 7
one computes

o) = (Jit) + iG0 F) — 5[ F), G F)) W)
_ (z’(rt,ﬁF) b, LX) + g(rt,/:awrt)) W(r)

= (ir £ F) + (o, LOWr) ) Wi(r)
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In order to show how to match this time-derivative with the action on W, (r) of a linear
map as in the statement of the Corollary, it is useful to recall (5.16]), which gives

EWMW:<@+ZW“)(W

It is then straightforward to derive that

L] = (o) (O + (HOY)F) 4 (r, o) HO 6 01) ) Wil
+ 3 (oo (DO = (DU F) + (0 DY o) Y Wifr)

By equating the operatorial, respectively the scalar contributions, from the time-
derivative and the generator action, one obtains

~ Lol (DO _ (D))

1
L = —gws) (gM HWytr
o ( + ( ) ) 5

2
(1 (1
LOWs)  — O—(“B)Ma(wﬁ)’

whence, by the invertibility of ¢#) (see (5.12)), the hermiticity of C“#) and the the
fact that £ = L' (since it is a real matrix), the result follows from
i HO + pA) i HO — D(l))
2 2

The second part of the corollary follows from using (5.23)) and inserting it into (5.32))

and (533

agws)

LCOWs) 4 olws) pir — 5(ws) (
8

F(z;) = Fl(z;) = ZMALF@:ZMW.
=1

5.2.1 Quasi-Free States

The mesoscopic dissipative dynamics ®, obtained in the previous Chapter is quasi-
free as it maps Weyl operators into Weyl operators. The dual maps ®; acts on the
states p on the Weyl algebra W(K, 0“#)), sending them into p, = ®}[p] according to
the duality relation

p(W(r) =p(@W(r)]),  VYW(r) e WK, o). (5.39)

Particularly useful states on W(K, 0“#)) are the Gaussian ones pg which are identified
by their characteristic functions being Gaussian, i.e. by the following expectations of
Weyl operatorsﬂ
, 1
pc(W(r)) = pc (e’(r’F)) = exp (—5(7’, Gr)) , Vr € R®, (5.40)

G =[Gy, Gy= %pg <{F(xi), F(;cj)}>, ij=1,2....8. (5.41)

3For simplicity we limit the discussion to Gaussian states with zero averages.
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These states are completely identified by their covariance matrix G; in particular, as
already observed in Chapter [3] positivity of pg is equivalent to the following condition
on G [56L(75]:

G+ %U(Wﬁ) >0, (5.42)

where o“#) is the symplectic matrix in (5.10)). Clearly, the maps ®} transform Gaussian
states into Gaussian states:

Ulpcl W) = pa(@WE)]) =" po(W(r)

~ exp (f,,(t) _ %m,Gn)) —e (W) . 64

with the time-dependent covariance matrix G; obtained recalling (4.36]) of Theorem

, together with (4.26))—(4.28]):
Gy = D@ — £ nwn) ol 4 ol 1 otET (5.44)

It follows that the mesoscopic state Qg in ((5.30]) is Gaussian with covariance matrix
G = ¥@s) and thus, as the microscopic state wg is invariant under the local dissipative

dynamics ®}, Qp is invariant under the mesoscopic dissipative dynamics ®;, i.e. G; =
(ws) |

A useful equivalent expression for the covariance matrix can be obtained by pass-
ing to the language of creation and annihilation operators. The expectation of the
displacement operator D(z) with respect to a Gaussian state pg reads

o (D(2)) = exp (—%(Z, el Z)) , (5.45)

with the new covariance matrix G explicitly given by

C?ll @12 G13 C:;’14
q21 922 G23 Cj’24

G — 7 5.46
Cfsl Cf32 Cf33 6534 7 ( )
Gun Gg Guz Gu
where
5 _ L[ Pe <{ai’a;}> —re <{ai’aj}) ii=1,234. (5.47)

W9 —pc({@ﬂﬂ) p‘;({ag’aj}) |

The 2 x 2 matrices along the diagonal represent single-mode covariance matrices, while
the off-diagonal ones account for correlations among the various modes.

5.2.2 Entanglement Measure in Bipartite Gaussian States

Using the previous results, and in particular the quasi-free property of the maps &,
we want now to study: 1) whether it is possible to generate mesosocopic entanglement
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between different chains entirely by means of the dissipative microscopic dynamics and
further 2) investigate the fate of the generated entanglement in the course of time and
of its dependence on the strength of the coupling with the environment and on the
temperature of the given microscopic invariant state.

By mesoscopic entanglement we mean the existence of mesoscopic states carrying
non-local, quantum correlations among the fluctuation operators pertaining to differ-
ent chains. More precisely, we shall focus on the creation and annihilation operators
af and af that, as observed before, are collective degrees of freedom attached to the
first, second chain, respectively. We shall then study the time-evolution of two-mode
Gaussian states p(!®), obtained by tracing a full four-mode Gaussian state over a;%
and af. In the case of two-mode Gaussian states, the presence of entanglement can
be ascertained using the partial transposition criterion, ¢.e. by looking at their be-
haviour when a; and ai are exchanged while keeping a{al and alai unchanged and
without touching as and al. If under this substitution, p('®) does not remain a positive
functional, then it carries quantum correlations between the modes 1 and 3 and thus
results entangled. Vice versa, a Gaussian state with respect to these two modes that
remains positive under the above substitution is for sure separable. This is the content
of the so-called Simon entanglement criterion [76]. Notice that the state Q5 in (5.30)),
besides being time-invariant, is separable with respect to all its four modes; indeed,
its density matrix representation R in can be written as a product of four in-
dependent density matrices one for each of the modes. The corresponding covariance
matrix 2% results diagonal when expressed in the representation , , thus
showing neither quantum nor classical correlations between the different modes. In
order to obtain a non-trivial mesoscopic dynamics, we shall consider initial states that
are obtained from Rz by the action of suitable squeezing operators in the modes 1 and
3, i.e. Gaussian states of the form

), = Si(r1)Ss(rs) Rg Si(ry)S](r1) (5.48)
where S;(r;), r; € R, are single-mode squeezing operators such that
S]T(Tj) aj- Sj(rj) = cosh(r;) a;r- — sinh(r;)a; , j=1,3.

The squeezing operators map displacement operators D(z) in (5.27)) into displacement
operators

D(2') = S(r3)Si(r1) D(2) Si(r1)Ss(r3) ,

where 2" = (21, 22, 23, 24) With 2] 3 = cosh(ry3)21,3 — sinh(ry 3) 2 3. Further, the modes

are not mixed by the squeezing so that p,(ff% is also a separable Gaussian state relatively

to all four modes. In particular, after squeezing, the 8 x 8 covariance matrix Y8 of
the thermal state 3 is mapped into the following one:

cosh(2r) —sinh(2r) 0 0
= 1 (S() O —sinh(2r)  cosh(2r) 0 0
() 1 4 —
zm,m o % ( 04 S(T’g)) ) S(T) 0 0 1 0 y (549)
0 0 01

where 04 is the null matrix in four dimensions; the block diagonal form, again shows
that also these squeezed states do not carry correlations between the modes.
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Moreover, a state p(!3) on the Bose algebra generated by aﬁg can be obtained
from pﬁf,)ﬂz,, by restricting its action on displacement operators of the form D(z3) with
213 = (21,0, 23,0). Namely, p(!*) is completely defined by the expectations

o0 (D(z1)) = Tr (o), D(e1s)) = Tr(Rs D(#4g)) (5.50)
and then inherits the Gaussian character of R as these expectations are Gaussian

functions of z; 3. Finally, the same argument shows that the mesoscopic, dissipative
time-evolution ®; transforms it in a Gaussian state at all times ¢t > 0:

A (D(z19)) = Tr (), @ [D(z13)] ) - (5.51)

In practice, the covariance matrix of interest, that involves only the modes 1, 3, can be
retrieved from the total matrix in the form (5.46|) by discarding the blocks relative to
modes 2,4. Explicitly,

piPalo) vy el ) )
éq«ed(t) _ —gg) (Tal ) o ((1(;%&1) + 3 (_13)t , (I1a3)1 Pt (1(36;1&2)
pt(lsgalggg _lgfa (GI??’) & (g%a 3)T;_ 2 (1;)ptT (%) L] (5.52)
—py 7 (aya3) py - (aray) —py 7 (a3”) py  (azaz) + 3

For two mode-Gaussian states, the already mentioned Simon’s criterion not only
provides an exhaustive entanglement witness, but it also offers a means to quantify
it |76]. It is nevertheless convenient to formulate the criterion in terms of the previous

covariance matrix [77]. Consider the block structure of éred(t) and define:

]1 = det(Zl) s ]2 = det(22> ]3 = det(Zc) s
(5.53)
]4 = TI'<210'3ZCO'3220'3210'3> .
Then, the necessary and sufficient condition for a state to be separable is:
1 2 I + I
551112+<Z—|13|) —L_%ZO. (5.54)

Further, the amount of entanglement in two-mode Gaussian states can be measured
through the so-called logarithmic negativity of the state:

1
E = max {O, —5 log, (41’)} , (5.55)

where

1/2
L+1 L+1 ?
7= 1—2# 2_13_<{ 1‘5 2_]3] —(11]2+I32—I4)> : (5.56)
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5.3 Witnessing Environment Induced Mesoscopic
Entanglement

In the following we shall apply the theoretical tools developed so far to the study of
the dissipative generation of mesoscopic entanglement in two different models: in the
first one, the microscopic Lindblad generator contains contributions involving single-
site operators from both chains, while in the second one all terms contain single-site
operators from one chain only.

Model 1 We shall consider a Lindblad generator of the form (4.15)), with Hamiltonian
term

Hy[X] = i[Hy, X],

l\')ld

N
Z = 21® 1 1® oM | (5.57)

and dissipative contribution of the generic form (4.17)),

ZMZ/AWWWWHWﬂ@ma<W>

kl—— wr=1

with the following single-site Kraus operators

1
U1:U+®O'_, 1)220'_®O'+7 ’U3:§(O'3®1), (o] 5(1@0’3), (559)
where oy = (01 £ i 02)/2, while the 4 x 4 matrix D is given by
6 0 v v
_ (00 vy |,
R (5.60)
v v 0 94

by choosing |y| < §/2, D results positive semi-definite. In this case, one can recast Dy
in a double commutator form:

ZszwmwM. (5.61)

kf—— wr=1

In the following we shall study the emergent mesoscopic dynamics corresponding to
the microscopic dissipative dynamics locally generated by Ly[X] = Hy[X]|+Dy[X] as
given above.

The thermal state ws reduces on the local algebra A_y nj to

N

B _ 1 —Bnh®) /2
W= Q e , (5.62)
= 4cosh”(n3/2)

that evolves according to the master equation involving the dual generator L

Arpn(t) = Liylon ()] = —i[Hy, pn(t)] +Dylon(t)] - (5.63)
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The microscopic thermal state ,055) is left invariant by the dissipative dynamics; indeed,

Ly [pg{f)] =0, as it follows from
03®14+1®o05,v,] =0 Yu=1,2,3,4.
Further, since spin operators at different sites commute given the Lindblad gen-

erator Ly, its action on the self adjoint element x ) from the set {x]} _, at site k is
given by:

Ly [:vik)} = Zg[ (k)®1+1®0§),x£k)}

4

D v k
o > 2 o, o] @]

pr=1

This action maps the linear span K in itself; indeed, Ly [ } ZJ 1 Lij xyc , with
the 8 x 8 matrix £ = H + D, where

. S 04 o _514
’H—n<04 S)’ D—( r 14) (5.64)
0 -1 0 0 0010
1 0 0 0 000 1
S=10 0 0 1] Y=71 00 0
0 0 1 0 0100

Then, the generator of the mesoscopic dissipative dynamics as given in Corollary

is completely determined by the 8 x 8 matrices H™") and D™ in (5.34), (5.35) or
H® and D® in (5.38). Here, we give the form of the generator with respect to creation
and annihilation operators.

Proposition 5.2. In terms of annihilation and creation operators a?&, 1= 1,2,3,4,

the mesoscopic Lindblad generator acts on displacement operators D(z) as L. = H + D,
with H and D given by

H[D(z)] = m[i ala;, D(zﬂ (5.65)

D[D(z)] = ZK(B ( (2)A; — %{A}Aj,p(z)D , (5.66)

7,7=1

where A = (ay, ai, s, ag, as, a;, 4, al)t’" and Kossakowski matriz

1+e O 0 0
Jo (Ag B 0 1-€¢ O 0
@ _ Jo (As Bp _
K== (Bﬁ Aﬂ) I 0 1+e 0 (5.67)
0 0 0 1—e
€(1+e) 0 —(1+¢€)c 0
B 0 €(1—e) 0 —(1—e)c
By =~ —(1+¢€)c 0 —e(1 +¢) 0 ’ (5.68)
0 —(1—¢€)c 0 —€(1 —¢)

where € = tanh(n5/2) and c = /1 — €% as before.
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Proof. The expressions of the 8 x 8 matrices HY) and D™ in (5.34) and (5.35) that
define the action of the mesoscopic dissipative generator in (5.32))-(5.33)) can be readily

computed by means of the following quantities

LCP — CP L = —2in (1 —e0y) @ 1@ (€ + 09)
gcm_%cwﬁﬂz—zh@affm)®1—ygn—o®oﬁgwl+wﬁ-

From ([5.34)), i.e.
HY — _i(g(ﬁ))—l (L’C(B) _ C(ﬁ)ﬁ“‘) (U(B))—l ’

one derives that the Hamiltonian coupling among the F'(z;) is given by

w__"n _n (& €€
HY = Soac? (1+e01)®1® (e+092) = K <e€ s ) (5.69)
with
e —1 0 0
1 € 0 O
€= 0 0 € —2
0 0 2 €

Similarly, the Hamiltonian contribution expressed in terms of creation and annihilation
operators in (5.38) gives rise to the matrix H® = M H® M, explicitly given by

®C36199. (5.70)

Inserting such a diagonal matrix in the expression (5.36)) and using the commutation
relations [a;, a;-r] = 1 one recovers the Hamiltonian generator in ([5.65]).

For what concerns the dissipative part, from (5.35)), i.e.

@ _ L

€

SO O O
O O = O
O = OO
_ o O O

pW — (U(ﬂ))fl (EC(ﬁ) + C(ﬁ)ﬁtr) (U(B))fl ’
one derives the explicit expression of the Kossakowski matrix:

Jo

pw
2c%€2

(5(1+€O’1)®1—’}/(E+O‘1)®01)®(1+60’2>

D1 EDQ €D1 D2

J() EDQ Dl DQ EDl
222 | €Dy Dy Dy €Dy |

Dy €Dy eDy Dy

1 —ze 1 —ze
Dy = 5(i6 1)’ DQ__’Y(Z'G 1)’

Using the transformation ([5.38)), one can rewrite it in the language of creation and

annihilation operators, thus obtaining the expression ((5.67)),(5.68)).
]
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Remark 5.2. From the above expression of the Lindblad generator there emerge two
main features of the mesoscopic dissipative dynamics: 1) the unitary contribution H to
the collective dynamics of the Boson degrees of freedom shows mo interactions among
them. The mesoscopic Hamiltonian is proportional to the number operator and as
such it does commute with the dissipative contribution. Do H = HoD. In fact,
D is gauge-invariant, it does not change by sending a; into €%a; and al into e_i"bal,
i =1,2,3,4. Furthermore, 2) were it not for the off-diagonal blocks Bg in m
the Kossakowski matrix, the dissipative dynamics would correspond to decaying process
affecting independently the various bosonic degrees of freedom. For instance, in absence

of off-diagonal terms in the Kossakowski matriz, one would have
Lia;] = — (iw + Jod) a; .

Instead, the presence of Bz # 0 statistically couples the collective operators, af’fg, ai
referring to different chains.

Model 2 While the Lindblad operators v’s of the first model involve contributions
from both chains (c.f. ) and different sites are statistically coupled by the coef-
ficients Jy, in this second case we shall consider a Lindblad generator with the same
Hamiltonian term as in , and a diagonal dissipative contribution of the form:

N 6
K 1
Dy[X] = 3 DW[X], DPX] = 3 D, (v,ngw e v£k>,x}) |
k=—N p,r=1
(5.71)
with self-adjoint Lindblad operators,
V123 =0123® 1, w56 =1R0123, (5.72)
and 6 x 6 Kossakowski matrix D given by
1 —ie 0
D:(% %), M=1w 1 0], (5.73)
0 0 ¢

where the conditions ¢ > 0 and € = tanh(n8/2) < 1 guarantee D > 0. Because of
the symmetry of the Kossakowski matrix, each single site contribution to the Lindblad
generator can be recast in the simpler form:

3

1
]D)E’\;)[X] = Z M,, (wgc)le(/k) -5 {wl(tk) w® | X}) (5.74)
p,rv=1
1
=5 ([ [l [l [ ) o [u [ i) )
Sl [l (o [e]) o

with operators w, = 0, ® 1 +1 ® o, obeying

(wj, wg] = 2i€pwy (5.76)
{wj, w,} = 0;Q@0p + 0, @05 + i€ (01 —1R0y) . (5.77)
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In the Schrodinger picture, the local spin states py evolve in time according to the
dual generator Ly (H + Dy ) where

N N
Hylp] = —in 3 [, on] L Byl = D0 (%) [on]
—-N k=—N
3
* 1
(BF) o = 3 M (wi“ vl = 3 {uf uld), v}

- 3G ] 0 o o]
|

€ €
+Z§ {wgk), pN,wgkq} —1i3 {wék), [pN,wyC)]} —2e{ws, pn} -

In terms of the operators w,,, the microscopic state p%}) in ((5.62) is the tensor product
of N density matrices of the form

4 cosh?(%%) 2 %)

Expanding the exponential and using (5.77)) with j = k = 3 one gets:

N
1
pg\f) = ® 2 <1 — ewék) + 620§k) ® Uék)> ; € = tanh (ﬁ;> .
k=—N

By explicit computation one then checks that L} [pg\,)] = 0, whence the microscopic

local states are left invariant by the microscopic dissipative dynamics. This fact is
one of the two conditions for applying the results of the previous Chapter. The other
condition is that the action of the local generator ILy maps into itself the linear span
K; it is possible to show that

with £ = H + D, H being as before, and

_ 1+ —B(e)
b=-2 (2614 YBl) (B+6)14+ o) ! (5.78)

1, being the 4 x 4 identity matrix and

00 €0 0020
000 e 000 2
BO=1c000] =200 0
0 ¢ 00 0200

Finally, as for the first model, it is sufficient to explicitly write the generator of the
quasi-free mesoscopic semigroup emerging from the above microscopic dissipative dy-
namics in the language of creation an annihilation operators:
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Proposition 5.3. In terms of annihilation and creation operators a;#, 1 =1,2,3,4,
the mesoscopic Lindblad generator reads L. = H + D, where the action of H and D on
displacement operators D(z) is as in and (5.60), where the Kossakowski matriz

18 NOwW

KO _ 2 (AB Bﬂ)

e \Bs As
(1+e)(1+€) 0 0 0
N R (R R R 0
A= 0 0 (1+e)(3+¢) 0 ’
0 0 0 (1—¢€)(3+¢)
(1 +¢) 0 —ce(1 +€) 0
B 0 (1 —¢) 0 —ce(1 —¢)
B —ce(1+¢€) 0 (e+1)(1—¢) 0 ’
0 —ce(l —€) 0 (1—e)(1—c?)

again with € = tanh(nf/2), c = 1 — €.

The proof follows the same steps as the ones discussed for the previous model.

Though the details are different, the structure of the Kossakowski matrix is similar
to the one in Model 1, so that again the Hamiltonian contribution H to the mesoscopic
Lindblad generator commutes with the dissipative one. Moreover, also in this case, the
off-diagonal elements of the Kossakowski matrix statistically couple the mesoscopic
operators affg, a;ﬂ referring to different chains.

Given the results of the previous Section, one can now study whether the mesoscopic
dissipative time-evolutions in Model 1 and 2 can give rise to mesoscopic entanglement
between the two independent chains, and, if yes, analyze the fate of the generated
entanglement in the course of time.

5.3.1 Entanglement Dynamics: Model 1

In this case the entanglement criterion can be studied analytically: we will
show that the two spin chains can indeed become mesoscopically entangled, and relate
the behaviour of these bath-induced quantum correlations to the squeezing parameters,
the parameter v and the temperature associated to the initial microscopic state. For
sake of simplicity, we shall further set 6 = Jy = 1 = 1, since these parameters do not
play any role in the discussion that follows.

The criterion for Model 1 In this model for initial symmetrically squeezed states
ry = r3 = r, or one-mode squeezed initial state, r; = r, r3 = 0, an explicit analytic
formula for the criterion in ([5.54)) can be derived. The first step is to find the evolution
of the reduced covariance matrix at every time ¢, in the language of creation and
annihilation operators. Theorem 4.2 and Lemma [5.1] gives:

&, [D(z)] = e 29 D(z,), (5.79)
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with:
ftr ~tr tr e i Atr T’V Atr
Z,=e*"Z, =g MIeET (M), D=5 - <etﬁ ) Siaet,
and
cosh(7t) 0 —esinh(yt) esinh(yt)
LTt 0 cosh(yt)  csinh(yt) esinh(qt) % et 0
N —esinh(yt) csinh(yt)  cosh(yt) 0 0 et
csinh(vt)  esinh(~t) 0 cosh(vt)

As a result, the evolution of the covariance matrix for the four modes reads as follows:

=~ Atr T~ Atr = Atr T~ Atr
G(t) = <et£ ) NP etk —i—EO@— (ew ) ngg et

71,73

In order to construct the reduced matrix for the two relevant modes under investiga-
tion, it is sufficient to look at the block structure of formula (5.46|) and to collect the

corresponding entries:
~ Gu(t) Gult)
Gre t) = =~ =~ )
() (Glg(t) Clas (1)

where one has 613 = (élg)T. All the four matrices are diagonal in the same basis,
thus the criterion depends just on their eigenvalues. For the two mentioned cases
of symmetrically squeezed or one-mode squeezed initial state, the quantity in ([5.54])
signalling separability takes the following explicit form:

s = E 4 sy (50-3) (2= 0) -2 (1+ 2 ) o] +
+ sinh*(r) [(yT(t) — () + 4y§(t))2 — 4@] : (5.80)

sa) = C= i) [ (- 1) (PS80 s - gm) +

20 (5 + 5 ] , (5.51)

where
yi(t) = %% (cosh(2vt) +1) ya(t) = %Zt (cosh(2vt) — 1) (5.82)
ys(t) = %Qt sinh(24t) , ye(t) = ylét) + eya(t) - (5.83)

The behaviour in time of the logarithmic negativity E, introduced in (5.55) can
similarly be computed; its behaviour is shown in Fig[5.1] for different values of the
dissipative parameter v appearing in the Kossakowski matrix and fixed initial temper-

ature T' = % Since similar results hold for both symmetrically squeezed and one-mode
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E(t)

012
— y=02
0.10 V=03
— y=04
0.08 1 — y=05
0.06 -
0.04 -
0.02 -
1 L 1 t
0 2 < 6 8 10

Figure 5.1: Model 1: behaviour in time of the logarithmic negativity E for different values
of v at fixed temperature T' = 0.1, for a symmetrically squeezed initial state with ry = r3 =
r=1.

squeezed initial states, only the graphs relative to the former case are shown. From
the behaviour of F, one clearly sees that the two infinite spin chains get entangled by
the dynamics. Since the Hamiltonian does not contain coupling terms, this entangle-
ment is solely due to the mixing effects of the environment within which the two spin
chains are embedded. Moreover, the amount of created entanglement increases as the
dissipative parameter v gets larger, while a non-zero entanglement appears earlier in
time.

E(t)

014
012 - r=01
r=0.7
0.10 | i
— r=2
0.08
0.06 |
0.04
0.02 |1
Il ‘ ! t
0 2 4 6 8 10

Figure 5.2: Model 1: behaviour in time of the logarithmic negativity E for different values of
the squeezing parameter r = r1 = r3, at fixed temperature 7' = 0.1 and dissipative parameter

v=1/2.

Also the amount of squeezing plays an essential role; while a non-vanishing squeez-
ing appears necessary to create quantum correlations, too much squeezing decreases
the maximum value of F. It also influences the time at which entanglement is first
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Figure 5.3: Model 1: behaviour in time of the logarithmic negativity E for different values
of the temperature T', at fixed dissipative parameter v = 1/2 and squeezing r; = r3 =71 = 1.

generated. Further, for fixed T and +, there is a value of the squeezing parameter r
allowing for a maximal value of E. All this is explicitly shown in Fig[5.2] Finally, the
effect of the temperature is displayed in Fig/5.3] for fixed dissipative and squeezing pa-
rameters. One sees that increasing the temperature, the maximum of the logarithmic
negativity E decreases, indicating that there exists a critical temperature T, above
which no entanglement is possible. The explanation of this result can be traced to the
behaviour of the quantity S appearing in the separability criterion in . Looking
at the expressions ), and , for large temperatures, i.e. for e small, all terms
but those proportional to 1/€* can be neglected, obtaining in the two cases:

Sg(t) ~ é (1+8sinh®(r) (y1(t) — 4i(1))) ,

Sa(t) ~ ﬁ (1+4sinh®(r) (y1(t) — 43 (1))

with y;(¢) still given by (5.82)). Notice that since y;(t) < 1 for ¢ > 0, these two
quantities are always positive; therefore, there must be a finite “critical temperature”
Te beyond which entanglement is no longer present.

This result is further illustrated by Fig. |5.4] where the points in the (r,T") plane
with non-vanishing mesoscopic entanglement are highlighted. These figures show two
regions, the dark ones associated with a non-vanishing maximal value of E, the brighter
ones with vanishing maximal value of E and therefore no entanglement. The line
separating the two regions determines the “critical temperature” T, above which
entanglement among the two chains is not possible, as a function of the squeezing
parameter; it is defined implicitly by the condition maX(E(r, T)) = 0, where the
maximization is over all times.
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Figure 5.4: Model 1: entanglement phase diagrams for the symmetrically squeezed state
r =r; =13 (left) and one-mode squeezed state r = rq, r3 = 0 (right), with v = 1/2; the line
separating the two regions gives the behaviour of the critical temperature T as a function
of r.

Entanglement Sudden Birth and Sudden Death

The time behaviour of the logarithmic negativity E reported in Fig.’s
shows the phenomena of the so-called “sudden birth” and “sudden death” of entangle-
ment [78], i.e. the sudden generation of entanglement only after a finite time since the
starting of the dynamics, and the abrupt vanishing of it at a later, finite time. These
two effects can be analyzed in detail as function of the temperature 7' of the initial
state.

Let us first consider the phenomenon of sudden death and accordingly look at the
large ¢t behaviour of the evolved initial Gaussian state. The asymptotic state of the
dynamics generated by (5.65)) and (5.66|) is thermal, with a reduced covariance matrix

in the modes ay, a3 given by:

oo . 7; ~ _ 1
Gred = tliglo Gred(t) = £14 .

Positivity of the asymptotic state requires (c.f. (5.42)):

G, + %& >0, 6=—i (“03 ;)3) , (5.84)
where ¢ is the symplectic matrix in the reduced ay, az representation. This condition
assures also the positivity of the partially transposed state, since G, is left invariant by
this transformation. In fact, the large time asymptotic limit of the lowest eigenvalue
Amin(t) of the covariance G,.q(t) is given by A%, = 271 (1/e — 1), which is always
strictly positive, except at zero temperature (¢ = 1) when it vanishes. Therefore, when
T > 0, the bath generated entanglement must always vanish in finite times, since
Amin(t), from being negative, should become strictly positive for ¢ — oo. Only at

T = 0 the created entanglement may vanish asymptotically.

In order to study the phenomenon of sudden birth of entanglement, one has to
analyze the behaviour of the logarithmic negativity F in a right neighborhood of ¢ = 0.
Let us consider first the case of the symmetrically squeezed initial state. Using ,
one checks that
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This result already shows that only at zero temperature (e = 1) there is the possibility
of having generation of entanglement as soon as the dynamics starts. In fact, at T'= 0
one has:

ST=0(t) = sinh’(r) <6—8t — 2¢O cosh(2yt) + e—‘“) — e " sinh?(2vt) sinh?(r) . (5.85)

Since its first derivative with respect to ¢ vanishes at t = 0, one needs to study the
behaviour of its second derivative:

d2
)

o = 8[sinh?(r)(1 — 7?) — sinh?(r)7?] .

t=0

Since ST=0(t) = 0, there can be entanglement generation as soon as t > 0 only if this
quantity is negative, i.e. only when sinh?(r) < 42/(1 — 4?). In the opposite case, as
well as for T' > 0, entanglement generation can occur only through the sudden creation
phenomenon.

Similarly, in the case of a single mode squeezed initial state, r; = r, r3 = 0, from
(5.81)), we have:

) (1 _ 62)2
1 =—F—2>0.
R

Therefore, also in this case, the system may become entangled as soon as ¢t > 0 only
at zero temperature. Indeed, one has

e~ sinh?(27t)
16 ’

ST=0(t) = — sinh®(r) (5.86)
which is always negative, vanishing only at ¢ = 0, so that indeed entanglement is
created as soon as t > 0. On the other hand, the phenomenon of sudden creation of
entanglement always occurs for T" > 0.

Concerning the behaviour of the critical temperature Ty for large squeezing pa-
rameter r, the first graph of Fig. suggests a vanishing value for T, while that on
the right a constant value, independent from r. Indeed, in the first case, recalling the
result above, one sees that for T'= 0 and v = 1/2, i.e. the largest admissible

value for the dissipative parameter v, one gets for large r:

SE=O() o D) (1 - e_3t) (1 - e_t> , (5.87)

which is always non negative. This means that in the limit » — oo, no entanglement is
created at any time when 7" = 0. The critical temperature T must therefore approach
zero in the same limit.

Instead, in the other case one finds that for large squeezing parameter:
Sa(t) ~e* g(t,T), (5.88)

where g(t,T) is the function multiplying sinh?(r) in . One can show that this
function takes negative values for some ¢, i.e. entanglement is generated, only for
temperatures below a certain fixed value 7', which can be computed only numerically.
As shown by the graph in the right part of Fig.4, the critical temperature is thus always
non vanishing, reaching the asymptotic value T for large squeezing.
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5.3.2 Entanglement Dynamics: Model 2

While in Model 1 the microscopic dynamics is generated by a Lindblad term involv-
ing contributions from both chains and also different sites, the dissipative generator
(5.71) of Model 2 contains only single chain Lindblad operators, and further without
any statistical coupling between different sites. This model is the many-body gener-
alization of a two-qubit system studied in |79, where entanglement between the two
qubits was shown to occur through a purely mixing mechanism induced by the presence
of off-diagonal contributions of the form (o, ®1) - (1®0,) in the dissipative generator
D[-]. In fact, the entangling power of the model depends entirely on the strength of
the statistical coupling of the otherwise independent qubits.

Similarly, in Model 2, mesoscopic entanglement can be dissipatively generated
among the two chains in the large N limit. Unfortunately, in this case manageable
analytic expressions for the logarithmic negativity are not available, so that the be-
haviour of E can be studied only numerically. For simplicity, in the following discussion
we have set 7 = 1, since this parameter can be reabsorbed into a redefinition of the
temperature.

As in Model 1, some initial squeezing is necessary in order for the dynamics to
generate entanglement; further, the amount of created entanglement decreases as the
dissipative parameter £ entering the Kossakowski matrix (5.73)) gets larger. This is
explicitly shown by the behaviour of the graphs in Figl5.5] and Fig. [5.6, where the
phenomena of sudden birth and sudden death of entanglement are also visible as in
Model 1.

E(t)

0.8}
0.6
0.4r
0.2}
ER— ; : ; ——t
0.0 0.5 1.0 1.5 2.0 2.5

Figure 5.5: Model 2: behaviour in time of the logarithmic negativity E for different values
of the dissipative parameter &, at fixed temperature 7' = 0.1 and squeezing r =11 =13 = 1.

These graphs (and the ones below) refer to the choice of a symmetrically squeezed
initial state; similar results hold also in the case of one-mode squeezed initial states.

The dependence on the initial state temperature T is instead depicted in Fig. [5.7]
for fixed £ and squeezing parameter. Also in this case, one sees that increasing the
temperature, the maximum of the logarithmic negativity F decreases, indicating that
there exists a critical temperature T, above which no entanglement is possible; the
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Figure 5.6: Model 2: behaviour in time of the logarithmic negativity E for different values
of the temperature 7', for { = 1/2 and squeezing r = r; = r3 = 1.

behaviour of T as function of the squeezing parameter r is given by phase diagrams
very similar to those in Fig.

E(t)
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Figure 5.7: Model 2: behaviour in time of the logarithmic negativity E for different values
of the temperature T', for { = 1/2 and squeezing r = r; = r3 = 1.

However, unlike in Model 1, asymptotic entanglement is now possible. Indeed,
setting the parameter ¢ = 0 and decreasing the initial temperature 7', one sees that
the two chains not only get mesoscopically entangled at finite time, but remarkably, the
generated mesoscopic entanglement persists for longer times. This behaviour is clearly
shown by the plots in Fig. |5.8] where the time behaviour of the logarithmic negativity
is reported for a symmetrically squeezed initial state: in the case of zero temperature,
one sees that the generated mesoscopic entanglement persists for arbitrary long times.
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Figure 5.8: Model 2: behaviour in time of the logarithmic negativity E for different values
of the temperature T, for £ = 0 and squeezing r =r; =13 = 1.

In this Chapter, we studied the quantum dynamics of the fluctuation operators in
a many-body system composed by two, non-interacting spin-1/2 chains, immersed in a
common, weakly coupled external environment. This model can be thought as describ-
ing two one-dimensional lattice systems immersed in a common bath, where at each
site of the lattices one has equal atoms, that, for low temperatures, can be described
as two-level systems, considering just their ground state and first excited state.
The system behaves as an open quantum systems, so that noise and dissipation are
expected to occur. Nevertheless, even with large number of particles, these phenomena
are not able to spoil the quantum character of suitable chosen, two-chain fluctuation
operators. Actually, despite the decohering and mixing-enhancing effects usually in-
duced by the presence of the environment, the two chains can get entangled by the
emergent, open mesoscopic dynamics, through a purely dissipative mechanism.

We have studied in details the fate of the generated entanglement in the course of
time and of its dependence on the strength of the coupling with the environment and
on the temperature of the starting microscopic many-body state: despite its inevitable
dissipative action, the environment can nevertheless sustain non vanishing quantum
correlations among the two chains even for very large times, provided the temperature
of the initial state is sufficiently low.
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Chapter §)

Outlook

Thanks to nowadays technology, experimental control of many-body quantum sys-
tems has become feasible, together with the possibility of exploiting this kind of systems
in mesoscopic quantum devices or protocols. However, this asks for a theoretical de-
scription and a mathematical control of the dynamics of the relevant degrees of freedom
of such systems. Because of the large amount of microscopic constituents, these de-
grees of freedom can only consist in coarse-grained collective observables, that provide
a statistical description of the many-body system as a whole.

Among these, macroscopic averages, though giving relevant information, are not able
to capture quantum collective behaviours and provide a classical description of the
system. In order to pinpoint quantum features in large systems, the focus must be
turned to fluctuations; indeed, it is in these deviations from the average that many-
body systems retain signatures of their microscopic quantum character.

In actual experiments, based on mesoscopic devices involving many-body systems, due
to the large number of particles, a complete isolation of the system from its surrounding
seems hardly achievable. This thesis work has focused upon more realistic descriptions
of the dynamics of these large systems, adding, to the usual Hamiltonian evolution,
noise and dissipation caused by the presence of an external environment.

In particular, the dynamics of an open lattice system with Gaussian fluctuations has
been derived, in the case of dissipative Markovian evolution with clustered mixing-
effects, showing that the emerging dissipative dynamics of fluctuations consists in a
semi-group of completely positive unital maps, that preserve the collective Gaussian
character of the mesoscopic system.

Equipped with this result, it has been possible to show that the collective fluctuations
of two non-interacting spin—% chains can become entangled through a noisy mechanism
induced by the presence of a common environment, usually responsible for decoher-
ence and mixing-enhancing effects. Remarkably, for sufficient low temperatures, these
peculiar quantum collective correlations among two mesoscopic systems, survive for ar-
bitrarily long times. Similar results have also been shown to hold for cold atoms in two
one-dimensional optical lattices immersed in a common environment [80], systems that
are nowadays experimentally accessible, and can be theoretically modelled as chains of
harmonic oscillators.
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80 6. Outlook

The mechanism of environment induced entanglement generation has been previously
known only for systems involving few qubits or oscillator modes; the thesis shows that
this phenomenon is at work also in the case of many-body systems provided that the
correct collective observables are considered. Very importantly, thanks to nowadays
technology, these results could be experimentally tested and verified.

Generalization of the presented results are possible and worth to be studied: for in-
stance, the existence of similar results as in of Chapter [4| could be investigated for
wider classes of dissipative short-range dynamics than the one studied there. Further-
more, also of interest is the formulation of general assumptions and conditions for the
dissipative dynamics of fluctuations to exist and to be of Gaussian type.

From a different point of view, the presence of long-range mixing effects among parti-
cles, induced by the presence of an external environment, represents an open problem,
and some interesting results were obtained in the mean-field approximation [66,67].
Unitary mean-field dynamics has been widely studied and shown to provide qualita-
tive and quantitative good descriptions of some many-body features, as, for instance,
in the case of BCS model for superconductivity [81,82]. More precisely, considering
a lattice supporting at each site a d-level system, a (two-body interaction) mean-field
unitary dynamics is the large N limit of the dynamics generated by a Hamiltonian of
the following type

d2-1
-3 5" Cunf?
wr= 1 kh——

where {UM}Z; is a Hermitian basis of the single-site algebra, with v,z = 1, and C a
Hermitian matrix. As it can be seen in the above equation, this dynamics accounts
for site-to-site interaction that does not depend on the distance between the sites; all
microscopic constituents of the many-body system interact among themselves with the
same strength, which is vanishing in the large N limit. Such a structure mimics the
presence of long-range interaction in a large system, giving, in many instances, good
approximations of its dynamical behaviour.

Especially in view of practical applications, the extension of such a mean-field ap-
proximation from the purely reversible Hamiltonian dynamics to the dissipative one
generated by Lindblad type master equations should provide more physically grounded
descriptions. In order to describe long-range environment induced mixing-effects one
extends the structure of Hﬁf above, to dissipators in the following way:

d?—1 N
D= 3 Dy 30 (0 Jul o [ol))
w,r=1 Tkh:—N

with D > 0. In analogy with the Hamiltonian case, this generator models statistical
coupling effects among couples of sites of the lattice system, due to the presence of the
environment, that do not depend on the distance between sites, and whose strength is
vanishing in the large N limit.

A relevant advantage of such simplified generators is that they allow for a full analyti-
cal treatment of the limiting dynamics as carried out in [66,(67]; there, the assumption
of time-invariance of the reference state w was relaxed, so that the system is free
to change its collective phase (in the sense of Chapter [2)), exhibiting new interesting
features. For instance, the time-evolution of microscopic operators, like a single site
operator, loses its dissipative character, converging, in the large N limit, to a state-
dependent automorphism o} (even if no Hamiltonian contribution is present in the
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generator of the microscopic dynamics), without, in general, the semi-group composi-
tion law of microscopic dynamics. Indeed, while for any finite /N the dynamical maps
obey et=IPN 0 PN = X’ ¢ > 5 > 0, in the large N limit one has o o a® # a¥.
Such a peculiar effect is strictly related to the interplay between the presence of long-
range mixing-effects and the time-dependence of macroscopic observables. They give
rise to memory effects that manifest themselves in the time non-locality of the gener-
ator [83] of the collective dynamics, as seen by local observables.

Instead, from the point of view of non-local, collective fluctuations, the large N limit
of the microscopic dynamics is richer and retains more information about the initial
generator ]D)%f . From a physical point of view, the higher sensitivity of these operators
to the microscopic generator shows the existence of weak but far reaching dynamical
correlations between microscopic constituents. These are so weak that can not be de-
tected by any local measure on the many-body system, but still have non-negligible
effects on collective observables; their existence is uniquely revealed by fluctuation op-
erators.

Since in absence of a time-invariant microscopic state, macroscopic observables are
time-evolving degrees of freedom, the definition of fluctuation operators also becomes
time-dependent. It follows that the emerging collective bosonic degrees of freedom obey
commutation relations evolving with time, leading to complicated structures where the
algebraic and dynamical features intertwine.

This dissipative extension of mean-field evolutions can be considered in all those in-
stances where the many-body system is showing long-range correlations; in particular,
an interesting model is the already cited BCS model. A Josephson junction between
two superconductors making a ring may be described by a Hamiltonian coupling that
leads to a macroscopic Josephson current [84]. Remarkably, a current can be established
without any Hamiltonian, by embedding the superconductors in a suitably engineered
environment that results in an appropriate mean-field dissipative dynamics. Cooper
pairs can indeed pass from one superconductor to the other, just because of environ-
ment induced mixing effects.

The main purpose of this thesis work has been to show the possibility of collective
quantum correlations to be generated, in infinite systems, by means of environment
induced noisy mechanisms. Nevertheless, more in general, this work has also aimed
at motivating the fact that, whenever mesoscopic quantum features are involved, as
when clouds of cold atoms get entangled, coherent superpositions of Bose-Einstein
condensate are established and so on, there, quantum fluctuations and their dynamics
provide the most natural and sensible physical description.
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Appendix A

Useful Tools

Proposition A.1. Given Definition one has, Vr,s € R",

A ([[Fx(gr), W ()] = i [Fx(gr), Fn(gs)] Wi ()] = 0.

Proof. Because of Definition [3.2] one has
[Fw(g:), W ()] = F(gp)e™() — @) (g,
that, collecting an exponential on the right, can be written as

[Fv(a:), Wi(s)] = (Fiv(ar) = €™ ) Fy (gp)e™ @) et

cfye = =Ky, Kiy=[z, K], Klyl=y, Va,ycA, (A1)

the content of the round brackets is reshaped in the following way

(Fn(gr) — €@ Fyy(g,)e ™)) = — !
n:

n=1

K%N( )[FN(CIr)];

all terms n > 1 are vanishing in the large /N limit because of the fact that
N

1
el = 3 g 7 B ]
k=—N N’THl

since operators at different lattice sites commute, and the sum n > 2 is bounded in
norm by

||Qr|| 22"”%”" g e2lall
\/NT \/NT
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which is indeed vanishing in the N — oo limit.
Only the first term of the series is relevant and one has

[FN(QT)v WN(S)] ~ 1 [FN(QT)> FN(QS)] WN(S) )

the error vanishing in norm, thus proving the thesis.

Proposition A.2. Given an operator My(x) as in Definition and Wy(r) as in
equation ([3.29)), one has

lim H [eiMN(x), WN(T)] H =0,

N—oo

VreR".
Proof. Using twice the algebraic relation

. Leaqa o . 1 . .
[e“‘, B] = / dyd— (e’yABel(l_y)A) = —i/ dy e [B, A g=vA
0 Y 0

one has
1
[ez‘A’ez‘B} = —i/ dy ez‘yA [eiB’A} ei(l—y)A _
0
1 1
- _/ dy/ dz e¥4e#B (A, B] el172)Beill-p)4
0 0

Therefore, considering the norm and the fact that the exponential operators are uni-
taries for A = A" and B = B, one obtains the following norm-bound

[, || < I[A, Bl -
Recalling Definitions 3.1} [3.2) with A = My(z) and B = Fy(g,), one gets

fim | [ Wy ()] || < Jim [[Mx (@), Fa(a)]] -

N—o0
Because of the locality of the algebra, one has that

M), F(an)) =~ 3 [0

T k=—-N

and therefore, the following norm-bound holds

1
My(z), F < —=2||z ,
I[Mn(x), Fn(g-)]l < Vo lz][lg- |
showing that in the limit N — oo the commutator goes to zero, being, Vr € R",
1], g || < oo.
m
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Proof of Lemma 4.3

We shall prove that, given a time-dependent Hermitean matrix M; and its expo-
nential N, = "™t then
AV

Nt = E = Ot Nt 5 Ot = Z %K];w_tl |:Mt:| 5 (Bl)
k=1 """

where

K" [B] := [A, K7 [B]} , K%[B]=8B.

Indeed, given matrices A and B, one has

emBe—m:nfgg[A 4 [B, 4] ] :f;j;—im[m |
n times

Then, [N,, M;] = 0 and N,N} = N/ N, = 1 imply N,M,N; = M, and N, Nj = —N, N;.
Therefore,

NtMtNtT - Mt :—NtMtNtT - NtMtNtT: |:Mt7 Nt] Nj .

Furthermore, since, for n > 1, K4 [B] = [A, Kfl[B]], it follows that
) ) O in ) )
NN Nf = My =7 SR ] = My, O] = [Me, N NV

n=1

where Oy = > 77, %K%l[Mt] Then, using again that [N;, M;] = 0, one obtains
|:Mt7 Ot Nt] - |:Mt7 Nt] .

In order to show that N, = O,N;, consider the orthogonal eigenvectors |m,(t)) of M,
with eigenevalues m,(t). Then, if m,(t) # my(t), the previous equality yields

(ma(8)| 0N my (1)) = (ma(t)| Nelmy(t)) -
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On the other hand if |m,(t)) and |my(t)) correspond to a same (real) eigenvalue m(t),
then one uses that

d

0= —
dt

(tma(lms(t))) = Gia(®)ma(t)) + (ma(®)lrin (1)) |
to deduce that also in such a case

(mq(t)|Of Ne|my(t)) = i(ma(t)llMt|mb(t))eim(t) Sy = d1i2(£) ™D 6
= (ma(t)[Ne|my(t)) -



Appendix C

LThe Lindblad Generator on the
Algebra of Fluctuations

C.1 Action of the Lindblad Generator on Finite N
Fluctuations

The first step that has to be taken for the analysis of the dissipative dynamics of
Weyl operators W (r) is the study of the action of the local Lindbald generators satisfy-
ing (4.20)), on the pre-Weyl operators in (3.29)) of Definition [3.2} such characterisation

is contained in the following Proposition.

Proposition C.1. Given the real linear span K, consisting of single-site Hermitian
operators and a generator Ly satisfying (4.20)), the action of the latter on Wy (r) =
e"FN) s such that

lim
N—+oc0

Ly [Wy(r)] — (\/N_T > Zm (Hi; + Dij) ) Wy(r) (C.1)

—N,j5=1

—l—%[(r, Fy), (r, (H+D)FN)] Wn(r) — S(r; N)Wx(r)|| =0, (C.2)

where
S(:N) = 3 (L [ F)] (r, F) + (1, Fy) Ly [(r, Ew)) = L [(r F)?] ) (C:3)
Lv[(r, Fv)] = ohm e Soijen 7i(Hij + Dig) 2 (C.4)
— (r(H+D) Fy) + VNr (r.(H+D)a.) | (C.5)

with x,, € R™ a real vector with components w(x;), z; € K.

The proof is subdivided in two lemmas concerning the large N approximation of
the Hamiltonian and the dissipative terms of the Lindblad generator.
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Lemma C.1. For large N, the Hamiltonian action of the Lindblad generator can be
approximated as follows:

i [Hy , Wy (r)] ~ ( i ZN”ZITQHU:C 1[(7~ Fy) (T,HFN)D Wi (r) |
(C.6)

the error vanishing in norm.

Proof. Using the notation of Definition and the unitarity and factorisation of
Wx (T)a

(k) q(k)
[Z(k),WN(T)} _ (2( ) _ e \/WZ( Ja \/W) WN(T’) = —Uq(k) [z(k)]WN(T)

® N~ en k)
Uqgc)[z I = n! \/NT)n Kqﬁk) [Z } ’

n=1

with 2z any single-site operator and K} [v,] the multi-commutator defined by

Ky o) = [6 K] . K] == (eky

qr

Notice that U;(.k) (2] = U [(=N)®)].

r

Consider the commutator with the Hamiltonian:
[HN7WN Z—ZZ U(k) ()

In the series expansion of U ) [A®)], the relevant contribution is

~ ) 1
O [ (k) h(k)] _ [ (k) [ (k) h(/c)} ‘
Uqﬁk)[ ] q, ", 2NT qr " |9

Indeed, the remaining infinite series vanishes in norm when N — 400 as

3 K [1]| < 0] lo:l" 2larll |y

Then, in the limit of large N, the quantity ngv:, N Uw [h(®)] behaves as

i U i [h®)] = 3 ol opm] L T [
1= 3 [, 1] I g™ n®] ) e

k=—N k=—N

?

for
N ~
H > (Uglh®) = T )
k=—N

and the upper bound vanishes when N — +o00.

1
< N2 Alorln]l,
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Using Definition and (4.21)), the first term contributing to (C.8)) scales as a

fluctuation. Since operators at different sites commute, it can be rewritten as

N

\/j\f_T Z [qﬁk)j h(k)} — _\/LN_TWi_N [h(k)7q£z)] _ (C.9)

k=—N

N n
1 ()

—Nij=1
= —(r,HFy) — \/Nr(r,Hz,) , (C.11)
where H is the matrix with entries H;; and z,, € R has components w(z;).

Instead, the second term in ((C.8]) scales as a macroscopic observable; since operators
at different sites commute, it can be rearranged as follows:

N .
1 . )
E W [ 7(?), [(]7(,@, h(k)}} = 5 [(’I“, FN) s (’I", HFN)] . (012)
k=N T

Notice that, unlike in the first term, because of the commutators, the scalar term
V' Nr (r,Hz,) in (C.11)) does not contribute and the second term can be written in
terms of the fluctuation vector Fy = (Fy(z1), ..., Fx(z,))", only.

O

Lemma C.2. For large N, the action of the dissipative part of the Lindblad generator
can be approximated as follows:

N n
. 1 303 o1 ,
]DN el(r’FN) ~ 1 riDi :U( Y [(73 FN)7 (7’, DFN)] + S(T, N) 6Z(T7FN)>
[ ] vV Nt k=—Nij=1 " 2
(C.13)

where
S(T’7N) = %(LN[(T,FN)] (’I“,FN) + (T,FN)LN [(’I",FN)] — LN [(T,FN)2}> s

the error vanishing in norm.

Proof. The same strategy as in the proof of Lemma applied to the dissipative
contribution to the Lindblad generator first yields

N p
D,
Dy W] = Y2 e D = (0 U0 O] = U0 (o)) +

kf=—N p,r=1
= U [l Uw (D) P]) Wi (r)
Then, by considering the expansions of the two terms in the last contribution, one

shows that, apart from the first summands in each series, the rest can be estimated in
norm by:

N r am KP [U(’f)]Km [(v])©] N
— (k) LV (€) v 1
DI Pl - <—m > Ml e o lflv, .
g b2 n:m. N(m+n) NT k= N

T
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Because of the assumption (4.19) on the coefficients Ji, it then follows that

S (0, o) ¢ ol (01) ] ~ U0 [ U (] )(@DH:O'

Using similar arguments as before, one can also show that the other two contributions
essentially amount to the first two terms in the series expansion; indeed,

N b '
l J] Tl =) [g© (1) O
Ve k,X;N N u;1 2 ( NTU“ Z[qr ) (v) ]
1
- g a7 a7 DO o U [(vl)(’“)]> || -
N . X
li J 14 (k)7 (k) NG,
Nooe é_ZN N ,Uyzl 2 (VNTZ [q Y } (vy)
1
~ o 07 [ Pl 6D - Ul @w)) 0.

Thus, for large N, the action of the dissipative part of Ly can be approximated by

Dy [Wy(r)] =~ Jre ) q(k)] ol + (C.14)
kZ—Z— /ule 2y NT
+ io® g0, l(@] ) + (C.15)
+ Z Tt Z W( (g, vP] [¢,0]O] + (C.16)
kfl=—N pr=1

1 1
— S [0, [ O]+ 2 [ [ o)) vy@) (€1

Using Definition |3.2) E 2/ and (4.21), the term in ) and (C.17)) that scales as 1/y/Nr

can be written as:

e Z JZ D ([0, 4] ()@ + o [0, ()] ) = (.19
= i]D[(r, FN)] —i(r,DFy) + i\/Nr (r,Dz,,) | (C.19)

where as in (C.11]) z,, € R™ is a real vector with components w(z;).

Concerning the term in (C.17]), by using the notation in Definition and the fact
that operators at different sites commute, it can be recast in the form

1 1
PEICN) = @ [0 [0, (D] + o [, [ o] ()
1
= -3 vf} [(r Fy), [(r, Fn), (vi)w)” +

[(r, Fx), [(r,Fn),oP]] (v))© .

N | —
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Since, by standard algebra,

~alp oo ) + b oo = [o. (albs el + la 1))

one can finally write

S g 3 2t Ny = L (. ), Bt ]

kft=—N pr=1

Using again (4.21)) and the fact that D[1] = 0, one gets

Dy [(r, F)] = \/}V_TkZ_ND v [ \/_ Z S Dyl

—N1,7=1

Further, since Dy [(r, Fiy)] appears inside a commutator, the scalar quantity in (C.19)
does not contribute, whence

Z B 30 Doty = <L (). (D)

kl=— pr=1

Let us now consider the contribution in (C.16|). A similar argument as before recasts
it as

1
sk (r; N) = — [¢™, o] [¢7, @)™ = [(r, Fn), o] [(r, Fx), (0)©] .
Using the algebraic relation

b(a[d,c]+[a,d]c) + (a[b,c]—i—[a,b]c)d—a[bd,c]—[a,bd]c — —2[a,0][d, d,

we get:

S(r;N) := Z Jke Z - MIZZ)(T,N)

— %(ID)N [(r, FN)] (r,Fx) + (r, Fy)Dy [(r, Fx)] — Dy [(r, FN)2}> .

Moreover, since the Hamiltonian term of the Lindblad generator is such that
Hy [(r, Fn)?] = Hy [(r, Fx)] (r, Fx) + (r, Fx) Hy [(r, Fi)]

one can write S(r; V) using the full Lindblad generator:

S(T’;N) :l ]LN [(T,FN)] (T,FN> + (T,FN)]LN [(T‘,FN)} — ]LN [(T,FN)ﬂ .
2
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C.2 Time-Invariant Microscopic State

In Section we solve the time-evolution equation (4.14) under the assumption
that the microscopic state w be left invariant under the local microscopic dissipative
dynamics generated by Ly and formally represented by the semigroup of local maps
O = exp(tLy), t > 0. Namely, we shall assume

w(<I>§V(X)> —w(X) & W(LN[XD ~0, (C.20)

for all X in local algebras A|_y .
The consequences of a time-invariant w can be appreciated by considering the expecta-
tion of the action of the Lindblad generator on a fluctuation operator. Putting together

(C.9), (C.11}) and (C.18)), (C.19), one gets

Ly[(r, Fx)] = <7“, (H + D)FN) + /Ny <r, (H + D) g;w) :

where the last quantity is a scalar multiple of the identity operator. Therefore, since
fluctuation operators have vanishing mean values, w(Fx(x;)) = 0, time-invariance of w
yields

w(LN[(T, FN)]) = 0=+/Nr (7", (H + D) xw) (C.21)
Ly[(r, Fx)] = (r, (H +D)FN>, ON[(r, Fy)] = (r, (H(H+D) FN> L (C.22)

Furthermore, consider the quantity S(r in -, from ((C.20)) it follows that
1 1
w(S(r; N)) = 5w (Li(r, Fw)] FN)) + 5w ((n Py LI FN)]> .
Using the (C.22) and (C.5)), one gets

w(]L[(r, )l (r, FN)) _

::M:

ir; (sz + Dz‘k) W<FN($k)FN($j)> ;

i,7,k=1
w((r, Fyx)L[(r, FN)]> = it (sz + Dik:) w<FN(fBj)FN($k)> :
ij k=1
Then, in the limit N — 400
; . — (w)
Jimw(s(r; V) = (r, (H+D)S 7“) , (C.23)

where ) is the fluctuation covariance matrix ([3.39)).

The proof of Proposition shows that S(r; N) is the only operator involving products
of operators from more than one site produced by the action of a Lindblad generator
with the property on local fluctuations. It is of the form

ké*
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with a and b suitable single-site operators.

Despite the fact that S(r; N) does not possess the shape of a macroscopic observable
as those studied in (3.1)), the fast decaying of |J(k — ¢)| when |k — ¢| — oo, makes
such an observable behave as a multiple of the identity in the large N limit. The
time-invariance of w implies the existence of the average w(Ry) for large N, and the
following lemma exhibits further properties of this kind of observables.

Lemma C.3. Given a set of coefficients Jyy such that
Jow=J(k—0)=Jp, S kel = D> 1J(r)| < oo,
{=—00 r=—00

and a translation tnvariant clustering state w, then

lim |[Wx(r), Byl|=0 and lim w <(RN ~R)' (Ry — R)) =0

N—+o0 N—+o00
for all local Weyl-like operators as in Definition and Ry as in (C.24) such that
R := Nhrf w(Ry) exists.

—+00

1
) d ) )
Proof. From the algebraic relation [eZA, B] = / dyd— (e’yA B e’(l’y)A) it follows that
0 Y

W (r), Ryl < ||[(r, En), Rn]|l -

From

n N

1

[(r, Fn), Rn] = W Zh’ Z Jke ([:l?l(-k), a(k)] b 4 o) [xy), b(é)D , (C.25)
T i=1 kf=—N

the upper bound

N
1
It F). Bl <t gmae () Nl s 30 1.

T kf=—N

follows. It vanishes when N — 4-00; indeed, the hypothesis on the coefficients Jj,
yields

] N | N kN
Nl_lffoo INE Z [ Tre = NgrilooN:a/z Z Z | 7(p)]

T kf=N T k=Np=k-N

N +o00
. 1

< th BNy Z Z | J(p)]

o NT k=—N p=—o0

1 X

< i J =0.

< N_I’I‘I"loo\/N_Tp_Zool (»)

This proves the first result of the Lemma, the second one amounts to showing that
lim w (RRRN> = |R|, where

N—+4o00

N N

1 *
w(RjVRN) = Z Z Tt oy Tty (b1 @l k) qF2) p(62)y

T gy 1=—N ko la=—N
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Using the translation invariance of w we write

W (bT(fl) af k1) o (k2) b(fz)) —w (7-(51*52) (bT aT(klffl)) ak2—¢2) b) )

Then, by setting p; = k1 — {1 and py = ko — {5, we estimate

N—¥4 N—Vlo

w (RigRx) — w0 (BY)w ()| < 1 SO Y el el

T 4y lo=—N p1=—N—L1 pp=—N—1s

% lw (T(Zl—éz) (bT aT(m)) a®?) b) —w (bT aT(pl)) W (a(p2) b)

Nt

Niz S )] )]

—Nr p1,p2=—00

X |w (T(h) (bT aT(pl)) a®2) b) —w (bT aT(m)) w (a(pz) b)

The two infinite sums converge uniformly in the summation index h because

w (T(h) (bT aT(pl)) a®?) b) —w (bT aT(pl)) W (a(pz) b) <2 Ha”2 HbHQ :

and because of the assumptions on the coefficients Jy,; therefore, the Cesaro mean (see

footnote [2| of Chapter [3|) yields

oo

Jim o (BURY) —w (B w(B| < 30 1001 1) %
P1,p2=—0
X h]ggo W (T(h) (bT aT(m)) a®2) b) —w (bT aT(m)) w (a(pz) b)

+ Z J(py)| |7 p2)| hm w ( (h) (bT aT(m)) a(P2) b) — W (bT aT(pl)) W (a(p2) b)

P1,p2=—00

The result follows since the clustering properties of w give

hEIj?OO w (T(h) (bT aT(pl)) aP?) b) —w (bT aT(pl)) w (a(pz) b) =0.




Appendix D

LProperties of the Dynamical Maps
on the Algebra of Fluctuations

Proposition D.1. The maps ®; : W (K, 0(‘”)) — W (K, a(w)), are linear and unital.
In particular, this means:

O, [aW(r)+ W (s)] = a®, [W(r)] + P, [W(s)] , Vo, B € C, (D.1)
By [W(r)W(s)] = B [W(r + s)] e 2072). (D.2)
®,[1] =1 (D.3)

Proof. All these properties must be proved starting from the mesoscopic limit of .
The first one is trivial and comes from the fact that o, 8 are scalar and from the
result of theorem [4.2]

The second one amounts to show that the macroscopic observables generated by the
composition of pre-Weyl operators as shown in lemma [3.1} are not time-evolving under
the action of the map ®Y in the large N limit.

In particular, recalling the definition of mesoscopic limit for the maps ® and
the implications of theorem 4.2 one has to show that, Vs, s2,71,79 € R”

A}i_r}n@w (T/T/}V(Sl)q)l]tV (Wi (r1)Wn(rs)] WN<32>) =

I TCTor S I (Wi (51) @ [Wi(r1 +72)] Wi (52)) -

N—o0

Recalling the proof of Lemma , and using the fact that the maps ®V are norm-
contraction, one finds that:

lim w (Wi (s1)@) [W(r) W (r2)] Wi (s2)) =

N—oo

lim w (WN(sl)@iv [WN(ﬁ + Tz)e_%(rl’TNm)} WN(SQ)) :

N—oo

with Ty as in (3.35). Summing and subtracting in the exponential the expectation of
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matrix Ty on the state w, which is given by ¢ of (3.36)), one gets

lim w (WN(Sl)‘I)iV (W (r1) Wi (r2)] WN(52)) =

N—oo

lim w (WN(sl)CI)iV [WN<7“1 +19) (e_%(Tl’TN r2) _ =3 (me TQ))] WN<52>) +

N—o0

+e_%(rl7”<w> r2) lim w (WN(Sl)‘I)iV (W (ry +72)] WN(52)) )

N—oo

If the second term on the right-hand side of the equality converges to zero, then the
second relation (D.2]) is proved since the last term in the above equation is exactly
what is needed. Therefore, we focus just on the second term; using the relation

1
eiA . eiB — 2/ dr ei:):A (A . B) ei(lfz)B,
0
and the fact that o) is a multiple of the identity, one gets

i ) (w) 1 iz i(l—x) (w)
(€*§(T17TN7”2) _ 6_5(T1’U « 7’2)) — Z/ dr 6*7(T17TN7"2)6—72 (7’170 w 7"2) >
0

x [~ (o [Tv =0T ) )
( )

Substituting this in the term under investigation, using the Cauchy-Schwarz inequality,
the Schwarz positivity, and the fact that all operators involved, but

Z = (T17 |:TN - O-(W):| TQ) )

are unitary, one finds the bound

’w (WN(S1)‘I>iV [WN(TI ) (e—%(n,TNm) _ 6*%(7‘1,0(&1)1“2))] WN(52)>‘ <

< oo (Whts @Y 12 W(sr));
thus, it is left to show that

lim w (W}V(sz)cpgV [27] W(52)> ~0.

N—o0

Since Z is made of sums of average operators as those in (3.1]), then it can be written

as N
1
Z=5m2. 2 o

a k=—N

with o, proper single-particle operators. Thus, one can use a similar argument as the
one used for the term in (4.37), in the proof theorem , to show that

lim w (WJV(SQ)cng [27] W(52)> = lim w (2N [22])

N—oo N—oo

and, furthermore, given the time-invariance of the state

lim w (@, [2%]) = lim w(2?) .

N—oo N—oo
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Now, because of Theorem on the strong convergence of macroscopic observables,
and the definitions , one has

lim w (Z 2) =0,

N—o0

proving the validity of relation (D.2]).
In order to show (D.3)), it is sufficient to substitute » = 0, in the action of the map

(4.23), with the definitions (4.27)),(4.28)).
O

Theorem D.1. The family of linear maps ®; : W (K o ) — W (K o “’)), such that
W (K, o) s W(r) — &, [W(r)] = W(r)el®, (D.4)
with vy = X" r, as in (4.27), and f.(t) = —(r, Yy r) as in (4.28), forms a semi-group

of completely positive unital dynamical maps.

Proof. The semi-group property has already been shown in , and considering the
previous proposition, what is left is the proof of complete positivity.

By definition, considering any m level system, whose algebra is represented by the
m x m square matrices M,, (C), we need to show that

®®1, [X'X] >0, VmeZ,

where X is any operator X € W (K,0®)) ® M,, (C). Considering an Hermitian basis
{EM}Zil of M, (C), any operator X can be decomposed as

X =) copW(rs) ® Eg,
a?IB
with c,p suited coefficients. Therefore the positive element
XTX = " CapersWi(ra)W(r,) ® EgE; ,
a,B,7,0

is mapped by ®; ®1,,, using the composition relation for Weyl in (3.15]), and the action
of the map (D.4)), into

O @ Ly, [XTX] =) Capess Fla, y)WHXr)W(X['r,) @ EgEs
afyd

with

F(a,7) = e3(radtm) oy (—((fr — 1), Vi(re — 7’7)>) ,

(D.5)
0y —o@) _ XU(W)X”

The matrix 0; is an anti-symmetric matrix, thus we can construct the Weyl algebra
V (K, 6t(w)>, such that

V(rl)V(TQ) == V(Tl —+ ’[“2)6 2("’1 Gt T2)
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with V(r;) € V (K , &t(w)>, and consider the functional ¢y, on such algebra, giving

o3 (V1) = e 0.

Putting the two things together one has

F<O‘77) = Py (VT(TOA)V(T’Y» )

and defining
Xag = CasW (X{10) ® Ep ,
one can write
0L, [XTX] = Y XX 0y (Vira)V(r)) ,
a,B,7,0

or extracting the action of the functional and considering the algebra W (K , a(“’)) ®
M (€) @V (K,61), with X5 € W (K, 0©) @ My (C),

D, @1, [XTX] = oy, ( > Xl Xs@ VT(ra)V(r7)> .
a,B,7,0
If vy, is a positive functional on the algebra V (K , 6tw)), then the operator ¢; ®

1, [X 1D¢ } is a positive operator Vm € Z, proving the complete positivity of maps &,.
Given the quasi-free character of the functional ¢y,, positivity is given by

2)); + %&t >0. (D.6)
Because of equations (4.28)), one has
2V, + %&t — 2@ 4 20 — X, (Z(“’) + 20@”) X (D.7)

Following a similar argument, used in the proof of Lemma[£.2] and recalling equations

"‘ , one has that
(/\ N 4 0 ) Z AR\ hm CU(FN(.ZUZ)FN({E])) 7

i,j=1
and because of the assumption w o &V = w, also

()\’ ) 4 %U(W) )\) = Z AT hm wo ®Y (FN(%)FN(%)> =

i,7=1

= lim wo &Y (FN(qI\)FN(qA)> .

N—oo

being Fn(qn) = > iy Ni En(z;), A € C. Because of Schwartz positivity it is also true

that
) .
(/\7 »w 4 50(“’) /\) > ]\}l_l)rcl)ow (Cbiv [FN(QD}@I{V [FN<‘]/\)]> ;



D. Properties of the Dynamical Maps on the Algebra of Fluctuations

99

using the second relation in ((C.22]), one has

lim w<q>,{V [FN(QQ)] oV [FN(qA)}) - ()\,Xt (2@ + 20@) Xt A) :

N—oo

thus showing that

(A,EW + 50 A) > (A, X, (w + %0(“)) X /\) ,

enforcing equation , and proving the complete positivity of the maps ®,.
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