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Abstract

We study the emergent dynamics resulting from the infinite volume limit of the mean-field
dissipative dynamics of quantum spin chains with clustering, but not time-invariant states. We
focus upon three algebras of spin operators: the commutative algebra of mean-field operators,
the quasi-local algebra of microscopic, local operators and the collective algebra of fluctua-
tion operators. In the infinite volume limit, mean-field operators behave as time-dependent,
commuting scalar macroscopic averages while quasi-local operators, despite the dissipative un-
derlying dynamics, evolve unitarily in a typical non-Markovian fashion. Instead, the algebra
of collective fluctuations, which is of bosonic type with time-dependent canonical commutation
relations, undergoes a time-evolution that retains the dissipative character of the underlying
microscopic dynamics and exhibits non-linear features. These latter disappear by extending the
time-evolution to a larger algebra where it is represented by a continuous one-parameter semi-
group of completely positive maps. The corresponding generator is not of Lindblad form and
displays mixed quantum-classical features, thus indicating that peculiar hybrid systems may
naturally emerge at the level of quantum fluctuations in many-body quantum systems endowed
with non time-invariant states.

1 Introduction

In many physical situations concerning many-body quantum systems with N microscopic compo-
nents, the relevant observables are not those referring to single constituents, rather the collective
ones consisting of suitably scaled sums of microscopic operators. Among them, one usually consid-
ers macroscopic averages that scale as the inverse of NV and thus lose all quantum properties in the
large N limit thereby providing a description of the emerging commutative, henceforth classical,
collective features of many body quantum systems.

Another class of relevant collective observables are the so-called quantum fluctuations: they
account for the variations of microscopic quantities around their averages computed with respect
to a chosen reference state. In analogy with classical fluctuations, they scale with the inverse
square root of N so that, unlike macroscopic observables, they can retain quantum features in the
large N limit [1, 2, 3]. Indeed, whenever the reference microscopic state presents no long-range
correlations, the fluctuations behave as bosonic operators; furthermore, from the microscopic state
there emerges a Gaussian state over the corresponding bosonic Canonical Commutation Relation



(CCR) algebra. These collective observables describe a mesoscopic physical scale in between the
purely quantum behaviour of microscopic observables and the purely classical one of commuting
macroscopic observables [4].

The dynamical structure of quantum fluctuations has been intensively studied both in the unitary
[1, 3,4, 5] and in the dissipative case [6, 7, 8]; yet, in all these examples, only time-invariant reference
states have been investigated, leading to macroscopic averages not evolving in time. Here, we relax
this assumption and consider the possibility, often met in actual experiments, of a non-trivial
dynamics of macroscopic averages. We shall do this by focusing on dissipative, Lindbald chain
dynamics of mean-field type. The model studied in the following is very general and applies to a
large variety of many-body systems consisting of IV microscopic finite-dimensional systems weakly
interacting with their environment. We will study the large N limit of such a dissipative time-
evolution 1) at the macroscopic level of mean-field observables, 2) at the microscopic scale of
quasi-local observables, that is for arbitrarily large, but finite, number of chain sites, and 3) at the
mesoscopic level of quantum fluctuations. These three scenarios look quite different and lead to
features that, to the best of our knowledge, in particular for the cases 2) and 3), are novel in the
field of many-body quantum systems.

1. Macroscopic observables: these are described by the large N-limit of mean-field observ-
ables which yields commuting scalar quantities that evolve in time according to classical
macroscopic equations of motion.

2. Quasi-local observables: the emerging dynamics is generated by a hamiltonian despite the
microscopic dynamics being dissipative for each finite N. Moreover, and more interestingly,
whenever macroscopic averages are not constant, such a unitary dynamics is non-Markovian,
since it is implemented by a time non-local generator that always depends on the initial time.
This latter is an interesting example of a unitary time-evolution manifesting memory effects.

3. Quantum fluctuations: the emerging dynamics consists of a one-parameter Gaussian fam-
ily of non-linear maps. In order to make them compatible with the physical requests of
linearity and complete positivity, these maps must be extended to a larger algebra, contain-
ing also classical degrees of freedom associated with the macrosocpic averages. The extended
description gives raise to a dynamical hybrid system, containing both classical and quantum
degrees of freedom, whose time-evolution corresponds to a semigroup of completely positive
maps. Unlike in hybrid systems so far studied [9]-[13], the connection between classical and
quantum degrees of freedom follows from the time-dependence of the mesoscopic commutation
relations. Indeed, the commutator of two fluctuation operators is a time-evolving macroscopic
average. As a consequence, the generator of the dynamics on the larger algebra contains both
classical, quantum and mixed classical-quantum contributions. In particular, the dynamical
maps are completely positive, even if the purely quantum contribution to the generator need
not in general be characterized by a positive semi-definite Kossakowski matrix. This is the
first instance where this counter-intuitive fact is reported; notice, however, that in such a
hybrid context, Lindblad’s theorem does not apply.

The structure of the manuscript is as follows: in Section 2 we introduce mean-field and fluctuation
operators for quantum spin chains and define the mesoscopic limit. In Section 3, we introduce the
dynamics generated by a Hamiltonian free term plus a mean field interaction and made dissipative



by Lindblad type contributions of mean-field type. In Section 3.1, we discuss the dynamics of
macroscopic quantities and in Section 3.2 the large N limit of the time-evolution of quasi-local
operators. In Section 4 we study the emerging mesoscopic dynamics of quantum fluctuations,
discussing first the symplectic structure in Section 4.1, then the time-evolution and its non-linearity
in Section 4.2. In Section 4.3 we focus upon the extension of the non-linear maps to a semi-group of
completely positive Gaussian maps on a larger algebra and on the hybrid character of its generator.
Finally, Section 6 contains the proofs of all results presented in the previous sections.

2 Quantum spin chains: macroscopic ad mesoscopic descriptions

In this section, we discuss the macroscopic, respectively mesoscopic description of the collective
behaviour of quantum spin chains given by classical mean-field observables, that scale with the
inverse of the number of sites, IV, respectively by quantum fluctuations that scale as the inverse
square-root of N.

A quantum spin chain is a one-dimensional bi-infinite lattice, whose sites are indexed by integers
j € Z, all supporting the same d-dimensional matrix algebra AU) = M4(C). Tts algebraic descrip-
tion [14, 15] is by means of the quasi-local C* algebra A obtained as the inductive limit of strictly
local subalgebras Ay, ;) = ®?:p AU) supported by finite intervals [g, p], with ¢ < p in Z. Namely,
one considers the algebraic union [ J 0<p Alyp and its completion with respect to the norm inherited
by the local algebras. Any operator x € M;(C) at site j can be embedded into A as:

2 =1, @14, (1)

where 1;_1; is the tensor product of identity matrices at each site from —oo to j — 1, while 1(;,4 is
the tensor product of identity matrices from site j + 1 to +00. Quantum spin chains are naturally
endowed with the translation automorphism 7 : A — A such that 7(2(¢)) = 20+,

Generic states w on the quantum spin chain are described by positive, normalised linear expec-
tation functionals A 5 a +— w(a) that assign mean values to all operators in A. In the following,
we shall consider translation-invariant states such that

w(a) = w(7(a)) Vaec A. (2)

At each site j € Z, these states are thus locally represented by a same density matrix p € My(C):
w(@W) = w(z) = Tr(pz), £ € My(C). Furthermore, we shall focus upon translation-invariant
states w that are also spatially Li-clustering [1]. These are states that, for all single site operators
x, vy, satisfy

> |w (@09 ®) — w@wiy)| < oo, 3)

LEL
and then the weaker clustering condition

lim w(aTT"(b)c> =w(a'c)w(b) Va,b,cc A. (4)

n—+too

Remark 1. The cluster condition (4) is often met in ground states or in thermal states associated
to short-range Hamiltonians far from critical behaviours, such as phase transitions: it corresponds
to the physical expectation that, in absence of long-range correlations, the farther spatially apart



are observables, the closer they become to being statistically independent. On the other hand,
the stronger clustering condition (3) is sufficient to ensure that fluctuations of physical observables
display a Gaussian character which is again a property physically expected in systems far from phase
transitions: such a condition is not strictly necessary for a system to have Gaussian fluctuations;
however, it is often assumed for mathematical convenience [1]. Ul

2.1 Macroscopic scale: mean-field observables

In an infinite quantum spin chain, the operators belonging to strictly local subalgebras contribute
to the microscopic description of the system. In order to pass to a description based on collective
observables supported by infinitely many lattice sites, a proper scaling must be chosen. Most often,
mean-field observables are considered; these are constructed as averages of N copies of a same
single site observables x, from site 7 = 0 to site N — 1:

| Nl
N 2 z® x € My(C) . (5)

xWV) —

In the following, operators scaling as X (V) will be referred to as mean-field operators; capital letters,

like XN) will refer to averages over specific number of lattice sites, while small case letters, like
w(k), to operators at specific lattice sites.

Given any state w on A, the Gelfand-Naimark-Segal (GNS) construction [16] provides a repre-
sentation 7, : A — m,(A) of A on a Hilbert space H,, with a cyclic vector |w) such that the linear
span of vectors of the form |¥,) = m,(a)|w) is dense in H,, and

w(bTac) = <\Ijb’ﬂ—w(a)’qjc> ) a,b,c cA.

As shown in Appendix A, given z,y € My(C), clustering yields that macroscopic averages X ()
and products of macroscopic averages X MY (V) tend weakly to scalar quantities:

w— lim XM =w@)1, w- lim XMyW = y@)wy)1, (6)

N—oo N—oo

in the sense that A}im wlat XMY WM by = w(alb) w(z) w(y) for all a,b € A.
—00
Moreover, in the same Appendix it is shown that the Lji-clustering condition (3) provides the

following scaling;:
‘w(X(N) Y(N)) — w(aj)w(y)‘ =0 <]i7> . (7)

It thus follows that the weak-limits of mean-field observables are scalar quantities giving rise to a
commutative (von Neumann) algebra.

Mean-field observables thus describe macroscopic, classical degrees of freedom emerging from the
large N limit of the microscopic quantum spin chain with no fingerprints left of its quantumness. As
outlined in the Introduction, we are instead interested in studying collective observables extending
over the whole spin chain that may still keep some degree of quantum behaviour; for that a less
rapid scaling than 1/N is necessary.



2.2 Mesoscopic scale: quantum fluctuations

In order to disclose quantum behaviours of collective observables, one needs to look at fluctuations
around average values. Indeed, fluctuations are commonly associated to an intermediate level of
description in between the microscopic and the macroscopic ones, where one can hope to unveil
truly mesoscopic phenomena exhibiting mixed classical-quantum features. In this section we shall
review some of the known results about quantum fluctuation operators [1, 2, 3], introducing also
the notation and relevant concepts useful to derive the results presented in the following sections.

Collective, microscopic operators of the form

FN(z) = \/IN kz_:_o (x(k) — w(:r)) (8)

are quantum analogues of fluctuations in classical probability theory: we shall refer to them as “local
quantum fluctuations”. Their large N limit with respect to clustering states w has been thoroughly
investigated in [2, 1] yielding a non-commutative central limit theorem and an associated quantum
fluctuation algebra which turns out to be a Weyl algebra of bosonic degrees of freedom.

The scaling 1/v/ N does not guarantee convergence in the weak-operator topology. Nevertheless,
consider x,y € My(C) such that [z, y] = z. Since [zU), y¥)] = §;,20), with respect to a clustering
state w, one has, following the same strategy used in Appendix A,

A}i_r)noow (aT [F(N)(:E), F(N)(y)} b) = lim jisz_:lw (aTz(j) b) = w(a'b) w(z),

This means that commutators of local quantum fluctuations behave as mean-field quantities thus
being, in the weak-topology, scalar multiples of the identity w(z)1. This latter fact clearly indi-
cates that, in the large IV limit, a non-commutative structure emerges analogous to the algebra of
quantum position and momentum operators. To proceed to a formal proof of the convergence of
the set of these operators to a bosonic algebra, it is convenient to work with unitary exponentials

of the form e'f’ <N>(w); in the large NV limit, these are expected to satisfy Weyl-like commutation
relations [1].

Remark 2. Because of the scaling 1/ V/N, quantum fluctuations provide a description level in
between the microscopic (strictly local) and the macroscopic (mean-field) ones. We will refer to it
as to a mesoscopic level whereby collective operators keep track of the microscopic non-commutative
level they emerge from. O

In order to construct a quantum fluctuation algebra, one starts by selecting a set of p linearly
independent single-site microscopic observables x = {z;}:_,, z; € My(C), z; = a:}, and considers
their local elementary fluctuations

Jj=1

N—

._\

1
FNM o PN () = —— ( ®) _ (z ) . 9)
J
VN k=0
Because of the assumption (3) on the state w, one has that the limits
(W) . _ (N) (N)
G’ = A}gn w(F; F} ) (10)



are well-defined and represent the entries of a positive p x p correlation matrix C(“); moreover, one
A (N)

chooses the elements of y in such a way that the characteristic functions w(e”F J ) converge to

(w)

Jj

=4 o ({0 7)) my

Gaussian functions of ¢ with zero mean and covariance ¥%;’, given by

This can be conveniently summarized by introducing the concept of normal quantum fluctuations
systems.

Definition 1. A finite set of self-adjoint operators x = {x; }§:1 15 said to have “normal multivariate
quantum fluctuations” with respect to a clustering state w if the latter obeys the Li-clustering
condition:

> ‘W(JUEO)QC;‘Z)) —w(zw(z))| <+oo,  Vw,z;EX,
LEL
and further satisfies
: N)\ 2 w . it 2 5(@)
A}g}l@m((F; )> ) :E§-j) , ]\}gnoow(etFJ )=¢ 2% Vx; € x, VteR. (12)

Given a set x as in the above Definition 1, by considering all possible real linear combinations
of the set elements, one introduces the real-linear span

p
X = {x;z Zri zi, v, €x, T={ri}_ € ]Rp} . (13)
i=1

The latter set can be endowed with two real bilinear maps: the first is positive and symmetric,

p
($F1,CE7:’2) — 771 . (E(w) FQ) = Z 15 72j EE;J) s Y 7?172 € RP s (14)
ij=1
with 1
@ _1 (V) (M)
= s ({500 1) ®
The second one is, instead, anti-symmetric
P
(7?1,7?2) — Fl . (O'(w)7:§> = Z T1i 725 (71(;}) s VFLQ € RP , (16)
i,j=1

and defined by the real symplectic matrix o) with entries

o = —i lim w ([Fi(N) , F-(N)D e (17)

Y N—300 J It

Notice that the p x p matrices introduced so far are related by the following equality

W = x@ 4 1y (18)



For sake of compactness, because of the linearity of the map that associates an operator x with
its local quantum fluctuation FV)(z), the following notations will be used:

P
7 PN = N Y = F® () Vare X (19)
j=1
WM () = @ = ) (20)
where F(V) is the operator-valued vector with components Fj(N), i=12...,p.

Given the symplectic matrix o) = [ai(f)], one constructs the abstract Weyl algebra W(y, c(“)),

linearly generated by the Weyl operators W (7), 77 € RP, obeying the relations:

7 =

WHF) = W(=F), W(FH)W () = W(F +7)e 2 (@“m) (21)

The following theorem specifies in which sense, in the large N limit, the local exponentials W) (7)
yield Weyl operators W () [1].

Theorem 1. Any set x with normal fluctuations with respect to a clustering state w admits a
reqular, Gaussian state @ on W(x, a(“)) such that, for all 7; € RP, j =1,2,...,n,
lim o (W) W (i) - W) ) = QW) W) - W) (22)

N—oo

where the W () satisfy (21) and

7o (D@
Q(W(F)):exp<—(z2)>, VieRP. (23)

The regular and Gaussian character of €2 follows from (12). In particular, its regularity guarantees
that one can write

. R p
W(ﬁ:eiF.F ) FF:ZTzE:F<mF) ) (24)
i=1

where F is the operator-valued p-dimensional vector with components F; that are collective field

operators satisfying canonical commutation relations [F; , Fj] = 2‘01(;9), or, more generically,

[F(zr), Flzr,)) = [m-ﬁ, @-ﬁ] =i - (UMFQ) . (25)

We shall refer to the Weyl algebra W(x;, J(”)) generated by the strong-closure (in the GNS repre-
sentation based on ) of the linear span of Weyl operators as the quantum fluctuation algebra.

2.3 Mesoscopic limit

Later on, we shall focus on the effective dynamics of quantum fluctuations, emerging from the
large N limit of a family of microscopic dynamical maps {CIJ(N )} Nen defined on the strictly local
subalgebras Ajg y_1- To formally state our main results, we introduce what we shall refer to as
mesoscopic limit.



Definition 2 (Mesoscopic limit).  Given a discrete family of operators {X™}nen, in the
quasi-local algebra A, we shall say that they posses the mesoscopic limit

W(x,o“@) 3 X :=m— lim X
N—oo

if and only if

Opiry (X) = lim wr, (X<N>) . YA, EeRP, (26)
where
Wi (X)) = w0 (W () XMW (7)) | Qpy(X) = QW) X W(R)) - (27)
(N

) Ap,n-1) = Ajon-1), one
defines the mesoscopic limit, ® == m — limy_,0o ®N) on the Weyl algebra W(x, a(“’)) by

Further, given a sequence of completely positive, unital maps ®

lim wpz, (q><N> [WUV)(F)D = Qrr, (R[W(D)) ,  YFia, FERP . (28)
N—oo

Remark 3. Notice that the right hand side of (28) is the matrix element of mq (® [W(7)]) with
respect to two vector states mo (W (71,2))|€2) in the GN S-representation of the Weyl algebra gener-
ated by the operators W(r) based on 2. Since these vectors are dense in the GNS-Hilbert space,
the mesoscopic map ® is defined by the matrix elements of its action on Weyl operators that arise
from local quantum fluctuations. O

According to the above definition and to (22), one can then say that the Weyl operators W (z;) are
the mesoscopic limits of the local exponentials W) (x5) and, by taking derivatives with respect to

the parameters 7;, that the operators F}; are the mesocopic limits of the local quantum fluctuations
N,
J

3 Mean-field dissipative dynamics

Typically, a mean-field unitary spin-dynamics emerges in the large N limit from a quadratic interac-
tion hamiltonian scaling as 1/N as for the case of the BCS model in the quasi-spin description [17].

In this framework, operators € Ap y_1) pertaining to the lattice sites k = 0,1,..., N — 1,
evolve in time according to a group of automorphisms of Ay y_1), UEN) DT T o= IUEN) [x],
generated by

6txt =1 [h(N) + H(N) y .%'t} N

with a linear and bi-linear terms, the last one scaling as 1/N:

%
i
P

2 N—

1
M =3¢, > o,  HNM =3 by oy "B (29)
pn=1 k=0 w,r=1 k=0 =0



In the expressions above, the single-site operators v, = vL, pw=1,2,...,d?%, are chosen to constitute

an hermitian orthonormal basis for the single-site algebra M (C):
Tr(v,vy) = 0w a= ZTr(a V) Uy Vae Mgp(C), (30)

and the coefficients €, h,, are chosen such that

Uk
€n=¢6,,

T = hEy (31)

In the following, we will perturb the hamiltonian generator of the microscopic dynamics with a
Lindblad type contribution [18] scaling as 1/N. We shall then study the time-evolution that emerges
at the level of collective quantities from a dissipative microscopic master equation dyz; = L(IV) [24],
with generator

LWM]=iWM+HmJﬂ+WmM, (32)
d2
Cuw
D] = 3 ([, w] v+ v [a, i) (33)
p,v=1
1 N-1
N) _ k

e
Il
o

Notice that the mean-field scaling of L(Y) is that of the commutator with HN) and is due to the

. 1 (N)
scaling —= of the operators V,;"’.
vN

In the above expression, the coefficients C,,, are chosen to form a positive semi-definite matrix
C = [Cu], known as Kossakowski matrix. Such a property of C' ensures that the solution to

dyxz; = LIV [z] is a one-parameter semigroup of completely positive, unital maps ’yt(N) = exp(tLMN))
mapping A y_1) [18, 19]:

W =1, AW =3I vsit>o0. (35)

Remark 4.

1. While the purely hamiltonian mean-field dynamics studied in [1, 5, 4] preserve the norm, the

maps wt(N) are contractions, namely H%FN) [X]H < ||X|| for all X € A. Furthermore, [19]

LM[zy] - LM [z]y — 2 LW Z Cuw[VIN, 2]ly, VN, (36)
p,v=1

for the hamiltonian contributions cancel and only DY) contributes.



2. A generator as in (32) can be obtained by considering N d-level systems interacting with
their environment via a hamiltonian of the form

Hy=h"eol+10Hg+» VIV ®B,, (37)

where HWY) Hp represent the hamiltonians of system and environment considered alone,
while the coupling hamiltonian consists of the operators VOEN) in (34) (which thus scale with
1/+/N) and environment operators B, = Bl,. Notice that the scaling 1 /v/N of the interaction
hamiltonian is the same as in the Dicke model for light-matter interaction [20, 21, 22] and is the
only one that, in the large N limit with respect to clustering states, can lead to a meaningful
dynamics with generator as in (32). In the weak-coupling limit [23], when memory effects can
be neglected, one retrieves an effective evolution of the N-body system alone, implemented
by Lindblad generators of the specific type (32). The contribution D?Y) describes dissipative
and noisy effects due to the system-environment collective coupling in equation (37), while
the hamiltonian H™) in (29) is an environment induced Lamb shift. t

We decompose the coefficients of the mean-field hamiltonian in (29) as hy, = hl(f,,e )4 zh,(ffﬁ ), with
the real and imaginary parts satisfying the relations

hyﬁ = h,@;? , hgfgﬂ - —h,&@ . (38)

Then, using (34), the mean-field hamiltonian contribution can be written as

d? d?
Z|:H(N) ) xt] =1 Z h;([ye) { |:V;4(N) ) :Et:| ’ VV(N)} - Z hf};n) |:|:VH(N)> :Et:| ’ VV(N)i| . (39)
pn,v=1 p,v=1
In the above expression, {z, y} = xy + yx denotes anti-commutator. At the same time, by

decomposing the Kossakowski matrix C' = [C},,] in its self-adjoint symmetric and anti-symmetric
components as

C+Crr c-cr
A=———=[Aw], B:=—F—=[Bul, (40)

where C' denotes transposition, one recasts D™ [z;] in (32) as DY) = AN) + BV with

2
T o Ly B
2
B[] = é:l % { [V;M : xt} : VV(N)} . Buw=-Byu=-B,.

Thus, using (39) and the above expressions, the generator in (32) deomposes as a mean-field

10



dissipator-like term plus a free hamiltonian term:

LM = (H<N> +]15><N>)[g;t], D) .= A 4 BV (41)
d? N-1 d?
HM (] = iy by Y [vfﬁ), xt} =iVN) e, [V#(N),xt] (42)
n=1 k=0 p=1
d2
A = 2SS Ay [V, ] VO] A= A — 20 = A, (43)
pn,r=1
~ 1 LA ~ ~
BV = =3 B {[VM(N),:UJ : VVUW} . By =B + 20000 = —B5, . (44)
=1

The various coefficients are conveniently regrouped into the following d? x d? matrices
B 2= [79] = (RO | ™) = (i) = —(REm) (45)
hi=[hy) = bT) 4 inm™ =pt - A=A—200™  B=B+2ih0 (46)

where A is real, but unlike A4 in (40), non symmetric, and B is purely imaginary, but, unlike B
in (40), not anti-symmetric.

3.1 Mean-field dissipative dynamics on the quasi-local algebra

(N)

In this section we shall deal with the large /V limit of the microscopic dissipative dynamics 7, ' on
the quasi-local algebra A generated by L) in (41)-(44); namely, we shall investigate the behaviour
when N — oo of fyt(N) [z], where x € A is either strictly local, that is different from the identity
matrix, over an arbitrary, but fixed number of sites, or can be approximated in norm by strictly

local operators.

Definition 3. An operator O € A is strictly local if there exists an interval [a,b] of lattice sites,
such that [0, )] = 0 Vo € My(C) and k ¢ [a,b]. The smallest such interval is the support S(O)
of O € A whose cardinality will be denoted by ¢(O).

We shall consider microscopic states w that are translation invariant and clustering, but not
necessarily invariant under the large N limit of the microscopic dynamics; namely such that, in
general, on strictly local z € A,

dim w (1M [a]) # w(a) .

Thus, we shall consider the case of macroscopic averages associated with mean-field operators that
may also change in time. The existence of the following macroscopic averages is first guaranteed
for all ¢ € [0, R] with R defined by the norm-convergence radius of the exponential series

w = i 7;:' (L(N))k

k=0
on local and mean-field operators by Corollary 1 in Section 6.1, and then extended to all finite
times ¢t > 0 by Proposition 3.

11



Definition 4. The time-dependent macroscopic averages of the commutator of single-site operators,
vy and [vy,, v,] € My(C), with respect to the microscopic state at any finite time t > 0 will be denoted

by:

N-1
wolt) = lim wM(t), M) :=w<%(N) HZU&’“’D , (47)

k=0
N N N |1 s k
woplt) = lim WP (1), Wi () :—w<’n( >[N [vﬁ,vg)]]). (48)
k=0

Using the relations (30), one writes

(k) oK) (k) ) k
o] = Zﬂ([v SEYES
and, since the trace does not depend on the site index, one may set

T =T ([o, o] o) = 72, = =7, = =(Tp)" (49)

ap
and derive

[0, o] = Z . waplt Z . (50)

Propositions 2 and Corollary 3 in Sectlon 6.1 show that the macroscopic averages satisfy the
following equations of motion for all times t > 0:

d? d?
Calt) = ZI(ZIB,,% +i6) walt)
pn=1 v
d?
= Buwy(t) +ie,) ), w(t), Ya=1,2,...d>. (51)
[0 p) Jpa Wy
wy=1 v=1

Denoting by & the vector with components wq(¢) and using (50), it proves convenient for later use,
in particular for the derivation of the dissipative fluctuation dynamics in Theorem 3, to recast the
equations of motion in the following compact, matrix-like form

d

@ =D@)&,  D@)= [Daﬁ(wt)] = D(@&) + i&, (52)

where D(@;) and £ have entries

d2
Z I/wV ) ) gaﬁ = Z €u Jgﬁ s (53)
p,r=1 pn=1

and 5(@}) depends implicitly on time through the time-evolution: & +— ;.

12



Notice that all the scalar quantities multiplying w-(¢) change sign under conjugation, whence
the matrix D(d;) is real and
Jhy = —Jb, implies DV(&) = —D(&) . (54)
The non-linear equations (52) with initial condition ¢y = & are formally solved by the matricial
expression
t -
G = My(@) &, My(&) := Telo 45 D) (55)

where T denotes time-ordering and the dependence of the d? x d? matrix M; () on the time-evolution
@ +— J; embodies the non-linearity of the dynamics. However, this is just a formal writing, that
will prove to be useful later on: the time-evolution of the macroscopic averages can be found only
by directly solving the system of equations (52).

Despite the time-ordering, since there is no explicit time-dependence in the equations (52), the
time-evolution of the macroscopic averages composes as a semigroup,

QHQSH (@’S)t:c&'sH \V/S,tZO . (56)

Moreover, because of the anti-symmetry of D(dJ;) and of the fact that the macroscopic averages are

real, the quantity K (t) := Ziil w2(t) is a constant of the motion

d2
dK(t) . B
a,f=1
Remark 5. The components w,(t) = limy_o wéN)(UM) of the vector &; lie within the paral-

lelepiped [—1, 1]Xd2: this follows since the orthonormal matrices v, are such that TY(vg) =1 and

thus [jv,|| < 1, whence
d2

S (wlwn)? < (57)

pn=1
Furthermore, the positivity of the state w yields the positivity of the d? x d? matrix of coefficients
w(vyvy):

d2 d2
> Nhwun) =wVIV)>0,  VV:i=) M, MyC) .
p,v=1 pn=1

By expanding the matrix product v, v, with respect to the {vu}zil orthonormal basis, v, v, =
2
Zi:l \w Va, one derives the positivity constraint

d2
Z V¥w(ve) >0, (58)
a=1

where the d? x d? matrix V = [V/ﬁ‘,] is fixed by the chosen basis. Thus, the vectors & of macroscopic

averages {W(UM)}f:l belong to the subset S C [—1,1]*% satisfying the constraints (57) and (58).
In conclusion, the macroscopic dynamics generated by the non-linear, time-independent equations
of motions (51) forms a semigroup and maps S into itself. O
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3.2 Macroscopic dynamics of local observables

With the time-evolution of macroscopic averages at disposal, we are now able to derive the large
N limit of the dynamics of quasi-local operators x € A.

Theorem 2. Let the quasi-local algebra A be equipped with a translation-invariant, spatially Lq-
clustering state w. In the large N limit, the local dissipative generators L&) in (41) define on A
a one-parameter family of automorphisms that depend on the state w and are such that, for any
finite t > 0,

lim w (a 'yt(N) [0] b) =w (aa[O]D) , (59)

N—o0
for all a,b € A and O € A. If O has finite support S(O) C [0,S — 1], then
0] = U ou® | U® =Te-ilsast? (60)

with explicitly time-dependent hamiltonian

S—1 d2
Ht(S) _ (ZB‘”’ wy(t) + ze“> vl(f) 7 (61)
k=0 p=1
where
.t > =1
L T ) /d31~-/0 dsg H) - HED . (62)
k=1

The proof of the above theorem is given in Section 6.1. Using (44), the hamiltonian reads

S—1 d? d?

qS = <(Z—z B, + 2h§j:>) wo(t) + eu) v®) (63)

k=0 p=1  v=1

where B, = =By, (h,(ff ))* = h,(ff ) and €, = €, guarantee that Ht(s) is hermitean. Notice that, in
the large N limit, the microscopic dissipative term DY) only contributes with a correction to the
free hamiltonian terms in (29) so that the dissipative time-evolution of local observables becomes
automorphic.

Consider the dynamics of single site observables by choosing in (60) O equal to one of the
orthonormal matrices at site £, U/(f). Then,

Sl = i) [H0, 0] U
d? d?
= 3 (3 (B + 20050) wn(t) + i) (U)ol 0] U
p=1 v=1
d2
— Z (ZB ywy(t) + ze“> Jf (U(Z) f (é U(E ZDW @) v )],
wpB=1 v=1
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where use has been made of the relations (30) and of the matrix elements (53). Notice that the

expectations w(at [vf(f)]) satisfy the same equations (51) satisfied by the macroscopic observables
w~(t); since these quantities coincide at ¢t = 0, one has

w [y [v© = w~ (), Vy=1,2...,d>,¥Yt>0. (64)
(00 [o7]) =

Remark 6.

1. The convergence of the mean-field dissipative dynamics v, ' to the automorphism «; of A
occurs in the weak-operator topology associated with the GNS-representation of A based on
the state w.

(N)
¢

2. The automorphisms «; have been derived for positive times, only. This means that, though
the inverted automorphisms a_; surely exist, they cannot however arise from the underlying
non-invertible microscopic dynamics.

3. The one-parameter family {a; }+>0 fails to obey the forward-in-time composition law as in (35)
which is typical of time-independent generators, nor the one corresponding to two-parameter
semi-groups,

Qg = Qg5 O Qg ty 0<ty<s<t.

which arises from time-ordered integration of generators that depend explicitly on the running
time ¢, but not on the initial time ¢y. Indeed, if the microscopic dynamics starts at tg > 0,
then the semigroup properties ensure that, at time ¢ > ¢y, any quasi-local initial condition
O € A has evolved into %“_Vt)o [O]. Then, adapting Theorem 2 to a generic initial time ¢y > 0,
similarly to (59), the large N limit yields a one-parameter family of automorphisms ay_¢,,

t > tg, such that
lim w (avgj_vt)o [0] b) =w (a—4,[0] D) , (65)

N—oo

for all a,b € A and O quasi-local. If the support of O is, for sake of simplicity, [0,.5 — 1], then
s s S [0 g 1)
ar-1,(0) = (U)oU) UF) = memiho AT (66)

Therefore, the time-derivative yields a generator:

d w

-0(0) = Kily ot [O]] (67)
42 S—1

Ky [0 = 3 Buwlt—t0) 3 |ac [oF] O] (%)
wr=1 k=0

which depends on both the running and initial times.

4. By setting top = 0 in (67), one sees that the one-parameter family {oy};>0 is generated by a
time-local master equation. However, since in general, that is for £y > 0, the generator K;_,
depends on both the running time ¢ and the initial time tg, the family of automorphisms is
non-Markovian in the sense of [24]. On the other hand, if one uses lack of CP-divisibility as
a criterion of non-Markovianity [25], then {a;}¢>0 is Markovian. Indeed, being the dynamics
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unitary, there always exists a completely positive intertwining map fS; -, t > 7 > 0, such that
ar = Pt 0 for any O € A with S(O) C [0, S — 1], one can write at[O] = Bt o o, [0],

where
5.410] = (U U9 0 (US) U
5. If the limy_,oowo %(N) provides a time-invariant state on the quasi-local algebra A, then one
recovers the one-parameter semigroup features of (35) (see also [26]). O

Example 1. We shall consider a qubit spin chain consisting of a lattice whose sites j € N support
the algebra Ms(C). As a Hilbert-Schmidt orthogonal matrix basis {v,}4_;, we choose the spin
operators si, S, S3, 1, normalized in a such way that

p=1

[Su, Su] =1 €uy Sy, w,v,y=1,273. (69)
;N
Then, with S (N) — 3 , we study the following dissipative generator, with Kossakowski
\/N k=0
1 =i 0
matrix C=(47 1 0],
0 0 O
=~ Cas (V) (N)
(N) - o (N) (N) -
LM [z] ;12([& ,x}s + 8 [3:5 })
1
= §Mas™ - {sM ™ ah g =5 wislh. (70)

Therefore, with respect to (45), (46), h = 0 and € = 0, so that A and B coincide with the symmetric
and anti-symmetric components of C|

1 00 0 — 0

A=|o 10|, B=[i 0 0] . (71)

0 00 0 0 O
With respect to a translation-invariant clustering state w, the only non-trivial macroscopic averages
wu(t) given by (47) are wy 2,3(t) while wy(t) = 1 for all ¢ > 0. Since ||s,|| < 1/2, we will then consider
the vector &; = (w1 (t),wa(t),ws(t)) with components belonging to [—1/2, 1/2]. Furthermore, from
(50) and (69) one computes

W (t) = d€umywy(t) wv,y=1,2,3, (72)
whence (51) and B in (71) yield the following system of differential equations:
d d d 9

— — = — = — — 2
S =), Twalt) =wat)ust), Tws(t) = i) — W30, ()
corresponding to the following matrix D(d;) in (52):
0 0 w1 (t)
D(&y) = 0 0 wa(t) | . (74)

—W1 (t) —w2(t) O
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Then, the norm

1| = (75)
is a constant of the motion; thus the third equation can readily be solved, yielding
ws(t) = —&tanh (E(t + b)) (76)
where the constant b is chosen to implement the initial condition ws := w3(0) = —& tanh (£b).
Knowing ws(t), one also obtains
wi(t) = m;}(ﬁlﬁ)b))wl . wat) = COZ?Z?%WQ , (77)

where wy 2 := wi 2(0). According to (61), equipped with these quantities, the Hamiltonian for the

first S chain-sites reads 5
-1

HE =37 (wi st —wn(st) . (78)

k=0

Since [Ht(ls) , Ht(zs )] = 0, for all {12 € R, the unitary operators implementing the automorphic
dynamics from ¢ = 0 to ¢t > 0 (see (60)) are given by:

S—1
vS = eih du HT H exp < —ia(t) <w1 s — wy sgk)> ) , (79)
k=0
t du
a(t) = cosh(b¢) /0 coshE(u D))
= cosh(b¢) <arctan (e—g(t+b)) — arctan (e_5b>) . (80)

The mean-field dynamics is thus specified by time-evolution of single-site spin operators:

s1 1
U {52 ] U = Mi@) [ s2] (81)
83 83
w?cos (a(t)é1n) +wi  wiws (cos (a(t)€r2) — 1) &1 wi sin (at)ér2)
My(3) = & wiws (cos (a(t)€12) — 1) w3 cos (a(t)ére) + w?  Erpwasin (a(t)ére) |, (82)
12 —&12 w1 sin (a(t)&12) —&12wa sin (a(t)&12) &3y cos (a(t)é12)

_ 72
where we have set 12 = \/wi + w3.

4 Mean-field dynamics of quantum fluctuations
In the previous section, we studied the large N limit of the dissipative dynamics generated by (32)

on (quasi) local spin operators. In this section we shall instead investigate the time-evolution of
fluctuation operators scaling themselves with the inverse square-root of V.
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As a set X of relevant one-site observables (see (13)), we choose the orthonormal basis of her-
mitian matrices {Uu}zil appearing in L), Accordingly, we shall focus upon the vector F(N) of

local fluctuations N

#N; \;Nk ( —wvu)>,

0
and upon the local exponential operators in (20),

,_.

WM () =™ peR®.

As seen in Section 2.2, if the matrices {vﬂ}ﬁi1 give rise to normal fluctuations with respect to the
translation-invariant, clustering state w, then
lim w (W(N) (F)) — Q(W(7) .
N—oo
In the above expression, W (r) are operators with Weyl commutation relations and €2 is a Gaussian

state on the Weyl algebra W(X,U(“’)) arising from the strong-closure of their linear span with
respect to the GN S-representation based on €.

As already remarked in the previous section, the microscopic state w need not be time-invariant,

() (N)

=wo % 7& w, where v, in (35) acts trivially outside A y_1- Then, since fluctuations
account for deviations of observables from their mean values that now depend on time, it is necessary
to change the time-independent formulation of local quantum fluctuations given in (8) into a time-
dependent one,

FV0 = = 3 () — o)) (53)

the time-dependence occurring through the mean-values. Then, the commutator of two such local
fluctuations,

N-1
1
FN @), FN 0] =+ 30 [ol o] = 1) (84)
k=0
is a time-independent mean-field operator. However, the entries of the symplectic matrix in (17),
w — T N _ N (V) N
o) (t) == =i lim wd(t) = —iwu(t), W) =™ (T07) . (85)

will in general explicitly depend on time. Notice that the last two equalities follow from (48), while
from (50) one derives

d2
D) =—i Y J% walt) . (86)
a=1

As they depend on the initial vector & of mean-field observables, that is of macroscopic averages,
and on the time-evolution of & into &y, for later convenience, we shall denote by o(&;) the symplectic

(@)

matrix with components o,/ (t) and by o () the symplectic matrix at time ¢ = 0 with components
| Nl
o (&) = —i lim N Z w( [vﬂ“) , vl(,(k)} ) = —iw( [V, v,,]) = —iTr (p [V, v,,]) , (87)

N—oo

where we have used the assumed translation-invariance of the state w.
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Remark 7. Using the matrix M;(&) in (55), one gets
(&) = My(@) o (@) M{" (@) - (88)

Such a relation follows from (50) and (86) that yield

@) (t) = —ii T2, w (0 [va]) = —iww <[at v [UM]D .
a=1

Then, taking the time-derivative of both sides of the above equality and using (64),

d . - -
So(@) = [D(wt) , a(wt)} . (89)
Note that the map o(&J) — o(&J;) is non-linear since D(&;) depends on o (). O

Let FY) be the operator-valued vector with components

N-1

1
(N):7§: o®) — M (EY) =12, d?
FM M 1L 3 s &y ) ’
vV N k:=0< )

at t = 0. Given the local exponential operators

d2
W) = T B =N B (90)
pn=1

with respect to a translation invariant, clustering state w, in the mesoscopic limit (see Definition 2
in Section 2.3), they give rise to Weyl operators

W (7) = exp (if'- ﬁ) =m — lim WN(7) (91)

N—oo

where the vector F has components F,, 1 < pu < d? given by

Fy=m— lim FN) (92)
— 00
and such that
[FM, Fl,} = (@) . (93)

4.1 Structure of the symplectic matrix

The density matrix p that represents w at each lattice site can be expanded as p = Zle Ty Uy
with respect the orthonormal matrix basis. It thus turns out that the corresponding generalised
Bloch vector {m}ﬁil is in the kernel of the symplectic matrix,

iauu(u—f) ry = Tr(p [V, p]) -0,
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whence o(&J) is not invertible. Actually, the kernel of the symplectic matrix is at least d-dimensional
for it also contains the generalized Bloch vectors corresponding to the eigenprojectors of p.

By an orthogonal rotation R(&), any non-invertible o () can be brought into the form

@) = 7@ 0@ R @) = (sl (94)

where the diagonal zero entry stands for a zero dy(&J) x do(&) square-matrix, while off-diagonal
zeroes stand for do(&) x d1(&) and dq (&) x do(d) O zero rectangular matrices, while o!1(iJ) is a
d1 (@) x di(@) invertible symplectic matrix, with d?> > do(J) > d the dimension of the kernel of
o () and dp (J) = d? — do(&) an even integer.

The orthogonal rotation matrix R(&J) that transforms o (&) into () does in general depend on
the vector & and amounts to a rotation of the hermitian matrix basis {Uu} _, into a new hermitian

matrix basis {va(w) = Zuzl Ry (0) u}' One can thus rotate the operator-valued vector F into
the form
G(&) = R(&)F (95)

so that the commutation relations (93) turn into

Gu(@), Go(@)| = i 5™ Ryl®) Fus(@) @) = 13003 (96)
a,f=1

Therefore, the first do(d) components of G(&) commute with all the others and among themselves
and constitute a commutative set.

Definition 5. By Go(3) we will denote the dy(&3)-dimensional operator-valued vector consisting of
the commuting components of G(&J) and by Gl(d)') the vector whose comonents are the remaining
dy (&) operators.

Then, the Weyl operators (91) split into the product of the exponentials of the commuting
components of Go(&J) and a quantum Weyl operators that cannot be further split:

do(@ d2
W = | [] exp (isu(Q)Gu(ﬁ)) exp (i Y 5@ @) | (97)
pl j=do(@)+1

where §(J) = R(&)7. Furthermore, the rotation into the new matrix basis {UM(Q)}Zil amounts to
rotating the Kossakowski matrix C' in the Lindblad generator (41) into a new, &-dependent Kos-
sakowski matrix C(dJ) = R(&J) C R (J) with symmetric and anti-symmetric components A(&) =
R(&J) AR (J) and B(&) = R(J) B R (&).

Because of (88), the matrix o(dJ;) remains non-invertible in the course of time.

4.2 Mesoscopic dissipative dynamics

Civen the local exponential operators W) () in (90), we now study the mesoscopic limit of their
dynamics at positive times ¢ > 0:

V() = W) =A™ W]
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We shall prove the existence of the following limit (see Definition 2)
. N i @ i — 2
]\}gnoo W 7 (%( ) [W(N) (T)D = Q7 (<I>t [W(T)D , Vg, r € RY (98)

where 2 is the mesoscopic state emerging from the microscopic state w at t = 0 according to (23),
W(7) = exp(iF - F ) is any element of the Weyl algebra W(x, o)) corresponding to the matrix
o(dJ) at time t = 0 with the components of F satisfying the commutation relations (93). These
limits define the maps ®¥ that describe the mesoscopic dynamics corresponding to the microscopic
dissipative time-evolution ’yt(N); their explicit form is given in the following theorem whose proof is
provided in Section 6.2.

Theorem 3. According to Definition 2, the dynamics of quantum fluctuations is given by the

mesoscopic limit @f =m — limy_eo ’yt(N), where
. 1. S o
W@ = exp (- 57 (H@)7)) WEE @), (99)
where, with T denoting time-ordering,
X(@) : =TelodsQ@) (100)
Q@) = —io(@) B + D(@) (101)
t
@) = [ (@) (0(@) A0 (@) Xi) (102)
0
In the above expression, Xis(&) = X¢(&) X;71(J), A is the symmetric component of the Kos-

sakowski matriz C' in (33), B = B + 2ih("® in (46). Finally, o(3;) is the time-dependent sym-
plectic matriz with entries given by (85) and D(&;) is the matrix defined in (52).

The structure of the mesoscopic dynamics looks like that of Gaussian maps transforming Weyl
operators onto Weyl operators with rotated parameters and further multiplied by a damping Gaus-

sian factor. Indeed, the time evolution sends 7 into X}" ()7 and the exponent 7 - <Yt(o_j) F) in the

. . . C+Cr . . .
prefactor is positive since A = ———— > 0 because such is the Kossakowski matrix C'. However,

as we shall see in the next section, the dependence on the macroscopic dynamics of mean-field
quantities makes the maps ®¢ non-linear on the Weyl algebra W(y, a(”)).

4.3 Structure of the mesoscopic dynamics

In this section we discuss in detail the properties of the mesoscopic dynamics defined by the maps
®¥, ¢t > 01in (99). It turns out that they act non-linearly on products of Weyl operators. Indeed,
if ®¢ were linear, using (21), one would get

—

OF [W (i)W (7)) = ®F |/ @MW (i)W ()| = !> OO 9P [W (i)W ()]

Instead, the following proposition shows that the symplectic matrix in the exponent at the right
hand side of the above equality is not o(dJ) at t = 0, rather o(dJ;) at time ¢ > 0. This is a
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consequence of the fact that the local operators W) (7) and W) (5) satisfy a Baker-Campbell-
Haussdorf relation of the form

WM AWM () = WM WM (7) exp ([g FN) 7. ﬁ“ﬂ +0 (&)) .

Since the leading order term in the argument of the exponential function is a mean-field quantity,
it keeps evolving in time under the action of %FN) in the large N limit and tends to the scalar
quantity i §- (o(¢y)7). This result is formally derived in the proof of the following Proposition given

in Section 6.3.

Proposition 1. The mesoscopic dynamics of the product of two Weyl operators satisfies

OF [W(F) W (5)] = ! F@N o8 W(W()] , V7, §eR” . (103)

The non-linearity of the fluctuation dynamics conflicts with the fact that any dissipative quantum
dynamics should be described by a semigroup of linear, completely positive maps. Notice that,
even if systems with time-dependent macroscopic averages have already been studied [21], the
puzzling result of Proposition 1 had not yet emerged for, in the framework of quantum fluctuations
theory only time-invariant states have been considered so far. In order to reconcile the result of
Proposition 1 with the desired behaviour of quantum dynamical maps, one needs to identify the
proper mesoscopic algebra suited to time-evolving canonical commutation relations. One has indeed
to consider quantum fluctuations obeying different algebraic rules that depend on the macroscopic
averages. The proper tool is offered by an extended algebra that allows to account for the dynamics
of quantum fluctuations with time-varying commutation relations. One is thus led to deal with a
peculiar hybrid system, in which there appear together quantum and classical degrees of freedom,
strongly connected since the commutator of two fluctuations is a classical dynamical variable.
Remarkably, the need for such a mathematical setting naturally emerges from a concrete many-
body quantum system as the dissipative quantum spin chain discussed above.

The maps <I>f can be extended to linear maps ®¢** on a larger algebra than W(y, J("J)). Via the
relations (86), the algebra W(x, c)) does indeed depend on the vector & of macroscopic averages
at time ¢ = 0. We shall then denote it by Wz and by Wz(7(J)) its Weyl operators, where we
further include the possibility that the vectors parametrizing the Weyl operators also depend on
. We shall assume that, for all J € S, the representation of the Weyl algebra be regular so that

W5 (7(&@)) = exp (iF(cU) : ﬁ(a)) , (104)

where ﬁ(ﬁ) is the operator-valued vector with components given by the Bosonic operators F},(dJ),
w=1,2....d2% for each & € S so that (compare with (25)),

@) F@), %@ F@)| = if@) - (o@mn(@)) (105)

We are thus dealing with a so-called field of von Neumann algebras {Wz}zcs that can be assembled
together into a direct integral von Neumann algebra [15]

®
wert = / dd Wy . (106)
S
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The most general elements of W are operator-valued functions of the form
Wi S3dm f(@)Wa(F(@)), (107)

with f any element of the von Neumann algebra L°°(S) of essentially bounded functions on S
with respect to the measure d@, that is f is measurable and bounded apart from sets of zero
measure, while the Weyl operators Wy (7(&)) € Wy correspond to the operator-valued functions
W3 evaluated at &; namely, W2(&) = Wz(7(d)).

Remark 8. Notice that the extended algebra cannot be written in a simpler tensor form; indeed,
each & determines its own Weyl algebra Wz and commutators of operators in Wz produce functions
on 8. Only if the algebras Wy were the same, W5 = W for all & € S, one could write Wt =
L>®(S)eW.

States on W are provided by general convex combinations of the form

D
Qm:/ di p(7) Qy . (108)
S

where () is any state on the Weyl algebra W; and p is any probability distribution over S. One
may call Gaussian a state Q" on W if the Q; in (108) are all Gaussian and a specific Gaussian
state )z on the Weyl algebra Wz can be selected by choosing a Dirac delta distribution localised
at J € S, p(V) = oz(V). O

On the extended algebra, we can then consider the extended linear maps ®¢*! defined by their
action on the building blocks Wg of weet:

(@5 W) (@) = F (@) oF Wa(F(@)] - (109)

Notice that ®** makes all parametric dependences on & evolve in time but for the one labelling
the Weyl algebra which is left fixed. Then, functions f(<J) and vectors 7(dJ) are mapped into
fi(&) :== f(&¢), respectively 7% (&) := 7(dJ¢), while, according to (99),

oF Wa(F(@)] = ¢""(&) Wa (X]7(&)7(&) (110)
@) = exp (—Q(F@»-(m)f@o))) . (111)

Notice that, because of the dependence of the matrix Y;(&J) on the whole trajectory & — &, and
not only on the end value &, the functions ¢™*(&) # ¢i (&) := ¢"(&;). On the other hand, if the
vector (&) = 7 does not explicitly depend on &, then it does not evolve in time and one recovers
the action (99) of the non-linear maps ®; of which the maps ®§** are indeed linear extensions.

The action of the extended dynamical maps can then be recast as

W) = fir g™ W, (112)

t Tt

where it is understood that, when evaluating such an operator valued function at & € S, the
matrix-valued function X; becomes X;(&), so that <X§’"F’t> (&3) = XI(&)7(&).
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Notice that the maps ®§** reproduce the time-dependent algebraic relations (103). Indeed,
setting E(&J) := exp(i 7 - (0(&)7s)), with d-independent vectors, then

(P WA WR]) (@) = (RFEWLW]) (&) = E(&y) BF Wi Wi ]
= exp(i - (0(&y)72)) PF* WL Wa ],

The expression (112) is best suited to inspect the composition law of the extended maps:

oo W] = @t [f W] = (gl @ (W, |
= (f))s gt gXt ”)S’sw)lctr(xtrms (113)

When evaluated at &, using (111), the right hand side yields

D 0 O WEI(@) = (f)(@) g7 (@) g X @) W (X (X7),) @) (114)
(X0 (XE70), ) (@) = XU (@) X{7(3,)7(@)e) (115)
giH(@) = g™ (@s) = exp —%F((cvs)t) : (Yt(ws)F((ws)t))) (116)

g0 (@) = exp (3 (X @IA@I) - (W@ XE@I@) ) - )

The dependence on s of the matrix Y;(ds) means that the macroscopic trajectories over which the
various integral (101)-(102) are computed originates from &s. Since the motion along a macroscopic
trajectory composes in such a way that (Js); = (Jy)s = Wyys for all s,¢ > 0 (see (56)), on one hand

(ft)8<(’v) = ft+8(w)7 F((va)t) - F(ws—}—t); while

Xy(@s) = Telo WQ@esu) — Tl duQ@) = x, (&) X71(@)  whence  (118)
Xl @) = Xa(@) Xy (@) = Ko@) Xy (@) - (119)

From the first relation it follows that
XI(@) X{ (@) = X4 (D) (120)

while the second one yields
t
@) = [ AuXin(@) @) A0 @ure) X0 (@)
0
t+s
— [ Xen(@ (@) A0 (@) X(5)
= V@)~ [ duXenn (@) 0(E) A" (6 XE @) (121)
0
Furthermore, using (118) and (119),

X, (@) Yal@) X7 (@) = /Osduxt+s,u<> (Bu) Ac™ (@) K17, 0(@) - (122)
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Together with (121), it yields
- ra . 1_ . o - .
gg‘vt(w) g()(%f Tt)s,s(w) = exp <—2 T(Ws+t) . (}/:S-i-t(w) T(ws+t))> — gT‘7S+t(w) )

In conclusion, (113) becomes

(I)ga:t o q)gzt[wff] = fris gF,t—i-s wi = @fﬁi[wgf] , (123)

Ts+t
whence the extended maps ®¢*! satisfy a semigroup composition law.
As stated in the following Proposition whose proof is given in Section 6.3, the linear extended

maps ®§* on the direct integral von Neumann algebra Wt are also completely positive.

Theorem 4. The maps ®¢*t in (109) form a one parameter family of completely positive, unital,
Gaussian maps on the von Neumann algebra YW,

Since the maps ®§*! form a semigroup on W¢!  their generator L¢*! is obtained by taking the
®
time-derivative of ®§** at t = 0 and will be of the form L' = d@Lg. The components Lg

S
cannot be of the typical Lindblad form that is expected of the generators of Gaussian completely
positive semigroups,

LQ[WTf(LD’)] - i[iHMV(Q)FM(Q)F,,(Q),W;(w)]

pr=1
+ dz K@) (Fu@) Wi@) F@) - 5 {F@ F@), wi@)) .

pr=1

If it were so, then

La[Wi(@)] = f(&) La[Wi(@)] .

and scalar functions would remain constant in time. We will show that the generator is of hybrid
form [9]-[12] with

e a drift contribution that makes @ evolve in time as a solution to the dynamical equation (52);
e mixed classical-quantum contributions;
e fully quantum contributions.

Intriguingly, despite the complete positivity of the maps ®§*!, we will show that the fully quantum
terms of the generator need not be of Lindblad form.

As we shall soon see, one has to take into account the non-invertibility of the symplectic matrix
o(dJ). According to Section 4.1, by means of a suitable orthogonal transformation R(J), (&)
can always be brought into the form (94) and the Weyl operators decomposed into a classical
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and quantum contribution as in (97). In the following, after rotating a given d? x d? matrix into
X (&) = R(J) X R (), we shall decompose it as

XOO((D‘) XOl (CU)
5)> , (124)

X(@) = (Xlo((j) X1
where, as in Remark 4.1, X%(&) is a do(&) x do(&) matrix, X°(J) a do(&) x dy (J) matrix, X10(J)

a d1 (@) x do() matrix and X (J) a di(&) x di(&5) matrix, where do(d) is the dimension of the
kernel of (&) and dy (&) = d? — do(3).

Theorem 5. The extended dissipative dynamics ¢t of quantum fluctuations has a generator of
®
the form L&t = / didLg. Every @-component consists of four different contributions, Lg =

S
drift cq . ;
LY 4+ LE + LY + LY a drift term

T wl@)] =a- 0 wl@) . (125)
a differential operator involving the classical degrees of freedom G (&), p = 1,2,...,do(dJ) intro-
duced in (95),
do(D) fro
cc 8 WF (w)
LS [Wq } 3 DY Gl®) 5 &) (126)
n,v=1

a mized classical-quantum term

c D () L OWi@

and a purely quantum term

do (@) 2
Ly [wi@)] =i d (HS(@) + H(@)) Gul@) |Gu(@), Wi@)] (128)
p=1 v=do(d))+1
S [Gu@) G(@), Wi@)] (129)

S K@ (G@Wl@ 66 - 3 {a@ae), wi@}), a0

pv=do(@)+1
with the dy (&) x di(&G) matriz of coefficients H' (&) given by

H@) = (@) + e @) D @)} (131)

where (h("¢)(G))™ is the 11-component of the matriz h("®) in (45) rotated by R(&) as in (124).
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Further, the do(&) x di(&) matriz H°V(J), respectively the di(&) x do(&) matriz HV (&) read

HY@) = L(0"(@) D@ 1 BY@) + (@) (132)
H@) = JD(@) (@) + 5 BY@) + BI@), (133)

where (RT)(@)'0 and (b ()0 are the 10 and 01 components of the matriz h("®) in (45) rotated
by R(&J) as in (124).
Finally, K''(&) amounts to

K@) = AM@) + BY@) + L [(0" @), D"@)] . (134)

The generator components L are easily checked to be trace-preserving while hermiticity preserva-
tion, Lg[X]" = Lg[XT], follows since the blocks D¥ (&), i,j = 0,1, are real matrices, and B'0(&),
B(%), as much as B(&), change sign under complex conjugation while (2" ()% and (h("¢) (3))0!
do not. Then, H''(&) and K''(&) are hermitian matrices whereas H (&), H%(&) are real matri-
ces.

Remark 9. Notice that Lg contains purely classical, purely quantum and mixed classical-quantum
contributions. Furthermore, the apparent Lindblad structure of the purely quantum contribution
]ngq corresponds to a Kossakowski matrix K !1(¢) which is in general not positive semi-definite. This
is due to the correction to C(J) = AM(3) + BY(&) > 0 given by %{(511(@’))*1, DH(JJ)}; the
latter matrix is traceless and cannot thus be positive semi-definite whence the positivity condition
K'(&) > 0 can be violated. Interestingly, despite of this, L = J ;B da L still generates a semigroup
of completely positive maps on the extended algebra. Though the dynamics on the extended algebra
consists of a semigroup of completely positive maps, the fact that its generator is not in Lindblad
form with positive Kossakowski matrix is because it mixes classical and quantum terms. In order to
recover the standard expression one should proceed to a fully quantum rendering of the evolution,
by lifting the classical contributions to a larger non-commutative algebra in such a way that the
generator in theorem 5 emerges as a restriction to a suitable commutative sub-algebra: a similar
approach was proposed in a rather different context in [11]. ]

Remark 10. Unlike the dissipative fluctuation time-evolution <I>‘LZj which is non-linear, the unitary
time-evolution oy on the quasi-local algebra A given by Theorem 2 is linear and does not need to
be extended to a larger algebra in order to be an acceptable quantum transformation. However, if,
in analogy to what has been done for ®¥, one introduces an extended algebra A°** whose elements
are operator-valued functions O on § with values in A, & — Og € A, unlike in Remark 8, at each
& we have the same quasi-local C* algebra A, so A%! = L*°(S) ® A. Then, the extended algebra
is generated by operators of the form Oy such that Of(dJ) = f(dJ) O, with f € L*>(S) and O any

local spin operator with finite support. We then define af** on A% as follows,

a:[O/)(@) = f(@) of 0]

where & + & as in (55) and of given by (60) with unitary operators Ut(S) (J) generated by

hamiltonians Hy = H (W) where the dependence on & is now made explicit. It then follows that
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we again obtain a semigroup on .4°“*; indeed,

a0 a5 [0](&) = o 0 a2 [O(&r45)] = 0]

U(S) (U_-;t>Ut(S) ((Zj) _ ']I‘e_ifos du HS) (Gpqa,) Te ™" fot du H (@) _ —zf“’s duH(S>(wu —zfo duH(S)( 3)
T P O @) _ ) (g

By taking the time-derivative of a’[O] at time ¢ = 0, a time-independent generator is obtained, of
the form

® .
IC:/ Ky, Kg=KTI 4 k1,
S

It is a hybrid generator characterised by the absence of mixed classical-quantum contributions, by
a purely classical drift part and a purely quantum contribution; explicitly, they read (compare (61)
at t =0):
. . S 1
Y0, @) = (5 0:1@) 0, KE[05() Z Buw, Y vl 0]

p,r=1 k=0

5 Conclusions

We have considered a quantum spin chain subjected to a purely dissipative mean-field quantum dy-
namics. By endowing the quantum spin chain with a state not left invariant by the time-evolution,
we studied the infinite volume limit of the latter on three algebras of observables. The first algebra
consists of commuting macroscopic averages that behave as classical degrees of freedom obeying
macroscopic equations of motions; the second algebra, build from quasi-local spin operators, despite
the dissipative character of the microscopic dynamics, undergoes a unitary time-evolution with a
homogeneous time-dependent hamiltonian. Finally, the third class of observables taken into con-
sideration represents a mesoscopic description level associated with suitable quantum fluctuations
showing a collective bosonic behaviour. Due to the time-dependence of the canonical commutation
relations obeyed by the fluctuations operators, the mesoscopic degrees of freedom also behave dis-
sipatively, but their dynamics is not directly interpretable in terms of linear, completely positive
maps.

We have thus extended the algebra of quantum fluctuation to accommodate the fact that macro-
scopic averages and quantum fluctuations are both dynamical variables. The issue is not only
mathematically interesting, but also of physical relevance since in almost all experimental setups
the macroscopic properties of the system actually vary in time.

On the extended algebra the non-linear fluctuations dynamics becomes linear, Gaussian and
completely positive, giving rise to hybrid dynamical semigroups. Quantum fluctuations have also
been experimentally investigated probing systems made of large number of atoms, and quantum
effects have been reported [27, 28, 29]. Collective spin operators of these atomic many-body systems,
once scaled by the inverse square root of the number of particles, have been observed to obey a
bosonic algebra. For this reason, they have been named mechanical oscillators: they might provide
a suitable concrete physical scenario where to test the theoretical results here reported.
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6 Proofs

We first prove Theorem 2 which provides the unitary dynamics of quasi-local observables and then
Theorem 3 which establishes the form of the dissipative dynamics of quantum fluctuations.

6.1 Dynamics of local observables

We begin with the proof of Lemma 1 which provides a bound on the norm of the action of pow-
ers of the generator LW in (41) on products, PWN) | of mean-field and strictly local operators.
Consequences of this fact are Corollary 1 which asserts that the series

0 Lk
'Yt(N)[P(N)] — L™ [P(N)] _ Z% (L(N))k [p(N)] ,
k=0
converges uniformly in N for ¢ > 0 in a suitable finite interval of time, and Corollary 2 which states
that v(N) behaves almost automorphically on products of P®Y). These two latter facts will then
be used to derive firstly the time-evolution of microscopic averages in Proposition 2 and then the
dynamics of quasi-local operators of the quantum spin chain in Theorem 2.

Lemma 1. Let PNY) € A be a spin operator of the form

N) (N N
P = xM xM L xM ox(M x| (135)
| V-1
where O is a strictly local operator and X](-N) =5 xék) is a mean-field operator as in (5) for

k=0
all 1 < j <p. Then,

1) 2 < EE2E e 40) @ + 208)" 0] 27

where L) is the generator in (41), €(O) is, according to Definition 3, is the finite support of O
and

c= m“fin{lAW\, |Buwl s [hGD1s (RG] Jeal } 5 v = max{||v[|}, = max {[lz;]]} .

Proof. Firstly, let us consider the action on PXY) of H(N) in (42): it consists of the sum of at
most d? terms of the form

m—1

N N N N N

VN sz),p(zv)} = VN Y xM.x®™) [VJN)7X§ )} XM xM 0. xW
j=1

i \/NXfN) X(N)1 [V(N), O} X)L x (V)

m—

p
+ \/NZXQL.X(N_) OX&N)...{Vw),XJ(,N)}.._XéN).

j=m
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Notice that the commutators

N—

™. 0] = 5 Sl 0= > b (136)

0 keS(O

>—‘

scale as fluctuation operators since the sum is fixed by the finite support of O, while commutators

of the form No1
1 1 «—
5] = e 2 ] (17

scale as mean-field operators further multiplied by 1/v/N. Therefore, the action of HN) on PWN)
reduces to the sum of at most d?(p + 1) monomials consisting of the products of a local operator
and p mean-field operators multiplied by the coefficients €,. Moreover,

N-1

v 2 [ )

k=0

HX]<.N>H <z, <2va, | Y {vfﬁ), o} <206(0) 0]l .

keS(0)

On the other hand, D®) yields sums of at most d* terms of the form [VN(N) , PV)] V,,(N) and

VLEN) (PN V,,(N)]. Then, the factor 1/v/N in (136) and (137) can be used to turn the operator
(N)

'’ that scales as a fluctuation operator, into a mean-field one VV / V/N. Tt thus follows that
the action of the generator gives rise to the sum of at most 2 d*(p + 1) monomials consisting of the
products of a local operator and p+ 1 mean-field operators multiplied by either the coefficients /TW
or EW. With respect to the monomials contributed by H(Y), they contain one additional term,

v,

VN

Since, by (30), [lvu|| < 1, it follows that v = max,{||v,||} < 1; thus, the norms of the monomials

<w.

provided by HY) can be bounded as those provided by D. Therefore, one can estimate the norm
of the action of LN) by means of the norms of d? 4+ 2d* monomials containing (p 4+ 1) mean-
field operators and a single local one. Furthermore, one sees that the monomials not containing
commutators with the local operator O are bounded by 2v? ||O|| 2P while those containing it by
202 4(0)||0|| «P.

(p+h)

Tterating this argument, (L&Y ))h [PN)] will then contain at most (d? 4 2d*)" monomials,

each one with a norm that can be upper bounded as if consisted of the product of h + p mean-field
quantities and strictly local operators all supported within S(O) and thus by at most £(O) sites.
Finally, the result follows since each of the coefficients multiplying the monomials is bounded from
above by 2c and the worst case scenario is when all successive commutators act on local operators
as each of them provides a factor £(O) > 1. O

The previous Lemma can now be used to show that 'yt(N) maps mean-field quantities into infinite
sums of products of mean-field quantities that converge in norm for all times ¢ in a certain time
interval [0, R].
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© Lk

Corollary 1. Let P'N) be as in (135); then, Z %(L(N))k[P(N)] converges in norm to %(N) [P(N)]
k=0 "

for 0 <t < R=(2cv?0(0)(d? 4+ 2d*))~L. Consider fy(z) = w (anL(N) [P(N)] b), where z € C

and a,b € A are strictly local operators. Then, for |z| < R,

© I k
z <N>) (V)
i () = 2 g i (0 @) r0m0)
Sk
Proof. Given the power series expansion Z E(]L(N))k[P(N)], z € C, from Lemma 1 it follows
k=0 """
that i )
2 (LN pY) [21\" (k4 p)t »
o WP | < () SR o) )
Since the bound is independent of N, the convergence is uniform in N for all |z| < R and one can
exchange the infinite sum with the large N limit. O

Using the previous corollary one can show that the dissipative dynamics of products of operators
of the form PW) factorizes in the large N limit, despite the fact that, for each finite N, the
time-evolution is not an automorphism of A.

Corollary 2. For all0 <t < R = (2¢v?£(0) (d®> +2d*))~" and operators PN) and QWN) of the
form (135),

[P 0] — AP = o <]17> |

Proof. The norm of the difference we want to show to vanish in the large IV limit, can be recast
as
d N N
a5 (R PY]2 e || [ g
where, using (36),

Dy(t-s) = LW [%U_Vs [P(N)} 1) [Q‘N):] — LW [%(]_Vs) [P(N)H%(Ns) [Q( )]

I= ds A MDDy (t - s)]

d? 1 N-1 W [
= Z CHVN [ U;gk) y Vi—s _P(N):|

2] 3]

h=0

(N)

Since v, ’ is a contraction for any N

estimates [ < fg ds ||Dn(s)||, where

v

1 (see Remark 4.1), nyt(N)[X]H < || X, whence one

|

d?
IDxE)I < Y |G| 5

H,v=1 |

N-1
e

N—-1
[z o) A9 [@wq] || |

h=0
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The result then follows by showing that

N—-1 N—-1
[Z P, (M) [ P(N)} [Z o) L [PV
k=0 k=0

In order to prove it, one can use the argument of the proof of Lemma 1: operators from different
N-1

sites commute, hence commutators of Z vftk) with mean-field operators yield mean-field operators,
k=0

V)
~

lim

N—o0 0!
=0

< 00 .

N—-1
while commutators of Z Ufﬁ) with local operators yield local operators with the same or a smaller

k=0
support. Therefore, the radius of norm-convergence with respect to s > 0 of

] N-1
2 ¢ p(N)
> || S s
=0
can be estimated by the R in the previous corollary. O

In order to proceed with the proof of Theorem 2, we first derive the time evolutions of the
macroscopic averages introduced in Definition 4.

Proposition 2. Let w be a translation-invariant, clustering state on the quasi-local algebra A and
L) the dissipative Lindblad generator in (41) with R as in Corollary 1. Then, for 0 <t < R, the
macroscopic averages in (47) evolve according to the set of non-linear equations

d2
%wa(t) = Z <ZBMV wy(t) + “M) Wya(t)
d2
= Z (ZBWW,, +16M>ngwy(t), Va=1,2,...d*.
wy=1 v=1

Proof. Consider the expression of the generator L!Y) as given in (41), Corollary 1 states that,
for all 0 < t < R, the series in (47), obtained by expanding *yt(N), converges uniformly in N; one

can then exchange the large N limit with the time-derivative obtaining:

N—oo

d . N
&wa(t) = lim w <’yt( )
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where

r. N—1 b d? N-1
H) 1 (ON - Z-ZE 1 [U(k) v(k‘)] (138)
Nk:oa u=1MNk’=0 S
r 1 N—1 b 1 d2 N-1
~ (N k T k) (k k
[13w) - ST A ] ] o
L™ k=0 J =1 k=0
r 1 N—1 h 1 d> N-1
~N k > k k 14
B ~ v((l) = o Z ZBHV{[UL)’U&)] ,’U,(,)} . (140)
L k=0 | p,v=1kL=0

Using (48) and (50), the large N limit of the hamiltonian contribution yields
| V-1 d2 d2
. N , .
A}gﬂoow <’Yt( ) E® [N Z U&’ﬂ]) =1 Zﬁuwua(t) =1 Z en Jhgwal(t) -
k=0 /,L=1 lhﬁ:l
Concerning the dissipative contribution, since ’yiN) is a contraction one has
N-1 N-1 3 d?
(N) LI ) LS ml] <22 i

EE S EOII[ LSS ST WP

=1
whence A does not contribute.

On the other hand, using (140) and Corollary 2, it follows that, in norm,

1 N-L 1 2 (1 V=L 1 Nl
P 2| =5 8 Bt {5 ]
k=0 L

A i

o [@(N)

w,r=1 k=0 N =0
1S w1 &) (k) l w1 0 1
:izB#V Ve NZ[UN 7vo¢] » Tt szu + O N :
p,v=1 k=0 J /=0

From Corollary 1 one knows that, for 0 < ¢t < R, mean-field operators are turned into norm-
convergent series of mean-field operators; moreover, these latter behave as stated in (7) in the large
N limit. Then, using Corollary 2 together with (47) and (48) one obtains

( ™ | N-1
lim w 'ytN — v&k)”> =
N k=0

N—oo

B

d? ) r 1 N-1 w1 N-1
_ R il k) k) . ¢
= Y Bu Jim w (% ~ 2o ol }] " [N ZUV)D
nr=1 L k=0 =0
d2 TN—1 N-1 (9
=~ ([vg, va]) ™ N Uy
= Z B, ]\}urn w <’y§ ) k N w ’yf ) N
w,r=1 L k=0 =0
d? d?
= Y Buwualt) w(t) = By wy(t) Jhgwp(t)
w,r=1 w,B,v=1
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By means of the time-evolution of macroscopic averages, we move on to prove Theorem 2: we
first show that the result holds for times 0 < ¢t < R, R as in Corollary 1, and for strictly local
operators and then relax these two constraints.

Theorem 2. Let the quasi-local algebra A be equipped with a translation-invariant, clustering
state w. In the large N limit, the local dissipative generators LYY) in (41) define on A a one-
parameter family of automorphisms that depend on the state w and are such that, for all0 <t < T,
T > 0 arbitrary,

lim w (a 'yt(N) (0] b) =w (ay[O]b) ,

N—o0

for all a,b € A and O € A. If O has finite support S(O) C [0, S — 1], then
0] = U ou® | U =Teifodst (141)

with explicitly time-dependent hamiltonian

d? S—1 d?

:_ZZZ<ZBwa ~|—zeu) (k), (142)

n k=0 v=1

where

Crt e () s t Sk—1
Tefzfo ds HS® — 1+Z(_Z‘)k/ dsl.../ dSngf)Hgf) .
k—1 0 0

Proof. Given a,b € A and O strictly local with fixed finite support S(O) = [0,S — 1], we
consider the hamiltonian Ht(s) as in (142), set

T
Ori= (U) 0Uf¥ , DN, 5) = =N 0]
ds
and study the large N limit of
t
INM@) =w(a ’y(N)O — O] b :/ dsw (a DM (t,s)b) . 143
(1) =w(a (V101 = 0) b) = [ dse (a DV (t,5)0) (143)
One finds
D(N) (ta S) - ,)éN) L(N) [Ot—S] —1 |:H5(S) ’ Ot—s}
_ _ S—1 d?
:,ygN) [(A(N) + ]B(N)) [O4—s } _ 7gN) Z Z Bijy ) L Ops| . (144)
k=0 p,v=1

Since Ht(s) is the sum of single-site contributions, O;_; is a strictly local operator with the same
support as O. Thus, as in the proof of the previous proposition, the action of A of the generator
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LX) (see (43)) is such that limy s HT&(N) [04_J]|| = 0. Instead, the contribution BYY) in (44)

yields
d? E N N-1
(N _ @
B()[Ot_S]_szjl 5 {X (t—s) NZ } )t —s) Lz:v) Oi—s | »

with X lSS) (t — s) a strictly local operator with support fixed by O. Then,

1 & 1 &
; x(9) — N @ L Bl '
A}l_r)réo { (t,s) N kg_ b } 2X )(t, ) ~ kg_ yields
. _ _ (N)
A}l_I)IéOHD (t,s H hrn AN E BWX (t—s)Z,"(s)||| , where
w,v=1
BER (4 — )
I .
k=0
Therefore, one can focus upon the limit
lim |1™V(1)| < § Bl [ d Jim [1(t,5)]  wh
i | W] s lim s where

p,rv=1

I/S]X)(t, s) = w <a’y§ ) [Z,EN)(S) XlSN)(t,s)} b) .

Using the Cauchy-Schwarz inequality and the Kadison inequality for completely positive maps 7,
Afata] > (v[a])! ]z, we have:

19009 < taan [0 o (56 [ (2700 ] ).

Both X (S)( s) and Z,EN)(S) have norms independent of N; moreover,

lim w <7§N) {Z,EN)(S)D =0

N—o0

because of (47) and of the fact that V(N)[ 1] = 1. Furthermore, Zl(,N)(s) is a mean-field quantity,
whence limy .. 1N () = 0 follows from Corollary 2 which yields

Jim o (00| (2090))"] o) = (aal) (Jim o (- [Z£N><s>]))2 0.

The result just obtained is valid for 0 <t < R and for strictly local operators O. It can be extended
to all times in compact subsets of the positive real line and to the whole quasi-local algebra A.
While the norm-preserving maps a;, 0 <t < R, can be extended by continuity to the quasi-local
algebra, the extension to any finite time ¢ > 0 is obtained by the following Proposition 3. O
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The first extension regards the time domain and makes use of the following result [30].

Theorem 6. (Vitali-Porter) Let Q be a connected open subset of the complex plane C and
D(zp,7) ={z: |z — 20| <r,r >0} an open disk about zy € C.

Let {fn(2)} be a locally bounded sequence of analytic functions on Q, namely such that for
all zy € Q there is a positive number M = M (zp) and a neighbourhood D(zy,r) C Q such that
lfn(2)] < M, for all z € D(zo,7) and all fx.

If imn 00 fN(2) exists for all z in a subset E C Q which contains at least one accumulation
point in §, then imy_,o0 fNn(2) = f(2) uniformly on any compact subset of Q0 where f is then
analytic.

Proposition 3. The convergence of the microscopic dynamics 'yt(N) to an automorphism of on

strictly local operators O € A as established in Theorem 2 holds for all times t € [0,T] for any fived
T>0.

Proof. Given the connected open subset Q = {z=t+1iy : t >0, |y| < R} C C, consider the

sequence of complex functions fy(z) = w <a L™ [O] b> defined in Corollary 1. These are analytic

(N)

functions and locally bounded on §2 for v\*¥/ is a contraction,

@] = (ae™ o e [0)b) | < fal o] e

o

The last norm is bounded uniformly in N for |y| < R; this follows by applying Corollary 1, which
also shows that limpy_,o fn(2) exists for all z € E = {z=t+iy : t >0, |z| < R}. Then, the
Vitali-Porter theorem ensures that limy_, fn(z) = f(2) with f(z) an analytic function, uniformly
on any compact subset of €.

With §(O) = [0,S — 1] the support of O, let us consider the time-evolutor Ut(s) in (141)

and complexify the time-dependence sending 7Y in (142) into Héfs)), where z(s) = s(1 + iy/t)

t
so that z(t) = t + 4y, and consider USS)(z(t)) = Texp (—z/ ds H(S)(z(s))>, together with
0
¢
the inverted time-ordered exponential UJ(FS)(z(t)) = T lexp <z/ ds H(S)(z(s))>: they satisfy
0
UJ(FS)(z(t)) UES)(z(t)) =1, while, if z(s) = s for all s € [0,¢], then
S S S S
v ew) =uf v ew) = )

Since the hamiltonians in (61) are sums of single-site operators that do not modify the support of
the time-evolving strictly local operator O, the functions

us(2(8)) = w (a U9 (z(t) 0UI (2(t)) b) abe A,
are also analytic on §2; indeed, they are bounded:

fus(=(6)] < llall el 101 [T52@)]| {0 )| < lal el o e s,
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where Hpqp = maxo<s<q ||[H®)(2(s))||. Consider now T > R and the subset
Qr={z=t+iy: 0<t<T, |y <R} .

We have that f(z) and ug(z) are both analytic functions on Q7. Moreover, due to Theorem 2,
f(z(t)) = us(2(t)) for z = t € [0, R); therefore, f(z(t)) = ug(z(t)) for all z(t) € Qr, so that the
restriction to the real line yields the result. O

We can now conclude by extending the previous results from strictly local operators O to mean-
field operators.
Corollary 3. The convergence of the microscopic dynamics %(N) to the automorphisms oy on the
quasi-local algebra A as in Theorem 2 holds for operators arising as strong limits of mean-field
operators.

N-1
1
Proof. Consider the mean-field operator X V) = N Z z®) . For t e [0, R) the dynamics
k=0
implemented by Ut(N) satisfies, in the large NN limit, the equation of motion of Proposition 2.
Furthermore, with the notations of the previous proposition,

N-1
tim w (U (0) XM UM (@) = i %Zw

N—oo

/N

U ((8) 2 ® U™ (2(0)))
< HUSV)(Z(t))xU£N>(z(t))H.

with € A strictly local. Then, as in Proposition 3, limy_,oo w (USFN)(z(t))X(N) g™ (Z(t))>
provides an analytic function on compact subsets of Qr = {z=t+iy : 0<t<T, |y| < R}, T >

R, and its restriction to ¢ € [0,7) implements the large N dynamics induced by the generator
L"), O

6.2 Dynamics of quantum fluctuations

This section will be devoted to the proofs of the results concerning the structure and properties
of the generator of the dissipative dynamics of quantum fluctuations. We start with the proof of
Theorem 3 which is divided into several steps, the first ones concerning the algebraic behaviour of
quantum fluctuations, mean-field quantities and local exponentials in the large N limit.

Lemma 2. For all 75 € RT, it holds that

N—oo

lim H(V[/t(N)(ﬁ))T (Fl : ﬁt(N)) Wt(N)(Fz) _F F‘:t(N) L (T(N) F1>

=0

where TWN) = [T,S]VV)] is the mean-field operator-valued matriz with entries (84).
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Proof. Using

e””ye‘xzzn,K”H Koyl = [¢, Ky '], Kyl=y, Vo,ycA, (145)
n=0

by means of (84) we write

Y .
In order to deal with ZMN)(¢) = Z (=9) K" F‘N)[ 1 -Ft(N)], notice that, since operators at different
i

n=2
lattice sites commute,

K7 s 7 F] = Nzl Z %—;1’%[”&@7 [vgg,... Mﬁ)@k)”...} :

k= OVllzl, 7N'n—1

whence, with £ = max;{|ri;|, |rz;|} and v = max,, ||v,]|,

d*(2&vd?*)" vEd? 2
K" o [ - FY H < VEPREVA)T 701y < et
i ot V)| < ZEEEEEY 2 < 26
so that limy o [|ZV)(£)|| = 0 and the result follows. O

N—
1
Lemma 3. In the large N limit any mean-field quantity XN = =y Z , x € My(C), commutes
k=0

with the local exponential operators in the sense that

s [ )| -0

N—oo

Proof. Using (145) one writes

[X(N)7 Wt(N)(F')} _ (X(N) _ Wt(N)(F)X(N) (Wt(N)(F)>T> Wt(N)(f‘)
- (ZK"F(N) )Wt( (@ with

K pon (X = NZI Z e [ [uff) - [ 2 @]] ] )

k=0 pi1,..,un=1

Then, as in the proof of the previous lemma, the result follows from

[l w ] < e
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The following Proposition specifies the speed with which the limit established in Proposition 2
is attained, a result which will be applied in the coming estimates

Proposition 4. With w" )( t) and wfm)( t) defined in (47) and (48) one has that:

d (N) (4 - DN (4 £ Myl =0 1 147
0 = 32 (P50 + i6n) (0 - (%) (147

d2
= > Bu JwM(1), (148)
Bu,r=1
with Eqp the entries of the matriz € defined in (53).

Proof. Consider the time-derivative of w(" (t) in

-1
1
" <%;N> [Huv) [N S b

k
d> N-1 N-1
Z ( [ 1 U‘(Lk v } L Ul(/h)}]
v=1 k=0 N
Since, using (47) and (50),

1 N-1 d?
“’( : g ”) =i i)
k:O p=1

and, as already seen in the proof of Proposition 2, the action of the AW term of the generator on
mean-field observables is in norm a O (%) quantity, one has

&
&
Q
=
S~—
1

l\DM—~

15 SAD)

d d?
Z(ZBMVOJ(N) +ze) fm)(t) §O<;f>+
+* Z By, < (% ) HlNZ_l [vfﬁ),v&k)} ,1N_1vl,k)} ) - 2w,(£)(t)w£m(t)>
=1 Nz N

Using (47), (50), (83) and the fact that fluctuation have zero mean values, one rewrites

k=0 0
LS R0 )
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The required scaling results from Lemma 8 in Appendix B and the fact that the Cauchy-Schwartz
(N)

inequality relative to the expectations with respect to the state w o+, "’ yields

)w (™ [EM @ FM)]) ’2 <w ('Yt(N) {(FW(N) (t)>2D w (%UV) [(FV(N) (t)ﬂ) :
O

The following proposition establishes the asymptotic form of the action of the generator L(Y) on
local exponential.

Proposition 5. Given the local exponentials W (f") = exp (zr F( )>, we have that:

e (L9 19 7] 0] -

e o 1) - -
—%F-( V(A + 2009 T - f)ﬁN)TW))F)Wt(N)(F)D ,

where cD’gN) e R™ is the vector with components w,SN) (t) in (47), € is the real vector with component

given by the coefficients of the free hamiltonian h\N) in (29), TW) = [Tﬁﬁ’)] is the operator-valued
matriz with entries (84), while l~?§N) is the real d* x d* matriz whose entries are defined in (53).

The proof of the above Proposition follows by grouping together the results of the next three
Lemmas.

Lemma 4. The action of the HN) component of LY is such that

limoocu,rl,v2 (7§N) [H(N) [Wt(N)(F)} > Wt(N)(ﬁD _

N—
~ = = 3
= ]\}lm Wy 7 ('Yt [( VN7 <gwt ) — 7. (gFt(N)) + Uk (gT(N) 7")) Wt(N)(f‘)] ) :
where € is the d* x d*> matriz defined in (53).

Proof. Using (145), one splits the action

—_
ISH

™)
P
—_

d2

H(N) [ ] i €u [ (k) W( )(7:‘):| = Z h# Z Z %K;ﬁ(N) [U;(Lk)] Wt(N) (77)

p=1 0 p=1 k=0 n=1

=2

e
Il
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into three terms: the first one, with n = 1, scales as 1/v/N and, by means of (50), the definition of
quantum fluctuations (83) and of the matrix £ in (53), can be recast as

d? 1 N—l[ } ) d? 1 N-1
= *) »® W _ L (k
Zeurl, — v, vy, () = Z €ntv J), ﬁZUW

p,v=1 N k=0 v y=1 N k=0

d2
N) o
== > qn i () + VNG @) W (@)
v y=1

=7 (MY WM - VN7 (e WM @)

The second one corresponds to n = 2 and scales as 1/N: by using the algebraic relations (50) and
the expressions in (53), it reads

d? N—

—_

R A R
i+ A W _ L V) 2\ ™) (=
:2%%::16#1",,7“7 N kg [ } p (r)zir- <5T 7‘) W (r)

Finally, the norm of the third remaining term,

d? N-1 oo .,
Y e >0 S SE e

pn=1 k=0 n=3

can be shown to vanish as 1/v/N by similar methods as in the proof of Lemma 2. O

Lemma 5. The action of the AW component of L) is such that

lim wsr, (3 [N W @]]) = 1w, (%(N) Hf. (70 A7 7) ngmw .

N—=

Proof. Using (145), a same argument as in the proof of Lemma 2 yields

. A\ .
[V( ) W(N)( )} _ <V#(N) _ Wt(N)(T‘) V“(N) (Wt(N)(T)) ) Wt(N)(T)
- (z [F-E(N), V;M} + z,gm) w7 (149)
B = Y K VY] (150)
n=2

The latter contribution can be estimated as follow: first of all, using (146) one gets the upper bound

|

1
A /Nn—l
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, 1

where ¢ := szl T4 Uy, SO that HZLN)H < —e
- VN

(N)”

29l implies Hmy—o0 HZ‘(N)H = 0. An analogous

argument shows that limy_, H [ELN) , ‘ = 0. Then, applying again (149), one gets

(v, w @] v = = ([ [7- 59, ] vio) + [509, v] ) wie
—(i [F~ﬁt( ) V(N)} 4 Z(N)> ([ F'( ) VV(N)} + EI(,N)> Wt(N)(F) ‘

Then, since the terms |7- F;(N) , VM(N)} scale as mean-field quantities and are thus bounded in the

large N limit, to the leading order

d
A {Wt(N)(F)} ~ 3 Agu [,?. M V;EN)] [F- FV vy w®

Lemma 6. The action of the BW) component of L) is such that

Y (6 50 [ 71] ) -

= lim wpp, (’Yt(N) [(\/ﬁzr D(N) _'(N) — 7. (T(N) B — ﬁgN)) F;(N)

N—
L (BTN 4 9 a7 e 70 F) W w]) |

1
2

(N)

where @, is the real vector with components given by (47) and ]_5§N) is the matriz defined in (53).

N—
Proof. The operators VV) = \/T Z are turned into fluctuations F" )( t) (see relation

(83)) by adding and subtracting the scalars wf )( l(,k)) Thus, with the notation of (47), one gets:

d2
) [Wt(N)(F)} _ % S B {[V!L(N)’ Wt(N)(F)} ’ FZEN)(t)} as51)
p,v=1
2 N-1
+ Y Buwo™M©) [vff“), Wt(N)(F)] , (152)
pr=1 k=0

with wi™) (t) given by (47). We denote by IB%gN) [Wt(N) (7)], respectively ]B%gN) [Wt(N) (7)] the expression
n (151), respectively in (152) and treat them separately.
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(N) .

e Term B; "’ : A similar argument as the one leading to (149)-(150) allows one to recast
1 &
N N = N) =
BY [wN®| = =5 3 Bu {PwM@), EV®)  where
pn,v=1
I 0] N N - " K" N
P—Z[T-Ft v >}+z,g>, Z; o V)

The anti-commutators can be studied as follows; firstly, we rewrite

{PW™@), KV} = (P (WY@ FD O WY (0) + PENG) w6
+ [EM @), Pl wiN @)

v

v

=2PEMO WM +iP [F FN F<N>(t)] w ) + P w7 (153)
+ [F<N>(t), p] w7 . (154)

Then, using the scaling of the local fluctuations F(SCN) (t) and that of the infinite sums ZgN), together

with the fact that spin operators at different sites commute, one readily finds that, for all a, 5 =
1,2,...,d%

. N .

lim H [F(gN)(t), = )” — lim H [F;M(t), P} H ~0. (155)

N—oo N—oo

Thus, the only terms in (153) and (154) whose norms do not vanish in large N limit are

22V EN w2 | YLV EN 0w ) (156)

14

from the first contribution to (153) and

- [f-ﬁt(m, V<N>} [F-E(N), F5N>(t)} Z rars TN T WM @ (157)
a,8=1

from the second one, where use has been made of (84). As regards the first term in (156), using
(155), Lemma 7 and Lemma 8 in Appendix B, one finds

Jim wr, (3 [S0 EMOW@)]) = dim wng, (1 [FY 0 =0 W @9)])
2
< g 10 %v <W<N>(F1>7§N) {(FéN)(t)) } (W<N><fa))*> —0.

On the other hand, the second term in (156) contributes to the large N limit with

d? N-1 N-1
~i Y Bu [F-é‘N), V,jm} FMt)=—i Y Bu m% 3 [Ug@ : vfﬁ)] FIN (1)
pr=1 p,v,o=1 k=0
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Concerning (157), it gives rise to a contribution

d2
~ 1
Z TaTB To(zﬁ]) ngiV) By Wt(N) (M) =—57" (T(N)B T(N)F) Wt(N) (7)

1
2 2
O‘vﬁ Nvlj:l

that can be again estimated by means of Lemma 7 in Appendix B. With h(re) as defined in (45),
one has B = B + 2ih("). Then

2

7. (T(N) (l; _ z’h(”e)> T(N) F) Wt(N)(F)]>
< i‘w (WW)(q)%(N) [(F ((T(N)BT(N)F>>2] (W(N)(Fl)>T>‘ _

Since the operator-valued matrix TN) has entries which scale as mean-field quantities, and, in the
large N limit, tend to the entries of the symplectic matrix o(dJ;), Lemma 3 yields

warr, (W [ (T (B = 2t TR W @) )| < |7 (0(@) Bo@)r)
because of the anti-symmetric character of the matrices o(;) and B. Concluding,

lim wp, gz, (%FN) [BgN) [Wt(N) (T)H) -

N—o0
_ Nhinoo“’m <%(N> [_ﬁ. (T(N) BF™ 4 <T<N> pre) T(N)F)) Wt(N)(T)D . (158)

) 2
lim =0
N—o0

e Term IB%%N) : In analogy with the treatment of previous commutators, we first recast (152) as
follows:

d? N-1
N N = . - (N
BV (wMm)| = 3 BuwM) ( [vaﬁ%r- il (159)
w,r=1 k=0
1 N-1
+ 3 7 Ft(N)v 7 t(N)v Z Ug“)]]) Wt(N)(T) + By, (160)
k=0

where By is a term which vanishes in norm when N — oo. Using the matrix basis relations
(30), (53) and the anti-symmetry of the operator-valued matrix T, the double commutator in
(160) can be recast in the form

L& (N) & R (k)
L S a0 3 N,;[ o) -

p,v=1 1
1 d? 1 N—-1 1 B

=3 > rars Z B 73, wM(t o), o] = S (D T@F)
a,By=1 =1 k=0
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where INDIEN) is the matrix given in (53). Analogously, the sum in (159) can be rewritten as

N— &2 N—
1
DD CL IR LI R, SR
a,f=1 pr=1 k=0 a,B=1 k=0
" N (N
() e (500 ).
where @',EN) denotes the vector with d? real components w,SN) (t) given by (47). O

With the help of the previous Proposition, we now conclude with the proof of Theorem 3.

Theorem 3.  According to Definition 2, the dynamics of quantum fluctuations is given by the
mesoscopic limit @f =m — limy_eo ’yt(N), where
- 1 L L
W) = exp (-5 (V@) W@ .

where, with T denoting time-ordering,

Xi(@) ¢ = TehdsQ(@)
Q((D’t) = —iU(wt)B + D(Cvt)
¢
@) = [ dsXi(@) (o) Ao (@) Xin@)
0
In the above expression, X; (@) = X¢(&) X;H&), A is the symmetric component of the Kos-

sakowski matriz C in (33), B = B+ 2ih\"® in (45). Finally, o(&;) is the time-dependent sym-
plectic matriz with entries given by (85) and D(&;) is the matriz defined in (52).

Proof. We prove the assertion by showing that limy_..c IN)(t) = 0, where
1) 1= wrry (f W) = e 2EO@ON WO (xEr(@)7))
Indeed, from Theorem 1 we know that, for all 71 2 € RdQ,

Jm s, (WX @) = Oy (WXL @)0))

Since the matrix B is such that the conjugated matrix B* = —B and the matrices o(w;) and D(;)
are real, such is also Q(&;) as well as the matrix X(&J) solution to

d

&Xt((’v) = Q(dr) Xt (W) , Xo(@) = 1.

Moreover, its inverse matrix, X, 1(@), is given by the inverted time-ordered exponential

@ =1 e (- [as0@)) . SX@ - X @e@).
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Then, we set X; (&) := X¢(d) X, (&), and introduce the matrix

Yys(& /dTXtT &) Ao' (@) X{HH(D)

Since Wiﬁ&(){%(@’)f’) = WX (&)7), we write:

A W] — et W (i (@)

:/Otdsds(fygm [W< J(XP (@ )*)} ~1/27( m(@ﬂ)

t
0 b

(161)
T (= d T (S
AR =L WM @) ] + W e @)
1d
— 7. 2\ (N) tr (—
5= (7 (Vas@)m) ) W (X @)r) - (162)

Observe that the time-derivative of the exponent of W(N)(Xffs (W)7) yields

3 (X@7 ) =~ (@) - (Q@)AY) — VN (i@ -4

where Q’IEN) stands for the vector with components wi

y )( t) (see (47)). Then, from the well known
result of Lemma 9 reported and proved for sake of completeness in Appendix B

d o — i d s & ;o
WV @M = 3T ) [ (X17(@)7) -F§N>} W (X (@)
k=1 b

=< iX@)7 (Q@)FM) — i VN (X{n(@)7) - ™)

5 [(xt@n) - Y, (xtn@)) - (Q@) BV + Z§N>> W (X! (@)7)

where Zt( ) contains an infinite sum starting from k& = 3 and thus vanishes in norm when N — oo
while the commutator yields

[(xin@)R) - N (xin@)) - (Q@)FN) | = — (X1@)7) - (Q@) TN X(@)7)
thus, through TW),| it exhibits a mean-field scaling when N — co. Finally,
d - . oy o
o Vs (@)7) = (X{L(@)7) - (o(s) Ao (@) Xy (@)F) -

Setting £ = X{"(3)7 for sake of simplicity, (162) can thus be recast as

= LW [WME] —ivN (€-6N) W) —i (& (Q@)FN) ) wiM(E)
— S (6 (@@ T™ + 0(3)) A0(3.)E) WV E

—

+ 7 WEE

AN
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The last term does not contribute to the mesoscopic limit and Proposition 5 provides the mesoscopic
behaviour of the first contribution to the right hand side of the equality above. We now group
together terms with the same scaling with 1/N and show that, in the mesoscopic limit, the following
quantities vanish:

A [VNE (B +ig) e — &™) wi (@] (163)
A (€ (T B = DM — ie + Q@) FM) wiM(E)] (164)
() :(5. (T AT U@S)Ao—(ws))f‘) WM () (165)
A (g (DgN) T — Q&) T — 2iT(N)hT<N))§) W§N)(l§)} : (166)

Notice that 70V is an operator-valued matrix with entries that scale as mean-field observables; then,
we proceed by showing that, in the large N limit, in the above expressions, mean-field operators of

N-1
1
the form MM .= — g v*) can be substituted by their expectations wy(t) = lim wt(N)(M(gN))
N P N—o0

with respect to the large N limit of the time-evolving state w,EN) =wo fyt(N). Indeed, in (165) and
(166) there appear terms of the type

0 [V M W) | (167
while terms of the form B
AN [ M F () W@ (168)
appear in (164) and terms as
o (MM W @] (169)

are to be found both in (163) and (166).
Let us consider the latter expression and study the limit

dim wr, (YO [(ME) = wals)) WME)]) -

Using Lemma 7 in Appendix B, and the Kadison inequality, one has
wair (10 [ (M) = wals)) WVE)]) | <

< \/w (WW)(H)%EN) [(Mém - wa<t))2] (W(N)(ﬂ))*) .
Then, Lemma 3 and Corollary 2 yield

i (WO | () = (o))’ | (W) ) =

N—oo




Therefore, we have that

Jim iy (26 [0 W

oy
SN—
| I
——
|
&
Q
—
V)
SN—
—_
=
&
S
=
e’
/N
2
»~
2
<
2
oY
\_/l
|
—

By a similar argument, one shows that

i wr <7§N) [MéN) M[(aN) W) @D =

. N = . =
= wa(s) lim wrr, (1) [MPIWE)]) = wals)ws(s) Jim wrr, (A [WVE)]) -
Now we consider the following quantity

dim wir, (V7 [(MY) —wals)) EWNE])

The operator M(SN) scales as a mean-field quantity; therefore, the norm of its commutator with
quantities that scale as fluctuations vanishes in the large N limit. Then, because of Lemma 3, we
have that

Jim wir, (3 [(ME) —wa()) BV WINE)]) =
w7 (7§N) [FL(LN)(S) WM () (MéN) - wa(s))D :

Finally, Lemma 7 in Appendix B and the Kadison inequality applied to the term on the right-hand
side of the equality, yield the following bound

x\/w(((W<N>(f2))T H ) [(MCQN) —wa(s))z] W(N)(F2)> .

The first term on the right-hand side is bounded by Lemma 8 in Appendix B, while the second
one, as already shown, vanishes in the large N limit. Therefore,

Tim i, (200 (MO Y ) WV (©)]) =
= wa(s) A w7 <’Y§N) |:FS(N)(/U:M) Wi ({)D '

Applying these considerations to the quantities (163)—(166), one thus sees that (163) vanishes in
the large N limit because of Proposition 4. Furthermore

' (N) |, (T(NV) MY ) = —€. 3 3)E
Jim w (3 |€ (T ATME) ) = ~&- (o(@) Ar(@:)E)
whence (165) vanishes in the arge N limit and analogously

lim w(*ygN) [(T(N)E -~ DN — g+ Q((D’Q)]) =0.

N—oo
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Finally, as regards the large N limit of (166), using (53), (101) and (45),(46), the scalar product
behaves as

£ (iD@) o(@,) — iQ(@,) o(@,) + 2i0(@,) ho(@,) )€ = ~&- (o(@,) (B + 20 ) (@) =0,

the latter equality resulting form the fact that o (@) <B + 2 h(im)) o (&) is antisymmetric. O

6.3 Structure of the dissipative generator

In this section we prove various properties of the mesoscopic dynamics and its generator. We start
by showing that the maps ®¢ defined by Theorem 3 cannot act linearly on the fluctuation algebra.

Proposition 1.  The mesoscopic dynamics of the product of two Weyl operators satisfies

OF [W(7) W ()] = S C@MaF (W@ W()] , V7, FeR” .

Proof. According to (26) in Definition 2, we show that, for all 7 o € Rd2,

]\}iinoowﬁf’g <'Yt(N) [Wt(N)(F) Wt(N)(g)}) — (5 (o(@) J&iinoow’?ﬁ? <’Yt(N) [Wt(N)(g) Wt(N)(ﬁD .

Since the exponentials Wt(N) (7) are unitaries, we write
N) = 11 (N N : N T 2(N) (N
Wt( )(7“) Wt( )(g) _ Wt( )(5') exp <Z (Wt( )(g)) 7 Ft( )Wt( )(g)) :

so that Lemma 2 and 3 in Section 6.2 yield

Jim e, <7t(N ) [W}N ' wN >(§)D = lim wrp, (%(N) [Wt(N)( AW (i) eg.(Tuvm)D ‘

The result then follows by showing that limpy_,, IN) () = 0, where

1) i= |wrr, (4 W@ W@ (57— ese@m)])]

By using the Cauchy-Schwartz and Kadison inequalities, one bounds (I (V) (t))2 by
f . . NN ’ o
w <<Wt(N)(F2)) NC) {(es‘(y’w») _ ezs-(a(wt)r“)) (es.(T(mr) _ ezs.(a(wt)f‘)>:| W(N)(T—,»Q)> ‘
Then, writing
. B 1 d B )
es-(T(N)r) _ eiF(a(@)r) / do — (exs-(T(N)r) ei(lfx)L?(a(@t)f‘))
0 dCL‘

1
— / dx e® §'~(T<N>F) ei(lfx) 5-(o
0

L
©
3

/N
0y
/N
S
=
=3
N——
|
-~
V>
—
Q
—~
&l
o~
N—
i
N———
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and using that (5 (T(N)F))T = —5- (TWF) and (5- (0(&)F))* = &+ (0(&)7), one gets
(1) < —w ((Wé’%))T W | (5 (T097) — i5- (0(@) )Q] W) @))

d2
N\ .
= - X smsm/w((wt”)(rz)) WM 2wz )] W<N><r2>) ,

[N AZE

where, by means of (85), we set Z

=
VS
—
@
N‘
L

- z'w,w(t)>. This latter is a mean-
k:

[en]

field quantity; then, Corollary 2 yields

lim w <<Wt(N)(F2)) ( ) {Z(N)( )Z;s u)(t)] W(N)(f2)> _

N—oo

= Jim_o (W) A [2200] 4 [2000] W)

N—oo

(N

Now, Corollary 1 ensures that -, ) [Zﬁg)(t)} is a series of mean-field quantities, uniformly con-
vergent with respect to N. As such, because of Lemma 3, it commutes with the local exponential
operators Wt(N) (r) in the large N limit, so that

) N
lim w ((Wt(N)(T’z)) ’Yt(N) |:Z[(L]I>]) (t) Z;(L]'\;

- tim o (4 2800 2 [22260))

= lim w( (N) [Zl(w)(t)D lim w ('y,SN) [Zﬁj,\g(t)}) =0,

N—o0 N—oo

=~
~
S~—

[E—

3
—~
ot
N—

N———
|

where the last two equalities follow from (7) and (47). O

The next step is the proof of Theorem 4 asserting that the linear extended maps ®§*! defined
in (109) are completely positive on the direct integral von Neumann algebra WW¢*! defined in (106).

Theorem 4.  The maps ¢t in (109) form a one parameter family of completely positive, unital,
Gaussian maps on the von Neumann algebra W,

Proof. Gaussian maps transform Gaussian states into Gaussian states. We shall then consider
D
states %" on W€ such that, according to (108), Q%" = / dv 05(V) Qz, where Qg is a Gaussian
S
state on the Weyl algebra Wg:

Loy 1. . o
O (Wa (7)) = exp <—2r(w) : (Z(w)r(w))) ,
with covariance matrix (<) such that [31]

S(@) + %a(d}') >0, (170)
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Using (111), the extended dynamics turns the state Q% into the expectation functional QL :=

QS 0 3% on W, such that, with E(@) = exp (-éa(w) - (a(w) mm)) (see (21)),

o (o [wiwh ) — e (o5 [E WL ) = (@) 0 (0F [Wats + 7))
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where ¥4(J) = Y3(&) + Xi(@) B(J) X} (D) with V(&) the matrix defined in (102). Then, Q§*
amounts to a functional on the Weyl algebra W;, determined by the symplectic matrix o ().
Such a functional is positive and thus corresponds to a Gaussian state, if and only if, according to
(170), the covariance matrix (&) satisfies

S(&) + %a(wt) = X(@) (2( 3) + 20( )> X(@) + (171)
+ V(@) + % (a(wt) ~ X(@) o(@) X;"(cv)) >0. (172)

Notice that, because of (170), the right hand side of (171) is positive; concerning the contribution
n (172), we argue as follows. Since X; (&) = X¢(&) X, (), one rewrites

(@) + 5 (0060 ~ %@ 0(@) X @) = [ ds X0s(0)0(@) A" () XE5(6)
w1 [ s o (Xus(@)0(@) XE(@)

Using (101)-(102) and (89) together with (52), one then gets

L (X0a@) 0(@) X4(3)) = ~Xea(@) Q@0 (@) XL(B) — Xia(@) 0(85) Q(3:) XEL(@)

d
+ X6 (@) - 0/(05s) X{ (&) = =20 Xo (&) o) B o™ (&) Xyy(&) +
— d — — — T/ . r T
+ X0(@) (3203 = [D@), 0@)] ) XI0(@) = =20 X1.4(@) (&) Bo™ (@) X[1(@)
whence the positivity of the Kossakowski matrix C = A + B yields

V(@) + 5 (0(@) - Xu(@) 0 (@) X"(@)) = /0 ds Xi,6(3) 0(@,) C o™ () X{1(@) > 0.

Unitality, ®*![1] = 1, where 1 is the identity in W, follows directly from (109). Complete
positivity of ®¢*! amounts to showing that

¢ 1, [ZTZ} >0, Vnez,
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where Z is any operator Z € W' ® M, (C), where M, (C) is the algebra of n x n complex matrices.
Let {EH}Z; any fixed orthonormal basis of hermitean matrices in M,,(C); then, a generic element
Z € We can be written as

Z=Y dy WP B, ,
4,014

where Wﬁj () = (&) Wg(73(d)), with f; measurable functions on S, 75(dJ) real vectors in R and
d;j, suitable complex coefficients. The operator-value at & of the positive element Z tZ reads

(Z'2)@) = ) dijudew (@) @ W, HF(@) W (7 (&) ® B, B,
1,513k, 4,v
= > dre £7(D) f2(B) By(@) Wa(7(@) — 7(&)) ® Ey B,y
1,7, 3k,0,v

Ea@ = e (57@ - (0@ @) ) |

where again use has been made of the algebraic rules (21). By means of (112), the action of
¢t ® 1,, thus gives

P ® L, {ZTZ} Z i draw £ (&) fr(@) Fij (@) x
.5, 3k, L,v
T tr tri-\= (—
X WE(X(@)7i(@) Wi (X (&) (&) © ELE, (173)
F ( 3) = e%r AGHE (m( )rk(wt)> 5((1“ (Be)—75 (&) (Yt(&})(n(wt)—rk(wt))> (174)
5¢(&) = (&) — Xi(&) o(&) X{7 (&) - (175)

The function (174) can be interpreted as the expectation of the product of two Weyl operators
V(75 1(d¢)) satisfying the Weyl algebraic rules

Va7 @) Val7i @) = V(@) + (@) exp  ~57:@) - (@) @)

with symplectic matrix, that is real and anti-symmetric, 6¢(dJ) given by (175), the expectation
being defined by the functional ¢,

1
o (Va(r(@) = exp (7@ - (vi@rian) (176)
acting on the Weyl algebra Vg3 generated by the Vz(7(d)).

Letting Z;:;,LL( ) = diju f3(&) Wz (X[ (&)7(5¢)) ® By , one can then write

o @1, |212) @) = Y (280N 28 (1) e (VT @) Valr(@) ) -

i7j’/’l’;k:’g7l/

This is a positive operator in Wz ® M, (C) if the expectation functional ¢; on V is positive, namely,
according to (176), if ¢; amounts to a Gaussian state. This latter property is equivalent to having

V(@) + (@) = %i@) + £ (0(B) ~ Xu(6)0(@) X{'(@) > 0

which has already been proved. t
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Finally, we prove Theorem 3 which provides the hybrid form of the generator of the semigroup
of completely positive extended maps {®§*"};(.

Theorem 5. The extended dissipative dynamics ®§*t of quantum fluctuations has a generator
D
of the form Lt = / didLg. FEvery @-component consists of four different contributions, Lg =

S
drift cq qq . ;
Ly " +LE+ LS+ L5 a drift term

TrwWi@)| =5 o wl@)

a differential operator involving the classical degrees of freedom G, (&), p=1,2,...,dy(J),
do (D) fr—
oW (&)
LCC [Wf —' } D —_r: 7
)= 5 opwe.o ks

a mized classical-quantum term

@) 2 o s f (5
i@ = > “””{Guwaw’“”}’

and a purely quantum term

N i K@) (Gu@ W@ 6@ - S {cu@ 6 @), wi@)})

w,v=do(3)+1

with the dy (&) x d1(&3) matriz of coefficients H' (&) given by
-1
@) = (@) + 1 { (@) @]

where (K7 (&)™ is the 11-component of the matriz h\"®) in (45) rotated by R(S) as in (124).
Further, the do(&) x di(&) matriz H'V(J), respectively the di(&) x do(&) matriz HY (&) read

H@) = %(a”(ﬁ))flpw(m_;Bw@) (hre) @)
H@) = D) (@) + 5B + (O
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where () (&))'0 and (b7 (3))'0 are the 10 and 01 components of the matriz h("®) in (45) rotated
by R(&) as in (124).
Finally, K''(&) amounts to

K@) = AM@) + BYG) + £ [0"@) ™, D"@)] -

Proof. From the expression (109) one gets

d
7(I)e:ct .
dt [Wr ] (w) Y

t=0

@ = (5-051(@) W@ + 1(@) Lo

t=0

where J = D(@J)@. Notice that W2(3) = exp (zf’(d}) ﬁ(u‘)’)) Then, from (110) and (111), Lemma 9

and the algebraic relations (105) which make higher commutators vanish, one derives

d @ =\ 1 == - tr( =\ = d =\ 2
GV @ =—571@) (0@ A" @)@ WHE) + FWa (X @r@))|
Sws(xir@r@) - <z<c2”<w>f<w>> (@) - 3 [f@) F@), @ @r@) - F@)

The proof of Lemma 9 holds also if one acts on W}(&) with & - 93, so that

(i@ - 0571@)) - F(@) ~ 3[71@) - F(@), (& 0571@)) - F(@)) Wh@) = & - 9:W2(@)

Therefore, when evaluated at o, the time-derivative of the dynamics at ¢ = 0, together with the
expression Q (&) = —io(J) B + D(J) (see (101)-(102)), yields

%wt[m] _ @) = & 9WIH@) + Fw) - ((a(w)é +z‘D((z))ﬁ(w)) w (@)
- %F(w) : ((0(@') (A + E) ot (@) + iD(o?)a”(cD)) F((D)) wi (@) .
Using that o' (&) = —o(d), by means of the rotation matrix R(dJ) in (94), of the decomposi-
tion (124) and with the notation of Remark 4.1, §(<J) = R(J)7, one finally gets
Yoetws) @) = @05 W (@) (177)
at o
+50(@) - (1 D°@)Go(@) + 1 D" (@) (@) ) W (@) (178)
L H@) ((iplo(w) +5(@) Elo(a))éo(@)) Wi (@) (179)
+5@) - ((10"@) +35" (@) B"(@)G(@) Wi(@) (180)
+5 5@ (iD" @5 @)51(@))) WL @) (181)
+ % 51(@) ((511@) (A“(w) + E“(w)) (@) +i DM (@) a—'ﬂ(w)) 5 (w)) @) . (182)
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Let us try to write the component Lz of the generator L°** in the customary Lindblad form

d2
LoWH@)] = i| Y Hw(@)Cu(@) Gu(@), W}@)
=1
d2
+ Y K@) (G@ W@ 6@ - J{Cu@ C@), WH@))
p,v=1

where the d? x d? matrices H (&) and K (&) are both hermitian and the operators G, (&) are those
appearing in the decomposition (97) of the Weyl operators into classical and quantum contributions.

By decomposing the matrix K () and H (&) as in (124), since the components of Go(&) commute
with all the others, there are no contributions to g from either H% (&) or K9 (&), while those
from K'(&) and K'°(&J) can be put together with the contributions from H°' (&) and H*(&) in
the hamiltonian matrix. Thus, one can, without restriction, set

H(&) = (ng@) g?igg) , K(@) = <8 Kl?@)> .

. Pl
Then, the relations (105) yield W32 (&) Gy (Wfl (Jj)) =Gy + o(J)5(J), whence

LalW} (@) = 51(@) - (2i5(@) H'(@)Go(@)) WHS) (183)
+51(@) - (7@ (20 01 (@) + K@) - 2(K H@))”) G1(@)) Wi (@) (184)
F5(@) - (511@) (z HY(@) + %K“(ﬁ)) (@) 51(07)) WH&) . (185)
From comparing equations (177)-(182) and (183)-(184), one finds
2i5" (@) H'(@) = iD™(@) + ¢'1(&) B(@) (186)
2i 5 (@) H (@) + 511@)K11(5) Q(Kll(‘:‘j))tr =i D(@) + &' )511@) (187)

+ % DY @) et (w) =
= 37" @ (4@ + B1(@) 5@ +i7"(@) (@) 7' @)
+ % DY @) e (@), (188)

where, in the last expression, use has been made of (46), namely of B=B + 2ih{,

The relations D (&G) = —D(&) (see (54)) and of(G) = —o(&) also hold for the matrices diagonal
blocks with respect to the decomposition (124) after rotating them by R(&J) . Thus, taking the
hermitean conjugate of both sides of (188) yields

A @) (- i o @) + %Kll(w))gﬂ(w) =
1

— 73’11(@») (All(@») + Bll(ﬁ)> afll(aj) . 2511(@») (h(re)(@»))ll 511(@») -

: L5 (@) DY (@) .
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By adding and subtracting the last equality from (188) itself and by multiplying both sides of the
resulting equalities by the inverse of 6'(&5) one gets

1¢,o
HY@) = W@ + {E @), @)}
K@) = @) +5[E" @) D@
where C(&G) = R(&) (A + B) RT(J) is the positive semi-definite Kossakowski matrix in the mi-

croscopic generator (41) rotated into the representation (124) of the symplectic matrix. These
di (@) x di(dJ) hermitian matrices also solve (187), while from (186),

1 1

HY@) = 5(E"(@) ' DY@ - 5 BY@) + (h")@)" .
H@) = oD@ E@) " + 5 BG) + (@)

The still unmatched terms in (178) and (181) can only be recovered by acting on the Weyl operators
in a way that involves both the commuting degrees of freedom represented by the first do(J)
components of G(dJ) and the remaining non-commuting ones. Then,

do((ﬁ) do(u_j) d? f =
oWz (W)
— 00/~ - 01 /= - T
- Z D,uu( )GV(W) + Z D,Lw(w) GV(W) 8GM(@)
p=1 v=1 v=do(&)+1
S50(@) - (10" (@) 7" @)5(@) ) W (@) =
do(@)  d? fr=
_ 1 01/~ L OWE(9)

Summing the right hand sides of the above equalities yields the classical contribution to the gener-
ator, L% in (126), respectively the mixed classical-quantum one, L in (127). O

7 Appendix A

In the case of a clustering state w, one can then consider the large N limit of w (bTX (N) c) where
b,c € A, obtaining
lim w (bTX(N) c) =w(d'e)w(x) . (189)

N—oo

Indeed, for any integer Ng < IN one can write:

N—-1
A}i_r)noow(bTX(N) c) —A}Hn w(bT< Z (k Z x(k)> c) .

k} No+1

While the first contribution at the r.h.s. vanishes, concerning the second term we argue as follows.
Since strictly local operators are norm dense in A, without loss of generality one can assume c
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to have support within [—Ny, Np], so that it commutes with Zk No+1 ). Using the clustering

property (4) one immediately gets the result (189). This means that, in the so-called weak operator
topology, i.e. under the state average, the large N limit of X ) is a scalar multiple of the identity
operator:

w— lim XW) =w()1.

N—oo

The relation (6) can be proved as follows: because of definition (5), it is equivalent to

lim w(aT (X(N) —w(z)) (Y(N) —w(y)) b) =0

N—oo
_ iN—l x(k) $) _ iN 1 y
N N ’
k=0 « , k=0 « e e
(k) g(k)

for all a,b € A. Set

so that w(@Z®) = w(T) =0, w (XN> = 0 and similarly for 7, Y. Then, as shown in the main text
for a single variable, the quasi-locality of a,b and the clustering properties of the state yield:

lim w<aT (X — () (Y — w(y)) b) = w(a'b) ]\}iinww<)?N)7N) .

N—oo

Further, one can write:

N-1
SO 1 _
w(XNYN> = -3 E w<x(k) ) N2 E ( (k) (£>
. k=0 k£0=0

Since w is translation-invariant, the first term vanishes as w(%ﬂ) /N when N — oo. Moreover,
thanks to the clustering property (4), for any small € > 0, there exists an integer N, such that for
|k — ¢)?> > N¢ one has:

]w((z<k>g< ) ’ _ ‘ TR g0) ‘ <e.

Then, using this result, one can finally write:

1 = 1
Ly w(;(k@(f)) Ly ‘w(g(k)g@))‘

<
k#££=0 0<|k—£|<N.
1 (k) ~
v X Je(E0)
|k—£|>Ne
2N +1
< 4= lzllyll + €,

so that, in the large N limit, the relation (6) is indeed satisfied. Notice that (6) entails that, in the
GNS representation,
lim w<aT(X(N) - c,u(a:))]L (X(N) — w(z)) a> =

N—oo

~ lim H?Tw(X(N)—w(:L‘))|‘IJa> ‘20, (190)

N—oo
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for all @ € A. Namely, mean-field spin observables converge to their expectations with respect to
w in the strong operator topology on the GNS Hilbert space H,,.
For what concerns (7), notice that

o (XY — et < 5 3 Jo (595) — wteoto)] =

k,h=0
N—-1N-1-k

w2 Y e (#090) )|

k=0 (=—k

where the last equality holds because of the translation invariance of the state w. Now, assuming

(3) one has
o (XY - w(@aty)] < 1 3 o (2090) — wl@)ty)|
LeZ

that proves the scaling (7). Notice that, by recursion, using the norm-boundedness of the mean-field
quantities and the strong-limit in (190), one can show that

lim w (X(N)X( ) Hw xj) . (191)

N—oo

8 Appendix B

Lemma 7. Given the local dissipative dynamics ’YISN) on the subalgebra Ajp n_1) C A and a state
w on the quasi-local algebra A, with the notation (26), the following generalized Cauchy-Schwartz
inequality holds:

wes (4 layl)| < W (W@ At (WO @)1 \/w (W )ity W (3))

for all 7,5 € R and T,y € Aon_1]

Proof. Using the Kraus representation of completely positive maps

ey = ZV ToyV;(t)

= T Zv O @15) Gl | zy ©1 <Zw ) ® [6) <€r> ,
¢
where the V;(t) € Aj 1) are operators such that V;-L(t)vj(t) = 1, the vectors |j) constitute

an orthonormal basis in the auxiliary Hilbert space and Try denotes the trace over it. Setting
Vi =32, V;(t) ®1j) (j, one can write

w;g<’y§N)[my]) :w®Tr2<<W(N)( )®1> V (zy ®1)Vt( (N)(§’)®1>) .
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Then, the Cauchy-Schwarz inequality for the positive, not normalized, functional w ® Try yields

W <7§N)[$y]>‘ < \/W®Tr2({W(N)(F) ® 1Y) 95] [CL’T Vi (W(N)(F))T@’lD

« \/wmrz({(w(m(g))f@w;yﬂ [thW(N)(§)®1]> |

The result then follows by computing Trs. O

Lemma 8. Given the generator L) in (41) and the time-dependent fluctuations (83), then,
Vu=1,2,...,d* and ¥t € [0,T], T >0,

lim w (W(N)(F)%(N) [(F;M(t))z} (W(N)(F))T> <.

N—o0

2
Proof. Since (FL(LN) (t)) is a positive matrix, the following quantity:

™ —1+Z (w2 | (E )] vy (192
T 0z max {1, w (W@ | (F00) | o)

The Lemma is proved if we show that G(7,t) := limy_.., GN)(7,t) is finite V¢ > 0. Let us then
consider

iz 5w (1570
2N (va)(t)) Fé“(t)] <W<N><f>>*> , (194)

where (83) and (47) have been used.
By splitting the generator as L(Y) = H(YV) 4 AV)

B as in (41), we first consider

AM) [(Fg ) ] Z A HV;N (Fﬁ(N)(t))z} ,VV(N)]

,u,z/l



Since spin operators at different sites commute, the commutators read

2

-1

N)  p(v) _ 1 k) )
VL EN G = 5 o)
k=0
) N-1 "
N N N _ k) k
[ 0] ) = g X[ o] o]
k=0
Then, one readily obtains the uniform upper bound
Hz&( ) [ F(N }H — (2vd)* , v =max |vg| , c= max‘gm,], ’E;w,} , (195)
@ 1%

where for later convenience we have also included B in the definition of the quantity c. Since 'yéN)

is a contraction, it follows that the contribution of AM) 1o (194) is uniformly bounded in N and ¢:

2
e S G SR W S
¢ 4 56
< 5 (20)d (196)
Let us then concentrate on the action of
~ N d? N
B [(Fﬁ( ) ) ] Z {F (t) [V,EN),FE )(t)} ,VVUW} (197)
RS #(N) V)
B Z HV(N Fy (t)] Fy (t),VJN)}. (198)

We shall denote by BgN) the contribution in (197) and by BéN) the one in (198). We start focussing

upon the first one; by adding and subtracting the mean value of V,,(N), we split BEN) = Bﬁv) +B§]2V),
where, using (47),
1 &
N = N N
B = 5 2 Bw {FVw) v, BV w)  FM @) (199)
=
d? N-1
N = N N
By = 3 BuwM0) F (1) [Z ol F ><t>] . (200)
w,r=1 k=0
Using (49), the commutator in (200) can be recast as
N-1 @) 1 N2l ® d? 1 M=l
k) pNpy | — (k) — o - (k) .
vy vy v vy s
DU NG R )
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then, by adding and subtracting suitable mean-values, it can finally be expressed in terms of local
fluctuations. Explicitly, using (48) and (50), it reads

= (k) p(N) 1 — (k) a
[Zv” o (t)]:\/N [vu , } ZJ t)+ VNW @), (201)

k=0 k=0

whence

d2 d2
o D N N
S° B JwMOFNOEM @) + VN Y Bu w0 W ) FSY ) . (202)

77/*’/7'/:1 [,L,I/Zl

Using the bounds in (195), Lemma 7 and the fact that and the fact that

o (W@ [ (F00)] vt ) < 6. (209)

the contribution to (194) of the first term in (202) can be estimated form above by

d?
- (Vv N —»
> 1Bl [755] @) w(W“V)m W EM @) FE )] (@) W) <
a,p,r=1
< 2¢v3d° G(N)(F,t) ;
‘ ([v“, vﬁ} va> < 202
N—
Concerning the contribution in(199), observe that VM(N ), ] Z { ] are the

k:
entries T of the operator-valued matrix T = [T, (],,V) in (84). Then, can be rewritten as
B H

2

ISH

N 1 ~ N N N N .
B = 3% Bu (BT EM@ + EV0 1S FY0) + of
p,v=1
1 &
N B N N 11
Cfl) ~ 9 B/U/FlEN)(t) [F/E’ )(t),T,E/g)} ) HC](\/' )H <b,b=4cv'd",
p,v=1

the last estimate following as for the analogous uniform bound in (195).
Let then consider terms of the form

o (N N N
AM (@) = w (W@ B 0 1) N 0] (w™@)T)
From Lemma 7 it follows that ‘A(N ) (15)‘2 is upper bounded by

up

<o (WO [(F0) ] @)

. (W(N) (7)Y [FéN)(t) M) FB(N)(t)} (W(N)(;))T> X
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From 0 < Tﬁ(g)T/EBN) < 4v% (193) and (203), one then concludes

‘NN) (t)‘ < 202 GM(7,1). (204)

Similar considerations as before can be made for B;N) in (198): BéN) = Béjlv) + Bgzv), where

By = Z B { [V, EM 0] BV, V) (205)
u,l/ 1
d2
By = Z By )y () N @) SV () + VN S B w™M (1) wly (1) FS (1) . (206)
v, v=1 p,v=1

The final term to consider is the hamiltonian one contributed by the action of HY) that, by similar
arguments as before, can be recast as

d? d?
H) [(FlgN)(t))T =Y @l {F§N>(t),FgN)(t)} +2VN Y 2o F ) . (207)
Yop=1 Yop=1
As before, one can derive from the first term an upper bound to the derivative (194) of the form
4ev2 GWN(7 1).

From G(V) (7,t) > 1, it also follows that, given any uniform upper bound k to the time-derivative
(194), one can replace it by kGWY) (7, t), whence all upper bounds collected so far can be grouped
together in an upper bound of the form K GN)(7,t). The only terms which escape this rule are
the ones increasing with v/N in (202), (206) and (207). Therefore, recalling (194), one is left with
studying the large N-limit of

d2
M@t = 2VNY w <W<N> GRS [FgN) (t)} W) (F))T> X
B=1

d2
x < 3 (’éw,wfg)(t) + Jgﬂ) W™ (t) — ;iwgv)(t)> . (208)

=1
First we consider the case ¥ = 0; then, since w ('yt(N) [FB (t)D = 0, we get IN)(0,t) = 0.
Therefore, for all N,

d
dt

When r # 0, we estimate

—GWM(0,1) < Ko GM(0,1t) implies GM(0,t) < e FogM(0) < oo .

(W(N ) [F/gzv)(t)] (W(N)>T (F))

‘ x
d? d
~ N v N
VN[ (waiﬁ)(t) + Hﬁ) W) = 2wV )
wr=1
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Considering the time-derivative, one has:

The AM) contribution scales as 1 /N; together with the factor vV N and the divergence as v N of
the upper bound to the norm of the fluctuation FéN) (t), it contributes with an upper bound to

‘I(N) (7, t)‘ of the form 4d%v*c < 4dSv*c GWN)(7,t), using (192).

Taking into account that

(N) 1 a (N) (¢
Vi NZ”B = adipwM)

pr=1

and writing
VN Zh>— M) + VN ()

since the latter term is a scalar multlple of the identity, one gets

‘ﬂN) F,t)‘ < 4d8 vt G (7 1) +

+Z (v [0] (o))
N-1
|5 B (o [{a X b))}

pr=1
Finally, by means of Lemma 7 and the Cauchy-Schwarz inequality, one gets

X

M@ 0| < KGN + 86N (0,0 6N 1)
with K = 4d%v%c and Ky = 2v2dS¢, implying
260 1) < (K + K6 (0.6) 6N (7. 1)
dt
from which the boundedness of G, (7, t) := limy 0o GV (7, ) follows. O

Lemma 9. Let M; be a time-dependent hermitean matriz and Ny = €Mt. Then,

N dN _ k— 1
Npo= o = O, N, , Z k‘K , (209)

where Ky [My] = | My, Ky ' [My]| and K, [M;] = M.
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Using (145), from [Ny, M;] = 0 and NtMtN,;r = M; one derives
Ny M; N} = M, — N, My N} — N, M; N .

Since N NI:r =—-N; N;r and, for n > 1, K'i[B] = [A, Kz_l[B]], it follows that
- . > 4 . . ;
Ne My Nf = My = 3 KRy [V = (2, 0] = [a, ] N
n=1 "

Let |m4(t)) denote the orthogonal eigenvectors of My; then

0= %<<ma(t)‘mb(t)>> = (g (t)|mp(t)) + (ma(t)|mp(t)) .

If |mq(t)) and |mp(t)) correspond to different eigenvalues,

(maOVma() = (ma(t) = mp(t)) i (O)lma(6))
ik ' .
<ma(t)’0t Nt]mb(t» = Z H(ma(t) _ mb(t))kfl <ma(t)\Mt|mb(t)> elmb(t)
k=1

= @l — () = (my (8)|Ne|my(t)) -
On the other hand if |m4(t)) and |my(t) correspond to a same (real) eigenvalue m(t), whence

(ma(t)|Or Nelmy(£)) = i (ma(t)|My|myp(t)) €™D 5oy = inin(t) ™) 6,
= (mqa(t)|Nelmy(t)) -
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