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Abstract

We study the macroscopic dynamical properties of fermion and quantum-spin systems with
long-range, or mean-field, interactions. The results obtained are far beyond previous ones and re-
quire the development of a mathematical framework to accommodate the macroscopic long-range
dynamics, which corresponds to an intricate combination of classical and short-range quantum dy-
namics. In this paper we focus on the classical part of the long-range, or mean-field, macroscopic
dynamics, but we already introduce the full framework. The quantum part of the macroscopic
dynamics is studied in a subsequent paper. We show that the classical part of the macroscopic
dynamics results from self-consistency equations within the (quantum) state space. As is usual,
the classical dynamics is driven by Liouville’s equation.
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1 Introduction

More than seventy years ago, Bogoliubov proposes an ansatz, widely known as the Bogoliubov ap-
proximation, which corresponds to replace, in many-boson Hamiltonians, the annihilation and cre-
ation operators of zero-impulsion particles with complex numbers to be determined self-consistently.
See [1, Section 1.1] for more details. His motivation comes from the observation that these (un-
bounded) operators almost commute in the thermodynamic limit, leading to some classical field in
the macroscopic Bose system. In 1968, Ginibre [2] shows the exactness of the approximation in
which concerns the thermodynamic pressure of superstable Bose gases. However, even nowadays,
the mathematical validity of this approximation with respect to the primordial dynamics of (stable)
many-boson Hamiltonians with usual two-body interactions is an open problem.

In the context of many-fermion systems, ten years after Bogoliubov’s ansatz, a similar approx-
imation is used in the BCS theory of (conventional) superconductivity, as explained by Bogliubov
in 1958 [3] and Haag in 1962 [4]. In 1966, this approximation is shown [8] to be exact at the level
of the thermodynamic pressure for fermion systems that are similar to the BCS model. See also the
so-called approximating Hamiltonian method used on the level of the pressure of fermionic systems
in [8-11].

The validity of the approximation with respect to the primordial dynamics was an open question
that Thirring and Wehrl [5, 6] solve in 1967 for an exactly solvable permutation-invariant fermion
model. An attempt to generalize Thirring and Wehrl’s results to a general class of fermionic models,
including the BCS theory, has been done in 1978 [7], but at the cost of technical assumptions that are
difficult to verify in practice.

In 1973, Hepp and Lieb [12] made explicit, for the first time, the existence of Poisson brackets
in some (commutative) algebra of functions, related to the classical effective dynamics. This is done
for a permutation-invariant quantum-spin system with mean-field interactions. This research direc-
tion has been strongly developed by many authors until 1992, see [13-32]. All these papers study



dynamical properties of permutation-invariant quantum-spin systems with mean-field interactions.
Even if we are rather interested in mean-field dynamics, note meanwhile that equilibrium properties
of such quantum systems are also extensively studied in the same period, see for instance [33-35] and
references therein.

Thereafter, the mathematical research activity on this subject considerably decreases until the
early 2000s when emerges, within the mathematical physics community, a new interest in such quan-
tum systems, partially because of new experiments like those on ultracold atoms (via laser and evap-
orative coolings). See, for instance, the paper [36] on mean-field dynamics, published in the year
2000. In 2005, Ginibre’s result on Bose gases at thermodynamical equilibrium is generalized [37].
There is also an important research activity on the mathematical foundation of the Gross-Pitaevskii'
(GP) or Hartree theories, starting after 1998. For more details on the GP theory and mean-field dy-
namics for indistinguishable particles (bosons), see [38—42] and references therein. In which concern
lattice-fermion or quantum-spin systems with long-range, or mean-field, interactions at equilibrium,
see, e.g., [43—46]. Concerning the dynamics of fermion systems in the continuum with mean-field
interactions, see [47-56], as well as [39, Sections 6 and 7]. Such mean-field problems are even re-
lated to other academic disciplines, like mathematical economics, via the so-called mean-field game
theory [57] developed from 2006 by Lasry and Lions. Mean-field theory in its extended sense is,
in fact, a major research field of mathematics, even nowadays, and is still studied in physics, see,
e.g., [58] and references therein. The current paper belongs to this research field, since we hereby
study the dynamical properties of fermion and quantum-spin systems with long-range, or mean-field,
interactions.

All mathematical studies [39,47-56] of the 2000s on mean-field fermionic dynamics are on the
continuum and use approximating quasi-free* states (or a mixture of them) as initial states to de-
rive the Hartree-Fock equation, which is originally based on the assumption that the many-fermion
wavefunction is a Slater determinant. Quoting [39, p. 79]: “Slater determinants are relevant at zero
temperature because they provide (or at least they are expected to provide) a good approximation to
the fermionic ground state of Hamilton operators like (6.1) in the mean-field limit. At positive temper-
ature, equilibrium states are mixed; in the mean-field regime, they are expected to be approximately
quasi-free mixed states, like the Gibbs state of a non-interacting gas.”

These arguments are probably true in the mean-field regimes considered in these studies because
the non-mean-field part of the model is always associated with a one-particle Hamiltonian, but one
cannot expect this property to hold true for general fermion models with long-range, or mean-field,
interactions. Equilibrium states of the usual BCS theory is a mixture of quasi-free states, even at zero
temperature, in presence of a superconducting phase, because of gauge invariance. Adding a Hubbard
interaction to such BCS-type models directly destroys the quasi-free property of equilibrium states,
even in the sense of a mixture. Indeed, a general many-fermion wavefunction cannot be expressed as
a single determinant, even at zero temperature, and, consequently, we cannot expect the Hartree-Fock
equation to be generally correct. For instance, this method usually overestimates the full (ground
state) energy. To solve that problem in computational chemistry and condensed matter physics one
can use either extensions of the Hartree-Fock method, or the Density Functional Theory?, which is
based on some energy functional for the one-fermion density only, via the Hohenberg-Kohn theorems.
See for instance [59].

In contrast with results [39, 47-56] of the 2000s, we consider fermions on the lattice, not in
the continuum, and we meanwhile study quantum-spin systems. Our analysis of the corresponding
mean-field dynamics does not require to have approximating quasi-free states (or a mixture of them)
as initial states.

I'The so-called GP limit is not really a mean-field limit, but it looks similar.
’In some papers, only (approximating) Slater determinants are considered.
3 A not necessarly better, but computationally more efficient approximation.



The recent studies [39,47-56] of the 2000s never extract effective classical dynamics within the
quantum one. The reason, for most of them [39,49,51-54,56], is that their mean-field scales reveal a
semi-classical structure, similar to what is first done in 1981 to derive the Vlasov hierarchy in [60,61]
from quantum dynamics. In order to see the intricate combination of a classical dynamics and a
quantum one, one has to go back to previous results [12-32], initiated by Hepp and Lieb. In our
opinion, the most elaborated and interesting results in that context are obtained by Bona [17,19-21] in
1987-1990, who studies in detail the dynamics of a large class of permutation-invariant quantum-spin
systems with mean-field interactions. Bdna formalizes a new view point on quantum mechanics in
1991 [25] and later in a mature textbook published in 2000 and revised in 2012 [62], describing what
he names “extended quantum mechanics™: It is an intricate combination of classical and quantum
dynamics. Béna’s approach does not seem to be incorporated by the physics community, until now.

In contrast with the results [12-32] of the 70s-90s (1973-1992), our study does not require the
permutation invariance of quantum-spin systems. In fact, we are able to study dynamical properties
of a very general class of lattice-fermion, or quantum-spin, systems with long-range, or mean-field,
translation-invariant* interactions. In this context, the initial state is only assumed to be periodic
with respect to space translations. In fact, by Proposition 2.3, the set of all initial states allowed in our
study is weak*-dense within the set of even states, the physically relevant ones. Even for permutation-
invariant systems, our results go beyond previous ones, since the class of long-range, or mean-field,
interactions we are able to handle is much larger.

Our study reveals an entanglement of classical and quantum dynamics, as explained in [63], which
revisits Bona’s approach [62] on “extended quantum mechanics”. In [63], we do not really follow
Béna’s path but highlight the importance of self-consistency equations, instead. This study leads to a
new theory which strongly differs from the so-called quantum-classical hybrid theories of theoretical
physics. In this paper and in the subsequent one [64], we show that this mathematical framework
is imperative to describe the dynamical properties of lattice-fermion or quantum-spin systems with
long-range, or mean-field, interactions, because of the necessity of coupled classical and quantum
evolution equations.

Here, we focus on the classical part of the long-range, or mean-field, dynamics of the quantum
systems under consideration, even if we have to consider the full algebraic framework, as described
in [63]. The quantum part of the dynamics, shortly discussed in Section 6.6, is studied in a companion
paper [64] because it additionally involves the theory of direct integrals of measurable families of
Hilbert spaces, operators, von Neumann algebras and C*-algebra representations, as presented, for
instance, in the monograph [65].

The classical part of the dynamics of lattice-fermion, or quantum-spin, systems with long-range,
or mean-field, interactions is shown to result from the solution of a self-consistency equation within
the (quantum) state space. In general, it is a non-linear dynamics generated by a Poisson bracket. In
other words, it is driven by some Liouville’s equation, similar to what has been recently observed [42]
by Ammari, Liard, and Rouffort for Bose gases in the mean-field limit. As soon as the classical part of
this dynamics is concerned, there is no need to assume any particular property, neither on initial states,
nor on local Hamiltonians. Translation invariance, or periodicity, is only required for the analysis of
the quantum part of the dynamics. So, these particular spatial features are only pivotal in [64].

It would have been interesting to add applications of our general theory, but we still have to present
(in [64]) the quantum part of such dynamics before doing that. In fact, several applications on quasi-
free models as well as permutation-invariant systems will be presented in separated papers. See, e.g.,
[66]. We will also discuss in a forthcoming paper such mean-field dynamics within the representation
of an arbitrary (generalized) equilibrium state® of the quantum system under consideration.

“This can be easily extended to periodically invariant systems, by redefining the finite spin set.
5This class of states is studied in detail in [46].



Our main results are Theorems 6.5, 6.10, Proposition 6.7, and Corollaries 6.9, 6.11. Note that
Theorem 6.10 is a highly non-trivial mathematical statement in the theory of non-autonomous evolu-
tion equations [67-71]. It results from Lieb-Robinson bounds on multi-commutators of high orders
derived in 2017 [72].

The paper is organized as follows: Section 3 explains the well-established dynamical properties of
lattice-fermion systems with short-range interactions. In this context, the celebrated Lieb-Robinson
bounds are pivotal and are also an important tool to obtain the full dynamics of systems with long-
range, or mean-field, interactions. Section 4 defines what we name “long-range interactions” and we
make explicit the problem of the thermodynamic limit of their associated dynamics. Like in [46]
we prefer to use, from now on, the term “long-range” instead of “mean-field”, because the latter can
refer to different scalings, in particular in the recent works [39,47-56]. In Section 6, we present
the self-consistency equations as well as the classical part of long-range dynamics. This requires the
mathematical framework of [63], which has thus to be presented in the first subsections of Section 6.
Note that we shortly explain what the quantum part of the long-range dynamics is in Section 6.6, even
if this will be done in detail in [64]. Finally, Section 7 gives the proofs of Theorems 6.5 and 6.10. We
add in Section 8 an appendix relating our current notion of long-range interactions to the one of [46].

In this paper, we only focus on lattice-fermion systems which are, from a technical point of view,
slightly more difficult than quantum-spin systems, because of a non-commutativity issue at differ-
ent lattice sites. However, all the results presented here and in the subsequent papers hold true for
quantum-spin systems, via obvious modifications.

Notation 1.1

(i) A norm on a generic vector space X is denoted by || - || x and the identity mapping of X by 1.
The space of all bounded linear operators on (X, || - || x) is denoted by B(X). The unit element of any
algebra X is denoted by 1, provided it exists.

(ii) For any topological space X and normed space (), || - ||y), C (X;)) denotes the space of con-
tinuous mappings from X to Y. If X is a locally compact topological space, then Cy, (X;)) denotes
the Banach space of bounded continuous mappings from X to Y along with the topology of uniform
convergence.

(ii1) The notion of an automorphism depends on the structure of the corresponding domain. In alge-
bra, a (*-) automorphism acting on a x-algebra is a bijective x-homomorphism from this algebra to
itself. In topology, an automorphism acting on a topological space is a self-homeomorphism, that is,
a homeomorphism of the space to itself.

2 Algebraic Formulation of Lattice Fermion Systems

2.1 Background Lattice

Fix once and for all d € N, the dimension of the lattice. Choose also a subset £ C Z¢ (which will
be omitted in our notation, unless it is important to specify it). The main example we have in mind
is £ = 79, as is done in [46], but it is convenient to keep this set as being any arbitrary subset of the
d-dimensional lattice. Let Py = P; (£) C 2¢ be the set of all non-empty finite subsets of £. In order
to define the thermodynamic limit, for simplicity, we use the cubic boxes

Ap={(z1,...,0q) €Z%: |xy),...,|zg] S L}N L, LeN, (1)

as a so-called van Hove net.



2.2 The CAR Algebra

For any A € Py, U, is the finite dimensional unital C*-algebra generated by elements {a, s }zen ses
satisfying the canonical anti-commutation relations (CAR), S being some finite set of spins:

* *
Qg,5Qy ¢ + Ay Qg s = 0 ’ Az sy ¢ + L 5S,t5$,yl (2)

forall z,y € £ands, t € S. Observe that (Uy, ) Len is an increasing sequence of C*-algebras. Hence,
the set
Uy = | Un, 3)

LeN
of so-called local elements is a normed x*-algebra with || A, = [|A[|,, forall A€ Uy, and L € N.
L

The CAR C*-algebrald = U of the full system, whose norm is denoted by || - ||/, is by definition the
completion of the normed *-algebra L. It is separable, by finite dimensionality of U/, for A € Py.
Equivalently, the C*-algebra U is the universal C*-algebra [73, Section I1.8.3] associated with the
relations (2) for all z,y € £ and s,t € S. The (real) Banach subspace of all self-adjoint elements of
U is denoted by U™ ¢ U.

2.3 Important x-Automorphisms of the CAR Algebra

Parity: Observe that the condition
U(az,s> = —Qgg, HANS A, s€ES ) (4)

defines a unique *-automorphism o of the C*-algebral{. Elements A, Ay € U satisfying 0(A4;) = A,
and 0(Ay) = — A, are respectively called even and odd. Note that the set

Ur=Uf={AcU:A=c(A)}CU (5)

of all even elements is a x-algebra. By continuity of o, ™ is additionally norm-closed and, hence, a

C*-subalgebra of /. Even elements are crucial here since, for any finite subsets A}, A®?) ¢ P with
ADNAD =0,

[Al,AQ:I = AlAQ — A2A1 =0, Al € Z/{A(l) ﬂL{+, AQ € Z/{A(z) . 6)

However, this relation is wrong in general when A; is not an even element. For instance, the CAR (2)
trivially yields [a, s, ay ] = 2a, a4 7 0 forany z,y € £ands,t € S, (z,8) # (v, t).

The condition (6) is the expression of the local causality in quantum field theory. Using well-
known constructions®, the C*-algebra U/, generated by anticommuting elements, can be recovered
from U*. As a consequence, the C*-algebra U™ should thus be seen as more fundamental than U/
in Physics. In fact, ¢ corresponds in this context to the so-called local field algebra. See, e.g., [74,
Sections 4.8 and 6].

Note that any element A € U can be written as a sum of even and odd elements, respectively
denoted by A* and A™:

A=A"+ A"  with Aii%(Ai—a(A)). (7

This directly follows from the fact that o is an involution (i.e., 0 0 0 = 1y).

®More precisely, the so-called sector theory of quantum field theory.



Translations: £ = Z? is an important case here, because invariant states under the action of the group
(Z4,+) of lattice translations on U = U are pivotal in the full description of macroscopic long-
range dynamics. The translations in I refer to the group homomorphism z + «, from Z? to the
group of x-automorphisms of ¢/, which is uniquely defined by the condition

p(lys) = Qyias, YEZ s€S. (8)

This group homomorphism is used below to define the notion of (space) periodicity of states of lattice-
fermion systems (Section 2.5), as well as the notion of translation-invariance of interactions (Section
3.1).

Permutations: Let IT be the set of all bijective mappings from £ to itself which leave all but finitely
many elements invariant. It is a group with respect to the composition of mappings. The condition

Pr i Qps ™ Qr(z)s, TEL, SES, 9

defines a group homomorphism 7 +— p, from 1I to the group of *-automorphisms of /.

2.4 State Space

For any A € Py, we denote by

Ex={py €Uy :pp =0, pp(1) =1} = {py € Uy : [[palluy = pa(r) = 1} (10)

the set of all states on U/,. By finite dimensionality of U/, for A € Py, the set £ is a norm-compact
convex subset of the dual space U}. It is not a simplex, being affinely equivalent to the set of states
on a matrix algebra. It does not have of course a dense set of extreme points. In comparison, the
structure of the set of states for infinite systems is more subtle.

The state space associated with I/ is defined by

E={peUU :p>0,p1)=1}={pel": |p|

e =p(a) =1} (1)

In particular, if £ € Py then & = FEg. In any case, for U is a separable Banach space, I is a
metrizable and weak*-compact convex subset of the dual space U/, by [87, Theorems 3.15 and 3.16].
It is also the state space of the classical dynamics [63, Definition 2.1] introduced later on.

By the Krein-Milman theorem [87, Theorem 3.23], F is the weak*-closure of the convex hull of
the (non-empty) set £(F) of its extreme points:

E =co€ (E) . (12)

When £ is an infinite set, ¢/ is antiliminal and simple, because it is a UHF (uniformly hyperfinite)
algebra. See, e.g., [63, Section 8]. Therefore, by [63, Lemma 8.5], the state space £ has a weak*-
dense subset of extreme points:

E=E&(F). (13)
This fact is well-known and already discussed in [77, p. 226]. As a matter of fact, the property of a
convex weak*-compact set having a weak*-dense set of extreme points is not accidental, but generic’
in infinite dimension, by [63, Theorem 2.4].

"More precisely, by [63, Theorem 2.4], the set of all convex weak*-compact subsets of the dual X'* of an infinite-
dimensional separable Banach space & is a weak*-Hausdorff-dense G5 subset of the space of convex weak*-compact
subsets of X'*.



For any A € Py, the restriction of a state p € E to U, yields a state in E, always denoted by
pa € Ej. Conversely, for any A € Py, a state p, € E, can be seen as a state p on U by setting®

ﬁ(AB) :,OA(A)tI‘(B) , Aely, Belsz, ZePf, Zﬂ/\:@, (14)

where tr is the unique tracial state on U/, also named normalized trace, see [78, Section 4.2]. In
particular, similar to (3), the set
Ey= | En,

LeN

can be seen as a weak*-dense subset of £/, by density of U, C U.

2.5 Even States

As explained below Equation (5), recall that the C*-algebra U™ should thus be seen as more funda-
mental than U/ in Physics, because of the local causality in quantum field theory. As a consequence,
states on the C*-algebra U™ should be seen as being the physically relevant ones. As it is explicitly
shown in the proof of Proposition 2.1, the set of states on &/ is canonically identified with the set of
even states on U, defined by

Et={peE:poo=p}, (15)

o being the unique *-automorphism of I/ satisfying (4). E is again a metrizable and weak*-compact
convex set and has a (non-empty) set £(E™) of extreme points such that

E* =cof (ET),

by the Krein-Milman theorem [87, Theorem 3.23]. Like for the space £ of all states (cf. (13)), if £is
an infinite set then £(E™) is a dense subset of the set of all even states:

Proposition 2.1 (Weak*-density of extreme even states)
Let £ C 7¢ be an infinite set. The set £(E™) of extreme points of E* is a weak*-dense subset of E*,

ie, Bt = £(E7).

Proof. Let £ be the set of all states on U+ Obviously, £ +C Bt by seeing any state on E as a state
on U™, by restriction. Conversely, for any state p € E*, we define the linear functional

. +1 .
p=p0(02“>eu.

Note that ||o||5~) = 1 because o is a x-automorphism of a C*-algebra. Since p(1) = 1 and ||p||y= <
1, we deduce from [75, Proposition 2.3.11] that p € E. By construction, the restriction of p to U™ is
p while p(A) = 0 for all odd elements A € I{. In other words, p € E™ and one can identify Et with
E*. It easy to check that the mapping p — p is an affine weak* homeomorphism from Et to Et.
By [76], if £ is an infinite set then U™ is x-isomorphic to &. Thus, by (13), the assertion follows. m

Remark 2.2 (States of quantum-spin systems)

As already mentioned, all results presented here can be extended to quantum-spin systems on a lattice,
the corresponding C*-algebra being an infinite tensor product of finite-dimensional matrix algebras
attached to each lattice site v € £ = 7. In this case, there is no even property to consider, which
corresponds to take E+ = E in all the discussions.

8(14) is well defined because of [78, Theorem 11.2], the tracial state tr being even.



Important examples of even states are the so-called periodic states: Let £ = Z?. Consider the
sub-groups (Z¢, +) C (2%, +), £ € N, where

ZE= 0L X - x LT

Any state p € E satisfying p o o, = p for all @ € Z% is called Z{-invariant on U or (-periodic, o,

being the unique *-automorphism of ¢/ satisfying (8). Translation-invariant states refer to (1,--- ,1)-
periodic states. The set of all periodic states is denoted by
E,= | E;. (16)
feNd

where, for any = N¢,
Ey={peE:poa,=p forallzeZl} . (17)
By [46, Lemma 1.8], periodic states are even and form a weak*-dense subset of even states:

Proposition 2.3 (Weak*-density of periodic states) o
Let £ = 7. The set E,, of periodic states is a weak*-dense set of E*, i.e., E* = E,,.

Proof. Forany p € E™ andn € N, we define the state p,, to be some (2n+1, ..., 2n+1)-periodic state
for which (p,,)a,, = pa, in the cubic box A, (1). Such a state always exists because of [78, Theorem
11.2], since p is, by definition, even. Clearly, {p,, }nen converges, as n — oo, towards p € ET with
respect to the weak*-topology, by density of Ly C /. ®

The sets £, (e N4, of (- -periodic states all share the same peculiar geometrical structure: Like the
set ¥ of all states for £ = Z9, they are metrizable and weak*-compact convex sets with a weak*-dense
set £(Ey) of extreme points:

E;=cof(E) =E([E), (eN. (18)

Compare with Equations (12)-(13). In fact, up to an affine homeomorphism, for any /e N, Ejis the
so-called Poulsen simplex [46, Theorem 1.12]. This property is well-known and also holds true for
quantum-spin systems [75, p. 405-406, 464]. The fact that all £, { € N?, have the same topological

structure is not so surprising since, for any fixed I € N?, we can redefine the spin set S = Sy and, as

a consequence, the CAR algebra U/ = U to see any E_:periodic state p € Ej as a translation-invariant
state on the new CAR algebra Uf;. By [63, Proposition 6.14], E™ can also be seen as the weak*-
Hausdorff limit of the increasing sequence { £} ;... of weak*-compact simplices with weak*-dense
set of extreme points.

By [46, Theorem 1.16] note that the set of all (E ) ergodic states, as defined by [46, Definition
1.15] for any (e N, is equal to

= JE(B) CE, CEY. (19)

ZeNd

By Proposition 2.3, &, is also a weak*-dense set of £

The set £, is important because, in all cyclic representations of U/ associated with a state p € £,
the infinite-volume dynamics of interacting lattice fermions with long-range interactions exists. The
ergodicity of states of £, plays a crucial role in this context.

Instead of the set £, of periodic states, previous studies extracting classical dynamics for lattice-
fermion and quantum-spin systems with long-range interactions (cf. 5, 6, 12—-32]) use classical flows
within the subset

En={p€eE:pop,=p foralrell} (20)

9



of permutation-invariant states, p,. being the unique *-automorphism of I/ satisfying (9). This set has
a much simpler structure than the set £, of periodic states:

EuC () E;CE,.
feNd
Compare this assertion with (16). Eq is a closed metrizable face of £ for all 7 € N? and a Bauer
simplex, i.e., a (Choquet) simplex whose set of extreme points is closed. Indeed, by Stgrmer’s theorem

[46, Theorem 5.2], extreme points of Eyy are so-called product states. See [46, Section 5.1] for more
details on permutation-invariant states.

3 Lattice Fermions with Short-Range Interactions

3.1 Banach Spaces of Short-Range Interactions

A (complex) interaction is a mapping ® : Py — U™ such that &, € U, for any A € P;. The set of
all interactions can be naturally endowed with the structure of a complex vector space as follows:

(P+P)y =Py +Py  and  (AD), = \D, 1)
for all interactions ®, ® and A € C. The mapping
D = @ = (P} )aep, (22)

is a natural involution on the vector space of interactions. Self-adjoint interactions are interactions
® satisfying @ = ®*. The set of all self-adjoint interactions forms a real subspace of the space of
all interactions. Any interaction ¢ can be decomposed into its real and imaginary parts, which are
self-adjoint interactions respectively defined by

1 1
Re{®} = 3 (®* + D) and Im{®} = % (®— ") . (23)
?

We now define a Banach space V¥ of short-range interactions by introducing a norm for inter-
actions that take into account their spacial decay. To this end, we use a positive-valued symmetric
function F : £ — (0, 1] with maximum value F (z,z) = 1 for all z € £. Like for instance in [72],
we impose the following conditions on F*:

e Summability on £.
IFl,e =supd F(z,y) € [1,00) . 24)
yes el

e Bounded convolution constant.

. F(z,2)F(z,9)
D = sup < 00 . (25)
x,yES; F ('T7 y)

Examples of functions F : £2 — (0, 1] satisfying (24)-(25) for any lattice £ C 7% (d € N) are given
by
Fz,y)=0+le—y) ™ or  F(ry) = V+z—y) " (@6

for every ¢, e € R™. In all the paper, (24)-(25) are assumed to be satisfied.
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Then, a norm for interactions ¢ is defined by

. Py
@l = sp > A2l (x”“> @7)
TV NP, ADfwy) VY

and

Ww=WwE =W, |y

denotes the separable Banach space of interactions ® satisfying ||®||,, < co. Elements ® € WV are
named short-range interactions on £ C Z?. The (real) Banach subspace of all self-adjoint interactions
is denoted by W ¢ W, similar to U® ¢ U.
By definition, an interaction ® on £ = 7% is translation-invariant if, for all x € Z% and A € Py,
D) = ay(Py), where
Az={y+zeZ’:yecA}. (28)

Recall that {a, },cza is the family of (translation) *-automorphisms of ¢/ defined by (8). We denote
by Wi & W the (separable) Banach subspace of translation-invariant, short-range interactions on
£ =74

For any ® € W and = N9, we define the even observable

. 1 d
e@f:gl...gd Z Z é (29)

12(11 ..... xd), :E,L'E{O ,,,,, fif]_} ZEPf, Z3x

From (24) and (27), note that
leg Al < [IF, 1@l » @ €W, LN (30)

For any self-adjoint, translation-invariant interaction ®, they refer to the energy density observables
of [46, Eq. (1.16)]. See also Proposition 3.2 below. Additionally, for any A € Py, we define the

closed subspaces’
Wy ={® €W, : Pz =0whenever Z ¢ A, Z > 0} 31

of finite-range translation-invariant interactions. Note that, for any A € P, and A e N?,
WaC{® e eqrellyn} SWi, (32)

where B
AO =U{A+z:2=(21,...,24), 7, €{0,...,6; —1}} € P; . (33)
Recall that, for A € Py, Uy C U is the finite-dimensional unital C*-algebra generated by elements
{azs}zenses satisfying the CAR (2). Similar to (3),
Wo = JWa, S (34)

LeN

is a dense subspace of W;. Elements of W, are finite-range, translation-invariant interactions.

°This follows from the continuity and linearity of the mappings ® — ®z for all Z € P;.
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3.2 Local Energy Elements

We define a sequence of local elements associated with any complex interaction ® € )V as follows:

Definition 3.1 (Local energy)
The local energy elements of a complex interaction ® € WV are

UP=> ®ycly,NU", LeN.
ACAL

If ® € WR, then (UE) ren € UR and so, Definition 3.1 yields a sequence of local Hamiltonians,
which are used to generate finite-volume dynamics.

By straightforward estimates using (24) and (27), as in (30), note that, for any complex interactions
ST eW,

o = UZ |, = 1027 |, < 1ALl IFll o |®—¥lly, , LeN. (35)

s

In addition, similar to [46, Lemma 1.32], local energy elements yield energy densities for translation-
invariant short-range interactions:

Proposition 3.2 (Energy density of periodic states)
For any { € N% (-periodic state p € Ej(17) and translation-invariant complex interaction ® € W,

(L) _
T T )
with e, 7 being the even observable defined by (29).

Proof. All arguments of the proof can be found in [46, Lemma 4.17]. m
By Proposition 3.2, the energy density

U<I>
ecp(p)ilimp( L), oW,

L—o00 |AL’

exists for all periodic states, which form a weak*-dense subset £, of the set E* of even states, by
Proposition 2.3. Note that there are infinitely many (uncountable) other states with this property.
Examples of non-periodic states for which eg(p) exists can be constructed by using KMS states
associated with random interactions together with the Akcoglu-Krengel ergodic theorem [80]. See,
e.g., [81]. For all p € E such that eq (p) exists, observe from Inequality (35) that

lea (p) = ew ()] < |[Fll |9 =Wl 2T €Wy (36)

3.3 Derivations on the CAR Algebra

For any short-range interaction ® € )V, the elements of Definition 3.1 determine a sequence of
bounded operators on U/:

Definition 3.3 (Derivations on the CAR algebra for short-range interactions)
The derivations {53 } e € B(U) associated with any interaction ® € W are defined by

§7(A)=i[Up Al =i(UFA—AU?), A€lU,LeN.

12



They are (bounded) derivations on I/ since, for any & € WWand L € N,
6T (AB) =07 (A)B+ As(B), ABcl. (37)
They are symmetric (or x-derivations) when ® € W¥:
6T (A)* =67(A*), AcU,LeN. (38)

In the thermodynamic limit . — oo, this sequence of derivations leads to a limit derivation
defined on the (dense) subset I/, (3) of local elements:

Proposition 3.4 (Strong convergence of finite-volume derivations)
Forany ® e W, A € Py, AcUpand Ly > L, > 0,

167, (A) =67, (A)|l,, < 2|l [|All, |@]lyysup > F(z,y)
yeA :cEA‘Ll
and

Sup 107 ()], < 2IATIAl @]y 1], g -

Proof. Fixing all parameters of the proposition, we straightforwardly get the estimate

167, (A) =62, (A, < D> > @z Al

yeA mGAil ZePy, Z22{x,y}

< 20 Al 1@l Y > Fley) .

yeA mGACLl

which implies the first assertion. The second assertion is even simpler to prove. We omit the details.
]

Corollary 3.5 (Generators of infinite-volume short-range dynamics)
Forany ® € W and A € U, the limit

6% (A) = lim 67 (A)

L—oo

exists and defines a (densely defined) derivation 5° from Uy C U to U satisfying the following bound:

6% (A, < 2[A[[All 1@l [IFll e, A€Ur, AEP;.

Additionally, 6° is symmetric (or a x-derivation) whenever ® € WE.
Proof. Combine Proposition 3.4 with Equations (37)-(38) and the completeness of /. m

Remark 3.6 (Closure of limit derivations)

If & € WR then the symmetric derivation 6 is (norm-) closable [72, Lemma 4.6]. It is proven from
its dissipativity [82, Definition 1.4.6, Proposition 1.4.7], which is, in turn, deduced from [82, Theorem
1.4.9] because A € Uy and A > 0 implies AY? € Uy. Moreover, its closure generates a strongly
continuous group of x-automorphisms of U, by [72, Theorem 4.8]. See also Proposition 3.7 below.
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3.4 Dynamics Generated by Short-Range Interactions

We now consider time-dependent interactions. Let ¥ € C'(R; W) be a continuous function from R to

the Banach space W of interactions on £ C 7. Then, for any L € N, there is a unique (fundamental)

solution (Tg,Ls’\II))s,t . in B(U) to the (finite-volume) non-autonomous evolution equations

Vs,teR: Qi = 57 W o B o 2B — g, (39)
and
Vs, t € R: 0 TtL W = Tt . )0 (5 Tgff) =1y . (40)

In these two equations, 1;, refers to the identity mapping of I/. Note also that, for any L. € N and

U el RW), ( (L, \IJ))SJs r 18 @ continuous two-parameter family of bounded operators that satisfies
the (reverse) cocycle property

Vs,rt € R: Tgi,\lf) T(L \1/)7_5/6" )

If ¥ € C(R; W~) then cﬁm is always a symmetric derivation (or *-derivation) and thus, in this

case, 71(5 s ") is a x-automorphism of ¢/ for all lengths L € N and times s,¢t € R. Moreover, in the

thermodynamic limit . — oo, the family (TIE’LS’\I/))M -z Strongly converges to a strongly continuous

two-parameter family of s-automorphisms of U/, associated with the family {5‘1’(t)}teR of limit sym-
metric derivations of Corollary 3.5:

Proposition 3.7 (Infinite-volume short-range dynamics)
For any ¥V € C(R;W®), as L — oo, (TIELS ))S,teR converges strongly, uniformly for s,t on com-
pacta, to a strongly continuous two-parameter family (T;I’]s)s’te]g of x-automorphisms of U, which is

the unique solution in B(U) to the non-autonomous evolutions equation
Vs,t e R: (‘)tTES = T;I’JS 0d¥® v o=1y, (41)

in the strong sense on the dense subspace Uy C U. In particular, it satisfies the reverse cocycle
property:
Vs,r,te R: 7';17] T‘I’ T;P . (42)

T

Proof. See [72, Corollary 5.2]. m
It is convenient to introduce at this point the notation

OyA={reN:IZcP;withz e Z, Uz #0and ZNA #£0, ZNA° £ 0}

for any interaction U and any finite subset A € P, with complement A® = £\A. For any s,t € R,
t A sandtV s stand, respectively, for the minimum and maximum of the set {s,¢}. We are now
in a position to give additional estimates on the limit dynamics, like the celebrated Lieb-Robinson
bounds:

Proposition 3.8 (Estimates on short-range dynamics)
Forany ¥ € C(R; W¥), (Tt < )s.ter satisfies the following bounds:

(i) Lieb-Robinson bounds (cf. (6)). For any s,t € R, sets AV, A®) ¢ Pr with AD NA® =0, every
even element Ay € UT NUxq) and all Ay € Uy,

||[7-;I7}S (Al Hu < 9D~ 1 ”AlHu HAQHZ,[( 2D [1V2 W (a)yyda _ ) Z Z F 13 y

z€dgA(L) yeA2)
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(ii) Rate of convergence. For any s,t € R, A € Py, A € Up and L € N such that A C Ay,

| .

tVs Vs
< 2l [ () O day S SR (o

ths yeL\AL zEA

e (A) = 7Y ()

(iii) Lipschitz continuity with respect to U. For any s,t € R, U, U € C (]R; WR), A € Py and
A € Uy,

(iv) Uniform continuity with respect to times. For any s1, so,11,t3 € R, U € C(R; WR), A € Py and
A€ Uy,

HT;Ii,Sl (A) o 7—;1;,52 (A> HZ,{

t1Vto s1Vsa tyva
< 2|Al||All, ||F||17£ (/ |V ()], dov + / 02D [iina 1 (an)llydaa 1 ()], da) '
t

1A\t s1AS89

~ tVs Ve
P (A) = rh )|, S2IA A (Bl g [ Ry

78 78
tAs

T (a)— U (a)HWda :

Proof. The proof of Assertion (i) is almost done in [72, Theorem 5.1, Corollary 5.2 (ii)]. However,
the bound there refers to the supremum with respect to « of the norm ||V («) ||yy. Here, we need a
slightly more accurate estimate (a point-wise estimate). In fact, by [72, equation after Eq. (5.4)] and
similar arguments as in [72, Egs. (4.16)-(4.18)], we get Assertion (i). Then, Assertion (ii) is proven
exactly like in the proof of [72, Theorem 5.1 (i1)], by replacing [72, Theorem 5.1 (i)] with Assertion
(1). It remains to prove Assertions (iii) and (iv). We start with (iii):

For any s,t € R, U, ¥ € C(R; W), A € Py, A € U, and any sufficiently large L € N such that
Uy C Uy, , by (39) and Proposition 3.7, observe that

- t -
i (A) - T4 = / ¥ o (6% = 57) o 7" (4) da 43)

o
N / g ( s _ 5<L,w<a>>> o= (A)da .

By Definitions 3.1, 3.3 and Corollary 3.5, it follows that

P, < [ 5 fi@-vw), Aan ]l o o

NS zePy

A SR (2N

ths zepy, zmgﬂ)

where A = £\A is the complement of the cubic box Ay (1). Now, by using Assertion (i) for
U, € C(R; WR) defined'?, for L € N, by

Up(t); =V (t);1[Z2 CAL], ZePs teR,
together with || Uy (¢) ||y < ||¥ (¢) ||y, (24)-(25) and Equation (27), we get that

S [N )

ZePy, ZNAG#D

< 2| Al (ST EDh ) | (a)]),, Y D F(2,y)

€N yeAg

101 [p] = 1 when the proposition p is true and 0, else.
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and

S [(F@-w@) L @) (46)
Z u
ZePy
< 2 AL A [, I | 0) — (o)
To prove these two inequalities, see [72, Egs. (4.25)-(4.25)]. Since
Jim > > F(ry) =0, (47)

€N yeA

because of (24), Assertion (iii) follows by combining (44)-(47) with Assertion (ii).
Finally, to get Assertion (iv), note first that Corollary 3.5 directly implies that

t1Vig

78 (A) = 72 ()], < 2 (AL [Ally [IF]l, / 19 (@) da (48)

t1A\t2

for any s,t1,t0 € R, U € C(R;WR), A € Py and A € Uy. Meanwhile, fix s1,80,¢ € R, U €
C(R;WF), A € Py and A € Uy. By Assertion (ii), for any ¢ € R* there is L € R such that

L) LW
[ () = (), < || ) = 7 5P )|+
which, by Equation (39), implies that
v s1Vso L ‘ll)
||Tt,81 Tt52 Hu = / Z H zaTta (A)H‘udang . (49)
5182 ZEPf

Similar to (46), it follows that

s1Vs2 tVa
|70 (A) = 7o, (D, < 2 AL Al 1F], / e Jina MW @nlhwder |1 (o)), da . (50)

S1/AS2

Assertion (iv) is a combination of (48) and (50). m

4 Lattice Fermions with Long-Range Interactions

4.1 Banach Space of Long-Range Models

Fix now £ = Z¢, d € N. Let S be the unit sphere of the Banach space W, of translation-invariant
(complex) interactions. Observe that any finite signed Borel measure a on S defines an interaction

/\I/ Cl(d\If) e W (1))
S
by
(/\If a(d\If)) i/\IJAa(d\If) , AePy. (52)
S A S

This last integral is well-defined because, for each A € Py, the integrand is an absolutely integrable
function taking values in a finite-dimensional normed space, which is U/,. Below, we extend this
observation to define long-range, or mean-field, models. Note that (51) can also be seen as a Bochner
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integral because the measure a is finite and VV is a separable Banach space. See, e.g., [89, Theorems
1.1 and 1.2].

For any n € N and any finite signed Borel measure a on the Cartesian product S" (endowed with
its product topology), we define the finite signed Borel measure a* to be the pushforward of a through
the automorphism

(OO, T s (M) (W) e ST (53)

of S™ as a topological space. A finite signed Borel measure a on S™ is, by definition, self-adjoint
whenever a* = a.

For any n € N, we denote the space of self-adjoint, finite, signed Borel measures on S™ by S(S"),
which is a real Banach space with the norm of the total variation

||Cl||5(gn) = |Cl|(Sn) , neN. (54)

The set of all sequences a = (a,),en of self-adjoint, finite, signed Borel measures a,, € S(S") is a
real vector space, where

(a+a), =a,+a, and (Aa), = Aa,, , neN,

for any sequence a = (a,,)nen, @ = (A, )nen and all A € R. We define the (real) space S to be the set
of all sequences a = (a,),ey of self-adjoint, finite signed Borel measures a,, € S(S™) with

lalls = > n* |F[f} 2 lan]sem < 00, (55)

neN

where we recall that F : Z¢ x Z¢ — (0, 1] is the decay function with maximum value F (z,z) = 1 for
x € 7% and satisfying Conditions (24)-(25). See also (27). Observe that (S, | - ||s) is a real Banach
space. We are now in a position to define long-range models:

Definition 4.1 (Long-range models)
The (real) Banach space of long-range models is the space M = W= x S along with the norm

[mfly =2l +llalls, m=(P,a) e M.
Note that W= and S are canonically seen as subspaces of M, i.e.,
WE C M and SCM.

We emphasize that long-range models are not necessarily translation-invariant since, obviously,

Mi=WinWF) xSg M. (56)
Similar to (29)-(31), we define the subsets
My=WEXS CM, ANePy, (57)
where, for any A € Py,
Sa = {(an)nen € S :Vn €N, [a,|(S") = [a,|((SNWA)")} (58)

Note that the short-range part of models in M, is not necessarily finite-range, but their long-range
interactions are built from finite-range interactions. Similar to (34) we can define a dense subspace

Mo = My, SM. (59)

LeN
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4.2 Local Hamiltonians and Derivations on the CAR Algebra

Similar to Definition 3.1, we define a sequence of local Hamiltonians for any model m € M: At any
fixed n € Nand L € N, the mapping

Q2RI 0) P /A P 5

from S™ to U is continuous (see (35)), and so, for any long-range model m € M, we can define the
following self-adjoint element of U/:

Definition 4.2 (Hamiltonians)
The local Hamiltonians of any model m € M are

Up=UP+> ——— |AL|” — / U g (@O, dU™) - LeN.

neN

Note that
UM €Uy, NUSNUT, LeN,

and straightforward estimates using Equations (35), (54)-(55) and Definition 4.1 yield the bound
1UZ Ny < IALHF L ¢ [mllp . LeN. (60)

(This upper bound is relatively coarse, in general.)
For any translation-invariant long-range model m = (¢, a) € M, (cf. (56)), observe that

\1/<1> p(n) 1 n
UL+Z‘A \"1/Sn Y ura, (@eW, L de™) . LeN,

where
(f>£(I>+/\I/a1(d\If)€W,
S

the last integral being defined by (52). If the model is finite-range and translation-invariant, i.e.,
®,d € W, then the interaction ® can be reproduced by some self-adjoint, finite, signed Borel
measure a;, leading to the definition of a new model m = (0,a) € M, such that U = UP. In
other words, if one is only interested in finite-range translation-invariant long-range models, then
one can directly use the Banach space S. Finally, for any translation-invariant long-range model
m = (P, (0,0a,,0,...)) € M, remark that

1) (2)

ur=up Up U ay (a0, aw®) | (61)

+
IAL| Js2

which can be seen as a local Hamiltonian of a long-range model in the sense of [46], as explained in
Section 8.
Like in Definition 3.3, any model m € M yields a sequence of bounded derivations:

Definition 4.3 (Derivations on the CAR algebra for long-range interactions)
The (symmetric) derivations {07 } Len C B(U) associated with any model m € M are defined by

ST (A) =i[U} Al =i(UMA— AUY), A€eU, LeN.
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4.3 Dynamical Problem Associated with Long-Range Interactions

For any long-range model m € M, the finite-volume dynamics are always well-defined: For all
1 1 (Lum)
L € N there is a strongly continuous one-parameter group (7,

generated by 67 € B(U):

),cs Of *-automorphisms of U

B (4) 2 GV ATE | AcU (62)

Compare with (39)-(40) for short-range interactions in the autonomous situation.

Nevertheless, in contrast with short-range interactions (cf. Corollary 3.5 and Proposition 3.7), in
the thermodynamic limit L — oo, the finite-volume dynamics does not generally converge within
the C*-algebra U. To see this, consider the following elementary example: Choose a model m =
(O, (0, as, 0, .. )) € M such that

1

Uy =
E2fAy)

N;  owith  Np= > )l

rEAL SES
Take A = a5 € Uy for some fixed spin s € S. Observe that
TiL,m) (ao,s) _ eit(2|AL|)—leit|AL\—lag,sao,sNLao’se_mALrlag,sao,sNL )
Therefore, for any ¢ € R,
—3 -1 (L, . - *
e H2IALD r§ ) (aps) = aps + it |AL] ! [aO’SaQSNL, aQS} + Ry () (63)
with || R, (t)||,, < 2¢*. Note that

ALl [af 405 NL, aos] = — [Ar| ™ aos Ny

and it is straightforward to check that this last element does not converge in U/, as L. — oo. By

Equation (63), at least at small times [t| > 0, (TﬁL’m)(A)) ren € U does not converge, as L — 00.

The non-convergence property is generic: For any integer n > 2, U W™ c W, A € If and
all L € N,

1

|AL‘n_1

Azl Azl AL Azl

Ug(l) Uip(mfl) - Ug;(mﬂ) Ugj(n)
GO U e qUETTUET
2 T i v A A @

[Uip(l)--- I\Jp(n)in| _ [Ug’m,A] Ug("),A}

(Compare with Definitions 4.2 and 4.3.) Note that the element (64) of I/ is uniformly bounded with
respect to L € N, since, by Corollary 3.5, the commutators in the right-hand side of this last equation
have a limit in U/ for any A € Uy, as L — oo. However, |A7|~1U} does not generally converge in the
norm sense of {/: Since

R
I}I_I)I;Om[UL,A}—O, AGU,

if the sequence (|[Az|7'U}) Lewy would converge in U, as L — oo, then its limit would be an element
of the center of /. For U is a simple algebra (cf. [75, Corollary 2.6.19]), its center is trivial. Therefore,
(|AL]"'U}) Leny would converge to c1 for some ¢ € C. In particular, by Proposition 3.2, for ¥ € W,

(eq,[— Cl) € m kerp ,

pGE;
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which is clearly wrong, in general. This observation is well-known. See, e.g., [19, p. 2225].

By contrast, taking ¥ € W, /'€ N% and any cyclic representation (#,, 7,, §2,) of an extreme (or
ergodic) (-periodic state p € E;(17), one has that the sequence (JAz| 'm,(U}))en does strongly
converge to m,(c) for some ¢ = ¢, € C. This is basically Haag’s argument [4] proposed in 1962 in
order to give a mathematical meaning to the dynamics of the BCS model. In the more general case of
a not necessarily extreme state p € Ej, the strong operator limit of the sequence is an element of the
(possibly non-trivial) center of the von Neumann algebra 7,(U/)". These facts compel us to consider
a more general setting, in particular the notion of state-dependent observables and interactions.

5 (C*-Algebra of Continuous Functions on States

In this section, we define the extended quantum framework introduced in [63], starting with the clas-
sical C*-algebra. Note that we consider here the C*-algebra U/, with state space FE, as the primordial
(C*-algebra X’ of [63]. Nevertheless, from the point of view of physics, only the subalgebra /™ C U
of even elements is relevant, as already explained in Section 2.3. In this case, the physical state space
is the set £+ C FE of all even states.

5.1 The Classical C*-Algebra of Continuous Functions on States

Recall that F stands for the metrizable, weak*-compact and convex set of states on I/, as defined by
(11). Tt is the state space of the classical dynamics defined on the space C'(E; C) of complex-valued
weak*-continuous functions on E':

Classical algebra: Endowed with the point-wise operations and complex conjugation, C'(F; C) be-
comes a unital commutative C'*-algebra denoted by

¢ = (CEBC) + e, 0 Hle) (65)
where the corresponding C*-norm is

Iflle = max|f (p)] . fe€. (66)

pE

Note that the “max” in the definition of the norm is well-defined because of the continuity of f
together with the compactness of F. € is the classical C*-algebra of weak*-continuous complex-
valued functions on states. The (real) Banach subspace of all real-valued functions is denoted by
¢® ¢ €. The C*-algebra € is separable, £ being metrizable and compact.

Gelfand transform: Elements of the (separable and unital) C*-algebra ¢ naturally define continuous
and affine functions A € € by

A(p)=p(4), peE AcU. (67)

This is the well-known Gelfand transform. Note that A # B implies A # B, as states separates
elements of {/. Since

[All, = max|p(A)] . AU, (68)

the mapping A — A defines a linear isometry from the Banach space U® of all self-adjoint elements
to the space € of all real-valued functions on F.
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Dense classical subalgebra: Recall that If; is the normed *-algebra of local elements of ¢/ defined by
(3). We denote respectively by

Cuy =C{A:Aecly}] and &y =C[{A:AcU}] (69)

the subalgebras of polynomials in the elements of {/1 : A e Uy} and {/1 : A € U}, with complex
coefficients. The unit 1 € € mapping any state to 1 belongs to &, by definition. Since U is, by
construction, dense in U, the subalgebra €, separates states. Therefore, by the Stone-Weierstrass
theorem, ¢, C ¢ isdensein €, i.e., € = &,.

5.2 Poisson Structure Associated with the State Space

We define A (E;C) C € to be the closed subspace of all affine, weak*-continuous complex-valued
functions over E. By [63, Definition 3.7], the convex Gateaux derivative of f € € at a fixed state
p € E is an affine weak*-continuous complex-valued function over £, defined as follows:

Definition 5.1 (Convex weak*-continuous Gateaux derivative)
Forany f € €and p € E, we say that df (p) : E — C is the (unique) convex weak*-continuous
Gateaux derivative of f at p € E if df (p) € A(F;C) and

lim A (f (L= p+dv) = f(p) =[df (D] (v) .,  pveEE.

A—0t

A function f € € such that df (p) exists for all p € E is called (convex-)differentiable and we
use the notation
df = (df (p))per : E = A(E;C) .
If f € A(F;C) then
df(p)=rf—fp), rek,
which means that affine functions of € are continuously (convex-)differentiable, as expected.

We define the (non-empty) subspace of continuously differentiable complex-valued functions over
the convex and weak*-compact set IV by

V=Y (L) ={fe:df e C(E;O)} . (70)

We endow this vector space with the norm
1Flly = llflle +maxfldf (p)lle <o, fED, (7D)

in order to obtain a Banach space, again denoted by ). The “max” in the definition of the norm is
well-defined because of the continuity of f and d f together with the compactness of E. The normed
vector space %) is complete, see [63, Section 3.4].

The (real) Banach subspace of all continuously differentiable real-valued functions is denoted by
DR ¢ 9. By [63, Proposition 3.8] together with Equations (66)-(68) and (70), for any f € 9% ¢ ¢,
there is a unique D f € C'(E;U®) such that

—

df (p)=Df(p), pekL. (72)

By (66) and (68), note that

IDf ()l = lldf (O)lle ,  pPEE. (73)
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Since the convex weak*-continuous Gateaux derivative is linear and because any function f € ) can
be decomposed into real and imaginary parts, it follows that, for any f € ) ¢ €, there is a unique
Df € C(E;U) satistying (72). For instance,

DA(p)=A—p(A)1, Acl.

Therefore, using [63, Definition 3.9] and the standard notation [A, B] = AB — BA, A,B € U,
for the commutator, we can define a Poisson bracket for continuously differentiable complex-valued
functions on the state space:

Definition 5.2 (Poisson bracket)
We define the mapping {-,-} : 9 x Y — Cby

{f,9} (p) =p(i[Df (p),Dg(p)]) , f9€D

By [63, Proposition 3.10 and discussions afterwards], this mapping is a Poisson bracket on ¢, that is,
for complex-valued polynomials. In other words, it is a skew-symmetric biderivation on €, satisfying
the Jacobi identity.

In fact, by generalizing the well-known construction of a Poisson bracket for the polynomial func-
tions on the dual space of finite dimensional Lie groups [79, Section 7.1], we define in [63, Section
3.2] a Poisson bracket for the polynomial functions on the hermitian continuous functional (like the
states) on any C*-algebra. Then, in [63, Section 3.3], the Poisson bracket is localized on the state and
phase!! spaces associated with this algebra, by taking quotients with respect to conveniently chosen
Poisson ideals. In particular, this leads, in an elegant way, to a Poisson bracket for polynomial func-
tions of the classical C*-algebra €. Definitions 5.1-5.2 just yield a very convenient explicit expression
of this Poisson bracket for functions on the state space.

5.3 The Quantum C*-Algebra of Continuous Functions on States

The long-range dynamics takes place in the space C'(F;U) of weak*-continuous U-valued functions
on the metrizable compact space F, which can be endowed with a C*-algebra structure:

Quantum algebra: Endowed with the point-wise *-algebra operations inherited from U, C'(E;U) is a
unital non-commutative C*-algebra denoted by

uEugi(C(E;u)7+a'(:7><>*a||'“u) : (74)

The unique C*-norm ||-||, is the supremum norm for functions on £ taking values in the normed
space U , i.e.,
Il = max[lf ()Ml > FELL. (75)

Recall that U/® G U 1s the (real) Banach subspace of all self-adjoint elements of /. The (real) Banach
subspace of all 4®-valued functions of ( is similarly denoted by {® ¢ 1.

We identify the primordial C*-algebra U/, on which the quantum dynamics is usually defined,
with the subalgebra of constant functions of ${. Meanwhile, the classical dynamics appears in the
algebra € of complex-valued weak*-continuous functions on F. This unital commutative C*-algebra
is identified with the subalgebra of functions of 1 whose values are multiples of the unit 1 € /. In
other words, we have the canonical inclusions

Uuc and cCy. (76)

"'"The phase space in [63, Definition 2.2] is the weak* closure of the subset £(E) of extreme points of the state space
E. For general C*-algebras, F and the weak* closure of £(F) are not necessarly the same. But here, if £ is infinite then
E = E(E), i.e., phase and state spaces coincide.
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See [63, Eq. (67)].

Dense subalgebras: Similar to (3), we define the *-subalgebras

MW= {fel: f(E)CU}, AePy, )
and
o= | th, C4L. (78)
LeN

The union ¢, U U, generates the C*-algebra [ and
o = span {€Uy } D span { &y, Up} (79)

are dense *-subalgebras of L[. To see this, use the density of Uy C U and ¢, as well as the com-
pactness of F together with the existence of partitions of unity subordinated to any open cover of the
metrizable (weak*-compact) space F (paracompactness and metrizability of £).

Positivity of elements of I: The positivity of elements of L[ is equivalent to their point-wise positivity.
This is a direct consequence of the following lemma:

Lemma 5.3 (Spectrum)
For any [ € AL its spectrum equals

spec (f) = U spec (f (p))

Proof. Fix f € i and take any z € C in the resolvent set of f. Then, clearly, z also belongs to the
resolvent set of f(p) € U for all p € E. It follows that

U spec (f (p)) C spec(f) . (80)

peEE
Take now z € C in the resolvent set of f(p) € U for all p € E. Using the Neumann series
(A—B—Z].u) Z].u— 12 Z].u— _1)n
n=1

for all A, B € U with || B (21 — A) ™" |l < 1, one sees that the mapping

p (2l — f(p)~"

from £ to U is weak*-continuous. In particular, this mapping is an element of { which, by construc-
tion, is the resolvent of f at z € C. It follows that

spec (f) € | spec (f (p)) - (81)

pel

By (80)-(81), the assertion follows. m

Corollary 5.4 (Positivity)
Any element f € UR is positive iff f(p) € U is positive for all p € E.

Functional calculus for elements of {l: It turns out that the continuous functional calculus in il coin-
cides with the point-wise continuous functional calculus in /:
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Lemma 5.5 (Continuous functional calculus)
For any self-adjoint f € YR with spectrum spec(f) and any continuous function ¢ € C(spec(f);C),
p(f) =@o f, where

pof(p)=w(f(p), prek.

Note that ¢ (f (p)) is well-defined because spec (f (p)) C spec(f) forall p € E, by Lemma 5.3.

Proof. Note first that, for all self-adjoint f € {4® and any polynomial function ¢ € C(spec(f);C),
¢ (f) = @ o f € il Observe next that, for any ¢, ¢, € C(spec(f);C) and p € E,

lerof(p) —@aof(Plly < sup o1 (p) — 2 ()| < ller — ol (82)
pEspec(f(p))

by Lemma 5.3. If ¢ € C(spec(f);C) is a general continuous function then take any sequence of
polynomial functions ¢, € C(spec(f);C) converging uniformly to . Such a sequence always
exists, by the Stone-Weierstrass theorem and the compactness of spec(f). Therefore, we infer from
(82) that ¢ o f is the uniform limit of the sequence of weak*-continuous function (¢,, © f)nen C 4.
In particular, ¢ o f is weak*-continuous, i.e., ¢ o f € 4. It is easy to check that the mapping
@ — @ o fis a x-homomorphism from C(spec(f);C) to 4l with 1 o f = 1 being the unit of [ and
idspec(ry © f = f. By the uniqueness of the continuous functional calculus, ¢ o f = ¢(f) for all
f € U®and p € C(spec(f);C). m

5.4 Important x-Automorphisms of the Quantum C*-Algebra

Parity: The *-automorphism o of U/ uniquely defined by the condition (4) naturally induces a *-
automorphism = of 4l defined by

EWNp)=a(fp), pek fei. (83)

Elements f1, fo € U satisfying Z(f1) = f1 and Z(f) = —f» are respectively called even and odd.
The set

(1]

W=y ={fesl: f=Z(fl} ={fed: f(B)cU"} Cd (84)

of all even weak*-continuous I/-valued functions on states is a C*-subalgebra. Compare with (5).

Translations: Let £ = Z?. The *-automorphisms a,, z € Z<, of I/ uniquely defined by the condition
(8) naturally induce a group homomorphism z + A, from Z to the group of *-automorphisms of 4,
defined by

A (N () =0as(f(p) . pEE felzeZ. (85)

These *-automorphisms represent the translation group in &l.

Permutations: In the same way, we can define a group homomorphism 7 +— 33, from the set 1I of
all bijective mappings from £ into itself, which leave all but finitely many elements invariant, to the
group of x-automorphisms of 4 by using (9) and the definition

B () (0) =p=(f(p), pekl, feu mell.

The *-automorphisms representing the permutation group in 4{ are not used here and are only given
for completeness.
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6 Limit Long-Range Dynamics — Classical Part

6.1 Banach Spaces of State-Dependent Short-Range Interactions

Similar to what is done in Section 3.1, a state-dependent (complex) interaction is defined to be a
mapping ® : Py — U* such that &, € 4, for any A € P;. See Equations (77) and (84). Similar to
(21) and (22), the set of all state-dependent interactions is naturally endowed with the structure of a
complex vector space on which the natural involution

& s & = (®})rcp, (86)

is defined. Self-adjoint state-dependent interactions ® are, by definition, those satisfying ® = ®*. A
state-dependent interaction ® can be identified with a mapping p — ® (p) from F to the vector space
of usual interactions (of Section 3.1) via the definition

B(p)y=Balp). AeP;.

In this paper, we only consider a particular space of state-dependent short-range interactions:
Using the Banach space WV of (usual) short-range interactions, we define

W= (C(E;W),+, ¢ ||l

to be the Banach space of weak*-continuous, state-dependent short-range interactions, along with the
supremum norm

@l = max @ )y . @2, 57)
where || - ||,y is defined by (27). Note that (86) is an isometric antilinear involution on 20. Recall that

WR G W is the (real) Banach subspace of all self-adjoint interactions and the (real) Banach subspace
of all self-adjoint state-dependent interactions is similarly denoted by

WE = (C(B;WR) 4, 1, || lgg) &2

To simplify notation, for any ¥ € C(R;20) and p € E, ¥ (p) € C(R; W) stands for the time-
dependent interaction defined by

C(p)(t)=T(tp) , peB teR. (88)

When £ = Z%, & € W is, by definition, translation-invariant if, for all x € 7% and A € Py,
D). = A (Py), see (28). Recall that { A, },c7a is the family of (translation) *-automorphisms on 4l
defined by (85). Similar to the (separable) Banach subspace W, & W of translation-invariant, short-
range interactions on £ = Z4, we denote by 20, ¢ 20U the Banach subspace of translation-invariant,
state-dependent, short-range interactions on £ = Z¢,

6.2 Derivations on the Quantum C*-Algebra of Functions and Dynamics

For any state-dependent (short-range) interaction ® € 2, we can naturally define limit derivations in
the quantum C*-algebra L(:

Definition 6.1 (Derivations for state-dependant interactions)
The symmetric derivations 6% associated with any ® € 20 is defined on the dense subset $l; =

span {€Uy} (see (79)) by

8] ()= F(0)6™(A),  peE, fet Acl.
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The right-hand side of the last equation defines an element of 4, by Corollary 3.5. Similar to Remark
3.6, observe also that, if € 20, then the symmetric derivation 8 is (norm-) closable: By Corollary
5.4 and Lemma 5.5, for all f € 8y, f > 0 implies f'/? € 4. It follows from [82, Theorem 1.4.9]
that 8% is dissipative [82, Definition 1.4.6], and, by [82, Proposition 1.4.7], it thus norm-closable and
its closure is also dissipative.

Any ¥ € C(R;20%) determines a two-parameter family T% = (T},)
the quantum C*-algebra L defined by (74):

X (D] () =72 (fF(p) . peE fed steR. (89)

For all f € iy, the right -hand side of (89) defines an element of L[, by Proposition 3.8 (iii) and
Lebesgue’s dominated convergence theorem. By density of 4l C $l and the fact that T;If 5(p ) is a con-
traction, it follows that the right-hand side of (89) defines an element of 4( for all f € & D &ly. Similar
to Proposition 3.7, this family satisfies a non-autonomous evolution equation with infinitesimal gen-

erator 6°® for t € R:

s..cr Of *x-automorphisms of

Proposition 6.2 (Infinite-volume state-dependent short-range dynamics)
For any ¥ € C(R;20%), T¥ = (‘Z;I,’s)sﬁteR is a strongly continuous two-parameter family of *-auto-
morphisms of A, which is the unique solution in B(l) to the non-autonomous evolution equation

Vs,t eR: OTr =T 08" T =1y, (90)

in the strong sense on the dense subspace $y C i, 1y being the identity mapping of L. In particular,
it satisfies the reverse cocycle property:

Vs,r,iteR: TP =303 91)

Proof. Fix ¥ € C(R;20%). The fact that (T};),

(91) 1s a direct consequence of (89), since (Tt S(p )

(42) forany p € E.
We now prove that the family (T}%,)

e 18 @ family of x-automorphisms of 4 satisfying

). +cx 18 @ family of x-automorphisms of I/ satisfying
.ccr 18 strongly continuous: By (89) and [63, Lemma 5.1
(iii)], it suffice to prove that (T;I’ 8(’) ))( p.s,t)eExR? 18 @ strongly continuous family. To this end, take three
sequences (S, )nen, (tn)nen € R and (p,,)nen € E converging respectively to s,¢ € Rand p € FE.
Forany A € U,

|rEe ) =20 )| < e @ -0 @+ @ - w|, . o
By Proposition 3.7,
Tim {|7¥9) (4) — 720 H AcU. (93)
Because ¥ € C (R; QUR), observe from (87) that, for ' € R,
sup sup || ¥ (a; p)llyy, = sup [[¥(a)fy < oo (94)

a€[-T,T) peE a€[-T,T]

Therefore, we infer from Proposition 3.8 (ii1) and Lebesgue’s dominated convergence theorem that

lim
n—oo

e () =@ ()| =0, Acth.
By Combining (92)-(93) with (89), [63, Lemma 5.1 (iii)], the density of U in ¢/ and the fact that 7"’

)8
is a contraction for any s,t € R, we deduce that (Sg’s) is a strongly continuous two-parameter
family.

s,teER
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We next prove the non-autonomous evolution equation for (‘I;I’s) : By Equation (89),

Vs, teER, fe€ Cu: (T (f) =0, Ty, =1y 95)

For any s,t € R, A € Uy C iy and h € R\{0}, observe additionally that

| (= () =T () = 3,0 870 ()| 96)

= sup Hh‘ (Tz_(};;)t (A) — A) _ §5¥(tp) (A)H )

pEE u

using Proposition 3.7. Now, by contradiction, assume the existence of a zero sequence (A, )nen, @
sequence (p,,)neny C F and a positive constant D > 0 such that

inf
neN

(- 4) -5 ] 2 D0

" u

By weak*-compactness of £, we can assume without loss of generality that (p,,),en converges in the
weak™ topology to some p € E, as n — oo. From Corollary 3.5, it follows that

lim inf
n—oo

(7R () - 4) =% (@) 2D >0, 7

Meanwhile, using Proposition 3.8 (iii), for any ¢ € R™, there is ng € N such that, for all n > ny,
Bt (P50 = TE 0 ) (A) < 20AL Al (Bl g @D S5 Ity (98)
X max H‘I’ (t+a;p,) =¥ (E+5p)llyy -

a€l—eg]

Note that the mapping (¢, p) — W (¢; p) is (jointly) continuous on R x F, by definition of 20, and we
infer from Inequalities (97)-(98) that

lim inf
n—oo

it (r2) (4) = A) = 6" ()| =D >0,

thn t u
which contradicts (41) for ¥ = ¥ (p). By Equation (96), it follows that
Vs,t € R, Aely C Yy T (A) =TF 0670 (4) . (99)

By using that 5‘I'(t), t € R, are derivations and "Sg’s, s,t € R, are x-automorphisms of i, we deduce
(90) on LUy, from (95) and (99). Recall that £{y = span {€U, }, by (79).

Finally, in order to prove the uniqueness of the solution to (90), assume that (¥, ) C B(W)
is a two-parameter family satisfying (90) on £ly. Since %) (¢) = {0}, € is a subspace of the fixed
point algebra of (ijt,s)s,teR. In particular, by [63, Lemma 5.2], it comes from a strongly continuous

family (77,)(y,s.)cExre defined by

s, teR

(A= [E (A (),  peB ACUCH, stER.

S

Through (90) (cf. (96)), for each p € E, (7 Pl ))s,tER and (77,), ,.. are both solution in B(/) to the
non-autonomous evolution equation (41) on U, for ¥ = ¥ ( ). Therefore, by Proposition 3.7, the
solution to the non-autonomous evolution equation (90) on 4l is also unique. m
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6.3 From Quantum Dynamics to Classical Flows

Proposition 6.2 means that, for any ¥ € C(R;20%), (4, T¥) is a state-dependent C*-dynamical

system, as defined in [63, Definition 5.3]. Therefore, as explained in [63, Section 5.2], for any ¥ &
C(R; 20%), (U4, T¥) induces a Feller dynamics within the classical C*-algebra € defined by (65)-(66):

State-space trajectories: Let C' (F; E') be the set of weak*-continuous functions from the state space
E to itself endowed with the topology of uniform convergence. In other words, any net (f;),e; C
C (E; E) converges to f € C' (E; E) whenever

lim max | f;(p)(A) — f(p)(A)| =0, forall AelUf. (100)

jeJ peE

We denote by Aut (E) & C (E; E) the subspace of all automorphisms of E, i.e., element of C' (E; E)
with weak*-continuous inverse. Equivalently, Aut (F) is the set of all bijective mappings in C' (E; F),
because E is a compact Hausdorff space. From the family T¥ = (‘I&'s)sjteR, we define a continuous

family <¢;I:3>s,teR C Aut (E) by
ok () =por”,  pEE, stER, (101)
where (T;I’ s(p ))( p.s,t)cExr? 18 the unique strongly continuous family of *-automorphisms of ¢/ satisfying

(89), see also [63, Lemma 5.2].

Classical flows as Feller evolution systems: The state-space trajectories, in turn, yield a strongly con-

tinuous two-parameter family (thls')s,tem of x-automorphisms of the classical C*-algebra €, defined
by

Vil =fodi,, fe€ steR. (102)

This classical dynamics is a Feller evolution system in the following sense: As a x-automorphism,

V,¥ is self-adjointness- and positivity-preserving while ||V, || 5(ez) = 15 (V,'%)s tcr is a strongly con-
tinuous two-parameter family satisfying

Vs,r,t €R: Ve =V2oVY

t,r o

(103)

by (91). Therefore, as explained in [63, Section 4.4], the classical dynamics defined as the restriction
of (V¥ - )ster to the real space ¢® can be associated in this case with Feller processes'? in probability
theory By the Riesz-Markov representation theorem and the monotone convergence theorem, there
is a unique two-parameter group (p;,)s ter of Markov transition kernels p” (-, -) on E such that

Vief ( /f )pis(p,dp),  fect.

The right-hand side of the above identity makes sense for bounded measurable functions from £ to
R. In fact, one can naturally extend (Vt > )s.ter to this more general class of functions on E.

The notion of Feller evolution system, which is only an extension of Feller semigroups to non-
autonomous two-parameter families, has been introduced (at least) in 2014 [83].

Parity: For any ¥ € C/(R;20%), the family (T}%,)_ ., is parity-preserving, i.e.,
Eo%), =T, 0%, s,teR,
where = is the *x-automorphism of 4 defined by (83). It follows that

o (EY) CEY,  ¢f (E\E") CE\E", steR, (104)

12The positivity and norm-preserving property are reminiscent of Markov semigroups.
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which in turn implies that V;% can be seen as a mapping on either C(E*,C) or C(E\E™,C):

Vi (fles) = (V2 S) e+ Vet (fleves) = (Vis f) e+ fee s, teR. (105)

Recall that £ is the weak*-compact convex set of even states defined by (15), which is the physical
state space. Similar to [63, Corollary 4.3], the set £(E™) of extreme points of E7 is also conserved
by the flow.

Translations: Let £ = Z<. For any continuous mapping ¥ € C(R;20; N 2W*) from R to the space
27, NQU® of translation-invariant, self-adjoint and state-dependent interactions, the mapping x +— A,
from Z< to the group of *-automorphisms of 4, defined by (85), is a symmetry group of the state-
dependent C*-dynamical system (4, TY), i.e.,

Ao T =TF oA, s,teR, z ez,
As a consequence, for any (e N,
Oue (B) € EBp. na (B\Ep) CE\E;,  steR, (106)

which in turn implies that V;* can be seen as a mapping on either C(Ey, C) or C(E\ Ey, C):

Recall that £; C E™ is the weak*-compact convex set of (- periodic states defined by (17) for any

¢ e N Similar to [63, Corollary 4.3], for every ¢ € N the set £(F;) of extreme points of Ejis, in
this case, also conserved by the flow.

6.4 Self-Consistency Equations

By using Equation (64), Proposition 3.2 and Corollary 3.5 together with the linearity of the mapping
P — §?, for every integer n > 2, any translation-invariant interactions v v e W, each
local element A € U, (e N?and every extreme (- -periodic state p € £(L) C E one can prove that

lim ﬁp( [U‘P(” U‘I’("),AD — o 8% (A) | (108)
L

L—oo

where, in this case, the state-dependent interaction ¥ € 20 equals

n

O(p)=[p o™, o= w0 ] pego) €W, pEE.  (109)

m=1 Je{l,...,n},j#Fm

Compare (108) with Definitions 4.2 and 4.3.

The proof of (108) uses the ergodicity of extreme periodic states in a crucial way. It is non-
trivial and will be performed in detail in [64]. One central argument in this proof, like in Haag’s
approach [4] to mean-field theories, is that, for any translation-invariant interaction & € W, and
any cyclic representation (H,, 7,,€),) of an extreme state p € £(E;) at fixed (e N, the uniformly

bounded family
Bl ca,
(Al LeN - ’

converges to the operator p(e,, 7)14,, in the sense of the strong operator topology. See [64, Section
5.3] for more details. Compare with Proposition 3.2.
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Having in mind the discussions of Section 4.3 and the linearity of the mapping ® — 6%, we give
here the limit (108) in order to convince the reader that appropriate approximating (state-dependent,
short-range) interactions naturally appears in the description of the infinite-volume dynamics of lattice-
fermion (or quantum-spin) systems with long-range interactions. To define them, recall that the inte-
gral of interactions is defined by (51)-(52).

Definition 6.3 (Non-autonomous approximating interactions)
For { € N% and any continuous functions m = (®(t), a(t))icr € C (R; M), £ € C (R; E), we define
the mapping ™% from R to WX by

o) ( )+ Z/ ); oW e sa(t), (AW, de) o teR,

neN

with |p; V|, = V. If¢ € C (R; Aut (E)), then a mapping @™ from R to ¥ is defined, for any
pe€ Fandt € R, by

&8 (t;p +Z/ ); U e (), (de, L At

neN

Such approximating interactions can be used to define, via Proposition 3.7 or Proposition 6.2, -
automorphisms of ¢/ or LI, because they are always bounded continuous functions:

Lemma 6.4 (Continuity of approximating interactions)
Let { € NYand m € C(R; M). Forany ¢ € C(R;E), ®™9 ¢ C(R; W) and, for any &€ €
C (R; Aut (E)), @™8 ¢ O(R; %) with

2™ O <lm @l and 2" @]y <l (@llg, TR (110

Proof. Inequalities (110) are direct consequences of Equations (30), (54)-(55), Definition 4.1 and the
triangle inequality, recalling that S™ is the n-fold Cartesian product of the unit sphere S of the Banach
space W,;. Using the same arguments, note also that, for any m € C (R; M), £ € C (R; F) and
t1,t9 € R,

||q)(m7§) (t) — &™) tQ)HW
< (t2) = @ (E2)ll + D [FITS la (t), = a(t2),llsen)

neN

+ S IFI /Z\ (1) — € (12)) (040 )| o (1), (AW, aw) |

neN

(111)

Sincem € C' (R; M) and § € C (R; E), we invoke Lebesgue’s dominated convergence theorem to
deduce from the last inequality that ™ € C(R;W®). The difference of ®™¢ for two differ-
ent times at a fixed state p satisfies the same inequality as (111), & (¢1) , & (t2) being replaced with
&(t1;p), E(ta; p), respectively. Since Aut (E) & C (E; E) is the subspace of all automorphisms of £
endowed with the topology of uniform convergence, as stated in Equation (100), one also infers from
Lebesgue’s dominated convergence theorem that ®™¢) ¢ C(R; 20%), provided m € C (R; M) and
EcC(RAut(E)). m

As is usual, we do the following identifications for the subspaces of constant functions:

ECC(R;E) and Aut(E)C C (R;Aut(E)) . (112)
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When £ € E and m = (®,(0,0a,,0,...)) € Mj, the first part of Definition 6.3 corresponds to
the (autonomous) approximating interactions first introduced in [46, Definition 2.31], see also Sec-
tion 8. They are used there to characterize (generalized equilibrium) states minimizing the free-
energy density through self-consistency equations (gap equations), whose solutions are related to
non-cooperative equilibria of a two-person zero-sum game (thermodynamic game).

More generally, by Proposition 6.2 and Lemma 6.4, for any £ € C (R;Aut (FE)), there is a
strongly continuous two-parameter family (‘Z;I;(m’g))s,teR of x-automorphisms of 4l satisfying the re-
verse cocycle property. This family satisfies a non-autonomous evolution equation, similar to Equa-
tion (41). It is used to construct the infinite-volume limit of the non-autonomous dynamics of time-
dependent long-range models of M within a cyclic representation associated with an arbitrary pe-
riodic state. We show that, generically, a long-range (or mean-field) dynamics is equivalent to an
intricate combination of a classical and short-range quantum dynamics. Both dynamics will be
(non-trivial) consequences of the well-posedness of self-consistency equations, which are reminis-
cent of [63, Theorem 4.1].

To present these equations, recall that, for any A € Py, M, belongs to the dense subset M, C M
of models with an arbitrary short-range part, while the long-range interactions are polynomials of
finite-range translation-invariant interactions. See (57)-(59) and Definition 4.2.

Theorem 6.5 (Self-consistency equations)
Fix A € Py and m € Cy(R; My). There is a unique ™ € C (R?; Aut (E)) such that

(m, =™ (a,"))
w" (s,t) = fsm la=s » s,teR,

where (qbg)s(m’g))s,teR is the continuous family of automorphisms of E defined by (101) with the state-
dependent interaction W = ®™¢) of Definition 6.3 for € € C (R; Aut (E)).

Proof. The theorem is a consequence of Lemmata 7.2 and 7.8. =

Remark 6.6
Section 7 proves stronger results than Theorem 6.5. See, in particular, Lemma 7.4.

At fixed A € Py and long-range model m € Cy(R; M,), Theorem 6.5 means that, for any
s,teR,pe EFand A e lU,

(m, =™ (")) . . m . m
ps,t (A) =po T;I?s & (A) |Oz:s with ps,t =w (S,t; p) =w (S,t) (p) cb. (113)

See Equations (88), (89) and (101). Let (C,),,. be an arbitrary family of closed sets
Co C(SNWy)", neN,
such that, for ¢t € R,
|a()nl(Cn) = [a(?)a|(S")  with  m = (®(1), a(t))rcr € Cp(R; My)
(cf. (31) and (57)-(58)). Then, (113) for the time-dependent expectation
psi(A) € C, s,teR,

of elements
A€Va={eyiWeC, neN}

leads to a systems of non-autonomous, coupled and non-linear equations, in general. These self-
consistency equations are strongly related to the self-consistency equations (gap equations) explained
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in [46, Section 2.8] for the special case of (generalized) equilibrium states. By contrast, Equations
(113) for elements A € U\ V,, are not coupled to each other.
Last but not least, for any m € C,(R; M, ), observe from (104) that

w™ (s,t; E+) C ET, w™ (s,t; E\E+) C E\ET, s,t eR.

Recall that E7 is the weak*-compact convex set of even states defined by (15). When long-range
models are translation-invariant, that is, if m € C,(R; M; N M) (see (56)), the non-autonomous
approximating interactions of Definition 6.3 are also translation-invariant. By (106), it follows, in this
case, that ™ (s, t) maps periodic states to periodic states: for any (e N4,

w" (s,t; E;) C By, w" (s,t; E\E;) C E\Ey, s,teR. (114)

Recall that £ C F is the weak*-compact convex subset of E—periodic states defined by (17). Like F, it

has a dense set of extreme points (F—ergodic states). Additionally, in this case, similar to [63, Corollary
4.3], for every ¢ € N the set £(E;) of extreme points of Eis conserved by the flow.

6.5 Classical Part of Long-Range Dynamics

Similar to (102), the continuous family zo™ of Theorem 6.5 yields a family (V;%)ser of *-auto-
morphisms of € defined by

ViR (f) = fom™(s,t) fee steR. (115)

It is a strongly continuous two-parameter family defining a classical dynamics on the commutative
(C*-algebra € of continuous complex-valued functions on states defined by (65)-(66):

Proposition 6.7 (Classical dynamics as Feller evolution system)
Fix A € Py and m € Cy(R; My). Then, (V%) cr is a strongly continuous two-parameter family of
x-automorphisms of € satisfying the reverse cocycle property:

Vs,r,t € R: Vi =V5o V.

Ifm € My & Cp(R; My), i.e., mis constant in time, then V", = V™ _ for any s,t € R and (V) ier
is a Cy-group of x-automorphisms of €.

Proof. In order to prove these assertions, one simply adapts the argument used to prove [63, Proposi-
tion 3.4], having in mind results of Section 7. We omit the details. m
Like (102), (‘/2’1;)57756]R can be associated with a Feller process in probability theory. If m €

Cy(R; M N My ), note that the classical flow conserves the Poulsen simplex E;, I € N? and V;“; can
be seen as either a mapping from C'(E; C) to itself or from C(E\ Ey; C) to itself:

V?fe(f|E;) = (V;fzf)|E;7 ‘/t?;(f|E\E[) = (‘/tr,‘:;fﬂE\E[? f € Q:u s,t € R ) (116)

using (114). Compare with Equation (107). For all m € C,(R; M), the same holds true for the
weak*-compact convex set £ of even states.

For any constant function m € My & Cy(R; Ma), (V) ier is a Cyp-group of *-automorphisms
of € and we denote by ™ its (well-defined) generator. By [84, Chap. II, Sect. 3.11], it is a closed
(linear) operator densely defined in €. Since VZ‘E), t € R, are x-automorphisms, we infer from the
Nelson theorem [82, Theorem 1.5.4], or the Lumer-Phillips theorem [75, Theorem 3.1.16], that ™
are dissipative operators, i.e., 71" is conservative. The *-homomorphism property of V%, ¢ € R, is
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reflected by the fact that TT™ has to be a symmetric derivation of €. In fact, similar to [63, Theorem
4.5], ™ is directly related to a Poissonian symmetric derivation.

In order to understand this fact, we need to figure out the appropriate classical energy functions,
which correspond in [63, Theorem 4.5] to the function h. Recall that A € € is the continuous and
affine function defined by (67) for any A € U, while {-, -} is the Poisson bracket of Definition 5.2.
Now, having in mind Definition 4.2, it is natural to define the following family of classical energy
functions of €:

Definition 6.8 (Classical energy functions of long-range dynamics)
For any m € M, we define the functions

LR e —

VG / Ur® U a(), (av®, ... de™) e ¢ LeN,
neN

which we name the local classical energy functions associated with m.

The integral in Definition 6.8 is well-defined by the same reasons than in Definition 4.2. It is important
to stress that, although these two definitions look similar, h' # [7;‘, in general. Local classical energy
functions are continuously differentiable real-valued functions over the convex and weak*-compact
set F, ie., {h®}reny € ¥, the subspace PY¥ C €F being defined by (70): For any m € M, by
straightforward estimates using Equations (35), (54)-(55) and Definition 4.1 together with Lebesgue’s
dominated convergence theorem, one checks that, for any L € N, h7 is continuously differentiable
and

—

— n — o)
Dh = U —UR +) Z/ (Ug’“"> — U,?("”) 1T UK a(t), (dv®, .. de™) |

neN m=1 | L|
(117)
where Dh € C(E;U®) = UF is the function defined by (72) for f = h. Moreover, by (35), (63),
(71) and (73), for any m € M,

IElly = I (P)lle + max |[Dhy (o)l < 3IALH[Fl e llmlly . LEN,

which is similar to Inequality (60) that bounds the norm of the Hamiltonians U}", L € N.

Last but not least, it is very instructive to compare (117) with the local Hamiltonians associated
with approximating interactions of Definition 6.3, in the light of Proposition 3.2: All terms of the
form A

Ut (p) _ »(UF)
ALl Azl
in (117) should converge, as L — oco. By Proposition 3.2, we know this holds true whenever p is a
periodic state, the limit being p(eg, ;) for some ¢ € N The periodicity of states is therefore a very
useful property in this context. Recall that periodic states form a weak*-dense set [, (16) of the
physically relevant set £ (15) of even states, by Proposition 2.3.

So, restricting our study to periodic states, we are now in a position to link the generator 1™ to a

Poissonian symmetric derivation:

veS, pek,

Corollary 6.9 (Classical evolutions via Poisson brackets)
For any A € Py and m € M, the dense x-subalgebra &y, (69) belongs to the domain of 1™ and

() lg, = lm (WP s, f € Q.

where the limit has to be understood point-wise on the weak*-dense subspace E, C E* of all periodic
states.
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Proof. Fix A € P; and m € M,. Comparing Definitions 3.3 and 6.3 with Definition 5.2 and
(117) and using Proposition 3.2 and Corollary 3.5 together with Lebesgue’s dominated convergence
theorem, one computes that

lim (b, f} (o) = po8®"" (Df (p)) . f€Cu pE L. (118)

Note that one can interchange the local quantum derivation (which is a commutator) in the left-hand
side of (118) with every integral over (SN W,)", n € N, by finite dimensionality of the space Uy, for
all L € N. Here, we use (112) to define the approximating interaction ®™#), as well as the fact that
Df (p) € Uy whenever f € &,. Now, the rest of the proof is very similar to the one of [63, Theorem
4.5]: By Lemma 7.4, one verifies that, for any A € Uy and t € R,

BVI(A) (p) = VB o T(A) (p) = @™ (0,8 p) 0 827 7 (A) (119)

Since T™ and 0"z, L € N, are symmetric derivations, the assertion follows by combining (118) and
(119). m

Equation (119) also holds true for any time-dependent model m € C,(R; M, ) and A € Py, with
™ being replaced with T™® in (119). Therefore, in the non-autonomous situation, for any s,¢ € R,
p € E and polynomial function f € ¢,

(m, =™ (s,t;0))

AV () (p) = Vi o T (f) (p) = @™ (s,;p) 0 0% (f (p)) - (120)
Similar (point-wise) identities for 9V} like
OV (f) = =T o V() (121)

are not at all obvious. In fact, no unified theory of non-autonomous evolution equations that gives a
complete characterization of the existence of fundamental solutions in terms of properties of genera-
tors, analogously to the Hille-Yosida generation theorems for the autonomous case, is available. See,
e.g., [67-71] and references therein.

An important, highly non-trivial, result in that direction is proven in the next theorem, which
depends in a crucial way on Lieb-Robinson bounds for multi-commutators of [72, Theorems 4.11,
5.4]:

Theorem 6.10 (Non-autonomous classical dynamics)
Fix A € Py, ¢, e € R and take

F(z,y)=e (L4 ]o—y)" @9, zyeeg,

as the decay function, see (26). Then, (V%)sicr is a strongly continuous two-parameter family of

S

x-automorphisms of € satisfying, on the dense x-subalgebra €, (69),

VstER: OV ()]s, = lim VT ({hf“),f}) B VM =1, (122)

s,8

for any m € Cy(R; My N My) while, for any m € Cy(R; My), s,t € Rand f € &y, VI(f) €D
with
Vs,teR: AV () g, = —ggo{h‘g<s>,v;j‘;(f)}|,3p . V=1, (123)

All limits have to be understood point-wise on the weak*-dense subspace E, C E™ of all periodic
states.
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Proof. Fix all parameters of the theorem. Equation (122) results from (114), (118), (120), Lemma
3.2 and the fact that m € Cy(R; My N M) (cf. (116)). In order to prove V% (f) € 9 and (123), it
suffices to invoke Lemma 7.13, which says that

OV (A)lg, = — lim (W3 VL (A)} |,

for any s, € R and A € Up. Since (V),cr is a family of x-automorphisms of &, by using
the (bi)linearity and Leibniz’s rule satisfied by the derivatives and the bracket {-, -}, we deduce that
VR(f) € 9 and (123) for all polynomial functions f € €, and times s,z € R. m

By Corollary 6.9 and Theorem 6.10, Equation (121) seems to hold true, but it cannot be directly
deduced from Theorem 6.10. We refrain from doing such a study in this paper, since Theorem 6.10
already shows that we have a non-autonomous classical dynamics in the usual sense. Note that, in
the case £ = Z¢, we have to consider the limit L — oo. This is the classical counterpart of the
thermodynamic limit L — oo in the derivations of Corollary 3.5.

In the autonomous situation, as already suggested by Corollary 6.9, we obtain from Theorem 6.10
the usual (autonomous) dynamics of classical mechanics written in terms of Poisson brackets (see,

e.g., [85, Proposition 10.2.3]), i.e., Liouville’s equation:

Corollary 6.11 (Liouville’s equation)
Under conditions of Theorem 6.10, for any t € Rand f € €,

OV (F) =V o T (F) = Vi (Jim (b, 1) = lim {bg,VR(H)} =T o ViR (/) |

where all limits have to be understood point-wise on the weak*-dense subspace E, C E* of all
periodic states.

Proof. Combine Corollary 6.9 with Theorem 6.10. m

Writing the classical dynamics in terms of Liouville’s equation, as in Corollary 6.11, is concep-
tually illuminating and also very useful from a purely mathematical point of view. For instance, the
Gross-Pitaevskii and Hartree hierarchies mathematically derived from Bose gases with mean-field
interactions are infinite systems of coupled PDEs and therefore, a direct proof of the uniqueness
of its solutions is technically quite demanding, usually involving Feynman graphs, multilinear es-
timates, etc. In [42], the authors show that a solution to these hierarchies is basically a family of
time-dependent correlation functions associated with a certain positive measure on the unit ball of a
L?-space, whose dynamical evolution is driven by Liouville’s equation, similarly to Corollary 6.11.
Uniqueness of a solution to such Liouville’s equation can be proven in a general setting, as shown in
2018 [42, 86], implying the uniqueness of a solution to the Gross-Pitaevskii and Hartree hierarchies
without highly technical issues depending on the particularities of the hierarchies under consideration.

6.6 Quantum Part of Long-Range Dynamics

The classical part of the dynamics of lattice-fermion systems with long-range interactions, which
is defined within the classical C*-algebras € of continuous complex-valued functions on states, is
shown to result from self-consistency equations, as explained in Theorem 6.5. Since € can be seen as
a subalgebra (76) of the quantum C*-algebras 41 of continuous /-valued functions on states, defined
by (74)-(75), there is a natural extension of the classical dynamics on €: The continuous family zo™
of Theorem 6.5 yields a family (0}, ), icr of *-automorphisms of 4{ defined by

U7 (f) = fowm™(s,t) , feu steR.

In particular, by (115), U} |¢ = V/"; for any s,t € R.
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However, it is not what we have in mind here: Emphasizing rather the inclusion &/ C i/, in the
long-range dynamics, the classical algebra € becomes a subalgebra of the fixed-point algebra of the
state-dependent long-range dynamics on 4l. In [64] we describe in detail the quantum part of the
long-range dynamics, which is defined in a representation of the C*-algebra [. We give below a few
key points of this study:

(1): As soon as the classical part of the long-range dynamics is concerned, there is no need to impose
any additional property on initial states to define it. By contrast, for the quantum part, periodicity
of initial states is needed. Note, however, that the set £, of all periodic states is still a weak*-dense
subset of the physically relevant set £ of all even states, by Proposition 2.3.

(i1): From now on, fix ¢ € N and consider the set E;of Z—periodic states defined by (17). Note that

any Z—periodic state p € E; C U* naturally extends to a state on il: There is a natural conditional
expectation = from U to € C ${ defined by

Ef)p)=p(f(p), prek.

Then, since Ej;is a Choquet simplex, any state p € £} can be uniquely identified with its Choquet
measure i, which, in turn, is a state of &, canonically viewed as a measure on F. The state of 4l
extending p € Ejis the state y1, o =. Moreover, if (H,, 7,,(2,) is a cyclic representation of p € £,
then, by [64, Proposition 4.2], there is a representation

I, : 3 — B(H,)
such that
(11, (£0]" = [IL,, (U0)]" and 11, (A) = 7, (A)
for any A € U C L. In particular,

(1L, (&))" < [, @) N [, @))" -

In fact, for p € Ej, (H,,11,,€,) is a cyclic representation of the state 1, o = € U*. The existence of
such an extension of 7, strongly depends on the orthogonality of the (Z—) ergodic decomposition of

E—periodic states, as it is explained in [64]. The ergodicity property of extreme states of £ is pivotal
in order to get the limit dynamics stated in the third point.

(iii): Let m € Cy(R; My N M) for some A € P;. Assume that the state at initial time s € R is
p € Ey. Then, by taking the above cyclic representation (#,,11,,2,) of p, seen as the state p , 02
on i, we show in [64, Theorem 4.3] that, forany ¢t € R and A € U C 4, in the thermodynamic limit

L — oo,
1, (27 (A) s = 72 (4) (124)

t,s

converges to 0 in the o-weak topology within B(7{,). In particular, the restriction to U of the state

po IZI’,S(mA,wl‘n(oé,.)) |a_s (125)

can be seen as the state of the system at any time ¢ € R when p is the (initial) state at time ¢ = s.

Here,
w" € C (R* Aut (E))

results from Theorem 6.5, ®(™%) is the state-dependent interaction of Definition 6.3 for

£ € C(R;Aut (£)) ,
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(Tike)
6.2 for ¥ € C(R;20%), and (TﬁL’m))teR is the strongly continuous one-parameter group of *-auto-
morphisms of U/ defined by (62). Note that, even if the local dynamics is autonomous, the limit
dynamics can still be non-autonomous.

A similar result holds true for non-autonomous long-range dynamics, i.e., for all time-dependent
models

sccr 18 the strongly continuous two-parameter family of *-automorphisms of i of Proposition

mECb(R;MAﬂMl), AGPf.

In this case, one replaces the autonomous local dynamics in (124) with the non-autonomous local
one, similar to (39)-(40).

7 Technical Proofs

The aim of this section is to prove Theorems 6.5 and 6.10. In fact, we prove here stronger results than
these theorems. The proof of Theorem 6.5 is done in five lemmata and two corollaries. The proof
of Theorem 6.10 is a direct consequence of Lemma 7.13. Note that those proofs are a much more
involved version of the ones performed in [63, Section 7] to prove [63, Theorems 4.1 and 4.6].

We start with preliminary definitions: In all the present section, fix once and for all /e N¢,
A € Py and a time-dependent model

m=((®(t),a(t))),p € CRIMy),  with My =WExS, C M,

(see (57)), Sy € S being defined by (58). By (32)-(33), we can assume without loss of generality that
¢y 7 € Un. In order to simplify mathematical expressions, we use the standard notation

Il = Il v = suplim (@ . m € CoReM) (126

Recall that £y C U}, which is defined by (10), is the norm-compact set of states on the finite-
dimensional C*-algebra U, . For every continuous function ¢ € C' (R; E,), let

‘Ifc(t)i<1>(t)+2/( | [C@); oW, v™ | a(), (APW,.dFM) . teR,
eN

SAWA)™

(127)

with Wy C W), being defined by (31). In particular, by Definition 6.3 and Equation (58), for all
continuous functions £ € C (R; E),

Telua (1) = @™ (1), teR. (128)

Note that such approximating interactions can be used to define a strongly continuous two-parameter
family (7} *)s.1er of x-automorphisms of U for any ¢ € C (R; E,), by Proposition 3.7 and Lemma
6.4. Such approximating dynamics satisfy the following estimate:

Lemma 7.1 (Estimates on approximating dynamics)
Forany s,t € R, A € Py, Ac Uy and (1,5, € C (R; Ey) C C(R;Uy),

t

Vs
[ (7t = 77) ], < 2RI B il 1 (@) = 6, @)l

tA

Here, U} is endowed with the usual norm for continuous linear functionals.

37



Proof. Similar to Inequality (111), by Equations (30), (54)-(55) and (128), note that, for any (,, (5 €
C (R, EA),

[0€ () = < ()|, < llm (@)l N6y () = Co ()]

Combining this inequality with Proposition 3.8 (iii) and Lemma 6.4, we obtain the assertion. Note
that C' (R; Ey) C C (R;Uy), because the norm and weak* topologies of U/, are the same, by finite
dimensionality of U, for A € P;. m

We now show the existence and uniqueness of the solution to the self-consistency equation:

s aelR.

Lemma 7.2 (Self-consistency equations)
Forany s € R and p € E, there is a unique solution w, s to the following equation in § € C (R; E):

3
VteR:  £(t)=pory, . (129)
Moreover, w, \(t) = @Wa, (- (t) forany r, s, t € R.

Proof. The proof is similar to the one of [63, Lemma 7.3]: Fix the initial time s € R and state p € F.
The existence and uniqueness of a solution w, s to (129) is proven via the Banach fixed point theorem:

Step 1: Fix 7' € R* and observe that C' ([s — T, s + T|; E) is a closed bounded subset of the Ba-
nach space C ([s — T, s + T); Uy), with U} being endowed with the usual norm for continuous linear
functionals and

I€lleeresmagy = _ o ICOlhy G C s = Tos + Ttk

te[s—T,s+T

Define the mapping § from C ([s — T, s + T'|; Ez) to itself by

S(C)(t)ipOTfjgu . tels—T,s+T]. (130)
A

The existence of such a x-automorphism r?ﬁ forany( € C'([s —T,s +T|; Er) and t € [s—T,s+T]
follows from Proposition 3.7 and Lemma 6.4. By Proposition 3.7 (or Proposition 3.8 (iv)), (130)
defines a mapping from C ([s — T, s + T']; E) to itself. Moreover, by (127) and (130), we infer from
Lemma 7.1 that, for any (;,(, € C ([s — T, s + T|; Ep),

18°(€2) (8) = (C2) Dl oqpo—resrians) (131)

< AT A HFHu [ml !PTl 1€y — C2||C([3—T,5+T};u;;) :

Therefore, by fixing the time parameter 7' € R such that

o—4DTm,

T < :
SIALIE ¢ lml

(132)

the function § is a contraction. Hence, we obtain a unique solution 1, € C ([s — T, s+ T; Ej) to
Equation (129) with £, =1, atfixed s € Rand p € E.

Step 2: By (128), the restriction of any solution @, s € C'([s — T, s + T; E) to (129) to the subspace
Uy CUmustequal I, € C([s — T,s+ T); Ex) and ®™=e:()) = Plo (¢). With this observation,
we see that

wp,s(t)ipOT\IlJp’s, tels—T,s+1T],

t,s
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is the unique solution in C' ([s — T, s + T|; E') to (129) at fixed initial time s € R and state p € E.

Step 3: In the same way we prove the existence and uniqueness of a solution to (129) at fixed s € R
and p € E, one shows that, for each r € [s — T, s + T, the self-consistency equation

Welr—Tr+T]:  €()=w,,(r)orh™ (133)

has also a unique solution @y, in C([r — T,r + T); E) for any T € (0,T]. By the reverse
cocycle property (42), at fixed s € R and p € E, @, s solves the self-consistency equation (133) for
anyr € (s —T,s+T)andt € [s — T,s +T] with T =T — |s — r| € RT, whence

wp,8<t> = wwp,s(r),r(t)

forany r € (s — T,s+T)andt € [s — T,s + T).

Step 4: Assume the existence and uniqueness of a solution @, s in C' ([s — Tp, s + Tp]; E) to Equation
(129) for some parameter Ty € R*. Take

re(s—To,s—To+T)U(s+Ty—T,s+1Tp).

By combining the existence and uniqueness of a solution @, (- to (133) in C([r — T,r+1T];E)
for any 7' € (0, T'] together with the reverse cocycle property (42), we deduce that

wpﬁ(t) = wwpys(qn)w(t) , te (8 —Th, s + To) )

as well as the existence of a unique solution w, ; to (129)in C' ([s —To — T, s + Ty + T]; E). As a
consequence, one can infer from a contradiction argument the existence and uniqueness of a solution
in ¢ € C(R;E) to the self-consistency equation (129). Moreover, this solution must satisfy the
equality @, () = @e, (), (t) forany r,s,t € R. m

Corollary 7.3 (Bijectivity of the solution to the self-consistency equation)
Forany s,t € R, w, (t) = (w, s (t)) ek is a bijective mapping from E to itself.

Proof. The assertion is a direct consequence of Lemma 7.2, in particular the equality w, (t) =
W, (r)r(t) forr s, t €R. m
By combining Lemma 7.2 with Proposition 3.7, note that, forany s € R, p € E'and A € U,

Oi{wps (1) (A)} = porliod™ D (4),  teR,
with J = @, 4|4, . This property can be strengthened within the local C*-algebra U,:

Lemma 7.4 (Differentiability of the solution — I)
Foranys € Rand p € E, 1= w,slu, € C* (R;U}) with derivative given by

vl (¢
I {w@,s (t) ‘UA}:pOTt,so(s ()|ZAA7 teR.
Here, U} is endowed with the usual norm for continuous linear functionals.

Proof. To prove that J = @, |y, € C' (R;Uy) at fixed s € R and p € E, we first remark that, for
any A € Uy and h € R\{0},

7 (po i (A) = poril(A) = poril o™ (4) (134)
< max Hé‘plm)_\pj(t) (A) H + max H ( Tos = Tt S) gv (A) H :
a€t—h,t+h] a€t—h,t+h] u
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Since J € C' (R; Ex), by Corollary 3.5, for any A € U, with ||Afl,, =1,

I(e) _gA(t) a 1
max |67 ()| < 2(A|F),, max [0 — w0

a€lt—h,t+h] a€[t—h,t+h]
and hence, by using Lemma 6.4, we arrive at
illlg(l) AGUASl”lE” =1 ae[?l%};rh] H(;‘I’J(a)—‘lﬂ(t) (A)Hu =0 (139)
Meanwhile, by Proposition 3.4, for any A € U, satisfying ||A||,, = 1,
|2 = riz) oo™ ], < (722 =) 001 ()]
+ 2|A] ||\I/:l stup Z F (z,y)
A zens

Thus, by (24), for any fixed ¢ € R*, there is L € N such that, for any A € U, with || A4]|,, = 1,

-it) es" ), (=il o5 ()
s [ ) e O < e (72 2, e

while we obtain from Proposition 3.8 (iv) that

. )

lim sup max H <T$JS — T\P;> 00V (A H =0.

h—0 Aely, || All,=1 a€lt—h,t+h] ’ b L ( ) u
It follows that ;

lim  sup max H( as—7t8> 0V ® (A)H =0.

u

h=0 gy, || Al =1 @€[t=hit+]

We finally combine the last limit with (134)-(135) to deduce that J € C* (R; U} with derivative given
by
O {Tps (O} = 03 () = poriod™ Wy, teR,

atany fixeds € Randp € . m

Lemma 7.5 (Continuity with respect to the initial condition)
Forany s,t € R, w, (t) = (w,s (t)),er € C (E; E).

Proof. Take s € R and two states p,, p, € E. Then, define the quantity

X(T)= max |[(wps(t) = @p,s (1)) lus | TeR". (136)

te[s—T,s+T]

F)
Z/{A

By Proposition 3.8 (ii) and Lemma 6.4 together with Equations (24) and (128), for any T, ¢ € R™,
there is L € N such that, for any A € Uy with ||Al|,, = 1,

TV (A) — 7Y (A)H <c. (137)

sup sup
te[s—T,s+T] CEC(R;En)

By combining Lemmata 7.1 (for £ = Ap) and 7.2 with (137), we thus obtain the bound

X(T) < 2+ | (o1 = p) b,

T
+2|A[[|F]], ¢ [[m]],, e*PT Il / X () da,
UAL ’ 0
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where ||m||__ is defined by (126). By Gronwall’s inequality,

X (T) < (25 |6 = 02) s, |, ) (14 21ALIE g ], 2P My (7)) (138)

with

T
Y1) = [ e {211 IF], ¢

By finite dimensionality of {4, , the norm and weak™ topologies of U/} ~are the same and, by the
weak™ continuity property of w; (¢), we infer from (136) and (138)-(139) that

m e2DT”m”ooa} da . (139)

(wp,s (t) |MA)pEE’ eC (EQUX) ) s,teR. (140)

The continuity is even uniform for times ¢ in compact sets. Now, by Lemma 7.2, for any s,¢ € R,
p1, P2 € E and A € U, one obviously gets from the triangle inequality that

[ (@p,s (1) = @, s (1)) (A)] (141)
< o= pyort T )+ || (R =) )

y
Combined with Lemma 7.1, Lebesgue’s dominated convergence theorem and Equation (140), this last

inequality leads to
(w,s (t) (A))er € C(E;C) , Ael.

By density of Uy C U and the fact that any state p € F satisfies ||p|

y+ = 1, the assertion follows. =

Corollary 7.6 (Solution to the self-consistency equation as self-homeomorphisms)
Atfixed s,t € R, w, (t) = (w,s (1)) ,cr € Aut (E), i.e., ws (t) is an automorphism of the state space
E. Moreover, it satisfies a cocycle property:

Vs,r,t € R: ws (1) = w, (t) ows (1) . (142)

Proof. The proof is the same as the one of [63, Corollary 7.7]: By Corollary 7.3, for any s,t € R,
w, (t) is a weak*-continuous bijective mapping from E to itself. Since F is weak*-compact, its
inverse is also weak*-continuous. The cocycle property is a rewriting of the equality w, () =
We,o(r)r(t) of Lemma 7.2. m

Before stating the next lemma, recall that the topology used in the subspace Aut (E) & C (E; E)
of all automorphisms of £ is the one of uniform convergence of weak*-continuous functions, as stated
in Equation (100).

Lemma 7.7 (Well-posedness of the self-consistency equation)
For any s € R,

@ = (@5 ()ier = (@p,s (1)) per)ier € C (R; Aut (E)) -

At fixed s € R, the mapping t — w(t) is uniformly continuous for times t in compact sets, i.e., for
any T,e € R* and A € U there is ) € R such that, for all t1,t, € [=T,T| with |t; — t2] < n,

max |w; (t1) (A) — ws (t2) (A)] < €.

pEE

Proof. The proof is not exactly the same as the one of [63, Lemma 7.8], but it is similar: Take
any sequence (t,)nen € R converging to ¢ € R. Assume that w (¢,,) does not converge to ws (),

41



uniformly. So, by density of Uy, there are (p,)ney € E, k € N, L € N, &1,...,6, € Rt and
Ay, ..., Ay € Uy, such that

liminf |[@, s (t.) — @, s ()] (4;)] > >0, jge{l,....k}. (143)
n—oo
By weak*-compactness and metrizability of £, we can assume without loss of generality that the
sequence (p,,)nen Weak*-converges to some p € E. By Lemma 7.2 and Equation (143), this in turn
implies that

Tpp,s|
lim inf [pn o 7';1:“5 " Wop,s (t)} (4;)

n—oo

>e;>0,  je{l,... k}, (144)

since w; (t) € C'(E; F). Using Lemma 7.1, Lebesgue’s dominated convergence theorem and Equa-
tion (140), we obtain from (144) that

timint|[p, 0¥ — . ()] (4))

n—oo

>e;>0, je{l,... k}. (145)

But this is a contradiction because (Tffs)s,teR is a strongly continuous two-parameter family (Propo-
sition 3.7) and hence,

wp,sly @p,sly
Tim p,ory & (A)) =por, N (A)) = [@s (D] (4))
forall j € {1,...,k}. By (136) and (138)-(139) taken for some arbitrarily large (but finite) cubic box
Az 2 A, note that (@, (t) [, )per € C (E;Uj, ) is uniformly continuous for times ¢ in compact sets
and, as n — oo,

w "\M w“\u
(g, TN () Aely,

converges to 0 € U uniformly with respect to times ¢ in compact sets, by Lemma 7.1. It means that
the mapping ¢ — w,(t) is in fact uniformly continuous for times ¢ in compact sets, at fixed s € R. =®

Lemma 7.8 (Joint continuity with respect to initial and final times)
The solution to the self-consistency equation is jointly continuous with respect to initial and final
times:

w™ (w?)seR = (ws (t))s,teR = ((wp,s (t))pEE)37t€R eC (RQ; Aut (E)) )

Proof. The proof is not the same as the one of [63, Lemma 7.9], but it is similar: Fix p € E, s € R
and T € R" and remark that C' ([s — T, s + T']*; E) is a closed bounded subset of the Banach space
C([s =T, s+ T]*U), where

||C||c( —T,s+T)2 U3 ) sup ”C(O‘at”u;; ) C€E C([S—T,S—&-T]Q;Z/{X) .

a,t€[s—T,s+T)
Similar to (130), we define the mapping § from C ([s — T, s + T?; E) to itself by
FO(t)=porlilyy, atels—Ts+T].

See Proposition 3.7 and Lemma 6.4. By Inequality (131), § is also a contraction when the time
T € R satisfies (132). Hence, in this case, for any p € F and s € R, there is a unique

J€C*([s—T,s+TJ* En) (146)

such that

Va,t € [s—T,s+T): j(a,t)—poﬁpsf )Z/{A'
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Now, by uniqueness of the solution to (129),

- J o,
Dpa )y = 3 () = po 7™ |uy (147)

for any a,t € [s — T, s + T). Similar to (141), for any A € U and oy, s, t1,t5 € [s — T, s + T)?,
note that

Iatsr) A(ay,)
(@par (1) = Fpas () (A)] < || (70 =l ) ()
I(a ) J(aq,) J(aq,) J(ag,)
wf (- ) @l (e - ) @

Using this elementary inequality together with Proposition 3.8 (iv), Lemmata 6.4, 7.1 and Equations
(146)-(147), one gets that, for any local element A € U/, the mapping

u .

(a,1) = Ty (£) (A)
from [s — T, s + T1? to C is continuous. By density of Uy & U, we deduce that
(@pa (£)aer € C ([s =T, s+ T, E) | pEE, scR,
the parameter 7' € R satisfying (132). Via Corollary 7.6 and Lemma 7.7, we then deduce that
(@ps (1))sper € C (R5E) ,  peE. (148)

To get the assertion, it only remains to reproduce the compactness argument performed in the
proof of Lemma 7.7: Take two sequences (S, )nen, (tn)nen C R converging to s, ¢ € R, respectively.

Assume that w;, (¢ ) does not converge to wy (t), uniformly, which corresponds to have Equation
N “pn, Sn‘uA

(144), the term Tt s “a being replaced with 7, . Thanks to the triangle inequality and
Lemma 7.1, for any L € N, A € U,,, sufficiently large T € Rt andn € Nsuch that s,t € (—=T,T)
and s, t, € [-T,T],

YT Pnsn lu w@p,sly
| (e =) )| < 2180l 1Al I fim] €27

tn Sn tn,Sn

X /Z (H (wpn,sn (@) — @ps, (a)) |Z/[A‘ uz + [[(wps, () — @, (a)) “X) da .

As a consequence, by using (138)-(139) and (148) together with Lebesgue’s dominated convergence

theorem, one arrives from (144) at Equation (145), Tt sp v being replaced with T‘I’ sl . This is
not possible because (T;I:S)&teR is a strongly continuous two-parameter family, by Pr0p051ti0n 37. m

The proof of Theorem 6.5, being a consequence of Lemmata 7.2 and 7.8, is finished. In order
to prove Theorem 6.10, we give now several technical assertions. Concerning the first one, recall
Definition 5.1: Forany f € €and p € F, df (p) : E — C is the (unique) convex weak*-continuous
Gateaux derivative of f atp € Eifdf (p) € A(E;C) and

lim A7 (f(L=N)p+Av) = f(p) =[df () (v) .  vEE.

A—0t

By Equation (72) extended to the complex case, for any f € 9), there is a unique D f € C'(E;U) such
that

df (p) (v) =Df (p) (W) =v(Df (p)) , pvEE.

In the next lemma, we compute the convex weak*-continuous Gateaux derivative of the classical
evolution (115) of elementary functions defined by (67) for local elements of I/:
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Lemma 7.9 (Differentiability of the solution — II)
Forany s,t € Rand A € U,

(wp,s (t) (A))pGE = (ijs (t, A))pGE el (E;C) (149)
and, for any v € E,
[y s (t, A)] (v) = v (D, (£, A)) = (0= p) 0 75 (A) + a4 [de s () ()]

where 1 =1, s = @, slu, and, for any continuous function £ : R x Uy — C,

=3y / da / L (AW de™)
neN ZeP; (SOWa)™

n

> (v, ey 7)p (Z |:T(‘;)[fs <‘I’Ezml)> o (A>D

m1,ma=1,ma7#m

H Wp,s <0‘7 %m,z‘) : (150)

jE{l vvvv n}\{mlva}

The above series is absolutely summable. Moreover, for any s € R, p € E and Ae Py, the mapping
(t,A) — Dw,  (t, A) from R x Uz to U is continuous.

Proof. We start with a preliminary observation: By Proposition 3.7 and (39) together with Lieb-
Robinson bounds for multi-commutators (cf. Proposition 3.8 (i) and [72, Theorems 4.11, 5.4]) and
Lebesgue’s dominated convergence theorem, observe that

(- W= 3 [dort [ @ - @) ) as)

ZePy

forany s,t € R, A € Uy and ¥, ¥, € C(R; WE N W,). (Note that, in this case, ¥y, U, are finite-
range interactions.) The above series is absolutely summable, because of Lieb-Robinson bounds, as
stated in Proposition 3.8 (i). In order to arrive at (151), we also use the equality

¢
(T;IISI - T;I’SQ) ]u/.\ = lim / 7'518 o (5‘1'1(0‘) — 5%}2((1)) o Tgf = \u/.\doz

L—oo s

for any A € Py, s,t € Rand ¥y, ¥y € CO(R; WR), deduced from (39) and Proposition 3.7. See
also Definitions 3.1, 3.3 and Corollary 3.5. In particular, to get (151), in the light of Equations
(43)-(44), we have to estimate multi-commutators of order three. This is done by the extension
to multicommutators of the Lieb-Robinson bounds, contributed in [72, Theorems 4.11, 5.4]. Lieb-
Robinson bounds for multi-commutators of order three stated in [72, Theorems 4.11, 5.4] require
sufficient polynomial decays of interactions. An obvious sufficient condition for such decays is to
take Wy (1), Wy (1) € W, for all t € R, meaning that they are all finite-range. See (31).
Fix now all parameters of the lemma. For any s,t € R, p,v € E, h € (0,1] and A € U,

A(ht, A0) = D (@amypihes (6 A) — @, (1, A))
= (=p)orlV (A +h7 (1 —h)p+hv)o (@Ii“”””””” — T;I’J"> (A) .
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Using now (109), (127) and (151) we deduce that, for any v € E and A € U,

A(ht, Av) = (v—p)oT (A) (152)

+> ) / da/g (dw®, ... dw™)

neN ZePy OWa)™

E : (h, Oé, e\II("LQ),Z’ )

mi,ma=1,ma7#m

x((1—=h)p+hv)oTy (1 nehs < [\I/(ml ; Zpip (A)D

X H wms <OZ, e\I/<j>,l7>

JE{L,.c.ma—1\{m1}

X H W (1—h)p+huv,s (Oé, %(g‘),g“) )

Jje€{ma+1,...,n}\{m1}

where the two products over j are, by definition, equal to 1 when j ranges over the empty set'. Note
that (151) can be used here because m € C,(R; M, ), implying that U7 € C,(R; WER N W,). See
Lemma 6.4 and Equation (128).

From Equation (152), one sees that 3 (\, ¢, A;v) is given by a Dyson-type series which is ab-
solutely summable, uniformly with respect to & € (0, 1]. To show that, use m € Cy(R; M,) (see
(55) and (57)-(58)), Lemma 6.4 together with Equation (128), the fact that (T;I’ j )s.ter is a family of
k-automorphisms of U for any ¢ € C (R; E'), Inequality (30) and the (usual) Lieb-Robinson bounds
(Proposition 3.8 (i)). Note that, for any A € P¢, the mapping R x U5 to C defined by

(t, 4) = (v —p) o 73" (A)

is continuous. By Lemma 7.1 and Lebesgue’s dominated convergence theorem,

lim (1= £) p+-ho) o 72, (i [0 78 ()] ) = po i (i w7 (4)])

h—0t+

uniformly for « in a compact set and, by Equations (136) and (138)-(139),

lim max H (w(l_h)p+hv7575 (@) —w,s (a)) 7 u =0, T eR".

h—0t ag[s—T,s+T]
Hence, using again Lebesgue’s dominated convergence theorem, we deduce that

3(0,t, A;v) = lim 3 (h,t,A;v) = lim h™ ( (1=h)pthu,s (t, A) — @y s (t,A)) (153)
h—0*t h—07t
exists for all s,t € R, p,v € F and A € Uy, as given by a Dyson-type series. In particular, for any
v € E and A € Py, the complex-valued function (¢, A) — 3(0,t, A,v) on R x Uj is the unique
solution in £ € C (R x Uj; C) to the equation

§(t,A) = (v —=p)oTls (A) +Ha €] (154)

with "I44 defined by (150). Compare with (152) taken at h = 0.

The uniqueness of the solution in £ € C' (R x Uj; C) to (154) is a consequence of the fact that
one can iterate Equation (154) in order to prove that £ is the Dyson-type series 3 (0, ¢, A, v): First,
it suffices to show this fact for A = A and A € U, with ||Al|,, < |F[|, ¢ because this case fixes

13This happens when my € {1,n}.
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all £(t,ey, 7) forall W € SNW, and t € R (cf. (30)). Secondly, observe that any function & €
C (R x Z/l}\; C) is bounded on compact sets of R x U, and any norm-closed ball of U/, is compact,
by finite dimensionality of (/4. Using these observations together with (24)-(25), (30), (55), Lieb-
Robinson bounds (Proposition 3.8 (i)), Lemma 6.4 and tedious computations, one checks that, for
any A € Uy satisfying [|Al|,, < [|F||, ¢, arbitrary time 7' € R* and t € [s — T', s + T7,

t
PE4 €] < 2[|F |y eI [A] [[m]|,  sup sup € (t, B)| (/ da). (155)

t€[s—T.s+T] BEUN:|| Bl <IIFll; ¢

More generally, we can reconstruct from (154) the kth first terms of the Dyson-type series 3 (0, ¢, A, v)
and, in the same way one obtains (155) (i.e., the (0 + 1)th remaining term), the (k + 1)th remaining
term is bounded by

k+1 [t Qg1
sup sup (€ B)| (2] o ] ) [ e [T da

te[s—T,s+T)] BGUA:HBHugHFHLS

and thus vanishes in the limit & — oo. So, by Lebesgue’s dominated convergence theorem, any
solution £ € C' (R x Uj; C) to (154) is equal to 3 (0, ¢, A, v).

Similar to (152), using in particular the Lieb-Robinson bounds (Proposition 3.8 (1)), note that the
integral equation

D(t,A) = 75 (A) —pori (A1 (156)

+> Y / ola/S (Ao qu™)

neN ZePy OWa)™

E £Y) (Oé, eq;(Mz)j’)

mi,ma=1, mg;ﬁml

XpOT < [\I/(ml), ta(A)})
A A

jG{l """ n}\{mlva}

uniquely determines, by absolutely summable (in ) Dyson-type series, a continuous mapping (t,A) —
D (t, A) from R x Uz to U for any A € Py, which, via (154), satisfies

v(D(t,A) =3(0,t, A;v) = lim b (@apypshes (8 A) — @, (8, A)) (157)

h—0t

forall s,t € R, p,v € £ and A € Uy. Observe that the integrals in the corresponding Dyson-type
series are well-defined as Bochner integrals: For any A € Py, the mapping from R x U5 to U defined
by

(t, A) > 7 (A) — porl (A)1 (158)
is continuous. Since the measures a (O‘)n’ n € N, are finite and U is a separable Banach space,
by [89, Theorems 1.1 and 1.2], all terms appearing in the arguments of the integrals are Bochner-
integrable. By Definition 5.1, the assertion follows. m

For the last assertions, we assume that the decay function equals

F (z,y) = e 291 4 |z — y|) "4+ | rye g, (159)

for some fixed ¢, ¢ € R*. See (26).
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Lemma 7.10 (Graph norm continuity of dynamics on local elements)
Assume (159). For any U € C(R; W®), ® € W, s,t € Rand A € U, 7}, (A) € dom(6*) and

6% o T;Ijs (A) = lim 6% o Tﬁ 7 (A) = lim 67 o 7';1’8 (A)

L—oo L—oo

uniformly for s,t on compacta. Additionally, for any s € R and A e Py, the mapping (t,A) —
6% o 75 (A) from R x Uy to U is continuous.

Proof. Forany ¥ € C(R; W%), ® € W, s5,t € Rand A € Uy, a simple adaptation of [72, Equation
(5.47), m = 1] (using Lieb-Robinson bounds for multi-commutators of order three [72, Theorems
4.11, 5.4]) implies that

‘53 ° (TES — Lo ‘”) (A)Hu —0. (160)

lim sup
Lo—o0 LeN

Using again a similar argument together with Corollary 3.5 and the closedness of 5%, we also deduce
that
8% o7 (A) = lim 6* o7t (A)  and 7Y (A) € dom(6?). (161)

L—o0

Note that the limits in Equations (160)-(161) are uniform for s,¢ on compacta (cf. [72, Theorem 5.6
()]). Forany ¥ € C(R; WR), ® € W, L, Ly € N, s,t € Rand A € U, observe meanwhile that

[o% ot () = sF ot (|, < 0% o (7l -7 ()],

e (),

+H (6% — 6% o LO‘I’)(A)H

t,s U ‘

By (160)-(161) and Corollary 3.5, it follows that, for any ® € W, s,t € Rand A € U,

5% o 715 (A) = lim 6% o T (A)

L—oo

uniformly for s, ¢ on compacta.
For any L € R, the mapping from R x U, to U defined by

(t, A) = 6% o 715" (A) (162)

is continuous, by Corollary 3.5. By (161), as L — oo, this mapping on any fixed A € U, converges
uniformly for s, ¢ on compacta to the mapping from R x U, to U defined by

(t,A) = 0% o1/} (A) , (163)

which is thus continuous with respect to ¢ € R. By finite dimensionality of /5 for = P; and
linearity of the mapping (163) with respect to A € U, the function (163) is continuous on R x /5. m

Proposition 7.11 (Graph norm continuity of convex derivatives)
Assume (159). Forany ® e W, s,t € R, p € Eand A € Uy, Dw,, (t, A) € dom(6®) and

6 (Dw, . (t, A)) = lim 67 (Dw, (t, A)) .

L—oo

Additionally, forany s € R, p € E and A € Py, the mapping (t, A) — 5‘D(pr,5 (t,A)) from R x Uy
to U is continuous.
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Proof. Fix all parameters of the proposition. Let
G = (dom(d%), Illg)

be the Banach space obtained by endowing the domain of 6 with its graph norm. By [72, Theorem
4.8 (i)], U, is a core of the derivation 6% and hence, G is a separable Banach space.

By using Lemma 7.10, the closedness of 6* and the fact that all terms appearing in the argu-
ments of the integrals in the Dyson-type series of ® (¢, A) are Bochner-integrable, one checks that the
Dyson-type series deduced from (156) yields an element D (¢, A) € G with (¢, A) — 6 (D (¢, A))
on R x U; (A € Py) being the unique solution in & € C (R x Uz;U) to the equation

E(t,A) = %orl (A) (164)

+Y o> / da/s (U au™)

neN ZeP;y OWa)"

E ¢ <057 eq;(ﬂm)[)

my,ma=1, m275m1

<porii (19E 7 ()
X H Wp,s <a, e\p(j)yi)

jG{l 7777 n}\{mlva}

fort € R, A € Uz and Ae P;. Compare this equation with (156). The integrals in (164) are again
well-defined as Bochner integrals: Combine Lemma 7.10 and [89, Theorems 1.1 and 1.2] with the
fact that the measure a («),,, n € N, are finite and I/ is separable.

Additionally, for any s € R, p € F and A € U, the mapping t — (5@(pr,5 (t,A)) from R to U
is continuous, again by Lemma 7.10, the last Dyson-type series and the identity

D, (t, A) =D (t, A) . (165)

By linearity with respect to A € U, and finite dimensionality of U for A e Py, it follows that the
mapping (¢, A) — 6*(Dw, . (¢, A)) from R x U; to U is continuous.

By combining Lemma 7.10 with Lebesgue’s dominated convergence theorem and the fact that the
unique solution & = §% o ® to (164) is given by a Dyson-type series, we arrive at

0% (D (t, A)) = lim 07 (D (¢, A)) (166)

in U. Note that one can interchange the local derivation 5%’ (which is a commutator) in the right-hand
side of (166) with every integral over (S N W,)" for any n € N, because it is a bounded operator on
U. By (165), this concludes the proof of the proposition. m

Lemma 7.12 (Differentiability of the solution — I1I)
Assume (159). Then, foranyt € R, p € E and A € Uy,

(@ps () (A))ser = (@ (£, A))ser € C* (R; C)
with derivative satisfying, for any A € Uy,
aswpys (t,A) = —po 5\IIWP7$‘MA () 5 T;{;jp,s\wx (A) + %, [asijs] . (167)

Here, Y4 is defined by (150). Additionally, for any A € Py, (t, A) = 05w, (t, A) is a continuous
function on R x Uj.
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Proof. Fix all parameters of the Lemma. By Lemma 7.2, for any p € FE, s,t € R, A € U, and
e € R\{0},
fl(e,t,A) = e (wysie (t, A) — w5 (8, A))
Pdp,s p.s Ulp.ste Plp,s

= € /0 © (Tt ste  Tis ) (A) +e p © (Tt \s+e Tt,s+s) (A)

with] =1, = @, s|u,. Similar to (152), via Equations (109), (127) and (151) (keeping in mind that
m € Cy(R; M,)), we deduce that

et A) = e po(T;IISiZ—T\PJPS)<A) (168)

/ da / (dwt L., du™)
+e (SNWp )™

§ : (57 «, e\I/(”lQ)j)

m1,mo=1,ma7#m

X p o T\I} pete (1 [\II(Zml), Tfjip’s (A)})

X H wp,s (Oé, e\I/(j),Z>

JE{L,...ma—1\{m1}

X H wp,s—i—a (O[, eq;(j)[) ;

je{ma+1,...,n\{m1}

nEN ZePy

where the two products over j are, by definition, equal to 1 when j ranges over the empty set'*. Again,

using the same arguments as for 3 (h, ¢, A; v) in (152), one sees from Equation (168) that 3 (e,t, A)is
given by a Dyson-type series which is absolutely summable, uniformly with respect to ¢ in a bounded
set when m € Cy(R; M,y).

Now, assuming (159), we can apply [72, Theorem 5.5] to the interaction W

Vs,rt €R: Qi = gV 0 o p 0 (169)

in the strong sense on the dense set {f,. It is a highly non-trivial outcome resulting again from Lieb-
Robinson bounds for multi-commutators of order three given in [72, Theorems 4.11, 5.4]. Similar to
(153), by Lemmata 7.1 and 7.8 together with Lebesgue’s dominated convergence theorem, we deduce
from the Dyson-type series coming from (168) that
Osw, s (t, A) = hmﬂ (e,t, A) = hr%s Ywpere (t, A) — @, (t, A))
E—
exists, for all s,¢ € R, p € F2and A € Uj, and is also given by a Dyson-type series. Note that the
Dyson-type series are well-defined because, for any A € Py, the mapping from R x U5 to C defined
by
(t, A) 5 po 6V o 77 (4) (170)

is continuous, by Lemma 7.10. 3
By Proposition 3.8 (i), for any A € Py, the complex-valued function (¢, A) — O,w, s (t, A) on
R X Uj is the unique solution in £ € C' (R x Uj; C) to the equation

E(t,A) = —po V") o T (A) 40, [€] (171)

with "4 defined by (150). Compare with (168) taken at € = 0. To prove the uniqueness of a solution
in¢ € C (R xUj;C) to (171), we use the same arguments than for (154), keeping in mind Lemma

4This happens when my € {1,n}.
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7.10. This is again a consequence of Lieb-Robinson bounds for multi-commutators of order three
given in [72, Theorems 4.11, 5.4]. =

We conclude this section with the derivation of Liouville’s equation for (elementary) continuous
and affine functions defined by (67), from which Theorem 6.10 is deduced.

Lemma 7.13 (Liouville’s equation for affine functions)
Assume (159). Then,

OV (A) (p) = — lim (W3 Vm(A)} (),  s,t€R, Acly, €N, pe Ey,

L—oo
with A € € being defined by (67).
Proof. Fix s € Rand p € E. By (67) and (115), note that

VA =, (t)(A) =w,s (t,A), teR Acl.
Therefore, by Lemma 7.9 and (156),

DV (A) (p) = Dw,, (t; A) =D (t, A) | teR, AclUy.

See also Definition 5.1 and Equation (72). By Proposition 7.11 and (164), the continuous complex-
valued function

WpA,s\ A
(t,A4) = —po 8*"" O (DV(A) (o)
on R x Uj solves Equation (171), like the well-defined continuous mapping
(t, A) = OVIL(A) (p) = Dz () (A) = Dy (8, A)

from R x U3 to C (Lemma 7.12), at any fixed A e P;. By uniqueness of the solution to (171),

~

(%V;f’s(fl) (p) = —po 5\1/‘“'"’9,6\1,{1\ (s) <DVZZ(A) (p)) , s,t eR, Ae Uy .

By tedious computations using Definitions 3.3, 5.2, Corollary 3.5, Lemma 3.2, Proposition 7.11,
Lebesgue’s dominated convergence theorem and Equations (109), (117) and (127), one meanwhile
checks that, for any / € N? and p € E,

wp,s| ~ m(s 1
pod” O (DV(A) () = Jim (7 VAA} () . steR Al

L—oo

8 Equivalent Definition of Translation-Invariant Long-Range Mod-
els

Recall that £ = Z%, see Section 4.1. In [46, Definition 2.1], we give a definition of translation-
invariant long-range models that differs from Equation (56). It turns out that any model of

MP = {(®,a) = (D, (a,)nen) € WE x S : V¥n € N\{2},a, =0} ,

where W& = W, N WE, can be identified with a long-range model in the sense of [46, Definition
2.1], and vice-versa. (The notation WV, in [46] corresponds here to WiR.) This identification can be
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done in a such a way that the sequences of local Hamiltonians associated with each long-range model
are the same in both cases:

(1): We start with a preliminary observation which simplifies the arguments. At L € N, the local
Hamiltonian of any model m = (®, (0, as,0,...)) € M?) of Definition 4.2 is equal to

]_ 1 2 2 1
U? _ Ug) + (Ug( )Ug;( ) + (Ugl( ))*(Ug( ))*) s (d\I/(l),d\I/@)) ’
21| Jso

because a, is, by definition, self-adjoint, meaning that it equals its pushforward through the homeo-
morphism (53) for n = 2. Since, for any A, B € U,

AB+ B*A* = = (A" + B)" (A" + B) — (A* = B)* (A" - B)) ,

N | —

observe that

Up=UL+ ([ P = P ) oy (a0, aw®)

ALl Jse

with |C|? = C*C for C € U. Let B D S be the unit closed ball of the Banach space W; of translation-
invariant (complex) interactions and define the continuous functions F'* : S — B by

FE (00, g®) = % (PO £ g@) g0 g@ e,

Denoting by F= (ay) the two pushforwards of the measure a, through the continuous functions F'=,
we arrive at the equality

1 . _
Up = U+ /B UFPa(d¥) , o= FF(ay) = Fo (as) . (172)

Then, any model of M§2> can be identified with a long-range model in the sense of [46, Definition
2.1]:

e The measure space of [46, Definition 2.1] is (B, X, |a|), with ¥ = Xjp being the Borel o-
algebra associated with B. X is countably generated, by separability of WW O B. Ergo, by [88,
Proposition 3.4.5], the space L*(B;C) = L*(B, |a|; C) of square-integrable complex-valued
functions on B is a separable Hilbert space, i.e., (B, 3, |a|) is a separable measure space.

e The corresponding £2-functions (®y )yep, (P )vep of [46, Definition 2.1] are defined by
Py = Re{V} and Py =Im{V} with T eB.

See (23) for the definition of real and imaginary parts of interactions. These two functions are
Bochner measurable, by [89, Theorems 1.1 and 1.2], for they are continuous functions and W
is a separable Banach space. Additionally, they are £2-functions because there are bounded on
a space of finite measure.

e The corresponding measurable function vy, € {—1,1} of [46, Definition 2.3] is obtained from
any Hahn decomposition P, N, € ¥ of the signed measure a (172) by

vo =1V € P] — 1]V € N|, veB,

where P, and N, are respectively positive and negative sets for a.
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(ii): Conversely, let (A, %A, ay) be a separable measure space with 2 and ag : 2 — R{ being respec-
tively some o-algebra on A and some measure on 2(. Fix a measurable function a — v, € {—1,1}
on A (see [46, Definition 2.3]) and a model

(D, (Pa)aca; (P))aca) € W x L2 (AWF) x L2 (A, W) (173)

in the sense of [46, Definition 2.1]. (W, in [46] refers here to WF.)
Define the set
Apor ={a € A: O, +i® #0} .

The mapping
ar O, +id)

from Ag ¢ to R is measurable, since the vector space operations in WV are jointly continuous. Hence,
As o1, the preimage of 1/, \ {0} by this mapping, is an element of the o-algebra (. As a consequence,
by [46, Definition 2.3], at L € N, the local Hamiltonian associated with a model of [46, Definition
2.1] equals

Up=Uf+—— [ 7lUs " ey (da) (174)
ALl 4y g
recalling that |C|* = C*C for C € U.
Define the functions G : Ag ¢ — S by
G(a) =g (a) (P, +1iD)) , a€ Asp o,
where
g(a) =|®q +Z<D;||;v1 ; a€ Ap o .

The mapping ¢ from Ag ¢ to RT is measurable, as a composition of a measurable function from
Ag o to Wi\{0} with a continuous one from W;\{0} to R*. Again by the joint continuity of the
vector space operations in W, (G is a measurable function. As a consequence, at L € N, by (174), the
local Hamiltonian associated with a model of [46, Definition 2.1] equals

1

UL:UE’JrM

/ UF Pa(d¥), o= Gl a0).
S

where G, (7g2ay) is the pushforward of the signed measure g~ 2a, through the measurable function
G. Note that a is a finite measure on S because

1ol @) = [ 1+ 013, 00 (da) < 2 [ 120l 00 (da) +2 [ 1815, 20 (da) < o0
Now, using the continuous mapping K from S to S x S defined by
K (U) = (v, 0) , vesS,
we define

0 = 3 (K.(a) + K. (a)")

to be the real part of the pushforward of the signed measure a through the measurable function K.
Then, by construction, a; = a3 is self-adjoint and

U, =U? + UrOur® 4 (UE’(Q))*(UE’“))*) ay (ATD, dT®)

1 (
2AL| Jso
forany L € N.
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