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Abstract: One of the most profound questions of mathematical physics is that of es-
tablishing from first principles the hydrodynamic equations in large, isolated, strongly
interacting many-body systems. This involves understanding relaxation at long times
under reversible dynamics, determining the space of emergent collective degrees of
freedom (the ballistic waves), showing that projection occurs onto them, and establish-
ing their dynamics (the hydrodynamic equations). We make progress in these directions,
focussing for simplicity on one-dimensional systems. Under a model-independent defi-
nition of the complete space of extensive conserved charges, we show that hydrodynamic
projection occurs in Euler-scale two-point correlation functions. A fundamental ingre-
dient is a property of relaxation: we establish ergodicity of correlation functions along
almost every direction in space and time. We further show that to every extensive con-
served charge with a local density is associated a local current and a continuity equation;
and that Euler-scale two-point correlation functions of local conserved densities satisfy
a hydrodynamic equation. The results are established rigorously within a general frame-
work based on Hilbert spaces of observables. These spaces occur naturally in the C*
algebra description of statistical mechanics by the Gelfand—Naimark—Segal construc-
tion. Using Araki’s exponential clustering and the Lieb—Robinson bound, we show that
the results hold, for instance, in every nonzero-temperature Gibbs state of short-range
quantum spin chains. Many techniques we introduce are generalisable to higher dimen-
sions. This provides a precise and universal theory for the emergence of ballistic waves
at the Euler scale and how they propagate within homogeneous, stationary states.
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1. Introduction

The passage from short-scale, microscopic motion to large-scale, emergent collective
behaviours is at the heart of some of the deepest questions in modern theoretical physics.
The problem may be framed as determining, from the intricate microscopic dynamics of
a myriad constituents in interaction, the emergent degrees of freedom that are relevant
for observations at large scales of space and time, and their own dynamics.

Take the example of travelling surface-water waves. A local disturbance on a steady
water surface — say a finger touching it — produces a complicated rearrangement of water
molecules at microscopic distances. But the strongest effect on any local probe that is far
enough away — say a nearby floating leaf — occurs when the surface wave, propagating
out of the local disturbance, hits it. The surface wave is an emergent behaviour, with
its own, new dynamics. In this case, it is obtained by linear response from the Euler
equations with boundary conditions at the surface. Similarly, in a large class of many-
body systems, strong correlations are expected to occur along trajectories associated with
the propagation of ballistic, or slowly decaying modes, such as surface water waves or
sound waves, and hydrodynamics is their emergent theory [1].
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Despite the simplicity of the above example, a full mathematical understanding of
how ballistic correlations emerge from the microscopic dynamics of particles ruled by
the fundamental, deterministic equations of physics is still missing — this is in contrast to
significant progress for stochastic systems, see [2,3]. Probing behaviours at long times
is amonumental task. As far as the author is aware, the ergodicity property of correlation
functions — that long-time averages do not fluctuate — remains without a rigorous proof.
Fully relating Euler-scale correlations to a universally defined space of ballistic modes
has also been beyond reach. Further, there are only a few rigorous proofs of hydrodynamic
equations: certain particle systems with conservative noise [4—7], and special examples in
strongly interacting systems whose dynamics is Hamiltonian or more generally reversible
and deterministic, including the completely integrable hard rod gas [8], classical and
quantum disordered anhamornic chains [9, 10], and the Rule 54 cellular automaton [11].
These are some of the most important challenges of mathematical physics

The goal of this paper is to make progress on these problems. We focus on one-
dimensional systems, both for their relevance to recent research (see the reviews [12—
17]), and in order to illustrate the techniques in the simplest possible setting. We con-
centrate on correlation functions at large wavelengths and large times, and the linearised
Euler equations they satisfy. All results are established within a general framework en-
coding basic properties of many-body systems. They apply to all short-range quantum
spin chains with Hamiltonian dynamics, but are not restricted to these.

Crucially, we make no a priori assumption as to the type of ballistic modes emerging.
Intuitively, it is well understood that ballistic modes are related to conserved charges ad-
mitted by the model. The conventional assumption that mass, momentum and energy are
the only relevant quantities, leads to the standard Euler equations (with natural relativis-
tic generalisations). However, it is now well established that this assumption is broken
in integrable models, where an infinity of conserved charges must be taken into account,
such as in classical soliton gases [18,19] and many-body quantum systems [20-23], as
confirmed by experiments [24-28]. This highlights the importance of characterising the
space of ballistic modes, in a manner that does not depend on the specific properties of
the dynamics.

1.1. Linearised Euler equation and Boltzmann—Gibbs principle. The problem of estab-
lishing hydrodynamics is fruitfully divided as such: (1) obtaining the universal theory of
emergent ballistic waves in a model-independent fashion, and (2) specialising the space
of ballistic waves and their dynamics to given sub-families of models, such as integrable
and non-integrable models. In this paper, we address the first point.

A crucial step is to prove the universal form of the linearised Euler equation. Con-
sider a statistical model on the one-dimensional lattice! Z: a C*-algebra of “local”
observables LI, a state (positive linear functional) w giving their statistical averages,
and space and time-translation *-isomorphisms under which o is invariant; a (x, t) is
the translate of a € 4 by distance x € Z and time ¢ € R (see e.g. [29-33]). Under
what conditions and for what (say countable) set of observables {¢;} C i — repre-
senting ballistic waves — do the Fourier transforms of two-point correlation functions
Cijtk,t) =3,z elkx [a)(qi (x,1)q,(0, O)) — a)(q,')w(q.,')] satisfy the linear differential
equation

! This setup is natural for describing quantum and classical chains, but can also be applied to gases and
field theories lying on the line R, by grouping observables into adjacent cells parametrised by Z.
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8 . !
Ec,-j(k,t) = lkXI:Al. Cijlk,1)? (1)

The flux Jacobian Ail [1,17,34,35] is usually defined by assuming that for every ¢; there
exists a current j; such that a continuity equation holds,

9gi(x,1)

ot +ji(x’t)_,ji(x—l,[)zo 2)

(thatis, g; s are densities of extensive conserved charges), and then Ail = dw(J;)/dw(q),
where variations of w are taken within a manifold of (generalised) Gibbs states. In
interacting models, Eq. (1) is expected to hold at large scales, k — 0, t — o0, possibly
under space and time averaging to be specified [1,36,37]. Equation (1) describes ballistic
propagation, with “propagator” Ail . Proving the linearised Euler equation is a particularly
difficult problem. Results have been obtained by adding conservative noise [38], but there
are up to now no results for purely hamiltonian microscopic dynamics.

The linearised Euler equation is a consequence of the principle of hydrodynamic
projection, or the Boltzmann-Gibbs principle [1]. The linear Eq. (2) emerges from the
generically highly nonlinear microscopic dynamics thanks to the projection of currents
onto ballistic waves — the reduction of the effective space of degrees of freedom at
large scales. Determining the set {g;} on which this projection occurs is nontrivial.
As mentioned, by conventional assumptions, in Galilean gases it comprises the mass,
momentum and energy densities, giving the standard Euler equations. Many studies of
the emergence of hydrodynamics start with such assumptions (see the seminal works
on Mori-Zwanzig projections [39,40]). These are broken in integrable systems, where
many channels for ballistic transport emerge in classical and quantum gases and chains
[22,23,41,42], and the set {q;} is larger.

Mathematically formulating the universal forms of the linearised Euler equation and
hydrodynamic projection principle, and establishing their emergence from the reversible
dynamics of many-body systems, remain challenging tasks.

In this paper, three main statements are proven: an ergodicity statement for time aver-
ages of correlation functions, a principle of hydrodynamic projections, and the linearised
Euler equation. These are proven in a general framework, applicable to short-range quan-
tum spin chains (with finite local space) of infinite lengths. For the latter, the results are
expressed in a self-consistent manner in Sects. 2 and 3.

It is known that ergodic states cluster at large distances (see in particular [29]), and
with the Lieb—Robinson bound [43] clustering holds on space-like cones bounded by
the Lieb—Robinson velocity v R,

w(a(vt, H6(0,0)) — w(@w®) (|t = 00, v > VIR)

Examples are Kubo—Martin—Schwinger (KMS) states at nonzero temperature [44]. We
use this along with von Neumann’s ergodic theorem [45] and countable dimensionality
of the space of observables in order to show clustering under averages along almost all
space and time rays (almost-everywhere ergodicity), including outside space-like cones
(Theorem 3.1). This is we believe the first clustering result in time-like directions in
quantum many-body systems.

We then consider correlation functions in an appropriate limit of large wavelengths
and long times, and we show that hydrodynamic projections occur (Theorem 3.2). The
space projected onto is a Hilbert space of conserved charges Q. This is a subspace of
the space of extensive observables considered in [46,47] and defined by a process akin
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to the Gelfand—Naimark—Segal construction; it is based on the notion of pseudolocal
charges [48-51]. Hydrodynamic projection is seen to be a consequence of almost ev-
erywhere ergodicity. The proof requires uniform enough power-law clustering and the
Lieb—Robinson bound in order to control time evolution on extensive observables. For
thermal states, Araki and others have shown that clustering is in fact uniformly expo-
nential in KMS states [44,52]. This is the first proof of the Boltzmann-Gibbs principle
in Hamiltonian systems. The space Qo is rigorously defined, and is infinite-dimensional
in integrable models; showing that it is finite-dimensional in non-integrable models
remains an important open problem.

Finally, we show the linearised Euler equations for every local conserved density
(Theorem 3.3.1I). The proof of this statement is based on hydrodynamic projections.
It also requires the existence of continuity equations (2), which is nontrivial. A local
conserved density is a local observable whose total sum over the chain gives rise to a
conserved charge, and we show that it is always possible to define the space of local
observables such that every local conserved density satisfies a continuity Eq. (2) with a
local current (Theorem 3.3.I). This latter statement requires clustering faster than any
power law (e.g. KMS states).

We expect all results to be extendable to higher-dimensional lattice models with finite
local spaces at large enough temperatures, and to long-range models with appropriate
algebraic decay of correlation functions [53]; part of this extension is done in [54,55].
The only possible exception, where one-dimensionality and strong decay of correlation
functions seem to play arole, is the statement that every local conserved density satisfies
a continuity equation with a local current.

The paper is organised as follows. In Sect. 2 we review the algebraic formulation
of quantum spin chains of infinite lengths and the theorems which are used to establish
our main results. In Sect. 3 we express our main results in the context of quantum
spin chains with finite-dimensional local Hilbert space and short-range interactions. In
Sect. 4 we setup basic aspects of our general framework and show almost-everywhere
ergodicity. In Sect. 5 we further develop the general framework and study the space
of conserved charges. In Sect. 6 we present the hydrodynamic projection result and its
proof. In Sect. 7 we construct conserved currents and present the Euler equation result
and proof. In Sect. 8 we show how to apply the general framework to the particular
context of quantum chains. We discuss the results in Sect. 9.

2. Review of the Algebraic Formulation of Quantum Spin Chains

In this section we review the algebraic formulation of quantum spin chains and express
the crucial known results in this context.

2.1. Algebraic formulation. The algebraic formulation of quantum statistical mechanics
is based on the algebra of observables, on which time evolution and states are defined.
The monographs [29,30,56,57] overview some of the far-reaching results obtained from
the C* algebra formulation of statistical mechanics. We review the construction for
infinite-length quantum spin chains with finite interaction range, see [30, Chap 6].

A quantum spin chain is an infinite chain of sites, in bijection with Z, each site
admitting a finite-dimensional space of degrees of freedom. The linear operators acting
on any finite subset X C Z form the C* algebra of finite matrices Uy = End( RreXx

HX), H, ~ C%ite V x, dge € N, with anti-linear s-involution the hermitian conjugation
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T, and with the operator norm. The normed *-algebra
T = Uy, 3)

represents all linear operators acting nontrivially on some finite number of sites on the
chain, including the identity 1. It is made into a C* algebra { by completion,

U=9. 4)

Thus, 4 also contains limits of Cauchy sequences, which may act nontrivially on un-
bounded subsets of Z. We denote the norm ||-||g. Space translations tff U—> U xeZ,
with Lff (Ux) = Vx4, are naturally defined x-automorphisms of 4{ forming a represen-
tation of the group Z.

We consider a dynamics generated by a finite-range homogeneous Hamiltonian. In
this case, time translations ‘L’tu : 4 — 4, ¢ € Rare *-automorphisms forming a strongly
continuous representation of R, and commute with Lff. The space U lies within the

domain of the generator 8*, which is obtained by the commutator with the Hamiltonian:
denoting the Hamiltonian density by /i € U,

dz’tua

_ U
=9 a=iy [4'h.a] (5)

X€Z

where only a finite number of terms are nonzero. One can show that elements of ‘U
are analytic with nonzero radius: 7;'a = Y 1" (8“)"(1 /n! has a nonzero radius of
convergence for every a € ‘U, see [30, Thm 6.2.4]. For a € i we denote a(x,t) =
Mz the space and time translate of a.

A state w is a continuous, positive linear functional on 4, which we normalise to
w(1) = 1. Itis bounded as |w(a)| < ||a||g. It is convenient to define, for a, 6 € U, the
sesquilinear form

(a,8) = w(@6) — waHw (). (6)

For any finite 8 > 0, the (8, Tu)-KMS state wg of a finite-range quantum chain is

unique [44,58,59] (see also [30, Chap 6]). This is the thermal state at temperature -1
in particular, the unique normalised trace state is Tr = wp (normalised as Tr(1) = 1).
Quantities that play important roles are the support of a local operator,

supp(a) = ﬂ{X CZ:a €Uy} (aeDV,; @)
the distance
dist(a, 6) = dist(supp(a), supp(6)) (a, 6 € V); (8)

where for subsets, dist(X, Y) = min{|x — y| : x € X, y € Y}, and we will use a mix
notation as well, e.g. dist(a, X); the diameter

diam(a, 6, ...) = diam(supp(a) U supp()U---) (a,b,... € D) ©))
where for subsets diam(X) = max{|x — y| : x, y € X}; and the size of local operators

la| = [supp(a)| (a €). (10)
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Another important notion for our analysis is that of projections onto the observables
supported on finite subsets of the chain [60,61]. Following [61] the projections Py :
U — Yy, X C Z (we only need the cases | X| < 0o0) may be defined by the property

Px(ab) =aTr(6) (a € Vx, 6 € Vz\x), (11

and by extending by linearity and continuity to {. In particular, Py is bounded, and in
fact it is a contraction,

[IPxally < llally (a € D). 12)

It is worth giving an elementary proof of this. On 2 it is obtained by elementary means,
and then extended to 4 by continuity. Consider ¢ = ) ; a;6; (a; € Vx, 6; € Vz\x),
a generic element of . We see that Py preserves the property of non-negativity, as
Px(cf¢) > 0 because Tr((éf 6;) is non-negative as a matrix with indices i, j. If ¢ is
hermitian, then ||c||g1 — ¢ > 0, and therefore Pyxc¢ < ||c||g 1 hence (12) holds for
hermitian operators in *U. Finally, for generic ¢ we have Py (cfe) = Px(cHPx(c) > 0
because Tr(6] 6;) —Tr(6])Tr(6;) = Tr((6] —Tr(6])1)(6; —Tr(6;)1)) is non-negative as
a matrix with indices i, j. Hence, by the C* property, ||Pxc| |§l = |IPx (cHPx (©0)|]y <
IPx (cT)ly < llefells = [lellg-

2.2. Lieb—Robinson bound and clustering. An important property of the dynamics is
the Lieb—Robinson bound [43]. For our purposes, we need a slight improvement of the
original theorem, where the exponential bound is explicitly controlled by the size of the
operators. We take the Lieb—Robinson bound [33, Cor 3.1], also found earlier in [60].
Further, instead of a bound on commutators, we need a formulation which specifies how
much of a time-evolved operator is supported on some set X, using the projections Py.
Such a statement first appeared in [60], although with a notion of projection which is
defined on finite chains. For the notion defined by (11) we use instead [61, Cor 4.4]. See
also [30,57].

Theorem 2.1. There exists vpr > 0 and b, d > 0 such that, for everya € U, t € R and
X CZ,

lI7a = Pxrally < blalllallu exp| —d (dist(@, Z\X) = viglt])].  (13)

Proof. This follows immediately from [33, Cor 3.1] with [61, Cor 4.4], where in the
latter we may take € = |a|, and by specialising to the lattice Z. O

Al KMS states wg are space and time translation invariant and exponentially cluster-
ing, by an old result of Araki [44, Thm 2.3]. In fact many results exist in various families
of states, see the books [29,30] as well as [32,46,52,60,62—-68]. For our purposes, the
most relevant result is [52, Thm II1.2], which extends Araki’s to uniform exponential
clustering (and also to a larger family of models, but this is not important for us).

Theorem 2.2. [44, Thm 2.3], [52, Thm II1.2]. Every KMS state wg, B > 0 is space and

time translation invariant, wg otfcl = wgo r,u =wgforallx € Z, t € R, and uniformly

exponentially clustering: there exists ¢ > 0 and q > 0 such that

(@, 6)] < cllalls 18]l exp | — g dist(a, 6)] (14)

for every a, 6 € 0.
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3. Main Results in Quantum Spin Chains

We now describe the main results of this work, as specialised to the context of quantum
spin chains. The results are obtained in a general framework developed in Sects. 4-7,
and the exact relation between this framework and quantum spin chains is explained in
Sect. 8. We believe the general framework has far wider applicability, but we leave this
for future works.

In this section we take a thermal state @ = wg for some > 0, with respect to a
finite-range Hamiltonian with density /i € 0. The proofs of all theorems in this section
are given in Sect. 8.4.

3.1. The various completions of the space of local spin chain operators. The space
of (strictly) local spin chain operators U is physically relevant but not topologically
complete. As usual, it is useful to have completeness in order to establish rigorous
results. Starting from *U and w, at least three completions are possible, with different
physical interpretations.

First, one may construct the C* algebra 41 itself, the completion with respect to the
operator norm, as reviewed in Sect. 2. In a sense, {l is the smallest complete algebra of
observables that are “local enough”.

Second, one may instead introduce a sesquilinear form on U defined from the state
w itself, Eq. (6),

(a,8) = w(@6) — w@Hw ).

It is positive semi-definite as (a, 6) = a)(f(a)'rf(b')) where f(a) = a — lw(a). On
50 it possesses a null space 91 (which contains at least C1). The equivalence classes
a +9 (a € *U) form a new vector space {/. For our purposes we do not need to consider
algebraic structures on V; this is simply a vector space. On ¥ the sesquilinear form
induces a norm || - || = +/(:, -), with respect to which we complete {/ to a Hilbert
space #. Thus, instead of U and i, we have {/ and #. By boundedness of the state,
lla|l < |1f(@@)lly < 2|la]ly, and thus to every element of 4f corresponds an element of
#t (but, generically, there are elements in #¢ that do not correspond to elements in [).
As the space U of local spin chain operators is countable dimensional, so is {/, and thus
#t. Further, because the state w and the map f are both continuous and linear, Lxu and
r,u induce invertible isometries, therefore unitary groups, ¢, and t; on #, and t forms
a strongly continuous unitary representation of R. In particular, (t;a, 6) is analytic in ¢
in a neighbourhood of 0 for every a, 6 € V. For a € # we denote a(x,t) = (,T;a its
space and time translate.

The Hilbert space #¢ is simply related to the Gelfand—Naimark—Segal (GNS) Hilbert
space (see e.g. [30]). The GNS construction is a powerful technique for studying C*
algebras and their representations. Here, #( is to be interpreted as the smallest complete
space of observables that have well-behaved two-point correlations with respect to the
state w; it cannot be smaller than ${. We refer to elements of ¢/ as “local observables”.

Finally, thanks to clustering, Theorem 2.2, we may construct yet another Hilbert
space, denoted # (Sect. 5.3), also studied? in [46,47]. For this purpose, we consider

2 In [46] the space # was denoted #(,,, emphasising its dependence on the state w; in [47] it was denoted
', emphasising that it is first-order, in contrast with the second order space #"’ also considered there. Further
in [47] the space Q( was denoted #},4], emphasising that it relates to ballistic modes, in contrast with another
space #gjt, relating to diffusive modes.
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the new positive semi-definite [46, Lem 4.2] sesquilinear form on ¢

(a,6)0 =Y (a(x,0),6(0,0) (15)

X€EZL

which converges by Theorem 2.2. Again, it may have a null space 71y, and we construct
the vector space 1)y of equivalence classes [a]o = a + 1y (a € V), on which there is a
norm, ||allop = +/{a, 6)9. We complete it to a Hilbert space #y. Thus, instead of ¢ and
#, we have 1)) and #. Translating structures from the GNS Hilbert space #( to #) is,
however, nontrivial. Clearly, space translations act trivially on #(y (by space-translation
invariance of the state and clustering). Characterising time translations requires more
work. But in quantum spin chains, thanks to the Lieb—Robinson bound, we show that
time evolution T may be defined to form a strongly continuous one-parameter unitary
group on #p (Theorems 5.11 and 8.9).

The inner product (15) is naturally interpreted as a susceptibility, and the Hilbert space
H is the smallest complete space of extensive, thermodynamic observables. Every local
observable a € V is a “density” of the extensive observable [a]y € #.

Using these structures, we express three results concerning the large-scale dynamics
and hydrodynamics in quantum spin chains. These hold (at least) in every quantum spin
chain with finite-range interactions. The results and proofs are completely agnostic to
the presence or not of integrability or any other specific feature of the interaction. All
proofs are provided in Sect. 8.4, and based on the general results established for the
general framework in Sects. 4-7.

3.2. Ergodicity. The projection onto conserved charges in the Euler scaling limit needs a
process of relaxation to occur at large times. A natural, but weak, expression of relaxation,
is the equivalence between time averaging and statistical averaging, or “ergodicity”. This
is a subject that has been widely discussed, see e.g. [69,70].

Our first main result is a form of ergodicity. It says that the long-time averaging of
correlation functions gives the product of averages, along almost every ray (i.e. velocity)
in space and time. Note that this does not imply ergodicity for averaging in time, along ray
v = 0, but that there exist rays v as near to 0 as desired along which ergodicity holds. This
is a universal result about relaxation for dynamical correlation functions, valid for any
finite-range quantum spin chain. This result is nontrivial, because ergodicity results in
the context of C* algebras are based on the algebra being asymptotically abelian [71-73],
see also [29]. For time evolution in quantum spin chains, only the Lieb—Robinson bound
is available, where abelianness may be obtained in space-like cones only. Technically,
von Neumann’s ergodic theorem [45, Thm 12.44] guarantees, under long-time averages,
the projection in the GNS Hilbert space onto the invariant subspace of time translation,
but we are not aware of any previous result establishing that this subspace is C1. We
use von Neumann’s ergodic theorem combined with countable dimensionality of the
operator algebra. This is, we believe, the first real-time ergodicity result in strongly
interacting models.

The general theorem on which this is based is Theorem 4.3.

Theorem 3.1 (Almost-everywhere ergodicity). Let a,6 € Y. Then for almost every
v € R with respect to the Lebesgue measure,

T
lim %/ dt w(a(lvt], 1)6(0,0)) = w(a)w(6). (16)
o0 0
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The result is expected on physical grounds, and encodes relaxation processes of the
many-body system. Referring to linear response, it implies that for almost every v, the
long-time average, along the ray v, of the observable a after a small perturbation by 6,
reverts to its ensemble average before perturbation: the perturbation is negligible over
long times. It also implies a vanishing at large 7' of the variance of the observable

% fOT a(vt, t) with respect to w: long-time averages along almost all rays are non-
fluctuating. We refer to [54,55] for a full discussion and extension to arbitrary dimensions
and to arbitrary frequencies and wavenumbers.

3.3. Hydrodynamic projections. The second set of results concerns hydrodynamic pro-
jections. It says that the Euler-scale correlation functions decompose into the conserved
charges admitted by the quantum spin chain.

In order to express these results, we introduce the Fourier transforms of connected
correlation functions,

Seplk, 1) = Z e (w(a’ (x,16(0,0)) — w(@Hw(6)). (17)

X€ZL

We are interested in the large-#, small-k limit, with k7 fixed. Currently we do not know
how to show the existence of this limit, or of any Cesaro version of it (long-time averages,
or time averages of time averages, etc.), in quantum spin chains. However, we can show
that S, 4(k, t) is uniformly bounded for all (k, ¢) € R? 3. Thus we can use the notion of
Banach limit, which assigns a “limit” value to any bounded function. We describe the
particular type of Banach limit we need in Appendix A, and unless otherwise stated, all
results hold independently from the choice of this limit:

Sa.60) = lim Sqs0c/1,1). (18)

There are Banach limits which give the Cesaro limit, tlirn F(t) =1lim;_oot™! fé ds f(s),
—00

whenever the latter exists. Our Banach limit is chosen as such. If the Cesaro limit exists
for Sq 4(0), then, by the conventional Kubo formula, this gives the “Drude weight” for
the observables a, 6 (see Sect. 6.1),

D..s = Sq.6(0) (Cesaro limit). (19)

We then define the space of conserved charges Qg as the set of elements of ¥ that
are 7y-invariant: Qy = {g € #o : 7,9 = g V t € R} (see Sect. 5.4). The space Qo is a
closed subspace, and we define the orthogonal projection

P: c7€0 —> Qo. (20)

A density g € V of [q]p € Qo is a local conserved density, and such [¢]p form the
subspace of local conserved charges Q(I)OC C Qo. By [46, Thm 5.2], there is a bijection
relating Qo to the space of conserved “pseudolocal charges” [46, Def 5.1], quantities
discussed in [48-51] in the context to non-equilibrium states and relaxation, see the
review [74]; although we do not need this bijection here.

3 We have the identity S, 4(k,t) = (tra,6); using the inner product (45), which is bounded by
[Sq 6k, )| < |lallx]l6]|x and thus uniformly bounded for all (k, t) € R2 by Lemma 5.6.
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We note that as Qg has at most countable dimensionality, we may choose a basis
{gi : i € N} C Qo, and form the (possibly infinite-dimensional) matrix C; i =i, 90,
which is positive-definite and invertible, and we have

P-="q:C{g;. Yo @1

ij

where C¥/ is the inverse matrix.

By Theorem 5.14 and Remark 5.17 below, any local spin chain operator g € ‘U that
satisfies a continuity equation with local current 4, Eq. (2), gives rise to a local conserved
density according to our definition. Of course, the quantum chain’s energy density /i is
a conserved density; in integrable models, infinitely many conserved densities can be
constructed by Bethe ansatz methods [75], and thus Qy is infinite-dimensional.

Our results Theorem 3.2 show that Qp may indeed be seen as the space of emergent
ballistic modes of the theory, which carry correlations between local observables. Again,
these are universal results, which we prove in particular for every quantum spin chain
with finite range interactions. Using (21), Points I and II take their standard forms found
in the literature [35,37]. Points I and II specialise Theorem 6.1, and Theorems 6.5 and
6.7, respectively. We believe that Point I was already well understood in the literature,
however Point II is proven here for the first time.

Theorem 3.2 (Hydrodynamic projection). The following statements hold:

1. For every a, 6 € #y, the Drude weight exists (that is, the Cesaro limit for Sg (0)
exists), and satisfies

1 1
Do = lim — f ds S¢.6(0, 5) = Dpq ps. (22)
—oo t Jo

1. For every k € R, the sesquilinear function S, («) of (a, 6) € U ® U is bounded
by |lallo 11610, and can be extended to a unique sesquilinear function, also denoted
Sa.6(k), of (a,6) € Ho x Ho. For every a,b6 € Hy, the Euler-scale correlation
function satisfies

Sa () = Spa,ps (k). (23)

The result Point I is a hydrodynamic projection formula. The projection P represents
the amount of ballistic wave produced by the local observables, and Sp. ps(k), which
involves only the conserved charges projected onto, represents the ballistic correlations
due to the propagating ballistic waves. In particular, we find that Euler-scale correlation
functions have good continuity properties with respect to the Hilbert space #y. Phys-
ically, this means that these correlation functions, for any value of «, are determined
by the behaviour of the system at zero wavenumber k = 0. At x = 0, we recover the
projection formula for the Drude weights: the saturated Mazur bound or Suzuki equality
[35,76-80]. For k # 0, projection occurs thanks to almost-everywhere ergodicity.

3.4. Currents and linearised Euler equations. We prove the linearised Euler equations
themselves as an application of the general hydrodynamic projection result. Contrary to
traditional linear-response arguments, the linearised Euler equations are seen to arise not
by state perturbations, but by hydrodynamic projections (see the discussion in Sect. 7.3).
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A nontrivial aspect of obtaining the Euler equations is to establish the existence of
currents, with a continuity equation, for every local conserved density. Although local
spin chain operators satisfying (2) give local conserved densities, there is no guarantee
that a local conserved density ¢ (i.e. [q]o € QE)OC) possesses a current j € ) with a
continuity equation (2). We find, however, that it is possible to extend the space of local
observables in such a way that every local conserved density indeed has a local current
and satisfies (2). This extension holds at the level of the GNS space; thus we adjoin to
1) elements of #¢. This, again, is a universal result, valid for every finite-range quantum
spin chain. The general theorem for the existence of currents is Theorem 7.6.

Combining the existence of local currents and the main hydrodynamic projection
theorem, we obtain the linearised Euler equation. This is a specialisation of the main
aspects of the general Theorem 7.11.

Theorem 3.3 (Linearised Euler equation). The following statements hold:

L It is possible to extend the definition of local observables to V¥ with V ¢ V* ¢ #
in such a way that (1) all time-evolutes are local, 7,(V%) ¢ V¥ forall t € R; (2)
correlation functions of local observables vanish faster than any power law: for every
a,6 € V* p > 0thereisu > 0 such that |(1ya, 6)| < u(|x|+1)"P Vx € Z; (3)
every local conserved density g € V¥ has an associated local current j € V¥, such
that a continuity equation holds:

%q(x, H+jx,t)—j(x—1,1)=0. (24)

II. Let {g;} form a basis for Q. For every local conserved densities q, ' € V¥ and every
k € R, the following derivative exists and gives:

dSy,q () . .
LS =S () :1;A’<sqk,q/(x), AC=D (aneCt (25

1
where j is the current associated to q.

Differentiability in « is a nontrivial part of the statement in Part II. We have not shown
that there necessarily exists a local basis {[g;]o} C Q(l)"c for Q. But if there is, then we
may apply the result for this basis, with ¢ = ¢;, ¢’ = q;, j = ji, and we have a closed
set of evolution equations for Sy, 4. (k). The (possibly infinite-dimensional) matrix

AX = (i qyoC* (26)
l

is the flux Jacobian, and this expression for Al.k is a standard form that agrees with the
definition by state variation [35].

Note that the heuristic version of the linearised Euler equation (1) essentially implies
(25). We believe our result is the first rigorous formulation and proof of a form of the
linearised Euler equation in unitary, interacting many-body quantum systems.

4. Space and Time Symmetries and Ergodicity

In this section and the following sections, we consider a general framework, in which
general results are established. These results ultimately lead to the main results for
quantum spin chains expressed above, proved in Sect. 8.
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We consider a countable-dimensional Hilbert space # with inner product (a, 6) and
norm ||al] = +/{a,a) (a,b € #). As illustrated in the previous section, this Hilbert
space has the interpretation as a space of observables within a thermodynamically large
physical system, and the inner product, as the connected correlation function of two
observables. We express below the minimal requirements on #¢, including the presence
of groups of unitary space and time translations operators. We then consider the notion
of ergodicity. We show that ergodicity along almost all rays in space and time must hold
if a weak version of ergodicity along all space-like rays holds. This will play a crucial
role in the hydrodynamic projection mechanism described in Sect. 6.

4.1. Space and time translations. Homogeneous and stationary states of thermodynam-
ically large systems are invariant under space and time translations. In the terms of the
Hilbert space #¢, this translates into the presence of corresponding groups of unitary
operators.

We assume that for every x € Z, there is an invertible linear isometry, equivalently
a unitary map, t, : # — H

(txa, tyb) = (a, 6) Va,bed, x €Z. 27

We assume that this set of maps forms a representation of the group Z, with (4, = t,ty
and ¢y = 1. This is interpreted as the group action of space translations, and (27) is the
condition of homogeneity of the state.

We likewise assume that for every ¢ € R there is a unitary map t; : # — #,

(tia,ub) = (a,6) Ya,6ed, teR. (28)

We also assume that this set of maps forms a representation of the group R, with 7,4 =
7,7y and 7o = 1. This is interpreted as the group of time translations, or time evolution,
and (28) is the condition of stationarity of the state. For technical reasons, it is convenient
to assume that for every a, 6 € #, the function (r;a, 6) is Lebesgue measurable on
t € R. We also assume that time evolution is homogeneous,

LT =Ty VxeZ,tel. 29)

Remark 4.1. Here space is taken to be discrete, and time continuous. This is adapted to
applications to quantum spin chains. However the theory developed can also be applied
to systems with continuous space R, by simply concentrating on a discrete subset Z.
Further, many aspects of the theory do not require time to be continuous; however we
leave this for future works.Continuity properties in ¢ are discussed in Sect. 5.2.

4.2. An ergodicity theorem. We consider the notion of ergodicity in terms of correlation
functions: the vanishing of the large-scale averaged connected correlation. We provide a
full proof of ergodicity in almost all directions in space and time under the sole condition
that ergodicity holds within a space-like neighbourhood. That is, ergodicity in space-like
cones, a property which is similar to but much weaker than the Lieb—Robinson bound, is
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sufficient in order to conclude that ergodicity holds along almost every ray. In particular,
the latter conclusion then applies to quantum spin chains (thanks to the Lieb—Robinson
bound), see Sect. 8.

Ergodicity is naturally studied using spectral theory. In particular, the decomposition
structure of ergodic measures translates, in the context of C* algebras, into a decom-
position theory for states of many-body systems. There are strong, general ergodicity
results for topological symmetry groups within any extremal state, under the condition
that the algebra of observables be asymptotically abelian. See the papers [71-73] as
well as the beautiful discussion in the book [29]. However, in many-body systems, the
strongest bound on asymptotic abelianness we are aware of, concerning the time trans-
lation group, are those related to the Lieb—Robinson bound [43]. Under this, the algebra
is seen to be asymptotically abelian only within space-like cones. The theorem below
provide the first result for ergodicity along time-like rays.

Let us denote the extended reals by R = R U {oo}.

Definition 4.2. The triplet #, 7, ¢ (or simply #) is space-like ergodic if there exists a
dense subspace ¢/ C # and v, > 0 such that, for every a, 6 € V, every r € Z\{0} and

every v € R with |v| > v, we have

N
Jim e Z(L’;z;tlra, ) = 0. (30)
n=1

Note that ¢, 7,-1, i a unitary operator representing a discrete translation in space and
time along the ray of velocity v (that is, along the line x = vt), and that v = oo is
allowed, and gives translations in space. In applications, the subspace {/ may be taken
as the subspace of local observables. In quantum spin chains, the limit of the summand
in (30) vanishes for every local observables a, 6, so that Definition 4.2 holds, with any
v larger than the Lieb—Robinson velocity (see Theorem 8.9).

In Eq. (16) below, note that the integrand is integrable over [0, T'], as it is measurable
(by our framework’s assumption) and bounded (as [{t|v|T/a@, )] < |la||||6]]). The
statement is that the limit exists and vanishes.

Theorem 4.3. Assume that # is space-like ergodic (Definition 4.2). Let a, 6 € #. Then
for almost all v € R with respect to the Lebesgue measure,

1 T
lim —/ dt (1)) T1a, 6) = 0. 31)
T— 00 0
For every v € I@\{O}, we denote the unitary operator

Op = U1Ty—1, (32)

and we denote op = t1; again, these represent translations in space and time along the
rays x = vt. Foreveryr € Zand v € IR, we denote by P the orthogonal projection
onto the null space ker(o,, — 1) of o — 1. Its range ran P, is equal to ker(o}, — 1),
and is different from {0} if, and only if, the spectrum of o, contains the unit eigenvalue:
there exists a € # with ||a|| = 1 such thato)a = a.

Lemma 4.4. For all v € R with |v| > v, and all r € 7Z\{0},
ran Py = {0}. (33)
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Proof. By space-like ergodicity, for every a, 6 € { and |v| > v, the following limit
exists and vanishes:
1 X
Jim Z(ag"a, 8) = 0. (34)
n=1
By von Neumann’s ergodic theorem [45, Thm 12.44], the result of the limit gives rise
to the orthogonal projection onto the kernel, hence

(Pora, 6) =0. (35)

By continuity and density of {/ € #{ this is extended to all 6 € #(, thus Pyra = 0; and
by continuity of the projection this is extended to all a € #¢. O

Lemma4.5. Let v, w € R with v # w, and let a € ker(o, — 1) and 6 € ker(oy, — 1).
Then {(a, 6) = 0.

Proof. Without loss of generality we may choose w # oo and v # 0. Thenw, v~ € R.
First, assume w = 0. Then for all p, g € Z, we have

(a,6) = (a,1)6) = (t_pa, b) = (1474y-1_pa, b). (36)
For every v™! € R, it is possible to find p, ¢ € Z with ¢ > 0 such that |gv~! — p| <
qug I, Indeed, choose g > v, and then choose p = |gv~"'|. Therefore, we find

(@, 6) = (ola,6), z7'=v""=p/q, Izl > ve. (37)

By repeated use of this formula, we obtain a normalised sum as in (34) and use the
ergodic theorem. As a consequence,

(a,6) = (P,aa,6) =0 (38)

where the last equality holds by Lemma 4.4.
Second, assume w 7 0. As the rationals QQ are dense in R, for every n > 0 there

exists infinitely many p/q € Q lying in [wv™", w(v~! + 1)]. Choose 0 < € < |L:+u|’lfjl|’|
such that

w™ ' +e)=p/geQ (39)
with p, g € Z\{0} and p # q. Then

(a,6) = (o]a,b) = (T—gelqTy-146)@> 6) = (lg—pT—getpTpy-1a, )
= (lg—pT—gea, 0, P6) = (01 "a, 6) (40)

wherez = —(g—p)/(ge) = —e ' (1—w/v)+w.Clearly, |z| > e |1—w/v|—|w| > v¢
by the assumptions on €. Hence

(a, 6) = (Pogfpa, 6) =0 (41)

where again the last equality follows from Lemma 4.4. O
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Proof of Theorem 4.3. Theorem 4.3 follows from a set-theoretic argument. Consider
the set @ = {v € R : ranP,, # {0}}. For every v € Q, choose a, € ranP, with
[lay]| = 1. Clearly, the completion of span{a, : v € 2} is a closed subspace of #.
Further, by Lemma 4.5, we have (a,, a,,) = 0 for every v, w € Q with v # w. Hence
Q2 parametrises a set of linearly independent unit vectors spanning a closed subspace of
#. As # is countable dimensional (by our framework’s assumption), the set €2 must
be countable. Therefore, it has Lebesgue measure zero in R. Now choose v € R, and
consider (16). For the theorem, it is sufficient to assume that v # 0. Let a, 6 € #€. First
take v > 0. Then

17 1V
lim 7/0 dt {t|yr)Tra, 6) = _lim N/o dx (t|x)Tey-1a, 6)

T—o0 NaN—»o0

1
:NngONZ/O dy (tnTpy-1Typ-1a, 6)
n=0
1 N

—1 1
ZA}EHOONZO/O dy (o)'ty,-1a, 6)
n=|

1
- / dy (Po, 710, 6) (42)
0

where the first equality, on whose right-hand side the limit is taken over the integers
instead of the reals, follows by boundedness of the integrand. In the second equality
we have separated the integral over [0, N] into a sum over n = 0,1,..., N — 1 of
integrals over y € [0, 1), writing x = n + y; and in the last, we used the bounded
convergence theorem in order to exchange the limit of the sum and the integral, and von
Neuman’s ergodic theorem in order to write the large- N average as a projection. For the

case v < 0, write (| = LL__1 (valid almost everywhere on ¢ € [0, T]). This gives

vt |+1
fol dy (P, t—17y|y-1a, 6). The result is zero whenever v € R\$2, by definition of €2. As
2 has measure zero, the theorem follows. m]

5. Clustering and the Space of Conserved Charges

The Hilbert space structure of Sect. 4 is not sufficient in order to describe the space of
conserved charges onto which hydrodynamic projection occurs. We need an additional
structure: that of a dense subspace

vCH. (43)

Physically, the subspace 1/ is that of observables, within #(, which possess stronger
locality properties. In the context of quantum spin chains, these may be identified with
the set of operators whose supports are finite subsets of Z: the local operators (see Sects. 3
and 8). They may also be identified with quasi-local operators (see e.g. [74]). The Hilbert
space #¢ is the completion of {/ with respect to || - ||.

The choice of the subspace / affects the various structures constructed below, but the
theory holds for any such choice which satisfies all the required properties. In this section,
we describe the requirements on ¢/ and # and define the basic structures, including the
family of new Hilbert spaces #(;, k € R, and the space of conserved charges Qp. We
express a variety of fundamental results that will be of use afterwards.
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The main requirements on ¢ and #€ are expressed in Sect. 5.1: observables in ¢/
should cluster strongly enough in space. If strong continuity and stronger properties of
clustering hold on time evolution, then stronger results can be obtained; these properties
are explained in Sect. 5.2. In Sect. 5.3 we study the various Hilbert spaces #; used to
describe large-scale behaviours, and in Sect. 5.4 we define, using these, the subspace
of conserved quantities. The conserved quantities will be identified with the emergent
degrees of freedom in the hydrodynamic projection formulae. All requirements on #, {/
are established in the context of quantum spin chains in Sect. 8.

For brevity, we refer to #(, V, {t; : t € R} and {¢, : x € Z}, or simply #¢, ¥V, with the
properties that ¢/ C # is dense and that all requirements expressed around (27)—(29)
are satisfied, as a dynamical system.

Remark 5.1. In applications, space translations often map local observables into them-
selves, I — 1/, and one naturally defines them simply as invertible isometries on /.
Since an invertible isometry ¢, : ¥/ — 1/ is continuous on ¥/, and therefore has a unique
continuous extension to #, in (27) we define it on # already. [For the continuity state-
ment: if ¢, : ¥/ — {/ is an invertible isometry, let a = lim, a, and a, a,, 6 € V. Then
limy, (tyan, 6) = lim, (ay, (;'6) = (a,;'6) = (ixa, 6) and since ||txan|| = [|an|| is
bounded and ¥/ is dense this implies lim,, (ya, = tya, thus ¢y is continuous].

Remark 5.2. In applications, time evolution often does not map local observables into
themselves. But 7,a € #f for every a € ¥/, and our assumptions imply that ¢/ is dense in
#. That is, although t;a might not be a local observable, we assume that it is possible
to approximate it with arbitrary precision by local observables.

5.1. Clustering. On the the dynamical system #, ¢/, we will require certain clustering
properties with respect to space translations. We define clustering in a weak enough
fashion, as follows.

Definition 5.3. We say that a pair (a, 6) € # x # is p-clustering, respectively a subset
C C # x # is uniformly p-clustering, for some p > 0, if there exists ¢ > 0 such that

[{txa, 8) <c(x|+1)™7 Vx €Z, resp.Vx € Z and (a, 6) € C. (44)

If (a, 6) € # x # is p-clustering for some p > 1, then for every k € R we define

(@, 60 =Y e*(ea. 6) (45)

X€EL
(the series converges).

In most situations, one might expect that it be too strong to ask for every pair in # x # to
be p-clustering for p > 1, as elements of # that are obtained by completion from local
elements might not have good enough clustering properties anymore. However, for time
translations of local elements in ¢/, clustering is a natural condition. The space { must
in fact be a “good” subspace of local elements: appropriate uniformity of clustering is
important for t; to give rise to a unitary group on the Hilbert spaces we construct below.
Therefore, let us define

A~

 =span{tja :a €V, t e R} C #. (46)

We assume that there exists a strict lower bound p. > 1 for the clustering power law,
such that every pair in ¥ is p-clustering for some p > p.. Further, we assume that
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for every element @ € 1/, we may associate a converging sequence o,a € V, with

lim, 0,a = a, such that for every pair of elements in ¥, p-clustering, for some p > pe,
holds uniformly on the set of pairs of elements of their associated converging sequences

(0, may be seen as a linear operator 0 — ©). All this is expressed in the following
definition.

Definition 5.4. We say that the dynamical system #, V) is pc-clustering if, to every
a € {/, we may associate a sequence o,a € ¥ with

limo,a = a,
n
such that for every a, 6 € % , the set of pairs {(0,a, 0,,6)} is uniformly p-clustering for
some p > p.. Forevery a € ¥ we take o,a = a V n.

Clearly, if the dynamical system is pc-clustering, then it is p(-clustering for every p. €
[0, pc]. We will say that it is co-clustering if it is p.-clustering for every p. € [0, 00).
In the rest of this section, we assume that:

the dynamical system #, {/ is 1-clustering.

We now establish simple fundamental lemmas from the above structure.

Lemma 5.5. Let k € R, let a € #, and assume that the pair (a, a) is p-clustering for
some p > 1. Then (a, a)y is non-negative:

(a,a)r = 0. “47)

Proof. See for instance the proof of [46, Lem 4.2]. Consider the observables 6 =
S E_ e e #, for L € N. Then we have

L 2L
0<(6.6)= > e *Vaa)= > QL+1—|x)e ™ (a.a). (48)
x,y=—L x=—2L
We write 1 — |x| =2 — (|]x| + 1). Clearly,
2L ) 00
‘ 3 Ze_lkx(txa,a)) <2 3 (x[+ )77 = 0L (49)
x=—2L X=—00
Further,
2L ' 2L
| (e De ™ @ a| e Y Axl+ DT =0 ). (50)
x=—2L x=—2L

Therefore, 0 < (6,6) = 2L{a,a)x + O(L>P, LY). The result (47) is obtained by
dividing by L and taking the limit L — oo. O

Lemma 5.6. Let (a,6) € # x H be p-clustering for some p > 1. Then (a, 6) is
uniformly bounded on k € R, and

lim{a, 6)¢ = (a. b)o. (S
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Proof. For every x € Z, we have limy_, ¢ e* (1 a, 6) = (1ya, 6). We bound the sum-
mandin} ., ek (1 a, 6) by |{txa, 6)]. The latter is summable by p-clustering for p >

1. Hence by the bounded convergence theorem, we have limg_0 ) .7 ek (1pa, 6) =
erz([xa,(s). O

Remark 5.7. It is simple to see that ¢ itself can be chosen as the space of local observ-
ables, and ¢, 0, {r; : t :€e R}, {tx : x :€ Z} is a dynamical system. In this case, the set
of local observables is stable under time evolution. In particular, for this system to be
pc-clustering, Definition 5.4, it is sufficient to require p-clustering pairwise (there is no
need for uniformity), as in this case one can choose o, 7;a = t;a for all n. Using #, 0
for the dynamical system simplifies the discussion, and we will take {/ = { in Sect. 7.
This however affects certain structures, for instance changing the meaning of the Hilbert
spaces &y introduced below. In Sects. 5 and 6 we keep the separation between ¢/ and %
for generality.

5.2. Strongly continuous one-parameter groups. Besides the assumptions expressed in
Sects. 4.1 and 5.1, it is often the case that finer properties of time evolution holds, and this
leads to finer statements about the Hilbert spaces constructed below, and the subspace
of conserved charges. Although these are not necessary in order to establish our main
projection theorem, it is useful to consider such finer properties.

Assume that t;a is continuous in ¢ with respect to the norm topology for every a € #
and ¢ € R. Then {t; : t € R} forms what is called a strongly continuous one-parameter
unitary group — we will simply say that “t is strongly continuous”. As a consequence,
Stone’s theorem [45, Thm 13.35] implies that there is an anti-self-adjoint operator §,
the generator of the group, which is not necessarily continuous, with (dense) domain
" C # such that ,a € ¢ and t;a is differentiable for every a € ¥/, and

d
afla = ‘L',(Sa = 51’;(1. (52)

Stationarity then implies
(8a,b) = —{(a,86) Ya,bel (53)
Below, when assuming that 7 is strongly continuous, we will also assume that
Y cv and (V) C V. (54)

In order for the presence of a strongly continuous one-parameter unitary group to lead
to finer results below, strong enough clustering properties are required. It is convenient
to give precise definitions here, that can be proven in particular situations (such as
in spin chains); this will make the requirements for the finer results below clearer. We
consider two such stronger clustering properties: continuous clustering and differentiable
clustering.

Definition 5.8. The following definitions apply with respect to the p.-clustering dynam-
ical system €, {/, with time evolution 7.

We say that 7 is continuously clustering if for every a, 6 € ¥/, there is € > 0 such
that the family {(t;a, 6) : t € [—¢, €]} is uniformly p-clustering for some p > p..

We say that t is differentiably clustering if it is strongly continuous (in particular
Eq. (54) holds) and continuously clustering, and if for every a, 6 € V, there is € > 0



312 B. Doyon

such that both families {(t~'(t;, — Da, 6) : t € [—€, €]} and {(t7%(1; + T—s — 2)a, a) :
t € [—¢, €]} are uniformly p-clustering for some p > p.

Note that, by strong continuity, t_l(tt — 1)a and t_2(rt +7_;—2)afort € [—¢, €] are
continuous families of elements of #, hence the condition for differentiable clustering
makes sense; in particular, at 1 = 0 we get 8a and 8%a, respectively. Note also that
differentiable clustering does not follow from continuous clustering: for instance, if t
is continuously clustering, then so is T — 1, and thus there is a uniform power p > pc
for the clustering of (t_l(tt — 1)a, 6); however, because of the factor t~!1, there isn’t
necessarily a uniform coefficient c (see Eq. 44). Finally, note that the second condition
in differentiable clustering involves a pair formed out of a only; this is indeed sufficient
for our purposes.

One particularly useful lemma for applications gives differentiable clustering from a
stronger, but sometimes more natural, condition.

Lemma 5.9. Let t be strongly continuous. Suppose that for every a, 6 € V, the function
(tra, 6) can be analytically continued in t to a neighbourhood of 0, and there is € > 0
such that the family {(t;a,6) : t € C, |t| < €} is uniformly p-clustering for some
p > pc. Then t is differentiably clustering.

Proof. Under the assumptions of the lemma, (t;¢,a, 6) is analytic in a neighbourhood
|t| < €, and there exists ¢ > 0 and p > p. such that

(titva, 6)] < c(lx]+1D)7F (55)

for all |t| < € and x € Z. By analyticity, for all |7| < €/4,

-1 ds 1 )
(@ = Dua, 6) = (T — Diya. )
Is|=|r|/2 2L s(t +5)
ds 1
ﬁYZG/Z 27i st +5) ((Tr4s )ixa, 6) (56)

where in the second line we used the fact that, in particular, there is no singularity at
t +s = 0. Therefore

It~ (z; = Dixa, 6 12040 =7
' x@, >|527T X o X o X c(lx|+1) (57)

for all |#| < €/4, which shows the first part of the definition of differentiable clustering.
Likewise, for all |f| < €/4,

d 1
25+ Ty — ra, 6) = f s (Trss + Tty — Dta, 6) (58)

Is|=€/2 2mis(t +S)2
and therefore
1 2 16
172t + T — 2)txa, B)] < — x = x — x de(jx|+1)7P. (59)
2r e €2

This shows (a slightly stronger version of) the second part of the definition of differen-
tiable clustering. O

Below we will show that such strong clustering properties are sufficient to map
{r; : t € R} into a strongly continuous one-parameter unitary group on the new Hilbert
spaces constructed.
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5.3. Hilbert spaces #. For k € R and a € #€ such that (a, a) is p-clustering with

p > 1, we denote
llallk = v {a, a)x. (60)

Our assumption that the dynamical system #(, / is 1-clustering (see Definitions 5.3 and
5.4) implies that (a, 6); exists for all @, 6 € {/, k € R, and thus gives a positive semi-
definite sesquilinear form on ¥. There may be a nontrivial null space 1y = {a € V :
|lal|lx = 0}; by the Cauchy-Schwarz inequality (a, 6)y = O foralla € 1,6 € ¥V (we
discuss the space 71 in Sect. 7). The space of equivalence classes is denoted {/ /1 = V},
on which || - ||x is a norm. The completion of {}, with respect to || - || gives rise to a
Hilbert space, denoted #€;. We still denote by (-, -)x the inner product on this Hilbert
space. When confusion may arise, we will denote by

[alx=a+N eV (ael) 61)

the equivalence class of a. These are the “local elements” in #;. A basic property of
antisymmetric linear operators on such equivalence classes is as follows.

Lemma 5.10. Let 6 : V — V be a linear map such that the antisymmetry (53) holds.
Then

(6a, 6)r = —(a, 66) (62)

foralla,6 € V. Further, § is well defined on V for every k € R, and §[a]lr = [6aly for
everya € V.

Proof. The first part is immediate. For the second part, let a € ¢ with ||a||x = 0. Then
by antisymmetry we find (8a,8a)y = —(8%a,a)r < ||6%allx |lallx = 0, wherefore
[l8allx = 0. O

Clustering implies, in fact, that (a, 6), as defined in (45), exists for all a, 6 € 0 (see
Eq. 46). That is, we can time-evolve elements of {/, and consider the form (-, -); on such
time-evolved elements. We would like to assess if 7,a can be identified, in an appropriate
way, with an element of #;. More precisely, givena € ¥ and ¢, k € R, is there a unique
element ¢’ e 7 — a Cauchy-converging sequence with respect to || - || in the space of
equivalence classes of local observables { — such that (c7*, 6); = (c, 6); for c = t,a
and every 6 € V (by density arguments, it is sufficient to consider 6 € V/)? By the Riesz
representation theorem, it is simple to show that such an element must exist, and that it is

bounded by ||a||¢. We may denote it ‘L't% k[a]lk, and r,‘ﬂ)’( is a continuous linear functional
on #y, with ||r,%k [alkll < llallx. However, this is not sufficient in order to establish

unitarity and the group property of r,%k. As we show below, the stronger conditions of
uniform clustering on converging sequences o, T;a, as in Definition 5.4, allows us to
establish unitarity and the group property. Further, strong continuity also translates to
ttm if the differentiable clustering holds (Definition 5.8). A partial proof is given for
instance in the last part of the proof of [46, Thm 6.3]. We give here a full statement and

proof. The following theorem is the main structural result for this paper.

Theorem 5.11. For everyt, k € R, there is a unique unitary map t,(%)k : Hy — Hy such
that

(r/% a1k, T/ [61k)k = (i@, 1,6) (@.6 €V, 1,5 €R). (63)

For everyk € Rand a, 6 € #y, the function t +— (r,%ka, 6)y is Lebesgue measurable
on R. Further, for every k € R:
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L. the group property holds, rt}f" T = Tﬁ’; forallt,s € R;
Il. leta € V), t € R, then the following limit exists in ¥ and gives lim, o, T;a]x =

v/ [alk;

111 if T is strongly continuous and continuously clustering (Definition 5.8), then 1:,‘76"
forms a strongly continuous one-parameter unitary group, and continuity is uniform
onk € R; and

IV, if T is differentiably clustering (Definition 5.8), then the generator 8% of r,%k satisfies

8% [aly = [Bal = Slalk (64)

foralla € V.

Proof. First, once (63) is established, measurability is obtained by the measurability
assumption of Sect. 4.1: for every a, 6 € ¥/, the function (t;a, 6); is measurable as it
is the point-wise limit of a sequence of measurable functions (the finite sums), and for
every a, 6 € #y, by density there is a,, 6, € V) with lim, a,, = a and lim, 6, = 6,
and thus (t;a, 6)x = limy, ,(Tram, 6,)r 1S measurable.

Here and in other proofs below, we use the following two facts. Consider a Hilbert
space #¢ and a dense subspace V. If the sequence (a,, 6) converges for all 6 € ¥, and
if ||a,|| is uniformly bounded, then, by the Riesz representation theorem, there exists
6 € # such that weak convergence a, — 6 holds. If a,, — 6 and ||a,|| — [|6]], then
a, — 6 (norm topology in #().

Fix k € R. Leta, 6 € ¢ and t € R. By definition, lim, 0,,7;a = 1;a (convergence
on #). But also, lim, (ty0,7:a, 6) = (1x7ra, 6) by continuity of ¢,; and the quantity
(txonTsa, 6) is uniformly (over n) bounded by a summable function of x, by the unifor-
mity requirement of Definition 5.4. Hence, by the bounded convergence theorem, the
series Y ., €% (1,0, 7,a, 6) converges to that of the pointwise limit of the summand.
Therefore, passing to the quotient space, for every 6 € 1/ the limit lim, (0, 7;a, 6)x
exists and gives (t7;a, 6) (as evaluated by the series (45)). A similar argument shows
that ||o;, Tsa||x is uniformly bounded over n. Since { is dense in #j, we conclude that
[0, Tralk converges weakly in #j. In fact, we find lim,, ||o,ally = llnalle = llallk
(using stationarity (28)), thus

[ontiale = 7 *[als, (65)

with ||r;7€k [alkll < |lallx. This defines a bounded linear map ‘L't%k : Uk — #; which
satisfies (63) with s = 0. This map extends by continuity to t;%k T Hy — H.
Hy

Using weak convergence in #, for a, 6 € ¥ and 5,1 € R we have (r,‘%k lalk, Tg

[61k)r = lim,{o,Tia, ‘L's%k [61k)r = lim, lim,, {0, T;a, 0, Ts6);. Thanks to the uniform

clustering assumption, the right-hand side can be evaluated by pointwise convergence by
the bounded convergence theorem, giving (t;a, ts6),. This gives (63) in its generality.
By density and continuity, and by the one-parameter group property of 7;, the group

property ‘L';%k 7

= t,iff follows, and this implies that l';%k is unitary (as it is then an
invertible isometry). In particular, ||1:;7€ lalklle = llallk = limy, ||o,Tallk, therefore,
combined with weak convergence (65), we have lim,[o,T;alr = r,%k [alx in H.
Assume that for every a € ¢/, we have lim;—,o ;a = a on #{ (strong continuity at
t = 0), and that for every a, 6 € ¥, there exists € > 0 such that {(t;a, 6) : t € [—€, €]}
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is uniformly p-clustering for some p > 1 (continuous clustering). Fix a, 6 € V. Then
by the result just established,

. H . . ikx
1 k , [6 =1 L6 =1 ! , 6).
lim (7% [ali, [6]i)x = lim (ria, 6) t;m@je (txmia, 6)

‘We have the bound

[(t1@, 6)x — (@, )] < ) e, 6) — (tea, 6)]

By strong continuity, the summand on the right-hand side converges to zero pointwise.
By uniform p-clustering on the interval ¢ € [—e, €], the summand is further uniformly
bounded by a summable sequence. Hence, by the bounded convergence theorem, the
limit of the series exist and gives zero. As the right-hand side does not depend on k, the
limit exists uniformly in k. Therefore,

tim (7" [a . [61c) = (. 6)¢ (66)
for all @, 6 € {, uniformly on k € R. Note that ||r,;€" [alkllx = llallx is uniformly

bounded on k € R by Lemma 5.6. Therefore, ||1:,5L€" [a]kllx is uniformly bounded in
any neighbourhood of + = 0, and this, uniformly on k € R. As V) is dense in ¥y,

the limit (66) for all 6 € ¢ and the bound on ||r,g€k [alk|lx, both uniform in k, imply
that "%[a]y — [alt as ¢ — O uniformly on k € R. Since ||7/*[al¢|| = |lallc. we

conclude lim,_, ¢ r,%" [a)k = [alx on F, uniformly on k € R. Hence {r,%k it € R}
forms a strongly continuous one-parameter unitary group, and this shows Point III.
Stone’s theorem can be applied (note that continuity at ¢ = 0 is sufficient); we denote
the associated generator by §7.

Finally, assume further that (54) holds, and that for every a, 6 € 1/, there exists € > 0
such that {(t~'(z; — 1)a, 6) : t € [—¢, €]} is uniformly p-clustering for some p > p
(the first statement of differentiable clustering). We use a similar line of arguments. Fix
a,b € V. Then

lim @ = Dlal, 181k

= limt {(r;, — Da, ) = li tex p—1 — Da, 6).
lim 1= H((z — D)a, 6) ti%;e (tx(t; — Da, 6)

By differentiability, the limit exists pointwise in the series and gives lim;_, elkx;—1 (tx(T4—
Da, 6) = eik"(tx&z, 6). By uniform p-clustering on the interval ¢ € [—¢, €], the sum-
mand e**r =1 (1, (1, — Da, 6) is uniformly bounded by a summable sequence. Hence,
by the bounded convergence theorem, the limit of the series exist and we find

tlgr(l)r*((r,m — Dlalk. [61)x = (8a, 6)x

for all @, 6 € V. A similar line of arguments, which we do not repeat, gives, by the
second statement of differentiable clustering, a uniform bound for

1 @ = Diakl? = 2@ — /% — ™) [ali, [ali ) (67)
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ont € [—¢,¢€]. Since 1 is dense in #; and we have a uniform bound, we find the
following weak limit in #

'@ — Dlal — [Balk (¢ — 0).

Taking the limit in (67) we further obtain lim,_, ¢ [|¢~! (r,‘%" — 1)[a]k||]% = —(8%a,a) =
(8a, da)r (Lemma 5.10), and thus we have convergence in 7€, hence differentiability,
1ir%z—1(r,”’< — Dial = [8al.
t—

Therefore, [a]; lies within the domain of 87 for all @ € ¢, and we have (64) (the last
equality is by Lemma 5.10) . O

For lightness of notation, below we denote ‘L’t%k simply by t; (and, in the strongly

continuous case, 87t by 8), as by Theorem 5.11 there should be no confusion. We denote
Or = span{t/*[aly :a € V,t € R}. (68)

We note that Theorem 5.11 gives a surjective map 0 Ok, and we extend the symbol
[-]x from (61) to ¥/ in order to denote this map:

[ : 0 — O (69)

Remark 5.12. In applications to quantum chains, the spaces #x, for k € R, are a gen-
eralisation of the Hilbert spaces constructed in [46,47], where the case k = 0 was
considered.

Remark 5.13. If we choose ) large enough so that 0=y (see Remark 5.7), then
(V) € V and (V%) C Y, and the action of time evolution simplifies to

/%[l = [talk. (70)

In this case, if a € 1, then t,a € 11 forall t € R.

5.4. The subspace of conserved charges. With the above constructions, we are now able
to define the most important objects for hydrodynamic projections.

We define the subspace of conserved charges Qq as all elements ¢ € #y that are
invariant under the time evolution unitaries t;:

Q={geHy:1g=qgVteR} (71)

By the group property of 7, it is sufficient to require ;g = ¢ for all # in a non-empty
interval. If 7 is strongly continuous, then it is sufficient to require 7;qg = ¢ for all ¢ in
a subset of R with a finite accumulation point. In general, since t; is a continuous map
for every ¢, then ker(z; — 1) is closed for every ¢ by the open mapping theorem, hence
Nrer ker(z; — 1) is closed, so that Qg is a closed subspace.

It will be convenient to define the space of local conserved charges as the space of
conserved charges that are equivalence classes of local elements, that is

QI° =9pN1p  (subspace of local conserved charges). (72)
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Further, we will refer to local conserved density any representative of such an equivalence
class, g € g withq € Q(I)OC. The space is equivalently described as

Qloe — (g€ ¥V :[glo€ Q) (subspace of local conserved densities).  (73)

One question is as to the relation of Qy with the generator § of time evolution, such
as arises in the strongly continuous case, Sect. 5.2. This is established in the following
theorems.

Theorem 5.14. Let time translation t be differentiably clustering (Definition 5.8). Then

Q%)OC = kerd,, kerdy, C Qo Cim 5VOJ_ (74)

whereker 6y, = {a € V) : 6a = 0} andim 6y, = {8a : a € Vp} (recall, by Lemma 5.10,
that § can be seen as acting on ).

Proof. For Qéoc C ker 8¢, we note that if g € Qé"c, then by strong continuity and
Theorem 5.11.1V, dr,q/dt|t:0 = 8q. Hence by conservation, 8g = 0, thus ¢ € ker §y,.
Forker 8¢, C Q(l)oc,we letq € ker §p, and we have g = 0. By strong continuity, Theorem
5.11.101, we get dt;q/dt = 1,69 = 0, and integrating, t,q — g = fot ds dryq/ds = 0 for
allt € R. Thus g € Q)¢

Let ¢ € ker é¢;,. Then g = lim, g, with g, € ker 8¢,. Again by Theorem 5.11.1V,
we have dr;6/dt = 1,66 for all 6 € (), t € R. Integrating this equation with 6 = g,
we find (r; — 1)g, = 0. By continuity, we obtain (r; — 1)¢ = 0, hence ¢ € Q.
On the other hand, assume that ¢ € Qp. Then, for all @ € {jy and r € R, we have
0 = (tvg — ¢g,a)o = (g9, T—ra — a)o, and taking the derivative at r+ = 0, this gives

(9, 8a)o = 0. By continuity, (¢, 6)9 = 0 for all 6 € im §,, thus g € im SVOL. O
One can say a bit more if ¥/ is chosen large enough to contain all time-evolved local
observables, ¥ = {/ (see Remarks 5.7 and 5.13).

Theorem 5.15. Let time translation t be differentiably clustering. If T, (V) C Vp for all
t € R, then

Qo =imdy, . (75)

Proof. Thanks to Theorem 5.14, we only need to prove that im rSuOJ' C Q. Hence,

—1L . .
assume that ¢ € im §¢;,” . By density of 14, we can represent ¢ = lim,, g, for g, € p.
Therefore, for every € > 0 there exists N > 0, independent of a € 1}, such that
18qn, @Yol = Hgn> 8a)ol = 1(g — qns 8a)ol < €lldallo for all n > N, where the

second equality follows from ¢ € im SVOJ‘. In particular, [(69,, T;a)o| < €||driallo =
€llrdallo = €|ldallp foralln > N and t € R. By differentiability, we have, for every
€ >0andr € R

t
(59 = g @lol = lim (79 — ool =tim| [ ds (3gn.
0

t t
=1im‘/ ds (5qn,tﬂa)o‘ <e/ ds ||8allo
n1Jo 0
= et|[8allo (76)

forall e > 0, and therefore (t,qg —q, a)o = 0. Since {} is dense, this implies ;g —qg = 0.
]



318 B. Doyon

Remark 5.16. Tt is expected to happen, in some cases, that the first inclusion in (74) be
strict. That is, it may be that the space of conserved charges Q, is not the completion
of the space of all local conserved charges 9(])“. Indeed, in integrable quantum chains,
with local observables being as usual those supported on finitely many sites, it is known
that there can be quasi-local conserved densities that are not obtained as limits of local
conserved densities, see [74]. However, we expect that one can circumvent this by
extending the space {/ (and thus ) to include quasi-local observables.

Remark 5.17. Let ¢ € 1. We claim that a time-independent [¢q]p € #p should indeed
be interpreted as a conserved charge, in the terminology normally used in many-body
physics; and that ¢ is an associated conserved density. In order to see this, we recall
that the inner product may be defined in terms of a statistical mechanics state w as in
(15). The quantity (g, a)o is the expectation, in w, of the total charge > . (¢ times the
zero-average local observable a — w(a). It should thus indeed be invariant under time
evolution of ¢ —that is, [¢]o should be time independent —if the total charge is conserved.
In this sense, then, the null space 71 corresponds to the ambiguity in the definition of
the local density for a given conserved charge. The elements of #(y are shown in [46] to
be in bijection with the pseudolocal charges [48,49], and are framed within the theory
of linearly extensive charges in [47].

Another way of understanding the conserved densities is to recall that every element
of the form 1@ — tya for a € ¥ has image under the quotient map [-]o that vanishes,
simply by using telescopic summation and clustering in the definition (45) of (-, -)¢ with
k = 0.1If ¢ € V is a conserved density, and if t;q is differentiable in ¢, then in local
models one expects a continuity equation,

d . .
It Ty = 0 (77)

for some current j € #€. If j has appropriate clustering properties, then in (-, -)¢ the
derivative vanishes: t;[q]o is indeed independent of ¢ if g satisfies a continuity equation.
A general theorem on the existence of local currents is obtained in Sect. 7.

6. The Hydrodynamic Projection Formula

In this section, we express and prove the general hydrodynamic projection formula for
Euler-scale correlation functions. The necessary assumptions are those expressed in
Sects. 4.1 and 5.1, along with Property 1 below. This property simply asks for almost-
everywhere ergodicity, as shown in Theorem 4.3 from space-like ergodicity, and for
correlations functions to have an appropriate behaviour as functions of the ray. For sim-
plicity, the dynamical system #¢, {/ is tacitly assumed to be 1-clustering (see Definition
5.4), and it is explicitly stated when stronger conditions are required. All assumptions,
including Property 1, are shown to hold in KMS states of quantum spin chains in Sect. 8.

As an introduction to hydrodynamic projections, in Sect. 6.1, we show how the
simpler and well known projection formula for the Drude weights arise from our general
framework. In Sect. 6.2, we state Property 1, and the relation it bears with a stronger
space-like clustering property of the Lieb—Robinson type; this is useful in applications
to spin chains. In Sect. 6.3 we consider the problem of the existence of the Euler scaling
limit. In Sect. 6.4 we define the Euler map, which is used to obtain appropriate continuity
properties. Finally, in Sect. 6.5 the main projection results are obtained.
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6.1. Drude weights. Before obtaining the general projection results for Euler-scale cor-
relation functions, a much simpler result can immediately be obtained, which requires
only the structures of Sects. 4.1 and 5.1. This is the hydrodynamic projection formula
for the Drude weights.

As per the conventional Kubo formula, a Drude weight is the quantity

t
Djy.jo = lim (¢ —10)"! fm ds (1,1 j2)o 73)
for j1, j» being the currents associated to conserved densities. Theorem 7.6 in Sect. 7
shows the existence of local currents for every local conserved density in systems that
are “complete” (as per Definition 7.5). Once local currents are given, for the general
result presented here it is not necessary for the system to be complete.

Instead of local currents j1, j2, we may in fact take generic local observablesa, 6 € 1.
Further, we may extend the concept of Drude weights to a, 6 € # by continuity, as,
if the limit exists (proven below), the right-hand side of (78) makes sense for such
an extension. Thus, we see D, 5 as a “generalised” Drude weight for any extensive
observable a, 6 € #.

The projection formula for the Drude weight, and for the Euler-scale correlation
functions below, involves the orthogonal projection

P:dy— o (79)

onto the subspace of conserved charges Qp, see (71). The projection formula for the
Drude weight has been studied for a long time [35,76,79,80], and it is in fact a quite
direct consequence of von Neumann’s mean ergodic theorem as applied to unitary oper-
ators [45, Thm 12.44]. In particular, the expression Eq. (21) for P holds, as we assume
countable dimensionality of ¢/, which implies countable dimensionality of #y. Using this
expression, the standard projection formula for the Drude weight [35] is an immediate
consequence of (80).

Theorem 6.1. For every to € R and every a, 6 € #o, the Drude weight D, ¢ exists and
is obtained by projecting onto the space of conserved charges,

D, s = (Pa, 6)0 = Dpq ps. (80)

Proof. We wish to show that

t
Da,gztlim (t—to)_l/ ds (ta, 6)g = (Pa, 6)o. (81)
—00

fo

Since the integrand is bounded and measurable (by Theorem 5.11), and the measure is
finite for ¢ finite, then the Lebesgue integral exists. Since the integrand is bounded, then
it is sufficient to take 9 = 0, and to take the limit over t = ne € Ne for some € > 0, as
if this limit exists, then it does over ¢ € R as well, and gives the same result. Then, we
have

1 n
Da.s = Jim —/0 ds (tesa, 6)o = lim / ds—Z " ega, B)g.  (82)

Sn—00 N n—oo

Note that . is unitary on # (Theorem 5.11). By von Neumann’s mean ergodic theorem
[45, Thm 12.44], the limit over n exists on the integrand and gives (t¢sPr. a, 6)g, where
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IP,, is* the orthogonal projection onto the null space of 7. — 1. This is Lebesgue mea-
surable. Since the integrand in (82) is uniformly bounded over s and n by the quantity
[16]l0]la|]o, which is integrable, by the bounded convergence theorem the limit over n and

the integral over s can be interchanged. The result exists and is fol ds (tesPr a, 6)p. Since
this holds for all € > 0, we may replace a by Pa (note that ker(z. — 1) = ker(t—_ — 1),
so it is indeed sufficient to consider € > 0). Thus we obtain

1 1
Da’[; = / ds ('L’GSI[Da, 5)0 = / ds (]P’a, 5)() = (Pa, 5)0. (83)
0 0

O

6.2. Relaxation from space-like clustering. Our main projection theorem will need two
additional conditions: almost everywhere ergodicity, proven in Theorem 4.3 from space-
like ergodicity (Definition 4.2), and appropriate integrability over the set of rays, uniform
in time. These two additional conditions may be interpreted as demanding a certain relax-
ation property for the system, indeed a natural requirement for hydrodynamic projection
to occur.

Property 1. The dynamical system #, {/ satisfies the following two conditions:

a. Leta, 6 € #€. Then for almost all v € R with respect to the Lebesgue measure,

T—o0

1 T
lim —f dt (|, 6) = 0. (84)
0

b. #, 4V is 2-clustering, and for every a,6 € V), there exist 7 > 0 and a Lebesgue
integrable function f : R — R; such that

[{t|vt)Tra, 6)] < f(v) Yv eR,t>T withthe property that
/ dv (Jv] + 1) f(v) < o0. (85)
R

Note that Property 1a is a property of the Hilbert space #¢, and not of the choice of local
observables V.

Interestingly, thanks to Theorem 4.3, a somewhat weak condition of uniform cluster-
ing along all rays within space-like cones is sufficient for the above relaxation property
to hold. This condition is akin to the Lieb—Robinson bound, but weaker, and will be
shown to hold in quantum spin chains (Theorem 8.9).

Definition 6.2. We say that the dynamical system #, {/ is space-like p.-clustering with
velocity ve > 0, if it is pc-clustering, and if for every a, 6 € V, there exist p > pc,
0 < v < ve and ¢ > 0 such that

ixta, 8)] < c(x|+1)7P Yx eZ, t e v ' [—|x], |x]]. (86)

Lemma 6.3. If the dynamical system #,V is space-like 2-clustering, then it satisfies
Property 1.

4 By [45, Thm 12.44], the result is Pz, = f(t¢) with f(1) = 1 and f(x) = O for all complex x # 1. If
the spectral decomposition of z¢ is E, this gives Pz, = 0if 1 is not in the spectrum of 7, and Pz, = E({1})
otherwise; the statement then follows by [45, Thm 12.29].
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Proof. Property la is a consequence of Theorem 4.3. For Property 1b, with the bound
(86), we choose p > 2and T > 0, and

llall116]] (vl < V)

Jy = {c<|vT| FD7P (o] = V). 7

O

Remark 6.4. Recall that one may take #(, { asa dynamical system (that is, including all
time-evolutes within the space of local observables, see Remark 5.7). If the dynamical

system #, ¥ is space-like pc-clustering with velocity v, then so is #, . Indeed, for
any given a, 6 € ¥, in (86) we may replace a by t;a forany s € R, and V by V + € for

any € > 0, and the bound stays true’.

6.3. Banach limits. In the hydrodynamic projection formula (23), the Euler-scale cor-
relation function (18) is involved, where a certain large-time limit is taken. Establishing
properties for the dynamics of observables at large time is a particularly difficult prob-
lem in many-body systems. For instance, showing that the Euler scaling limit in (18)
exists as an ordinary limit requires subtle relations between space translations ¢, and
time translations t;. However, it turns out that we do not need the limit to exist.

Fix « € R. Thanks to the Hilbert space structures #{; and to Theorem 5.11, for every
«k,t € R and for every a, 6 € #,/,, the quantity (z;a, 6),/, is bounded, |(t;a, 6),//| <
[lallc/s 1161,/ ¢, as per the Cauchy-Schwartz inequality. Further, by Lemma 5.6, for every
local observables and their time evolutes a, 6 € 0, the bound is uniform for all > 0.
Yet, the large-time limit might not exist, for instance the function might be oscillating
indefinitely. Physically, in order to obtain the Euler scale, one expects that it be needed to
take appropriate fluid-cell averages, in order to “wash out” potential oscillations in space
and time. Although the Fourier transform in x provides a space averaging, an additional
time averaging may be required in order to avoid such oscillations.

In order to average in time, one may look, for instance, at the Cesaro limit (or Cesaro
mean)

. 1
lim
=00 — Iy

t
/ ds (ty, 6) s, (88)
fo

which is independent of fy. There are strong results for time-averaged quantities in
statistical mechanics, as part of ergodic theory. However, as far as we are aware, the
above is still not guaranteed to exist, and neither do any higher-order Cesaro limit (the
recursive time-averages of time-averages). We do not know at present what is the minimal
procedure for fluid cell averaging.

Instead, a universal concept is that of Banach limits (or Mazur-Banach limits), see
[81]. For our purposes, a Banach limit ¢ is a continuous linear functional on the Banach
space of bounded functions f : Ry — C (with norm || f|| = lim sup,_, o, | f(#)|), with
the properties of positivity, if f(#) > 0 for all # > 0 then ¢ (f) > 0, invariance under
affine transformations ¢ + at + b fora > 0 and b € R, and compatibility with the
limit, ¢ (f) = lim;_, o f(¢) if the limit exists. Banach limits exist thanks to the Hahn-
Banach theorem (a proof is given in Appendix A for our specific definition), and satisfy

5 This follows, as for every s € R and € > 0, there is X > 0 large enough such that, for every v with
[v| > V +e, there exists v/ with [v/] > V, such that [v~ ) +s/x|~1 > |v/| forall |x| > X.
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¢ (f)] < || f]]. There isn’t a unique Banach limit: many limits might be attributable to a
given bounded function. If a function does have a unique Banach limit, then it is said to
be almost-convergent. If the nth order Cesaro limit of the function exists, then there is a
Banach limit that gives it (although even in this case, the function does not necessarily
have a unique Banach limit).

We will show that the hydrodynamic projection formula can be established for any
composition of a Banach limit with a Cesaro limit. Thus, there is no necessity for the
limit in (18) to actually exist, although if it does, then the projection formula holds for
the result of the limit. Below we choose one Banach limit ¢ throughout, and we denote
the composition with the Cesaro limit as

~ 1 [t
Am f() =¢(F), F@)= ;/0 ds f(s). (89)

See Appendix A. By the above discussion, it has the property

t
0 t—00

~ 1
| i £(r)| < lim sup ‘— / ds f(s)) < limsup | £(2)]. (90)
11— 00 —00 t
We then define, for every a, 6 € 0 (every local observables and their time-evolutes) and
every k € R,

Sa.6(k) = Tim (ria. 6)s. 1)

In particular, we note that the Drude weights (78) are D, s = S, 4(0), the Euler-scale
correlation function at « = 0; in this case by Theorem 6.1 the result does not depend on
the choice of the Banach limit tlim .

— 00

6.4. The Euler map. In this subsection, we show that there exists a continuous linear
map Af{“l : Ho — H representing the Euler scaling limit of correlation functions
(91). The existence of this continuous map will then allow for an appropriate projection
argument leading to (23). Below, we will use the notation S, (k) in a flexible way, with

Sa6(k) = (Aa, 6)o (92)

if @ and 6 lie in # or in V; thanks to the following theorem, there is no ambiguity with
Eq. (91).

Theorem 6.5. For every k € R, there exists a unique continuous linear map Ai“] :
Ho — Ho such that

Sa.6() = (A alo, [610)o (93)

forall a,b € O, with the map [-lo as defined in (61) and (69). The family of maps
{Aiul : k € R} is equicontinuous.

Proof. Leta, b € 0. Then, for every k € R,

limsup [{z;a, 6)i/¢| < limsup [|Tia|li/¢|6]lc/e = lim [[a|lx||6][k = [lallol6]lo(94)
t—00 t—00 k—0
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where the last step is by Lemma 5.6. With the bound (90), the result (94) says, by
specialising to 6 € ¥, that S, .(«) can be seen as a linear map ${y — C. This linear map
is bounded with respect to || - ||o:

[Sa,6()]

< llallo < oco. (95)
sevvioy 16110

Thus it is a continuous linear functional on 1}, and can be extended by continuity to
#o. By the Riesz representation theorem, there exists an element, which we denote
A% e Fy, such that

S s() = (A%a, [6]o)o (a € V,6€V). (96)

Further, by (95), the linear map a — Ai“la can be seen as acting on 1), and is bounded
as

eul
1A aloll _

A = sup <1. 97)

aem\oy  llallo

Hence it is continuous and can be extended by continuity to #. Thus, there exists a
unique continuous linear map AS" : #, — # such that

Sa.60c) = (AM[alo, [6lo)o (@, 6 € V). (98)
Equicontinuity of the family of maps on « € R is clear from the bounds established.

The right-hand side of (98) can be extended by continuity to #y, that is, by replacing
[a]o and/or [6]p by elements of #y. In particular, we may take a, 6 € ¢ and consider
[alo, [6]o € 00, see (68) and the map (69). The left-hand side can be evaluated for
a,6e? by taking the large-time limit (91) for such elements. However, we need to
establish that the result of the left-hand side for a, 6 € ¢ agrees with the result of the
right-hand side for [a o, [6]0 € T C Ho.

Letc = t5a € Oandd = 1,6 € 0, and recall that all elements of ’ are of this form.
As (11 (c —omc), d)ieji] < llc —omellisi 11d]lic/e, and as |||/, is uniformly bounded on
t € R(Lemma5.6), Theorem 5.11.11implies that lim,, (t; (¢ —0y,¢), d) /s = O uniformly
in ¢. Similarly, lim, (t;c, d — 0,d)/r = 0 and limy, ,(t;(c — opc), d — opd)isr = 0
uniformly in 7. Hence, limy,; »(t;0mc, 0nd)i/r = (tic, d)i/r uniformly in . Therefore,
we can exchange the limits on 7 and on m, n:

| Tim (zye, d)eye — lim Tim (tome, oud)ess |
t—00 m,n t— 00
= }rlznr} |t1_1)120 ((ft“s $ieje — (T1Ome, Un‘g>/</t)|

< lim lim sup |(rtc, )iyt — (T1ome, Untf),{/t|
m.n. oo

=0 99)
where in the last line, the uniform limit statement has been used. As a consequence,

lim (tjc, d)/r = lim lim (t;0,,¢, 0, d) /s
11— 00 m,n t—00

= 5111}} Sa,,,(,cr,ldl(’()

= (AZ"[elo, [¢10)o (100)
where in the last line we used Eq. (98), Theorem 5.11.11, and the map (69). |
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6.5. Projection onto the subspace of conserved charges. The main lemma, which uses
Property 1, says that taking the Euler scaling limit after making a finite time-shift of
one of the elements of the correlation function, does not depend on this time-shift. This
is natural, as at the Euler scale, the long-time limit has been taken; but it is nontrivial,
as this limit is taken simultaneously with the long wavelength limit. The result is at the
basis of the projection mechanism.

Lemma 6.6. Assume that the dynamical system #,  satisfies Property 1. Then for every
a,b e Vands € R, there exists Ty > 0 such that for every k € R, the following holds:

1 rT ) .
lim ?/ dr g(t) =0, g(z)=Z(e“/f—el“/““))(mxa,(s). (101)
To

T—o00
X€Z

Proof. We evaluate

gt) = 221 exp [% (% + %)] sin [% <% - %)] (Tiira, 6)

X€Z
Z ikv . [i/cv 14 t ] 2t i [KU , 12 ]<T 6)
= —exp| — e — S | — - — lyra, 0
;. P t+s) kv 2t t+s v
vet~17Z
. ik v, t 2t . [KkYy 1
—[d [— 1+ ]— [— r— ] 6).
/R VKU EXp | T ( t+s> cv, Loy vy B AUEEALELY

(102)
In the second line we defined v = x /¢, and in the third line we used the notation
vy = |v],— (103)
where, for € > 0,

[yle =€ EJ (104)

is the “e-part” of y.

Using the assumption of ray-integrable lineshapes, Property 1b, we now show that
the absolute value of the integrand in (102) is uniformly bounded, for ¢ large enough,
by an integrable function. A simple analysis shows that for every u > 0 the bound
|t —t2/(t +5)| < |s| +u holds for all ¢ large enough, and for every y > 0 the bound
y~!sinyy| < y holds for all y € R\{0}. Therefore, there exists u > 0 such that

2t 12
—sinﬂ<z——>)§|s|+u (105)
KV 2t t+s

for all ¢ large enough. We can assume ¢ > 1, and thus |v;| < |v| + 1. As a consequence,
the absolute value of the integrand in (102) is bounded by

(sl +wx (vl + Dzitprga, 6) < (sl +wx (vl +1) f(v) (106)

and, by Property 1b, this gives a finite integral over v € R. Therefore, there exists 7Ty > 0
such that |g(¢)] is uniformly bounded for r > Ty and « in any compact subset of R, and
in particular, for every k € R, the function g(¢) is integrable on any compact subset of
the region t > Tp.
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We apply the Cesaro limit lim7 oo 77! /: 7{) dt on the right hand side of (102). As the
integrand is uniformly bounded by an integrable function of v, we may use the bounded
convergence theorem and apply the limit on the integrand®. We use the fact that the
following ordinary limits exist for every v € R:

. 2t . TKV 12 . 1KV t .
lim — sin [—t t— ] =y, lim v,exp [—t 1+ ] = pe'?
1—>00 KUy 2t t+s t—00 2 t+s

(107)

and we obtain

1 (7 . 1 T
lim —/ dtg(t):/dvi/(sve”(”< lim —/ dr (I,ija,(i)). (108)
T Jr R To

T—o00 b T—o00

By almost-everywhere ergodicity Property la (along with the uniform bound on
(Tstywr)a, 6)), we have

1 T
lim —f dt (tstyrja, 6) =0
T—o0 To

a.e.on v € R, and therefore the result vanishes. O

This is now sufficient in order to obtain the hydrodynamic projection formula (23),
which uses the orthogonal projection P : #y — Qp. Recall that by Theorem 6.5, S, 4 (k)
is the continuation to a, 6 € #y of the Banach limit of Fourier-transforms of correlation
functions of local observables and their time evolutes, Eq. (91). Recall also that S, 4(0)
is related to the Drude weights, Sect. 6.1.

Theorem 6.7. Assume that the dynamical system 3,V satisfies Property 1. For every
a,b e Hyandk € R,

Sa,6(k) = Spq,pe (k). (109)
Property 1 is not required for the case k = 0.

Proof. Lemma 6.6 (which holds trivially for « = 0 without the need for Property 1)
implies that, for every a, 6 € { and «, s € R,

0= zliﬁolo ((ttav bkt — (ua, 5>K/(t+s))
= lim (ria, 6),c/r — lim (1@, 6)/rss)
[—00 [—00
= lim (za, 6),/¢ — lim (1;_sa, 6),/s
t—00 t—00
= lim (va, 6)¢/s — lim (ria, 756)/1- (110)
t—00 t—00

The first line follows from the first bound in (90) and Lemma 6.6; the second from
linearity and the third from shift invariance of the Banach limit; the fourth from the
group property and unitarity of t;, Theorem 5.11. Therefore, by Theorem 6.5, for every
a,6 etpands e R,

(AF"(1—5 = Da, 6)0 = (Aa, (z; — D)o = 0. (1)

6 The Cesaro limit involves a Lebesgue integral. The limit definition of the Lebesgue integral can also be
applied to the integrand of the v integral by another use of the bounded convergence theorem.
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By density of 1) and continuity of A%, this extends to a, 6 € #y. Hence, for every
t,k € R, we have the inclusions im(t; — 1) C ker Afz“l and im Ai“l C (im(t, —
1)1 = ker(z_; — 1), the last equality by unitarity. With the orthogonal decompositions
Ho = ker(r—; — 1) @ im(7; — 1), for every t € R, we conclude that

A% = PASIP, (112)
O

As Qp has at most countable dimensionality, we can choose a basis {g;} for i in
some countable set, with positive-definite, invertible infinite-dimensional matrix C;; =
(gi, qj)0, and we have

P=> q:Cg;. Yo (113)
i

where C'/ is the inverse infinite-dimensional matrix (that is, >, C;xC" = §/). We
conclude:

Corollary 6.8. Under the conditions of Theorem 6.7,

Sas() =Y (a.qi)0C7 Sy, 4, ()C (g1, 6)o. (114)
ijkl

We emphasise that there does not always exist a basis of conserved charges that lies
entirely within the set of local elements 1}y. See Remark 5.16.

7. Conserved Currents and Linearised Euler Equations

In many-body systems, one often argues that if the sum over all positions of a local
observable vanishes in some sense, “Zx <7 6(x, 1) = 07, then the local observable must
be a “total derivative”, 6 = da. Here we define the discrete derivative by 9 = 1 —(_1,
that is

da(x,t) =a(x,t) —alx —1,1). (115)

Indeed, one argues that, in this case, the sum specialises to the “boundary terms” at
infinity, which heuristically don’t contribute. We will denote such an element a as a =
9~ 16, and refer to it as the anti-derivative of 6.

The precise sense in which the series ) ., 6(x, t) vanishes can naturally be taken
to be ||6]]p = 0. In this section, we show that indeed, in this case there exists an
anti-derivative 876 with strong enough clustering properties. This has two important
consequences.

First, this gives a characterisation of the set of null elements 1y, and thus of the
equivalence classes from which the Hilbert space # is constructed. That is, the null
elements are exactly the total derivatives of observables which can be viewed as local,
and thus the Hilbert space # is the Cauchy completion of the space of “local elements
¢ up to total derivatives”.

Second, this gives a (small part of) the Noether theorem in this very general con-
text, without the need for Lagrangians or Hamiltonians. Indeed, assume that there is a
generator § for time translations as in (52). If 6 = g is a local conserved density, then
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118110 = O (see (74)). Hence, 8q + 8 j = O for the current j = —3~'8¢, and thus there
is a continuity equation (see Remark 5.17): to every local conserved density, there is an
associated continuity equation.

In fact, continuity equations are in turn a powerful tool in order to evaluate correlation
functions. Combined with hydrodynamic projections, they give rise to hydrodynamic
equations. Obtaining the linearised Euler equations for correlation functions of conserved
densities from our hydrodynamic projection result, Theorem 6.7, is perhaps its most
important application.

The goal of this section is, first to determine precisely the notion of anti-derivative
and when it exists (Sect. 7.1), and the context in which all local conserved densities
have an associated local current (Sect. 7.2); and second, to show that the linearised Euler
equation are obtained from Theorem 6.7, using continuity equations emerging from the
existence of anti-derivatives (Sect. 7.3).

For simplicity, in Sects. 7.2 and 7.3 we assume that the space of local observables 1/
is stable under time evolution, 7, (V) C ¥/, that is,

0=y, (116)

This can always be achieved by adjoining to ¢/ all time-evolutes of local observables;
see Remarks 5.7 and 5.13. In the context of Gibbs states in quantum spin chains, (116)
could also be achieved by taking, instead of the space of local spin-chain operators ‘U
from which ¢/ is constructed (Sects. 3 and 8), the space of quasi-local operators [74];
however we will not explicitly use this construction here. Although in quantum spin
chains, under (116), the operators represented by 1/ are no longer supported on finite
numbers of sites, we still refer to {/ as the space of local observables.

As we will see, the existence of anti-derivatives and of continuity equations require
stronger clustering properties than 1-clustering (used in the previous sections, see Def-
inition 5.4). The strongest conclusions are reached if the dynamical system #, {/ is
oo-clustering ( p.-clustering for p. arbitrarily large). Note that this requirement is satis-
fied in the construction of # based on Gibbs states in quantum spin chains, as shown in
Sect. 8, because exponential clustering is proven for such states; and thus in this context,
the strongest conclusions apply.

7.1. Anti-derivatives of null elements. In this subsection, for lightness of notation, we
denote (ya = ay.

Null elements are elements of 1lg = {6 € { : ||6]|]o = 0}: the null subspace of ¢
under (-, -)o. This is the space moded out to form #, see Sect. 5.3. It is convenient
here to extend it by adjoining elements of #€ that cluster fast enough and that are null
under || - ||o. The main general lemma expresses the fact that every such element must be
expressible has a derivative: it possesses an “anti-derivative” in #€. This anti-derivative
can be defined, naturally, as a sum from —oo. In Lemma 7.1 we also extend clustering
properties to anti-derivative, including, and, in Lemma 7.2, extend space-like clustering.
These lemmas do not require the simplifying assumption (116).

Lemma 7.1. Let 11§ C € be the space of “clustering null element”: all 6 € # such
that (1) the pair (6, 6) is p-clustering for some p > 2, (2) for every a € V), the pair
(a, 6) is p-clustering for some p > 1, and (3) ||6||p = 0.
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L Let 6 € 1. Its anti-derivative is the unique element 3716 € 7t obtained as a result
of the weak convergence

0 0
Dby~ > by=0""6 (z— 0. (117)

y=—z y=—00

Further, 06 € 7’18, and 30716 = 97196 = 6. In particular, if 6 = da for some local
element a € V), then 3~'6 = a. Finally, if 7,6 satisfies Points (1) and (2) of the
definition of 115, then 7,6 € 115, and

7,076 = 97 ¢,6. (118)

II. Let C C #t x 1§ be auniformly p-clustering family for p > 1. The family {(a, a716) :
(a, 6) € C} is uniformly (p — 1)-clustering.

HI. Let C C N§ x N§ be a uniformly p-clustering family for p > 2. The family
{(0716,0716") : (6,6") € C} is uniformly (p — 2)-clustering.

Proof. By the Rieszrepresentation theorem, in order to prove weak convergence, Eq. (117),
to a unique element 3~'6 € #, since ¥ is dense in #, it is sufficient to show that

lim,_ ZSZ_Z(B), ) exists in C for all @ € ¥/, and that || Zy__z 6y]| is uniformly
bounded for z € N. The former holds by the clustering assumption of the theorem. For
the latter, we use the fact that ||6]]p = O in order to write

—z— 1

0 0 0
’Z Z<6Y’6/ ’Z Z yvb’ ‘Zib},ﬁ/

y=—zy'=—z y=—2y/'=—c0 y=—zy'=1

(119)

We then use translation invariance as well as the assumed clustering form (44): there
exists ¢ > 0 and p > 2 such that

0 0 0 —z—l-y 0 )
DI IRATIE D IS DRI RS S SR
y=—2y'=—z y=—2 y'=—00 y=—2y'=1-y
—1  min{—z—1-y",0} 0
< > +y c(y' I+ 177
y'=—00 y=-z y'=1 y=max{—z,1-y’}

(120)

IA
0 M
|| ME%
=)
2
=
¥
1
A
2

where finiteness follows from p > 2. Since the bound is independent of z, it is uniform.

It is clear that 6, € 11§ for every x € Z, and thus 96 € 115. By the weak limit
definition (117) of 8~! and unitarity of the space translation operator t, it is clear that
3716, = (07'6), € # for every x € Z. Further, 6_, — 0 (z — o0), as ¥/ is dense,
by clustering the limit vanishes weakly with respect to ¢/, and 6_, has norm uniformly
bounded by ||6]]. Therefore,
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—1 —1
3(07'6) =0 "(86) — 6+ Z by — Z by=06—6_,_1 =6 (z— 00).
y=—z y=—z—1
(121)

Now, assume 6 = da for a € {. Then, again by telescopic summation and clustering,
we have 87'6 = a. Finally, it is clear that ||z,6|| = ||6]| = 0, hence if 7,6 satisfies
Points (1) and (2), then it is in 71j. Then, the equality

7076 =0""¢6 (122)

follows by the weak limit definition (117) of ! and unitarity of the operator 7,. Thus
we have shown Point 1.

In order to show the clustering property of the pair (a, d~'6), we use again the form
(44). First we let x > 1, and find that there exist ¢ > 0 and p > 1 such that

0 0 1
ex 876 =] D danb| = D cmyen T [ dye—yen
y=—00 y=—00 -
= (123)
p—1

Asx > land p > 1, we have x P*! <27~ 1(x +1)~P*! Second, we let x < 0 and use
[16]lo = 0, and find that there exist ¢ > 0 and p > 1 such that

0 oo 00
ex 878 = | Ylar 6 = Ycr—x+ )7 = [ dyewr—x
y=1 y=1 0
= i C(xl + =P+l (124)

Therefore, the clustering form (44) holds with the new coefficient ¢’ = 27 —l¢ /(p—1)
and the exponent p’ = p — 1. Hence (a, d~'6) is (p — 1)-clustering, and Point II
holds. Further, the explicit formulae for the power p’ and the coefficient ¢’ make the
corresponding uniform clustering statement clear.

In order to show the clustering property of (3716, 3~'6"), note that the quantity
(07 16,, 3~16") can be evaluated, by weak convergence, as the converging double series

X o0

(3716, 9716y = Z (6y,8716") = — Z (6y,9716")
y=—00 y=x+1
z 0
—_ 1 /
= - lim_ >y (B, 6},) (125)

y=x+l y'=—00

where the second equality holds as [|6]|g = 0. Let us assume x > 1. Using the clustering
form (44) with p > 2, this is bounded, again by bounding sums by integrals, as

z 0 00
071607160 < im Y 3 ey—y 4D < Y Sy
Z7—> 00

y=x+l y'=—00 y=x+1
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c
< - -
“(p—D(p-2)

Further, as x > 1 and p > 2, we have x ~7*? < 2P~2(x + 1)~7*2. By a similar set of
arguments, we have

x P2, (126)

V4 X
(316,976 :—Zlggoz > (B, 6},) (127)
y'=ly=—00

which, for x < 0, is bounded as

Zz X o

-1 —1pr : o -p ¢ s \—pHl

(@ uaﬁnsg&2i2;m7y+n SXﬁZTO x)
y'=1y=— y/=

¢ e 128
=p-bp-2" (129

and again we may use |x|"7*? < 2772(|x|+1)"P*2. As aresult, Point III holds, with the
clustering form (44) with the new coefficient ¢/ = 27 —2¢ /((p—1)(p—2)) and exponent
p’ = p — 2. Again, the explicit formulae make the corresponding uniform clustering
statement clear. O

Lemma 7.2. Assume that the dynamical system #,V is space-like 2-clustering with
velocity v > 0. Leta € V and 6, 6" € Ny C 1. There exists p > p., 0 <V < v and
¢ > 0 such that
o) Tep1@, 37 6) < e lx [+ D77, (a7, 19716,0716)]
<c(lxJ|+D7? Y=V, xeR. (129)

Proof. We use the bound (86). This implies, in particular, that if y, z € Z, x € R and
€€[0,1),withz+e >x >0,y <0, then

(Trp-1az, 6y)] = [(Tey-1az-y, 6)]
= KTe—yrer (o)1 Gz—y, 6]
EC(Z—y+1)_I’ Y=V (130)

andify,ze€eZ,x e Rande € [0, 1),withz+€ <x <0,y > 0, then
(typ1az, ty6)| <c(y —z+1)"7 V|p[ >V (131)

with similar inequalities involving 6, 6" instead of a, 6. We make the same arguments as
those made around Eqs. (123)—(128), but replacing, in (123) and (124), a by 7, ¢),-1a,
and in (125)~(128), 6 by 7(y1¢),-16, for any € € [0, 1) (representing the fractional part
of x in (129)). Thanks to p.-clustering, t;6, 7;6’ € 11§ for any ¢ € R, hence by Lemma
7.1.1 the arguments can be applied under these replacements. The same bounds hold
thanks to (130) and (131), and (129) is obtained. |
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7.2. Continuity equations. In this subsection we assume that the space of local observ-
ables include all time-evolutes, so that Eq. (116) holds, () = . Recall that this may be
done simply by augmenting the space appropriately, Remark 5.7. It is important to point
out that the stronger continuous and differentiable clustering properties of Definition
5.8, that may be true with respect to #, { (before augmentation), are not automatically
carried through to #, 0. However, in the particular case of quantum spin chains, we
show in Sect. 8 both differentiable clustering with respect to #, ¥/ (where ¥ represents
the space of operators supported on a finite number of sites), and with respect to #¢, 0.

The existence of anti-derivatives of null elements shown in Lemma 7.1 implies the
existence of appropriate continuity equations. The simplest and most general form is
as follows. Let ¢ € # be such that its discrete time derivative (t; — 1)g, for some
given ¢ € R, is a clustering null element, as per the definition in Lemma 7.1. Then
j© =08""((r; — 1)q) € 7t is such that

(tr—Dg+ (1 —w)j =0 (132)

in # (here we have written explicitly the discrete space derivative 9 = 1 — (| for
symmetry of the equation). That is, a discrete continuity equation exists in #€. If t is
strongly continuous, g lies in {/ (which is in the domain of the generator §, see Sect. 5.2),
and 8¢ is a clustering null element, then we may set j = —3~ '8¢ € # such that

8q+3j=0. (133)

Note that by Theorem 5.14, if in fact t; is differentiably clustering (Definition 5.8), the
element q is a conserved density, as the corresponding equivalence class [qlo € #p is
a conserved charge, [¢qlo € Qo. That is, we have a continuous-time continuity equation
for every local conserved density with appropriate clustering property.

The above discussion hides one subtlety: even if ¢ € ¥/, the currents lie in #(, but not
necessarily in {/. Consider the second case discussed above, with Eq. (133). In general,
even if ¢ is a local conserved density as defined in Eq. (73), it is not guaranteed that
38q is the discrete derivative of a local element; Theorem 7.1 is a formal construction of
8~ '8¢ as a weakly converging limit in #, and does not require it to be local. Of course, it
may be that, from explicit calculations in a quantum chain for instance, 8¢ is manifestly
the discrete derivative of a local element, §¢ = da for some a € V, in which case (by
Theorem 7.1.1) j = 3~ '8g = —a is local. However this is not guaranteed. Therefore, a
priori, it is not clear how to construct elements of the Hilbert space # associated with
8~ 18¢: the construction of this Hilbert space is based on the local observables 1/, since it
is the completion of the space of equivalence classes 1) = //11y. As our main theorems
in Sects. 5 and 6 for the dynamical system #(, { necessitate the Hilbert space #, in
order to express continuity equations in the most useful fashion, we need to solve this
problem.

One can further see the difficulty by the fact thatif 6 € 1/ is a null element, ||6]|g = O,
then it is not possible to directly construct in #) its anti-derivative [0~16]p. Indeed, the
definition (117) does not make sense if interpreted in #y, as it involves an infinite sum
over space-translates, while space-translation acts trivially in #{y (thus this would be
multiplication by infinity); and the element to which 6 maps in #, the equivalence class
[6]o, is the zero element 71 (that is, 6 = 0 in #y). It is of course this combination of zero
times infinity that gives, in the right construction, a nontrivial element of a new space
Ho.
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We simply need to choose an adequate space of local observables 1/ C # in which
lie all anti-derivatives of null elements. This is done by (possibly) enlarging our initial
choice of 1/ so as to include anti-derivatives. We emphasise again that this gives rise to
a non-trivial change of the resulting Hilbert space #(y.

Assume that the dynamical system #, ¥ is 3-clustering (Definition 5.4). As V=0,
this simply says that each pair of elements in ¥ is p-clustering for some p > 3. Then
My C 1;: every null element 6 € 11 is a clustering null element, as per the definition
in Lemma 7.1. Let us adjoin all anti-derivatives of such elements that are not already in
©: we enlarge ¥/ to V* = ¢ Uspan{d~'6 : 6 € Ny} C #. Then, it is clear that #, V*
is a new dynamical system according to the discussion in Sect. 4.1. In fact, by Lemma
7.1, this dynamical system retains all of the properties of #, {/, except for a weaker
clustering.

Lemma 7.3. Assume ' = ), and let the dynamical system #,V be pc-clustering for
some pe > 3. Let V* =V Uspan{d~'6 : 6 € No}. Then the dynamical system 3, V" is
(pe — 2)-clustering, and V* = V*. If T is continuously (differentiably) clustering with
respect to 3, ), then it also is with respect to #, V*. If #, V is space-like pc-clustering
with velocity v, then #, V7 is space-like (p. — 2)-clustering with velocity v..

Proof. As mentioned, direct consequence of Lemma 7.1 is that 71y C 718 (thus the defi-
nition of /* makes sense), and that the dynamical system #, V* is (p. — 2)-clustering.
Further, thanks to Lemma 7.2, the conclusion about space-like clustering also holds. As-
sume (116). Then ¥* is also stable under time evolution, ¥+ = ¢*. Indeed, if ||6||gp = O
(6 € V), then ||z/6]]p = O for all # € R, and thus 8~ '7,6 € U* exists. Further, any
element in {*/¢* must be of the form

L0 6+ 0V =076+ =0T, beV (134)

where we used (118). Thus there are no elements in {/* that are not in ¥*. Further, if the
finer clustering properties of Definition 5.8 hold for the dynamical system #, ¥/, then
they hold for #, V*. Indeed suppose 7 is continuously clustering with respect to #, 1.
Any element in {/* that has been adjoined to ¥ is of the form 3 ~!6 for some 6 € 11y. By the
uniformity statement of Lemma 7.1, Point I, and the assumption of p.-clustering, for any
a €V, 6 € Ny, the family {(a, 8" (1;6)) : t € [—€, €]} = {(a, ;07'6) : 1 € [—€, €]}
is uniformly p-clustering for p > p. — 1, and by Point III, for any 6 € 1y, 6’ € Ny, the
family {(0716, 071 (1;6")) : t € [—€, €]} = {(07"6, 7,07 16) : t € [—€, €]} is uniformly
p-clustering for p > p. — 2. Thus t is continuously clustering with respect to the
new dynamical system #¢, ¥*. Similar arguments hold, with strong continuity, for the
families involving 9~! (+=(z; — 1)6) and 971 (+ (v + 7_; — 2)6). |

Clearly, in ¢* there may be new elements with zero norm,; that is, 1} = {6 € V" :
[I6]]o0 = 0} may be larger than 7lo = {6 € { : ||6]]o = 0}. However, if the system
is pc-clustering for p. large enough, we may repeat the process. Either after a finite
number of steps stability is reached, or an infinite number of steps must be executed.
In both cases, the result is a space that contains all its anti-derivatives. Therefore, under
oo-clustering, it is always possible to enlarge the space of local observables in order to
ensure that all anti-derivatives are present. This shows the following theorem.

Theorem 7.4. Assume ) = 1. If the dynamical system &€, V is oo-clustering, then it is
possible to enlarge V to a new space V¥ c # such that

L 7, V% is co-clustering;
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I V% = U (that is, T, (V*) C V¥ forall t € R);
11 if 6 € V* and ||6]|o = O, then 3~ 16 € V#;
1V, if T is continuously (differentiably) clustering with respect to #, 1, then it also is
with respect to ¥, V¥* - and
V. if #,V is space-like oo-clustering with velocity v, then so is #, V¥,

With this enlargement, we then have a discrete-time continuity equation for all local
conserved densities — those that lie within ©/* —, and all currents are local. With differ-
entiable clustering, then the more usual continuous-time continuity equation holds. This
is expressed in the following theorem.

Points II and III of Theorem 7.4 have interesting consequences, thus it is useful, first,
to give a name for any dynamical system #, V¥ that satisfies them.

Definition 7.5. If a dynamical system #, ¥ is 3-clustering, and is such that * satisfies
Points II and III of Theorem 7.4 (that is, the space of local observables * contains all
time-evolutes and all anti-derivatives), we say that it is complete.

Theorem 7.6. Assume that the dynamical system #,V is complete (Definition 7.5). Let
q € Q1 be a local conserved density (Eq. 73). Then for every t € R, a discrete-time
continuity equation holds

(= Dg+1—i_)j =0 (135)
with local “time-integrated current”

Jj9=-""((x — g) e V. (136)
If T is differentiably clustering (Definition 5.8), with generator § (Eq. 52), then there

is a continuous-time continuity equation (recall that 9 = 1 — 1_ is the discrete space
derivative)

8g+0d5 =0 (137)
with local current
j=—alsgev. (138)
In this case,
t
jO = / ds 75/ (139)
0

where the integral exists in J¢.

Proof. The first part, Eq. (135), follows from Lemma 7.1 with Definition 7.5. The
second part, Eq. (137), follows further from Theorem 5.11.1V, which shows that for
§ = [qlo € Q°°, we have 0 = dr,§/dr|;—¢ = 8§ = [8¢]o, implying ||8q||o = 0. Finally,
thanks to differentiability of 7,69 as a function of s, we have (t; — 1)éq = fé ds 744q.
Therefore, for all € > 0 we have

t t t
/ dst,j = —/ ds 7,07 '8g = —/ ds 97 '7,8q
0 0 0
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by (118). As |0~ 7,8q|| = ||~ '8g]| is uniformly bounded on s, by the bounded con-
vergence theorem, the weak limit defining 8! and the s-integral can be exchanged,

t t
/ dstyj = —97! / ds 7369 = - Nz — 1)dq.
0 0

This shows Eq. (139). |
The relation between ;) and / can also be expressed as follows:

Lemma 7.7. In the context of Theorem 7.6, if T is differentiably clustering, then (139)
holds as an equality in #o, and

lin%) t_lj(t) =7 in Jy (that is, with respect to the metric induced by || - ||g). (140)
t—

See Egs. (136) and (138).
Proof. On #, we have

t ‘
O = / ds 7,/ = lim/ ds 7)./ (141)
0 6\0 0

where we recall that |y, is the “e-part” of y, Eq. (104). Noting that for every € > 0
the integral is a finite sum of elements in 1/, we use linearity of the quotient map [-]g, as
well as Eq. (70), in order to obtain the equality in o, with 7|)_ acting on #y. Strong
continuity of t; on #y (Theorem 5.11.1IT) then implies that the limit on € can be taken
and gives the integral fé ds 75/ on #Hp (Eq. (139) on #). As the integrand is continuous,
the result is differentiable in 7, and we obtain (140). m]

7.3. Two-point functions of conserved densities. The most important application of the
continuity equations, for our purposes, is to obtain the Euler-scale hydrodynamic equa-
tion for two-point functions of local conserved densities g; € Q1°°) (the linearised Euler
equation).

First, let us review the standard formulation. By linear response arguments, two-point
correlation functions of conserved densities are argued to satisfy a dynamical equation
at large scales. Consider a state w(-) (see Sects. 3 and 8). Then this takes the form

9 ¥
= @(3i(x, D60, 0)) + ; A/ ——o(q;(x, D60, 0)) =0 (142)

for arbitrary local observable 6, where the flux Jacobian is

A7 =i ai)oCH. (143)
k

The quantities g; are local conserved densities, representing the “slow modes” of the
system. In the sum in (143), they are to be identified with a basis of Q. For the static
covariance matrix C; ;j and its inverse Ci/, see the discussion around (113).

Equation (142) can be argued for as follows. The continuity equations for local
conserved densities give a similar equation where the second term in (142) is, instead,



Hydrodynamic Projections and the Emergence 335

%a)( Ji(x, 1)6(0, 0)), with j; the current associated to g;. By linear response, one inter-
prets the insertion of j; via a small variation of the state. One evaluates how this insertion
affects the state by assuming that w (- - - ) is completely characterised by one-point aver-
ages w(q;). Under this assumption, one obtains (142), with

'j _ dw(ji) ) (144)
! dw(q;))

One-point averages of conserved densities characterise the state, as they determine the
Lagrange parameters 8', or thermodynamic potentials, that in turn determine the state

in the usual Gibbs form, Tr(e~ Zix Blai(x0) . )/Tr(e™ YixBlai .00y Derivatives with
respect to Lagrange parameters give integrated two-point functions’:

dw(a)
opi

Using the chain rule, one gets (143). See e.g. [1,17].

Equations (142) and (143), as presented here, are heuristic, and establishing these
in a rigorous fashion is nontrivial. In particular, they are only expected to hold in some
sense, after appropriate fluid-cell averaging, at large space and time separations.

In this subsection, we show rigorously a version of Eq. (142), for the Fourier trans-
forms of correlation functions at large wavelength and large time: we prove the Euler
equation for Sy, 4 J (k), where g;, q; are local conserved densities,

= (qi, a)o. (145)

dSg:.9, ()

= iXk:Aikqu,qj (k). (146)
The proof relies entirely on hydrodynamic projections, and does not require the lin-
ear response idea. Noticeably, the emergence of an Euler equation, which involves the
derivative in k, does not require the time evolution to be strongly continuous (hence
differentiable): uniform enough properties of clustering are sufficient. Even without
microscopic differentiability of the time evolution, at large scales, differentiability is
recovered.

Slightly stronger results can be obtained if we assume the existence of a local basis
for the space of conserved charges Q (see the discussion around (73)); that is, if Q(l)oc
is dense in Q. In this case, we may replace g; above with any element of #(y, by
hydrodynamic projection and basis decomposition. Thus for this result we will appeal
to this property:

Property 2. Q(l)"c is dense in Qq. That is, there exists a countable basis of local conserved

charges {[gilo} C 9(1)“ for the space of conserved charges Qq, with associated local

densities {g;} C Q.

7 Here, using the inner products (6) and (15), we must assume all total charges Q; = Y, ¢;i(x,0) to
commute with the density matrix. If this is not the case, the present argument would lead to the Kubo-Mori-
Bogoliubov inner product instead. Our general theory is insensitive to the choice of the inner product, as long as
all basic properties are satisfied. Importantly, in finite-range quantum spin chains, the linearised Euler equation
is rigorously proven below with the chosen inner products (6) and (15), without the condition that the Q;s
commute with the density matrix, even though the naive linear-response argument fails in this case. Intuitively,
in the linear-response argument, one would have to define abstract deformation directions B’ associated to
(gi, a)o-
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If the space of local observables ¥ is taken to be large enough, then this is expected
to hold in most systems. For instance, in non-integrable systems, where only a finite
number of local conserved charges exist, this would be immediate — although proving
that a system admits only a finite number of conserved charges is a nontrivial task. In
integrable systems, one may include all quasi-local observables within the space ¥/, and
quasi-local charges are expected to form a basis for Qp. A full proof, however, would
need much further analysis.

Establishing (146) is one step towards the exact Euler-scale correlation function. If
the space of conserved charges is finite dimensional, as expected in most non-integrable
models, then one can solve (146) easily. However, in the infinite-dimensional case,
further analysis is required. If Property 2 holds, then a solution is the action, on C, of the
strongly continuous one-parameter group generated by the (not necessarily bounded)

operator A, whose domain includes the dense subspace 9(1)“ C Qp; formally

S(x) = e*AC. (147)

This solution, though, is not necessarily unique.

The first set of results, Lemmas 7.8, 7.9 and 7.10, are technical results concerning
continuity of the Euler-scale correlation function S, 4(-). The second set, Theorem 7.11,
is our main theorem concerning the existence of a linearised Euler equation.

Lemma 7.8. Assume that the dynamical system 3,V is complete (Definition 7.5), and
that T is continuously clustering (Definition 5.8). Let ¢ € Q'°°. For every 6 € 1),
€ >0,k € Rand n > —1, and every bounded functions t € R — a; € [—a, a] and
t e R by € [—b, D] (a,b > 0), we have the following bounds (for both signs):

lim sup | (2 (Tyrab, — Ta)qs B)isel < € Hienl 117 1o 116110 (148)
t—+00
and
lim sup |(1q. 6)«r = (i 6ol < e el 1710 116110 (149)
11— T00

where ;' is the current associated to q as per (136).

Proof. We note that the reverse-time dynamical system #, ¢/, T, ¢, with T = !, satis-
fies the same properties as €, 1/, t, . Hence if (148) and (149) hold for one sign, then
they hold for both. Thus, without loss of generality we take ¢ > 0.

Using

lim sup [{s (Tnt+h, - Ta,)qa 6>K/l| = lim sup |(T(1+n)t(f—17t+a, - Tb,)q’ 6)/(/1"
t—00 1—00

- hzriigp T (T a1y = Torsin )05 Oictamil

we also assume 7 > 0 without loss of generality.
We have

(T (T, = Ta) @ B)isr = — /N, (700 — €0, 6)

X€Z

— <eiK/l _ 1) ZeiKX/l<rtlx(j(tn+bt) _ j(a,))’ 6) (150)

X€ZL
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where we used the continuity equation (135) of Theorem 7.6. In the last step we used
“summation by parts”: the fact that if (a, 6) is p-clustering for p > 1, the following
telescopic sum vanishes,

3 (ei““”/f — ei”/’) (tva, 6) + 3/ (1da, 6) = 0. (151)
X€ZL X€EZL

Let € > 0. We have the finite-sum representation

WnJesi—e/t
b _ e }: 215 7€ 4 Ty, JUMO 4 g, jOO — @)
o
7 1
= t/ ds Tys) e+ o, je=€ 1O (152)
0

which holds by telescopic summation from the definition (136), linearity of ! and the
relation (118). Here, we use the notation (104), as well as {x}. = x — |x]., and we
define

(({rn}e

€= Timled 00—

) — {tn)e Ty e + Tin . (153)

Continuing, we obtain, from (150),

. n .
(T (Tyr — Ta)q, 6)ye = 1(e/" — 1)/0 ds (Trelrs)edes B)esi + (%" = 1) {zic, B)isy-
(154)

We bound the factor in the second term on the right-hand side as

(T, B)ijel < Nlellese 11611ess
< (17N ey + €lljellese + 17 P Mese + 117 e se) 1161y

By continuous clustering, Definition 5.8, it is clear that the family of pairs ( (7, —
g, (ty — 1)g) : t € I is uniformly p-clustering for some p > 3 for any compact
subset I C R. Therefore, by the uniform clustering statement of Lemma 7.1.III, the
family (/, ;@) : ¢t € I is uniformly (p — 2)-clustering. Hence, with an argument
as in Lemma 5.6, the quantities ||/ ||/, 17|/, and |[j®"||,,, are all bounded
ont € R (as {tn}c € [0,€], a; € [—a,a] and b; € [—b, b] lie in compact subsets).
Further, by Lemma 5.6, both || j¢||,/; and |[6]|,/ are also bounded for ¢ € R. Therefore,
lim sup,_, o, [{7i¢, 6)«/:| < 00, and thus the usual limit can be taken on the prefactor

(/" — 1) in the second term in (154), giving 0:

lim sup ’(ei’(/’ — 1)(wc, B)c/1

—>00

=0. (155)
Thus,

. n
lim sup |(t; (tye — 7a,)q, 6)ic/¢| = lim sup \r(e“/’ —1) / ds (Trs(rs)eJes B)icse -
1—>00 t—00 0
(156)
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Thanks to the bound
n n
‘/ ds (Tzﬂtsje,/,l")x/t‘ 5/ ds | fellicse Ullise = n I jellicse 161licses — (157)
0 0

as well as Lemma 5.6, the supremum limit can be bounded in (156). Taking the ordinary
limit on the pre-factor, this gives

lim sup | (% (tyr — 74,9, 6)ise| < licln11jello 1161]o- (158)

—0o0

This shows (148).
Equation (149) is shown similarly. Again we may restrict to t > 0. We write

lim sup [{t:q, 6)/r — (T:q, 6)0] = limsup [((t; — 1)q, 6),/r — ((r: — 1)q, 6)ol
11— 00 11— 00
(159)

using Lemma 5.6, which implies lim; oo (q, 6),/r = (g, 6)o. Further,

(51 = 1)g. hess = (7 = Dg, 6)0 = = Y (/1 = 1) (1,0, 6)

X€Z
_ <eil(/t . 1) Zei/(x/t (Lx]»(t), 6)

X€Z
1

G 1)/ ds (Tirs) des B)ese + (€7 = 1){c, by
0

where ¢ is (153) with b; = a;, = 0 and n = 1. With the bounds on ¢ made above, the
result (149) follows. |

Lemma 7.9. In the context of Lemma 7.8, for every 6 € o, the functions S, 4(-) and
86,4 (+) are Lipschitz continuous on R.

Proof. Letk € R,u > 0,and 6 € . We write
Sy.6(u) = Sq.5() = 1im ((tiq. 6)ucsi — (9. 6)i/1)
= Iim (% (-1 = Dg. B)e/s (160)

where we used linearity and invariance of the Banach limit under scale transformations.
Therefore, by (90) and (148) (with a; = b; = 0), we have

1Sg.6 (k) = Sq6G0) < € icl Ju = 1111 1lo 16110 (161)
and thus Lipschitz continuity for Sy 4(-) on R\{0}. Further, by (149), we have

1S4.606) — Sq.6(0)] < €kl 1171lo 16110, (162)

thus Lipschitz continuity for S, 4(-) at 0.

As the Lipschitz bound is controlled by ||6]]o, and S, ¢(«) can be extended by conti-
nuity to 6 € #p by Theorem 6.5, so can Lipschitz continuity. The same result applies as
well to the reverse-time Euler-scale correlation function S’q,[,(/c). By definition we have

Sg,q(K) = ~q,(; (k)*, which shows Lipschitz continuity for Sg 4(-). O
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Lemma 7.10. In the context of Lemma 7.8, if Properties 1 and 2 hold, for every a, 6 €
Ho, the function Sq 4(-) is continuous on R.

Proof. Since Property 1 is assumed, the main projection theorem holds, and in particular
its Corollary 6.8. Thus we have
Sas) =) ¢! Sg60). ¢l =) (a.qi)oCY. (163)
j i
Since Y j clq j converges in g and the family {S, (k) : k € R} is #p-equicontinuous
(Theorem 6.5), for every n > 0 there exists N € N such that for all k € R,

N
Ses6) = Y el5y 600 =1 (164)
j=I

(assuming without loss of generality that the index set for q; is j € N). Therefore, using
(161),

N
|Sa.6 (k) = Sas ()| < 2+ [kl — 11 Y e e M1l 16llo.  (165)
i=1

For every n > 0 and N € N, there exists a neighbourhood X of O such that for all
k@ —1) € X, we have Jic| lu — 1] 1, ¢'e11{]l01161lo < ». Hence, for every

n > 0, there exists a neighbourhood X of 0 such that for all « (u — 1) € X,
|Sa,6(u) — Sa,6(k)| < 3n. (166)
This shows continuity. |

Theorem 7.11. Assume that the dynamical system #,V is complete (Definition 7.5),
and that t is continuously clustering (Definition 5.8).
For every local conserved densities q,q' € Q'°°, the function Sq,q' () is continuously

differentiable on R, and its derivative is
ds, o (x
dS0.0 () _ iSp 4/ (). (167)

dx ’

where we may take

b= e~ 1€ as per Eq. (136), for any € > 0, or (168)
N as per Eq. (138), if © is differentiably clustering.
If Property 1 holds, then

ds, o (x . . .

%() = iZA’ Sqig ), A= Z(fé, q;)0C/"! (169)
i J
where {q;} forms a basis for Q. If in addition Property 2 holds, then for every 6 € #,
dsq,b’ () . . i

— = iSs. (k) =IZi:A’Sql.,6(K). (170)

If; further, the space of conserved charges Qy is finite dimensional, then

Sq6(0) =Y (€M) (gj. 600, AT =D (hi.qu)oCH. (171)
J k
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Proof. We consider k € R and u > 0. We may use (160) along with (154) (witha; = 1)
from Lemma 7.8. As the second term in (154) has vanishing supremum limit at t — oo,
Eq. (155), and as the factor multiplying the integral in the first term of (154) has the
finite limit ik as ¢+ — oo, by the bound (90) we find

u—1

Sg.q/ (i) = Sy.4() = irc lim ds (Tralrs)cfer 9 Ve (172)

1—00 0

We would like to apply the Banach limit on the integrand, in order to extract the
Euler-scale correlation function. If the Banach limit were in fact an ordinary limit, or a
Cesaro limit of any finite order, then we could use the bounded convergence theorem,
as the integrand is bounded. However, the bounded convergence theorem does not hold
for Banach limits in general. It is possible to show, instead, that one can interchange
the Banach limit and the integral if the integrand is, in addition, continuous, or at least
has appropriate continuity properties asymptotically as ¢+ — oco. Thanks to Lemma 7.8,
using the fact that ¢ is a local conserved density, this is the case here. We provide the
explicit steps using Lemma 7.8 for the precise situation at hand; the general statement
about exchanging integrals and Banach limits under continuity requirements may be
obtained similarly.

For the derivation below, letus define: n = |u—1|/nforsomen € N,y = —{s—1}, /s
and a;; = —{ts}c, with |y| < n/s (note that s > 0 in the third step and onwards) and
las ;| < €. Then we write

[—>00

u—1 u—1
lim <f ds (Try (5] Je> q/),(/; — f ds (Tt+thJnje’ q/>/c/t>
0 0

u—1
< / s 1 sup [ty e st — (Trstasyefe 4 e
0

—>00

u—1
= f ds 1im sup | (Trars (T-t(s), — Tay,)Jer 9 )i/t
0

—>00

u
= [ as timsup [ty = vy e D
1

—0o0

u
= / ds lim sup ‘(1’;(1'),; — Teayy )9 Je)—ks/t
1

——00

u
s|x||u;||||(/;||f1 dss|y|
— 0 (n— 00). (173)

In the first step we used (90), in the third step we changed variables s +— s — 1 then
t — t/s, in the fourth step we took the complex conjugate of the inner product and used
unitarity of time evolution, and in the fifth step we used Lemma 7.8. For every n > 0, the
second integral on the left-hand side of the first step of (173) is a finite sum of n terms.
Hence on this, the Banach limit can be applied to the integrand, by linearity. Thus,

u—1 u—1
tl_lflgo ) ds (Tt+t|_sjnje’q/>x/t = /0 ds tl_i)rgo(rt+t|_sjn]'eaq/)f(/t

u—1
= /O ds Sj'é,q/(l((l"' LSJn))
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—>/ ds S, g (ks) (n— 00) (174)
1

where in the last step, we used continuity from Lemma 7.9. Therefore, combining (173)
with (174),

u—1 u
i [ ds Catntodes e = [ 5 S, (175)
1

—00 0

With (172), we then find

u
Sq,q (k) — S (k) = i/c/1 ds §j, g (ks). (176)

For every k # 0, we change variable to obtain

K2

Sy (k2) = Sy (1) = i / ds S, o/(s) (177)

K1

where kp = ux and k1 = k. As u > 0, this holds whenever x1k> > 0. By Lemma 7.9
(continuity at 0), we may take the limit x<; — O from above or below, and the same
formula holds. Therefore, (177) holds for all k1, k € R.

By Lemma 7.9, the integrand in (177) is continuous. This shows continuous differ-
entiability, and Eq. (167) for the first choice of £ in (168). By Lemma 7.7 and Theorem
6.5, the second choice of j can be taken if 7 is differentiably clustering. By Corollary
6.8 of Theorem 6.7, if Property 1 holds then we have Eq. (169). If in addition Property 2
holds, then in (177) we may take any # convergent series on q’, and we obtain Eq. (177)
for arbitrary ¢’ € Qo; in particular on the right-hand side the equicontinuity statement
of Theorem 6.5 allows us to use the bounded convergence theorem. We obtain (170)
by using the hydrodynamic projection formula (109) from Theorem 6.7. If the basis is
finite dimensional, the solution to (169) is (171), using S, (0) = (g;, 6)o. |

8. Proofs for Quantum Spin Chains

In this section we prove the main Theorems 3.1, 3.2 and 3.3 for quantum spin chains
with finite-range interactions. For this purpose, we now show that all requirements of
Sects. 4.1,5.1,5.2 and 6.2 are satisfied in the C*-algebra formulation (Sects. 2.1 and 3.1).
That is, we show space-like p.-clustering (Definition 6.2), and differentiable clustering
(Definition 5.8), including strong continuity of the time evolution group on #fy with
Eq. (54). We show that this holds both if we identify the set of local observables ¢V with
the set of all finitely-supported operators as in Sect. 3.1, and also if we identify ¢ with
all finitely-supported operators along with all their time-evolutes (that is, with the choice
v ="0).
Below we fix b, d, vL R as per Theorem 2.1.

8.1. Quantum chain systems and sizeable clustering. Consider the sesquilinear form (6)
and the construction of ¢ and #¢ from the state w and the algebra of local operators U in
Sect. 3.1. When confusion may arise, for a € U we will denote [a] € ¥ the associated
equivalence class. Note that in quantum spin chains, t is strongly continuous; Eq. (52)
holds with & induced from 8% by (6); Eq. (54) holds; (t;a, 6) is analytic in 7 in a
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neighbourhood of 0 for every a, 6 € ¥/; and (t;a, 6) is measurable as a function of ¢
(see Sect. 2.1). The construction in Sect. 3.1 was done for w = wg a KMS state, but it is
easy to see that it is valid for more general states. Thus, we have the following general
statements.

Lemma 8.1. Let w be a space and time translation invariant state, wo 12 = wot™ = w

forall x € Z, t € R. Then the construction of #, V in Sect. 3.1 makes this a dynamical
system (definition in Sect. 5) where T is strongly continuous and Eq. (54) holds; we call
this a quantum chain system.

Proof. ¥V C # is dense, and by the discussion above, all requirements expressed around
(27)—(29) hold. ]

Corollary 8.2. For every KMS state wg, > 0, #,V is a dynamical system.
Proof. This follows by using Theorem 2.2. O

Going beyond, we need clustering properties. Theorem 2.2 guarantees uniform ex-
ponential clustering for KMS states. A more general set of states which have sufficient
properties for our purposes are those which are sizeably clustering, and whose clus-
tering bound is a power law; these include the KMS states, as the exponential bound
is stronger. The concept of sizeably clustering was introduced in [46], and allows for
a controlled dependence on the size of the supports of the operators in the clustering
bound. Therefore, instead of restricting ourselves to uniformly exponentially clustering
states, for generality we consider the following.

Definition 8.3. [46]. A state w is sizeably clustering for some p > 0, r > 0 if there
exists # > 0 such that for every a, 6 € ‘U, we have

a. B) <ulal"|6]" llalls [16]]y (dist(a, 6) + 1) 7. (178)

Theorem 8.4. Every KMS state wg, B > 0 is sizeably clustering for every p > 0,7 > 0
(Definition 8.3).

Proof. We use Theorem 2.2, fixing g as per (14). For every p > 0, there exists
u’ > 0 such that exp[—gz] < u'(z + 1)7P for all z > 0. Therefore |(a, 8)| <
cu'|lalls 16]]g (dist(a, 6) + 1)P, and noting that |a|, |6] > 1, the theorem follows. O

8.2. Properties of sizeably clustering states. The most nontrivial aspects of the notions
introduced in the general framework are those related to clustering. We now show that
the strongest clustering notions are all satisfied for quantum chain systems, whenever
the state is appropriately sizeably clustering. This includes all KMS states. Below we
assume  to be space and time translation invariant,

a)otﬁ:a)ortuzw (x eZ,t eR).

We express three theorems, whose proofs are given below. First, with the Lieb—
Robinson bound (Theorem 2.1), clustering can be shown to hold not just in space, but
in space and time uniformly outside light-cones; that is, in space-like regions. This is in
fact a generally known result, and we express it for sizeably clustering states.
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Theorem 8.5. Let w be sizeably clustering for some p > r > 0. Set r' = max{r, 1}. For
every v > VLR (see Theorem 2.1), there exists u' > 0 such that, for all a, 6 € 0 and
t € v [—dist(a, 6), dist(a, 6)],

l(ta. 6)] < ' min{la|” 161", [al” 16} llalls 6]y (ist(a, 6) + )=~ (179)

Corollary 8.6. Let = wg be a KMS state. For every v > vLR and p > 0, there exists
u' > 0 such that, forall a,6 € U andt € v~ l[—dist(a, 6), dist(a, 6)],

|(r'a, 6)| < u'minf|al, 6]} |la]ls |16] |5 (dist(a, 6) + 1)77. (180)

Second, it turns out that clustering holds as well on small complex time neighbourhoods.

Theorem 8.7. Let w be sizeably clustering for some p > 0, r > 0, and let £ > 0. There
exists € > 0, which only depends on w and £, such that for all T C R compact and
every 0 < q < p, there exists u”" > 0 such that forallt € T, s € C with |s| < €, and
a, b € Bwith |a|, 6] < £, the quantity (rﬁsa, 6) is analytic in s and

(rh@, 6)] < " |||l 1161y (dist(a, 6) +1)77. (181)

Corollary 8.8. Let v = wg be a KMS state and £ > 0. There exists € > 0 such that for
all T C R compact and p > 0, there exists u” > 0 such that for allt € T, s € C with
Is| <€, and a, 6 € B with |a|, |6] < £, the quantity (rﬂsa,, 6) is analytic in s and

(@, 6)] < llally |16]]y (dist(a, 6) + 1) 77, (182)

Finally, the main theorem establishes all necessary properties for the quantum chain
system.

Theorem 8.9. Let w be sizeably clustering for some p > r > 0. Then forevery0 < p. <

p — r, both the quantum chain system #, V), and its extension to all time evolutes #, 0
(see Remark 5.7), are space-like p.-clustering (Definition 6.2), and the time evolution
group t is differentiably clustering (Definition 5.8). If instead of p > r > 0 we only
impose p > 0, r > 0, then the same statement holds with space-like p.-clustering
replaced by p.-clustering (Definition 5.4).

Corollary 8.10. For every KMS state wg, B > 0, the quantum chain system #,V, and

its extension to all time evolutes #, V), are space-like co-clustering (Definition 6.2), and
the time evolution group t is differentiably clustering.

Corollaries 8.10, 8.6 and 8.8 follow by using Theorem 8.4. Corollaries 8.6 and 8.8
can be strengthened to exponential bounds, but this fact is not required here.

The proof of Theorems 8.5, 8.7 and 8.9 will use the following lemma. For every
a €Y and n € N, we define

Xo ={x+y:x esuppla), y € [-n,nlNZ}. (183)

n
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[Jemma 8.11. Let a € Al Assume that there exists a function 0 > 6 — d(6) =
d(supp(6)) > 1, which satisfies the properties

dX)>dy) ifXcvy
d(x%) > max{d(6) — n, 1}, (184)

and that there exist w > 0, r > 0 and p > 0, such that, for all 6 € ‘U, the following
holds:

Ka, 6)] < w 6] [16]]y d(6)~7. (185)
Then for every0 < g < p,6 €U, n e Nandt e R,
[ Pyert6)] < w' 16111611y d(6) (186)
where r' = max{r, 1} and

w = kw + 2bed HURID | g | (187)
(1+2(p/d)logz)" z4
(max{z — (p/d)logz, 1})P

(recall that b, d, vLR are from Theorem 2.1).

k = :ze[l,oo)] <00 (188)

Proof. This is a slight extension of the statements established in the proof of [46, Thm
6.3]. We note that, using in particular supp(IP’Xﬁ t[ul‘) C X,[;,

IPyez 6] < XS] < [6](1+2n), d(Pysz6)
> max{d(6) — n. 1}, |[Pyet 6|y < 116]ly. (189)

The first inequality is obtained by considering the “worst case scenario”, where supp(6)
is composed of points in Z separated by distances greater than n, and by using |6] > 1.
Below we denote z = d(6).

For every n < 5 log z, from (185) follows

(@, Pys,16)]|

IA

w [6]"(1+2n)" ||6]|gy (max{z — n, 1})77

w [6]"(1+2(p/d)logz)" ||6]|s (max{z — (p/d)logz, 1})~".

A

For every 0 < g < p, the function

L (1+2(p/d)logz) (max{z — (p/d)logz, 1})~F
i

[1,00) 3z

is bounded from above, because it is bounded on every compact subsets and it converges
to 0 as z — oo. Let us denote the supremum by k > 0 (it only depends on p, g, d).
Then, for every 0 < g < p, there exists k > 0 such that forall 6 € U, n < § log z, and
teR,

(@, Pxs76)] < kw [6]" [16]]scz ™7 (190)

Using (13), the triangle inequality, and the fact that dist(6, Z\ X ﬁ) =nforalln € N,
we find that forallt e R, m,n e N,6 e Uand x € Z,

l{a. Pys 7 6)] < (@, Pxs 7,6)]
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+b16]lla| 1611sc(exp | —d (m = virlel) |+ exp| = d (2 = vigle]) ]).
(191)

For |(a, ng rtuﬁ)l let us use the bound (190) if n < L§ log 7, and, otherwise, the bound
(191) with (190) for |{a, ]PXﬁ, rtuf’)| and with

m=L§1ong > glogz—l. (192)

Therefore in this latter case, we find that for every 0 < g < p, there exists k > 0 such
that forall 6 € U, n > Llogzand s € R,

(@, Pyxs T, 6)] < (@, Pys 76)] +2b16] lla]] 116]|y exp [ —d (m — virl| )]
< kw 6] 1611y 27 +2be? |6] [|a|| [16]]y e R 777, (193)

With »’ = max{r, 1}, we conclude the bound (186) from (190) and (193). |

8.3. Proofs of Theorems 8.5, 8.7 and 8.9. We assume that w is sizeably clustering for
some p > 0, r > 0, and fix the values of p and r. We denote ' = max{r, 1}. We prove
in turn five statements.

I. The dynamical system #¢, {/ is p.-clustering for every 0 < p. < p (Definition 5.4).

This is part of space-like clustering, and contains a clustering statement for local
observables, and uniform clustering statement for families approximating the time evo-
lution in terms of local observables.

Clustering holds on all local pairs of elements (a, 6) € {/ x ¥/, for any p > 0. Indeed,
we relate the translation length x in Definition 5.3 to the distance between the observables
as follows. For nonzero elements [a], [6] € {/, choose representatives a, 6 € 0. By a
simple geometrical analysis, it is clear that dist(txua, 6) > max{|x| — diam(a, 6), 0}
(recall diam(a, 6) = diam(supp(a) U supp(6))). Hence,

(dist(txua,, H+1)7P < (max{|x| + 1 — diam(a, 6), 1})_p
< (|x| + )"P(diam(a, 6) + 1)?. (194)

Therefore, thanks to sizeable clustering Definition 8.3, for every a, 6 € V), clustering
holds as in Definition 5.3 with

c=ulal"|6]" [lally [16]]g (diam(a, 6) + DP. (195)

For the uniformity statement of Definition 5.4, we use the Lieb—Robinson bound as
expressed in (13), and apply Lemma 8.11 to a € U. We choose d(6) = dist(a, 6) + 1
and clearly the requirements (184) and (185) are satisfied thanks to (178), with w =
ulal” ||allg. The explicit result of the lemma, considered for every such a and using
[la|l < |la|ly,implies that forevery 0 < ¢ < p and compact 7 C R, there exists w > 0
such that foralla,6 € U,n e Nandr € T,

@, Pyez'6)] < wlal” (6" Jlalls 116]| (dist(a, 6) + 1)~ (196)

We now use this in order to apply again the lemma with the replacement a — Py« ta

m S

for a € U. We conclude, using in particular the last inequality in (189), that for every
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0 < g < p and compact T € R, there exists w > 0 such that for all a, 6 € ‘U, all
m,neNandalls,r €T,

(Bxg ria. Pyer'6)] < wlal” (6 llally |16]]y (dist(@. 6) + )70, (197)

Specialising this to s = ¢, passing to the space {/, we can therefore define o, (see
Definition 5.4) as follows:

For each [a] € V, select a € [a] C U and set 0,7 [a] = [Pxa ttua]. (198)

Thanks to (13) we have lim,, Pxa rtua = t}la in 1. Hence (by boundedness of the state)
lim,, [P xa ttua] converges in #¢, and it is simple to see that it converges to ;[a], thus
lim, o, 77a = 1;a on # > a. Using (194), we have shown the uniformity statement in
Definition 5.4. Hence, the dynamical system #, / is p.-clustering forevery 0 < p. < p.

II. Both dynamical systems #¢,  and #¢, 0, are pc-clustering for every 0 < p. < p,
and with respect to both, 7 is continuously clustering (Definition 5.8).
Taking the limit on n and m, we find from (197),

(ria, 46)| < wlal” 16" Jlallu|16]]y (dist(a, 6) + 1) (199)

Therefore, for every € > 0 a clustering bound is obtained uniformly for all s,7 €
R, |s|, |t| < €, and continuous clustering holds, Definition 5.8, for all 0 < p. < p. In
particular, this also implies that the dynamical system #¢, (), where the local observables
include all time-evolutes, is also p.-clustering and continuously clustering.

III. With respect to #, {/, the time evolution t is differentiably clustering (Definition
5.8).

We recall that {t; : t € R} form a strongly continuous one-parameter unitary group
on #¢; that Eq. (52) holds with § induced from sY by (6); that Eq. (54) holds; and that
(tra, 6) is analytic in ¢ in a neighbourhood of O for every a,6 € V. Differentiable
clustering with respect to #€, ¥/ is then established by showing the analytic clustering
statement in Lemma 5.9.

Consider the convergent Taylor series representation of ttua,

o
tn
(ta,6) =" 7((5”)"(1, ) (a,6 €Y, t € C small enough). (200)
n

n=0 """
With sizeable clustering, for every a, 6 € U and t € C near enough to 0, we have

t n
<ulbl" ||5||u|n—|, 18 al” 118" ally (dist((8*)"a, 6) + 1)7F.

(201)

ﬁ<(5“)"a, 6)
n!

By considering each term in the explicit commutator (5), it is easy to see that (§%)"a
has a support of size at most |a| + 2n|/|, and thus

(6" al < lal + 2nlAl. (202)
Further, we have (see e.g. [46, App B])

1™ alls < nt2" 1A (la] + 1AD" 1A el (203)
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Also,

(dist((8*)"a, 6) + 1)™P < (max{dist(a, 6) + 1 — n|A[, 1}) "
< (dist(a, 6) + )P (1 + n|h])P. (204)

Putting these bounds together,
" . -
F((5u)"a, B)| < wlB]" llalls 16|t (dist(a, 6) + 1)~ (2[A[(la| + [AD]1A]]s 2])"
(lal +2nl/)" (1 +nlhD?P. (205)
Therefore the series on the right-hand side of (200) is absolutely convergent whenever
, gy )L
1] < ta := (2lAI(al + 1ADIIA]lg) (206)

This implies that (r,ua, 6) can be analytically continued in ¢ to this region. Also, in this
region,

|(r,ua, 6)| < c (dist(a, 6) + 1)~? (207)
where
o0
c=ulb]" [lalls |16y Z /1" (Ja| +2n|A))" (1 +n|A])P < oo. (208)
n=0

Replacing a — Lffa, using (194), and passing to the space ¢/, we find that for every
a,b € {, there is € > 0 such that clustering holds uniformly for the family of pairs
{(t;a,6) : t € C, |t| < €}. Thus Lemma 5.9 applies, and the dynamical system &, 1/
is differentiably clustering.

IV. With respect to #¢, O, the time evolution 7 is differentiably clustering (Definition
5.8). Proof of Theorem 8.7.
Let

an(s) = 2—'(5“)% €Y (@eW, neN,seC). (209)

We apply the bound Eq. (196) (with n — oo in this equation), and thus for every
0 < ¢ < p and compact T C R, there exists w > 0 such that for all a, 6 € U and
teT,

an (), T26)] < wlan )" 161" llan ()l [16]1g (dist(an(s), 6) + 1)~ (210)
From (202), (203) and (204), we get a bound as in (205):

an(s), 746)] < w 161 (1|l 16115 (dist(a, 8) + 1)™|s /1. " (ja| + 2n|A])"
x (1 +nlh])q. @211)

Therefore, for every |s| < t,, the series

o0

(T4,a.6) = > (an(s). *46) 212)
n=0
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is absolutely convergent, showing analyticity in s. As ¢, (Eq. (206)) only depends on
|a| and not on other properties of a or on 6, the analyticity statement of Theorem 8.7
follows. Further, we also conclude that for every 0 < ¢ < p and compact T C R, we
have foralla,6 € U, r € T and |s| < € < 1,

|(Tti+1—sa’ 6)| < c (dist(a, 6) + 1)1 213)

where

00
c=wl6]" lally lI61ly Z(G/la)"(lal +2n|A))" (1 +n]h)? < oo. (214)
n=0

This shows the bound in Theorem 8.7, thus completing the proof of the theorem.

Replacing a — Lila, using (194), and passing to the space V/, we find that for every
a,6 € Vandt € R, there is € > 0 such that clustering holds uniformly for the family
of pairs {(t1+s5a, 6) : s € C, |s| < €}. By the group properties of t;, Lemma 5.9 implies
that the the time evolution t is differentiably clustering with respect to the dynamical

system €, 0.

V.If p > r, then both the dynamical systems #(, { and #(, O are space-like g-clustering
with velocity v, for every 0 < ¢ < p —r and v. > vLr (Definition 6.2). Proof of
Theorem 8.5.

By Remark 6.4, it is sufficient to establish this for the dynamical system #¢, {. For
this purpose, we need the assumption that p > r.t

Recall the argument for Eq. (191): using the expression (13) of the Lieb—Robinson
bound, the triangle inequality, and the fact that dist(6, Z\Xf;) =nforalln € N, it
follows that for allr € R, allm,n € Nand all a, 6 € 5,

@, Pys 7 6)| < @, Pys 76)] + b [6] [lally [161]u
x(exp[— d(m — vLR|t|)] + exp [ —d (n — vLR|t|)]).
(215)

Set z = dist(a, 6) + 1, choose 0 < ¢’ < € < 1, and set the compact T, = v[ﬁe’ [—z, z].
With the inequalities (189) and sizeable clustering, we obtain forall N 5 n < ez

(@, Pxs7*6) < ulal” 6] (1+2€2)" [lallg |I6]ly (max{z — ez, 1) 7P, (216)

The function

(1 +2€z) (max{z — ez, 1})~?

" @17

[1,00) 2 7+

has a finite upper bound. Therefore, there exists k > 0 such that for all ¢+ € R, all
N>n<ezandalla,b €5,

@, Pyst*6)] < kulal” 16" lally 16]lu 2= 7", (218)

Let us consider |{a, IE”X’Q r,ul%) |. We use the bound (218) if n < |€z], and, otherwise,
the bound (215) with m = | ez, which becomes
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(@, Pyg 7601 < I{a, Py 746)| + 26161 llalc 6]l exp [ = d (m = vigle]) |
(219)

In this case (n > |ez]), we use (218) (at n = m) for |(a, ]P’Xl;'l t}l6)|, and we further
have, for all r € T, and using m > €z — 1,

exp[—d(m—vLR|t|)] gexp[—d(e—e/)z+d]. (220)

Note that the power law decay z~ (") dominates the exponential decay, and we may
use [6]" < [6]" and 6] < |a|"[6]".

We conclude that for all v. > vR (taking v, = v r/€’), there exists u’ > 0 such
thatforalln e N,a,6 € U andt € vc_l[—dist(a,, 6), dist(a, 6)],

@, Pyt 26)] < u'la|" 161" llally 16]1y (dist(a, 6) + 1) =P, (221)

Taking the limit on n, we have lim, Py r,u(i = rtuli, and symmetrising on a, 6, this

shows Theorem 8.5. Using (194), we n;lay pass to the space V. Let v, > vrr. Then
for every a, 6 € 1/, there exists ¢ > 0 and 0 < v < v, such that, for all x € Z and
te v [=lxl, |x]]

l(txTia, 6)] < ¢ (x| + 1)~ (222)

Thus we have space-like p-clustering for every p. < p — r and velocity v > v r. O

8.4. Ergodicity, hydrodynamic projections and Euler equations. We finally provide,
with the above results, the proofs of the quantum spin chain theorems expressed in
Sect. 3.

Proof of Theorem 3.1. By Corollary 8.10, the dynamical system #, { is space-like co-
clustering, hence by Lemma 6.3 it satisfies Property 1a. As for any a € i there corre-
sponds an element of #, the result follows using (6). O

Proof of Theorem 3.2. As the dynamical system #¢, {/ is co-clustering (Corollary 8.10),
hence 1-clustering, Point I follows from Theorem 6.1, and the first part of Point II
from Theorem 6.5. As the dynamical system is in fact space-like clustering, it satisfies
Property 1 (Lemma 6.3), hence the last part of Point II follows from Theorem 6.7. O

Proof of Theorem 3.3. Point I: By Corollary 8.10, the dynamical system #¢, O is space-
like co-clustering, and with respect to it, t is differentiably clustering. Thus by Theorems
7.4 and 7.6 it can be extended so that points (1)—(3) hold. By Theorem 7.4, the dynamical
system #, O* is still space-like co-clustering, and with respect to it, t is still differen-
tiably clustering. Point II then follows from Theorem 7.11, as space-like clustering
guarantees that Property 1 holds (Lemma 6.3). O
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9. Discussion

We have developed a general framework, based on Hilbert space structures, for the

long-time, small-wavenumber behaviours of strongly interacting many-body systems.

We have shown an almost-everywhere ergodicity theorem, as well as a hydrodynamic

projection formula and a linearised Euler equation. We have shown in particular that

all properties of the general framework hold in quantum spin chains with finite-range

interactions, thus proving in all generality the above resuls in this family of models.
We make a number of remarks about the results.

1. There is time-like ergodicity, thus decay of operator strength almost everywhere within
the light cone. In our proof, projection is seen to arise thanks to almost-everywhere
ergodicity, which is thus a sufficient relaxation property. In fact — see the last discussion
point below — large-time vanishing holds not only for zero-frequency time-averages,
but also at any frequency. Physically, almost-everywhere ergodicity can be pictured
as follows. By the Lieb—Robinson bound, the time evolute of a local observable is an
observable supported on a growing region, lying within a “light cone” in space and
time [43]. Intuitively, the strength of the observable, or at least its time-average, should
nevertheless decay over time, within this light-cone, as the observable carries a finite
quantity of information, energy, etc. The theorem says that, for any given frequency, the
observable may in fact divide up into non-decaying parts at, say, a countable number of
velocities within this light-cone. However, it must indeed decay at almost every velocity.
This theorem is discussed in more depth and generalised in [54,55].

2. The space of ballistic waves is universally defined as the space of extensive (or
pseudolocal) conserved charges. The idea that projections onto slow modes gives rise to
hydrodynamics has been discussed widely in the past, especially starting with the works
of Zwanzig and Mori [39,40]. We have defined unambiguously the degrees of freedom
Qo onto which projection must occur at the Euler scale: the space of thermodynamically
extensive conserved charges. It is important to note that these are properties not only
of the dynamics, but also of the state w: extensivity is a notion that is state-dependent.
Further, they are properties of statistical models on infinite space; there is no such notion
on finite lengths. Physically, the projection onto the correct, reduced space of large-
scale degrees of freedom occurs, because the infinite length of the system allows the
asymptotic regions to absorb the infinite amount of information lost in going to the Euler
scale.

3. The space of ballistic waves is infinite-dimensional in integrable models. In integrable
models, the space Qg can be shown to be infinite-dimensional, using various standard
methods [75,82]. The above is then expected to reproduce the results of generalised
hydrodynamics for correlation functions, obtained in [35,37]. However, establishing
this precise link would require establishing rigorously the connection between the space
Qo and the space of root densities of the thermodynamic Bethe ansatz (see the discussions
in [12,83,84]), which is still missing. Another open problem, in the case where Qy is
infinite-dimensional, is that of establishing the existence and uniqueness of solutions to
the linearised Euler equation (25).

4. The problem of finite-dimensionality is nontrivial in non-integrable models. Perhaps
the most important open problem, a seemingly very difficult one, is that of determining
finite-dimensionality of Qg in non-integrable systems. The recent progress [85] in prov-
ing the absence local conserved charges in certain non-integrable quantum spin chains



Hydrodynamic Projections and the Emergence 351

is an interesting first step. One may in fact conjecture that finite-dimensionality is inti-
mately related to non-integrability. Thus, in particular, integrability, or the lack thereof,
must be defined with respect to a choice of both a dynamics and a state. It would be
particularly interesting to apply the framework to quantum and classical gases, which,
even without integrability, possess a nontrivial Euler hydrodynamic limit, thanks to a
conserved momentum.

5. The Drude weights are a simple special case. As mentioned, the projection result (23)
at k = 0, when applied to current observables j;, is a result for the Drude weights. In
fact, for general observables, at k = 0, the limit in (18) exists and the result (23) holds
by a simple application of von Neumann’s mean ergodic theorem for unitary operators
[45]. The question of what conserved charge is involved in saturating the Mazur bound
(the Suzuki equality) has been discussed recently [86]; Eq. (23) gives a rigorous answer
in models on infinite space.

6. The algebraic structure of conserved charges does not influence the Euler scale. We
find that all conserved charges — be their algebra abelian or not — contribute emergent
ballistic degrees of freedom. In particular, no requirement is made for the charges to
commute with the density matrix used to define the Gibbs state. This is despite the fact
that the heuristic linear-response argument requires this, or otherwise involves the Kubo-
Mori-Bogoliubov inner product [40,87] (but we expect the same results to hold using this
inner product). The question of how non-abelian charges affect hydrodynamics has been
discussed in the literature, see the recent viewpoints given in [88,89], and in particular
their connection with super-diffusion [90].

7. Only homogeneous conserved charges contribute. Further, we show that the charges
must be homogeneous (translation invariant), a point which does not seem to have
been emphasised yet; non-homogeneous conserved charges, such as the “strictly local
conservation laws” discussed in [91], do not enter the linearised Euler scale with respect
to homogeneous states.

8. The linearised Euler scale near to arbitrary frequencies and wavelengths can be
accessed by the same theory. Finally, as our theorems are based on a very general
abstract framework, there is room for many possible extensions. In particular, different
definitions of the notion of space- and time-translations may be used, with respect to
which homogeneity and stationarity may be imposed. This suggests that the general
Euler-scale structure holds not just at large wavelengths and low frequencies, but rather
as an expansion around given wavelengths and frequencies: if t; and ¢, are the usual,
homogeneous time and space translation isomorphisms, then ¢!/ 7, and e*** 1, also are
appropriate time and space translation isomorphisms, satisfying all required properties.
These give access to hydrodynamic quantities near to frequency w and wavenumber k.
This is relevant in respect of recent works [91-93]. Our results therefore establish that
the linearised Euler-scale structure is extremely universal. For our ergodic result, this
extension is performed explicitly in [54,55].

9. Many extensions are possible. We assumed the statistical model to lie on a the discrete
space Z. The framework can nevertheless be applied to models lying on the line R, by
for instance restricting to observables lying on any subset = Z, or by gathering degrees
of freedom (such as field configurations) into cells. We also assumed the space of local
observables to be countable dimensional. If the space is larger, then our proof of almost-
everywhere ergodicity fails. Under the assumption of almost-everywhere ergodicity,
however, it is simple to see that the general hydrodynamic projection result still holds.
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We assumed time translations to form a group isomorphic to R. We expect that a large
part of the theory can be adapted to models with a discrete group of time translations
isomorphic to Z. This would be of interest in current research on the dynamics of
cellular automata [94]. A large part of the framework is immediately generalisable to
higher dimensions, and is applicable to a wider family of quantum chains and states than
those considered, as algebraic decay of correlations is sufficient for many of the results.
It is also possible that, combining with the construction of hydrodynamic spaces in [47],
similar arguments as those presented here can lead to diffusive-scale hydrodynamic
equations.
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A. Banach Limits

We are first looking for a Banach limit ¢ on the Banach space of bounded functions
f Ry — C, with norm || f|| = limsup,_, o, | f(¢)|, with the properties of positivity,
if f(t) > 0 forallz > 0 then ¢(f) > 0, invariance under affine transformations, for
all s(#) = at+b(a > 0and b € R) we have ¢(f os) = ¢(f), and compatibility
with the limit, ¢ (f) = lim;_, f(¢) if the limit exists. Note that it is also possible
to define Banach limits with the restriction of re-parametrisation invariance, s(¢) with
lim;_, 5o s() = o0; however it is not useful to do so here. See [81] for a discussion of
Banach limits.

On the linear space of bounded functions f : Ry — C, we consider the equivalence
under the relation f = g if, for f, g, there exists, at large enough ¢, a re-parametrisation
s(t) = at + b such that f (1) = g(s(¢)):

f=g & EltoeR,a>0,beR|f(t):g(s(t))Vtzt0. (223)
The linear space S of equivalence classes f under this equivalence relation is normed by

||f|| = ||f]] = limsup,_, , | f(¢)| (for any representative f of f). The limit operation
is a linear functional on the subspace { f} formed of equivalence classes of converging
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functions f, and the result of the limit operation on an equivalence class f that has a
limit is bounded by the norm || f ||. By [45, Thm 3.3], there exists a linear functional ¢3
on S that extends the limit operation, whose result is also bounded by the norm, hence
||q§|| = 1. In order to show the property of positivity, let f(t) > 0 V¢ € R,. Then
|6 — fil] <1 where e(r) = 1 and f1(t) = f(r)/||f|| has norm 1. But if #(f) < 0,
then (6 — f1) =1 —(f1) =1 — d(f)/IIf]| > 1, which is impossible as ||@|| = 1.
Finally, we just have to set ¢ (f) = <13(f).

We then consider the space of bounded functions f : Ry — C with the additional
property that f be measurable. On this, we define the limit ;l—lfgo by composition of some

given Banach limit ¢ as above, with the Cesaro limit:

t
lim f(0)=¢(F), F@t)= % /0 ds f(s). (224)

Clearly, this preserves positivity, affine invariance and compatibility with the limit. Fur-
ther, we have the bound

—~ 1 !
| lim f()] glimsup—‘/ ds f(s)‘ < limsup | £(2)]. (225)
=00 t—oo t1Jo t—00

Hence lim is a Banach limit.
=00
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