Structure of Many-Body Quantum Dynamics:
Full Counting Statistics, Fragmentation and
Integrability

UNIVERSITY OF

0),430)28D,

Riccardo Senese

Mansfield College
University of Oxford

A thesis submitted for the degree of
Doctor of Philosophy in Theoretical Physics

Trinity 2025



Abstract

This thesis investigates the dynamics of quantum many-body systems in isolation,
in three different setups.

We start by considering a paradigmatic quantum chaotic model of magnetism,
the Heisenberg antiferromagnet in 2 and 3 spatial dimensions. The focus is on
obtaining approximations for the full counting statistics (FCS) of a subsystem order
parameter, the staggered magnetization, both in and out of equilibrium (following
quantum quenches). We employ mappings of spin variables to bosonic ones, together
with self-consistent time-dependent mean-field schemes, to compute the FCS via
Gaussian techniques. In particular, we introduce a formula for the FCS of any
subsystem observable that is at most quadratic in the bosons. We obtain results
both in the presence and absence of long-range magnetic order.

We then turn to the first of two ergodicity-breaking scenarios, by considering
Hilbert space fragmentation (HSF) in charge- and dipole-conserving quantum chains.
We determine the critical charge density at which a “freezing” phase transition from
weak to strong fragmentation takes place, for any on-site Hilbert space dimension. To
characterize the degree of dynamical connectivity in the system, we introduce a novel
framework that enables us to obtain analytic results for the strongly fragmented
phase, and numerically explore the weakly fragmented one. We derive some critical
exponents, and show that the entanglement entropy of typical eigenstates in the
strongly fragmented phase obeys an area law. We also uncover the existence of rare
eigenstates whose entropy appears to scale beyond any area law.

Finally, we investigate dynamical correlators in the Lieb-Liniger gas, one of
the simplest interacting integrable theories solvable by Bethe ansatz. We employ
Markov chain Monte Carlo methods to sample matrix elements (form factors) that
appear in the Lehmann representation of the finite-temperature single-particle
bosonic Green’s function. In the physical regimes we consider, sampling is necessary
because a full summation of the relevant form factors is computationally intractable.
We benchmark our results against exact solutions available in specific limits, and

find them to be very accurate.
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Introduction

The world around us is made up of an astonishingly high number! of elementary
particles that arrange themselves into atoms, which in turn give rise to all the
different phases of matter. The physical laws that govern the behaviour of these
elementary constituents are those of quantum mechanics, and this entails many odd
facts that easily defy our intuition. The majority of natural phenomena one might
classify as “interesting” ultimately emerge from the complex quantum dynamics
induced by the interactions between these very many constituents. Unfortunately,
despite the goal of theoretical physics being to predict, or simulate, these phenomena,
their underlying mathematical description generally results in tasks that possess an
exponential complexity of some sort. But not everything is lost, for at least three
(related) reasons: (i) we are usually not interested in capturing all the details of
a physical process; (ii) the very large number of elementary constituents involved
can, counter-intuitively, lead to significant simplifications of the problem; (iii)
approximate descriptions might suffice to capture the essence of a given phenomenon.

This thesis presents progress on different methods to describe dynamics in simple

models? of many interacting quantum-mechanical degrees of freedom. Most of the

1One might think of an order of 102103, in their immediate surroundings.

2These models are stripped of the usual complexity of real-world scenarios, and retain only what
we believe to be crucial ingredients to describe the emergence of important physical properties
from the interactions between the elementary quantum constituents.
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focus will not be on the experimental or technological applicability of the findings,
but on the possibility of learning general features of the (mathematical) structure

behind quantum dynamics, in different contexts [1-3].

1.1 Quantum dynamics

In the past few decades, several advances in experimental platforms that enable
the control of quantum degrees of freedom and the simulation of their dynamics
[4-12] have sparked significant interest in the theoretical description of quantum
time evolution in many-body systems. The essence of quantum dynamics within an

isolated system is fully encoded in the time-dependent Schrodinger equation

jt W) =Hpt)  — ) = W(0) (1.1)

where |¢(t)) is a normalized time-dependent quantum state® and H denotes the
Hamiltonian governing the dynamics of the system [13]. One is usually interested
in the time evolution of the expectation value of some physical observable O (a

Hermitian operator) in the state |¢(t))

(W0l (®) (1.2)

or of some of its higher moments O?, O3, .... Given that the Hamiltonian is itself
Hermitian, there exists a complete orthonormal basis of the global Hilbert space
which is composed of eigenstates |n) of H, each associated with an energy eigenvalue
E,. Combining this with Eq. (1.1), we see that (1.2) can be expressed via the

following Lehmann representation

{(W(®)|0]v(#) Z@” BB (4 (0)Im) (m|Oln) (n|v:(0)) (1.3)

where we have made use twice of the resolution of the identity Y, |n) (n| = 1. The
theoretical and experimental protocol for which one considers or prepares some
simple (i.e. weakly entangled) state |¢/(0)) and then lets it time evolve according to

a Hamiltonian H, whose action is suddenly switched on at time ¢ = 0, goes under

3That is, a vector of unit norm in some (separable) Hilbert space.
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the name of quantum quench [14, 15]. The requirement of [¢/(0)) being simple stems
from our desire to understand how complex quantum correlations, for example
defined by some entanglement measure [16], arise over time as a consequence of the
unitary evolution (1.1), and hence we want to exclude their presence in the initial
state!. Often, |¢(0)) is chosen to be the ground state’® of a different “pre-quench”
Hamiltonian Hy. In the following, we will only be concerned with quantum systems
of extended size, e.g. occupying a large volume V' of space, that possess a finite
density N/V of interacting degrees of freedom, as required to model real-world
scenarios. This implies that in the limit of large V' the subregion of the spectrum
relevant for dynamical observables like (1.3) lies at a finite energy density above

the ground state of H. Indeed, one generally has

(b (0)|H[¢h(0)) — Egs o« V., (1.4)
V@O H2$(0) — WO H[G(0)? |
(0(0) [ H0(0)) =V (15)

The first equation states that the average energy in the system after a quantum
quench is extensively larger than the ground state energy of H. The second
equation, which can be derived on very general grounds only by invoking the
cluster decomposition principle [18], states that fluctuations around this average
are subextensive [19]. This helps us contextualize the intrinsic complexity behind
unitary time evolution in extended systems: there is an exponentially large (in
volume V') number of eigenstates that meaningfully contribute to (1.3), and these all
lie very far away from the ground state sector, in a region of the spectrum where even
the approximate determination of an eigenstate |n) is itself an exponentially hard
problem, due to the volume-law entanglement that typically characterizes such states
(see, e.g., [19-22], or Section 1.2). Given our interest in the dynamics of physical

observables, it is often standard practice to work in the Heisenberg picture [13]

O(t) = etOe 1 (1.6)

4Requiring [1(0)) to be simple also generally guarantees a nonzero overlap (1(0)|m) with
exponentially many (in the size of the system) eigenstates, in turn implying nontrivial dynamics.

5Ground states of Hamiltonians with local densities are, in fact, characterized by a low degree
of entanglement [17].
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While quantum quenches describe proper out-of-equilibrium protocols, in this thesis
we will also be concerned with dynamical properties in equilibrium, that is, within
the framework of quantum statistical mechanics [23]. In particular, we will consider
the following type of dynamical correlation functions

Te[pO(t) O] = 3 e &5 p,, [ (m|Oln) |, (1.7)
where p denotes the density matrix associated with a thermodynamic ensemble,
e.g. the microcanonical or canonical ones® [23]. On the right-hand side of (1.7) we
have reported the associated Lehmann representation, where, due to the fact
that p is diagonal in the eigenstates of H, the thermal weight p,, coincides
simply with the eigenvalue of p for |m). Unlike (1.2), correlators of the form
of (1.7) are not associated with experimental quantities directly obtainable by
projective measurements of the observable O. However, they are the primary
objects entering Kubo’s linear response theory [26, 27], and hence can be easily
related to measurements performed on systems in equilibrium after they have been
weakly perturbed. Whenever p is associated with a finite temperature (in the
language of the canonical ensemble), the weights p,, and the density of states along
the spectrum imply that only a subextensive subregion in energy space, which is
extensively far from the ground state, meaningfully contributes to (1.7), similarly
to what happens in the quench case due to Egs. (1.4) and (1.5). Therefore, the
same conclusions as before about the exponential complexity of reconstructing

the time evolution apply also here.

1.2 Eigenstate thermalization and quantum chaos

Classical systems of many interacting degrees of freedom are generally chaotic [28,
29]. This means that vanishingly small perturbations in their initial conditions

produce very strong effects on their dynamical evolution at later times, the famous

6In the limit of large volumes V, all thermodynamic ensembles are equivalent from the point of
view of characterizing local properties of physical observables, including those time evolved in the
Heisenberg picture (which, even if not clear a priori, retain a strong degree of locality [24, 25]).
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“butterfly effect”. Chaotic systems are also typically ergodic’, i.e. they explore
all the phase space available over sufficiently long periods of time. In quantum
systems, there is no analogue of the butterfly effect at the level of the time-evolving
state |1(t)), for the very simple reason that Schrédinger equation (1.1) is linear® in
|1(t)). Therefore, defining quantum chaos [30] by simple generalizations of concepts
from classical chaos theory is not in general possible.

Building on the work of Wigner [31, 32] and Dyson [33], it was eventually
realized [34-38] that quantum chaos can be defined on the basis of similarities
between the energy-level statistics in the spectra of quantum systems with classically
chaotic counterparts and those of large random matrices [39]. Importantly, this
definition naturally extends to systems without a classical counterpart, and has been
generalized to other spectral probes. These include the eigenstate delocalization
in a given basis [19, 40, 41], entanglement entropy [42-44], and, famously, the
scaling and statistics of matrix elements, described by the eigenstate thermalization
hypothesis (ETH). Pioneered by early works of Deutsch [45] and Srednicki [46],
ETH is a conjecture on the structure of matrix elements (m|O|n) of a physical
(e.g. local) observable O in the basis of eigenstates of an interacting quantum-
chaotic Hamiltonian. These are the same type of matrix elements entering Eqs. (1.3)

and (1.7). For a Hamiltonian H without a block diagonal structure (no symmetries),

the ETH ansatz states that (m|O|n) has the following universal form [19, 47, 48]
(m|On) = O(€)dmn + e V2 f5(6, W) Rym (1.8)

where € = (E,, + E,)/(2V) is the mean energy density, w = E,, — E,,, S(E) is
the thermodynamic entropy at energy E, and R,,, are complex numbers that
vary erratically with m and n, and it can be helpful to think of them as random

variables with zero mean and unit variance’. Crucially, O(e) and fo(e,w) are smooth

7And mixing, a closely related but different concept.

8This implies that the state [¢)(t)) = e t(|))) + € |p)), where € is small and 1) and |¢) are
arbitrary states, remains close to [1(t)) = e~H*|y)) at all times.

9The variance is 1 for off-diagonal matrix elements, i.e. for m # n, while it can be higher but
still O(V?9) for the diagonal elements (m = n). For example, R,,,, has variance 2 in the Gaussian
orthogonal ensemble of random matrix theory.
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functions of their arguments. ETH provides a remarkably simple explanation for
how isolated quantum systems locally thermalize [47, 49] (see also the reviews [19,
50-53]). To see this, it is convenient to start by considering infinite-time averages

of the time-dependent expectation value (1.2)

C—tim = [ acw C(t) = ((1)|Of(L) . (1.9)

t*—o0 t* Jo

From (1.3) we obtain
C =3 1@ (0)[m) [* (m|O[m) = O(e) + o(V") , (1.10)

where O(e) is the smooth function entering the diagonal ETH and e is equal to
(¥(0)|H|¥(0)) /V, ¢f. Eq. (1.4). To obtain the first equality in (1.10) we have
assumed a nondegenerate spectrum, which is reasonable given the absence of
symmetries of H. The second equality follows, in the limit of large V', from the
use of Eq. (1.5) together with the ETH ansatz (1.8) and Y, | (¥(0)|m)|? = 1.
Given that O(e) is a smooth function of the energy density, it is easy to see from
the structure of (1.8) that, for large system sizes, O(e) also coincides with the
thermal expectation value of the observable O at energy density e. Employing

the canonical ensemble, this means that

lim C' = lim LTr[e*ﬂHO] , (1.11)

V—oo V—o0 8

where [ is the inverse temperature that fixes an average energy density of e.
The remarkable prediction of Egs. (1.10) and (1.11) is that, for large V, the
infinite-time average of C'(t) equals the thermal expectation value of O, irrespective
of the details of the initial state |¢/(0)). In other words, expectation values of
physical observables after quantum quenches thermalize at late times, and the
system loses any local memory of its initial state!. It is also elementary to prove
that the infinite-time average of the instantaneous deviations of C'(¢) from C are

exponentially suppressed in V'

lion - [ Ca(C) -T2 xexp(—aV) a0 (1.12)

10Aside, possibly, for the one relative to the conserved energy density.
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This is a consequence of the off-diagonal ETH in (1.8) [47]. The previous equation
suggests that the use of infinite-time averages, which makes the statements above
precise at any finite V', is not necessary in the thermodynamic limit. Indeed, in
infinitely large systems expectation values like C'(t) relar to a stationary value
at late times. This is expected on very general grounds as a consequence of the
dephasing over time of the infinitely many (for V' — oo) off-diagonal phases in (1.3),
which is sufficient to argue that the finite-time deviations of C'(t) from its asymptotic
value decay to zero at least polynomially with ¢. Therefore, it is generally expected

that the statement (1.11) can be replaced by one that involves no averaging!'! [50]

lim lim C(t) = lim iTlr[e—“f()} : (1.13)

t—oo0 V—o0 V—oo B

Note that the order of limits is crucial to ensure that the ¢t — oo limit exists.
Another feature of the eigenstate thermalization phenomenon is related to
the entanglement entropy (EE) of single eigenstates. Consider a system that is
in a pure state p = |[¢) (¢|, and imagine bipartitioning it into a subsystem A
and its complement B. The von Neumann EE S,y associated with this spatial

bipartition is defined as [16]

Sun = —Tra(palnpa) pa=Trg(p) . (1.14)

Here Tr,4 denotes a partial trace over the degrees of freedom in A (and analogously
for B). Synx represents a meaningful measure of entanglement in |¢)), and is said
to follow a volume-law scaling if Syn o< |A|, where |A] is the volume of A. If we
identify |1) with an eigenstate of a quantum chaotic model at finite energy density e
(above the ground state), then Syn/|A| coincides, up to finite-size corrections, with
the thermodynamic entropy density s(e) = limy_,o, S(eV)/V [19-22, 42-44, 54, 55].
This means that eigenstates of quantum chaotic models away from the ground state
sector possess volume-law EE, i.e. Syy o« V' for any extensive subsystem A, and
hence they are highly complex quantum states. The phenomenon of thermalization

after quantum quenches, summarized at the level of expectation values by (1.13),

1 We stress that, mathematically, Eq. (1.13) does not directly follow from ETH, due to the
order of limits on the left-hand side.
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has a counterpart at the level of EE. Indeed, if we initialize a system in a state
|1(0)) with zero or very low EE, and let it time evolve as in Eq. (1.1), its EE
Syn (associated with a subsystem A) grows linearly with time, i.e. Syy o< ¢, until
it saturates at the thermal value s(e)|A| [14, 56-65]. This, together with (1.13),
suggests that at late times the pure state |¢(t)) becomes locally indistinguishable
from a thermal ensemble as a consequence of the build-up over time of complex
quantum correlations between its subparts. The ballistic growth of entanglement
Sen o tis the major source of limitations in the attempt to classically simulate
unitary evolution up to late times, e.g. via numerical tensor network methods [66-68].

If H possesses a few symmetries, the ETH ansatz applies only within its
irreducible symmetry sectors. Indeed, if symmetries are not resolved, standard
indicators of quantum chaos like energy-level statistics fail to distinguish ergodicity-
breaking systems (see Section 1.3) from quantum-chaotic ones [41]. The structure
of ETH has also been found to depend on the type of symmetries present, and in
particular on their degree of locality, see e.g. [69] and references therein. For example,
in lattice systems discrete symmetries like lattice translation, which are nonlocal,
can give rise to identical diagonal matrix elements even in different sectors, while
this is not expected to be the case in the presence of U(1) symmetries associated
with local conserved charges'?. The need to resolve symmetry sectors is even
more apparent for off-diagonal matrix elements, which vanish if the observable O
does not break the symmetries of H. Very recently, due to growing interest in
fundamental questions regarding the nature of thermal equilibrium in systems with
non-commuting charges [70-72], the ETH ansatz has been generalized to account
for the presence of non-Abelian symmetries [73-76]. Furthermore, ETH has been
extended to address higher-order correlations between matrix elements, yielding a
“full ETH” ansatz [77-81]. These correlations are closely related to known features

of higher-point dynamical functions of observables.

2In such cases, the diagonal matrix elements entering the ETH ansatz are expected to feature
a smooth dependence, in addition to the one on the energy density, on the intensive values of the
charge in each sector.
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In Chapter 2 we will be concerned with the equilibrium and out-of-equilibrium
properties of some specific quantum chaotic models. We will introduce an approx-
imate method to calculate every moment of a subsystem observable O, i.e. (O")
for r =1,2,..., where () indicates either thermal average or average in a quantum
state that is evolving after a quantum quench, like in Eq. (1.2). Knowledge of all
these moments is equivalent to determining (approximately within our method)
the full probability distribution of the outcomes of projective measurements of

O in the system’s quantum state.

1.3 Quantum ergodicity breaking

Not all quantum many-body systems are chaotic, in the sense defined in the
previous section. Violations of ETH and other indicators of quantum chaos are
usually associated with the existence of a high number of symmetries of H, which
strongly constrain dynamics and can significantly reduce the quantum complexity of
eigenstates. In Chapters 3 and 4 we will be concerned with two different mechanisms
for quantum ergodicity breaking: Hilbert space fragmentation and integrability. We
briefly introduce them here, and highlight some major differences compared to
features seen in the previous section. Further details on these two phenomena
will be discussed in their respective chapters.

It is worth mentioning that there are other very well-known mechanisms for
ergodicity breaking in a quantum many-body setup, most notably many-body
localization (MBL) [82, 83] and quantum many-body scars (QMBS) [84-87]. In
MBL systems, the combination of strong disorder and interactions leads to the
emergence of integrals of motion (symmetries) with a highly local nature, which in
turn imply the existence of localized!?® eigenstates throughout the spectrum. MBL
represents a robust mechanism for strong ergodicity breaking (e.g. full violation of
ETH), in that it does not rely on fine-tuning of the model. However, its stability in
the limit of large system sizes V has still not been properly established'* [90-92].

I3Here “localized” means that when an eigenstate is expanded in a simple computational basis,
only a small fraction of the basis states contribute to it.
14See, however, [88, 89] for progress in this direction.
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QMBS represent rare ETH-violating!® eigenstates in the spectrum of otherwise
chaotic Hamiltonians. Hence, systems hosting QMBS feature only a very weak
violation of quantum-ergodic behaviour, given that QMBS represent a measure-zero
set of all eigenstates (for V' — o0). Quantum scarring is not robust to generic
perturbations, i.e. it is a fine-tuned phenomenon, and can be understood as a
consequence of the Hamiltonian acquiring an approximate or exact block diagonal
structure (not emerging from any conventional symmetry) which separates the

sector where QMBS live from the rest of the spectrum [84].

1.3.1 Integrability

A classical Hamiltonian H, with a 2n-dimensional phase space is Liouville-integrable

if there exist n independent quantities Q), i = 1,...,n, such that
{He,Q}=0 Vi {QV.QVY =0 Vij, (1.15)

where {-} denotes a Poisson bracket. The first of these conditions implies that
all the Q) are integrals of motion for the dynamical system. Therefore, the
dynamical exploration of the global phase space available is strongly restricted,
for example at a fixed energy. Furthermore, Eq. (1.15) enables one to perform
a canonical transformation to action-angle variables that trivially solve the full
dynamics. Hence, these systems are said to be classically solvable.

The quantum analogue of classically integrable systems are those governed by a
quantum many-body Hamiltonian H that possesses an extensive number of Abelian

symmetries, i.e. operators Q) (with local densities'®) such that
[H, QY] =0 Vi RV, QY] =0 Vij. (1.16)

Such systems, which usually exist in one spatial dimension, are solvable in the sense
that their spectrum and all (simultaneous) eigenstates of H and the other charges

can be determined explicitly, via the celebrated Bethe ansatz [93, 94]. In particular,

15With this we also mean that they exhibit violations of the volume-law EE scaling expected in
a chaotic spectrum, which is replaced by an area-law scaling.

16This means that the charges Q(¥) can be expressed as extensive sums or integrals over operators
whose action is (almost entirely) limited to a finite region of space.
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the mathematical origin of the symmetries Q® is understood within a powerful
algebraic framework known as algebraic Bethe ansatz [94, 95]. Importantly, there is
a family of charges Q) that are ultra-local. This means that they can be expressed,
e.g. for lattice models, as extensive sums of operators that have a finite!” spatial
support. Given the existence of an extensive number of conservation laws, it is not
surprising that spectral properties of quantum integrable models differ considerably
from those that characterize chaotic ones. For example, integrable spectra do not
feature level repulsion [19] and the statistics of matrix elements associated with
local operators possesses a richer structure than the one associated with ETH, see
e.g. [43, 98-100]. For example, the diagonal ETH is modified by the appearance of
a smooth dependence on all the intensive charges, and the logarithm of off-diagonal
matrix elements can be proportional to V2 [98], instead of being “merely” extensive
as in the ETH case of (1.8). The entanglement entropy of finite-energy-density
eigenstates, despite being extensive, features a volume-law coefficient that is smaller
[43] than the thermodynamic entropy density that characterizes the volume-law
scaling in the chaotic case. At the level of thermalization (after a quantum quench
with an integrable Hamiltonian H), Eq. (1.13) is replaced by a local relaxation
to a generalized Gibbs ensemble (GGE) [50, 101]
o BH=Y, 7% QY

, (1.17)
Zﬁn

PGGE =

where the Lagrange multipliers v; set the expectation values of the conserved charges
equal to those that characterize the initial state [¢/(0)). Integrability is not a robust
form of ergodicity breaking, in that generic perturbations to H restore chaos and
ETH. For sufficiently weak perturbations, features of integrability can survive on
prethermal scales [102, 103]. However, we note that even perturbation strengths
exponentially small in V' are believed to be sufficient to induce an onset of chaotic

behaviour [19, 104-106].

I"Note that in certain physically relevant integrable systems also families of “quasilocal” charges,
where the finite support condition is replaced by, e.g., an exponential localization in space, play
an important role [96, 97].
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In Chapter 4, we will consider dynamical correlation functions like (1.7) in
the interacting Lieb-Liniger gas, a paradigm for quantum integrable models. In
particular, we will introduce a Monte Carlo method to numerically reconstruct
these correlators from their Lehmann representation (1.7). This is possible because
in the integrable setup the matrix elements involved are explicitly known. However,
given that an exponential number of them (in V') appears in (1.7), a sampling

scheme is necessary to accomplish the task.

1.3.2 Hilbert space fragmentation

The Hilbert space H of any isolated quantum system'® can be decomposed into
decoupled subspaces as
K
H= Z@Spant{U(t) i)} (1.18)
where U(t) represents a unitary time evolution (e.g. e *#* in Hamiltonian systems,
like in (1.1), or U* in quantum circuits with discrete evolution governed by a unitary
U [16]) and span, indicates the span of the vectors U(t) |¢;) for all values of ¢
[107]. The K independent subspaces appearing in (1.18) are known as Krylov
sectors, and their definition implicitly depends on the choice of the |¢;) states. The
decomposition (1.18) is particularly meaningful when [¢);) are chosen to be simple
weakly-entangled states'®. Below, and in Chapter 3, we always mean it in this sense.
Hilbert space fragmentation (HSF) [108, 109] is the phenomenon for which the
total number of Krylov sectors K (defined from simple [¢);) states) scales exponen-
tially with the volume V of the system, despite the lack of simple conventional
symmetries capable of explaining this behaviour. It is usually a consequence of the

fractonic nature [110, 111] of the underlying system described by the unitary U(t),

in which elementary excitations possess very restricted mobility as a consequence

8Here we implicitly assume the Hilbert space to be finite dimensional, which is true in any
finite lattice with on-site dimension d < co. In the case of d = 0o, e.g. bosons, one can recover a
finite Hilbert space by restricting its attention to specific symmetry sectors, e.g. one with fixed
finite number of particles.

Tndeed, Eq. (1.18) carries little significance when the states |¢/;) are chosen to be, for example,
the eigenstates of U(t), in which case K = dim H.
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of the interplay between a few different constraints. HSF significantly differs from

quantum chaotic or quantum integrable models in several aspects:

 In general, a decomposition like the one in (1.18) is a consequence of U (t)
possessing some symmetries. In quantum chaotic systems these usually give
rise to K distinct symmetry sectors, with K growing only polynomially
(continuous global symmetries, e.g. U(1)) or being constant (discrete global
symmetries, e.g. Zs) in the volume V. This is in marked contrast with the

scaling K ~ exp(cV') that defines HSF.

« In quantum integrable models the extensive number of (quasi)local charges
Q(i) of Section 1.3.1 generates exponentially many symmetry sectors. However,
this is practically equivalent to a full diagonalization of the Hamiltonian (hence
of the unitary U(t)), and does not correspond to a decomposition like (1.18)
in which simple states [1;) appear?®. On the contrary, the exponential scaling
of K in HSF is a consequence of the existence of highly non-local symmetries
which, unlike the integrable case, give rise to Krylov sectors featuring a very
wide range of dimensions (e.g. from 1-dimensional sectors to exponentially
large ones). Furthermore, as we discuss below, there exists a large class of

arbitrary-strength perturbations that leaves the HSF structure unchanged.

To see how the previous points emerge we can focus on Hamiltonian dynamics,
but identical conclusions apply for quantum circuit models. The HSF phenomenon
characterizes entire classes H(J) of Hamiltonians defined by a set of local operators

{h;} which have finite support [107]
HJ) = Jih; . (1.19)

Indeed, HSF emerges solely from the interplay between the finite-range nature of
the interactions {/Azl} and a few simple symmetries that these local terms possess,

which together imply strong constraints on the dynamics. Unlike integrability, the

20As we have seen, finite-energy-density eigenstates of integrable models possess volume-law EE.
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couplings J; can be chosen arbitrarily without altering the fragmented structure®'.

From this point of view, HSF possesses a degree of robustness that integrability
lacks. On the other hand, HSF disappears as soon as any of the key features of
the set {ﬁ,} (finite-range support, compatibility with some specific symmetries)
fails to be exactly satisfied??.

In some of the simplest models hosting HSF the non-local symmetries that
label the exponentially many Krylov sectors possess a relatively simple form that
allows for their explicit construction [107, 112], but the same does not appear to be
possible in more general models (including many of those described in Chapter 3).
Furthermore, we note that HSF can be more rigorously formalized using the language
of commutant algebras [107]. Among other things, this makes it possible to draw a
clear distinction between “classical HSF”, which arises when all the states [¢;) in
(1.18) can be chosen from a product-state basis, and “quantum HSF”, where the use
of some (slightly) entangled states is necessary to uncover the full block-diagonal

structure of H(J).

In Chapter 3, we will focus only on models that exhibit classical HSF. Due
to this, we will see that the same phenomenology of fragmentation characterizes
both quantum models with Hamiltonian (1.19) and classical stochastic models
in which the dynamics proceeds by application of classical gates?*. Despite the
fact that the algebraic formalism based on the commutant algebra is very useful
to rigorously define many features of HSF, it does not yield any advantage in
tackling the questions we are concerned with in Chapter 3. To make progress,
we will introduce a simple yet powerful framework that allows us to analytically
characterize many aspects of fragmentation in the paradigmatic class of models
in which HSF has originally been pointed out as a phenomenon [108, 109, 113],

i.e. charge- and dipole-conserving chains.

213WWe note that for a given H there could be multiple different ways of expanding it in a sum
like the one in (1.19). As a consequence, such H inherits the fragmented properties of all families
H(J), H'(J"),... to which it belongs.

22In such cases, signatures of fragmented behaviour can be observed only on prethermal scales.

23Which implement the same type of transitions as the {h;}.



Full counting statistics in Gaussian
theories of quantum magnets

2.1 Introduction

Central to our understanding of quantum phenomena is the existence of a proba-
bility distribution function (PDF) P, associated with the possible outcomes of
measuring an observable R in a given quantum state |¢) [13]. Knowledge of Ppg |y
is equivalent to that of all moments of the observable, i.e. (¢Y|R"|¢)), n=1,2,3,....
In the realm of quantum many-body physics, quantum mechanical PDFs have
appeared in relation to experiments in mesoscopic devices [114, 115], where precise
measurements of the temporal fluctuations of electrical currents give access to
the charge and statistics of quasiparticles relevant for transport. The interest
in quantum PDFs has also been extended to different experimental platforms
[116-124], where it is possible to measure the PDFs of various observables defined
on subsystems. These experiments motivated theoretical efforts to compute PDFs
both in [125-141] and out of [120, 142-157] equilibrium. We note that only very
recently the non-equilibrium PDF of extended subsystem observables, addressed in
this chapter, has become accessible experimentally [158-160]. In all these theoretical
and experimental contexts, the generating functions of moments (or cumulants)

associated with quantum PDFs are known as “full counting statistics” (FCS).

15
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Given the difficulties in calculating the FCS for subsystem observables, there
are relatively few known results, most of them established for systems in one spatial
dimension D = 1. In this chapter, we consider FCS of subsystem observables in a
paradigmatic model of quantum magnetism®, the Heisenberg antiferromagnet in
dimensions D = 2 and 3. We employ a range of representations of quantum spins
in terms of canonical boson operators and focus on physical regimes dominated by
Gaussian fluctuations of these bosons. This allows us to obtain efficient determinant
representations for the FCS of observables of interest, both in and out of equilibrium.
The prototypical example of spin systems where representations in terms of bosons
and Gaussian approximations can be successfully employed are those possessing
long-range magnetic order. Here Gaussian quantum fluctuations are the dominant
contribution beyond the classical mean-field solution. We will also see how Gaussian
approximations can be employed in absence of long-range magnetic order. As for
the observable, we will consider the FCS of the staggered magnetization, an order

parameter which is not a globally conserved charge.

The chapter is organized as follows. In Section 2.2 we introduce the PDF of
quantum observables, and report a simple formula for the FCS of any observable
expressible as at most a quadratic polynomial in bosonic variables, in any Gaussian
state of said bosons. We also briefly review mean-field theory methods in and out
of equilibrium. We then turn to applications of our FCS formula to extract PDFs in
the Heisenberg model both in and out of equilibrium (after quantum quenches). In
Section 2.3 we focus on regimes in D = 2, 3 that possess long-range magnetic order,
and employ spin-wave theory to reduce the problem to the study of Gaussian theories
of bosons. In Section 2.4 we turn to disordered phases of magnets and consider the
2D Heisenberg antiferromagnet at low but finite temperatures and its dynamics
after quantum quenches. Here, we employ a modified spin-wave theory originally

proposed by Takahashi, which we generalize to out-of-equilibrium scenarios.

n our original work [1] we also addressed different systems using the same methods.
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2.2 Probability distributions in Gaussian theories
of bosons

2.2.1 Characteristic function

In the following sections we will be interested in quantum mechanical properties of
observables that live in a subregion of an extended system. In particular, consider
a generic system on a D-dimensional lattice and focus on a subsystem A with total
number of sites |A| = ¢. Given any Hermitian operator R, with support only in A,
we want to determine the probability distribution function (PDF) P, (r) of obtaining
r as the outcome of a measurement of R, in a state of the system characterized
by the reduced density matrix (RDM) p,. Making no assumptions on the nature

of the spectrum of R,, we can define P (r) in full generality as

Bi(r) = Tralpd(r — R pa = Trzlpl (2.1)

where A is the complement of A and normalization derives from Try [p] = 1. In
the case of observables with discrete spectrum, P,(r) can be trivially interpreted
as a discrete PDF.

P,(r) can be rewritten in terms of the characteristic function y.(A) [131, 145]

W) = Tra o exp (A R P = [T Rty (22)

—00 27T

for which x,(—X) = x%(X) holds. The characteristic function is bounded by
Ixa(A)| < 1, as evident by resolving the trace in (2.2) over the eigenvectors of
the RDM and applying Schwarz inequality to bound the contribution of the
unitary operator exp (iAR,).

In the following we will mostly be interested in the specific class of operators

R, that have discrete spectrum composed of equispaced eigenvalues
Rim) = rp|m) 'm =70+ MR ro, ReER, meZ. (2.3)

Given that R, has support in the finite region A, the set of integers m will be

generally bounded. For this class of observables, the second formula in Eq. (2.2)
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can be simplified thanks to the periodicity
xa(A + 270/ R) = ™m0/ By (N) nez. (2.4)
Indeed, using (2.4), we can rewrite B (r) as

/R d\ _, » 5
()= [ Gre O () et = B(r) 3 d(r—ro-mBR), (25)

neEL meZ
where a Dirac comb emerges and
- R w/R . R w/R .
B(r) = 7/ dre P (A) = 2 Re V d e—W’XA(A)] (2.6)
21 J-x/R s 0

is normalized to 1 when viewed as a discrete PDF over the eigenvalues (2.3). The
finite interval of integration in A is the main advantage of (2.6) over the original

(2.2) when numerical integrations are required.

2.2.2 Full-counting statistics in Gaussian theories of bosons

In this subsection we present the key technical result of this chapter: a compact
formula for the characteristic function (FCS) of a quantum observable expressed
as at most a quadratic polynomial in bosonic variables, when the quantum state
can be expressed as a Gaussian function of said variables. The proof of the formula
can be found in Appendix A.2.

Let {a;}¢_, be canonical annihilation operators for £ bosonic harmonic oscillators.

These can be assembled into a 2¢-component vector

(2.7)

aT:{aL...,aZ,al,...,aE}, [ai,aH:ij,

where we have defined

0 Doxe (0 =l Ie 0
Xt = , XY =1 , 3P = . (2.8
(Héxé 0 ) <]Ié><£ 0 ) ( 0 —Hzxé> (2:8)

Let p denote the bosonic Gaussian state describing the system of ¢ bosons

1 1
p = - €xp {2aTWa +w' - a} , (2.9)

where W is a Hermitian 2¢ x 2¢ negative-definite matrix and w a vector of length

20 such that w' = w?%?. The redundancy in the definition of a in (2.7), i.e. the
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simultaneous presence of both creation and annihilation operators, always allows

us to choose W such that
YW =Wt . (2.10)

As a consequence of Wick’s theorem the state p is fully characterised by the one

and connected two-point functions of bosons [161, 162] (see Appendix A.2)
1
=T A=T - F—wh)| — =%, 2.11
w rpal , r{p<a w) (a w)} 5 (2.11)

In defining the 2¢ x 2¢ matrix A we made use of the outer product between the
column vector (a — w) and the row vector (aT — wT>.

Consider now a Hermitian operator R which is at most quadratic in the bosons

R = ;aTGa +g'-a Det(G) # 0 Gy = GT. (2.12)

The last relation is analogous to (2.10), which we are always free to enforce. Our

key result can be stated as follows.

Formula for the characteristic function

The characteristic function x(\) of the associated quantum mechanical PDF for
the operator R in the state p can be represented in terms of one- and two-
point functions as
-1
exp {—; (wT — wg) (A + Ag) (w — wg)}

— Ty [ePR] — )
X(N) = Tr [pe™f] = Zg Dot (At A0) , (2.13)

where
» 1 1
wa=-GTg,  Ac(\) =~ coth <m2 52 G) 5
1 1 -1/2
Zo(\) = exp [—MQ gTG—lg} Det [2 5% sinh (—MQ ZzGﬂ L (214)

A derivation of (2.13) based on coherent states methods is presented in Appendix
A.2. There we also discuss how the formula is modified in presence of a singular G.

It is also possible to derive the formula by purely algebraic methods (see Appendix
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D of our work [1]). We note that results similar to, but less general than, (2.13)
have been derived in [163, 164]. Eq. (2.13) generalizes the analogous formula for the
trace of the product of two physical Gaussian density matrices p; and p, specified

by Hermitian negative-definite matrices [161, 165-167].

2.2.3 Static and dynamic self-consistent mean-field theory

To be able to use Eq. (2.13) we must restrict our treatment to Gaussian theories of
bosons. In the context of quantum magnetism this will be achieved by mapping spin
variables, which define the Hamiltonians of many models of interest, onto bosonic
ones. The interacting bosonic Hamiltonian obtained in this way must then be
approximated by a quadratic one through self-consistent mean-field theory, provided

we are in a physical regime in which this step is expected to yield sensible results.

Self-consistent mean-field theory in equilibrium

The simplest example of a self-consistent mean-field theory (SCMFT) can be
given for the case of thermal equilibrium, where expectation values of observables
are computed as

B Ty lexp (—5H) O]
Ot = Ty exp (5]

(2.15)

Here (8 denotes the inverse temperature and H is an interacting bosonic Hamiltonian.
Suppose that H contains quartic interactions in bosonic variables, which we can
schematically denote ABC'D, and that thermal 1-point functions vanish, e.g. (A) = 0.

The self-consistent mean-field decoupling consists in the replacement

A A

ABCD — ((AE>OD + AB(CD) — <AB><C®>> + (B )+ (B D), (2.16)
where now (.) denotes the self-consistent mean-field expectation value

Tr [exp (—ﬁHMF) AE}
TI‘ [exp (_BHMF)] ’

(AB) = (2.17)

and Hy is the quadratic Hamiltonian obtained after decoupling H according to

(2.16). Eq. (2.17) represents the self-consistent step. The SCMFT can be understood
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from a variational point of view: the Gaussian density matrix exp(—/SHwr)/Zmp
minimizes the free energy associated with the interacting Hamiltonian H in the
manifold of Gaussian states (c¢f. Gibbs-Bogoliubov inequality or see, e.g., [168]).
Using this variational principle the decoupling (2.16) can be generalized to the
case of higher-point interactions, or to the case in which odd-point functions,

like (4), do not vanish.
Self-consistent mean-field theory out-of-equilibrium

Imagine a quantum quench that starts from a Gaussian pure state [¢(0)) and
unitarily evolves according to H, i.e. |¢(t)) = exp(—iHt)|¢(0)). If H contains
interacting terms in the bosons (i.e. it is not quadratic) then |¢(¢)) will be non-
Gaussian for any t > 0. However, in certain physical scenarios one might hope
that, for small or even intermediate time scales, |¢(t)) remains sufficiently close to
being Gaussian and hence that a time-dependent Gaussian approximation might
yield results that accurately describe time evolution. A natural example are
Hamiltonians with weak interactions governed by a small coupling €. In such
cases the approximation remains meaningful up to times that grow with 1/e.
One such type of approximations is known as self-consistent time-dependent
mean-field theory (SCTDMFT) [1, 102, 103, 149, 169-179]. The idea is to replace
the time-independent interacting Hamiltonian H with a time-dependent quadratic

one Hyr(t), which defines an approximate evolution of the initial state as

lonar(£)) = Une(t) [(0)) Unie (8) ET{exp (-@ / "t HMF(t/))} (218

Here T is the time-ordering operator and |iyr(t)) is a Gaussian state V ¢. A proper
derivation of SCTDMF'T, which addresses the generic construction of Hyr(t) given
any H, is presented in Appendix A.1. To give an example of what SCTDMFT
looks like in a case of practical interest, we consider again a H involving quartic
interactions ABC'D. The substitution H — Hyr(t) amounts to a decoupling
identical to Eq. (2.16), where, however, the self-consistent expectation values (2.17)

are replaced by time-dependent self-consistent ones

(AB)(t) = (we ()| ABlibwie(t)) - (2.19)
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In the presence of an interacting Hamiltonian, the quantum time evolution of
an observable can be always rephrased as an infinite set of coupled differential
equations in time, known as BBGKY hierarchy (see, e.g. [102, 103, 172]). In
Appendix A.1 we prove that SCTDMFT is equivalent to truncating the infinite
BBGKY hierarchy by assuming the validity of a Wick decomposition. There we
also prove that SCTDMFT exactly conserves energy at all times

E = ((0)|H[¢(0)) = (mr(t)|H|ur(t)) V1. (2.20)

2.3 Magnetically ordered systems
2.3.1 2D and 3D Heisenberg antiferromagnet

The D-dimensional antiferromagnetic Heisenberg model is described by the SU(2)
invariant Hamiltonian

H=J>Y S8;-S8; J>0, (2.21)

(i.7)

where S] are spin-s operators with su(2) algebra [SZ , S } = 10,6405 on a D-
dimensional hypercubic lattice with N = L sites, the sum subscript (i, j) indicates
that interactions are limited to neighbouring sites and periodic boundary conditions
(PBC) are assumed. The ground-state of this model (for N even) is a non-degenerate
SU(2) singlet [180, 181]. For D > 1 and any s, as well as for D = 1 (Heisenberg
chain) and s half-odd integer, the gap to the first excited states vanishes in the
thermodynamic limit [182, 183]. This is not the case for D = 1 and s integer, where
the famous Haldane gap [184-186] persists in the thermodynamic limit.

In D = 2, the gapless nature of the spectrum leads to the spontaneous breaking
of the rotational SU(2) symmetry at 7' = 0 [187]. The order parameter is the
staggered magnetization

X=) S-> 57, (2.22)
i€A j€B
where A and B are the “even” and “odd” sublattices respectively. In 3D the

antiferromagnetic order persists also at 0 <T' < T, with 7./J ~ 1 [188-192]. We
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are interested in calculating the PDF of the staggered magnetization in the presence
of long-range order for a local subsystem .4 with total number of sites |A| = ¢. We
will focus both on the system at equilibrium for a given temperature 7' < 7T, and
on the non-equilibrium time evolution following a global quantum quench from an
ordered initial state. For the latter, we will start both from the classical Néel state

or the ground state of the XXZ model, and time-evolve according to (2.21).

2.3.2 Holstein-Primakoff representation

To analytically study the model specified by (2.21) in the presence of long-range
order, we employ the Holstein-Primakoff (HP) representation [193, 194] of the
spin operators S;. In particular, we introduce two families of bosons a and b,

respectively associated with sublattices A and B

1 1/2
SF=s—ala SH=4v2s (1—2a1ai> a;
s
T s (2.23)
2 = —s+ bl S =2 (1 _ 28@.@-) b .

where s > 1/2 and S* = 5% 4+ S¥. This is an exact representation of the su(2)
spin algebra, as it can be verified using the bosonic commutation relations. HP
exactly coincides with the original spin formulation in the physical Hilbert space of

spins, which in bosonic language is the space spanned by all states with occupation
T

number a,a; < 2s, and similarly for b;. Bosonic states with occupation numbers
beyond 2s are unphysical. Crucially, the representation (2.23) does not connect
physical and unphysical states. However, the presence of the square roots makes it
intractable. To overcome this, one usually performs a Taylor expansion of the square
root and truncates it at some order in the inverse powers of s. The truncation has
the drawback of coupling the physical and unphysical Hilbert spaces, but it leads to
very convenient expressions of the spin operators in terms of finite-order polynomials
in the bosons. The intuitive rationale behind this scheme is that as long as one
probes physical regimes in which occupation numbers remain sufficiently smaller

than s, e.g. <azT a;) < s (strong magnetic order is present), the truncated expansion

is meaningful and the unphysical states generated play an insignificant role. This is
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the mechanism at the basis of spin-wave theory [187, 194-199] in ordered quantum
magnets, which somewhat surprisingly can remain accurate down to s values of 1/2.
In the following we will truncate the expansion of the Hamiltonian (2.21) at O(s°)

H=JY | -5 +s(ala; + blb; + a;b; + alb})

Wil (2.24)

1
- a,j;a,ib;‘bj 1 (aIafbj + aib;bi + H.c.)

Given the presence of quartic interactions we will refer to this truncation as HP4,
while the truncation at O(s) is the standard linear spin-wave theory (LSW).

We note that alternative approaches, based on normal ordering the string of
bosonic operators arising after the Taylor expansion of the square root, can generate
exact? truncation schemes [194] (as recently rediscovered [200, 201]). However, as
pointed out already by Kubo in [194], these representations lead to unphysical
results when combined with mean-field approximations of the interacting terms,

so that we do not consider them here.

2.3.3 Equilibrium PDFs

We apply the equilibrium self-consistent mean-field theory of Section 2.2.3 to decou-

ple the quartic terms in (2.24). By directly passing to Fourier space in the bosons

~ 2 —ik-z; T 2 —ik-x;
ay = NZ@ k@i, b, = NZG k ib; (2.25)

icA jeB
we get the self-consistently decoupled Hamiltonian

Hyp = 2DJ Y [Re(P) (alax + bibe) +v(k)(P" axb_y + Pagb' )| + C . (2.26)
k

where C' is a constant, P = s — f — g and

f= (ajaz) = (b}b]) eR g = (a;b;) 1,7 nearest-neighbours ,
1 o
1) = 5 3 e AR <1, A(k) € R (220

In the previous equation, (.) is the thermal expectation value (according to Hyr)

at inverse temperature [ and J; runs over the vectors connecting a site to its nearest

2No coupling of physical and unphysical states.
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neighbours. To lighten the notation, we use k in place of k to express the dependence
of operators and variables on the vector k. Note that we are working in a grand
canonical ensemble, i.e. the trace involved in the thermal average is over the full
Hilbert space of bosons®. In mean-field decoupling the interaction we have used the
symmetries of the original Hamiltonian (2.24), i.e. we have set (a'b), (aa) and (bb)
to zero because of the global U(1) symmetry a — €*®a, b — e~**b (which coincides
with conservation of SZ,). Furthermore, (a'a) = (b'b) because of the exchange
symmetry a — b. Note that setting the mean-fields f and g to zero brings us from
the mean-field HP4 to LSW. We will assume that in equilibrium g € R and check it
self-consistently at the end. With this additional assumption we can diagonalize

(2.26) by a canonical Bogoliubov transformation to a new set of bosons dy, Bk
ar = cosh 0 ay, — sinh 0, 31, by = cosh 6, B, — sinh 0, @', (2.28)

with the angle 6, defined by tanh 26, = ~(k). We arrive in this way to the diagonal

form

Hye = Y ex(@fan + Bify) + E e =2DJP\1—~(k)?,  (2.29)
k

where F is a constant equal to the ground-state energy of Hyp. Given that ¢, — 0
for k — 0, the spectrum of Hyp is gapless, which is consistent with the presence
of Goldstone modes associated with the spontaneous symmetry breaking of the
SU(2) symmetry. It can be easily checked that below the transition temperature
T., solutions to the self-consistent equations f = 1/Z Tt [exp (—BHwr) a}al} and
g =1/ZTT [exp (—BHwmr) a;bj] exist, g is real (consistent with previous assumption)
and 0 < f < s. The last inequality implies a nonzero order parameter, see (2.23),
that reflects the presence of magnetic order [187].

The thermal Gaussian state is fully characterized by the set of all nonzero 2-point

functions, i.e. A = (ala,) and AL = (agb_), see Appendix A.2. Given (2.29),

t
jEB bjbj -

Yica ajai is zero, reflecting the absence of external magnetic fields, and similarly for the z and y
directions.

3The chemical potential associated with the conserved z magnetization S¢,, = >
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the Ay functions at inverse temperature § are easily found to be

ap) =5 D =5 A =) (Br@)+ ) L e

where ny(8) = [exp (8ex) — 1]7! is the Bose occupation for the mode of momentum
k. Given that our interest is in a local subset A of ¢ total sites, the knowledge of
the full density matrix p = exp(—FHwr)/Z is not required and we can work with
the RDM associated with A. Given that the partial trace of a Gaussian state is

another Gaussian state [161], p, has the form of (2.9) but without linear terms

, (2.31)

1 1
Pa = Z\ exp {QaTWa

where a defined as in (2.7) is a 2¢ vector that accommodates all a;, a;-r , bj, b}
operators, with i, j € A. To compute the PDF of the staggered magnetization ¥}, in
A, which we denote simply as P,, we start by expressing >, in terms of the HP bosons
Si=Uls— > ala; — > b;bj : (2.32)

i€ANA jeEBNA
It is evident that aside from the constant we can cast the previous quadratic

observable in the general form (2.12). The PDF P, is thus obtained by direct
application of (2.6) and (2.13).

For the rest of this subsection we focus on the specific case s = 1/2, for which
the effect of quantum fluctuations is the strongest in differentiating the quantum
ground state from the classical (s — oco) Néel state. All the subsequent results
are expected to become more accurate for higher values of s. As a consequence
of the cluster decomposition principle and the central limit theorem, in states
with a finite correlation length & and for large values of £/P > ¢, P, approaches
a Gaussian PDF with standard deviation that scales as the square root of the
subsystem volume ¢ [145]. In states with power-law correlations the asymptotic
PDF can be non-Gaussian if the decay is slow enough, see e.g. Refs [126, 132, 143].

In Fig. 2.1 we report P, for a square subsystem A in the ground-state of the
s = 1/2 2D Heisenberg antiferromagnet, where LSW and mean-field HP4 give the
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Figure 2.1: PDF of the staggered magnetization at 7'/J = 0 for the s = 1/2 2D
Heisenberg antiferromagnet in a square local subsystem A with £ total sites, for £ = 36, 144.
Phenomenological fits to extreme value statistics (EVS) Gumbel distributions are also
shown. The vertical dashed line indicates the physical threshold of 1/2 for the staggered
magnetization per site.

same result, given that the different scaling of ¢, is irrelevant at 7'/J = 0. Both the
probabilities shown yield an average of the staggered magnetization that exactly
matches the value of (%,)/¢ ~ 0.303 reported in literature [187]. As shown in
Fig. 2.1, for intermediate values of ¢ the distribution B, is well described by the

extreme value statistics (EVS) Gumbel distribution

G(zx|a,b) = ll)exp V ; ¢_ exp (m ; a)] : (2.33)

We note that Gumbel distributions have previously appeared in the description of
PDFs of fringe visibilities in interference experiments with 1D Bose liquids [143].
However, in the current context it is a phenomenological fit*. The fact that our P,
is exactly zero beyond the physical threshold %, /¢ = 1/2 is a direct consequence of
the HP representation for the operator S%, which does not allow eigenvalues larger
than 1/2. In contrast, the lower bound of ¥, /¢ = —1/2 is violated as the constraint
of the boson occupancy being at most one is not strictly enforced. However, in
ordered systems this effect is greatly reduced by the condition of having a small
number of bosons per site and indeed both curves in Fig. 2.1 are appreciable only

within the physical region. Finally, an even/odd effect in the values of %, is evident,

4Note that a proper identification of P, with the Gumbel distribution requires an analysis
of the extreme tails of the curve, which is not possible due to the finite range of values of the
staggered magnetization associated with the intermediate ¢ for which the fit appears to be good.
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Figure 2.2: a) LSW PDFs of the staggered magnetization at 7'/J = 0 and T//J = 0.5
for the s = 1/2 3D Heisenberg antiferromagnet in a cubic A with ¢ = 64, 216, together
with phenomenological extreme value statistics (EVS) Gumbel fits. Being at 7" = 0,
these are also the curves for mean-field HP4. b) Differences between LSW and HP4
for T'/J = 0.5. The vertical dashed lines indicate the physical threshold of 1/2 for the
staggered magnetization per site.

in particular for ¢ = 36, where the even and odd eigenvalues of the staggered
magnetization follow two different smooth curves. Note that such an effect, already
reported in PDFs of magnetic models in [132, 145], would have been difficult to
infer from the sole knowledge of the first few moments of the distributions. As we
will see below, the even/odd effect is usually associated with small temperatures
and is suppressed by going to large values of /.

In Fig. 2.2 we show the s = 1/2 3D Heisenberg antiferromagnet B, in a cubic
subsystem A both in the ground-state and for T'/J = 0.5, as calculated using LSW
and the mean-field HP4 for ¢ = 64,216. The probabilities associated with the
ground-state give an average (3,)/¢ ~ 0.422 exactly matching the known value
reported in literature. We see how for T'/J = 0.5 the temperature fluctuations
reduce the ordered moment. Furthermore, the fact that for the mean-field of HP4
at T/J = 0.5 the term P, which rescales (with respect to LSW) the dispersion &
in (2.29), takes a value slightly larger than 1/2 is translated into a lower presence
of excitations. This induces the small right-shift of the mean-field HP4 curves with
respect to the LSW ones in Fig. 2.2b. By comparing the two curves at 7'/J = 0 in
Fig.2.2a, it is evident the beginning of the transition from a Gumbel-like shape

towards a Gaussian one, given that for ¢ = 216 the fit is not as good as for ¢ = 64.



2. Full counting statistics in Gaussian theories of quantum magnets 29

The plot for £ = 64 and T'/J = 0.5 also shows that the even/odd effect is not only

suppressed by increasing ¢, but also by increasing the temperature.

2.3.4 Out-of-equilibrium PDFs

The Holstein-Primakoff formalism from Section 2.3.2 can be employed also out-
of-equilibrium. If we start from an initial state that breaks the SU(2) symmetry
along the z direction, i.e. (S¥) = (S}) =0, (S7) # 0 Vi, and time evolve according
to (2.21), we have (S¥) = (SY) = 0 throughout the time evolution. This is a
direct consequence of the surviving U(1) symmetry (rotations around z) that the
initial state possesses. Thus the HP representation (2.23) is suitable also in this
out-of-equilibrium scenario, as long as the order does not melt. In particular,
following a quantum quench an energy density e is injected into the system, and this
corresponds to an effective temperature 7T, in the thermal ensemble that is locally
reached at late times (see Chapter 1). Hence, as long as T, < T, we expect magnetic
order, i.e. (S?) # 0, to survive at all times and the mean-field approximation to
be applicable. In [1] we also addressed the more general case in which, during a
time evolution, the vectorial order parameter (S;) changes both in direction and
magnitude. In such cases, a “static” HP expansion around the z axis can become
inaccurate already at very short times [1]. A path around this limitation was
proposed in Refs. [202, 203], and further developed in [204, 205]. It is based on the
idea of implementing spin-wave theory within a self-consistently determined rotating
frame. In [1] we show that such an approach possesses some intrinsic complications
that arise from the attempt to use SCTDMFT in a rotating frame. For example,
unlike SCTDMFT in a fixed frame (Appendix A.1), the method does not conserve
energy. We show in [1] that under certain conditions a better approximation can be

obtained.

To study quench dynamics using the HP representation we apply the SCTDMFT,

discussed in Section 2.2.3, to the HP4 Hamiltonian (2.24). We consider Gaussian
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initial states®, such as the classical Néel state or the ground state of the XXZ
Hamiltonian as determined by the self-consistent mean-field theory in equilibrium
of Section 2.2.3. The time-dependent mean-field Hamiltonian Hyr(t) obtained by
applying the normal-ordering procedure of Appendix A.1 is formally identical to
(2.26), with the only difference in that the mean-field P acquires an explicit time
dependence as a consequence of Egs. (2.18) and (2.19). We remark that even if
there is no small parameter in front of the quartic interaction in (2.24) to justify
the applicability of the SCTDMEFT, as long as the number of bosons per site is
small (strong magnetic order) interactions among them are effectively suppressed,
and the approximation is expected to be good on short and intermediate time
scales. The Heisenberg equations of motion (EOM) for the Heisenberg picture

operators O(t) = Uiy (t) O Uyr(t) are

San(t) = ~12 D7 [Re(P(1)) a(t) + P01 (WL (1)]
' ) (2.34)
S be(t) = —i2DJ [Re(P(t)) bi(t) + P(t) y(k)a' (1)) -
From these we find
ZA;@ = —4 DJ~y(k) Im(P* A%®)
0 . (2.35)
SAf = —i4D] {Re(P) A% 4 Pr(k) (Aza + 2)} .

Thanks to (2.35) we have complete knowledge® of the pure Gaussian state [1(t))
that approximates the time evolution of the system. As in Section 2.3.3, given
our interest in PDFs within a local subset A of ¢ total sites, the knowledge of
the full state p = [¢¥)(¢)| at each time is not required and we therefore work with
the Gaussian RDM p,, which has exactly the same functional form as (2.31). By
making use of the representation (2.32) for 3, together with (2.6) and (2.13), we

can directly obtain the PDF P, for the staggered magnetization.

The HP4 Hamiltonian (2.24) possesses two local conservation laws: the energy,

defined by the Hamiltonian itself, and the total z magnetization S%; = 3" ,cp b}bj -

5This is a requirement for the meaningful application of SCTDMFT, see Section 2.2.3.
SWe solve (2.35) by a 4th order Runge-Kutta integration.
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Figure 2.3: Early instants of the out-of-equilibrium evolution of B, in a 3D cubic
subsystem A with ¢ = 64 total site and s = 1/2, following a quench from the classical
Néel state according to LSW theory and the SCTDMFT of HP4.

YicA GLZT a;. Starting from an initial state that is an eigenstate of S¢,, the dynamics
entirely takes place in the symmetry sector selected by the initial value of SZ,.
Within it, the system is expected to locally relax towards a Gibbs ensemble [49, 50,
206] (see Section 1.2) whose effective temperature 1/ is fixed by the post-quench
energy Ey by requiring Ey = (Hyps)g. Given the equivalence of thermal ensembles

in the thermodynamic limit [23], the Gibbs average within a single SZ,

. sector
can be replaced by a Gibbs average over the entire bosonic Hilbert space (grand
canonical average), provided that an appropriate chemical potential for SZ, is
introduced. Actually, we will always start quenches in the sector S7, = 0, and
hence no additional chemical potential will be needed. In the spirit of assessing the
SCTDMEFT of HP4 as an approximation to the time evolution of the non-integrable
interacting Heisenberg Hamiltonian (2.21), we will compare its late time behaviour
with the mean-field HP4 Gibbs ensemble at the appropriate effective temperatures.
Even if the SCTDMFT is by construction not expected to yield good results at
late times [102, 103], in models where local observables relax quickly, i.e. over short

time scales where the SCTDMFT is expected to work well, it is possible to describe

approximate thermalization by this simple mean-field approach [178, 179].

We imagine to perform out-of-equilibrium time evolution following a global
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quantum quench starting from ground-states |GS,n) of the XXZ model with

anisotropy parameter 0 < 7 < 1

Hxxz(n) =3 [n (S787+S¢SY) + 5257 (2.36)

(i.5)

and then quenching to the XXX Hamiltonian (2.21) corresponding to n = 1. In
Fig. 2.3 we plot the early instants of the time evolution starting from the classical
Néel state |GS,0) for the 3D case with cubic subsystem A of £ = 64 total sites.
The spin is again set to s = 1/2, which is the most difficult case for the type of
HP scheme we are employing. The full order present at t = 0 is quickly destroyed
by the energy injected in the system by the quench, whose associated effective
temperature is of the order of 0.9J for both 1/fsw and 1/8ypy, i.e. very close to
the transition temperature. Clearly, states too close to the transition, and more
generally states where the order is greatly reduced, lie beyond the limit of validity
of our approximation. Therefore, there is no reason to believe our approximation
to be any good at later times in this specific case. At the short times considered,
small differences between LSW and the SCTDMFT of HP4 are visible, and the very
strong even/odd effect that is present for times ¢t < 0.20/.J is almost completely
suppressed already at times ¢ > 0.35/J.

To obtain a time evolution that is accessible to our approximation up to later
times, we need to reduce the energy injected in the system by the quench. This
is obtained by reducing the parameter jump, i.e. we start from |GS,n) with n =
1/2, 3/4 and 9/10. Such ground state is obtained by exactly the same steps discussed
in Section 2.3.3, with the only difference in the replacement of n = 1 with n < 1.
These quenches have effective temperatures 1/(Jfgps) =~ 0.69,0.54,0.40 in mean-
field HP4. In Fig.2.4 we plot P, from the SCTDMFT of HP4 for s = 1/2 and a 3D
cubic A with ¢ = 64 sites, at initial, intermediate and late times after the quench
from the three different values of 7. We also compare the late-time curves with
the thermal ones at the appropriate effective temperature. The n = 3/4 quench
is also produced for ¢ = 216. In all cases the system starts out at ¢ = 0 being

strongly ordered, with P, featuring a peak close to ¥,/¢ ~ 1/2, which gets then
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Figure 2.4: Initial, intermediate and late time P, in the s-1/2 3D cubic subsystem
with ¢ = 64 for quenches from the ground-state of the XXZ model with a) n = 1/2, b)
n =3/4, ¢c) n=9/10. d) Same plot with ¢ = 216 and n = 3/4. The late time probability
distributions are compared with the equilibrium ones at appropriate effective temperature
BHp4-

gradually broadened and shifted to the left, in a way proportional to the energy
injected by the quench. The deep quench n = 1/2, characterized by an effective
temperature which is beyond half of the transition one, presents a strong difference
between the initial PDF and the late-time stationary one. It is thus surprising that
even for such a high injected energy the agreement between the late-time P, and
the thermal one is reasonable. In the case n = 9/10 the match between late time
behaviour and Gibbs ensemble is essentially exact on the scale of Fig. 2.4c, which

includes the initial probability. The even/odd effect present in every initial state
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of Fig. 2.4 is seen to disappear in the late time dynamics, except for the shallow
quench 1 = 9/10, where a slightly suppressed even/odd effect is still visible at times
Jt ~ 5. Finally, by comparing the two quenches for n = 3/4 of size £ = 64 in
Fig.2.4b and ¢ = 216 in 2.4d, we note that the agreement thermal state/stationary
state in the latter is slightly worse. This is a consequence of the fact that the match
in the 2-point functions between thermal and stationary state is slightly better for

shorter distances’, like the ones involved in the ¢ = 64 plot.

2.4 2D disordered Heisenberg antiferromagnet:
modified spin-wave theory

In the previous sections we have addressed the problem of approximately determining
the PDFs of subsystem observables in models of quantum magnets that exhibit
long-range magnetic order. We now turn our attention to the same problem in
systems whose underlying quantum states are disordered, i.e. there is no spontaneous
breaking of any symmetry and order parameters are identically equal to zero.

In particular, we concentrate on the isotropic 2D spin-1/2 Heisenberg antiferro-
magnet in thermal equilibrium at finite temperatures® and after quantum quenches
starting from disordered initial states. Exactly as in Section 2.3.1, our aim is to
obtain a good approximation to the FCS of the staggered magnetization. In our
original work [1], we employed two different approaches, one based on the Schwinger
boson mean-field theory (SBMFT) by Arovas and Auerbach [207] and the other
on Takahashi’s modified spin-wave theory (MSWT) [168, 208]. Although SBMFT
has the appealing property of respecting the full SU(2) symmetry of the problem,
it fails to quantitatively predict features of PDFs known from numerical studies.

In particular, we compared the equilibrium PDFs obtained from SBMFT for the

"Indeed, in producing the PDFs via Eq. (2.13) all that matters are the 2-point functions in
real space within the subsystem A.

8Contrary to the case of T'= 0 considered in Section 2.3.3, absence of long-range order at any
T > 0 is guaranteed by Mermin-Wagner theorem.
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Figure 2.5: PDF for the staggered magnetization 3, in a disc-shape subsystem A of
¢ = 80 sites as computed in SBMFT at a) 5§ =1.59/.J and b) = 2.22/J. Comparison
with the exact Monte Carlo results from [135] are shown. The black dashed lines represent
the physical thresholds on the eigenvalues of 3.

staggered magnetization Y, with those available from Monte Carlo results’ on a disc-
shape subsystem A of ¢ = 80 total sites at inverse temperatures J3 = 1.59,2.22 [135]
(these were motivated by the geometry and temperatures of the experiment in [122]).

In Fig. 2.5 we plot the SBMFT results from [1] and compare them with the Monte
Carlo PDFs. The main difference with the PDFs of ordered quantum magnets seen
before is that now the curves are symmetric around zero, as expected for disordered
systems. For the higher temperature (§ = 1.59/J) shown in Fig. 2.5a the Monte
Carlo results are well described by a Gaussian PDF, which as noted in Section
2.3.1 is expected to emerge asymptotically when the linear subsystem size becomes
much larger than the correlation length. At the lower temperature (8 = 2.22/.J)
shown in Fig. 2.5b the correlation length is larger and the Monte Carlo results
are no longer well described by a Gaussian. The PDFs obtained from SBMFT
are seen to be a poor approximation to the Monte Carlo data. In particular, the
tails of the SBMF'T distributions decay much slower than the Monte Carlo results
and extend beyond the physical thresholds ¥,/¢ = £1/2. The disagreement is

especially pronounced at lower temperatures where the exact distribution is broader.

9These were obtained for the disc-shape subsystem embedded in a total system of linear size
L = 32, which in general cannot be representative of the thermodynamic limit of the global system.
However, for the temperatures and subsystem sizes considered here the finite-size effects arising
from the use of such small L are expected to be negligible.
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In this chapter, we show that MSW'T, unlike SBMFT, is surprisingly effective in
predicting PDFs with good accuracy. Compared to SBMFT, MSW'T approaches the
problem from a very different perspective: designing a way to employ a spin-wave
formalism (Section 2.3) in a disordered context. The intuitive rationale behind
this is that, despite the absence of magnetic order, at sufficiently low temperatures
where antiferromagnetic correlations can be locally strong, a (modified) description
in terms of spin waves can remain meaningful'®. MSWT represents one of the
simplest approximate descriptions of the 2D Heisenberg antiferromagnet at 7" > 0.

Similarly to SBMFT, the spin-spin correlation length £ predicted by this theory is
€ o &1/ T explea/T) (2.37)

where ¢;, ¢ are O(1) positive constants [209]. This functional dependence matches
the one-loop renormalization group result for the nonlinear ¢ model, but the
1/T pre-factor disagrees with the two-loop RG calculation [210] and Monte Carlo
results [187]. We start by briefly reviewing MSWT in equilibrium, and show
that the reason why MSWT improves over SBMFT is that it reduces the weight
associated with unphysical states. We then generalize MSWT to out-of-equilibrium

scenarios in Section 2.4.3.

2.4.1 Takahashi’s approach

Following the original derivation [168] we employ a Dyson-Maleev (DM) repre-

sentation of spin operators [211, 212]

S?=s—dala S =al St =2s—ala)a; icA
; ; ; (2.38)
where a; and b; are bosonic annihilation operators and [a;, b;] = [a;, b;] = 0. Note

that the DM representation is non-Hermitian with respect to the standard inner

product, but it has the advantage (over the HP representation from Section 2.3.2)

For example, in Ref. [208] Takahashi observed that MSWT provides a low temperature
expansion of the free energy in the 1D Heisenberg ferromagnet that is in good agreement with the
exact results obtained from Bethe-ansatz.
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of being expressible in terms of only finite-order polynomials in the bosons. Clearly,
a physical constraint on the boson occupation, identical to the one for HP bosons,
applies here too. The DM representation yields the following expression for the

s = 1/2 Heisenberg Hamiltonian

H=JY 5:-8; = ‘2] > (ala; + blb; + aib; + albl — al (a; + b})ij)—‘QJLQ . (2.39)
(i) (i)

In place of DM, it is also possible to employ HP and retain only terms involving
at most 2n bosons in H, as done up to n = 2 in Section 2.3.1. This results in an
approximation that (post mean-field decoupling) we refer to as “MSWT /HP2n”.

The key step is mean-field decoupling the quartic interaction in (2.39) while
ensuring a disordered state with (S/) = 0 V v = x,y,2. To obtain (S7) = 0
Takahashi introduces a chemical potential 1 in the Hamiltonian that fixes the average
occupation numbers (ala;) = (b}bj) = 1/2, while the z-rotational invariance!!

ensures (S7) = (5Y) = 0, together with

<aTbj> = <aiai’> = <bjbj/> =0 v Z.ai/ S A7 jaj, €B. (240)

1

Imposing (a}a;,) = <b;bj+q> from the physical equivalence between the two
sublattices, and setting (a;b;) € R to end up with a Hermitian mean-field theory,
results in the MSWT /DM Hamiltonian

HMF =—JA Z (CL;[CLQ' + b;b] + aibj + aij — M Z (CLICLi + b;b]) + EMF
(3,9) 1€EA,jJEB
= —(4JA+ ) Y (afar + bib) — 4JA S y(k) (@b + b’ ) + By
k k
(2.41)

where A = (a;b;) € R for 4, j nearest neighbours, Eyp is a constant and (k)
is defined as in (2.27). We note that MSWT/HP4 results formally in the same
mean-field Hamiltonian (2.41) for A € R, ¢f. (2.26). As we will see, this does
not imply that MSWT /DM and MSWT/HP4 yield identical results for physical

observables, given that they retain very different ways of expressing spin operators

1n terms of bosons, a rotation around the z-axis is obtained by a — ae'®, b — be™*?.
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in bosonic language (compare Eqgs. (2.23) and (2.38)). The Hamiltonian (2.41) can

be diagonalized by the following Bogoliubov transformation

ay = cosh 0, &, — sinh 6y, Blk Bk = cosh 0, Bk — sinh 8, dT_k
4JA (2.42)
tanh 260, = k = ——
anh 20, = n (k) "= AT

thus obtaining
Hur = Y e (ahaw + BlB) + Eo e = —(4JA + /1 — 2 (k)? . (2.43)
k

Here we have |n| < 1 and (4JA + p) < 0. In equilibrium at inverse temperature

B the self-consistency equations for A and p read

1 n7(k)? 1 (1+ 2ny)
T o S S,V N D 0 WS S o e 7
L2521 = nPa(k)? L Zk: 1 — 2y (k)?

where n;, is a Bose occupation number for a mode of energy ¢, at inverse temperature

A= (2.44)

B. Very similar equations are obtained when dropping the assumption that A is
real. We also note that they have the same form as the self-consistent equations
obtained in SBMFT [213]. For T' > 0.91.J the only solution to the self-consistent
equations is the unphysical (trivial) one with A = 0. This reflects the inability of
MSWT to describe the high-temperature disordered phase of the 2D Heisenberg
antiferromagnet, where nearest neighbours correlations are strongly suppressed.
However, in the lower (but still finite) temperature interval 0 < 7' < 0.91.J non-
trivial solutions to (2.44) exist. This fully defines Hyp, which in turn gives us
access to all the 2-point functions within the subsystem A of interest.

Despite having set (S]) = 0 for v = 2,y, z, the mean-field theory constructed
so far violates spin rotational symmetry. This is due to the particular choice of a
quantization axis which is intrinsic to the DM representation (2.38) (or the HP one).
This drawback is absent in the full SU(2)-invariant SBMFT, and must be resolved in
order to correctly describe a magnetic phase without long-range order. To address
this issue Takahashi introduces an explicit rotational averaging [208]. This involves

the replacement of generic expectation values of (products of) spin operators by



2. Full counting statistics in Gaussian theories of quantum magnets 39

rotationally invariant ones, by means of an integral over the SO(3) Haar measure'?

——— 1

T 21 27
(U)W — (T[O[T) = 2/0d9s1n9/0 dgb/o dy (B[UTOU) | (2.45)

82
where U is a global SO(3) rotation
U6, ¢,1) = exp (z’@ > Sf) exp (quz Sf) exp (iwﬁ > SZ-> , (2.46)

and 7 is the direction specified by the 6 and ¢ angles. This prescription ensures

that for any SO(3) rotation V'3

(TVTOV]T) = (T[O[T) . (2.47)

This procedure trivially generalizes to expectation values with respect to a density

matrix p. Some examples of the rotational averaging are

. 5a
(WISFIW) =0, (W[SPSEIW) = =57(WIS; - Sil¥)

(W(S757575)])
L (01(8,8,) (St~ 80) +(S:-84) (S, - 50) + (S~ 81) (S, Si) |T) .

T 15
(2.48)
2.4.2 PDFs in equilibrium

We start by considering the PDF associated with the on-site operators that define
the physical constraint in the chosen bosonic representation of spins. For DM or
HP this translates into calculating the PDF of the occupation number n; = aj a;
(identical to the one for b;) in a thermal state at inverse temperature 5. This provides
a useful diagnostic for the role of unphysical boson states introduced by not treating
the constraint exactly. Thanks to (2.40) and the fact that we impose (n;) = 1/2,
it is possible to obtain a temperature-independent analytical expression for the

one-site RDM p; of the mean-field equilibrium state, and its associated PDF for n;

T @ —inA 2
—r 2T 3 — e“‘ ’

p1 = gexp [— log(3) ny] P,.(n)= (2.49)

12Given the lattice structure that we are considering, we always have an even total number of
sites, which guarantees a total integer spin. This justifies the interchangeability SU(2) <> SO(3).
131t also automatically satisfies (Wo|O| W) = (U(|O| W) for any singlet state |¥).
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Figure 2.6: a) PDF of the constraint C; in SBMFT (see [1]) and comparison with the
exact constraint. b) PDF from mean-field MSWT of the occupation number n; = aIai
and comparison with the exact distribution of a disordered spin-1/2 antiferromagnet.

In Fig.2.6b we plot P,,(n) as a function of n. For comparison with SBMFT, in
Fig. 2.6a we report an analogous PDF for an on-site operator C; that in the exact
Schwinger-boson mapping is associated with the constraint C; = 1, which however
SBMFT satisfied only on average (C') = 1 (see [1]). While also in MSWT there
are significant deviations from the exact PDF, the agreement is better than for
SBMFT. The higher weight given to unphysical states by SBMFT is the primary
reason why it represents a poorer approximation than MSWT.

By turning our attention to PDFs of the staggered magnetization >, in a
subsystem .4, we however encounter a significant downside of MSWT (that SBMFT
does not have): the physically-required rotational averaging (2.45) precludes us
from applying our FCS formula (2.13). This is because the operator appearing in
the expectation value {exp (1AY,)) over the Gaussian RDM p, is not a Gaussian
bosonic operator, as required by Egs. (2.12) and (2.13). We therefore resort to
computing the first few cumulants of the PDF by brute force, i.e. employing
Wick’s theorem. The first and third cumulants vanish identically as a result of

the rotational averaging. The second cumulant is given by

— 1
Rog = <EAQ> = = Z Vi <SZSJ> , (250)
3 .4
1,JEA
where v;; is equal to 1 if 4,7 are both in the same sublattice and —1 otherwise.

Expressing the spin operators by the DM representation (2.38) and using (2.41)
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Ra/l
6] Monte Carlo | MSWT/HP6 | MSWT/DM | SBMFT
1.59 1.32 1.56 1.59 2.38
2.22 2.19 2.51 2.71 3.89

Table 2.1: 2nd cumulant per site of the staggered magnetization ¥, in the disc-shape
subsystem A with £ = 80 sites in the various mean-field approximations and Monte Carlo

results from [135].

Ra/l
B || Monte Carlo | MSWT/DM | MSWT/HP4 | SBMFT
1.59 —51.5 —42.0 243.0 748.2
2.22 —240.2 —427.7 —60.8 2059.9

Table 2.2: 4th cumulant per site of the staggered magnetization ¥, in the disc-shape
subsystem A of ¢ = 80 sites.

together with the condition A € R gives

R =g [2 3 ((aiai/)Q + ;5zz> +2 > <aibj>2}

Li’'€A icA,jeB

ii'jeA.  (251)

The same result is obtained by expressing the spins in terms of HP bosons and
discarding terms beyond quartic interactions. Thus %5 is the same in MSWT /DM
and MSWT/HP4.

We explicitly computed %5 for the disc-shape subsystem A of ¢ = 80 sites and
the two temperatures J3 = 1.59,2.22 discussed above [122, 135]. In Table2.1 we
report values from MSWT /DM as well as the next order in the HP expansion
(MSWT/HPG6), obtained by including and mean-field decoupling sextic interactions
in the Hamiltonian and taking into account sextic terms arising in (2.50). To
facilitate comparison, we also report the results from the Monte Carlo simulations
[135] and from SBMFT [1] (see Fig. 2.5). We see that the MSWT results are in
fair agreement with Monte Carlo simulations, in clear contrast to SBMFT.

The 4th cumulant of 3, is given by

1= (3H - 3%, (2.52)

and its evaluation requires Wick decomposing a fairly large number of terms, as

evident from (2.48). For this reason we limit the evaluation of %4 to the cases
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MSWT/DM and MSWT /HP4, for which we obtain the two different results reported
in Table 2.2, together with the corresponding 4th cumulants from the Monte Carlo
simulations and SBMFT. We see that MSWT/DM is better than MSWT/HP4
in this case, and that both are better than SBMFT.

We can also attempt an approximate reconstruction of the PDF from the
knowledge of the first 4 cumulants (two of which vanish). This allows one to more
easily visualize the comparison with the Monte Carlo data [135]. The cumulants

Ry, are related to the characteristic function by

a(A) = exp Li; % Wn] | (2.53)

n!
The approximation we employ follows from neglecting all %, for n > 4, i.e.

expressing x4(A) as

1 1
Xa(A) ~ exp —§E2)\2 + m‘*} . (2.54)

24

The approximate PDFs'* generated by integrating (2.54) are shown in Fig. 2.7,
with Rq, 4 obtained from MSWT/DM or extracted directly from the Monte Carlo
results. The agreement with the full Monte Carlo PDFs is significantly better than
in the SBMFT case of Fig. 2.5. We note that the approximate construction of
PDFs just presented works only under the condition %4 < 0 and thus cannot be

applied to MSWT/HP4 at 8 = 1.59, c¢f. Table2.2.

2.4.3 Non-equilibrium dynamics and PDFs

We now generalize MSWT to non-equilibrium dynamics using SCTDMFT (Sec-
tion 2.2.3). We focus on quantum quenches starting from initial states |1;) that
exhibit no magnetic order. We are particularly interested in situations where |1);) is
characterized by a short correlation length and low energy density relative to the
ground state of the 2D Heisenberg antiferromagnet. We then expect the correlation
length to grow under time evolution and the PDF of the staggered subsystem

magnetization (along any direction) to become broader and flatter.

14The PDFs obtained assuming %, = 0 for n > 4 contain in general some negative values and
are not properly normalized, but these effects are negligible in the examples considered.
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Figure 2.7: Staggered magnetization PDFs in the disc-shape subsystem A with £ = 80
sites as reconstructed from 2nd and 4th cumulants using (2.54), and comparison with
full Monte Carlo PDFs. a) 8 = 1.59 with Re, R4 extracted from full Monte Carlo PDFs.
b) 8 = 1.59 with Ra, R4 from MSWT/DM. c¢) § = 2.22 with Ra, 4 extracted from full
Monte Carlo PDFs. d) 8 = 2.22 with Ra, K4 from MSWT/DM.

A clear difference with respect to previous applications of the SCTDMFT is
that the DM Hamiltonian (2.39) is non-Hermitian. To proceed, we follow [214]
and define the Heisenberg-picture time evolution for a non-Hermitian Hamiltonian

H (from an initial state |¢;)) as
(ile 1t O e M) (2.55)

This choice is sensible because it leaves the standard form of the Heisenberg EOM
unchanged, from which we also see that setting O = H still yields conservation
of energy. If one could treat the evolution (2.55) exactly® the results would be
identical to those of the Hermitian evolution in spin language. On the contrary, one
might be worried that the use of mean-field schemes on (2.55) could lead to complex
expectation values of Hermitian observables O and divergences (for t — oco) due to

the complex nature of the spectrum of the non-Hermitian mean-field Hamiltonian.

5Hence, with no mixing of the physical and unphysical part of the bosonic Hilbert space.
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We will verify that neither of these two issues appears in our treatment!¢. Within
the prescription (2.55), the normal ordering of Appendix A.1 which is at the basis
of SCTDMFT can be generalized to the case of non-Hermitian H, leading to a
formally identical procedure to perform the mean-field decoupling. We hence arrive

to the following time-dependent mean-field Hamiltonian

Hyp(t) = —4 JZ (A(t) &Z&k + A(?) BLBIC)

— 43 (k) (A(t) axbi + A(t) afb' ) + Ens(t) - (2.56)
k
Here the two complex time-dependent mean fields A(t), A(t) are defined by

(O) = Wil () OUie(®l) . Usaelt) =T |~ Jotetbwrt ]
A(t) = (abj)y , At) = (aib})t , 1,7 nearest neighbours. (2.57)

In deriving (2.56) we have already used (ala;); = (bib;); = 1/2 V t, without the
need to introduce any (time-dependent) chemical potential. This is possible because
when starting from an initial state that satisfies (1;|n;|¢;) = 1/2, the time evolution
with the SCTDMFT Hamiltonian (2.56) automatically ensures that (n;), = 1/2 is
fulfilled at all times (see third EOM below). The EOM for the momentum space
2-point functions derived from (2.56), (2.57) are

$<~kl~7—k>t =14J [(A + A){arb_1): + Ay (k) (<&de>t + (B b + 1)] ,
LB e = 4 [(A+ DG e+ () (@ + (0 5o+ 1))
O alan)e = 1479 (k) [A@LLe — B e)] = 2L (2.58)

Crucially, the structure of (2.58) ensures that the initial conditions A(0) = A(0)*,
(ab_p)s = (@', )o and (@lag)o, (blbe)o € R remain valid at all times, despite
the fact that Hyr(t) remains non-Hermitian at all times'”. Thus, at the level of

2-point functions'® the non-Hermitian time evolution defined by (2.57) preserves

16The absence of divergences is not surprising, given that by construction SCTDMFT conserves
the expectation value of the energy.

17Sce terms in Hygp(t) proportional to ) ay and b} by.

18This is in contrast to the EOM for 1-point functions, which expose the non-unitary nature of
Unmr(t) in (2.57). However, all 1-point functions vanish due to the z-rotational invariance of the

DM and HP4 Hamiltonian.
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the relations expected from a Hermitian theory. In fact, one can verify that by
starting from the Hermitian HP4 Hamiltonian and performing the usual SCTDMFT
decoupling of Appendix A.1l, one arrives exactly at the EOM (2.58) with the
identification A(t) = A*(¢). From (2.58) we easily derive that |A| is a conserved
quantity, and this ensures conservation of energy, which is always guaranteed when

using SCTDMFT (Appendix A.1). The EOM for the phase ¢ of A = |Ale® is

f;f —8.J |Re(A) + L12 Ek:y(k:)Q ((@kax) + (B xbr) + 1)1 . (2.59)

Having obtained all the EOM needed to characterize the Gaussian RDM, we
turn to the construction of the initial state |¢);). We require [¢);) to respect the
Z rotational invariance and the spatial symmetries of the Hamiltonian, which

constraints us to the functional form

|thi) = Clexp

1
D) Z Uijaj'b}] |0>, (2'60)

i€A,jeEB

where |0) is the vacuum of bosons and 7;; := n(|z; — «;|) in order to enforce the
spatial symmetries. The 7;; are chosen by requiring the state to be normalizable, to
possess an average bosonic occupation on a site equal to 1/2 and to be characterized
by a sufficiently small correlation length &; for spin-spin correlations. Even though
(2.60) breaks SU(2) invariance, the latter is recovered after applying the averaging
procedure (2.45). Furthermore, although by satisfying the constraint only on average
the Gaussian state (2.60) is not a physical spin state, it is expected to generate
dynamics with features similar to those obtained starting from physical singlet
states, or SU(2)-invariant density matrices, with correlation length close to §;. At
late times the system governed by the Heisenberg Hamiltonian will thermalize at an
effective temperature set by the energy density in the initial state (Section 1.2). Spin
correlations in this thermal state can approximately be described by equilibrium
MSWT and will possess a finite correlation length £;. To clearly exhibit the growth
of the spin correlation length under time evolution we adjust the parameters 7;;
in order to achieve {; > ¢;. This is done by considering nonvanishing 7;; for

the first seven consecutive classes of nearest-neighbours (n; for i = 1,...,7) and
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Figure 2.8: Time evolution of 2-point spin correlation functions in MSWT/DM-HP4
starting from the initial state (2.60) with n; = 0.35, 9o = 13 ~ 0.024, n4 ~ 0.012, n5 = 0,
ne ~ 0.008, 17 ~ 0.015 (& ~ 20, £7(B, 1) ~ 200), and comparison with thermal values at
appropriate 5 and u. a) Same sublattice. b) Different sublattices.
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Figure 2.9: Time evolution of DM cumulants starting from the state [¢)1) specified
by the n; of Fig. 2.8 and the state |¢5) specified by 11 ~ 0.386, 2 ~ 0.017, n3 ~ 0.012,
na ~ 0.007, 05 ~ 0.001, ng ~ 0.0, 7 ~ 0.025 (& ~ 10, &¢(B3, 1) ~ 45). The subsystem A
is a square with ¢ = 30 x 30 sites. Comparison with thermal values is shown. a) 2nd

cumulant ®a(t). b) 4th cumulant ®4(t).

tuning them to have a low initial energy density (which ensures {f large) while
retaining & < & (hence maximizing the correlation length growth). We stress
again that while it is well-understood that a simple self-consistent time-dependent
mean-field approximation like the one employed here cannot correctly describe
thermalization [102, 103, 176, 177, 215], it can describe relaxation to a steady state
that is approximately thermal, see e.g. Ref. [178].

In Fig.2.8 we plot the time evolution, starting from (2.60), of some SU(2)-

invariant 2-point functions of spins. The late-time behaviour captures their



2. Full counting statistics in Gaussian theories of quantum magnets 47

—tJ =0.0
--tJ =20
3/ ST =170
—tJ =40.0
= —Thermal
W2
A
0
1 L
0 | | |
-0.5 -0.25 0 0.25 0.5

./

Figure 2.10: Approximate PDFs of ¥, constructed from the DM 2nd and 4th cumulants
at different times, in the time evolution from initial state specified by the n; of Fig. 2.8.
The subsystem A is the 30 x 30 square of Fig. 2.9. Comparison with the PDF constructed
from the DM thermal 59 and %4 is shown.

approximate thermalization. As expected, correlators between spins on different
sublattices possess antiferromagnetic character, as opposed to those within the same
sublattice. Note that expressing the operators S; - S; in terms of bosons and using
Wick contractions to compute their expectation value in the SCTDMFT yields
identical results for the DM and HP representations. The same is not true for
2n-point spin-functions with n > 2. In [1] we also showed that the time evolution
for the 2-point spin functions agrees in functional form with the Lieb-Robinson
bound for correlators [24, 25|, and that A = (a;b;) (4, j nearest-neighbours) relaxes
to a real value at late times.

In Fig. 2.9 we show the DM time evolution, starting in two different initial states,
of the 2nd and 4th cumulant of the staggered magnetization in a square subsystem A
with ¢ = 30 x 30 sites. We compare the late time values with the DM thermal values
at appropriate § and pu. The DM time evolution of the 2nd cumulant coincides
with the HP4 result, but this is not true for the 4th cumulant. We avoid explicitly
reporting results for the 4th cumulant from HP4 as they display a poorer agreement
between stationary values and thermal ones, with respect to DM. This is perhaps

not surprising given that HP4 represents a truncation of the exact HP mapping,
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while the DM mapping requires no truncation'. As seen in Fig. 2.9 both the 2nd
and 4th cumulants increase in absolute value after the quench. This is a consequence
of the fact that the final correlation length is larger than the initial one and thus
antiferromagnetic correlations grow in strength. We also notice that the agreement
between stationary values and thermal ones is better for the quench possessing a
larger final correlation length. This is expected because, by construction, MSWT
works better at low energy densities (low temperatures, in equilibrium).

Given that &4 < 0 during the whole time evolution, we can generate approximate
PDFs obtained from the knowledge of Ko and R4, exactly as done in equilibrium.
The results are shown in Fig.2.10. As expected the PDFs broaden in time and
eventually approach their appropriate thermal values. Moreover, the shapes of
the approximate PDFs are closer to what one might expect (after a quench in
which the correlation length strongly increases) than those obtained, again for

quench dynamics, with SBMFT in [1].

2.5 Conclusions

The main technical result introduced in this chapter is the determinant repre-
sentation (2.13) for the FCS in Gaussian theories of bosons. This allowed us to
explore the PDFs of the subsystem staggered magnetization, a local order parameter
that is not conserved globally, in the paradigmatic Heisenberg antiferromagnet in
dimensions D = 2 and 3. We obtained results in equilibrium and after quantum
quenches, both in the presence and in the absence of long-range magnetic order,
by employing (modified) spin-wave representations together with time-dependent
self-consistent mean-field schemes.

Given the rich dynamics we uncovered for PDFs of the subsystem staggered
magnetization after quantum quenches, it would be interesting to investigate these

experimentally. This appears to be within close reach [122, 158-160].

190ne may expect that considering higher truncations HP2n with n > 3 would lead to results
closer to DM.



Universal freezing transitions of charge-
and dipole-conserving chains

3.1 Introduction

The phenomenon of HSF, introduced in Section 1.3.2, has been originally pointed
out in the context of quantum chains conserving a charge N and its dipole moment
X [108, 109, 113]. In this chapter, we present considerable progress on the analytical
and numerical characterization of this paradigmatic class of ergodicity-breaking
systems. These models effectively arise in the context of the quantum Hall effect
[216, 217], in systems of particles exposed to strong tilt potentials [218-223], and
in the presence of driving at special frequencies [224]. The combined effect of the
two conserved charges and the finite local support of interactions greatly inhibits
mobility and generates HSF. In particular, isolated charges cannot propagate on
their own, as they require other nearby charges to interact with. This induces a
fracture of (N, X) quantum sectors into multiple Krylov subspaces (Section 1.3.2)
that are dynamically disconnected.

Recently, there have been attempts to understand how these and other types
of systems undergo a continuous “freezing” phase transition between “weak” and
“strong” HSF as the charge density v = N/L (with L length of the chain) is

varied [225-228]. These two distinct phases differ in the degree of fragmentation

49



3. Universal freezing transitions of charge- and dipole-conserving chains 50

d=2 d=3 d=14

10 \ ‘ \ ‘ \
} } — Strong HSF

9 \ T | — Weak HSF
8 l l l
\ [ [ [
| | |
- 7 \ [ 1 [ [
| Ve = ) | |
L7 | |
6 \ \ [ [
[ [ [
| | |
S \\\ I I
\ \ \
I I
4 \ \ \
\ \ \
3 L | L | L |

0 0.25 0.5 0.75 1 1.25 1.5

v

Figure 3.1: Conjectured universal (with respect to the on-site dimension d) phase
diagram of charge- and dipole-conserving quantum chains with range-k interactions.
The relevant variables are the continuous particle filling v > 0 and the discrete range of
interactions k > 3. A first strong-to-weak fragmentation transition occurs at v, = 1/(k—2),
and is independent of d. Note that for each value of d we depict the corresponding phase
diagram only below the half-filling (d — 1)/2 (vertical dashed lines). Beyond half-filling
the phase diagram is mirrored by particle-hole symmetry, leading to a second opposite
transition (not depicted here) at d — 1 — v,. Also note that for d = 2 it is only meaningful
to consider k > 4, as there can be no dynamical evolution at k& = 3 which respects the
global conservation laws.

they exhibit (see Section 3.2.2). By considering quantum chains with unbounded on-
site dimension d = oo, range-k interactions and charge-dipole symmetry, Ref. [226]
analytically argued that the critical density for the freezing transition® is located at
v, = (k—2)~!. In this chapter we make considerable progress on characterizing the
transition in dipole-conserving chains with any on-site dimension d. In particular,
we present analytical and numerical evidence that the critical density v, = (k —2)7!
of Ref. [226] is “universal”: for arbitrary on-site Hilbert space dimension d, there is
a strong-to-weak transition at v = v, with a second weak-to-strong transition at
v = d—1—uv, by particle-hole symmetry?. This leads to the universal phase diagram
of Fig. 3.1. We note that, unlike previous analytical results on this phase transition
[226], our framework provides several analytical insights into the dynamical impacts

of strong fragmentation.

'In the largest dipole moment sector, as N = v L varies.
2Note that this result on the precise location of the phase transition point in principle relies on
the natural assumption of “gate completeness” discussed in Section 3.2.1.
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Figure 3.2: Examples of range-k gates (k = 4) implementing inward (left) and outward
(right) hops that conserve N and X. The initial and final configurations are compatible
with any on-site dimension d > 4.

The remainder of the chapter is organized as follows. In Section 3.2 we introduce
the dipole-conserving models, and the order parameters that enable to distinguish
between weak and strong HSF. In Section 3.3 we introduce a new framework to
identify local hindrances to the global (dynamical) connectivity of the system. In
particular, we uncover the existence of novel forms of obstructions to transport. In
Section 3.4 we use this framework to analytically prove that typical (N, X)) symmetry
sectors at v < v, are strongly fragmented. In Section 3.5 we present numerical
evidence compatible with the fact that typical (N, X) sectors at v > v, are weakly
fragmented. In this section we also analytically determine some critical exponents,
hence establishing on firm grounds the dipole-conserving universality class, and
conjecture the existence of an inverse QMBS phenomenon on the basis of the EE of
eigenstates. We highlight how the underlying mechanisms behind the non-ergodic

features of the EE also have important consequences on quantum dynamics.

3.2 Fragmentation in dipole-conserving models
3.2.1 Charge- and dipole-conserving local models

Despite our main objective being the characterization of charge- and dipole-
conserving quantum chains, due to the classical nature of HSF in these models
significant progress can be made by considering their classical counterparts [225-227].
For many purposes, it is hence sufficient to focus on classical particles hopping
on one-dimensional lattices and subject to finite-range local rearrangements that

conserve a charge and its dipole moment.
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We consider a chain of L sites with open boundary conditions (OBC), where
each site can host from 0 up to d — 1 particles, with 2 < d < oo. The particles
dynamically evolve through sequences of hopping moves implemented via range-k
gates, as depicted in Fig. 3.2. Letting n; indicate the number of particles on site i,

every gate conserves the total number of particles N and the dipole moment X

L—1 L—1
N=> n X=>in;. (3.1)
i=0 1=0

We define the filling v and the intensive centre of mass v, as

N X
V= — Uy

7 = NI (3.2)
where X /N represents the centre of mass. In order to uncover universal features of
broad classes of dipole-conserving chains, we will require that the dynamics satisfies
“gate-completeness”, i.e. that the set of available gates (and their combinations)
enables all possible rearrangements of particles compatible with range-k locality of
interactions, maximal occupancy of d — 1 and conservation of N and X. This is a
very natural requirement, as it implies that if two particles are within a distance k
one from the other, they can perform any move compatible with the constraints
above. It is clear that violations of gate-completeness further reduce mobility. An
example of this, for d = 4, k = 4, would be a chain in which the move on the left
in Fig. 3.2 is available, but the move on the right is not allowed. We anticipate
that, as a consequence of the additional hindrance to dynamics that a violation
of gate-completeness entails, the main results for the strongly fragmented phase
derived in this thesis remain unchanged.

In the following, we will be mainly concerned with understanding which and
how many configurations can be reached starting from a given initial configuration
of particles and performing classical (stochastic) dynamics, e.g. randomly drawing
and applying sequences of range-k gates. Our focus will be on “infinite-time”
properties, whose quantum counterparts describe the block diagonal structure of
quantum dynamics and properties of eigenstates. Indeed, all the results derived

in this thesis via classical reasoning have direct consequences on the physics of 1D
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quantum lattice models with any on-site Hilbert space dimension d and range-k
interactions that conserve a charge N and its dipole moment X , with [N , X ] =0.
In the case of Hamiltonian quantum dynamics, the Hamiltonian H is a sum of

range-k terms Bz(k) and has a form identical to (1.19)

7 Y

HI) =3 7Y + He., {E“‘) N} - [EE’“),X] —0Vi.  (33)

Here any individual operator ﬁfk) (possibly non-Hermitian) can be chosen such that
it maps product states in a properly defined “particle basis” to other product states
in the same basis. Analogously to the classical case, we require gate-completeness
of the set {le(k)} and all their combinations. A standard example is a model of

spin-s variables with k& = 4 and Hamiltonian

L—4 L-3
=0 1=0

where gf represent on-site raising and lowering operators and J;, K; are arbitrary
scalars. Note that any product state in the S* basis is in one-to-one correspondence
with a product state in a particle basis with d = 2s + 1, where the on-site particle
occupation f; = (57 + s) allows one to define N, X analogously to Eq. (3.1).
Identical considerations can be applied to fermionic (d = 2) and bosonic (d = o)
models. Instead of Hamiltonian dynamics, one can equally well consider (stochastic)
quantum dynamics implemented via unitary circuits that are built using range-k
quantum gates with charge and dipole conservation [109, 113].

In what follows we refer to individual configurations of particles on the chain
simply as “states”. In Section 3.5.2, where we discuss entanglement and quantum
dynamics, we refer explicitly to “eigenstates” and “product states” to highlight their
quantum nature. From now on, we restrict our attention to fillings 0 < v < (d—1)/2.
The regime (d —1)/2 < v < d—1 can be exactly mapped to the former by particle-
hole symmetry. Similarly, our conclusions for v, < 1/2 can be automatically
extended to v, > 1/2. Finally, we often implicitly resolve the dynamics of particles
in terms of sequences of pairwise one-site hops. Indeed, provided gate-completeness
is satisfied, it is easy to verify that this is always possible independently of the

on-site dimension d (see [2] for a more explicit discussion).
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3.2.2 Order parameters for the degree of fragmentation

Let Dz(\?,)x denote the size (dimension) of a given (N, X') symmetry sector in the
classical (quantum) setup. Given that N and X are the only “obvious” symmetries
of the models introduced in the previous subsection and that terms like BE’“ in
(3.3) represent genuine interactions, one might expect from the phenomenology of
quantum chaotic models that N and X resolve the entire block diagonal structure of
dynamics. However, this is not the case, as a consequence of the fractonic nature of
dynamics that emerges from the interplay between conservation of N and X and the
finite-range locality of interactions. The simplest way to see this is considering an
isolated particle at a distance larger than (k—2) (k is the finite-range of interactions)
from other particles. Due to the conservation of X, the particle remains immobile
until another particle enters its k-site interaction window. This is in striking contrast
with more standard forms of dynamics, e.g. a simple tight-binding model. The
major consequence of this N, X k interplay is that each (N, X) symmetry sector
necessarily fractures into exponentially many (in system size L) Krylov sectors?.
These feature a wide variety of dimensions [108, 109], ranging from 1-dimensional
to exponentially large ones. An example of a 1-dimensional Krylov sector, which

therefore represents an eigenstate for any of the Hamiltonians H(J), is depicted

below for a chain with (d = 3,k = 4,L = 26)

Here the two single particles are immobile because isolated by a distance equal or
greater than k — 1 from neighbouring ones, the two stacks of consecutive doubly-
occupied sites are frozen because of the finite d constraint and the two particles on
the right boundary cannot move due to the finite size of the chain and the open
boundary conditions enforced. Note that for any choice of d and k it is possible to

construct exponentially many (in L) 1-dimensional Krylov sectors by combining in

3Krylov sectors in the classical case are defined to be the set of product states in the particle
basis that span their associated quantum Krylov subspace. Hence, classical Krylov sectors coincide
with the subsets of states within each classical symmetry sector that are connected by the classical
(stochastic) dynamics.
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different ways frozen configurations like the ones just discussed [108, 109]. We will
discuss examples of exponentially large Krylov sectors later in the chapter.

While in the highly constrained models with (d = 2,k =4) and (d = 3,k = 3) it
is possible to identify Krylov subspaces as the quantum number sectors of simple
non-local symmetries expressed as “strings” of local operators [107, 112], we note
that this is not possible for the general class of models with arbitrary d and k
considered in this chapter?.

Let D](\C,lv’? (1) > 1 denote the dimension of the i-th Krylov sector (for some choice
of indexing i) of a given (NN, X) sector for on-site dimension d and interaction

range k. Then we have

K(dR)
(@) (k)
DN,X = Z DN:X (i) (3.5)
=1

where K ](\?7’)]? is the total number of Krylov sectors in the (IV, X) sector. Importantly,
we always consider families of (N, X) sectors, where one family includes all the
(N, X) sectors characterised by N = vL and X = v,vL? as we let L approach
the thermodynamic limit, with v and v, either fixed real numbers or fixed real
functions of L. In terms of the dimensions just introduced, Refs. [108, 109]
identified two distinct phases of HSF, characterized by a strikingly different degree
of fragmentation. These are referred to as strong and weak fragmentation, and

are defined in terms of the ratio

@k _ DEP(N, X)
/r' = ——

N,X = ; (3.6)
D{x
0 strong fragmentation
lim () = & s _ (3.7)
L—oo 7 1 weak fragmentation

where D4*) (N, X) represents the dimension of the largest Krylov sector in a given
(N, X) sector. We see that in families of symmetry sectors that are strongly
fragmented each Krylov sector constitutes only a vanishingly small fraction of its

corresponding symmetry sector. Furthermore, numerical evidence for small system

4The models with (d = 2,k = 4) and (d = 3,k = 3) are atypical in that they possess a higher
degree of ergodicity-breaking compared to other choices of d and k. We later discuss this point
further (see also the explicit discussion in [2]).
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sizes has been given in Refs. [108, 109] that 7’%{’? decays to zero exponentially fast
with L. In contrast, in weakly fragmented families the largest Krylov sector includes
in the thermodynamic limit a measure-1 fraction of all configurations present in
the corresponding (N, X) sector. It is evident that strong and weak HSF represent
two different scenarios within the realm of ergodicity-breaking mechanisms. In
particular, strong fragmentation represents a strong violation of diagonal ETH
(Section 1.2), given that typical eigenstates do not appear thermal within their
corresponding (N, X') sector. On the contrary, in weakly fragmented (N, X') sectors
only a vanishingly small fraction of all eigenstates is expected to be non-thermal,
and ETH is violated only weakly [108]. In this sense, weak HSF is similar to weak
ergodicity breaking due to QMBS (see Section 1.3), even though we note that in
many models hosting QMBS the number of scar eigenstates scales polynomially
with the volume of the system, while in systems hosting HSF, non-dominant (hence
non-thermal) Krylov subspaces in weakly fragmented symmetry sectors are still

exponentially many in L.

A different probe for the nature of fragmentation was introduced in Ref. [225].
Let p%d’k) (7) be the density of frozen sites in the i-th Krylov sector of a given N
sector, where a frozen site is a site whose occupation number is the same throughout
the entire Krylov sector. Then, numerical evidence for small system sizes suggests
that the average density of frozen sites in a given N family of symmetry sectors,

defined by the weighted average
K& . :
S e (@) DY ()

¢ (dok) 4k) .
Yy DR G)

P (N, L) = (3.8)

is a non-increasing function of the filling v, which is exactly zero (in the thermo-
dynamic limit) beyond a critical filling. Here we have defined K](\?’k) to be the

total number of Krylov sectors in fixed N sectors, i.e. we are not resolving® over

®One can also define a ratio of dimensions analogous to (3.6) that, however, does not resolve
with respect to X. Its expression is identical to the right-hand side of (3.6) but with a sum over
all X sectors (for a given N) both in the numerator and denominator.
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the different dipole moments X compatible with N. The numerical evidence for
d = 3,k = 4 and small system sizes in [225] is compatible with the existence of a
unique critical filling, coinciding with our v, = (k — 2)~!, that characterizes the
phase transition point for both the ratio 7"](\(,{’? from (3.6) and the density of frozen
sites® 7" We note that both the “order parameters” (3.6) and (3.8) introduced
are highly non-local. For example, in computing ﬁgﬁl’k) one cannot recognize a site
as frozen without having first globally resolved the Krylov sector.

In the following sections we will obtain both analytic results and strong numerical
evidence regarding the behaviour of these order parameters as a function of the
filling v. For example, in Section 3.4 we prove analytically that for any d, any
v<v,=(k—2)"! and any typical” family of (N, X) sectors, TE\C{’?{) decays to zero

exponentially with L and hence these families are strongly fragmented.

3.3 Blockages and fully extended states

We present in this section a framework that allows us to analytically characterise
the strongly fragmented phase of models with any on-site dimension d. It also
forms the basis of the efficient numerical procedure for addressing the weakly
fragmented phase discussed in Section 3.5.3.

The main idea behind our formalism is that the degree of “dynamical connectiv-
ity” in the system is directly related to the presence or absence of blockages along
the chain. These are defined as subregions of the chain across which transport of
particle number and dipole moment cannot occur, i.e. blockages prevent the regions
to their left and right from exchanging particles and dipole moment quanta. We
prove the existence of two distinct types of blockages, which we classify as type-1
and type-2. The former involve k — 1 or more consecutive empty sites that are

frozen, and hence create a disconnection in the system due to the finite range k of

5Despite this powerful connection between the strongly fragmented phase and the presence of
finite densities of frozen sites, it is quite easy to verify that in the regime (k —1)~! < v < v, rare
Krylov sectors devoid of frozen sites exist for any d (see Section 3.4.3).

"Here with “typical” we mean families characterized by an intensive centre of mass v, =
1/2 + o(LY), as these exponentially dominate their corresponding N sectors for large L (as we
prove in Section 3.4.1).



3. Universal freezing transitions of charge- and dipole-conserving chains 58

interactions. Type-2 blockages are more subtle, as they do not involve frozen sites
but still prevent transport. For d = oo, we show that type-1 and type-2 blockages
can be efficiently located by analyzing simple local properties of a special state
called a “fully extended state” (FES) that is present in each Krylov sector, despite
the fact that blockages reflect global properties of the sector. We then generalize
our results to finite on-site dimension d by a procedure we refer to as the “FES
picture”. Finally, we discuss special Krylov sectors that lack blockages, and hence
that possess a high degree of dynamical connectivity. Perhaps unsurprisingly, in
later sections we will be able to connect the existence of these special sectors to

the onset of the weakly fragmented phase.

3.3.1 Blockages as local features of fully extended states

Our framework for identifying blockages is centred around the concept of FES
originally introduced in Ref. [226]. An FES is a state of a d = oo system in which
no pair of particles can perform an outward hop (c¢f. Fig. 3.2). In this regard, it
is important to remember that two particles separated by k& — 3 or more empty
sites (holes) cannot perform an outward hop. This significantly constraints the
structure of any FES. Indeed, to exclude the possibility of performing outward hops
an FES can host at most 1 particle on any of its sites and different particles must
be separated by sequences of at least £ — 3 holes. On the two boundary sites of the
open chain, however, an indefinite number of particles can be stacked and there
is no lower bound on how many holes separate each of these stacks from the next

closest particle. An example of an FES with £k =5, N = 12, X = 162 is

In a d = oo system an FES can always be reached by starting from any initial
configuration of particles and applying outward hops (irrespective of the order
of application) until it is no longer possible to proceed further [226]. Clearly,

this statement relies on the natural assumption of gate-completeness discussed in
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Section 3.2.1, and it is not true for systems with finite values of d®. In Appendix
A of [2] J. Classen-Howes proved the following uniqueness property of FESs for

any range of interactions k:

In a d = oo system, an FES cannot be dynamically connected to a different

FES, i.e. each Krylov sector possesses a unique FES.

We now show that in d = oo systems this uniqueness enables the identification
of blockages from local features of FESs, despite the fact that blockages reflect
global properties of Krylov sectors. An obvious but important property for the
following derivation is that any subsystem composed of adjacent sites of an FES
also represents an FES (with associated uniqueness) if considered in isolation. We
call any such contiguous subregion of an FES a “sub-FES”.

Type-1 blockages. Consider a d = oo system and an FES that possesses
a sequence of kK — 1 or more consecutive holes somewhere along the chain, as

depicted below

>k-1
Given that 2 particles separated by k — 1 or more empty sites cannot interact,
the subsystems on either side of these holes can be dynamically connected only if
one of them expands further, i.e. if one of the 2 particles in the figure is “pushed”
towards the other and reaches the k-site interaction window of the latter. However,
the left and right subsystems represent sub-FESs that are (by uniqueness of FESs)
maximally expanded, and hence none of them can push its corresponding boundary
particle. This proves that the &k — 1 empty sites are frozen and hence the regions
on their left and right are dynamically disconnected. A consequence of this is that
dynamics will conserve N and X separately on both sides of the hole sequence.

Thus, the hole sequence represents a blockage composed of empty frozen sites.

8Because the maximal occupation of d — 1 on each site can lead the system to remain stuck in
a state where no further outward hops can be applied, even though it does not coincide with an
FES.
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(a) | = type-2 edge
| = type-1 blockage
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Figure 3.3: Schematic representation of type-2 blockages, as identified from the sub-
FES that occupies a region A of the chain. (a) Example of region A enclosed by two
type-1 blockages. Subregions separated by a type-2 edge (i.e. a sequence of exactly k — 2
consecutive holes in an FES) are associated with particles of different colours. Any region
consisting of two type-2 edges and the sites enclosed by them represents a type-2 blockage.
(b) Close-up of the portion of region A highlighted by the dashed gray rectangle in panel
(a), where two sequences of k — 2 holes (type-2 edges) appear in the FES. In between the
two type-2 edges, particles are separated only by sequences of k£ — 3 holes. (¢) Example of
a possible partition of the portion of A from panel (b) into disjoint subregions that can
at most host two different colours. Note that it is irrelevant where between two chosen
particles of the FES we place a given partition cut.

Type-2 blockages. Consider a d = oo system in an FES and a subregion
A of the chain that is enclosed by two type-1 blockages, so that A is dynamically
disconnected from the rest of the chain. We also require that within A there are no
type-1 blockages. In cases where there are no type-1 blockages in the entire system,
A coincides with the whole chain. Let us denote as “type-2 edge” any sequence of
k — 2 consecutive holes enclosed between two particles in an FES. Within A we can
employ a useful colour scheme according to which regions separated by a type-2
edge have particles of different colours, as schematically depicted in Fig. 3.3(a) and
(b). In the example of Fig. 3.3(b) two type-2 edges are separated by a nonzero
number of sequences of k — 3 holes. However, type-2 edges can also be next to each
other, i.e. enclose just one particle and no sequence of k£ — 3 holes.

Consider the “local” Krylov sector composed of all the particle configurations
in A that can be reached starting from the sub-FES that originally occupies A.

In Appendix B.1 we prove that:
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Any configuration in this local Krylov sector can be dynamically reached by
partitioning A into disjoint subregions that contain at most two different colours
each and, starting from the sub-FES, performing independent series of hops within

each of these subregions.

We note that different particle configurations in the local Krylov sector might
be associated with different partitions of A. In the following, we will refer to the
statement above as “2-colour connectivity”. An example of a 2-colour partition for
the local subregion in Fig. 3.3(b) is represented in Fig. 3.3(c).

With reference to the particle configurations and colours of Fig. 3.3(b)-(c), let us
refer to the region consisting of the two type-2 edges and all the sites enclosed by them
as the “central region”. An elementary consequence of the 2-colour connectivity is
that the green and red regions cannot exchange particles or dipole moment quanta,
and hence that the central region represents a blockage. Indeed, the 2-colour
connectivity ensures that given any particle configuration in the local Krylov sector,
we can find a cut somewhere along the central region such that the particle number
and dipole moment to the left and right of the cut are the same as in the original
sub-FES. In striking contrast to type-1 blockages, here no frozen site is involved
and the green and red regions can exchange particles and dipole quanta with the
blockage. Identical conclusions hold for all the other colours in A, ¢f. Fig. 3.3(a).

In the following we will refer to any subregion of an FES devoid of type-1
blockages and consisting of two type-2 edges and the sites enclosed by them as
a “type-2” blockage. These constitute an example of active blockages in that

they do not involve frozen sites.

3.3.2 The FES picture

The methods just introduced to identify blockages when d = oo, which leverage the
nice properties of FESs, allow us to also address systems with finite d. Consider a
configuration of particles on the chain in a system S with d finite. Starting from
this state, we can imagine to perform dynamics in an auxiliary system S which is

identical to S aside from having no upper bound on the maximal on-site occupancy,
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i.e. d = oco. This allows us to apply outward hops until we reach the corresponding
unique FES in S. If in this FES some sequences of empty sites constitute type-1
blockages, the same sites will also be empty and frozen in the finite-d system .S,
thus representing frozen blockages there as well. Indeed, the Krylov sector in S
associated with the initial state is included in the corresponding Krylov sector in
S, as a consequence of the fact that any dynamical move allowed in the finite-d
case is also allowed for d = oo (but the converse is not true). By similar reasoning,
sites identified with type-2 blockages in S constitute, or are part of, blockages
also in S. Indeed, they necessarily prevent the propagation of particles and dipole
moment between the regions to their left and right. In the following, we refer to

this approach that maps a configuration of the system S to its corresponding FES

in the auxiliary system S as the “FES picture”.

We remark that the only blockages that can exist for d = oo are type-1 and
type-2 blockages. However, in general, S might possess frozen sites and blockages
in addition to those it has in common with S, due to the maximal occupation
constraint of d — 1 particles per site. Importantly, there can be finite-d blockages in
S that cannot be identified using the FES picture. The simplest example is given
by k — 1 or more contiguous sites with maximal occupation d — 1 embedded in an
otherwise empty chain. These sites are clearly frozen in S, but when using the FES
picture no type-1 blockage emerges to signal them, and hence this finite-d feature
is invisible to the FES picture. We note that finite-d blockages are accounted for
by the numerical methods addressing the weakly fragmented phase in [2]. They

are expected to play a minor role in the transition.

3.3.3 Blockage-free FESs

Given the dynamical disconnections induced by the presence of blockages, it is
natural to ask if Krylov sectors devoid of type-1 and type-2 blockages can exist.
Defining n; and ns respectively to be the number of type-1 blockages and of type-2

edges in an FES, we see that a Krylov sector devoid of blockages must necessarily
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contain a “blockage-free FES”, i.e. its unique FES must be characterized by n; =0
and ny = 0 or 1. Thus, if one considers all the separations between neighbouring
particles in a blockage-free FES, there can be at most one separation of £ — 2 holes
while all the other separations must be of £ — 3 holes, with the only exception being
the separations next to the two boundary sites which can be composed of fewer
than £ — 3 holes. Note that stacking remains allowed at the two boundary sites
and that the single sequence of £ — 2 holes, if present, can also be in-between one
of the boundary sites and the next closest particle. An example of a blockage-free

FES for k =6, L = 21, N = 13, X = 112 is given by

Importantly, blockage-free FESs can only exist for states with filling v > v,
(c¢f. Section 3.4), which already hints at their importance for the onset of the
weakly fragmented phase. Fillings v < v. are compatible with another special class
of FESs, composed of a sub-FES which hosts no blockages and is surrounded by
empty sites (which constitute frozen blockages) up to the chain boundaries’. We
refer to the latter type of FESs and to blockage-free FESs collectively as “particle-
connected” (PC) FESs, given that both types host no “disconnections” between the

leftmost and rightmost of their particles. In [2] J. Classen-Howes and I proved that:

Given an interaction range k, there exists one and only one PC FES within

each (N,X) sector.

Cases in which the unique PC FES is not a blockage-free FES arise when v < v,
or when the centre of mass X/N is significantly far from the centre of the chain
(the latter case is atypical, as we will see in Section 3.4.1). From the analysis in
Section 3.4 it will become apparent that, for any d, in typical weakly fragmented
(N, X)) sectors a necessary condition for a Krylov sector to be the dominant one,

i.e. the one appearing in the limit of r%@ going to 1 in (3.7), is for it to be free of

9Note that it is also possible for the sub-FES to overlap with one of the two boundaries.
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blockages. This means that dominant Krylov sectors must necessarily be mapped
by the FES picture to the unique blockage-free FES associated with the chosen
(N, X)) sector. The intuition behind this is that a dominant Krylov sector cannot
possess the strong dynamical disconnections induced by the presence of type-1 and
type-2 blockages. In Section 3.5.3 we will present numerical evidence for d = oo
that a necessary and sufficient condition for a typical (N, X) sector to be weakly
fragmented is for it to contain a blockage-free Krylov sector (which dominates in
size the symmetry sector). In [2] this conclusion is extended numerically to finite-d

systems.

3.4 Analytic characterisation of strong fragmen-
tation

In this section we prove that, given any on-site Hilbert space dimension d, any
typical (see below) family of symmetry sectors with v < v, = (k — 2)~! is strongly
fragmented. In particular, we show that the decay of the ratio r%’fg in Eq. (3.6) is
exponential with L. The proof relies on the fact that for v < v, there is an extensive
presence of blockages along the chain. This leads to a significant restriction of the
number of configurations that can be reached from a given initial state via range-k
dipole-conserving dynamics, and hence implies strong fragmentation.

We start by discussing the scaling of the dimensions of symmetry sectors, and
defining what we mean by a “typical” symmetry sector. This, combined with
the FES picture, allows us to very easily prove that the region v < (k — 1)7!
is strongly fragmented. We then present the full proof, which addresses the less
trivial region (kK — 1)™" < v < v.. Some of the technical details for this last

part are discussed in Appendix B.2.

3.4.1 Size of symmetry sectors and typicality

The asymptotic formulas (and related statements) reported in this subsection have

been derived by me in Appendix D of [2]. For some of them, I made use of recent
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results from the mathematical literature [229].
Let Dj(vd) denote the total number of configurations in the symmetry sector of
N = vL particles, where we do not fix the dipole moment X. For 0 <v <d—1

and asymptotically large L one has (see Appendix D of [2])
(@) 1 0
In DN’ (L) = Lng(v) — 3 InL+O(L7) . (3.9)

Here 14(v) is a strictly concave O(L°) function of v with a unique global maximum
at half-filling v* = (d — 1)/2, where it takes the value 74(v*) = Ind. We can also
consider the dimension DE\C,{)X of the symmetry sector with N = vL particles and

X = vv,L? dipole moment. Its asymptotic form is
In DYy (L) = L(nd(u) ~ A, m) oL+ O, (3.10)

where Ay(v,v,) > 0. For v, sufficiently close to 1/2 the function A, can be expanded

as

Na(v,ve) = M) V2, +0(V2) (3.11)

where ), is a positive function and v, = v, — 1/2 is the intensive centre of mass
when the origin is set in the middle of the chain. If we fix v, Egs. (3.10) and (3.11)
imply that for any family of (N = vL, X) sectors characterized by v,, = o(L°),
i.e. with intensive centre of mass infinitesimally close (in the thermodynamic limit)

to the middle of the chain, one gets

;_Jln DYy (L) = na(v) + o(L°) Vg, = 0(L0) . (3.12)

By comparing with Eq. (3.9) we see that families characterized by v,, = o(L") are
typical, i.e. together they contain a fraction that tends to 1 exponentially with L
of all the configurations in the chosen N = vL sector.

Another important property needed in the following is related to “spatial”

typicality, which is a natural consequence of the strict concavity of n4(v):

Typical states in a given family of N = vIL sectors are homogeneous over
extensive length scales, i.e. the “local” filling of any extensive subregion equals

the global v.
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¢y =sL, ny =pL by =(1—-5)L, no=(v—p)L

Figure 3.4: Example of a bipartition of the chain with L sites and N = vL particles.
W4, indicates the total number of configurations compatible with it, i.e. the number of
different configurations on the chain that can be reached by rearranging particles within
each subregion (without exchanges of particles between the two).

This is nothing but the familiar!’ combinatorial property that homogeneous
arrangements dominate in number the configuration space. To formalize this,
consider a system of length L and N = vL particles, and imagine to introduce a
bipartition of the chain such that one of the two subregions contains sL sites and
pL particles, with 0 < s < 1. We are interested in the total number Wy, (p, s, L) of
different particle configurations compatible with such a bipartition, see Fig. 3.4 for
a schematic illustration. We can extract the asymptotic dependence of W, (p, s, L)

directly from (3.9), which yields

1
gd,u(pa S) = lim Eand,u(pasrL) (313)

L—oo

“on(?)+0-om(32).

It then easily follows from the strict concavity of n; that

9au(p,s) <ma(v) Vp#p", (3.14)

where p* = v s is the unique global maximum of g4,, as a consequence of the identity
9ar(P*,s) = na(v). As there are only O(L) ways to distribute the total number of
particles N = vL between the two subregions (i.e. to choose p once s is fixed), we
see by comparing (3.14) with (3.9) that “homogeneous” configurations in which
both subregions have local filling equal to the global v are typical, i.e. their number

exponentially dominates (with L) over all other configurations in the N = vL

10To any physicist, since the work of Boltzmann on the microscopic definition of entropy.
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sector'’. Note that this spatial typicality condition is consistent with the typicality

of (N, X) sectors with vanishingly small v,.

3.4.2 Warm-up: strong fragmentation for v < (k —1)~!

Despite our goal being the proof that the entire region v < v, = (k—2)~! is strongly
fragmented, it is instructive to consider first the proof of the same statement for
the restricted region v < (k — 1)~!. This is the simplest case, as a consequence
of the mecessary presence of an extensive number of frozen sites.

Consider a chain S with 2 < d < co and global filling v < (k — 1)~!. Starting
from any configuration of particles on the chain, we can employ the FES picture of
Section 3.3.2 and reach an FES in the auxiliary system S. Let f denote the fraction
of sites in the chosen Krylov sector of S that are part of a frozen blockage. Given

the current upper bound on v, we automatically know from the FES picture that
f>1—-vk-1)>0. (3.15)

This lower bound is obtained by noticing that in the FES of S the lowest number
of sites involved in a type-1 blockage is obtained when each one of the N particles
is separated from its neighbours by exactly & — 2 holes. This implies that at most a
fraction v(k — 2 + 1) of all sites is not part of a type-1 blockage, leading to (3.15).
We now prove that as a consequence of Eq. (3.15), any typical (IV, X) family (see
previous Section 3.4.1) in S is strongly fragmented according to the ratio test in
Eq. (3.7). Indeed, for any typical (N, X) family, the exponential scaling of D](f,l’)X is
given by Eq. (3.12). On the other hand, the f L empty frozen sites induce a natural
bipartition of the chain in which they represent one (possibly non-contiguous) of
two independent subregions that cannot exchange particles or dipole moment. By

construction, the total number Wy, (p = 0,s = f, L) of particle configurations (of

'We note that it is straightforward to generalize this argument to the case in which we
partition the system into any G'= O(L") number of extensively large subregions of size s; L, with
s1+...+sg=1.
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any dipole moment) compatible with this bipartition (see Fig. 3.4) is larger than

the dimension of any Krylov subspace in the chosen (N, X) sector, i.e.

max

DE(N, X) < Wy, (p=0,5s=f, L) . (3.16)

From the uniqueness of the maximum p* of ¢4, (p, s) discussed in Section 3.4.1 and

the fact that here p = 0 # v f = p*, we automatically see that

1
lim —1In PN < gan(0, ) = na(v) < 0. (3.17)

L—oo

This proves, for any d, that all the (IV, X') families characterized by v < (k—1)!
and v,, = o(L") (typical) are strongly fragmented according to the ratio test (3.7),
given that r%’f{) decays to zero exponentially with L. We note that Eq. (3.15)
also trivially proves that the average density of frozen sites ﬁgﬁl’k) from Eq. (3.8)

is nonzero for fillings v < (k —1)7' < v..

3.4.3 The full proof

We now conclude the full proof by addressing the interval (k—1)"! < v < (k—2)7! =
V., to which we will refer as C;_s. The crucial difference with respect to the v
region discussed in the previous subsection is that in Cy_» it is possible to have
Krylov sectors hosting no frozen sites.

Similarly to before, to prove strong fragmentation in C;,_5 it is not necessary to
understand the specific features of the largest Krylov subspaces in a given family
of (N, X) sectors, i.e. the one entering the definition (3.6) of rj(vdy’f(). Our strategy is
once again simpler: we aim to show that for any v € Cy_», the largest Krylov sectors
occupy, irrespective of their characteristics, an exponentially vanishing fraction
of their corresponding symmetry sectors (N, X).

We start by noticing that in Cj_s there still exist exponentially many FESs of

the auxiliary chain S that possess a non-vanishing fraction f > 0 of frozen sites

that are part of a type-1 blockage. This leads us to

Case 1: The largest Krylov subspaces within a typical family of (/V, X) sectors

in S possess a nonzero fraction f of frozen sites that are part of a type-1 blockage.
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By reasoning identical to the previous subsection we see that, in Case 1, 7’](\?,’?

is exponentially suppressed in L.

Now we turn to the scenario in which f = 0, which is possible because the
inequality (3.15) does not hold in Cy_5. Assume that, in addition to f = 0, there are
no particles stacked on the two boundary sites of the FES of S to which the Krylov
subspace of S in question is connected (by the FES picture). If we call ps and ps
the densities of particles that are separated from the next closest particle to their

right by £ —2 and k — 3 holes respectively, then in the thermodynamic limit we have
p2+p3=v p2(k—1) +ps(k —2) =1, (3.18)
from which we find
pp=1—v(k—2) ps=vk—1)—1. (3.19)

This proves that for fillings v within C;_5, one has py > 0 and p3 > 0. If we
keep f = 0 but allow stacking of particles at the two boundary sites, then p,
necessarily increases with respect to the case (3.19) with no stacking. This means
that every Krylov sector with f = 0 must possess an extensive number of type-2
edges, and thus, of type-2 blockages. Given the O(L) number of possible choices
to select one, we can always pick a type-2 blockage (B) of L-independent size
such that the regions to its left (A;) and right (As), up to the boundaries, are
both extensively large. Given that A; and A, are prevented from exchanging
particles and dipole moment (by definition of blockage), we can upper bound the

dimension of the largest Krylov sector as

DR (N, X) < D' DY . (3.20)

max Nay+8:XA148B 7 Nay+B,XA5+8B

Note that on the right-hand side of the previous inequality the blockage is joined
both to A; and A,. To obtain an expression that avoids this doubling of B, we
notice that starting from a chain with L sites and N particles that possesses
D](ffl) configurations, if we add to it £ = O(L) sites which contain n = O(LY)
particles, then limj_,. D%@rn(L +0)/ DE\C,O(L) is a finite O(L%) number, as seen
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by applying Eq. (3.9). The same is true when we consider the sizes D](\C,l?X(L) of

(N, X)) sectors. This implies that there always exists an L-independent constant

@ such that from Eq. (3.20) we can arrive to

DYH (N, X) < Q DY D (3.21)

max Na+8:Xa148B 7 Nay,Xay 0

in which the doubling has been removed. From this we can consider

Case 2: The largest Krylov subspaces within a typical family of (/V, X) sectors
have f =0, and the regions A; + B and A, can be chosen in such a way that their

local filling is different from v in the limit of large L.

Remembering that extensive subregions with “local” filling different from the
global one can characterize only atypical states (see Section 3.4.1), similarly to the
steps that led to (3.17) we can use (3.14) (together with (3.12) for the denominator
in r%?) to obtain again that lim;_,. In r](\‘,{’f() /L <0, ie. rg\c,l”;? decays exponentially

with L also in Case 2.

Let’s now consider the final scenario, given by

Case 3: The largest Krylov subspaces within a typical family of (/V, X) sectors
have f = 0, but the “inhomogeneous” assumption on A; + B and A, of Case

2 does not hold.

Case 3 implies that any extensive subregion of the chain has “local” filling
approaching the global v for large L values. As we show in Appendix B.2, this
provides us with an algorithm to partition the system into an extensive number
G of subregions A; that are separated by type-2 blockages B; of L-independent
size, as pictured in Fig. 3.5. The length ¢; of each subregion A; is guaranteed to be
subextensive. Given such a partition of the chain, and given the disconnecting effect

induced by type-2 blockages B;, one arrives at the inequality (see Appendix B.2)

(d;k) 2 < Q
vy < L21 R (3.22)

i=1 Y
Here () is an L-independent positive constant such that Q < (2 ¥ i. Given that
G = O(L), Eq. (3.22) shows that also in Case 3 the ratio 7’%’? decays exponentially
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Figure 3.5: Partition of the chain into contiguous subregions (A4;) separated by type-2
blockages of L-independent size (B;). Each vertical line represents a type-2 edge.

with L, hence concluding the proof.

A few remarks are in order. For a brief discussion of the fate of strong
fragmentation in atypical families of (N, X) sectors, i.e. those with a centre of
mass significantly far from the centre of the chain, we refer to Appendix E of
our original work [2].

In [2] it is also proved for d = 2 and d = oo that typical states in a given
N = vL sector with v < 1, host an extensive number of type-1 blockages. In the
language of this section this implies that Krylov sectors with f = 0 are vanishingly
rare. Therefore, if one could easily prove the same for any d (which we believe
to be true), then the previous proof of strong fragmentation'? could be limited
to the case of f > 0, which we have seen to be trivial.

Finally, we remark that even if the assumption of gate-completeness from Sec-
tion 3.2.1 does not hold, our results still prove that r%’fg decays to zero exponentially
with L in typical symmetry sectors for v < v,, and hence that these sectors are
strongly fragmented. This is a trivial consequence of the fact that violations of

gate-completeness further suppress dynamics and reduce the connectivity in the

system, and hence all the blockages identified by our method remain such.

3.5 Ciritical exponents, entanglement entropy and
weak fragmentation

In this section we present additional analytical results, as well as numerical evidence,

concerning both the strongly and weakly fragmented phases. For example, we

12 According to the ratio test in Eq. (3.7).
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derive the scaling with (v. — v) of the total number of blockages in the strongly
fragmented phase, and thoroughly discuss the EE of eigenstates. Our findings

constitute significant additional evidence for the phase diagram of Fig. 3.1.

3.5.1 Ciritical scaling for the number of blockages

The discussion in this subsection implicitly addresses models that possess a weakly
fragmented phase (and hence a transition), i.e. we exclude the special cases d =
3,k =3 and d = 2,k = 4. These coincide with the only two choices of the pair
(d, k) for which the lower phase transition point v, = (k — 2)~! and the upper one
d — 1 — v, (by particle-hole symmetry) coincide, and hence these models do not
possess a weakly fragmented phase. This fact is tightly related to the existence,
for such (d, k) pairs, of absolute blockages [2, 109].

Consider a typical state’® at v < v, for any d, and apply the FES picture
to it. Let p;, designate the density of particles in the FES that have to their
right a type-1 blockage of length /¢, i.e. exactly ¢ holes before the next particle.
Similarly, let p, indicate the density of particles that have to their right a type-2
edge (i.e. exactly k — 2 holes before the next particle) and p3 the density of particles
that have to their right exactly & — 3 holes. Clearly, p, coincides with the total
density of type-2 edges. Similarly, the sum over ¢ of p; ¢ coincides with the total
density of type-1 blockages, i.e. p1 = >y p1s.

Given that in the following we consider only intensive quantities, we can ignore
the presence of possible stacks of particles at the boundaries. Indeed, for typical
states such stacks can host at most a subextensive number of particles for v <
ve (by reasoning identical to the one employed in the partitioning algorithm in

Appendix B.2, see also [2]). We hence obtain in the limit of large L

Zmax
pstpat Y. pu=v (3.23)
{=k—1
Zmax
(k=2)ps+ (k—1Dpa+ >, (L+1)pre=1. (3.24)
l=k—1

13Remember that, as proved in Section 3.4.1, any extensive subregion of a typical states has
“local” filling equal to the global v.
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In principle ;. can grow with L (subextensively, given our restriction in considering
only typical states). However, at any nonzero v type-1 blockages with ¢ = O(L") and
0 < v < 1 are extremely unlikely to arise!?. This means that for any nonzero v there
exists a large but finite! cutoff length £.,. = O(L®) such that Zg’;;’c‘ut alpe<l

for any large size L. Combining (3.23) and (3.24), and neglecting the vanishingly

small error in replacing /., with f.., we obtain

4
cut 1
pr+ Y. (C—k+3)pre= V—(l/c —v), (3.25)
l=k—1 ¢

where we have used v, = (k — 2)~!. From (3.25) it is straightforward to obtain
the following inequalities

(ve = v) S (ve = v)

< s 3.26
ecut Ve p2 * g:Zkzl pl’é Ve ( )

Given the finiteness of /.., we obtain from (3.26)
p2+p1 o< (Ve —v) . (3.27)

It is our expectation that the previous scaling applies separately to the two terms, i.e.
proc (v, —v)?  B=1, t=1,2. (3.28)

We confirm this numerically in Section 3.5.3 (see the linear dependence in Fig. 3.7(c)
for v close to v..). Notice that from the scaling of p; and the finiteness of ., we also
obtain pr o (v, — v)? with 8 = 1, where pr denotes the density of frozen sites. For
d = oo this follows from the fact that type-1 blockages are the only source of frozen
sites (notice that a single particle enclosed by two type-1 blockages represents a
frozen site too), while at finite d they are expected to represent the largest source

by far'®. The value of 8 = 1 agrees with the one suggested for the density of frozen

HMInstead of the typicality class characterised by homogeneity over extensive length scales, one
can consider smaller but still dominant classes of states that have local filling equal to the global
v over any region of length O(L7), for a given 0 < v < 1.

15This finiteness is crucial because to arrive to Eq. (3.26) we will need to divide for a length
that doesn’t diverge in the thermodynamic limit.

16Indeed, other types of frozen sites can only emerge from the additional constraints due to
the maximal on-site occupation of d — 1. However, at the low fillings v < v. = (k — 2)~! we are
considering, these constraints are not expected to play any major role.
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sites in [225] on the basis of numerical evidence and heuristic arguments. Note that
in Section VIIA of [2] I also derived the critical scaling for the average length of

active subregions!'” and of a related characteristic length scale &.

3.5.2 Entanglement entropy and quantum dynamics in the
strongly fragmented phase

As already mentioned, in [2] it is proved for d = 2 and oo that type-1 blockages
are extensively present in typical states at any v < v. = (k — 2)~! (note that in
Section 3.4 we only proved this for v < (k—1)~!, although for any d). We numerically
show that the same is true for other finite d values in Section 3.5.3. Also, typically
these type-1 blockages are quite uniformly distributed along the chain (see analytical
proof in [2], based on the same type of partitioning algorithm used in Appendix B.2,
or numerical evidence in Figs. 3.7(d)-(e) from Section 3.5.3). On the basis of this, in
this subsection we demonstrate that typical eigenstates in the strongly fragmented
phase feature an area law for EE, and discuss further consequences for quantum
dynamics. On the other hand, we will see that contrary to frozen blockages, type-2
blockages allow the exchange of some amount of quantum information between the
two regions that they disconnect from the point of view of transport (of particles
and dipole moment). This is because these regions can both interact with the active
type-2 blockage, as described in Section 3.3.1. This is the mechanism behind an
“inverse quantum many-body scar” phenomenon that we conjecture, based on the

existence of rare eigenstates which possess beyond-area-law EE scaling.

Type-1 blockages

As discussed in Chapter 1, in both quantum chaotic and integrable models eigenstates

at a finite energy density above the ground state possess volume-law EE

Sa=—Tra(palnps) < |4], (3.29)

ITHere “active” refers to the fact that these subregions host no type-1 blockage.
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where A is a subsystem of size |A|, B its complement, py = Trg(|E;) (E;|) and |E;)
an eigenstate at energy E;. We now show that the EE of typical eigenstates in
N-sectors characterized by v < v, follows instead an area law.

The bipartite EE of each eigenstate within the i-th Krylov sector of an (N, X)
sector can be upper bounded by In ng’k) (A), where ng’k)(A) is the dimension of
the Krylov sector restricted to the subsystem A of the bipartition [85, 109, 230],
where we are assuming ng’k)(A) < ng’k)(B). In particular, this ensures that
all eigenstates of strongly fragmented (N, X) families have EE density s upper
bounded in the thermodynamic limit by

1 1
s < lim ZlnD(d’k) < Jim —1n DYy . (3.30)

max
L—o0 —00

In quantum chaotic models, the rightmost term in the previous inequality would be
expected to coincide with the EE density of highest-DoS eigenstates (i.e. typical ones)
in the chosen family of (NN, X') sectors (see works on generalizations of Page formula
[231, 232] to symmetry sectors [44, 233]). Thus, the inequality in Eq. (3.30) proves
ergodicity breaking at the level of entanglement on the basis of the exponential

suppression of the dimension of Krylov sectors compared to the dimension of

(d.k)

max

symmetry sectors. However, given that usually D scales exponentially with
L, the inequality in (3.30) remains compatible with volume-law EE scaling in the
strongly fragmented phase. It has been first remarked in Ref. [109] that further
restrictions on the generation of entanglement can arise from local configurations
that completely disconnect the regions of the chain to their left and right. In [109]
these disconnections coincided with “absolute blockages” (using the language of
[2]), which exist only in the special models with d = 2,k = 4 and d = 3,k = 3,
which are strongly fragmented irrespective of the filling . Armed with the more
general concept of type-1 blockages introduced in Section 3.3.1, we now generalise
this idea to models with any d and k.

Consider a Krylov sector K that contains a type-1 blockage somewhere along the

chain. By the definition of Krylov sectors, the Hamiltonian leaves the vector space IC

invariant, i.e. HIC C K. Call Hx the restriction of H to K. Imagine now to partition
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the chain by inserting a cut somewhere in the middle of the type-1 blockage, and

obtain in this way two subregions a and 3. By definition of type-1 blockages we have
He=H,®Iz+1,® Hs , (3.31)

where I represents the identity operator and H,, Hz are Hermitian operators. From

(3.31) we see that the eigenstates of Hy, which form a basis of I, have the form
In,m) = [n)e ® |m)s , (3.32)

where |n), and |m)s are eigenstates of respectively H, and Hgz. More generally, if
a Krylov sector contains several type-1 blockages which partition the system into
G regions «;, then all its eigenstates can be expressed as product states of active
regions enclosed by the type-1 blockages |n1,...,ng) = |[M1)a; @ ... @ [NG)a,- From
this “separable” structure of the eigenstates we trivially derive the following results:

1. The bipartite EE associated with a single entanglement cut located within
a type-1 blockage is exactly zero.

2. The bipartite EE associated with a single entanglement cut that has to its left
or right a type-1 blockage is upper bounded by In D*  where D* is the dimension of
the Krylov sector restricted to the subregion enclosed by the entanglement cut and
the type-1 blockage. We notice that for any such subregion of size ¢, In D* < /Ind.

The previous statements trivially generalise to the case in which the entanglement
bipartition arises from two entanglement cuts. Given the extensive presence of
type-1 blockages, and their fair uniformity, in typical Krylov sectors for v < v,
(discussed above), we conclude that typical eigenstates in the strongly fragmented
phase possess area-law EE!®.

More generally, the decomposition in Eq. (3.31) and the finite density of
uniformly distributed type-1 blockages imply that, in the strongly fragmented

9

phase, quantum unitary dynamics'® can be typically resolved into the independent

action of extensively many ultralocal Hamiltonians on regions of L-independent

I8F.g. the bipartite EE with single entanglement cut does not grow with L as the latter is
increased to infinity.
YFor example starting from a product state belonging to a strongly fragmented (N, X) sector.
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Figure 3.6: Time-dependence of the bipartite von Neumann entropy S(¢) under
Hamiltonian dynamics computed using tDMRG. The Hamiltonian is characterised by
d = 2, k = 6 and the initial product state is chosen among the set of configurations
discussed in Section 3.5.2, for various system sizes L. We report results for bond dimensions
X = 200 and 800. (a) Local disturbance coinciding with the simplest kind of type-2
blockage. (b) Local disturbance represented by a single sequence of k& — 2 holes (no
blockage). (c¢) No disturbance.

size. In other words, the quantum many-body problem is transformed into a set
of extensively many independent few-body problems. The consequences of this
range from eigenstate expectation values of local operators strongly deviating from
the ETH prediction (Section 1.2), to entanglement growth by quench dynamics
(e.g. starting from a simple product state) saturating to an area-law value, and to
the possible presence of long-lived oscillations in the dynamics of local observables’.

We remark that such conclusions do not hold if one considers eigenstates in
weakly fragmented sectors, or dynamics starting from product states that belong to

them, due to the typical absence of type-1 blockages in such cases.

Type-2 blockages and inverse quantum many-body scars

We now consider the effect of type-2 blockages on the EE, which turns out not to
be as drastic as the one of type-1 blockages. Given that type-2 blockages prevent
transport of particles and dipole moment between the regions to their left and right,
their presence along the chain typically reduces the value of In ng’k)(A) discussed

in the previous subsection, thus lowering the maximal eigenstate EE reachable

20The emergence of long-lived oscillations in this context has a different nature compared to
that due to QMBS [84] or other known mechanisms (see, e.g., [179]).
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in principle through a bipartition into A and B. This is however only a weak
suppression of EE generation compared to the strong disconnecting effect of type-1
blockages, and it is compatible with volume-law EE scaling. One might wonder
whether any type of strong suppression, similar to type-1 blockages, is produced
also by active blockages. However, due to the possibility of the regions to the
left and right of a type-2 blockage interacting with the particles involved in the
blockage, these active blockages are not in principle expected to fully block the
generation of entanglement. This is verified numerically in Fig. 3.6 for d = 2,
using tDMRG [234] (see also [67] and references therein). We consider a chain of
length L in an FES, in which the boundary sites are occupied and particles are
separated by exactly k — 3 holes, with the only exception of a local disturbance
in the middle of the chain. This is chosen to be a type-2 blockage formed by two
type-2 edges separated by just one particle.
l}Lgim:}l5122511l511l51”1125i

We focus on quantum Hamiltonian dynamics, with H from Eq. (3.3) characterized
by d = 2 and k = 6, for which we choose {?Lgk)} to represent a gate-complete set
as defined in Section 3.2.1. We place the entanglement cut somewhere within the
type-2 blockage and calculate the von Neumann entropy S(¢) as a function of time.
From Fig. 3.6(a) we see that S(t) is different from zero and becomes larger as L is
increased. This must be contrasted with the case in which the local disturbance
is a type-1 blockage with entanglement cut within it, for which S(¢t) =0V ¢,V L.
In Fig. 3.6(b) and 3.6(c) we produce the same kind of dynamics but replacing the
type-2 blockage with, respectively, a single sequence of k — 2 holes and no sequence
of £ — 2 holes, as these do not give rise to blockages of any kind. These plots show
a very similar evolution for S(¢) compared to the type-2 blockage case, confirming
that the latter does not lead to any absolute hindrance to the generation of EE.
Similar conclusions are reached if one places the entanglement cut just to the left

or just to the right of the disturbance. This supports the claim that the bipartite
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EE with entanglement cut lying in a subregion A that hosts active blockages but
no type-1 blockages can have a dependence on the size of A.

We remark that in the entire phase v < v, there exist atypical Krylov sectors
that contain extensively large “connected” subregions devoid of type-1 and type-2
blockages. These can give rise to eigenstates with volume-law EE, if the entanglement
cuts lie within one of these subregions. Given the numerical evidence just presented,
even more interesting are the rare Krylov sectors in the interval (k —1)"' <v <,
(see Section 3.4.3) which possess an extensive number of type-2 blockages uniformly
distributed along the chain, but no type-1 blockages. Our tDMRG results suggest
that the EE of their eigenstates scales beyond any area law, irrespective of the
entanglement cut’s location. This phenomenon of rare eigenstates with beyond-
area-law EE, embedded in a sea of area-law eigenstates, could be interpreted

as inverse QMBS [235-238|.

3.5.3 Numerical results for strong and weak fragmentation

In this subsection we provide numerical results supporting the claim that, for any
d, typical states in the strongly fragmented phase host an extensive number of both
type-1 blockages and type-2 edges, which are fairly uniformly distributed along the
chain. This is analytically demonstrated in [2] for d = 2 and co. We also show that
blockages become vanishingly rare as soon as v > v,, and for d = co we discuss
evidence of weak fragmentation according to the ratio test in Eq. (3.7). In [2] weak
fragmentation is addressed numerically also for finite d.

We numerically determine the total number n; of type-1 blockages (¢ = 1) and
type-2 edges (t = 2) associated with a given state by using the FES picture from
Section 3.3.2, i.e. by mapping a state of a finite-d system S to its associated FES in
the d = oo auxiliary system S. We also record their location along the chain. From
a computational point of view the FES mapping is an easy task, given that it only
involves applications of outward hops in S (in no particular order) until no further

hops can be applied (see Section 3.3.1). However, to easily address large system sizes
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of the order of 10° sites, we employ a more advanced algorithm developed in [2] by J.
Classen-Howes, which allows us to perform the FES mapping even more efficiently.

In Fig. 3.7(a)-(c) we plot numerical results for the average densities k) =
(n1) /L of type-1 blockages and YR — (ng) /L of type-2 edges®'. These results were
obtained by uniformly sampling states in a given N sector?? (in accordance with
the on-site dimension d) and identifying blockages in each of them by the procedure
outlined above. In Fig. 3.7(a), where the system is in its strongly fragmented phase
given that v < v., we see that for various values of d the average densities tend
to a constant with increasing L. Importantly, both type-1 blockages and type-2
edges are simultaneously present, in an extensive number, in each of the states
sampled. In Figs. 3.7(d)-(e) we present the spatial distribution of type-1 blockages
along the chain for two randomly generated states at large L, with particle densities
v < v.and d = 2 and 4. As anticipated, the distribution of blockages is seen to
be quite homogeneous along the entire chain. This was found to be the case for
all other randomly generated states tested, and the spatial distribution of type-2
edges was also found to be generally uniform.

In Fig. 3.7(b) type-1 blockages and type-2 edges are seen to become vanishingly
rare with increasing L for v > v,, which is consistent with the onset of the weakly
fragmented phase. Indeed, as anticipated in Section 3.3.3, the analytic results of
Section 3.4 imply for any d that a necessary condition for a Krylov sector to be
dominant (and hence for the weakly fragmented phase to arise) is that any state in
the Krylov sector must be mapped by the FES picture to the unique blockage-free
FES present in the corresponding (N, X) sector. Indeed, even the presence of a

(d

single blockage in the bulk of the chain leads to a zero ratio rN’f() for L — oo

(c¢f. Appendix B.2). In this regard, the data in Fig. 3.7(b), together with several
other tests performed (see [2]), show that typical randomly drawn states for any

d are mapped by the FES picture to an FES with n; = 0 and ny < 1, i.e. to

the unique blockage-free FES compatible with the chosen values of N, X and L.

21Compared to Section 3.5.1 we are now making the d and k dependence explicit.
2These states were found to have vanishingly small intensive centres of mass v,,, as expected
for typical states.
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Figure 3.7: (a) Numerical estimates for pgd’k) (from random sampling) as a function of

L for 100 randomly generated states with local on-site dimensions d = 2,4, for k =5 and

fillings v < v. = 1/3. The error bars show the standard deviation associated with the

set of 100 random states at each L value. (b) ﬁgd’k) as a function of L for 1000 randomly

generated states at v =0.34 > 1/3 =v.,, k=5and d = 3. (c¢) ﬁgd’k) ford=3,k=6
as a function of v < v, = 0.25 for L = 2 x 10* (1000 randomly generated states) and
L =2 x 10° (100 randomly generated states). The leftmost vertical line coincides with
(k —1)~! and the rightmost one with v, = (k — 2)~!. (d) Spatial distribution for k = 5
of type-1 blockages in a single randomly drawn state with L = 10°, d =2, v = 0.2 < v..
Here, ¢ = 1,..., L labels the sites of the chain. The histogram shows the number of
type-1 blockages that occurred in each bin, with bin width equal to 250. (e) Analogous
histogram for k =5, L =10%, d =4, v = 0.25 < v,.

Exceptions to this become rarer and rarer as we increase L at fixed v > v,, or if at
fixed L we increase v. For example, in the case of d = 3,k = 5 from Fig. 3.7(b), if
we set v to a slightly higher value??, say v = 0.38, already for L = 10 all the 1000
randomly sampled states have ny = 0 and ny < 1. For d = oo, this represents direct
numerical evidence of weak fragmentation according to the ratio 7“](\6,{’? in Eq. (3.7).
Indeed, the fact that in S (identical to S for d = o0) typical states are all mapped
to the unique blockage-free FES associated with their (N, X) sector implies that
typical symmetry sectors at v > v, possess a dominant Krylov subspace (the one
containing the blockage-free FES in question) and hence that 7’%’? — 1 for L — oo0.
It also implies weak fragmentation from the point of view of the density of frozen
sites in Eq. (3.8): in d = oo systems frozen sites can only arise as a consequence

of type-1 blockages®*, and hence n; = 0 implies absence of frozen sites. Note that

while these results are also consistent with the onset of the weakly fragmented phase

2In Fig. 3.7(b) v is set to 0.34, which is very close to the critical point v, = 1/3 for k = 5.
24Provided gate-completeness is satisfied.
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for d finite, they do not represent direct evidence for it. Indeed, for d finite S # S
and hence a state mapped by the FES picture (dynamics in S ) to a blockage-free
FES might not be actually connected to it by the real dynamics that satisfies the
finite d constraint (hence we cannot directly deduce r](\i’? — 1). Similarly, from the
point of view of the density of frozen sites, in finite-d systems there can be frozen
sites beyond those due to type-1 blockages, as well as blockages invisible to the FES
picture (cf. Section 3.3.2). These issues are resolved in [2], where proper numerical
evidence of weak fragmentation for any v > v, and d finite is presented.

In Fig. 3.7(c), we fix L and study p§d’k) as a function of v. Below v, we find
@Ed”f) to be a smooth positive function that tends to zero linearly as v — v,, in
accordance with the critical scalings derived in Section 3.5.1. Given that above the
critical filling the average density ﬁgd’k) is zero in the thermodynamic limit, the latter
is seen to have a discontinuous first derivative with respect to v at v., signaling
a phase transition. We also note that there is no evidence of a discontinuity at
v = (k —1)7!, supporting the claim that even if it becomes possible for densities
v > (k —1)7! to generate states without type-1 blockages (cf. Section 3.4.3), these
states are extremely rare and do not lead to an additional thermodynamic phase
transition. Note also that ﬁgd’k) has a peak at some finite value of v, and decreases
both for fillings above and below it, as expected?®. Note that in Section VIIC of [2],
to further verify the existence of a universal d-independent strong-to-weak transition
at the critical filling v, = (k — 2)~!, I numerically verified the presence of a critical
scaling for r](\(,ij’f() at v = 1. Indeed, at v = v, the ratio is expected [226] to decay to

zero (unlike the weakly fragmented phase), but only polynomially with L (unlike

the strongly fragmented phase).

We conclude by stressing that the universality?® of the critical point v, =

(k — 2)7! for the strong-to-weak transition relies on the natural assumption of

25The decrease for fillings below the peak is due to the fact that, e.g., ﬁgd’k) probes only the

number of distinct type-1 blockages, ignoring their length.
26With respect to the on-site dimension d and choice of the interactions couplings entering the
dipole-conserving Hamiltonian that governs dynamics.
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gate-completeness discussed in Section 3.2.1. It is in principle possible that
specific models violating this assumption possess a critical filling higher?” than
(k —2)7!, as a consequence of the reduction in connectivity that violations of

gate-completeness entail.

3.6 Conclusions

We introduced a number of new approaches for characterising the strongly and
weakly Hilbert-space-fragmented phases of charge- and dipole-conserving quantum
chains. These allowed us to derive a number of new analytic results concerning
these phases and the “freezing” transition between them. Our results lead to
the interesting conclusion that dipole-conserving chains have the universal phase
diagram depicted in Fig. 3.1, with a critical density of v, = (k —2)~! irrespective of
the on-site dimension d or the precise details of the dynamics, as long as the natural
assumption of gate-completeness (see Section 3.2.1) holds. We remark that while
in this thesis we focused solely on open boundary conditions (OBC), we expect
that the main physical conclusions drawn here?® would also characterize systems
with periodic boundary conditions (PBC), see e.g. Ref. [226].

In future work, it would be valuable to generalize our results to lattices in
higher spatial dimensions, obtain an analytic understanding of how EE scales in
the strongly fragmented phase for states hosting only active blockages (relevant for
our conjectured “inverse QMBS”), and uncover whether a strong-to-weak phase
transition can be driven by tuning the intensive centre of mass v, instead of the

filling v, as briefly discussed in Appendix E of [2].

2"For example, a system with k& = 6 interactions which is only gate-complete at the k = 5 level
may have a phase transition point somewhere in between v = 1/4 and v = 1/3 (extremes included,
in principle).

28Like the location of the phase transition point or the existence of a finite density of blockages
in the strongly fragmented phase.



Finite-temperature dynamical correlators
in the Lieb-Liniger model

4.1 Introduction

In this chapter, we present finite-temperature results for one-body dynamical
correlation functions in the one-dimensional Bose gas with point-like interactions
[239, 240], known as the Lieb-Liniger model. This field-theory, governed by a
single interaction strength ¢, describes one of the simplest interacting integrable
systems solvable by Bethe ansatz [93, 94]. As such, it offers unique possibilities for
the exploration of quantum many-body dynamics in an interacting yet (partially)
solvable setup, providing both rare insights on the phenomenology of unitary
evolution and important benchmarks for approximate methods that aim to tackle
quantum chaotic regimes!. Approximate experimental realizations of the model
have been achieved thanks to the major developments on the control of ultracold
quantum gases [242-244], see also the reviews [4, 245]. For these reasons, in the
past two decades significant efforts have been devoted to describing the dynamics
of the model both in equilibrium [246-261] and during out-of-equilibrium protocols
[262-276]. In the presence of interactions, calculating (dynamical) correlation

functions is a very hard task even in integrable systems. Analytical results at

1See, e.g., [241].

84



4. Finite-temperature dynamical correlators in the Lieb-Liniger model 85

finite temperatures, which allow connections to experiments via linear response
theory, can be obtained only in a handful of limits: at very low temperatures,
Luttinger Liquid (LL) theory (aka bosonization) [277-279] enables description of
the low-frequency and long-distance asymptotics of correlation functions, which is
governed by low-energy excitations around the edges of a Fermi sea” [245, 279, 283,
284] (see also [285]); (static) short-range expansions, valid for the ground state but
also capturing low temperatures, can be obtained from integrability methods [286];
in the limit of large ¢, analytic 1/¢ expansions of dynamical correlation functions
at arbitrary temperatures are available [258] (see also [248]); similarly, in the limit
of small densities n, expansions in n at any ¢ have been obtained [259]. We also
note that some analytic results (like expressions for asymptotic correlation lengths)
at arbitrary temperatures, densities and interaction strengths can be obtained for
static correlators® via integrability methods [287].

Away from these asymptotic (or static) limits, i.e. in the experimentally relevant
regimes of finite temperatures at arbitrary frequencies, momenta, densities and cou-
plings ¢, numerical procedures are required. Numerical algorithms that reconstruct
dynamical correlators by explicitly summing matrix elements (aka form factors*) that
appear in Lehmann representations (Chapter 1) have been particularly successful
in the context of the Lieb-Liniger gas. In particular, dynamical correlators of the
density operator have been determined both at zero [246] and finite temperatures
[251] by the ABACUS algorithm [288, 289] (for a fairly large number of particles
N =~ 50200, depending on the temperature). For the Bose field, i.e. for one-particle

dynamical correlation functions, results have been obtained at zero temperature

2As we will see, a Fermi sea can arise in one-dimension even in bosonic systems. We notice
that certain parameters entering the LL description can be analytically obtained in the repulsive
weakly-interacting limit ¢ < 1 by extending Bogoliubov theory to treat quasicondensates at small
temperatures [280]. They are also known from integrability techniques [281, 282] both at ¢ < 1
and in the hard-core limit ¢ > 1.

3The static results of [287] for the correlation length can be used as an additional benchmark
of the numerical scheme presented in this chapter (directly in the interacting regime). We have
performed this benchmark and found excellent agreement, but given the focus of this thesis on
dynamical correlators, we do not report it here.

4These form factors are analytically available in some integrable models, including the Lieb-
Liniger gas, for some specific observables.
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[249], and very recently extended to very low but nonzero temperatures (for N a2 40—
80) [260]. The success of these approaches is surprising at first, given that in
general exponentially many (in system size) form factors enter Lehmann sums and
hence summation over all of them is a computationally hopeless task. Indeed, the
applicability of ABACUS relies on the fact that in the low-temperature limits®
considered in these works only a significantly smaller number of matrix elements
is relevant for the reconstruction of correlation functions.

In this chapter, we consider a regime of temperatures, interaction strengths and
number of particles that lies beyond this paradigm, in that the number of relevant
form factors for the reconstruction of correlation functions (of the Bose field) is
orders of magnitude larger than what can be handled with classical computational
resources. Therefore, sampling of relevant matrix elements becomes necessary.
We present a Monte Carlo sampling scheme based on a probability distribution
defined directly in terms of form factors. We note that the idea of sampling with
respect to a form-factor (or an eigenstate-overlap) weight previously appeared in
Refs. [262, 273, 290-292], in several contexts®. However, the evaluation of dynamical
finite-temperature correlation functions and the systematic analysis of the accuracy
and applicability of such Monte Carlo schemes have not been pursued to date. We
obtain the full space and time dependence of the spectral function in the Lieb-
Liniger model, and benchmark the method against some exact results available.
This enables us to prove the power of the approach, and to explore some physically

relevant regimes that cannot be addressed by other methods.

The chapter is organized as follows. In Section 4.2 we review the integrability
of the Lieb-Liniger model. In Section 4.3 we describe our sampling method and

present results for the one-body dynamical correlator for a wide range of couplings

®We note that in [251] some temperatures far from 7' = 0 have been addressed for N ~ 50-100.
This is possible due to some special features of matrix elements of the density operator, as we
discuss in depth in Section 4.4.

6We also note that other Monte Carlo approaches have been used in the context of integrability
and coupled with the Bethe ansatz technology [293-297], but these do not involve sampling of
form factors and so are intrinsically different.
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and temperatures. In Section 4.4 we explore important consequences stemming

from differences between the form factors of the Bose field and the density operator.

4.2 Integrability of the Lieb-Liniger gas

4.2.1 The model

The Lieb-Liniger Hamiltonian describes spinless bosons on a ring (PBC) of length
L with contact repulsive interactions. For N bosons, the Hamiltonian H is given
by (in first quantization language)
N
H=->0+2c >, 6@ —z;)—hN, (4.1)
i=1 1<i<j<N
where ¢ > 0 is the interaction strength of the contact interactions and h is a chemical
potential. This model corresponds to the following field theory Hamiltonian
L/2

= [ dr|o) (=02 = No() + ool @) (@o(x)of)| . (42)
Here ¢(z) is a complex bosonic field obeying the canonical commutation relations
[p(z),¢"(y)] = 6(z — y) and PBC ¢(x + L) = ¢(x). As becomes evident in the
language of the algebraic Bethe ansatz [94, 95|, H possesses an extensive number of
mutually commuting local charges Q™ which as discussed in Section 1.3.1 is a
hallmark of quantum integrability. These local symmetries include the total number
of particles Q = [ dx ¢'(x)¢(x) and the momentum P = —i [ dx ¢'(2)d,é(x). The
symmetric eigenfunctions yy(z1,...,2y) of (4.1) in the @ = N sector can be
determined exactly by the coordinate Bethe ansatz [94, 239], and are given by
B [Teej (A — Ar)
N g [ = M2 + €]

X;{exp léxj Apg} 11 [“icig:(fjA;kW]} ’

1<k<j<N

XN(J,’l, e ,IN‘)\l, Ce ,)\N)

(4.3)

where sgn(z) is the sign function, P denotes all the permutations of the integers
1,..., N and a set of N real “rapidities” XA = (A1, ..., Ay) appears. The latter can be
thought of as a generalization to the interacting integrable context of the momenta

appearing in the wavefunction of free particles. We note that yy is two-particle
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reducible’, which is a distinctive feature of all models solvable by Bethe ansatz.
The fact that the rapidities are all real for ¢ > 0 is a special simplifying feature of
the Lieb-Liniger model, given that in more general integrable systems they take
complex values as a consequence of the existence of bound states [95]. Crucially,
the wavefunction (4.3) is antisymmetric in the rapidities \;, i.e. xy = 01if A\; = A\¢
for any j # k. This gives rise to a generalized Pauli principle (despite the fact
that we are describing bosons) and has important consequences for the structure
of the ground state of the model. By imposing periodic boundary conditions in
the positions x; for the wavefunction x, one obtains the Bethe equations for the
Lieb-Liniger model, which in logarithmic form read
N
LN +> 00\ —N)=2r]; j=1,....,N. (4.4)
k=1
Here §(x) = 2arctan(z/c) and {I;} is a set of distinct integers (half-odd integers) for
N odd (even). For any given {/;} the solutions X of the Bethe equations are unique,
hence the sets {I;} are in one-to-one correspondence with the eigenstates of (4.1),
which in Dirac notation we denote simply as |A). The eigenvalues of H and P in the

N-sector eigenstate |A) are given by simple expressions in terms of the rapidities A
N N
Ey=>(\—h) Py=>"\, (4.5)
i=1 i=1
and similarly for the higher charges Q™ which involve higher powers of the
rapidities, i.e. Q&m) = >; A" for m > 3. We also note that as a consequence of

the antisymmetry of §(z) in (4.4), the following useful equality holds for the total

momentum Py in (4.5) at any interaction coupling c

9 N
P="5"0 (4.6)
L =1

The ground state of the model in the N sector is described by the rapidities A that
solve the Bethe equations (4.4) for the following set of (half-odd) integers [94, 239

N-—1
Lj=-——5—+j-1 j=1,...,N . (4.7)

"That is, it is expressed as a sum over permutations of products of terms that involve at most
two particles. The origin of this reducibility is the famous Yang-Baxter equation from the algebraic
Bethe ansatz.
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This corresponds to a Fermi sea in the rapidities A;, and emerges as a consequence
of the generalized Pauli principle.

We note that no closed-form solution A of the Bethe equations is available given
a generic set of (half-odd) integers. In the following, we solve Eq. (4.4) numerically
using the Newton-Raphson method, which converges to the solution in very few

iterations and is hence extremely efficient.

4.2.2 Macrostates

In the thermodynamic limit L — oo (n = N/L fixed) it is convenient to switch from
a description in terms of “microstates”, i.e. single eigenstates with fixed rapidities
A, to one in terms of “macrostates” [298]. These represent families of eigenstates
with identical coarse-grained distribution p(\) of rapidities. The function p(A) is

known as “root density” and can be defined in the limit of asymptotically large L as
Lp(A)AX = number of rapidities A; in [A, A+ A)] . (4.8)

We say that two eigenstates belong to the same macrostate (for L — oo) if they
possess identical root density. Given that the rapidities A; need to satisfy the non-
trivial Bethe equations, it is simpler to start by considering the distribution of the
(half-odd) integers {I;} that appear in Eq. (4.4), given that these can be arbitrarily

chosen. We define the distribution j(z) of intensive (half-odd) integers z; = I;/L as
. I; . .
Lp(z)Az = number of z; = 7 i (2,2 + Az] 0<p(z)<1. (4.9

By means of the Bethe equations we can explicitly relate p(z) to its associated
root density p(A). We start by noticing that the rapidities \; solving the Bethe
equations Eq. (4.4) with (half-odd) integers {I,} follow the same order as the
latter, i.e. if I; > I; then A; > A;. Furthermore, A\; and \; cluster together if
their associated intensive (half-odd) integers z; and z; do, as a consequence of

the following inequalities [94]

2

m(zz - Zj) <\ — /\j < 271'(22- — Zj) 2 >z (410)
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On the basis of these relations, we see that p(z) and p(\) are related in the

thermodynamic limit by
p(z)dz = p(N)dA . (4.11)
Noticing that for L. — oo we can substitute sums with integrals

POV VAN (1.12)

the strictly monotonically increasing function A = A(z) that implicitly appears in
(4.11) is obtained by taking the thermodynamic limit of (4.4) after replacing /;/L
with a real variable z and A; with the real function A(z)

:)\z)

g(ﬂ 217T /dﬂP(M)G(A(Z) — 1) (4.13)

From the inverse function z = z(\) and (4.11) we get

P = G ) = 5 [1+ [ oK = )] A=)

K(x) = 0(z) =

 + x?
Given that 1 — p(z) represents the distribution of unoccupied (half-odd) integers,

(4.14)

in light of (4.11) and (4.14) it is natural to interpret p,(A) in

dz

p(N) + pr(N) = o

o1 [ anotn -] = (4.15)

as the distribution of “holes” in rapidity space, associated with the distribution
of “particles” p(A). Indeed, dz in (4.11) represents an infinitesimal interval in the
space of both occupied and unoccupied (half-odd) integers, therefore dz/d\ must
be given the interpretation of a density of occupied and unoccupied rapidities.
From Eq. (4.8) we see that eigenstates |\) belonging to the same macrostate
p()\) possess identical intensive eigenvalues for all the charges Q™ in the limit

of large L, given that

lN

o = QA FLN = [ axp)am +o(L0) m>0, m#2 (4.16)

Clearly an identical expression holds for Q(f) = H once we add to it Nh, see (4.5).
Given the local nature of the charges Q™ Eq. (4.16) suggests that eigenstates in the
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same macrostate have identical local properties, that is, identical expectation values
for any local operator, up to finite size corrections. As mentioned in Section 1.3.1,
this is the direct generalization to the integrable setting of the diagonal ETH, which
states that expectation values of local observables over eigenstates of quantum
chaotic systems are smooth functions of the energy density alone®.

Given a macrostate p(\), we can define its entropy density functional s[p| as

slpl = Jim iSL[p] : (4.17)

where Sp[p] indicates the logarithm of the total number of eigenstates in the
macrostate p()), at finite L. Clearly, associating a finite-L eigenstate with a
macrostate p(A) (which is properly defined only in the thermodynamic limit) is in
principle an ambiguous procedure, and some prescription for precisely performing
the identification must be chosen. However, any such prescription works as long
as it is compatible with the definition (4.8) for L — oo. In particular, in light
of (4.9), we can say that there are

W, = ( L;@ZJ (4.18)

different ways compatible with the macrostate g(z) of rearranging occupied and
unoccupied (half-odd) integers in a given interval [z, z+Az]. This gives the following

contribution ASy, to the entropy Sp[p] (using Stirling’s asymptotic formula in

the limit of large L)
ASy, =Wy, =LAz [~ j(2)Inp(z) — (1= p(z)) In (1= ()] - (4.19)

Different prescriptions for the counting result in negligible o(L) corrections to the
previous equation. Summing up contributions ASy, in every interval Az yields

in the thermodynamic limit

slol = [ ax[(pO)+21(0)) I (p(0)+p() =p(0) In p(N) = pn(A) In pr (V)] , (4.20)

where we have used Egs. (4.14) and (4.15).

80r, at most, of the density of a few mutually commuting charges.
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Maximizing s[p] with respect to the function p(\) under the constraints [ dA p(\) =
n and [dXp(A)(A?2 — h) = e (i.e. minimizing the free energy) yields the “thermal”
root density p")(\) that characterizes typical eigenstates at particle density n
and energy density e. It coincides with the solution of the following nonlinear

integral equations [94, 298]

PO +p () T e |
T
N =N —h— o / dp K\ = p) I [1 4 e=<0/T] (4.22)

where the temperature T and chemical potential h fix the particle and energy
densities, and the hole distribution pgT) is defined as in Eq. (4.15). The appearance
of a Fermi-Dirac functional form in (4.21) is a consequence of the single-occupancy
constraint on the (half-odd) integers {/;} (generalized Pauli principle), which
justifies the use of the binomial coefficient (4.18) in the calculation of the entropy.

By construction, typical (i.e. thermal) eigenstates dominate (exponentially with

L) thermal expectation values of local observables O

(O)p = ZlTTr {e_H/TO} , (4.23)

where the trace can either be restricted to the Q = N sector or be extended” over all
particle-number sectors and the chemical potential h used to fix the average density
(Q)7 /L = n. We note that the exponential domination of thermal eigenstates
can be formalized in the limit of large L by representing the trace in (4.23) as a
functional integral over root densities and employing the saddle-point method to
evaluate it [94], which leads exactly the constrained maximization we performed
to obtain Eqgs. (4.21) and (4.22). Crucially, given that eigenstates in the same
macrostate have identical local properties, in the limit of large L the trace in (4.23)
can be replaced, up to finite-size corrections (cf. Eq. (4.16)), by the expectation

value on a single representative eigenstate |A(1)) of p()()), i.e.

(0); = ADNONDY 4 o(L0) . (4.24)

9By equivalence of thermodynamic ensembles [23].
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We remark that to obtain the thermal root density p*)(\) at temperature T
and chemical potential & we need to determine the solution £(\) of the Yang-Yang
equation (4.22). This can be done iteratively: we start by evaluating the right-hand
side of (4.22) after the substitution e(\) — g¢(\) = A> — h, and setting the result
equal to €1(\); we then iterate this step in order to determine €,,11(A) from &,,()).
This sequence is guaranteed to converge to the solution of the Yang-Yang equation
for m — oo, see [94, 298]. In practice, we choose a sufficiently large cutoff kyax > 0
for the rapidities (it must be checked a posteriori that [ dX p™(X) < 1), and set
up a grid of M values A; in the finite interval [—Kpax, kmax), With associated weights
w;, according to the Gauss-Legendre quadrature rule. This allows us to approximate
the integral in the Yang-Yang equation with a discrete sum, and convergence with
M and n is achieved very quickly. Having obtained £()), we determine p™)()\)
by solving Eqs. (4.15) and (4.21). Given the quadrature rule discretization, this
simply amounts to computing the inverse of a matrix. The entropy density s[p(?)]

can then be directly obtained from Eq. (4.20).

4.2.3 Impenetrable limit

The Hamiltonian (4.2) has two free limits: free bosons in the absence of interactions
(¢ = 0) and free fermions in the impenetrable limit (¢ = o) [299]. The former
corresponds to the standard, rather trivial, field theory of free scalar bosons in
1D. The impenetrable limit, on the other hand, although mappable to a non-
interacting theory retains several non-trivial features which will be very useful
in the following sections.

Due to the divergent coupling constant ¢ = oo, the wavefunctions yy(z1,...,2y)
from Eq. (4.3) at any finite energy density, although symmetric (bosons), must
vanish whenever x; = z; for ¢ # j, which is the characteristic feature of fermionic
wavefunctions. Indeed, for ¢ = oo the bosonic wavefunction xy can be exactly
mapped to a fermionic one XE@ by the Girardeau formula [299]

X%?)(scl, CLTN) = H sgn(z; — x;) xn(z1,...,2N) . (4.25)
1<i<j<N
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The boson-fermion mapping leading to a free Hamiltonian is best illustrated in
second quantization language at the level of the bosonic field ¢(z). For ¢ = oo,
within the physical part of the Hilbert space associated with a finite energy density,
the boson field ¢(z) can be mapped to a fermionic one ¥ r(z) by a continuum
generalization [300] of a Jordan-Wigner transformation [180, 301, 302], which in

the thermodynamic limit reads

o(a) = exp |ir [ dyebur(y)| vr(@) (4.26)

Here p(z) obeys canonical anticommutation relations {¢p(z), 5 (y)} = 6(z — )
and a non-local “string” operator appears in the argument of the exponential®®.
The generalization of (4.26) on a ring of size L, given the PBC on the bosons
é(x + L) = ¢(x), yields the following boundary conditions for the fermions!! in

the sector with N particles
Yp(r+ L) = (=) p(x) . (4.27)

This is a consequence of the presence of the non-local string in (4.26). We note that
the existence of two topologically distinct sectors associated with different boundary
conditions is also a standard feature of the Jordan-Wigner mapping on 1D lattices.

The representation (4.26) implies that ¢?(x) |¥) = 0 (from anticommutations of

Yr) for any state |¥) of finite energy density relative to the H Hamiltonian,

and this represents the operatorial analogue of the hard-core constraint xy = 0 for
x; = x; (i # j). Using the boson-fermion mapping, the Hamiltonian (4.2) at ¢ = oo

becomes quadratic (separately in each sector with N even or odd, see (4.27))

L2
= / dx
c=00 7L/2

where we have used again 1% (z) = 0 when taking the derivatives d,. This coincides

H Yr() (=02 — h)yr(z)| (4.28)

with a standard free fermionic theory subject to the boundary conditions (4.27).

by introducing canonical Fourier-space fields lﬁpj of

We can diagonalize H

C=00

10We note that the spectrum of the non-local string is composed only of integer numbers, hence
the choice of the sign in front of im is irrelevant.
HNote that the total number of bosons N coincides with the total number of fermions, as a

consequence of ¢f(z)¢(z) = w}(m)z/}F(at)



4. Finite-temperature dynamical correlators in the Lieb-Liniger model 95

discrete momenta p; = 27l;/L, with I; forced by (4.27) to be a half-odd integer

(integer) for N even (odd)

Yp(r) = \/15 > et i), H = Z(p§ — h)b iy, - (4.29)
J J

C=00

These results are compatible with the fact that for ¢ — oo the logarithmic Bethe

equations (4.4) simplify to
j=1...,N, (4.30)

i.e. the rapidities coincide with the momenta p; of free fermions. Given the simple
form of the Hamiltonian in this limit, it is elementary to identify the set of extensively

many mutually commuting local charges Q™

Qm| =il = Con [ deul@arvets)  mzom 4.

’ (4.31)
In the following we will be interested in dynamical correlation functions for the Bose
field ¢(x) in the interacting regime 0 < ¢ < oo. The fact that at ¢ = oo the field
¢(x) is not local relative to the free Fermi field (), as clear from (4.26), already
suggests that correlation functions of ¢(z) in the impenetrable limit are rather
difficult to obtain, compared to the trivial non-interacting case ¢ = 0. This is related
to the fact that matrix elements of ¢(z) between eigenstates of H at ¢ = oo are
non-sparse'?, i.e. there is an exponential number (in L, fixed any arbitrarily large but
O(L°) momentum cutoff) of them with a nonzero value [98]. This is very different
from more standard free theories, in which matrix elements of physical operators
are sparse (only a polynomial number of them does not vanish). These observations
will allow us to make use of the impenetrable limit ¢ = oo as a benchmark for the

numerical methods that we developed to address the interacting region 0 < ¢ < oo.

12This non-sparseness is not unique to the impenetrable Lieb-Liniger model; it appears in any
free theory where a local operator is non-local (Jordan-Wigner-like) with respect to the theory’s
local free variables.
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4.3 Finite temperature single-particle Green’s
function via Monte Carlo sampling

4.3.1 Lehmann representation and form factor sampling

Consider the one-body dynamical correlation function
C(x,t) = (¢! (2, )(0,0) ) (4.32)

where |)\) is an N-particle eigenstate representative of the thermal macrostate p(™)(\)
associated with a temperature 7" and chemical potential h, and ¢(x,t) denotes the
Heisenberg time evolution of ¢(z) with the Lieb-Liniger Hamiltonian H in (4.2).

Due to (4.24), the correlator C(x,t) is equal, up to finite-size corrections, to

(61 (2,06(0,0)) = =T [ 761 (2,1)6(0,0)] (4.33)

T

This coincides® with the finite-temperature single-particle Green’s function of the
Bose field [27, 303]. The validity of (4.24) even for the operator ¢'(z,t)¢(0, 0), which
is in principle non-local due to the Heisenberg time evolution, follows from the fact
that for any finite ¢ it retains a local nature in any finite-energy-density (guaranteed
by T finite) state!®, as a consequence of the locality of interactions in (4.2).

In the thermodynamic limit L — oo (n = N/L fixed) thermal expectation values

like (4.33) depend only on two dimensionless parameters
v=c/n r=T/n>. (4.34)

This can be seen by rescaling space variables with the density as y = z/n in
Egs. (4.1), (4.2) and (4.33) and noticing that for N — oo any dependence on n
other than the one in (4.34) disappears'®.

The Lehmann representation of the correlation function C'(x,t) is obtained by

inserting a resolution of the identity -, |) (1| between the two fields in (4.32)

O(IE, t) = Z g/\,u(xa t) |FA,M|2 ) (4'35)
n

13Up to the presence of a time-ordering operator.

MEmploying an intuitive quasiparticle picture, the requirement of a finite energy density
translates into an effective cutoff for the speed of the quasiparticles that govern the propagation
of correlations and operator spreading. This gives rise to an effective state-dependent light cone.

15We are now interpreting (4.33) as the canonical ensemble expectation value.
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where

Fi = (ule(0,0)[A)

i(EAfE#)tfi(Pfo#)x

(4.36)
IDpulz,t)=e

Here |A) and |u) are normalized to 1. Crucially, closed-form expressions for the
form factors F) , are known from the algebraic Bethe ansatz [94, 249, 304, 305].
These show that F) , is nonzero for any eigenstate |u) of N — 1 particles', i.e. there
are exponentially many in L (fixed any arbitrarily large but finite momentum cutoff
for the rapidities) nonzero matrix elements involved in the Lehmann representation
(4.35).  While in systems that satisfy ETH matrix elements like F), are all
exponentially suppressed in L (¢f. Section 1.2), their structure is richer in integrable
systems, as a consequence of the existence of extensively many commuting charges.

In particular, the scaling of
My, = —In(|F\.%) (4.37)

can be superextensive for |\) and |u) that differ considerably in the distribution
of their rapidities [98]. This implies that only a tiny (but still exponentially
large) fraction of eigenstates |u), characterized by a “merely” extensive M) ,, can
contribute a finite amount to the Lehmann sum (4.35) for L — oc.

As shown in Ref. [249], at zero temperature 7" = 0 and number of particles
N < 200, the number of relevant |u) states for the reconstruction of C(x,t) is
not prohibitively large and an explicit sum over them can be carried out by the
ABACUS algorithm [288, 289], which searches for relevant |u) states with sufficiently
small M), until a certain sum rule (see e.g. Eq. (4.39) below) is close to being
fully saturated. Recently Ref. [260] addressed, using similar methods, very small
but nonzero temperatures for number of particles N =~ 40-80. ABACUS has been
successfully employed at finite temperatures also to reconstruct 2-point dynamical
correlators of the density o(z) = ¢'(x)¢(x), for fairly large values of N ~ 50-100
(depending on the specific choice of T') [251]. In Section 4.4 we will present numerical

results which allow us to explore why ABACUS can, in certain regimes of 7" and N,

6Note that Fl u trivially vanishes for |x) with more or less than N —1 particles, as a consequence
the selection rule on the particle-number Q.
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be successfully employed for reconstructing correlation functions of o(x), while it
fundamentally struggles with correlators of the Bose field ¢(x). Indeed, away from
the low temperature limit, the number of |u) states that meaningfully contribute
to (4.35) lies significantly beyond the capabilities of ABACUS already for systems

with a few tens of particles.

We now show that it is possible to overcome this limitation by employing a
simple yet very effective scheme (see also [273]), based on Markov chain Monte

Carlo (MCMC) sampling [306-310]. We rewrite (4.35) as
e~ M
Zy

C(z,t) = ZAZg,\#(x,t) (4.38)

where the “partition function” Z, simply corresponds to the density of particles
Zy =" e M = (Mo!(0,0)6(0,0)[A) = n . (4.39)
o

To draw a helpful analogy with classical statistical mechanics, we can interpret
Pa(p) = exp(—My,)/Zy as a normalized Gibbs distribution, where M) , plays the
role of an “energy”. The key realization is that eigenstates |us) can be sampled

according to Py (u) via MCMC, yielding the following estimate for C'(z,t)

Z)\ Lmax

Z I e (ZE, t) . (4.40)

gmax /=1

C(x,t) —

The technical details of the MCMC sampling are discussed in Appendix C.1.
Crucially, we find that the number of MCMC steps /.« needed to reconstruct
C(xz,t) with high accuracy is drastically lower than the number of |u) states that
meaningfully contribute to the sum in (4.38). This enables us to probe significantly
higher temperatures and system sizes than those available by previous approaches.

In the following we always set the chemical potential h such that n = N/L = 1.
Furthermore, we choose |\) in Eq. (4.32), i.e. the N-particle eigenstate representative
of the thermal macrostate chosen, to be a “smooth microstate” of pT)()\) [98]. In
other words, we require that the finite-/N distribution of its Bethe rapidities matches
as smoothly as possible the thermodynamic root density p(*) (A) chosen. For a simple

construction of smooth microstates given an arbitrary root-density p(\), see [98].
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4.3.2 Monte Carlo estimates for the number of relevant
states

Let m = M, /L denote the generalized “energy” density associated with the Gibbs
expectation value in Eq. (4.38). In the limit of large L the product between the
Gibbs weight Py (1) = exp(—Lm)/Z, and the density of |u) states at a given m,
which we denote as exp(L s,(m)), is expected to give rise to a single sharp peak
that dominates the sum in (4.38), as evident from the use of saddle-point methods.
From the fact that Z, = n = O(L?), it follows that at the saddle point m* the
entropy density s, is s,(m*) = m* + o(L°), i.e. the number of relevant |u) states
for the reconstruction of C'(z,t) scales to leading order as exp(Lm®*).

To show that our MCMC scheme is capable of probing this saddle-point
behaviour, we plot in Fig. 4.1 the values of m sampled in single runs of MCMC,
for several temperatures 7 and couplings 7. As we increase L = N, the variance
of the m values shrinks, compatible with the expected L — oo limit in which all
sampled m sit on a line that coincides with m*. We also compare the MCMC
output with the entropy density s[p(™)] associated with the thermal macrostate at ~y
and 7, see Eq. (4.20). The results show that s[p?)] > m* ~ s,(m*), i.e. the number
of relevant |u) states for the computation of C(z,t) represent an ezponentially
small fraction of all eigenstates in the thermal macrostate of |A\). The difference
s[p] —m* is seen to increase with the dimensionless temperature 7, as shown more
explicitly in Fig. 4.2, where we plot the average value of m over single MCMC
runs at v = oco. We note that the inequality s[p| > s,(m*) is compatible with
the findings of Ref. [98], which numerically showed that typical (N — 1)-particle
eigenstates |u) in the same macrostate as the N-particle reference state |\) feature
matrix elements with scaling M) , oc Lln L, and hence that these do not contribute
to C'(z,t) in the thermodynamic limit.

The states |4) that matter are characterized by a distribution of rapidities {p;}
which is anomalously close to the reference one {\;} [98], as for these one finds
M), o< L. As an example of this, we show in the insets of Fig. 4.1(b) and (f) the

linear scaling with L of the average M) , for 100 eigenstates |p) randomly generated
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Figure 4.1: Values of M) ,/L sampled in a single run of the MCMC sampling, at
different strengths v, temperatures 7 and sizes L. We plot 1 value every 3000 MCMC
steps. The dashed lines represent the entropy densities s[p] (see Eq. (4.20)) associated
with the thermal macrostates p(\) = p(*)(\) at couplings v and temperatures T = 7 n?.
The insets in (b) and (f) show that M) , grows linearly with L = NN for a simple scalable
family of |u) states (see main text).

by solving the Bethe equations (4.4) with integers {J](“) = f]()‘)il/Q}j-V:_ll (the signs +
are drawn at random), where {I ](’\) X" are N—1 of the N half-odd integers {I ;)‘) e
that determine the rapidities {);}. It is evident that the distribution of integers

for this family of |u) states is anomalously close to that of the half-odd integers
{ I()\) N

;7 }j=1, and this extends at the level of their rapidities via the Bethe equations.

By estimating m* ~ s,(m*) from the data in Fig. 4.1 we realize that the
number of MCMC steps employed in the sampling is drastically lower than the
number of relevant |u) states exp(Ls,(m*)). For example, by considering the
mean and standard deviation of the M), , values at 7 = 10,y = 10, L = 200 in

Fig. 4.1(d), we get s,(m*) = 0.82 £+ 0.06. This gives an order of magnitude of
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Figure 4.2: Average values of M) ,/L as a function of the temperature 7 over single
MCMC runs at v = oo and L = 400, c¢f. Fig. 4.1(e). We compare them with the entropy
density s[p] of the thermal macrostate p(A) = p(T)()\) at temperature 7 and v = co. The
orange error bars indicate standard deviations.

10%-107¢ for the number of relevant states. On the other hand, we will show in
the next subsection that very accurate results for C'(x,t) can be obtained using

a total of only 108-10° MCMC sampled points.

4.3.3 Benchmarks and results

To benchmark the approach, we consider the impenetrable limit v = oco. As
discussed in Section 4.2.3, despite the fact that here the model can be mapped to
free fermions, unlike generic (not Jordan-Wigner-like) local operators in standard
free theories the form factors F ,, of the Bose field ¢(z) are nonzero for any eigenstate
|y with N — 1 particles [98], exactly as in the interacting case 7 < oo. Hence,
from the perspective of reconstructing C'(x,t) by sampling states appearing in the
Lehmann sum (4.38), the limit v = oo poses challenges identical to the ones faced
in the penetrable case. However, in the impenetrable limit analytical expressions for
limy, o C(z,t) exist [94, 311-313] and give us access to a direct comparison with
exact results. These formulas involve Fredholm determinants [94, 304, 311, 314,
315] that can be numerically computed by standard methods [316]. In Fig. 4.3(a)
we plot the MCMC results for Re[C(z,t)] at v = 0o, 7 = 5 and L = 200. The
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Figure 4.3: Values of Re[C(z,t)] (real space) and C(k,w) (Fourier space) obtained
running 100 Markov chains in parallel with £., = 105 MCMC steps each (bnax = 107 for
v = 00). All plots refer to L = 200 and 7 = 5, and probe different couplings . We rescale
the frequencies in terms of the Fermi momentum kr = 7 n associated with the Fermi
surface at v = oo and 7 = 0. (a)-(c) Real space correlators as a function of the position
at times ¢ = (0,0.2,0.4,0.6)/n? (respectively blue, red, yellow and purple curves). The
dots and dashed lines are exact thermodynamic-limit results respectively at v = oo (from
Fredholm determinant representations [94, 311]) and in absence of interactions (y = 0).
The inset in (a) shows the same data in log-scale. (d)-(f) Fourier space correlators as a
function of the frequency at momenta k/kr = (0,0.16,0.32,0.48,0.8) (respectively from
lightest to darkest curves). The dots are obtained by Fourier transforming the exact
real-space Fredholm results.

agreement with the Fredholm results is found to be excellent. The MCMC output
also recovers the exponential decay with x expected from the finiteness of correlation
lengths at finite temperatures, see inset of Fig. 4.3(a).

As an additional (qualitative) check, in Fig. 4.3(c) we perform a comparison

between the MCMC data at v = 1/2 and the exact thermodynamic-limit results in
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the absence of contact interactions (7 = 0). The curves appear to be very similar,
as expected from the fact that low values of « should tend towards the free limit
v = 0. Fig. 4.3(b) shows results for the intermediate value of v = 4, where the

curves visually interpolate between those in Fig. 4.3(a) and (c).

To extract information on the spectrum of physical excitations created by
the action of ¢(x) at finite T it is convenient to consider the Fourier transform

of C(z,t) [249]

~ L2 o0 o
Ck,w) = dx dt ek C (g, 1)
—L/2 —o0

(4.41)
=21LY 0(w — B, + BEx) 0.p,-p, | (1l6(0,0)[A) [
B

This is proportional to the bosonic spectral function up to a factor of (1 4+ ng(w))
[27], where np(w) denotes the Bose-Einstein distribution function. While it is in
principle possible to compute C (k,w) by Fourier transforming the MCMC data
for C'(z,t), it is more convenient to sample directly in Fourier space. Furthermore,
given that at any finite L the function C(k,w) consists of a sum of Dirac delta
peaks, we implement a smoothing procedure appropriate for comparison with
L — 00. Details of the sampling in Fourier space and the smoothing procedure
are presented in Appendix C.2.

In Fig. 4.3(d) we compare the v = oo MCMC curves for C(k,w) with the exact
Fredholm results in Fourier space, finding perfect agreement. In Fig. 4.3(e) and (f)
we plot results for the finite couplings v = 4 and 10. We see that, fixed 7 > 0, a
decrease in ~ causes the curves to become more sharply peaked and to drift towards
negative values of w. The former behaviour is consistent with the emergence, at low
interaction couplings, of well-defined quasiparticles that couple to ¢(z) and whose
damping rate vanishes as the non-interacting limit v = 0 is approached. Similarly,
the drift towards negative energies can be understood from the fact that at v = 0 the
Fourier correlator is a sum of Dirac deltas lying on the free dispersion w(k) = —k*+h

at minus the occupied momenta of the reference eigenstate |\), i.e. at k; = —\,.
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To check the magnitude of finite-size deviations from the thermodynamic limit
behaviour in Fig. 4.4 we plot C' (k,w) at distinct sizes L. We see that in the range
of k and w values of interest, where the signal is significant, finite size effects are

very weak already at L 2 50, given the good agreement of all the curves.

Figure 4.4: Finite size effects in the values of the Fourier-space correlator C (k,w), at

different temperatures 7 and couplings . The frequency and momenta are rescaled with
]{ZF = Tn.

15 “o 0
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Figure 4.5: Density plots for 5’(k,w) /n at different temperatures 7 and couplings 7.
Data obtained for L = 200 by running 100 parallel Markov chains with £y, = 106 steps
each. The white ‘x” markers in (a), (e), (i) denote the free dispersion w = —k? + h._o,
where hy—g is the chemical potential that sets n =1 at v = 0 (for each given 7). Note

the different scales of colours for each subplot.
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In Fig. 4.5 we show full density plots for C (k,w) at several temperatures 7 and
couplings v. For v = 0.5 the spectral weight closely follows the free dispersion
w = —k?*+h of the non-interacting limit v = 0. In fact, for v < 1 the results uncover
the presence of a fairly sharp single-particle mode whose peak is slightly broadened
by the temperature and finiteness of interactions. At higher v (especially for 7 > 5)
the weight significantly spreads out into a continuum. We note that the plots at
7 = 1 and high ~ appear to correctly approach the zero and very-low-temperature
results of Refs. [249, 260], with the beginning of a broadened “type II” dispersion
[240] clearly visible for w > 0 (see also log-scale plots below). In the context of
matrix elements of the Bose field ¢(z), the zero-temperature type II dispersion ws (k)
is associated with energies w, = E,, — F)\ and momenta k = P, — P, where |\) is the
ground state of N particles (see Eq. (4.7)) and |u) is constructed by starting from
the ground state with N — 1 particles and implementing a particle-hole excitation
that creates a hole in the Fermi sea and adds a particle at the positive boundary
of the latter, i.e. just to the right of the Fermi momentum. For any interaction
coupling ¢ > 0 the dispersion wy(k) vanishes at &k = 0 and k& = 2kp, and is maximal
at k = kp, where kr = nm denotes the Fermi momentum of the impenetrable
¢ = oo model'”. Given that at 7 = 0 the type II dispersion ws(k) represents a
sharp lower threshold for C(k,w), at small but nonzero 7 this feature is expected
to remain visible (although it can be broadened by the finite temperature). This
is verified more explicitly in Fig. 4.6(a) and (c), which present log-scale density
plots of C(k,w) from MCMC at 7 = 1 and v = 10, cc.

The data in Fig. 4.6(c)-(f) also provide additional benchmarks at temperatures
7 =1 and 7 = 5 for the impenetrable case (7 = o0), by comparing MCMC log-scale
density plots for C'(k,w) (L = 200) with the exact Fredholm-representation ones
(L — 00). Again, we find excellent agreement. In Fig. 4.6(b) we show a log-scale
density plot for MCMC results at v = 10 and 7 = 5. Together with Fig. 4.6(d),
this clearly highlights that the fairly sharp type II threshold disappears at the

higher dimensionless temperature 7 = 5.

"The fact that kr = nm characterizes the boundaries of wo(k) at any c is a consequence of
Egs. (4.6) and (4.30).
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Figure 4.6: Density plots for In[C(k,w)] at L = 200 and temperatures 7 = 1 and 5.
MCMC data obtained by running 100 parallel Markov chains with £y, = 105-107 steps
each. (a)-(b) MCMC results for large but finite couplings v = 10. (c¢)-(d) MCMC results
for the impenetrable limit v = co. (e)-(f) Exact results for v = co and L — oo from
Fredholm representation. The weak non-smooth feature visible in (e) around k/kp ~
and w = 0 is due to small noise generated by computing Fredholm determinants for the
real space correlators C(z,t) and Fourier transforming to (k,w) space.

In Fig. 4.7 we plot again the MCMC data from Fig. 4.6(c) and (d) but down
to values of In[C'(k,w)] of —8. We see that the MCMC data appear to capture
the signal well even down to these low values (cf. log-scale results at 7 = 0 from
Ref. [249] for a direct comparison). In particular, the 7 = 1,y = oo plot in Fig. 4.7(a)
clearly shows the slightly broadened wq(k) dispersion stretching up to 2kp.

b 4 b b & b b L
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Figure 4.7: Density plots for In[C (k,w)] for the same MCMC data as Fig. 4.6(c) and
(d) but on a colour scale down to —8.

We stress that although we have presented here results only for thermal
macrostates p()(\) due to their obvious physical importance, our methods can be

applied equally well to atypical macrostates, as shown in [3].
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4.4 Comparing Bose field and density operator

Interacting integrable theories possess exponentially many (in system size) nonzero
off-diagonal matrix elements of any local operator between eigenstates [43, 94, 98,
100, 249, 304, 305, 317-322]. The vast majority of them'® is expected to be at
least exponentially suppressed in L [98, 100]. On the contrary, in free theories
only a few sparse matrix elements generally do not vanish, and their magnitudes
decay to zero at most polynomially with L.

Exactly as for the Bose field ¢(z), in the interacting regime (0 < ¢ < o0) of
the Lieb-Liniger model the exponential (or superexponential) suppression of the
matrix elements of the density o(x) = ¢'(2)¢(z) can be easily checked numerically
starting from known expression for its form factors [317, 318], or analytically by
employing expansions of the form factors in 1/c (for ¢ large but finite) [98]. This
suppression implies that, as we increase L, the use of sampling schemes for the
reconstruction of correlation functions becomes eventually necessary for both ¢(x)
and o(x), given that the number of relevant terms becomes prohibitively large at
sufficiently large L. Despite this similarity, we highlight here important differences
in the structure of off-diagonal matrix elements of ¢(z) and p(x). The existence
of such differences is perhaps not surprising in light of the fact that form factors
of o(z) are sparse both at ¢ = 0 and ¢ = oo [98], while those of ¢(x) correspond
to a standard free theory only at ¢ = 0. These dissimilarities shed light on why
correlation functions of o(z), unlike those of ¢(x), can be efficiently reconstructed
at finite temperatures and up to fairly large system sizes (N ~ 50-100) without
the use of sampling [251], although sampling becomes necessary at larger N. En
passant, we uncover the existence of some matrix elements of o(z) that are merely
polynomially suppressed in L (as in free theories) even in the interacting regime

0 < ¢ < o0. This is an interesting fact by itself.

18Below we uncover an exception to the exponential suppression behaviour, which rules out the
applicability of this statement to all off-diagonal matrix elements.
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Given a reference eigenstate |\) of N particles, the squared form factors

[FE17 = | (Mle(0)[A) [* = exp(—M,?) (4.42)

of the density are nonzero for any N-particle eigenstate |\) with Py # P [317,
318] (we are restricting to off-diagonal matrix elements, i.e. we require |A) # |\)).
Similarly to the case of M, ,, for ¢(z), M igi scales superextensively with L for typical
eigenstates |\) in the same macrostate as |\) and eigenstates in a different macrostate
[98]. Hence, for large L only atypically large rare form factors in the same macrostate
as |\) contribute a finite amount to correlation functions. Below we focus on these.

We fix for both o(z) and ¢(x) an N-particle smooth microstate |A) of a thermal
macrostate at some given values of 7 and 7 (see Section 4.3.1). To meaningfully
compare off-diagonal matrix elements of the two different operators we draw a
parallelism between the N-particle (with N even) eigenstates |A) for the density
(characterized by half-odd integer quantum numbers {JJ@}) and the (/N —1)-particle
eigenstates |u) for the Bose field (characterized by integers {Jj(“)}). We start by
considering the limit of large 7, which corresponds to high temperatures 7" or low
densities of particles n. Here, each half-odd integer in the set of quantum numbers
{1 J(’\)} that fix |[A) is well separated from its nearest neighbours. This allows us to
construct a reference (N — 1)-particle eigenstate |u.ef) by removing an element from
{1 J(’\)} (we always choose this among the two half-odd integers of lowest absolute
value) and shifting all the remaining J()‘) by +1/2, where each sign is chosen at
random (similarly to the construction used for the insets of Fig. 4.1). Note that in
the limit of large 7 (and large ) it is easy to check that the family of states |fiyer)
is associated with the lowest possible factors M) ,, i.e. the largest matrix elements
of the Bose field. We can generate arbitrary eigenstates |A) and |u) by adding an
arbitrary number n,;, of particle-hole excitations'? on top of, respectively, |\) and
|ttrer). This construction allows us to compare M), and M )(\Q/% for eigenstates |u)

and |\) arising from an equal number npn of particle-hole excitations.

9By a particle-hole excitation we mean the replacement of a (half-odd) integer from a set of
quantum numbers {J;} with another unoccupied (half-odd) integer.
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Figure 4.8: Histograms for M NS density) and M) , (Bose field) from randomly drawn

eigenstates |\), |u) at 7 = 500, ¥ = 7 (as in the main text n = N/L = 1) and sizes
L = 100,300. Each |\) and |u) is generated by applying np, random particle-hole
excitations on top of, respectively, |A) and |uref) (see text for the construction of |fiyer)).
Histograms display the relative frequency over the 400 eigenstates drawn for each npy.
Each particle-hole excitation is constrained to have momentum transfer |AP,,| < 1.
Colours from blue to red are associated with np, = 2,3,5,8,10,13,19, see (a). Insets show
a zoom-in on the region with the lowest number of particle-hole excitations: npy, = 1,2
for the density in (a)-(b) and np, = 0, 1,2 for the Bose field in (c)-(d) (the value npy =0
indicates the reference state |fief)).

In Fig. 4.8 we show histograms for 400 randomly drawn eigenstates |\), |u)
for different values of n,, at 7 = 500 and v = 7. We find that the results for
the density display a considerable degree of “lumpiness” (multimodality of the
underlying distribution) compared to the ones for the Bose field. Indeed, for o(x)
the peaks associated with different values of n,), are well separated from each other,
and the lumpiness appears to become more significant as L is increased. The mode
separation is most apparent for low values of n,p, see insets in Fig. 4.8(a)-(b). On
the other hand, it is significantly more difficult to resolve different peaks in the
case of the Bose field, and the degree of multimodality decreases as we increase L.

The key (striking) difference between the two operators is the magnitude of the

M i ;3 and M, , sampled. Indeed, M, , is associated with values significantly larger
than M N /\, both with respect to a given n,, and overall (in this regard, notice the

different z-axis scale in Fig. 4.8(d)). Furthermore, M (o) 5 appears to vary very slowly
with L, unlike M) , which is subject to changes of order L. This dependence on
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system size already suggests that, fixed L, the number of relevant states for the
reconstruction of correlation functions of ¢(z) (see Section 4.3.2) is significantly
higher than for the case of go(x). In [3] we also report an analogous plot for the
higher coupling v = 70 (still at 7 = 500), for which identical conclusions hold.
To address a region of the 7-y parameter space closer to the one that, for the
density o(z), has been probed by the ABACUS algorithm [251], we want to perform
similar comparisons at lower values of 7 (corresponding to lower temperatures or
higher density of particles). In this case, constructing |per) by the previous method
based on the +1/2 perturbations is not as meaningful as in the high-7 regime.
Indeed, at lower 7 most half-odd integers in {I J(.A)} lie very close to their nearest
neighbours and random choices of the signs + typically lead to double occupancies
(which must be discarded). Instead of focusing on 4+1/2 perturbations that avoid
the previous issue (by more carefully selecting the signs 4), here we choose |fiyer)
to be the smooth microstate of (N — 1) particles associated with the thermal root
density p")(\) that specifies the macrostate of |\). Note that unlike before, we
now have a single |pu.f) at each L instead of a family of them. In Fig. 4.9 we plot
the histograms of M@ and My, at 7 =5 and v = 7. We see that the features

AN
highlighted in the high-7 regime, and in particular the striking difference in the
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Figure 4.9: Same as Fig. 4.8 but for the lower dimensionless temperature 7 = 5, at
coupling strength v = 7. Colours from blue to red are associated with values np, =
1,2,3,4,6,8,10, see (b).
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Figure 4.10: Scaling of M)(\g; and M), with L at 7 = 5, = 7. The eigenstates ]5\>

and |u) are constructed by implementing a single particle-hole excitation of momentum
]
the functional form conjectured in [98]. Dashed lines represent 2-parameter linear fits
a L + b (performed on the 4 data points of largest L). The inset shows analogous data
for the vanishing momentum AP, = 47 /L, with the horizontal black line denoting the
constant asymptotic value. (b) M) , as a function of L for the same momenta AP, of (a)
and for the reference (N — 1)-particle state |puef) (see text). The dashed line indicate a
1-parameter linear fit a L on the |u.f) data (performed on the 4 data points of largest L),
for which we obtain a ~ 0.525. Linear fits for the AP, > 0 data (not reported) feature a
parameter a that grows with APy, e.g. we find a = 0.550 for APy, = /2.

AP, on top of, respectively, |A) and |per). (a) M )(\ —2In L as a function of L, following

magnitudes of M >(\QX) and M), ,, remain true also here.

o)
I and M, , we

To explore more explicitly the different scaling with L of M )(\
focus on single particle-hole excitations, i.e. we fix n,, = 1. We consider again
T = b, hence |u.f) is the smooth microstate with (N — 1) particles (note that

P

e = P = 0). For the density (Bose field) we implement a particle-hole excitation

on top of the reference state |A) (|uwer)) by removing one among a few half-odd
integers (integers) of lowest absolute value and inserting an unoccupied positive
one, such to create a positive momentum transfer AP,, > 0.

In Fig. 4.10(a) we present the scaling of M)(\Q))\ with L for AP, = 4%, /10, 7/2.
On the basis of analytic expansions in 1/c¢ of matrix elements of o(x), Ref. [98]

conjectured the following form for the squared form factors (4.42) associated
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with np, = 1

_liea[/ N M)\QS)\ :&L+21nL_lnﬁ ) (443>
npp=1 men=l

792

where a and 3 are positive O(L) scalars that depend on details of the distribution
of rapidities in |\) and on the particle-hole excitation that leads to |A). To verify
this functional form we plot M /59))\ — 2In L as a function of L and find the data to
be accurately described by a 2-parameter linear fit a L + b. For finite momentum
transfers AP,, = m/10,7/2 we obtain finite but extremely small (order 107*-107?)
values of a, which estimate the scalar o in Eq. (4.43). This shows that, for system
sizes L on the order of a few hundred, the exponential suppression of these form
factors of o(x) is negligible. In the inset of Fig. 4.10(a) we show an analogous plot
for the momentum transfer AP,, = 47/L, which vanishes in the thermodynamic
limit. Surprisingly, in this case the data are compatible with o = 0, i.e. absence
of exponential suppression with L. This suggests that in integrable models it is
possible to have matrix elements of local operators that are merely polynomially
suppressed in L (as in free theories) also in the presence of interactions (0 < ¢ < 00),
see also [323]. In Fig. 4.10(b) we present the scaling of M) , with L for the same
momentum transfers of Fig. 4.10(a), and for the reference state |p.ef). The data
are well described by 1-parameter linear fits a L, with a of the order of 1071-10°,
i.e. significantly higher than in the case of M )(\QA) This is consistent with the L-
dependence found in Figs. 4.8 and 4.9, and shows that the exponential decay of
off-diagonal matrix elements is significantly faster for the Bose field than for the
density. Furthermore, it is compatible with the claim that, unlike for the density

o(z), all matrix elements of the Bose field are at least exponentially suppressed in L.

Overall, the numerical results presented in this section yield insights on why
it is possible to reconstruct finite-7" correlation functions of o(z) by the ABACUS
algorithm up to fairly large values of N, of the order of 50-100 (depending on the
specific temperature chosen) [251]. By construction, ABACUS can only take into

account eigenstates with a few particle-hole excitations on top of |A), i.e. npn < Npax
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with np.x finite and not very large. The total number of such eigenstates (given a
physical momentum cutoff for their rapidities) scales polynomially with L, hence they
become eventually irrelevant for the reconstruction of correlation functions at large
enough L, due to the (slow) exponential decay? of the density form factors shown
in Fig. 4.10(a). However, given the smallness of the coefficient a in their exponential
decay exp(—a N), these finite-ny), states remain relevant for the reconstruction
of correlation functions at N =~ 50-100, where a N < 1 and the exponential
suppression is negligible. This is ultimately the reason why ABACUS manages to
saturate sum rules for the density o(x) by employing an explicit sum over these
types of states. However, similar strategies applied to ¢(z) correlators are limited to
significantly smaller temperatures or system sizes [260], and further progress requires
the use of sampling schemes like the one presented in the previous sections. Indeed,
already at 7 > 1 and N < 100, the total number of eigenstates constructed by
applying a small number of particle-hole excitations on top of a reference state is very
far from counterbalancing the smallness of their matrix elements, cf. Fig. 4.10(b).

We conclude by remarking that while at larger values of N than those probed in
[251], or at larger temperatures, the use of sampling schemes becomes necessary also
for o(x), we find that one cannot directly employ the MCMC strategy described in
Appendix C.1 for the Bose field. There, we show that a simple proposal update that
implements a single particle-hole excitation, coupled with the Metropolis acceptance
step, is very successful in exploring the manifold of relevant states. However, due to
the lumpiness that characterizes the matrix elements of go(x) (see Figs. 4.8 and 4.9),
these type of Markov updates are associated with extremely small acceptance rates,
which lead to very limited explorations of the landscape of relevant eigenstates. It is
an interesting problem for future work to identify an efficient strategy for sampling

relevant matrix elements for the reconstruction of correlation functions of o(x).

20Note that also the form factors that decay only polynomially with L, e.g. those associated
with a AP, o 1/L, become irrelevant at large L because their total number does not grow with
L.
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4.5 Conclusions

We have shown that the MCMC method introduced is capable of reconstructing
with high accuracy 2-point dynamical correlation functions of the Bose field, directly
from their Lehmann representation. It does so by efficiently sampling relevant form
factors, in regimes in which their number is so high that full sums cannot be carried
out with classical computational resources.

It would be interesting to extend the form-factor-sampling method to other
dynamical scenarios and to other interacting integrable models, although in the
latter case the presence of strings of complex rapidities makes accurate solutions of
Bethe equations much harder to obtain. Finally, we remark that in the attempt to
generalize the current method, implemented here for 2-point functions, to higher-
point dynamical correlators, one encounters difficulties analogous to the famous
“sign problem” that plagues MCMC simulations in fermionic systems. This is due
to the oscillatory phases that appear in the products of (more than 2) form factors
in the Lehmann sum. Indeed, unlike in Eq. (4.35), these products do not square
to a positive real weight (|F),|* in the 2-point case) for higher-point functions.
The presence of a “sign problem” in these cases is easily detected by performing
saddle-point-like estimates on the Lehmann representation modified by inserting

an absolute value inside the sum (see also [77]).
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Appendices for Chapter 2

A.1 Self-consistent time-dependent mean-field the-
ory (SCTDMFT)

Consider a generic many-body Hamiltonian H written in terms of bosonic creation

and annihilation operators a' = (a{,... al,ay,...,a,). We are interested in

studying the time evolution of a Gaussian bosonic state |¢/(0)) under H. In general,
the presence of interacting terms in the Hamiltonian turn [¢(¢)) into an entangled
non-Gaussian state at any ¢t > 0, and no exact solution for the dynamics can be
determined. To approximately derive the time evolution we employ a self-consistent
time-dependent mean-field theory (SCTDMFT) approach [102, 103, 149, 169-179],

where H is replaced with a quadratic time-dependent Hamiltonian Hyg(t) that

preserves the Gaussianity of the state
[ouar(t) = Ve (D60 = T [exp (=7 [ at ()| lol0)) . ()
Given the Gaussian nature of |1)(¢))yp it can be written in the form
Dur(t) = QWD) QU) = Cexp [aANa+A0) o . (A2)

where |0) is the boson vacuum. This shows that |{yr(t)) is a “vacuum” for the opera-

tors

di(t) = Q(t) a; Q)" . (A.3)
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Given the form of Q(t), d;(t) is a linear combination of operators a, af, plus a

constant. This also implies [d;(t), d;(t)] = 0, [di(¢), d; (t)] € C. Inverting (A.3) we get
a; = My(t) d;(t) + Nij(£) d} () + (ar(8)] @ [aw (£)) (A.4)

where M, N are matrices. We can now express H as a function of the d(¢) bosons and
apply Wick’s theorem to efficiently write H only in terms of normal ordered operators

with respect to [1yr(t)). We split the result of this operation in the two contributions
H = N[H>3(t)] + Hur (1) , (A.5)

where H>3(t) indicates terms in H that contain 3 or more d(t), d'(t) and N is
the normal ordering operator. Equations (A.1) and (A.5) self-consistently define
Hyr(t), which generally takes a simple form when re-expressed back in terms
of a, a' and their 1 and 2-point functions. Using normal ordering arguments, it

is easy to see from (A.5) that

1. Energy is conserved in the sense that
d
2 e (O H [wre (6)) = i(nr (8)] [Hur (t), H] [¢ur(t) = 0. (A6)

2. The equations of motion (EOMs) of 1 and 2-point functions of bosons, from
which every expectation value can be obtained by Wick’s contractions, are

given by

< (rae(0)] O Wi (1)) = i{wnae ()] [ Hrae (0), Ollas (1)
= (e (O)][H, Olgnae (1))

(A7)

where O contains one or two a, a' operators. The last equality makes apparent
that the SCTDMFT truncates the infinite BBGKY hierarchy of EOMs [102,
103, 172] by considering the expectation value of the exact term [H, O] over
a Gaussian state. This allows to express the result only in terms of Wick’s
contractions, thus closing the otherwise infinite set of coupled differential

equations in the hierarchy.
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Importantly, there always is an early time window in which the SCTDMFT is
expected to be quantitatively accurate. This follows from the fact that the EOMs
in (A.7) neglect the contribution of connected n-point functions of bosons for n > 2,
which however vanish at ¢ = 0 because [¢/(0)) is Gaussian. In many cases of interest,
for example when interaction strengths are small, the growth of the connected
n-point functions is expected to be slow and the SCTDMFT is quantitatively

accurate up to parametrically large times.

A.2 Derivation of the characteristic function for-
mula

In this appendix we derive equation (2.13) for the characteristic function
Y() = Tr [pexp (IAR)] | (A8)

where p is a Gaussian density matrix

1 1
p=exp §aTWa,+'wT-a , W=w w =w'y. (A.9)

Here the normalization Z enforces Tr[p] = 1 and W is restricted to be negative

definite. The definition (2.7) of the vector a always allows to choose W such that
YIWEr =wt . (A.10)

The 1-point functions and the correlation matrix A in this Gaussian state are

[161, 162] (or see Appendix D of [1])

w="Trlpal =-W 1w,

A="Tr [p (a — w)(a" — ww - ;ZZ = —;coth (; ¥* W) 7, (A.11)

where A = AT is positive definite. For the quadratic observable R we consider

the general class

1
R= iaTGa +g'-a, G=G' g'=¢"%" Det(G)#0. (A.12)
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Similarly to (A.10) we choose without loss of generality X*GX* = GT. We will
consider the special case Det(G) = 0 at the end of this appendix.
We start by defining displacement operators Dgs associated with vectors of

complex constants (3
Dy = exp [’ D;' =D}, (A.13)
which have the following properties
Di'a;Dg=a;+B; ., DsD; = Dg,,exp {—;,@TEZT} . (A.14)

The displacement operators are a complete orthogonal set on the space of bounded op-

erators [161]. For operators O such that Tt [O Dg] is well defined this translates into
1
0=— / PBTr[0ODy) D), Tr[D, Ds) = n'6% (v + B) | (A.15)

where d?B = [T._, dRe(f3;) dIm(3;). We can use this to express the characteristic

function in the form
) = (;)2 [ @8 [@r T [ng] Tr{exp (iAR) DT} Tr [D}D!]
- 73[ [ 8 Tr [p Dﬁ} Tr[exp (iAR) Dﬁ] . (A.16)
The first factor is known, see e.g. [161],
Tr[p Dy] = exp [—;mzmzzg + wfzm] , (A.17)

where A and w are defined in (A.11). This reduces the problem to determining

the second factor, which is of the form
F(B,H,h) = Tr |¢i(betttetnta) | (A.18)

where H, h have absorbed the A\ factor in front of G, g. Shifting the boson

operators by a constant s = —H 'h gives

F(8, H,h) = exp (—z;hf H'h—hl H‘12zﬁ) £(8,H,0) . (A.19)
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We can now use a splitting formula derived in Appendix D of [1] to write the

second factor as
F(8,H,0) = Tr [ei(;af Ha—',—AT.a)} exp (@B) ,
Al = (=BIY7) [exp (iX°H) = 1 (3°H)
B= ; (ATH) [H — X% sin (%7 H)] (HA) (A.20)
Noting that A retains the symmetry AT = ATY* of B we can perform a final

shift to a new set of canonical bosons b
Tr [ei(éa’f Ha+AT-a):| _ e*%ATH’lA Tr |:e;bT Hb:l . (A21)

Putting everything together we obtain

F(B.H,h) = Zg exp [—;wzmgzw 4 wgzzﬂ} | (A.22)
where
B 1 1
we = -G g Ac()) = — coth (M22ZG) v
Za(A\) = exp (—z’)\;gT G_lg> Tr [ei’\ébTGb} . (A.23)

The first complication in evaluating the trace in Zg(\) is that in general b’ G'b
cannot be diagonalized by a transformation to canonical bosons. It is however
possible to diagonalize these generic quadratic forms by introducing a set of “almost
canonical” bosons, which provide us with a generic formula to calculate the trace
needed, see Appendix D of [1]. The second complication is that the trace in
Za(A) is in general not well defined. However, we know from Section 2.2.1 that
X(A) is bounded and well-defined for any R, given the presence of the physical
density matrix p. This allows one to introduce an infinitesimal regularization when
evaluating Zg(\). Hence, the final result for Z5(\) follows directly from the trace

formula derived in Appendix D of [1], and is given by

1 1 —1/2
Za(A) = exp <—i)\29T G_lg) Det {2 Y7 sinh <—i)\22ZG)] . (A.24)
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Substituting (A.17) and the expression (A.22) for f(—8, AG, Ag) back into (A.16) we
obtain
1 1
) = Za—; /dQﬁ exp {—Zmzz (A+Aq) B + (0 — wly) zzg] _

= Zs exp {—1 ((.uT — wg) (A + Ac>_1(w - wa)} ;

v/Det (A + Ag) 2

which is the result (2.13) stated in the main text. The last equality follows

(A.25)

from standard Gaussian integrals [161] when we transform the integration from

complex to real variables z by

V2 \Jexe —1lgxe

The convergence of the integral for any choice of the Hermitian matrix G in (A.12)

552 SElG“f ibu>zzcg>4' (A.26)

is a consequence of the fact that ST(A + Ag) S is a complex symmetric matrix
with positive-definite real part!.
So far we have assumed that G is invertible. If GG is singular we introduce a

regulator £ such that det(G.) # 0. We then replace
(A+Ag.) ' = —iAG. + G. Mg G. , (A.27)
where Mg, is non-singular in the limit ¢ — 0. Given that
Y#sinh (—i)\; Zst) = G: Lg. L¢. non-singular for e — 0 (A.28)

one can easily verify that all terms formally ill-defined in (A.25) for ¢ — 0

exactly cancel.

IThe positive-definiteness of the real part ensures convergence and the formula can be proved
for complex matrices by analytic continuation from the real matrices formula [324].
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B.1 Proof of 2-colour connectivity

G B By By B, R

e _ e
k—2 k—3 k—3 k—2
Figure B.1: Configuration of particles in an FES from Fig. 3.3(b)-(c), which leads to
the formation of a type-2 blockage. Regions separated by a type-2 edge (i.e. a sequences
of k — 2 holes in an FES) host particles of different colour. We name the m particles in
the blue region By, ..., B,,, while the right-most green particle and left-most red particle
are respectively G1 and R1.

It is enough to prove the statement for a subregion of the chain containing
3 colours, as the result trivially generalises to the whole system. We can thus
refer to the particle configurations, colours, and labels from Fig. B.1. We start
by noticing that because of uniqueness of the FES, any given configuration in a
Krylov sector can be reached starting from the FES and performing only inward
hops. Call “central” region the one consisting of the two type-2 edges (sequences of
k — 2 holes) and all the sites between them. Assume that there is a configuration of
particles C in the Krylov sector that violates the 2-colour connectivity. This means
that wherever in the central region we place a cut between two sites, during the
series of inward hops from the FES to C there must be at least one inward hop

that involves a particle on the left and one on the right of the cut. This implies

122
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that at least one inward hop involving GG; and B; from Fig. B.1 must occur before
these interact with any other particle, otherwise a sequence of k — 1 holes is created
between them, preventing any future inward hop between the two. Thus, at some
point during the series of inward hops, B; is moved for the first time and goes at
least one site to its left. This necessarily creates a separation of k — 2 or more
holes between B; and B,. Given the assumption about C, this separation must
necessarily be of k — 2 holes. We can now repeat the same reasoning used for G
and By, for B; and Bs. In this way we keep propagating to the right a sequence of
k — 2 holes'. Thus, at some point two sequences of k — 2 holes must be next to each
other, with a single particle in the middle that has not been part of any inward
hop yet. By the assumption about C, the particle in the middle must perform an
inward hop, and this necessarily creates a sequence of £ — 1 holes. By placing a
cut anywhere between two sites that are part of this sequence of k — 1 holes, we

contradict the assumption about C. This concludes the proof.

B.2 Details of the full proof

To conclude the proof from Section 3.4.3 we present here technical details that
properly address “Case 3”. We start by generalizing the inequality between 74(v)
and g4, (p,s) of Eq. (3.13) to the case in which we take into account the dipole
moment. Consider a symmetry sector of the chain characterized by N = v L and
X = v,vL? and create a bipartition into two subregions of size sL and (1 — s)L.
Say that the first of the two subregions has N; = pL particles and dipole moment
X, = xpsL? The second subregion has N,, X, such that Ny + N, = N and
X1 + Xy = X. Define Gy, (p,z,s) as

_ 1 = —
gd,y,ux(pvxﬂg) = glm Zln Wd Wd = DE\C/?,XH(SL) D§\C/l2),X2(L - SL) ) (B]')

— 00

where W, is the total number of particle configurations compatible with the

bipartition. Given that everyone of these W, configurations is also a configuration

LClearly, by analogous reasoning the sequence of k& — 2 holes that originally separate B,, from
Ry must propagate to the left.
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of the global (IV, X) sector chosen, using Eq. (3.10) and taking the thermodynamic

limit one arrives to

77d(’/) - Ad(”? VCC) Z gd,V,Vcc (p> &Z, S) ) (BQ)

for any p,z and s in their respective domains. The inequality (B.2) trivially
generalises to the case in which we partition the system into more than 2 subregions.

As we have seen in Section 3.4.3, Case 3 implies, in addition to having a zero
fraction f of frozen sites being part of type-1 blockages, that any extensive subregion
of the chain has local filling approaching the global v for large L values. We now
exploit a trivial property of the FES picture starting from any state of the system
S with on-site dimension d: if an extensive subregion of the chain is enclosed by
two blockages of either type-1 or type-2 of o(L) size, then for asymptotically large
L wvalues this region has identical local filling in the FES of the auxiliary system
S and in the chosen state of the system S.

This provides us with an algorithm to partition the system as in Fig. 3.5,
i.e. into (G subregions A; that are separated by type-2 blockages B; of L-independent
size. The first subregion .4; must necessarily have size ¢; scaling as O(L"), with
0 <7 < 1. Indeed, assume for the sake of contradiction that the first L-independent
in size type-2 blockage is encountered only extensively far away from from the left
boundary, and so ¢; = O(L). This means that either 4; does not possess type-2
edges at all or that the ones present are at least an O(h(L)) apart from each other,
with h(L) a function that diverges for L — oo. This would however imply that
for large L the local filling in A; is greater or equal to v., which is not possible
given the condition of having local filling equal to v, i.e. lower than v,, in any
extensive subregion of the chain. Exactly the same reasoning can be applied to all
the remaining A; regions. In particular, after each blockage B;_; we try to look
for the next type-2 blockage of L-independent size at a fixed distance £ = O(L°)
to the right of B;_1, with ¢ > 1. If no such blockage is found at such ¢ distance,
we keep scanning to the right, until we find B; at a distance ¢; from B;_;. From

the argument above we are guaranteed that for any subregion A; the size ¢; > ¢
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is subextensive, i.e. it scales as ¢; = O(L") for some 0 < 7; < 1. We can now
generalize Eq. (3.20) from Section 3.4.3 to the multipartite case as
o [T p@ (@
Dr(nax) DA1+31 [H DBi1+Ai+Bi1 DBG—1+AG : <B'3>
=2
Using the analogue of (3.21) in the multipartite case we get

D) < Q7! [H D +51 DY (B4)

=1

where () is again an L-independent positive constant. The right-hand side of
the previous inequality involves the total number of configurations in a partition
of the chain into G regions that cannot exchange particles and dipole moment
with each other. Using Eq. (3.10) together with the generalization of Eq. (B.2)
to the multipartite case, we obtain

G
ey < H (B.5)

@w‘@?

Here Q is an L-indepdendent positive constant that has absorbed the @ factors from
(B.4) and the O(LP) constants arising from the use of (3.10) on every D%) .5, and on
DJ(\?’)X from (3.6). Importantly, we choose the L-independent distance ¢ to be much
larger than the size of any B;. In this way we can always guarantee that ¢2 > 2 > Q.
We see that if G is extensively large, i.e. if after applying the subdivision algorithm
we find among the set of all A; regions a subset of extensively many sizes ¢; = O(LY),
then rgvd”f() in Eq. (B.5) decays to zero exponentially with L. The fact that G = O(L)
is guaranteed by our requirement of having an extensive number of type-2 edges in
the system (given that Case 3 requires a zero fraction of type-1 blockages). Indeed,
assume by contradiction that G = O(L"), with 7, < 1. The total number of
type-2 edges in the system are obtained by summing the following contributions:
(i) two edges per B; blockage and at most O(L") edges per each A; region with
size £; = O(LY); (ii) at most £;/h(L) edges in each A; region of size ¢; = O(L")
with 0 < ; < 1. Here h(L) is again a function that diverges for L — co. Summing
these contributions under the assumption of a subextensive GG yields a subextensive
number of type-2 edges in the chain, which contradicts our requirements of having an

extensive number of them. Hence G = O(L) and r%’? decays exponentially with L.
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C.1 Details of Markov Chain Monte Carlo sam-
pling

Given that |u) eigenstates with N — 1 particles (/N even) are in one-to-one corre-
spondence with the sets of N — 1 distinct integers {Jj}jy:_ll that enter the Bethe
equations Eq. (4.4), we can directly perform sampling over the space of integers. In
particular, we can implement a Markov process with stationary distribution that
coincides with Py(p) = exp(—My,)/Zy from Eq. (4.38).

We start by recollecting a few elementary results from the theory of Markov
processes [308, 310]. Consider a finite set & = (xy,z2,...,2g) and a stochastic
variable X that takes values in & at discrete steps £. In our case, each z; denotes
a set of N — 1 distinct integers {J;}, and we guarantee finiteness of £ by imposing
any arbitrarily-large cutoff Jiax on max|J;|. Consider a Markov chain on £ with
transition matrix 7;; defined as the probability of transitioning from x; to z; in one

time step, that is, P(X“V) = ;| X = 2;) = T};, where P(-|-) indicates conditional
(

probability. If we call 7TZ~€) the probability associated with X® = z;, we have

70 = 7z O* ) = (w@, W%ﬁ), o ,Wg)) , (C.1)

()

where by construction 3%, 7" = 1. Consider transitions matrices 7' that are irre-

ducible and aperiodic [310]. Then, there exists a limiting distribution lim,_,, 79 =

126
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7w given by the unique solution of 7 = 7wT. A simple way of constructing a
Markov chain with stationary distribution 7 is to require that T satisfies the

detailed balance condition
Wiﬂj = 7TjT‘ji . (CQ)

In our context, 7 represents the target distribution Py(u). To construct a T
that satisfies detailed balance one can employ the Metropolis-Hastings algorithm
[306-308]. This allows to (approximately) generate samples X from the target
distribution 7, by letting ¢ run up to large values. The Metropolis-Hastings
construction is based on a proposal matrix w;;, which denotes the probability of

0+1)

proposing the move X = gz, — X =z, and on accepting or refusing it with

probability, respectively, ;; and 1 — a;;. This is defined as
@;; = min [W, 1] : (C.3)
v wij

It is easy to see that the overall transition matrix 7" for this Markov process, given by

Ty =wj o 1#7 T, =1-— Z Wi 0Gj (C4)
(Jgfi)

satisfies the detailed balance of Eq. (C.2). This implies that, if we choose w;; in
such a way that T is irreducible and aperiodic, then at large steps ¢ the stochastic
variable X will be sampled according to , irrespective of the initial value X©).
Given that each X() represents a set of integers {Jj@}, we can construct a
proposal matrix w;; for single-integer updates (i.e. single particle-hole excitations).
In particular, for the step £ — ¢ + 1 we select at random one among the N — 1
integers J](Z), say j = s. We then consider the nearest (Q/2 unoccupied integers
both to its right and left (Q) even), and select one at random, call it J* (if we hit
the boundaries defined by the cutoff J,., we wrap around, but in practice Jyax
can be chosen large enough that this never happens). It is clear that the proposal
matrix w;; associated with the move Jy) — J* is symmetric, i.e. w;; = wj;, and
hence it cancels out from the expression (C.3) for the acceptance probability, which

only depends on m = P, (u) (this is the original algorithm of [306]). If the move is
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accepted we update JU) = J* otherwise J*1 = J(®. We note that our choice
of w;; yields an overall 7" which is irreducible and aperiodic, as we required.

For the data presented in the main text, we have: (i) tuned the value of @) such
to always have an average acceptance rate of around 10% or higher; (ii) verified
that irrespective of the initial set {J;O)} chosen, the Markov chain always ends up
sampling from the same distribution (which appears stationary) at large-enough
times': (iii) discarded a “burn-in” number of initial steps, where we set lhum_in
to be 1/11 of the total number of MCMC steps lhum—in + fmax; (iv) extracted
the statistical uncertainty on the final MCMC data by computing the standard
error on the mean associated with the output of C' Markov chains run in parallel
(where usually we set C' = 100), and found that the uncertainties obtained were

negligible in all regimes of physical interest.

C.2 Reconstructing C(k,w)

The correlation function C(k,w) in Fourier space is given by Eq. (4.41). At
any finite L it consists of a sum of Dirac delta peaks centred around the energy
difference £, — E). Due to this, it is more convenient to sample an integral

of C(k,w) over the frequency

Clnt (k,w) = /_0;0 dy C(k,y) = 2nL Y O (w — B, + B) Op,—py | {60, 0)]A) 2

' (C.5)
where 6y is the Heaviside step function. Fixed k, the curve @nt(k, w) as a function
of w consists of many discrete steps of height oc | (1| (0, 0)|\) |* = e~ Mrn separated
by a distance dw ~ D, (E)~!, where D,(E) indicates the density of |u) states in
energy (which grows exponentially with L at any finite energy density). However,
if one resolves the curve Ciy(k,w) (k fixed) only on a finite grid of w values with
Awgria > 6w, it appears to be smooth, enabling a direct comparison with the

smooth function limy . Ciy(k,w) in the thermodynamic limit.

'This was achieved by monitoring the values of My, as in Fig. 4.1, as well as those for the
energies F, and momenta P,.
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Figure C.1: (a) Ciy(k,w) = [ dyC(k,y) obtained by running 100 parallel Markov
chains with £y. = 105 MCMC steps each at 7 = 5,7 = 4, L = 200. The dots represent
the average of each (k,w) point over the 100 runs, while the dashed lines indicate the

standard error on the mean. (b) C(k,w) obtained by performing a spline interpolation of

Cint(k,w) (k fixed) and computing its w derivative (bright lines). The noise in the curves
can be removed by using a simple low-pass filter (dark lines).

Similarly to Eq. (4.40), Ciy(k,w) can be estimated on the & and w grids via
MCMC. In Fig. C.1 we plot Cin(k,w) for 7 = 5,7 = 4 and L = 200. At each
k value, the curve as a function of w appears to be smooth, and the statistical
fluctuations around the average are negligible. To obtain C'(k, w) = dCin (k,w)/dw
we compute a numerical derivative by first performing a spline interpolation of
éint(k, w) at each k, and then taking the derivative of the smooth spline function
fr(w). In Fig. C.1(b) we plot dfy(w)/dw (bright lines) obtained in this way from
the curves in (a). On top of the smooth profile it is evident the presence of some
noise? arising from the small but nonzero statistical fluctuations in the MCMC
values for Cin(k,w). To obtain a smooth Fourier correlator C(k,w) (appropriate
for comparisons with L — oo limit) we filter out the high-“frequency” components
characteristic of the noise (where here “frequency” refers to the Fourier conjugate of

w, i.e. time). As evident from Fig. C.1(b) the filtered curves (dark lines) perfectly
capture the smooth profile of the original derivatives dfy(w)/dw.

2This is a consequence of the fact that, by construction, spline interpolations are designed to
pass directly through each given data point.
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