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Abstract

The transverse field Ising model of N fully connected spins provides a mathematical accessible, yet
non-trivial, system to investigate the non-thermal dynamics after a sudden quantum quench. The
focus in this thesis of three-fold.

First, in a 1/N expansion the dynamics of the mean magnetization within its variance is obtained
analytically in the large N limit. The variance constitutes a leading order correction to the mean
field limit at infinite N. While mean field theories are one of the most accessible approximations
to deal with the quantum complexity, its validity in time out of equilibrium has to be checked
on a case by case basis. By studying the dynamics of the variance, we see that the mean field
approximation can break down at surprisingly early times scaling with the square root of NN.
The underlying mechanism in the fully connected Ising model is identified as a dephasing effect
between nearby effective orbits. The dynamics of the magnetization variance discriminates four
qualitatively different regions in the dynamical phase diagram that are indistinguishable by just
looking at the mean magnetization.

Second, bipartite entanglement between disjoint groups of the spins in the fully connected Ising
model is studied. In the large N limit the entanglement Hamiltonian is shown to be a harmonic
oscillator. A quantitative relation between the angular frequency of the oscillator and a squeezing
measure of the spin state is derived. Explicit expressions for the Rényi entanglement entropies are
given. In contrast to the variance, which vanishes in the thermodynamic limit, the entanglement
entropy saturate to an N-independent positive value. The dynamics of the entanglement Hamilto-
nian and the entanglement entropies is discussed. Linear growth as a function of time is linked to
the unstable fixed point and the homoclinic orbit and of a pitchfork bifurcation, while logarithmic
increase is explained due to a dephasing mechanism of nearby effective orbits. A generalization
to other models that permit a semiclassical effective description (on a possibly higher dimensional
phase space) is given. As a byproduct the connection between entangled Gaussian states and the
symplectic eigenvalues of its reduced covariance is derived. An upper bound on the von Neumann
entanglement entropy of any bipartite pure state is given in terms of the symplectic properties of
its reduced covariance.

Third, the existence of dynamical phase transitions (DPTs) in the fully connected Ising model is
argued by two different approaches. DPTs are defined as non-analyticities in the time-dependence
of the return probability rate function in the thermodynamic limit. Like entanglement entropy,
the behavior of the return rate function is an observable-independent quantity used to charac-
terize non-equilibrium states. A numerically based connection between the DPT and the analytic
property of the infinite time averaged order parameter as a function of quench strength is discussed.

The concept of Feynman history states is used to devise the notion of history entanglement.
An information theoretic interpretation of the history entanglement entropy as the precision of a
quantum clock follows from Holevo’s bound. The dependence of this entanglement entropy on the
observation time constitutes an operator-independent characterization of the quantum dynamics in
closed systems. For observation times comparable to the Heisenberg time, the history entanglement
becomes sensitive to the statistics of the energy gaps, and thus distinguishes integrable and non-
integrable dynamics. This is demonstrated for two examples, a random matrix ensemble, and a one-
dimensional hardcore boson model with integrability breaking next nearest neighbor interaction.



Abstract

vi



List of symbols

N

Hy = @V C?

Dy = 1*(Zn+1)
Heg = L%(0,1)
(o0f,0!,07)

S =31 (07,07,07)/2
s=x ) (0F,0f,07)/2
H

Heﬁ

T

Hy

Sp = ﬁlogTrp”
SVN = _Trplogp
/

P

g2

62

n

z = (x,p)
V?H = H"

VH =H'

J

Zc) = (Xclapcl)

NG
YaB
pa

T

XA

pN(E) =3, 0(E — Ep)
x=S(p) = >, peS(pt)
I(A: B)

I3

system size, number of elementary spins

Hilbert space of N spins

Dicke space of N spins

Hilbert space for effective description as N — oo

Pauli spin operators of i-th elementary spin

collective spin operators

intensive collective spin operators

fully connected transverse field Ising Hamiltonian
effective Hamiltonian

transverse magnetic field

binary Shannon entropy

n-th Rényi entropy of density matrix p

von Neumann entropy of density matrix p

rate function

curvature (second derivative) of the rate function f

real part of fo

negative imaginary part of fo

configuration space dimension

2n dimensional phase space coordinates

Hessian matrix of H: R?" — R

gradient of H: R*" — R

standard 2n by 2n symplectic form

reference orbit

Gaussian function on R?” with covariance C' and mean z
composite pure state

reduced density matrix Trp |¢) 45 (¥| of YaB

inverse covariance matrix of ¥ 4p
inverse covariance matrix of pa
entanglement Hamiltonian py = e~
Wigner function of p

Wigner function of ¥ 4p

Wigner function [, Wap of pa
covariance matrix of composite Wigner function Wxp
covariance matrix of marginalized Wigner function W4
spectral density of states

Holevo’s quantity

mutual information between A and B

tripartite information

Hg

vii



List of symbols

viii



Contents

[Acknowledgements| iii
[Abstractl v
[Cist of symbols| vii
Contents ix
(1__Introductionl 1
[2° Mean field spin model| 5
2.1 The tully connected transverse field Ising modelf. . . . . . . ... ... ... ... 5
[2.2  Effective semiclassical picture] . . . . . . . .. ..o oo 8
2.3 General remarks about semiclassiesl . . . . . . .. ..o 10
[ Publication Ref. [1] 15
[3  Entanglement and magnetization variance in the transverse field Ising model| 17
BI Tntroductionl. . . . . . . o o 17
[3.2  Hierarchy of cumulants «| . . . .. . ... ... .. o o 18
[3.3  Bipartite entanglement|. . . . . .. ... oo o Lo 24
[3.4  Symplectic squeezing and entanglement in higher dimensions «[ . . . . . . ... .. 27
13.5 Interlude: bound on entanglement of non-Gaussian states x| . . . . .. . ... ... 32
[3.6  Multipartite entanglement | . . . . . . . ... oo oo 33
[3.7 Inhomogeneous initial states «. . . . . . . . ... ... oo 0000 36
[3.8  Publication [1]| . . . . . ... 42
I Publication Ref. [2] 91
[4  Dynamical Phase Transitions| 93
I Tntroductionl. . . . . . . o o o 94
4.2 Phase space heuristics| . . . . . . . ... 95
4.3 Semiclassical overlaps| . . . . . ... oo 100
4.4 _Discussionl . . . . . . . e e e e e 109
[4.5 Publication [2]| . . . . . .. 111
MT Entanglement and time| 119
[5> History state entanglement| 121
b.1 Extended Hilbert space and history states| . . . . . .. ... ... ... ....... 122
[5.2  History state entanglement entropy] . . . . . . . . . . ... ... L. 124

X



Contents

[5.3 Interpretation of the history entanglement| . . . . . . . . ... ... ... ... ... 126
5.4 Wigner random matrixl. . . . . . . ... L Lo 133
6.5 Hardcore boson lattice modell . . . . . . ... ... o000l 140
condlisi [ outlooK 147
[A  Star logarithm of Gaussian Wigner functions| 149
[B  Dicke state entanglement entropy| 153
[C Dynamics of nearby orbit variance in higher dimensions| 155
=1]s grap 157



1 Introduction

(Quantum) Information. From the epistemological point of view of digital physics |3L{4], the fun-
damental entity that governs all physical processes and phenomena, is information and information
processing, i.e., computation. An early hint that information has physical significance, is Maxwell’s
famous demon [5], and its derivates due to Smoluchowski [6], Szilard [7] and Feynman [§]. To-
day, information has a precise quantitative meaning in thermodynamics. Heat dissipation as a
consequence of information erasure [9], and its use as a source for engines [10] is well established.

In quantum physics, information and information processing plays a similarly important role [11].
However, compared to classical information, quantum information is notably different. Foremost,
in contrast to classical information, conditional quantum information can be negative. As a con-
sequence, “the best possible knowledge of a whole does not necessarily include the best possible
knowledge of all its parts, even though they may be entirely separate” [12]. This underlies the
phenomenon of quantum entanglement, which has no classical analog.

Since the years of its first investigations in 1935 [12}[13], entanglement has developed into an
indispensable tool. The applications of entanglement range from black hole thermodynamics [14-
16], the fundamental structure of space-time [17], holographic dualities [18,/19], conformal field
theories [20H23], quantum information theory [24] and quantum computation [25], to condensed
matter physics [26].

In the field of condensed matter physics, entanglement is used as an order-parameter-independent
quantity to identify quantum phase transitions [27,[28]. The effects of entanglement can enhance
measurement accuracy in quantum metrology [29,30], and protect non-locally stored information
against decoherence in quantum computation [31]. Entanglement is a bottleneck for many numer-
ical methods, such as the density matrix renormalization group [32-34] and in the matrix product
states formulation [35,[36], as they rely on the fact that the entanglement remains low in order to
effectively avoid the complexity of the exponential Hilbert space dimension. Due to finite compu-
tational resources, this is particularly limiting in out-of-equilibrium situations, where entanglement
of typical states approaches a volume law [23][37], contrary to ground states that typically obey
an area law. Whether entanglement scales with the volume or the area of the bipartition, in both
cases the induced complexity grows with dimension. From this perspective, the understanding of
the time evolution of entanglement is crucial.

Quantum simulators. One of the main long-term technological goals at the intersection of non-
equilibrium quantum many body physics and quantum information theory is the construction of
a large scale quantum computer. Several recent theoretical advancements, such as topologically
protected states [38], and the application of machine learning algorithms to quantum stabilization
[31,[39], are exploited to achieve long-time quantum coherence. Even though some breakthroughs
have been made [40], the dream of a large scale quantum computer is not completely realized, yet.

Because “[the] thought of every age is reflected in its technique” [41], the theoretical approach
to quantum computing is tightly entangled with experimental progress. In addition to quantum
computers, which may also be called digital quantum simulators, analog quantum simulators have
also gained attention over the past years. The increasing control of experimental setups have lead to
the realization of Manin’s and Feynman’s [42-44] vision, and induced the following paradigm shift.
On the one hand, theoretical models are devised to explain and predict experimental observations.
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These models are simple enough to be mathematically or numerically accessible, and yet, detailed
enough to capture the essential (often universal) features of the matter of interest. The modeling
of solid state materials by lattice Hamiltonians and effective degrees of freedom is along those lines.
Another prime example is the use of random Hamiltonians to describe the universal features of the
spectra of heavy nuclei [45]. On the other hand, analog quantum simulators in some sense reverse
this process of theoretical modeling. Ultra cold quantum gases on optical lattices and traps are
prime examples for analog quantum simulators [46-49]. By controlling the particles of the gas,
it is possible to simulate a given theoretical quantum Hamiltonian and its induced Schrodinger
dynamics in the lab.

Quantum many body physics out of equilibrium. Questions regarding non-equilibrium quantum
physics fall into two main categories. The first category concerns what it means that a quantum
system thermalizes [50], whether or not specific systems thermalize, and how they do so [51], e.g. on
which time scales [52]. In other words, the problem of thermalization is about the microscopic
justification of (quantum) thermodynamics. Related to this is the question what good notions
of quantum integrability are, and whether and how integrable systems evolve differently from
non-integrable systems [53,54].

The second category is about the description of the dynamics and classification of non-thermal
(steady) states of matter. In recent years, novel non-equilibrium states that rely on both, the
many particle nature, as well as the quantum nature, have been found. Sometimes, a single or few
body quantum phenomenon, such as Anderson localization, and quantum scars in semiclassical
wave functions, have a rich many body analog, such as quantum many body localization [55,/56]
and quantum many body scars [57,58]. Quantum many body localization is an example for a
non-thermal state of matter and is characterized by slow logarithmic increase of entanglement.
Moreover, recently found new types of dynamical behavior, such as dynamical phase transitions[]
[59,/60], and time crystals [61], are structurally analogous to equilibrium physics.

The focus of this thesis is on the second category of questions. In particular, the non-thermalizing
dynamics of a permutation invariant spin model is studied. More details are given below.

Fully-connected models. In this treatise, the fully connected transverse field Ising model (FC-TFIM)
is investigated out of equilibrium. This model, in which IV spins are coupled in a permutation invari-
ant way, is also known as the Lipkin-Meshkov-Glick (LMG) model [62], and can also be formulated
as a two component Bose-Einstein condensate (BEC) [63-65]. The non-equilibrium situation is
achieved by a sudden quantum quench in the transverse magnetic field.

The study of this particular model is motivated by three main reasons. First, it has a mathe-
matically amenable thermodynamic limit as N — co. More precisely, the thermodynamic limit is
identical to the mean field limit. Corrections to the mean field limit become important for large,
but finite N. These corrections are non-trivial and can be obtained in a controlled 1/N expan-
sion. This expansion is non-perturbative in the couplings of the model, and therefore, provides
a complementary approach to perturbative treatments of many body problems. By studying the
corrections to the mean field limit, the FC-TFIM provides an example to benchmark the validity
of mean field approximations out of equilibrium.

Second, the FC-TFIM can be viewed as the infinite range limit of a one-dimensional spin model
with long-range couplings. Those long-range models are of experimental [46H48] and theoretical
interest. One question is how the spread of correlations [66-69] and entanglement [70-75] in long-
range models is different from their short range counter parts [22}[23,|76,77]. Many results on
entanglement dynamics in long range models are numerical [704/78,/79] and semi-analytical |72}80].

!Two different types of dynamical phase transition are discussed in Sec. [4] of this thesis.



The infinite coupling limit provides an accessible model to address the entanglement dynamics
analytically.

Third, fully connected models may also be viewed as effectively infinite dimensional lattice
models, in the sense that their coordination number diverges. As such, they provide the opposite
limit to low dimensional, in particular one-dimensional, systems. In contrast to notoriously difficult
two and three-dimensional transverse field Ising model, the infinite-dimensional limit is accessible.

QOutline. This thesis is structured as follows. In chapter [2| a short introduction to the FC-TFIM
is given. The permutation invariance and its consequences are emphasized. In particular, the
mapping onto an effective one-dimensional model is explained. Under this mapping the thermo-
dynamic limit of the spin model translates to the classical limit of the effective model. Therefore,
some remarks on semiclassical theory are made, and a few results, which will be used in later chap-
ters, are collected. The material of this chapter is not new, and rather written in a monograph
style.

The subsequent material is structured in three parts, each part is contained in one of the chapters
and [5| The chapters |3| and [4] are devoted to the author’s publications [1] and [2], respectively,
while chapter [5| contains unpublished results.

In [1], see Sec. the dynamics of the mean and variance of the magnetization after a quantum
quench is obtained analytically to leading order as N — oo. Based on these observations the
dynamical phase diagram is explained, and the time scale of validity of the mean field approximation
is discussed. As a consequence of spin-squeezing the magnetization variance is tightly connected to
entanglement. The leading contribution to the entanglement Hamiltonian is computed in the large
N limit. The entanglement Hamiltonian is a harmonic oscillator, and the quantitative relation
between spin squeezing and Rényi entanglement entropies is derived.

In addition to these results, chapter 3| discusses three extensions not contained in [1]. First, in
Sec. the dynamics of higher cumulants beyond the variance is investigated. The hierarchi-
cal coupling of the cumulants’ equations of motion is derived and discussed. Second, in Sec.
the calculation of the entanglement Hamiltonian and Rényi entanglement entropies of Gaussian
states is generalized to higher state space dimensions. A semiclassical interpretation in terms of
the symplectic capacity and the symplectic non-squeezing theorem is given. This result is used in
Sec. to bound the von Neumann entanglement entropy of non-Gaussian states from above. The
result of Sec. [3.4] also facilitates a short discussion of quadripartite entanglement in the FC-TFIM,
cf. Sec. Third, the dynamics of inhomogeneous initial states in the FC-TFIM is briefly sketched
in Sec. It is speculated on the consequences for the dynamics of spin squeezing and entangle-
ment.

Chapter 4| is concerned with dynamical phase transition (DPT) in the FC-TFIM. After a brief
review of the literature in Sec. two independent approaches to DPT in the FC-TFIM are
presented in Secs. [£.2] and [£.3] Both sections suggest the existence of DPT in the spin model.
The first approach in is rather heuristic. The second approach in gives a more microscopic
account of the occurrence of DPT. In particular, the critical times at which DPT occur, and the
decay of the Loschmidt rate function are related to spectral properties of the FC-TFIM. Limitations
are critically discussed.

A copy of the publication [2] is attached in Sec. This publication discusses a connection be-
tween two different types of DPT in the FC-TFIM, and is mainly based on numerical observations.

Chapter [5] is independent of the other chapters and self-contained. It discusses bipartite entan-
glement entropy in Feynman history states as a quantum information theoretic characterization of
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the dynamics in closed quantum systems. Common to both, the DPT investigated in chapter [d and
the history entanglement in chapter [5] is the crucial role of the spectral density of the Hamiltonian
driving the dynamics.

After reviewing and introducing the notion of extended Hilbert spaces, history states and his-
tory entanglement in Secs. and two information theoretic interpretations of the history
entanglement are given in Sec. One is based on the entanglement entropy of measurement,
the other relies on Holevo’s bound. A connection to quantum clocks and quantum speed limits
is emphasized. The examples of a random matrix ensemble, cf. Sec. and a hardcore boson
model in the integrable and non-integrable regime, cf. Sec. show how the history entangle-
ment discriminates between integrable and non-integrable dynamics. The analytical predictions
are confirmed by numerical data.



2 Mean field spin model

The following chapters [3| and 4| discuss non-equilibrium quantum dynamics after a quench in the
transverse field Ising model of fully connected spins. This chapter gives a brief introduction into
the infinite range Ising model and semiclassical analysis. This is textbook knowledge, and does
not contain any new results.

After stating the fully connected Ising Hamiltonian and discussing the consequences of its per-
mutation invariance in Sec. we review the mapping onto an effective semiclassical model in
the large N limit in Sec. Thereafter, in Sec. we make a brief digression into semiclassical
analysis.

2.1 The fully connected transverse field Ising model

The Hamiltonian of the transverse field Ising model of NV fully connected spins reads

N N

1
H=—55>5 F-T> s, (2.1)
ij=1 i=1
where s;Y% = "% /2 are spin-1/2 operators of the ith elementary spin in terms of the Pauli

matrices 0%¥% %, and I' is the homogeneous transverse magnetic field. The ferromagnetic coupling
between the spins is all-to-all, and its uniform strength is scaled by a factor of 1/N such that both
sums in (2.1)) scale extensively as O(N).

The model (2.1) is also known as the Lipkin Meshkov Glick model [62]. It has a quantum critical
point at I'. = 1/2, which separates the ferromagnetic (ordered) phase I' < T'. from the paramag-
netic (disordered) phase I" > T'. [28,81].

The Hamiltonian is defined on the 2V-dimensional Hilbert space Hy = @VC? of N ele-
mentary 1/2 spins. The subspace of invariant states w.r.t. permutations of the N spins is denoted
by Dy, and referred to as the symmetric Dicke space. As H is invariant under permutations of
the spins, the Dicke subspace is invariant under H and under the family of unitary time evolution
U = efth_

In Sec. we will encounter another Hilbert space, the Hilbert space of square integrable func-
tions on the unit interval Heg := L?(0,1). In the limit of N — oo, states in Dy are approximated
by functions in Heg. The three Hilbert spaces, Hy, Dy, and Heg, occur frequently in this treatise.
Pictorially, their relation is summarized as

N
Hyn D Dy Lzoo, Hef-

In the following subsection, we discuss the symmetric Dicke space and its relation to the full
Hilbert space of N spins in more detail. Thereafter, in Sec. a mapping of the symmetric spin
model onto an effective model with Hilbert space Heg is explained. This effective description has
a semiclassical limit for N — oo.
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2.1.1 Permutation invariance and Dicke subspace

We spend some time on the theory of permutation invariant systems. First, we review some gen-
eral consequences of permutation invariant Hamiltonians on the structure of the Hilbert space by
following [82]. Although, we will mostly confine to the totally symmetric subspace, we sketch
the theory in more generality. Second, we apply the general findings to a fully symmetric spin
Hamiltonian of N spin-1/2 particles.

Generic permutation invariant Hamiltonian of N particles. The following discussion can be
found in chapter IX. of [82]. Let H be a generic N particle Hamiltoniarﬂ that commutes with all
particle permutation operators P, i.e. [H, P] = 0. Moreover, any permutation operator is unitary,
Pt = P, and can be viewed as a conserved (complex-valued) quantity. There are N! conserved
quantities resulting from permutation invariance in this way. However, as two permutation op-
erators P; and P> do not commute in general, one cannot give a value to all these conserved
quantities simultaneously. In other words, the permutation operators are complementary, and
there is no common eigenbasis of all P and H. The best one can do is to give a maximal set
of pairwise commuting conserved quantities x1,- - Xm, i-€. [xi, x;] = 0 and [x;, H| = 0. Every x;
must be a linear combination of the permutation operators, because any polynomial of permutation
operators can be written as a linear combination of permutation operators. It turns out that the
choice of x; = x(P;) = (N!)~'3p PP,PT, where the summation is over all permutations, fulfills
the requirements. Evidently, x; commutes with all permutations. Two similaIEI permutations P
and @ give identical x(P) = x(Q). On the contrary, any two permutations P and @ that are
not similar yield different operators, x(P) # x(Q). Hence, to each equivalence class of similar
permutations one associates a conserved quantity y;. As x; is the average over all permutations
in the respective equivalence class, and because any permutation P is similar to its inverse PT,
X; is Hermitian, i.e. a real-valued conserved quantity. The number of equivalence classes modulo
similarity is m, the number of ways that N can be decomposes into a sum of integers. A trivial
conserved quantity is given by the identity, x;1 = 1. We denote the collection of all m operators
(X1, Xm) by the bold face letter x. The eigenvalues of x are not independent, since they have
to fulfill certain relations among them. It turns out that there are m different valid solutions
(each solution is related to a character of the group of permutations). One obvious solution is
x1 = 1, - xm = 1, corresponding to permutation invariant states. Another solution is y; = £1,
depending on the parity of the equivalence class, corresponding to antisymmetric states. These
two irreducible representations of the permutation group, the totally symmetric and the totally
antisymmetric, are the most prominent ones, as they are the mathematical basis of the theory
bosons and fermions, respectively. We can now construct common eigenstates of H and x, and
denote the orthonormal eigenbasis by |E,x). The permutation invariant energy eigenstates are
|E,{x; = 1}). These states are special and they obey P|E,{x; = 1}) = |E,{x; = 1}) for any
permutation P. In general, acting with a permutation on |E, x) changes the state, but it remains
an eigenstate of H and x with the same eigenvalues. In other words, |E,x) are usually highly
degenerate. (The fact that many energy eigenstates are degenerate already follows from the fact
that H has many non-commuting conserved quantities.) The degeneracyﬂ of |E,x) is a function

IFor the sake of concreteness, one may think of H as the Hamiltonian in , but the discussion applies to all N
particle Hamiltonians of any particle type.

2Two permutations P; and P, are similar if there exists another permutation P such that P, = PP,P~'. In
other words, two permutations P; and P» are similar if they are identical modulo relabeling of the labels by a
permutation P.

3Here, we only mean the degeneracy as a consequence of the indistinguishability of the particles. Of course, there
may be additional degeneracies, unrelated to the permutation invariance.



2.1 The fully connected transverse field Ising model

n(x) of x alone. It is impossible to distinguish these degenerate eigenstates by physically mean-
ingful, i.e. permutation invariant, operators. Only eigenstates of x with different eigenvalues can
be distinguished by physically meaningful observables. Examples of such meaningful observables
are the Hermitian operators x.

Permutation invariant Hamiltonian of N spin-1/2 particles. Now, we turn to the special situa-
tion of a permutation invariant Hamiltonian of IV spin one half particles, i.e. when the local Hilbert
space of a single particle is two dimensional. Prior to discussing the concrete spin Hamiltonian
, we make some general remarks about the structure of the Hilbert space of a system of NV
identical spin one-half particles. A system of N elementary spins is built up by starting with a
single spin-1/2 and successively adding elementary spins one by one until the N-th spin is added.
Adding two spin one half spins produces an antisymmetric singlet (j = 0) state and three sym-
metric triplet states (j = 1). The procedure of subsequently adding more spins is schematically
sketched in Fig. From one row to the next a spin one half is added. The numbers in every

) N=1
/ \

0(1) 1(3) N =2

1 - 1 / \ 3
2(2) 2(2) 5@ N=3

/N VEERN N
0(1) 1(3) 0(1) 1(3) 1(3) 2(5) N=4
VRN SN SN S

32 3(2) 3(4) 3(2) 32 32 3(2) 5(4) 54 30 N=5

Figure 2.1: Successive buildup of the Hilbert space of N spin-1/2 particles, starting with a single
spin (top row), and adding one additional spin according to the spin coupling rules by
going to the next row below. Each cell represents subspace of the Hilbert space with
fixed number of particles (given by the row index NN in the last column), and a fixed
total spin j given by the first number in each cell. The number in brackets is (27 + 1),
the dimension of the subspace. All of these subspaces are mutually orthogonal. The
total dimension of all subspaces in the N-th row sums to 2V, the dimension of the
Hilbert space of N spin-1/2 particles. The last cell in each row (boxed) denotes the
totally symmetric, permutation invariant, Dicke subspace of N spins.

cell indicates the spin-j representation, the number in brackets is the dimension (25 + 1) of this
representation. The sum of all dimensions in the Nth row add up to 2%, i.e. the Hilbert space
dimension of N elementary spins. The arrows indicate how the irreducible spin-j representations
splits into the two irreducible spin |j —1/2| and (j + 1/2) representations upon adding a new spin.
Thereby, the dimension doubles from (25 + 1) to [2(j — 1/2) + 1] + [2(j + 1/2) + 1] = 2(25 + 1).
The representation with the largest spin in each row (marked with a box) is totally symmetric,
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i.e. states of this representation are eigenvalue one eigenstates of x1,- - xm acting on the N el-
ementary spins. Those totally symmetric states span the (N + 1) dimensional Dicke space. In
other words, the Dicke space is the spin-N/2 irreducible representation obtained by adding N
elementary spin-1/2’s. In general, the representations of the remaining cells in the above diagram
are not spanned by x eigenstates. However, in the direct product space of representations of the
same spin j, one can choose an eigenbasis of the x1,--- X, operators. This is because the op-
erators x commute with the total spin operator S = Zjv S;, and hence, eigenstates of x must
lie in an eigenvalue j(j + 1) eigenspace of S2. We do not proceed further with the discussion of
the non-symmetric x eigenspaces, other than noting that these eigenspaces need to be taken into
account when constructing thermal density matrices of permutation invariant spin Hamiltonians
on Hy = (C?)®N.

It is interesting that the spin-/N/2 representation obtained by adding N elementary spin-1/2’s is
invariant under permutations of the spins. We confirm this fact by a direct computation. To this
end, let

1/2
o= (y ) Pt (2.2)

be the normalized permutation invariant state of N elementary spins with N, up spins, where
P = % Zpe sy P is the orthogonal projection operator onto the permutation invariant subspace.
There are (N + 1) independent states, parametrized by Ny € {0,---N}. We show that these

states are ﬂ(% + 1) eigenvalue eigenstates of S?2. The off-diagonal terms in the double sum
S? = Zgj:l S; - S; act on direct product states |s;, s;), with s;,s; € {1, ]}, as

1(2050,5;) — |50 8;), 85 % 8
Si - Sjlsi,85) = {|SZ i) = lsiosg)y 517,

4 |3'ia5j>, Si:Sj,

where 5 denotes the spin obtained by flipping s, i.e. T =] and | =t. In both cases, for a pair of
parallel and antiparallel spins, the number of up and down spins is not changed under the action
of S; - S;. Using this result and the fact that |s;) is an (3 + 1) eigenstate of S? in

N\ L2
SQ\N+>:SQ<N+> Pt l)
N\ 12
:<N> P N;<;+1>+Zsi'sj [t )
+ i#]
1/1 11/ N\Y?
:[N2<2+1>+N(N—1)4} (M) Pt L 1)
N (N

shows that the symmetric Dicke states are indeed states of a spin-/N/2 representation.

2.2 Effective semiclassical picture

We are interested in two things. First, expectation values (¥|O|¥) of permutation invariant op-
erators O in a typical state |¥) € Dy. And second, the time evolution of |¥) w.r.t. H, that is
W) = e 4| W), In general, (O(t)) is not a simple explicit expression. However, in the limit
N — o0, and under certain conditions, the leading contribution of (O(t)) evolves according to an
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effective quantum system in the semiclassical limit.

More precisely, for large N there is an approximateﬂ mapping of the spin model on Dy
to a quantum system of a fictitious particle on the interval [0, 1] with effective Planck constant
heg = 1/N and Hamiltonian [81]

Heg(n1,p) = — (ny — 1/2)° = Ty/n; — nZ cos(p). (2.3

where p = —ihegOyp, . This effective Hamiltonian is defined on the Hilbert space Heg = L?(0,1) of
square integrable functions on the unit interval. The position of the fictitious particle is given by
the fraction of up spins ny = N4 /N in the spin model.

In the limit N — oo the mapping becomes exact, and the evolution of (O) follows from the
classical equations of motion of Heg. This is the mean field limit. If N is sufficiently large, but
still finite, then, quantum fluctuations around the classical limit can be taken into account by a
systematic expansion in 1/N. One quantitative measure for these quantum fluctuation effects is
the variance var(0Q) = (O?) — (0)?. We will see in Sec. 3.2 how to systematically approximate the
variance var(O) and higher moments. The fact that quantum fluctuations are included on top of
the classical limit, is referred to as semiclassics.

The derivation of the effective Hamiltonian is described in more detail in [81] and in
appendix A of [1]. A generalization of the effective Hamiltonian to the situation of inhomogeneous
(i.e. not fully permutation invariant) states is described in Sec.

Essentially, the Hamiltonian H.g follows from expanding the spin Hamiltonian H of Eq.
in the Dicke basis states |N,), cf. Eq. . The key point of the effective description is the
right choice of coordinates n, = Ni/N. In order to have a well defined limit heg = 1/N — 0
the coordinates of the effective configuration space must scale intensively, i.e. independent of N,
in the large system size limit, cf. table The fraction of up spins, ny = N4 /N is a suitable
intensive coordinate. The percental quantity (ny 4+ 1/2) is the eigenvalue of the intensive collective
spin operator s, = + Zf\i 1 07/2 with eigenstate | N ). The commutation relations of the intensive
collective spin operators s = (s, sy, ) is given by the SU(2) algebra decorated with the scaling
parameter heg = 1/N, i.e. [sz,5,] = hegs,, and similarly for cyclic permutations of the indices.
The fact that the commutator vanishes for N — oo is another instance of why the intensive spin
operators facilitate a semiclassical description. The change of coordinates from Ny to ny = N./N
can be interpreted as a scale separation [83|, where heg = 1/N plays the role of the scaling
parameter.

Remark (on the order of limits, N — oo and ¢ — o0). In general, the mean field limit N — oo and
the large time limit ¢ — oo do not commute. This has far-reaching consequences and is the reason
for the rich and complex structures in the field of quantum chaos (quantum chaology) [84]. For
example, the double limit of N — oo and ¢ — oo was investigated in [85] for the spin model
with I' = 0. It was shown that the trace of the evolution operator e "/ can lead to complicated
fractal structures in the complex plane (even in the supposedly simple case of I' = 0). We are not
concerned with these complications, though. Instead, we investigate the asymptotic behavior for
a fixed large N and early times. Because of the aforementioned, we cannot expect the asymptotic
results to hold for arbitrarily large time scales. Ref. [1] discusses the time scale of the breakdown
of the mean field description as a function of V.

Remark (on different semiclassical approaches). We follow the approach [81] of expanding H in
the Dicke states |N;) to obtain the effective description Heg. This is not the only semiclassical
technique in the context of spin models. Another approach is an expansion in spin coherent

“The approximation involved in the mapping from (D, H) to (Hes, Hesr) consists in neglecting terms of order
O(1/N) in Heg. More details are given in appendix A of [1].
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states [86]. Omne reason, why we use an expansion into Dicke states is, that a bipartition of the
elementary spins is very natural for the Dicke states, but less obvious for spin coherent states. We
use this bipartition in the discussion of entanglement in Sec.

Summary. The relations between the fully connected spin model (2.1) on Dy and its effective
description Heg on Heg are summarized in table

collective spin model

effective description

N — 00, thermodynamic limit,

limit =1/N lassical limi
imi mean field Limit Reft /N — 0, classical limit
) finite size effects, corrections to .
corrections quantum fluctuations
mean field
configuration N, € Zny1 (extensive)  ny = N4 /N € [0,1] (intensive)

Hilbert space

Dy = 12(Zy1) (Dicke space)

Heg = L2(0,1)

basis {INO} (Ve [My) = 0N, vy {In)} (nglmg) = 6(ng — my)
states U(NY) = (N ) h(ny) = VNB([ns N))
. 1
normalization | [[¥llp, = SN, _o [WNOP =1 [[bll = Jo ins) =
collective S, =N 07/2 (extensive)  (ny —1/2) (multiplication)
spin Sg = Zfil 07 /2 (extensive)  cos(p), p = —i0y /N
— _ 1 ¢2
Hamiltonian (elite;m e]\)[ Sé ’ H.g, (intensive), Eq. (2.3))
eigenenergies H|E,) =E, |E ) Heog o = epty,
E, (extensive) e, ~ E,/N (intensive)
eigenstates U, (Ny) = (NLIE,))  tp(ny) = VNE,(|nyN])

Table 2.1: Summary of various relations between the fully connected spin model (2.1)) on Dy and
its effective description (2.3]) on Heg.

The upshot is that the thermodynamic limit in the fully connected Ising model translates to
the classical limit in the effective model . We will make intensive use of semiclassical analysis in
the effective model to study the quantum dynamics in the mean field spin model for asymptotically
large N. In particular, we apply the ideas of the truncated Wigner approximation [87,88] and the
nearby orbit approximation [89-91]. Schematically,

thermodynamic limit semiclassical limit
— heg=N"1—0 —

in effective description

truncated Wigner
approximation (TWA)

nearby orbit
approximation

N—oo
in collective spin model

In the following section we collect some general semiclassical results for later reference.

2.3 General remarks about semiclassics

In this section we collect a few semiclassical formulas to be used in later chapters, in particular, in
chapters 4| and |5, For the rest of this section H denotes a quantum Hamiltonian, whose classical
limit is given by the Hamilton function H(z) with N degrees of freedom z = (q,p) € R*V, and
p € R¥ is the conjugate momenta of q € RY.

10
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The semiclassical limit is really a question of scales [92]. A system is in the semiclassical limit,
if h is small compared to a characteristic action (a quantity of dimension energyxtime). Hence,
when we refer to the magnitude of A, it is always implicit with respect to the natural units of the
specific problem at hand. In other words, 7 is viewed as a dimensionless scaling parameter [83],
separating the quantum world from the classical limit &z — 0.

Mathematically speaking, the classical limit is singular [84}85,93|, and does not commute with
the late time limit. This has important consequences for the morphology of spectral eigenfunction
(being stationary in time, they inherently involve the large time limit) [94-97], and the rich behavior
of the spectral density [92,98-103] on small energy scales, which are associated to late times.
Essentially, the field of quantum chaos, where late time behavior of quantum systems with a non-
integrable classical limit are studied, is a child of this singular double limit. Whether the limiting
classical dynamics is integrable, fully chaotic, or a mixture of both (as e.g. predicted by KAM’s
theorem [104-106] for small integrability breaking) has consequences for the quantum mechanical
spectrum on small energy scales and its wave function morphology in the small A limit. The
spectrum of a Hamiltonian and the morphology of its eigenstates are interrelated [97]. We sketch
some of those results, beginning with the spectral properties, and then briefly mention results
about eigenstates.

Spectral properties. The spectral densityﬂ p(E) = >_; 6(E — Ej;) (summation over eigenvalues of

~

H) can be decomposed into the mean density and correction terms as [924(95,97.(107,108]

p(E) = (p(E)) + posc(E),

where
(p(E)) = 2rh)N / d*N26(H(z) — E), and (2.4a)

dose(E) = # 3" A (E)eSi B/ (2.4b)
J

Eq. has two important implications. First, the density of states is proportional to the size
of the energy hypersurface. In particular, for one degree of freedom, N = 1, the hypersurface is
a co-dimension one subspace in a two dimensional phase space, and its size is proportional to the
time that a classical orbit needs to traverse this subspace. This follows from a change of integration

variables z — ~y(t)
2 o — d*z _ @
/d 26 [H(z) — E] _L = /th| GO~ Adt, (2.5)

where v parametrizes the classical orbit at energy F obeying the equation of motion ¥ = JVH (7).
Second, it entails that the mean spacing (d(E))™" between consecutive eigenvalues scales as V.
This is an instance of the semiclassical rule that each bound state is associated to a volume of
(h/2m)N in phase space.

Eq. @ is referred to as Gutzwiller’s trace formula and constitutes corrections to the mean
density (2.4a). These corrections are an important result of the periodic orbit theory due to
Gutzwill%gl?lo& 110], Balian, and Bloch [111,]112]. The summation in is over periodic

5The normalization is chosen such that [ p = simH is the number of eigenstates. In chapter We use the different
normalization of f p =1, which is more common in random matrix theory and the local density of states.

SGutzwiller’s theory was developed in a series of four papers, the last two of which discuss the significance of
periodic orbits for the semiclassical approximation of the density of states.

11
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orbits, counting multiple and time-reversed traversals, at energy E. This holds for both, integrable
and fully chaotic systems, but the different nature of periodic orbits in integrable and fully chaotic
systems leads to different properties of dys.. The exponent p equals (N — 1)/2 for integrable, and
zero for fully chaotic (isolated periodic orbits), respectively. To every orbit, S; = [ p(q, E)dq is
the Maupertuis’s action (plus Maslov index) and its derivative w.r.t. the energy yields the orbit’s
period T = S%(E). Hence, Eq. establishes the connection between oscillations of d(E) on a
scale AFE and the period T of classical periodic orbits via

AE ~ 1T

(this relation is reminiscent of the ‘energy time uncertainty’). Intuitively, as more terms of the
series on the right hand side of dys. are being summed, the oscillations will lead to pronounced
peaks at the position of the energy eigenvaluesﬂ However, in general, is an asymptotic series
(see |97] and Refs. therein), and must be regularized, truncated, or resummed to get meaningful
answers. From a practical point of view, the summation is impossible for generic non-integrable
systems as the number of periodic orbits scale exponentially. Notwithstanding, Eq. reveals
theoretical insight into the behavior on different energy scales, cf. Fig.

(d(E)) clustering quantization gap statistics
energy Sclassical limit) (semiclassics) (non-universal) (universal)
scale AE ™5, 0(h) o(h) O(kN) <O(hN)

Figure 2.2: Schematic sketch of different regimes on various energy scales in the semiclassical limit.
Small energy scales correspond to large times. The two limits of large times and small
h do not commute, leading to rich scaling behavior.

The rich and complex structure on different energy scales AFE as the classical limit A — 0 is
approached, can be traced back to the fact that the long time limit and the classical limit do
not commute. The details of the spectral density on a fine energy scale are related to classical
orbits with a long period. Hence the semiclassical description of the spectral density involves the
non-commuting double limit. Imagine % is small but fixed, while the resolution of the energy on
scales AE is successively improved.

1. AF larger than h: no evidence of integrable vs. irregular. Corrections to (2.4al) are averaged
away. The precise form of (d(E)) depends on the details of the model and is non-universal.

2. On scales AE = O(h): level clustering can be observed. This is a consequence of the terms
Ajexp[S;(E)/h] in the summation of dos.(F), leading to long wavelength oscillations of d(E)
with wavelength AE ~ 27wh/T; proportional to h. The amplitudes A; decay polynomial
(integrable) and exponentially (chaotic) with the number of repetitions of the orbit, leading
to the fact that clustering on the 7 scale is more pronounced for integrable systems [113] than
for chaotic systems. Short periodic orbits are visible as scars in the Wigner function [114-117].
These scars are suppressed by e~73/" [97], hence only the short orbits lead to visible scars.
Despite being more suppressed, the long periodic orbits are more numerous (their number
increases exponentially in T}) and influence the spectrum on small energy scales (see below).

3. On scales AE = O(RY): spacing between levels start to resolve. If one wants to see the

"This intuition resembles Poisson’s formula 3>, §(E—n) = 1423 cos(2rnE) (the Fourier transform of a Dirac
comb on Z is a Dirac comb on 27Z; this underlies the Poisson resummation), where the first term on the right
hand side is the mean density of the spectrum Z and the correction terms are the analog of dosc.

12



2.3 General remarks about semiclassics

location of energy levels emerging in the summation over periodic orbits, one needs to resolve
energies on a scale of AFE ~ (d(E)>_1 ~ 2rmh/T, which requires to sum orbits up to period
T~ [ ﬁé (E—H). This is particular impractical for chaotic systems, for which the number
of periodic orbits increases exponentially in 1/A [95], and also exponentially ~ e /(hT)
(where h is the topological entropy of the classical system) in the period [97,|103}/118,|119].
Compare this to integrable systems, for which the number of periodic orbits with period
T only increases polynomially as 7%V [103]. For classically integrable models the Bohr-
Sommerfeld quantization [120] condition is an amenable criterion which does not require to
sum periodic orbits. For fully chaotic systems no practical quantization condition is known.

. On scales AFE smaller than O(h"Y) one can resolve the statistics of gaps between energy
levels. Typically, on this scale energies are measured in units of the local mean energy
(d(E))™" ~ 1N, such that z; = E; (d(E,)) are dimensionless and their mean density is unity.
The rescaling F; — x; is referred to as unfolding the spectrum, and amounts to pruning non-
universal contributions to the gap statistics. The gap statistics can be used to discriminate
between integrable (Poisson distributed [98}(102]), and chaotic (Wignerﬂ distributed [92,97]).
The (unfolded) gap statistics (and also the spectral rigidity and the number deviation) shows
universal behavior in the sense that the statistics does not depend on microscopic details,
but only on the symmetry class (in particular, time reversible vs. time irreversible |103]).
In the context of Billards, this was first observed by Bohigas and Giovanni [1004/101], but
other examples, even in the realm of number theory (such as the gap distribution of zeros in
Riemann’s zeta function [103]) have been observed. This universality breaks down on energy
scales larger than AE ~ A™. A hint for this universality comes from the fact that long
periodic orbits in fully chaotic systems obey a universal property as realized by Ozorio and
Hannay [107]. More precisely, for fully chaotic systems this universality can be stated in terms
of the amplitudes A; = A(T}) in Gutzwiller’s formula and the density p(T) = >_, 6(T" —T})
of periodic orbits of period T" as [97]

A(T)p(T) = T for T > N (2.6)

and is referred to as the classical sum rule. In words, the exponential decay of the amplitudes
A(T) =~ Texp(—%hKST) (where hxkg is the classical metric entropy) [97] is counteracted by
the exponential number p(T") =~ exp(hksT')/T of orbits with period T', such that their product
equals T for large periods, independent of the microscopic details of the system. The sum
rule has been applied to explain the universality of the spectral rigidity [108] and the number
deviation [97], see reviews [97,|103]. In fact, Eq. explains the universal statistics of
any bilinear correlation in the (unfolded) spectral density on small scales AE < A, It can,
however, not explain the universality of the full statistics P(S)dS of the gaps S; = xj41 —x;
between consecutive (unfolded) energy levels, as P(S) measures correlations of all orders
[122,|123]. A different argument [95,[124] explains the universal level repulsion phenomenon
P(S) ~ S (chaotic and time reversible, GOE statistics), and P(S) ~ S? (chaotic and time
irreversible, GUE statistics) behavior based on a typicality argument for eigenvalues.

Spectral eigenfunctions. The fact that the classical motion in an integrable system and a fully
chaotic system is different, shows up in different semiclassical behavior of the spectral Wigner
function, that is the Wigner transform of the Hamiltonian eigenstates. In particular, the periodic
orbits of a classically integrable system are embedded in a (N — 1) parameter family and are
constrained to an IN-dimensional invariant tori at a given energy E. The classical limit of the

8The gap statistics was first investigated by Wigner [45}[121] in the context of large nuclei.
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spectral Wigner function at energy Ey, in an integrable system is then given byﬂ

= a0 1) T, (2.7)

where I € RV are conserved action variables and a functionlﬂ of the old coordinates z = (q, p),
and the quantized energies Ey, are labeled by the quantum numbers m € NV. To each Ey, one
associates the action Iy, via Fy, = H(ILyy,), and the quantized set of actions I, are determined by
Sommerfeld’s quantization condition [120] as I, = A(m + a/4) [92], where a; € Z is the number
of real space causticﬂ encountered in the orbit ; and related to Masolv’s index). In other words,
the spectral Wigner function is uniform on the invariant torus in the classical limit. In a more
carefu semiclassical limit [96,127] the delta function is softened on a scale of /3 and Wiy, also
has support outside and inside the invariant torus (Ref. [96] calls it a fringed torus).

In contrast, typical orbits in an ergodic system sample the full (N — 1)-dimensional energy hy-
persurface uniformly. The semiclassical limit of the spectral Wigner function has been conjectured
to be [94,95]

W(z) x §(E — H(2)). (2.8)

Corrections to constitute Wigner scars [114-117] along short classical periodic orbits, see
review [97].

We close this paragraph by remarking that N = 1 is the special limiting case, which is trivially
ergodic and trivially integrable, such that Eqs. and agree.

Semiclassical dynamics of Wigner functions. The semiclassical dynamics of a special class of
Wigner functions associated to states that are not eigenstates of the Hamiltonian has been studied
w.r.t. the distinction between integrable and fully chaotic classical limits in [96]. A systematic
expansion of the quantum dynamics of general Wigner functions around the classical limit has
been reviewed and developed in [88].

9The function is correctly normalization, because [dYqd"pWm(z) = [dVIdVO5(I — Im)/(27)™ = 1 and the
canonical coordinate change z + (I, 0) has unit Jacobi determinant and the @ integration is over [0, 27]".

'9The transformation from old coordinates (g, p) to the new action-angle variables (I, 8) is given by I; = ;- fv- p(q)
J

dq, where ~y; is the jth irreducible orbit on the torus, and 8 = V1S(q,I,), where S(q,I) = f;o p(d,I)dq’ is
Maupertuis’s action.

1A real space caustic occurs when the projection z = (q, p) — q is locally not invertible.

12Essentially, by solving the 7 integration in the definition of the Wigner function by a (uniform, see [125]) saddle
point approximation for a WKB [126] ansatz. The structure of the critical points is such that the torus is a fold
catastrophe for the Wigner function, leading to Airy-type oscillations and Airy-type exponential decay on a scale
of h?/3 inside and outside the torus, respectively.
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3 Entanglement and magnetization variance in
the transverse field Ising model

This chapter elaborates on the publication [1]. An exact copy of this publication is attached to
this chapter in Sec. The purpose of the following sections preceding Sec. is twofold. First,
they provide a more pedagogical and accessible introduction to the topic. In consequence, these
sections present additional background information that is too elementary for a research paper,
and are written more in the style of a monograph. Naturally, these sections do not contain any
new results. Second, some sections contain extensions of the results of [1] that are, to the best of
the author’s knowledge, not published elsewhere. In particular, some results for one semiclassical
degree of freedom are generalized mutatis mutandis to more degrees of freedom. Those sections
that contain new unpublished material, are marked with an asterisk (x). References to [1] are
placed in the page margin of this treatise to ease the connection.

3.1 Introduction

Mean field type approximations are one of the most accessible methods to study the complexity of
quantum many body systems out of equilibrium. However, the validity of such approximations has
to be examined in each case. In Ref. [1] we investigate the transverse field Ising model (cf. Sec. [2.1))

1 N N
H:—ﬁZsfj—FZsf (3.1)
i,j=1 i=1

on a finite fully connected lattice as one of the prime examples of mean field models. The mean
field approximation becomes exact in the thermodynamic limit. We study the non-equilibrium
dynamics after a sudden quantum quench in I'. By exploiting the fully connected geometry, we
systematically expand around the mean field limit, and compute the leading order corrections
analytically. We observe that dephasing effects can quickly, on a timescale given by the square
root of the system size, lead to deviations from the mean field approximation in out-of-equilibrium
situations, even for large systems and away from unstable fixed points where mean field is expected
to be valid.

The focus is twofold. First, we investigate the dynamics of the order parameter and its variance.
The variance is inversely proportional to the system size and therefore constitutes a correction to
mean field. Based on the dynamics of the variance we identify four qualitative different regions
in the dynamical phase diagram that cannot be distinguished by solely looking at the mean of
the order parameter. In particular, we find a phase of periodically enhanced spin squeezing and
spreading and explain the phenomenon as a consequence of dephasing between nearby classical
periodic orbits.

Second, we investigate the entanglement with respect to a bipartition of the lattice. An analytic
expression for the leading contribution of the family of Rényi entanglement entropies is given and
the close connection to spin squeezing is confirmed quantitatively. Remarkably, in contrast to the
spin variance, the entanglement entropies do not vanish in the mean field limit. The discussion of
the dynamical phase diagram based on the order parameter and its variance translates directly to a
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3 Entanglement and magnetization variance in the transverse field Ising model

discussion of the order parameter independent entanglement entropy. In particular, entanglement
entropy grows logarithmically in time for quenches in the regime of periodically enhanced squeezing.

The calculations are facilitated by the mapping of the fully connected spin model to the
effective one-dimensional model (cf. Sec.

Heg(z,p) = —% (x —1/2)? =Tz — 22 cos(p), (3.2)

where fier = 1/N and p = —iheg0; is the conjugate momentum of a fictitious particle whose position
x = N4 /N is the fraction of up spins. The thermodynamic limit N — oo in translates to
the classical limit h.g — 0 in . We use semiclassical techniques to compute semiclassical
corrections to the classical limit in the effective model, in order to infer corrections to the mean
field limit in the spin model .

Even though the Ref. [1] focuses on the specific model of the transverse field Ising model, the
used methods only rely on the fact that the model facilitate a semiclassical effective description.
In this sense, our findings are universal and translate to other models that permit a semiclassical
effective description.

3.2 Hierarchy of cumulants x

The publication [1] focuses on the quench induced dynamics of the order parameter and its variance.
This section elaborates on a generalization of the techniques to higher order cumulantsﬂ One of
the main results in this respect is Eq. .

In the following we explain how the time evolution of the cumulants of a narrow wave packet

P(x,t) = e N (3.3)
is obtained from the Schrodinger equation
(e, t) = o, p) 1) (3.4)
N dt T,tU) = Heff\T, P xz, .
in the semiclassical limit 1/N — 0. The analysis is akin to the wave packet dynamics by Heller
[89,128] and time-dependent WKB techniques [129}/130] in which the Planck constant is replaced
by 1/N. One of the main results is that, to leading order in 1/N, the dynamics of the cumulants is
given by a hierarchical system of differential equations such that the higher cumulants only couple

to lower cumulants, see Eq. (3.13]) below. We stress that Eq. (3.13)) holds generically, independent
of the precise form of the Hamiltonian. This result is then applied to the effective model ([3.2)).

3.2.1 Expansion of cumulants at fixed time

Prior to the discussion of the time evolution, we want to establish the connection between the
complex rate function f(z,t) and the cumulants of the probability density | (x,t)* at a fixed
time. To simplify the notation, we do not write the time dependence explicitly.

Let us assume that |[(z)[? = e V2R/(*) is concentrated around a global maximum at x. such
that the real part of f has a global minimum at z,. We expand f(z) around this minimum in a
Taylor expansion,
of

vl B
ox .

Fo) = @), with fu= (3.5)

!The author acknowledges discussions with Markus Oberthaler, Thomas Gasenzer, and Wolfgang Miissel at the
University of Heidelberg.
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Real and imaginary part of f are denoted by g and —6, respectively, and f, = g, — i0,. Because
of the choice of . one has g = 0. Moreover, we can set fy = 0 by introducing the normalization
constant N' = [dz e N29(®)  Before we compute the cumulants, we need to compute the nth
moment

(2 — za)") = N / dz (z — za)te N2, (3.6)

The moments are obtained by differentiating the moment generating function Z(j) = N'=! [ dz e~ N29()+i(@=2c1)

w.r.t. the current j. For large N the integral can be computed by a saddle point approxima-
tion [131]. To this end the exponent is split into a quadratic part jT — NgoZ? and the rest
V(Z) = > ,5329,7" /!, T being (z — zq). The function Z(j) is computed formally by solving the
‘non-interacting’ Gaussian integral.

20) = N [dzer Vet
= ./\/'leNv(aj)/dxejgcNg”c2
x N-Lle=NV(©) 039°/(292N)

The moments are then obtained perturbatively from the last expression by expanding e~ VV(95)
in a Taylor series. Based on these moments one gets the first cumulants. A tedious calculation,

facilitated by the use of a computer algebra system (Mathematica), yields

k1 = (x)=zaq+ O(1/N), (3.7a)
gy = 29;V+(9(1/N2), (3.7b)
Ky = —QQ;%WJFO(UN?’), (3.7¢)
o= 20 12 +O(1/NY). (3.7d)

(292)' N3~ (292)° N3
Equations (3.7b|) to (3.7d)) can be represented diagrammatically as

Ky = —— +O(1/N?),
Ky = 2 »—+O(1/N?),

o= 2 ) +12 < +O(1/N). (3.8)

We remark a few basic facts about the diagrammatic expansion. (i) All vacuum bubbles (i.e.
diagrams without external legs) are canceled by the normalization constant A in the denominator
of Eq. (3.6). (ii) Every internal and external leg contributes a factor of 1/(2g2N), whereas a
vertex with n legs contributes (—g, V). (iii) Consequently, a loop consisting of an equal number of
vertices and internal lines is suppressed by 1/N compared to a single vertex substituting the loop.
An expansion in 1/N is an expansion in loops. (iv) Hence, the leading order term in 1/N of the
moments is given by tree diagrams (i.e. diagrams without loops). (v) Cumulants are represented
by connected diagrams. The dominant contribution of the nth cumulant is thus given by connected
tree diagrams with n external legs, compare Eq. . It follows that ,, scales as O(1/N"~!) and
that, to leading order, k,, depends only on g,, with m < n.

Obviously, the cumulants k, depend only on the real part of the rate function f(z). The
imaginary part #(z) determines the cumulants of the conjugate momentum operator p = —id, /N.
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3 Entanglement and magnetization variance in the transverse field Ising model

In particular, to leading order in 1/N, the expectation value of (p) is [81]
(p)=N"" / dz (ig'(z) + 0'(x)) e N2 = 0y + O(1/N) = pa + O(1/N). (3.9)

Analogously to Eq. (3.7a)), we denote 6 by p.. Similarly, the higher cumulants of p depend on
higher order coefficients 6, and can be computed as explained above.

3.2.2 Time dependence of the cumulants

In this section we discuss the time evolution of x,, and prove two facts. First, the leading order of
the expectation values (x) and (p) obey the classical Hamilton equations of motion

, OH, _
da(t) = 8}9?, and  pal(t) =

. aHeff
0xq

(3.10)

This was already noted in [81]. And second, the leading order of the higher cumulants x,, obey a
hierarchical system of differential equations such that the higher cumulants only couple to lower
cumulants.

The Schrédinger Eq. (3.4]) imposes the nonlinear partial differential equation (PDE)
8tf(xat) :iHeff(x7iaxf(xat)) +O(1/N) (311)

on the rate function. As a consequence, the minimum ¢ (t) of R f(x,t) and the coefficients f,(t) =
o f(x, t)’ ® in the Taylor series 1} are time-dependent. Equation 1) induces the ordinary

Tl

differential equation (ODE)

d d .. . . 0 .
&fn = @ (ax f|IEC1(t)) = Za:p Heﬂ'(fl:,laxf)’mcl(t) + 8:E+1f}xcl(t)xcl

= i@;‘Heﬂr(x, z@mf) ‘:Ecl(t) + fr+1 Tal- (3.12)

on the coefficients f,,. In particular, for n = 1 we obtain f; = Z'Héflf’o) (Ter,if1) — Hég’l)(a:d, if1)fa+

foz(t). Here H, ég’m) denotes the nth and mth derivative of Heg w.r.t. its first and second argument,
respectively. By definition, g; = 0 and hence if; = 61 = p.1, see Eq. (3.9). Thus,

—ipa(t) = iHéflf’o) (@els Pe1) — Hég’l)(ﬂﬁcl,pd)h + fozal(t).

Considering the real and imaginary part of this equation separately, yields that z.(t) and pe(t)
fulfill the classical equations of motion (3.10). Note that the dependence on fs cancels.
Now, we look at Eq. (3.12) for n > 2. The right hand side only seemingly depends on f,,11. In

fact, the only term in the expression 0} Heg(z, i(?g[;f)‘:C ) that contains fy, 41 is

- é%l)(xchpcl)fn—l—l-
This term is canceled by the term fy,+1 % (t) due to the equations of motion. Thus, the differential
equation of f, only depends on f,, with m < n. As the nth cumulant is a function of
the first (n — 1) coefficients go, ... gn (see Egs. to and the subsequent discussion) the
coupling among the cumulants obeys the same hierarchy as the f,’s.
We state the system of ODEs for the first four cumulants explicitly. The equations are obtained
with the help of a computer algebra system (Mathematica):
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8,5/{2 = A2 K9, (3.13&)
3

Orky = Aj K% + 5142 k3 + C3, (3.13b)

Orky = Ay N% + 4 A3 kokg + 249 kg + Dy Ko, (3.13C)

where

Ay = 292Hé«?f’2) + 2Hé;}fl),

Ay = 303HYY + 60,1 + 30, HG” + 30,

Ay = 463HOY 41263 + 120, HED 4126050, HGY + 1205 HE? + 40,HEG? + 453D,
Cy = —HYY/aN?,

Dy = —6,HYY/N? — HEY N?,
and
(0,2)
202 1) |, Heg (2,0)
00y = —03HGY —20,H +74K%N2—Heﬁ :

o0y = 03(~HYGY) —303HG + 05 (~30,05 — 30"
(03) (12) 02)
3H 3H 3ig H
+02< eff _3H(£f2f’1)> 4 eff K3 Heg (3,0)

4k2N?2 4kINZ  4kiNZ et

o0y = 03(~HG) — 103 — 330G + 0, (~40,HG? — am V)

(0,4) (0,4) (1,3) (0,3)
Heff + 02 <3Heff _ GH(ZQ)) + 92 <3Hef‘f _ 3R3Heff _ 4Hé?f71)>

_16/<a‘21N4 2 2K2 N2 eff K3N? KZ%NQ

2 17(0,3) a2 3HGY (2,1)
—|—93 _692Heff — 1292Heff + 2/{%]\72 — 6Heff

0,2 2,2 1,2 0,2
15”§He(ff : 3H<£ff : 3"93He(ff : _ “4Héﬁ ) _ g0

4KSN2 2k3 N2 KiN?2 kN2 off

H e(g’m) denotes the nth and mth derivative of Hog w.r.t. its first and second argument, respectively,

evaluated at the classical orbit (z, pe)-

Decoupling of Scales. The fact that the dynamics of &, is independent of x,, with higher order
m > n in the large N limit is a remarkable and non-trivial result. The derivation relies on the
fact that the mean (x) evolves along a classical trajectory obeying Hamilton’s equations of motion.
Using the equations of motion in the ODE for f, yields exact canceling of higher order terms
proportional to f,+1, which could in principal couple to the flow of f,,. In the large N limit the
influence among the cumulants is a one way rode in the direction of increasing order. The (non-
rescaled) cumulants and moments live on different scales. More precisely, the nth cumulant is of
order O(N _(”_1)). Thus, the dynamics of happens on decoupled scales of different powers
of N. For example, the dynamics on scale N~("=1) is only influenced by the dynamics on coarser
scales N~(m=1 with m < n, but is not influenced by the cumulants resolving finer scales.

To appreciate this result, we give the following interpretation. Given an initial state of the form
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with rate function fi—o(x), and solution fi(x) of (3.11). From f;(x) one can compute the
scahng limit limy N™ 'k, of the nth cumulant, cf. Eq. . Now imagine, we change the initial
data fi—o(x) of the rate function to fi—o(x) in such a way that the first n cumulants at time ¢ = 0
agree with the unperturbed cumulants, i.e. N1, (t = 0) = N™ 'k, (t = 0) for all m < n in the
limit N — oo. Then, this equality of the first n rescaled cumulants persists for all times. Hence,
perturbing the initial data of the PDE weakly (in the sense that the first n cumulants are
unchanged), leads to a new solution that cannot be distinguished from the unperturbed solution
by just looking at the first n cumulants in the scaling limit N — oc.

This decoupled hierarchy of scales is only exact in the scaling limit N — oo and for initial states
of the form (3.3). For finite N this decoupling can only hold approximately, and on early time
scales (an analysis of the time scale of validity is given in Sec. 4.5 of [1]). This can also be seen
perturbatively, by looking at corrections to the cumulants. So, despite the fact that the scaling
limit of the cumulants k, depends only on f,, with m < n, correction terms to k, also depends
on higher order f,, with m > n. Metaphorically speaking, the correction terms to the cumulants
‘destroy’ the one-way influence from lower order to higher order. Going beyond the perturbative
expansion, that is, when the full PDE is solved for an initial rate function fi—o(x) and the
cumulants obtained from the solution f;(z) are not viewed in the scaling limit, there is, of course,
no reason to expect that the higher order cumulants do not influence lower cumulants.

3.2.3 Large deviation form of the initial coherent state

In Sec. 4 of [1], the (quadratic approximation of the) rate function of the pre-quench ground state
was given. In this section we explain how to obtain the initial rate function of the effective one
particle wave function v (z) corresponding to the coherent spin state

[To) = > 4o(2)

(|z) denotes the eigenstate of the /N/2-pseudo-spin J. with cigenvalue Nz /2). We need to find the
large deviation form of the coefficient ¥y(z) = (2|0, ¢) in the limit N,k > 1. Approximating the
binomial in Eq. (3.14)) using Stirling’s formula, yields

N
Z (cos0/2)F (e sin0/2)NF |z = 2k/N — 1) (3.14)
k=0

9(@) = e M@, () = Tlog (tan6/2) + ilog(x 1)L = 2) " + i /2.

Note that the imaginary part Sf = ¢z/2 is linear in z such that pg = 6; = —¢ and 6,, = 0 for
n > 2. The real part Rf has a minimum at x, = cos @ and the initial cumulants are obtained by
expanding R f around this minimum, see Eqs. (3.7b]) to (3.7d]).

In particular, when the coherent state is prepared on the unstable fixed point at § = 7/2 and
¢ = 7, one obtains the initial conditions

.Z‘Cl(O) = 0,
pa(0) = m,
k2(0) = 1/N,
k3(0) = 0,
ka(0) = —2/N°?
On>2(0) = 0, for n>2. (3.15)
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Figure 3.1: Solid curves, early time evolution of the cumulants ks, k3, k4 obtained by numerically
integrating Eq. with initial condition for different detunings §/Q = —0.05
(a), 6/Q2 =0 (b), 6/Q = 40.05 (c), N = 540, and A = 1.62. Dashed curves, exact
diagonalization results of the full Schrodinger Eq. i0;|¥) = (xJ2 — QJ, + 6.J.)|¥) with
initial condition ([3.14)).

3.2.4 Cumulants in z direction

We discuss the ODEs ((3.13)) for the Hamiltonianﬂ

§22 - %\/ 1 — 22 cos(2p)

+iz
1 .

50 (3.16)

Heff(Z,p) =
Initially, the cumulants are small as they are suppressed by at least one factor of 1/N, see Eq. ([3.15]).
On an early time scale the cumulants built up successively in time. This follows from the hierar-

chical structure of Eq. .

Let us consider the asymmetric case § # 0 (Fig. ,c). Equation shows that the early
time increase of ko is caused by the positive coefficient As. The growth of k5 influences the behavior
of k3 through the term Azx3 on the right hand side of Eq. (3.13b)). Depending on the sign of &,
the coefficient As is either positive (6§ > 0) or negative (0 < 0), such that k3 either increases or
decreases. The very early time evolution of the fourth cumulant is dominated by the term A4%3 on
the right hand side of Eq. . Because the coefficient A4 is negative, k4 initially decreases. As
time proceeds and the modulus of k3 grows, the term 4A3k2k3 starts to dominate the right hand
side of Eq. . Since 4Askaks is positive (independent of the sign of §), the fourth cumulant
then increases and becomes positive.

In the symmetric case, § = 0, the coefficients A3 and C3 remain zero, so that k3 = 0. When
k3 = 0, the dynamics of the fourth cumulant is dominated by the single term A4x3 with A4 < 0.
As a consequence, k4 decreases and remains negative (Fig. [3.1p).

3.2.5 Cumulants in y direction

The BEC Hamiltonian (3.16)) can also be expanded in the basis of the pseudo-spin eigenstates in
y direction. Analogously to Eq. (3.16)), the resulting effective Hamiltonian is then

A 1 0
—(1 —4?)(1 + cos4p) — 5@51112}7 — E@COSQE

< (3.17)

Heﬂ(yvp) =

2This is the BEC-formulation of the effective spin Hamiltonian (3.2), see e.g. [46}/65].
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Figure 3.2: Same as Fig. for the first cumulants in y direction.
where p = —i0, /N is the conjugate variable of y. Analogously to the discussion of the cumulants

in z direction, the cumulants in y direction are described by Eq. with Hamiltonian .
It turns out that the early time dynamics of the cumulants in y direction is qualitatively similar
to the cumulants in z direction (compare Fig. [3.2)).

To summarize, the quantitative time evolution of the cumulants depends on the precise form of
the Hamiltonian. Though, the fact that higher cumulants built up successively on the early time
scale is a universal observation, independent of the Hamiltonian details.

3.3 Bipartite entanglement

We consider the entanglement of permutation invariant states |¥) = > W(Ny)|Ni) of N spins
in Dy w.r.t. a bipartition into two disjoint sets of A and B spins such that A+ B = N. The
Dicke subspaces of permutation invariant states of the spins corresponding to the two subsets are
denoted by D4 and Dp, respectivelyﬂ The relative subsystem sizes are denoted by a = A/N and
B = B/N, respectively. The bipartite state can be expanded as

W= 3w+ By () /(1 Na,) 144082, (315)
Ay B, .
Vap(A+,By)

in the Dicke product basis |A4, By) of D4 ® Dpg. The simple form of the coefficients ¥ 4p(A+, By)
in front of |Ay, B4) as a function of (A4 + B4 ) is a consequence of the permutation invariance
of | ).

Many entanglement measure of |¥), such as the entanglement Hamiltonian Hg = —log p4 and
the Rényi entanglement entropies Sy = ﬁ log p}, are functions of the reduced density matrix
pa = Trp|¥) (¥|]. In general, the smaller Hilbert space dimension of the subsystem Hilbert spaces
Ha and Hp gives the upper bound log min(dim H 4, Hp) on all Rényi entanglement entropies. As
the dimension of the Dicke subsystem Dy is (A 4+ 1) = aN + 1, i.e. linear in the number of spins,
the upper bound

gupperbound _ 160 N 4 O(1/N) (3.19)

(assuming for the sake of concreteness that A < B) on the entanglement entropy scales logarith-
mically in the system size N.

3By a slight abuse of notation, A and B denote the subsystems, as well as the number of spins in each respective
subsystems.
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3.3 Bipartite entanglement

In the case of a bipartite Gaussian pure state |¥) with inverse covariance I" 4 g, both, the Rényi en-
tanglement entropies, as well as the entanglement Hamiltonian, follow from the covariance matrixﬂ
Y4 of the reduced density matrix p4. There are two ways to obtain X4 from I'4p, corresponding
to the two paths from I'4p to X4 in the following diagram.

partial trace

r AB > T A
Wigner Wigner
transform transform
b)) AB > A

marginalization

First, computing p4 and then its Wigner function W4. And second, computing the Wigner function
Wap of |¥), and then its marginal W4 = fB Wap. Since the above diagram commutes, both ways
yield the same result. However, in the Gaussian case going from W4p to W4 is considerably easier
than going from |¥) to ps. The covariance of Wy follows form the covariance of Wyp by simply
crossing out the rows and columns of ¥ 4p associated to the dimensions of B. In contrast, the
covariance of p4 follows from I'48 by Eq. (48) of [1], which is more complicated.

Entanglement Hamiltonian. Employing semiclassical techniques, we have also derived the full
entanglement Hamiltonian Hr = — log p 4 corresponding to the reduced density matrix. To leading
order as N — oo when the large deviation state is approximated as a Gaussian wave function
(this amounts to approximating the unimodal rate function to second order around its minimum)
the entanglement Hamiltonian is a harmonic oscillator with equidistant spectrum. The relation
between the covariance X 4 of the Gaussian reduced density matrix p4 and the two by two quadratic
form V of the harmonic oscillator entanglement Hamiltonian Hg = %(EE, p)V(Z,p) is given by

V = 2y/det © 4 arctanh {(2\/det EA)*} (24)~ L. (3.20)

This relation has been generalized to higher dimensions in appendix [A] More explicitly, for
a reduced Gaussian density matrix pg on dg-dimensional reduced state space with covariance
matrix ¥ 4, the entanglement Hamiltonian Hg = — log p 4 is a harmonic oscillator with 2d 4 by 2d 4
quadratic form V', and, cf. ,

S5 =—2J]JV|tan (3JV). (3.21)

This is the generalization to higher dimensions of (3.20). Eq. (3.20) is re-obtained from (3.21))
for d4 = 1. In contrast to the one-dimensional case (3.20)), V' and 221 are not proportional, in

general.

There is a natural way obtain a semiclassical effective description with controllable phase space
dimension of the spin model . For inhomogeneous states, which are not fully permutation
invariant, but only invariant w.r.t. permutations within d extensive subsets of the N spins, the
spin model has an effective description in 2d dimensional phase space, cf. Sec. Moreover,
the time evolved states after a quench in this model are approximately Gaussian in the large N
limit. Hence, in this situation, (3.21)) can be applied to obtain the leading quadratic term of the
entanglement Hamiltonian on d dimensional state space.

4In general, the covariance matrix of a state pa is defined in (3.28D) below. For the special case when U(x)
exp(—xT'z/2) is a Gaussian wave function, the covariance of pa = Trp |¥) , 5 (¥] is stated in Sec. 5.1 and appendix
F of [1].
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Entanglement entropies. For large deviation states ¥(N;) < exp[—N f(N4/N)] with rate func-
tion f and unimodal real part R f, the leading contribution of the nth bipartite Rényi entanglement
entropy in the large N limit is, cf. table

st = - i Clog[(A+1/2)" — (A = 1/2)", (3.22)

where A is the NV independent symplectic eigenvalue of the covariance of the Wigner transform
of the reduced density matrix p4, and can be related to the IV independent squeezing parameter
{%. More precisely, §% is the ratio of the minimal to the maximal spin variance measured along
directions perpendicular to the spin expectation value, and, cf. Appendix H of [1],

A=1+0aB(Es+1/8s—2)/2. (3.23)

Equations and are the main results concerning the bipartite entanglement entropy
of the quantum spin model . It has been obtained in [1] in two different ways. First, as a
direct consequence of the explicitly known spectrum of the entanglement Hamiltonian, cf. Secs. 5.2
and 5.3 of [1]. And second, by means of the replica trick, cf. appendix G of |1]. The equivalence
of both approaches is explicitly demonstrated at the end of appendix G.

The computation is facilitated by the effective description in which the large system limit
translates into a semiclassical limit. We stress that despite using semiclassical techniques in the
effective model, the computed entanglement entropy is still a pure quantum property of the spin
model. Hence, the fact that the entanglement entropy scales as O(N°) and obtains a non-zero
limit does not contradict the semiclassical calculation, cf. Sec. Still, the N-independence is
not completely obvious.

In the remainder of this section we want to elaborate a little bit on the scaling of the entanglement
entropy with V. To put this scaling of the entanglement entropy into perspective, we consider two
limiting cases.

First, the entanglement of a coherent spin state

N
0.0)= 3 ()" (cos )™ (sin )" )

N1=0

(cos § 1) + ¢ sin g |¢>)®N (3.24)

vanishes, because the state is a direct product state of the elementary spins. Second, consider the
entanglement entropy of a Dicke state, cf. Eq. (2.2)),

NG = ()PP (| 1) o] eV

with fraction of up spins N;/N = ny. A direct computation (details are given in Appendix
yields the g-th Rényi entanglement entropy

1
q—1

Sy(N*1) = log \/q + % log [N2mafn™ (1 —n')], (3.25)
in the large NV limit. The computation relies on a saddle point approximation, which is only valid if
N, /N attains a limit 0 < ny < 1 as N — oco. The result is not valid if Ny /N or 1 — N /N
approaches zero in the limit N — oo. In particular, for the boundary cases of Ny =0 and Ny = N
the Dicke state |N4) is identical to the coherent state |§# = 7) and |6 = 0), respectively, and the
entanglement entropy vanishes exactly. However, if N is away from the boundary, then, Eq.
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3.4 Symplectic squeezing and entanglement in higher dimensions %

states that the Dicke states are highly entangled. Away from the boundary the entanglement
entropy of a Dicke state differs from the upper bound of maximal entanglement only by an
N-independent constant term.

Coming back to the state |¥) =< >y exp(—Nf(N4/N))[Ny). For rate functions f with uni-
modal real part Rf and quadratic behavior close to its global minimum, the fraction of significant
overlaps (N, |¥) scales as 1/v/N. In this sense, only a few Dicke states of similar N, within a
range of /N give contributions to |¥). Yet, the scaling of the entanglement entropy of |¥) is very
different from the almost maximal entanglement of a single Dicke state. These scaling observations
are summarized schematically in Fig.

coherent state large deviation state Dicke state maximally entangled
16, 6) (0) =S, e NN ING) INy)
< S = O(N?) < |$=0(ogN)| S |S=logaN +O(N)

Eq B o, Eq

Figure 3.3: Scaling of (Rényi) entanglement entropies for different states with /V spins in the large
N limit. Second column: entanglement entropy of large deviation states |¥) with rate
function f saturates to an N-independent value. Even though a small fraction of 1/v/N
of the overlaps (N4 |¥) give significant contributions to |¥), this scaling is very different
from the entanglement entropy scaling O(log N) of Dicke states |[N.) (third column),
which are close to being maximally entangled for Ny /N — n4 with 0 < ny < 1 (fourth
column).

3.4 Symplectic squeezing and entanglement in higher dimensions x

This section discusses the Rényi entanglement entropy of Gaussian states on a bipartite config-
uration space of arbitrary dimensions. One of the main results is Eq. . The fact that the
entanglement entropy is a function of the symplectic eigenvalues of the reduced covariance matrix
is emphasized. And the connection to (classical) symplectic squeezing is discussed. This result is
not contained in the publication [1].

Motivation. It is known that the symplectic capacity is related to the uncertainty principle
[132,|133]. More precisely, the lower bound ¢(Ws) > wh on the symplectic capacity of the Wigner
ellipsoid Wy, = {2z : 125712 < 1} associated to the covarianc Y of a state p, implies the (strong)
uncertainty principle. Moreover, the connection between uncertainty and entanglement in (collec-
tive) spin systems is established through spin squeezing. Hence, it is natural to expect a direct
connection between entanglement and symplectic capacity for collective spins. In fact, for Gaus-
sian densities on one-dimensional configuration space, n = 1, the Rényi entropies are functions
of the symplectic capacity, see . Now, the one-dimensional case, n = 1, is special in the

5Here, the covariance ¥ is defined for any mixed state p (not necessarily Gaussian) by

S =T |:p( (Eﬁf;zz)/z (%ﬁ%gi)ﬂ )] :

where T = x — Tr pz, and p = p — Tr pp, also see the discussion around (3.28]).
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sense that the Wigner ellipsoid is two-dimensional, its symplectic capacity is simply the area, and
there is only one symplectic eigenvalue of the two by two covariance matrix. It is important to
investigate how the calculation generalizes to n > 1, and whether the entanglement entropy is still
a function of the symplectic capacity or other quantities related to the symplectic spectrum, such
as the volume of the Wigner ellipsoid. The answer is given by Eq. , its derivation is as follows.

All Rényi entropies of a Gaussian density matrix p are symplectic invariants, and depend only on
the symplectic spectrum of the Wigner function’s covariance matrix. To see this, change variables
z+> Sz, in

1 (e 1 *Qu
So = 1 log Tr p® = log/Wp (2)

—« l—«

1 a2z
- log | Wro(8z) — 2 =
1-a Og/ o) et STz

where W** denotes the Moyal star product of « factors of W(z). According to Williamson’s
theorem, we choose S to be a symplectic matrix (in particular, det S = 1) that diagonalizes ¥~
such that )

1 1 -

W,(Sz) o exp |:—2ZSTE_152:| = exp [—22 < AO Aql > 2} ,

where the eigenvalues of A = diag(A1,---\,) are the symplectic eigenvalues of ¥. Hence, the
entanglement entropy of p depends on W), only through the symplectic spectrum of the covariance.
In these transformed coordinates (which we denote by the same symbol, z), the Wigner function
factorizes, W, (2) = [}, W;(2;), where z; = (z;,p;), and

1 _
Wj(z;) o exp [_QZj)‘j 1zj] :

J

Thusﬂ7 W;%(2) = [1j=; W;*(z;). One can compute the Moyal-star monomials of the two dimen-
sional Gaussians W, explicitly, see e.g. [134,[135]. Instead, we employ the n = 1 result (3.22),
J Y g y

1 - d’z
= 1 >'|<Oé _
Sa T a Ong;[l/WJ (2) o

€2 ﬁ Enjlog (A +1/2)% = (A = 1/2)°]
j=1

- Y s, (3.26a)

A€ESpec;(X)

where

1
Sa(A) = 1 log [(A+1/2)* — (A =1/2)%], (3.26b)

a [R—
and Spec;(3) = {\1,--- A\n} denotes the symplectic spectrum of . In words, the o Rényi entropy
of the Gaussian density matrix p on n-dimensional configuration space with covariance matrix
Y, is the sum of n terms of the form S,(\), where the summation ranges over the symplectic

®As a consequence of (f * g)(z) = f(2)exp(—2 > M)g(z) = f(2) ] exp(—2A;)g(z), where A; = gp]. 3% —
&
D0, 8,
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3.4 Symplectic squeezing and entanglement in higher dimensions %

eigenvalues A\ (counting multiplicity) of ¥. Each term S, (\) is the o Rényi entropy of a Gaussian
density matrix on one-dimensional configuration space, whose covariance matrix has symplectic
eigenvalue A. A few explicit expressions for special Rényi entropies are summarized in table

Remarks. e As Y is the covariance matrix of the Wigner function of a positive, normalized,
Hermitian density matrix, all its symplectic eigenvalues are bounded from below by one
half (KLM criterion, see chapter 13 in |133|, and Corollary 9.36 in [132]). Hence, the term
(Aj —1/2) is non-negative.

e As S,(\) is non-decreasing as a function of A, the symplectic capacity ¢ = 27 min Spec;(X)
of the Wigner ellipsoid associated to p sets a lower bound on the entanglement entropy,
1 c 1

Sa > Sy log [(% +3)% = (52 — 5)0‘]. In particular, the entanglement entropy vanishes if,

and only if, all symplectic eigenvalues are one half.

e For a rank-one projection, i.e. a pure state, all symplectic eigenvalues of ¥ are equal to one
half, and all Rényi entropies vanish.

e As a consistency check, Tr p = limq1 exp[(1 — @)Sa] =], [(A; +1/2) — (N; = 1/2)] = 1.

e The von Neumann entropy, a — 1,is S1 = 371 (Aj +1/2) log(A; +1/2) — (A —1/2) log(); —
1/2). This result has also been obtained in the calculation of the capacity of a Gaussian
quantum channel in [136].

e The collision entropy (logarithm of purity), o — 2, is Sy = 7, log(2);) = logvol(Ws;) —
log vol(B2n(1)), equals the logarithm of the fraction of the volume vol(Ws) = 2" vol(Ban (1)) [[; A,

of the the Wigner ellipsoid Wy, = {z : %zZ‘_lz < 1} to the volume of the 2n dimensional unit
ball Bon(1).

¢ The min entropy, a — 00, is Soo = 37, log(A; +1/2).

von Neumann S Collision S5 Min S Rényi S,
A+ 3)log(A+3) — oty log[(A + )" —
aoie (A3 2 log 2 log(A+1/2) ™1 2
T | - hlosA— b) : R
w= —log(l—e™¥) + lie—w Cw 1 g (1—em@)m
2 arctanh[1/(2))] we e logi=e  —log(l—e™) 5 log
€ = exp(—w) H(8)/(1 - ) log 1% —log(1-¢) ¢ log G=gr

Table 3.1: Summary of the general Rényi entanglement entropy (last column), and important spe-
cial cases, for a Gaussian reduced density matrix p4 on a one-dimensional reduced state
space. Different explicit expressions are given: (first row) as a function of the symplectic
eigenvalue A of the reduced covariance ¥4, (second row) as a function of the angular
frequency w of the quadratic entanglement Hamiltonian Hg = —log pa, cf. Sec. and,
(third row) as a function of £, which plays an important role in the replica trick, and
in the jth eigenvalue (1 — £)& of py, cf. appendix G in [1]. More generally, the entropy
of a Gaussian reduced density matrix on higher dimensional state space is given by the
sum of the one-dimensional result over the symplectic spectrum of 34, cf. .
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3 Entanglement and magnetization variance in the transverse field Ising model

Symplectic squeezing and entanglement. Consider the situation of a pure Gaussian state 1?5
inH=Hs®Hp = L*(R™) ® L>(R"3) = L*(R"), whose Wigner function W4Z is Gaussian with
covariance matrix L4B. If the state is time evolved according to a (time-dependent) quadratic
Hamiltonian (as in the nearby orbit approximation), the state remains Gaussian and the covari-
ance matrix evolves as ${8 = §;%4B ST where S; € Sp(2n). In general, the Wigner ellipsoid W/B
associated to EfB will be squeezed, and sheared, and not merely rotated, because S; does not need
to be orthogonal (symplectic transformations that are not orthogonal, are sometimes called active
transformations, while orthogonal symplectic transformation are called passive [137]). Hence, the
spectrum of Z{‘B is not time invariant. However, the symplectic spectrum of E{‘B is time invariant,
in particular, all symplectic eigenvalues of ©% are equal to one half. Equivalently, the state )45
remains pure under unitary time evolution.

A .
ten[s/giﬂg")o (iuct Schrédinger | flow of pA2 | flow of p# not 2B pure p ([r)r;;(ed
[2(R"4) @ [2(R"*) Eq. unitary unitary entangled)

direct product Hamilton | flow of WAZ | flow of W4 Spec ,(BAB) Spec, (24) #
R?" = R?"4 gR?"5B Eq. symplectic | not symplectic J

—qyy | WA

Table 3.2: Comparison between the unitary quantum dynamics (top row), and the symplectic clas-
sical Liouville dynamics (bottom row) of a bipartite Gaussian pure initial state ¢45
with corresponding Wigner function W4B. For a quadratic (time-dependent) Hamilto-
nian the approximation of the quantum dynamics by the Liouville dynamics is exact.
The entropy of the reduced state p? is a function of the symplectic eigenvalues of the
covariance ¥4 (last column) of the marginal Wigner function W4, cf. (3-26). In gen-
eral, the dynamics of p4 and W4 is not unitary and symplectic, respectively, (fourth
column). As a consequence, the symplectic spectrum of EA(t) and the eigenvalues of
p?(t) are generally time-dependent, such that the entanglement entropy of pAB(t) is
time-dependent.

Now, a description of subsystem A, discarding system B, is obtained by taking the partial trace
over subsystem B in p4 = Trp [A8) (48|, and, equivalently, marginalizing the Wigner function
w4 = I B WAB ie. projecting the classical (quasi-probability) density onto the symplectic sub-
space of subsystem A. All marginals of a Gaussian remain Gaussian functions of lower dimension,
and the covariance matrix ¥4 = P,4X48 P, of the marginal Wigner function W4 is obtained by
projecting ©45 onto the symplectic subspace of subsystem A with Py: (x4, 25,p4,pB) — (T4,p4).
(In coordinates, all rows and columns of Y4B belonging to position and momenta of subsystem
B are deleted.) There are two important consequences of this projection. First, in the same
way as the evolution of p does not need to be unitary (unless the Hamiltonian does not couple
subsystems A and B), the flow of the Wigner function W4 does not need to be symplectic. In
particular, X7 = SAXNASAT evolves according to a transformation S, which is not necessarily
symplectic. Hence, the symplectic spectrum of Zf is not time invariant. Together with ,
this implies that the entanglement entropy is not necessarily time invariant, cf. table Second,
the symplectic spectrum of ¥4 is bounded from below by the symplectic spectrum of 348 in the
following sense. Let (A{!,---\4 ), and (AMB ... AP) be the sequence of non-decreasingly ordered
symplectic eigenvalues (counting multiplicity) of ¥4, and 248, respectively. Then )\fB < )\jA for
all j = 1,---n4. This is a consequence of the symplectic non-squeezing theorem [138-140]. Intu-
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3.4 Symplectic squeezing and entanglement in higher dimensions %

itively, to obtain the smallest symplectic eigenvalue )\‘14 of ¥4, i.e. the symplectic capacity ¢ of the
associated Wigner ellipsoid W4 divided by 27, one deforms the Wigner ellipsoid by the optimal
symplectic transformation to make it fit into the smallest possible cylinder based on a symplectic

plane. The radius of the optimal cylinder is 1/2A{', and its area e = 2w\{! is the capacity (see

chapter 5 in [133]). Since the symplectic capacity ¢A® = 7 (minimal uncertainty in units in which

i = 1) of WP is constant, one can always find a symplectic transformation to squeeze the Wigner
ellipsoid WAB into a cylinder of radius 1/cAB/m = 1 (equivalently, \{!# = 1/2). However, the set
of symplectic transformations on the symplectic subspace A is smaller than the set of all symplectic
transformations of the ambient space. Hence, in general, the optimal symplectic transformations
that fits WA into a cylinder of radius one, may not be a valid symplectic transformation on
subspace A. Then, if the Wigner ellipsoid W4 cannot be fitted into a cylinder of radius /cAB /7,
the symplectic capacity ¢ of W4 is larger than the symplectic capacity ¢A8 of WAB (but never
smaller), and )\‘143 < )\‘14. Similarly, one infers )\343 < )\3»4 for j = 1---nas. A more precise for-
mulation is given by the symplectic interlacing theorem below. This gives a qualitative geometric
interpretation of the growth of the entanglement entropy. The entanglement entropy of subsystem
A with B becomes large when the Wigner ellipsoid WAB is symplectically deformed such that its
orthogonal projection WA onto A cannot be squeezed into a cylinder of small radius. In particular,
for ny = 1 the entanglement entropy S, (A) is a monotonic function of the symplectic capacity of
the Wigner ellipsoid W4.

Interlacing theorems. Mathematically, this leads to the following question. Given a positive,
symmetric 2n by 2n matrix Y48 with symplectic eigenvalues )\‘f‘B < -0 <L )\;;13 , how do the
symplectic eigenvalues change upon orthogonal projection onto a symplectic subspace of dimension
2n 47 That is, how are the symplectic eigenvalues )\‘14 <-o<4 ', of ¥4 = P,24B P, constrained
by the eigenvalues A;‘B ? Physically, this problem is known as the Gaussian marginal problem and
has been investigated in [137,/141]. The analogous problem for the the (orthogonal) spectrum, is
solved by the min-max theorem (a refinement of the Rayleigh-Ritz variational principle), and the
solution is known as the Cauchy interlacing theorem, see appendix. The symplectic analog of the

Cauchy interlacing theorem states [137],

AP <AL, forall j=1---ny,

and )\3-43 < )\34 < )\ff;nB, forj=1---2n4 —n, (3.27)

where np = n —n4 is the codimension of subsystem A. The case ng =1 is discussed in [141].

Example (Coherent state). The Wigner function of a coherent state in H4 @ H? has uniform
covariance, i.e. ¥48 = 15,49,/2, and both, the symplectic and orthogonal spectrum are equal
to Spec(X) = Spec;(X) = {1/2}. The Wigner ellipsoid is a ball of radius one half, and the
orthogonal projection on any subspace yields a ball of the same radius in lower dimensions. Hence,
»A = 125, x2n, /2, the orthogonal and symplectic spectrum of ¥4 is equal to {1/2} and the state
is not entangled.

As time evolves, the covariance changes according to /8 = §,%4BST = 5,87 /2 with S; €
Sp(2n). For non orthogonal (i.e. active) S;, the Wigner ellipsoid is no longer a ball and the
(orthogonal) spectrum of % changes, while the symplectic spectrum remains {1/2}. Projecting
the Wigner ellipsoid onto the symplectic subspace of system A via P4 corresponds to projecting
yA = PAE{‘B P4. The orthogonal spectrum of Ef is related to the spectrum of EfB by Cauchy’s
interlacing problem. In general, the symplectic spectrum of Z{‘ also changes, obeying the constraint
, and the evolved state becomes entangled.
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3 Entanglement and magnetization variance in the transverse field Ising model

3.5 Interlude: bound on entanglement of non-Gaussian states x

The main result of this section is Eq. (3.28]). It uses the results of the previous section to bound the
von Neumann entropy of a generic density matrix. This is a new unpublished result, not contained
in [1].

The result gives the entanglement entropy for Gaussian states. However, many states
of interest are not close to Gaussians. Even if one initially prepares a Gaussian state, it will
generically deviate from the Gaussian type in the course of time. What can one infer from
about the entanglement entropy of non-Gaussian density matrices? Gaussian density matrices are
special, and the calculation leading to does not generalize directly to more general density
matrices. Notwithstanding, can be used to give the upper bound

Sn(p) = —Trplogp< > Sa())
)\GSpecJ(E)

= Z +1/2)log(Aj + 1/2) — (A; — 1/2) log(A; — 1/2) (3.284)

on the von Neumann entropy of a generic (possibly non-Gaussian) density matrix p in terms of
the symplectic eigenvalues Spec ;(X) = (A1, -+ A,) of its 2n by 2n covariance matrix

= {p ( - ;‘zmz R )] ’ (3.28b)

where £ = z — Tr px, andﬁ p Tr pp.
The classical analog of (3.28]) is the textbook fact that the Gaussian probability density pgauss(z) o

e~*07'¢/2 maximize the Shannon entropy among all classical probability densities with (co)variance
matrix C' [142]. Its proof relies on the positivity of the relative entropy. In what follows we give
a proof of the quantum analog . Essentially, the idea of the classical proof translates to the
phase space formulation of the quantum situation. An important difference to the classical case
is the use of the star-logarithm instead of the regular logarithm function of the classical Shannon
entropy.

Proof of @ . Let pgauss be the Gaussian density matrix with the same covariance matrix X
as p, cf. (3.28b). Just as the classical relative entropy, the quantum relative entropy D(p||o) =
Trplogp — Trplogo > 0 between any two density matrices p and o is non-negative (Klein’s
inequality) and vanishes if and only if p = o, cf. chapter 11 of [25]. In particular,

D(pl|pcauss) > 0, (3.29a)

and in terms of the Wigner functions W, and Wgauss(2) exp(—%zzflz) of p and pgauss, respec-
tively,

D(p|lpGauss) = /R% (2d7j)an log* W, — o (Qer) W, log* Waauss > 0, (3.29b)
Here, log™ denotes the star-logarithm, the inverse function of the star-ezponential |134,{143]. The
occurrence of the star-logarithm instead of the regular logarithm is crucial. If one replaces the star-
logarithm in — [ W,log* W, by the regular logarithm, one gets the Shannon entropy of the Wigner
quasi-probability distribution, related to Wehrl’s entropy [144]. The von-Neumann entropy of a
density matrix p is not simply the Shannon entropy of its Wigner quasi-probability distribution. In
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3.6 Multipartite entanglement x

general, the star-logarithm of a generic phase space function is difficult to compute, as it requires
Moyal-star monomials of arbitrary powers. However, the star-logarithm of the Gaussian density
Wauss can be worked out explicitly, see appendix [A]

log* exp(—32X712) = —32Vz — logC (3.30)

where the matrices ¥ and V are related by ¥~ = —2J|JV|tan (3 JV), and C~1 = /det cos JV/2.
The precise form of the right hand side is not important. The crucial thing is that log* Waauss 18
a quadratic form in the phase space coordinate z. Because log” Wgauss is integrated against W, in
the second term of , and the (co)variance of W, and Wgauss agree by assumption, one may

replace the second integral in (3.29bf) by

dz .
SyN (,OGauss) = - / oy WGauss IOg Wauss-
R2n (27T)

This yields Syn(p) < SyN(pPGauss), and is equivalent to the claim ((3.28)). d

3.6 Multipartite entanglement x

This section sketches how the computation of the bipartite entanglement entropy in the fully
connected spin model is generalized to quadripartitions. An example for a quadripartite
entanglement measure is the tripartite information Is. The tripartite information is also used to
measure how information delocalizes in unitary quantum channels [145146]

The main result of this section is Eq. (3.35). It shows that the dynamics of the tripartite
information after a quench in the fully connected spin model does not yield more information than
the dynamics of the bipartite entanglement entropy.

Quadripartite entanglement for time evolved pure states. Let |U;) = e ¥t |Ug) be the time
evolved state after a quantum quench in I" of . The dynamics takes place in the Dicke subspace
Dy of N spins. The bipartite entanglement dynamics of |¥;) was investigated in [1]. How does
this calculation translate to multipartite entanglement measures?

One quadripartite entanglement measure of pure states is the tripartite information

I3(A:C:D)=I(A:C)+1(A:D)—I(A:CD)
=S(A)+ S(C)+ S(D) - S(AC) — S(AD) — S(CD) + S(ACD) (3.31)

For the quadripartition Hy = Ha ® Hp ® Heo ® Hp of N spins into four disjoint subsets of A,
B, C and D spins with A+ B+ C+ D = N, any state V) = >"y, W(N;)[Ny) in Dy can be
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3 Entanglement and magnetization variance in the transverse field Ising model

expandedﬂ in Dapcp =Da®Dp Do ®@Dp DDy a&ﬁ

@)= Y U(Ay+ By +Cy+Dy)
Ay,By,Cy Dy

JEENEN ) s Novin) MeBLCLDY, (32

compare (3.18). The expansion coefficient in front of [Ay, By, Cy, D) is denoted by W(A,, By, Cy, D).
The combinatorial factor

(Aﬁ)(fi) (ci) (Ji)/(A++B+JIO++D+) = exp [-NSapqs(a, b, ¢, d)] (3.33)

takes into account the fact that there are more ways to permute N up-spins among N spins than
to independently permute the up-spins within the disjoint subsets of spins without inter-subset
permutations.

Let fi(n4) be the rate function of |¥;) € Dy, i.e. ¥4(nyN) =< exp[—N fi(ny)]. The mini-
mum of Rfi(ny) at ny = ny evolves according to Hamilton’s equation of motion for the effective
Hamiltonian H.g, cf. Sec. We denote the curvature of f; at the minimum by f/(n:) =: fo =
g2 — iy, cf. Eq. (3.5). From it follows that the rate function of ¥y(A4, B;+,Cy,Dy) <
cf. Eq. (16) exp [—th(4) (a,b,c, d)] is
in [1]

1
ft(4) (a,b,c,d) = fi(aa + pb+ e+ od) + 58%375(@, b,c,d),

where Sugys(a,b,c,d) = Hy(aa + Bb + ye + 6d) — aHz(a) — BHa(b) — vHa(c) — dHa(d) is the
entropic rate function of the combinatorial factor . Sapys(a, b, c,d) depends on the relative
subsystem sizes « = A/N, = B/N, v = C/N, § = D/N, and is a function of the fraction of
up spins a = A1 /A, b= B, /B, ¢ = Cy/C, d = D4 /D in the respective subsystems. Convexity
(and a + B + v+ = 1) of the binary Shannon entropy guarantees that S,z is non-negative
and vanishes if, and only if, a = b = ¢ = d. Hence, the minimum of R f; at n; is inherited to the

minimum of §th(4) at (a,b,c,d) = (ng, ng,ng,ng) =: x*.

Expanding ft(4) (a,b,c,d) to second order around its minimum at x*, yields a Gaussian approxi-
cf. the dis-  mation /'8P (x) o exp[— L (x — x*)T' W (x — x*)] with four by four inverse covariance
cussion of
Eq. (17) in T = V2 W (x)] ey
i
being the Hessian matrix of the quadripartite rate function. Real and imaginary part of I'®) are

"The fact that Dagcp is larger than the Dicke space Dy can be seen by counting dimensions. Intuitively, Dapcp
contains states that are permutation invariant among their elementary spins within each subgroup A, B, C' and D.
However, these states do not need to be invariant under permutations of spins between the groups. The state
is of course invariant under permutations of all N spins.

8This follows from a straightforward generalization of the bipartite case, cf. (12) in [1],

Moo= GG () B D),

Ap+By+C4+D =Ny

where the summation ZA++B++C++D+=N+ is short hand for Z£+ Zg+ Zg+ Zg+ 0(A4+B4+Cr+Dy = Ng).
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3.6 Multipartite entanglement x

given by

1 1
X® oM+
92 + 2 (1 — nt)nt

YW = —g,M, (3.34D)

[diag(cv, 8,7,6) — M], (3.34a)

respectively, where the four by four matrix M = («, 3,7, ) ® («, 8,7, 0) denotes the dyadic square
of the relative subsystem sizes, and HY(z) = — [(1 — x)z] " is the second derivative of the binary
Shannon entropy.

To compute the entanglement entropies on the right hand side of , one needs the symplectic
eigenvalues of the covariance matrix of the reduced Wigner function, cf. Eq. . Let Wugcp be
the Wigner function of the quadripartite state WABCP  The symplectic spectrum of the covariance
Y of Wapep is equal to {1/2}, because Wapcp comes from a pure state. The covariance matrices
of the marginals of Wxpcp are denoted by ¥4, %8 ... 2AB .. .9A4BC otc. Tt turns out that
exactly one symplectic eigenvalue of each marginal covariance is different from one half. This
special symplectic eigenvalue is denoted by A4, Ap, - Aap, - AaBc, etc., respectively. We refer
to symplectic eigenvalues equal to one half as trivial symplectic eigenvalues, because they do not

contribute to the entanglement entropy. Aided by a computer algebra system (Mathematica), we
find

1
A= ¢ 1= 2Co + Ca—oit 4 4C, varp(ny) var(p), Ca = a(l - a), (3.350)
2 varg n:
1 varn
Aup = 2\/1 —2Cu5+ Cap =+ 4C,pvarp(ng) var(p), Cag = (a+ B)[1 — (a + B)],
varp 1
(3.35Db)
AaBc = Ap, and analogously for the other combinations. Here, varny = ﬁ, varp = g%;g_fg,

and vargn; = ny(1 — ny) is the variance of a Bernoulli random variable with success probability
0<ne <1

We elaborate on the observation that only one symplectic eigenvalue is non-trivial. For the sake
of concreteness, we focus on the four by four matrix 345, Since only one of its two symplectic
eigenvalues is nontrivial, it must be identical to the symplectic eigenvalue of the reduced covariance
w.r.t. the bipartition into A’ = AB and B’ = CD. Otherwise, this would contradict the result
on the bipartite entanglement entropy S(A’). Indeed, the symplectic eigenvalues are consis-
tent with the symplectic eigenvalues in Eq. (24) of [1]. Hypothetically, 47 could also have two
non-trivial symplectic eigenvalues, say A1 and A2, such that S(AB) would be the sum of the two
contributions S(A1) and S()\2), adding up to the bipartite entanglement S(A’) = S(A\1) + S(A2),
according to (3.26]). If this was the case, then the way how S(A’) is distributed onto the summands
S(A1) and S(\2) could be a characterization of entanglement beyond bipartite entanglement. How-
ever, the fact that only a single non-trivial symplectic eigenvalue in carries all contribution
to S(AB), rules out this possibility.

The upshot is that any quadripartite entanglement measure that depends solely on the symplec-
tic eigenvalues of the reduced covariance does not yield more information than already contained
in bipartite entanglement measures for permutation invariant states. In this sense, the quadripar-
tition is not more general than a bipartition for permutation invariant states.

We comment on the fact that the variance varny only occurs relative to varg ns in Eq. (3.35)).
In other words, the magnetization variance never occurs in absolute units, but only in units of
the variance of a Bernoulli random variable with success probability n;. This rather technical
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3 Entanglement and magnetization variance in the transverse field Ising model

detail is important and has a natural geometric interpretation on the Bloch sphere. Imagine the
Bloch sphere embedded in three dimensional FEuclidean space such that the south pole is at the
origin and the north pole at (0,0,1). Consider two (quasi) probability distributions on the Bloch
sphere that differ only by a translation on the sphere, and are otherwise identical. For the sake
of concreteness, assume, one is localized close to the north pole, the other is centered around a
point close to the equator. The variance along the z-axis of the former is much smaller than the
variance in z-direction of the latter. Not surprisingly, the variance in z direction is not invariant
under rotations of the Bloch sphere. However, as the entanglement is independent of the choice
of the spin quantization axis, i.e. invariant under rotations of the Bloch sphere, the entanglement
entropy cannot depend on the magnetization variance in z direction directly. It turns out that the
ratio between varn, and varg En, = Eny (1 — Eny) is invariant under rotations of the sphere.
The variance of the Bernoulli random variable vanishes at the poles and attains its maximum at
the equator. Locally, this counteracts the transformation of the distances between two points on
a meridian under projection onto the z-axis.

3.7 Inhomogeneous initial states x

The publication [1] exploits the fact that the Dicke subspace Dy of H is an invariant subspace for
the unitary dynamics governed by the Schrédinger Eq. with a permutation invariant Hamiltonian.
This symmetry allows to study the dynamics of permutation invariant states (in particular the
dynamics of sudden quantum quenches) by analytic semiclassical methods, cf. chapter [2 In this
section, we generalize the discussion to states that need not be fully permutation invariant, but
may contain inhomogeneous structures in a specific sense, which we now explain.

Partition of spins. We define this larger class of inhomogeneous states as an enlargement of the
Dicke subspace. Consider a partition of the set of N spins into &k disjoint subsets X1, --- X}, each
containing Ny, - -- N spins, respectively. Furthermore, we introduce the relative subsystems size
a; = N;/N of subset X;. Denoting the Dicke subspace of the subset X; by Dx,, we refer to the
k fold tensor product Dyy,; = Dx = ®f:1 Dx, as the (k-partite) Dicke space relative to the
partition X = {X;}* .

The nested relation between the full Hilbert space Hy (containing all, not necessarily permu-
tation invariant, pure states), the Dicke subspace Dy, relative to the partition {X;} (containing
all pure states being invariant under permutation within each subset X;), and the Dicke space Dy
(containing all fully permutation invariant pure states), is

Dy C D{Xi} C Hn.

Examples of states in Dyy,; are products of permutation invariant state |1;) on the subset X;
of spins,
Y1) ® -+ @ |vhw),
and superpositions thereof. The Dicke basis of each factor Dx; in Dyy,, induces an orthonormal

basis {\Nl(+), . NIE+)>} for the Dicke space relative to the partition X. We refer to this basis as
the Dicke basis of Dyx,;. Any state in Dyy,, can be expanded in the Dicke basis as

W= 3 b, NG Ny = > p(n) N, (3.36)

N1(+)""N1£+) N(H)

n = (ny,---ng) being the vector of up-spin fractions n; = Ni(H/Ni in subsystem X;, and the
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3.7 Inhomogeneous initial states x

summation is over all k-tuples in {(N1(+), e N,iﬂ) :0< Ni(ﬂ < N;}.

The discussion so far is somewhat parallel to the discussion of quadripartite entanglement in
Sec. The main difference is that the state , even though being expanded in the larger
space Dx, is still fully invariant under all spin permutations and therefore in Dy, while the general
state is only required to be invariant under permutations of spins within each subset X;. The
higher symmetry of compared to is manifest in the fact that the expansion coefficients
in have a rigid form with less degrees of freedom.

Representation of permutation invariant operators on D;x,,. We seek the matrix elements
of permutation invariant spin operators on Hy in the Dicke basis of Dyy,;. Ultimately, we are

interested in the matrix elements of the spin Hamiltonian (3.1). The collective spin operatorsﬂ
Syyz =N 577 /N of N spins decomposes into the convex linear combination Zf 1 Sy ({;7,2 of
(9)

collective spin operators Szly: = > ey, 8;"”

/Nj of subsystem X;. Employing the properties of

7y7

the elementary spin one-half operators s;"*”, one verifies

. 1 1 1 1
SOING) = =4 fnj (1=nj+ — ) IND) —ej) + o4 [(1=ny) (n; + — | [NT) t¢5), (3.37a)
2 N, 2 N,

SN = 2%]. (1 n; + NJ) INGH —e;) — 2\/(1 —nj) (nj +

SNy = <nj - ) IN(HY, (3.37¢)

> IN() +¢;), (3.37h)

Z[=

where |N(H) + e;) is short hand for \NIH), - -N](—q, N( )41 N](d --N,£+)>. In particular, this
/)

shows that the collective operators Sg(fy,z leave Dx invariant.

Effective Hamiltonian for inhomogeneous initial states. Consequently, the Hamiltonian ,
and thus the dynamics induced by the Schrédinger equation, is invariant on Dx. The matrix
elements of H follow readily from . Analogously to appendix A of [1], one deriveﬂ the
effective Schrodinger Eq. iheg Opipi(n) = Heg(n, p) ¢¢(n), where, to leading order in 1/N,

Heg(n,p) = g (a n— ) _FZO‘J‘/ j)n; cos(ajpy), (3.38)

9The scaling factor of 1/N in S, . makes the spin operator intensive. This is important for the derivation of the
effective description as N — oo, cf. Sec.
ORirst note, that the Schrédinger Eq. imposes

- FZ = { (1 —ny)(n; +1/N;)(n+e;/N;) + /n;(1 —n; + 1/N;)¢p(n — ej/Nj)}

(e; being the j-th k-dimensional canonical unit vector) on the coefficients of the Dicke basis expansion. By Taylor
expansion, ¢(n + e;/N;) = [exp(Fic;p;)¢] (n), where p; = —idy,,; /N is the momentum operator associated to
the j-th coordinate direction n;. Thus,

k

o =~ (am = 2) vt~ TS [V contasn) + 00N vt

J
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3 Entanglement and magnetization variance in the transverse field Ising model

hef = 1/N, n = (n1,---ng), and p = (pl, ---py) denotes the vector of conjugate momenta p; =

iheff@ of n;. The Hamiltonian is coupled among its coordinates n, but not among
the momenta p- The coupling comes from the pairwise spin coupling terms s;s Z in - As a
consistency check, Eq. - ) reduces to (| . ) for £k = 1.

The Hamiltonian inherits critical points from its homogeneous counterpart at k = 1.
More precisely, H.g has crltlcal points at the uniform coordinates z* (n*, ceem® p* -+ p*), where
(n*,p*) is a critical point of Heg(n,p) for k& = 1. This is because becomes independent
of a and k for uniform n = (n,---n) and p = (p,---p). Hence, just as in the one-dimensional
situation of k = 1, the stable critical point at npy; = 1/2 for I' > T'. = 1/2 becomes degenerate
at I' = 1/2 and bifurcates into two stable critical points njy; = 3(1 £ 1 —4T2) for I' < I.
The harmonic approximation of H.g around these stable critical points can be viewed as k coupled
harmonic oscillators. The normal frequencies of this system of coupled oscillators are the symplectic
eigenvalues of the Hessian

Hnn H”P
v?H H‘ . = < eff eff ) ,
o (Hef)"t HE

where the k by k blocks are

I ]
( gf?)ij = —Joja + Z[(l — n*)n*]*‘i/zai&‘j,
(HER)ij = T[(1 — n*)n*]"*a;6;, and
(Hig)ij = 0.

For k > 1 the k different symplectic eigenvalues of V?H.g are rather complicated functions of
a. Generically, i.e. for typical a € [0,1]* with ||c||; = 1, the symplectic eigenvalues are linearly
independent over the rationals, i.e. the system of coupled oscillators are off-resonance. Interestingly,
thus, the vector of relative subsystems sizes a provides a mean to tune the frequencies of the coupled
oscillators.

Inhomogeneous effective Hamiltonian. Even more general, when considering permutation in-
variant states relative to a partition X, the Hamiltonian driving the dynamics does not need to be
fully permutation invariant. It suffices that the Hamiltonian is permutation invariant with respect
to the given partition. Also in this case, the dynamics will be confined to the Dicke subspace Dx.

For example, one could allow for an inhomogeneous external transverse magnetic field I' in
. Let us assume that the magnetic field acts uniformly with value I' = I'; on all spins of
subset X, but may have different values for different subsets. Likewise, one can allow for different
longitudinal couplings with intra coupling J;; between spins of the same subset X;, and inter
coupling J;; between the spins of two different subgroups X; and X;. With these modifications
the effective Hamiltonian describing the dynamics on Dx reads

Heg(n,p) = —= Z oo dij(ng —1/2)(n; — 1/2) Za] i\/ (1 —nj)n; cos(ayp;).  (3.39)

t,j=1

Expectation and Variance. As N — oo Egs. and provide an effective semiclassical
description of the quantum spin model for invariant states in Dx. In contrast to the homoge-
neous situation of k = 1 considered in [1], the phase space of the classical limit is 2k-dimensional
and its coordinates are z = (n, p). In what follows, we discuss the nearby orbit formalism for the
order parameter and its variance in this higher dimensional phase space analogous to Sec. of [1].
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3.7 Inhomogeneous initial states x

The effective description is particularly useful for localized WKB-like states. More precisely, let
us assume that the initial state (3.36)) at time ¢ = 0 is of large deviation form ¢y(n) < exp[—N fo(n)]
with rate function fp(n), and that Rfp is unimodal with a unique global minimum at n = ng.

Then, the expectation of the collective spin operators §Z = (S,gl), e Sgk)) is to leading order given

by
(S:) =sa+ O(Nil)v

where s is obtained from n.; by shifting all £ components by —1/2. Equivalently, the operator
N = (S,gl) +1/2,--- stk 4 1/2), which counts the fraction of up spins in each subsystem, has
expectation

(N) =ng +O(N). (3.40a)
Similarly, the expectation of the conjugate momentum operator P = —ihegVy, is
(P) = pa+O(N™), (3.40D)

where pg = iV fo(ng) = =SV fo(ng) is real, because RV fy(ng) = 0.

Higher order order corrections to the expectation value can be computed by the saddle point
approximation, and has a diagrammatic interpretation, cf. Sec. Another measure for the
corrections to the expectation value is given by the (co)variance matrix

var(IN, N)j; := (NiNj) — (N;)(Ny).

The i-th diagonal entry of var(N, N) is the variance var(N;) = ((N; — (N;))?) of N;. To obtain the
leading contribution of var(IN;, N;) via a saddle point approximation, the rate function fy is Taylor
expanded to second order around the minimum ng, i.e. f(z) & f(za) + 5 (2 — 2a) V2 fo|z., (2 — Za1),
and the resulting Gaussian integral is solved. Let the real and imaginary part of the k by k& Hessian

matrix V2fyl,, be denoted by X and Y, then

var(N,N) = %X*l +O(N?) (3.41a)

Similarly, one can compute the variance of the momentum operator P,

var(P,P) = % (X +YX'Y)+O(N?) (3.41b)

Equivalently, the leading order of var(IN,N) and var(P,P) are the variance matrices of the
position and momentum marginals of the Wigner transform W (z) of the Gaussian state §#4%(n) =<
exp [—%n(X +iY)n]. The Wigner transform of a Gaussian state is a Gaussian distribution on
phase space with 2k by 2k covariance

1 X1 -X"v
>0 = 5N < ~YX ! X+YXly > ‘ (342)

The covariance matrices (3.41al) and (3.41b)) are the variance matrices of the position and momen-
tum marginals of W (z). The off-diagonal matrices in the block matrix (3.42) are identified as the
leading contribution of var(N,P);; := 3(N;P; + P;N;) — (N;)(P;),

var(N,P) = —%XAY +O(N?%) (3.41c)
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3 Entanglement and magnetization variance in the transverse field Ising model

Dynamics of expectation and variance. Now, we elaborate on the time evolution of the expec-
tation and the variance. We begin with the expectation value. The Schrodinger evolution of states
in Dx according to H in is effectively, up to corrections suppressed by 1/N, approximated
by the effective Schrodinger Eq. with effective Hamiltonian Heg in and effective Planck con-
stant heg = 1/N. Hence, to leading order in heg, and for early times, the leading contribution of
the expectation (N(t)) = nq(t) + O(N~!) evolves according to Hamilton’s classical equations of
motion

d 7|
dt

= JVZHGH(ZCD (3.43)

w.r.t. the effective Hamiltonian, where z, = (n., pc1) and J is the standard 2k by 2k symplectic
form. The associated classical symplectic flow 7} maps an initial condition zy to the time evolved
phase space point z(t) = Ti(zp) at time .

Next, we state the time evolution of the leading contribution to the variance. The leading
contribution of the covariance matrix 3, cf. , evolves according to the nearby orbit approx-
imation [90,91]. In a nutshell, the idea is to linearize the Hamiltonian flow around the reference
orbit z(t), and thereby determine how small deviations from this reference change in time. The
evolution of deviations from the reference orbit entail the dynamics of the variance to leading order.
More explicitly, let z’(¢) denote a trajectory nearby the reference orbit, that is z'(t) = z (t) + dz(t)
with dz(t) sufficiently small for all times of interest. Linearization of the classical equation of motion
z'(t) = JVH(z') around z. imposes the non-autonomous ODE 0z = J(V?Hegl,,,1))0z + O(62%).
Denoting the Hessian matrix of Heg at z.(t) by K(t) = V2H65|zcl(t), the ODE for 6z is solved

by 0z(t) = S;0z(0), where S; = T exp [J f(f K(t/)dt’} is the time ordered exponential function.
Moreover, Sy = id, and S; is the fundamental matrix of the ODE

Sy = JK(t)S;. (3.44)

Equivalently, S; measures how deviations 6z(0) from z.(0) at time zero propagate to deviations
0z(t) from z(t) at time ¢. In other words, S; = VTi|,_ (o) is the Jacobian matrix of the symplectic
flow evaluated at the initial point z.(0). Hence, S; is a 2k by 2k symplectic matrix. Its inverse
St = VT |y, follows from taking the derivative of Ty o T} = id at z(0), by applying the
chain rule.

Egs. (3.41a)) to (3.41c) suggest that the Wigner transform of a large deviation state can be
approximated by a Gaussian density Wy(z) = szclo(o) (z) with mean z.(0) and variance matrix
Yo, cf. and (3.42)). According to the truncated Wigner approximation (TWA) [88] the time
evolved Wigner function is approximated by the solution of the classical Liouville equation to
leading order in the large N limit. Hence, Wy(z) ~ Wy(T-;z).

Now, we apply the nearby orbit approximation on top of this TWA result. Intuitively, as Wy(z)
is localized at z(0) within a neighborhood of diameter O(1/+v/N), the time evolved density W;
will be localized at z.(t), at least for early times. Let us therefore assume that z = z(t) + dz(t)
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3.7 Inhomogeneous initial states x

is close to z(t), such that 0z(t) = O(1/v/N) is small. By straightforward calculation,

Wi(z) =~ Wo(T_1z)
= Ny (0)(T12) + O(hert)
= Ny o) [T=e(za(t) + VT, 02(t) + O(heg)] + O(fiesr)
= NG [S;7102(1)] + O(hegr)
= N5 [6a()] + O(he)

S¢St
zctl(t)t (z) + O(hes).

Hence, to leading order, the time evolved Wigner function remains a Gaussian centered at the
classical trajectory z(t) of (3.43) with variance

¥ = S %87, (3.45)
where S; solves (3.44]).
Instead of solving (3.44)) for S; and then obtaining ¥, one can also solve
Xopn = —H3, Xjn — H) Xjm + H?' (Xj Vi + Vi X1n)  and (3.46a)
Ymn = H,mn - quj—.anjn - H77%)/}m - H7jl (ijXln - Y_ijyvln) (346b)

for the k by k matrices X and Y (the real and imaginary part of the Hessian matrix of f at
X (t)), and obtain ¥; from (3.42). The summation over repeated indices in is implicit.
Moreover, Hy' = 0yn0p,, Host(X, p)‘xd,ppl and similarly for A" and H ,,, denotes the derivative
of the effective Hamiltonian w.r.t. posi‘éions and momenta, cf. appendix Eq. is derived
in appendix [C] by a multivariate rate function expansion, and is the higher dimensional analog of
Eq. and appendix B in [1].

The equivalence of and was proven for the one-dimensional case (i.e. K = 1) in
appendix C of [1], and generalizes mutatis mutandis to k£ > 1. In other words, the diagram

— ,—Nfo rate function — —Nfi
=€ = e
Q’Z)O ‘ expansion (3.46)) wt ‘
Gaussian approx. Gaussian approx.
of Wigner fct., of Wigner fct.,
(3.40), (3.42) (3.40), (3.42)
NEO Nearby orbit approx. NZ :
z1(0) B-43), (3-49) zci(t)

commutes.
The rate function expansion approach can also be used to compute higher order cumulants
beyond the variance, analogously to Sec.

Discussion. We contemplate on the result and close this section with some speculations.
Permutation invariant states of N spins are described by a single good quantum number (the
number of up spins), and the quantum evolution with permutation invariant Hamiltonian (3.1])
leads to an effective one-dimensional semiclassical description in the large N limit. As the effective
Hamiltonian is time independent, the classical limit is trivially integrable, and trivially ergodic
on one-dimensional energy hypersurfaces.
In contrast, if the initial state is not fully permutation invariant, but only permutation invariant
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3 Entanglement and magnetization variance in the transverse field Ising model

within k£ disjoint subsets of its elementary spins, the state requires k independent good quantum
numbers, and the quantum dynamics is described by an effective k-dimensional semiclassical model,
cf. . Hamiltonian systems on higher dimensional phase spaces are richer than their one-
dimensional counterparts. In particular, classically chaotic behavior, in the sense of exponentially
deviating orbits, can only occur for phase space dimensions above two, cf. Sec.

What are the properties of the classical Hamiltonian system (3.38)7 Close to the stable crit-
ical point with homogeneous coordinates z* = (ng - --nq) the Hamiltonian can be expanded to
quadratic order. Hence, one may expect the behavior of coupled oscillators, i.e. classically inte-
grable behavior on k-dimensional invariant tori, close to z*. How do the invariant tori get deformed
in regions of phase space, where non-harmonic correction terms become important? Do the tori
become unstable, leading to classically fully chaotic regions in phase space? As has been alluded to
above, the frequencies of the oscillators depend on the relative subsystem size vector . Thus the
subsystem size e may provide a tunable parameter to adjust the commensurability of the oscillator
frequencies. Therefore, a could potentially be used to control the integrability breaking according
to the KAM theorem.

What are the implications for the spin model ? How do the results on the variance and
entanglement in [1] get modified? For small inhomogeneities in the initial state and small quenches,
one may expect that the effective dynamics remains close to the homogeneous subspace. In this
case the Wigner function evolves within a classically integrable phase space region of (deformed)
invariant tori. The magnetization variance and the entanglement is described by the higher di-
mensional analogs of [1], as discussed in this section and Sec.

For strong initial inhomogeneities and for large quenches the effective dynamics may be very
different from the homogeneous situation of [1]. Depending on the precise phase space structure
of the effective Hamiltonian, inhomogeneities may also be enhanced and evolve in time. The
underlying effective dynamics may also be classically chaotic. A more thorough investigation is
necessary.

3.8 Publication [1]

The author’s contribution. The idea to investigate the dynamics of the order parameter variance
in the fully connected transverse field Ising model after a quantum quench with a large deviation
ansatz is due to Stefan Kehrein. All analytical an numerical calculations have been done by the
author of this thesis. He has also written the paper. The author has profited a lot from joint
scientific discussions with Stefan Kehrein.
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Abstract

We investigate the quench dynamics of the transverse field Ising model on a finite
fully connected lattice. Using a rate function approach we compute the leading
order corrections to the mean field behavior analytically. Our focus is threefold:
i) We analyze the validity of the mean field approximation and observe that
deviations can occur quickly even for large systems. ii) We study the variance of
the order parameter and identify four dynamically qualitative different regions.
iii) We derive the entanglement Hamiltonian for a bipartition of the lattice, which
turns out to be a time-dependent harmonic oscillator.
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1 Introduction

One of the reasons why quantum mechanical many body systems are difficult to analyze is
because the dimension of the Hilbert space grows exponentially with the number of particles.
In contrast, the dimension of classical phase space scales only linear in the particle number.
Another unique feature of quantum mechanics is entanglement, which has no immediate
classical analog [1,2]. When entanglement of a composite system is measured by means of
the von Neumann entanglement entropy, the logarithm of the Hilbert space dimension of the
smaller subsystem is an upper bound on the entanglement. Turning this intuition around,
one can view the exponential of the entanglement entropy as the effective dimension in which
the entangled state lives. In this sense, the combination of both, large entanglement and
exponential Hilbert space dimension, makes the quantum time evolution computationally
challenging. Many numerical algorithms, such as the density matrix renormalization group
[3-5] with matrix product states [6], rely on the fact that the entanglement of the states of
interest remains low such that the effective Hilbert space dimension is small and the complexity
of the exponential dimension is effectively avoided. Generic quantum many body systems are
not exactly solvable and one is restricted to numerical methods and finite computational
resources. From this perspective, it is vital to understand how entanglement grows in time in
non-equilibrium situations.

The entanglement dynamics after a global quantum quench has been investigated for nu-
merous local Hamiltonians. Linear growth of the entanglement entropy has been observed
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for one dimensional gapped lattice systems [7], conformal field theories [8,9], non integrable
spin chains [10], and harmonic oscillator chains [11]. This typically limits the study to low
dimensional locally interacting systems, for which the area law [12-16] guarantees low entan-
glement entropy in the ground state, and to small system sizes at early times. The linear
growth of entanglement as discussed in [7-9,17], is mediated by quasiparticles propagating
in a Lieb-Robinson cone formed by a maximal group velocity. The quasiparticle picture has
been confirmed analytically in integrable models [8,9], as well as numerically, e.g. by looking
at the mutual information between two spatially separated places [18], or the particle num-
ber fluctuation [19]. There are, however, exceptions to the connection between entanglement
growth and the spread of quasiparticles. On the one hand, it is known [10] that some non
integrable models show linear entanglement growth, while the energy transport, being medi-
ated by quasiparticles, is only diffusive. On the other hand, sublinear entanglement growth
was observed in geometric quenches, even though quasiparticles spread ballistically [20].

A notable exception to linear entanglement growth in short range systems are disordered
models that exhibit many body localization and show logarithmic entanglement growth [21—
23]. The logarithmic growth can be argued to be a consequence of a dephasing mechanism
facilitated by exponentially decaying interactions between localized quasiparticles [23].

In addition to short range models, systems with long range interaction have gained the-
oretical [24-33|, as well as experimental interest due to their realization with ultra cold
atoms [34,35]. Another, more theoretical, motivation to study long range models is to use
them as an approximate equivalent for high dimensional short range systems [19]. It has been
found numerically [18, 36, 37] and semi-analytically [27, 28] that the entanglement entropy
grows only logarithmically in time, that is much slower than their short range counterpart.
A heuristic, non-quantitative argument in favor of the logarithmic growth [27], also see [19],
relies on the fact that the maximal group velocity diverges for the k = 0 mode, while the
density of states vanishes as £ — 0. This leads to a breakdown of a pronounced light cone,
and information is only propagated slowly by quasiparticles. However, this line of reasoning
cannot be applied to the limiting case of uniform all to all coupling, because fully connected
models lack the notion of spatial distance and a quasiparticle picture.

In the present paper, we look at the out of equilibrium dynamics in an infinite range, highly
symmetric model, which becomes amenable to a mathematically controlled expansion in the
thermodynamic limit. More precisely, we focus on a spin system defined on a fully connected
lattice, being invariant under permutations of lattice sites. For the sake of concreteness,
we will focus on the fully connected transverse field Ising model (also known as the Lipkin
Meshkov Glick model [38]), however, the mathematical reasoning also applies to other mean-
field models on fully connected lattices [39].

Mean field models, and mean field approximations of more complicated systems provide
an accessible approach to study many body problems, both, in classical, and quantum sta-
tistical physics. The applications of mean field approximations in equilibrium situations are
numerous, and it is rather well understood when mean field yields reliable results. In con-
trast, mean field approximations are less frequently used in non equilibrium conditions, and
it is not generally known when and how well mean field works. From this point of view, the
transverse field Ising model serves as a basic and non-trivial example to study the validity of
approximations out of equilibrium. Two advantages of this specific model are that, first, it is
accessible to controlled analytical calculations, and, second, because numerically exact solu-
tions for large system sizes are feasible, it is possible to compare the approximations to exact
results. One of the surprising findings is how short the time scale of validity of the mean field
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approximation in this system is. More specifically, we show that, away from critical points,
mean field is only reliable for early times of the order of the square root of the system size.
And, close to unstable critical points, the mean field approximation already breaks down on
timescales logarithmic in system size.

When driving the fully connected Ising model out of equilibrium by means of a sudden
quantum quench, the dynamics is constrained to the site permutation invariant subspace,
which is referred to as the Dicke subspace. The dimension of the Dicke subspace scales
linearly with the number of spins, which reminds of the scaling of classical phase spaces.
Indeed, permutation invariance facilitates the use of semiclassical techniques. In this way,
the quench dynamics in the transverse field Ising model on a fully connected lattice becomes
amenable to a mathematically controlled expansion around the classical limit, and is a useful
test case to benchmark the validity of mean field type approximations out of equilibrium.

Spin systems on fully connected lattice geometries can be viewed as a single collective spin,
and are thus mathematically equivalent to the two mode Bose Hubbard model [40,41] via the
Jordan-Schwinger mapping [42,43]. The two mode Bose Hubbard model is experimentally
realized as a Bose-Einstein condensate (BEC) using ultra cold atoms in optical traps [34,35].
In this context, entanglement between the two modes has been investigated theoretically
[29-32] and experimentally [35,44]. A typical entanglement measure between the modes of a
dimer is referred to as EPR-entanglement. Besides the entanglement between the two modes
of a BEC dimer, one may also investigate the entanglement between different particles of the
BEC, which corresponds to a different bipartition of the Hilbert space [30]. In this paper, we
focus on the entanglement between particles.

Although being a relatively simple model, the entanglement dynamics in the mean field
Ising model is non-trivial and exhibits qualitatively different behavior, such as linear growth,
logarithmic growth, and bounded oscillations, depending on the initial pre-quench state and
the final post-quench Hamiltonian. Remarkably, within the validity of the mean-field approx-
imation we can analytically derive the complete entanglement Hamiltonian in leading order,
which turns out to be a time-dependent harmonic oscillator. This provides a rare case where
the complete entanglement Hamiltonian and therefore all Rényi entanglement entropies are
analytically known for a non-trivial quantum many body system. The dynamical behavior
can be understood by making use of an intimate connection between entanglement and spin
squeezing [33,40,45-49].

Throughout the paper, we compare analytical predictions to numerical data obtained by
exact diagonalization, and find excellent agreement at early times. The fact that the Dicke
subspace dimension scales linearly with the number of spins, allows one to solve systems of
10* spins numerically exact. However, even for large system sizes a dephasing mechanism
leads to a deviation from the mean field approximation as time proceeds.

This article is structured as follows. The fully connected transverse field Ising model
is defined in Sec. 2, and the mapping to an effective semiclassical model in the limit of
large system size is explained. In Sec. 3, two semiclassical techniques, one based on a rate
function expansion, the other based on deviations between classical trajectories, is reviewed.
These techniques are used in the discussion of the quench-induced dynamics of the mean
magnetization and its variance, see Sec. 4, and the entanglement entropy with respect to a
bipartition of spins, see Sec. 5. The dynamical phase diagram based on the behavior of the
order parameter and the variance is discussed in Sec. 4 and entanglement is analyzed in Sec. 5.
The article concludes with Sec. 6.
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2 Mean field models

2.1 Transverse field Ising model

We investigate the transverse field Ising model on a fully connected graph of N sites given by
the Hamiltonian 7
H:—ﬁZsfsj—FZsf, (1)
i, i
TV = GT

where s; */2 denotes the spin 1/2 representation of the spin at site 7 in terms of the
Pauli matrices, I' is the homogeneous transverse field, and J > 0 denotes the ferromagnetic
coupling. Note that the double sum is rescaled by a factor of 1/N in order to make it of
the same order of magnitude as the single sum. In this way, both terms, the ferromagnetic
term and the transverse term, scale linear with the system size such that the Hamiltonian is
extensive. The linear scaling becomes more apparent when introducing the (rescaled) total
spin operators Sy, . = >_.s;"*/N in terms of which the Hamiltonian (1) reads

H=-NJS?/2 - NTS,.

The factor of 1/N in the definition of S;, . is chosen such that its spectrum consists of
(N + 1) equidistant points contained in the interval [—1/2,1/2]. One can thus view Sy, .
as a quantity of order one as N — oo. Note that S, , . obey the usual SU(2) commutation
relations decorated with an additional factor of fieg := 1/N. In the sequel, we choose units of
time and energy in which h =1 and J = 1.

2.2 Dicke subspace and effective Hamiltonian

The Hamiltonian (1) is defined on the Hilbert space Hy = ®N C?. The tensor products
|s1,...,sn) of the s? eigenstates |s; = £1/2) form an orthonormal basis of Hy. An impor-
tant subspace of Hy is the Dicke space Dy containing all states that are invariant under
permutations of spins. A convenient orthonormal basis of Dy is given by the Dicke states
{INy)} N, =o,...~N, being defined as the superposition of all spin permutations with exactly N
of N spins being up,

1/2
o= (n ) PUD ey,

where P denotes the projection operator P|si,...sy) = ﬁzpesN |Sp(1) - - - Sp(wvy) and Sy
denotes the symmetric group on N symbols. The Dicke state | N ) is the permutation invariant
eigenstate of S, with eigenvalue (n4 — 1/2). Note that Dy is (IV + 1) dimensional, i.e. its
dimension scales linearly with the system size, as opposed to the exponential scaling of the
2N dimensional total Hilbert space . The fact that the dimension of Dy scales only linear
in NV allows to study the dynamics using exact diagonalization for large systems of the order
of N = 10%.

In this paper we study the non-equilibrium dynamics after a sudden quantum quench
I'; = T'y in the magnetic field. That is to say, the system is prepared in the ground state |¥g)
of the pre-quench Hamiltonian #H(I';) and is evolved with the post-quench Hamiltonian H(I'f)
according to the Schrédinger equation. On a fully connected lattice, both, the Hamiltonian
(1) as well as the ground state, are invariant under spin permutations. Hence, in a quench
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setup, the dynamics is confined to Dy and the wave function can be expanded in terms of
the Dicke states as

N
W)= D w(n)IN:)
N4=0
(n4 being N4 /N).
The time dependent Schrodinger equation i0;|¥) = H|¥) imposes the dynamics

ihegOrp(ny) = H(ny,p) (ny) (2a)

on the coefficients 1(ny) = (N4|t) with the effective Hamiltonian

Hng,p) = —3 (0 —1/2 ~Ty/ns —nZ cos(p), (2b)

where p = —ifieg0p, and heg = 1/N. Details on the derivation of the effective Hamiltonian are
given in Appendix A and [39], also see [50-52] for a derivation in the context of Bose-Einstein
condensate dimers starting from a Gross-Pitaevski description. The effective description by
Eq. (2) is an approximation because of two reasons. First, additional terms in H(n,,p) that
are suppressed by 1/N are neglected. Second, the discrete nature of n4 (taking values in
{0,1/N,...1}) is approximated by treating n4 as a continuous variable with values in the
unit interval [0,1]. These approximations are believed to be valid as N — oco. Equation
(2) has the form of an effective one dimensional single particle Schrédinger equation for a
fictitious particle. The position of the fictitious particle is given by the fraction ny = Ny /N
of up-spins, and the conjugate momentum p = —ihegd,, can be interpreted as the polar angle
on the Bloch sphere. As the effective Planck constant A.g is the inverse system size, we may
exploit semiclassical techniques in the large system limit to investigate the non-equilibrium
dynamics after a sudden quench.

3 Semiclassics

Two semiclassical methods are presented. First, in the subsequent section, a systematic
rate function expansion akin to WKB theory is discussed. This method gives a systematic
1/N-expansion of the expectation value and the variance of observables and their dynamics.
The main result will be Eq. (7), which is a simple ordinary differential equation describing
the dynamics of the leading contribution to the variance. Second, thereafter in section 3.2, a
semiclassical phase space approach, known as nearby orbit approximation [53,54], is reviewed.
This method is particularly suited to facilitate an intuitive way of thinking and complements
the less intuitive rate function expansion. We will take great advantage of this phase space
picture when we explain the periodically enhanced spin squeezing. Both methods, the rate
function expansion and the nearby orbit approximation, give identical results for the leading
order term of the variance. This equivalence is proved in Appendix C.

3.1 Rate function expansion

In the large N limit the ground state of (2b) may be approximated by WKB-type states [55-57]
of large deviation form
p(ny) = e M) (3)
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with N-independent complex rate function f(n) [39]. Following the notation of [58, 59],
we write a < b to denote that two quantities are equal to first order in their exponents,
i.e. imy_,00 - log a/b = 0. The modulus of 1(n. ) is localized around the minimum of R f (n4.).
We assume that Rf(n.) has a unique global minimum denoted by n.. The expectation values
(n4) and (p) in the state (3) follow from a leading order saddle point approximation to be

(ny) = na+O@/N), (1a)
(p) = pa+O(1/N), (4b)
where pg = if’(nc). Moreover, the curvature of the rate function at n. determines the

variance var(ny) = ((ny — (ny))?) and var(p) = ((p — (p))?). If we denote the second
derivative f”(n¢) by f2, we have

var(ng) = o (R) ™+ O(/N), (5a)
varp) = o (RO O(/N?). (5b)

Likewise, all higher moments may be computed systematically in this perturbative manner
by the saddle point approximation.

Now, we investigate the time evolution of the expectation value and its variance to lead-
ing order in 1/N. In order to avoid ordering ambiguities, we assume that the Hamiltonian
H(n4,p) in (2) is normal ordered in the sense that the momentum operator p is commuted
to the right. Then, the effective Schrodinger equation (2) imposes the partial differential
equation

Orf(ny,t) =tH(ng,i0p+ f(ny,t)) + O(1/N) (6)

on the rate function. Consequently, the quantities n¢, pc, and fo become time dependent. As
was shown in [39] nq(t) and pa(t) obey the classical Hamiltonian equations with Hamiltonian
H. Elaborating on this result, we derive the differential equation

s

? dt = _(17if2)H/I<1aif2)a (7>

for f, where H” is the two by two Hessian matrix of H (ny, p) evaluated at n4 = nej, p = pa in
Appendix B. The time-dependence of f; yields the dynamics of var(n) and var(p) according
to Eq. (5). It is a non-trivial fact that the time evolution of the variances does not depend on
higher moments, such as the skewness, but only on the expectation values. This is a special
case of a more general result. Namely, that the dynamics of the leading order of the nth
moment depend only on moments of order smaller than n (more details in Appendix B).

3.2 Phase space picture

The preceding paragraph introduced a systematic large IV expansion of the rate function. The
computation of the variance is reduced to the solution of the ordinary differential equation
(7) of the rate function’s curvature at the classical trajectory. In the present paragraph we
introduce a complementary semiclassical technique, which is based on a phase space picture.

The idea of a phase space formulation of quantum mechanics has a long-standing history
and goes back to Wigner and Moyal [60,61]. In a nutshell, phase space methods map the
quantum mechanical wave function to a quasi-probability distribution on phase space whose
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dynamics is then inherited from the Schrédinger equation [62—-64]. One of the most commonly
used quasi-probability distribution is the Wigner function and its evolution is governed by
Moyal’s equation. Operator expectation values are then obtained by integrating the Weyl
symbol of that operator against the Wigner function over the whole phase space.

The leading contribution as h.g — 0 of the Moyal equation is the classical Liouville equa-
tion. Corrections to the Liouville’s equation are suppressed by at least hgﬁ [60]. As we are only
interested in the leading order dynamics as 1/N — 0, we will approximate the Moyal equation
by Liouville’s equation. This is sometimes referred to as the truncated Wigner approximation
and it is exact for quadratic Hamiltonians. As innocent as this approximation seems, it is
known that the limit A.s — 0 may have an essential singularity and the truncated Wigner
approximation may be insufficient in this case [65]. This issue, however, is less relevant for us,
as we consider only those quenches, for which the initial Wigner function can be approximated
by a single Gaussian. The mean of this initial Gaussian is given by (n¢(0),pa(0)) (compare
Eq. (4)), and the covariance matrix C(0) is diagonal with eigenvalues [R(2N f5(0))]~! and
R[(2N £2(0))7!] (compare Eq. (5)). As the initial Wigner function is strongly localized, on
a scale of 1/ VN in phase space, the nearby orbit approximation [53,54] predicts that the
evolved Wigner function at a later time ¢ can be approximated by a Gaussian distribution
centered at the classical reference orbit passing through (n(0),pc1(0)) with covariance

C(t) = St)C(0)S(t)T. (8)

Here S(t) is the linear approximation, i.e. the Jacobian matrix, of the classical Hamiltonian
flow and is thus a symplectic two by two matrix (see also Appendix D for further details).
In other words, S(¢) is the fundamental solution of Hamilton’s equations of motion linearized
around the reference orbit and obeys the non-autonomous differential equation

S(t) = JH" (na(t), pa(t))S(t) (9)

with initial condition S(0) = id. The nearby orbit approximation is due to Heller et al. and
Littlejohn et al. [66-70] and was further developed e.g. in [71-74] (also see [53,54] for extensive
reviews). A related, though different approximation is discussed in [75].

We stress that Eq. (8) involves two approximations. First, the full quantum dynamics is
approximated by the classical Liouville equation of the Wigner function. And second, as the
initial Wigner function is a strongly localized Gaussian in phase space, Liouville’s equation is
approximately solved by a Gaussian centered at the classical reference orbit within the nearby
orbit approximation. As shown in Appendix C, Egs. (7) and (8) are equivalent.

4 Results for the variance

We now discuss the dynamics of the expectation value of spin operators in the spin system
(1) after a sudden quantum quench in the external magnetic field I'. More specifically, we
are interested in the dynamics of the magnetization per site (n4) and its variance. That is,
we prepare the initial state as the ground state of the pre-quench Hamiltonian #(I';) with
an external magnetic field I'; and evolve the state with the post-quench Hamiltonian H(I'f),
where I'; is different from I'; such that the post-quench Hamiltonian does not commute with
the pre-quench Hamiltonian and the dynamics is non-trivial.
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Preparing the state in the ground state of the pre-quench Hamiltonian fixes the initial
conditions n¢(0), pe(0), and f2(0). As before, we denote the global minimum of R f by n.j, and
write pei for if'(ne) and f, for the Taylor coefficients f(™(ng). The ground state of the pre-
quench Hamiltonian obeys the eigenvalue equation H (n4., —i0y IN)e NI(nt) = pe—NI(ny)
with ground state energy F. By neglecting zero-point fluctuations in the energy F, which are
of order 1/N, we may write

H(ny,if)~ E (10)
instead of [H(ny,if") + O(1/N))e N/("+) = Be=Nf(n+) Taking the first derivative of (10)
w.r.t. ny at ng, yields HO 4 i f, HO1 = 0, which is solved by any critical point (N1, per) of
H. Since we are interested in the ground state, we choose the absolute minimum (assuming
it exists and is unique). Intuitively, the ground state Wigner function is only significantly
different from zero in the neighborhood of the absolute minimum of H, which gives the main
contribution to E. The fact that the Wigner function is only localized on a scale of 1/v/N in
phase space, leads to additional (zero-point) contributions of order 1/N to the energy. Taking
the second derivative of (10) at ny = ng yields H 0 424 fo HED 4 (5 f5)2HO2) 4 fs HOD = .
Using H(®D = 0, the last equation can be written in matrix form as (1,4 f2)H”(1,ifs) = 0,
where H” denotes the Hessian matrix evaluated at the critical point (nc, pe). This quadratic
equation in fy and can be readily solved.

The initial condition are thus determined by

ne(0) = {(iM"‘ /2, Ty<1/2 1)

1/2, I >1/2,
pa(0) =0, (11b)
. LD LY 20
Zf?(o) = - 0.2 \/ 0.2 - H(OVZ) (llc)

(H (mm) heing the nth and mth derivative of H w.r.t. its first and second argument, respec-
tively, evaluated at (ng, pel)). Equations (11a) and (11b) determine the absolute minimum of
the Hamiltonian function H [39]. The critical points of H(ny,0) undergo a pitchfork bifur-
cation at the critical point I, = 1/2. In the ferromagnetic phase, for I'; < T';, the symmetry
under spin-flips leads to the two-fold degeneracy of the ground state in the thermodynamic
limit. This is reflected by the fact that H has two minima on equal footing. From now on, we
tacitly assume that the spin-flip symmetry is broken, e.g. by adding the infinitesimal longi-
tudinal field term €S, with e = O(1/N) to the Hamiltonian (1), and thereby singling out the
positive square root in (11a). Note, that (11a)-(11c) is a fixed point of the classical equations
of motion and Eq. (7) for I' = I';, i.e. when no quench is done. However, for I' = I'y # I'; the
dynamics is non-trivial (see Figs. 2 and 3).

Figure 1 depicts six particular qualitatively different quenches in a dynamical phase dia-
gram as pairs of (I';,I'y). This dynamical phase diagram was discussed by Biroli and Sciolla
in [39] in the context of dynamical phase transitions. Biroli et al. define a dynamical phase
transition as a discontinuity of the late time behavior of the order parameter as a function
of the quench parameter, also see [24-26]. In this section we complement the discussion with
the dynamics of the variance var(ny) in Figs. 2 and 3. These results are valuable for the
understanding of the entanglement dynamics in Sec. 5.

Based on the qualitative behavior of the variance, we distinguish four different regimes in
the dynamical phase diagram, as indicated by the Roman numerals in Fig. 1.
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Figure 1: Dynamical phase diagram for the sudden quench I'; — I'y in the Hamiltonian (1)
(compare Ref. [39]). Black dots with lower and upper case Latin letters indicate the quenches
shown in Figs. 2 and 3, respectively. The different colors and Roman numerals indicate
different qualitative behavior of the time evolution of the variance. Region I: exponential
growth (cf. Fig. 2 (b) and Fig. 3 (C)); region II: periodic oscillations (cf. Fig. 3 (A)); region
III: quadratic growth without squeezing (cf. Fig. 3 (B)); region IV: periodically enhanced
squeezing and quadratic growth (cf. Figs. 2 (a) and (c)).
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Figure 2: Dynamics of the spin expectation value (ny) (bottom) and its (rescaled) variance
Nvar(ny) (top) after a sudden quantum quench from I'; = 0.4 to I'y = 0.8 (a), I'y =
0.45 (b), and I'y = 0.3 (c) (cf. Fig. 1). The results are obtained by exact diagonalization with
N = 103 (dotted blue line) and by a leading order semiclassical expansion limy_,o(n) and
limpy_y00 IV var(ny) (solid red line) according to Eqs. (4) and (5).
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Figure 3: Dynamics of the spin expectation value (n4) (bottom) and its (rescaled) variance
Nvar(ny) (top) after a sudden quantum quench from I'; = 0.6 to I'y = 0.8 (A), T'y =
0.5 (B), and I'y = 0.3 (C) (cf. Fig. 1). The results are obtained by exact diagonalization with
N = 10% (dotted blue line) and by a leading order semiclassical expansion limy_,(n) and
limpy_,00 IV var(ny) (solid red line) according to Eqs. (4) and (5).

4.1 Exponential growth regime (I)

For quenches from the paramagnetic phase to the ferromagnetic phase (exemplified by the
quench (C) in Fig. 3), as well as for quenches on the critical line of the dynamical phase
transition (exemplified by the quench (b) in Fig. 2)), the variance starts to increases expo-
nentially in time before it saturates and shows minor oscillations around a finite value. The
saturation process is due to finite size effects and is not captured in the semiclassical result
limy 00 N var(ng).

In the case of the quench in Fig. 3 (C) the exponential increase can be readily understood
from the fact that the initial wave packet is localized at the hyperbolic critical point (ng, pe1) =
(1/2,0) of the post-quench Hamiltonian, cf. Eq. (11a) [76]. From the point of view of Eq. (8)
one can argue as follows. If A\; < 0 < X denote the eigenvalues of the Hessian H"(T'f)
evaluated at the hyperbolic point, then the eigenvalues of S(t) = exp(JH"(I'f)t) are et
where w = 1/|A\1 Xa]. Hence, the covariance matrix C(t) = S(t)C(0)S(t)T has an exponentially
increasing and an exponentially decreasing eigenvalue in time. For late times, the direction
of decreasing variance becomes orthogonal to the stable manifold of the hyperbolic fixed
point (a more detailed discussion can be found in Appendix E). For all other directions
the exponentially increasing contribution eventually dominates the variance. In particular,
var(ny4) = C11(t) increases exponentially.

For quenches on the critical line (see Fig. 2 (b)), the mean of the initial Wigner distribution
lies on a separatrix of the post-quench Hamiltonian. More precisely, the separatrix is a
homoclinic orbit and connects the stable and unstable direction of the hyperbolic critical
point (1/2,0) of H(I'y). As the mean of the Wigner function approaches the hyperbolic fixed
point on the separatrix, the dynamics of its variance is dominated by the hyperbolic fixed
point and increases exponentially, as discussed above.

4.2 Periodic regime (II)

For quenches within the paramagnetic phase (region II in Fig. 1) the post quench Hamil-
tonian has an elliptic fixed point at (1/2,0), where the initial Wigner function is localized.

11
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Consequently, the eigenvalues of S(t) are phase factors e¥™! where w = 1/|A\1 2], and the
covariance matrix C(t) is 27 /w periodic (see Fig. 3 (A)). Note that the semiclassical result
limy_oo N var(ny) agrees with the exact diagonalization data for much later times than in
regime (I). Essentially, this is because the Wigner function remains well localized also for late
times, which is the key assumption for the validity of the nearby orbit approximation and the
rate function expansion.

4.3 Quadratic growth regime (III)

The exponential regime (I) and the periodic regime (II) are separated by regime (III) in which
the variance increases quadratically. For quenches on this line the initial Wigner function is
centered at a degenerate fixed point of the critical post-quench Hamiltonian. The degeneracy
leads to the fact that S(¢) is a shear matrix whose shear factor scales linearly with time (see
Appendix E). Consequently, the eigenvalues of C'(¢) scale quadratically and inversely quadratic
in time. The associated eigenvectors approach the eigenvectors of H”(I'y) (the eigenvalue
zero eigenvector of the Hessian is approached by the quadratically increasing eigendirection
of C(t)). Along any direction different from the eigendirection in which C(t) decreases, the
quadratically increasing contribution dominates for late times, such that the variance increases
quadratically in those directions. In particular, var(ny) = C11(¢) increases quadratically (see
Fig. 3 (B)).

Also note that regimes (I), (II) and (IIT) cannot be distinguished by just looking at the
expectation value (n). Notwithstanding, its variance behaves qualitatively very different in
each case.

4.4 Periodically enhanced squeezing regime (IV)

For quenches starting in the ferromagnetic phase and not lying on the critical line of the
dynamical phase transition (region IV in Fig. 1), the expectation value oscillates coherently
with period T. The variance shows quasi-periodic oscillations of the same period T' within the
envelope of quadratically increasing and inversely quadratic decreasing bounds, Fig. 4. We
refer to this behavior as periodically enhanced squeezing and periodically enhanced spreading.
Among all regimes, this is the less intuitive and, to the authors’ knowledge, has not been
described in the literature so far. In contrast to the regimes (I), (II) and (III) the mechanism
is not related to fixed point dynamics of the Hamiltonian flow and therefore genuinely different.

It turns out that the dichotomy of periodically enhanced squeezing and periodically en-
hanced spreading is the effect of a common cause. As elaborated in Appendix D, the pe-
riodicity of the reference orbit allows to apply Floquet’s theorem to Eq. (9) and yields
S(t) = P(t)M(t) where P(t) is a T-periodic two by two matrix and M (t) is a shear ma-
trix with shear factor proportional to time t. A non-harmonic Hamiltonian is a necessary
condition for the shear factor to be different from zero (see Appendix D). Intuitively, a non-
zero shear factor means that two nearby periodic orbits have different periods, which is the
rule rather than the exception. An explicit expression of the shear factor is derived in Egs. (38)
and (39). Analogous to regime (III), the eigenvalues of M (t)C(0)M (t)T scale quadratically
and inversely quadratic at late times. Let the corresponding eigenvectors be |+)(¢) and |—)(t),
respectively. For any fixed initial direction |v), |w(t)) = P(t)T |v) traverses all directions in the
two-dimensional phase space at least once in each period, see Appendix D. As a consequence,
Co(t) = (w|C(t)|v) = (w(t)|M(t)C(0)M (t)T |w(t)) has a local minimum and maximum when-
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Figure 4: Same quench as in Fig. 2 (a) for N = 10% (left) and N = 10* (right). Periodically
enhanced squeezing: In the semiclassical limit (solid red line) the minima of var(n4.) decrease
inversely quadratic with time (the dashed black line is a guide to the eye). The positions of
the minima approach the turning points of the order parameter (vertical dotted black lines)
for late times. The ED data (dashed blue line) agrees with the semiclassical result for early
times.

13

55



SciPost Physics

ever |w(t)) aligns with the vector |—)(¢) and |+)(t), respectively. This results in the observed
periodically enhances squeezing and spreading.

Interestingly, the details of the Hamiltonian do not matter, as long as the reference orbit is
periodic and nearby orbits have different periods. In this sense, our observations are universal
and to be found in other mean field models, which possess an effective semiclassical two-
dimensional phase space description such as the Bose-Hubbard model or the Jaynes-Cummings
model on a fully connected lattice [39]. Also, the universality of the periodically enhanced
spreading and squeezing shows in the fact that the variance dynamics is qualitatively identical
on both sides of the dynamical phase transition, cf. Figs. 2 (a) and (c).

4.5 Validity of the mean field approximation in non-equilibrium

We comment on the validity of the semiclassical results. At some point in time, the semi-
classical results start to deviate from the exact diagonalization data. A natural question is
thus: Up to which timescale can one trust the semiclassical results? This question is really a
question about the order of the two limits N — oo and ¢ — oco. If the limit N — oo is taken
first, the semiclassical results become exact for all times. However, we consider the situation
when N is huge but finite, and late times are probed for fixed N.

A necessary condition for the validity of the saddle point approximation, on which the
semiclassical results (4) and (5) rely, is that ||? in (3) remains localized on a scale of 1/v/N.
More precisely, the leading order saddle point approximation breaks down when the inverse
curvature of the rate function at the saddle point is of the order of the saddle point parameter,
i.e. N.

From the point of view of the nearby orbit approximation, mean field breaks down when
the eigenvalues of the covariance matrix C(t) = S(t)C(0)S(t)” becomes large, such that orbits
far away from the reference orbit need to be taken into account. For orbits far away from
the reference orbit, the linear approximation of the equations of motion, on which the nearby
orbit approximation relies, is inaccurate and errors accumulate. In other words, the nearby
orbit approximation breaks down at the (Ehrenfest) timescale ¢}, when the spread of the
wave packet reaches the scale x, on which the Hamiltonian can only be badly approximated
to quadratic order. A heuristic estimate of this length scale, motivated by a Moyal bracket
expansion, is given by x ~ 1/0;V (z)/93V (x) [77]. To get the scaling exponent of t% as a
function of system size, the order of magnitude of y is not crucial. Indeed, for polynomial
growth, y/var ~ t®/v/N, the condition y/var < x implies 5 ~ N1/29) and for exponential
growth, \/var ~ e /v/N, one gets t%, ~ log N.

Concerning the different regimes of Fig. 1, we conclude that the semiclassical dynamics
is only valid up to short timescales of order log N for quenches in regime (I) and to times of
order v/N in regimes (IIT) and (IV). In regime (IV), in which the order parameter evolves on a
periodic orbit, the effect of anharmonic terms in the Hamiltonian is twofold. First, anharmonic
terms in the Hamiltonian inevitably cause the wave packet to spread, and squeeze within
quadratically increasing, and inversely quadratic decreasing bounds. Second, as the variance
of the wave packet becomes of the order of y, the anharmonic terms cause the breakdown of
the mean field approximation.

We emphasize these findings. Even in fully connected lattice model, for which one believes
mean field models to yield reliable results, the out of equilibrium mean field dynamics can
already start to break down on a relatively short timescale of order /N (regimes IIT and IV),
and even log N (regime I).
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Figure 5: Timescale of validity for the mean field approximation as a function of system
size N. First instant of time t*, when the leading order correction to the mean field order
parameter (n4) (red open triangles), cf. Eq. (4a), and the mean field variance var(n,) (blue
filled squares), cf. Eq. (5a), exceeds a fixed, but arbitrarily chosen threshold. The dashed red
and dotted blue lines are guides to the eye. Square root scaling, t* < v/N, for quench (a) in
regime IV (left), logarithmic scaling, t* o log N, for quench (b) in regime I (middle), linear
scaling, t* o« N, for quench (A) in regime II (right), cf. Fig. 1. Note, the left and right plots
are double-logarithmic, the middle plot is semi-logarithmic.

To confirm this heuristic intuition numerically, we investigate the first time instant ¢* at
which the leading order correction to the expectation and the variance of the order parameter
becomes larger than a arbitrary and fixed threshold, see Fig. 5. These correction terms are
functions of Rf3 and Rfy, cf. Eq. (32), whose evolution via (31) are sensitive to anharmonic
terms of the Hamiltonian.

Quenches within the paramagnetic phase (regime II), where the wave packet is centered
at a stable fixed point, are special for two reasons. First, due to spin-flip symmetry n; —
(1 — ny), the expectation value (ny) = 1/2 predicted by mean field is ’accidentally’ exact,
independent of the system size N, and for all times. Second, the evolution of the variance to
leading order as given by Eq. (7), depends only on the harmonic part of the Hamiltonian, and
is bounded for all times. Despite these facts, one cannot trust the mean field predictions to
arbitrarily late times. This becomes apparent, when corrections to the variance are considered,
which become significant in size at time ¢* ~ N2, see Fig. 5. Spin-flip symmetry implies that
all corrections to the mean field limit of (ny) vanish exactly. To probe the validity of the
mean field result for practical purposes, we break the symmetry by adding a term €S, to the
post-quench Hamiltonian with an infinitesimal longitudinal field e. Then, correction terms to
the expectation value build up to a non-negligible contribution on timescales of t* ~ N being
linear in system size, see Fig. 5. The quadratic scaling t* ~ N? for the variance corrections is
not affected by the symmetry breaking.

5 Entanglement dynamics

The ground state entanglement entropy of the fully connected transverse field Ising model
has been computed numerically for finite system sizes [78] and analytically in the thermody-
namic limit [79] by applying the Holstein-Primakoff [80] transformation and expanding the

Hamiltonian in the reciprocal system size. One of the motivations to study the ground state
entanglement entropy is its scaling behavior at quantum critical points [81,82]. A change in

15

o7



SciPost Physics

scaling of the mutual information at criticality has also been observed for non-zero tempera-
ture thermal density matrices [83].

Entanglement dynamics has been investigated in long-range models with power law in-
teraction, such as harmonic oscillator chains [84], fermionic hopping models [27], spin mod-
els [18, 28,36, 37], and disordered models [19]. Entanglement dynamics as measured by the
one-tangle and the concurrence has been investigated in [36] for the fully connected transverse
field Ising model.

In the literature so far, the entanglement dynamics has been investigated mainly for fully
polarized initial conditions [18,27,36]. Since we are ultimately interested in the entanglement
entropy of time evolved pre-quench ground states, we follow a different, though related, ap-
proach. We will systematically discuss the entanglement dynamics in the dynamical phase
diagram of the sudden quench setup. One advantage is that the quantitative connection
between entanglement and spin squeezing is apparent in our approach.

5.1 Bipartition and reduced density matrix

We want to compute the bipartite entanglement entropy relative to the bipartition Hy =
Hn, ®HnNy. That is, we divide the set of N = N4+ Np spins into two disjoint sets containing
N4 and Np spins, respectively. Due to the fully connected geometry, the particular choice of
the separation into A and B is arbitrary. But once a choice is made, it is fixed over the course
of time. Each of the two factors, H, and Hx,, contains a (N4 +1) and (Np+1)-dimensional
permutation invariant Dicke subspace, respectively. The state |N;) is expanded in the Dicke
basis of the subsystems A and B as

= 3 G @)/ (3) e, (12)

The summation is over all nonnegative integers 0 < Ay < Ny and 0 < By < Np obeying
the constraint A, + By = N;. The decomposition is unique. Essentially, the combinatorial

TN

reflects the fact that there are more ways to permute Ny = A, + B, up-spins among N =
N4+ Np spins than to independently permute A4 and B, up-spins among N4 and Np spins,
respectively.

We want to prove Eq. (12). How does the permutation invariant state [Ny ) split into the
two permutation invariant subsystems? Equation (12) follows from the identity

N QN4 ®N—N4
()P U0 @y

= (| NN+ @ | [YEN =N+ 4 proper perm.)
- Z (| T>®A+ ® | ¢>®NA_A+ + proper perrn.) (| NEB+ @ | 1)ENs=B+ 4 proper perm.)

Ay+By=N
N N
= 2 ( Aj‘)P (11)%4 @ | ENa=a) (Bf)P (11)2P+ @ | yeNe=rr)
A +By=N,
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(by proper permutation we mean only those permutations that lead to different spin config-
urations, e.g. permutations that permute only up-spins are not included). Thus,

1/2
o = (y) PODP ey

e GG/ (3) e,

A generic pure state in Dy is the superposition [¥) = 3y 4 (N4)|[Ny), and the corre-
sponding density matrix is p(Np; Ny ) = (N, )9*(Ny). We can also expand |¥) in the Dicke
basis of the bipartite system as [¥) =3, p vap(A4, B1)|A4)|By), where

was(Ay, B2 =04, + By () (5 /(1 5.) (19

follows from Eq. (12). To shorten the notation, we will sometimes write 1) for the coefficient
¥ ap of the composite system and distinguish it from the other ¥ by the number of arguments.
In general, the right hand side of (14) does not factorize into a product of functions depending
solely on Ay respectively By. This shows that the state is entangled. The density matrix
associated to Yap is pap(Ay, By; Ay, By) = ¥(AL, By)y*(Ay, By) and the reduced density
matrix of subsystem A is ps(Ay, A;) = ZB+ pap(Ay,By; AL, By).

The expectation value of the magnetization per spin in each subsystem agrees with the
magnetization per spin of the total system. That is,

Tr(pady)/Na = (ny). (15)

This is an exact result and follows readily from Eq. (14) and the Vandermonde identity,

(A4/Na) = > [6(As, By)PAs/Na
AT By

= Z WJ(A++B+)’2A7

A ij <Zi) <JL\§:)/<A+JIB+>
= S X > G ()
o N ERY
= D [(NTPNT/N = (NF/N).

P

Eq. (15) is no longer true for higher moments, e.g. in general Tr(paA%)/N4s # (nk), see
Eq. (17).

The discussion so far, is valid for generic states in the Dicke subspace. In the remainder
of this paragraph we concentrate on states of large deviation form. In particular, we derive
the rate function of the reduced density matrix of the pure state (3). Using Eq. (3) in (14)
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yields that ¥ 4p is also of large deviation form ¥ ap(A4, By) < exp[—N fap(a+, by )] with rate
function

fap(ay,by) = f(aaq + Bby) + Sap(ay,by)/2. (16)
Here, and in the sequel, small letters refer to percental quantities, such as the relative sub-
system sizes « = N4/N and 8 = Np/N, and the fraction of up-spins a;. = Ay/N4 and
by = By/Np in subsystem A and B, respectively. The multiplicative combinatorial fac-
tor (13) translates to the additive entropic contribution S,g in (16). It follows readily
from Stirling’s formula that S,g(a4,bs) = Ha(aay + Sby) — aHs(ay) — SHa(by), where
Hy(z) = —xlogz — (1 —x)log(1l —x) is the classical binary Shannon entropy. Due to the con-
cavity of the Shannon entropy, Sos(a+, b ) is non-negative and vanishes if and only if a4 and
by are equal. In other words, fluctuations leading to a4 # by are exponentially suppressed.
This plays a crucial role in the computation of the reduced density matrix. The term S,z has
an instructive interpretation. It is the classical information per spin that a demon acquires
when splitting N = N4 + Np spins, containing exactly N; = A4 + B, up-spins, into two
disjoint sets of N4 and Np spins, each containing A4 and By up-spins, respectively. When
the demon is blindfolded, the splitting is unbiased and ay = by = ny. No information is
acquired in this case and Sg(n4,n4) = 0.

Assuming, as before, that R f(n,) has a unique global minimum at ng, it follows from
the properties of S,z that Rfap(ay,by) has a unique global minimum at ay = by = ng.
This is a manifestation of Eq. (15). We expand the composite rate function fsp around
this minimum to second order. In this approximation ¥ 45 is a Gaussian wave function with
inverse covariance matrix NTA5B,

2 1 1 af  —af
2 ap 8 )" 2na—ng) \ 0B ap
The latter term is the Hessian matrix of S,3/2. For future reference, we define S* =
O‘B/(ncl(l - ncl))-
To leading order in 1/N, the kernel of the reduced density matrix p4 is again Gaussian

and its inverse covariance I'* is a function of I'A5 (see Eq. (48) in Appendix G for details),
which yields the variance

1 1P —2

var(at) = o (Rf2) ™ + o0 + O(NTT), (17a)
2

var(pa) = 50 (U)o ST+ O ), (1)

and covariance var(A, B) := $(AB + BA) — (A)(B),

var(ay,pa) = % ;Eﬁ; + O(N7?) (17¢)

of a4 and its conjugate momentum operator p4 by a saddle point approximation. Egs. (17)
should be compared to Eqgs. (5). Furthermore, the Wigner function

];ZZ(EA)_lz] (18)

Wa(z) x [
of p4 is a Gaussian function of phase space coordinates z = (ay,pa), and the two by two

covariance matrix 4 is N independent with X4} /N, ¥, /N, and ¥4, /N = X4\ /N given by
(17a), (17b), and (17c), respectively. Details are presented in Appendix F.
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5.2 Entanglement Hamiltonian

Now, we compute the entanglement Hamiltonian H g w.r.t. the bipartition described above,
i.e. we determine the operator H &, such that pg = exp(—ﬁ g). Note that the Wigner func-
tion of exp(—Hp) is the Gaussian (18). However, we cannot immediately infer that the
Wigner function of H g is the exponent %z(EA)_lz of Wy, because, in general, the Wigner
transform and the exponential do not commute (unless the exponent is a linear function in
position and momentum). The correct way, to obtain the Wigner function Hg(z) of Hp
from W4, is to compute the star-exponential [exp*(—HE)](2) := >, _o(—HE)*(2)/n! of Hg,
where f*"(z) denotes the Moyal star product of n factors of f(z), and match the result with
Wa = exp*(—Hg). For a quadratic function Hg = %sz the star-exponential has been

%\/dva tanh(v/det V/2)2V z|. We conclude that

worked out in [85] as exp*(—Hp) o exp |—

the entanglement Hamiltonian

~ 1
Hp = §ZVZ + const (19a)

is quadratic, and the two by two matrix

V = 2V/det 24 arctanh [(Wdet zA)-l] (x4)-1 (19b)

is proportional to the inverse covariance matrix of p4. The additive constant results from the
multiplicative normalization factor in (18), and can be determined a posteriori by the normal-
ization condition Trps = 1. It is interesting that in the semiclassical limit the entanglement
Hamiltonian of collective spin states takes the simple form of a quantum harmonic oscillator.
This is one of the rare cases, when the entanglement Hamiltonian can be computed explicitly.

Next, we compute the entanglement spectrum of p4, equivalently, the spectrum of the
harmonic oscillator H. According to Williamson’s theorem, there exists a symplectic matrix
S € Sp(2) such that STV S = diag(w,w) is diagonal, and w is the (unique) symplectic eigen-
value of V. Employing this canonical change of coordinates, transforms the entanglement
Hamiltonian into the canonical form Hp = %g (@2 —l—ﬁgl)@, where S is a metaplectic operator
associated to the symplectic matrix S. Since the metaplectic operator is unitary, the spectrum
is invariant under this transformation, and

Spec(Hp) = const + Ny w. (20)

The additive constant combines the zero point energy and the constant in (19a). By Eq. (19b),
w is related to the symplectic eigenvalue A of ©4 via

w = 2arctanh[1/(2))]. (21)

Note that A is bounded from below by one half as a consequence of the uncertainty principle,
see chapter 13 in [86], so that the argument of the arctanh function is always smaller than or
equal to one.

In summary, the entanglement spectrum is equidistant, and a function of the symplectic
eigenvalue of the covariance matrix of p4. This can be viewed as a refinement of spin squeezing.
Spin squeezing subsumes a collection of results around the generic idea that squeezed collective
spin states, i.e. states for which the variance of the magnetization in a certain direction is below
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the standard quantum limit, are correlated among their elementary spins. These correlations
show up in the entanglement of the state w.r.t. a bipartition of the set of elementary spins.
Eq. (20) shows that in the large N limit the effect of squeezing, as being measured by the
symplectic eigenvalue of the covariance matrix, entails the full entanglement spectrum. To
the author’s knowledge, this result goes beyond common formulations of spin squeezing. In
the following section we discuss the entanglement more closely by investigating the Rényi
entanglement entropies.

5.3 Rényi entanglement entropies

The nth Rényi entanglement entropy 51(4") = [log Tr(p;)]/(1—n) follows from the entanglement
spectrum (20) and e™® = (2A —1)/(2A+ 1) =: &,

5§ = L log (A +1/2)" — (A~ 1/2)"]
IS,

= Tl (22)

In particular, for n — 1, the von Neumann entanglement entropy is

Sa=A\+ %)log()\—k %) —(A= %)log()\ — %)
= Hy(§)/(1 = ¢&). (23)

The fact that the von Neumann entropy of a Gaussian density matrix p depends only on
the symplectic spectrum of the covariance matrix of the Wigner function W,, was already
noted in [87]. Furthermore, the von Neumann entanglement entropy in fully connected spin
models has been obtained by the two-boson formalism in [33]. Our result for the general
Rényi entropies in the von Neumann limit is consistent with both of these results. Finally, let
us remark that we have computed the Rényi entropies (22) by means of a replica calculation,
see Appendix G, yielding the same result and providing yet another consistency check.
More explicitly, A\ = vVdet X4 follows from Egs. (17),

oS 1 208\ 208
A= 4+4[2§Rf2+2§re(f21)<5*> CE

(24)

The fact that this expression contains the variance of ny and p, cf. Egs. (5), hints to the
connection of spin squeezing. This connection is made more explicit below. Remarkably, A
and therefore S, is independent of N. This is in contrast to the leading order term of the
variance, which decreases as 1/N. As N increases the wave function becomes more and more
concentrated around the classical orbit n. in the effective picture, and the expectation value
of a permutation invariant observable, such as the mean magnetization per site, is dominated
by a single orbit. Quantum fluctuations around the expectation value as measured by the
variance decrease and vanish in the limit N — oco. Nevertheless, the bipartite entanglement
entropy, a pure quantum effect, saturates and reaches a non-zero plateau (compare Fig. 6) in
the limit N — oo.

The entanglement entropy is a basis independent quantity that makes only reference to
the splitting of the total Hilbert space and is independent of the basis choice in each tensor
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Figure 6: Bipartite entanglement entropy obtained by exact diagonalization as a function of
system size (red crosses). In the limit N — oo the entanglement entropy saturates to the
result given by Eq. (23) (black dashed line), which agrees well with the asymptotic value (red
dotted line) of the finite size fit of the exact diagonalization data (blue solid line).

factor. The calculation of S4 in Eq. (23) is done in the eigenbasis of the spin in z-direction
and leads to the fact that A depends on n¢ and fo, which are not basis independent quantities.
As a consequence, the form of Eq. (23) seems to single out a basis. However, this dependence
is only an artifact of the representation as we will see below. We seek a more ’covariant’
representation of A that is clearly invariant under rotation of the Bloch sphere. It turns out
that A is a function of the basis independent spin squeezing parameter fg defined below.

One of the first references to establish the connection between entanglement and spin
squeezing is the seminal paper of Kitagawa and Ueda [45], also see [46-48]. We review the
qualitative argument of Ref. [45] why spin squeezing leads to entanglement. A spin N/2
coherent spin state can be viewed a direct product of N identical spin 1/2 states. Coherent
spin states may be considered to be ’most classical states’ in the following sense. First,
by construction, the individual 1/2 spins of a coherent spin state are non-entangled among
each other. And second, the variance of the magnetization is equally distributed among
all directions perpendicular to the mean magnetization, such that the uncertainty (i.e. the
product of the variance along any two orthogonal directions perpendicular to the mean) is
minimal. The variance perpendicular to the mean magnetization in a coherent state is referred
to as the standard quantum limit (SQL) [88]. Now, a spin state is said to be squeezed if there
exists a direction normal to the mean magnetization along which the variance is below the
standard quantum limit. In order to lower the variance below the standard quantum limit,
correlations among the individual spins need to build up and the individual spins become
entangled.

There is a multitude of spin squeezing measures [49]. Among them is what we refer to as
the spin squeezing parameter 5% being the ratio of the minimal to the maximal spin variance
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measured along directions perpendicular to the spin expectation value. More specifically, let
Q = (cos¢sinb,sin psinf, cosf) be the direction of the average spin on the Bloch sphere,
ie. (S) =Q/2+ O(1/N). We define two directions

Qf = (—sing,cose,0), and
QO = (—cospcosl, —sin g cos b, sinb)

perpendicular to ). The covariance matrix of the spin in the subspace spanned by Qll and
)y is given by
L._/olgl 1yv/al
Cij = (57 55) — (5755 ), (25)

where Sf‘ =S. QZJ' The spin squeezing parameter is then defined as

o ming, Qe it

5 Vdet CL ’

where the minimum is taken over all unit directions (- in the plane perpendicular to €.
It turns out (details are given in Appendix H) that A is a function of s alone, namely
A = 1+ aB (s +1/E —2)/2, such that the entanglement entropy S4 in Eq. (23) is a
function of £g alone.

(26)

5.4 Dynamics of entanglement

Let us discuss the time dependence of S, after a quantum quench I'; — I'y. How does the
entanglement entropy scale in time after a quantum quench in the four different regimes of
the dynamical phase diagram in Fig. 17

We present two related views on the dynamics of entanglement. First, we discuss the
intimate connection between the entanglement entropy and the variance of the collective spin
state on the Bloch sphere. This point of view establishes the paradigm of spin squeezing.
Second, we elaborate on the insight that the entanglement Hamiltonian is a harmonic oscil-
lator whose angular frequency determines the entanglement spectrum and hence all Rényi
entanglement measures.

The entanglement dynamics is tightly connected to the dynamics of the variance. We find
that imy_eo det NC- = 1/42 (see Appendix H), i.e. there are two directions, call them o
and (), inside the fol% plane such that the uncertainty between S-Q; and S-{y is minimized
to leading order in N. Note that the eigenvalues of C* are var(S-y) and var(S-Qy). If both
eigenvalues are exactly equal to the SQL, the variance is equally distributed in the QfQQL
plane and the state is a non-entangled coherent spin state. However, if the variance of the
magnetization along, say, () is larger than the SQL, then the variance in the direction of (s
must be below the SQL and the state is squeezed. The variance var(ny) of the magnetization
in z-direction is a lower bound for the maximal eigenvalue of C+. Hence, if var(n. ) increases
in time, the minimal eigenvalue of C must decrease so that the state becomes squeezed and
the individual spins become entangled. This is a qualitative reasoning why the von Neumann
entanglement entropy increases as var(n.y) increases.

The quantitative relation between the variance var(n,) and the entanglement entropy S
follows from Eq. (24). As the variance increases, ¢ in Eq. (23) approaches one from below
and S4 increases. In particular, if the variance var(ny) grows exponentially with time as in
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Figure 7: Dynamics of the von Neumann entanglement entropy S 4 for a symmetric bipartition
(top), and spin expectation value (ny) (bottom) after a sudden quantum quench from I'; = 0.4
toI'y = 0.8 (a), I'y = 0.45 (b), and I'y = 0.3 (c) (cf. Fig. 1). The results are obtained by
exact diagonalization with N = 103 (dotted blue line) and by a leading order semiclassical
expansion limy_,o (n4+) and limy_,o0 Sa (solid red line) according to Egs. (4) and (23).
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Figure 8: Dynamics of the von Neumann entanglement entropy S 4 for a symmetric bipartition
(top), and spin expectation value (ny) (bottom) after a sudden quantum quench from I'; = 0.6
tol'y =08 (A), Ty =0.5 (B), and I'y = 0.3 (C) (cf. Fig. 1). The results are obtained by
exact diagonalization with N = 103 (dotted blue line) and by a leading order semiclassical
expansion limy_,oo(n4) and limy_,o, S4 (solid red line) according to Egs. (4) and (23).

regime (I), the entanglement entropy increases linearly, cf. Fig. 7 (b) and Fig. 8 (C). In regime
(IT) where the variance oscillates and remains bounded over time, the entanglement entropy
shows bounded oscillations, cf. Fig. 8 (A). Logarithmic entanglement growth can be observed
in regimes (III), cf. Fig. 8 (B), and (IV), cf. Fig. 7 (a) and Fig. 7 (c), and is a consequence
of the quadratic increase of the variance. Similar results for the von Neumann entropy and
a similar semiclassical interpretation were obtained in [33] by the different, though related,
approach of the two-boson method.

Another point of view is fascilitated by the fact that the entanglement Hamiltonian (19)
is a harmonic oscillator with angular frequency w. How does w(t) change as a function of
time after the quench? Figures 9 and 10 display the time dependence of w(t) for the quenches
of Fig. 1. By inspection of (23) one infers that w decreases as the von Neumann entropy
Sa = Hy(e™)/(1 — e™™) increases, and similarly for the other Rényi entropies in (22). This
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Figure 9: Dynamics of the angular frequency w of the entanglement oscillator (19) for a sym-
metric bipartition (top), and spin expectation value (n4) (bottom) after a sudden quantum
quench from I'; = 0.4 toT'y = 0.8 (a), I'f = 0.45 (b), and I'y = 0.3 (c) (cf. Fig. 1). The results
are obtained by exact diagonalization with N = 103 (dotted blue line) and by a leading order
semiclassical expansion N — oo according to Eq. (4), and Egs. (21) and (24). Note that w is
plotted with double logarithmic scaling in (a) and (c), while the plot of w in (b) is a semi-log
plot. The black dashed line & 1/t in (a) and (c) is a guide to the eye.

has a natural interpretation in the language of thermodynamics. Instead of thinking of the
angular frequency as a time dependent quantity, one can equivalently keep it at a fixed value,
say wo = w(0), and put the time dependence into a scaling factor 3(t), that is w(t) = wg B(t).
We refer to the scaling factor as the inverse entanglement temperature to emphasize the
thermodynamic analogy. Small w(t) corresponds to large entanglement temperature, so that
many entanglement Hamiltonian eigenstates are similarly occupied, and the entanglement
entropy of the reduced density is large. On the contrary, large w(t) corresponds to small
temperature implying that the occupation of high entanglement Hamiltonian eigenstates is
suppressed, leading to small entanglement. In the limit w(¢) — co the entanglement temper-
ature is zero, such that only the ground state is occupied and the reduced density matrix is
pure. More quantitatively, the late time asymptotics of S(t) — oo and w(t) — 0 are related
by Sa = —log(w) + 1+ O(w?), cf. Eq. (23). Hence, linear growth S oc t of the entanglement
entropy translates to exponential decrease w o< e~ of the angular frequency, equivalently, to
exponential increase of the entanglement temperature, cf. Fig. 9 (b) and Fig. 10 (C). Loga-
rithmic growth S4 o log(t) implies reciprocal decay w o 1/t, equivalently, linear growth of
the entanglement temperature, cf. Fig. 9 (a), (c) and Fig. 10 (B).

We close the discussion of the entanglement dynamics by noting a curious implication for
local operations and classical communication (LOCC) protocols. A well known theorem in
quantum information theory, see e.g. chapter 12 in [89], states that a pure state 1{'¥ on a
bipartite Hilbert space H 4 ® Hp can be transformed into another pure state ?B by means of
a LOCC protocol if, and only if, the sequence of eigenvalues of Trp [¢{B) (/18| is majorized by
the sequence of eigenvalues of Trp |15'7) (44 B|. Valid operations of LOCC protocols include
measurements and manipulations of the quantum state by operators that act non-trivially
only on one of the two factors H 4 and Hp at a time, and classical processing of the measured
information.

We apply this theorem to the collective spin states ¥ 4p(t1) and ¥ ap(t2) at two different
instants of time ¢; and ¢y after the quantum quench. In the large N limit, and for times
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Figure 10: Similar to Fig. 9, showing the dynamics after a quantum quench from I'; = 0.6 to
I'r=08(A), 'y =0.5(B),and I'y = 0.3 (C) (cf. Fig. 1). Note, the w plot in (B) uses double
logarithmic scaling, while the plot of w in (C) is a semi-log plot. The black dashed line o 1/¢
in (B) is a guide to the eye.

t1,to when the semiclassical analysis is valid, the non-increasing sequence of eigenvalues of
the reduced states pa(t1) and pa(t1) is given by

Pr=(1-6,61-&),§(1-&), ), and
Py = (1—&9,6(1 —&),8(1 —&),--),

respectively, where & = e~w(ti) according to Egs. (20) and (52). P; is majorized by P,
ie. (1— &)Y o8 < (1— &)Y 5 (& for all integers k € Ny, if, and only if, & > &,
equivalently A\; > Ao, where \; = (1 + &)/(1 — &)/2 is the symplectic eigenvalue of the
covariance of p(t;). We conclude that the unitary time evolution between two instants of
time after the quantum quench can be realized by a LOCC protocol, if, and only if the
symplectic eigenvalue A of the covariance of p4 is non-increasing. On the contrary, when
A increases between two instants of time, the time evolution cannot be realized by LOCC
operations.

6 Conclusion

Interesting quantum many body systems, for which relevant quantities can be computed
exactly or even approximately, are rare. In this paper, we have examined the fully connected
transverse field Ising model as a simple, yet non-trivial, mean field model, which is amenable
to a systematic mathematical expansion in inverse system size. This model is not only relevant
experimentally, but can also be thought of as a prime model to benchmark the validity of mean
field approximations out of equilibrium. Compared to equilibrium, it is less well understood
when, i.e. up to which time scales, and how accurate mean field approximations are in non
equilibrium situations. In the fully connected Ising model, a typical example of a mean field
system, the approximation breaks down at surprisingly early times, scaling with the square
root of the system size. This early breakdown happens away from unstable critical points
and is explained on the basis of a dephasing effect leading to a linear in time spreading of the
wave packet.

Based on the dynamics of the order parameter, i.e. the expected magnetization, and its
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variance we have discussed the dynamical phase diagram Fig. 1 for global quenches in the
transverse magnetic field. We have seen how the behavior of the variance allows to discriminate
different regions in the dynamical phase diagram, which cannot be distinguished by the order
parameter alone.

We confirmed the quantitative connection between the variance, i.e. spin squeezing, and
various entanglement measures. Remarkably, the entanglement Hamiltonian can be stated
explicitly in the large system limit. The entanglement Hamiltonian is a time dependent
harmonic oscillator, whose spectrum is known exactly and determines all Rényi entanglement
entropies. The spectrum depends on the harmonic oscillator through the angular frequency,
which in turn can be related to the determinant of the (co)variance of the Wigner transform of
the wave function. Consequently, in the mean field transverse field Ising model, spin squeezing
entails the full entanglement spectrum.

The key ingredient for a coherent picture of the mean field dynamics, as summarized by the
dynamical phase diagram, is the interplay between the the expectation value and the variance
of the order parameter. On the one hand, the variance neatly explains both, first, the (early)
breakdown of the mean field approximation, as well as, second, the qualitative behavior of the
entanglement entropy dynamics. On the other hand, the dynamics of the variance depends
on the behavior of (the mean field limit of) the expectation value. This is demonstrated by
the hierarchical structure of the ordinary differential equations governing the dynamics of the
expectation value and its variance. Two situations, in which the influence of the expectation
value on the variance becomes particularly clear, is, first, when the expectation value is close
to a (stable or unstable) fixed point, and, second, when the expectation value follows a closed
periodic orbit. The latter case leads to the subtle phenomenon of ’periodically enhanced
squeezing and spreading’ of the time evolving wave packet.

The energy landscape in an effective semiclassical phase space determines the center and
variance of the time evolved wave packet and thereby the expectation value and variance of
permutation invariant observables, such as the mean magnetization. When the wave packet
is at an unstable fixed point, as for quenches from the paramagnetic (PM) phase to the
ferromagnetic (FM) phase, or close to a homoclinic orbit connecting to the unstable fixed
point, as for quenches on the critical line of the dynamical phase transition, the variance
increases exponentially in time. For quenches from the PM phase to the FM phase the wave
packet is centered at a stable fixed point, resulting in bounded oscillations of the variance,
akin to the dynamics of a centered Gaussian wave function in an harmonic oscillator. This
fixed point becomes degenerate for quenches from the PM phase to the quantum critical point
separating the PM and FM phase. As a consequence of this degeneracy, the variance increases
quadratically. The three distinct situations, (a) stable non-degenerate fixed point, (b) stable
degenerate fixed point, and (c) unstable fixed point, have the exact same order parameter
evolution, but can easily be distinguished by the variance.

For quenches starting in the FM phase away from the critical line of the dynamical phase
transition, the behavior of the variance is not dominated by the fixed point structure of the
energy landscape. Instead, we have elaborated how periodic orbits and deviations from it
lead to squeezing of the wave packet in the presence of anharmonic terms in the Hamiltonian.
This subtle dephasing mechanism leads to oscillations of the variance within an envelope of
quadratically increasing and inversely quadratic decreasing bounds. We have referred to this
observation as 'periodically enhanced squeezing and spreading’.

By comparing to exact diagonalization, we find perfect agreement for early times. How-
ever, even for large system sizes a dephasing mechanism leads to a deviation from the mean
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field approximation as time proceeds. The breakdown of mean field occurs at the Ehrenfest
time, when the spread of the wave function, as measured by its variance, becomes comparable
to the length scale on which anharmonic terms of the Hamiltonian cannot be neglected. As
a consequence, qualitatively different dynamical behavior of the variance leads to different
scaling of the timescale of validity with system size N. In particular, close to unstable fixed
points, characterized by exponential increase of the variance, mean field results are only valid
up to times scaling logarithmically in system size. For quenches in the regime of periodically
enhanced squeezing and spreading, mean field breaks down on timescales of square root or-
der in system size. Hence, also away from unstable critical points, mean field ceases to be
valid after comparatively short times, even in large systems. The other extreme is a sta-
ble non-degenerate fixed points, at which the harmonic approximation of the Hamiltonian is
particularly good, such that mean field remains valid up to times scaling linearly in system
size.

Subsequently, we have shown that the entanglement Hamiltonian w.r.t. a bipartition of
the spins into two disjoint sets is a harmonic oscillator. In analogy to thermodynamics, the
angular frequency of this oscillator can be interpreted as the inverse entanglement temper-
ature, which determines the entanglement spectrum, and thereby all Rényi entanglement
entropies. Equivalently, the entanglement entropies have also been expressed as functions
of a spin squeezing parameter, namely the fraction between the maximal and minimal spin
variance in directions perpendicular to the mean magnetization. We thereby confirmed the
quantitative relation between spin squeezing and the entanglement spectrum.

The observations about the dynamics of the variance, as contemplated in Fig. 1, trans-
late to qualitative different behavior of the entanglement entropy as a function of time after
the quench. More precisely, polynomial and exponential increases of the variance leads to
logarithmic and linear growth of the entanglement entropy, respectively, while bounded os-
cillations imply bounded entanglement. In particular, the asymptotic growth of the entropy
is logarithmic for quenches starting in the FM phase, i.e. in the regime of 'periodically en-
hanced squeezing and spreading’. For quenches from the PM phase to the FM phase, and
from the PM phase to the PM phase the entropy shows linear growth and bounded oscil-
lations, respectively, while the entropy grows logarithmically for quenches to the quantum
critical point separating the FM and PM phase. Finally, quenches on the critical line of the
dynamical phase transition are characterized by linear growth of entanglement entropy. To
summarize, the different regimes of variance growth in the dynamical phase diagram translate
to qualitatively different regimes of entanglement growth.

We expect that many of the above results hold more generally for quantum models in the
semiclassical limit.
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A Derivation of the effective Hamiltonian

We want to solve the Schrédinger equation
i04]1)) = (=NJSZ/2 — NT S, )[¢))

in the permutation invariant Dicke subspace. To this end, we expand the wave function in the
Dicke states as [¢)) = >_y, ¥(N4)|N+) and deduce the differential equation for the coefficients
PY(Ny) = (N4|p). We obtain

‘ J (N, 1\? IN,+1 [(N=Ny—1)+1
iO(Ny) = —N§ <J\;r—2) w(N+)_NI[2 +N \/( N:+1) Y(N+ +1)
IN-Ni+1 N,
TN N—N++1w(N+1)}

2
= g (e 3) w0 - NT| VT 0+ NG + )

gV T NV~ 1)

The expression becomes more symmetric when expressed in terms of the magnetization per
site s = (N4+/N — 1/2). Note that the magnetization per site can take (N + 1) possible
equidistantly distributed values in the interval between —1/2 and +1/2. Hence, by a slight
abuse of notation, we write ¢(s) for ¢)(Ny = N(s + 1/2)) and get

~0u(s) = —%s%(s)—f‘% [\/i _ 24 Viv_ Slp(s+1/zv)+\/j1 _ 24 1/2N+ S(s—1/N)|.
(27)

Introducing the shift operators ! Ay by (Ax1)(s) = 9(s + 1/N) (with the understanding
that ¢(£1/2+1/N) = 0), yields

J, I [1
2% T3

%&ﬂ/}(s) = Z — 82(A+ + A—) + 61A+ + 6QA—:| ¢(5)7 (28)

where €1 2(s) = \/i — 52+ LN% - 1/% — s2 are of order 1/N. No approximation has been

made so far and the last expression describes the exact propagation in the Dicke subspace
Dn.

We may now approximate Eq. (28) in the limit of large N. The approximation is twofold.
First, we assume that the (N 4 1) dimensional vector 1 (s) can be approximated by a smooth
function of s. That is, we assume there is a smooth function ¢ defined on the continuous
interval [—1/2,1/2] such that 1(s) = ¢(s) + O(1/N) for all s € {—-1/2,-1/2+1/N,...,1/2}.
Under this assumption we may replace the shift operators A4 by the formal expression e+ /N

! Let the shift operators A+ on CNV*! be defined by Ayt = (¢, ...,¥n,0) and A_tp = (0,%0,...,UN—1).
It is easy to see that Ay and A_ are adjoints of each other. More generally, the adjoint of diag(g)A4+ is
diag(A+g) A=+, where g is the kernel of the diagonal operator diag(g). Hence, the operator (g1Ay 4+ gaA_) is

Hermitian if g1 = A4g2. Now, for gi2(s) = \/i — 82+ % one has ¢1(s) = g2(s + 1/N), which confirms
that the operator on the right hand side of Eq. (27) is Hermitian.
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Second, we only consider the leading terms on the right hand side of Eq. (28), i.e. we drop
the O(1/N) terms. We thus obtain

(s = {—‘2’ 17 cos<p>} 5(5), 29
where p = —i0s/N.

Equation (29) may be interpreted as an effective one dimensional Schrédinger equation for

a single fictitious particle governed by the Hamiltonian H(s,p) = —5s> — I'y/% — s2 cos(p).
Note that the second term in the Hamiltonian is not Hermitian. This is an artifact of the
approximation, in particular of the fact that we have neglect terms of order 1/N. The total
magnetization per site plays the role of the particle’s position and the inverse system size,
1/N, plays the role of an effective Planck constant. In the limit of large NV, when the effective
Planck constant is small, we will therefore apply semiclassical techniques to understand the
dynamics imposed by Eq. (29).

B Rate function expansion

In this appendix we discuss the dynamics of the rate function in the neighborhood of its
minimum and derive Eq. (7). More generally, we derive the differential equations for the
Taylor coefficients of the rate function expansion around its minimum. The behavior of the
Taylor coefficients determine the leading contribution of the order parameter and its variance,
see Eqgs. (4) and (5). The main result of this appendix is Eq. (7), which is a simple ordinary
differential equation for the curvature of the rate function at the minimum. Remarkably,
the curvature does not couple to higher derivatives of the rate function. We derive the more
general result that the dynamics of nth derivative depends only on derivatives of smaller order
than n.
The equations of motion for the complex rate function f(z,t) is a nonlinear partial differ-
ential equation (PDE)
atf(:cat) = iH(xaiaxf($’t))? (30>

compare Eq. (6). Let us assume that Rf(.,¢) has a unique global minimum z(¢) at all times ¢.
Instead of solving the full PDE (30), we content ourselves with asking a more humble question:
What constraints does the PDE (30) impose on the dynamics of f in the neighborhood of z?
To answer this question, we expand f(z,t) = Y, _o fu(t) [x — za(t)]"/n! in a Taylor series
around z.. Note that the Taylor coefficients

fult) = Lgiﬁ’ J

Tcl (t)

are time dependent due to two reasons. First, because f(x,t) is explicitly time dependent,
and second, because z(t) is in general time dependent. Therefore, the time derivative of f,
gets two contributions,

_ 8natf(xv t)

Ot f(w, )
ox™ *

3$”+1

atfn (t)

Tl
Zcl (t)

Zcl (t)
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Applying Eq. (30) on the first term on the right hand side yields

Oufn = 07 H (2,105 )|,y + for1 (31)

Note that, after evaluating the first term at = = x(t), the right hand side is a function of
zc(t) and {f,}n. Therefore, Eq. (31) is a system of coupled first order ordinary differential
equations for { f,}. Remarkably, as we shall prove below, the right hand side of Eq. (31) only
seemingly depends on f, 1. Hence, the coupling among the f, obeys a hierarchical structure
in the sense that the equation of motion for f,, only depend on coefficients f,, of lower order
m < n. As a consequence, the differential equations for the first, say, n coefficients fi,... f,
close and can be solved exactly.

We now prove the fact that the right hand side of (31) does not depend on f,, with m > n
inductively. Starting with n = 1, Eq. (31) reads fi = iHOO) (2,0 fy) — HOWD (20, if1)fo +
foia(t). Here H™™) denotes the nth and mth derivative of H w.r.t. its first and second
argument, respectively. By the definition of x.(t) being the minimum of Rf(.,t), the real
part of f; vanishes identically for all times. Writing f1(t) = —ipq(t) for the imaginary part,
gives —ipe = iH 1O (21, pet) — H OV (o1, per) fo + fodei(t). The real and imaginary part of the
last equation are Hamilton’s equations of motion

Lo = H(O’l)(xcl’pcl)>
pcl = _H(l’o)(xclvpcl)v

as was already noted in Ref. [39]. Thus, the minimum of the rate function follows the classical
trajectory and the rate function expansion is an expansion around the classical limit. Notice
that the dependence on f5 is canceled.

Proceeding inductively, it remains to show that the term f,,+1 @¢ on the right hand side

of (31) is canceled for n > 2. In fact, the only term in the expression i@;‘H(m,i@f)}x ®

containing f,11 is —H(O’l)(zd,pd)fnﬂ. This term cancels the term f,41 @ (f) due to the
equations of motion, which concludes the claim.

In particular, using n = 2 in Eq. (31), gives the dynamics of f2 in terms of the quadratic
form

8tf2 = 72(727 fg)H,/(*Z‘, f2)7

H" being the Hessian matrix of the Hamiltonian evaluated at the classical trajectory (¢, per)-
This result is used to investigate the dynamics of the variance according to Eq. (5). It is also
the starting point to prove the equivalence to the classical nearby orbit approximation, see
Appendix C.

We close this appendix by stating the next to leading order extension of Eqgs. (4a) and

(5a),

93 _9
<7’L+> = Ncl — m + O(N ), (32&)

1 94 93 -3
_ - N 2b
var(n.) 25N 8gIN? | aginz T OW™), (320)

where g, denotes the real part of f,. These equations follow from a next to leading order
saddle point approximation.
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C Nearby orbit vs. large deviation

The purpose of this appendix is to show that the variance as computed within nearby orbit
approximation, cf. Eq. (8), is identical to the result obtained by leading order rate function
expansion, cf. Eq. (5). In the sequel, we write H” = H"(z,(t)) for the Hessian matrix of the
classical Hamiltonian H : R?" — R evaluated at the reference orbit. The reference orbit is the
solution of the equations of motion %, = JH'(z,) with initial condition z,(0) = zo. For the
sake of simplicity, we restrict to the case n = 1. All arguments apply for n > 1 as well, but
the calculation becomes more lengthy.

More precisely, let Oxo(t) = S(t)COno(0)S(t)T be the nearby orbit covariance matrix,
where S(t) is the fundamental matrix of the differential equation S(t) = JH”S(t) with S(0) =

id. And, let
C (t) _ L ( (§Rf2)_1 _%fZ/%f2 >
LW ZoN \ =Sfay/Rfs 1/R(f)

be the covariance matrix as obtained within the large deviation formalism (see Appendix B),
where O;fs = —i(—i, fo)H"(—1, f2), see Eq. (7). We prove the following claim: If the two
covariance matrices initially coincide, that is Cno(0) = Crp(0), then they agree for all later
times as well, i.e. Cxo(t) = Crp(t) for all t.

We look at the difference D(t) = Crp(t) — Cno(t) between the covariance matrix in large
deviation and nearby orbit approximation. By assumption, one has D(0) = 0. It remains to
show that D(t) = 0 for all ¢ > 0. The derivative of Cno (%) is

%C’No(t) = JH"Cxno(t) — Oxo(t)H"J. (33)

The time derivative of each matrix element of Cp follows from Eq. (7):

SRR = ~(RE) RS
= —(Rf2) 7R [—i(—i, fo) H" (=i, f2)"]
=—2(Rfo)"? [R(—i, fo) H'S(—i, f2)"]

=20 0y ((GR ).

and similarly, one obtains

R =2 (1 o) a (TR

R(f
_Ccli;ﬁ =—(1, 0 )H”( _g,{;z/)ﬂ%lfz >
—Sfa /R
+(0, 1 )H”( ﬂ\g(f;;l)fQ )
The last three equations can be written in a unified matrix form as
%CLD(t) = JH"Crp(t) — Cuo(t) H"J. (34)
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Subtracting Egs. (33) and (34), we see that the difference D(t) = Cpp(t) — Cno(t) fulfills the
first order differential equation

%D(t) — JH'D(t) — D(t)H"J,

with initial condition D(0) = 0, which is uniquely solved by D(t) = S(t)D(0)S(¢t)" = 0.

D Nearby orbit approximation for periodic orbits

We have investigated the dynamics of the order parameter and its variance in mean field
models after a quantum quench in Sec. 4. In regime (IV), cf. Fig. 1, when the order pa-
rameter oscillates periodically, the short time dynamics of the variance shows quasi-periodic
breathing. The envelope of these quasi-periodic oscillations shows two distinct features. First,
the local maxima of the variance increase quadratically with time. Second, the local minima
of the variance decrease inversely quadratic with time. We refer to the latter property as
periodically enhanced squeezing. In this appendix we explain that the two features are the
consequence of a common cause. In particular, we demonstrate how the observations follow
from shearing effects of the quasi-probability distribution as a consequence of non-quadratic
interaction terms in the Hamiltonian. As we will see, the non-quadratic terms are a sine qua
non ingredient and the precise form of these terms is not important. This not only illustrates
the crucial role of the non-quadratic terms, but also indicates the universality of our results
independent of the details of the Hamiltonian. The periodicity of the order parameter is
crucial for our argument as it enables the application of Floquet’s theorem, which plays a key
role.

The periodic squeezing is already captured by the leading order of a rate function ex-
pansion. As shown in Appendix C the dynamics of the variance to leading order is identical
to the Gaussian covariance as obtained in nearby orbit approximation. We may thus use
the phase space picture facilitated by the nearby orbit approximation to gain an intuitive
understanding.

We consider the time-independent Hamiltonian H (z) and its associated Hamiltonian flow
T;(z) on the 2n dimensional phase space, whose coordinates are denoted by z = (x,p). More
specifically, T;(zp) is the solution of Hamilton’s equations of motion, 2 = JH'(z), that passes
through zy at time t = 0. In the sequel, the prime denotes differentiation w.r.t. phase space
coordinates z and J is the standard symplectic form. Let z,.(t) = T;(z0) be a T-periodic
reference orbit. When approximated to first order around z,, Hamilton’s equations impose
the differential equation

oz =JH"| 06z (35)

zr (1)
on the deviation 6z = (z — 2,) from the reference orbit. Equation (35) is a first order non-
autonomous differential equation with T-periodic coefficients. Consequently, the Floquet the-
orem [90] can be applied. It states that any fundamental matrix S(¢) of Eq. (35) decomposes
into the product S(t) = P(t)e!B. Here, P(t) is a T-periodic complex non-singular 2n square
matrix and B is a constant complex 2n square matrix. We refer to e as the monodromy
matrix and call its eigenvalues the Floquet multipliers. The Floquet multipliers are unique.
From now on, we focus on the fundamental system with initial condition S(0) = P(0) = id.
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Formally, this can be written as S(t) = Texp(fg JH"| («

ing. Note that S(t) is symplectic because it is the linear approximation to the Hamiltonian
flow, S(t) =T} (z)‘Z:ZO. Consequently, also the monodromy matrix is symplectic.

)dt’), where T denotes time order-

Importantly, because Eq. (35) is obtained by linearizing the equations of motion around
zr(t), the time derivative Z,.(t) is a solution of (35). Since z, is T-periodic, so is Z,. Therefore,
at least one of the Floquet multipliers is equal to unity. The corresponding eigenspace is
spanned by %.(0) and is tangent to the energy hypersurface at zg in the direction of the
reference orbit. This follows readily. As 2, solves (35), it can be written as 2,(t) = S(t)2,(0) =
P(t)etB2,.(0). The periodicity, 2.(t +T) = 2.(t), then yields e’ 2%,.(0) = 2,(0). Moreover, as
eT'B is symplectic, the roots of its characteristic polynomial come in inverse pairs. Hence, the
characteristic polynomial has at least one second root equals unity (we cannot conclude that
there is a second Floquet multiplier equals unity because e’® might not be diagonalizable,
see below).

From now on, let us consider the case n = 1, when the monodromy matrix is two by two
and its characteristic polynomial has a two-fold degenerate root equals one. In an appropriate
basis this matrix takes the form of a shear matrix

eTB:<(1) ‘f) (36)

with shear factor @. The fundamental matrix is only periodic for « = 0. This case is for
example realized by harmonic Hamiltonians (see below). In general, one has to allow for
a # 0, since the monodromy matrix might not be diagonalizable. An orthonormal basis in
which the monodromy matrix takes the form (36) is given by the unit vector tangent to the
energy hypersurface at zy and the unit vector in the direction of H'(zp). We conclude,

S(t) = P(t)M(t), (37a)

with shear matrix

M(t) = < (1) atl/T ) . (37b)

We illustrate the consequences of this finding for localized phase space probability dis-
tributions. Consider a Gaussian probability distribution pg(z) initially localized at zp with
covariance C'(0). The time evolved distribution at a later time ¢ is given by p¢(z) = po(T-¢2).
For early times and narrow initial covariance, the nearby orbit approximation predicts that py,
is close to a Gaussian distribution centered at Ty(zg) with covariance C(t) = S(t)C(0)S(¢)"
[63,54]. It follows from Eq. (37) that the time evolved covariance is obtained by consecutively
shearing and periodically modulating the initial covariance. The shear factor at/T is propor-
tional to time. The variance in the direction of the unit vector v is then determined by the
quadratic form Cy(t) = (v|C(t)|v). Cy(t) oscillates within the range set by the eigenvalues
of C(t). Using the form of S(t) as contemplated in Eq. (37), one reads off that the oscilla-
tory behavior of Cy(t) comes from the periodic modulation by P(¢). The envelope of these
oscillations is determined by the shear matrix M (¢). For the sake of simplicity, let us assume
C'(0) = diag(A1, \2) is diagonal in the basis in which Eq. (37b) holds. Then the eigenvalues

of M(t)C(0)M(t)" are given by
I (p— 4det
(067)2)\1 + tr

Malt) = 5 [(ak)? 2 + 1]
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where tr = A1 + A2 and det = A \o. For late times, t > T, A\ (t) = (at/T)?* 1 + tr + O(t7?)
increases quadratically with time whereas A\p(t) = det/ [(at/T)*A; + tr] + O(t~%) decreases
inversely quadratic with time. This explains the quadratic increase and the periodically
enhances squeezing of the variance.

D.1 Interpretation of «

In the following we derive an explicit expression for the shearing factor « given in Egs. (38)
and (39) below. We will show that a necessary and sufficient condition to observe shearing is
that the period of the reference orbit differs from the period of nearby orbits.

The T-periodic reference orbit z.(t) = Ty(z9) traverses a level set of the Hamiltonian
at energy Ey = H(zp). Now, consider an initial deviation from the reference orbit in the
direction perpendicular to the energy hypersurface, that is 6(0) = eH'(z0)/|/H'(20)||? for
some infinitesimal €. The normalization is chosen such that the energy of this nearby orbit
differs from Eg by €, H (29 + 3(0)) = Ey + ¢ + O(e?). For small enough ¢ the orbit starting at
20 + 6(0) is also closed, but in general the period is different from the period of the reference
orbit. To leading order in e the period is given by T(Ey) + €T"(Ep), where T(FE) denotes
the period of an orbit at energy E close to the reference orbit. An explicit expression of
T'(Ep) is given below in Eq. (39). After time 7 the initial position zp 4+ §(0) has evolved
to Tr(zo + 6(0)) = 20 + S(T)6(0) + O(e?) under the Hamiltonian flow. By the definition
of (0) and Eq. (37) one has S(T)6(0) = eaz,(0)/||H'(20)||* + 6(0). As the difference dz =
Tr(zo + 6(0)) — (20 + 6(0)) = ez, (0)/||H(20)||? + O(€?) is infinitesimal but does not vanish
unless a = 0, the period of the nearby orbit must be different from 7' if o # 0. More precisely,
comparing to Hamilton’s equations, dz = dtJH’, one sees that the period of the nearby orbit
differs by dt = ea/|H'(20)|* + O(€?) from the period of the reference orbit. Together with
dt = €T'(Ep) + O(€?) one obtains

a = ||H' (z0)|*T" (Eo).- (38)

The shearing factor is proportional to the change of the period of nearby orbits at different
energies. The derivative is explicitly given by the integral

dt, (39)

B _/T H/(JH//J+H//)H/
[H||*

where H' and H” are evaluated at z.(t) and the integration is over the full period of the

reference orbit. An application of the two dimensional Stokes theorem yields T'(Ey) =
1l fz( 1y iV [%] dz, where the integral is over the surface ¥(Fy) enclosed by the
periodic orbit z,(t).

To derive Eq. (39), first note that the period of z,(¢) is the integral T(Ey) = [ §(H (%)
Ey)d?z. This follows from the equations of motion and d?z = dE dog(z)/|H'(z)||, where

dog(z) denotes the surface measure on the energy hypersurface {z : H(z) = E}:

T(By) = / S(H(2) — Eo)d2s = / ”I‘;‘TEO
1%
EXC]a / dt
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(assuming, for the sake of simplicity, that the level set {z : H(z) = Ep} consists of a single
connected component given by the reference orbit). Straightforward computation then yields

dog(z)
|H'(2)]|

-1+ | (Gl Fitar ) +0)

T 7o ||ZTE||
—T(E I el
( 0”6/0 (ae‘e—wﬂ'(zr,e)n)dt

T(Eog + ¢) = T(Ep) — /5’ (E — E0)| dE + O(€)

+O(e?),
where 2, ((t) = 2,:(t) + eH'(2-(t)) /|| H (2-(t))||? is a parametrization of the hypersurface {z :
H(z) = Ey + €}. Using the equations of motion %, = JH', in particular, ||2.|| = ||H'|| and

% - H' =0, eventually gives Eq. (39).

D.2 Example

In the remainder of this appendix we discuss a family of planar Hamiltonians that are
amenable to explicit calculations. The example illustrates that non-harmonic terms in the
Hamiltonian are necessary in order to have o # 0. We investigate the class of classical Hamil-
tonians that depend on the phase space coordinates z = (x,p) € R? only through its Euclidean

distance ||z|| = /22 + p?. In other words,
H(z) = h(||=|*/2)

for some function h: R — R. The distance ||z||? is an integral of motion of Hamilton’s
equations # = JH'(z) = h'(||2]|?/2)Jz. The solution that passes through 2o at t = 0 is thus

Ti(20) = P(t 20)z0, (40)

where P(t, zg) = e®(0)7 and w(zg) := h(||20]|?/2). Note that {P(t,z)}s is a T = 27 /w(z0)-
periodic one-parameter family in the group of orthogonal matrices. The integral curves are
thus circles in phase space, which are traversed at a constant angular velocity w(zg). Generi-
cally, w depends on the initial position. The angular velocity is only independent of the initial
condition if A’ is constant, i.e. when the Hamiltonian is quadratic. A non-constant angular
velocity leads to shearing effects of probability distributions and shall be explained in the
following.
Taking the derivative of Eq. (40) w.r.t. zo yields

S(t) = P(t, Zo) . [1 +tQ(Zo)JZO®Zo], (41)
(a ® b)ij = a;bj being the dyadic product and Q(z9) = h”(||20/|?/2). In the harmonic case,
when h” = 0, the last term vanishes and S(t) = P(t,zp) is periodic in time. Moreover,

for Q = 0, S(t) is an orthogonal matrix and C(t) = S(t)C(0)S(t)T is 27 /w-periodic. As a
consequence, the variance along any fixed direction (in particular, along the = and p direction)
shows periodic breathing.

We will now focus on the less trivial non-harmonic situation and assume €(z9) # 0.
Without loss of generality and for the sake of clarity, we set zp = (¢, 0) to obtain

S(t) = P(t, z) ( —a:%Qt (1’ ) .
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This is of the same general form as predicted by Floquet’s theorem in Eq. (37). One can read
off the shearing factor o = —23T2, which agrees with Eqgs. (38) and (39). The time evolved
covariance C(t) = S(t)C(0)S(t)T is hence obtained by consecutively shearing and rotating
the initial covariance. Whereas the rotation P(t,z) is periodic in time, the shearing factor
—x(Q)Qt is proportional to time. Interestingly, the shearing factor depends only through the
curvature 2 on the Hamiltonian but is independent of other details.

E Nearby orbit approximation at fixed points

In the previous appendix D we have discussed the dynamics of the covariance matrix within
nearby orbit approximation in the case when the reference orbit is periodic. A limiting case
occurs when the period of the reference orbit vanishes, i.e. when the reference orbit is a single
critical point zg of the Hamiltonian, that is H'(z9) = 0. Then, z is a fixed point of the
Hamiltonian flow and the solution of

S=JKS

is S(t) = exp(JKt), where K = H"(zy). Note that S obeys an autonomous differential
equation and no time ordering is needed for the exponential. Let us restrict to n = 1 when
K is a symmetric two by two matrix. The real eigenvalues A\; and A2 of K determine the
eigenvalues of JK and therefore the dynamics of S(t). This is only true for n = 1 and is a
manifestation of the fact that every two by two orthogonal matrix is also symplectic. To see
this, let O be the orthogonal matrix that diagonalizes K, i.e. OKOT = diag(A1, A\2). Then
OJKO" = Jdiag(\1, \2), where we have used that O is also symplectic, i.e. OJOT = .J (this
is no longer true in general for n > 1). This shows that the eigenvalues of OJKO” and
thus the eigenvalues of JK only depend on the eigenvalues of K. Note that for n > 1 the
eigenvalues of JK do not solely depend on the eigenvalues of K but also on the direction of
the corresponding eigenvectors. For instance, let n = 2 and assume K has two positive and
two negative eigenvalues. If the two negative eigendirections lie in the (z1,p;) plane, then the
classical trajectories close to the fixed point are related to ellipses and all eigenvalues of JK
are purely imaginary. However, if the two eigendirections of the negative eigenvalues lie in
the (x1,x2) plane, then the classical orbits close to the fixed point resemble hyperbolas and
all eigenvalues of JK are real. An orthogonal transformation rotating K of the latter case
into K of the former case cannot be symplectic.

From now on, we assume n = 1 and discuss the following cases: (i) A1 and A2 have the
same sign, (ii) A\; and Ay have different signs, (iii) exactly one of A\; and Ay vanishes.

In the first case, zp is a maximum (negative eigenvalues) or a minimum (positive eigenval-
ues) of H and the fixed point is elliptic, that is the eigenvalues of JK, being +iy/|\ A2| = +iw,
are purely imaginary. S(t) is T = 27 /w periodic and is explicitly given by

OS(t)OT— coswt A2/ A1 sinwt ' (42)
—+v/A1/Ag sinwt coswt

As a consequence, the covariance matrix C(t) = S(t)C(0)S(t)T oscillates periodically in time.
In the second case, zy is a saddle point of H and the fixed point is hyperbolic, that is
the eigenvalues of JK, being ++/|A\1\2|] = fw, are real with opposite signs. Analogous to
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Eq. (42), one has

0S(t)oT = cosh w.t |X2/A1|sinh wt ‘
|A1/ A2 sinh wt cosh wt

The stable and unstable manifold of the hyperbolic fixed point are Hamiltonian level sets and
cross at the fixed point. Let |v_) and |v;) be the unstable and stable manifold, respectively,
then

S(t) = e o) {w_| + e oy ) (ws ],

where (w;|vj) = d;, and |v4+) and (w4| are right and left eigenvectors of S(t), respectively.
In general, we have to distinguish right and left eigenvectors, because S(t) is not symmetric
(unless |A\1] = |Xa|). For late times, the covariance matrix C(t) = S(t)C(0)S(t)T may be
approximated by C(t) = Cy,, e*'|v,)(vi|+O(e*?), assuming that Cy,, = (w;|C(0)]w,) does
not vanish. In other words, for late times one eigendirection of C(t) approaches the direction
of the unstable manifold and the corresponding eigenvalue increases exponentially in time.
As the phase space volume is preserved under the Hamiltonian flow (det S = 1), there is
also a direction in which the covariance decreases exponentially for large times. Due to the
symmetry of C(t), this direction is orthogonal to the direction of exponential spreading and
becomes orthogonal to |v, ), i.e. parallel to |w_), for late times. Note that in general, unless
[A1] = | 2|, [w—) is not the direction of the stable manifold.
In the third case, the fixed point is degenerate and one has

0S(1)0T = ( (1) Aft )

(w.l.o.g. we assume A\; = 0 and Ay # 0). In other words, in the basis in which K is diagonal,
S(t) has Jordan normal form and is a shear matrix, compare Eq. (37b). Denoting the eigen-
vectors of K by |A1) and |Ag), we write S(t) = Aat|A1)(A2| + [A1)(A1] 4+ |A2) (2|, such that for
late times C(t) = (Aat)2Cx, |A1) (M| + O(t), where Cy, = (\2|C(0)|\2). By the same reason-
ing as above, we conclude that C'(¢) has a quadratically increasing and inversely quadratic
decreasing eigenvalue whose eigenvectors approach |A1) and |\g) for late times, respectively.

F Wigner function of Gaussian density

In this Appendix we compute the Wigner function W, of a Gaussian density matrix p on
L2(R™). This is a generalization of Proposition 242 in [86]. The final result is Eq. (45).
Let the kernel of p be

o(z,2") = \/ det(X1 + Xi2) (—;(x,x/)f‘(a:,a:/)> , (43)

7-‘—77,

where the 2n by 2n, symmetric, inverse covariance matrix I' = X + 7Y has positive definite
real part RI' = X > 0, and

X117 = Xo9 symmetric, Y11 = —Yos symmetric, (44a)
X9 = Xo1 symmetric, Y12 = —Y5; antisymmetric (44b)
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(Xi; denoting n by n blocks of the two by two block matrix X, and similarly for Y). Eq. (44)
is a consequence of Hermiticity of p, i.e. p(x,2’) = p(z’, x)*, and symmetry of I". The factor
[det(X11 + X12)/7"]"/? normalizes the trace Trp = [ p(x,z)d"z to unity (positivity of X
guarantees positivity of the radicand).

A lengthy, but straightforward calculation of W, (x,p) = [ d"np(x—2,z+%)e™", using the
Fourier transform of the Gaussian [ d"z[det(27C)]"Y2 exp (—32C~12) 7% = exp (—3pCp) ,
yields

W,(2) = 2"(det X1/ det X _)'/2 exp(—2G2), (45a)
where
(X +voxTlyy voxTt
G - ( X:1Y+ X:l 9 (45b)
X! D i
-1 _ + +
¢ ( Vi XTD X+ Y XY ) ’ (45¢)

introducing the short hand notation Xy = (X1 + X12), and Y1 = (Y71 &+ Yi2), such that
XT = X4, and Y = Yg, according to (44). The normalization is [ W,(z)d*"z/(2m)" = 1.
In other words, W, is (proportional to) a Gaussian with covariance matrix ¥ = G7!/2.

In the special case when I'1o = 0, the kernel p(x, z’) factorizes and is the a rank one projec-
tion (pure state) onto the L2-normalized Gaussian function ¢ (z) = (7)~/*(det X11)Y/* exp(—$x(X11+
iY11)x). Then, (45) agrees with Proposition 242 in [86]. Moreover, if T'j9 = 0, G is positive
definite, symplectic, and G = ST'S, where

X2 0
s=[ “u - (46)
( X111/2Y-11 an/z

is symplectic. That is, the symplectic spectrum of G is unity.

G Replica trick

The von Neumann entanglement entropy of Gaussian states was computed by means of the
replica trick in [91,92]. For the sake of completeness, the computation is reviewed in our
notation. The final result is given in Eqgs. (50) and (51).

The replica trick allows to compute the von Neumann entropy as the derivative

SVN<pA) = *an|n:1 TI“(,OZ)
A variant of this formula,
Syn(pa) = (=0 |,_, + 1) log Tr(p}), (47)

has the advantage that p4 in Eq. (47) does not need to be normalized. The idea is to find an
easy explicit symbolic expression of Tr p; in n and then differentiate this expression w.r.t. n.
Once Tr(p") is computed for n = 1,2,3,..., one also knows all the other Rényi entropies

Sn = log[Tr(p}y)]/(1 = n).
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Let ¢ be a Gaussian wave function on the bipartite Hilbert space L?(R) ® L?(R) (the
derivation can be generalized to L?(R%) @ L?(R%)),

Wleaan) ~oxp |3 (a an )74 ((21),

B

with complex valued, symmetric, two by two inverse covariance I'“B. The reduced density

pa(z,y) ~ exp [_;( r )FA< x )}

)

matrix

is again Gaussian with inverse covariance [11]

1
Iy =T - irfsz(%FQAzB)flffsza (48a)
1 -
I, = *gerB(%P§QB)_1Pi4QB7 (48b)

and, due to the hermiticity of p4, F124,1 = FﬁQ, and Fég = Ffl. The trace of p'j is then
proportional to the integral over the n dimensional Gaussian

1
with M being the circulant n by n matrix

i +T9 Ty 0 - 0 1)

I11241 o Tl T 0

M = 0

0

0 4
I 0 -~ 0 Iy T{+T4

This matrix is not symmetric, but as it is contracted with a symmetric tensor in the expression
M;jz;xj, we may replace M by its symmetric part M = (M + MT)/2,

2RT, T4, 0 -+ 0 RTY

RLY, . e 0

=] 0 '
0

0 LT T RTY,
R, 0 - 0 RIY, 2RTH

(where we have used F2A’1 = ?‘472, F’Q“’2 = @) The integral in (49) is thus proportional to
det(M)~1/2. The determinant is known to be [93]

n—1
det(M) = H [2§RF‘141 + 2RT4, cos(2mj/n)]
j=0

n—1
= (2RTY)" ] [1 + RT{L/RTY, cos(2mj/n)] .
j=0
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We only need to compute det(A) modulo factors of n-th power. This is because p4 in
Eq. (47) does not need to be normalized and rescaling of pa leads to factors of n-th power
in Tr(p%) and hence in det(M). Thus, we may drop all global factors of n-th power in
det M, which we indicate by writing ~ instead of the equality sign. Now, we define £ by
afer{g/a%rn = —26/(1+¢€?) and use the identity [T}, o [1+¢€2—2¢ cos(27rj/n)] =(1-£")?to
obtain

det(M) ~ (1 — €)%
The von Neumann entropy follows from Eq. (47)

§
1-¢
It is not obvious, but 0 < £ < 1 (to be more precise, only {_ of the two solutions £+ =

—RT4, /RTE, + \/ RT'4, /RT4,)2 — 1 obeys this constraint), so that the above expression is
always real and positive. The other Rényi entropies are given by
1 1-9"

S, = 1 .
1-n 81 _¢n

Syn = —log(1 —¢) —

log(¢). (50)

(51)

Egs. (50) and (51) are equivalent to Eqgs. (23) and (22), respectively, upon the identification
E=exp(—w)=2A—=1)/2A+1).
As a corollary of the result (51), we obtain the spectrum

Spec(pa) = {(1 = )¢’ : j € No} (52)

of the reduced density matrix p4. This equation follows from comparing (51) with {=-log ) ;A AT
where )\; denotes the sequence of eigenvalues of p4. The equations

n_ 17 )
Z)\ 1_§n’

for all positive integers n, are solved by A\; = (1 — £)¢&7. Eq. (52) is consistent with (20).

H Spin squeezing and entanglement

In this appendix we compute A (cf. Eq. (24)) as a function £g. In the sequel, we write go and
—05 for the real and imaginary part of fo = go — 2. The covariance matrix O+ (cf. Eq. (25))
is Hermitian and its real part is

1 sin™2 ¢ Y2
1 2 2
RC— = 5N ( 9, ggzgg <in? 0 ) + O(1/N7). (53)

The leading order of the determinant of C* is (4N)~2 (independent of g, and ). This means
that the uncertainty between the magnetization in the two directions of the eigenvectors of
C* is minimized to leading order,

detc¢>4N (S -Q)? = 5+ O(1/N?).
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In the special case, when the eigenvalues of C are identical, the uncertainty between the
magnetization in any two directions in the fol% plane is minimized. This is the situation of
coherent states which are non-entangled (see below).

The determinant and the trace of C are invariant under rotations of the Bloch sphere,
i.e. changes of the quantization axis. Determinant and trace are the only two independent
basis independent properties of a two by two matrix. As the leading order of the determinant
is constant, the entanglement entropy can only depend on the trace. In fact, Eq. (24) can be

rewritten as
1 1
)\:\/4+aﬁ<NTrCl—2>. (54)

Since det C+ = (4N )~2, the trace of C* is bounded from below by (2N)~!. More precisely,
TrCt+ = (2N)~lifand only if both eigenvalues of O+ are identical to (4N)™! (coherent states).
The Isotropic variance of (4N)~! at minimal uncertainty is called the standard quantum limit
(SQL) [45,49]. In this case A = 1/2 and all Rényi entropies vanish (cf. Eq. (22)). This is also
consistent with the observation that the symplectic spectrum of the covariance of a Gaussian
pure state is one half, see the discussion around Eq. (46).

Let A1 and Az be the eigenvalues of C- with \; < Ag and A\; A2 = (4N)~2, then (cf. Eq. (26))

€2 = /M /de = 4NA = 2N TrC+ — \/(2NTr cLy -

which, together with Eq. (54), gives A as a function of £2. The von Neumann entangle-
ment entropy (and any other Rényi entanglement entropy) is thus an explicit function of the
squeezing parameter £3.

Details on the computation of C+: Equation (53) follows from the lengthy calculation
of

1 0
(S2,8.)e = +(cos¢coth)? 30N os@cosgzﬁsmd) 20aN
02 1
+(bln¢sm9> 2+ +(’)(1/N2), (55)
)
Sy, Sy)e = +(s cot 6 7—COSQCOS S
(S Sile = +smpcot0) Lo bsindg 2
1 . 292 + 93 2
+<2cosq5sm9> 20N + O(1/N7?), (56)
_ 2
(Su8ide =y +OU/N?) (57)
1 1 1%
_ 2 2 20 a2 b)) 22
R(Sz, Sy)e = (cotf)”sin¢cos¢ g2N—|—2cost9(sm ¢ — cos (b) 5N
1smH 2smd)cosgb 3+ 95 + O(1/N?) (58)
2 292N ’
R(Sy, S.)e = —cosdoot h—— — Lsingsin -2 1 O(1/N?) (59)
S )e = COS ¢ co 20sN 5 Sin@sin 5N )
_ 1 1 2)
R(Sy,S2)e = —sm(bcot92 N+2(:osd>sm0 N—l—(’)(l/N (60)
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The results (55) to (60) can be obtained by carefully approximating the expectation values
in the state ¢ < e NS (%) to next to leading order in a saddle point approximation.
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4 Dynamical Phase Transitions

The publication [2] investigates the connection between two types of DPTs in the FC-TFIM. To
distinguish both types, we follow the same nomenclature as in |2] and refer to them as dynamical
phase transition of type one (DPT-I) and dynamical phase transition of type two (DPT-II). On
the one hand, DPT-I are defined as non-analytic behavior of infinite time averages of observables
(typically these observables are viewed as order parameters) [60,/81] as a function of the quench
parameters (typically viewed as control parameters). As such, DPT-I can be depicted as special
points in a dynamical phase diagram whose axes labels are the pre- and post-quench parame-
ters. In [81] DPT-I were studied in the FC-TFIM, showing that the transverse fields at which a
dynamical transition occurs does not coincide with the underlying equilibrium phase transition.
Its consequences for the order parameter variance and the entanglement dynamics is discussed in
chapter [3| of this thesis. On the other hand, DPT-II are defined as non-analytic behavior of the
fidelity rate function as a function of time [59].

In [147] Oppenheimer describes analogy as an important tool of scientific reasoning. By analogy
he means the structural similarity of concepts and ideas of different fields of study, and also within
the same field of study. An exemplification of this definition is the analogy between equilibrium
phase transition and DPT. The structural similarity of both these concepts is the sudden change
in behavior of one quantity under the influence of another.

equilibrium phase

. DPT-I DPT-II
transition
1
control parameter quench parameter time
(e-g- B)
order parameter time average of Loschmidt rate
(e.g. free energy) observable function

Ref. [2] is joint work of the author of this thesis together with Nils Abeling, Valentin Zauner-
Stauber, and Jad Halimeh. Jad Halimeh and Valentin Zauner-Stauber initiated the project building
on their numerical observations of the fidelity dynamics in a long range model in Ref. |[148]. In
this publication they conjecture a connection between DPT-I and DPT-II. The connection was
then corroborated for the FC-TFIM by discussing the exact diagonalization (ED) data by all four
authors of [2]. Together with Nils Abeling, the author of this thesis produced the ED results and
the semiclassical interpretation.

The following sections leading to Sec. discuss the DPT-II in more depth than the publication
[2], and contain independent results found by the author of this thesis. In particular, a heuristic
semiclassical phase space interpretation of DPT-II in FC-TFIM is given in Sec. [4.2] Thereafter,
in Sec. DPT-II is discussed on the basis of a semiclassical expansion of the density of states.
This work was also presented at the DPG Friihjahrstagung in 2015 by the author of this treatise,
but never published in a journal. Later, similar results were published in [149,150].
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l4bo) i e~ H't )

Figure 4.1: Schematic quench of a double quench. At initial time the state |ig) is prepared in
the ground state of the pre-quench Hamiltonian H. The state evolves under the post-
quench Hamiltonian H’ for time ¢. In general, the final state |¢;) is not an eigenstate
of H and has excess energy in the bulk of the pre-quench spectrum.

4.1 Introduction

The notion of DPT-II was established in the seminal paper [59] by Heyl, Polkovnikov, and Kehrein.
In this reference, the rate function f(t) of the Loschmidt return amplitude

(¥(0)[4(t)) = exp [N f(t)] (4.1)

(N being the system size) of a time evolved many particle quantum state in the one-dimensional
transverse field Ising model (1D-TFIM) after a quantum-quench was investigated. In analogy to
equilibrium phase transitions, the rate function is referred to as the dynamical free energy density,
and non-analytic behavior in f(t) as a function of time were coinedE] DPT-II. The analogy to
equilibrium physics becomes more precise by Wick rotating it — S and analytic continuation, such
that (1o|vs) — (Yole™PH |¢y) = Z(B) takes the form of a boundary partition function. The authors
of [59] found that DPT-II occur only when the quench is across the critical line of the equilibrium
phase transition separating the paramagnetic from the ferromagnetic phase. Furthermore, the
critical times ¢*, at which f(¢) is non-analytic, were identified as Fisher zeros, Z(it*) = 0, of the
partition function. This is in close analogy to temperature-driven phase transitions [151].

One connection of DPT-II to a physical measurable quantity is given by the work distribution
function in a double quench [152],

P(W,t) =" 0(En — Eo — W)| (Ea|(t)) |* < exp [-Nr(w, 1)), (4.2)

where the summation index labels the pre-quench eigenstates |E,,), and the time evolution of |¢)(t))
is w.r.t. the post-quench Hamiltonian starting in the pre-quench ground state |¢g) = |Ep), cf.
P(W,t)dW is the probability that the difference of a measurement of H in |¢(¢)) and in |1(0))
lies in [W, W +dW]. For W =0, P(W = 0,t) = | (¢(t)|1(0)) |? is the Loschmidt return probability
(Loschmidt echo), whose rate function r(w = 0,t) = 2Rf(¢) inherits the non-analytic behavior
from f(t). Similar to their equilibrium counterpart, DPT-II can only occur in the thermodynamic
limit, because all terms in the expansion (¢(0)[¢(¢)) = >, e *Ent| (E,[1(0)) |? are analytic, such
that non-analytic behavior can only occur if the summation is infinite, i.e. an infinite Hilbert space
dimension is necessary for DPT-II.

Besides the 1D-TFIM, a plethora of other models, such as the one-dimensional [?,[153}/154] and
infinite-range [149] XY model, the antiferromagnetic X X Z chain [155], integrable quantum field
theories [156], and topological systems [157,/158] were shown to exhibit DPT-II. Moreover, results
about DPT-II were extended in multiple ways. First, DPT-II were found in non-integrable one-

n Ref. [59] they were simply called dynamical phase transition (DPT). But, as mentioned above, we want to
avoid confusion with a different kind of dynamical phase transition, and hence use the acronym DPT-II instead.
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dimensional systems [159}/160|, and long-range systems |148,161]. Second, models in higher spatial
dimensions, such as the two-dimensional Kitaev model [162], the two-dimensional transverse field
Ising model [163], three-dimensional O(N) model |164], and infinite-dimensional models [2,/149}
150,|165] were shown to exhibit DPT-II. Third, DPT-II were shown to occur in mixed states, in
particular, thermal density matrices at non-zero temperature [150,|165H167]. The presence and
absence of non-analyticities in the rate function of positive work probability has been studied
[166]. Fourth, the independence of DPT-II of equilibrium quantum phase transitions was observed
in [153,/168].

As mentioned above, DPT-II can only be proven rigorously in the thermodynamic limit. In fact,
the Reference [59] uses the exact spectrum of the 1D-TFIM in the thermodynamic limit. Exact
solutions of non-trivial models are rare and usually restricted to one-dimensional (Bethe) integrable
systems [154], and non-generic low dimensional systems, specifically designed to be solvable, such
as the two dimensional Kitaev model [162]. The existence of DPT-II in non-integrable models is
argued on the basis of perturbation techniques [160]. From this perspective, it is natural to ask,
whether DPT-II can be investigated in (asymptotically) infinite dimensional systems, where many
calculations become amenable to analytic considerations in an 1/N expansion. Mean field models,
such as the FC-TFIM

1 N N
H=--—> sisi—T) s (4.3)

are typical candidates for these infinite dimensional systems. They are complementary to both,
low-dimensional systems, as well as perturbative treatment of non-integrable systems. Besides the
1/N expansion no additional expansion in coupling constants is necessary.

In the following section a heuristic semiclassical argument in favor for the existence of DPT-II in
the FC-TFIM is given. This argument also indicates to expect non-analytic behavior in r(w,t) for
non-zero work density w > 0, and the existence of DPT-II for quenches within the same equilibrium
phase. This is in contrast to the one-dimensional counterpart where DPT-II only occur for quenches
across the underlying equilibrium phase transition. Thereafter, in Sec. [£.3] we give a more rigorous
discussion based on a semiclassical expansion of the density of states and the overlap between the
pre-quench ground state with post-quench energy eigenstates. These results confirm the heuristic
expectation of Sec.

Though, the approaches of sections and seem equivalent in the sense that both rely on
semiclassical techniques, their flavor is different. The former has a phase space flavor, while the
latter has a spectral density flavor. Each provides a different perspective and complements the
other.

4.2 Phase space heuristics

We want to mimic the work probability distribution (4.2)) after a double quench by semiclassical
quantities in the effective descriptionﬂ given by

Heg = —% (ny —1/2)2 =Ty/ny — n2 cos(p), (4.4)

where p is the conjugate momentum to the fraction of up spins 0 < ny = Ny /N < 1. To this
end, we suggest the semiclassical analog P.g in Eq. (4.5) below. We do not derive a rigorous
correspondence between the work distribution function (4.2)) of the full quantum model and (4.5]).

2The correspondence between (£.3) and (#.4) was elaborated in chapter Recall that eigenvalues of H.gs are
interpreted as energy densities due to the intensive nature of Heg. Lower case letters refer to intensive quantities,
such as the fraction of up spins ny = N4+ /N and the work density w = W/N.
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But, we argue that it is plausible to expect P(W,t) — Peg(W/N,t) in the thermodynamic limit
N — oco. This is the reason why we only claim to give an heuristic approach to DPT-II in this
section.

The double quench setup consists of preparing the system at time ¢ = 0 in the ground state
|tho) of the pre-quench Hamiltonian H for some initial transverse field I' = I';. After driving
the system with the post-quench Hamiltonian H’ with I' = T’y for time ¢, the Hamiltonian is
quenched back to H. The work probability distribution after the second quench is P(W,t) =

Zn (5(W - (En - EO))’<En|¢O(t)>‘27 cf. Eq. ‘

In the semiclassical limit heg = 1/N — 0 the ground state >y, ¥o(n4)|N4) € Dy of H is
of large deviation form tg(ny) < exp[—N f(ny)]. Let ¢4(ny) < exp[—N f(ny,t)] be the time
evolution of ¥y(ny) with respect to the effective post-quench Hamiltonian. Since both, g (n4)
and vY;(ny) are of large deviation form, also the work distribution P(W,t) < exp[—Nr(W,t)] has
large deviation form with rate function r(W,t). We want to establish a relation between the
two rate functions f(ny,t) and r(W,t) in a Gaussian approximation. To do this, we employ the
truncated Wigner approximation and the nearby orbit approximation in the classical phase space
of the effective model.

Now we give a semiclassical definition of P.g. Let zp be a point in phase space with energy
Hq(z0) according to the pre-quench Hamiltonian Heg. After evolving zp according to Hamilton’s
equations 2(t) = JVH/(z) w.r.t. the post-quench Hamiltonian for time ¢, the particle is at T} (zo).
With respect to the pre-quench Hamiltonian H.g, the particle has gained energy

Wi(20) = Het(T]20) — Hegt(20).

This is the classical work performed by the double quench at the system.

Now, let zg be a random point in phase space, distributed according to the density pg. The
work(density) w performed after the double quench then becomes random with probability P(w €
(Wi, Wa)) = po (W, H([W1, Wa])) where po(A) = [ 14 po(2)dz. One finds the work probability
density

Peg(w, t) dW =P(W € [w,w + dW]) = po (W; ! ([w,w + dW]))
= D wE) VW) W
z*EWt_l(w)
= [/ po(z) §(Wi(z) — w) dz| dW. (4.5)
This is the classical analog of (4.2]).

We give a non-rigorous argument indicating how P converges to P.g in the semiclassical limit.
Eq. is written as P(W,t) = Tx[0(H — Ey — W) [¢(t)) (4(t)]]. From now on, we assume
that the pre-quench eigenstates E,, are non-degenerate, such that P(W,t) = Tr[|Ey) (En|1s) (4],
where W = (E,, — Ey), and [¢¢) is the time evolved initial state |i)g) = |Ep) w.r.t. the post quench
Hamiltonian. Rewriting Tr AB = Ik W ;W5 in terms of the Wigner transforms Wy, W5 of ;1\, B ,
yields,

P(W,t) = /dZW|En><En|(Z)Wdlt)("/}ﬂ(z)‘
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This is exact. Now, we employ three approximations to obtain
P(W,t) = / AW, (5] (2) Wiyl (2)
~ / dz8[Hegi(2) — En/Np(2)
~ /dzd[Heﬁc(z) — En/Nuo(T" ,2)
- / dz8[Heg(T}2) — En/N]po(2)
~ /dzé[Heff(T[z) — Heg(2) — W/N]po(2) = Peg(W/N, ).

The approximations in the above order consist of, first, replacing the spectral Wigner function
W\E,)(E,) by @ uniformly distributed probability density on the invariant torus associated to the
energy E, /N [94,96]. Second, the time evolved Wigner function Wiy ) ()| =: it is approximated
by the initial Wigner function pg evaluated at the characteristics of the classical Hamiltonian
flow T}, ie. w(z) =~ po(T’,z). This approximation amounts to replacing Moyal’s Eq. for the
Wigner function by the classical Liouville’s Eq. and goes under the name of the truncated Wigner
approximation (TWA) [88]. It is known [88] that the TWA gives the leading term of the full
quantum dynamics in a semiclassical limit and the leading order correction to it is suppressed as
1/N?2. The change of variables z ++ T”,(z) in the line below has unit Jacobi determinant, because
it is symplectic. Third, as the integration is against the spectral Wigner function pg of the pre-
quench ground state, most points are sampled form the energy shell where Heg(z) ~ Ey. This
justifies the last approximation.

Remark. The fact that the nth spectral Wigner function W, (z) o d(Heg(2) — Ey) is uniformly
distributed on the associatedlﬂ energy shell in the classical limit follows from the WKB ansatz
Y (x) ~ exp(iS(z)/heg), where S(z) = f;o pn(2)dz’” is Maupertuis’s action, and H (p(z),z) = Ep,
cf. Sec. Approximating the exponent in Wi, (z) = [ dnpby(x — 1/2),,(x + 1/2)e/ et to first
order in 7, yields W,, « §(Heg — Ey,). In a more careful semiclassical limit [96,(127] the exponent
is expanded to second order in 7 and the integration is solved by the (uniform generalization [125]
of the) saddle-point approximation. As a consequence, the delta function is softened and W,, has
also support outside and inside the torus (Ref. [96] calls it a fringed torus). This more careful
approximation resolves more structure of the wave function, such as oscillations on a scale of hzf/fg’
but is not strictly necessary for the investigation of DPT-II. The reason is that non-analytic
behavior can only occur in the limit N — oo, and hence the leading order approximation in
hef = 1/N suffices to establish the existence and non-existence of DPT.

Non analyticities from the effective phase space point of view. Based on (4.5) we investigate
the behavior of the work probability rate function reg of Peg(w,t) < exp|—Nreg(w,t)] as a function
of time at zero work density w = 0, i.e. we are interested in the limit

. 1 . 1
ren(t) = = Jim_ 3 log Pur(w = 0.0) = ~ lim_Llog [ ()50 (2)).

N—oo

We further assume, that the density uo(z) = N exp[—Nr(z)] is of large deviation form (not neces-
sarily Gaussian) with rate function r(z) (we denote this rate function by the same letter as the rate

®This association is due to the Bohr-Sommerfeld quantization condition [120] 5= fH(Z):E, p(z) -de = (n+1/2)hes,
where the integration is over the E, energy shell and n € Ny.
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function of the work probability distribution). The integral can be computed within the saddle
point approximation as

oy [ 27 1/2 det /=1
[ resmien =8 S -Ne e () g 00/
where the summation is over all argmin 2* of r(z) subject to the constraint Wj(z) = 0, 7!

denotes the inverse Hessian of r(z) at z = 2*, and W/ is the gradient of W; at z = 2*. We

have used the expansion Wy(z) &~ Wy(z*) + W/(2*)(z — 2*) + (2 — 2*)W/'(2*)(z — z*) and r(2) ~

r(2*) + ' (2*)(z — 2*) + L(z — 2*)r"(2*)(2 — 2*) around z = z*. We can now compute reg in the

2
limit N — oo by noting that (3, %) YN, max |0,
reff(t) = min Ir(2%)]. (4.6)

z*e{z:Wi(2)=0}

The time dependence is implicitly induced by the time dependence of the constraint set {z :
Wi(z) = 0}. The fact that the min-function is non-differentiable where two of its arguments
are identical is the reason why r.g(0) can have non-differentiable points (e.g. kinks) in time, see
Fig. We stress that this argument only yields candidates for critical times t*, at which DPT-II
can occur. The argument is not sufficient. That is, even though the arg min of |r(z)| may change
discontinuously at t = t*, the rate function reg(t) can still be analytic. In fact, we illustrate this
explicitly in an harmonic oscillator model below.

Remark (on the nested structure of the constraint set W;(z) = 0). As time proceeds the constraint
set {z : Wy(z) = 0} develops ever more complicated and detailed structures. This seems to be the
rule, rather than an exception and also happens for simple integrable flows. At ¢t = 0 all points z
in phase space obey Wy(z) = Heg(T{2) — Het(2) = 0. Fixed points of the post-quench Hamiltonian
flow T} obey W(z) = 0 for all times. At those points different branches of the constraint set start
off and extend to complex structures in phase space. The constraint set at a later time ¢y is not
simply the time evolved constraint set of a former time ¢; by the difference A = (t; — t3). This is
because Tp0[Heg(TY, 2) — He(2)] = 0[Heq(T{,2) — Heq(T" p2)] # 6[Hen(T},2) — He(2)]. In [127/[169]
the time evolution of one-dimensional submanifolds in phase space under Hamilton’s equations of
motion is investigated in the context of semiclassical analysis of quantum maps. In spite of the
fact that this mechanism is different to the evolution of the constraint set, the emerging structures
show similarities, and the fixed points of the flow play a similarly important role.

Remark (on non-zero work). The argument leading to also applies to the situation of non-
vanishing work density w # 0. In this case the rate function reg(w,t) = min,« |r(2*)| is the
minimum over the minima z* of {z : Wi(2) — w = 0}. In view of this semiclassical picture, one
expects non-analytic behavior also for reg(w,t) and w # 0. Indeed, numerical results based on
ED indicate non-analytic behavior also for non-vanishing work density. This is in contrast to the
1D-TFIM, where the non-zero work probability rate function is analytic for all times [59].
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0.08 4
quench: il I | agrees with
I =1/4 7 0.0ef i . il exact
I'y=3/4 % o0l diagonalization

constraint set w;(z) =0

Figure 4.2: DPT-II in a semiclassical phase space picture for the quench I'y — I's. Non-analytic
behavior of reg(t), cf. (4.6), occurs at critical times (top). At a critical time the phase
space coordinates of the global minimum of {|r(z)| : Wi(z) = 0} changes. This is
illustrated in the bottom row by showing the position of the global minimum (black
dot) in phase space just before (left) and after (right) a critical time. The minimization
is over the constraint set {z : Wi(z) = 0} (blue line). The heatmap indicates the level
sets of the Wigner function pg(z) =< exp[—Nr(2)], equivalently the level sets of its rate
function r(z).
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4 Dynamical Phase Transitions

4.3 Semiclassical overlaps

The preceding section explained how one can understand the origin of the non-analyticities of
the work distribution rate function in a semiclassical picture. The key observation is that the
non-analytic behavior originates from maximizing the Wigner function on the constraint set {z :
Wi(z) = 0}. For late times the constraint set develops a complicated 'nested’ structure, see
Fig. This makes the prediction of the non-analyticities difficult. In this section we go back
to the full quantum mechanical spin picture to complement the understanding of the origin of the
non-analyticities. Thereby, we employ semiclassical results about the spectral density of states and
the ground state. The following analysis is only applied to the Loschmidt echo, i.e. zero performed
work.

The starting point is the expansion of the Loschmidt echo

2
P(W =0,t) =

N .
> (Enlo) Pe= 0
n=0

in the post-quench eigenstates |E,) of (4.3) on the (/N 4 1) dimensional Dicke space Dy. After
appropriate scaling, the energy levels E,, and the overlaps | (E,|1o) |? as a function of n collapse
on a curve in the semiclassical limit N — co. We denote these functions by

En/N — e(n/N), (4.7a)
| (Enltbo) [* = x(n/N) < e N /M), (4.7b)

and refer to them as energy density € and overlaps x as a function of the index function © =n/N,
respectively. Since the indices n take values in Zy1 = {0,1,--- N}, the index function z samples
the unit interval equidistantly with spacing 1/N. In the large N limit it is fair to approximate z
as a continuous variable on the unit interval, and view e: [0,1] - R and f: [0,1] — R in as
N-independent functions on the unit interval. We remark that the following discussion applies not
only to the FC-TFIM , but to any system on a (N + 1) dimensional Hilbert space with the
large N property .
In this notation the large N limit of P(W = 0,¢) reads

2
Z X<m)e—iNe(x)t

IGZN+1/N

2
Z e—Nf(z)e—iNe(x)t (4.8)
mGZN+1/N

P(W =0,t) =

~
—~

We want to evaluate this summation to first order in the exponent, in order to get the rate function
of P(W = 0,t) as a function of t. The fact that x is of large deviation form implies that only a few
terms in the sum give significant contributions, namely only those terms for which z is close to the
argmin x* of f(x). However, since we are interested in the full rate function of P(W = 0,t), which
depends on the tail of unlikely events in x, a careful treatment of the summation is necessary. In
particular, as shown below, it is not sufficient to sum the most significant v N terms in a saddle
point fashion directly. A more careful summation technique is provided by Poisson’s summation
formulaﬁ We proceed in two steps towards increasing generality. First, we assume that the
energy densities ¢(Zyy1/N) are equidistantly spaced. The main result in this situation is given
by Eq. (4.13). Second, we allow for non-vanishing curvature ¢’ # 0. The latter is a generalization

4The Poisson summation formula has a longstanding tradition. It has e.g. been used in the computation of the
Gauss sum [85], and is the basis of the fundamental transformation of the Jacobi theta function. In fact, the
summation (4.8)) is closely related to the Jacobi theta function 63 if f is a quadratic function and e is linear.
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4.3 Semiclassical overlaps

of the former and culminates in Eq. (4.22)). The former result is obtained from the latter in the
special case of vanishing curvature. We hope that this redundancy in the presentation yields more
clarity.

4.3.1 Equidistant spectrum

We assume that the post-quench spectrum is equidistant, equivalently, that the energy density
€(x) = ep +wz in (4.7a)) is linear as a function of the index. The proportionality factor w = 1/p is
the inverse density of states. Equation (4.8) then becomes

Z X(x)e—inxt

z€Z/N

2

P(W =0,t) < : (4.9)

where the summation is extended to the doubly infinite sum over Z/N in view of the exponential
decay of y < e Nf(®)_ This is valid as long as the roots of f(z) are not at the boundary x = 0 and
x = 1. By Poisson’s summation formulaﬁ we may rewrite the discrete Fourier series (4.9)) as the

summation )

PW=0t)=| Y X uwt+&)|, (4.10)

£e2nNZ

over the Fourier transform Y (p) = [ dxx(z)e~™*. Due to the uncertainty principle, the function
x and its Fourier transform ¥ cannot simultaneously have a large deviation form. However, by
appropriate rescaling of the argument of X, it follows from Laplace’s principle that Y(Np) is of
large deviation as a function of p. More precisely, the rate function g of X(Np) < e~ 9(P) is related
to the rate function f of x(z) =< e~ N/(®) by

g(p) = —f*(ip), (4.11)

where f*(k) = sup,(kxz — f(k)) denotes the Legendre-Fenchel transformation of f. This is due
to Laplace’s principle, and can also be viewed as a consequence of the Wick-rotated Géartner-Ellis
theorem [172,|173]. Using this result in (4.10]) gives

2
PW =0,t)=| > e N+ (4.12)
£e2nz
And thus the rate function r(t) = — imy o 3 log P(W = 0,1) is
r(t) =2 min Rg(wt + &) = 2min Rg(w(t + nT)), (4.13)
Ee2n nez

®Let the Fourier transform of f € L'(R%) be f(p) = [dzf(z)e”™P, and I' = M(Z*) be a subgroup of R* (M
being a full rank d by d matrix). Then, the Poisson summation formula reads [170]

> F@e = o 2 Fo o),

zel ger=

where the dual lattice I'* = {p € R% : ¢"P® = 1,Vz € I'} is the orthogonal complement of I' in the Pontryagin
dual. In words, restricting f(x) to the subgroup =z € I' (left hand side) translates under Fourier transform to

~

averaging f(p) over I'* (right hand side) [171]. In particular, for d = 1, I" = Z one has I'* = 27Z and the classical

Poisson summation formula _ .
D f@e =" fp+9).

TEZ £e2n
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4 Dynamical Phase Transitions

where T' = 27 /w.

Equation is the final result of this section. It is the rate function of P(W = 0,t) for
a system obeying , and with constant post-quench spectral density p = 1/w, i.e. linear e.
Moreover, it is assumed that the initial state has significant contributions in the bulk of the post-
quench spectrum, i.e. that the minima of the rate function f(x) are not at the boundary = € {0,1}.
Prior to discussing specific examples for f, we infer some generic properties.

e Without loss of generalityﬁ Rg(p) has a global minimum and root at p = 0, and Ry is convex
around p = 0 (as a consequence of f* being convex).

e Because the post-quench spectral density p = 1/w is constant, any quantity derived from the
time evolved state > c,e~*#n!|E,) must be periodic with period T' = 27/w. Consequently,
as Rg(wt) vanishes at t = 0 (see footnote [6]), it vanishes at all integer multiples of T’ = 27 /w.
This observation is confirmed by . At t = nT for some integer n, the minimum in
is obtained for £ = —27n. Between two consecutive roots of 7(t), say between ¢t; = nT" and
to = (n + 1)T the argmin changes from £ = —27mn to & = —27(n + 1) at the point where
the two functions 2Rg(wt + &) and 2Rg(wt + £2) intersect. Let us refer to this intersection

as t%, cf. Fig.

o If Rg is analytic, ¢ = t} are the only instants of time at which r(¢f) may potentially be
non-analytic. Hence {t} : n € Z} are candidates for DPT-II. To sufficiently conclude the
existence of a DPT-II at ¢t = ¢}, one must investigate the analytic properties of the piecewise
defined function

n

2Rg(wt — 27n), t<tr
2Rg(wt — 27 (n+ 1)), t>1tF

at t = t;, cf. Fig. Below we are stating two explicit examples that demonstrate the
existence (when x is Gaussian) and absence (for quench in harmonic oscillator) of DPT-II at

ty, respectively.

e Mathematically, the minimization over the N-independent translations of Rg in is a
consequence of the Poisson summation formula and the large deviation nature of the sum-
mands. The physical reason, why the Poisson summation formula is applicable is the fact
that the energy levels E,, are discrete and the gap between consecutive levels (in the bulk)
scales independently of system size, i.e. (E,11 — E,) = O(N?). The latter property is rather
unusual and has to do with the highly symmetric situation of the fully connected lattice in
the low dimensional Dicke space. As the energy range is extensive, i.e. linear in IV, and the
Dicke space dimension is (N + 1), the average gap between consecutive energies is indepen-
dent of N. In contrast, a more common situation is that of an extensive spectral range, and
a Hilbert space dimension that scales exponential with the system size. In such systems the
typical gap between consecutive energies is exponentially small in system size.

Example (Symmetric Rg). A wide class of examples is the situation when Rg is symmetric around
p =0, and convex. Then, the unique intersection between two consecutive branches Rg(wt + 27n)
and Rg(wt + 2m(n + 1)) occurs at ¢} = (n + 1/2)T and the minimization in (4.13]) yields

T(t) = 2%9([5‘”5][777,#])7 (414)

where [.]j45: R — [a,b] denotes the projection onto the interval [a, b]. More explicitly, [t]|_qq =
t —2alsL + 3|, where |z denotes the largest integer below z.

6 This follows from the invariance of (#.9)) under translation of the summation index. Physically, it is the trivial
observation that the probability to find the system in the initial state |io) at time ¢ = 0 is unity.
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Figure 4.3: Schematic sketch of branch crossings leading to DPT-II for constant post-quench

spectral density (left), and for non-constant spectral density (right). The rate function
7(t) (solid red line) of the work probability distribution P(W = 0,t) = | (ol |?,
i.e. the Loschmidt echo, is the point-wise minimum over a family of rate functions
(dashed blue line) according to Egs. (left) and (right). The members of
the family are obtained by translating Rg, cf. (4.11)), by integer multiples of T' = 27 /w
as a consequence of Poisson’s summation formula. Vertical black dotted lines indicate a
crossing between two members of the family at ¢ = ¢};. These are candidates for DPT-II
at which r(¢) can be non-analytic as a function of time. For non-constant density of
states (right) a dephasing effect leads to a inversely quadratic decay of the envelope of
r(t) with time. Roots of r(¢) occur at integer multiples of 7" when (i) the wave function
has a perfect recurrence (in the case when the post-quench spectrum is equidistant,
left), and (ii) the wave function has most overlap with the pre-quench ground state
(when the post-quench spectrum is non-equidistant, right).
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4 Dynamical Phase Transitions

Example (Gaussian overlaps and Jacobi’s theta function, cf. Fig. . If the overlap function

x is Gaussian distributed with variance C, i.e. for f(z) = 322/C, the Legendre transform is
f*(k) = 1Ck?, such that g(p) = 3Cp? and (4.14) entails
r(t) = Cw2[t][2—T/2,T/2]7 (4.15)

where T' = 27 /w. The discontinuity of the projection at the boundary points (Z + 1/2)T entails
kinks of 7(t) at t; = (n+1/2)T, cf. Fig.

If f is quadratic the series in Eq. (4.10) is Jacobi’s theta function by #3. In this case the Poisson
transformation between (4.10) and (4.11)) is known as the fundamental transformation of 63 [174].

The following example shows that the changing of a branch in the minimization of (4.13]) is not
sufficient for the existence of a DPT-II.

Example (Quench in harmonic oscillator, cf. Fig. . We discuss the existence of DPT-II for
a double quench in a purely harmonic one-dimensional effective Hamiltonian (as in we have
hef = 1/N). More precisely, let the pre-quench Hamiltonian be Ha = [(¢ — A)? + p?]/2 and the
post-quench Hamiltonian be H = (¢ + p?)/2, i.e. the Hamiltonians differ by a relative shift A in
position. The post-quench eigenstates are given by (q|e,) = (N/7r)1/4(2"71!)*1/2Hn(\/]vq)e*Nq2/2
with corresponding energy density

en = (n+1/2)/N, (4.16)

where H, denotes the nth Hermite polynomials. We use a lower case e’ in to emphasize
that the harmonic oscillator Hamiltonian measures energy density. The initial state 1o(q) =
(g — Aleg) = (N/m)Y/4e~N@=2)*/2 is the ground state of the pre-quench Hamiltonian. Using the
generating function of the Hermite polynomials, e2VNat—t* — don H,(v/Nq)t"/n!, one obtains the
overlapsm

(Wolen) = (N/m)'/2(2"nl)~/20] / dg e N(@=8) 22V Nat =t =N e /2

= (N/m)V2(2rnl) 1290 (N /) /26~ NA? /44N AL
= 67NA2/4(\/NA)”/\/W. (4.17)

Hence, the probabilities |(1gle,)|? = e™*A"/n! = Py(n) are Poisson distributed with expectation
value A = NAZ/2 and variance A. Therefore, P(w = 0,t) = | Y. P\(n)e "2 = e~} exp(Ae )2 =
e~ 2At2Acost which yields the rate function

r(w = 0,t) = A%*(1 — cost). (4.18)

This is an exact result, and shows that the rate function of P(W = 0,¢) is analytic for all times t.
We want to rederive (4.18) from the point of view facilitated by (4.13). As a function of z = n/N
the overlaps are of large deviation form |(¢g|e,)|? < e N/(®) with rate function

2z A?
f(x)::c<logA2—1> +?, x>0, (4.19)

(this follows from using Stirling’s approximation in the Poisson distribution Py(n)), and the energy
density e(z) = x+1/(2N) is linear with w = ¢ = 1, cf. (4.16)). In other words, the exact Eqgs. (4.16])
and (4.17) are of the form required by (4.7). Evaluating the Legendre-Fenchel transformation

"Interestingly, the quadratic term 2 in the exponent cancels after completing the square in the integration variable.
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4.3 Semiclassical overlaps

(k) = (eF —1)A?/2 of at k = iwt gives g(wt) = (1 — ™")A?/2 according to (£.11). As
Rg is analytic and 27-periodic, the minimization in is over a single function, and hence,
r(t) = A?*(1 — cost) in agreement with ([4.18).

This example demonstrates that the existence of DPT-II depends on the details in the expo-
nential tails of the overlap function y =< e V. If one expands the rate function f to second
order around its minimum at x = A?2/2, cf. (this amounts to approximating the Poisson
distribution Py for large A by a Gaussian with variance C' = \), and thereby change the tails of
X, then erroneously predicts non-analytic behavior of r(¢) at odd integer multiples of T,
cf. Eq. and Fig.

There is another way to obtain the result by working directly in phase space. The
Wigner function of the nth eigenfunction |e,) of the harmonic oscillator is given by W, (q,p) =
(-1)"L L, (4Nu)e~ N, where L,, denotes the Laguerre Polynomials and u = (¢* + p?)/2 [175].
In particular, the Wigner function of the pre-quench ground state is po(q,p) = Wo(q — A,p) =
%e‘N ((4=2)*+p*) Due to the Ehrenfest theorem the quantum mechanical time evolution of an ini-
tial Wigner function in a harmonic potential agrees with the classical Liouville dynamics. There-
fore, pi(z) = po(T-iz) where Ty(z) = Sz = ( —Ccs)lsrft (S:g;i
induced by the post-quench Hamiltonian, and the computation of P(w = 0,t) reduces to a Gaus-
sian integration

) z is the linear symplectic flow

2
o /e—N(|Z—(A,0)|2+I|5—tz—(ﬁ,0)2) dz

Plw=0.8) = [(wlin) P = 5 | po(:)puz)d:

— 2(1—
x e NAZ(1 cost)’

confirming Eq. (4.18).

4.3.2 Non-equidistant spectrum

Now, we discuss the situation when the post quench spectrum is not equidistant, equivalently,
when the density of states p(e) = € (x)[y—c-1(c) is not constant.

We assume that the rate function f(z) in has unimodal real part %8/ and attains a unique
minimum at z = z*. As in the previous Sec. we assume that the energy density e = e(z*) at
this index is in the bulk of the post-quench Hamiltonian, i.e. 0 < x* < 1. Using the expansion
e(r) =e+w(x—2%) + Qx — 2%)2/2 + O(z — 2*) of the energy density in yields

2
Z x(z)a(z)e Nwet] where a(zr) = e~ INUT?/2 (4.20)
T€ZJN

P(W =0,t) <

(after shifting the summation index x — x + z*, and denoting the translated overlaps by the same
symbol ). The parameters w = 1/p(e) and Q = —p'(e)/p(e)® can be related to the density of
states p and its derivative p’ at energy density e = e(x*). This follows from p(e) = %e_l(e) (et
denotes the inverse function of ¢) and differentiating the identity € o e 1(e) = e once and twice
w.r.t. e. Applying Poisson’s summation to the series in leads to

2

> ®R*a)(Nwt+¢)| , (4.21)

£E2nNZ

PW =0,t) <
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Figure 4.4: Zero work probability rate function 7(¢) (blue and red lines) in a double quench setup
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when the post-quench Hamiltonian has constant density of states p = 1/w (left), and
density of states with constant slope = —p'/p3 # 0 (right). Pre-quench ground state
has Gaussian (variance C') distributed overlaps with the post-quench energy eigenstates
(solid blue line). Non-analytic behavior of (t) occurs at odd-integer multiples ¢! of T' =
27 /w (dotted black line) according to Egs. (left), and (right), respectively.
Non-vanishing €2 yields quadratic decay (right) of the rate function envelope caused by
the dephasing among the post-quench energy modes. (The numerical value of QCT is
1/2 in the right plot.) In comparison, the zero work probability rate function after a
sudden shift of the center of an harmonic oscillator by A (solid red line) is analytic for
all times, cf. . For this quench the overlaps are Poisson distributed with variance
A?/2 = C. The difference between red and blue come from details in the tails of the
overlap function. Hence, mean and variance of the overlap distribution is not sufficient
to infer DPT-II, the existence and absence of DPT-II is sensitive to the full overlap
rate function.



4.3 Semiclassical overlaps

where the hat denotes Fourier transformation &(p) = [p dva(z)e™P* o« exp[%], and the star
denotes convolution. Equations (4.20) and (4.21) are the analogs of Egs. and ([4.10), re-
spectively, and the latter are obtained from the former by setting €2 = 0. The crucial difference
between (4.10) and (4.21]) comes from the time dependence of Y * &. Denoting the time-dependent

rate function of (X * @)(Np) < e~ N9(®) by g,(p), one infers the rate function

=2 mi = 2mi T 4.22
r(t) = 2 min Rg(wt +¢) = 2min Rgy(w(t + nT)) (4.22)
of P(W = 0,1).

As in Eq. (4.13]), the switching of the branch in (4.22)) where the minimum is attained, occurs
at the intersection of two terms of the form Rg;(wt + &) with consecutive values of { € 2nZ. These
critical times are candidates for DPT-II.

The fact that the post-quench spectrum is no longer equidistant for € # 0 entails that r(t) is no
longer exactly periodic. Roughly speaking, the convolution of ¥ with & can be viewed as blurring
the distribution X with ‘Gaussian noise’ (ignoring the imaginary unit in the exponent of @). As
the variance of this noise increases linear in time, the rate function Rg; of the blurred distribution
|X * a| decays inversely quadratic for late times. Physically, this decay can be viewed as the result
of a dephasing effect between the post-quench eigenmodes. The following concrete examples serve
as an illustration.

Example (Gaussian overlaps, revisited, cf. Fig. . As in the above example, we consider
Gaussian overlaps x with rate function f(z) = 32%/C such that X(Np) = exp(—Ng(p)) with

g(p) = LCp?. This time we allow for non-zero Q and @(Np) =< exp(—N 54:p?). The convolution

=2 210
(x*a)(Np) < exp|—Ngi(p)] has a quadratic rate function g;(p) = %Cth, where Cp = (% + iQt)_l.
According to ([#22) r(t) = mingearz R(Ct)(wt + €)%, Two consecutive branches, associated to
& = 2mn and &, 11 = 27(n + 1), say, intersect uniquely at ¢} = (n+ 1/2)T, and the minimization
can be performed explicitly,

c 2712
r(t) = T (con2? i r/2.0/2) (4.23)

where T' = 27 /w (recall, [t]_qq =1t — 2a[+ + 3| denotes the projection onto the interval [—a, a],
cf. Eq. (4.14))). This shows explicitly how non-zero  entails quadratic decay of the late time
envelope of r(t), cf. Fig. In the limiting case Q = 0, Eq. (4.15)) is recovered.

Example (FC-TFIM, cf. Fig. . Now, we return to the FC-TFIM with Hamiltonian in
the large N limit. Essentially, we argue that the Loschmidt rate function after a quench in the
external field I'; = I'; has the form of Eq. of the previous example. To this end, we show
that the two assumptions and are fulfilled. We use the semiclassical techniques in the
effective description in terms of Heg, cf. Eq. , to give explicit expressions for (i) the variance
C' of the post-quench spectral overlaps with the pre-quench ground state (cf. Eq. ), and (ii)
the parameters w = 1/p and Q — p'/p® (cf. Eq. ([#.28)). Phase space coordinates z = (ny,p) take
values in [0,1] X [—m, 7.

First, in the large N = he_ﬂl limit the Wigner function Wgg of the pre-quench ground state is

localized at
L1 —412, Ty, <1/2
20 = (n*,0), where n*=7<?2 v (4.24a)
0, I >1/2,
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with covariance matrix

o 1 1 lm 2, T, <1/2
ZGS ( g 0 > , where g9 =<2 /T Ta<1/ (4.24D)
N 2N\ 0 g 4 —2/Ty, r; >1/2,

cf. Eq. (11) of [1], and Eq. (3.42). The overlap of the pre-quench ground state |1)gg) with the
post-quench eigenstate |E) is

| (Elpas) |* = /dz Was(2)WgyE|(2) = /dZWGs(Z)5[HeH(Z) - EJ, (4.25)

where W gy is the Wigner function of the eigenstate of the post quench Hamiltonian Heg|r=r,.
The first equality is an exact identity. The second approximate equality is the semiclassical result
(2.8) in the limit N — oo. In view of (4.24), Wgs is approximated by the Gaussian function
NESN(2) o exp [—N (2 — 20)Cqg (2 — 20)/2] with mean 2o and variance Cgs/N. By straightfor-
ward computation,

~ /NgGS/N(z) 8 [Heti(20) + VHesi(20) - (z — 20) — E]

_ A/VHer(20)CasVHer(20) /N
- Heff(zo) (E)

It follows that the overlap is approximately Gaussian with covariance of order 1/N. Note that
the overlap is maximal at the post-quench energy E* := Heg(20)|r=r ;- We identify the index of

the eigenenergy E* with z* = ff; p(E)dE, where p is the density of states of the post-quench
Hamiltonian H.g. The density of states p of Heg can be approximated in the large N limit asﬁ

p(E) = 5 [ 20 (Halz) - E). (4.26)

cf. Eq. (2.4a) and Fig. Finally, we change the energy variable F to the index variable z = n/N
via E(x) = E* 4+ €/(2*)(x — 2*). Recall, that €'(z*) = 1/p(E*), and denote p* = p(E*), then

C /N *
X(@)2 = NN (@), where  C = (p*)? [VHen(20)] - Cas - [VHesr(20)] (4.27)
in accordance to Eq. (4.7b)), cf. Fig.
Second,
w=1/p(E") and Q= —p/(E%)/p(E") (4.28)
follow directly from (4.26) and E* = Heg(20)|r=r,. The discussion of Eq. (2.5) shows that 7" =
2w /w = 27p* is indeed the period of the classical trajectory of the post-quench Hamiltonian

H.g starting in zp. Hence, the time between two consecutive dynamical phase transitions at
tf = (n+1/2)T agrees with the period of the order parameter oscillation after the quench, cf. [2].

The semiclassical analytic prediction Eqs. (4.23)), (4.27)) and (4.28)) agrees well with ED numerical
data for N = 103. Two different quenches, one within the ferromagnetic phase, and one from the

8 An equivalent expression,

1/2
p(E) = RE dn /[E = Hoa(n, 0] [Hon(n, ) — E]

T™J_1/2

—1

for E € [min, Hef f(n,0), max, Heg(n, )], has been derived with a Moyal-star approach in [176].
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ferromagnetic phase to the paramagnetic phase, are shown in Fig. [{.5] Irrespective of whether
the quench crosses the equilibrium critical point, DPT-II occur in agreement with the analytic

prediction.
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Figure 4.5: Quench I'; = 0.25 — I'y = 0.45 (top), and I'; = 0.25 — I'y = 0.75 (bottom),
cf. Fig. Rate function — log x () of the overlap x(n/N) = | (¢o|Ey) |* between
the pre-quench ground state |t9) and the post-quench eigenfunctions |E,,) as a function
of the normalized index x = n/N (left). Exact diagonalization results (blue line) are
obtained for N = 102 spins, cf. ; analytic prediction (orange dashed line) according
to . Normalized density of states of the post-quench Hamiltonian for I'y = 0.75
(middle) obtained by ED (blue line), and according to Eq. (orange line). The
vertical line marks the position of E* = Hcg(z9). The size of the shaded area is z*,
the index where x(z) attains its maximum. Loschmidt rate function —; log | (1o[t) [2
(right) obtained with ED (solid blue line), and according to the analytic prediction
Egs. (4.23), (4.27) and (4.28) (dashed orange line).

4.4 Discussion

DPT-II, i.e. the occurrence of non-analytic behavior in the Loschmidt return rate function, can
strictly speaking only occur in infinite systems. Because for finite system sizes the expansion of
the Loschmidt echo in the energy eigenbasis yields a finite, and thus, analytic sum. Numerical
data for large systems can indicate the occurrence of non-analytic cusps in the Loschmidt return
rate function. But numerics alone cannot prove non-analyticities. In this chapter, we have studied
the fully connected transverse field Ising model (FC-TFIM) of N spins to address the question
of DPT-II by analytic means in the thermodynamic limit N — oco. Analytic considerations are
facilitated by the effective semiclassical description of the spin model.

We have presented two different approaches to approximate the Loschmidt rate function in terms
of semiclassical quantities in the large N limit. First, in terms of the Wigner quasi-probability
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distribution of the pre-quench ground state. And second, in terms of the overlap probability of
the ground state with the post-quench eigenstates. Both arguments show that the precise form
of the Loschmidt rate function, and hence, the existence of DPT-II, depends on the details of the
exponentially suppressed tails of the respective semiclassical distribution. Furthermore, in both
arguments the mathematical mechanism leading to non-analyticities is the non-analytic nature of
a minimization problem.

Expanding the overlap rate function to second order around its minimum amounts to approxi-
mating the tail of the overlap probability by a Gaussian function. This approximation is insignif-
icant for, e.g., expectation values of typical observables, which are insensitive to exponentially
suppressed large deviations from the mean. However, the presence and absence of non-analytic
behavior in the Loschmidt return function is sensitive to those large deviations. We stress once
more that the existence of DPT-II depends on the full overlap rate function, and not just on the
local properties of the rate function around its minimum. In particular, approximating the overlap
tail by a Gaussian function can erroneously predict a DPT-II, while the correct Loschmidt rate
function is perfectly analytic. A quench in the exactly solvable harmonic oscillator is an explicit
exemplification of this fact. Hence, the Gaussian approximation can only yield candidates for
critical times of DPT-II.

In the FC-TFIM, the Gaussian approximation of the overlap probability and the semiclassical
approximation of the density of states predicts candidates of DPT-II at equally spaced times with
the period of the order parameter oscillation. Good agreement of the analytic result with ED data,
cf. Fig. justifies the semiclassical approximations. Notwithstanding, the derivation has to be
considered cautiously, due to the aforementioned approximation of the exponential tails.

Publication [2] is a numerical study of DPT in the FC-TFIM. Even though the permutation
invariance of the FC-TFIM allows to study the system numerically by ED for a considerably
large number of spins (up to N = 1200 in Ref. |2]), the evidence of a DPT-II is mathematically
non-rigorous. Based on the numerical observations in Ref. [2] two types of DPT-II scenarios
are discriminated, and are coined regular and anomalous DPT-II, respectively. First, for large
quenches, cusps in the Loschmidt rate function r(¢) are regularly space at critical times, and the
first cusp occurs before the first minimum of r(t). Schematically, this is the situation of Fig.
and constitutes the phase of regular cusps. Second, for small quenches the Loschmidt rate function
still shows non-analytic cusps, but the first cusp occurs after the first minimum of 7(¢). The first
cusp is preceded by at least one analytic maximum, cf. Figs. 3 to 5 in [2]. The smaller the quench
is, the more analytic maxima precede the first non-analytic cusp. After the first cusp further cusps
occur regularly spaced similar to the regular case. This constitutes the phase of anomalous cusps.

Ref. [2] observes that quenches with regular and anomalous cusps are separated by the critical
line of a DPT-I in the dynamical phase diagram. More precisely, the infinite time average of the
order parameter is positive for quenches that show anomalous cusps, while it vanishes for quenches
that yield regular cusps.

The behavior of the anomalous cusps being preceded by analytic maxima, goes beyond the
analytic prediction discussed in this chapter. In particular, such a behavior is not explained by
. Similar to the example of the harmonic oscillator, this is another instance of the fact that
the analysis presented in this chapter can only yield candidates for critical times at which DPT-II
can occur. A more careful analysis of the exponential tails in the overlap function and the density
of states beyond the presentation of this chapter is required in this case.
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4.5 Publication |2]

4.5 Publication [2]

The author’s contribution. The idea to study the relation between the DPT-1 and DPT-II in
the FC-TFIM is due to Jad Halimeh and Valentin Zauner-Stauber, and is motivated by the results
of their previous paper Ref. [148]. The author of this thesis has produced all figures in Ref. [2].
Numerical exact diagonalization data was produced with two independent implementations. One
implementation is due to the author of this thesis, the other implementation is by Nils Abeling.
The author of this thesis has participated in scientific discussions, and contributed to the writing
and proofreading of the manuscript. Sec. II B. was written by the author of this thesis.

Copyright. (©2017 American Physical Society
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The existence or absence of nonanalytic cusps in the Loschmidt-echo return rate is traditionally employed to
distinguish between a regular dynamical phase (regular cusps) and a trivial phase (no cusps) in quantum spin
chains after a global quench. However, numerical evidence in a recent study (J. C. Halimeh and V. Zauner-Stauber,
arXiv:1610.02019) suggests that instead of the trivial phase, a distinct anomalous dynamical phase characterized
by a novel type of nonanalytic cusps occurs in the one-dimensional transverse-field Ising model when interactions
are sufficiently long range. Using an analytic semiclassical approach and exact diagonalization, we show that this
anomalous phase also arises in the fully connected case of infinite-range interactions, and we discuss its defining
signature. Our results show that the transition from the regular to the anomalous dynamical phase coincides with
Z,-symmetry breaking in the infinite-time limit, thereby showing a connection between two different concepts of
dynamical criticality. Our work further expands the dynamical phase diagram of long-range interacting quantum
spin chains, and can be tested experimentally in ion-trap setups and ultracold atoms in optical cavities, where

interactions are inherently long range.

DOI: 10.1103/PhysRevB.96.104436

I. INTRODUCTION

Dynamical phase transitions have recently been the subject
of intense theoretical and experimental investigation. Most
commonly, they fall into two main types, both of which involve
a quench where a control parameter in the system Hamiltonian
is abruptly switched from some initial value to a final one,
subsequently throwing the system out of equilibrium. The
first kind of dynamical phase transition (DPT-I) [1-5] is of
the Landau type: one waits for the system to relax into a
(quasi)steady state and extracts a suitable order parameter,
usually that associated with spontaneous symmetry breaking in
the system at equilibrium. This is done as a function of the final
value of the quench-control parameter, and if a nonanalyticity
arises in this function, then a DPT-I has occurred in the system.

A second type of dynamical phase transition is the DPT-II
[6,7] in which nonanalyticities in time, or lack thereof, in the
Loschmidt-echo return rate

1 T
r(0)=— lim < In| (Yole™™ o) I M

characterize different phases, with prequench ground state
[¥0), system size N, and post-quench Hamiltonian 7. In the
context of the DPT-II, an analogy [6] is made between the ther-
mal partition function and the Loschmidt echo (yg|e™ " |v)
or, equivalently, between the thermal free energy and the
Loschmidt-echo return rate r(t), where evolution time is now
interpreted as a complex inverse temperature. Consequently,
if the Loschmidt-echo return rate exhibits nonanalyticities in
evolution time after a quench, this is analogous to nonanalyt-
icities in the free energy of a system in equilibrium, which
is the hallmark of an equilibrium phase transition [8]. This
DPT-II, first classified in the seminal work of Ref. [6] for
the one-dimensional nearest-neighbor transverse-field Ising

2469-9950/2017/96(10)/104436(7)
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model (NN-TFIM), has been studied both analytically [3,7,9—
17] and numerically [4,18-28] in various models, and has
also been experimentally observed [29-31]. Even though for
certain quenches [6] the critical final value of the quenching
parameter that separates the phase with cusps from that with
no cusps coincides with the equilibrium critical point of the
model, this is not always the case [12,23], and in general the
dynamical critical point separating such dynamical phases is
different from its equilibrium counterpart.

In Fig. 1 we show, in the context of the DPT-II for quenches
from zero field strength, the dynamical phase diagram of the
one-dimensional long-range transverse-field Ising model (LR-
TFIM) given by the Hamiltonian

zNZh J|a3§§ FZS;‘, )

() =
where S’f‘, a =x,y,z, are the spin-% operators on site i,
J > 0 is the spin-spin coupling constant, I" is the strength
of the transverse magnetic field, « > 0, and N is the Kac
normalization [32] given by

N
1 2 N —n
= . 3
— jle N—IZ ne S

n=1

1 N

N=N—IZ|i
i#j

which guarantees energy-density intensivity for « < 1. The
part of this diagram at @« = 0 1is the main result of this work. The
part of this phase diagram for ¢ > 1 has been constructed using
matrix product state (MPS) techniques for infinite systems,
a method known as iMPS [18,33-37]. In the limit & — o0,
the nearest-neighbor result [6] is obtained. As can be seen
in Fig. 1, quenching from zero field strength to above a
certain dynamical critical value sets the system in a regular
dynamical phase characterized by the appearance of an infinite

©2017 American Physical Society
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FIG. 1. The dynamical phase diagram of the one-dimensional
LR-TFIM (2) after a global quench with initial field strength I'; = 0,
showing three distinct dynamical phases: regular, anomalous, and
trivial (see main text). The dynamical critical line is marked in solid
black. The results for the nonintegrable model are obtained using
iMPS [18], while the dynamical critical point for the NN-TFIM («¢ —
oo) is known analytically [6]. The phase diagram for the FC-TFIM
(a = 0) is the main result of this work.

sequence of cusps with the first cusp appearing before the
first minimum in the Loschmidt-echo return rate. These cusps
become sharper and temporally less separated with increasing
quench strength [6,18]. However, for sufficiently long-range
interactions (o < 2.3), anew anomalous dynamical phase [18]
appears whose defining signature is that cusps appear only
after the first minimum in the return rate. In contrast to their
regular counterparts, the anomalous cusps separate less in time
from each other with decreasing quench strength, with more
smooth maxima emerging in the return rate before their onset.
In fact, numerical results [18] suggest that these cusps arise
for arbitrarily small quenches, even though in the framework
of iMPS and time-dependent density matrix renormalization
group [38-45] (t-DMRG) techniques entanglement buildup
prevents access to long-enough evolution times that would
be necessary to see the onset of these anomalous cusps for
extremely weak quenches.

In this paper, we turn our attention to the analytically
tractable fully connected transverse-field Ising model (FC-
TFIM), and investigate the nature of the anomalous phase in a
semiclassical approach [1]. The advantage of this is twofold: (i)
In iMPS, it is intrinsically difficult to include the Kac normal-
ization to ensure intensivity of the energy density for o < 1,
whereas the FC-TFIM allows for investigating the anomalous
phase with exact diagonalization (ED) and semiclassical
techniques. ED is a technique which is fundamentally different
from iMPS methods, therefore, it additionally provides an
alternate venue to study the anomalous phase. (ii) Moreover,
from an intuitive point of view, it is logical to consider
the limit of infinite-range interactions since it appears that
the anomalous phase occurs only for interactions that are
sufficiently long range.

The remainder of the paper is organized as follows: In
Sec. II we review the FC-TFIM and use a semiclassical
treatment to derive the infinite-time average of the Z, order
parameter and its oscillation period. In Sec. III we present
and discuss our results obtained from ED, characterize the

PHYSICAL REVIEW B 96, 104436 (2017)

anomalous phase, and discuss the connection between the
cusps in the return rate and the Z, order parameter. We
conclude in Sec. IV.

II. FULLY CONNECTED TRANSVERSE-FIELD
ISING MODEL

A. Model and quench

The one-dimensional FC-TFIM is described by taking the
o = 0 limit of (2),

N
ﬁw)z_;%E: Ty S —ed 8 @
i#j i i

where we have additionally introduced a Z,-symmetry-
breaking term with € a small positive longitudinal field of
O(1/N) because we treat finite-size systems only and sponta-
neous symmetry breaking is a feature of the thermodynamic
limit. The FC-TFIM has an equilibrium quantum critical point
[46] at I’ = J/2. Hence, in the ground state of (4) the
longitudinal magnetization is positive for I' < I'S and vanishes
forI' > I'¢.

We are interested in the DPT-II and its corresponding
dynamical phases in the FC-TFIM while using I' as the
quench-control parameter. In the following, we shall prepare
our system in the ground state |yp) of 7:1(1'}), and then at
time ¢ = 0, the field strength is suddenly switched from T’ to
I # T, leading to time evolving the system under (') and
subsequently discerning from the return rate what dynamical
phase our system is in from the perspective of the DPT-II. The
DPT-I in this model was first studied in Ref. [1]. Moreover,
it was argued that there is an equivalence [4,18] between the
DPT-I and DPT-II in the LR-TFIM, and also in the FC-TFIM
[4]. Nevertheless, to the best of our knowledge, the anomalous
phase has not been previously investigated outside of Ref. [18],
which does so numerically in the context of the LR-TFIM for
a> 1.

B. Semiclassical equations of motion

The period of the Z, order parameter §¢(t) = ), S’Z(t) /N
can be computed in an effective semiclassical picture [1]. To
leading order in the mean-field limit N — oo, the post-quench
magnetization expectation value (§°) = s(t)+ O(1/N)
evolves according to Hamilton’s equations of motion s(t) =
0, Hegr and p(t) = — 9, Hegy, with the effective Hamiltonian

J, Ty
——ﬁ—~§«1—4ﬁamp )

Hei(s,p) = >

and initial condition

if Iy > I'g
0) = 6
5(0) {\/? if [y < TS ©
T #0
mo_{ —x/2, T =0. M
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FIG. 2. The periodicity of the order parameter (dotted black line)
in the FC-TFIM for a quench from I'; =0 to I'y, derived in a
semiclassical approach. This periodicity is also that of the nonanalytic
cusps arising in the Loschmidt-echo return rate (1). The period
diverges at the dynamical critical point 'Y = 0.25, i.e., at the point
where the infinite-time average of the longitudinal magnetization
(solid blue line) is nonanalytic as a function of I't. The critical point
'Y also separates the anomalous and regular phases.

Henceforth, we choose units of time in which J = 1. The
period of the classical orbit is

and the average magnetization along this orbit is

1 T
Ky ?/0 s(t)dt
ds

2[” s
Tl i)

where the integration bounds s_ < s are the turning points
of the trajectory s(¢), and the energy

€))

E = H,(s(0), p(0)) (10)

is conserved. For I' <I'¢, the Hamiltonian (5) has a
hyperbolic fixed point at (s,p) = (0,0), whose stable
directions are connected to the unstable directions by two
homoclinic orbits. The homoclinic orbits separate closed
Zy-invariant orbits (i.e., orbits that are invariant under
s +— —s) from closed orbits that are not Z, invariant. As
pointed out in Ref. [1], this leads to a DPT-I at

rdm) = (Te+1j)/2. (11)

For quenches to 'y = FS the initial condition (6) lies on a
homoclinic orbit and s(t) approaches s = 0 exponentially in
time, i.e., the period (8) of s(¢) diverges at FS as shown in
Fig. 2. For quenches to I'y > T'Y, the orbit is Z, symmetric and
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s(t) oscillates around zero such that the infinite-time average

_ . . 1 Lo, P

= g [ S o
1

vanishes. Note that the limit N — oo has to be taken before

the limit # — oo in order to obtain the semiclassical result (9).

In contrast, for I'y < l"g, the orbit is not Z, symmetric and the

infinite-time average takes a nonzero value (cf. Fig. 2).

III. RESULTS AND DISCUSSION

We shall now present our results on the two distinct phases
(regular and anomalous) of the DPT-II in the FC-TFIM, and
argue that they are intimately related to the phases of the
DPT-I in this model through sharing the same critical point
I'd. Traditionally, the DPT-II is known to give rise to two
phases: one with (regular) cusps for quenches across the DPT-
II critical point, and a second with no cusps in the return rate
for quenches not crossing it. In Ref. [6], this was demonstrated
in the case of the NN-TFIM, where it can be analytically shown
that the DPT-II critical point is I'S. Much like the case of the
NN-TFIM, the return rate in the FC-TFIM also shows regular
cusps for quenches across I'¢, as shown in Fig. 3 for T; = 0.
In agreement with previous results [4,6,18], these cusps occur
before the first minimum of the return rate and beyond. Also,
the period of these cusps matches that of the order parameter
at longer times and decreases with quench strength while the
cusps themselves get sharper.

In the case of the NN-TFIM, cusps in the return rate are
absent [6] for quenches below I'¢, and the return rate is fully
analytic. This has also been observed in Ref. [18] to be the case
for the LR-TFIM with sufficiently short-range interactions o =~
2.3. However, for longer-range interactions, the return rate
does exhibit new kinds of cusps that are qualitatively different
in their behavior from their regular counterparts. These cusps
characterize the anomalous dynamical phase, defined by a
Loschmidt-echo return rate that displays nonanalyticities only
after its first minimum. In fact, it can be shown in iMPS that
these anomalous cusps are caused by level crossings within
the set of dominant eigenvalues of the MPS transfer matrix,
which is qualitatively different from the set responsible for the
manifestation of the regular cusps and which is dominant for
quenches above the DPT-II critical point. In good agreement
with iMPS data for the LR-TFIM, our ED results in Fig. 4 for
the FC-TFIM show such anomalous cusps in the return rate for
quenches below FS, which, unlike the case of the NN-TFIM,
is not equal to I'{ for the FC-TFIM. At longer times, they
also possess the same period as the order parameter and, in
contrast to the regular cusps, their period increases with quench
strength. Moreover, they separate less in time and are preceded
by more smooth maxima in the return rate with decreasing
quench strength.

However, it is to be emphasized that the distinctive signature
of the anomalous phase is that its cusps are delayed in the sense
that they always occur after the first minimum of the return
rate. This leads to smooth peaks preceding them, with more
such analytic peaks the smaller the quench is. This can be seen
in Fig. 4, and agrees with what is observed in iMPS for the
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FIG. 3. Loschmidt-echo rate function and expectation value of the magnetization after a quench from I'; = 0 to I'y = 0.30 (left), Iy = 0.40
(middle), and I't = 0.50 (right). All quenches are in the regular phase (I't > 'Y = 0.25) (compare Fig. 4 for quenches in the anomalous phase).
Each plot shows four different system sizes, N = 200,400,600, 800, from light to dark red, with the latter achieving convergence for the results
shown here. The dotted grid indicates the turning points of (s,) in the thermodynamic limit according to (8).

nonintegrable model [18] for o < 2.3. Additionally, we find
that the anomalous cusps occur for arbitrarily small quenches
in the FC-TFIM.

The transition from the regular phase to the anomalous
phase can be understood by observing the regular cusp before
the first minimum of the return rate in each panel of Fig. 3. This
cusp moves away from the first maximum and closer to the first
minimum as I’y is decreased towards Fg. Once I'y < I‘S, this
cusp crosses the first minimum of the return rate as we enter
the anomalous phase (cf. Fig. 4). More details are provided in
Appendix A.

It is evident in Figs. 3 and 4 that in the regular phase Z,
symmetry is preserved, whereas in the anomalous phase it is
broken with a nonvanishing average of the order parameter, in
agreement with the infinite-time limit of Fig. 2. This indicates
that the DPT-I and DPT-II are intimately related by sharing
a common critical point I'Y. Also, Figs. 3 and 4 indicate that
the period of the cusps in either dynamical phase and that of
the oscillations of the order parameter are the same at long

I; = 0.00,I¢ = 0.10

I; = 0.00,I¢ = 0.15

times. In fact, our simulations show that the period of the
cusps also grows indefinitely as 't ~ I'Y, in accordance with
the diverging period of the order parameter shown in Fig. 2.
As exemplified in Appendix B, all findings also hold for other
initial conditions I'; # 0.

Furthermore, we comment that unlike in the LR-TFIM for
a < 2.3 in Ref. [18], the Loschmidt-echo return rate in the
case of the FC-TFIM does not exhibit double-cusp structures.
We speculate that these double cusps may be related to the
nonintegrability of the LR-TFIM, and would thus be missing
in the case of the FC-TFIM. We leave this question open for
future investigation.

Finally, we remark that our ED results were extensively
tested for convergence on various environments and using
different independent implementations. In cases where the
Loschmidt echo is very small, i.e., for large system sizes and at
times when the Loschmidt return rate is large, we observed that
double-precision (*16 significant digits) ED is not sufficient to
numerically resolve the Loschmidt return rate. In order to get

I; = 0.00,I' = 0.20

5 006 - 0.16 —
€ 005 : ﬂ 0.14 fp .
E i 0.12 [ ]
° 0.04 1 H 1 0.1 O ]
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= 1 0.04 ]
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FIG. 4. Loschmidt-echo rate function and expectation value of the magnetization after a quench from I'; = 0 to I'y = 0.10 (left), [y = 0.15
(middle), and I't = 0.20 (right). All quenches are in the anomalous phase (I't < 'Y = 0.25) (compare Fig. 3 for quenches in the regular phase).
Each plot shows four different system sizes, N = 200,400,600, 800, from light to dark red, with the latter achieving convergence for the results
shown here. The dotted grid indicates the turning points of (s.) in the thermodynamic limit according to (8).
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rid of the numerical noise, we performed the numerical compu-
tations with enhanced precision of up to 256 significant digits.

IV. CONCLUSION

Using semiclassical equations of motion and exact
diagonalization, we have shown that the fully connected
transverse-field Ising model exhibits two distinct dynamical
phases, one of which seems to occur as a direct result
of the long-range interactions in this model. Starting in
a Z,-symmetry-broken ground state, quenches below the
dynamical critical point give rise to the anomalous phase,
whose defining signature is the occurrence of cusps only after
the first minimum of the Loschmidt-echo return rate. On the
other hand, quenches above the dynamical critical point lead
to the regular phase, which shows cusps also before the first
minimum of the return rate. The periods of the cusps in both
phases display an intimate connection to the period of the
Z, order parameter oscillations. In fact, our ED simulations
indicate that the anomalous phase coincides with the DPT-I
phase of broken Z, symmetry, while the regular phase with
the DPT-I disordered phase. Our results agree with numerical
results on the nonintegrable transverse-field Ising model with
long-range interactions, obtained using an infinite matrix
product state technique. Additionally, they provide support
for the notion that long-range interactions bring about a new
anomalous dynamical phase not found in short-range quantum
spin chains. Our findings further extend the dynamical phase
diagram of quantum spin chains with Z, symmetry, and
are suitable for investigation in ion-trap and optical cavity
atom-photon experiments where interactions are long range.
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APPENDIX A: TRANSITION FROM ANOMALOUS
TO REGULAR PHASE

As mentioned in the main text, the transition from the
anomalous to the regular phase manifests in the presence of
a cusp immediately preceding the first minimum of the return
rate in time at 'y 2 FS. This cusp then moves away from the
first minimum to smaller times towards the first maximum of
the return rate as one quenches deeper into the regular phase.
Figure 5 shows this behavior in the vicinity of I'Y. For quenches
very close to, yet below I'¢ (top panels of Fig. 5), the first cusp
always appears after the first minimum of the return rate, which
is the defining signature of the anomalous phase. However, for
quenches right above FS (bottom panels of Fig. 5), we see that
the first cusp is no longer preceded by a minimum in the return
rate, which defines the regular phase. Also to be noted is that,
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FIG. 5. Loschmidt-echo rate function and expectation value of
the magnetization after a quench from I'; = 0 to I'y = 0.23 (top left),
It = 0.24 (top right), ['s = 0.26 (bottom left), and I'y = 0.27 (bottom
right). Quenches in the top (bottom) panels are in the anomalous
(regular) phase I't < I'Y = 0.25 (I't > T'¢ = 0.25). Each plot shows
four different system sizes, N = 600,800,1000,1200, from light to
dark red. The dotted grid indicates the turning points of (s;) in the
thermodynamic limit according to (8).

in agreement with the main results of Figs. 3 and 4, Fig. 5
shows that the anomalous phase is linked to a finite nonzero
average of the Z, order parameter, while in the regular phase
this order parameter vanishes.

Ideally, one would want to scan even closer to I’S, but this
requires impracticable computational resources. The reason is
that close to T'Y, finite-size effects are particularly pronounced
and one has to use large N in order to see converged
results. This can be understood from the semiclassical picture
discussed in Sec. II B. For quenches close to FS, the initial
wave packet is localized near the homoclinic orbit of (5) (recall
that for the quench to I'f = Fg the wave packet is exactly
centered on the homoclinic orbit). As time evolves, the wave
packet remains localized and follows the homoclinic orbit until
it reaches the neighborhood of the unstable hyperbolic fixed
pointat (s, p) = (0,0). Even though the wave packet is not cen-
tered exactly at the hyperbolic point, the wave packet’s finite
widthof O(1/ VN )makes it “feel” the unstable directions. As a
consequence, the wave packet gets deformed and spreads in the
unstable directions. This leads to a deviation from the N — oo
result where the width of the wave packet remains localized
also close to the hyperbolic point. The closer one quenches to
'Y, i.e., the closer the wave packet comes to the hyperbolic
fixed point, the larger N has to be to avoid these finite-size
effects. Thus, even though for the main results of the paper N =
800 leads to convergence, for the quenches in this appendix
we have to go to larger N to suppress most finite-size effects.

APPENDIX B: QUENCHES FROMT; = 0.20

‘We now look at the effect of changing the initial condition of
our quench. Whereas the main part of the paper treats the case
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FIG. 6. Loschmidt-echo rate function and expectation value of
the magnetization after a quench from I'; = 0.20 to I'r = 0.25 (top
left), I'r = 0.30 (top right), I'r = 0.45 (bottom left), and I'f = 0.50
(bottom right). Quenches in the top (bottom) panels are in the
anomalous (regular) phase I't < I'Y = 0.35 (It > 'Y = 0.35). Each
plot shows four different system sizes, N = 600,800,1000,1200,
from light to dark red, with the latter achieving convergence for
the results shown here. The dotted grid indicates the turning points
of (s.) in the thermodynamic limit according to (8).
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I'i = 0, quenches with different initial values of the transverse-
field strength lead to the same phase diagram with the only
difference being quantitative because I'¢ is a function of T
as expressed in (11). Nevertheless, the anomalous (regular)
phase still manifests for quenches below (above) I'Y. As an
example, Fig. 6 shows four quenches from initial field strength
I'; = 0.20. For this initial value of the transverse field, the
dynamical critical point according to (11) is Fg = 0.35 rather
than 0.25 when I'; = 0 (see main results). In Fig. 6 we go
from the anomalous phase (top panels) to the regular phase
(bottom panels), where we see that in the anomalous phase the
first cusp always occurs after the first minimum of the return
rate, which is the defining feature of this phase. Note that the
weaker the quench is in this phase, the more smooth maxima
(and therefore the more smooth minima) precede the first cusp
in time. However, after the transition to the regular phase, we
see that the first cusp occurs before the first minimum of the
return rate, which is the defining feature of this phase. This is
qualitatively the same behavior as in the case of I'; = 0 in the
main part of the paper.

Additionally, Fig. 6 shows that the anomalous (regular)
phase coincides with the Z,-symmetry-broken (unbroken)
phase of the DPT-I for the case of I'j = 0.20. This is also
in agreement with our results in Figs. 3, 4, and 5 for quenches
from I'; = 0.
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Entanglement and time
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5 History state entanglement

“These two ways of thinking, the way of time and history and the way of eternity
and of timelessness, are both part of man’s effort to comprehend the world in which
he lives. Neither is comprehended in the other nor reducible to it. They are, as we
have learned to say in physics, complementary views, each supplementing the other,
neither telling the whole story.”

J. Robert Oppenheimer, Science And The Common Understanding

“The physical universe was a language with a perfectly ambiguous grammar. Every
physical event was an utterance that could be parsed in two entirely different ways,
one causal and the other teleological, both valid, neither one disqualifiable no matter
how much context was available.”

Ted Chiang, Stories of Your Life and Others

In this chapter we use the Page-Wootters construction [177] of time independent history states,
and ideas of quantum information theory to classify the unitary Scrédinger dynamics in closed
quantum systems. A history state is element in an extended Hilbert space, the tensor product
of the system Hilbert space and a time-like Hilbert space. Projections of the history state onto
definite time states yield the system state at the respective instant of time. As such, the history
state is used to encode the evolution of the system within a given time window of observation.
We investigate entanglement in the history state w.r.t. a bipartition into system and time. More
precisely, we study how bipartite entanglement entropies grow as a function of observation time.
This constitutes a global, operator-independent characterization of the system dynamics encoded
in the history state. An artistic illustrationﬂ is given in Figs. and

The von Neumann entropy, and the second Rényi (collision) entropy, are of particular inter-
est. First, the von Neumann entropy has an instructive interpretation facilitated by Holevo’s
bound [181] as the precision of an internal quantum clock. Fundamental quantum speed lim-
its [182,|183] bound the precision of this clock. Second, the second Rényi entropy is a function
of two point correlations in the local density of states. Consequently, for large observation times,
the collision entropy can be used to detect level repulsion, a key quantity to discriminate between
integrable and non-integrable systems.

After introducing the formalism in more details in Secs. and we elaborate on the in-
formation theoretic interpretation in Sec. Thereafter, two concrete examples are discussed.
First, a random matrix ensemble of Hermitian Wigner matrices in Sec. And, second, a real

LA picture is worth a thousand words. The mental image of Schrédinger’s cat [178] as an illustration of superposition
of quantum states and entanglement has gained popularity beyond the sciences to the general public. Arnold’s
cat map [179] is a famous chaotic discrete dynamical system with positive Kolmogorov entropy. In [180] Jaynes
uses a cat to make a point about the anthropomorphic nature of (thermodynamic) entropy. Therefore, the author
feels encouraged to borrow the cat as a pictorial illustration of the results in the context of both entanglement,
non-integrability, as well as entropy.
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5 History state entanglement

symmetric hardcore boson lattice modeﬂ with GOE level statistics in the non-integrable regime,

cf. Sec. B.5l

5.1 Extended Hilbert space and history states

Page-Wootters formalism. The idea to extend the system Hilbert space Hg, in which the physical
state

) = e Jabo) (5.1)

evolves according to the Hamiltonian H, to a larger Hilbert space H, = Hg ® Hr, in which the
family of time evolved states is a single time-independent state, goes back to Page and Wootters
[177], and was further developed in [184]. Page and Wootters pursued a single quantum mechanical
description of observer and system, in which the time dependence of observed quantities is a
consequence of an internal quantum mechanical clock without external time parameter.

In a more recent formulation [184] of the Page Wootters mechanism, the time-like Hilbert space
Hr = L*(R) is equipped with a time operator T and its conjugate  such that [T,Q] = 4. For
any |¥) € H, the physical state at time ¢ is then obtained by projecting onto a (generalized) time
operator eigenstate [t) with eigenvalue t, i.e. [¢(t)) = (¢|¥). The family of states |¢)(t)) obtained
in this way, comes from the dynamics of the Schrodinger Eq. if, and only if, |¥) obeys the
Wheeler-DeWitt type equation (1g ® Q@+ Hg ® 17)|¥) = 0 [184]. The last Eq. can therefore be
written more explicitly as

|@=/ﬁﬁmmwm (5.2)

Note that the norm of |U) is fixed by the requirement that (¢|¥) = [¢(¢)) is normalized. In
particular, |¥) is not normalized in Hg ® Hrp, but its ‘marginals’ (¢|¥) are normalized in Hg for
all ¢.

In addition, extended Hilbert spaces with a finite dimensional time Hilbert space Hr = span{|t) :
t € T}, for some finite set 7 = {t1,--- ,#;71} C R of times have been considered [185]. By definition,
the states |t) are orthonormal, i.e. (#|t) = 0y 4, and serve as ancillary time labels. In contrast to
the infinite dimensional case of Hy = L?(R) above, it is not possible to define operators T and
that fulfill the canonical commutation relations on any finite dimensional Hilbert space. As we are
ultimately interested in entanglement entropies of pure states |¥) in H., we consider normalized
states

> e ago)[t). (5.3)
ﬁ teT

We do not impose a Wheeler-DeWitt type equation for this state. Still, projections (t|¥) =
l11) /4/] T of this state onto definite time states are proportional to the time-evolved system state
|t1). Ome cannot expect that the projections are equal to the state [i;), due to the different
normalization compared to (5.2). Equation is the finite time sample analog of . The
times are sampled uniformly from the set 7. More generally, we also consider history states

= 3 Vme o)), (5.4)

teT

in which the times ¢ € T are sampled from a probability distribution p;.
We generalize the state (5.4) to the situation of the infinite dimensional time-like Hilbert space

2The spectrum of this model has been computed and kindly provided by Nils Abeling.

122



5.1 Extended Hilbert space and history states

Hr = L*(R),

- /R dt \/BE) e [yo) [, (5.5)

where vV®: R — Cisa normalize L? function, i.e. [ |®| =1, and [t) is a (generalized) orthonormal
basis of Hyp, i.e. (t'|t) = §(t —¢'). The function ®(¢) is the continuous analog of the discrete
probability masses p;. This state does not obey the Wheeler-DeWitt equation, either, and (¢|¥)
is equal to \/®(t)e " |¢)g). The normalization of forces us to sacrifice the simple relation
(t|T) = |9(t)). Moreover, we do not require the existence of a time operator 7' on Hr, whose
generalized eigenstates are [t). Instead, it suffices to view |t) as ancillary states, which serve as a
bookkeeping device and label different states [¢(t)) in |¥).

The non—normalizable state is obtained for the non-normalizable uniform function ®(t) =

, in . Furthermore, the states and are formally obtained by using /®(t) =

ver 0t —1t') and \/®(t) = Y o7 /Pro(t —t') in (5.F)), respectively. We refer to the states

*, and (B.5) as Feynrnan Kitaev) history states [184 186]. The function ® can be viewed
as a time window, which specifies the effective time of observation. In particular, when ® has
compact support, the history of the state is only taken into account for times in the support of .
Intuitively, for non-compact support, one can identify the effective time of observation with those
times for which @ is non-negligible.

In the sequel we mainly consider the uniform function

Prox(t) = 1j_1/2,1/2)()- (5.6a)
Another useful choice is

D auss(t) = (21) "2 exp(—t2/2). (5.6b)

Remark (time dilation). For any normalized v® € L?(R), and ¢ > 0, its (normalized) dilation
is defined as ®.(t) = ®(t/c)/c. One may think of ® as a function on scale ¢t ~ O(1) and P, as
a function on scale t ~ O(c). Hence, ¢ is a scaling parameter of dimension time. This scaling
parameter can also be absorbed into the system Hamiltonian H. By a change of variables t/c — t,

_ / 0t /BB b)) = Ve / dt /B [y et (5.7)

(note that c(ct|ct’y = (t|t')). Hence, the rescaling of time t — ct is equivalent to a rescaling
E — E/c of energies. This shows the conjugate relation between time and energy on which the
interpretation of the subsequent results is based.

Remark (time translation). For a translated window of observation ®(t) — ®(t — tp) the history

state changes according to
s [ dt VBBt + o) (5.8)

Remark (time modulation). Modulations of the time window function ®(t) — ®(t)e 2%F for
some fixed F¥ € R yield a shift of the spectrum of H,

) s / dt /SO )t + to) / dt /BB Do) ). (5.9)

3In contrast to [184], normalization in the extended Hilbert space is important, as we are going to compute entan-
glement properties of |¥) by means of entanglement entropies.
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5 History state entanglement

5.2 History state entanglement entropy

5.2.1 Reduced history matrix

To compute the (Rényi) entanglement entropy of the state (5.5) w.r.t. the bipartition Hg ® Hr
into system and time, we need the reduced density matrix

pe = Tep [0) (W, = / QHB(6)] [her) Wbet] = / 0t ()] i) (]

This is an incoherent superposition of time evolved states, and we refer to p. as the reduced history
matriz or simply history matriz. The matrix p, is normalized, Trg p. = [ dt|®(t)|* = 1, because
|thet) is normalized. More explicitly, in the energy eigenbasis of H the reduced density matrix reads

(pe)ij = / dH[D(t) e~ BB B, o) (o | ).

Remark (time translation). Under a translation of time ¢t — t + to, cf. Eq. (5.8]), the reduced
density matrix changes according to

(pe)ij = (pe)ije "o Ei=Ep), (5.10)

Time translation leads to a phase modulation as a function of energy in the history matrix. This
is an instance of the fact that translation translates to phase modulation under Fourier transform.
Essentially, the quantum mechanical time evolution of a state is a Fourier transform in the energy
eigenbasis, and the eigenenergies are the Fourier frequencies.

Remark (time modulation invariance). As the reduced history matrix depends on the spectrum
only through energy differences, it is invariant under time modulation . Equivalently, p.
depends on the time window function only through its modulus |®|. Hence, regarding quantities
that depend only on the reduced state p., one may, without loss of generality, assume that ®
is real-valued. Nevertheless, a modulation of the history state can be useful when subsequent
approximations of the reduced density matrix break the modulation invariance. More specifically,
when the initial state |1)p) has a spectral density concentrated around the expected energy Fy,
modulation by €0t equivalently, shifting the spectrum by Ey, and an expansion in powers of H
results in an expansion of (decaying) centered moments.

5.2.2 Rényi Entropies

We refer to the kth Rényi entropy Si(c) = ﬁ log Trg p¥ of the history matrix p. as the history
state entanglement entropy. To compute the trace of the kth power of p., we assume a finite
dimensional Hilbert space Hg, and expand the initial state in the orthonormal energy eigenbasis
|E;) (possible energy degeneracies are accounted for by allowing E; = E; for i # j) with E; € o(H).
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5.2 History state entanglement entropy

Thus, identifying 511 = t; and tg = tx to abbreviate notations,

gk = | dktH [Be(t)| (8 () [ (t541)

D> /d'“tH@tj )| (o ) e el —t) s

El, EkEU
iy H\ ol | [ oo
By, EkEU

= Z H| (o| Ej)?®(cEj_1 — cEj), (5.11)

El, EkEO'
where @ = [|®|e~"Edt is the Fourier transform of |®|. For the examples of (5.6]), one has
Dpox(E) = sinc (E/2) (5.12a)
(iGauss(E) = GXP(—EQ/Q) (512b)

In particular, for symmetric E), the second Rényi (collision) entropy reads

Sa(c) = —log ST [ WolEr) [P (ol Be) [PO(cEy — cEy)?| . (5.13)

E1,Ea€0(H)

Remark (time translation invariance). The transformation (p);; — (p)ie " FimEi of the re-
duced history matrix under time translation, cf. Eq. , results into time translation invari-
ance of the entanglement entropy. This can be seen as follows. The trace of any monomial,
Tr p" = PiyigPigis - *  Piniy, Of p is apparently invariant under this transformation. Using this fact
in the expansion of any function f(p), in particular, for f(z) = —zlogx, and the linearity of the
trace, yields the invariance of Tr f(p).

Remark (phase invariance). All Rényi entropies depend only on the initial system state [ig)
through the modulus [(1o|E)| of the overlaps with the energy eigenstates.

5.2.3 Summary

An extended Hilbert space is defined by tensoring a time-like Hilbert space to the system Hilbert
space, on which the time evolution due to Schrédinger’s equation is defined. The idea goes back
to Page and Wootters [177]. The time-like Hilbert space can be finite and infinite dimensional
for discrete and continuous time sampling. Expanding times in the unit interval in binary repre-
sentation up to accuracy 2~ naturally yields a 27 dimensional time-like Hilbert space for which
time instants may be interpreted as configurations of time spin. We have reviewed the notion of
history states, a class of states in the extended Hilbert space, which are derived from the unitary
Schrodinger evolution. Our notion differs from the history states considered in [184] in respect of
the normalization. To compute meaningful entanglement entropies, our history states need to be
normalized, which prevents a Wheeler-DeWitt interpretation. For infinite dimensional time-like
Hilbert space Hr = L?(R), the history states are normalized by introducing the L?(R) normalized
function ®. The (effective) support of ® can be interpreted as the (effective) observation time.
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5 History state entanglement

Phase modulations of ® can be absorbed by shifting the spectrum. Dilations of ®, i.e. rescal-
ing of the observation time, is equivalent to rescaling of the spectrum. Translation of ® leads to
phase modulations of the reduced density matrix in the energy eigenbasis. These relations are
summarized in Table

The entanglement entropy of a history state w.r.t. a bipartition into time-like Hilbert space
and system Hilbert space is invariant under modulation and translation of ®, but not invariant
under time dilation, cf. table In other words, the entanglement entropy of a history state
is independent of when the observation begins, but it depends on the duration of observation.
Even though modulation, translation and dilation do not commute, the invariance of two of those
guarantees that one only needs to consider dilations. We denote the dilation parameter by c,
and, henceforth, consider the entanglement entropy as a function of c. We consider time window
functions with (effective) support of size O(1), such that the dilated time window has (effective)
support on O(c) and c is the effective time of observation.

translation, modulation, dilation,
time window O(t) > O(t —tg) O(t) > O(t)etF O(t) > ®(t/c)//c
history state Eq. (5.8) Eq. (5.9) Eq. (5.7)
history matrix Eq. (5.10) invariant not invariant
entanglement . . . . . .
Invariant mvariant not invariant
entropy

Table 5.1: The effect of translation, modulation, and dilation of the time window function ® on
the history state, the history matrix, and the entropy of the history matrix.

The entanglement entropy depends on the initial state 1y only through the modulus of the
overlaps with the energy eigenstates. More specifically, the entanglement entropy is a function of
the local partition function . |(1o|E;)|*0(E — E;). As a function of ¢, the entanglement entropy
constitutes a global, operator-independent characterization of the closed quantum dynamics un-
derlying the history state. Before we give two examples of this in Secs. and we elaborate
more on the (information theoretic) significance of the history entanglement entropy.

5.3 Interpretation of the history entanglement

In the first contact science fiction novel “Story of your life” by Ted Chiang, scientists try to decode
the language of some extraterrestrial life form. The life form is called heptapods, because they
have seven limbs. As it turns out, the language and the way of thinking of the heptapods is quite
different from humans. In contrast to humans, heptapods do not perceive time sequentially, and
hence do not have a clear distinction between past, present, and future. This is reflected in their
spoken language and their two-dimensional diagrammatic written language. As a consequence, for
the heptapods Maupertuis’s variational principal is more elementary than for humans, and their
technology has developed differently (on a superior level compared to human technology). One
may imagine that the concept of extended Hilbert spaces and history states of the form are
natural from a heptapod’s perspective. Coming back to the sequential interpretation of time, the
question is ‘what can one learn from the history states from a anthropological perspective?’. We
give two answers to this question. First, we elaborate on the implications for measurements of
operators on the system Hilbert space in the following Sec. Second, thereafter, in Sec.
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5.3 Interpretation of the history entanglement

an information theoretic interpretation of von Neumann entanglement entropy based on Holevo’s
bound is given.

5.3.1 Operators and measurement on #,

Eventually, one is interested in expectation values (Og(t)), and correlations <O(Sl)(t1)022) (t2)),
etc., of operators Og and 0(31’2) on Hg in the physical state |¢(t)). The history state |¥) and
operators on H. have no a priori physical interpretation but should rather be thought of as a
formal ancillary construction. The usefulness of |¥) comes from the observation that the physical
expectation values can be written as ‘ancillary expectation values’ of operators on the extended

Hilbert space in this state, e.g. (Og(t)) = (V|O|¥), with O, = [t)Og(t|.

Entanglement of measurement in general bipartite systems. We look at expectation values
(w]o|w) (5.14)

of an observable O on a generic bipartite Hilbert space H = H4 ® Hp more closely. Assuming the
operator O = O4 ® 1p acts as the identity on one factor of H, say Hp, then (5.14) simplifies to

(T|O|¥) = Tra(paOa), (5.15)

where py = Trp|V)(¥|. The fact that p4 may not be of rank one (i.e. when |¥) is entangled),
comes from quantum correlations between H4 and Hp in |¥). More precisely, |¥) is entangled
(w.r.t. the splitting H 4 ®H ) if, and only if, there are operators O; = O4®1p and O = 14,05,
such that (O;02) — (O1)(O2) # 0. Knowing only p4, but not |¥), means one cannot recover
non-vanishing correlations of the form (O;102).. This information is stored non-locally between
subsystems A and B in the form of entanglement.

A quantitative formulation is provided by the von Neumann entanglement entropy of measure-

ment, Syn(pa).

Given an observable O = >, Ai [A;) (Ai] on H 4 with non-degenerate eigenvalues \;
and the associated probabilities p; = (Ai|pa|Ai) to measure \; in the mixed state pa,
then Syn(pa) < H(p;), with equality if O4 and p4 commute.

On the one hand, the expectation value of many repeated measurements of O4 is given by .
On the other hand, the Shannon entropy of the distribution of individual measurement outcomes
is bounded from below by Syn(p4). In other words, the average information gain (surprise) of a
non-trivial observable cannot be reduced indefinitely if the state is entangled.

Consider two cases. First, assume that |¥) is not entangled, and p4 is pure. Then, there
exists a non-trivial observable with non-degenerate eigenvalues that yields a definite measurement
outcome. Any observable with an eigenspace spanned by the one-dimensional support of p4 will
do. Second, when |V¥) is entangled, such that p4 has rank larger than one, any observable with
non-degenerate eigenspaces must yield positive (Shannon) information H of at least S(p4) per
measurement on average. The fluctuations of individual measurement outcomes cannot be reduced
indefinitely as a consequence of entanglement. The fluctuations of the measurement outcomes is
minimal for observables that are diagonal in the basis that diagonalizes p4. But no non-trivial local
observable on H 4 with definitive measurement outcome exists if |¥) is entangled. The remaining
surprise comes from non-locally stored information between subsystems A and B in the form of
entanglement.
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5 History state entanglement

Measurements on Hg. Now, we consider the bipartition of the extended Hilbert space H, into
Ha = Hs and Hp = Hp. For the sake of concreteness, we consider the history state (5.4]) with
discrete times, but the discussion applies to the continuous case of Eq. (5.5) as well. Then,

(U|0g|W) = Zpt £)|0si(t)), (5.16)

and the reduced density matrix p = >, p¢[¢(t)) (¢ (t)| is an incoherent superposition of the evolved
state at times in 7. Expectation values of operators Og ® 17 in |¥) cannot resolve the time
dynamics of [¢(¢)), and only yield weighted time averages of the form ([5.16)). One cannot obtain
the expectation value (1(t)|Og|v(t)) at a specific time ¢ by measuring the state p. Metaphorically
speaking, the measuring device draws a time-evolved state at a random instant of time (from the
ensemble given by p), measures the observable Og in that state and returns the result. From an
practical point of view, one may picture measurements in the reduced state p as a mean to model
unavoidable variations of the measurement instant in repeated experiments.

No information at which time ¢ the system is in the state |¢(¢)) is contained in p. In the limiting
case, when |1(t)) is constant in time, the reduced density matrix p has rank one (no information
is lost), and one can recover everything about the states |¢)(¢)) by measuring observables of the
type Og ® 1p. In particular, observables Og with an eigenspace spanned by [1(0)) yield definite
measurement outcomes with zero Shannon information. Those observables determine [i(t)) with
perfect fidelity. In contrast, when |¢)(¢)) is non-constant in time, the measurement of any non-trivial
observable of the form Og® 17 in |¥) must yield positive (Shannon) information. The distribution
of individual measurement outcomes in the time average has a minimal Shannon entropy of
Syn(p), which cannot be reduced. It is a consequence of the fact that the information at which
time t the system is in its state |1(¢)) is not contained in p.

The von Neumann entropy of p is a measure of how well |¢)(t)) explores the Hilbert space Hg.
The following section also alludes to this interpretation. More precisely, by Holevo’s theorem, the
von Neumann entropy S(p) is an upper bound on the amount of accessible information about the
instant of time ¢ € T obtainable through measurements on the mixed state p.

5.3.2 Holevo’s bound and quantum clocks

One main difference between classical and quantum information theory comes from the fact that
different classical states are distinguishable, while different (pure) quantum states can only be
distinguished with certainty if they are orthogonal. This underlies both, the non-cloning theorem
and Holevo’s bound, see chapter 12.1 in [25]. Holevo’s theorem [181] sets an upper bound on the
accessible information I(A : B) transmitted from A to B via a quantum mixed state p. More
precisely, let p = >, pip: be a convex combination of mixed states p; with positive weights
0 <p <1land ) ,ps =1 One can think of p as the quantum encoding of a random letter
drawn from an alphabet 7 according to the probabilities p;. Let A denote the associated random
variable taking values ¢ in T distributed w.r.t. p;. The task is to recover the letter by an optimal
POVM measurement performed on p. Let the (random) measurement outcome be denoted by the
(classical) random variable B, then Holevo’s bound states

I(A: B) Zpts Pt) (5.17)

The left hand side denotes the classical mutual information I(A : B) = H(A) + H(B) — H(A, B)
between the random variables A and B in terms of the Shannon entropy H. The Holevo quantity
X is positive due to the concavity of the von Neumann entropy S. If I(A : B) is equal to the
Shannon entropy H(A) of the random letter, then the measurement B reveals all information
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5.3 Interpretation of the history entanglement

about the random letter. In general, however, S(p) — >, peS(p:) < H(pt), and equality holds if,
and only if, the supports of the p;’s are mutually orthogonal, cf. Theorem 11.10 in [25]. If the
supports are not mutually orthogonal, then Holevo’s bound implies that I(A : B) is strictly less
then H(A), meaning that the message cannot be recovered with arbitrary fidelity. This can be
traced back to the fact that different p;’s are not perfectly distinguishable by POVMs whenever
their supports are not mutually orthogonal. In the extreme case, when p; are equal for all t € T,
then x = 0, such that even the optimal POVMs measurement protocol on p cannot reveal anything
about A.

Quantum clocks. We apply Holevo’s bound to interpret the Shannon entropy S(p) of the history
matrix p = >, pe|y) (Y], cf. Figs. and Imagine Alice draws a random time t from
the alphabet 7 with probability p;. This random time is represented by the mixed state p4 =
> ¢ pe|t) (t], as a convex combination of mutually orthogonal, i.e. perfectly distinguishable, pure
states |t) (t| in Hr. Alice encodes the random time as p% = 3", p; [¢h) (11| in terms of evolving pure
states [¢) (1¢| of a quantum system on Hg, and sends it to Bob. Contrary to p, where |t) (t| have
mutually orthogonal support, |1;) are not mutually orthogonal. In other words, one may view |t) (¢|
as a perfect external clock, while the system states |1;) (1| function as an internal (imperfect)
system clockﬂ In view of with pr = |[¢¢) (| pure, hence, S(p;) = 0, one concludes that
x = S(p) is the upper bound that a measurement of p can reveal about the randomly sampled
time t. In this sense, S(p) is a measure for the precision of the internal quantum clock being send
to Bob.

Quantum speed limits. Intuitively, the internal clock works best, if the system state [i;) tra-
verses as many as possible (almost) mutually orthogonal states as a function of the external time
parameter t. However, the unitary Schrodinger time evolution sets a fundamental quantum speed
limit on the dynamics. The minimal time 7 necessary for an initial state |¢p) to develop into
an orthogonal state [1,) = e~" |1y) under unitary evolution, is limited by the energy variance
var E = ((H — (H))?), and the mean excess energy (F) = (H — FEy) above the ground state Fj.
The two bounds 7 > 72 [187], and 7 > 27&:2) [183] are referred to as the Mandelstam-Tamm,
and the Margolus-Levitin bound, respectively. These are fundamental quantum mechanical limits,
similar to Heisenberg’s fundamental uncertainty relation between complementary observables.
These quantum speed limits also have practical implications on the speed of a quantum computer.
Because every quantum algorithm that solves a non-trivial problem, involves a state that traverses
a minimal number of (almost) mutually orthogonal states in the course of information processing.

Remark about local vs. non-local measurements. Note that the POVM measurement used in
Holevo’s bound is not constrained to be local or to have a simple physical meaning. Non-local
measurements, which may not correspond to any physically meaningful quantity, are explicitly
allowed. Furthermore, Holevo’s bound does not specify what the optimal POVM measurement is,
nor whether Holevo’s quantity x can be achieved by a measurement [188]. In other words, the
entropy S(c) = x of the reduced history matrix constitutes a global criterion on the nature of
the quantum dynamics. As such S(c¢) depends only on the Hamiltonian’s spectrum, and not, e.g.,
on the spatial morphology of its eigenstates. More refined quantities that classify the quantum
dynamics based on, e.g., local properties cannot depend solely on the spectrum.
Notwithstanding, for physically motivated Hamiltonians, the properties of the spectral density
are not independent of the energy eigenfunctions. One exemplification of this fact is the statisti-
cal distribution of gaps between consecutive energy eigenstates, which is not independent of the

4This reminds of Page’s and Wootter’s original motivation to study the emergence of time-dependent states in
enlarged Hilbert spaces.
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5 History state entanglement

structure of the corresponding eigenfunctions. More precisely, if the gap distribution shows a level
repulsion phenomenon, the associated eigenfunctions are typically extended in real space, such
that their support in real space overlap significant. Metaphorically speaking, repulsion between
energies requires ‘communication’ of their respective eigenfunctions, as is provided by the overlap
of their support. On the contrary, in the absence of level repulsion, the associated eigenfunctions
are localized and their real space supports are (nearly) disjoint.

In the following sections we will make explicit use of the level gap statistics, and see how it
impacts the dynamics of S(c) when ¢ becomes comparable to the Heisenberg time.
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Figure 5.1: Pictorial visualization of the history matrix, and the information theoretic interpre-
tation of its entropy. The unitary quantum evolution |¢;) = |cat;) is depicted by
snapshots of the state at equidistantly sampled times (upper row). This family of
states can be represented by a single time independent Feynman Kitaev history state
|W) ~ >, [¥y) |t) in the extended Hilbert space, where the ¢ summation runs over a time
window of effective size ¢, and the mutually orthonormal time states |t) serve as a book-
keeping device to discriminate states at different instants. When tracing out the time
labels in the pure state |¥) (¥|, one obtains the history matrix p ~ >, |¢¢) (14| (second
row), in which the states [¢;) (| at different times are incoherently superposed and
all information about the temporal order is lost. Different boxes within a row depict
history matrices associated to translated time windows, and, hence, due to transla-
tion invariance, cf. table have identical entropies. According to Holevo’s bound,
cf. Eq. and the subsequent discussion, the entropy x of p bounds the accessible
information on the instants of time that can be obtained by a POVM measurement on
p. As the effective size ¢ of the time window is enlarged (third and fourth row), the
entropy of p increases. Depending on the dynamics of the underlying quantum evolu-
tion, x behaves differently as a function of ¢. The active and unpredictable nature of
the cat is a metaphor for a quantum state with (i) high excess energy above the ground
state, and (ii) overlaps in the bulk spectrum of a non-integrable quantum Hamiltonian
obeying level repulsion. For large values of ¢ comparable to the Heisenberg time, x ap-
proaches its maximal value as a power law. In systems with level repulsion the power
law is inversely quadratic in ¢, cf. Figs. and 5.9} This is in contrast to systems with
Poisson distributed gaps, where the power law is inversely linear, cf. Fig. [5.2
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|
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Figure 5.2: Similar schematic sketch as Fig. In contrast to Fig. the cat is less active, and
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symbolizes states with (i) small excess energy above the ground state, and (ii) in the
(integrable) region of the Hamiltonian’s spectrum with Poisson distributed level gap
statistics. In systems with Poisson distributed gaps the entropy of the time reduced
history state approaches its maximum inversely proportional as a function of the time
window size c.



5.4 Wigner random matrix

5.4 Wigner random matrix

In this section we investigate the history entanglement of an initial state |1)g) with uniform energy
distribution in the bulk spectrum of a random Wigner matrix. We are not interested in the Wigner
matrix as a specific realized physical Hamiltonian. The idea is rather to use the Wigner matrix as a
model for universal local spectral properties observed in numerous generic non-integrable quantum
systems [100,|101,/103,(189|190]. In the same way Wigner did not study random matrices as a
realistic Hamiltonian of a heavy nucleus [45], but rather as a mathematically amenable model to
compute its universal spectral properties that are independent of microscopic details and on only
depend on the symmetry.

Universal spectral properties of Wigner matrices. We consider the spectrum of the N by N
Hermitian, random Wigner matrix H, i.e. the matrix elements H;; are independent (modulo the
constraint H;; = H ji) and identically distributed with

EH;; =0, and E|H;|*= % (5.18)
The scaling of the variance guarantees that the typical eigenvalues are of order one as N — co. In
particular, the spectral density converges (weakly) to the semicircle law, d(E) = 1 >, 6(E—E;) —
pse(F) = %\/(4 — E?), which has compact support, see Fig. This result is universal in the
sense that it is independent of the precise distribution of H;;.
Two famous results about the local statistics of the eigenvalues of Wigner matrices concern the
gap statistics (Wigner surmise) [123]

PINA(E;) - (Ej — Ej+1) = A + dA] — Pg_a(A)dA ~ 3f§26—4ﬂ2/ﬂm, (5.19)
and the (label independent) correlations [191]

P(3i#j:E=a+de, E; =y+dy) = p%) (z,y)dxdy

d(l1?)2 p§\2[) (E + N;(lE) JE+ N§(2E)> — det(sinc|m(x; — xj)]ije1,2), (5.20)

where d(E) = EY_,6(E — E;)/N. Note, that the energies in (5.19) and (5.20) are rescaled by
the local mean distance [Nd(E)]~! between consecutive energies close to E. With this rescaling
the result becomes universaﬂ in the sense that the right hand side of does not depend
on energy E, but only on the difference (z; — x3). Also, since 1 — sinc[r(z; — 22)]? does not
factorize, eigenvalues are locally correlated. More precisely, eigenvalues repel at small distances as
a consequence of the quadratic scaling oc (21 — x9)2.

Eq. (5.19) should be compared with the gap distribution

P(Nd(E;) - (Ej — Ejy1) — A+ dA] — e 2dA, (5.21)

of the Poisson point process on an interval AE with flat density of states d(e) = 1/|AE|. The
Poisson point process is uncorrelated (on all scales),

1 (2) il T2
2R PN (E + NE(E)’E + Nd(E)> — 1. (5.22)

5The local spectral property (5.20) also holds for other Hermitian matrix ensembles such as generalized Wigner
matrices and (non Gaussian) invariant ensembles [192}/193].
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Remark on label dependence and independence. Note that the gap statistics is a label depen-
dent correlation of energy levels, while the correlation function and more generally
are label independent. The gap distribution function can be expressed in terms of the k-point
correlators of all orders [122,/123].

Remark on GOE statistics. For real symmetric Wigner matrices the global eigenvalue density
still converges to the semicircle law, while the local statistics follows a slightly different law. In
particular, the Wigner surmise is Pg—1(A) =~ 7A/2e~™A%/4 in the real symmetric case [123,/192].
The correlations still take the form of a determinant, but the sinc kernel is replaced by a
more complicated function [191,]193]. As the subsequent reasoning does not depend on the precise
form of the kernel, we focus on the simpler complex case.

The local eigenvalue statistics influences the entropy Sik(c) as ¢ becomes comparable to the
inverse mean distance between eigenvalues, i.e. for ¢ > Nd, cf. (5.11). In particular, for ¢ — oo,
the entanglement entropy saturates to its maximum lim.—,~ Sk(c), faster in the presence of level
repulsion than in the absence of level repulsion. Indeed, we now show that the saturation follows
a power law with different exponents for the Wigner and Poisson case.

We focus on the second Rényi (collision) entropy, cf. (5.13), with uniform time window function
(IDboxa

exp[—S2(c)] = % Zsinc[(Ei — Ej)c/2)?
- % + N]\_f 1 N(Nl_ ) > sinc[(E; — Ej)e/2)”. (5.23)
i#

It is plausible that the sum m > iz sinc[(E; — Ej)c /2]? is self-averaging in the sense that it

obeys a large deviation principldﬂ We may thus replace the sum by its expectation value and use

mE > iz F(EiLEy) = [ f(acl,xg)p%) (71, 22)d?z (for any symmetric function f) to obtain

1 N-1

) 2

~ NN Smc[(l‘l—xz)C/Q]ngv)(xlvm)d%
1 N-1 dz z  c]? 2) x

= 4+ - dE _ 1 — — E7E+ — ) 5.24
N N / /Nd(E) e [Nd(E)2] o < Nd(E>> o2

after a change of variables (z1,72) = (E, E4+z/(Nd(E))) — (E, ). The last integral can be solved
in the limit ¢, N — oo with the help of Egs. (5.20) and (5.22)) while keeping ¢/N of order one.

Wigner. Using (5.20) in (5.24]), yields

Sa(c) =log N — log [/ dE/dxd(E) (sinc 23?15) %>2 [1 — (sinc mx)?]

5The energies F; are independent on a large scale of separation, they are only dependent on a local scale as
stated above. Moreover, the Lipschitz norm of f(z) = 2, sinc((2: — x;)c/2)?/N/(N — 1) is bounded by
[|f|lLip < const/N. Hence, e.g. by Talagrand’s concentration inequality, f(F1,--- En) obeys a large deviation
principle.
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The x integration can be performed explicitly by noting

I—a/3 0< 1
/(Sinc ax)Q(sinc x)2 - /3, <a<
1/a—=1/(3a?), 1<a.

The distinction between the two cases ¢/N < 27d and ¢/N > 27d occurs naturally and is consistent
with conjugate relation between time and energy. We divide the support of d into the set D =
{E :¢/N > 2md(E)} of all energies for which the local density is small compared to ¢/N, and its
disjoint complement D¢ = (suppd)\D. Then,
Sa(c) =log N —log [1+ (¢/N)"2A_g + (¢/N)"tA_1 + Ay + (¢/N)A4] (5.25)
” —3 =2 —1 —0
A =2 [0 Ay =2r[p.d, Ao=[pd, A= [pd

The limiting cases ¢/N > 27 maxd and ¢/N < 27 mind are

4% [
S5(c) = log N —log [1+ (¢/N)2A_y] , A_QZ% 4, (5.26a)

and

supp d
6 '

Sa(c) =log N — log [(C/N)_IA,l + (¢/N)A1], A= 271'/(12, A= (5.26b)
respectively. In particular, (5.26a)) yields the power law log N — S(c) o< (¢/N)~2 for large ¢, and
(5.26b)) entails logarithmic growth Ss(c) ~ log(c) — log A_; for small c.

Poisson. Using ([5.22)) in (5.24)), yields

Sa(c) =log N —log [1+ (¢/N)'A4], A= 27r/d2. (5.27)

In particular, log N — S3(c) o (¢/N)~! for large c is a different power law than in the case of the
Wigner matrix, see Fig. [5.6]

Figs. and shows numerical data and confirms the validity of Eqgs. (5.25) and ([5.27)).

Remark (about large ¢). The numerical results in Figs. [5.5] and [5.6] are obtained for finite N.
When c is too large, finite size effects become visible and the numerical data starts to deviate from
the analytical predictions, see Fig. The finite size effects depend on the individual samples of
the Wigner matrix H and the self-averaging breaks down. Essentially, the finite size effect is due to
the fact that the statistics of energies is insufficient on a too small scale. In particular, for finite N
there exists a minimal distance AEp,;, (its exact value depends on the realization of randomness)
between consecutive eigenvalues. Hence, the correlations pg\%) (E + x1/Nd, E + x2/Nd) /82 vanish
exactly for (v1 —x2)/Nd < AFEpn, while the asymptotic limit predicts (1 — sinc[r(z; — x2)]?) # 0.
This discrepancy between the numerical and the analytical value is the main contribution to the
integral in for ¢ 2 27/ AFEnin. Thus, for fixed N and a fixed realization of a N by N Wigner
matrix H with minimal distance A FE,;n between two consecutive eigenvalues, the result can
only agree with the numerical data for ¢ < 2m/AFEyi,. Analogously, ¢ < 27/AFEy,, is necessary

for the validity of (5.27)).
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Remark (about small ¢). To arrive at the results (5.25) and (5.27)), we have used the information
about correlations between energies on a local energy scale ~ (Nd)~!. This information is only
accessible when c is of the order of the typical inverse level spacing, i.e. for ¢/N 2> d. For small c
the results and fail to approximate Sa(c). In order to get the behavior of Sa(c) for
¢/N < d, one does not need to know the correlations pg\z,) on a local scale, instead the density of
states d(F) on a global scale suffices. More specifically,

e %2(he) — / dE sinc[(Ey, — Ey)c/2]2d(E;)d(Es)

_1—mﬂEﬁ:+O@ﬂ, (5.28)

Thus, for small ¢/N < d the entropy S2(c) depends on the energies only through the variance and
is independent of the details of d(E).

Remark. Higher Rényi entropies can be obtained analogously by using the general form

® (g T T ) .
= 4+ — - FE+ — — det(sinc|m(z; — )i j=1.... 5.29
W (B s ) = dettinclr(e —a))  (520)
of k-point correlations in the Wigner case and the k-point independence in the Poisson case,
respectively.

Gap statistics. The different scaling of Sa(c) with ¢/N in Egs. and can also be
obtained from the gap distributions and , respectively. To get the correct amplitudes
and the crossover from (5.26a)) to (5.26b)), it is necessary to know the precise correlations and not
just the gap distribution.

We elaborate more on the fact that the power law is a consequence of the gap statistics. In the
large ¢ limit the main contribution to the summation in comes from small energy differences,

% Z sinc[(E; — Ej)c/2)* ~ % Z sinc[(E; — Eiy1)c/2)? + sinc[(E; — Ei_1)c/2]?

i#£j i
= % Z/sinc (ﬁ%)QP(A)dA.

The unfolded energy gaps A; = (F;11 — E;)Nd(E;) are distributed according to P(A)dA. For
the sake of the argument, we assume that the spectral density d(E) = |suppd|~! is constant
(i.e. independent of energy) on its support suppd = [Fmin, Emax), such that the last expression
simplifies to

;/sinc (Ame/ty)? P(A)dA,

where ty = 27/ (AFE) is the Heisenberg time, inversely proportional to the mean energy spac-
ing (AE) = (Emax — Emin)/N. This integral is evaluated in the large ¢/ty limit for P(A) =
1 APe=287 where ¢y is a positive constant and ¢ is fixed by normalization. Different values of
(8,7) =(1,2), (2,2), and (0, 1) correspond to GOE, GUE, and Poisson gap statistics, respectively.
We find the leading scaling

0727 ]‘S/B7

5.30
Pl 0<p<1 (5.30)

/sinc (Ame/tg)* AP exp(—caA7)dA {
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as c¢/ty — o0, i.e. when c is large in units of the Heisenberg time tz. In particular, this confirms
the results and obtained for the GUE and Poisson statistics. It also extends the
result for the GUE ensemble to the real symmetric GOE ensemble.

The intuition behind is instructive. We argue that the scaling for g < 1 is caused by the
small gap statistics, while the scaling for 1 < 3 is a consequence of the statistics of large gaps. The
GOE (B = 1) statistics demarcates the two scenarios.

On the one hand, for 0 < 8 < 1 the integral fR+ zP sinc(x)? converges to a finite value, say Cp.
Hence, the second half of is obtained by a change of integration A — z = Amc/ty and
expanding the exponential exp|—coz? /(mwe/t};/¢)7] for large ¢/ty. This shows, in particular, that
the scaling behavior o 030*1*5 is caused by the statistics of short gaps.

On the other hand, for 1 < 3 the integral fR+ 2P sine(z)? does not converge due to the slow
inversely proportional decay of the sinc function’s envelope. This divergence is regularized by the
additional exponential factor in the integrand of , and the dominant contribution to the
integral must come from the tail of the integrand in the large ¢/t limit. Therefore, the scaling of
the first half of follows from [(zme/ty) 2xP exp(—coz?)dz o< ¢=2. In other words, the large
gap statistics determines the scaling of for g > 1.

Eq. has also been confirmed numerically.

GUE (B=2) GUE (B=2) Poisson
0.30 T 0.5F e P 0.6
0.25 0.4F i 0.5
w 020 @ 0.3 | @G04
5 0.15 5 0o | T 03
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0.05 01} i 0]
0.00 0.0 0.0
2 -1 0 1 2 =10 -05 00 05 1.0 -10 -05 00 05 1.0
E E E

Figure 5.3: Normalized density of states d(F) of a 103 by 10 Wigner matrix, cf. Eq. (left),
obeying the semicircle law (solid blue line). Density of states of the bulk spectrum
containing N = 608 eigenvalues between —1 and 1 (middle). Density of states of a
spectrum coming from a Poisson point process with N = 608 on the interval [—1,1]
(right). The mean density of the bulk Wigner spectrum and the Poisson spectrum are
similar, but differ in terms of their local statistics, cf. Fig.

137



5 History state entanglement

300} 7\— 300
250 _\ 250+
o 200 : — 200}
S 150 S
100 100}
50+ » 50
0 0
0 0.002 0.004 0.006 0.008 0 0.005 001 0015
AE AE

Figure 5.4: Histogram of gaps between consecutive levels the bulk spectrum (N = 608) of a Wigner
matrix (left) and an uncorrelated Poisson spectrum (right) with similar average density
as shown in Fig. Wigner surmise, cf. Eq. (solid blue line, left), and Poisson
distribution, cf. Eq. (solid blue line, right) are guides to the eye.

5
0.100
2.0f
s < 0.050
@ 1.5 (,:)“ 1 &
& 10f 5 05 . < 0010
5 . < 0.005
0.5 ~\__ (%)
0.0k ] 01 — 0.001
5 10 15 20 25 30 0 1000 2000 3000 5000 1x10% 2x10*
C C C

Figure 5.5: Second Rényi entropy Sa(c) for bulk of Wigner spectrum obtained numerically for
N = 608 (blue dots). Regime of small ¢ (left) with analytical predictions Eq. (5.28))
(solid orange line), and Eq. ([5.26b)) (solid blue line). Regime of intermediate ¢ (middle)

shows the crossover from Eq. (5.26b]) (solid blue line) to Eq. (5.26a) (solid orange line).
The vertical dotted line is at ¢ = 27/ (AE) = 2rNd (Heisenberg time). Regime of

large ¢, i.e. ¢/N > 2w maxd, (right) shows power law behavior according to Eq. (5.26al).
Vertical dotted line is at 27/ min(AFE), inversely proportional to the minimal gap.
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Figure 5.6: Different power law saturation of the Rényi entropy for the Wigner (blue) and Poisson
(orange) case for large ¢/N. Numerical results for N = 608 (dots) agree with the
analytical prediction (solid blue line) and (solid orange line). Vertical
dotted line at ¢ = 27/ min(AFE) indicates when finite size effects become important
for the Wigner case. Finite size effects lead to the discrepancy between the numerical
data and the analytic prediction. Due to the lack of level repulsion, the minimal gap
min(AF) is much smaller for the Poisson case (27/ min(AFE) is outside the range of
plotted ¢), and finite size effects are less significant for the range of ¢ shown.
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Figure 5.7: Numerical Rényi entropy for the bulk spectrum of Wigner matrix for N ~ 608 (dots),
and analytical prediction (solid blue line). Different colored dots correspond
to different realizations of randomness. Finite size effects become more pronounced
for large ¢/N. Finite size effects depend on the particular realization of randomness,
leading to a break down of self-averaging.
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5.5 Hardcore boson lattice model

In the previous section we have seen how the presence and absence of spectral level repulsion implies
different power law behavior of the history entanglement S as a function of the time window size,
cf. Fig. This has been demonstrated explicitly for the spectrum of a Hermitian random Wigner
matrix. Random matrices are useful to describe universal local spectral properties of physical
systems, such as heavy nuclei [45,/121], chaotic billiards [100,/101], and non-integrable quantum
many body Hamiltonians [190]. However, random matrices cannot capture non-universal properties
of physical systems. In fact, physical Hamiltonians differ from random matrix Hamiltonians in some
respects. For example, in contrast to local quantum many body Hamiltonians, which are sparse
matrices in position basis, random Wigner matrices are dense. In this section we complement
the previous discussion by investigating the local quantum many body Hamiltonian of a hardcore
boson lattice model. Thereby, we corroborate the intuition that the results of the previous section
depend solely on the universal local aspects of the spectrum.

We consider hardcore bosons (i.e. at most one boson is allowed on each site) on a one-dimensional
chain of L sites with periodic boundary conditions (i.e. all lattice indices are understood modulo
L), evolving according to the Hamiltonian

K3 K3

H=-t Z(CICi_Fl +hec)+ W Z(c;-rci — %)(C;-[+1Ci+1 — %) +Va Z(c;rci — %)(CLQCHQ — %), (5.31)
i

where c;, CI are bosonic annihilation and creation operators obeying canonical commutation rela-
tions and the hardcore constraint 012 = 0, ¢t is the hopping parameter, and V; and V5 are nearest
neighbor and next nearest neighbor interaction strengths, respectively. The Hamiltonian is in-
tegrable for Vo = 0, and non-integrable for Vo # 0 [190]. In either case, the symmetries of the
Hamiltonian lead to the conserved quantities of particle number N = > cZTci (global U(1) symme-
try), (crystal) momentumk (translation symmetry), and parityP (reflection symmetry), cf. [194).
In addition, at half-filling, i.e. in the subspace spanned by L/2 eigenstates of N , one has particle
hole symmetry and the associated conserved quantity Z = Hj(c; + ¢;) with eigenvalues {—1,+1}.
We confine ourselves to the situation of half-filling, and consider the CommOIﬂ eigenbasis of H,
ﬁ, k, and Z , in which the Hamiltonian is block-diagonal. The eigenspace associated to each
block is referred to as (symmetry) sector, and different sectors are referenced by the corresponding
eigenvalues of (/k\:, ﬁ, Z ).

Remark (extensive vs. intensive scaling). Two prominent choices of scaling the Hamiltonian as
a function of system size N are extensive and intensive. Eq. is an example for an extensive
Hamiltonian, while is intensive. In an extensive system, the Hamiltonian, and hence its
spectrum, scales linearly with the system size.

In random matrix theory, one key quantity of interest is the asymptotic empirical spectral density
(ESD) in the large N limit. A well defined (weak) limit of the asymptotic ESD on an N-independent
scale requires intensive scaling. This results in an average spacing of O(N~!) between consecutive
eigenvalues. Hence, the limit of the asymptotic ESD can only be in a weak sense, i.e. the ESD is
tested against smooth functions on scale O(N?), where individual eigenvalues cannot be resolved.

For example, the Wigner semicircle law has compact support on [—2,2] in the large N limit.

"To be more precise, parity and momentum do not commute. Instead of the momentum eigenstates one can consider
semi-momentum eigenstates (a superposition of +p momentum eigenstates). The semi-momentum commutes with
the Parity operator. The zero momentum subspace is identical to the zero semi-momentum subspace. As we
are mainly interested in the k& = 0 subspace, the distinction of momentum and semi-momentum is of minor
significance for the discussion. More details can be found in [195].
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5.5 Hardcore boson lattice model

To achieve this, the typical size of random Wigner matrix elements are of order 1/ VN, ie. the
variance of matrix entries is of order 1/N, such that its eigenvalues are of order oneﬂ cf. Eq. (5.18).
This 1/N scaling of the variance is also known as mean field scaling.

We have identified qualitatively different regimes of Si(c) depending on how ¢ compares to the
maximal, average, and minimal distance between consecutive eigenenergies. As a consequence,
these qualitatively different regimes scale with IV for intensive systems and are independent of N
for extensive systems. Since we do not pursue a detailed analysis of different system sizes, this
difference between intensive and extensive systems plays no crucial role.

We want to connect to the discussion of the Wigner matrices of the previous section. It is
conjectured, and confirmed by many examples [100,/101}/103,189/190], that the (bulk) energy level
statistics of a typical non-integrable quantum system follows the law of a random matrix ensemble
of the same symmetry as the system under consideration. In particular, since the Hamiltonian
is real (time reversible) and symmetric, one expects GOE (8 = 1) level statistics. To see a
clear GOE statistics, one must investigate the correlations of the (bulk) spectrum within a single,
fixed symmetry sector. The reason why one has to confine to a single sector is that due to the
block structure of the Hamiltonian, eigenvalues of different symmetry sectors do not ‘interact’, in
contrast to the eigenvalues of a dense Wigner matrix. As a consequence, eigenvalues of different
symmetry sectors are not correlated. In particular, they do not repel. Confining to symmetry
sectors is also referred to as considering desymmetrized Hamiltonians [92]. The effect on the gap
statistics of combining different sectors has been investigated in [102], but we avoid this additional
difficulty by restricting to a single sector.

In the following we consider the sector of zero momentum k= 0, even parity P = 1, and even
particle hole symmetry Z = 1. Among all sectors, this is the sector of the largest dimension
(e.g. for L = 22 the dimension is N’ = 8359) [195]. We denote the energy eigenvalues of this sector
in non-decreasing order by Ej < Ef < --- < E}, ;. The set of N = [pN’], 0 < p < 1, of these
eigenvalues obtained by discarding the first and last [ (1 —p)N’/2] energies is called the bulk of the
spectrum and the energies in the bulk are denoted by Fy < E; < --- < En_1 in non-decreasing
order. Without loss of generality, we assume Fy = 0, which can always be achieved by adding an
appropriate, but otherwise irrelevant, constant to H. Figure [5.§] confirms that the gap distribu-
tion of the bulk spectrum is well described by an exponential distribution, and the § = 1 Wigner
surmise in the integrable, and non-integrable case, respectively.

Tnitial states in the bulk of the symmetry sector are expanded as [¢) = S "1 ¢,|E,). In the
following, we study two particular initial states. First, uniform states for which ¢, = 1/v/N. And
second, Margolus-Levitin states with

En+1 — En

for0<n <N -2, and cen—1 =0. (5.32)
En_1

Cp =

Note that the state is indeed normalized, i.e. Zﬁfz_ol lcn|? = 1, because FEy = 0. The naming of the
latter state is motivated by Ref. [183], in which Margolus and Levitin investigate quantum speed
limits. They show that the time 7 required for an evolving quantum state to pass through N dif-
ferent mutually orthogonal states, is bounded by 7 > wh/E, where E is the mean energy F = (H)
of the Hamiltonian with zero ground state energy, Fy = 0. This limit is saturated for the harmonic

8A simple heuristic argument goes as follows. For a Hermitian random Wigner matrix H, the trace of HH is
written in two different equivalent ways. First, as Tr HHT = > 1 Hij |2, and second, in terms of its eigenvalues

Ejas TrHH' = Zj Ef Taking the expectation of both expressions shows that Zij var H;; must be of order
O(N) in order for E; to scale as O(N°). Hence, var H;; = O(N™1).
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Figure 5.8: Density of states (upper row) for the (k, P,Z) = (0,1,1) symmetry sector of the

142

hardcore boson model on L = 22 sites for t = 1,V; = 1, Vo = 0 (integrable,
left), and Vo = 1 (non-integrable, right) with 8359 energy levels. The spectrum is
obtained with exact diagonalization by Nils Abeling. Density of states of 2510 bulk
energy levels (a p = 30% fraction of all levels in the sector) is approximately constant
for the integrable (middle row, left), and non-integrable case (middle row, right). Gap
statistics of the bulk levels (lower row) follows Poisson statistics (blue line) in the
integrable case (lower left), and Pg—; GOE statistics (blue line) in the non-integrable
case (lower right). For comparison, the GUE statistics Pg—p (orange line) is shown
(lower right).



5.5 Hardcore boson lattice model

oscillator with equidistant eigenenergies and an initial state occupying N consecutive eigenstates
uniformly. Note that the coefficients are uniform if the spectrum is equidistant. For general
quantum systems, without equidistant spectrum, Ref. [183] shows that the Margolus-Levitin state
approximately saturate the quantum speed limit bound. Intuitively, the choice of tends to
make the local density of states p(E) =, |cn|?6(E — E,,) as uniform as possible in the sense that
the probability [ 5 A p(E")dE" =~ Aconst is approximately constant as a function of E on scales A
larger than the mean energy spacing. At energies, for which the local spectral density of states is
low, i.e. when the energy gaps are large, the weights |c,|? are proportionally larger to compensate
for this. Also note, if some energies are n-fold degenerate, i.e. Fjy1 = --- = FE;y,, the Margolus-
Levitin state will only occupy a one-dimensional ray in the n-dimensional eigenspace. Which ray
becomes occupied is not fixed by the definition, but is irrelevant for the entropy measures studied
below.

We discuss the bipartite entanglement of the history state |¥) = % Jo [e) [t) dt as measured

by the entropy of the reduced density matrix Trp |¥) (¥|. The main results are summarized in

Figs. 5.9 and

On the one hand, according to the discussion leading to Eq. , the spectral gap statistics
determines the behavior of the second Rényi entropy Sa(c) for ¢ > ty. Figure confirms the
large ¢ scaling of Sy(c) as predicted by the power law for the integrable and non-integrable
case. Moreover, also the von Neumann entropy (being bounded from below by the second Rényi
entropy) obeys the same power law behavior for large ¢. On the other hand, for small ¢ the
integrable and non-integrable situations cannot be distinguished by the behavior of the entropies
Syn(c) and Sa(c).

Intuitively, on time intervals of size At = ¢ the quantum dynamics of [¢;) is only sensitive to
spectral details on the scale of 1/A¢. This is a manifestation of the uncertainty principle between
a quantity and its Fourier dual [171], also see Sec. Hence, for small time window sizes c¢ the
entropy S(c) depends on the spectral density on a coarse scale ~ 1/¢, at which the integrable and
non-integrable spectra are indistinguishable, cf. Fig. As the quantum evolution unfolds with
increasing ¢, more details of the spectral density can be resolved. At the Thouless time scale corre-
lations between eigenvalues start to have an impact on the entropy. Finally, when c¢ is comparable
to the Heisenberg time ¢z, the gaps between consecutive eigenvalues are resolved, which yields the
power law behavior that discriminates between integrable and non-integrable systems.

We comment on the implications of the power law
Syn(c) = Syn(o0) — Ac™? for e 2ty (5.33)

on the quantum clock interpretation, cf. Sec. As the time window size is doubled, ¢ — 2c¢,
Holevo’s quantity increases by Ax = Syn(2¢) —Syn(c) = Ac™7(1 —277). There are two competing
effects. On the one hand, the growth of y entails an increase in the accessible information about
the time instant within the observation time of 2¢. On the other hand, as the observation window
is doubled, an additional bit is required to maintain the accuracy on the time estimate. The
additional bit is used to distinguish the two halves of the doubled time window, and the remaining
bits are used to specify the time within each half. Hence, the increase of Ay has to be compared
to log2. If Ax/log2 < 1, the accessible information provided by the quantum clock is insufficient
to sustain the accuracy of the time estimate as ¢ increases beyond tg.

We compute Ax/log2 with at the Heisenberg time ¢ =ty = 2w/ (AE) when starts
to approximate Syn(c). The numerical values are Ay/log2 ~ 0.36 and Ay/log2 ~ 0.27 for the
integrable an non-integrable case of Fig. [5.8] respectively. Hence, the accuracy of the quantum
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clock ceases to persist in the regime when ¢ is comparable to the Heisenberg time, irrespective of
integrability and non-integrability.

In contrast, for small values of ¢ when Syn(c) grows logarithmically one has Syn(2¢) ~ Syn(c) +
log 2, cf. Fig. (top row), and Eq. . Consequently, Ax/log2 ~ 1, and the precision of the
quantum clock remains constant. Again, this result holds for both, integrable and non-integrable
systems. The regime of logarithmic growth is valid for larger ¢ in the non-integrable situation than
in the integrable case, cf. Fig. [5.9

Finally, in Fig. [5.10] we compare the entropy for initial states with uniform energy distribution
to Margolus-Levitin initial states .

In the integrable situation the power law saturation is inversely proportional for uniform initial
states and inversely quadratic for Margolus-Levitin initial states. Also, the regime of logarithmic
growth for small ¢ is enlarged for Margolus-Levitin states compared to uniform states. Hence,
the integrable situation with Margolus-Levitin initial states becomes similar to the non-integrable
situation with uniform initial states. This is plausible, because the occupation of energy levels with
small gaps is suppressed in the Margolus-Levitin state, which leads to a local density of states that
resembles level repulsion. It also conforms to the intuition that Margolus-Levitin states yield fast
quantum dynamics.

The situation is different in the non-integrable situation, where the difference between uniform
initial states and Margolus-Levitin initial states is marginal.

Remark. We have discussed the history entanglement entropy in the hardcore boson model in
the integrable and fully chaotic situation. An obvious question for further investigations is how
the crossover between these cases occurs, i.e. how the entanglement behaves for small integrability
breaking. In view of Eq. one may expect a power law saturation in the large c limit with a
fractional exponent.
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Figure 5.9: Integrable vs. non-integrable dynamics. Logarithmic growth (top) and power law satu-
ration (bottom) of the von Neumann (left) and second Rényi (collision) entropy (right)
of the history matrix as a function of the time window size ¢ in the hardcore boson
model (5.31). The integrable (blue), and non-integrable (orange) situation of Fig.
are compared. In both cases (integrakﬂe and non-integrable) the initial state uniformly
occupies the p = 30% bulk of the (k,P,Z) = (0,1,1) symmetry sector. For small
¢ below 27/ max AFE (vertical blue and orange line for integrable and non-integrable
case, respectively) the entropies grow logarithmically (top), cf. . As ¢ becomes
comparable to the mean energy spacing, i.e. the Heisenberg time 27/ (AFE) (vertical
black line, identical for integrable and non-integrable case), the entropy approaches
lim._,~ S(c) inversely linear (blue), and inversely quadratic (orange) in the integrable
and non-integrable case, respectively (bottom). The dashed lines, log ¢ (dashed black),
o ¢! (dashed blue), and oc ¢? (dashed orange) are guides to the eye.
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Figure 5.10:
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Uniform vs. Margolus-Levitin initial state. Logarithmic growth (top) and power law

saturation (bottom) of the history matrix’s von Neumann entropy in the integrable
(left) and non-integrable situation (right) of Fig. Initial states with uniform
overlaps (blue) and Margolus-Levitin overlaps, cf. , (orange) in the p = 30%
bulk are compared. Vertical lines indicate the time scales 27/ max AE (blue) and
ty = 2m/ (AE) (black) proportional to the inverse max energy gap and the inverse
mean energy gap (Heisenberg time). Dashed lines indicate logarithmic growth logec
(dashed black), and power laws o ¢! (dashed blue), o< ¢~2 (dashed orange), to
guide the eye. While the uniform initial state and the Margolus-Levitin initial state
yield similar entropy behavior in the non-integrable case (right), the integrable case is
sensitive to uniform vs. Margolus-Levitin initial state (left). In particular, the regime
of logarithmic growth holds for larger ¢ (top left), and the saturation changes to the
inversely quadratic power law (bottom right) compared to the uniform initial state.



6 Conclusion and outlook

Quantum many body physics out of equilibrium has lead to a plethora of novel non-thermal states
of matter. The advancements of experimental techniques allows to realize and control many of them
in the lab. On the one hand, the interplay of quantum entanglement and quantum complementarity
promises the technological revolution of quantum computation. On the other hand, the interplay
between entanglement and the exponential scaling of the Hilbert space dimension with system size
makes the theoretical and numerical treatment notoriously difficult. Relevant models, in which
interesting question can be addressed analytically are rare.

In this treatise we have used the transverse field Ising model of N fully connected spins as a
simple, yet non-trivial, model to investigate non-equilibrium dynamics analytically. Exploiting the
high symmetry of permutation invariance among the spins allows to study the mean field limit
by semiclassical techniques. Based on a rate function expansion, we have obtained corrections to
the mean field limit that are non-perturbative in the coupling and thus provide a complementary
approach to commonly used perturbative analysis of low-dimensional models. More precisely, a
systematic 1/N expansion of the expected magnetization, its variance, and higher cumulants after
a quantum quench was derived. Remarkably, the dynamics is governed by a simple hierarchical
system of ordinary differential equations in which the evolution of the cumulants depends on lower
order cumulants, but not on higher order cumulants. In other words, the equations of motion of
the first cumulants close, and there is no need to truncate the system.

The formalism has been applied to (i) classify different phases in the dynamical phase diagram,
(ii) benchmark the validity of mean field in non-equilibrium situations, (iii) understand the growth
of entanglement in different dynamical phases, and (iv) investigate the Loschmidt fidelity measure
as a function of time.

To (i): Four qualitatively different dynamical phases are discriminated by the behavior of the
magnetization variance. The most subtle of them is characterized by periodically enhanced spread-
ing and squeezing. We have identified and explained a dephasing mechanism among nearby effective
orbits as the driving forces behind this phase. The reasoning is independent of the fixed point struc-
ture, and only relies on the ubiquitous non-harmonic nature of the effective energy landscape. In
this sense, the periodically enhanced squeezing regime is universal and expected to be found in
other models, that have a semiclassical effective description.

To (ii): Even away from the unstable fixed point and the homoclinic orbit of the pitchfork
bifurcation, the dephasing mechanism among nearby orbits constraints the time scale up to which
mean field can be expected to be valid. More precisely, dephasing leads to a breakdown of mean
field at relatively early times that scale with the square root of the system size.

To (iii): The entanglement Hamiltonian in the large N limit was found to be a harmonic oscil-
lator. A quantitative relation between entanglement and spin squeezing, and explicit expressions
for the Rényi entanglement entropies were derived. The regime of periodically enhanced spin
squeezing entails slow logarithmic growth of the entanglement entropy. The knowledge of the full
entanglement spectrum goes beyond the mere knowledge of the entanglement entropy. Based on
the entanglement spectrum and a theorem of quantum information theory, we have seen that the
time evolution between two instants of time can be emulated by a protocol of local operations and
classical communication (LOCC), if, and only if, the entanglement entropy is non-increasing in the
course of time.
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To (iv): Two different arguments in favor of the existence of non-analytic points in the Loschmidt
return rate as a function of time, i.e., dynamical phase transitions (DPTs), in the fully connected
transverse field Ising model are given. One is based on the Liouville dynamics in the effective phase
space picture. The other is based on the spectral properties of the post-quench Hamiltonian and
the distribution of the excess energy after the quench. Both approaches are not mathematically
rigorous. Yet, the second approach is expected to give exact results. It shows that DPT depend
on the subtle details in the exponentially suppressed tails of the excess energy distribution. The
quadratic decay of the Loschmidt rate function envelop is identified as a consequence of the slope
of the post quench density of states.

Outlook. We close the conclusion with a brief outlook on further possible investigations. Natu-
rally, this discussion is less concrete, and to some extent speculative.

We have seen that the dictionary between the quantum spin model and the effective semiclassical
description translates results from classical physics (such as the symplectic squeezing) to genuine
quantum concepts (such as entanglement). In the fully connected transverse field Ising model,
which is the main matter of interest in this thesis, a site permutation invariant basis of the Dicke
subspace is completely parametrized by a single good quantum number, namely the number of
up spins, or, equivalently, the mean magnetization. This leads to a one-dimensional effective
semiclassical description.

However, as alluded to in Secs. and [3.7] the formalism is not limited to semiclassical dynamics
in two phase space dimensions. Indeed, we have suggested to use inhomogeneous spin states in
the FC-TFIM to obtain semiclassical effective models in 2k dimensional phase space, where k is
controlled by the inhomogeneity of the spin state.

It would be interesting to work out the consequences of the rich phenomena of classical mechanics
beyond one dimensions, and see what they imply for the quantum spin model. In particular,
the generalization of the dephasing mechanism of nearby periodic orbits to higher phase space
dimensions is expected to lead to new dynamical phases. This is because the monodromy matrix
becomes higher dimensional, allowing for more classes of Jordan normal forms, cf. chapter 6 of [196].
Depending on whether the effective semiclassical description has a classically integrable or fully
chaotic limit, periodic orbits are either embedded in a (k—1) dimensional family of periodic orbits,
or occur isolated. This distinction has influence on the monodromy matrix.

Finally, multipartite entanglement measures are used as information-theoretic, operator-independent
quantities to classify unitary quantum dynamics. The quadripartite entanglement measure, known
as tripartite information I3, that quantifies how fast local information gets delocalized in the
course of the evolution. However, even for simple Fermion systems, I3 is notoriously difficult to
compute [197]. The large N limit of the FC-TFIM provides a candidate to obtain analytical re-
sults for I3 by the semiclassical techniques used in this thesis [197]. In this respect, the higher
dimensional analogs may prove to be particularly interesting, as they allow for classically chaotic
limits in contrast to the trivially integrable situation.
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A Star logarithm of Gaussian Wigner functions

This appendix derives Egs. (3.21)) and (3.30) of chapter[3] The main result are stated in Eqgs. (A.4)
and (A.5)), from which (A.6) follows as a Corollary. This result is also used in Eq. (3.21) to states
the entanglement Hamiltonian of Gaussian pure states.

We consider a 2n dimensional phase space with coordinates z = (z,p) € R?" and 2n by 2n
standard symplectic form J = ((0,1),(—1,0)). For a generic Wigner function W, associated to a
self adjoint operator A\, the star-logarithm log* and the star-exponential exp* are defined through
the their operator analogs via the following commuting diagram.

A= expzzl\ 10% logexpjzl\:;l\

| ] |

In other words, just as for the regular exponential and logarithm, the log* is the inverse of exp*.
More explicitly, (exp* W)(z) = > po, W*k ( )/k!, where W** denotes the Moyal star-product of
k factors of W. In the special case when A= sz is quadratic in the canonical coordinates
z = (&, p) with positive quadratic form V', the star—exponentlal exp*(Wy) is a Gaussian function
and can be worked out explicitly. The calculation involves two steps.

First, if the function W (z) = 3°7_; Wj(z;) is the sum of terms that depend only on z; = (z;,p;),
then the star-exponential

(exp* W)( Hexp Wi(z),
7j=1

factorizes, akin to the regular exponential functlonﬂ In general, however exp*(f+g) # exp*(f) exp*(g).
Therefore, the star-exponential of a decoupled quadratic form A= -3 Z Aj (3: + p]) reduces to
the n = 1 dimensional case, which has been worked out in [134,|143] as

(exp™ Wu)( CHeXp { tanh (%) /\jz?] , (A.2)

where C~! = [I; cosh )‘—J

Second, we apply Williamson’s theorem to generalize - ) to the situation of a general quadratic
form A = —12ZVZ. That is, let S € Sp(n) the symplectic matrix, that transforms V' into the normal
form

STV S = diag(A,A), where A = diag(Ai,---\y), (A.3)

!This is as a consequence of f(z;) * g(zx) = f(z7)g(zx) for j # k, and hence (W + Wa)*™* = Zf (?)Wl*jWQ*(kfj).
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and Ap,--- A, are the symplectic eigenvalues of V. Consider the following commuting diagram,

AN~ exp AN~ S ~

A=-lzyz— 5, GAGt exp SAST — 5 Sfexp(SASHS =

| | | |

/2 n 1 2 1 -1
Wa = f§sz ——g " 2 Z \jz o Hj exp”* (75)\]-2]- ) R Cexp (7522 z)

Zl

Here, S is unitary metaplectic operator associated to S. Interestingly, the 2n by 2n covariance
matrix 3 can be stated explicitly as a function of V' and J as

27l =—2J|JV|tan (3JV) (A.4)

(]JV| being the modulus of the matrix defined via the spectral theorem). Moreover, C~1 =
.cosh A;/2 is a function of the symplectic spectrum A; of V', and may be written as
J J J

C' = y/detcos %, (A.5)

as a consequence of the fact that the eigenvalues of JV are +i)\;, and the symmetry of cosh.
In particular, for n = 1, (A.4) yields that ¥~! = 2v/det V tanh(v/det V /2)V is proportional to
V. Taking the determinant of this Eq. one can express detV in terms of det Y and solve for

= 2v/det ¥ arctanh [(2\/det E)_l} Y1 as a function of X, cf. (3.20). In general, for n > 1,
however, ¥~! is not proportional to V, and it is not obvious how to solve (A.4) explicitly for V.
Before we derive (A.4]), we state the immediate consequence,

exp® (—%sz) =Cexp (—%ZE_lz) , (A.6a)
where 7! is given by (A.4), and C is given by (A.5). Thus, cf. (A 1),
log* exp(—325712) = =32V 2z — logC. (A.6b)

Equations (A.6) are equivalent to (3.30) and the main result of this appendix.
We close this Sec. with a proof of (A.4]). The 2n by 2n covariance matrix 3 is defined through

2l = Z 2 tanh (X\;/2) 252
J
where z = S7/, cf . The right hand side can be written as z'g(D)z’, where D = STV S is given
by (A.3), and g(\) = 2|)\|tanh A/2. Unfortunately, g(STVS) # STg(V)S, because ST # S~! in

general. However, we may introduce the function f(z) = 2|x|tanx/2, such thatﬂg(D) =—Jf(JD).
Now, since S and S” is symplectic, it follows that STJ = JS~! and JST = S~1J. We can use

2The metaplectic operator S corresponding to S € Sp(n) is only determined up to a sign. This sign ambiguity does
not play a role, though, because the number of S appearing is even.

3This trick woks for any antisymmetric function g(A\) to which one may associate the antisymmetric function
f(z) = ig(—iz) by a "Wick rotation’ of the argument A\ — —iz. Equivalently, g(A\) = —if(i)\), which is the scalar
analog of g(D) = —Jf(JD), and J is the matrix analog of the imaginary unit in the sense that J*" ™! = (=1)"J
and J?" = (—1)"1. This can also be viewed as the manifestation of the fact that the symplectic eigenvalues of
V' are £i¢ times the eigenvalues of JV. The reason for the absolute value in the definition of g, is to make g
antisymmetric.
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these two identities to trade ST for S~! in order to apply the functional calculus,

g(D) = —Jf(JD) = —Jf(JSTVS) = —Jf(S1IVS)
=—JS7Lf(IV)S = =STJf(JV)S.

Hence,
Xl = T TF(IV)z,

implying the desired result (A.4]).
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B Dicke state entanglement entropy

In this appendix we compute the von Neumann entanglement entropy of a Dicke state, cf. (2.2))

INL) = (;,\i)mP <|T>®N+ ® |¢>®N7N+)

w.r.t. the bipartition Dy = D4 ® Dp of N spins into two disjoint subsets A and B of the spins.
The main result of this appendix is Eq. (B.1)).
By

No= X JENE ) 1A0iB

A+ +B+=

the reduced density matrix of the Dicke state |N) w.r.t. the partition into groups A and B is
given by
Nay [ N=N
N (n) (v _nt)

NT/J\N+-NT
PA = Z W |NZ><NX|7

+_
N;=0

i.e. it is diagonal in the Dicke basis of subsystem A with eigenvalues A(NX) = (NA) ( N-Na )/( N ) .

+ + +
N/ \N+-NF) [/ \N

The gth Rényi entanglement entropy

of this Dicke state can be calculated to leading order in N by approximating the eigenvalues A(N:{)
of pa using Stirling’s formula and approximating the (Riemann) sum by an integral. The final

result is N n 1 1
Nt /N=n*t=const -log /g + 5 log [N2mafn™ (1 - n*)] (B.1)

Sq(N'T)

where @« = A/N and § = B/N are the relative subsystem sizes. Interestingly, apart from an
additive term, this result is independent of q. As ¢ — 1 (von Neumann entropy) the first term
becomes 1/2. Note that the above result is only valid for n™, (1 —n™) > O(1/N).

Proof. We want to compute Trp% = ZNZ A(N})? For N > 1, A(NJ) ~ exp (—NSa(n},n}))
is of large deviation form with rate function S,(n},nf) = aD(n}||nT) + @D(nf||n™), where
a = Na/N, n}ip = Nip/Nap and n* = NT/N such that n* = an} + fnj, and D(n1||ns)
is the relative entropy of two Bernoulli random variables with success probability ny and ne,
respectively. Because A(NX) is a slowly varying function (it varies on the scale v/N), we may
replace the summation > nt by the integral Ny fol dn;. Hence,

)

1
Tl"(ﬂ?q) NNA/ dnze_QNSa(”X’” )
0

The integral is computed with the saddle point approximation. The unique dominating saddle
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B Dicke state entanglement entropy

point is at nf{ = nf; = n* and the second derivative of S,(n},n}) w.r.t. n} at nt is given by

%(n*(l —nT))~! (thisis 5 times the Fisher information of a Bernoulli random variable with success

probability nt). We get,

Trp%, ~ /N2mafBnt(1—n't)/q,

and thus,
1 Trp! 1 1
Sq = 1 A 1 “log (N2maan™ (1 —n™)).
=1, Og(TrpA)q 1 og\/a—i-z og (N2raan™ (1 —n™))

154



C Dynamics of nearby orbit variance in higher
dimensions

This appendix derives Eq. (C.2)), the generalization of (3.13al) for higher dimensional phase spaces.
The result is used in (3.46]) of Sec.

The main difficulty in generalizing the result to higher dimensions, is solved by an efficient
notation. The Hamiltonian Heg: R?* — R is a real-valued function on 2k-dimensional phase space,
and the rate function f: R¥ — C is a complex-valued function on the k-dimensional configuration
space (to ease the notation, we drop eff off the Hamiltonian and write H for Heg). We write indices
related to positions as superscripts, such as in 27, and indices related to momenta as subscripts,
such as in p;. Derivatives of a quantity @) w.r.t. 2™ and p; are denoted by preceding the index
m and [ with a colon, e.g. 0;m0n0p,Q = ngnn. Note that derivatives w.r.t. positions appear
as subscripts, while derivatives w.r.t. momenta as superscripts. This indicates that derivatives
transform differently, and keeps the indices in the equations of motion

balanced.

Analogously to (3.5)), the rate function is expanded around the non-degenerate minimum of R f
at x = X,

1 .
f(x) = Z ﬁf(j) (x —xa),
j=0""

where f(;) = Vif (x) ‘X 1 is a symmetric tensor with j lower indices, and f(;)(x — X)? denotes the
contraction of f(;) with j factors of the rank one tensor (x — x). Analogously to (3.12) one has

fo) = IVLH[x, iV f (]| + fijan) - X,

where the dot in the last term denotes the contraction between the symmetric rank 7 + 1 tensor
J(j+1) and the rank one tensor x). In particular, for f(;), by the chain rule

(f(l))j =iH;— H'f; + (f2 +Xa1);

(summation over repeated indices is implicit, the convention on the placement of indices guarantees
that repeated indices automatically appear once as a superscript and once as a subscript), where
H is evaluated at (Xc1,if(1)) and f is evaluated at x = x.j. Considering real and imaginary part of
this equation separately, using that % f(7) is non-degenerate, and identifying if(1) = pa € R, yields
the equations of motion for (xc1, pe1), independent of f(9). For the Hessian f(9) of f one has

(f(2))mn = |:iH,mn - H:?sz,jn - H,’gf,jm - Z.AZ;IJZf,jmf,ln - HJf,jmn}x 1 + (f(3) : 'fcl)mna

which is independent of f3), since the last two terms cancel by (C.1). The last equation is equivalent
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C Dynamics of nearby orbit variance in higher dimensions

to

an = _H:g;’qun - H,’%ij + HJ[ (ij}/ln + }/]len) and (C2a)
Yin = Hopn — H Y — Hi Y0 — H (X Xt — YimYin) (C.2b)

upon writing the rank two tensor fo) = X +4Y as a k by k matrix with real part X and imaginary
part Y.

Similar to Eq. , one can obtain the flow of the higher order expansion coefficients f; for
j > 2. These coefficients can then be used to compute higher order moments (and cumulants)
beyond the variance, cf. Sec.
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