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ABSTRACT

Understanding how quantum matter behaves when driven out of equilibrium is one of the
key focuses in quantum physics. Thanks to impressive progress in the control and precision
achieved in quantum synthetic matter over the past decades, the nonequilibrium quantum
many-body physics has become one of the most active research areas today, especially after
the experimental realization of Bose-Einstein condensates and optical lattices, which allows
us to directly observe and study nonequilibrium quantum matter with great accuracy and
controllability. In this dissertation, I explore the rich landscape of nonequilibrium quan-
tum many-body physics and how quantum phase transitions, both symmetry-breaking and
topological, can be extended to the nonequilibrium setting.

In the first part of the dissertation, I focus on spinor Bose-Einstein condensates as an
isolated quantum many-body system, and reveal their various dynamical behaviors, including
quantum collapse and revivals, thermalization and nonthermal equilibration with no revival
even though the system has finite degrees of freedom. In contrast to typical integrable
systems, which usually do not thermalize, we find that spinor condensates have a parameter
range in which the system thermalizes via the Eigenstate Thermalization Hypothesis (ETH).
We show that this observation is linked to the presence of rare nonthermal states whose
fraction vanishes with system size, and contributes to the notion of thermalization via weak
ETH.

Next, I explore a dynamical process that is complementary to thermalization in isolated
quantum systems: information scrambling, which could be probed via out-of-time-order
correlators (OTOC). I propose a nonintegrable, disordered and quasi-1D spin model, the
ladder— X X model, for a feasible detection of information scrambling in a cold atom sim-

ulator. This chapter poses a fundamental question: ‘What are the signatures of quantum
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phases and phase transitions in isolated interacting systems driven out-of-equilibrium?” 1
study the ladder-X X model in both clean and disordered potentials, and characterize dif-
ferent nonequilibrium phases, i.e., ergodic and many-body localized, of the model based on
the decay properties of OTOCs. Emergent light cone shows sublinear behaviour, while the
butterfly cones drastically differ from the light cone by demonstrating superlinear spread of
information with a velocity that is bounded by the light cone velocity.

In the second part of the dissertation, I continue to search for answers to the question
posed above, however this time with a particular focus on symmetry-breaking and topolog-
ical quantum phase transitions. I pin down a universal mechanism underlying the relation
between information scrambling at any temperature and quantum phases at low temper-
atures. Our method points to key ingredients to dynamically detect long-range order in
gapped phases through OTOCs for symmetry-breaking quantum phase transitions and Z,
topological order associated with Majorana zero modes localized at the edges. Our results
pave the way to an intriguing observation that phases of quantum matter could protect the
information from scrambling and thermalization, even when the system is interacting and
nonintegrable.

Finally, I explore and propose utilizing short-time transient temporal regimes and single-
site probes to detect the phases and phase transitions in quantum matter. These studies
reveal a dynamical crossover and a dynamical phase transition, respectively for periodic and
open-boundary chains. In both cases, a nonequilibrium scaling law appears in the vicinity of
the crossover /transition with associated exponents that differ from the analytical predictions
for long times. Feasibility of detecting such dynamical criticality in experimental systems

are discussed.

Xix



Chapter 1

Introduction

Here we are, after more than two millennia of pondering about the nature of things [1]. On
this path of understanding matter, there are few stories as important as that of the mod-
ern atomic theory [2-14]. In our everyday experience though, matter is macroscopic with
conductors and insulators in a crude classification [15]. Macroscopic matter is composed of
an innumerable amount of constituents, i.e., nuclei and electrons. To describe the motion of
electrons in matter, one needs to abandon the treatment of individual particles and rather
work with ensembles of them. Such statistical mechanic approach is the bedrock of our un-
derstanding of the collective behavior of constituents in matter [16-18]. Either fermionic [17]
or bosonic [16], the collective quantum matter, or a quantum many-body system [18], would
be described in equilibrium with the tools of quantum statistical mechanics [19]. Similar
to solids, liquids and gases in our everyday experience, the quantum many-body systems
exhibit phases with different orderings in equilibrium [18]. Some well-known examples are
quantum gases and liquids, i.e. superconductors and superfluids [20,21]. Quantum phases
and their phase transitions are going to be introduced in the first section of this Chapter.
Although the examples are plenty, we will in particular focus on the quantum phases and
phase transitions of the systems that are studied in this dissertation.

This dissertation is a continuous application of Schrodinger’s and Heisenberg’s formula-



tion of mechanics [10, 11,13, 14] to better understand the collective quantum matter away
from the equilibrium. By eliminating the assumptions that the system is already in equilib-
rium and the dynamics is sufficiently slow to satisfy the adiabatic theorem [22] and not to
drive it out of equilibrium, we start to explore an uncharted territory of physics. Arguably
one of the most important motivations behind these fundamental theoretical questions is our
ability to experimentally probe nonequilibrium quantum matter. Quantum synthetic matter
can be used as an umbrella term that includes modern quantum simulators where model
Hamiltonians are implemented and tested in very controlled environment with high levels
of precision [23-25]. These include neutral cold atoms [26,27], ion traps [28,29], supercon-
ducting circuits [30], photonic systems [31], quantum dots and others [23,24]. The quantum
many-body systems could be driven out of equilibrium experimentally with quenches, ramps
and periodic driving [32], some of which are going to be detailed in the next sections. We
observe that two overarching themes typically appear in nonequilibrium quantum matter,
(i) integrability of the Hamiltonian [33] and (ii) the presence/absence of interactions. While
nonintegrability implies the presence of interactions, the opposite is not true: the pres-
ence of interactions does not always mean that the system is nonintegrable. How static
properties of a Hamiltonian like its energy spectrum, its equilibrium quantum phases and
emergent order parameters upon symmetry breaking, affect the nonequilibrium response
will be a persistent question that [ will be exploring in this dissertation. We are going
to see that the nonequilibrium response of an isolated quantum system provides us with
information [32,34,35] on (i) whether the local observables could equilibrate [36], exhibit
quantum recurrences [37], thermalize [38-40]; (ii) how the decay properties of correlators
probe the energy level statistics [41,42], e.g., ergodic and many-body localized phases [43],
correlation spread and bounds on correlation speed [44]; (iii) how both the steady-states and
transient regimes of local observables and correlators could probe low temperature quantum

phases [35], symmetry-breaking and topological.



1.1 Quantum Phase Transitions

Symmetry and topology are two paradigms in our understanding of matter in equilibrium.
The former is the founding element of Landau’s theory of critical phenomena [45], where
symmetry is broken or preserved determines the phase of matter and there is a continu-
ous transition between two phases, e.g., a second-order phase transition. Meanwhile, the
classification according to the topology of the ground states is our current understanding
on the phases of matter and their transitions where symmetry remains the same across the
transition boundary, but a topological invariant, i.e., Chern number, of the ground state
changes [46,47].

Symmetry-breaking phase transitions between symmetry-broken and -preserved phases
are associated with local order parameters where the order parameter is nonzero and zero,
respectively. The critical point where the continuous transition occurs is also where the
correlation length diverges and a field theoretic approach becomes applicable with coarse-
grained microscopics, and hence universality classes that are equipped with universal critical
exponents [45,48]. Physics of critical phenomena is arguably one of the most intuitive
principles that also connect theory with experiment: Although the underlying microscopic
structure could differ greatly from one material to another, in the vicinity of the critical point
one observes the same handful of critical exponents that describe the same long-wavelength
physics if the compared materials belong to the same universality class.

As the temperature decreases, T' — 0, if a nonanalyticity is established in the ground state
energy in the thermodynamic limit, the phenomenon is called a quantum phase transition
(QPT), which holds strictly at " = 0 [49]. Continuous quantum phase transitions have a
vanishing energy gap A between their ground and their first excited states at the quantum
critical point, and scaling behavior of the gap provides information about some of the critical

exponents,
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where z and v are the dynamical critical exponent and the correlation length & critical
exponent, respectively, and individually defined as A ~ 7% and a&™! ~ |[(h — h¢)/h.]”
where a is the unit lattice spacing; J is the energy level; h is the control parameter; h,
is the quantum critical point; and (h — h.)/h. is the reduced control parameter. While
sometimes there exists a finite-temperature phase transition that extends from a quantum
phase transition, this is not always true. A relevant example of this in the dissertation is the
transverse-field Ising model (TFIM) in one dimension, which also goes under the name of
transverse-field Ising chain (TFIC). For concreteness, we state the Hamiltonian of the TFIM

when its interactions are long-range,

H==>"J(r—loioi+hy o, (1.2)

r#l

)
s

where o', i = z,y,z are Pauli spin matrices at site r [50] in a one-dimensional chain.
J(r—=1) = Jo/|r —1|* is power-law decaying interactions with « rate coefficient. For o — 0,
Eq. (1.2) reduces to the integrable all-to-all coupled Lipkin-Meshkov-Glick (LMG) model [51];
and for o — 00 it reduces to integrable nearest-neighbor TFIM [49]. This long-range model
has a quantum phase transition with a corresponding finite-temperature phase transition
only when a < 2 [52]. Therefore, the locally-connected (or short-range) TFIM with nearest-
neighbor terms which is going to be extensively studied in this dissertation, hosts only

quantum phase transitions. Henceforth, we will focus on the locally-connected TFIM, | =

r+1in Eq. (1.2).

1.1.1 Transverse-field Ising Model

In this subsection, we will review the bullet points of the relevant section in Ref. [49] where
the rest of the content can be found in detail.
When the transverse field is zero, h = 0, the model is classical with product states as its

eigenstates. In particular, the ground states are spin-up or -down polarized states, |11 -+ 1)



or [L) -+ ]) with exact two-fold degeneracy in energy. In the opposite limit where h > |J|,
the ground state is a product state but in the z—basis.

TFIM with nearest neighbor couplings only is an integrable model and can be solved
exactly via mapping to noninteracting fermions [49]. The mapped fermionic model is called
the Kitaev chain [53], which will be detailed in Chapter 5 together with the mapping. The
TFIM Hamiltonian is invariant under Ising (Z:) symmetry, 07 — —o7 and of — of with
the symmetry generator P =[], o7.

In the limit where h < J but h # 0, nonzero h will mix the ground states and the
degeneracy will be approximate in systems with finite sizes. However the degeneracy will
become exact as the system size increases to the thermodynamic limit. Hence, the ground
state in this limit is still two-fold degenerate, while there is a unique ground state in the
opposite limit where h > J. This is a heuristic way of observing the presence of a quantum
phase transition between two quantum phases, because the nature of the ground states
changes from one limit to another.

One would notice that the Ising symmetry maps degenerate ground states into each other
in the limit h < J. In fact this mapping is more general than the ground states in the TFIM,
and it is applicable throughout the energy spectrum. The details and the consequences of this
symmetry property in the nonequilibrium response will be extensively studied in Chapter 5.

A system in thermodynamic limit will always choose one state or another in the ground
state, while the entire Hamiltonian still preserves the symmetry. This is called spontaneous
symmetry breaking [45,48] and it is one of the most ubiquitous physical phenomena in physics
appearing in fields ranging from condensed matter to high energy physics. In the context
of TFIM, the system spontaneously breaks the Zs symmetry in the limit A < J. We will
in particular focus on the impact of spontaneous symmetry breaking on the nonequilibrium
response in Chapter 4.

The quantum phase transition of the TFIM lies at the point h. = J separating two quan-

tum phases, a quantum ferromagnet at h < h. and a quantum paramagnet at b > h.. Study-



ing the spatial correlations with respect to the ground states reveal the properties of these
phases. (i) In the ferromagnetic phase, <0'ij > = N¢ for large distances |i — j| — oo where
Ny # 0 is the spontaneous magnetization of the ground state, and similarly (07) = +Nj.
When h =0, Ny = 1, and N, decreases as h increases, however remains nonzero until A = h,..
(ii) In the paramagnetic phase, the spatial correlations over large distances decay exponen-
tially <Ufaj> ~ e In=mil/& implying that there is no ferromagnetic order in a quantum
paramagnet. (iii) At the critical point h = h,, the spatial correlations decay as a power-law
over large distances. In this dissertation, I will study observables and various correlators,
e.g., two-point correlators, two-time correlators, out-of-time-order correlators (OTOC), in
the magnetically ordered and disordered phases and in the vicinity of the quantum critical
points of the TFIM and other Ising-like chains driven out of equilibrium.

Finally, let us point out that there are two obvious ways of breaking integrability in the
TFIM: (i) introducing a longitudinal field h, ), o7, (ii) introducing next-nearest neighbor
terms, i.e., AY . o707 ,. I focus on the latter in this dissertation, because the second method

preserves the Z, symmetry and the quantum critical point merely shifts to favor order, while

it introduces interactions that break the integrability.

1.1.2 Bose-Einstein Condensates and the Bose-Hubbard Model

The next illustration of quantum phase transitions is going to be on the Bose-Einstein
condensates, e.g., superfluids.

Bose Einstein condensation (BEC) is a truly quantum phenomenon where under a critical
temperature, a fraction of noninteracting Bose particles, i.e. neutral atoms with bosonic
statistics [16], start to share the same wave function [54]. Dilute gases are utilized to create
BEC, where the particle density at the center of a Bose-Einstein condensed gas is around
1013 — 10'° ecm™3. This number can be contrasted with the density of molecules in air under
standard temperature and pressure (STP) which is 10! em™2, or the atoms in a liquid or

3

a solid, which is 10?2 cm™ or nucleons in atomic nuclei, which is 10%® cm™ [21]. To turn



Figure 1.1: The experimental stages of how to realize Bose-Einstein condensation with Zee-
man slower, magneto-optical trap (MOT), magnetic trap and evaporative cooling. See text
for details on different stages.

on the interactions in a dilute gas that can form a collective quantum matter like in solids
and liquids, the temperature needs to decrease at least to ~ 1075 K. Therefore, cooling
and trapping techniques for atomic gases have been developed in last decades [55], which
paved the way to the first realization of Bose-Einstein condensation [56,57] in 1998. Dilute
gases are theoretically tractable and experimentally feasible, mainly because the effective
interaction can be described with only one parameter: the scattering length as that can be
tuned through Feshbach resonances via electric or magnetic fields [21].

Cooling and trapping of dilute gases are performed with lasers and magnetic fields [21,55].
When atoms are expelled out of the oven, they have an approximate speed of 1000 ms~!.
In order to slow them, the experimentalists use laser cooling techniques by shooting a laser
beam at the beam of hot atoms and making sure that atoms and laser beam are on reso-

nance. This process introduces Doppler broadening in the spectral lines. Hence, in order

to compensate for the effect of Doppler shift, atoms are let into a Zeeman slower, which



applies a spatially changing magnetic field to the atoms to cause Zeeman effect. At the end
of this process, the atoms slow down to an approximate speed of 5 ms™!, from where they
are captured by a magneto-optical trap (MOT). The lasers that are shined on the atoms
in a MOT have different polarizations induced by the inhomogeneous quadrupole magnetic
field gradient. This creates a trap potential to accumulate ~ 10° atoms. Then the lasers
are turned off and the atoms stay in a pure magnetic trap where they are exposed to a
nondissipative trapping force. The magnetic trap increases the particle density, and hence it
helps with the evaporative cooling process. The evaporative cooling is the last stage where
the experimentalists turn on the crossed beam lasers to create a dipole trap. In evaporative
cooling, they let the hottest atoms at the edge of the trap leave the trap by reducing the
trap potential continuously. When the rest of the atoms recover their Maxwellian velocity
distribution [19], the mean temperature decreases. The evaporative cooling process reduces
the temperature of an atomic gas from tens of uK to hundreds of nK. A cartoon schematic
of this process can be seen in Fig. 1.1.

As the temperature of the gas decreases, the de Broglie wavelength of the atoms increases

2 2 1/2
N o= (2FR .
mkT

When the de Broglie wavelength becomes comparable to the inter-particle spacing, Bose-

Einstein condensation starts to occur. The critical temperature 7, that corresponds to the
phase change from normal to condensed gas, and the associated condensate fraction in a

harmonic trap are given as [21]

kKT. ~ 0.94hoN'/3,
T 3
o = Nll_(i)

where @ is the geometric mean frequency of the trap; N and Ny are the numbers of all

particles and condensed particles in the atomic gas, respectively; k is the Boltzmann constant;



h is the Planck’s constant and T is the temperature of the atomic gas.

When interactions and scatterings between Bose particles are taken into account, BEC
dynamics follow a nonlinear Schrédinger equation, the so-called Gross-Pitaevskii equation
[21,58].

G _%VQLIJ(r,t)—|—V(r,t)\1/(r,t)+U0|\If(r,t)|2\11(r,t), (1.3)

where W(r,t) is the wave function of a single-particle state into which the condensation
occurs; Uy = 4mwh?a,/m is the strength of the effective potential; a, is the scattering length
for two-body s—wave scatterings [59] that dominate a dilute cold atomic gas and V' (r,t) is
the external potential. While this is the case for spin—0 BEC, we can utilize the hyperfine
energy structure of these cold atoms and introduce spinor Bose-FEinstein condensates. A
spinor condensate is a multi-component condensate of atoms with their spin degrees of
freedom affecting the Hamiltonian of the system [21,60]. More specifically, a spinor BEC
experiences quantum spin-mixing which is initiated due to the s—wave scatterings of spinful
Bose atoms [61]. In the next subsection, we will introduce the spinor condensates and their

quantum phase transitions. In a later subsection, we will go back to the physics of spinless

Bose-Einstein condensates, introduce optical lattices and the resulting Bose-Hubbard Model.

Spinor Bose-Einstein Condensates

To write down the spinor BEC Hamiltonian, we need to make some approximations in the
scattering processes of cold atoms. The effective interactions between atoms in a dilute gas

are assumed to be short-range contact type [60],
Ue(r,r) = Upd(r —1'), (1.4)

where Uj is the interaction strength and 7, " are the positions of the atoms to scatter from

each other. The approximations of spinor condensates are [60],



1-Cold-collision approximation: all scatterings are s—wave scatterings, because the incident
collision energy is low.

2-Spinor gas collision approximation: the short-range potential is rotationally invariant, so
that the total angular momentum (both orbital and internal angular momenta) of a scatter-
ing pair of atoms is conserved.

3- Weak dipolar approximation: We neglect the spin-orbit coupling due to short-range molec-
ular potential, so that the orbital and internal angular momenta are separately conserved.
4- No muxing of the total hyperfine states of the colliding atoms, so that we neglect the
collisions where the atoms undergo hyperfine relaxation processes.

These approximations ensure that the s—wave scattering length of the colliding pair ar,
is sufficient to describe the collisions among spinor gas atoms. In addition to these approxi-

mations, quantum statistics constrain the parity of ap Integer spins behave like bosons,

bair
and hence they should be symmetric under the exchange of any two particles, whereas the
half-integers behave like fermions, and hence they should be anti-symmetric. Therefore, the
many-body wave function of identical spin—F atoms will have a factor of (—1)*" under the
exchange of any two atoms. Due to the same exchange principle, the internal spin part of

2F+Fpair

the wave function has a factor of (—1) , and the orbital angular momentum part of

the wave function has (—1)Lrair. Therefore we have,
(1) = (AT (1), (15)

which implies that Fj,;, must be even, when we have only s—wave scattering with L, = 0.

These arguments simplify the interaction Hamiltonian greatly,

Arhap

1 pair
B Y gy S Ty 1
2Y)

even Fpair

_is the projection operator for a pair of atoms that is projected onto the total

air

where P F,

spin-Fai. There are two possible operators: the identity operator Z; (for the i*" atom) which

10



is invariant under the exchange of spin indices (being the symmetric part of the Hamiltonian)

IZ ® IJ - Z ]:P)Fpair (17)

all Fpair

and the angular momentum or the spin-mixing interaction operator F; which is the nonsym-

metric part of the Hamiltonian,
F, F; = Z [ pair (Fpair + 1) — F(F +1)| Pp .., (1.8)
F alI’

where F; = I; = F' = 1, since all atoms possess spin—1 in our case. Then the interaction

Hamiltonian will be of the form,
Z—Eys-ﬁy%m®@hﬂﬂEF&% (1.9)

where s reminds us that we are summing over only even Fj,; because of the quantum

statistics. The coefficients ¢y and ¢; are to be determined in the following. We notice that
Zi® 1], = Po+DPy, (1.10)
and using Eq. (1.8),
[F;-F;], = Py—2P,. (1.11)

If we substitute Eqgs. (1.10)-(1.11) into Eq. (1.9) and equate the result to Eq. (1.6) for only

even Fliy, we obtain the coefficients as

4mh? 2
4 = L —CLO‘; = (1.12)
Arh? as — ag
o= ) 1.13
Cl M 3 ( )
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Let us write the identity and spin operators in terms of field operators,

T - 2 ) Ln(r) = (), (1.14)

where zﬁInF is the annihilation operator that satisfies Bose statistics for the Zeeman state

mp. Hence,

1
H; = 3 /dr (ch:nP(r) : +c) : F2(r) ). (1.16)
Here, :: denotes normal ordering. The total Hamiltonian in terms of field operators can be

written more explicitly,

Z /drw* (——+V( )) wm+— Z /der Dbt

m n——

+ %/dr(ﬂﬂ){%% + ot Wl g — 2000 g+ 20T
+ 200 o1 + 205dvn 1 + 20[9T o). (1.17)

We note that from now on, we skip the operator notation for simplicity in the equations
Um = Um. Since the first term in Eq. (1.17) is derived from the identity operator, we know
it is the symmetric part of the interaction Hamiltonian under the exchange of two atoms.
The second term, on the other hand, can be written with spin matrices for spin—1 atoms.
For sodium and rubidium alkali atoms, the symmetric part of the interaction Hamiltonian
is dominant over the nonsymmetric part, so that |cy| > |c;| holds. This observation leads
us to the so-called single mode approximation (SMA), where we assume that the condensate
wave functions for each spin component ¢,,—_11(r) are described by the same spatial wave

function ¢(r) [60,61]. The spatial wave function ¢(r) satisfies the Gross-Pitaevskii equation

12



which gives the spatial structure of the spin—1 spinor Bose-Einstein condensate. Then one

can write,

Um ~ amo(r), m=0,%1 (1.18)

with the normalization condition [ dr|¢(r)|*> = 1. The Hamiltonian reduces to rotationally
invariant H = %LZ, which has well-known analytical solutions for both ferromagnetic ¢; < 0
and anti-ferromagnetic ¢; > 0 interaction [61]. In the next step, we apply a magnetic field

to the system, which introduces linear and quadratic Zeeman effects. These terms read

U8 ((L2)mn — P(L2)mn) tn, and under SMA, they take the following form,

L2 m=1

H = 15 + mgl (gm* — pm) al,apm, (1.19)
L? L?
= Oy +4q (GT_1CL71 + GJ{Cll) —-p (Gial - CET_1G71> =G T CZG(T)GO —pL,

where the linear Zeeman term is the angular momentum operator in z-direction L, = ny—n_;
and we introduced ¢; = ¢, N. The SMA Hamiltonian Eq. (1.20) commutes with the linear
Zeeman operator F),, hence the eigenstates of the SMA Hamiltonian are always eigenstates
of the operator L,. We also note that the number of particles in level m = 1 are always
equal to the number in m = —1, when the magnetization is set to zero. So when there
is no magnetization, the linear Zeeman term will disappear, and when there is nonzero
magnetization, this term will be constant throughout the time evolution. Therefore, we can
safely neglect the linear Zeeman term. Therefore, the Hamiltonian reduces to
12

H = clﬁ—qagao, (1.20)

&1
- N( Ia{alal * atlaila—la—l - 2aj{ai1a1a_1 + 2a1a$a0a1

+ 24" alaga_y + 2alalara_y + 2ala’ agag) — qala,. (1.21)
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Figure 1.2: Full phase diagram of spin—1 ferromagnetic condensate with respect to ¢, the
Zeeman parameter, and m, the magnetization density, computed via exact diagonalization
of 10* atoms. The quantum phases are marked on the figure.

This system hosts quantum phase transitions for both ferromagnetic and antiferromag-
netic interactions due to the competition between spin-mixing and Zeeman terms. For fer-
romagnetic interaction the phase transition is continuous, whereas for antiferromagnetic
interaction the phase transition is continuous only when the net magnetization is nonzero.
Otherwise, the antiferromagnetic spinor condensate has a first order quantum phase transi-
tion.

At large and positive ¢ values the quadratic Zeeman term in the Hamiltonian Eq. (1.20)
dominates the Hamiltonian and all atoms favor the hyperfine level |mg). Therefore, the

ground state will be of the form,

[Y(q/cr = o0)) = [p-1=10,p0=1,p1=0). (1.22)

Here p,, is the atom density in each hyperfine level |m). When we take the ¢ to large negative
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Figure 1.3: The ground state energy gap of ferromagnetic condensate for m = 0 and N = 10*
atoms. The gap vanishes at two critical points as the system size increases, implying the
presence of two second-order quantum phase transitions.

values, Hamiltonian will prevent the occupation of |mg) due to minimization of energy,

[W(g/c1 = —00)) = |p1,p0=0,p1=1-p_1). (1.23)

As in previous section, the change in the ground states points to a quantum phase transition,
as we sweep the parameter q.

When the interaction is ferromagnetic, we set ¢; < 0 and apply exact diagonalization
to a system of 10* atoms. The full phase diagram of ferromagnetic condensate is given in
Fig. 1.2. When there is no net magnetization m = 0, the ferromagnetic spinor BEC hosts two
continuous quantum phase transitions between different quantum phases. A phase diagram
can be seen in Fig. 2.1a in the next chapter. Here we plot the ground state energy gap of
of this system in Fig. 1.3, that shows two quantum critical points that have, expectantly,

vanishing gaps with increasing system size. We apply finite-size scaling analysis on one of
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Figure 1.4: The ground state phase transition and the energy gap for ferromagnetic spinor

condensates when magnetization density is m = 0.8 for a system size of N = 10*.

these quantum critical points and find,

A = 5656N"3 R =1,
8.269N 0048 4 R2=1. (1.24)

qdc =

Let us first observe that A, the energy gap, indeed vanishes in the thermodynamic limit, as

we discussed in the beginning of the current Section. The critical point reads ¢. = —4 in the
thermodynamic limit. Thus, we can derive Eq. (1.1) for the ferromagnetic spinor condensate
by comparing the gap and the reduced control parameter in Eq. (1.24). This comparison
gives zv ~ 1/2. (i) The region where ¢/c; > 4 holds is the longitudinal polar phase, since all
atoms in the ground state occupy the hyperfine level |mg). (ii) The region where g/c¢; < 4

and ¢/c; > —4 is where the ground state breaks axial symmetry and is partial magnetized.

This phase is called broken-axisymmetry (BA) phase. (iii) The region where q/c¢; < —4

holds is the transverse polar phase, since no atoms in this phase occupy the hyperfine level

|mg). If the magnetization is zero, the ground state reads |p_; = 0.5, p0 = 0, p; = 0.5).

When magnetization is turned on, the longitudinal polar phase disappears, while the
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other quantum critical point survives to favor transverse polar phase over BA phase as the
magnetization increases. A cross section at m = 0.8 is taken from Fig. 1.2 and the particle
density at the hyperfine level |my) is plotted in Fig. 1.4a. The nonanalyticity of Fig. 2.1a at
q. = 4 smooths out. Correspondingly the energy at ¢. gaps out in Fig. 1.4b. The quantum
critical point at q. = —4 in Fig. 2.1a survives but shifts. We apply finite-size analysis and

find,

A = 4.368N*%%2

g = 8.054N06436 39 (1.25)

The exponents are found to be the same with Eq. (1.24), giving zv ~ 1/2 as expected,
because the critical exponents are universal. We also find the location of the critical point
in the thermodynamic limit at m = 0.8 magnetization density as ¢. = 3.2.

Finally, we turn our focus to antiferromagnetic condensates, ¢; > 0. When ¢ = m = 0,
one can write the ground state in closed form [61],

N/2

(g =0)) =D Aglps = k/N,po = (N = 2k)/N, p; = k/N) , (1.26)

where the coefficients Ay are uniformly distributed across different k& values [61]. Such a
ground state is special and this is reflected in the phase diagram plotted in Fig. 2.1b in the
next Chapter. When the net magnetization is zero, the antiferromagnetic spinor condensate
hosts a first-order quantum phase transition, e.g., sudden change in the order parameter.
This is not a symmetry-breaking phase transition, as the quantum phases that are connected
via the first-order phase transition are longitudinal and transverse polar phases. However
one can still perform finite-size scaling analysis in the vicinity of the transition. We find,
A =5.672N~! and q. = 3.311 N2 for the energy gap and the quantum critical point, respec-

tively. Hence, we can conclude that the gap vanishes faster compared to the ferromagnetic
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Figure 1.5: Full phase diagram of spin—1 antiferromagnetic condensate with respect to ¢, the
Zeeman parameter, and m, the magnetization density, computed via exact diagonalization
of 10* atoms. The quantum phases are marked on the figure.
condensate and the quantum critical point is indeed at g. = 0 in the thermodynamic limit.
Introducing nonzero magnetization transforms the first-order quantum phase transition
into a continuous quantum phase transition. Fig. 1.5 shows the full phase diagram for
antiferromagnetic interaction where a BA phase appears with nonzero magnetization density.
Perfoming finite-size scaling analysis to a cross section at m = 0.8 in this figure indeed reveals

a second-order quantum phase transition,

A = 2931IN70357 R

g = 3.752N%% 108 R*=1. (1.27)

The exponents are the same with that of ferromagnetic spinor condensate, leading to a
zv ~ 1/2 critical exponent.

In conclusion, I demonstrated the QPTs in spin—1 spinor Bose-Einstein condensates with
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different types of interactions in this subsection. In Chapter 2 we will study the quench
dynamics of spinor condensates where I will establish how quench dynamics can capture
the equilibrium QPTs. Later in Chapter 6, I will present how transient probes of spinor

condensates could be useful to probe QPTs.

Bose-Hubbard Model

Due to light-matter interaction, the atoms in a dilute gas can experience an energy shift in

the presence of an electric field, which is given as a potential [21]
V= —=d(w) (E(r,1)?),, (1.28)

where o/(w) is the real part of the dynamical polarizability of the atom, w is the laser
frequency and £ is the electric field of the laser. Dynamical polarizability of the atom depends
on the detuning, Rabi frequency and the lifetime of the excited state [21]. The coupling
between atoms and the coherent light, Eq. (1.28), is the heart of the optical lattice generation.
If the electric field £ has a spatial periodicity, by interfering two counter-propagating waves
and time-averaging for longer times than the period of the light waves, one could produce
an optical lattice potential. Assuming that two counter-propagating have the same frequency

and linear polarization in z—direction, the electric field reads
E. = &y cos(kr — wt) + & cos(—kx — wt) = 2& cos(kx) cos(wt). (1.29)
To substitute in Eq. (1.28), we calculate

m/q
(&(r, t)2>t = 48 cos®(kx) / dt cos®(wt) = 282 cos®(kx) = &3 (cos(2kz) +1).  (1.30)
0
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Therefore, by also taking into the account k = 27/, the spatial dependence of the potential

reads

Admx 2rx

V(z) = Vpcos(2kz) = Vp cos (T) = Vy cos (7) , (1.31)

where d = A\/2 is the optical lattice spacing. Vp, which is the lattice depth, depends on
the intensity of the light and the real part of the atomic polarizability. The generalization
to higher dimensions follows similarly, by superposing multiple sets of counter-propagating
light waves depending on the lattice geometry that is desired [21,27]. The physics of optical
lattices follow closely that of solid state crystals, albeit the characteristic parameters are
different due to the huge difference between interatomic distance between crystal atoms
(~ 107% cm) and typical laser wavelengths (~ 600 nm). Therefore, the band theory of solid
state systems and Bloch theorem apply [15].

In Chapter 3, we are going to propose an optical lattice for a spin model on a ladder
geometry, which is a quasi-1D model. For this geometry, similar to a 2D square lattice,
we will need two sets of counter-propagating waves. Let us also note that, in experimental
setups, one could use a mirror to reflect back the light wave onto itself [62].

Upon generation of an optical lattice loaded with a dilute gas of bosonic atoms, one could

write the Hamiltonian in the second quantized form,

H = /d%w(m) (—%VQ +V(z)+ VT(a:)> ()

1 4mash?
2

/ eyt (@) (x)(@) (@), (1.32)

where () is the bosonic field operator, as introduced in the previous section for spinor
BEC, but with no spin degree of freedom. V(&) is the optical lattice potential, V() is
the external trap potential and the final term in Eq. (1.32) is the interaction term. A usual

assumption is that the energy scale of the system is much smaller compared to the gap from
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the first to the second band, and hence one can expand the field operators in the Wannier
basis of the first band, () = ). bjw(x — ;). This expansion introduces the tight-binding
model of an atomic dilute gas loaded into an optical lattice, which is the Bose-Hubbard

model (BHM) [63,64]
1
2¥) ? 7

Here the algebra is [b;, b;r] = 0,5 and n; = bzbi is the number operator at site 7. The parameters

J,e; and U can be derived in terms of the Wannier functions:

U - % P rlw()| (1.34)
J = /d%w*(a} —x;) <—2h—mv2 + V(:c)) w(x — x;), (1.35)
€ = /deVT(w)]w(m)\z ~ Vr(x;). (1.36)

These are the onsite repulsion, the hopping strength between sites ¢ and j, and the energy
offset of site ¢, respectively. Wannier functions can be calculated with band theory [15]. Let
us also briefly note the characteristic energy scales of the model when it is realized in an
optical lattice. The recoil energy of an atom with mass m is its kinetic energy in the wake of
absorbing a photon after being initially at rest, Exr = h2k?/2m. Stating the lattice depth 1}
in terms of the recoil energy Er helps us observe whether the atoms tunnel freely EFr > Vj
or their tunneling is suppressed Er < V. This inequality can be exactly determined if we
estimate the extent of the ground state wave function of atoms localized near the potential
minima by utilizing the harmonic approximation [21]. For a 1D optical lattice, the frequency
of small oscillations in the vicinity of a potential minimum is Awes. = 2v/FErV, and the size of

the ground state wave function is aese = (A/Mwese)/? [21]. By comparing these two equations
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and using the recoil energy,

CLZSC 1 ER 1/2

Therefore, by tuning the laser frequency and intensity, we can change the tunneling amplitude
of the atoms in the optical lattice. This observation can also be verified by examining
Eq. (1.35). In a similar vein, we can determine how the laser frequency and intensity affect
the interaction strength U, which turns out to be U = 2hweses/ (aosev/27) [64]. As a result,
optical lattices provide a very controlled environment to simulate strongly correlated physics
[24,26,27,64].

Finally let us very briefly mention the quantum phase transition hosted in the Bose-
Hubbard model [63]. The BHM has two quantum phases: when J > U the ground state is
a superfluid (SF) and when J < U it is a Mott insulator (MI). In the SF phase, each atom
is delocalized over the lattice and the phase is gapless; while the MI phase is gapped and
the ground state is a product of local Fock states with a fixed number of atoms at each site.
The latter can be understood in the context of repulsive interactions. The SF-MI transition
has been realized in cold atoms in Ref. [62].

In this dissertation, we utilize the hard-core boson limit of the BHM where the interaction
strength is effectively infinite U — oo and the number of bosons at each site is either |0)
or |1) in Fock basis due to the noninteger filling factor f [27]. Then the BHM in hard core

boson limit is exactly mapped to the X X —chain [65],

H = —tz (of0f  +olol ) + hZJf. (1.38)

The details of the mapping are given in Chapter 3 where we also extend the mapping to

quasi-1D systems.
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1.2 Nonequilibrium Quantum Physics

Quantum many-body dynamics is one of the most active fields of physics with vast amounts
of research over the decades thanks to experimental progress in quantum simulators [66].
Since my aim in this Chapter is to prepare the reader for the rest of the dissertation, I
will be focusing on select topics of quantum many-body physics out-of-equilibrium, such
as equilibration, thermalization, light cone bounds, information scrambling and dynamical
phase transitions. More details on the research topics of this field can be found in excellent
reviews written over the years [32,34,35,66,67].

We exclusively use sudden quenches in this dissertation as a way of driving quantum
many-body systems out-of-equilibrium. Sudden quench is also a limiting case of a ramp.

Given that the ramp parameter is ¢(t), a ramp reads

t
q(t) = qo — vt = qo — —, (1.39)
TQ

where v and 79 both are the ramp speed parameters in different units, either the reciprocal
time (v) or time (7g). The parameter ¢ is the initial ¢ from where the ramp starts. When we
ramp with 79 — oo, e.g., a very slow ramp, the dynamics approach to its adiabatic limit and
the ground state changes adiabatically by following the change in the control parameter ¢(t).
In the opposite limit where we perform a very fast ramp with 79 — 0, the ramp approaches
to a sudden quench where the many-body system is excited to higher energies.

Ramps are particularly important in dynamical detection of phase transitions and map-
ping the phase diagrams of quantum phases in the laboratory [68-71]. As we change the
control parameter ¢, the Hamiltonian and its eigenstates change. As long as the order pa-
rameter has time to follow the external change in the Hamiltonian, the process remains
adiabatic. Since the relaxation time diverges in the vicinity of the phase transition, the dy-
namical evolution freezes and the system cannot equilibrate at the critical point. After the

change in control and order parameters becomes comparable again, the adiabatic dynamics
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resume. This mechanism is called the Kibble-Zurek mechanism (KZM) when the transition
is from/to a gapped phase [70,71], which determines the scaling of freeze-out time ¢ and the
control parameter ¢ in terms of the quench speed parameter 7¢ in the vicinity of the critical

point,

t~ Té”/(1+z”), qnr~ Tél/(p’z”). (1.40)
KZM critical exponents of spin—1 spinor condensates were recently measured in the labora-
tory [72].

Although the most usual ramps are linear ramps [68,69], one can also engineer ramps of
more complicated functional forms to achieve adiabaticity most optimally, e.g., shortcuts to
adiabaticity [73]. In all these cases, one assumes that the initial state is the ground state
of a Hamiltonian with an initial control parameter ¢y and that the aim is not to excite the
system to its higher energy states. In the limit of sudden quenches, although one can still
choose a ground state of an initial Hamiltonian as the initial state (which we will choose to
do so in Chapters 6 and 7), we can set the initial state arbitrarily. Given an arbitary initial
state [¢(0)) and an evolution Hamiltonian Hy with eigenbasis [E,, |¢4)], the initial state in
the basis of the evolution Hamiltonian is [(0)) = > ca|¢a). A system that goes under
a sudden quench from [¢(0)) is then the time evolution of [1(0)): e~/ |¢)(0)). When a

measurement is performed where O is an observable, we calculate (O(t)),
(O(t)) = chepexp [~i(Ea — Ep)t] Oap. (1.41)
af

When the initial state is not a pure state, one can calculate (O(t)) = tr(e’#/"Qe=#t/hpy)
with the density matrix of the initial state pg, c.f. Chapters 3 and 5.

There are a few different nonequilibrium responses that (O(t)) can exhibit. It can equi-
librate or show quantum oscillations; if equilibration occurs, it might thermalize; depending

on the locality of the Hamiltonian and the size of the system, it might demonstrate quantum
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revivals. We will touch upon these processes in a quantum many-body system in the next

subsections.

1.2.1 Equilibration, Thermalization and Absence Thereof

Dynamic processes in a quantum system could be very illuminating about the underlying
system and the physics in play. The equilibration of quantum systems is the first example
of those that we will be focusing on in this dissertation. Although the concept of equili-
bration is very prevalent in our everyday life in the macroscopic world, the question of how
it could possibly happen in isolated quantum systems governed by the Schrodinger equa-
tion, and hence unitary time evolution attracted its first attention as early as 1929 from
von Neumann [74]. Based on the principles of thermodynamics and statistical mechanics,
the equilibration accompanies an increase in entropy over time, and hence the equilibrium
state is the maximum entropy state [75]. However, the microscopic quantum dynamics of
time-independent Hamiltonians are time-reversal invariant, and the (entanglement) entropy
of pure states remains constant all times. How irreversible macroscopic dynamics could
originate from reversible microscopic dynamics with an associated time-independent Hamil-
tonian in an isolated system on the other hand, was discussed in the context of classical
statistical mechanics well before the formulation of quantum mechanics [76-81]. The analog
of von-Neumann entropy of quantum mechanics is the Gibbs-Shannon entropy in isolated
classical systems, and the reversible phase space trajectory of classical microscopic dynamics
is replaced by the unitary evolution of wave functions in Hilbert space [82,83]. According to
the early discussions in the literature [83-85], what is unique about equilibration in isolated
quantum systems is (i) the quantum coherence which originates from the superposition of
states and (ii) the observation that the canonical state of a subsystem in an isolated system
will not be altered for different system states as the system size approaches to infinity. In
the following discussion, I will detail the argument (i) as a part of the explanation for the

equilibration of an isolated quantum system. Later I will briefly review the argument (ii) in
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the context of subsystem equilibration and thermalization.

The notion of equilibration is defined as ‘the dynamical process where a time-dependent
observable evolves to some equilibrium value and remains close to this value for most times
during the evolution’ [67]. Note that this definition is free from an arrow of time that
naturally emerges in macroscopic irreversible processes. This is reasonable, because quantum
mechanics by itself does not prefer a direction for time [82]. If equilibration happens, long-
time average of (O(t)) has to be equal to the value of the long-time equilibrium state. We
can estimate this value straightforwardly by examining Eq. (1.41): When ¢t — oo, there
is a unique energy condition that will give a nonzero value (O(t — o00)) # 0, and that is
E, = Ejs. If the energy spectrum is nondegenerate, the energy condition implies o = 8 and

this leads to

(Ot = 50)) = 3 leal* O (1.42)

[0}

This value is the prediction of an ensemble that describes the long-time equilibrium state
of a quantum system and the ensemble is called the diagonal ensemble (DE) [40, 86-88].

Therefore, equilibration means (O(t)) = (O(t — o0)), where the (-), ,__ is the long-time

t—00
average. One can notice that if a quantum system equilibrates, this implies a form of phase
decoherence in Eq. (1.41). In other words, the terms in Eq. (1.41) destructively interfere in
the long-time dynamics, resulting in an equilibrated (or a dephased) state.

More insights regarding the equilibration, including that of subsystems and in finite
times, were reached with the rigorous proofs and results of Refs. [36,84,89-92]. An overview
of these results and proofs can be found in Ref. [67]. Here I will quote one theorem from
Ref. [36], which unified those of Refs. [90] and [91].

Definition 1 (Non-degenerate energy gaps [36,67]). If the Hamiltonian has non-

degenerate energy gaps, then any four energy eigenvalues Ey, E;, F,, and E,, with an energy
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condition of Fy, — E; = E,, — E,, has to satisfy

(Ee=E ANEn=E)V (Ey=EnANE =E,), (1.43)

where A and V stand for ‘and’ and ‘or’ logical operations. One observes that we can still treat
a Hamiltonian with symmetry sectors, e.g., degenerate energy levels, while ensuring that the
Definition 1 is satisfied. The cases that are eliminated by Definition 1 are when there are
physically noninteracting (or uncoupled) subsystems in a model, e.g., H = HyQZp+ZsQHpg
where subsystems A and B can be for example spins in a spin chain. All systems studied in
this dissertation are of interacting types, hence Definition 1 is automatically satisfied in the
rest of the dissertation.

Theorem 1 (Equilibration) [36]. Given that the time evolved state is p(t) (generaliza-

tion of the pure state |¢(¢)) to its density operator) and its time-averaged state is w = p(t)|;

over time t, if Definition 1 holds, the following quantity should be bounded for any operator

@)

o2 = |tr(Op(t)) — tr(Ow)|?|; < : (1.44)

where ||O|| is the operator norm, e.g., the largest singular value of O and deg is the effective

dimension of the initial state

deﬁz<ztr<|¢a> <¢a|p<t=o>>2> - (Dcar*) , (1.45)

[0}

where |¢p,) (¢4| is the projector onto the eigenspace with energy E, and the second term is
valid when the state is pure, i.e., p(0) = [1(0)) ((0)].

Theorem 1 quantifies the notion of equilibration: If the value of the time evolving ob-
servable is close enough to the value of the time average of this observable, equilibration

occurs. How much close is determined by the effective dimension of the initial state deg,
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which was first defined in this context [36]. It is a measure of the population density of the
energy levels excited by the initial state. When it is small O(deg) ~ 1, the nonequilibrium
response is composed of a few eigenstates and hence oscillatory, whereas in the case that it
is large O(deg) ~ d where d is the dimension of the Hilbert space, a macroscopic number
of energy eigenstates contribute to the dynamics, initiating equilibration. In Chapter 2, we
will utilize this insight which also does not require infinitely long time evolution, and cal-
culate d.g for spinor condensates for two distinct nonequilibrium responses. The value and
the system size scaling of effective dimension will help us to argue when we observe equili-
bration and when not in spinor condensates. Later in Chapter 3, we will again utilize the
effective dimension of the initial state to demonstrate that realistic initial states prepared
for experimentation scales the same with the infinite-temperature states in the system size
for a system in quantum ergodic regime.

Let us also finally note that the rigorous proofs and results in the literature [67] reveal
about the subsystem equilibration in quantum systems where we observe that a smaller
subsystem of a large enough quantum system is not sensitive to the nature of the wave
functions of the entire system [84]. In other words, the wave function could be any pure or
mixed state, and yet the state of the subsystem will be always very close to a canonical state,
i.e., an equiprobable mixed state. Such an irrelevance of the entire system’s wave function
to the state of a subsystem is a truly quantum phenomenon with no classical analogue [83].
Let us also note that Theorem 1 can be used to prove equilibration bounds for subsystems
too [36,91]. Finally, it is well-known that the entanglement entropy of the subsystems,
regardless of their size, will increase in time [93,94] and the trend of this increase is an
important signature of quantum ergodicity and lack thereof. In this sense, the equilibration
of subsystems in quantum systems is similar to classical systems, because (i) one could
obtain a subsystem with a state drawn from the canonical ensemble, and (ii) the entropy
of the subsystem increases in time up until a finite value for bounded Hilbert spaces, thus

reminding of the second law of thermodynamics.
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When equilibration does not occur, we observe quantum oscillations. Depending on their
origins, such oscillations could tell us about the underlying system, i.e., spin mixing oscilla-
tions in spinor condensates [60,95-98] and domain-wall binding in long-range transverse-field
Ising models Eq. (1.2) [99] or its ergodicity breaking mechanisms if the system is ergodic in
the first place, i.e., quantum scars [100-102]. Quantum oscillations could also be the signa-
ture of a dynamical phase where the time-translational symmetry is spontaneously broken,
resulting in the so-called time crystals [103-106]. In Chapter 6 we will show how tran-
sient properties of an oscillatory spinor condensate dynamics could be useful for probing the
underlying quantum phase transitions.

Equilibration in quantum systems does not necessarily imply thermalization. For ther-
malization to occur, typically the long-time equilibrium value has to be predicted by a
statistical ensemble and a few parameters, i.e., temperature, particle number [19]. In other
words, the equilibrium value must be also the thermal value [40].

Here we focus on the Eigenstate Thermalization Hypothesis (ETH) as a route to thermal-
ization in quantum many-body systems. However alternative approaches to thermalization
exist and these can be found in the review articles [67]. The thermalization of an entire
system must be described by the microcanonical ensemble fixing the energy of the system
with a sufficiently narrow energy window on the energy spectrum [40, 107]. For subsystem
thermalization, the long-time equilibrium value should be predicted by the canonical ensem-
ble with an associated temperature that is determined by the rest of the system, because
the rest of the system acts like a bath for the smaller subsystem [107]. Ref. [67] provides
a straightforward guideline for subsystem thermalization which includes the following steps:
(i) equilibration, (ii) subsystem and bath initial state independence, (iii) diagonal form of
the subsystem equilibrium state and (iv) recovering a Boltzmann or Gibbs state for the sub-
system, i.e., canonical or grand canonical ensembles. Let us note that if an extensive number
of conservation laws exist in the system, the system becomes quantum integrable [33] and

usually integrable systems do not thermalize to a thermal state, instead they equilibrate
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to a generalized Gibbs state where additional conservation laws appear in the generalized
Gibbs ensemble with Langrange multipliers [108, 109]. However, there exist integrable sys-
tems that do thermalize to thermal equilibrium values in the literature [110,111]. Chapter 2
in the dissertation gives an example of such integrable models and numerically proves the
thermalization by invoking ETH.

Conjecture 1 (ETH) [40]. The eigenstate expectation values (EEVs) O, of a large
interacting many-body system is equal to the microcanonical thermal average of O at the
mean energy F,,, where a narrow energy window is defined around E,, as E,, € [E,,—0, E,,,+]
and 0 < E,,. Here the microcanonical state could be constructed from the energy eigenstates

in the narrow energy window,

1 '
Pme = N Za: |¢a> <¢a| ) (1'46>

where Njy is the number of states in the energy window and the notation Z; means that
we sum over the states in the energy window only. The essence of this conjecture is that
one eigenstate alone, i.e., any state |¢,) in the energy window, can encode the equilibrium
properties of the Hamiltonian, and the states |¢,) are called thermal eigenstates. A more
precise definition for ETH can be also given:

Definition 2 (ETH, strong form) [40,67,107]. ETH holds if for an arbitrary initial
state [1(0)), (i) the EEV O,, changes sufficiently smoothly with the energy eigenvalues F,
and (ii) the off-diagonal elements of the observable N,3 where o # ( are negligibly small
compared to the diagonal elements N,,, assuming nondegenerate energy spectrum.

As also shown in Refs. [40,112], a precise definition of ‘sufficiently smooth’ can be given
and this will be presented and discussed in Chapter 2. The second condition is similar in spirit
with the condition (iii) cited above for subsystem thermalization, requiring a diagonal form
in the observable in the equilibrium thermal state. What makes the Definition 2 the strong

form of ETH is the independence of the definition from the initial state choice [113]. This
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means that for the strong form of the ETH to hold, all energy eigenstates should be thermal.
Later, the weak form of the ETH is introduced to explain thermalization in the presence
of rare fluctuations or rare nonthermal states [114]. In Chapter 2, it is going to be shown
that the spinor condensates have such rare nonthermal states in their energy spectrum for
some parameters and that the fraction of the rare states in the spectrum vanishes in system
size. Based on the works in the literature [114] and our results in Chapter 2, we restate the
definition of the weak ETH as,

Definition 3 (ETH, weak form). The weak form of the ETH holds, if (i) for typical
eigenstates in the energy spectrum, the EEV O, changes sufficiently smoothly with the
energy eigenvalues E,; (ii) the fraction of the rare nonthermal eigenstates vanishes in system
size, meaning that there could be nonthermal states existing but they are a vanishingly small
part of the spectrum, and hence they are rare, and it requires fine-tuning to probe them in
the thermodynamic limit.

Based on Definition 3, we observe that a finite-size system that satisfies the weak form
of ETH, but not the strong form of the ETH, cannot be thermalized by all possible initial
states. Due to the presence of rare nonthermal states in the spectrum, one can design a
state, either realistically or not, to probe the rare region in the energy spectrum and the

resulting dynamics cannot thermalize, and even maybe cannot equilibrate.

1.2.2 Quantum Revivals, Light Cone Bounds and Information

Scrambling

Finite-size quantum many-body systems typically reveal their system size in their nonequi-
librium response. After enough time, the time-evolving state of a finite-size system may go
back to the initial state, which is called a quantum revival and this nonequilibrium response
is predicted by quantum recurrence theorem [37]. Such finite-size effects are important to
detect, as often times, especially in solid-state physics, one strives to understand the physics

independent of the system size, i.e., by applying finite-size scaling analysis. However, the

31



physics of finite-size effects are as interesting as lack thereof.

The reason why finite-size systems exhibit finite-size effects is because of the propaga-
tion of excitations across the system. When we suddenly quench a system with an initial
state in nonequilibrium, we pump energy into the system and excitations to higher energy
levels are created. Any observable that exhibits quantum revivals probe the propagation
of these excitations to the edges of the system and their reflection back to the location of
the observation. We will see many examples of quantum revivals in this dissertation, i.e., in
Chapter 2 we will observe them in spinor condensates. Although the spinor condensates are
effectively all-to-all coupled systems, we will show that the timescale of quantum revivals di-
verge with increasing system size, confirming that they are indeed quantum revivals, probing
an effective system size. Later in Chapter 6, we will return back to quantum revivals in the
context of a locally interacting spin chain, short-range (non)integrable TFIM. We will see
that one can utilize the time range before finite-size effects kick in to predict the dynamic
behavior in the thermodynamic limit. In this sense, we will focus on many different occasions
of finite-size effects to demonstrate that it might be really helpful to recognize them with
concrete examples, such as (i) to argue for an equilibration interval [67] (Chapter 2), (ii) to
numerically estimate the coherence times of edge spins [115] in infinite time (Chapter 5),
(iii) to determine a universal temporal regime in a nonequilibrium response (Chapter 6), (iv)
to estimate when cluster theorem [116] breaks down in a finite-size system (Chapter 7).

Arguably, one of the most intuitive dynamical behaviors emerging in locally connected
quantum many-body systems is the light cone bounds of information spread [44]. The
Lieb-Robinson bound is the natural result of the geometry and limited connectivity of the
underlying lattice, i.e., lattice with only nearest-neighbor couplings. It is a remarkable
extension of finite velocity of light as the upmost velocity bound in relativistic quantum
mechanics [48, 117] to nonrelativistic quantum mechanics where there is an emergent light
cone speed that cannot be exceeded by the excitations of the system, solely due to the nature

of the interactions in the Hamiltonian.
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Figure 1.6: Light cones of (a) integrable and (b) nonintegrable TFIM at a system size of
N = 36 emerging from the fluctuations of the equal-time two-point correlators (coded in
colors) that are computed via t-DMRG. (a) The integrable TFIM calculated at transverse
field h/J = 0.4 exhibits a linear light cone with numerically extracted correlation speed
of 1.6J. (b) The nonintegrable TFIM with interaction strength A/J = —1 calculated at
transverse field h/J = 0.75 exhibits a linear light cone with numerically extracted correlation
speed of 3.04J. In a light cone figure, x— and y—axes stand for the spatial distance R and
time t, respectively. The circles are the data points corresponding to the contour threshold
¢ and the fitted dashed lines are the best fits to the data. R? in the legend is the correlation
coefficient of the fit; v corresponds to the extracted light cone velocity at its associated
threshold value &.
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Theorem 2 (Lieb-Robinson bound) [44,67]. Given a Hamiltonian with finite range
interaction and strictly local observables W and V', there exists a finite group velocity v

called the Lieb-Robinson (or light cone) speed and the following bound holds,
W @), V]Il < AWV exp(=(z — vlt])), (1.47)

where x is the distance between the support of the observables and A is a positive constant.

The essence of Theorem 2 is that (i) the operator spread, e.g., spread of correlations
across spacetime W (t) = e /" etHt/h has a finite speed for a Hamiltonian with finite
range interactions, meaning that there is a well-defined information light cone that parti-
tions the spacetime of excitations into regions: timelike, lightlike and spacelike [59]. (ii)
The probability of excitations following a spacelike trajectory is exponentially suppressed,
i.e., correlation functions cannot grow significantly outside of the light cone. Light cone
bounds of systems with different statistics and interaction types and ranges have been stud-
ied extensively in the literature with analytical and numerical methods [118-125], and in a
laboratory [126,127].

Figs. 1.6 give examples of linear light cones in the spacetime of the short-range TFIM
where left and right panels are for the integrable and nonintegrable cases, respectively.
Integrability is broken by introducing next nearest neighbor couplings, c.f. Eq. (5.15) for
the Hamiltonian. These figures depict the fluctuations of equal-time two-point correla-
tors [121,126,128,129], (do7(¢)d0% (t)) where 607 (t) = o(t) — (0%(t)) for pairs of (1,7 # r’)
running from ¢ = 0 to some time ¢ that reveals the functional form of the light cone. Then, we
determine the contours of very small amplitude &, that sets the onset of fluctuation growth
(607(t)007 (t)) > 0 for t > 0. Numerically one can study a set of light cones with different
£. To eliminate this arbitrariness we choose & with the best goodness of fit, R? value. In
Chapter 3, we will show that other types of correlators, i.e., out-of-time-order correlators

(OTOC) that will be explained below, could exhibit light cone bounds in disordered spin
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systems [130-132].

Information scrambling is a dynamical process that is complementary to the processes
that we have discussed so far. It quantifies the operator spread, and probes the timescales
of local operators being nonlocal [133-136]. Its associated timescale, that is the scrambling
time, is when an initially local operator becomes the most nonlocal given the bounds on
the Hilbert space dimension. This timescale is typically different than the thermalization
timescale of the system [137,138]. In other words, scrambling is the process where initially
local correlations become lost to local probes in yet reversible and unitary quantum evolution.
A natural probe for information scrambling (operator spread) is some form of the commutator
between W (t) and V, as appeared in Lieb-Robinson bound Eq. (1.47), Theorem 2 above.
Observing only the commutator, i.e., tr(e ##[W (t),V]), at an inverse temperature 3 turns
out to be featureless [139]. The next possibility is to look at the second moment of the
commutator, that is the commutator square,

Cs(t) = — S tale W (), VI, (1.48)

where Z is the partition function. This quantity is called out-of-time-order commutator
[140-144]. Let us note that the norm in Eq. (1.48) is Frobenius norm. For unitary and
hermitian operators one can cast the out-of-time-order commutator to out-of-time-order

correlator (OTOC) [145],
Fyy(t) =tr (e "W VW ()V) . (1.49)

There are multiple proposals for scrambling detection in different media [146-155] and mea-
surements in laboratory [156-161]. In Chapter 3, we will focus on a proposal of scrambling
detection on cold atoms.

OTOCs have been found to be useful not only in the detection of quantum chaos

[132,140,142-144,150,162-166], but also lack thereof [131,139,158,162,167-169], i.e., many-
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Figure 1.7: Measurement schematic of dynamical phase transitions type-I. 1) is the initial
state and O is an order parameter observable.
body localization (MBL) [43, 170-177]. MBL is an extension of single-particle Anderson
localization [178] in disordered medium to systems with interactions [170]. A many-body
localized system cannot thermalize via ETH, exhibits logarithmic spreading of entangle-
ment as opposed to linear spreading of entanglement in ergodic phase [93], has eigenstates
with area-law entanglement, does not show nonzero DC conductivity and could retain some
memory of local initial conditions [43]. Again in Chapter 3, we will study the ergodic and
MBL regimes of a disordered quasi-1D locally connected spin system from the perspectives
of energy level statistics and information scrambling. Furthermore, OTOCs exhibit not only
light cone dynamics, but also butterfly cones which are the wavefronts associated with the
scrambling time [130-132]. This observation will be explained in detail in Chapter 3, as well.
Information scrambling and OTOCs have also shown to be more broadly useful than
just being a probe for quantum chaos and MBL, [179-182]. In particular, a new branch
of research emerged in the field of information scrambling that focuses on the detection
of equilibrium and dynamical phase transitions through OTOCs Refs. [160, 161, 181, 183—
191] including Chapter 4. This line of works brings together the research on information
scrambling and quantum chaos with the research on dynamical phase transitions where the
latter will be detailed in the next subsection. Chapters 4 and 5 will focus on explaining
why a connection exists between quantum phase transitions and OTOCs, and how OTOCs
at infinite-temperature could probe topological phase transitions associated with Majorana

edge modes, respectively.
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1.2.3 Dynamical Phase Transitions

Criticality, defined under the Landau paradigm [192], is one of the milestones in our under-
standing of matter, providing us with a framework to classify microscopically diverse phe-
nomena into a handful of universality classes with their associated critical exponents [45,193].
Thanks to recent impressive progress in the control and precision achieved in quantum syn-
thetic matter [94,126,156,194-197], not only have concepts from equilibrium quantum physics
been extended to the out-of-equilibrium realm such as with dynamical phase transitions
(DPTs) [198-202] and dynamical scaling laws [200,203-207] where Chapter 6 is an example,
but there have also been concerted efforts to probe equilibrium quantum critical points and
universal scaling laws through quench dynamics [181,203,205,208-212] including Chapters 2
and 6 in this dissertation, or with infinite-temperature initial states [186, 187,213]. Such
techniques obviate the need for undertaking the usually difficult task of cooling the system
into its ground state over a range of its microscopic parameters in order to construct its
equilibrium phase diagram.

Two different but related types of DPTs have been defined in the literature [199,214-217].
A type-1 DPT arises when the quench dynamics undergoes a nonanalytic change with respect
to a system parameter in a quenched Hamiltonian [199,214-217]. Whereas, a type-II DPT
appears when one global order parameter under the quench Hamiltonian has a nonanalytic
singularity in its time evolution, i.e., the Loschmidt echo [199,201,202,206,214,216,217]. In
this dissertation, we will exclusively focus on the former definition, when it is applicable.

A measurement schematic of DPT-I can be seen in Fig. 1.7. Typically the initial state
is chosen as a product state, because product states are easier to prepare in a laboratory,
and the observable is set as the order parameter of the quantum phase, i.e., O = M =
>, 0f total longitudinal magnetization for TFIM. After a transient temporal regime, time
evolving order parameter equilibrates and the steady state values across the transition point
become a probe of the equilibrium phase transition [35]. In Chapters 6 and 7, we will

extend this idea to single-site observables in chains with different boundary conditions, as
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single-site observables are experimentally achievable with modern quantum simulators [195].
Particularly in Chapter 6, we will show that the transient temporal regimes could be useful
to extract quantum critical points by exhibiting a dynamical crossover, eliminating the need
to reach long time steady-state regimes. In Chapter 7 we will focus on quasi-stationary
temporal regimes to detect quantum critical points in an open chain. In both Chapters,
we will pay special attention to dynamical scaling laws in the vicinity of the crossover or
transition, and extract the exponents of these scaling laws. Remarkably, these dynamical
scaling law exponents will significantly differ from the analytical predictions that are valid
in equilibrium at infinite-time limit. The mechanism that leads to such truly nonequilibrium
critical exponents is the critical slowing down and the divergence of the relaxation time in

the vicinity of the transition or crossover.

1.3 A Brief Outline of the Dissertation

Having discussed the preliminaries of the dissertation in detail and drawn an outline in the
previous Sections, here let us briefly summarize the rest of the Chapters, which appeared

elsewhere either as a publication or a preprint.

Chapter 2, published in Ref. [218], studies the nonequilibrium responses of spin—1 spinor
Bose-Einstein condensates in the wake of a sudden quench, finds that spinor condensates can
thermalize via ETH, although they are integrable systems and can equilibrate while showing
no sign of quantum revival, although the system has finite degrees of freedom. This chapter
also proposes that quench dynamics could probe the underlying QPT in spinor condensates

for both ferromagnetic and antiferromagnetic interactions.

Chapter 3, published in Ref. [219], proposes a detection mechanism for information scram-

bling in cold atom quantum simulators and studies the scrambling properties of this exper-
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imentally feasible model in different dynamic regimes, e.g., ergodic and MBL in disordered
potentials. It finds that the ladder—X X model in its ergodic regime exhibits power-law
decay in OTOC and logarithmic decay in the MBL regime. The light cone extracted from

OTOC exhibits sublinear propagation of excitations.

Chapter 4, published in Ref. [220], puts forward an analytical framework to calculate
the infinite-time steady-state value of OTOCs, finds conditions on the initial state and the
observable based on the analytical expression that are required to probe QPT via OTOCs
and applies the method to a critical spin chain, the X X Z—chain. This method renders the

connection between QPTs and information scrambling universal.

Chapter 5, published in Ref. [187], generalizes the method devised in the previous Chapter
to infinite-temperature OTOCs, explains why OTOCs of edge observables are susceptible to
topological phase transitions associated with Z5 topological order and Majorana edge modes.
When integrability is broken, full scrambling is prevented and a new timescale in the scram-

bling dynamics emerges with a long-lived plateau called the prescrambling plateau.

Chapter 6, published in Refs. [221] and [222], utilizes the transient temporal regimes to
probe QPT and find dynamical scaling laws in the vicinity of the transition or crossover.
The first Section, Ref. [221], presents experimental data on the spinor condensates where
the amplitude and the timescale of the first dip in the oscillatory behavior acts like an order
parameter across a first-order QPT. The second Section, Ref. [222], studies the decay rates
of the transient temporal regime and proposes a dynamical order parameterlike quantity to

reveal a dynamical crossover in the short-range TFIM with single-site observables.

Chapter 7, in peer-review [223], proposes utilizing single-site observables close to the

edge in an open-boundary chain to initiate a quasi-stationary regime, probe quantum critical
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points and extract an associated dynamical critical exponent in the vicinity of the transition.
Remarkably, the critical exponent is robust to changes in the initial state, observable location
and weak integrability breaking, resulting in a notion of universality in the vicinity of the
transition.

Although not directly related to my dissertation, multiple other publications emerged
from other collaborations during my PhD in the fields of quantum thermodynamics [224-226],

quantum computing with microwave photons [227] and Quantum Hall Effect [228].
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Chapter 2

Equilibration and Thermalization in

the Integrable Models

Thermalization of isolated quantum systems is a long-standing fundamental problem where
different mechanisms are proposed over time. We contribute to this discussion by classifying
the diverse quench dynamical behaviours of spin-1 Bose-Einstein condensates, which includes
well-defined quantum collapse and revivals, thermalization, and certain special cases. These
special cases are either nonthermal equilibration with no revival but a collapse even though
the system has finite degrees of freedom or no equilibration with no collapse and revival.
Given that some integrable systems are already shown to demonstrate the weak form of
eigenstate thermalization hypothesis (ETH), we determine the regions where ETH holds
and fails in this integrable isolated quantum system. The reason behind both thermalizing
and nonthermalizing behaviours in the same model under different initial conditions is linked
to the discussion of ‘rare’ nonthermal states existing in the spectrum. We also propose a
method to predict the collapse and revival time scales and find how they scale with the
number of particles in the condensate. We use a sudden quench to drive the system to
non-equilibrium and hence the theoretical predictions given in this chapter can be probed in

experiments on spinor Bose-Einstein condensates.
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2.1 Introduction

Understanding if and how isolated quantum systems driven out-of-equilibrium thermalize
has practical implications as well as being interesting from a fundamental point of view.
Being able to explain the thermalizing dynamics in an isolated quantum system is the key to
have thermal quantum baths with finite size [229,230]. Thermalization of quantum systems
also sheds light on how Statistical Mechanics emerge from unitary dynamics of quantum
mechanics [196, 231]. At the opposite side, nonthermalizing quantum systems might be
useful to store quantum information in the protected degrees of freedom [43,232].

Study of thermalization of isolated quantum systems has a long history that starts with
the development of quantum mechanics itself [74] and can be understood in the context of
Eigenstate Thermalization Hypothesis (ETH) for isolated systems [38-40, 66, 107]. In this
search to understand quantum thermalization, analogue concepts which are important in the
thermalization of classical systems have been drawn such as the integrability of the system
[108,233]. In this chapter, we study dynamics of the spin-1 spinor Bose-Einstein condensate
(BEC) system under single-mode approximation (SMA), which is known to be a quantum-
integrable model [234] based on its mean-field calculations [97,235]. The consensus is that
quantum-integrable systems do not thermalize according to statistical ensembles, but they
obey the predictions of generalized Gibbs ensemble which takes into account the conservation
laws in the system Hamiltonian [108] in the aim of maximizing the entropy of the system
under study [236]. However, it has also been shown that the non-integrability does not always
point to thermalization [208,237-239] and some integrable systems, e.g., Lieb-Liniger model
and integrable spin chains, do show thermalization in the form of weak ETH [110,111,114].
In fact, it seems that what differentiates a quantum integrable system from a non-integrable
one in the context of thermalization is not that the system can thermalize or not, but
instead having ‘rare’ nonthermal eigenstates in the spectrum that do not disappear in the
thermodynamic limit [114]. Our results on spinor condensate model support this idea of

quantum thermalization for a specific region of Hamiltonian parameters, where we observe
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a spectrum composed of mostly ‘typical’ thermal states with some ‘rare’ nonthermal ones.
The exact diagonalization of spin-1 condensate under the SMA for realistic condensate sizes
provides us the opportunity to dig into the whole spectrum of eigenstates and determine the
regions where ETH is applicable based on the condition in Ref. [40]. Then we show that these
regions in the spectrum are composed of ‘typical’ thermal eigenstates that lead to vanishing
fluctuations and shrinking support in the thermodynamic limit [110, 114]. We apply some
other ETH indicators, as well, such as the scaling of eigenstate expectation value differences
[113,173] and the scaling of the maximum divergence from the microcanonical ensemble
average [239] with the system size. The scaling exponents match with each other and all of
them point to the observation that in the thermodynamic limit spinor condensates thermalize
for certain initial conditions (but not for all initial conditions), implying the weak form of
ETH. Given the fact that ultracold atoms provide a highly controllable and a sufficiently
isolated system [66], we show that a spin-1 spinor condensate under the SMA could be
a testbench to observe the predictions of ETH for certain sudden quench parameters and
the transition between thermalization and nonthermalization without a need to add a non-
integrable perturbation to an integrable Hamiltonian [238,240,241]. In fact, being able to see
this transition without breaking the integrability of the model hints at that thermalization is
not directly tied to non-integrability [238]. Instead, it might be more relevant to consider the
localization properties of the spectrum to observe thermalizing behaviour in isolated quantum
systems [173,241]. Therefore, by invoking the analogy between our model and the single
quantum-particle hopping model and hence calculating the participation ratios [242] that is
a widely-used tool for Anderson models [178], we show that the most localized eigenstates in
the spectrum (excluding the edges of the spectrum) are also the ‘rare’ nonthermal eigenstates
that cause nonthermalization behaviour in the system.

Quantum collapse and revivals are well-known phenomena observed in different systems
spanning from light-matter interactions in Jaynes-Cummings model [243] to Bose-Hubbard

models in optical lattices [208,244] and the matter wave field of a BEC [194]. This kind of
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behaviour is also expected in discrete and finite systems due to the recurrence theorem [37].
The possibility that spin-1 BEC under the SMA might also demonstrate collapse and revivals
has been suggested in Ref. [61,245] and a detailed analysis of collapses with specific initial
Fock states in this model has been given [246]. These full-quantum model studies did not
take the Zeeman effects into account, partly because the model without Zeeman effects has
rotational symmetry and is analytically solvable via the introduction of angular momentum-
like operators in the Fock basis [61]. On the other hand, the experiments of the spinor
BECs make use of the quadratic Zeeman effect as a control parameter to sweep across the
well-established phase transitions [60, 247, 248] that spinor BECs have in their mean-field
representation [249]. With the introduction of quadratic Zeeman effect, at the mean-field
level the physics is mapped to an analytical pendulum-like model [97]. Some of the mean-
field predictions have been experimentally verified [250]. However, the mean-field model
cannot capture the quantum collapse and revivals of the full-quantum Hamiltonian. In the
second part of our chapter, we calculate the time scales for quantum collapse and revivals in
the spin-1 condensate model in the parameter region where they exist and show that under
realistic conditions and condensate sizes the system equilibrates around its thermal value,
validating the ETH for our model. Finally, we discuss some particular parameter regions
where we observe only equilibration but not thermalization without quantum revivals in any
time-scale of the evolution. This is somewhat unexpected given the fact that our model is a
discrete system with finite degrees of freedom and the initial information tends to recur in

long-time scale for finite-size systems.
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2.2 Classification of Dynamical Behaviours under Sud-
den Quench of Spin-1 Spinor Condensate

The interaction Hamiltonian for a spin-1 BEC in the second-quantization picture takes the
form [60]

N 1 .

g = / dr (ch: #%(0) : ¢, - F2(r) 2) (2.1)

where :: denotes the normal ordering. The coefficients in the interaction Hamiltonian depend

on the scattering length and the atom mass through

, 4mh? ag + 2as
& = —_

M 3

47Th2a2—a0
) it 2.2
@ M 3 (2:2)

where ag and as are the scattering lengths [21] corresponding to a total spin 0 and a total

spin 2 of the colliding atoms. The operators in the interaction Hamiltonian are defined by

Fu(r) = Z @Z;In(r)(Fu)mnzﬁn(r% (2'3)

where zﬂmF (@W) is the Bose field operator for the Zeeman state mp. I, and (F,)mn
are the identity and spin-1 matrices, respectively and v = z,y, z in the angular momentum
operator F,. Also note that F2(r) = F2(r) + F2(r) + F2(r) in Eq. (2.1) and the identity
matrix I,,, results in the density operator n(r) for the condensate. A detailed derivation of
these equations are given in the Introduction Chapter.

For sodium or rubidium alkali atoms, we have |¢{| > |¢}|, so the symmetric part of the
interaction Hamiltonian dominates over the non-symmetric part. This observation leads

to the so-called single mode approximation (SMA), where we assume that the condensate
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wave functions for each spin component ¢,,—_11(r) are described by the same spatial wave
function ¢(r) as in D ~ amo(r), m = 0,£1 [60,61,249,251]. Then the spatial wave
function ¢(r) satisfies the Gross-Pitaevskii equation which gives the spatial profile of our
spin-1 Bose-Einstein condensate. With the normalization condition [ dr|é(r)]*> = 1, the
interaction Hamiltonian reduces to rotationally invariant H;,, = cli2 /2N, where L is the
spin-1 angular momentum operator, ¢; = ¢4 N [ dr|é(r)|* and N is the total atom number,
which has well-known analytical solutions [61]. In the experiment, an additional magnetic
Zeeman field is added to the system, which results in a competition between different terms
in the Hamiltonian and drives phase transitions [248]. The linear Zeeman term proportional
to [A/Z = n; — n_; commutes with the other terms in the Hamiltonian, and its effect is to
conserve the magnetization. It has no influence on spin dynamics and therefore can be

dropped [248]. Adding the quadratic Zeeman term, the Hamiltonian reduces to

L2 At A C1

Hy = ¢1—~— —qabao = —(alalaa f
int IN qapao N(

alalarar +a' ol ja_ja_y —2alal jaja_y

+ 2alalagay + 2a" alaca_y + 2abalaa_y + 2ala’ agao) — qadao. (2.4)

Spin-1 BEC Hamiltonian with the quadratic Zeeman term gives rise to different phases
observed at the ground state due to the competition between quadratic Zeeman effect and
spin-mixing interaction [250]. An adiabatic passage from one phase to another can create
highly entangled states from product states as proposed in Ref. [248] and quite recently
implemented in Ref. [252]. Fig. 2.1 shows the ground state quantum phase transitions by
observing the order parameter (Ny), the number of particles in Zeeman sublevel |m = 0),
by varying the quadratic Zeeman coefficient ¢q. In the rest of the chapter, we study the
dynamics of the system under a sudden quench, i.e., we start from the ground state of the
initial Hamiltonian H;, which is Hy,, (Eq. (2.4)) with an initial quadratic Zeeman term g¢;,
and abruptly quench the Zeeman field to a final value gy with the final Hamiltonian denoted

as Hy. The dynamics and thermalization behaviour of the system are then investigated.
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Figure 2.1: The ground state phase transitions for (a) ferromagnetic and (b) anti-
ferromagnetic interactions for N = 10* particles in the condensate and zero total mag-
netization.

Both the sudden quench and the measurement of (Ny), which is used as the main observable
in our study, can be readily performed in experiment [72,250,253,254].

We now show how a dynamical phase transition (DPT) might be arising for spinor con-
densates via the sudden quench based on an alternative definition of DPTs that takes the
time-average of dynamical response as the order parameter [197,217]. In our study, we start
with the ground state, |¢(0)) of the initial Hamiltonian H; with ¢ = ¢;. After a sudden

quench of the Zeeman coefficient ¢ to the value gy, the initial state can be expressed as

W}(O)) - an |1/}oz> ) (25)

«

where |1),) are the eigenstates of the final Hamiltonian H;. The number of atoms in the

Zeeman sublevel |m = 0) can be written as

(No(t)) = (b(B)] No [4(2)),

= Z chege BBt NG o (2.6)
a7ﬁ

where Nyos = (¢o| No [t5) and E, are the energy of the eigenstates [1,) under the final
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Figure 2.2: Eigenstate occupation numbers (EONs) |c,|? for a ferromagnetic quench at (a)
¢ = —3 toqr = 05 and (b) ¢ = 4.1 to ¢y = 2 (focused on non-zero sections of the
eigenspectrum in the insets) and their corresponding eigenstate expectation values (EEVs)
(focused on the nonlinear kink region in the insets) N,o at (c) and (d), respectively for a
particle number of 10* with respect to the energy density FE/N.
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Figure 2.3: The sudden quench map for the ferromagnetic case with ¢y and ¢; on the x and
y axes, respectively for 5 x 10 particles. Color labels (Ny(t)) in the long time limit.

Hamiltonian H;. The long-time average of (Ny(t)) then should follow the diagonal ensemble
prediction [40,66,87],

<N0(t)>t—>oo = Z |Ca‘2N0,aa7 (27)

if the equilibration happens or when the phase coherence diminishes. In order to visualize
this quantity, in Figs. 2.2a and 2.2b we plot the eigenstate occupation numbers (EONs) |c, |?
for certain sudden quench parameters (seen in the caption). EONs represent windows in the
eigenspectrum where we are allowed to peak into when we make a measurement. Figs. 2.2¢
and 2.2d are plots of the corresponding eigenstate expectation values (EEVs) Ny n. What
we expect to see in the long-time average of a sudden quench experiment is the summation
of EEVs weighted with EONs as shown by Eq. (2.7).

Each point on sudden quench maps (Figs. 2.3 and 2.4) corresponds to the prediction
of diagonal ensemble (equilibration value if it happens, or the time-average of the dynamic
response of the system) when a sudden quench is applied to the ground state from an initial

Hamiltonian with ¢; to a final Hamiltonian with g¢. Note that there are different regions
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Figure 2.4: The sudden quench map for the anti-ferromagnetic case with ¢y and ¢; on the x
and y axes, respectively for 5 x 10% particles. Color labels (Ny(¢)) in the long time limit.

Region Boundaries
I |qi| < 4, all g5 except traces
IT lg;| < 4, traces of g;
I11 ¢ >4&0<qg<4dorg<—4&-4<q;<0
1AY the rest of the map

Table 2.1: The regions of the sudden quench map for the ferromagnetic case.

on both maps and the ferromagnetic sudden quench map is more diverse than the anti-
ferromagnetic one when the ground state is chosen as the initial state of the non-equilibrium
process. Due to the symmetry embedded in the Hamiltonian for both interactions, one can
obtain point symmetric version of Fig. 2.3 (reflection with respect to the origin of the plot)
with anti-ferromagnetic interaction when the initial state is set as the most-excited state of
the Hamiltonian.

These maps capture the ground state phase transition points of both FM (¢ = £4) and
AFM (q = 0) cases. In Fig. 2.4, the upper half (¢; > 0) of the map plane reveals two different
regions with transition points at ¢ = —4 and ¢y = 0. Similarly for the lower half (¢; < 0), we

observe two regions with the transition points at ¢ = 0 and ¢y = 4. In Fig. 2.3, for |¢;| > 4
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Region Dynamic Behaviour
I ETH valid, well-defined collapse and revivals

II nonthermal equilibration, collapse, no revival
111 no equilibration, no collapse or revival
IAY no non-equilibrium evolution

Table 2.2: The dynamic behaviors corresponding to the regions of the sudden quench map
for the ferromagnetic case.

we see a similar behaviour to Fig. 2.4 with transition points either at ¢; = 0 and ¢y = 4 (for
¢ > 4) or at ¢y = —4 and ¢y = 0 (for ¢; < —4). In between |¢;| < 4, the two transition
points gradually shift as ¢; increases. In later sections, we are going to show that the sudden
quench maps also show us when we do and do not expect a thermal behaviour in our system,
similar to the non-equilibrium phase diagram given for Bose-Hubbard model in Ref. [208].
Additionally it will provide us a way to predict types of the dynamical behaviour in different
time scales. To give an idea of the regions on the maps, we summarized them in Tables
2.1 and 2.2. Although the non-equilibrium behaviour of these regions will be explained in
detail in the rest of the section, we shortly list them here. Region I is where the system
equilibrates around its thermal prediction after a collapse with a well-defined time-scale. It
is also a region where we observe clear quantum revivals due to finite-size effects. Region
IT demonstrates nonthermal equilibration after a collapse, but no clear collective-revival is
observed for these points on the map. We do not see equilibration, collapse or revival for
the region III, instead we observe an oscillatory behaviour around the system’s PDE value
due to the interference of a small number of modes of the system. Finally in region IV, the
initial state turns out to be already in equilibrium with the quench Hamiltonian, giving us

practically a constant behaviour for all times.
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Figure 2.5: The comparison of mean values predicted by diagonal ensemble (PDE), micro-
canonical ensemble (MCE), the eigenstate corresponding to the mean energy of the system
(Mean ES) and arbitrary eigenstates in the microcanonical energy window (ES 1 and ES
2), when the sudden quench is applied from ¢; = —3 to different ¢y values on the x-axis
for ferromagnetic case. Each data point is obtained with a simulation of 10* particles. The
inset shows the difference between the diagonal and the microcanonical ensemble predictions
when it is possible to define a valid energy interval for the microcanonical ensemble.

2.3 Eigenstate Thermalization Hypothesis in Spin-1

BEC

When a system that is driven out-of-equilibrium equilibrates around a thermal value pre-
dicted by a statistical ensemble, the process is called thermalization. For isolated interacting
bodies, microcanonical ensemble describes the equilibrium predictions. In this context, ETH
is a possible pathway to thermalization and explains the match between the equilibration
value predicted by the diagonal ensemble after a quench (Eq. (2.7)) and the microcanonical
thermal value [40].

The microcanonical ensemble is a statistical ensemble with a sufficiently narrow energy
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interval that describes the equilibrium properties of an isolated system [255]. In order to
check the prediction of the microcanonical ensemble, we seek to define a narrow energy
window around the mean energy of the eigenspectrum. Refs. [40, 87, 112] emphasize the
approximate linearity of the EEVs in the microcanonical energy window in order to define
a finite and narrow energy window which will also ensure the validity of ETH. Based on
this idea, they state the following condition (which has been derived for the eigenstate

thermalization to happen by Ref. [256])

(8E)* | (No)" (E)/ (No) (E)] < 1, (2.8)

where 0F is the energy window, (Ny) (E) is the EEV behaviour of the system Nj.. as a
function of the energy and ’ denotes the differentiation with respect to energy. Another
possibility implemented in Ref. [40] is to define the window based on a sensitivity analysis
where the size of the energy window chosen does not affect the thermal prediction of the
microcanonical ensemble (see Appendix A.1 for a demonstration of this method for our
model). We generate the finite and narrow microcanonical energy windows for our model
with a combination of these two ways. Figs. 2.5 and 2.6 show the regions where the thermal
prediction of diagonal ensemble (PDE) matches the prediction of microcanonical ensemble
(MCE), mean energy eigenstate (Mean ES) and two arbitrary eigenstates (ES 1 and ES 2) in
the microcanonical energy window when it is possible to define one for a sudden quench from
¢ = —3 and ¢; = 4.1 to various ¢y spanning from —5 to 5, respectively. It is important to
note that the match happens only when the EON window coincides with the approximately
linear or constant parts of the EEV plot. See Fig. 2.2 for the cases where the match does
not happen, so that the system fails to thermalize. Hence, we conclude that the relaxation
in the matching cases represents thermalization via ETH, when we disregard the finite-size
effects, e.g., a quantum revival, which will be discussed in the next section.

In order to strengthen the argument that we see a nonthermal behaviour only when EON
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Figure 2.6: The comparison of mean values predicted by diagonal ensemble (PDE), micro-
canonical ensemble (MCE), the eigenstate corresponding to the mean energy of the system
(Mean ES) and arbitrary eigenstates in the microcanonical energy window (ES 1 and ES
2), when the sudden quench is applied from ¢; = 4.1 to different ¢y values on the x-axis for
ferromagnetic case. Each data point is obtained with a simulation of 10* particles.

captures the non-linear ‘kink” behaviour in the EEV spectrum, we look at a couple of ETH
indicators. These indicators are also used to determine the form of ETH observed in the
system, e.g., weak or strong, if there is thermalization and they require an energy interval
over the spectrum. It is possible to define a microcanonical ensemble energy window at the
linear region of the spectrum with the methods mentioned above, while such a window is
not well-defined for the kink region. Since we want to compare two cases, we define a fixed
energy interval around the center of the spectrum. The first ETH indicator that we applied
is the system size scaling of average EEV differences [113,173]. An EEV difference is defined

as

'n = | <77Z)n+1| No |¢n+1> - <¢n| No |¢n> |’ (29)

for random eigenstate |¢,) chosen in the energy interval and its adjacent state [i,41). Re-

gardless of the interval size, when the interval encompasses the linear region as for ¢y = 3
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in Fig. 2.7, we obtain the N1 scaling with R? = 1. Therefore the average of differences
between EEVs vanish in the thermodynamic limit N — oco. Other indicators are: the ETH

noise or fluctuations [110, 114]

1/2

2
S s | (nl Noltn) = (Nobyne s
oNy = N : (2.10)

where the N, is the number of eigenstates in the chosen interval, (Ny), .. sy is the micro-
canonical prediction defined in the energy interval of § F and |¢,,) € 0 E are the eigenstates in

the energy interval; the support of the eigenstate distribution in the energy interval [110,114],

SNy = MaXy,edE <¢n| No |wn> - mindlneéE (%l No |1/Jn> ) (2'11)

and the maximum divergence from the microcanonical ensemble prediction [239],

Pmax = Maxy| (n| No[thn) — <N0>mc,6E E (2.12)

in Fig. 2.7 across the energy interval chosen. We obtain N~! scaling with R? = 1 for all
these ETH indicators for the aforementioned case. The extracted scaling exponent of the
support Eq. (2.11) clearly indicates in the thermodynamic limit all of the eigenstates in the
energy interval contribute the same amount to the expectation value. Furthermore the rest
of the ETH indicators, Egs. (2.10) and (2.12), reveals that all of the EEVs in the energy
interval converge to the microcanonical energy prediction <N0>mC7 sp @ N — oo. Also note
that N~! scaling is not surprising, since the dimension of the Hilbert space is in the order
of N for our model.

The observation that all of the ETH indicators vanish in the thermodynamic limit for the
linear regions of the spectrum implies that ETH holds, even in the strong sense because of

the shrinking support [114]. However this is not the case when the energy interval contains

55



—sN,
---ON,

Tmax

.......... (r)

| ol
S e
P g
T ©g
1 - 10°
N

Figure 2.7: The system size scaling of the support xsg = sy, (solid-blue), the fluctuations
(or the ETH noise) xsg = oy, (dashed-red), the maximum divergence of EEV differences
from the MC prediction Xsg = max (dashed-dotted orange) and the average EEV difference
Xse = (rn)se (dotted purple) for a fixed energy interval when the interval is chosen right at
the middle of the spectrum for ¢; = 3. All of the scalings show a trend of N™! with R? =1
where R is the correlation coefficient.

the kink region as seen in scaling plots for ¢ = 0.65 in Fig. 2.8. The scaling relation for
the support shows that the support still exists in the thermodynamic limit when the kink
region appears in the window. Therefore, we conclude that the kink region is composed of
nonthermal states that do not vanish in the thermodynamic limit. Hence when the spectrum
contains the kink region, the whole spectrum will never have a shrinking support, violating
the strong form of ETH. Similarly, we observe a non-vanishing ETH noise when the kink
exists in the energy interval (dashed line in Fig. 2.8). In literature, the fluctuations are
expected to vanish away in the thermodynamic limit for the weak form of ETH to hold [114].
However, we see that they do not disappear when the interval includes the kink eigenstates.
This matches with the fact that we do not see thermalization when the initial state overlaps
with the kink eigenstates. Therefore, we can clearly conclude that the kink eigenstates are
nonthermal states that cause nonthermalization when the initial state is chosen carefully
to overlap with them (Regions II and III on sudden quench maps). As a result, we argue

that when the kink region exists in the spectrum (|g| < 4) not all initial states can lead
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Figure 2.8: The system size scaling of the support x5z = sy, = 0.07 + 48N %7 (solid-
blue) with R? = 0.9997, RMSE = 1073, SSE = 107°, the fluctuations (or the ETH noise)
XsE = 0N, = 0.02 + 15.5N %77 (dashed-red) with R? = 0.9994, RMSE = 1074, SSE = 107¢,
the maximum divergence of EEV differences from the MC prediction xsg = rmax = 0.04 +
5.4N7%% (dashed-dotted orange) with R? = 0.998, RMSE = 1073, SSE = 107° and the
average EEV difference xs5 = (rp)sg = 1073 + 0.1N %% (dotted purple) with R? = 0.9996,
RMSE = 1079, SSE = 107! for a fixed energy interval when the interval is chosen right at
the middle of the spectrum for g = 0.65. Here xsg(00) stands for the offset value of the
fitting. The RMSE and SSE stand for root mean square error and sum of squares of error,
respectively.
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Figure 2.9: The participation ratio values of the eigenspectrum for a ferromagnetic Hamil-
tonian with (a) ¢; = 0.5 and (b) ¢; = 2 for a particle number of 10*. The eigenstates are
ordered ascending in energy from the ground state (o« = 1) to the most excited state.

the system to thermalization even in thermodynamic limit. However due to the rarity of
these nonthermal states, most of the initial states will result in thermalization (Region 1 on
sudden quench map Fig. (2.3). Therefore, the weak form of ETH holds for |¢| < 4, and
otherwise ETH holds in the strong sense (based on the shrinking support for all spectrum)
since kink region disappears when we choose |q| > 4.

In order to understand why there is a nonlinear structure in the EEV plot, which basi-
cally results in a nonthermal behaviour in the dynamics, we compute other quantities which
can provide more information on the eigenspectrum structure of the model. The spinor
Hamiltonian in Eq. (2.4) can actually be mapped to a single quantum-particle Hamilto-
nian with nearest-neighbor hopping and onsite potentials on a finite lattice. The Fock basis
|IN_1, No, N1) = {|0,N,0),|1,N —2,1),--- ,|N/2,0,N/2)} with zero total magnetization
in our spinor Hamiltonian can be mapped to a basis of different lattice sites in the lan-

T T

guage of a single hopping particle in 1D lattice. Then the interaction terms ajayaia—; and

aiailaoao realize the nearest-neighbor hopping as can be seen when we do the operation

alal |agag|0,N,0) = \/N(N —1)|1, N — 2,1). The rest of the terms in Eq. (2.4) impose an
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onsite potential. The tight-binding Hamiltonian for the mapping could be stated as

N/2-1 N/2

H, = Z J (i) (cjﬂci + h.c.) + Zn(i)c;rcl-, (2.13)

i=1

where J(i) are real hopping coefficients that are a function of site position and n(i) are
the onsite potentials that depend on the site positions as well. The lattice size N/2 is the
dimension of the Fock space. Here the exact dependence of J and 7 parameters on the
positions of the sites in our imagined lattice is determined through the terms in the spinor
BEC Hamiltonian Eq. (2.4). See Appendix A.2 for how a spinor Hamiltonian engineers the
lattice parameters for the mapped Hamiltonian Eq. (2.13). This mapping reminds us of
the physics of Anderson localization [178], albeit the onsite potentials 7(i) are not random.

Hence, we study the participation ratio (PR)

P, = (Zwanﬁ) : (2.14)

to analyze the localization properties of the eigenstates [241,242,257]; here, o denotes each
eigenstate and n is the Fock basis vectors. As seen in Fig. 2.9, PR has a dip around the
eigenstate corresponding to the nonthermal kink eigenstate in its corresponding EEV plot,
which points to lower PR values of the nonthermal states in the Fock basis when compared
to other eigenstates in the spectrum. This result hints at a link between the nonthermal
behaviour that we observe in the system and the Anderson-like localization [178] of the
eigenstates in the Fock space. In other words, the nonthermal states of the system also seem
to be the most localized states in the spectrum (excluding the edges).

In order to make this point stronger, we analyze the system size PR scaling of eigenstates
with high- and low-PR values. To target the low-PR region of the spectrum, we utilize two
different methods. We emphasize that low-PR region of the spectrum in Figs. 2.9 (excluding

the edges of the spectrum) is also the nonthermal region as already shown with the ETH
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Figure 2.10: System size scaling of (a) averaged participation ratio of low-PR eigenstates
with a fixed energy interval of ~ 25[c;] around the most outlier (kink) eigenstate (solid blue),
the ground state participation ratio at ¢ = —4 (dashed red) and at ¢ = 4 (dotted-dashed
orange); (b) averaged participation ratio of high-PR eigenstates with a fixed energy interval
of ~ 60[c;] around the center of the spectrum (solid blue) when ¢ = 3 is chosen, PR of
ground state (dashed red) and of the most-excited state (dotted-dashed orange) when the
system is not going through one of its phase transition points e.g., ¢ = 1.

indicators. There is a rapid change around the kink state which is always the extremum
point of the EEV (Figs. 2.2¢-2.2d) and the level spacings (Fig. 2.12¢). Additionally the
kink state slightly shifts in the spectrum as we increase the system size upto thermodynamic
limit. So, even though we are able to detect the kink state in the spectrum with all these
observations, we note that the kink state shows consistently low PR values for each system
size but its scaling is not well-defined possibly due to finite-size effects. Therefore, the first
method we apply is averaging over low-PR states around the most outlier (kink) state for
each system size with a fixed energy interval. The solid line in Fig. 2.10a is the scaling
behaviour that we observe for this method when ¢ = —0.65 is chosen, which is also a g value
that keeps the kink state around the center of the spectrum. The extracted scaling exponent
is v o< 0.22 with R? = 0.997. The second method employs the phase transition points. We

know that the ground state is the kink eigenstate at phase transition points when ¢ = 4 or

q = —4 is taken in the thermodynamic limit. Even though for a finite size condensate the
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phase transition points are slightly off from ¢ = 4 and ¢ = —4 and hence the ground state is
not exactly the kink eigenstate, the region around the ground state is the nonthermal kink
region. This observation can be made through the difference in the PR scaling exponents of
the ground state when we have ¢ = 4 (or ¢ = —4) and ¢ is away from the phase transition
points. Fig. 2.10b dashed line shows the scaling of the ground state when ¢ = 1 which we
extract P oc N%5 (R* = 1). The exponent v o< 0.5 is obtained for any ¢ sufficiently far
from ¢ = 4 or ¢ = —4. On the other hand, we obtain a scaling of P oc N%32(R? = 1) and
P oc N%2Y(R? = 0.999) for ¢ = 4 and ¢ = —4, respectively. Thus, clearly the ground state
is neither localized nor extended completely when the system is not at its phase transition
points. However, when the system goes through its phase transitions, the ground state
coincides with the low-PR region states and this provides us a way to estimate the scaling
exponent of states at the low-PR region. We note that extracting a well-defined scaling only
for the most outlier (kink) state in a finite-size system is difficult, but still averaging over a
couple of states around it gives an idea about the localization properties of the nonthermal
region. Overall the extracted scaling exponents point out to that the low-PR nonthermal
kink region is not completely localized region with a scaling exponent of v = 0, however it is
the most localized region of the spectrum. The high-PR eigenstates that are also responsible
of thermalization observed in the system show a scaling of Ps oc N®9' (R? = 1), when
we choose a fixed energy interval in the middle of the spectrum for Zeeman field strength
g = 3, (solid line in Fig. 2.10b). We observe almost the same PR scaling with exponent
~v = 0.9 for single eigenstates chosen at the high-PR section of the spectrum and for different
q values. Even though such an eigenstate is not completely extended with a scaling exponent
of v =1, it is the most extended region of the spectrum. All in all, the previous analysis of
the ETH indicators clearly distinguishes the thermal and nonthermal states in the system
and PR analysis demonstrates a link between localization and thermalization properties of
our system, even though the thermal and nonthermal states are not completely delocalized

and localized, respectively.
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Finally, we note the difference between the behaviours seen in regions I and IV. Although
the equilibrium behaviour in region IV can be predicted by microcanonical ensemble as
seen in Fig. 2.6, its cause is not related to the eigenstate localization properties. We
observe almost constant dynamic evolution (or almost-no nonequilibrium evolution) for the
simulations at this section, which implies that one of the eigenstates dominates the evolution.
In the case seen in Fig. 2.6, it is the most-excited state that governs the dynamics for
negative ¢y values. The most-excited state shows a constant PR scaling with an exponent
of 0 (dashed-dotted line in Fig. 2.10b). So, even though the eigenstate is perfectly localized,
the initial state is already in equilibrium with the quench Hamiltonian, which leads to the
thermalization. In Fig. 2.6, also note that we observe thermalization for values at ¢; > 4
because now the initial state mostly resembles the ground state of the quench Hamiltonian
instead of the most-excited state. Finally, even though we show the PDE values at region I1I
in Fig. 2.6, we should remind the reader that the dynamics of region III does not equilibrate
but shows large fluctuations around its PDE value (which will be discussed in the next
section as a special case).

An important difference between the spinor BEC model and the single quantum-particle
hopping model is that even though the observable (Ny) is local in the spinor BEC case,
it is a non-local observable when it is mapped onto the particle lattice. However more
importantly, our model does not translate to an Anderson model with random potentials.
Single quantum-particle hopping model with random potentials leads to sites with very low
PR values. It is also analytically known that such a model cannot cause thermalization
and satisfy ETH [258]. Therefore, based on our results with spinor BECs, we argue that
engineering the potential of a single quantum-particle model should prevent the localization
in the particle lattice and give rise to thermalization for global observables defined for this

model.
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Figure 2.11: The sudden quench dynamics in the short time-scale showing the collapse in
detail when there is N = 2 x 10® particles in the condensate and x-axis is scaled with the
number of particles when we quench from ¢; = —3 to gy = —0.5 for the ferromagnetic case.
The inset plot shows the revivals in long time-scale.

2.4 Existence and Absence of Quantum Collapse and
Revivals

In this section, we analyze the cases that demonstrate quantum collapse and revivals and
derive an analytical expression to predict their time scales. Further we examine the scaling
of collapse and revival times with the number of particles in the condensate to be able to
present realistic predictions for the experiment. Finally we discuss ‘the special cases’, where
we do not observe a revival or even equilibration.

Now we choose a point on the ferromagnetic sudden quench map Fig. 2.3 that thermalizes
which can be detected via Figs. 2.5 and 2.6. So then, if we quench from ¢; = —3 to ¢y = —0.5,
we observe a series of collapses and revivals in Fig. 2.11, and the equilibration value in
between matches the predictions of both diagonal and microcanonical ensembles. A collapse
before equilibration is what is mostly observed in experiments. We also intuitively expect

to see a series of revivals due to the finite-size effects. However in order to understand how
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Figure 2.12: (a) The overlap matrix with respect to eigenstates o and 3, (b) the first off-
diagonal terms of the overlap matrix, (c) the nearest-neighbor (NN) energy gaps and (d)
The difference/derivative plot of the NN energy gaps with N = 2 x 10% particles in the

ferromagnetic condensate for the quench from ¢;

—3 to ¢y = —0.5. The x-axis is the

eigenstates a ordered ascending in energy from the ground state o = 1 to the most-excited

state.
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collapses and revivals emerge in our model, let us go back to the sudden quench procedure
given in the previous section and modify Eq. (2.6). Notice that cjcs = cjc, when the
coefficients are real, which is the case in our problem. Also Ny.s = Nygq in our model.

Then we can regroup Eq. (2.6) as,

(No(t)) = ZCZ% (ez‘(Ea—Es)t + e—z‘(Ea—E,e)t) No.as,

a>f
= 2 chepcos ((Ea — Eg)t) Noag. (2.15)
a>f
Eq. (2.15) tells us that the dynamics we observe in a sudden quench is the interference of

sinusoidal functions weighted with some overlap. We can write Eq. (2.15) more clearly as,

(No(t)) = ) Aagcos(Aagt) (2.16)

a>f

where A,3 = E, — E3 are the energy gaps, Fig. 2.12c and A,z = 2c),cgNp o are the overlap
matrix elements, Fig. 2.12a. We note that the diagonal terms are the most populated terms
in the overlap matrix and they correspond to the diagonal ensemble prediction. In fact it is
important that the off-diagonal terms vanish for thermalization to happen or they should be
much smaller compared to diagonal terms. We observe this is almost the case in Fig. 2.12a,
except the first and second off-diagonals still contribute to the dynamics even though they
are much smaller than the diagonal terms. Fig. 2.12b shows the first off-diagonals of the
overlap matrix (which we call overlap distribution in the following). This Poisson-like overlap
exists when the dynamics demonstrate a series of collapse and revivals and it turns out to
be important in determining the time scales of collapse and revivals in spinor condensates
under SMA.

The time scale of a collapse is related to the time when the oscillating terms with an energy
gap argument in Eq. (2.16) start to become uncorrelated. The terms corresponding to the

farthest ends of the distribution are also the farthest in oscillation frequency. They become
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uncorrelated after all the other terms get uncorrelated. From that point on, all the oscillating
terms will be destructively interfering. We estimate these elements with root-mean-square of
the overlap distribution as also done for collapses in Jaynes-Cummings model [243]. Ref. [107]
predicts the collapse time for the Ising model as inversely proportional to the energy spread
of the initial state, which is similar to our criteria and expression. The following collapse
time expression produces a value of ¢1t./N ~ 0.02 for the quench simulation depicted in Fig.
2.11:

t, = o (2.17)

m-+o m—o |’
|Aa,a+1 - Aa,a—l—l

where A7, ., denotes the nearest-neighbour energy gap (level spacing, Fig. 2.12c) corre-
sponding to the maximum value in the overlap distribution (Fig. 2.12b) and hence Agizj_l
is the nearest-neighbour energy gap corresponding to the value which is ¢ farther from the
mean in the distribution (cf. the inset of Fig. 2.12b). It is possible to fine-tune the predicted
collapse time by taking more than 1o of the overlap distribution. Also note that we find
cite ~ N1/2 as the scaling of the collapse time-scale.

A quantum revival happens when all the oscillating terms become correlated with each
other again. This can be measured through the difference between nearest-neighbour energy
gaps corresponding to the the mean A7, ., and the closest point to mean AZL,;}A in the

overlap distribution (cf. the inset of Fig. 2.12b),

27
t = — (2.18)
|A:xn,a+1 - Aa,a}rl

Fig. 2.12d shows the differences between nearest-neighbour energy gaps. Note that A,—A, 11
are mostly flat around where the overlap distribution is nonzero. This is vital for a collective
revival to occur, since otherwise terms in Eq. (2.16) will never constructively interfere at
a fixed time, namely the revival time. When we have ,.(A, — A,11) = 2, all oscillating

terms interfere constructively, creating the first revival. Both the analytical expression and
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the data analysis give a revival time ¢;t,./N ~ 0.735. Since the scaling of the revival time-
scale turns out to be cit, ~ N, this value can be obtained for all sizes for the parameters
depicted in Fig. 2.11. Also note that the linearly growing recurrence times is well-known in
the literature [32]. The small peaks between the collapse and revivals seen in Fig. 2.4 are
the small revivals contributed by the second off-diagonal terms in the overlap matrix, Fig.

2.12a. We can also predict the oscillation frequency,

y 2T
osc T m )
Aa,a—i—l

(2.19)

by using the nearest-neighbor energy gap at the maximum point of the overlap distribution
A7 1- There is an another interesting quantity that can be predicted in a collapse-revival
picture. We observe how revivals are suppressed in a very long time scale in the inset of Fig.
2.4. This ‘randomizing time’ is where the initial memory of the system irreversibly gets lost.
Even though a typical randomizing time is out of experimental reach, it is interesting to note
that an isolated, unitary and finite-size quantum system will be eventually randomized and

hence completely thermalized at the randomizing time which can be estimated via

2
ty, = A N (2.20)

m+o

| )
m—o

where A’ = A, — A,41 denotes the difference between nearest-neighbor energy gaps (Fig.
2.12d) and the rest of the notation is same with the previous definitions where we use the
overlap distribution for m + o.

In order to give a sense of these time scales, let us fix the particle density in our condensate
to 5 x 10 cm™3. Then the coefficient reads ¢; ~ —27 x 9 Hz, which gives a realistic collapse
time of ~ 0.5 s and a revival time of ~ 25 s for a condensate particle number of 2 x 103.
This sudden quench experiment corresponds to a data point on Fig. 2.5, where ETH can
explain the match between the thermal relaxation values predicted by diagonal ensemble and

microcanonical ensemble. Therefore we can conclude that there is thermalization until the
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Figure 2.13: The sudden quench dynamics in short time-scale (a) from ¢; = —3 to ¢y = 0.5
and (b) from ¢; = 4.1 to ¢y = 2 with insets of long time-scales for ferromagnetic condensates
and N = 2 x 10? particles.

initial memory of the system comes back with a quantum revival. Then it is important to see
how the times of the collapse and the first revival scale with the number of particles in the
condensate. Reminding the reader of ¢it. ~ N 172 and ¢;t, ~ N and using the estimations
done for Thomas-Fermi limit in Ref. [246], we figure out that ¢; ~ N?/3 in 1-dimension, hence
t. ~ N7Y6 and ¢, ~ NV/3. Although SMA breaks down in large condensate limit [246] and
the experiments always have finite sizes, it is still insightful to imagine the thermodynamic
limit N — oo. In thermodynamic limit, a 1D spinor BEC system has a diverging revival
time and a vanishing collapse time, which implies thermalization described by ETH for our
model.

Now let us choose a point on the map Fig. 2.3 that does not thermalize to illustrate
one of the special cases. If we quench from ¢; = —3 to ¢ = 0.5 (corresponding to the
parameters in Fig. 2.2a and 2.2¢), we observe the dynamical behaviour in Fig. 2.13a. There
is a well-defined collapse whose time-scale can be predicted with the collapse criterion and
the system seems to equilibrate right after the collapse. However looking at the dynamics
for a longer time (inset of Fig. 2.13a) reveals that the revivals attempt to happen at different

times resulting with no collective recurrence for a finite system. This is due to the broad
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Figure 2.14: The effective dimension scaling for a quench (a) from ¢; = —3 to ¢y = 0.5

(Region IT) (dashed red) with d. o< N7, from ¢; = —3 to ¢y = —0.5 (Region I) (solid blue)
with d. oc N and (b) from ¢; = 4.1 to ¢; = 2 (Region III) with d, = 28.3—36.3N "2 with
respect to system size. The correlation coefficient is R? = 1 for all figures. d.(oco) stands for
the offset value of the fitting in subfigure b.

shape of the EON window (Fig. 2.2a). One can calculate the so-called effective dimension of

the system [36,90] under this specific quench, which is the participation ratio of the initial

state in the eigenstate reference basis instead of Fock basis,

de = <Z\ca|4> , (2.21)

«

where |c,|? is the eigenstate occupation numbers as in Eq. (2.5). The effective dimension
is a measure of how broad the EON window is. In order to determine if a quantum system
equilibrates, one needs to look at the scaling of the effective dimension with the system size.
We find a scaling of d. oc N%57 (R? = 1) for this quench (Fig. 2.14a) and in fact almost
the same exponent for any other quench in region II of the sudden quench map. Therefore,
we argue that in thermodynamic limit the effective dimension diverges d, — oo as N — o0,
which leads the system to equilibration. For a comparison with region I, we calculated the
effective dimension of a region I quench from ¢; = —3 to ¢y = —0.5 which is already shown

to thermalize and hence equilibrate. As seen in Fig. 2.14b, the effective dimension is found
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to be d, o« N%5 (R? = 1) and this scaling exponent is universal for all the quenches in
region I. Hence, the previous argument follows. If we return to the discussion on region II
dynamical behaviour, the overlap distribution (first off-diagonals in the overlap matrix) is
similar in shape with Fig. 2.2a. Further computations show that the energy gap differences
between neighbouring terms in the overlap distribution are different and hence they give rise
to different revival times (see. Eq. (2.18) and Fig. 2.12d around the kink region) confirming
the dynamical response. Also clearly the EON for this point on the map (Fig. 2.2a) is not
narrow enough to avoid the kink nonthermal states, which causes nonthermalization for the
system. As a result, the system only equilibrates with no collective recurrence for any finite
dimensions of the system. Also note that as we increase the system size, the time-scale of
the revival attempts diverges which leaves us with the equilibrated section seen right after
the decay. This is the behaviour that we observe for the region II on sudden quench map
Fig. 2.3.

The second special point on the map Fig. 2.3 is a quench from ¢; = 4.1 to ¢y = 2,
which demonstrates the behaviour for region III on Fig. 2.3. Fig. 2.13b shows oscillatory
behaviour around the system’s PDE value for all times without any collapse or revival. The
overlap distribution looks like Fig. 2.2b, however differently the first off-diagonal terms are
not really smaller than the diagonal terms (EON of the system) and in fact second and third
off-diagonal terms in the overlap matrix A,z substantially contribute to the dynamics, too.
This is in fact why we observe large fluctuations Eq. (2.16). The scaling of the effective
dimension for this quench turns out to be d, o< 28.3 — 36.3N %092 (R? = 1), which implies
that in thermodynamic limit d, — 28.3 while N — oo and the effective dimension is going to
saturate at a constant value (Fig. 2.14b). This will lead to nonequilibration since the effective
dimension will be so much smaller than the dimension of the Hilbert space, d. < dg = oo.
We note that all quenches on region III shows a universal scaling exponent with slightly
different scaling parameters. As a final remark, the EON window is narrow enough to

coincide only with the nonthermal kink states implying the PDE of the system is not the
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thermal prediction.

2.5 Conclusions and Discussion

Spinor BEC model with SMA has an eigenstate expectation value spectrum for the observ-
able (Np) (the number of particles with spin-0 component in the condensate) that shows
thermalization in the context of eigenstate thermalization hypothesis in the weak form when
the quadratic Zeeman term is |g| < 4 due to the ‘rare’ nonthermal states and in the strong
form, otherwise. We adopted widely used ETH indicators to obtain our results, e.g., support,
ETH noise (fluctuations), maximum divergence from the microcanonical prediction for an
eigenstate in a fixed energy interval and the EEV differences. We studied the effect of these
nonthermal states in the spectrum by driving the system out of equilibrium via a sudden
quench from the ground state of an initial Hamiltonian with ¢; to a final Hamiltonian with
qr- Even though this procedure allowed us to study certain initial conditions, we are able
to generalize the results and predict the behaviour of the system with an arbitrary initial
condition. Therefore, such a procedure is experimentally realizable and we have shown that
it leads to a classification scheme of the system dynamics: the sudden quench maps, Figs.
2.3 and 2.4. Sudden quench maps give us the long-time average of the dynamical response,
or the prediction of diagonal ensemble, which is valid in the long-time limit. For a region
where the system does not equilibrate (e.g., Region III), the value on the map is the average
of the response.

We observed that ETH is satisfied in region I with well-defined collapse and revivals where
the revival time-scale is out of reach for realistic condensate sizes. For the region II, the
dynamics equilibrate around a nonthermal value right after a collapse (shown via the scaling
of effective dimension) due to the effect of nonthermal rare states in the spectrum. Even
though dynamics at region Il shows attempts for a quantum revival, not all the oscillating

terms become correlated at the same time, implying the lack of a clear quantum revival. We
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interpreted the thermalization seen for the region I as weak ETH, because even though the
initial state does not overlap with the rare nonthermal states (kink region), these states still
exist in the spectrum, even in the thermodynamic limit. Therefore, clearly not all initial
states are able to thermalize the system. In fact, region II is an example of these cases.
However, for the Hamiltonians with |¢| > 4, the kink region does not exist in the spectrum
even for finite-size condensates. Thus, we conclude that ETH holds in the strong sense for
this set of Hamiltonians.

The system for the region III does not equilibrate or show any collapse-revival phenomena
and instead oscillates, because the effective dimension saturates at a finite value whereas the
Hilbert space dimension diverges in the thermodynamic limit and the main contribution to
the dynamics comes from nonthermal states which also have low participation ratio values
in the Fock basis. We explicitly showed that the thermal and nonthermal states in the
spectrum have high and low PR values with system-size scaling exponents of ~ 0.9 and ~ 0.2,
respectively. In the end, thermalization seems to be linked to the localization properties of
the eigenstates. In region IV, the system thermalizes with very small amplitude collapse and
revivals either at 0 or 1. The initial state is already in almost-equilibrium with the quench
Hamiltonian, leading to almost-no nonequilibrium evolution for the system to pursue. For
the anti-ferromagnetic sudden quench map Fig. 2.4, we always observe only the regions III
and IV given that the initial state is a ground state of an anti-ferromagnetic Hamiltonian.
Finally, we note that the region around ¢y ~ 0 on both sudden quench maps is special
in terms of how the thermalization value is independent of the initial state chosen. This
behaviour is expected, because almost all of the eigenstates in the spectrum contribute to
the observable expectation value in the same amount regardless of the system size.

Interpretation of sudden quench maps as non-equilibrium phase diagrams and the tran-
sitions between regions as the dynamical phase transitions seems possible given that these
dynamical transition points originate from the equilibrium quantum phase transitions of the

system. We leave the question if these transitions can be related to dynamical quantum
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phase transitions (DQPTs) [259] as an investigation for future.

Spinor Bose-Einstein condensates are relatively more convenient to experiment with [60,
72,250,253, 254] and numerically less costly (when SMA is applied), compared to more
popular models such as Bose-Hubbard model or Ising models. Here, we showed that spinor
BECs can also be used as a test-bench to test the ideas on the thermalization of isolated

quantum systems.
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Chapter 3

Detection of Information Scrambling

in Cold Atoms

Out-of-time-order correlators (OTOC), recently at the center of discussion on quantum chaos,
are a tool to understand information scrambling in different phases of quantum many-body
systems. We propose a disordered ladder spin model, the ladder-X X, which can be de-
signed in a scalable cold atom setup to detect OTOC with a novel sign reversal protocol
for the evolution backward in time. We study both the clean and disordered limits of the
ladder-X X model and characterize different phases (ergodic-MBL) of the model based on
the decay properties of OTOCs. Emergent effective lightcone shows sublinear behaviour,
while the butterfly cones drastically differ from the lightcone by demonstrating superlinear
behaviour. Based on our results, one can observe how the information scrambling changes
in the transition from well-studied 1D spin models to unexplored 2D spin models in a local

setting.

3.1 Introduction

Information scrambling has drawn much attention in the last years, not only in gravitational

theories to study the information properties of black holes [133, 140, 260, 261], but also in
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quantum many-body physics [130,132,139,150,162,167-169,181,262]. Even though the initial
interest in scrambling was to study quantum chaos in models with gravity duals, information
scrambling is, first, not limited to systems with duals, second, provides an understanding
about the dynamics of any generic many-body system. Besides being a complementary
approach to level-statistics [41] in the context of quantum chaos, the way that systems
scramble information in time can dynamically reveal the properties of a Hamiltonian in an
experiment. The tool to measure information scrambling is a correlation function, called
out-of-time-order correlator (OTOC). The physics that OTOC captures is the growth of
the commutator of two operators in time and this growth, also called out-of-time-order

commutator, can be characterized by,
1 _
Ci(t) = —5Tr{e PHA(t), By}, (3.1)

for a system with a finite inverse temperature 5. Here ¢ and j denote arbitrary sites in
the lattice, A;(t) and B; are local hermitian operators for their corresponding sites and
Z is the partition function. We take j = 0, an observable at the first lattice site in the
rest of the study. The local observables of two sites at a distance initially commute, but
the interactions lead the system to become more correlated in time, and the build-up of
the correlations between sites-at-a-distance starts to be seen in the Heisenberg operators
that no longer commute. Therefore, the initially localized operators spread across the space
dimension and become as nonlocal as possible around the scrambling time. OTOCs are
sensitive to conserved quantities [157,162,180], revealing the (non)integrability of the system;
they also show the signatures of localized phases [139, 162, 167-169], equilibrium [220] and
dynamical phase transitions [181], chaotic properties of thermal systems [140, 142, 150], e.g.,
exponential decay in OTOC and finally the (non-)locality and information transport of the
Hamiltonian via emergent lightcones [130, 132,150, 262]. All these theoretical discoveries on

OTOCs call for experimental proposals and experiments in order to probe and eventually
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utilize scrambling.

To date, there have been a number of experimental proposals [146-148, 150, 158] and
realizations [156, 157, 159] on scrambling detection. In this Chapter, one of our aims is to
come up with the simplest possible cold atom setup that shows a wide range of diverse
scrambling phenomena and could pave the way to scalable OTOC measurements of non-
integrable spin systems. The cold-atom setup is a realistic candidate to probe OTOC,
mainly due to scalability and its weak coupling to the environment [66,263]. Information
scrambling could be induced by environment effects as well, and therefore it is important
to differentiate the scrambling due to correlation built-up via many-body interactions in an
experiment [159]. The scalability of cold atoms could be utilized to increase the size and
hence the duration of transient effects in OTOC by delaying the saturation stage. The most
crucial step of OTOC measurement is the evolution backward in time. We propose a novel
sign reversal mechanism as an alternative to existing approaches. The convential solution to
reverse the sign of a cold-atom Hamiltonian is to utilize Feshbach resonances [21,150]. We
will show that a sequence of single-spin gates can be performed via fast laser pulses [264,265]
to measure the OTOC.

In the first section, we explain our model and its cold-atom setup. Then we systematically
study the level-statistics and scrambling properties of ladder-X X both with and without
disorder. In the final part, we layout the scrambling detection with the preparation of

realistic random states.

3.2 The Ladder-XX Model

Ladder spin models have been studied to explore their critical phenomena [266-268] and
entanglement properties [269]. They are seen as useful intermediate models to understand the
magnetic properties of materials while increasing the dimension from d to d+ 1 [270]. There

are also natural cuprate compounds that are modelled by ladder spin models at d = 1 [268]
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Figure 3.1: A schematic of the proposed optical superlattice for the ladder—X X model where
r— and y—axes are spanned by disordered and double well potentials, respectively.

and they have been considered as candidate models to explain high-T. superconductivity
[271]. More recently ladder-spin models are studied in the context of transport [272]. We
choose our chaotic ladder model as the ladder-X X model because of its simplicity in cold

atom realization,

L—1
H = Z Z T (050501 +07:0%,41) (3.2)
j=1,2 i=1
L

L
+ Z Ji (Uiigg,i + Ui},iag,i) + Z hi <Oiz‘ + 0571-) ’

=1 =1

with random disorder h; which is drawn from a uniform distribution with disorder strength
of [=h, h]. 0®¥* are Pauli matrices for the spin—1/2 system, J| is the intra-chain hopping
coefficient and J, is the rung hopping coefficient. L is the system size for a single-chain and
we go up to L = 8 in our numerical analysis with exact diagonalization.

The ladder- X X model could be realized at the hard-core boson limit of the Bose-Hubbard
model [62,64]. At the hard-core boson limit, with U — oo and non-integer filling factor
that implies every site has either 0 or 1 boson, we end up with a superfluid Hamiltonian
Hy oo = =t ZMH (alaiﬂ + h.c.) - > ,uia;fai, that can easily be mapped to X X-chain

via mapping the annihilation operator to the spin lowering operator a — ¢~ and creation
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operator to raising operator a' — o+. The mapping leads us to have Jy =2, JL =2,

and the random chemical potential is mapped to random magnetic field strengths u; = h;

T

via aja; — 1/2 — o*. Therefore, we can recover Hamiltonian Eq. (3.2) with two interacting
Bose-Hubbard chains exposed to random chemical potential in the hard-core boson limit.
The boson state vectors correspond to either spin down ||) or spin up |1) in the ladder-X X
model. Since the filling factor is fixed in the cold atom scheme, the corresponding case in
our spin model (Eq. (3.2)) has fixed total spin S,. We set the filling factor f = 0.5 and the
OTOC of the system is studied at the subsector S, = 0.

We utilize superlattices to create random disorder in the Bose-Hubbard chains [273,274]
and to let two chains interact with each other. For the latter, we create a double well potential
via choosing the laser frequencies as k and 2k in the y-direction with a phase difference be-
tween them ¢, e.g., V,(y) = Vi, sin® (k,y)+Va, sin® (2k,y + ¢), assuming V3, ~ Va, so that the
bosons can be trapped in the double well potential. For the random disorder, we interfere two
optical fields with incommensurate frequencies, e.g., V,(x) = Vi, sin? (ki) + Va, sin? (kg,x),
where ki, /ks, € R/Q for both of the chains. When V;, < Vi, the disorder lattice can
simulate the true random potential [273,274]. A schematic of the optical superlattice can
be seen in Fig. 3.1. One can tune the hopping coefficients J; and J, in the ladder-XX
model through the laser amplitudes and frequencies [64]; and thus access different OTOC

behaviours with the simulation time of ¢ oc 1/J) oc 1-10 ms in laboratory. Therefore, the

measurement time of OTOC is in the limits of cold atom experiments [275].

3.3 The OTOC Properties and Level Statistics

For a spin system Eq. (3.1) can be recast to the OTOC, by first setting the temperature

infinite, # — 0 and then noting that,

F(t) =1 = —== (3-3)
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where C?(t) = || [67(t),07] ||%. Since the Pauli matrices are hermitian, norm-2 (Frobenius
norm) could be utilized to rewrite Eq. (3.1). N is the dimension of the Hilbert space and
the superscript ex stands for the exact value of the out-of-time-order correlator. Eq. (3.3)
is measurable given a [ = 0 initial state is prepared. In general, calculating an expectation
value with respect to the infinite temperature state requires averaging over all eigenstates.

However, we can approximate the OTOC Eq. (3.3) with smaller number of states,

Fr(t) = Y (Wloi(t)oio; (t)of [¢y) . (3.4)

J

where |1);) denotes a pure random initial state (or a mixture of random initial states) drawn
from the Haar measure [130]. Haar random states are typically maximally-entangled states
within a small error [276]. The error of approximating a 8 = 0 initial state is exponentially
suppressed as the Hilbert space increases via typicality arguments [84,277]. This procedure
is numerically less expensive compared to other methods for preparing the initial state at
=0, even though the Haar random states are hard to generate experimentally [278]. The
results presented in this paper are based on averaging over more than one random initial
state to obtain OTOC as precise as possible (Appendix B.2 for error bounds).

When a generalized form of Jordan-Wigner transformation [279] is applied, ladder-X X
can be shown to be interacting in the spinless fermion representation. Therefore we expect
to see ergodic to many-body localized (MBL) phase transition in this model [171,173]. A
common way to determine if a quantum system is chaotic is via the energy level statistics
[34,41,171,173]. Energy level spacings are 67 = |E}) — EZ~'| where E is the corresponding
energy of the many-body eigenstate n in a Hamiltonian of disorder realization . Each ~
represents a different set of random disorder h; drawn from uniform distribution. Then
we can calculate the ratio of adjacent gaps as r} = min ((5,’;,(52“) /max ((53,(5,’;“) as the
indicator of the level-statistics [171,173]: 72 ~ 0.53 and 77 ~ 0.39 are representative of

Wigner-Dyson and Poisson statistics, respectively. If the distribution of the energy level
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Figure 3.2: The average ratio of level spacings <7’Z}>WL with respect to disorder strength h.

Coupling strengths are set to J, = J and <r§>7n is averaged over 5 x 10% to 10 random

realizations for single-chain sizes ranging between L = 4 — 8. Inset: <T§>7n at h =1 [J)]
with respect to rung interaction strength o where J, = aJ) for L = 7.

spacings follows Wigner-Dyson statistics through a GOE (generalized orthogonal ensemble)
distribution, the model shows ergodic behaviour, whereas Poisson statistics imply a localized
phase [34,41]. Fig. 3.2 shows the average ratio values <7‘1}>%n varying between random field
strengths of h = 0 — 10 for different system sizes ranging between L = 4 and L = 8 when
they are averaged over 5 x 10° to 10 different random samples. The average of 77 over a set
of different Hamiltonians H., and eigenstates n, converges to <r:>%n ~ 0.53 in the presence
of small disorder strength h < 3 [J)], hence implying an ergodic phase. As h 2 9 [J)], we
observe <r§>%n ~ 0.39 that indicates a many-body localized (MBL) phase.

Fig. 3.3 shows how OTOC between o} and 0% for L = 7 chain changes with respect to
the rung interaction strength. In the limit o = J, /J; — 0, the system converges to two
independent X X-chains with random disorder. Whereas the opposite limit of &« — oo implies
a dimer phase as another integrable limit of ladder-X X. In both cases, the corresponding

fermion representation becomes non-interacting, which points to single-particle dynamics

with Anderson localization [162,168]. We see a permanent revival after a decay and larger
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Figure 3.3: The OTOC of the ladder-X X model at h = 1 [.J;|] between two distant operators
oj and 0% in the first chain with respect to o for L = 7. o ~ 1 corresponds to the interacting
limit, whereas the cases @ < 1 and a > 1 are integrable limits of the ladder-X X model.
The OTOC is averaged over 100 different random samples. The plot shows the mean values,
see Appendix B.1 for the error bars on the curves.

oscillations in OTOC as observed in integrable systems [142,157]. In addition, the average
level spacing ratio <7“2L>%n decreases from ~ 0.53 to ~ 0.39, thus demonstrating the signature
of level statistics for integrable systems (see inset of Fig. 3.2). We note that the OTOC for
a — oo scrambles less than the OTOC for @ — 0 with a small initial decay, since the model
also becomes weakly-coupled throughout the x-dimension in this limit. The OTOC decays
rapidly in the interacting limit around o ~ 1 and saturates at F'(t — oo) ~ 0 while showing
GOE distribution with <r§> . 0.53 and hence quantum chaos in its energy levels. We set
a =1 for the rest of our paper and study the interacting limit.

The chaotic regime of the ladder-X X model (h =1 [J}]) demonstrates a brief interval of
exponential decay in early-time dynamics (Fig. 3.4a), followed by power-law tails (Fig. 3.4b)
before entering into the saturation regime. The inset in Fig. 3.4b shows the Lyapunov-like
exponents extracted from the data both for L = 8 and L = 7 (Appendix B.3) when we

fit Re(F') = aexp(—At) to the data, where a is a constant. Quantum chaotic models are

expected to scramble the information fast and hence show exponential decay of OTOC [140]
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before saturation. Exponential decay is a transient feature of systems with finite size and
bounded operators [280], a result we observe in Fig. 3.4a. The Bose-Hubbard model [150]
and time-dependent systems [162, 281] were shown to decay exponentially, whereas it is
numerically hard to show the exponential decay in time-independent quantum chaotic spin
chains, e.g., disordered Heisenberg model [162]. In fact, the transient exponential decay turns
into power-law decay Re(F') = at~® in Fig. 3.4b for the ladder-X X model, thus reminding us
of the quasi-exponential generic form put forward by [132]. When there is no disorder, Fig.
3.4c, a decay with power-law trend is observed. There are significantly larger oscillations
around the saturation value in the clean limit, however in both clean and disordered cases, the
scrambling time is approximately the same. For a comparison, the power-law exponents for
disordered and clean cases are b = 2.65 and b = 2.76, respectively for the observables o} — 0%
in a system with L = 7. The ladder-X X model has energy and spin conservation, similar
to Heisenberg model where OTOC has been observed to be sensitive to conserved quantities
and show power-law decay [162]. In addition to that, ladder-X X has invariant subspaces
that show ballistic transport but are not associated with local conserved quantities at the
same time, hence the energy levels still show quantum chaos [272]. When random disorder is
introduced, these invariant subspaces can support Anderson localized eigenstates regardless
of the disorder strength [282]. We first conclude that the invariant subspaces do not change
the power-law decay, however affect the saturation value of OTOC. Figs. 3.4b-3.4c show
that the saturation value is much higher both in disordered F(t — oo) > 1072 and clean
F(t — o0o0) > 1072 limits, compared to other models such as Heisenberg and transverse-
field Ising models of similar sizes F(t — oo) ~ 107 [162]. Further, we notice that the
saturation value of OTOC becomes even larger when the disorder is introduced. Even though
the disorder clearly resolves the degeneracies caused by symmetries, the disordered system
scrambles less than the clean system. Thus, we point to Griffiths rare-region effects [283]
that might also be responsible for turning exponential decay in early time into power-law

later in time.
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Figure 3.4: (a) The exponential and (b) power-law decay of OTOCs for o7 with oZ (blue-
triangles), of (red-pentagrams), 0% (orange-diamonds) and ¢ (purple-circles) observables
in a system size of L = 8. The inset in (b) shows the Lyapunov-like exponent extracted
from exponential fitting for both L = 7 (black-asterisks) and L = 8 (red-triangles). (c) No
disorder case: Only power-law decay of OTOC for o] with ¢Z (orange-diamonds), of (red-
pentagrams) and o2 (blue-triangles) observables when L = 7 and h = 0. (d) Crossover region
with A = 5 [Jj] (red-pentagrams) and MBL with 7 = 10 (blue-triangles) for observables

o} —o% with L = 7.
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The decay becomes even slower as we increase the disorder strength h, Fig. 3.4d. The
system shows no scrambling for a time interval of ¢ ~ 10[1/.J] when h = 10 [J)] and
differs from OTOC at h = 5 [J)] that is at the crossover region in Fig. 3.2. Even though
for short times it looks like Anderson localization, simulation over long times reveals an
MBL-like decay by showing a clear signature of logarithmic decay at intermediate times
for both h = 5 and h = 10. By slightly modifying the general form given in Ref. [169]
for logarithmic MBL decays, we find that the decay profiles in Fig. 3.4d could be fitted
to Re(F) = 1 — aexp (—bt°), where the parameter a determines the saturation value, and
¢ < 0 for OTOC to decay as t — oo and F' = 1 as t — 0. Similarly this form reduces
to logarithmic decay, Re(F) ~ 1 — ¢ + “*<log (bl/ct) for b'/°t ~ 1. The fit parameters
read a = 0.725, b = 5.727, ¢ = —0.812 for h = 5 and a = 0.154, b = 8.661, ¢ = —0.519 for
h =10 [J})]. Therefore, the logarithmic decay is valid around ¢ ~ 10 [1/.J;] and ¢ = 10* [1/J]
for h =5 [J)] and h = 10 [J)|], respectively. One can further see that Anderson localization
lies in the limit |¢| — 0, which implies logarithmic decay should happen when t — oo,
meaning that the OTOC does not decay at all. As a result, we demonstrate that there
could be intermediate cases where the OTOC does not decay to zero, but to finite nonzero
values in the MBL phase, which is possibly related to atypical eigenstates in the ladder- X X
model [282].

In a lightcone figure (Fig. 3.6), each point has a set of discrete space x and time ¢
coordinates, where the space dimension is emergent due to the nearest-neighbor couplings
and defined as the distances between lattice sites in the lower leg of the ladder. The value of
a point is OTOC, denoted as 7. If we follow OTOC contours composed of the same 7 values,
we obtain a series of space-time coordinates that give us a wavefront [122,130,262,284]. A
couple of wavefronts associated with different 7 values ranging between n = 1 and n = 1072
are shown in Fig. 3.6. These wavefronts are expected to reveal how the correlations spread
in the system over time. The outermost wavefront 17 ~ 1 corresponds to the lightcone, while

n ~ 0 corresponds to the butterfly cone in the literature [285]. The wavefronts that we
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Figure 3.5: The dynamical exponent v with respect to the OTOC contour values n extracted
from analyzing data sets for L = 6 with observables from o3 to of (light blue-circles), with
observables from o} to of (dark blue-stars), L = 7 from oj to 0% (green-squares) and L = 8
from o} to of (red-triangles) for a random disorder strength of h = 1. We averaged the data
over 2 x 102, 1 x 102, 1 x 10? and 1 x 10! times for first two L = 6, L = 7 and L = 8 system
sizes, respectively. Inset: The rates of the sublinear, linear and superlinear wavefronts for a
system size of L = 7. The markers are the data points, while the lines are the differentiation
of the wavefront curves.
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Figure 3.6: A demonstration of wavefronts for a system size of (a) L = 8 and (b) L = 6,
where x-axis and y-axis are the distance and time, respectively. (a) The fitted wavefronts
change from sublinear to superlinear in time between the displacements Ax = 3 and Az =7
units. (b) Only the sublinear wavefronts are fitted between Az = 1 and Az = 5 units
(dotted lines), while the solid lines show irregular wavefronts appearing later in time.

extracted follow power-laws: x ~ t7 where ~ is dubbed the dynamical exponent. Fig. 3.5
shows a range of 7 changing from the low end of ~ 0.5 to the high end of ~ 1.5 with respect
to n for different system sizes. It is not clear if v would have a maximum in Fig. 3.5 due
to the limitations in the data. We find a sublinear lightcone with v < 1 where the spread
is sub-ballistic. This observation aligns with the rare-region effects [283]. On the other
hand, as the system scrambles, we observe that the wavefronts first become linear v = 1
and then passes to a superlinear region v > 1 in Fig. 3.5. Therefore, the butterfly cones at
1 ~ 0 seem to differ significantly from the lightcone at n ~ 1. The wavefront structures that
demonstrate the superlinear butterfly cones can be seen in Fig. 3.6a. We plot the rates of the
wavefronts in the inset of Fig. 3.5 where the sublinear lightcone (n = 0.99) initially bounds
the rest. Towards the scrambling time, the linear wavefront (n = 1) seems to be the new
bound on the wavefront rates. A range of sublinear wavefronts were detected in disordered
Heisenberg chain before [130], implying the lightcone still differs from the butterfly cones in

the dynamical exponent. Super-ballistic spread of correlations (y > 1) has been previously

observed in 1D spin chains with power-law decaying long-range interactions [122, 262, 284].
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The ladder models can always be mapped to a path that passes through all the sites, e.g.,
zigzag or meander paths, so that 1D Jordan-Wigner transformation can be applied [286].
Such mappings bring long-range interactions due to the Jordan-Wigner strings, which could
explain the super-ballistic spread appearing later in time. We note that its rate remains
insignificant compared to the faster wavefronts. It is an interesting direction to see if other
ladder models present similar wavefront structures. Finally, we demonstrate the irregular
wavefronts appearing in the spatial region [131] when the displacement is Az = 1 —2 in Fig.
3.6b. The only fitted wavefronts are the sublinear wavefronts shown in Fig. 3.6b as dotted-
white lines, because the wavefronts start to exhibit irregularities later in time (solid-white
lines). The irregularity appears between the origin and two sites away from it, as we observe
that it takes significantly greater time for the information to spread Az = 2 units compared
to Az = 1 unit in the time interval of t ~ 0.5 [1/J)] to t ~ 2 [1/.J)]. Hence it seems that
the information spread slows down locally and temporarily (the jump feature in Fig. 3.6b)
before showing a sub-ballistic trend for Az > 2. Furthermore, after ¢ ~ 2 [1/J}] the jump
feature is replaced by a constant line between Ax = 1 and Az = 2 units, which points to a
locally-scrambled region in the ladder while the information still spreads in the rest of the
system at a finite rate. This unusual region-restricted scrambling continues until the whole
ladder completely scrambles. Therefore, we conclude that different rare-region effects are at

play in the ladder-X X, which calls for a more systematic future study.

3.4 OTOC Detection Protocols

The scrambling in the ladder-X X model can be detected via the interference measurement
scheme on many-body states in optical lattices [94,287] or the interferometric measurement
scheme [146]. We detail both measurement schemes in the following subsections and elab-
orate on their advantages and disadvantages. Since both schemes need an experimental

random initial state preparation, we first focus on the initial state preparation.
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3.4.1 Initial state preparation

One can ideally use the whole set of Fock states to create a § = 0 initial state. However,
given this process would be lengthy, we ask if using a few (M < N) randomly chosen
Fock states would sufficiently mimic f = 0 initial state I ~ Zj\il ;) (|, where [1;) =

{1G)) -

filling. We find out that initiating an experiment with a randomly set Fock state for ~ 10

(?:::)>} are Fock states for the ladder and they span the Hilbert space at half-

or ~ 10% times mimics the 8 = 0 state up to a mean error of ~ 7 x 1072 or 2 x 1073,
respectively for a system size of L = 6 (Fig. 3.7¢). We study how the mean error scales with
the sampling ratio M /N in Figs. 3.7a-3.7b for different system sizes. Here the mean of the
error is calculated for the data points when the error signal €;(t) = |[F™(t) — > Fi(t)]
saturates in time. The sampling ratio M /N has bounds 0 < M/N < 1 and we observe when
M/N < 1 the scaling is exponential and the data for all simulated system sizes could be
collapsed to a single decay exponent b ~ —2.5 in €;(t) o< a exp (—bM/N), cf. Fig. 3.7a. Note
that when M /N = 1, meaning that all Fock states are used, the error is zero up to machine
precision and the OTOC is exact; and the point M/N = 0 is not well-defined. Except for
small sizes, e.g., L = 3, the observed exponential scaling in Fig. 3.7a is not experimentally
practical due to the increasing number of randomly-sampled Fock states. Therefore, we study
the limit M/N — 0 separately where we obtain power-law scaling in M /N, cf. Fig. 3.7b
with b ~ —0.5 in €;(t) o a (M/N)" for system sizes L = 4 — 7.

Remarkably, it is possible to bound the error of approximation to ~ 10~2 with only one
Fock state for L = 7. In fact the error decreases as a power-law with the increasing system size
when only one Fock state is used to mimic the infinite temperature state (Fig. 3.7¢). Fig. 3.7c
shows 9 different realizations of using only one randomly-set Fock state and a single power-
law curve fitted to all with b ~ —2.26 in €;(t) oc (2L)® (Appendix B.4). This observation
is not utterly surprising, because a Fock state has a broad EON (eigenstate occupation
number) distribution (Fig. 3.7d and Appendix B.4). An EON distribution |cs|? can be

defined as the overlap of the initial state with the eigenbasis of the time-evolving Hamiltonian:
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Figure 3.7: Initial state preparation at h = 1 [J)]. (a) The scaling of the mean error €, (¢) with
respect to M /N sampling ratio, where M and N are the number of randomly-sampled states
and the dimension of the Hilbert space, respectively. The blue-triangles, red-pentagrams,
orange-diamonds and purple-circles stand for a single-chain size of L = 3 to L = 6, where
all have an exponent of b ~ —2.5 in the fit oc a exp (—=bM/N). (b) The scaling of the mean
error for small M/N ratio has power-law scaling oc a (M/N)” with b ~ —0.5 for all system
sizes of L = 4 (blue-triangles), L = 5 (red-pentagrams), L = 6 (orange-diamonds) and L =7
(purple-circles). (c) The data collapse applied to the scaling of the mean of the error €;(t)
with respect to the system size for only one randomly-sampled Fock state. Each data point is
a random realization where the fitted curve gives an exponent of b ~ —2.26 in € (¢) o (2L)°.
(d) The scaling of the effective dimension, d. with the Hilbert space size, N, gives linear
scaling d. = 0.3N, mimicking an infinite-temperature state. (e) The error signal € (¢) with
respect to time, for an average of M = 7 (blue-dashed), M = 36 (red-dashed dotted),
M = 133 (green-dotted) M = 178 (black-solid) and M = 748 (pink-circles) randomly-
sampled Fock states. (f) The error signal e(t) = ||[F™(¢)]* — +; Zj\/l |F;(t)|?| with respect
to time, for an average of M = 7 (blue-dashed), M = 36 (red-dashed dotted), M = 133
(orange-dotted) M = 178 (purple-solid) and M = 461 (green-circles) randomly-sampled
Fock states. Both subfigures (e)-(f) have a system size of L = 6.
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1¥(0)) = Y5 ¢sltp) — |epl?, where o5 are the eigenstates and [¢)(0)) is the initial Fock state.
For instance, an infinite-temperature state has a uniform EON distribution: |cs]? = 1/N.
To be more precise, we can calculate the so-called effective dimension of the initial state,
d. = (Z 3 |05|4>_1 [36], like we did in Chapter 2 for the spinor condensates, and study the
scaling of the effective dimension with the dimension of the Hilbert space. For an infinite-
temperature state, d. = aN¢ with an exponent of ¢ = 1 and @ = 1, which should be compared
with the scaling exponent for the effective dimension of a randomly-set Fock state. Fig. 3.7d
shows the data collapse on the effective dimensions of 10 different randomly-set Fock states
for each system size. The fit parameters d. ~ 0.3N show that a randomly-set Fock state also
gives an exponent £ = 1, which more accurately demonstrates the broadness of the EON
distribution. The coefficient in front is bounded for effective dimension scalings, a < 1 and
we see that a randomly-set Fock state has a ~ 0.3. This reflects the fact that Fock state
does not show uniform distribution in the eigenbasis of the Hamiltonian, and hence we have
a nonzero error signal € (t).

In conclusion, we see that the exact shape of the EON distribution is insignificant as
L — oo, as long as it is a broad distribution in the eigenbasis. Therefore, only one Fock
state could approximate the infinite-temperature OTOC reasonably well. We note that
our analysis is valid for h = 1 [J)] disorder strength. The observation that a single Fock
state could exhibit & = 1 exponent in its effective dimension scaling is possibly related to
the extended eigenstates existing throughout the spectrum in the chaotic regime. Hence,
whether the found power-law scaling in system size for a single Fock state as well as the
exponential and power-law scalings of the error in the sampling ratio M /N, depend on the
disorder strength is an interesting question for future studies and experiments. Our results
also show that a few randomly-sampled Fock states could be used as an alternative approach
to Haar-distributed random states in numerics to calculate OTOC with a $ = 0 initial state

at the chaotic regime of a model.
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3.4.2 The interference measurement

|F(t)|? is the quantity to measure in the interference measurement scheme [287]. We see
that Im(F(t)) ~ 0 and Re(F(t)) > 0 throughout the simulation time with the parameters
used in the Chapter, thus rendering |F(¢)|* a good quantity to measure. The interference
measurement scheme has been proposed to probe scrambling in the Bose-Hubbard model
previously [150,183], however note that the implementation of the interference measurement
further simplifies for the hard-core boson limit [287] which we utilize in the cold-atom setup
of our model. The steps of the interference detection protocol follow as (Fig. 3.8a):

(i) Generate two copies of the same randomly-sampled Fock state |1;): We can first set
a 2D lattice to Mott-insulator phase with unit filling factor and then adiabatically ramp
the lattice potential to a double-well potential at each site in the y-direction. This would
produce (|10) + |01)) /v/2 state for a double-well; and via suppressing the tunneling between
wells in the double-wells, one can generate randomly sampled Fock states in 2D lattice at
half-filling. To make two copies of the initial state, we can introduce another lattice layer in
z-direction and apply the same operations of lattice potential simultaneously for both planes.

(ii) Apply o, gate on the first spin in the lower leg in the first copy.

(iii) Apply to both copies U(7)of;, where U(7) is evolution forward in time for 7 and o7
gate is applied to any spin ¢ further away from the first spin in the lower leg.

(iv) Hamiltonian sign reversal protocol: As illustrated in Fig. 3.8b, we apply a set of gates
to the lattice sites simultaneously to change the overall sign of the Hamiltonian so that we
could evolve the many-body state with —H. Given that we shine either laser pulses [265,288]
or microwaves [289] to implement single-spin rotations, our protocol of Hamiltonian sign-
reversal could be related to NMR (nuclear magnetic resonance) Hamiltonian engineering [157,
158], though with a difference of site-resolving pulses in the cold-atom setup. Remembering
RI(0)0°R.(0) — cosfo® — sinfa?, RI(0)dYR.(0) — cosfo¥ + sinfa®, we can create sign
difference in the X and Y coupling terms if we apply the R,(7) pulse alternating on the

sites, e.g., odd-numbered and even numbered spins in the first and second legs, respectively.
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Figure 3.8: (a) The schematic that illustrates the circuit for OTOC measurement with
the spin operators of and o7. The circuit utilizes interference measurements providing
Tr {|r1) (Vp1 | ©pa) (Wpal} = |F5(7)[%. (b) Schematic for Hamiltonian sign-reversal protocol
for evolution backwards in time: red and blue spheres stand for spin up and down states,
respectively. We simultaneously perform R, (m)R, () gates for the odd-numbered spins in
the first leg and even-numbered spin in the second leg, while only one gate R, () is applied to
the rest of the spins. R, () and R,(m) are denoted by green and purple wiggly lines, meaning

that the single-spin gates for cold-atom systems could be realized via laser pulses [265, 288]
or microwaves [289].

In order to change the sign of the random disorder term, we apply R, (7) gate to each of the
spins via utilizing RI(0)0¥YR.(0) — cosfo¥ —sin#o*. Then the gate sequence that we apply

to both copies becomes,

HiiOddRiiRiiRiiJrl Rg,iHRg,iRg,iJrl (7?), (3-5)

where 1 — 2 denotes the leg number. Eq. (3.5) could be realized via a programmable
acousto-optic modulator (AOM) with multiple laser outputs whose frequency differences
are negligible [290] and high-resolution imaging devices that can provide single-site address-
ability [195,289).

(v) Apply of, gate on the first spin in the second copy.

(vi) Make an interference measurement between final copies |¢p) =

U(=7)oi,U(T)oi, |¢;) and [dy) = of,U(=7)of,U(7) ;) in the hard-core boson
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limit [94, 287]. By measuring the swap operator on both copies [287], we can obtain
Tr{pppre} = |F;(7)]* for each |¢;) initial state where py1 = [¢p1) (¥y1]. The same
measurement could be applied to the copies of initial state to check if they are iden-
tical Tr {pf} = 1. The interference measurement scheme has been applied to measure
entanglement entropy [94].

(vii) Repeat the measurement protocol for M times with randomly chosen [¢;) initial
states to obtain g7 - |F;(7)]* which is equal to [F*(#)[* up to an error < 107% and ~ 107*
in decay and saturation regimes, respectively for M ~ 10% Fock states. Fig. 3.7f shows
the difference between the square of the exact OTOC (Eq. (3.3)) and +; Z;W |F(7)|? for M

randomly chosen Fock states for a system size L = 6.

3.4.3 The interferometric scheme

We can measure F'(t) with the interferometric approach [146], because the measurement of
the control spin either in x- or y-basis provides the real and imaginary parts of the OTOC,
respectively. Fig. 3.9 demonstrates the measurement circuit where the control spin needs to
be coupled only to the first spin in the ladder. The protocol follows as:

(i) Initialize the control spin in a superposition state of |1.) = (|0), + |1),) /v/2 to prepare

the many-body state

1 4 zZ 4 z
E [(Ul,lal,i(t) |¢J>) 0), + (Ul,i(t)al,l WJ» |1>C] )

where the ladder-X X model is simultaneously initiated in a randomly-sampled Fock state
|45

(i) Apply controlled-6f operation to the first spin in the lower leg:
(10). (Ol @ L1 + 1), (1] ® Ry (m)) @ T2,

(iii) Evolve the ladder-X X model forward in time and apply o7 rotation to the spin i:

I.® U(r) (I#! ® 07, @ [¥2577),
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Figure 3.9: The measurement circuit for the interferometric approach [146] on the ladder-
X X model with local spin observables o7 and ¢} by using an auxiliary spin |¢.) to measure
only the real part of the OTOC.

(iv) Apply Eq. (3.5) to the ladder-X X model and evolve the many-body state with —H
as . @ U(—7).

(v) Apply oF gate to the control spin before another controlled-o; operation, so that
we have (|0) (0], ® Ri(7) +|1) (1|, ® I;) ® 12271 Further apply another o2 gate to the
control spin.

(vi) Make a measurement on the control spin in the x-basis to obtain the real part of the
OTOC, Re[F5(8)] = (02) = (t5(1)] 0% [t5(1).

(vii) Repeat the measurement protocol for M times with randomly chosen [¢;) initial
states to obtain 1 >_; Fj(7) which is equal to F**(¢) up to an error shown in Fig. 3.7.

Outlook. The interference measurement scheme requires two copies of the same randomly-
sampled initial Fock state, which is challenging but doable. On the other hand, the inter-
ferometric approach could be realized with only one copy. However, in this measurement
scheme we need to couple an auxiliary spin to the first spin and implement controlled-spin
gates [291,292] which is challenging in the current technology. Therefore both approaches
have certain (dis-)advantages. An important difference that we observe in two measurement
schemes are the error bounds due to the measurement output, |F™(¢)]* = & Z;VI |F;(t)?
and F(t) = - > ; Fj(t) for interference and interferometric, respectively. The error bounds
are stable throughout the evolution in the interferometric approach; while they significantly
lower in the saturation regime (by a factor of ~ 10?) and slightly higher in the decay regime

of an interference measurement. Therefore, in the case of measuring only the saturation
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values of the OTOC, the interference measurement seems to be more advantageous.

3.5 Conclusions

The ladder-X X model’s OTOC decay profiles and information spread show a variety of
phenomena ranging from quantum chaos to MBL phase and possibly rare-region effects in
the ergodic phase that we leave as a future study. We further discussed a Hamiltonian sign
reversal protocol that is a novel alternative to existing approaches in cold atoms and how to
apply both interference and interferometric measurements in the scrambling detection with
experimental random state preparation. Our results demonstrate that the experiments could
utilize only one randomly-set Fock state for sufficiently big many-body systems to reproduce
infinite-temperature OTOC up to a bounded error in the chaotic regime. The ladder-X X
has a more convenient experimental cold-atom setup compared to the Heisenberg chain,
since it lacks Z-coupling terms, while it is still interacting due to its quasi-1D nature. Thus,
it can be more easily implemented in the laboratory to further investigate scrambling and

understand how scrambling changes in the transition from 1D to 2D.
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Chapter 4

The Connection Between Information
Scrambling and Quantum Phase

Transitions

In this chapter, we elucidate the relation between out-of-time-order correlators (OTOCs) and
quantum phase transitions via analytically studying the OTOC dynamics in a degenerate
spectrum. Our method points to key ingredients to dynamically detect quantum phases via
out-of-time-order correlators for a wide range of quantum phase transitions and explains the
existing numerical results in the literature. We apply our method to a critical model, the

XXZ chain that numerically confirms our predictions.

4.1 Introduction

Out-of-time-order correlators (OTOCs) [145] probe information scrambling in quantum sys-
tems of different nature c.f. Refs. [133, 134, 142,150, 156, 162, 167] and Chapter 3, and re-
flect the symmetries [162,167] as exemplified in Chapter 3 or lack thereof [133,140,162] of
the underlying Hamiltonian. An OTOC, unlike a time-ordered four-point (or two-point)

correlator [139], can determine the spatial and temporal correlations throughout the sys-
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tem, thus giving rise to a bound on information spread [130, 132] as also demonstrated in
Chapter 3. Through such bounds and the decay rate of an OTOC, one can dynamically
detect thermal [150,162] and localized phases [139,162, 167-169] as again shown in Chap-
ter 3. Recently OTOC has been numerically observed to be sensitive to phase transitions
either signaling criticality in a diverging Lyapunov exponent [183] or showing signatures of
symmetry-broken phases in its saturation value [181]. The latter led to more research that
shows the relationship emerging in other forms, e.g., in excited states [185], or with more
experimentally-relevant platforms and system parameters [293]. The interest in providing
more verification for such an emergent relationship is understandable, not only because the
relationship points to a practical potential for OTOC in the dynamical detection of quantum
criticality, but also the underlying reason of this relationship was not understood [181]. It is
indeed an intriguing question how a chaos-detecting and out-of-time ordered correlator that
is contributed by presumably the entire spectrum could also probe ground state physics. The
reasons of this relationship remain unknown as well as an answer to whether the relationship
is universal. Motivated by these questions, here we develop a method on OTOC dynamics
to obtain intuition for the emerging connection between quantum phase transitions and out-
of-time-order correlators. Remarkably it is possible to dynamically decompose OTOC and
show that the ground state physics is the leading order contribution to it under the criteria
that our method provides. This is the origin why OTOC saturation value could detect the
ground state degeneracy. Therefore, we reach the conclusion that the OTOC is sensitive
to long-range order, e.g., its steady-state value presents a dynamical phase diagram, while
the quasi-long range order is not visible to it, e.g., its steady-state value remains featureless
in the quasi-long range ordered phase. Our method provides additional insights regarding
the relationship, e.g., (i) the relationship is not restricted to already-studied models and
1D [181,293]; (ii) the relationship can be extended to include the phase transitions in other
eigenstates [185]. Hence, our theory elucidates the reasons of this unezpected connection,

renders it intuitive and universal with further insights. To verify our method, we study the
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dynamics of 1D critical XXZ chain, where there are Ising and critical XY phases.

4.2 Method

Our aim is to be able to come up with an expression that predicts the saturation value of
OTOC for long times in the spirit of Eigenstate Thermalization Hypothesis (ETH) [294,295].
Complementary to the definition in previous Chapter Egs. (3.3) and (3.4), OTOC can also
be defined as

Ft) = (WieViw@v), (4.1)

where V' and W are local operators and the expectation value is over an initial state |¢(0)).
This initial state could be chosen as the ground state [156,181], or a random Haar-distributed
state [130] which is also utilized in Chapter 3 to approximate an equiprobable state Z in
Eq. (4.1) [277,296] (see Appendix C). Eventually, the original definition that is the out-of-
time-order commutator —Tr <$ZBH] (W (t), V]2> [140] could be reexpressed in terms of the
OTOC of operators W and V with an initial state at the inverse temperature 5 (see also
Eq. (3.3)). Therefore we can probe the information scrambling through OTOCs [146, 150,
156, 157], as shown in Chapter 3.

Given [¢(t)) = > cae ot |th,), where |1),) are eigenstates of the Hamiltonian with
the associated eigenvalues FE,, we define a modified initial state |¢/'(0)) = V' [¢(0)) and
have [¢/(t)) = 35 bge """ 1) where bg = 37 Vircr and (Y] V [1);) = Vj, are eigenstate
expectation values [40]. Then the OTOC, Eq. (4.1), can be recast to a fidelity measure of
3-point function, and with the help of completeness relation » y 1,) (¢, =1, it becomes

F(t)= Y cabse o Pt BB VLW,

ay " yy!
B,y

Now one can derive the saturation value for long times as well as dynamical features, such
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as revival timescales in integrable Hamiltonians with the procedure outline in Chapter 2.
We study the saturation value at long times, since this value is expected to contain the
signature of quantum phases. For long enough times, equilibration in OTOC dynamics can
be obtained only when the phase decoheres. Then the equilibration value can be obtained
by requiring Eg — E, + E, — E,, = 0. This condition can be satisfied with four different
scenarios: (i) B, = Eg and B, = E.; (ii) B, = £, and Eg = E; (ili) E, = Es = E, = E.,
which is contained both in (i) and (ii); (iv) Es—Eq+E,—E, = 0with Eg # E, # E, # E..
If a nondegenerate spectrum is assumed, i.e., £, = Ez implies a = 8, the OTOC reduces

to,

Ft—>00 = Z Czba|Wa’Y|2Vj7 + Z C:‘;bﬁWaTaVojﬁwﬁﬁ - Z CZybOé|Waa|2Vo1;a
7/3

oLy e
+ Y bWV W, (4.2)
aFEBAEYEY

with four terms corresponding to four conditions (i)-(iv), respectively. The last term as-
sociated with the condition (iv) can be in fact eliminated by invoking the Definition 1 in
Chapter 1, e.g., the condition of non-degenerate energy gaps. However, we keep this term
for completeness in the rest of the Chapter.

We note that writing OTOC as in Eq. (4.2) is useful to understand the quantum chaotic
systems better, e.g.; in chaotic spin chains with conserved quantities that also obey ETH,
the decay of OTOC to zero is not supposed to be exponential, but inverse polynomial in
system size [297] and OTOCs capture eigenstate correlations that ETH cannot [166]. These
correlations can readily be seen in the first, second and the fourth terms of Eq. (4.2). See
Appendix C.5 for some remarks that immediately follow from Eq. (4.2) about systems with
nondegenerate chaotic spectra. Now we are going to generalize Eq. (4.2) to a form, which
is more generic and allows degeneracy in the energy spectra, because a quantum phase
transition usually involves energy degeneracy, e.g., degeneracy from spontaneous symmetry

breaking or other sources [187]. We group all eigenstates of the Hamiltonian into degenerate
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sets labeled by 6, and each state in its corresponding set is denoted by « for an eigenstate
Ypg,o)- The OTOC can be reorganized with the new notation, which is one main result of

this chapter,

_ T
F(t—o00) = Z Z ea]( 0.8V, [004[9’,7 V[ef,ﬂ[9',7/]W[9/7v/][9,6}

00" apyy!

+ b Wik o Viesiio Wiy G’ﬁl)

* t
+ Z ( - Z C[e,a}b[f) Al W[e o][6,7] V[e,ﬂ [9,¢]W[9w’][9,,6’]

aByy! 0
T
+ Z C[9 a]b 0',4] W[0 ][] Vv[qﬁ,'y] [¢/77/]W[¢/,’y’][0’,ﬁ]> . (43)
0F#0'#pF# ¢!

Here, 0,60, ¢, ¢’ denote degenerate sets while «, 3,7, denote quantum states in their cor-
responding sets. Eq. (4.3) can determine the saturation value of OTOC accurately if the
OTOC saturates at a finite time. If the OTOC does not saturate or shows transient effects,
Eq. (4.3) still predicts the time-average of OTOC signal F' = 1/T [ dtF(t) over a time inter-
val T with sufficient accuracy. In this sense, Eq. (4.3) is not limited to long-time dynamics
t — oo (see Appendix C).

We look for the criteria that the ground state subspace contribution is leading order in the
OTOC saturation value Eq. (4.3). For this, we first set W' = V" as the order parameter observ-
able in Eq. (4.3) for convenience. Then we expand the coefficients b g = > - Wi g)(s.7]Cls.1]
in Eq. (4.3) by using the initial state. If (i) the initial state is set to the state where the phase
transition is expected to happen, e.g., the ground state(s) c;,;) = 1; and (ii) we apply an
ansatz on the matrix elements of the observable projected on this state, e.g., |[Wp ajj0,4 <1,
where 6 # 1 is a different energy subspace than the subspace of the ground state(s), we ob-

serve the following dynamical decomposition:

F(t = 00) = Fy(t — 00) + Fex(t — 00). (4.4)
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Here Fy(t — o0) is the ground subspace contribution, whereas the Fi (t — oo) is the
contribution of higher energy excitations. When the criteria are satisfied, the latter is a
correction to the ground-state physics in the OTOC in the ordered phase, and this is the
second part of our conjecture. The assumption on the initial state sets the scrambling
discussed in the rest of the chapter to effectively zero temperature. Whereas the operator
ansatz becomes even more specific for the phase of interest. If there is a symmetry-broken
long-range order to capture, the fluctuations between the matrix elements of the observable
are suppressed in the ground state subspace, meaning there is at least a pair of matrix
elements accumulating the order — |Wp qjj1,5> ~ O (1). This modifies the operator ansatz
as |W[1,a][1,5]\2 > \W[Lﬂ[e,y]lQ for the ordered phase. Thus, we derive the expression for

F,(t = 00) in the ordered phase as,

Fu(t = 00) ~ Y Wiy Wit Win i g Wi s (4.5)

By

while the operator ansatz simultaneously implies that the OTOC is dominated by the ground
state physics, Fys > Fe in the ordered phase. On the other hand, the fluctuations be-
tween the matrix elements of the observable are maximal in a disordered phase, implying
Wit 1,83 ~ 0 for all states in the ground state subspace, which results in Fys(t = 00) ~ 0.
Therefore, the OTOC is dominated by the higher energy levels in the spectrum F,(t — 00).
This result is an important insight that originates from the dynamical decomposition method
and cannot be observed in real-time dynamics simulations, e.g., in Ref. [181]. In addition, the
operator ansatz |Wp 40,5 < 1 guarantees a bounded correction term Fe(t — 00) < 1. As
a result, (i) the OTOC is able to capture the degeneracy in the ground state (Eq. (4.5)) and,
(ii) the correction of the excited states always remains bounded; all of which explains why
the OTOC differentiates an ordered phase from a disordered one, e.g., in ground state [181]
or excited-state [185] phase transitions. A mixed initial state (e.g. finite or infinite tempera-

ture) violates the initial state assumption, hence suggesting a smoothed phase boundary by
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Figure 4.1: Phase diagram based on the OTOC saturation values via Eq. (4.3), x-axis is the
spin interaction strength in the z-direction J, and y-axis is the magnetic field h, for N = 14
system size and o7 bulk spin observable, when periodic boundary conditions are set and the
initial state is a ground state. The red lines are the phase boundaries based on Bethe ansatz
technique for infinite-size system [65].

washing away the sharp signature at the transition point [293]. Hence the dynamical decom-
position method reveals the key ingredients of the emergent connection between information
scrambling and symmetry-breaking phase transitions, rendering this unexpected numerical
observation [181] a fundamental connection.

Advanced numerical methods (Lanczos, tensor networks) can be employed to determine
only the lowest-lying states to give the leading order term in OTOC, Eq. (4.5). In this
sense, Eq. (4.5) provides us a low-cost alternative to simulating the real-time OTOC dy-
namics in the computation of the OTOC saturation value when we use the OTOC to probe
criticality. Finally, we predict that the ground state contribution to the OTOC saturation
cannot efficiently distinguish quasi-long range order from a disordered phase. Because, the
quasi-long range order produces zero expectation value for the order parameter (per site):
Wi,an,3 ~ 0, similar to a disordered phase, and hence Fys(t — 0o) ~ 0 follows with cor-

rection term dominating the OTOC saturation F(t — o). In the following we will provide

verification for our method and theory on the 1D XXZ model.
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4.3 Model and the Results

The Hamiltonian of the XXZ chain reads,

= JZ (‘7 Uz+1+azaz+l+Jz o;o f+1)+hzgz>

where o' are spin-1/2 Pauli matrices with energy scale set to J and hence time scale set to
1/J; J,/J and h are the z-axis spin coupling strength and the magnetic field strength, respec-
tively. The red lines in Fig. 4.1 show the phase boundaries produced by an exact method
(Bethe Ansatz) for an infinite-size system. Therefore, this model has three phases: two
gapped Ising phases (ferromagnetic and antiferromagnetic) at large |J,/J| and a gapless XY
phase with quasi-long range order for small |.J,/J], i.e., the Berezinskii-Kosterlitz-Thouless
transition [298,299]. We choose the OTOC operators as o7 or of for the spin at the ith site,

z

based on the order parameters of the ferromagnetic Ising phase (3, o7

Ising phase (>°.(—1)"07), and the XY-phase (}_,0¥). Fig. 4.1 shows the phase diagram

K3 11

), antiferromagnetic

based on the saturation values of OTOCs with o7 [computed using Eq. (4.3) for a system of
N = 14 spins]. We numerically confirm our theory with OTOC saturation values that are
either nonzero or nearly zero in the Ising and XY phases, respectively. In fact, the OTOC
recovers the phase boundaries of the Bethe ansatz solution: the agreement is perfect at the
ferromagnetic-XY phase boundary and approximate at the antiferromagnetic-XY boundary
due to significant finite-size effects (see Appendix C).

We plot two cross-sections from Fig. 4.1 in Fig. 4.2a where the lines with orange-squares
(h/J = 0) and blue-circles (h/J = 4) are the saturation values, Eq. (4.3) for a short-time
tJ ~ %101 (long-time results in the Appendix C). We also plot the leading order term in the
saturation, Fu(t — o0o) in Fig. 4.2a with purple-cross (h/J = 0) and red-diamond (h/J = 4)
lines. The OTOC saturation exactly reduces to the ground state contribution with no
correction Fiy = 0 in the Ising-ferromagnet, meaning that the saturation value in the ordered

phase is exactly predicted by the Eq. (4.5). The reason follows as: the spins are fully polarized
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Figure 4.2: (a) The OTOC saturation values for a periodic-boundary chain with N = 14
size and a short-time of ¢J = Z10' at fields h/J = 0 (orange-squares: Eq. (4.3), purple-
crosses: Eq. (4.5)) and h/J = 4 (blue-circles: Eq. (4.3), red-diamonds: Eq. (4.5)), for o7
observable. (b) Real-time dynamics (blue-circles) averaged over a time interval tJ = 10,
F, and its ground state contribution F,s (orange-diamonds) with DMRG algorithm and
MPS for N = 60 at h/J = 0. (c) System size scaling of Fy; shows J¢ = aN® + J° with
exponent £ = —0.98 and J® = 1.02. (d) The OTOC saturation values for o observable at
h/J =0, N = 13 (blue-circles: Eq. (4.3), red-diamonds: Eq. (4.5)) and N = 14 (orange-
squares: Eq. (4.3), purple-crosses: Eq. (4.5)) for time ¢J = £10°. Inset: System-size scaling
of Eq. (4.3) (blue-circles) and Eq. (4.5) (red-diamonds) at J,/J = —0.9.
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in the ferromagnetic ground states, and they belong to the opposite magnetization sectors
of the Hamiltonian which has magnetization conservation [H,S,] = 0 (S, = Y, 07). Since
they are the only states of their corresponding magnetization sectors, the fluctuations in the
matrix elements are exactly zero, |Wp o)0,6| = 0. This is why the system does not scramble
information at all F'(t — oo) = 1, even though the XXZ model is an interacting model. We
emphasize that this nonscrambling is not due to integrability of XXZ model, rather it is the
signature of critical order. The rotational symmetry also protects the ferromagnetic ground
states from hybridizing, all of which results in no finite-size effects at the phase boundary
from ferromagnet to XY-paramagnet. In the disordered-XY phase (h/J = 0), the ground
state contribution is zero Fys = 0, leaving the correction term to dominate the saturation
value, however with a small magnitude as explained above. This is the reason of the mismatch
between the OTOC saturation value and its leading order term, seen in the XY-phase of
Fig. 4.2a, while we are still able to differentiate the disordered phase from the ordered phases.
Finally, in the Ising-antiferromagnet the exact agreement between Eqs. (4.3) and (4.5) takes
place only at the J,/J — oo limit. As we approach the phase boundary towards the XY-
phase, the fluctuations between matrix elements gradually increase, |Wp gl — 0 (see
Appendix C), result in a nonzero but small correction term to the ground-state contribution
and eventually drive the phase transition. Since the finite-size effect is significant for small
sizes with exact methods, we apply density-matrix renormalization group (DMRG) algorithm
with matrix product states (MPS) [300] to a system with N = 60 and compute the real-time
dynamics averaged over a short-time interval of ¢tJ = 10 shown with blue-circles in Fig. 4.2b
with orange-diamonds being Fs, Eq. (4.5). Note that the transition point significantly shifts
towards the equilibrium phase transition point, J,/J = 1. We extract the system-size scaling
parameters from our DMRG computations, Fig. 4.2¢ and observe that the system indeed
approaches to the equilibrium transition point when N — oo, J¢ = aN¢ + J> with exponent
& =—0.98 and J* = 1.02 with a power-law scaling.

We plot the OTOC with o7 observable for N = 13 (blue-circles) in Fig. 4.2d: the OTOC
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saturation remains small in all three phases and thus the OTOC can hardly distinguish the
XY-ordered from XY-disordered phases. When the chains with even number of spins are
used (N = 14, orange-squares) in the theory, we do not even obtain any difference between
the phases. This is in agreement with our theoretical predictions discussed previously. Ad-
ditionally, the fluctuations between the matrix elements of quasi-long range order parameter
of are always maximal regardless of the phase. Hence, we observe the mismatch between
the OTOC saturation and its ground state contribution (red-diamonds N = 13 and purple
crosses N = 14). The inset of Fig. 4.2d shows that the OTOC saturation value and its ground
state contribution both decrease with the system size for odd-numbered chains, exhibiting
that the OTOC saturation cannot capture the quasi-long range order in bigger systems and
thermodynamic limit. We briefly note that the detection of the order at J,/J = —1 is robust
due to the massive degeneracy in the ground state at this point of different symmetry (SU(2)

symmetry).

4.4 Conclusions

Our theoretical predictions on the XXZ model can be experimentally observed with cold
atoms [301]. Based on the studies in the literature [181,185,293] and our results in the XXZ
model, our method seems to be universal in explaining the reasoning behind the relationship
between scrambling and the quantum criticality. In this sense, our method is an analogue of
the Eigenstate Thermalization Hypothesis: It tells us the criteria of how scrambling probes
criticality; though it is independent of the integrability of the system, unlike ETH. Dynamical
decomposition of OTOC is a complementary tool to the real-time evolution of a state in
determining the OTOC saturation value. However in addition to providing the saturation
value, it also presents us the conditions for OTOC to show either order or disorder. Based
on this fact, the leading order term in our theory, Eq. (4.5), could mark the phase transition

points via system-size scalings. In conclusion, given that the initial state of OTOC is a state
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where the phase transition is expected to happen and the off-diagonal matrix elements of
the observable are sufficiently suppressed in this state (or degenerate state subspace), OTOC
could be used to dynamically detect the quantum phases with long-range order and capture

the symmetry-breaking quantum phase transitions.
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Chapter 5

Topologically Induced Prescrambling

We report a numerical observation where the infinite-temperature out-of-time-order corre-
lators (OTOCs) directly probe quantum phase transitions at zero temperature, in contrast
to common intuition where low energy quantum effects are washed away by strong thermal
fluctuations at high temperature. By comparing numerical simulations with exact analytic
results, we determine that this phenomenon has a topological origin and is highly generic,
as long as the underlying system can be mapped to a 1D Majorana chain. Using the Majo-
rana basis, we show that the infinite-temperature OTOCs probe zero-temperature quantum
phases via detecting the presence of Majorana zero modes at the ends of the chain that
is associated with 1D Z, topological order. Hence, we show that strong zero modes also
affect OTOCs and scrambling dynamics. Our results demonstrate an intriguing interplay
between information scrambling and topological order, which leads to a new phenomenon
in the scrambling of generic nonintegrable models: topological order induced prescrambling,
paralleling the notion of prethermalization of two-time correlators that defines a time-scale

for the restricted scrambling of topologically-protected quantum information.
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5.1 Introduction

Out-of-time-order correlators (OTOCs) have become a widely-appreciated tool to measure
the correlation build-up in space and time, and hence quantitatively characterize information
scrambling in interacting many-body systems [133, 134, 142, 156, 167]. Started off as a
theoretical tool to understand quantum information in a black hole [133,261] its impact
quickly expanded to a wide variety of subjects including but not limited to: quantum chaos
[132, 140, 150, 157, 162], many-body localization [139, 162,167, 169] (c.f. Ch. 3), quantum
integrability [132, 157,179, 180], quantum criticality [183] and recently symmetry-breaking
quantum phase transitions in Ref. [181] and Chapter 4 in this dissertation.

For completeness, let us repeat the definition of OTOC here. At temperature T = 1/0,
an OTOC is defined as,

Fit) = Tr(eP"Wig)Viw(v), (5.1)

where W and V are local quantum operators and H is the Hamiltonian. At infinite temper-
ature (T = oo and 3 = 0), the Boltzmann weight e % becomes the identity operator and

thus the OTOC reads

S W OVIW OV ) ~ (Ul OV 0V ). (5.2)

Here we sum over a complete basis of the Hilbert space of dimension M, while in the second
line, we use a random state |¢,) drawn from the Haar measure [130] like in Chapter 3 to
approximate an infinite-temperature state in a correlation function, e.g., Eq. (5.1) [84, 85,
277,296, 302].

The OTOC of a generic system is expected to decay to zero fast where the rate of de-

cay carries information on the chaotic properties of the system, and to saturate at zero in

long time dynamics. Saturation at zero indicates that the system scrambles information
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Figure 5.1: The schematic of dynamic phase boundaries determined by OTOC time-average
F with respect to control parameter h and temperature 7. The system experiences a topo-
logical phase transition (TPT) defined at T'= 0 temperature from Z topologically ordered
phase to a trivial phase. The graphics with red-grids and solid-blue show how the topo-
logical phase survives in dynamics and at higher temperatures for integrable and generic
nonintegrable models, respectively. While integrable models recover zero-temperature phase
boundary at infinite temperature, nonintegrable models experience a shift that tends to
destroy order quicker than at low temperature.
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completely, whereas a finite saturation value points to a restricted scrambling [137]. In this
Chapter, we focus on the regime starting shortly after the (initial) decay of OTOC and
lasts for a time interval of 7. In the previous Chapter, we showed that the OTOC satura-
tion value at zero-temperature exhibits order parameter-like behavior, and thus can directly
probe the long-range quantum order and quantum phase transitions. In contrast to the
naive intuition, where thermal fluctuations wash away low energy quantum effects at high
temperature, in this chapter we observe an emergent relation between infinite-temperature
information scrambling and zero-temperature Zs topological order in the bulk in multiple
model systems, e.g., non-interacting, interacting and/or nonintegrable. The effect is robust
where the qualitative features remain invariant regardless of microscopic details, e.g., integra-
bility and symmetries. In particular, by setting W and V' as local degrees of freedom localized
near the edge of the system, we find that the time-average of OTOC F = 1/T [dtF(t) (or
equivalently the saturation value, if the OTOC saturates) behaves like an order parameter
(Fig. 5.1). It is worthwhile to emphasize that the infinite temperature OTOCs are effective
tools for detecting chaos that is based on the entire energy spectrum [132, 140, 150, 157, 162]
as already demonstrated in Chapter 3. Hence it is surprising and highly not obvious that
this correlator can also directly probe zero temperature physics of the ground state, such
as quantum phase transitions. Then what is the underlying physics that allows the infinite
temperature out-of-time-order correlator at the edge to accurately sense the bulk ground state
physics and capture the bulk phase transition? Is this a generic feature?

Through a careful analysis, we find that this connection arises universally as long as the
quantum system can be mapped to a Majorana chain (1D superconductor) [53], and F value
of edge operators serves as the Z; topological order parameter. It is known that Z5 topological
order results in a two-fold degeneracy for all energy eigenstates of the entire spectrum; and
recently it is pointed out that this degeneracy structure of Z topological order has a highly
nontrivial impact on dynamics at any temperature, e.g., long coherence times for edge spins

in Ref. [115] while the zero modes surviving in the dynamics is dubbed as strong zero modes,
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and pre-thermalization effect in Ref. [303]. Our results extend this impact of Z5 topological
order to information scrambling and OTOCs, opens up new avenues to dynamically detect
and study topological order through utilizing information scrambling as an order parameter.
Paralleling the well-known prethermalization effect appearing in simpler correlators [35,303,
304], we find that a new time-scale appears in information scrambling when Z, topological
order [305] exists. We name this phenomenon topologically induced prescrambling and hence
define the time-scale as prescrambling time. Fig. 5.2 shows a cartoon picture of prescrambling
for a generic (nonintegrable) model with solid-red line where the system experiences restricted
scrambling, F' # 0, forming a plateau at 7, for a period of time 7 after the first OTOC
decay and preceding the full scrambling at 7. in a topological phase. On the other hand,
the purple-dotted line in Fig. 5.2 shows the expected rapid OTOC decay until scrambling
time 7y, for a generic system with no topological order. Prescrambling (green panel) plateau
in Fig. 5.2 survives at infinite-time in the thermodynamic limit for systems with extensive
number of symmetries, e.g., non-interacting and /or integrable limits, with no full scrambling
occurring. Such systems might demonstrate F' # 0 in their trivial phases [162, 168] as
observed in Chapter 3, nevertheless it is still possible to mark down the topological phase
transition due to sharp transition signatures. We compare the infinite-temperature dynamic
phase boundary with zero-temperature quantum phase boundary where topological order
starts to develop in Fig. 5.1 and observe that they perfectly coincide with each other in
integrable systems. Away from the integrability, the dynamical phase boundary significantly
shifts away from the zero-temperature phase boundary, although the qualitative trend of F
survives.

The dynamical detection of topological order has been under intensive investigation [115,
213,303,306, 307]. Furthermore, the topological insulators and superconductors have been
studied [308-312] and classified [313] according to their non-equilibrium dynamics rather in
an analogy to the classification tables for topological states of matter [314] superposed with

the notion of dynamical quantum phase transitions [199,315,316]. Thus, understanding if
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Figure 5.2: The schematic of infinite-temperature OTOC evolving in time ¢ for a quantum
system with (solid-red line) and without (dotted-purple line) Z, topological order. A generic
system with Z5 topological order would exhibit topologically induced prescrambling F' # 0
before fully scrambles at scrambling time 7,.. We coin 7,5 for the prescrambling time-
scale. Our study focuses on this prescrambling plateau (green panel), where the OTOC
time-average exhibits order parameter like behavior (Fig. 5.1).

the information scrambling has fundamental restrictions when topological order exists is a
puzzle left at the intersection of many sub-fields.

In Sec. II, we are going to detail our numerical observation around its corresponding
Majorana chain and discuss about the connection between infinite temperature scrambling
and T = 0 topological order with quantitative arguments. Later in Sec. III, we are going
to show how the topological order is encoded in the saturation regime of OTOCs based
on the analytical calculations in the non-interacting regime. In Sec. IV, we extend the
discussion to interacting and/or nonintegrable models and demonstrate topologically induced
prescrambling. Later we show how topological order persists in two separate contributions
to the coherence times of the prescrambling plateaus. This will help us to explore if and how
strong zero modes affect the scrambling dynamics of OTOC different than the dynamics
of two-time correlators. Finally we discuss the effect of prescrambling on dynamic phase

diagrams. We conclude in Sec. V and elaborate on possible questions to answer in the

future.
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5.2 Demonstration of Topological Origin

It turns out that the connection between infinite-temperature information scrambling and
quantum phases at zero temperature has a robust topological origin. Let us demonstrate
how the topological origin reveals itself in the dynamics of OTOCs with an example on 1D

XXZ chain,

J.
H = JZ (UfoH +olol , + 7afaf+1) . (5.3)

At T = 0, the model exhibits quantum phase transitions between a gapped Ising phase
|J.| > 1 and a critical XY-phase |J,| < 1 where the spectrum is gapless [65]. We employ

Haar-distributed random states |¢/;,) and compute F' shown in Fig. 5.3

If spin operators at the edge of the chain W =V = ¢ are utilized (blue-circles),

adge
the infinite-temperature OTOC saturation value behaves like an order parameter of the
zero-temperature quantum phase transition, i.e., ' ~ 0 in the XY phase (|.J,/J| < 1) and
increases monotonically as we enter the Ising phases (|.J,/J| > 1). In contrast, under periodic
boundary conditions (yellow diamonds line) and for a bulk spin W =V = of . (green left-
pointing triangles), the OTOC no longer differentiates the two phases, and the transition
point is smoothed out consistent with predictions from the previous Chapter.

To demonstrate the role of topological order, we rewrite the Hamiltonian of the XXZ

model in the Majorana basis. First, via the Jordan-Wigner (JW) transformation [49]

ol = — H (1 - 26}@) (ci + CZT) , (5.4)

j<i
of = 1-— QC;rCi,
ol = —i H <1 — 20}03-) <ci — cj) .
j<i
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the spin Hamiltonian is mapped to

H = JZ { (1 — 201@) (1 — 2CZ+1CH_1> — (ci + cj) (czqu — CZTH)

J.

+ 7 <Ci - Cj) (Ci+1 + CL1> } : (5.5)
which can be written in terms of the Majorana fermions as;_; = ¢; —l—c} and ag; = —1 (cj — cj)
[53]:

H = —J Z (@2i—1G2iQ2i4102i42 + 102;_102i42) + 0], Z A2;(2;11- (5.6)

In the Majorana basis, the spin system is mapped to an interacting Majorana chain. The XY
(Ising) phase is mapped to a gapless (topological) phase, and the quantum phase transition
becomes a topological transition. Same as the Kitaev chain, the topological phase in Eq. (5.6)
develops Z, topological order and is characterized by two Majorana zero-modes localized at
the two ends of the chain [53].

The physics can be understood by considering the .J, > J limit, where Eq. (5.6) converges
to the Kitaev model [53] with two zero-energy Majorana modes 71 = a; and v = asy
fully decoupled from the rest of the chain. Away from the J, > J limit, quartic terms
in the Hamiltonian introduce interactions, but the zero-energy Majorana modes at the two
ends of the chain remain topologically protected for the entire topological (Ising) phase.
The existence of two Majorana modes at the two ends of the chain (7; and 7,) indicates
that a zero-energy non-local fermion d = W“% can be defined. Because of its zero-energy
nature, for an eigenstate of the Hamiltonian [ig), another degenerate state |1)1) = d|ig)
must exist with an opposite fermion parity. Therefore, in the topological phase, the edge
modes are responsible for the degenerate subspaces forming not only in the ground state,
but throughout the entire spectrum [53,65]. In other words, in contrast to a conventional

(Landau-type) quantum phase transition, where across the phase boundary the ground state
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Figure 5.3: Long-time average of OTOC for XXZ model for edge-spin operators W =V =
Ocage I blue circles and its (later explained) diagonal contribution in orange squares; for
bulk-spin operators of , with periodic boundary chain (pbc) in yellow diamonds and its
diagonal contribution in purple dots; with open boundary chain (obc) in green left-pointing
arrows and the diagonal contribution in light-blue right-pointing arrows. System size is
N = 14 and the time of averaging is t.J = 800.
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changes from non-degenerate (the disordered phase) to degenerate (the ordered phase), Z,
topological order has a direct impact for the degeneracy of all eigenstates in the entire
energy spectrum, i.e., two-fold degeneracy for the entire spectrum. The effect has a direct
impact on measurements and dynamical quantities at any temperature [115,303] and it is in
sharp contrast to a conventional phase transition that can only be detected by zooming to the
ground state at low-temperature. This is the key reason why the infinite-temperature OTOC
is capable of detecting a zero-temperature topological order, but not a regular Landau-type

quantum order (unless it can be mapped into a topological order).

5.3 Topological Edge Physics Encoded in the Out-of-
time-order correlators

In this section, we study the non-interacting limit to provide analytical arguments in the
demonstration of how infinite-temperature information scrambling of edge spins encodes the
existence or absence of Majorana zero modes. Later we will mark the topological phase

transition point via F in this non-interacting limit.

5.3.1 Transverse-field Ising Model

We consider a non-interacting, hence analytically solvable model and directly compute the
contributions of Majorana zero-modes in the infinite-temperature OTOCs with edge opera-
tors. The Hamiltonian for the transverse-field Ising model with open boundary conditions

is,
N-1 N
H = -] oioj,+hy ol (5.7)
j=1 j=1

Eq. (5.7) has a critical point at h = 1 that separates a ferromagnetic ordered phase from a

disordered phase. The time-average of OTOC F with 07 at 8 = 0 is shown with the lines
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Figure 5.4: Transverse-field Ising model at infinite-temperature. The OTOC time-average
of the edge spin operators of via real-time OTOC dynamics (blue circles) at N = 14 and
(orange diamonds) at N = 50 where we used MPS (see Appendix D.1) for a time interval
tJ = 710 ~ 7.85. The yellow-pentagrams show F1; based on Eq. (5.9) where the Majorana
edge states are extracted from Hpqg matrix at N = 50 at infinite time limit for a comparison
with other data. The green-triangles show the OTOC time-average of the bulk spin operator
0% at N = 14 for a time interval tJ = £10° ~ 800.
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in t-DMRG for a system size of N = 50, averaged over 10 random product states to generate
B = 0 results. The error bars stand for 1o variation around the mean value of OTOC due
to oscillations in this set of random states. (b) Robustness of order against changing the
boundary conditions: a strong field is applied to the first spin only for N = 13 and tJ ~ 8
(blue circles); and to the edge fermions in the non-interacting fermion chain for N = 50
and tJ — oo (yellow squares). The edge modes shifted to the nearest site that is free of
pinning field, F' of 0% spin (red-diamonds) and F3 of a3 Majorana fermion (purple asterisks),
respectively.
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with blue-circles and orange-diamonds for N = 14 and N = 50, respectively in Fig. 5.4.
The simulation with N = 50 spins is performed with matrix product states (MPS) in a t-
DMRG (time-dependent density matrix renormalization group) method, (see Appendix D.1
for details). Here the error bars give us an information on the amplitude of oscillations in
time, as we time-average the real part of the OTOC signal in a time interval of t.J = 710 ~
7.85. For an edge spin operator o7, F behaves like an order parameter, which is F' ~ —1
in the disordered phase (h > J) and increase monotonically in the ordered phase (h < J).
On the contrary, for a bulk spin operator, o2, this feature disappears (green-triangles in Fig.
5.4). This observation reflects that the physics captured by edge- and bulk-spin operators are
different; a similar observation to what we presented for the XXZ model earlier. To further
show how the real-time OTOC dynamics looks like, we contrast time-evolving OTOC F'(t)
of edge and bulk operators in Fig. 5.5a. The OTOCs of the edge spin converge to different
values at large times, depending on the value of h/.J, while the OTOCs of bulk spins always
converge to 0 at large ¢, as long as h # 0. The h = 0 limit is trivial for information
scrambling, because the spin chain turns into the classical Ising model without quantum
fluctuations or non-trivial dynamics, and thus information cannot scramble, F(t) = 1.

The results above can be easily understood by using the Majorana basis, which transforms

the spin Hamiltonian into a non-interacting Majorana chain

N-1 N
H = —iJ Z (252541 — th (251025, (58)
j=1 j=1

where we used Eqs. (5.4). A figure adapted from Ref. [53] can be seen in Fig. 5.7 which
shows the cases (i) nonzero J and h where all Majorana fermions are coupled to each other;
(ii) the topological superconductor phase with h = 0 where two Majorana fermions remain
unpaired and their wave functions are depicted with red and blue lines at the edges; (iii) the
trivial phase where Majorana fermions of different sites are not coupled. The topological

superconductor phase is characterized by the presence of Majorana edge modes [22], and
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Figure 5.6: (a) The second derivative of the OTOC time-average d?Fy;(t — oo)/dh? pin-
points the phase transition point via its maximum. (b) The system-size scaling of the phase
transition point gives hg, ~ N=%78 1+ 1.0069 with R? = 0.9996, meaning in the thermody-
namic limit the OTOC pinpoints the phase transition point as A3 = 1.0069.
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Figure 5.7: A pictorial representation of the Hamiltonian Eq. (5.8) where red circles and
blue rectangles stand for Majorana and Dirac fermions, respectively. The top schematic is
Eq. (5.8) for nonzero J and h. The lower two schematics are for the topological supercon-
ductor (h = 0) and the trivial phases (J = 0), respectively.
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the topological phase transition between two phases lies at h = J, which coincides with the
QPT in the TFIM.

In contrast to the XXZ model discussed above, Eq. (5.8) only contains quadratic terms,
hence non-interacting, and thus can be easily diagonalized, which enables us to compute
infinite-temperature OTOC saturation values F exactly. This exact solution agrees perfectly
with numerical simulations in Fig. 5.4. More interestingly, as will be shown below, the
analytical result exhibits that F, is solely contributed by Majorana zero modes, while the

contributions from all other finite energy excitations fade away at large ¢.

5.3.2 Exact solution

We compute the OTOC of an edge spin using the Majorana basis in this section. In
the Majorana basis, the OTOC of Majorana fermions can be defined as Fy_j9,_1(t) =
Tr (agi—1(t)agi—1a9i—1 (t)agi—y) /27, where we set W =V = ag_; = ¢; + ¢|. Since it can be
easily shown that the OTOC of edge Majorana fermions must be identical to the OTOC of
edge spins, o7 = (01 + ci) =~ and o, =P <CN — c},) = 1Py, where P = va (1 — 20}@»)
is the parity operator, here we focus on Fi; with W =V = qa;.

The Majorana-fermion OTOC Fy;_;9,_1(t) can be conveniently computed by utilizing
the Bogoliubov-de Gennes (BdG) basis, as detailed in Appendix D.2. With fermion opera-
tors defined for a space of double spectrum, we write the BdG Hamiltonian and calculate

Fyi_12-1(t) at site 4,

[ 2N

Foic10ia(t) = Z (Waz|2 + %,WZ,HN) cos (Eqt)

«

[ 2N

+ Z ([Yaisn]? + wa,i—i-NwZ,i) cos (E,t)

«

(5.9)

2
— 1.

where F, and v, are eigenenergy and eigenstate of the BAG Hamiltonian, while the sum goes

over all energy eigenstates o = 1, ... 2N. In the long-time limit, only the non-oscillating
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terms (i.e., £, = 0) contribute to the saturation value of Fy;_19;1(%), i.e., only zero modes
need to be considered for t — oo. For h < J in the Ising ordered phase, the BAG Hamiltonian
describes a topological superconductor with Majorana zero modes at the two ends, Fig. 5.7,
and hence we only sum over the two Majorana zero modes, e.g., a = mj. In the disor-
dered phase (h > J), the BAG Hamiltonian describes a topologically-trivial superconductor
without any zero modes. Thus in the absence of zero modes, E, = 0, Fy_12,-1(t) = —1, ex-
plaining F' approaching to —1 in the Ising model results (Figs. 5.4 and 5.5). By calculating
Eq. (5.9) as t — oo, we plot Fy; = F,,; in Fig. 5.4 with orange-pentagrams, which matches
well with the Ising model results. To conclude, the derived relation, e.g., Eq. (5.9) rigorously
proves that the saturation value of an OTOC with Majorana fermions (W =V = ag;_1)
is contributed only by Majorana zero modes (E, = 0), while the contributions from any
excited states (E, # 0) vanish at long times. Since the Ising model can be exactly mapped
to a 1D Majorana chain, the infinite-temperature OTOC of the edge spins directly probes
the presence or absence of the Majorana zero modes. This is one of the key conclusions in
this Chapter.

Motivated by this observation, we pinpoint the phase boundary of the topological phase
transition in the following. Since the OTOC Fy;(t — o0) has a continuous transition from
topologically non-trivial to trivial phase, we focus on its second derivative d*Fy;(t — oo)/dh?
with respect to external field A. The maximum of the second derivative pinpoints the tran-
sition point, Fig. 5.6a. Then the system-size scaling provides the transition point in the
thermodynamic limit as A3 = 1.0069 with a power-law scaling hg. ~ N8 4 1.0069
(Fig. 5.6b). For further details, see Appendix D.4. We note that the results obtained in the
non-interacting limit (Ising model) are valid at the infinite time in the thermodynamic limit

since topologically induced prescrambling plateau persists indefinitely (Appendix D.4).
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5.3.3 Robustness against varying the boundary conditions

Although the phenomenon discussed above relies on utilizing edge degrees of freedom, all
the key conclusions are robust against any local perturbations and independent of boundary
conditions. Because, the physics is based on topological edge modes. To demonstrate this
robustness, we vary the boundary condition of the transverse-field Ising chain by introducing
a constant magnetic field (along the x direction) for the edge spin only, i.e., hy/J = h/J +6
where h; is the strength of the transverse field for the first site, while the rest of the spins have
the same transverse field h. This strong field at the edge site introduces a strong pinning to
the first spin and hence F oscillates significantly, being featureless across the phase boundary
(blue-circles in Fig. 5.5b). However, if we choose the spin operator at the second site instead,
the physics discussed above is recovered as shown in Fig. 5.5b with orange-diamonds. This
is because such a local field cannot destroy the Majorana zero mode, which is topologically
protected by the nontrivial bulk. Instead, it can only move the location of the zero modes,
and thus, utilizing the second site, the conclusion remains the same. We additionally show
the results for non-interacting fermion chain with an additive field affecting only the fermion
at the edge. Yellow-squares in Fig. 5.5b show F},,; (Eq. (5.9)), the OTOC of edge Majorana
mode 7, at the infinite-time limit, hence demonstrating no transition point. Purple-asterisks,
on the other hand, show Fi3, the OTOC of Majorana mode as at site i = 2 at the infinite-
time limit, which is observed to match with F of the Ising model, implying an agreement

between numerics and analytics.

5.4 The Interplay between Topological Order and
Scrambling

The default expectation for generic systems in 1D is scrambling over a time interval where
the OTOC decays fast or slow but saturates to a residue close to zero, both depending on the

set of symmetries existing in the system and the size of the Hilbert space [139,162,168,297]
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as demonstrated in Chapter 3. An exception to this observation is the models that possess
a symmetry-breaking phase transition with a long-range ordered phase at zero temperature
regardless of the interactions as exemplified in Chapter 4, or the non-integrability [181].
However, could order in such generic systems be captured at higher temperatures, preferably
at infinite temperature? Now we systematically study the detection of topological order in
generic systems at infinite temperature, and show that the machinery for the detection of
the topological order with simpler correlators can also be used for OTOCs. In fact, this
encourages us to devise a method to show if and how the dynamical imprint of topological

order on information scrambling could differ from the one on thermalization dynamics.

5.4.1 Coherence times of prescrambling plateaus

Z5 topological degeneracy does not only slow down the scrambling process, but also tem-
porarily freezes the dynamics for generic nonintegrable models, causing topologically induced
prescrambling. Hence we observe that the topological order has a profound effect on the
dynamics of systems [115,303], suggesting a new time-scale for information scrambling in
our case. In this section, we explore the coherence times of the prescrambling plateaus to
understand the associated timescales in the thermodynamic limit.

Fig. 5.8a shows how the coherence times of the prescrambling plateau in a near-
integrability model, see Eq. (5.15), (A/J = —0.1) exponentially increase until around N = 15
where the increase halts, suggesting that the curves of the systems with larger sizes possibly
collapse on each other. Better examples can be seen in Figs. 5.8b-5.8c of h/J = 0.7 of
near-integrability model and deep in the non-trivial phase of the model with stronger inter-
actions A/J = —0.5, respectively. Therefore, prescrambling plateau has a finite lifetime in
generic systems, including the vicinity of non-interacting limit. When the model becomes
integrable, prescrambling plateau persists indefinitely, meaning that a system in the thermo-
dynamic limit never scrambles. Fig. 5.8d shows the exponential increase of full scrambling

decay times in the XXZ model, thus implying that the observed scrambling is a finite-size
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Figure 5.8: Coherence times of prescrambling plateau at (a)-(b) A = —0.1, (a) deep in the
topologically non-trivial phase h/J = 0.3 and (b) at h/J = 0.7 showing negative prescram-
bling plateau values; (¢) A = —0.5 at h/J = 0.3. N = 60 is computed via t-DMRG with
25 random initial states to have the infinite-temperature OTOC. (d) Prescrambling plateau

deep in the topologically non-trivial phase of the XXZ model with .J,/J = 10 persists indef-
initely.
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effect. Similar behavior can be found for different J,/.J parameter (Appendix D.5), as well
as the non-interacting limit (Appendix D.3).

A natural question is how a generic system could host a prescrambling plateau for mostly
long but finite amount of time. Finite coherence times of edge-spin two-time correlators in
generic systems have been recently based on spectrum characteristics [115]. Hence these
findings should be applicable to information scrambling. The notion of easy spin flips are
introduced by Ref. [115] to demonstrate that these spin flip processes destroy the perfect
pairing of energy eigenstates that are caused by zero modes. Such perfect pairing, meaning
exponentially close eigenstates, happen in the integrable case and is dubbed as strong zero
modes. When integrability breaking interactions are introduced, due to the poles appearing
in the perturbation theory, also called resonances, degeneracies are no longer exponentially
close, but polynomially in system size. Hence there is not perfect pairing anymore, and
strong zero modes turn into almost-strong zero modes as called by Ref. [115]. The processes
of easy spin flips are the reason behind such a change in the degeneracy structure. Due to the
poles in the perturbation theory, certain basis states with spin flips are equally energetically
favorable with the Kramer partner. When the external transverse field is on, these states
mix and one ends up with eigenstates that are comprised of not only a state and its Kramer
partner as expected in a doubly-degenerate spectrum, but a state, its ‘easy spin partners’
and the Kramer partners of all. These now polynomially close eigenstates, depending on the
external field strength as well as where the poles are, could cause bigger regions of degeneracy
compared to double degeneracy. However we stress on the fact that these degeneracies are, so
to speak, weaker than the degeneracies when there are no integrability breaking interactions,
hence they indeed deserve the name almost-strong zero modes. Again we emphasize that
these eigenstates are still Kramer partners of each other, as would be expected from a
system that obeys Zy symmetry. Hence the Z5 topological imprint is not lost, but instead
reduced to a signature that could survive only for finite times. Such a profound effect on

dynamics by zero modes is shown with two-time correlators by Refs. [115,303]. Hence our
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results are an intuitive extension of this effect to the dynamics of information scrambling and
OTOCs. In this regard, our results demonstrate that the scrambling could be slowed down
in nonintegrable systems, introducing a two-step timescale to scrambling dynamics, with
the name prescrambling, analogizes with prethermalization as the name correctly implies.
This encourages us to question how much OTOCs are really different than their simpler
cousins, e.g., two-time correlators. An immediate observation shows us that Figs. 5.8a and
5.8b of the near-integrability model behave considerably different: the former has a positive-
valued plateau, paralleling with the behavior of two-time correlators, whereas the latter has
a negative-valued plateau. To better understand such distinct behavior appearing in OTOCs

and further elaborate on related questions, we introduce a method in the next section.

5.4.2 Dynamical decomposition method

In this section, we develop a framework that can provide us more insight about detecting
topological order in generic systems via OTOCs, as well as the saturation regime of OTOCs
in general. Since we can already derive the OTOC saturation value analytically in the non-
interacting regime (Sec. 5.3.2), we need a framework that works in nonintegrable models;
a limit that is in general not analytically tractable. This framework is an application of
dynamical decomposition to OTOC that is presented in the previous Chapter, and we aim to
calculate F' with a term that becomes the dominant contribution in F and a correction to it,
as we move away from the non-interacting limit. Dynamical decomposition method is utilized
in Chapter 4 to find a leading-order term in F (of arbitrary bulk spins) at zero-temperature
to probe zero-temperature symmetry-breaking phase transitions. Here we generalize the
idea to infinite temperature and put forward a conjecture in analogy to the Eigenstate
Thermalization Hypothesis (ETH), as explained in the following. Our motivation for putting
forward this method is two-fold: (i) this approach provides us an approximated solution
of the saturation regime for a generic system; (ii) it also offers us a common ground to

compare the saturation regime of OTOCs with the saturation regime of two-time correlators
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to further understand if they differ in reflecting the dynamics of zero modes. We note why
the point (ii) is interesting for our purposes: OTOCs at infinite-temperature are well-known
probes of quantum chaos [132, 134, 140, 142, 162] as shown in Chapter 3, whereas two-time
correlators seem to be featureless to reflect such property of the system [139,150]. Even
though intuitively related, thermalization and scrambling seem to be different from each
other, motivated by their different timescales, Refs. [138, 140, 150]. Hence finding where
OTOC points to additional information about the system, and where it can be reduced to
two-point correlators, could prove useful to understand the relations between scrambling
and thermalization. In the cases where such a reduction is possible, reminding of Wick’s
theorem but for OTOCs, the hope is that one can use two-point correlators instead of OTOCs
to determine the scrambling in an experimental setting, because implementing an OTOC
protocol is unarguably harder than measuring a two-point correlation function [146,156,157,
159,210] (see Ch. 3 for the challenges of such an implementation). In the opposite situation
where OTOCs provide additional information, we could know how scrambling dynamics
differ from thermalization, at least for the model under study.

By utilizing the energy eigenstates as a complete basis of the Hilbert space, OTOC at

infinite-temperature can be written as

F(t) = % D WV, WysVige!FemFotrbalt (5.10)
8,76
where W, and V,43 are defined as Wo5 = (¢o|W|¢5) and Vog = (¢ |V|1hs) with [1,) and
|15) being the energy eigenstates with associated energies E,, ..., Es. To keep the notation
simpler, we do not explicitly specify the degeneracies in Eq. (5.10).
In the long time limit (! — oo), only the static terms with E, — Es + E, — Es = 0

contribute to the saturation value, while the rest of the terms dephase. Then the saturation
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value, and equivalently the long time-average F' of OTOC (see Ch. 4) reads,

F=o PIED ISR M LRSS (5.11)

=Bz, Eo=Es5, Eo=Eg= FEo#Es#
EW Es Es=E, E,=E; E,#Ej

where Ea—Es, E,—Es implies that we take the operator matrix elements that satisfy the
corresponding energy condition E, = FEg, £, = FEs. Since we look for a dominant con-
tribution to Eq. (5.11) as the interaction strength increases, the most suitable dynamical
decomposition is through a conjecture where F' is dominated by the diagonal contribution.
This corresponds to the contribution with the energy condition F, = Eg = E, = Es on the
spectrum. A way to see why we expect our conjecture to hold is via remembering ETH.
ETH, up to exceptions, i.e., [114] and Chapter 2, holds for nonintegrable systems whereas
it fails for integrable systems [40]. One of the conditions of ETH is that the off-diagonal
elements are suppressed compared to diagonal elements of the local observable written in
the eigenbasis of the Hamiltonian. Therefore, based on the literature of ETH, we know that
a local operator should dominantly populate its diagonal entries when the Hamiltonian is
nonintegrable. In parallel with this argument, we numerically observe that our conjecture
is indeed valid when an ansatz on the matrix elements of W and V' is satisfied. This ansatz
demands that the off-diagonal elements of the operators (in the eigenbasis) are suppressed
with respect to the diagonal elements when the spectrum is explicitly degenerate; and can be
formulated as [Wg,+p,|> < [Wg,—g,|* for both W and V, as well as |V, 2g, > < [Wg,—g, |

and vice versa. When the ansatz is satisfied, F' simplifies to the diagonal contribution Fliag,

Fdiag Z chﬁvﬁv 76%& (512)
Ea Bp=
E=Es

We note that the operator ansatz is the generalization of ETH’s aforementioned criteria

[34,40,67] to a degenerate spectrum. However, since we do not need to assume that the
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diagonal elements of the operator matrix are a smooth function of energy Wg,—g, = g(E.),
the other criteria of ETH [40] does not need to be followed, hence our conjecture does not
require thermalization. This is reasonable, given that for a quantum system to thermalize
strictly (in ETH sense) the saturation value should be predictable by the microcanonical
ensemble in a narrow energy window on the spectrum [40]. There is not such a requirement
for the saturation value of OTOCs. In conclusion, we can anticipate that our conjecture
should be applicable for a wider range of systems e.g., including integrable but interacting
systems.

If W and V' are Majorana operators, i.e., as;—1, the only contribution to Fy;,, comes from
the degenerate energy levels which contain two eigenstates with opposite fermion parity.
Since the two-fold degeneracy arises in the entire spectrum, a finite Fy;q4 is expected in the
topologically non-trivial phase. However in the topologically trivial phase, although it could
arise accidentally for some energy levels, two-fold degeneracy is generically not expected
implying F., ~ 0. Hence Fy;,, directly probes topological degeneracy in any system with Z
symmetry. Our conjecture can be rigorously proven for two-time correlation functions, where
the off-diagonal contribution does not satisfy the corresponding energy condition £, —Ez = 0

and thus, must vanish in long time. Hence, the saturation value for a two-time correlator,

C = Tt(WHOW) = % E;Eﬁ WasVia, (5.13)
already consists of only diagonal contribution with no need to introduce an operator ansatz,
unlike OTOC. For OTOC, if the operator ansatz does not hold and hence the conjecture fails,
other contributions to F' might exist (Eq. (5.11)), which we call off-diagonal contribution.
Such cases, e.g., non-interacting model, clearly make the saturation regime of OTOC distinct
than the saturation regime of two-time correlators, because the off-diagonal contribution

becomes comparable to the diagonal contribution, and even dominates £. On the other hand

when the conjecture holds, and hence off-diagonal contribution sums up to ~ 0, Fy;,, becomes
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the approximated solution to F'; and since Fyia, (Eq. (5.12)) is related to C' (Eq. (5.13)), F
might be predicted by C.

How Fy;q4 relates to C' can be seen better in the non-interacting limit. At infinite tem-
perature, C' could be utilized to straightforwardly come up with an analytical expression for

Fiqg: We calculate matrix elements of the edge operator W,

Wasl| g -, = (Wal F(W) (Lﬂz%) [Ya) = L\/(;) =V1-72 (5.14)

in the topologically non-trivial phase; W, = 0 otherwise. Here f(h) is a smooth

B|EQ=E6

function of magnetic field h, that can be extracted numerically for finite size systems, whereas
by using C' [213] we can determine an analytical expression f(h) = \/2(1 — h2)/2 in the
thermodynamic limit. Hence Fy,, = (1 — h?)? can be written, while C' = 1 — h? [213]. See
Appendix D.3 for details and the numerical demonstration of this relation.

Now we calculate Fy,, for three different scenarios: i) strongly interacting but integrable
case (XXZ model), ii) nonintegrable models with different interaction strengths and iii)

non-interacting limit; and numerically determine the bounds of our conjecture.

Strongly interacting but integrable case

We revisit the Fig. 5.3 of the XXZ model in Sec. 5.2. Fy;,, is shown for an edge-spin of (obc)
with red-squares; whereas the Fy;,, of bulk-spins of (pbc) and oZ (obc) operators are with
purple-dots and light-blue right-pointing triangles, respectively. We observe that the diagonal
contribution could be used to approximate F at the edge in the Ising phases, confirming the
conjecture. Even though this model has interactions between Majorana fermions Eq. (5.6),
it is still an integrable system which might explain why £ does not completely reduce to
its diagonal contribution in the long-time limit. However, the qualitative behavior is the
same. The diagonal (and hence topological) contribution in the XY-phase becomes zero

which is consistent with a gapless phase. Hence the sole contribution in the XY-phase is
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the corrections, which shows a steady non-zero residue F' # 0. This residue seems to be a
consequence of the rotational symmetry of the system, [H, S,] = 0 and could be expected to
vanish away in the thermodynamic limit (Appendix D.6). Since the topological order is not

visible to bulk degrees of freedom, we see Fy;,, ~ 0 for bulk operators.

From nonintegrable cases to non-interacting limit

A generic Ising model could be introduced as,

N-1 N-2 N
_ z,.z z, .z x
H = —J g oioi, —A g 0;07 9+ h E o7, (5.15)
— =1 j=1
N-1 N—2 N
= —iJ E ajazji1 + A E A2iA2i4+102i4+202i43 — th E A2; 102, (5.16)
Jj=1 Jj=1 Jj=1

where A is the next-nearest neighbor coupling between spins in Eq. (5.15) and breaks the in-
tegrability of the model. The strength A introduces interactions between Majorana fermions
in Eq. (5.16). We focus on three different A values in our numerical analysis from weak to
strong integrability-breaking terms (i) A/J = —0.1, (ii)) A/J = —0.5 and (iii) A/J = —2.
As we increase the interaction strength, F' ~ Fdiag holds as expected from the conjecture.
Fig. 5.9a compares the dynamic phase diagrams of A/J = —0.5 and A/J = —2 where time
of averaging is fixed to tJ = 800 for a system size of N = 14. On the other hand, at the
vicinity of the non-interacting limit A/J = —0.1, F differs from its diagonal contribution
Fjiay considerably (yellow-triangles and green-circles Fig. 5.9b). Consistently, the operator
ansatz in the non-interacting limit fails, leading to F' # Fdiag. Black-circles and red-diamonds
in Fig. 5.9b show F and Fy,, calculated at N = 200 in the infinite-time limit, respectively.
Note that the difference is the off-diagonal contribution, which increases towards the phase
boundary h/J — 1 and clearly is not bounded. The off-diagonal contribution is robust, i.e.,
it does not vanish at infinite-time in the thermodynamic limit (Fig. 5.9b). The off-diagonal
contribution also shows up in a generic model at near-integrability limit (A/J = —0.1), seen

in the observation that F' diverges from Fj;,, (Sec. 5.4.1 and Appendix D.4).
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Figure 5.9: Comparison of F' and its diagonal contribution Fy,, at different non-integrability
breaking term strength A/J. (a) For a time interval of tJ = 8 x 10% and size N = 14, F
(red-triangles) and Fy,, (green-squares) of A/J = —0.5; and F' (black-circles) and Fyq,
(vellow-diamonds) of A/J = —2. Hence F ~ Fj;,, holds for a generic nonintegrable system.
(b) F (yellow-triangles) and Fy;,, (green-squares) of A/J = —0.1 for a time interval of
tJ = 2 x 10% and size N = 14; and F (black-circles) and Fyq, (red-diamonds) of non-
interacting fermion model for a size of N = 200 at the infinite-time limit. At the vicinity of
the non-interacting limit, off-diagonal contribution starts to be significant.

Outlook

In conclusion, deep in the interacting and/or nonintegrable limit, our conjecture holds and
hence F' ~ Fdwg o C. In near-integrability, OTOC starts to exhibit distinct behavior from
two-time correlators and this becomes more apparent in the non-interacting model. We
revisit Figs. 5.8a and 5.8b where the former is a point deep in the non-trivial phase with
F ~ Fjia (Fig. 5.9b) and hence shows similar behavior to C' with a positive-valued plateau.
Whereas Fig. 5.8b demonstrating a closer point to h, gives Fyiq, ~ 0, hence the OTOC time-
average is mainly contributed by the off-diagonal contribution |F| > Fy;,, o< C, resulting in

a negative-valued plateau.
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Figure 5.10: Coherence times of the edge spins based on OTOC of (a) A/J = —0.5 and (b)
A/J = —2 closer to the critical point in their respective topological phases at h/J = 1 for
different system sizes. The size N = 40 in both sub-figures is calculated via t-DMRG by
averaging 10 different random product states.

5.4.3 Effect of scrambling on dynamic phase diagrams

The topological transition for A/J = —0.5 and A/J = —2 occurs at h/J ~ 1.7 and h/J ~
3.78, respectively (Appendix D.5). On the other hand, Fig. 5.9a demonstrates the dynamic
transition boundaries early on, hs./J < 1. Even though one might argue for finite-size
effects, such a dramatic shift begs for additional reasons. The observation that prescrambling
plateau has a finite lifetime in a nonintegrable model also suggests that the dynamic phase
diagrams would significantly depend on the interval of the time-averaging (Appendix D.5
for demonstration). Hence it is not clear even if a dynamical phase transition boundary
could be well-defined. Given such technical problems, instead of finite-size scaling to mark a
transition point, we aim to bound the dynamic phase boundaries in these models. Figs. 5.10
demonstrate very limited prescrambling plateaus whose lifetimes are around tJ ~ 20 for
AJ = —0.5 and A/J = —2 at h/J = 1. The curves of multiple system sizes collapse on
each other in a computation performed with both ED (exact diagonalization) and DMRG.
Hence we can state that the dynamic phase boundary over a relatively long period of time is

bounded to hg./J < 1, indeed suggesting a significant shift from the zero-temperature phase
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Figure 5.11: (a) OTOC time-average of edge spin for the nonintegrable Ising model with
AT = —2 at zero temperature and N = 30 system size. Blue-circles and orange-diamonds
show F' real-time average over t.J = N = 30 and the ground-state subspace contribution F,.
(b) The system-size scaling of the critical point determined by Fy, as h3e = 3.7+ 0.05. All
computations in (a)-(b) are done either with t-DMRG or DMRG.
boundaries.

Such phase boundary shifts, although more mild than demonstrated here, in dynamical
phase diagrams with corresponding symmetry-breaking transitions and that are initiated
with polarized states in near-integrable Ising chain have been recently discussed [210]. These
shifts seem to be linked to exciting the system to higher energy levels when quenched from
a polarized state. Hence we can anticipate that working at infinite-temperature possibly
maximizes the amount of shift from the zero-temperature phase boundary. Therefore, we
lower the temperature to zero and compute F and its diagonal contribution which is simply
the ground state contribution F,, in Fig. 5.11a at N = 30 and over a time interval of
tJ = 30. The correspondence between I and F,, motivates us to apply system-size scaling
on ng. Fig. 5.11b demonstrates this system-size scaling which determines the critical point
as hge = 3.7 £ 0.05. Therefore the dynamical phase boundary is very close to h2® ~ 3.78(2)
that is determined by two independent methods (Appendix D.5). Hence the dynamical phase

diagram based on OTOC matches fairly well with the topological phase transition boundary

in low temperature, suggesting that the shift observed in Fig. 5.9a is indeed an effect from the
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excited state spectrum. This is perhaps not too surprising, given the discussion on easy spin
flips in Sec. 5.4.1. Since increasing the transverse field strength A (linked to spin flip operator)
enhances the effect of easy spin flips on the spectrum [115], the dynamical signature of the
topological order is lost well before the field value reaches the critical transition boundary
he.

In conclusion, we demonstrate the effect of almost-strong zero modes on a dynamic phase
diagram based on OTOC showing significant shift in the phase boundaries. Whether it is
possible to find a functional dependence of the hg. on temperature is an interesting question

that can be studied systematically in future studies.

5.5 Conclusions and Discussions

We put forward a numerical observation on the XXZ model, where we showed the infinite-
temperature OTOC, namely a correlator that probes the quantum chaos in interacting
many-body systems, is also susceptible to ground-state phase transitions. The origin of
this observation is demonstrated to be Majorana edge modes existing in the system with
a systematic study of different models. This suggests the appearance of strong zero modes
in the dynamics of information scrambling and OTOCs. We marked the topological phase
transition in the non-interacting limit via F'. We further numerically studied the coherence
times of the prescrambling plateaus in the nonintegrable models and demonstrated the effect
of prescrambling in dynamic phase diagrams. We found that F' continues to be an order
parameter for the topologically non-trivial phase even in the nonintegrable limit where the
dynamic phase boundary is significantly altered by the temperature. The dynamical decom-
position of infinite-temperature OTOC into diagonal and off-diagonal contribution exhibits
the differences and similarities between scrambling and thermalization dynamics affected by
(almost-)strong zero modes.

The observations on finite topological order detected via OTOC point to edge spins that
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remain local for long times in generic systems. Hence the scrambling of the edge spins
with the rest of the system is negligible when the Z; topological order exists. Therefore,
we demonstrate how topologically-protected degrees of freedom fight against being scram-
bled, either completely preventing (integrable systems) or restricting (generic systems) the
operator spreading and thus exhibiting a clear interplay between the topological order and
scrambling. Nonintegrable systems at infinite temperature are almost always expected to
scramble down to zero where the decay rate depends on the symmetries existing in the Hamil-
tonian. However, we see that this is not always the case and the scrambling can be severely
hindered by the topological protection of information. Motivated by these observations, we
introduced a two-step scrambling process with the new timescale being prescrambling time
Torese and the associated process, topologically induced prescrambling. Our conclusions in
principle can be generalized to higher dimensions for topological states with similar fraction
excitations and topological degeneracy [303], although the numerical verification is yet to be
found.

In principle, this probe allows experimental detection of topological states without a
need to cool down the system to ultra-low temperatures whether it is the OTOCs, Eq. (5.1)
or two-time correlators Eq. (5.13), when the control parameter is sufficiently away from the
zero-temperature phase boundary. In particular, the infinite-temperature OTOCs are exper-
imentally more appealing than zero-temperature OTOCs [293], since it can be challenging
to prepare a ground state as the initial state in certain experimental platforms.

Although surprising, the interplay between information scrambling and topological order
is an intuitive observation. Beside the notion of strong-zero modes affecting the thermaliza-
tion dynamics [303], the entanglement entropy of a ground state has a universal topological
contribution in topologically non-trivial phases [317-319]. Moreover, the connection be-
tween OTOCs and the entanglement entropy of the time-evolved states has been introduced
too [164,168]. Hence here we make another connection that relates a dynamical quantity to

a static property of the Hamiltonian.
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Chapter 6

Probing Criticality in the Transient

Quench Dynamics

In this Chapter, I will focus on two different models and demonstrate how to dynamically
probe equilibrium quantum phase transitions in transient regimes of quench dynamics. The
first section is going to be on the quench dynamics of spinor condensates, closely following
the discussion on the signature of dynamical phase transitions in Chapter 2. An important
difference, however, will be that we are not going to utilize the steady-state temporal regimes
of the quench dynamics. Instead we are going to focus on a probe based on the oscillations
that are observed in the nonequilibrium response. In the second section, we are going to turn
our attention to the transverse-field Ising model and show how its exponentially decaying

transient quench dynamics could be useful to probe equilibrium quantum criticality.

6.1 Observation of Dynamical Quantum Phase Transi-
tions in a Spinor Condensate

A dynamical quantum phase transition can be characterized by a nonanalytic change of

the quench dynamics when a parameter in the governing Hamiltonian is varied. Such a
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transition typically only shows up in long time dynamics for extensive systems with short-
range couplings. We analyze a model Hamiltonian of spin—1 atoms with effectively infinite-
range couplings, and demonstrate that for this system the nonanalytic transition occurs
for local observables in short time durations even when the cold atomic gas has a large
system size. We experimentally realize this model Hamiltonian and observe the dynamical
quantum phase transition in an antiferromagnetic spinor Bose-Einstein condensate of around
10° sodium atoms. Our observations agree well with the theoretical predictions. We also
analyze the scaling exponent near the dynamical phase transition and discuss its relation

with the excited state spectrum of the system.

6.1.1 Introduction

As already introduced in detail in Chapter 1, a dynamical quantum phase transition (DPT)
is a nonequilibrium many-body phenomenon, which has recently attracted significant in-
terests [199,214-216]. Observing DPTs (see Sec. Sec. 1.2.3 for its definition and types) in
systems with short-range couplings requires measurements of long-range correlations (e.g.,
infinite-range in the thermodynamic limit for type-II DPTs [217], or asymptotic long-time
dynamics (e.g., infinite-time in the thermodynamic limit for type-I DPTs [210]). Recently,
type-I DPTs have been observed in experiments that are modeled by a spin—1/2 long-range
transverse-field Ising model (Eq. (1.2) in Chapter 1) with up to several tens of trapped
ions [197] and Rydberg atoms [100], where the required observation time ¢ is within the ex-
perimental reach because of the limited system size. As t scales up with the system size for
type-1 DPTs, it is challenging to confirm DPTs in large-size systems near the thermodynamic
limit.

In this Section, we experimentally demonstrate the type-I DPT in a spinor Bose-Einstein
condensate (BEC) with up to 10° sodium atoms. We start by analyzing a model Hamilto-
nian of spin—1 atoms with effectively infinite-range couplings. Our results show that the

infinite-range couplings help type-1 DPTs occur in a finite and practically short time duration
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even for a system near the thermodynamic limit, which largely simplifies their experimen-
tal observations. After experimentally realizing the model Hamiltonian, we observe type-I
DPT in an antiferromagnetic spinor BEC of around 10° sodium atoms, a massive system
size compared with previous experiments [100,197,201]. Even in this large system size, we
confirm that the DPTs could still occur in short time quench dynamics. We also measure
the scaling exponents of the order parameters near the DPT, and find that they are close to
the theoretical prediction.

A model Hamiltonian of N spin—1 atoms with effectively infinite-range (all-to-all) cou-

plings takes the form
o N
1 z z
H=oo) FiFit ) (a(F)* = pFy), (6.1)
irj i

where F; is the spin—1 observable for the ith-atom with its z-component denoted by F7,
c1 is the spin-dependent interaction, which is positive for anti-ferromagnetic spinor BEC,
and p (q) denotes the linear (quadratic) Zeeman energy, respectively. For the infinite-range
coupling, the spin coupling rate is normalized as ¢;/(2V), so that the energy is extensive in
the thermodynamic limit, N — oo, with a finite c;.

We realize this model Hamiltonian with a BEC of N spin—1 atoms. The spatial coher-
ence over the whole BEC gives effectively infinite-range coupling between the atomic spin
operators, although the atomic collision interaction by itself is fully local. We apply single
mode approximation (SMA), c.f. Sec. 1.1.2] which decomposes the atomic field operator as
¥; (r) ~ ¢ (r)a; by assuming that all spin states have the same spatial wave function ¢ (r)
and a; is the annihilation operator for the i-th spin component. The Hamiltonian for spin—1

BEC under SMA is thus [60,320]
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as already noted several times in this dissertation. Here L, = Zmn al (f.)mnan is the BEC’s
total spin operator (f, is the spin—1 angular momentum matrix). Note that Eq. (6.2) is
exactly the second-quantized form of Eq. (6.1) with L = Zfil F; under the Schwinger
representation of the spin operators.

Spinor BECs have been used to study quantum magnetism, spin squeezing [60, 248, 320,
321] and nonequilibrium dynamics as demonstrated in Chapter 2. Here, we use them as
an experimental platform to study DPT with an effectively infinite-range coupling model as
described by Eq. (6.1). We start from an initial state |1)(0)) of the model Hamiltonian by
preparing all the atoms in the hyperfine level |F =1, mp = 0) with L, = 0, and the system
remains in the L, = 0 subspace since the total magnetization L, is conserved. The linear
Zeeman term thus has no contribution to the dynamics and can be neglected, c.f. Sec. 1.1.2.
The interplay between the spin-mixing term and the quadratic Zeeman term gives rise to
nontrivial dynamics [97]. We set the initial Zeeman field strength ¢ at a value ¢; = ¢; so
that |¢(0)) is the ground state of Eq. (6.2). We then suddenly quench ¢ to a final value
qy, c.f. Sec. 1.2. As gy is scanned continuously, a sudden change in the quench dynamics at
the phase transition point g. can be regarded as a signature of the DPT. (See Sec. 1.1.2 for
phase transition points in this model.)

Convenient detectable signals in spinor BECs are the fractional population of the spin-mpg
component (pm, = al, an,/N) and its average value (0, = (a,, am.)/N) derived from
repeated measurements. A widely-used quantity for characterizing the quench dynamics is
(P0) o, the long-time average of pg (¢) in the wake of a quench. By assuming the quench
occurs at ¢ = 0, we can define (pg), . = limr_,0 7 [, o (t)dt [201,217], also see Sec. 1.2.3
and Chapter 2. Using (pg). as a measure, Chapter 2 showed that the model Hamiltonian
(Eq. (6.1) or Eq. (6.2)) supports a DPT at ¢ = 0. The quantity (py) ., however, is difficult
to measure in a lab as it requires averaging over a long evolution time t (i.e., t — oo is
theoretically required for a system in the thermodynamic limit). For spinor BECs, a large

t inevitably leads to several challenges, such as significant atom losses and the invalidity of
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the SMA [97,322,323] all of which possibly hinder an experimental observation of DPT.

To overcome this problem, we propose to identify DPT by using different parameters
which can be directly measured within short time evolution and correlate unambiguously
with (pg) ... To simulate the quench dynamics, we numerically diagonalize the model Hamil-
tonian (6.2) in the Fock basis [Ny, Ny, N_1) = |n, N—2n,n). Following a quench from g, to gy,
we first find pg (¢) displays some oscillations. We define a quantity Agi, = 1—po(t = Taip) With
Po(t = Taip) being the value of pg () at the first dip of the spin oscillations. By numerically
solving the model Hamiltonian, we demonstrate that the dip depth Ag;, is a good measure
of DPT. A typical simulation result extracted from the quench dynamics at N ~ 1 x 10° is
shown in Fig. 6.1 which clearly indicates that the behaviors of (pp)_ and Ag;, are strongly
correlated and they have non-analytic sudden jumps at exactly the same ¢y marking a first-
order DPT at ¢ = ¢g. = 0. For systems with short-range couplings, the signature of DPT
only shows up in long time evolution of local quantities, as the interaction effect needs to
propagate over the system size. This argument is not valid for our model Hamiltonian as it
has effectively infinite-range all-to-all couplings. This explains why the short time quantity
Aqip and the conventional long time quantity (pg),, mark the DPT equally well. In contrast
to (o)., Adip can be easily and precisely measured, because the dip time 74;;, is short enough
to avoid detrimental changes induced by long time evolution.

The details of the experimental procedure is given in Appendix E.1 with supporting data.

6.1.2 Results

Fig. 6.2 shows the observed Ag;, and dpg(t = Taip) as a function of ¢y following a quench from
positive ¢; to various negative and positive ¢; either crossing the dynamical transition point
¢. = 0 or not, respectively. The results in Figs. 6.2(a) and 6.2(b) unambiguously confirm a
first order DPT in our experiment, with a sudden jump of Ag;, and dpg at g5 = g. = 0. When
qr is positive, both Agip, and dpy remain almost at zero. Across the dynamical transition

point at g. = 0, Agp and dpg jump to significant finite values and these values gradually
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Figure 6.1: The predicted Agi, (depth of the first dip in spin oscillations) and the long-time
average (Po)so as functions of q;/c; for N =1 x 10° and ¢; = 0.5¢; (see text). It seems that
both short time Ag;, and long time quench dynamics (pg).. can signal DPT at the same g;.

decrease with a linear scaling in |¢f — ¢.| = |¢¢| when ¢y is pushed to the negative region.
The observed data agree very well with the theoretical prediction derived from the model
Hamiltonian up to experimental uncertainty of g, which is about h x 2.5 Hz near ¢ = 0 Hz.
This result demonstrates a major claim of this Section. With the measured linear scaling of
Agip in |gy| in the negative g region, its DPT scaling exponent is found to be 1, in agreement
with the result from numerical simulations. The theoretical origin of this dynamical scaling
exponent and its connection with the equilibrium critical exponents are interesting questions
worthy of further investigation in the future.

The next important observation is the occurrence time of the first dip 74;p. Fig. 6.3(a)
compares the observed dip time 7, with the theoretical 7, which is predicted by the model
Hamiltonian. When gy is very close to the dynamical transition point, the measured 7, is
sensitive to the experimental calibration error on ¢, and there is some discrepancy between
Tap and 74 . Apart from this small region, the measured 74, agrees quite well with the
theoretical prediction. The theoretical dip time T£p also exhibits an interesting power law
scaling with |g¢|. To show this clearly, Fig. 6.3(b) displays 77 as a function of |gs| in a

log-log plot. To understand the origin of the power law scaling shown in Fig. 6.3(b), we note
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Figure 6.2: The observed signature of DPT. (a) The measured Ag;, versus ¢¢/c;. (b) The
standard deviation dpg at t = 74;, versus q¢/c; at ¢;/h = 31 Hz. Circles with error bars denote
the experimental data and the solid lines represent the theoretical results from numerical
simulations of the model Hamiltonian (see text).

that although the quench dynamics involves the contribution of the entire energy spectrum,
there are only a few eigenstates which play a dominant role when ¢y is quenched across the
transition. Similar to Chapter 2.4, we define an overlap function as a measure of the matrix
element of pg in the basis of the final Hamiltonian and § E' as the nearest-neighbor energy gap
at the maximum off-diagonal term of this overlap function. We then numerically calculate
the main frequency component in the oscillation of pg, which turns out to be 0E/h. The
time scale, defined by Tosc = h/JE, also shows a power law scaling with |gf|. Figure 6.3(b)
shows both Ts. and T(ip as a function of |¢f|, which clearly indicates that the two log-log
curves have similar slopes. The extracted power-law scaling exponents are —0.41 for T
and —0.40 for Tgp, through linear fits to the log-log curves in Fig. 6.3(b). This suggests that
the scaling properties of 74i, is mainly determined by the most dominant energy gap 0£ in
the energy spectrum that is dictated by the initial state and the observable together.

In conclusion, this Section proposes probes originating from the transient temporal regime
to dynamically detect first-order phase transition in the antiferromagnetic spinor conden-

sates, i.e., the first dip and the associated timescale in an oscillatory nonequilibrium re-
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Figure 6.3: (a) Circles (triangles) represent the observed occurrence time of the first dip (the
corresponding theoretical results derived from numerical simulations) as a function of g;/c;
at ¢;/h = 31Hz. (b) The power law scaling of the theoretical dip time 7 and T (the
inverse of the relevant energy gap) in a log-log diagram. The extracted DPT exponents for
Tose and T£p are respectively —0.41 and —0.40, based on linear fits (denoted by the solid
lines) to the log-log curves.

sponse. In the next Section, we will focus on the transient probes of the quantum criticality

in the TFIM that hosts second-order phase transitions, as discussed in Chapter 1.

6.2 Dynamical crossover in the transient quench dy-
namics of short-range transverse field Ising models

Dynamical detection of quantum phases and phase transitions (QPT) in quenched systems
with experimentally convenient initial states is a topic of interest from both theoretical
and experimental perspectives. Quenched from polarized states, longitudinal magnetization
decays exponentially to zero in time for the short-range transverse-field Ising model (TFIM)
and hence, has a featureless steady state regime, which prevents it from exhibiting dynamical
phase transitions of type-I. In this Section, we ask whether the transient regimes of such
nonequilibrium processes probed by single-site observables, magnetization per site, could

encode information about the underlying QPT. The decay rates of time-dependent and
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single-site observables exhibit a dynamical crossover that separates two dynamical regions,
ordered and disordered, both of which have distinct nonequilibrium responses. We construct
a dynamical order parameterlike quantity that exhibits a scaling law in the vicinity of the
crossover. Our results reveal that scaling law exponent in short times in the close vicinity of
the dynamical crossover is significantly different than the one predicted by analytical theory
for long times. When integrability is strongly broken, the crossover boundary turns into
a region that separates two other dynamical regions that act like dynamically-ordered and

-disordered regimes.

6.2.1 Introduction

The studies of dynamical criticality, phase transitions and crossovers range from dynamical
detection of equilibrium criticality [66,68-70,181,184,198,199,204,211,214] (also see Ch. 4),
to nonequilibrium phase transitions that might not necessarily originate from an equilibrium
transition [181,197,198,200,203,210,217,324,325]. A commonly applied protocol in some
of these studies is a sudden quench, which results in a nontrivial time evolution of either
an observable, e.g., an (equilibrium) order parameter (OP) [181,198,210,217], or Loschmidt
echo [198,199,214,217,326] when the system is quenched from an initial state that is not
an eigenstate of the evolution Hamiltonian. A popular choice of initial state in the current
works on quench dynamics is a polarized state, due to its relevant convenience to prepare
in quantum simulators [181,198,210,217,326]. Dynamical phase transitions of type-I (DPT-
I) is defined when the quench dynamics equilibrate either to a thermal or a prethermal
value in long times, and hence long-time average of the time-dependent observable could act
like a dynamical OP, demonstrating a phase boundary. Although DPT-I is well-defined for
magnetization of the long-range transverse field Ising model (TFIM) [217,325], there is no
persistent dynamic order for short-range TFIM, simply because the steady state regime of
one-point observables, and likewise two-time correlators, is featureless [116,327,328]. The

featureless steady-state for magnetization originates from the fact that this observable decays
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exponentially in time as both analytically and numerically studied in the integrable TFIM
[116,128,327-330]. In fact exponential decay is also shown to exist in the XXZ model for
magnetization [331]. Therefore, one cannot dynamically detect equilibrium quantum phase
transitions (QPT) of short-range TFIM quenched from polarized states by focusing on the
steady-state regime of the magnetization dynamics.

Recently higher order observables are shown to exhibit steady-state regimes with a per-
sistent dynamic order in the quench dynamics of short-range TFIM [181,210]. Ref. [181]
proposed measuring out-of-time-order correlators (OTOC) of an arbitrary single-site observ-
able (longitudinal magnetization per site) both for integrable and nonintegrable short-range
TFIM to access such steady-state regimes. Later Ref. [210] showed that two-point nearest-
neighbor correlators (averaged over space) could signal a dynamical phase transition in short-
range TFIM, albeit the dynamical critical point shifts to favor disorder when integrability is
broken.

Motivated by the recent research interests in finding dynamical probes of equilibrium
QPT in short-range Hamiltonians [181,209,210], in this Section we ask whether the tran-
sient regimes of short-range TFIM quenched from polarized states and probed by single-site
local observables, magnetization per site, could encode information about the underlying
equilibrium QPT. We stress that we focus on transient regimes of dynamics and single-
site observables, instead of steady-state regimes and global observables. Let us first note
that transient probes of QPT could prove useful in laboratory implementations of quan-
tum many-body systems, given that it might be challenging to reach steady-state regimes
in experimental setups that are naturally coupled to an environment and experiences de-
coherence (see the discussion in previous Section). Both Chapter Sec. 6.1 and Ref. [332]
utilized transient signatures of the underlying QPT in the experiments on spinor conden-
sates, e.g., the amplitude and time of the first peak/dip of an oscillatory nonequilibrium
response. Furthermore, quantum simulators are ideal testbeds to study the properties and

potential of single-site observables, which require only minimal resources for measurement
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with technologies like quantum gas microscope [195]. Ref. [181] demonstrated that OTOC
of single-site observables could be useful to probe the equilibrium QPT, however probing
OTOCs in laboratory requires sophisticated protocols such as reversing the overall sign of
the Hamiltonian to realize backward time evolution [146] (also see Ch. 3), or equally sophis-
ticated alternative methods [147, 148, 153].

In our work, we focus on the single-site observables in both open-boundary and closed
chains of TFIM. An open-boundary chain is experimentally more relevant, whereas the
results for a periodic TFIM could be obtained by utilizing a mapping to noninteracting
fermions. Open-boundary chain simulations are performed via time-dependent density-
matrix renormalization group (t-DMRG). Via utilizing the representation of noninteract-
ing fermions, we could easily reach hundreds of sites in the integrable TFIM, and compare
the crossover dynamics of small and large system sizes. A crossover in integrable TFIM
probed by single-site observables was analytically predicted in Ref. [116] for large times in
the space-time limit. This crossover separates two distinct nonequilibrium responses where
the observable decays exponentially without and with oscillations in the dynamically-ordered
and -disordered regimes, respectively. Here we reveal that the scaling predicted by the ana-
lytic theory for long times (8 = 1/2) in the dynamically-ordered regime, significantly changes
for short times (8 = 1) in the close vicinity of the crossover boundary which coincides with
the equilibrium phase boundary in the integrable TFIM, h. = 1. As one moves away from
the vicinity of the crossover, the analytically predicted exponent is recovered, which suggests
a smooth crossover between short and long time dynamics. In the dynamically-disordered
regime, we find that the analytical prediction conjectured in Ref. [116] is not the only pos-
sible description of the dynamics for short times and small system sizes, e.g., N = 48 spins.
Additionally, the angular frequency has a correction for short times and small system sizes,
while we recover the analytically predicted exponent ¢ = 1/2 for long times when we increase
the system size to N = 192 spins.

We also find that the scaling in the vicinity of the crossover in the dynamically-ordered
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regime can be described by a logarithmic function regardless of the system size and the
temporal regime, e.g., short or long time dynamics. We show that this is consistent with the
analytical predictions. Logarithmic form eventually becomes useful in proposing a dynamical
OP-like quantity in the vicinity of the crossover. This proposal eases the experimentation of
crossover physics discussed in the Section.

We note that the location of the crossover corresponds to the TFIM Hamiltonian that
exhibits the fastest decay in the set of all Hamiltonians H (h) across both sides of the equi-
librium phase boundary, in particular for short times. Given that observables cannot show
divergent decay in short-range interacting systems due to lightcone bounds, it is reasonable
that all decay rates are finite. Hence our data suggests a link between the fastest decay and
the equilibrium QPT, confirming Ref. [331]. We use this observation to mark the boundary
between dynamically-ordered and crossover regions in the nonintegrable TFIM. We break
the integrability by introducing next-nearest neighbor coupling to TFIM and study how the
quench dynamics for single-site magnetization behave. After modeling the quench dynamics,
we notice that three quantitatively distinct dynamical regimes emerge for the nonintegrable
TFIM. The crossover boundary of the integrable TFIM enlarges into a region around the
equilibrium QPT and separates two other dynamical regimes which act as -ordered and -
disordered regimes of the integrable TFIM. This means that the nonintegrable TFIM exhibits
a dominant trend of exponential decay in its dynamically-ordered regime; and a dominant
trend of oscillatory exponential decay in its dynamically-disordered regime. We study the
relevant decay rate and find that breaking integrability results in a smooth crossover, a min-
imum, and shifts its location from the equilibrium phase boundary to h. = 2.278 £ 0.001.
The associated scaling exponent of the dynamical order parameterlike quantity reads 5 ~ 2,
consistent with the smooth crossover of the decay rates.

In the next subsection, we introduce the models and our methods, which is followed by

the dynamical crossover of the integrable and nonintegrable TFIMs, respectively.
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6.2.2 Methods

In this Section, we work with TFIM with both nearest-neighbor (NN) and next-nearest-

neighbor (NNN) couplings,
H=-J]Y oo, —AY oioj,+h> of, (6.3)

where o' are spin—% Pauli spin matrices. TFIM preserves its gapped long range Ising
ground state even when the interactions (or nonintegrability) A are introduced, although
the transition boundary shifts to favor order as A increases. For all data in this Section, we
fix J = 1 as the energy scale. Specifically we focus on the integrable model A/J = 0 and
nonintegrable model with A/J = —1.

Since an open-boundary chain is more experimentally relevant, we study the open-
boundary TFIM with matrix product states (MPS [300]). To reproduce the decay dynamics
of an arbitrary site in a periodic chain we focus on the longitudinal magnetization in the
middle of the chain OX/2 (Appendix Sec. E.2.1). Hence the observable’s decay is similar to
the decay of total magnetization given that total magnetization is M = 1/N " oZ. We also
study an arbitrary site on a periodic TFIM to utilize the mapping to noninteracting fermions
and increase the system size for the integrable TFIM. To calculate single-site dynamics in
noninteracting fermions, we make use of the cluster theorem similar to Ref. [116]. See Ap-
pendix Sec. F.2.2 for the details of the mapping in quench dynamics and the limitations due
to cluster theorem. In both open-boundary and closed chains, we focus on the single-site dy-
namics of Eq. (6.3) quenched from a polarized state [tho) = [11 ... 1): C(t) = (¢o| 035(t) [¢0)-

In DPT-I, one studies steady-state regime where the dynamics is expected to become
independent of the time. Since such steady-state regimes might exhibit oscillatory behavior,
typically due to finite-size effects in small systems, often times averaging over an interval
of time is employed [181,199,210]. Averaging over a long interval of time also makes the

dynamic OP to be less sensitive to where a temporal cutoff is applied in the steady-state
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Figure 6.4: C(t) for h/J = 0.5 upper curves with orange tones and h/J = 0.9 lower curves
with red tones. Each set of curves have system sizes between N = 24 (dots) and N = 48
(diamonds) denoted by different markers. 7, and 7, are separation and revival timescales
(see text). x-axis is shifted by t*, the reference time where the exponential decay starts.
regime. This is because oscillations could alter the dynamic OP if one only uses the value
at the temporal cutoff. As a result, exact location of the temporal cutoff is not significant
in the construction of the dynamical OP based on DPT-I as long as the temporal cutoff is
in steady-state regime. A valid temporal cutoff that can be utilized in studying DPT-I is a
system-size dependent cutoff, ¢ ~ a/N where the interval of time-averaging is proportional
to the system size [217] up to a coefficient «.

This temporal cutoff does not work for one-point observables in short-range models,
because as already mentioned before, these observables are featureless in their steady state
regimes, meaning that they decay exponentially to zero. If one were to use a cutoff t ~ aN,
we would simply observe a vanishing dynamic OP for one-point observables [181,217] (see
Appendix Sec. E.2.3). This observation aligns with the fact that one cannot construct DPT-
I for magnetization in short-range TFIM. Hence, motivated on working in the transient
regime, we turn our attention to the decay rates of the initial magnetization, which is known
to exhibit a cusplike feature at the QPT for the XXZ model [331]. In order to extract

the exponential decay in the thermodynamic limit with finite-size systems, which are the
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only experimentally relevant systems, we find the lightcone bounds [44, 116, 333] on the
magnetization per site for the finite sizes under study. The dynamics that remain in the
lightcone exhibit exponential decay and show finite-size effects exponentially suppressed in
the system size [334]. Fig. 6.4 shows the open-boundary integrable TFIM dynamics for
h/J = 0.5 (orange tones) and h/J = 0.9 (red tones) for system sizes N = 24 : 6 : 48. In
the lightcone, data for different system sizes collapse on each other while each separation
point is roughly marked by 7, = N/2v, where v, is the maximum quasi-particle velocity
v, = max|de(h, k)/dk| = 2Jmin(h, 1) [116,193,333]. 7, is the time for the excitations caused
by the quench to reach the end of the chain, and hence 7, probes the size of the chain.
When the chosen bulk spin is not in the middle of the chain its coefficient changes 7, = a/v,
where N/2 < a < N. Revival timescale is marked by 7, = N/v,, which is the time for the
excitations to reflect back from the boundary to the middle of the chain. The timescale t*
is the short-distance cutoff of the temporal axis defined by the lattice constant divided by
velocity t* ~ v, . Here, t* (7,) serves as the ultraviolet (infrared) cutoff, below (above) which
the physics is dominated by non-universal microscopic details (finite-size effects). Thus, we
focus on the (intermediate) time range t* < ¢t < 7, where data of different system sizes
collapse on each other and universal behavior arises as shown in Fig. 6.4 with an exponential
decay [116,128,329,330]. The time interval that remains in the lightcone effectively simulates
the decay in the thermodynamic limit.

For our periodic chain results, we are always confined to the intermediate time range due

to the application of cluster theorem (Appendix Sec. E.2.2).

6.2.3 Dynamical Crossover in the integrable TFIM

Integrable TFIM hosts a crossover at h. = 1 that separates two dynamical regimes. In the
dynamically-ordered regime, single-site observables exhibit an exponential decay in time,
whereas in the dynamically-disordered regime we observe an oscillatory exponential decay.

We will systematically study the short-time nonequilibrium response of single-site observables
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Figure 6.5: Decay rates fg for integrable TFIM in dynamically-ordered (h. — h)/h. > 0
and -disordered (h. — h)/h. < 0 regimes. The inset focuses on the dynamically-ordered
regime in a semilog plot. Blue-circles, red-diamonds and yellow pluses are data for system
sizes N = 48 with open boundaries (obc), periodic boundaries (pbc) and N = 192 with
periodic boundaries, respectively. Green-dotted line is the logarithmic fit function for the
data N = 48 (pbc) (see text), whereas the black-solid line is the analytic result for the
thermodynamic limit. In the disordered regime, the shaded region is the uncertainty for
system size N = 48 due to short time evolution.

in the integrable TFIM in this subsection. In the following, we focus on the dynamically-

ordered regime.

Decay rates

Bounded by the lightcone, we find the decay rates of magnetization per site around the
crossover at h, = 1. Fig. 6.5 shows how these decay rates fs change with the reduced
control parameter h, = (h. — h)/h. for system sizes N = 48 with both open (blue-circles)
and periodic (red-diamonds) boundary conditions and N = 192 with periodic boundary
condition (yellow-pluses). A cusplike feature is observed in Fig. 6.5, similar to the XXZ

model in Ref. [331]. The dynamically-disordered regime will be explained in a following
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subsection.

We first note that our two methods explained previously match perfectly for N = 48.
Thus, one could measure the middle spin in an open-boundary chain and reproduce the
results for an arbitrary site in a periodic chain. By increasing the system size to N = 192,
we observe a convergence to the prediction by the analytic theory for the thermodynamic
limit (black-solid) for h, > 1072, Hence, two remarks follow: (i) Although we work with
data bounded by the lightcone, the data for small system sizes, e.g., N = 48 still experiences
finite-size effects [334], because the simulation time is restricted by the system size in the
lightcone. (ii) In the close vicinity of the crossover, h, < 1072, even the large systems, e.g.,
N = 192 diverge from the analytic prediction (see the inset in Fig. 6.5).

The analytic prediction is calculated based on the space-time limit derivation given in

Ref. [116]. For a quench from a polarized state, the asymptotic late-time scaling reads

) ~ (1+\/1—h2>1/2exp(tf$°(h)), (6.4)

f2(h) = é(mm{mm( %)—arcsin( ﬂ)D (6.5)

For the numerics close to crossover, we propose a logarithmic fit function
fo = log(vhy exp(—hy/A) + Co),

where v and [ are free parameters to be found and A is the exponential cutoff coefficient
which is explained below. We note that such a model for the decay rate is intuitive and
describes the data in a large interval 0 < h,, < 0.4, not only in the close vicinity of the
crossover. The constant Cj points to the observation that the decay rate is never infinite,
however the largest at the crossover boundary. Hence the system thermalizes the quickest
at the crossover. Further Cj is not a free parameter, but fixed by the data itself at the

crossover. Furthermore, analytical prediction for thermodynamic limit at late times gives
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Co = exp(—4/7). Data follows log(vh2+Cj) in the vicinity of the crossover, while introducing
an exponential cutoff [335] to the model lets us describe a bigger region of h, as well as
providing a definition for ‘vicinity of the crossover’, h,, < A. For example, the fit parameters
for the decay rates of system size N = 48 depicted in the main panel of Fig. 6.5 (green-dotted
line) are 5 = 1.05 and A = 0.37, meaning that the vicinity of the crossover could be defined
as h, < 0.03. Indeed by using the interval of h, < 0.03, one can precisely determine the
scaling exponent as 3 = 1 in the fit function log(yh? + Cp) (green-dotted line in the inset of
Fig. 6.5).

We note that the logarithmic function is consistent with the analytical expression
Eq. (6.5) in the vicinity of the crossover. This can be seen from the series expansions of
Eq. (6.5) and the logarithmic fit function. The series expansion of Eq. (6.5) in the vicinity

of the crossover is,
4 4h,
f;o(hn—>0)~—%+2\/2hn—T+---, (6.6)
while the series expansion for the logarithmic fit function follows

Folhn — 0) ~ log(Cy) + Clhg +O(h¥). (6.7)
0

Therefore, in the close vicinity of the crossover the analytic prediction could be written as the
logarithmic fit function with the parameters of Cy = exp(—4/7), 8 = 1/2 and v/Cy = 2v/2,
resulting in 7 = 2v/2 exp(—4/7). In the next subsection, we will see the use of logarithmic fit
function in experimentation. However now let us show how it could be helpful in extracting
the scaling exponent from the numerical data in the close vicinity of the crossover.

To extract the scaling exponent in the close vicinity of the crossover, we define a decay
rate function exp(fe(h,)) — Co = vh?. Fig. 6.6 shows the decay rate function of both the
numerical data and the analytical expression (black-solid). The green-dotted line is the fit to

the analytical expression in the vicinity of the crossover with the expected scaling exponent of
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Figure 6.6: Scaling of the decay rate function exp(fe) — Cp for integrable TFIM in
dynamically-ordered (h. — h)/h. > 0 regime. Blue-circles, red-pluses and yellow squares
are data for system sizes N = 48, N = 192 and N = 480 all with periodic boundaries,
respectively. Black-solid line is the analytic prediction for the thermodynamic limit and late
times, whereas the green-dotted line is the fit to the analytic expression in the vicinity of
the crossover with § = 1/2. The dotted, dashed and dotted-dashed lines are the fits to the
numerical data in the close vicinity of the crossover with § = 1.
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Figure 6.7: Scaling of the decay rate function exp(fe) — Cp for integrable TFIM in
dynamically-ordered (h. — h)/h. > 0 regime for system size N = 480 for different x. Blue-
diamonds, yellow-circles, green squares and red-pluses stand for k = 2.5,5,7.5, 10, respec-
tively. Black-solid line is the analytic prediction for the thermodynamic limit for comparison
with the fits (dotted and dashed lines).

B = 1/2 and coefficient v = 2v/2 exp(—4/7). The blue-circles, red-pluses and yellow-squares
depict the data for system sizes N = 48,192,480 all of which exhibit a scaling exponent of
f = 1. Note that we choose the ultraviolet cutoff t* = rv, ! where & for each data set is
given in the legend. Small coefficient « implies that we focus on early-time behaviour.

As a result, regardless of system size we observe that early-time scaling exponent 5 = 1
is significantly different than the late-time scaling exponent of 8 = 1/2 in the close vicinity
of the crossover. As we move further away from the vicinity of the crossover, the decay
rate function at any system size converges to the prediction by analytical expression. Hence
we observe a smooth crossover between different scaling exponents in Fig. 6.6, whose exact
location depends on . To visualize the dependence on k, we plot Fig. 6.7 where the system

size is fixed to N = 480 for different k. As we increase x, we move the location of the

crossover between analytical late-time and numerical early-time behaviors, to smaller h,,.
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Figure 6.8: The error functions, |C(t) — C¢(t)| (solid) and |C(t) — C,(t)| for the fit function
and the analytical expression (dotted), respectively, for a system size of N = 480 at (a)
h = 0.5 and (b) h = 9.9 x 107%. The fit function is calculated with x = 5.

We observe that the numerical data mostly follows analytical prediction when h,, is suf-
ficiently away from the crossover, resulting in a nonequilibrium response where early-time
behaviour does not really differ from the analytical prediction. Hence, one can probe ana-
lytical prediction by observing early-time behaviour. Fig. 6.8a shows the difference between
data and its fit function C'f(t) which is named as an error function |C(t) — C¢(t)| at k =5
for a system size N = 480, and similarly the difference between the data and its analytical
prediction |C(t) — C,(t)] at h = 0.5. At early times t < 20/J, fit function and the analytical
expression are equally successful in predicting the data. In time interval 20/J <t < 60/J,
fit function is slightly better than the analytical expression while for later times ¢ > 60/.J
the opposite is true, as expected.

At the other end where numerical data exhibits a distinct scaling exponent of 5 = 1,
crossover physics at h. = 1 take over with diverging relaxation time [68,70] and one cannot
reach late-time behavior in accessible times for any system size that we studied. Fig. 6.8b
shows the error functions at h = 9.9 x 1075 where the fit function is always better to predict
the data than the analytical expression in a time interval of ¢ < 60/J. This suggests that

in the close vicinity of the crossover, the analytical expression fails for accessible times and
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Figure 6.9: The scaling in the vicinity of the crossover for integrable TFIM with respect to
reduced control parameter h, for (a) N = 48 with open boundary condition (b) N = 48
and (c¢) N = 480 with periodic boundary condition. y-axis is rescaled correctly to obtain
the scaling (see text). The temporal cutoffs are (a) either fixed at ¢, = 2.5,4 or parametric
with a = 5, 8; fixed at (b) t;, = 2.5,4,5.5 and (c) ¢, = 3,6, 10,15. The solid, dotted, dashed
and dotted-dashed lines are the fits in the vicinity of the crossover, all giving 5 ~ 1 for all
subfigures. Error bars are explained in Appendix Sec. E.2.6.
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likewise we observe a scaling exponent of 3 = 1 instead of 5 = 1/2.

Constructing a dynamical order parameterlike quantity in the dynamically-

ordered regime

One can measure the decay rates of magnetization at each transverse field and probe the
crossover between dynamically-ordered and -disordered regimes in TFIM. Alternatively, we
aim to find a rescaling of the decaying observable C'(¢) that can render the rescaled observable
a quantity that acts like a dynamical OP in the ordered regime right in the vicinity of the
crossover. One can see this procedure as a way to construct a dynamical order parameterlike
quantity with the correct rescaling that is originated from the scaling behaviour of the decay
rates in the vicinity of the crossover. In DPT-I, the observable naturally acts as a dynamical
OP in a nonzero valued steady-state. We find that for magnetization per site in short-range
TFIM one needs to correctly rescale the observable to construct a quantity alike. This, in
the end, presents an alternative way of extracting the scaling exponent in an experiment,
which is less laborious than measuring the decay rates directly.

Similar to how a dynamical OP in DPT-I is constructed by first choosing a temporal
cutoff, we consider two different temporal cutoffs applied at a time either (i) fixed t; ~
constant or (ii) parametric t;, = av, ! where « is chosen so that the dynamical response
remains in the lightcone, e.g., t; < 7,. Note that for all temporal cutoffs, t;, > t* holds.
Eventually the rescaled dynamical OP-like quantity should not depend on how we choose our
temporal cutoff. Furthermore, while one can average the observable for a time between the
ultraviolet cutoff t* and the temporal cutoff ¢, this would complicate the functional form of
the rescaling needed and it would require more data to compute/measure. Hence, we simply
measure the observable C(t) at time ¢, dictated by the fixed or parametric temporal cutoff.

Let us rewrite the observable in the vicinity of the crossover by substituting the logarith-
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mic fit function for the decay rates in,
C(t) = C)explfalt — ) = CU)hE + Co)' " (6.9)

The scaling of the decay rate as a function of h, reveals a scaling for the observable in the
vicinity of the crossover. This expression points out to the correct form of rescaling for the
observable to make the procedure independent of the temporal cutoff. Hence the correct
rescaling for the observable reads,

(%)
( g((t?)) ~Cy= e, (6.9)

leading us to define a dynamical OP-like quantity,

iy — (LN
C'(hy) = (0@*)) —Cy, (6.10)

which is strictly valid in the vicinity of the crossover. Hence, one can probe the exponent by
simply computing (C(t)/C(t*))Y =) — O which requires data points at cutoffs t* and ¢,
only, assuming () is fixed by numerical prediction.

Figs. 6.9 show how the dynamical OP-like quantity C’(h,,) constructed based on different
cutoffs scales with h,, in the vicinity of the crossover for N = 48 with open boundaries
in (a), periodic boundaries in (b) and for N = 480 with periodic boundaries in (c¢). The
colors yellow, red and blue correspond to cutoffs chosen at fixed t;, = 2.5,4,5.5 and at
a = 5,8 for parametric ¢, = a/v,. All data at different temporal cutoffs exhibit the same
exponent 5 ~ 1. The differences between different temporal cutoffs are detailed in Appendix
Sec. E.2.3. The error bars originate from the uncertainty in time (Appendix Sec. E.2.6).
Since Fig. 6.9a is measured at temporal cutoffs, while the Figs. 6.9b and 6.9¢ are not, there
is no error bars for Fig. 6.9a. In our data, the temporal uncertainty increases as we increase

the system size, which explains the biggest error bars in Fig. 6.9c. Therefore, by measuring
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Figure 6.10: The real time dynamics for the dynamically-disordered regime at hy = 1.2 in
(a) short-times for N = 48 and (b) long-times for N = 192. (a) The short-time dynamics
is fitted with analytically predicted fo = —4/7 (yellow-dotted) and numerically the best
match (red-solid) which keeps fs as a free parameter. (b) For large systems, the analytical
prediction matches the data excellently.

exactly at the temporal cutoffs these error bars tend to vanish away.

Dynamically-disordered regime

The analytical prediction for the dynamically-disordered regime reads f$° = —4/m in the

nonequilibrium response

C(t) ~ (1+cos(2wt 4 &) + - ) exp(tf), (6.11)

wh) = 2V/1+h2—2, (6.12)

where --- means that there are subleading terms and ¢ is an unknown constant. We work
with a slightly simplified version of this analytical conjecture: C(t) = ~ycos(wt)exp(tfs),
which also appears in Ref. [331].

We first focus on short times and small system sizes, e.g., N = 48 and observe that in
this limit, the dynamics could be equally well described by alternative expression to the

analytical prediction. Fig. 6.10a shows the dynamical response for hy = 1.2 where we fit two
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different curves to the data. The yellow-dotted line is the fit originated from the analytical
expression where we fix the decay rate to fo = —4/m. We let fg be a free parameter in
the red-solid line. Therefore the latter performs slightly better than the former, especially
for t < 4/J. We plot the scaling of the decay rates in the dynamically-disordered regime
for the latter in Fig. 6.5 which turns out to be linear both for periodic and open boundary
calculations. We also shade the area between the linear scaling and the constant line at
fo = —4/7 to emphasize the uncertainty in the decay rates for the dynamically-disordered
regime for short times and small system sizes. The corresponding scaling for the angular
frequency w is plotted in Fig. 6.11a which is 6 ~ 0.533 for both cases where we either fix the
decay rate fo = —4/7 or let it be a free parameter. The shaded area in between is negligible.

When we increase the system size to N = 192, we reach longer times and the analytical
expression becomes the best fit for the general trend of the data, Fig. 6.10b, as expected.
In this case, the decay rate is constant at f = —4/m as can be seen in Fig. 6.5. The
corresponding scaling for the angular frequency w approaches to § ~ 0.5 as can be calculated
from the series expansion of the analytical expression Eq. (6.12) in the close vicinity of the
crossover, w(hy, — 0) ~ 2v/2(=h,)Y2+O((=h,)??). The numerical demonstration of § = 0.5
is shown in Fig. 6.11b with system sizes N = 192, 480.

In conclusion, one observes corrections to the exponents d,, = 1/2 and S, = 0 in the

dynamically-disordered regime for short times, resulting in § ~ 0.533 and § ~ 1.

6.2.4 Dynamical crossover in the nonintegrable TFIM

Having studied the dynamical crossover observed in the transient regime for a noninteracting
model, we now turn our attention nonintegrable TFIM.

We break the integrability of the model by taking A/J = —1 in Eq. (6.3), which hosts
an equilibrium QPT at h, ~ 2.46 (Appendix Sec. E.2.5). Fig. 6.12a shows the sophisticated
dynamical response of this model calculated with MPS for different h values in the lighcone

determined by data ranging from N = 24 to N = 42. Lightcones are determined similarly by
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Figure 6.11: Angular frequency scales with —h,, with a power-law exponent of (a) § ~ 0.53
for small system sizes and (b) § ~ 0.5 for larger system sizes in the disordered regime in
the vicinity of the crossover. In (a) we plot the scaling of w for both cases where we either
fix fo = —4/7 (orange-squares) or let it be a free parameter (red-diamonds). The area in
between is shaded which is very negligible.

studying the separation timescales 7, of different system sizes. Fig. 6.12b shows the presence

of well-defined 7, timescales for a range of different system sizes at h/J = 2.

Fit function for the nonintegrable TFIM

An important difference from the noninteracting model is the oscillations existing in both
dynamically-ordered and -disordered regimes. Hence, we first aim to approximately model
the dynamical response. Since oscillations are present at every h/J, a fit function that can

reproduce the important features of the dynamics is,

C(t) = n exp(foit) + 2 exp(foot) coswt. (6.13)

The dashed lines in Fig. 6.12a show how well the fit function can describe the dynamics. The
first and the second terms are analogous terms for the dynamically-ordered and -disordered
regimes of the integrable TFIM, respectively. Thus, an immediate observation is that there

seems no sharply distinct dynamical regimes as in integrable TFIM. We study the param-
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Figure 6.12: (a) The nonintegrable TFIM with A/J = —1 for different h/J = 1.2,1.95,2.5

and dashed lines are the fit function predictions for dynamical responses. (b) Single-site
observable C(t) for the nonintegrable TFIM A/J = —1 at h/J ~ 2 with respect to time for

different system sizes between N = 30 — 72. (c) The coefficients ~; (black-circles) and 7,
(orange-diamonds) of the fit function for the dynamics of nonintegrable TFIM at A/J = —1.
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eters vy, 72 (depicted in Fig. 6.12¢) fe 1 (depicted in Fig. 6.13a), fpo and w (in Appendix
Sec. E.2.7) as a function of transverse field h.

By studying 7, 2, coefficients of the terms, we first notice that the non-oscillatory term
is dominant to the oscillatory term in the region h < 2.3. The opposite is true for h = 2.6.
Hence, even though there are not two distinct fit functions that describe two distinct regimes
like in integrable TFIM, there are two limits of one fit function that exhibits distinct enough
features. This behaviour seems to stem from the sharp crossover in the integrable model.
This is because, the fit function reduces to one term only where 75 = 0 in dynamically-
ordered regime and 7; = 0 in the -disordered regime. In this sense, with the fit function
integrable and nonintegrable models are quantitatively connected to each other. Note that
71,2 intersects at a location very close to the equilibrium QPT and this is where both terms
are equally significant in the nonequilibrium response. Therefore, one can separate the entire
region roughly into three: (1) h < 2.3 where the dynamics can be approximated by only the
non-oscillatory term, and hence acts like the dynamically-ordered regime in the integrable
TFIM. (3) h 2 2.6 where the dynamics can be approximated by only the oscillatory term,
and hence acts like the dynamically-disordered regime in the integrable TFIM. (2) The
intermediate crossover region where both terms are important.

The fit function for the nonintegrable TFIM could be tested further with larger system
size data and hence, in longer times in the future studies. Additionally, testing the fit
function against nonintegrability strength A/J is an interesting direction for future studies.
In particular, it would be interesting to study how the regions (1) through (3) change in
a near-integrability model. Finally let us note that although there might be other equally
accurate models to represent the dynamics of nonintegrable TFIM, the current model has

the least amount of free parameters and is physically intuitive.

167



1 o .
At é 0.8|
RS h < h, /Ft 0.6[ - THHHMees s AL LA
L2 8 = 2.0206 | =
—A=035 B o
Blosoo Cy = 0.0312]] =02 g::nuuu
nn | o h>h 2 Og‘iﬁ:‘::"fﬁ"f?o;o; 1 vt L.
02 0 02 04 06 o S E—
(hC - h)/hc t
(a) (b)
S 10°
|
T -
= 102
= A
o . l
P 1 0—4 |
= z - C'«x h? exp(—h, /)
e 3 ~ 1.8882, \ = 0.4356
S 106" O x B, B~ 1.9732

10° 102 10"  10°
(hC o h)/hc
(c)

Figure 6.13: (a) Decay rate of the first term in the fit function Eq. (6.13), fs1 shows a
minimum at h. = 2.278 £ 0.001 signaling a boundary between the ordered regime (yellow-
circles) that can be modeled by logarithmic function (black-solid) and crossover region (blue-
diamonds). (b) Decay rate functions exp(fe1) shown with solid flat lines and rescaled
observable data according to the method (i) (see text) around the flat lines for h/J =
1.1,1.5,1.8,2.1,2.28 with blue-dots, red-pluses, yellow-circles, purple-diamonds and green-
squares, respectively. Data accumulates around the flat lines. (c) Power-law dynamical
scaling in the vicinity of the boundary between regions (1) and (2) with an exponent of
B ~ 2 with blue and yellow data at very early times ¢ = 0.3,0.5 with the rescaling method
(i) and purple data at the nodes of the oscillations motivated by the method (ii) (see text).
The black-squares are the decay rate function exp(fe 1) — Co.
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Dynamical crossover region and an OP-like quantity

We focus on the decay rate of the first term, fg, since this is the term that governs the
exponential decay of the dynamical response, whereas fg, controls the exponential decay
of the oscillations. In this sense, fg, is the analogous parameter to the decay parameter in
the integrable TFIM. In addition to the observation that the system thermalizes the fastest
at the crossover boundary in the integrable TFIM, we notice that the minimum of fg,
roughly coincides with the boundary between the dynamically-ordered (1) and the crossover
(2) regions. Given that in the integrable TFIM, the cusplike feature emerges in short time
dynamics when the nonequilibrium response changes nature, it seems that the minimum of
fo, implies a possible boundary between the regions (1) and (2). In this regard, region (1)
is where the nonequilibrium response can be approximated well enough with an exponential
decay only; and region (2) is where one cannot ignore the oscillatory term anymore.

Fig. 6.13a demonstrates this minimum for fg,. We determine the location of the minimum
as h. = 2.278 £0.001 which sets the boundary from dynamically-ordered (1) to the crossover
(2) regions. The decay rate in the region (1) follows previously introduced logarithmic scaling
in h, (Fig. 6.13a) giving rise Eq. (6.8) to hold for the nonintegrable model, as long as the
oscillations are taken care of. This could be performed in a couple of different ways, e.g.,
averaging over a period T = 27 /w, working only at the nodes of the oscillations (7 +27n) /2w
where n € 7Z or simply rescaling the observable by substracting the oscillatory term from
the observable data. Let us briefly discuss these options.

(i) The first method employed here in the main text is simple rescaling by subtracting
the oscillatory term from C(t) — C(t) = C(t) — 2 exp(fo 2t) cos(wt). Hence the rescaling of
the observable C(t) follows similarly to Eq. (6.9). In such an expression, 71, 72, fo2 and w
are free parameters. Fig. 6.13b demonstrates how well the rescaled data can be explained
by an exponential decay when the observable is rescaled according to method (i). In the
vicinity of the boundary and in early times, data coincides well with the flat lines which are

exp(fe1). Overall, the exponential decay describes the general trend of the data in region
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(1).
(ii) The second method is to choose a temporal cutoff at the nodes of the oscillations.

This introduces a condition on the temporal cutoff time ¢, as

+ 271
tL:—ﬂ- 7T, n e 2.
2w

For sufficiently long dynamical response, this condition is not restrictive. When the condition

is satisfied, the rescaled observable reduces to Eq. (6.9) with only one free parameter ;.
(iii) Finally one can think of averaging the observable data over a period of 7. Let us

first discuss this case for the integrable TFIM. By a time-averaging integral over a period of

T around the temporal cutoff ¢, the result reads

Slnh(f<1>T/2) '

LT G Oy explfo(t — )] = O() explfalt — ) o

T L—T/2

In the limit of 7 — 0, we recover the result with no averaging. We note that in case
of averaging, one needs to rescale the observable correctly with the averaging interval T
as well in order to construct a dynamical OP-like quantity. Although a similar procedure
can be applied for the nonintegrable model, this method requires fine-tuning of ¢; and the
averaging interval 7 based on the free parameters w and fs o to get rid of the oscillatory
term in the fit function. Even though there happens to be infinite number of possible pairs
of temporal cutoff and averaging interval (¢, 7)) in total, there are conditions for viable sets
(tr,T) which introduces fine-tuning. Since such a method is likely to be inconvenient both
for computation and experiment, we do not discuss it further.

We plot the rescaled observable with temporal cutoff applied at t = 0.3 (blue) and
t = 0.5 (yellow) in Fig. 6.13c in addition to data at a node of the oscillation with angular
frequency w (purple). The black-squares are the decay rate function exp(fs1) — Cop where
Co = exp(fa,1)

data collapses reasonably well and can be described by a power-law scaling of 5 ~ 2 in the

n, at the boundary between crossover and dynamically-ordered regions. All

c
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vicinity h, < A = 0.44, which corresponds to h ~ 2.23. The scaling exponent is consistent
with the smooth and continuous crossover boundary. The error bars mainly stem from the
fitting parameters when we model the dynamical response via the fit function Eq. (6.13)
applied on our data limited to short times.

Since a single fit function can describe the data in the nonintegrable TFIM, here the
observed physics clearly point out to different manifestations of the same quantum phase
connected by a smooth crossover. Nevertheless finite-size scaling analysis could be applied
to learn about the late-time behavior, since studying larger system sizes would provide larger
time intervals remaining in the lightcone. This in turn does not only test the fit function for
late times, but could also lead to more precise and accurate predictions on these emerging

regions of different nonequilibrium responses as a function of transverse field.

6.2.5 Conclusions

We studied the decay rates of single-site one-point observables, magnetization per site for
(non-)integrable TFIM as a function of transverse field. The integrable TFIM exhibited cusp-
like feature in the decay rates at the dynamical crossover h. = 1 between dynamically-ordered
and -disordered regimes in early times. In the dynamically-ordered regime, the observable
exponentially decays to zero, whereas the nonequilibrium response is an exponential decay
superposed with oscillations in the dynamically-disordered regime. By studying the scaling
of the decay rates in the vicinity of the crossover, we found a rescaling for the observable and
the rescaled observable exhibited a linear dynamical scaling law with § = 1 in the ordered
vicinity of the crossover in early times in contrast to 5., = 1/2 predicted by late time an-
alytical expression. In the dynamically-disordered regime, we showed that both exponents
£ =1 and 0 = 0.533 take up correction factors in early times and differ from the predictions
of analytical expression ., = 0 and 6, = 1/2.

Next we wrote down a fit function for the nonequilibrium behavior of the nonintegrable

TFIM. Three regions appeared from the model where in (1) h < 2.3 the response is dominated
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by a smooth exponential decay and hence acting like a dynamically-ordered regime; (3)
h Z 2.6 the response is dominated by an oscillatory exponential decay and hence acting
like a dynamically-disordered regime; and (2) the intermediate crossover region where none
of the terms can be ignored. Hence, we observe that the point-like crossover boundary in
the integrable TFIM turns into a region in the nonintegrable model. It is an interesting
direction to test this model, its parameters and the region boundaries against different A/.J.
Later we focused on the decay rate of the non-oscillatory term which showed a minimum at
the boundary between dynamically-ordered and crossover regions h. = 2.278 4 0.001; and
found a dynamical OP-like quantity based on temporal cutoffs in the transient regime that
can probe this feature of the model after rescaling the observable. The rescaled observable
exhibited a dynamical scaling law exponent 5 ~ 2.

Our work opens new avenues to explore nonequilibrium order, in particular with local
observables, with no need for reaching the saturation regime which might be challenging for
experiments as discussed in the first Section of the current Chapter. There are interesting
directions for future, such as (i) whether a similar dynamical OP-like quantity could be
constructed for other short-range Hamiltonians with exponential decay, e.g., the XXZ model;
and (ii) whether long-range interacting TFIM [125] could exhibit similar behavior in its

transient temporal regimes.
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Chapter 7

Dynamical Criticality in the

Quasi-Stationary Regimes

Extracting critical behavior in the wake of quantum quenches has recently been at the
forefront of theoretical and experimental investigations in condensed matter physics and
quantum synthetic matter, with particular emphasis on experimental feasibility. Here, we
investigate the potential of single-site observables in probing equilibrium phase transitions
and dynamical criticality in short-range transverse-field Ising chains. For integrable and near-
integrable models, our exact and mean-field-theory analyses reveal a truly out-of-equilibrium
universal scaling exponent in the vicinity of the transition that is independent of the initial
state and the location of the probe site so long as the latter is sufficiently close to the edge of
the chain. Signature of a dynamical crossover survives when integrability is strongly broken.
Our work provides a robust scheme for the experimental detection of quantum critical points
and dynamical scaling laws in short-range interacting models using modern ultracold-atom

setups.
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7.1 Introduction

In a global quench, the ensuing dynamics of a quantum many-body system can yield signa-
tures of dynamical criticality, such as dynamical phase transitions (DPTs). Several major
concepts of DPTs have been proposed [198,214] with some of them converging [336]. One
such DPT is of the Landau paradigm, i.e., it is based on nonanalytic behavior in the long-time
dynamics of the local order parameter. This indicates that, in principle, such nonanalytic
behavior may be used to extract equilibrium criticality that manifests itself dynamically.
Indeed, it has been shown that this is possible through, e.g., out-of-time-ordered correla-
tors [181] (also see Chs. 4 and 5) and spin-spin correlations [204,209,210] in the wake of a
quench. Given that quench protocols in modern quantum synthetic matter setups are rela-
tively straightforward to implement compared to the preparation of a system in its ground
state, it is worth further investigating experimentally feasible methods aimed at extracting
equilibrium criticality through quench dynamics.

In this spirit, we show here that the dynamics of single-site observables close to the
boundary of a short-range transverse-field Ising model (TFIM) is a promising venue for
the detection of a quantum critical point (QCP). Whereas a single-site observable at an
arbitrary site of a periodic chain decays exponentially for quenches starting in the ordered
phase of the nearest-neighbor TFIM [116,128,328], a hard-boundary condition gives rise to
a quasi-stationary regime [337]. This allows one to probe equilibrium phase transitions and
dynamical criticality by utilizing the degrees of freedom close to the boundaries. Although
the profile of the on-site order dynamics naturally differs for each single-site observable and
depends on the initial state, we observe a universal behavior in the vicinity of the transition
for sites sufficiently close to the chain boundaries independently of the initial state.

The same behavior is also observed in a near-integrable model under mean-field theory
(MFT) analysis, which, together with the above, suggests a universal scaling exponent in
the vicinity of the transition. This observation stems from the fact that the relaxation time

to the quasi-stationary value diverges as we move towards the transition point, which is
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Figure 7.1: The nonequilibrium response C.(¢) in the TFIM with open-boundary conditions
given in Eq. (7.1) after a quench in the transverse-field strength from h; to h. (a) Results
for the integrable limit (A = 0) for r = 6. Lowest three colors (blue, green, red) depict
results over a range of system sizes N = 96,480, 960, 1440 all of which collapse onto each
other. (b) In the nonintegrable limit (A # 0), five cases are considered: Ay : r = 3, A =
—01,h; =0,h =05, N=36,B:r=9 A=—-05h;=0h=1N=42 C: r =
6, A= -2 h;=0h=2 N=48 D :r =12, A = —1,h; =0, h =1, N = 42, and
As:r=3, A=-0.1,h; =0.1, h=0.5, N = 36.
a consequence of critical slowing down. Single-site observables at different sites approach
the quasi-stationary value in qualitatively the same way and independently of the initial
state. Therefore, the information of the precise site location is effectively washed away in
the vicinity of the transition. We determine the dynamical critical point (DCP) [210] in the
near-integrable model, which we find to be close in value to the QCP. Furthermore, time-
dependent density-matrix renormalization group (.-DMRG) calculations show a dynamical
crossover when integrability is strongly broken, albeit data is inconclusive as to whether this
is possibly a DPT due to numerical limitations on accesible evolution times.

We emphasize that we use the simplest possible probe, a single-site observable, in a
chain with hard boundaries, which is experimentally more relevant than a periodic chain.
This Chapter also forms a complementary approach to recent works on local probes in

DPT [338] and other dynamical schemes for detecting equilibrium phase transitions as shown

in Ref. [213] and Chapters 5 and 6.
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7.2 The quasi-stationary temporal regime in chains
with boundaries

The short-range TFIM with interaction strength A is given by

N-1 N-2 N
H=-J)Y oi0i,, —AY oiol,+h) ol (7.1)
r=1 r=1 r=1

where 0% are the Pauli spin matrices on site r, h is the transverse-field strength, /N is the
length of the chain, and we fix J = 1 as the energy scale. At A = 0, this model is the
integrable nearest-neighbor TFIM. Let us consider as initial state the ground state |g) of H
at initial value h; of the transverse-field strength, and then we quench the latter to a value
h. Even though in the case of the TFIM under periodic-boundary conditions the single-site
nonequilibrium response C,.(t) = (1| 0Z(t) |t09) decays exponentially [116] (also see Ch. 6),
it has long been realized that open-boundary conditions stabilize a quasi-stationary regime
in the integrable TFIM when h; < h < h, [337] where h. = 1 is the QCP. Figure 7.1a shows
the quasi-stationary regime of C,._g(¢) in the integrable TFIM for various h and systems
sizes ranging between N = 96 — 1440 with h; = 0 where the initial state is the fully z-up
product state, [0o) = [11...1) (c.f. Appendix F for the methods). It is straightforward
to demonstrate that this stationary regime is not thermal by simply observing the strong
dependence of the stationary value on the initial state in Fig. 7.1a when h; = 0.1. Since
the stationary value carries the initial state information, and given the fact that this regime
persists for all accessible times up to recurrences [337] at all sites » < N/2, degrees of
freedom near the boundaries do not thermalize. The origin of this boundary effect is in fact
independent of the integrability of TFIM, c.f. Fig. 7.1b for various nonintegrable cases up
to some oscillations computed via t-DMRG, confirming the quasi-stationary nature of this
temporal regime. Recurrences observed in some cases occur due to finite-size effects (see

Appendix F). The stationary value again carries the initial state information. In a similar
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vein, this boundary effect is observed when interactions are power-law decaying long-range
interactions [339,340], also c.f. Appendix F. Therefore, our work contributes another example
of a strongly nonintegrable system exhibiting nonthermal behavior [237]. We note that this
boundary effect is robust against changing the hard boundaries to smooth ones [341], does
not originate from strong zero modes [115], and clearly is not confined to only the edge of
the chain (Appendix F). Rather, the reason is simply the geometry of the open-boundary
chain where the asymmetric location of a site r < N/2 causes destructive interference
between two signals, one of which reflects back from the closest edge much earlier than the
other moving towards the farthest edge [337]. This stabilizes a quasi-stationary nonthermal
temporal regime regardless of the integrability of the system. In the rest of our work, we
will utilize this quasi-stationary regime of single-site observables to probe equilibrium phase
transitions and dynamical criticality in the short-range TFIM. Unless otherwise specified,

we use polarized states as initial states and set hard boundaries in our discussion.

7.3 Quench dynamics in the integrable TFIM

In equilibrium, the TFIM has two phases, i) the ferromagnetically ordered phase for h < h,
and ii) the paramagnetic disordered phase for h > h.. The QCP shifts to favor order upon
introducing interactions (A # 0). The local order parameter is the magnetization averaged
over all sites, and when it is finite it indicates spontaneous symmetry breaking in the ground
state.

The dynamical order parameter is set as the time-averaged nonequilibrium response,
C,(t) = tff dt C.(t)/(t; — t*) = C,.(h), where t* is the ultraviolet cutoff, c. f. Appendix F,
and ¢; is the evolution time at which the cluster theorem [116] breaks down. This breakdown
time can be estimated based on the maximal quasi-particle velocity v,: t; = Ax/(2v,) where
Ax = N —2r+1 is the distance between two spins at r and N —r+ 1 that are symmetrically

located around the symmetry center of the open-boundary chain (Appendix F'). For quenches
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Figure 7.2: Nonequilibrium phase diagram for A = 0 (a) for different sites r = 1,3,6,9, 12
depicted by triangles, circles, pluses, diamonds, and squares, respectively, at N = 1440.
Solid-black line is the analytic result for edge magnetization in thermodynamic limit. The
inset shows the same plot in semi-logarithmic scale exhibiting a discontinuous behavior at
the DCP. (b) For different system sizes, N = 500 — 2000, at site » = 6. The inset shows the
system size scaling of the value C,(t) = C,(h.) after a quench to the QCP h, = 1 for sites
r=3,6,9,12, in descending order, with all exhibiting scaling oc N~
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sufficiently far away from the vicinity of the DCP, C,.(t) matches the quasi-stationary value,
as then there is no diverging relaxation time. Each single-site observable in the TFIM
equilibrates around a different value in the quasi-stationary regime. This can be seen in
Fig. 7.2a that depicts T(t) for r = 1 — 12, all of which have a different functional form of h.
The analytic expression for the value of the quasi-stationary regime at r = 1, C%, (h) = 1—h?
[337] matches the corresponding numerical result in Fig. 7.2a. The inset in Fig. 7.2a shows
the same plot in logarithmic scale that exhibits a clear and abrupt change in C,.(h) regardless
of the value of . Hence, the behavior of the singularity at h. is captured by all single-site
observables r < N/2. We focus on C,—g(h) in Fig. 7.2b to demonstrate through finite-size
analysis the presence of a transition with system sizes ranging between N = 500 — 2000.
For h < h. the dynamic order is persistent, i.e., it has an increasing trend with increasing
system size, whereas for h > h. the dynamic order vanishes, i.e., it has a decreasing trend
with increasing system size. This observation suggests that in the thermodynamic limit, we
would observe C,—g(h) # 0 for h < h. and C,—_g(h) = 0 for h > h,, the hallmark of a phase
transition. The same behavior holds for other sites r < N/2, c. f. Appendix F, and the inset
shows the system-size scaling at the QCP for different r, all of which decay as N~ where
v ~ 1. This power-law decay is independent of the choice of ultraviolet temporal cutoff
and initial state, as long as h; < h, holds (Appendix F'). Therefore, we demonstrate a DPT
for different sites r < N/2 that reflects the underlying ground-state phase transition. The
functional form of the dynamic order in the dynamically ordered phase varies for different r.
Nevertheless, we observe that the site information is effectively washed away in the vicinity
of the transition.

Figure 7.3a shows how the time-average C,(h) scales with the reduced control param-
eter h, = (h. — h)/h. for different r < N/2 for quenches to the vicinity of h. = 1.
As we move closer to the phase transition, all sites exhibit the same scaling behavior
C.(h) — Cu(h.) = C'(h,) o h? where 8 ~ 4/3 is obtained through fit functions (Ap-

pendix F). This is a main result of our work, indicating a possibly truly out-of-equilibrium
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Figure 7.3: Universal scaling in the integrable TFIM for quenches from h; = 0 to the vicinity
of the QCP for different sites r = 1, 3,6,9, 12 (in descending order) where all exhibit an out-
of-equilibrium critical exponent of ~ 4/3. Solid-black line is the analytic expression for the
edge magnetization in the thermodynamic limit. This qualitative picture holds for different
values of h;. (b) All C,(t) for a quench from h; = 0 to h = 0.999 for different sites collapse
onto each other, up to different oscillation frequencies, when rescaled according to the fitted
power-law in (a), hence resulting in a single envelope function where rescaling is denoted by
tilde. The black-solid and green-dotted lines stand for the time-average C4(h) with t* = 10
and the quasi-stationary value C2 | (h), respectively. All data is for N = 1440.

critical exponent, since it is not found in equilibrium. A comparison with the analytic ex-
pression of the edge magnetization in the quasi-stationary regime C'2(h) [337] (black-solid
line in Fig. 7.3a), reveals that C*,(h) does not describe well the time-average of the data
in the close vicinity of the transition. The origin of this discrepancy lies in the fact that
the analytic expression is strictly valid when ¢ — oo, whereas the relaxation time diverges
in the vicinity of the transition. This means that in practice the quasi-stationary regime
cannot be reached in the close vicinity of the transition, neither numerically nor in ex-
periments. A similar effect has been observed in the periodic TFIM in Chapter 6, where
the analytic expressions are derived in the ¢ — oo limit [116]. We do not study the re-
gion h, < 1074, because the nonequilibrium response does not show true equilibration to a
quasi-stationary state over accessible evolution times due to the diverging relaxation time

(Appendix F). Figure 7.3b displays how nonequilibrium response functions of different sites

collapse onto each other when rescaled according to the coefficients of the fit function appear-
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ing in Fig. 7.3a, e.g., C'(h,) = a,h? and C’,(h,) = a,»h? and hence the scaling factor reads
C'(hp)/C(hy) = ap)ay, ie., Cu(t) = Cp(t)a,/a,. Even though the frequencies differ, all
nonequilibrium responses converge to a single envelope function when rescaled, displaying a
universal behavior in the relaxation to the quasi-stationary value. We emphasize that this
region, where scaling at all sites r < N/2 yields the critical exponent 3, still describes the
critical relaxation regime to the quasi-stationary value, although it lasts for very long times,
i.e., the time-averages in Fig. 7.3b (black-solid) would not perfectly match with the value in
the quasi-stationary regime (green-dotted).

This observation can also be confirmed by the scaling change in the edge magnetization
from the analytic prediction of the quasi-stationary value C , (h,) = 2h,,—h? (Appendix F).
For quenches in the vicinity of the transition, the latter scales as C2, (h,,) o h,,. However, our
numerical results show that a critical relaxation regime preceding the quasi-stationary state
should persist indefinitely as N — oo due to critical slowing down, leading to C’_,(h,) o
ha'3. Changing the initial state does not alter the numerically obtained scaling exponents of
the magnetization per site in the vicinity of the transition (Appendix F). As a consequence,
we demonstrate the presence of a slowed down critical relaxation regime in the vicinity of the
QCP which precedes the quasi-stationary regime and results in a dynamical critical exponent

of ~4/3.

7.4 Nonintegrable TFIM

We apply MFT analysis for A = —0.1 which is a near-integrable TFIM (Appendix F for
the details on MFT). This model has a QCP at h. ~ 1.16 [210]. Figure 7.4a shows the
dynamical phase diagram for different » = 1 — 12, which looks similar to the case of the
integrable TFIM (A = 0) except for a shift in the QCP to favor order, h. > 1, as expected.
We notice that the quasi-stationary value of the edge magnetization, which our numerical

results access for quenches far away from the vicinity of the transition, can be fitted well with
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Figure 7.4: MFT results for A = —0.1. Nonequilibrium phase diagram (a) for different sites
r=1,3,6,9,12 in descending order at N = 1440 and solid-black line is a fit function for the
edge magnetization (see text), (b) for different system sizes N = 96 — 1440 at site r = 6,
demonstrating the singular point. (¢) Nonequilibrium response in the dynamically-ordered
phase and in the vicinity of the transition at N = 1440 for » = 6. The recurrence attempts
observed here imply the breakdown of the cluster theorem (Appendix F). (d) Different sites,
r=3,6,9,12 in descending order, scale with the same exponent ~ 4/3 in the vicinity of the
DCP at N = 1440 where h,, = (hge — h)/hge.
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a functional form that is reminiscent of that of the integrable TFIM, C°, (h) = a(hY. — h")
for h < hg. and zero otherwise, where we denote the DCP as hg.. We focus on Cr:6(h) in
Fig. 7.4b where we observe a singularity at hg. ~ 1.144 4+ 0.001 < h. whose magnetization
decreases with increasing system size (Appendix F'). Meanwhile, the same (opposite) behavior
is observed in the dynamically disordered (ordered) phase, suggesting a phase transition at
hge. In Fig. 7.4¢ we plot the nonequilibrium responses around the DCP for N = 1440, which
shows a qualitative change in the nonequilibrium response across the DCP. For example, up
until h = 1.144 which is denoted by the gray-dashed line in Fig. 7.4c, there is evidence of
equilibration, whereas starting at h = 1.145, which is denoted by the pink-dotted line, the
response starts to develop a low-frequency oscillatory feature seen in the downward trend of
its dynamics (see Appendix F for data on h > 1.145). This feature is captured in Fig. 7.4b as
a singularity. Based on this method, we further refine the DCP to be at hg. = 1.143740.0001,
which is slightly smaller than the corresponding QCP at h. ~ 1.16. Although it is possible
that the DCP we obtain is actually the QCP and this small numerical difference is a mere
artifact of MFT, it is worth noting that MFT usually predicts a larger critical point than the
physical one since it neglects fluctuations, whereas here hy. < h.. With hg. substituted into
the fit function of the edge magnetization, we obtain o = 0.78 and v = 1.89. It is important
to note that although the MFT treatment gives rise to a quasi-stationary regime for long
intervals of time as seen in Fig. 7.4c for quenches away from the vicinity of the DCP, this
is not conclusive evidence for infinitely long-lived nonthermal behavior in a nonintegrable
model. Indeed, MFT is not expected to adequately capture thermalization as it may neglect
fluctuations that are essential for the latter.

Next we study the close vicinity of the transition in the MFT data. Figure 7.4d reveals
an out-of-equilibrium critical exponent 5 ~ 4/3 based on the fit functions in the relaxation
regime for different single-site observables r = 3 — 12 (Appendix F), in congruence with the
conclusions of the integrable case. Once again, this shows how the analytic prediction for

the quasi-stationary steady state does not capture this exponent since C'=,(h,) ~ h, as
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Figure 7.5: t—DMRG results for nonintegrable TFIM with A = —.J, (a) for different sites,
r = 3,6 in descending order at N = 48 and (b) for different system sizes N = 42,48 at site
r=6.

hn, — 0 (Appendix F). As in the integrable TFIM, a diverging relaxation time for quenches
in the vicinity of the DCP gives rise to a very long-lived critical relaxation regime where the
quasi-stationary steady state is accessible neither numerically nor in experiment.

Finally, we consider the strongly nonintegrable TFIM with A = —1, whose QCP lies
at h. ~ 2.46 (see Appendix E.2.5). At such large values of A, MFT is inadequate, and
we therefore employ t-DMRG. The latter is numerically exact, but within a given fidelity
threshold the accessible evolution times are limited and far shorter than those achievable for
the (near-)integrable model. Figure 7.5a shows the local order profile for » = 3 and 6 for
N = 48 spins, which exhibit behavior similar to that of our previous results. Figure 7.5b
focuses on r = 6 and exhibits the increasing trend of order with increasing system size in the
dynamically ordered phase. We apply a temporal cutoff of ¢, = N/3 for both to calculate
C,(h). Although we cannot precisely determine a DCP due to lack of data for larger times
(a constraint due to increasing bond dimension with evolution time in t--DMRG), our data
still suggests a dynamical crossover. Intricate details of this crossover, e.g., whether it is
actually a DPT if longer evolution times are available, are not possible to discern within the

limited evolution times we can achieve in t--DMRG.
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7.5 Conclusions

We have studied the quasi-stationary regime and the critical relaxation to it at sites close
to the edge in short-range TFIMs with open-boundary conditions. We have shown that
single-site observables are able to extract quantum critical points at or near integrability.
The corresponding dynamical phase transition is present independently of the measurement
location and initial state. In the vicinity of the transition, a universal scaling behavior with a
truly out-of-equilibrium exponent 3 ~ 4/3 emerges in the very long-lived critical relaxation
regime to the quasi-stationary steady state.

Our setup is experimentally convenient, because (i) hard-boundary chains are a more
natural setup than their periodic counterparts in experimental realizations, (ii) single-site
observables are readily accessible in modern quantum simulators [195]. Further, since we have
shown that the physics near the edge of the chain is independent of the initial state, so long
as h; < h., one can prepare the most convenient initial state in a lab, e.g., a polarized state.
Most theoretical works have focused on periodic chains naturally to utilize the translational
symmetry, which removes site-dependency of the dynamical order parameter within the
ordered phase [210,325,342]. In this sense, our work complements the literature via explicitly
demonstrating the potential of single-site observables in open-boundary chains. One can
reproduce the periodic chain results in the middle of an open-boundary chain as shown in
the previous Chapter and Appendix Sec. E.2.1, however most of the chain would actually
diverge from this behavior due to the boundary effects exemplified above. Our setup does
not require a precise choice of location r < N/2, yet one can probe a universal dynamical

criticality in the vicinity of the transition.
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Chapter 8

Conclusions, Outlook and Future

Directions

In this dissertation, I explored the field of quantum many-body dynamics from a range of
different perspectives, i.e., equilibration, thermalization, information scrambling, light cone
bounds and dynamical criticality in a variety of systems, i.e., Bose-Einstein condensates,
spin chains and ladders, and fermionic systems. I looked for answers to the question posed
in the beginning of the dissertation: ‘What are the signatures of quantum phases and phase
transitions in isolated interacting systems driven out-of-equilibrium?”, found signatures for
dynamical detection and determined the paths of how we can extend the quantum phase
transitions, symmetry-breaking and topological, to the nonequilibrium setting. All theoreti-
cal works that are performed in this dissertation with discovered predictions could be probed
in experiments based on quantum simulators.

After presenting the preliminaries in Chapter 1, I explored various dynamical phenomena
that are observed in spinor Bose-Einstein condensates in Chapter 2, including well-defined
quantum collapses and revivals, thermalization via Eigenstate Thermalization Hypothesis,
equilibration with no revivals despite of finite degrees of freedom in the system, and spin-

mixing oscillations. The reason behind both thermalizing and nonthermalizing behaviours
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in the same model under different initial conditions was linked to the presence of rare non-
thermal states in the spectrum. It is an interesting and intriguing direction to see whether
these rare nonthermal states could survive when the integrability of the model is broken,
i.e., by introducing magnetic field in z—direction [343], and demonstrate quantum scarring
in spinor condensates. Furthermore, I proposed a method to predict the collapse and revival
timescales in the dynamics and put forward the observation that quench dynamics can probe
both the ground state and excited state quantum phase transitions of the system. The exper-
iment on the former is presented in the first section of Chapter 6 and the related Appendix
Sec. E.1, while the latter has been recently explored in detail in the literature [332,344].
Chapter 3 focused on finding a feasible spin model to detect information scrambling in
a cold atom simulator and analyzing the scrambling properties of this model, that is the
ladder— X X model, in both clean and disordered potentials. Such properties are (i) the
decay rates of the out-of-time-order correlators which exhibited power-law; (ii) the rates of
information spread that are determined with the light cone which turned out to be sublinear,
and butterfly cone wavefronts which exhibited a range of dynamical exponents. Advanced
numerical analysis could be applied to the ladder— X X model to study these properties in
larger systems to test whether the results could be generalized to bigger system sizes and
potentially to the thermodynamic limit. In this Chapter, I also studied realistic initial state
preparation for feasibility and advanced the idea that we can use light pulses to imple-
ment the sign reversal protocol as an alternative to Feshbach resonances. The ladder—X X
model in disordered potentials has been shown to exhibit a crossover between ergodic and
many-body localized regimes via the level-statistics in this Chapter for the first time to our
knowledge. Later, these dynamical regimes along with the associated crossover [345] and in
general the localization properties [346] of the ladder— X X model have been studied in detail
in the literature. A close cousin of OTOC is spectral form factor (SFF) [347, 348], whose
time evolution has signatures of the onset of quantum chaos. Feasible methods to measure

SFF [349] and alternative paths to probe quantum chaos in quantum simulators are needed,
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as both the decay and steady-state properties of OTOCs capture more than the signatures
of quantum chaos only. As we demonstrated in this Chapter, a disordered spin model in its
ergodic regime which is determined by the energy level statistics, cannot exhibit an exponen-
tial decay for long enough times to argue for quantum chaos by OTOC. The OTOC shows
clear differences in its decay properties between ergodic and MBL regimes, differentiating
two dynamic regimes well, and in fact signaling the ergodic-MBL crossover [131]. However,
the hallmark of quantum chaos by OTOC is an exponential decay with a Lyapunovlike
exponent [144], and it is now well-known that while Floquet spin chains exhibit a robust ex-
ponential decay [162], time-independent disordered spin Hamiltonians do not, i.e. disordered
Heisenberg chain [162] and the ladder—X X quasi-1D spin chain in Chapter 3 [219] both of
which shows a robust power-law decay instead, likely due to additional symmetries. Given
such difficulties, discovering a more transparent and robust experimental probe of quantum
chaos is an important and promising direction of research.

In Chapter 4, I laid down the necessary key ingredients for out-of-time-order correlators to
probe ground state physics, and hence the quantum phase transitions. These key ingredients
followed from an analytical framework based on predicting the steady state values of OTOCsS,
and this analytical framework also elucidated the numerical observations of Ref. [181]. I
applied the theory to a critical Isinglike spin chain, that is the X X Z—model, and numerically
confirmed the predictions, by also explaining why the steady-state value of OTOC is sensitive
to long-range order but not to quasi-long range order. This Chapter helped us to argue for a
universal connection between information scrambling and quantum phase transitions when
the conditions on initial state and the observables are satisfied. Later, this connection is
explored further in the literature [188,190] as well as in Chapter 5, and is experimented
[160, 161).  Whether this analytical framework could be utilized to understand how the
connection survives following the quenches from the long-range ordered phase, instead of
using the ground state, is an interesting direction to pursue.

Chapter 5 revealed another interesting connection between information scrambling and
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the ground state physics: OTOCs of edge observables are sensitive to the presence or absence
of Majorana zero modes, even at infinite temperatures. We accurately marked down the lo-
cation of the topological phase transition via the steady-state temporal regime of OTOCs.
When integrability is broken, the competition between information scrambling and Z5 topo-
logical order led to a new timescale in the scrambling dynamics with a long-lived plateau of
partial scrambling before full scrambling in long times. We coined the term prescrambling
for this restricted scrambling of topologically-protected quantum information. These results
extend the studies on strong zero modes in the literature [115,303,350,351] to the realm
of information scrambling and OTOCs. This Chapter is also the first systematic study of
the effect of Zy symmetry on the OTOC, and in particular on its steady-state regime, in
the literature to our knowledge. While the OTOCs with no symmetries and charge con-
servation in 1D chains have been extensively studied in the literature [163, 164, 352-354],
there is much room to explore in the dynamics of OTOCs with Z; symmetry. Additionally,
how our results in Chapter 5 can be extended to 2D fermionic systems is an interesting and
promising direction of study. There have been current experimental progress in 2D quantum
simulators [355-359], and there is a great interest in understanding how these nonequilibrium
processes, in particular information spread and scrambling, occur in two dimensions. (i) One
could study 2D topological superconductors with p—wave pairing [22] in nonequilibrium to
see whether thermalization and scrambling probes are still useful to detect the presence or
absence of Majorana zero modes in 2D. (ii) One of the most interesting physics to study in
2D is Quantum Hall Effect (QHE) [360-363] and topological insulators [364-366]. There is
a recent body of works that apply quench dynamics to paradigmatic models of topological
insulators, i.e. Haldane model, [308-313]. In particular, figuring out how the interplay be-
tween fractional QHE and information spread in nonequilibrium would play out, under what
conditions the nonequilibrium response would be affected by fractional QHE ground state
and how the scrambling properties are affected in a topological phase transition point are

only a few of the exciting questions to answer in quench nonequilibrium studies in 2D.
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In Chapter 6, I steered the focus from information scrambling back to thermalization,
however this time with the most of the focus on the paradigmatic model of dynamical phase
transitions, TFIM. While the first Section studied dynamical detection of a first-order quan-
tum phase transition in an antiferromagnetically interacting spinor Bose-Einstein condensate
both theoretically and experimentally, the second Section was exclusively on the quench dy-
namics of short-range TFIM. The unifying theme of both Sections was the use of transient
temporal probes in dynamically detecting quantum phase transitions of the ground state.
In both Sections, we revealed dynamical scaling laws in the vicinity of the transition or
crossover. [ explained the origin of the exponent observed in the spinor condensates based
on the method put forward in Chapter 2. In the latter part of the Chapter, I showed that the
decay rates of the transient regime in short-range TFIM exhibit a dynamical crossover even
in short times and one could construct dynamical order parameterlike quantity with the cor-
rect scaling of the single-site observables. The exponent of the dynamical scaling law in the
vicinity of the crossover significantly differed for short times from the analytical results that
are strictly valid in infinite time limit. The origin of this observation is the critical slowing
down and the divergence of the relaxation times in the vicinity of the crossover. Break-
ing integrability strongly, transformed the sharp crossover to a smooth one. Near-integrable
models with weak integrability breaking only are very useful intermediate models in between
integrable and strongly nonintegrable models. Studying the crossover in a near-integrable
model to better understand the smoothing of the cusp in the integrable TFIM and studying
this transition from a cusp to a smoothed cusp with different types of integrability breaking
terms to test the universality of the crossover are interesting directions of study [367]. Ad-
ditionally, as shown in Chapter 7, mean-field theory could be used for the quench dynamics
of the near-integrable models, which would be useful to reach bigger system sizes and longer
simulation times than we could with numerical methods like time-dependent density-matrix
renormalization group. Eventually it is important to test further the nonequilibrium regions

appearing around the quantum critical point with integrability breaking term by accessing
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longer simulation times than what we had in this dissertation.

Finally, the Chapter 7 utilized the quasi-stationary temporal regimes that form in the
nonequilibrium responses of the single-site observables near the boundary of chains. This
dynamical behavior is significantly different than that of an arbitrary single-site observable
in a periodic chain, or the observable in the middle of an open-boundary chain. I showed
that a dynamical scaling law with a universal exponent arises in the vicinity of the transition
and the exponent does not depend on the choices of the initial state, location of the single-
site observable, temporal cutoffs and weak integrability breaking. Signature of a dynamical
crossover survives when integrability is strongly broken. Quasi-stationary temporal regime
is likely a prethermal regime for nonintegrable models before full thermalization to zero.
However this idea could not be verified or refuted with our data, because (i) our t-DMRG
data is limited to short times where we do not observe a full thermalization to zero, (ii)
although mean-field theory results reach much longer simulation times, it is not expected
that the MFT could capture full thermalization of a quantum system, as the role of quantum
fluctuations is important in quantum thermalization. Let us also remember the slight shift in
the dynamical critical point from the equilibrium quantum critical point in our results on the
near-integrable TFIM, observed with MFT. Such a shift was also observed in Ref. [210] with
MFT. Whether this shift originates from MFT or whether it can be observed with density
matrix renormalization group methods is a significant question that needs to be answered in

the future to fully understand the reliability of MFT in quench dynamics.
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Appendix A

Thermalization in the Integrable

Models

A.1 Microcanonical Window Selection

The microcanonical ensemble (MC) prediction should not depend on the size of the energy
window. This constraint prevents us to calculate the MC prediction for the cases where the
kink structure exists in the spectrum and the initial state is chosen in such a way that it
overlaps with the kink. See Figs. 2.5 and 2.6 for these regions where the MC energy interval
cannot be well-defined. This result is consistent with the condition Eq. (2.8) which does
not hold for the aforementioned cases above. However the typical eigenstates of a spinor
BEC system are thermal with high PR values and therefore we can compare the prediction
of diagonal ensemble (PDE) (or the long-time average of dynamical response) with the MC
prediction for almost any initial state. For these cases, we calculate the mean energy of the

system according to

E, = Y |CulEa, (A1)
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Figure A.1: The microcanonical ensemble thermal prediction with respect to different energy
intervals for [E, — 0F, E,] (red-dashed), [E, — 0F, E, + JE] (blue-solid) and [E,, E, + 0 E]
(black-dotted) when a sudden quench is applied from ¢; = —3 to ¢y = —0.5 for a condensate
size of N = 10%.

where F, is the energy associated with each eigenstate. Keeping in mind that the energy
window should be much smaller than the mean energy 0F < F,, we look for the threshold
window size 0 Ey, that starts to affect the MC prediction. Then any 6 < d Ey, gives a well-
defined MC energy window. We also compare three different possibilities for the window

size as [FE, — 0E, E,], [E, — 0E, E, + 0E] and [E,, E, + 0E]. Fig. A.1 shows an example of

this procedure.

A.2 Mapping of a Spinor Hamiltonian onto a Single
Quantum-Particle Hopping Model

Here we show how the parameters of single quantum-particle model (Eq. (2.13)) depend on
the sites of the lattice. Upon comparing with the spinor Hamiltonian Eq. (2.4), we observe
that the Zeeman field strength ¢ modifies only the diagonal terms and hence the onsite
potential terms 7. Therefore, the single particle Hamiltonian family that can produce the
dynamics in this paper consists of only different onsite potential configurations. Fig. A.2a

shows the hopping coefficients with respect to single particle lattice positions. This functional
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Figure A.2: (a) The hopping parameter .J for the mapped single particle model, (b) the
onsite potential parameter n for a condensate model with Zeeman field strength ¢ = 4.5
(blue-lower curve), ¢ = —0.5 (black middle curve) and ¢ = —4.5 (red upper curve) with
respect to site position i for a condensate of size N = 10%,
dependence of J onto the site positions is fixed for each spin-1 BEC Hamiltonian. Fig. A.2b
shows different onsite potential configurations depending on the Zeeman field strength. The
most important observation is that onsite potentials for all cases are not random, instead they
are engineered potentials with respect to site positions. This property breaks the localization

of single particle hopping model and hence we observe thermalization of an observable that

is nonlocal for the model.
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Appendix B

Detection of Information Scrambling

in Cold Atoms

B.1 Error bars on OTOC for the disordered XX-ladder

Fig. B.1 shows the out-of-time-order correlators for different rung couplings with error bars
in the case of h =1 [J)] random disorder strength. The error bars are significant for smaller
rung couplings where the integrable limit of the ladder-XX model resides. As the rung
coupling becomes equal to intra-leg couplings, the error bars become smaller. Therefore, the
scrambling that we observe in the chaotic limit is robust to different configurations with the
random disorder strength of A ~ 1 [J)]. The error bars are more pronounced in the decay
compared to unity and saturation regimes. When we study the opposite regime of dimer
phase where rung coupling is much bigger than the intra-leg coupling o« — oo, the error bars

do not grow significantly.

B.2 Error bounds on Haar-distributed initial states

We present the error bounds on the OTOC when Haar random states are used to mimic

the 5 = 0 initial state in Fig. B.2. Fig. B.2 shows the difference |Ff(t) — F[(t)| for L =6
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Figure B.1: Error bars of the out-of-time order correlators with disorder strength of h = 1 [Jj|]
between two distant operators of and o7 with respect to different rung interaction strengths
a where J, = aJ) for L = 7. The OTOC is averaged over 100 different random samples.
The curves are, & = 0.01 (blue-solid), & = 0.1 (orange-dashed), a = 0.5 (yellow-dotted),
a = 1 (purple-solid), @ = 1.5 (green-solid), a = 2 (pink-dashed), o = 10 (crimson-dotted)
and o = 100 (black-dotted).

system size at h = 1 random disorder strength with only one random field configuration
when ¢ = 6 is set. The blue line stands for the case where we take only one random initial
state, whereas the black line shows the case where we average over 100 such initial states.
The difference is slightly more than an order of magnitude. However as seen from the other
curves, the mixture of a couple of them is quite close to the case with M = 100. While using
only one random state approximates the OTOC with an error up to 1072, one can improve

the error bound via averaging over only a few states. The results are obtained in this paper

with an average of 100 random states.

B.3 The exponential and power-law fitting parameters

Here we present the additional figures and fitting data that show the exponential and power-
law decays.

Figs. B.3a-B.3b are for L. = 7 system size. The lyapunov-like exponents for L = 8
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Figure B.2: The difference |F4(t) — FZ4(t)| for only one Haar-distributed random state
(blue-dashed), averaged over 40 random states (red-dashed dotted), 80 states (green-dotted)
and 100 states (black-solid). Only the real part of F[~(t¢) is taken since the imaginary part
is practically zero.
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Figure B.3: (a) Semi-logarithmic plot for of with oZ (blue-pentagrams), o¢ (red-circles) and
oz (orange-diamonds) observables in a system size of L = 7. The lyapunov-like exponents
follow as, 1.4342 (R? = 0.9989), 1.2507 (R* = 0.9996) and 1.1767 (R?* = 0.9994) for oZ-
oz with dashed, solid and dotted lines respectively. (b) Logarithmic plot for of with of
(blue-pentagrams), of (red-circles) and o2 (orange-diamonds) observables in a system size of
L = 7. The power-law exponents follow as 2.4335 (R? = 0.9999), 2.6165 (R? = 0.9991) and
2.6565 (R? = 0.9997) for 0Z-0Z with dashed, solid and dotted lines respectively. The data is
averaged over 100 different realizations of the Hamiltonian at h = 1 [Jj] for both subfigures.
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observable‘ A ‘ R?

o’ 1.362 | 0.9936
oz 1.229 | 0.9992
0% 1.09 | 0.9997
o 1.015 | 0.9996

Table B.1: Exponential fit parameters for the Lyapunov-like exponents at L = 8.

observable ‘ b ‘ R?
of 2.1865 | 0.9996
o 2.5506 | 0.9981
oz 2.5751 | 0.9976
0§ 2.7636 | 0.9995

Table B.2: Power-law scaling fit parameters at L = 8.

are tabulated in Table B.1 and the relevant figure is shown in the main text. The data is
averaged over 10 different random samples all at h = 1. The interval of data used for the
exponential fitting at L = 8 extends from the time when OTOC starts to deviate from unity
tot ~2[1/Jy],t ~3[1/Jy), t ~4[1/J)] and t ~ 4 [1/J)] for 0%, 0§, 0% and 0§, respectively.
The power-law fitting is applied to data seen in Fig. 3.2b (in the main text) until ¢ ~ 5 [1/.J],
t~5[1/Jy),t~6[1/J)] and t ~ 6 [1/J)] for 0%, 0§, 07 and of, respectively. Similarly, the
data used for the power-law in the clean limit, h = 0, is shown in Fig. 3.2c in the main text
(until ¢t ~ 10 [1/J)] for all observables). The MBL decay form is applied to all data as seen

in Fig. 3.2d in the main text.

B.4 Details on the experimental initial state prepara-
tion

Fig. B.4a plots the EON (eigenstate occupation numbers) distribution, |cs|?, for L = 6
and L = 7 for a randomly-set initial Fock state. These distributions should be contrasted

with a uniform distribution of an infinite-temperature initial state. Even though they are
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Figure B.4: (a) The EON (eigenstate occupation number) distributions |cs|? with respect
to eigenenergies Eg for L = 6 (blue) and L = 7 (orange) sizes when only one Fock state
is randomly set. (b) The scaling of the mean of the error [F™(t) — & > Fi(t)] with the
system size when we use only one randomly-sampled Fock state. Different curves are different
random realizations with the legend showing the exponent of the corresponding power-law
decay. The error bars stand for 1o standard deviation around the mean of the error signal.
not uniform, they are still broad distributions which helps the approximation error to be
bounded. As a result, as long as the initial state has a broad distribution in the eigenbasis,
the exact shape of the distribution is not significant. Hence such an initial state could be
used to sufficiently approximate an infinite-temperature OTOC.

Fig. B.4b shows the error €; scales as a power-law in the system size when only one Fock
state is randomly-set. This figure focuses on five realizations that were given in the main
text in logarithmic scale. Here we plot the data in linear scale to also demonstrate the error
bars. The error bars stand for 1o deviation around the mean of the error signal in time. Note
that the error bars increasingly become smaller as the system size increases, meaning that
our initial state approximation does not only work better on average but also throughout
the simulation time.

Finally we provide the exact fitting expressions for the exponential and power-law scalings

of the mean error in the sampling ratio M/N. The exponential scaling parameters are,

a=0.1218, R?> = 0.9134 (N = 3), a = 0.043, R* = 0.933 (N = 4), a = 0.0132, R? = 0.884
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(N = 5) and a = 0.004, R?* = 0.962 (N = 6) with very close exponents b ~ —2.5. The
power-law scaling parameters are, a = 0.0112, R? = 0.984 (N = 3), a = 0.0037, R? = 0.991
(N=4),a=8x10"% R? = 0.945 (N = 5) and a = 3.4 x 10, R? = 0.981 (N = 6) with

very close exponents b ~ —0.5.
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Appendix C

The Connection Between Information
Scrambling and Quantum Phase

Transitions

C.1 Energy-time relation and finite-size effects

Eq. 5 in the main text clearly exhibits how the OTOC can suffer from the finite-size effects.

Imagine that the finite-size lifts the degeneracy. Based on the dynamical equation of OTOC,

F(t)= Y cabpe oot BBt VE W,

ay "y
a8y,

one would write the ground state contribution to the OTOC at zero temperature as
Fys(t) ~ Wiy Wiy [*exp [=2i (B — Epa)t] - (C.1)

Since Eq. (C.1) is the dominant contribution to the OTOC in the ordered phase, the order
will eventually be invisible to the saturation value, and it will be encoded in the frequency

spectrum of the OTOC. However since this is a finite-size effect, we expect to see finite
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Figure C.1: The OTOC saturation values for an open-boundary chain with N = 13 size and
a long-time of tJ ~ %103 at fields h/J = 0 (orange-squares: Eq. 4, purple-crosses: Eq. 6 and
h/J = 4 (blue-circles: Eq. 4, red-diamonds: Eq. 6, for o} observable.
saturation value for all times in the thermodynamic limit. The period of the emerging
oscillation (due to degeneracy-lifting) is 7 = m/(Ep19) — Ep1,17). Then starting from ¢ ~ 7/2,
the order will be invisible to the saturation value. Thus, the region where the system seems
to have reached its most correlated state before the finite-size effects show up, could be
defined for ¢ < 7/2; whereas the order will be most visible to the frequency spectrum
around ¢t > 7/2. Further, the ground state contribution will exist in the saturation value
as a non-zero effect for a time ¢ ~ 7/4, where the time-averaging will reveal the order. The
relation between evolution time and energy spectrum reflects the observation that longer
the time evolution, better the resolution of the energy spectrum. This, in turn, helps us to
estimate the time interval of the corresponding dynamics simulation of the theory Eq. 5 (in
the main text), even though Eq. 5 is explicitly time-independent.

For a phase transition that involves antiferromagnetic order, due to the doubling of the
unit cell size, it is not uncommon that the finite-size contributions may oscillate as we increase
the system size, depending on whether the system is composed of odd (Fig. C.1) or even

(Fig. 2a in the main text) number of sites. For periodic boundary conditions, the systems
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with even number of sites usually show smaller finite-size effects. In our studies, though,
we observe the opposite: chains with odd number of spins experience finite-size effects less.
As far as the OTOC is concerned, stronger finite size effects are expected for systems with
even number of sites, since the key to obtain the OTOC saturation value is to sum over
all the quantum states in the ground state subspace. In an Ising-ordered phase, an exact
two-fold degeneracy is guaranteed for a chain with odd number of spins by the Kramers
degeneracy theorem, because an odd number of spin-1/2 results in a half-integer total spin.
For a system with even number of sites (i.e. integer total spin), such an exact degeneracy is
not expected and thus the degeneracy is lifted by finite size effects more strongly than chains
with odd number of spins. This explains the dramatic difference between the results of open
and periodic boundary conditions at the XY-antiferromagnet boundary. We also note that
the ground states belong to the S, = 0 magnetization sector in the antiferromagnet, which
is the biggest sector of the Hamiltonian and hence they would hybridize with each other.
To alleviate the finite-size effects, we make use of the time-energy relation explained above
and plot the OTOC for significantly smaller interval of time, tJ ~ 710 in the main text.
This should be compared with the results of a long-time evolution tJ ~ %103 in Fig. B.3b.
This comparison is a good example of how finite-size effects could show up in scrambling,
restricting the order to short-times. We also note that even though our method is valid
at the infinite-time limit, due to the energy-time relation employed in the computations it
produces sufficiently good results for the real-time dynamics in a short-time evolution.

Fig. C.3 is the phase diagram of odd-numbered chains with phase boundaries dictated by
the Bethe ansatz for an infinite-size chain. Even though the finite-size effects for small fields
are more severe in even-numbered chains than odd-numbered chains in small systems, we note
that the transition in odd-numbered chains is ambiguous. The continuous transition between
XY- and antiferromagnetic phases due to the nature of the doubly-degenerate ground states
in odd-numbered chains (as explained above), prevents a straightforward system-size scaling

based on odd-numbered chains. Therefore we chose to focus on even-numbered chains in the
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Figure C.2: OTOC saturation value (Eq. (3), blue line) and its ground state contribution
(Eq. (5), orange line) for h/J = 0, N = 14 and for time ¢J < T10°. The anti-ferromagnetic
order is concealed due to finite-size effects appearing in long-times.
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Figure C.3: The OTOC phase diagram (via Eq. (3)) for odd-numbered chains while the
x-axis is the spin interaction strength in the z-direction J,/J and y-axis is the magnetic field
h/J, for N = 13 system size and o’ where the observation spin is chosen from bulk, when
open boundary conditions are set and initial state is a ground state. The time-scale where
the results are valid is t.J ~ Z10°.
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Figure C.4: Ground state value contribution (Eq. (5)) to OTOC for (a) odd-numbered
N =13 and (b) even-numbered N = 14 chains with respect to J,/J at x-axis and field h/.J
at y-axis.

main text. We also note that as we compute results for bigger system sizes, the apparent
odd-even effect disappears. The difference between Bethe ansatz results and the OTOC
phase boundary for the anti-ferromagnetic to XY phase in high fields is also due to finite-
size effects. This could be seen in Figs. C.4, where we compare the ground state value in
OTOC with the exact phase boundaries. This means that the ground state contribution
similarly suffers from the finite-size effects as well. Hence the results point to the effect of
finite-size on the ground state manifold rather than the incapability of OTOC to probe the
phase transition as precisely as exact results. It is an interesting question how the system
size scaling results of OTOC and its ground state contribution would compare with the
existing methods of determining the phase boundary, e.g. Binder ratio, fidelity measures,

determining the energy gap, spatial correlation functions etc.

C.2 Operator Ansatz Demonstrated

Here we give the additional results of XXZ model on the relation between OTOCs and phase

transitions. Fig. C.5 shows the difference between the OTOC saturation values, Fig. C.3
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Figure C.5: The difference between the OTOC saturation values (via Eq. (3) in main text)
and the ground state contribution for the phase diagram while the x-axis is the spin inter-
action strength in the z-direction J, and y-axis is the magnetic field h, for N = 13 system
size and o' where the observation spin is chosen from bulk, when open boundary conditions
are set and the initial state is a ground state.

and the ground state contribution in these values, Fig. C.4a. The mismatch between OTOC
saturation value and ground state contribution to it is clear in XY-phase, due to the fact
that the correction term of the excitations is dominant in the XY-phase, as explained in the
text.

Fig. C.6a shows the matrix elements of the long-range order bulk observable o’ used
in the study only for a ground state |Vi,|>. Note how the observable’s matrix elements
satisfy the operator ansatz put forward in the text: in Ising-ordered phases we observe
Wiangl? > [Wiye,* while in the Ising-disordered phase (XY-phase) Wy a5 ~ 0
and |Wp ajip,9> < 1 is satisfied. Fig. C.6b shows the participation ratio (PR) value of the

ground state in terms of spin basis. PR is defined as

Py = <Z|wan|4> ) (C'2)

where « are eigenstates and n are the reference basis. PR is a measure of fluctuations of
a state in a reference basis. We see that the ferromagnetic ground states (J,/J < —1)

are more localized compared to anti-ferromagnetic ground states (J,/J > 1), because of
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Figure C.6: (a) Matrix elements of observable o' of a bulk spin for a ground state [V} 4|?
at N = 14 for various J,: J,/J = —2 (blue-circles), J,/J = 0.1 (red-diamonds), J,/J = 2
(yellow-pentagons) and J,/J = 5 (purple-dots). (b) Participation ratio of the ground state
with respect to J,/J for a system size N = 14, while the reference basis is spin basis. (c)
Fluctuations of a ground state at N = 15. (d) The matrix elements of observable ¢’ of
a bulk spin for a ground state |V;,|? at N = 13 (odd-numbered chains) for various .J,:

J./J = —2 (blue-circles), J,/J = 0.1 (red-diamonds), J,/J = 2 (yellow-pentagons) and
J./J =5 (purple-dots).
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the subspaces that they belong to under a S, conserving Hamiltonian. As a result, anti-
ferromagnetic ground states are more susceptible to both finite-size effects (mixing in energy
levels) and the effect of the rest of the terms in the Hamiltonian. This is also the reason
why OTOCs are better in capturing the transition from a ferromagnet to a XY-paramagnet
compared to anti-ferromagnet to XY-paramagnet. Unless J, > J, the XX- and YY-coupling
terms cause the Neel states to slightly couple to the other states in S, = 0 subspace.

The operator ansatz on the matrix elements can also be seen in terms of the fluctuations
in a ground state. The fluctuations of the ground state can be defined as (Ad?)” = ((0%)2) —
(02>2 where the expectation is taken over the ground state and seen in Fig. C.6c for a system
size of N = 15. Hence, we state that the fluctuations are maximized in XY-phase, causing
a dominant correction term in the OTOC saturation value. The fluctuations are zero in the
ferromagnetic phase and they approach to zero in the anti-ferromagnetic phase as J,/J — co.
Note that this is the case because an open boundary chain with odd-number of spins have two
ground states with different S, quantum numbers in the anti-ferromagnetic phase. This can
be seen more explicitly in the matrix elements of an odd-numbered chain in Fig. C.6d. The
operator ansatze are satisfied as expected, however note that the main contribution comes
from the diagonal elements in the Ising-ordered phases, unlike in the even-numbered chains

in Fig. C.6a. Finally we note that the fluctuations are always maximum for the quasi-long

range observable 0.

C.3 Comparison of real-time dynamics with theory
prediction in short times

Here we share a direct comparison between real-time dynamics of OTOC in short-time and
the infinite-time saturation value that is predicted by Eq. 3 in the main text, to demonstrate
that the analytical framework to predict the saturation value (or the time-average) is robust

in finite times. Fig. C.7a shows the average of the time-signal (over a time interval of tJ = 20)
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Figure C.7: (a) The time-average of OTOC signal over a time interval of tJ = 20 (blue
circles) and the extend of the oscillations around the average with the error bars; the theory
saturation value prediction Eq. 3 in the main text (red squares). (b) The real-time dynamics
shown for J, = —1 (blue-solid), J, = 0.6 (red-dashed), J. = 2 (yellow-dotted) and J, = 4
(purple-dashed dotted). Both subfigures are for a system size of N = 13 and at a zero field
h/J = 0.

with blue circles and the extend of oscillations with the error bars around the blue circles.
Some of these real-time OTOC signals can be seen in Fig. C.7b. Even though these signals
are oscillatory and show transient features, our theory could predict the average of the signals
with a good accuracy as seen with red squares in Fig. C.7a. Therefore, our theory is not
restricted to long times. The main reason of this robustness is due to the energy-time relation
we employ in the computations, hence the saturation value Eq. 3 (in the main text) changes

with the interval of time-averaging even though the Eq. 3 is explicitly time-independent (see

Appendix C.1).

C.4 OTOC with odd number of spins and periodic
boundary conditions

We present the result for odd-numbered chain if periodic boundary condition is applied,

Fig. C.8. The low values and fluctuations in the anti-ferromagnetic region are a sign of how
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Figure C.8: OTOC saturation value (Eq. (3), blue line) and its ground state contribution
(Eq. (5), red-circles), for h/J = 0 when N = 13 is set and for time tJ < $10° with periodic
boundary conditions.

OTOC is sensitive to emerging domain walls in the ground state. Domain walls are expected

in the anti-ferromagnetic ground state because of the frustration in an odd-numbered periodic

chain.

C.5 The remarks on the saturation value of OTOC

Eq. 2 in main text can show why quantum chaotic spin systems should eventually decay to
zero when ETH is evoked up to some approximations. When a system follows ETH, there
are two criteria to satisfy: (i) V,, < V,,, where v # 7/, and (ii) V,, is a smooth function
of energy E., f(E,) (V,, almost do not fluctuate) [40,295]. In this case, we end up with
F(t = 00) ~ Y, ctba|Vaal® up to some residue due to finite-size and conservation laws [297].

(We assume V' = W for simplicity of the argument.) We can state,

Tr(VI) ~ Te(V [9(0)) (£(0)]) = (@ (0)] V [%(0)) (C.3)

because [¢(0)) is drawn from a Haar-distributed ensemble (detailed in the next paragraph).
Then, under the assumption of Tr (V') = 0, (¢(0)| V' [¢(0)) = >, ciby = 0. Since V,, do not

fluctuate significantly via ETH’s second criteria [40] and in fact the support of distribution
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of V., shrinks around the microcanonical ensemble value in the thermodynamic limit if we
assume the strong form of ETH [114], F(t — oco) — 0 for chaotic spin systems. However,
in order to extract the rate of decaying to zero e.g. power-law in chaotic spin systems with
conserved quantities, and/or the residue due to finite-size, one needs a more rigorous analysis
where the fluctuations of the diagonal elements V., around the smooth function f(E) are
included in the second assumption of ETH [297].

TrV ~ (¢ |V |4) holds for a pure state |¢») randomly drawn from uniform distribution
induced by Haar measure [277]. These so-called Haar-distributed random states, unlike
random product states, are close to maximally entangled states [368]. By being close to
maximally-entangled states, Haar-distributed random pure states behave as typical states
on which canonical typicality [84,85] could emerge. Canonical typicality is defined as the
following: Consider a system U with Hilbert space dimension d,,, composed of a subsystem S
with dimension dg and its environment E of dimension d, which is significantly larger than
the system itself d. > d;. In a system with equiprobable states, the state of the system
would be p, = I/d,. Hence the subsystem would be in a canonical state, Q; = Trepy.
Now if we take a pure typical state for the system [|¢) instead of p,, the subsystem state
can be written as ps = Tr. [¢) (¢|. Canonical typicality asserts that p, ~ € for typical
states |1). This means that typical system state [¢) is locally indistinguishable from p,. As
stated in Ref. [84], canonical typicality emerges because of ‘massive entanglement between
the subsystem and the environment’ which is a feature of typical states. These ideas are
established in Ref. [85] and more generally in Ref. [84] via invoking Levy’s lemma [277] for
systems with constraint of energy conservation. Later studies showed that energy constraint
on the system is not required for canonical typicality to emerge [302] and it is possible
to formulate the principle for mechanical observables [296,302]. Canonical typicality for a

mechanical observable reads [277,296]

d

TV — (| V| ) ] > } < exp (~O(d) (C.4)
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Figure C.9: Real-time dynamics of OTOC at (a) J,/J = 0.5 and (b) J,/J =4 at N = 14.
(a) Blue-circles: exact diagonalization, red-pentagons: double-time steps with 6 = 0.05,
yellow-diamonds: single-time steps with 6 = 0.05 and purple-squares: single-time steps with
d = 0.01. (b) Blue-circles: exact diagonalization, red-pentagons: double-time steps with
0 = 0.05, yellow-diamonds: double-time steps with § = 0.02 and purple-squares: double-
time steps with 6 = 0.01. Both subfigures are at h/J = 0.

where € is a small parameter. Hence, the probability that (¢ |V |¢) deviates from TrV
decreases exponentially in the system size. Therefore, for big enough many-body systems
Haar-distributed states could very well imitate an equiprobable state, p, = I in the calcu-

lation of observable expectation values. This theory has been used in numerical studies to

compute OTOCs at infinite-temperature Ref. [130] and Chapter 3.

C.6 Density-matrix renormalization group computa-
tions

In order to compute the real-time dynamics of OTOC with MPS, we first find the ground
state of the system with DMRG where we limit our computation to maximum 10 sweeps
and set it to initial state. Then we time-evolve the initial state approximately [369]. Note
that this approach is accurate as long as the time increment ¢§ is small enough. Fig. C.9a

compares three different methods in the calculation of the OTOC at J,/J = 0.5 (XY-phase).
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While ED stands for exact diagonalization, single-time step means using only real time step
0 and double-time means utilizing two complex time steps at a real time step in order to
decrease the scaling of the error [369]. Fig. C.9b shows different § values with double-time
steps in the anti-ferromagnetic phase of the XXZ model. Due to our benchmarking results,
we set 6 = 0.01 for our time evolution computations. For the calculation of the ground state
contribution to OTOC as the leading-order term in the Ising-ordered phases, we compute

the first three states with lowest energies via DMRG.
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Appendix D

Topologically Induced Prescrambling

D.1 Methods Explained

To determine the degeneracy in the spectrum, we need to characterize the uncertainty in
energy, AFE. This means that we define an energy window around each energy level with
AFE as [E,, — AE, E,, + AE] where we assume that the states remain in this window are
degenerate with the state whose associated energy is FE,,. This process defines an energy
resolution and in a way coarse-grains the energy spectrum.

As discussed in Chapter 4 and the previous Appendix Sec. C.1, the energy resolution is
related to the interval of the time-evolution. Longer time-evolution translates to finer energy
resolution, resolving the smallest energy differences in the spectrum, 7TAFE ~ 1, where 7
is the total time of the evolution. Hence anytime we simulate a system with a finite time
interval, we define an energy resolution as AE = 7=. Inreturn, the parameter AFE determines
the degenerate subspaces in the spectrum and hence helps us to determine the diagonal
contribution deg in OTOC time-average. Note that this reverse relation between the time
interval and energy resolution also implies that any degeneracy lifting will be eventually
captured by a long-time evolution.

We call an equation derived by the dynamical decomposition as a framework equation.
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If the operator in the eigenbasis W,z can be calculated analytically for an integrable system,
that would present us the analytical expression of its OTOC saturation value. However,
one can numerically derive the matrix elements W,z too and use them in the framework of
dynamical decomposition. Any brute force calculation of the OTOC saturation value requires
an estimation on the time-dependent part in the dynamical Eq. (5.10), e.g. which energy
pairs are equal to each other. The energy resolution AF is used here to define a threshold so
that we could exert the degenerate subspaces on the OTOC calculation. Crudely speaking,
this threshold determines whether the saturation value is contributed by the found energy
set {Eqs, Eg, B, Es}. In the end, the numerical incorporation of a finite energy resolution
into our framework equation that analytically determines the saturation value, also provides
us the time-average of OTOC over any time interval up to dramatic transient features (see
Appendix Secs. C.1 and C.3). Hence we equivalently call F' both for long-time saturation
value and the time-average of OTOC.

When we numerically calculate the OTOC saturation value, we do the summations in
Eq. (5.11). This introduces an approximation to the final OTOC saturation value in our
numerical result. We set a threshold where any term greater than the threshold is found
and summed over. We determine our threshold based on the dimension of the Hilbert space,
~ 1/M? where M is the dimension of the Hilbert space. This generally bounds the error on
the order of ~ 1072 (we remind the reader that |F| < 1).

We utilize ITensor platform in C++ environment and MPS (matrix product states) for
DMRG computations [300]. To prepare infinite temperature states in MPS format, we
average over random product states. We restrict the bond numbers to m < 100. Since the
bond numbers increase rapidly as the system evolves in time, this results less accuracy for
the later times. Therefore, we restrict our time-evolution with MPS at infinite-temperature
to tJ < 10. The t-DMRG of OTOC in low temperatures or zero temperature present modest

bond numbers, hence we are able to simulate OTOC at zero temperature for longer times.
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D.2 Derivation of Fermionic OTOC

In order to (both analytically and numerically) solve Kitaev chain, we double the Hilbert
space of single-particles and generate the BAG Hamiltonian. This Hamiltonian gives us a
symmetric spectrum around energy F = 0 where there are two states at £ = 0 when the
chain is open due to the localized Majorana fermions at two ends. Therefore, if we derive an
equation for OTOC in terms of single-particle states, via summing over only F = 0 states
(Majorana zero modes) due to Eq. (5.9), we can calculate the OTOC in the infinite-time
limit.

We work with the fermion operator in doubled space, that is, in addition to d; = ¢;
we also have d; y = cj, hence d; has a dimension of 2N where N is the dimension of the
free fermionic system without pairing terms. Note that in addition to the familiar anti-
commutation relation {di, d;} = 0;;, we have {d;,d; n} = 0;; and {d:, d;+N} = 0;;. Hence,
a Majorana operator can be defined as as;_1 = ¢; + cZT = (di + dzT +di N+ dLN) /2. With

this algebra in mind, we can derive

1
Foi10i4(t) = Q—NTY (agi—1(t)agi—1a2;—1(t)agi—1) . (D.1)

After the substitution of d; operators,

1 1
Foi10i4(t) = 22_N§T1[di(t)a2i1di<t>a2i1+d3(t>a2i1d};(t>a2i1

+ dign(t)agi1dipn(t)agi—1 + dLN(t)amfldLN(t)azifl

+ 2 (di(t)a%ld;r(t)a%l + di(t)agi—1dis N (t)agi—1
+ di(t)a2i—1d;r+]\/<t)a2i—l) +2 (dj(t)GZi—ldi+N(t)a2i—1

+ dl(Dagiadf, y(t)azi + d;‘r—f—N<t>a2i—1di+N<t)a2i—1>:| : (D.2)
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Since the dimension of the Hilbert space is 22V, the following identities hold:

Tr (d di + de> = N Ty (didj) = 92N-1

( Z+Ndl+N> = Tr(dydysy) =Tt (djdj+N) = 92N-1

Tv <d Al (d*d +d; dT>> = Nl Ly (did}didj) = 92N,
)

Tr (dHNdHN dipndl, ) = Tr(ddipydidisy) = Tr <dIdI+Ndjdj+N) = 92N,

Eq. (D.2) takes a form of

Facsars®) = iy 3 | (GulGu(t) + Guenal)Gren(0 (.3)

k.l

+ 2Gik(t)Gi+N,l(t))Tr(dkazi_ldlagi_l) -+ th|

2 1 & . )
+ 22_N§Z [(sz(t) a(t) + Gik(t)Gi-f—N,l(t))Tr(dkCLQi—ld;ra%—l)
el

(G OCina(t) + G n(O)CirwaD)) Tr(dzazi_ldza%_n} ,

in terms of the matrix elements of the single-particle propagators G(t) = exp (—iHpact).
The term Tr(dpag;_1dias; 1) is non-zero only when k =1 =i or k =1 =i+ N where
in both cases Tr(dgas;_1dias;—1) = 22. The term Tr(dkagi,ldjagi,l), on the other hand,
vanishes for k =1 =i and k =1 =i+ N, however survives for k =1 #iand k =1# i+ N.
In this case, Tr(dkagi_ld;agi_l) = —22N_ Note that none of these terms survives if k = 7,1 =

1+ N and vice versa. Therefore we end up with
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Facsaa(®) = 55| (Gult) +2 Gusen(8) + (Guassn(0)

2N

(D.4)

- % Y. (1Ga®)P + |GinaOF + ()G i () + i) Girna(t)) -

ki k#£i+ N

The unitarity condition reads 32" |Gy|*> = 1, then
oN
Y Gk = 1-|Gu(®)]” = |Giarn(t).
ki ki N

Furthermore, we utilize the relation 22];[1 GikGiy v = 0 which leads to

2N

Y. Gal)Gina(t) = —Gat)Gini(t) — Gian(t)Glyian(t).

ki, k£i+N

When these relations are utilized, one can write the final result as

Foii19i4(t) = (Re(Gii(t))+Re(Gi,i+N(t)))2

+ (Re(Giarn (1) + Re (Gianisn (1)) — 1,

(D.6)

(D.7)

for OTOC for a Majorana fermion of type ag;—1. Given G;;(t) = > exp (—iEqat) (Yo j|ta,i)

where 1, ; means the ith element of the eigenstate av of Hpqg, this result should eventually

lead to the result stated in the main text,

[ 2N

2
Foi10i4(t) = Z (Wm|2 + wia?/J;rN,a) cos (€at>]

La=1

[ 2N

2
+ Z ([irnal® + Virnathly) cos (eat)] — 1.

La=1
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D.3 The relation between OTOCs and two-time corre-
lators

Eq. (5.13) shows that the saturation value of a two-time correlator will always be governed by
the diagonal elements in the operator W. Then W5 = (¢o| W |1)5) can be straightforwardly
calculated in the non-interacting limit. Here, |¢)g) and |t¢,) are even and odd parity states
in a doubly-degenerate subspace that is dictated by the Majorana zero modes. We note
that |¢,) = d|va) = f(h) <L\/§2> |ta), where f(h) is a function of magnetic field A and
f(h = 0) = 1/3/2, however decreases as h — 1. The quantity that we need to calculate

becomes (10| W f(h) (71 + i72) |a) /v/2. The effect appears when we use edge spins, hence

W = of= <01 + CJ{) =m (D.9)
W = oxy = H (1 - 20;0]-) <cN + cj\[) =P (CN - ij) = i[Py,, (D.10)
j<N

where P = va (1 — 20}@) is the parity operator. Eqgs. D.9-D.10 show the operator W in

Ising, Dirac and Majorana bases, respectively. If we work with the operator Eq. (D.9),

(Wal (B ('“ 35”) vy = 2L, (D.11)

where we utilized (v;)? = I and —iv17; [tha) = — |ta) since |1hs) is an odd-parity state.
Similarly for Eq. (D.10),

0wl P (22 Y oy = 202 D12

where we additionally use P |¢),) = —|¢,). Given each degenerate subspace contributes
equally, we write C = 2f(h)%. A simple functional form of Eq. (5.13) is calculated as
C=1-h*forh < Jand C =0 for h > J in Ref. [213]. We substitute this analytical result

into Eq. (5.13) and obtain W,3 = /1 — h? for h > J in the topologically non-trivial phase.
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Figure D.1: Diagonal contribution in the Ising model and non-interacting fermionic model
after dynamical decomposition is applied. Purple-circles show the diagonal contribution
Eq. (5.12) at N = 14 in the Ising model (for a time interval t.J = $10 ~ 7.85), while the blue
right-pointing triangles (N = 14) and red left-pointing triangles (N = 100) show Eq. (5.12)
for Hpqg in non-interacting fermion system at infinite-time limit. The exact form is derived
from the two-time correlators of Majorana fermions (solid-orange).

Hence we observe that the diagonal contribution of OTOC is a direct dynamical probe of
topological order, giving a non-zero F™ = (1 — h2)” in the non-trivial phase.

To demonstrate how deg of Ising model can match with Eq. (5.14) of non-interacting
fermionic system whose calculation is purely based on Majorana zero modes, we plot Fig. D.1.
Blue right-pointing triangles and orange left-pointing triangles show F i j , humerically com-
puted via Majorana zero modes from BdG Hamiltonian for system sizes of N = 14 and
N = 100, respectively. Note that Fgfag of the Ising model (purple-squares) computed at
N = 14 for a time interval of tJ ~ 8 matches well with F7 at the same size, implying that

diag

15
Fdiag

could be used to detect the presence/absence of Majorana zero modes. The difference
between N = 14 and N = 100 sizes of F (Zlaj , shows how finite size effects show up near the
transition point due to the divergent length scale associated with the quantum critical point.
Additionally we compare [ ;;Lfg at N = 100 with the analytically derived result F™/ that is

denoted by solid-orange line in Fig. D.1 and observe that they match perfectly.
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Figure D.2: Coherence time computation of the integrable Ising model deep in the non-
trivial phase h/J = 0.3. The coherence times exhibit exponential increase with the system
size which implies that prescrambling lasts indefinitely.

D.4 Further results on the Ising Model

Fig. D.2 shows that the prescrambling time-scale scales with the system size in the Ising
model. Hence, in the thermodynamic limit, prescrambling continues to survive, giving a
finite OTOC saturation (time-average) F' # 0 at the infinite-time limit.

Fig. D.3 shows the system-size scaling of fermionic OTOC time-average at the phase
transition point that is also determined by OTOC itself. The scaling parameters of the phase
transition point was already given in the main text. Here we provide the scaling parameters
of the OTOC amplitude with respect to system size: > ~ N~15452 _1 meaning the OTOC
in thermodynamic limit should saturate at F'*° = —1 in the transition point.

Now we explicitly demonstrate how operator ansatz is satisfied or violated in the in-
tegrable Ising model. For this, we plot the matrix elements |Vs,|? for various f in the
spectrum at different h values in Fig. D.4. Note that [15) and [1),) in |Vs.|* denote states
sorted according to their energies.

The first two subfigures (a)-(b) are for an edge spin operator o7, whereas the rest (c)-(d)

are for a bulk spin operator. We sample the ground state (a)-(c) and a state in the middle
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Figure D.3: The scaling of OTOC, F' with the system size N at the transition point deter-
mined by the second derivative of the OTOC (see main text). The scaling parameters are:
F>® ~ N719492 1 with R? = 0.9994.

of the spectrum (b)-(d) in these subfigures. Deep in the topologically non-trivial phase,
h/J = 0.1, we see that the operator ansatz is satisfied |Vg,—g,|> > |Vg,-5,|* for an edge
spin (blue-circles). For a bulk spin, the operator ansatz is valid only in the ground state
subspace with E, = E,, the condition put forward by Chapter 4 for the dynamical detection
of symmetry-breaking phase transitions via OTOCs. This is how the edge spins preserve the
topological order in the OTOC throughout the spectrum, while the bulk spins can preserve
only the symmetry-breaking order. Closer to the transition point, e.g. h/J = 0.8, the order
\VE.—p5,|°, expectantly, decreases while the off-diagonal elements |V, 2g,|* grow, which is a
signature of integrability at this special non-interacting limit. Hence the operator ansatz,
still in the topologically non-trivial phase, breaks down explaining how the OTOC saturation
starts to be dominated by off-diagonal contribution (Fig. 3.8b where F + deg in the non-
trivial phase). Note that this breakdown of the operator ansatz in the ordered phase does
not happen for the bulk spin that is in its ground state, Fig. D.4c. The operator ansatz in
the topologically trivial phase, e.g. h/J = 1.5, continues to fail (compare orange-diamonds

with blue-circles in Figs. D.4a-D.4b). Eventually this causes a non-vanishing OTOC time-
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average F' # 0 in the trivial phase, even though this time average value has nothing to do

with topological order (Sec. 5.3.2).

D.5 Further results on the nonintegrable Ising models

We first compare the scrambling dynamics of edge (red-solid) and bulk (blue-dotted) spins in
real time, Fig. D.5 in the regimes of near-integrability A/J = —0.1 and far from integrability
A/J = —0.5. The edge and bulk spins behave drastically different for significantly long times,
even though the size is considerably small, N = 14. Hence, we can still observe the effect
of zero modes in nonintegrable models, however as discussed in the main text, in a weaker
form than in integrable models.

Now we plot a dynamic phase diagram for a bulk spin in Figs. D.6-D.7 and observe it
is drastically different than of an edge spin: as we increase the system size, both F and
Faiag approach to zero for all h, and hence gets even farther away from the transition point.
Figs. D.6 and D.7 show the OTOC of bulk spins in the models with A/J = —0.1 and
A/J = —0.5, respectively.

The coherence times of the edge spins at A/J = —2 deep in the non-trivial phase
(Fig. D.8a) exhibit exponential increase with the system size in Fig. D.8b up to an apparent
odd-even effect. All different scaling samples collapse at around £ ~ 1 for the exponent of
the exponential scaling. While it is highly expected that this increase should slow down with
bigger system sizes, based on our available data we cannot state that this behaviour is an
example of prescrambling, instead it looks like a finite-size effect up until N = 15 system
size. Hence it is not always easy to extract a curve collapse to demonstrate prescrambling
in systems with small sizes.

Fig. D.9 demonstrates the dependence of a dynamic phase diagram on the interval of time
averaging. The data is for the model at near-integrability. The result with blue-circles that is

computed in a short time interval of tJ = 10 converges to the OTOC of non-interacting limit,
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Figure D.4: The operator ansatz tested on the Ising model. Matrix elements |Vj3,|?

are

plotted for (a) 5 =1 (b) 8 = 2000 with respect to « for an edge operator o} (open boundary);
same [ (c)-(d) for a bulk operator (periodic boundary) at a size N = 12. Blue-circles, red-
squares and orange-diamonds stand for field strength A/J = 0.1, h/J = 0.8 and h/J = 1.5,
respectively for all subfigures.
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Figure D.5: Real time dynamics of OTOC with both edge (red-solid) and bulk (blue-dotted)
spins in nonintegrable transverse-field Ising model at h/J = 0.3 for (a) A/J = —0.1 and (b)

A/J = —0.5 with size N = 14.
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Figure D.6: Nonintegrable transverse-field Ising model. OTOC time-average of bulk spins
in small integrability breaking term A/J = —0.1 in linear and logarithmic (inset) scales.
Red pentagrams, purple diamonds and light-blue crosses show deg whereas the blue circles,
yellow squares and green triangles show F for N = 12, N = 13 and N = 14, respectively.
All curves have open boundary conditions and a time interval of t.J ~ 800.
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squares and purple-diamonds) and N = 14 (green-triangles and light-blue crosses). All
curves have open boundary conditions and a time interval of ¢t.J ~ 800.
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Figure D.8: (a) Coherence times of the edge spins based on OTOC at A/J = —2, deep in the
topologically non-trivial phase h/J = 0.3 and (b) the system-size scaling of the coherence
times in (a). Note that different curves correspond to different threshold values 1 where we
look for the times that provide F(t) = n. & is the exponent in the exponential scaling and
all of them are around & ~ 1.
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Figure D.9: Demonstration of the time-dependence of the phase diagram for the model
with A/J = —0.1 at N = 14 system size. Blue circles, orange diamonds, yellow
squares, purple triangles, green pluses, red pentagrams and black hexagrams stand for
tJ = 10, 20, 40, 60, 80, 100, 800, respectively.

while increasing the averaging time from tJ = 10 to later times causes the phase diagram to
change significantly. Hence in the short-time limit, the coherence times of the prescrambling
plateau are significantly contributed not only by the diagonal contribution, but also the
off-diagonal contribution. This additional contribution, that is specific to OTOC, in fact
survives until very long times, e.g. ¢ = 2 x 10% (Fig. 5.8b in main text). However, farther
away from the non-interacting limit the off-diagonal contribution vanishes faster, whereas
the diagonal contribution remains for longer times.

We mark the ground state phase transition point in the model with A/J = —2 via (i)
minimizing the energy gap at the transition point; and (ii) Binder cumulant. We first present
(i): The scaling parameters for the transition point read h, ~ N~12467 4 37746 where the
transition point in the thermodynamic limit is found A% = 3.7746 with R? = 0.9997. The
scaling parameters for the energy gap read AE ~ N~997 with R? = 0.9999. So the system-

size scaling exponent for the energy gap is close to —1. See Figs. D.10 for the scaling figures.
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Figure D.10: The scaling parameters for the ground state phase transition of the model with
A/J = =2, calculated via DMRG. (a) The system-size scaling of the critical point, giving
he° = 3.7746 in the thermodynamic limit. (b) The system-size scaling of the energy gap,
giving an exponent of ~ —1 and showing that the gap closes in the thermodynamic limit.
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Figure D.11: The Binder cumulant calculated for the Ising model with A/J = —2. The
system size scaling gives h2® = 3.782.
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Figure D.12: (a) The saturation value for long times and different system sizes (N = 8 to
N = 14) are plotted for the gapless phase of the XXZ model. (b) The system size scaling
of the saturation value where the error bars show the extend of the oscillations around the
average of the signals in (a). The scaling has a form of Re(F) o N=¢ where & ~ 0.9.

(ii) Fig. D.11 shows the system size scaling of Binder cumulant,

U:§(1—%<S§>2), (D.13)

where S, = va o7, the total magnetization operator. This method marks the phase bound-

ary as ho° = 3.782.

D.6 Further results on the XXZ model

Fig. D.12 shows long-time dynamics of OTOC in the gapless phase of the XXZ model and
how the time-average of this signal scales with the system size. We see the scaling has a
form of Re(F) o« N=¢ where ¢ ~ 0.9. Hence in the thermodynamic limit we expect F' — 0
in the gapless phase.

Fig. D.13 shows prescrambling time scales exponentially increase with the system size, a
similar figure to Fig. 5.8d in the main text, however much closer to the transition boundary.

The exponential increase in system size implies that the scrambling is a finite-size effect,
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Figure D.13: The coherence times of prescrambling in the gapped phase of the XXZ model,
J./J = 5 for different system sizes. The exponential increase in the prescrambling time
intervals with the system size suggests that the scrambling seen is a finite-size effect.

hence in thermodynamic limit, prescrambling plateau should persist, giving F' # 0 in the

topologically non-trivial gapped phase.
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Appendix E

Probing Criticality in the Transient

Quench Dynamics

E.1 Observation of Dynamical Quantum Phase Tran-
sitions in a Spinor Condensate

The following experimental procedure is followed by the experimentalists in Ref. [221]. They
produce a spin—1 BEC of 1.3 x 10° sodium atoms via an all-optical procedure similar to
Ref. [370]. A longitudinal polar (LP) state, c.f. Sec. 1.1.2, with pg = 1 is chosen as the initial
state, because it is the ground state of the model Hamiltonian at ¢;/h = 42.3 Hz with h
being the Planck constant. To fully polarize atoms to |F' = 1,mp = 0) state, they hold the
BEC under a large magnetic field gradient for 5 ms to eliminate the |mp = +1) atoms [371].
They then slowly turn off the gradient in 50 ms and hold the atoms for another 300 ms to
sufficiently equilibrate the system. This method efficiently produces an LP state of up to
1 x 10° atoms.

A DPT is observed after a sudden quench of the quadratic Zeeman energy ¢. Similar to
Ref. [250,372,373], they tune ¢ via a microwave dressing field, i.e. ¢ = ¢ + g with g5 (qur)

representing the quadratic Zeeman energy induced by a magnetic field (a microwave dressing
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Figure E.1: Quench dynamics of py in the lab and the corresponding theoretical predictions
derived from numerical simulations of the quench dynamics at three different qr/c; (see text).
Panels (a), (b), and (c) represent the experimental results at ¢;/h = 31 Hz and ¢f/c; = 0.65,
—0.48, and —0.97, respectively. Panels (d), (e), and (f) correspond to numerical simulations
at gr/c; = 0.65, —0.48, and —0.97, respectively. They repeat the experiments and simula-
tions 80 times under each condition. The crosses on the background show the measurement
results from these repeated experiments (upper panel) or Monte Carlo simulations (lower
panel). The squares denote the average value pg(t) from these 80 measurements and the
circles denote the corresponding standard deviations.
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field). The value of gp is always positive for antiferromagnetic spin-1 sodium BECs, while
qym can be tuned to any value from —oo to 400 by changing the frequency or the intensity
of the applied microwave pulses [372].

To probe quench dynamic after the initial LP state preparation at ¢; in a fixed magnetic
field, they suddenly turn on a microwave dressing field to abruptly change ¢; to ¢y = ¢; +qus.
After holding the spinor gas at g for a given time ¢, they measure the fractional popula-
tions p,,, via the standard Stern-Gerlach absorption imaging technique. To experimentally
determine pg (t), they repeat the same experiments 80 times and measure the entire evolu-
tion pg (t) for every realization. The time evolution of py from each of these 80 repeated
experiments, as well as their mean value pg (t) and the standard deviations dp (t) are shown
in Figs. E.1(a-c) for three typical ¢f. Note that the large variation of the observed p, at
certain ¢y and ¢ for different rounds of experiments is not due to the experimental imperfec-
tion, but it is an intrinsic feature of quench dynamics related to the DPT. At this ¢; and
t, the dynamical state is far from the ground state and involves a superposition of many
eigenstates of the final Hamiltonian, so py has large intrinsic quantum fluctuations. To put
this experimental result into the context, they also numerically calculate the time evolution
of the model Hamiltonian (6.2), and the corresponding results are shown in Figs. E.1(d-f).
To compare theory and experiments, they show the theoretical distribution of pg under 80
repetitions of measurements using Monte Carlo sampling. Through numerically diagonaliz-
ing of the model Hamiltonian (6.2), they obtain theoretical probability distribution of py,
labeled as f(po) for some ¢y and ¢. They numerically sample py 80 times based on f(po).
This operation mimics the experimental procedure.

The time evolution of py has qualitatively different behaviors in three different regions of
qr. When ¢y > 0 as shown in Figs. E.1(a) and E.1(d), po(t) always stays very close to 1 with a
negligible variation dpg (t). The experimental results appear to agree well with theory in this
region. When ¢y/c; is negative but not too small (Figs. E.1(b) and E.1(e)), po(t) begins to

oscillate and the pq (¢) distribution shows quite large fluctuations. The experimental results

233



coincide with the theoretical prediction in the short time region of ¢t < 74;,, but deviates
significantly during the subsequent evolution. This can be attributed to the breakdown
of the SMA for the atomic motional state: the atoms in this case are significantly in the
excited states of the spin Hamiltonian and their energy can relax to the motional state
through the spin-dependent collisions, and thus invalidate the prediction from the single
mode Hamiltonian (6.2) in the long time dynamics. When ¢;/c; becomes even more negative
(Figs. E.1(c) and E.1(f)), although the theory based on Eq. (6.2) still predicts oscillations,
the energy relaxation to the motional state dominates the measurement results. The spin
state approaches the transverse polar state, c.f. Sec. 1.1.2, with py = 0, the ground state of
the Hamiltonian at this negative gy, through the relaxation; and spin oscillations are barely
visible in quench dynamics for this case. The above observations show that it is important
to detect the DPT with short time probes, e.g. transient temporal regime, and keep ¢; in a

region not too far from the phase transition point at g. = 0.

E.2 Dynamical crossover in the transient quench dy-

namics of short-range transverse field Ising models

E.2.1 Periodic vs. open boundaries

In this section, we demonstrate how the spin operator (longitudinal magnetization per site)
in the middle of an open chain exhibits exponential decay comparable with a spin operator
at an arbitrary site in a periodic chain. Fig. E.2 compares the nonequilibrium responses of
these two spins and as observed, the responses match with each other until the finite-size
effects appear. This is reasonable, because a spin in the middle of the chain is equally distant
to both edges, and hence it should exhibit behavior closest to a spin in a periodic chain.
Therefore, based on this equivalence we can argue that the middle spin of an open chain

behaves similar to total magnetization in exhibiting an exponential decay. This is simply
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because the total magnetization is a sum over all spin operators o7 .
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Figure E.2: C(t) nonequilibrium response of the middle spin of an open chain N = 30, o},

(blue-dotted) and a spin at an arbitrary location of in a periodic chain N = 30 (red-solid).

E.2.2 Mapping to noninteracting fermions in quench dynamics

We map the integrable TFIM to noninteracting fermionic model in 1D via the transformation

[193] as also discussed in Chapter 5,

ol = — H (1 - 2c;cj> (ci + CI) , (E.1)

j<i

o = 1-2c¢,

ol = —i H <1 - 20}@) <ci — cj) :
j<i

to obtain the noninteracting Hamiltonian
H = —JZ (cjciﬂ + cjﬂci + CZTCLrl + Cip16 — 2hczci). (E.2)
i

One can immediately see that calculating the dynamical evolution of a bulk spin (o7(¢)) in

the noninteracting picture brings a string of operators and is not really tractable. Hence we
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instead calculate equal-time two-point correlators and invoke the cluster theorem [116],

(07 ()07 ny2(t)) ~ (07 (1) (o nya(t)) - (E.3)

Cluster theorem holds in the lightcone, meaning for a time interval up until two sites ¢ and
i+ N/2 start getting correlated with each other due to operator spreading. The time when
the theorem breaks down can be estimated based on the maximum quasiparticle velocities
vy, t < Ax/(2v,) where Az = N/2 is the distance between two spins that are selected
symmetrically around the symmetry center of a periodic chain in Eq. (E.3). Since each site
in a periodic chain experiences identical dynamical response due to translational symmetry,

one can write

(0:0) =/ (070107, (0. (E.4)

Therefore, we need to calculate equal-time two-point correlators. Via introducing auxiliary

operators ®F = c;-r =+ ¢;, one can write

i+N/2—1
<af<t>af+N/2<t>>=<02<t>>:¢;<t>( 11 ¢;<t>¢;<t>) S (E5)

j=it+l

This is, in fact, the expectation value of the so-called string order parameter (SOP)
[315]. It can be calculated by invoking Wick’s theorem, which allows one to re-express
the above expectation value as a sum over products of elementary contractions, which
in turn is the Pfaffian of an appropriately constructed antisymmetric matrix T'(¢) i.e.
(Co(t)y = |PE(T(t))| [116,193]. Although this is in general a complex number, it fol-
lows from (E.3) that for ¢+ < #; we actually have (C(t))> € R so that we may compute
O(t) = |PET(1))]"/? = |\/det(T(t))|'/2. This is advantageous since it is numerically more
efficient to calculate determinants as compared to Pfaffians. To construct the matrix 7'(t)

we only need to calculate all possible elementary two-point contractions (¢ (t)¢i(t)) where
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p,q ==t and i < a < b <i+ N/2. Additionally we need to incorporate the mechanism of
sudden quench in this picture. For this, we mainly follow the procedure outlined in Ref. [211].
Let us briefly review this procedure here.

Since we would like to quench from a polarized state, this quench point corresponds
to h; = 0 where h; is the transverse field of the initial Hamiltonian in quench procedure.

Therefore, we first solve the initial Hamiltonian H;,
H; =) Epalay, (E.6)
k

where FE, and «j are the single particle eigenenergies and eigenstates, respectively. The

solution reads in general terms,

Q G; F; Ci
= , (E.7)
OéT Fl Gz C;L
where ¢; = (c1,¢9,+ -+ ,cn)T and similarly for the creation operator cZT. Note that one can

work in this Bogoliubov-de Gennes (BdG) basis with the size doubled similar to Chapter 5,
however here we work with the block matrices G and F [374] which is computationally more

efficient. By solving the eigensystem of
[(Ai — Bi)(A; + B)] | @) = (E}) |®}) (E.8)

we obtain the eigenenergies F} and eigenvectors |®%). Here A; and B; are the nearest neigh-
bor hopping and the pairing terms in the Hamiltonian, respectively, so that the Hamiltonian

could be written as,
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in (cc"T basis. Then we use the eigensystem (E%, [®1)) to find
i 1 i T
|¥),) = Fi (@] (Ai = B)] . (E.10)
k
Now we can calculate the G; and F; in terms of |®%) and |¥%). Noting that

o = [|®]) [5) - [P)],
U= []oy) |9y) - |[T)],

The block matrices follow
Gi -

(87 +97), F = L (@7 — 7). (E11)

DO | —
DN | —

A similar procedure follows for the final Hamiltonian H; with

Gy F c
S I . (E.12)
pt Fr Gy ch

and corresponding ®; and ¥;. Based on the pairs of block matrices, we calculate the transfer

matrices,

Ty = G;G] + FyF],

Ty = G, F! + FyGY.

Now we want to calculate the Pfaffian matrix elements, o (¢o| [¢5d3] 5 [t00), Where subscripts
imply in which basis we have the states and the operators. Since we would like to make use

of althy), = 0, we write [¢h}]; in the a basis.

(6515 o) = [cz(t) + cb(t)]ﬁ o)y = [(GF £ FF) (e'T1 £ 7' T) o], [0),, »
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where £ is a diagonal matrix with eigenenergies of the final Hamiltonian as the entries,
£ = diag[E{ E]---El]. Based on this formulation, we construct matrices M,(t) in an

explicit form,

M+(t) = (I)f (e_igtTl + eigtT2> s

M_(t) = (Tfe® —T)e ™) U7, (E.13)
to utilize in the following contractions,

(Se®)f (1)) = Mo(OM(H) ],
(¢a (D5 (1))
(6(®)y (1)) = [Mp(OOM_()]a,
(2 ()8 (1))

= — [MT_ (t)Mf (t)]aln

= —[MLO)ML (O] (E.14)

Now we can construct the Pfaffian matrix T'(¢) at time ¢ with the matrix elements Ty4(t) =
(@P(t)pl(t)) where 1 < k < s < 2Az, p = +(—) for k even(odd) and ¢ = +(—) for s
even(odd). The relation between parameters a,b and k, s reads a = i + |k/2] and b =

i+ [s/2], because i < a < b < i+ N/2. Having constructed T'(t), one can then extract

(C(t)) = |\/det T(t)|'/?, as discussed below Eq. (E.5).

E.2.3 Vanishing dynamical order for one-point observables

Here we compare the nonequilibrium responses of a one-point observable and an OTOC,
defined at the same site, middle of an open chain and quenched from a polarized state
[to) = |11 ... 1). OTOC is defined as, F(t) = (Y| 0Z(t)oZoz(t)o? [1)o).

Fig. E.3a compares F(t) and C(t) for different system sizes N computed via time-
dependent density matrix renormalization group (t-DMRG) at transverse field h/J = 0.5

in a time interval of ¢t = N. When we apply a temporal cutoff of ¢t = N, for OTOC, we

239



. -F FEN=1=20
LY -} FEN=t=25
0.6 *+: F,N =t=30
5 ‘==~‘=‘ -FC,N=t=24
I L 8 -FC,N=t=30
0.4¢ %y ’T’J -§ O, N =t=136|]
NNN bt - C,N=1t=42
0'27 * \{\\\ A\;:\\t |
\‘}}I\N—;ITI¥I
Of = S S E R
i L1 ] %
]
0.2 ‘ ‘ ‘ ‘ -0.2
0 10 20 30 40 0.5 1 1.5
tJ h/J

(a) (b)

Figure E.3: (a) Single-site observable C'(t) and OTOC F(t), both defined at a single site,
for different system sizes N for integrable TFIM at h/.J = 0.5; (b) A system-size dependent
temporal cutoff is applied to C(t) and F(t) for a time interval of ¢ = IV resulting in C' and
F with respect to control parameter h/.J.

observe that the dynamical order persists indefinitely resulting in a well-defined dynamical
phase boundary for the time-average or long-time saturation value F in Fig. E.3b. Note that
at t ~ N, F(t) in Fig. E.3a starts to demonstrate finite-size effects, illustrated with black
circles, which justifies the argument that ¢ ~ N is a sufficiently long-time limit ¢ — oo for
chosen system sizes. With the same reasoning, one can plot C(t) in a time interval of t = N
in Fig. F..3a and observe the decay of initial magnetization which dramatically becomes more
pronounced as the system size increases, resulting in featureless long-time dynamics as well
as a vanishing DPT-I boundary for C' as seen in Fig. E.3b. The error bars in Fig. E.3b are
lo standard deviation of the nonequilibrium response in time (due to oscillations) around

the average of the response.

E.2.4 Comparison between fixed and parametric temporal cutoffs

in the open chain

In this section, we plot the difference between rescaled observable values with different choices

of temporal cutoffs: (i) fixed o and parametric 2a/v, (ii) two fixed cutoffs in integrable TFIM.
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Figure E.4: (a) The differences between rescaled observables with two different temporal
cutoffs, parametric 2a /v, and fixed « for different o values (see legend). (b) The difference
between the rescaled observables with two different fixed temporal cutoffs.

Even though these are clearly distinct temporal cutoffs, the differences are bounded for all
h/J values in the dynamically-ordered regime and more importantly the differences steadily
decrease as we approach the crossover boundary. Fig. E.4a demonstrates the differences
between rescaled observable values generated with two types of temporal cutoffs for different
a values. They are exactly zero in the vicinity of the crossover. This is likely because two
types of temporal cutoffs converge to each other as we approach the crossover boundary.
Fig. E.4b shows the difference between rescaled observable values for two fixed temporal
cutoffs. In Fig. 7.2 in the main text, these differences seem to be the largest. Here we

explicitly plot the difference and show that it steadily decreases as we approach the crossover

boundary.

E.2.5 Equilibrium QPT for the nonintegrable TFIM

In this section, we present the equilibrium phase transition boundary via both an analysis
of ground state energy gap and Binder ratio for the nonintegrable TFIM with A/J = —1.
Figs. E.5a-E.5b shows the determination of the phase boundary via energy gap analysis. We

find that the equilibrium transition happens at h. ~ 2.463 and the scaling exponent of the
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Figure E.5: (a-b) Ground state energy gap analysis with respect to system size N to deter-
mine the equilibrium QPT. (a) The critical point is marked as A2 = 2.463 in thermodynamic
limit via scaling analysis. (b) Energy gap AF closes as we approach the QPT. The scaling
exponent is AE = N~'. (c¢) Binder cumulant U for different system sizes ranging between
N = 24 — 96, all crossing at h® = 2.477 £ 0.001.
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Figure E.6: (a) The decay rate fgo and (b) the angular frequency w of the fit function for
the dynamics of nonintegrable TFIM at A/J = —1.

energy gap closing is 0 ~ —1. Further, we compute the Binder cumulant in Fig. E.5c,

U=§<1—%<53>2), (E.15)

where S, = va o7, the total magnetization operator. This method marks the phase bound-
ary as hy® = 2.477 £ 0.001. The equilibrium transition points determined by these two

different methods are very close.

E.2.6 Error bar calculations

The error bars in Figs. 6.9b, 6.9¢c and 6.13c are calculated via error propagation and in
Figs. 7.3a, 6.11a and 6.13a, they are 1o error bars computed via the confidence intervals of
the fits. Cj is fixed parameter in Eq. (6.9). In the case where one uses vy, parameter in the
rescaling expression instead of C'(t*) data, the free parameter ; brings an uncertainty of A~
that can be computed via the confidence intervals of the fit. Based on the data points, one
can have an uncertainty from ¢y too: At denotes this uncertainty which is calculated as the

difference between t;, and the available data point. Hence, we can calculate the propagation
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of error as,

E? = (a(;)—tp)z (AL)? + (%(f)z (A1), (E.16)

where OP stands for rescaled observable, or in other words the dynamical OP-like quantity.
Note that if one uses the rescaling method (i) for nonintegrable TFIM, additional terms

should be added to the expression. The terms in the expression above reads

aOP o _C(t)l/t 71/t71
871 - t P)/l :

E.2.7 The rest of the fit parameters of the nonintegrable TFIM

In this appendix section, we plot the decay rate f32 and angular frequency w with respect
to h/J based on the fit function utilized for the nonintegrable TFIM. Fig. E.6 shows these
fit parameters. Interestingly, both plots dip around h/J ~ 2.41. Whether these parameters

could signal crossover physics is a question for future research.
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Appendix F

Dynamical Criticality in the

Quasi-Stationary Regimes

F.1 Methods

For the method on mapping to noninteracting fermions and how we utilize cluster theorem,
see Appendix Sec. E.2.2. The only difference concerning the current Appendix is that we ap-
ply the method to open-boundary chains and spins close to boundaries, r < N/2. Therefore

the cluster theorem reads [116],

(F (0% (1)) ~ (02(0) (T (1)) (F.1)

Hence, the parameters read t; = Az/(2v,) where Az = N —2r+1 is the distance between two
spins that are equidistant from the symmetry center of an open-boundary chain in Eq. (F.1),
which is the middle of the chain. For such symmetrically placed sites, the non-equilibrium

response is the same and one can thus write

(0:(0) = (03(0)0% s (1)) = (Co(1)) (F.2)
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Therefore, we can extract the dynamical evolution of a bulk spin at site r from the equal-time

two-point correlators of sites r and N —r + 1.

F.1.1 Mean-field theory (MFT) Analysis

The next nearest-neighbor (NNN) term in the TFIM Hamiltonian reads in the fermionic

picture as,

— AZ (¢, —cl) (1 — 20I+1CT+1) <CT+2 + CLQ) ,
=AY (d ) (1-2dhen) (2t ela)
= —AY 67616700, (F.3)

where A < 0 and ¢ stand for the auxiliary fermions of type-I or -II.
In Hartree-Fock expansion, we assume |A| < |J| where J is the nearest-neighbor coupling

strength, and write Eq. (F.3) as

Y [<¢:¢Ll>m 1Bt b ot (Sradhn), . — I (B abrin) DT

- <¢;¢j+2 o0 ¢j+1¢;+1} . (F.4)

Here the (-) means that we calculate the free fermion problem and obtain the cor-

t—o0
relators in the infinite-time limit (instead of ground state which would be for the static
problem). In our numerics we treat the largest time point allowed by the cluster theorem as
the asymptotically infinite time limit. The quench MFT formalism was previously applied
to two-point correlators in a periodic chain [210]. Note that for an open-boundary chain,
one needs to carefully take the edges of the chain into account based on Eq. (F.4). Using the

above expansion, we obtain an effective mean field Hamiltonian which has slightly stronger

nearest-neighbor (NN) coupling compared to the free problem, as well as new NNN cou-
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Figure F.1: Benchmarking mean field theory (MFT) analysis. All subfigures compare the
results of MFT, t-DMRG and exact diagonalization (ED) results (see individual legends for
system size information) for C,_3(¢t). The external fields are (a) h = 0.5, (b) h = 1.1 and
(¢) h =1.2. In all, the MFT nonequilibrium response matches well with the nonequilibrium
responses of the exact methods.
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plings. Further, the effective chemical potential slightly decreases, which is reasonable when
we think about how the critical point shifts to favor order, e.g. for A = —0.1, h, ~ 1.16 [210].

Based on these equations, we can calculate a quench phase diagram for the interacting
problem in the mean field picture as shown in the main text. Fig. F.1 shows comparisons
between MFT, t-DMRG and exact diagonalization (ED) results at different h = 0.5, h =
1.1 and A = 1.2, where the QCP is h. ~ 1.16. We observe that the MFT analysis can
even capture the correct frequency of the oscillations early times and the general trend of
the nonequilibrium response successfully. However, MFT does not completely match with
the exact methods, which is expected since MF'T analysis is an approximate method that

averages out the interactions.

F.1.2 ¢t-DMRG calculations

We utilize the ITensor environment [300] to construct our matrix product states (MPS)
and Trotter decomposition for the time evolution of the MPS. We set the maximum bond
dimension as 100 of the resulting compressed MPS and the initial truncation error cutoff
for the compression of the MPS as ¢ ~ 1078, The truncation error cutoff is adaptive: As
the maximum bond dimension is reached for the resulting MPS, the error cutoff increases
systematically up until a hard error threshold of € ~ 107° to be able to access longer times.
Setting a maximum allowed bond dimension thus introduces an error which grows with
time. Consequently, we are confined to early times for which the above interval of the error

thresholds is satisfied.

F.2 The quasi-stationary regime in long-range inter-

acting TFIM

The quasi-stationary temporal regime also emerges in the long-range hard-boundary TFIM

with power-law decaying interactions. This boundary effect on the long-range TFIM has
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been previously noticed in the context of prethermalization [340]. Here we provide numerical
evidence for this boundary effect. All data presented in this section was obtained from TEBD
(time-evolving block decimation).

The Hamiltonian for the long-range TFIM reads,
H= —ZJ(T, rolaZ, —I—hZUf, (F.5)

where J(r,7") = J/|r — r'|*. In the limit where a = 0, the model becomes integrable
with all-to-all interactions, e.g. LMG model; whereas in the limit of @ — oo the model
reduces to short-range NN TFIM. When o = 10, which is effectively a short-range TFIM
with power-law decaying interactions, we reproduce the results in the main text for the
TFIM with nearest-neighbor couplings and J = 1. Fig. F.2a shows that a spin close to
the boundary develops a quasi-stationary regime whereas the spin in the middle of the
chain does not. These nonequilibrium responses are compared to the total magnetization
(green-dotted line), whose behavior in the long-time limit is not conclusive based on the
data. When « decreases to o = 4 and o = 3, the quasi-stationary regime still survives for
Cyr—¢(t), up to some oscillations. We note that the nonintegrable short-range TFIM also
develops such oscillations in the quasi-stationary regime, as demonstrated in the main text.
Chapter Sec. 6.2 found a decaying nonequilibrium response for the spin in the middle of
an open-boundary chain in the nonintegrable short-range TFIM with next-nearest neighbor
interactions. Similarly, it also seems that the spin in the middle of the chain tends to decay
in our results for the long-range TFIM with power-law decaying interactions. When a = 2,
the model becomes truly long-ranged and we do not observe a quasi-stationary regime in
any of the spins. In fact the spins close to the boundary and in the middle of the chain
behave quite similarly. This result points to the importance of locality in the Hamiltonian
to observe the quasi-stationary temporal regime in spins close to the boundary, confirming

the role of chain geometry rather than integrability.
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Figure F.2: Nonequilibrium responses of 0N /2 (spin in the middle of the chain), of (spin

close to the boundary) and the total magnetization, when (a) a = 10, (b) a =4, (¢) « =3
and (d) o = 2.
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Figure F.3: The nonequilibrium responses of C,—gy) for different o and different system sizes
(see legend).

To demonstrate that the quasi-stationary temporal regime is not a finite-size effect, we
show in Fig. F.3 the nonequilibrium responses of C,._¢(t), a spin close to the boundary, for
different system sizes and different «. For a given «, one can determine the time at which
finite-size effects kick in by observing when the data for different system sizes N = 32 — 64
no longer overlap. Note that, for « = 10 and a = 4, the quasi-stationary regime develops

before the finite-size effects appear.

F.3 Numerical evidence on quasi-stationary regime
not being related to strong-zero modes

In this section, we plot the coherence times of edge magnetization (Fig. F.4c), as well as
the magnetization of a bulk spin o5 (Fig. I.4a) with respect to time for different interaction
strengths A. An important evidence of strong zero modes is the presence of resonances, which
would result in a non-monotonous trend of the steady-state value with respect to A [115].

The absence of such a behavior can be seen in Figs. F.4a and F.4c. Additionally, we provide

251



]
08 0.8
<106} 06
g
=
0.4 04
0.2 0.2
05 1 1.5 2
N2

(b)
Figure F.4: Exact diagonalization results for the coherence time of (a-b) C,_3(t) and (c)
Cy—1(t) at a system size of N = 14. (a) and (c) depict certain nonintegrable models (see
legend), whereas (b) gives a two-dimensional color plot of the long-time value of the quasi-
stationary regime with respect to external field h and the interaction strength A. There is
no non-monotonic behavior in the plot, demonstrating that the quasi-stationary regime is
not caused by strong-zero modes.

a 2D plot of the long-time steady state value of C,._3(t) with respect to the external field
strength A and the interaction strength A. The behavior is monotonous everywhere between
0 <h<1and0< A <2, which allows us to exclude the physics of strong zero modes as a
possible explanation of the quasi-stationary temporal regime observed in the open-boundary
chains.

We also compare the spatial profiles of the single-site magnetization at a fixed time —
determined according to the breakdown of the cluster theorem ¢; — with that of a Majorana
edge mode v! = ¢ (see Secs. F.1 and F.4 for the details of the temporal cutoffs in the study).
For h in the ordered phase and r < N/2, where N = 480 is set for concreteness, this time
corresponds to the quasi-stationary regime, and hence the single-site order parameter value is
compared with the probability of the edge mode being found at . As is evident from Fig. F.5,
the spatial profiles for the magnetization decay exponentially in space, which is expected
[128]. However, we observe that the decay rate of an edge mode and of magnetization
at the same h differ by at least two orders of magnitude (red-diamonds vs. blue-circles,
respectively). Their spatial profiles coincide perfectly at 7 = 1, which is the boundary of the

chain, and start to differ as r increases. This is further evidence that the leakage of a zero

mode into the bulk of the chain, alone, cannot explain the presence of a quasi-stationary
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Figure F.5: The spatial profiles of the edge mode 4! = ¢ at h = 0.5 (red-diamonds) and of
single-site magnetization for different h (see legend) at a fixed long time that is denoted as

t; meaning the lightcone time, which is set as the infrared cutoff, see Sec. F.4. The system
size is N = 480.

temporal regime of bulk single-site observables. Fig. F.5 also compares the spatial profiles

of magnetization at different h, showing them to decay faster for external fields close to the

DCP.

F.4 Temporal cutoffs

There are two relevant temporal cutoffs in our results: i) ultraviolet (short-time, short-
distance) cutoff and ii) infrared (long-time, long-distance) cutoff as explained in Sec. 6.2.
We set the infrared cutoff as being a parametric cutoff due to the application of the clus-
ter theorem (see Sec. F.1), and we test here whether our results depend on the choice of
ultraviolet cutoff.

The results in the main text are produced with a fixed ultraviolet (UV) cutoff of t* = 10
for all h. However, none of our results depend on the choice of ultraviolet cutoff: Figs. F.6,
Figs. F.7 and F.8 all show the same qualitative behavior for single-site dynamical phase
diagrams for various choices of ultraviolet cutoff. Figs. .6 complement the t* = 10 data of
the main text by showing the single-site phase diagrams of the observables at » = 3,9, 12.

Figs. .7 exhibit another fixed temporal cutoff of t* = 20, whereas Figs. F'.8 demonstrate the
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Figure F.6: The single-site dynamical phase diagrams with an ultraviolet temporal cutoff
of t* =10 for (a) C,—3(t), (b) Cr—9(t) and (c) C,—12(t). (d) The system size scaling of the
single-site magnetization at the critical point h. with cutoff t* = 10. Downward trend can
be seen with N™7 where v ~ 1.
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Figure F.7: The single-site dynamical phase diagrams with an ultraviolet temporal cutoff

of t* = 20 for (a) C.—3(t), (b) Cr=6(t), (¢) Creg(t) and (d) Cr12(t).

The behavior is

qualitatively the same with the results of t* = 10. (e) The system size scaling of the single-
site magnetization at the critical point h, with cutoft t* = 20. Downward trend can be seen
with N™7 where v ~ 1.
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Figure F.8: The single-site dynamical phase diagrams with an ultraviolet temporal cutoff of
t* = 2alAx /v, where Az = r — 1 with r being the single-site observable location and « is
a tuning parameter for (a) C._3(t), (b) C.—¢(t), (¢) Cr—9(t) and (d) C,—12(t). The behavior

is qualitatively the same with the results of other cutoffs.

(e)

In all subfigures a = 2.

The system size scaling of the single-site magnetization at the critical point h. with cutoff
t* = 2aAz /v, and o = 2. Downward trend can be seen with N™7 where 7 ~ 1. tefect in the

plot is the same with ¢*.
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obs. cutoff ‘ 15} ‘ cutoff ‘ 15}

o7 1.2972 + 0.0018 1.2925 + 0.0016
o 1.3006 & 0.0017 1.2948 + 0.0016
oi | t*=10 |1.3201 + 0.0046 | * =20 | 1.3106 £0.0038
0% 1.3478 + 0.0069 1.3263 + 0.0032
0%, 1.3331 £ 0.0056 1.3456 & 0.0057

Table F.1: Fit parameters for the universal scaling law with different ultraviolet temporal
cutoffs, part L.

results of a parametric temporal cutoff for all studied sites. This parametric UV cut-off is
determined as follows: We roughly estimate the onset of the quasi-stationary regime as the
time required for the quasiparticles to reflect back from the closest edge to the observation
site. Therefore, the estimate can be mathematically stated as, t* = 2aAz /v, where the
distance Ax = r — 1 is the distance between the observation site, r = 3,6,9,12 and the
closest edge site, v = 1, in our case. The parameter « is a tuning parameter, as our
analytical formula is only an estimate. In fact we find that o = 2 presents phase diagrams
qualitatively the same with others for all » that we studied.

Additionally, in all cases the single-site magnetization at the critical point hy. scales with
similar exponents in a power-law fashion, N7 where v ~ 1. These fits can be seen in
Figs. F.6d, F.7e and F.8e. Although the choice of cutoff slightly affects this exponent, it
does not change the fact that there is a decreasing trend of the magnetization at hg. with
system size. This is a numerical evidence for the presence of a DCP.

Finally, we test the presence of the universal scaling in the vicinity of the transition when
we change the ultraviolet cutoff.

Tables F.1 and F.2 provides all fit parameters for the exponent 3 in the integrable TFIM
performed with different temporal cutoffs, either fixed or parametric, with the latter denoted

as parm in the table. All exponents are very similar and around § ~ 4/3.
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obs.‘ cutoff ‘ 15} ‘ cutoff ‘ 15}

o 1.2931 =+ 0.0018 1.2931 + 0.0018
0% 1.3011 = 0.0016 1.3024 + 0.0016
oi Zaim’ 1.3154 4 0.0047 gaim’ 1.3201 + 0.0046
0% 1.3455 + 0.007 1.3527 + 0.0067
0%, 1.3359 + 0.0053 1.3443 =+ 0.0057

Table F.2: Fit parameters for the universal scaling law with different ultraviolet temporal
cutoffs, part II.

observable ‘ 15
o} 1.3092 4+ 0.0059
of 1.3257 £ 0.0079

%, 1.3184 + 0.0067

Table F.3: Fit parameters for the universal scaling law with a different initial state.

F.5 Independency of the results from the initial states

In this section, we change the initial state to the ground state of an initial Hamiltonian with
h; = 0.1, and test whether any of our results depend on the initial state. Figs. .9 show the
single-site dynamical phase diagrams computed with this initial state. We do not observe a
change in the qualitative behavior. The single-site magnetization at the critical point still
decreases with increasing system size.

We also test whether the scaling in the vicinity of the transition changes in Fig. F.10. The
fit parameters for some observables in the vicinity of the transition is given in Table F.3 all
of which demonstrates a dynamical critical exponent of 5 ~ 4/3. Based on this observation,
we demonstrate in Fig. F.11 the collapse of the nonequilibrium responses of the system
at r = 6 for different initial states h; = 0 and h; = 0.1. This collapse is achieved by
utilizing the nonuniversal fit parameters in the scaling functions: C7, (hn) = anphl and
C_Z',h;(hn) = a, by and hence the scaling factor reads C*;hi(hn)/é;,,h;(hn) =,/ s 10

Cr(t) = Co(t)arn, /ary in Fig. F.11.
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Figure F.9: The single-site dynamical phase diagrams with an initial state as the ground
state of an initial Hamiltonian with h; = 0.1 and an ultraviolet temporal cutoff of ¢t* = 10
for (a) C,—3(t), (b) Cr=6(t), (c) Cr=o(t) and (d) C,—15(t). The behavior is qualitatively the
same as the results of h; = 0. (e) The system size scaling of the single-site magnetization
at the critical point h. with cutoff t* = 10. Downward trend can be seen with N~ where

v~ 1.
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Figure F.10: The scaling behavior in the vicinity of the transition for r = 1, »r = 6 and
r = 12 in descending order when the initial state is the ground state of h; = 0.1. All scaling

exponents are 3 ~ 4/3.
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Figure F.11: C,—¢(t) for quenches from h; = 0 (blue-solid) or h; = 0.1 (dashed-red) to
h = 0.999 where the latter is rescaled to collapse on the other according to the fitted power-
laws discussed in the main text. Rescaled quantity is denoted by tilde.
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F.5.1 Analytical expression for the edge magnetization in the

vicinity of the transition

In this subsection we show that the quasi-stationary value of the edge magnetization does
not change its dynamical scaling in the vicinity of the transition. We remind the reader that
this scaling is different from the dynamical universal scaling that we numerically observed in
the vicinity of the transition. This is because of the divergent relaxation times which means
that the times accessible to computation and experiment are still within the relaxation
regime when we are in the close vicinity of the transition. The analytical expression for the

quasi-stationary value of the edge magnetization in the dynamically-ordered phase is,

(1 —Rh?)(1 — hy)'/?

s (B R — F.
Crzl( 7h1) 1 — hhz 3 ( 6)
for h, h; < 1. Let us rewrite it in terms of the reduced control parameter, h,,,
s 2 — hy)hy (1 — hy)'/?
O () = E Ll nld = B 7 (F.7)

1+ (b, — )by

In the vicinity of the transition, h,, — 0, we can expand this expression and find up to the

third order in h,, and h;

CIZ (b = 0,h) = ay(hi)hn + ag(hi) b, + ag(hi) b, + -+ -, (F.8)
3 5
5} 27 65
h)) = —1—c—hi——h2—Zpd+4... F.1
7 55

Therefore, one can see that C'° (h,,) o h,, in the vicinity of the transition, h, — 0 regardless
of the choice of initial state. The initial state only changes the coefficient in front of h,,

which is known to be nonuniversal. Based on the observation that the edge magnetization
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also exhibits § ~ 4/3 in its relaxation regime to the quasi-stationary value, it is possible
that the rest of the single-site observables close enough to the boundary will also experience
a similar scaling ~ 1 in their quasi-stationary regime. This is yet to be discovered, most
likely analytically.

We note that the form of the fit function for the quasi-stationary regime of the edge
magnetization is the same as Eq. (I.6), and hence the scaling in the vicinity of the transition

is the same as well. Let us show this briefly,

gi1<hn) = Oé(hgc - (hdc - hn)ﬂ>> (F'IZ)
1
Jim C2,(h,) = aBhi " h, — 508 — D)BRL 2R 4 - - . (F.13)
n—r

We note that for a different initial state the general trend will remain the same, but that the
coefficients o and 3 might change. In such a case, the scaling in the vicinity of the transition

should remain the same as well.

F.6 Nonequilibrium response in the close vicinity of
the transition

In this section we plot the nonequilibrium response in the close vicinity of the transition, to
demonstrate that the dynamics slow down critically so that the onset of a quasi-stationary
regime diverges as we move closer to the critical point. This naturally implies that the dy-
namical critical exponents that we probe in the vicinity of the transition are of nonequilibrium
type, instead of equilibrium which could have been so if we were probing the quasi-stationary
regime in the close vicinity. Fig. F.12a and F.12b show the nonequilibrium responses of edge
magnetization and bulk magnetization at r = 6, respectively. (i) The first observation is that
the nonequilibrium responses in the vicinity of the transition exhibit a very similar trend

for both cases up to different time-average values (solid-black lines). We already presented
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Figure F.12: The nonequilibrium response of integrable TFIM in the vicinity of the transition
(see legend) for (a) the edge magnetization and (b) bulk » = 6 magnetization at system size
N = 1440. The solid-black lines are the time-average with a fixed UV temporal cutoff of
t* = 10.
the collapse of nonequilibrium responses of different sites in the main text. (ii) As we move
closer to the critical point, we observe that the onset of the quasi-stationary regime diverges:
This effect starts to be visible from h = 0.99. Therefore, the time-average of the signal no
longer matches perfectly with the magnetization value of the quasi-stationary regime, which
is beyond accessible simulation times in these figures. We note that it is also around this
value of h where we observe the onset of universal scaling appearing with § ~ 4/3 (see
for instance Fig. 3a of the main text). We do not study the dynamical scaling closer than
h, = 10~* (purple), as it is not completely clear whether the dynamics relax to a quasi-
stationary regime past this point due to constrained simulation time for a system size of
N = 1440. Nevertheless, the allowed parameter regime still demonstrates a robust exponent
of 8~ 4/3. In the future, one can extend the simulation time by increasing the system size
further and thus test the dynamical critical exponent closer to the critical point.

In this section, we also plot the nonequilibrium response at the DCP which coincides with

the QCP (Fig. F.13a), as well as in the dynamically-disordered phase at h = 1.1 (Fig. F.13D).

One notices the power-law decay of the envelope of the nonequilibrium response, which
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Figure F.13: The nonequilibrium response of integrable TFIM (a) at DCP h =1 and (b) in
the dynamically-disordered phase h = 1.1 for r = 6 magnetization at various system sizes
(see legends).

suggests that there is no quasi-stationary regime appearing in the accessible times.

F.7 Details on the near-integrable model and the as-
sociated fit functions

We plot the nonequilibrium responses of our near-integrable model with A = —0.1 for h
past the DCP in Fig. F.14. This plot should be compared with Fig. 4c¢ of the main text.
One can observe the emergence of long wavelength oscillations as we pass the dynamical
critical point, which is helpful in determining the DCP. This is because, such behavior of
long wavelength oscillations is a characteristic of the disordered dynamical phase. One can
also notice that the envelope of the nonequilibrium response in the dynamically-disordered
phase decays in a power-law fashion, suggesting the absence of a quasi-stationary regime.
Similar behavior is observed in the integrable TFIM (see Sec. F.6).

Table F.4 presents the fitting parameters for the dynamical scaling law in the vicinity
of the transition for the near-integrable model for different sites r < N/2. For all sites

we find a similar exponent of f ~ 4/3, which matches that found in the integrable model.
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Figure F.14: Mean-field nonequilibrium responses of a near-integrable model with A = —0.1

past the DCP (see legend) at a system size of N = 1440.

We also study the system size scaling at the DCP with different ultraviolet cutoffs ¢*, all of
which gives similar exponents C,.(h.) oc N=7 where v ~ 0.7. Table F.5 summarizes the fit
parameters for some temporal cutoffs ¢*.

When applying the cluster theorem to the MFT data of this weakly-interacting non-
integrable TFIM, one needs to estimate the lightcone (correlation) velocity of the model.
While for the integrable TFIM this velocity is analytically known, this is not true when we

introduce nonintegrability to the model. Here we approximate a quasiparticle velocity based

observable ‘ 16
o} 1.3378 + 0.0043
loF 1.3568 + 0.0039
o 1.3537 + 0.0038
of 1.3647 £ 0.0023
07q 1.3618 4+ 0.0132

Table F.4: Fit parameters for the scaling law of the near-integrable model in the vicinity of
the transition.
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z 2z z
cutoff o7 03,7 06,7

t* =10 | 0.6842 £ 0.0437 | 0.6973 £ 0.052 | 0.7003 = 0.0505
t* =15 0.6957 = 0.0449 | 0.6865 £ 0.0492 | 0.6710 £ 0.0448

Table F.5: Fit parameters for the system-size scaling of single-site observable at r = 1,3,6
at the DCP.
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Figure F.15: Different boundary conditions are compared for the integrable TFIM at h = 0.5
and system size N = 24. One can obtain a quasi-stationary regime with smooth boundary
conditions too.

on the analytical prediction of the integrable TFIM: v, = 2h for h < h. and v, = 2h, for
h > h.. Since this is only an approximation, we sometimes exceed the time when the cluster
theorem breaks down. This is because distant sites of the chain become correlated with one
another (see Sec. F.1). This time can be observed with a recurrence attempt in the figures

both in the main text and the supplementary, which is also a sign of finite-size effects.

F.8 Robustness of the quasi-stationary regime

In this section, we show that the quasi-stationary temporal regime emerges not only when we
introduce hard boundaries [337], but also smooth boundaries. A smooth boundary condition
can be applied by smoothly turning off the Hamiltonian parameters towards the edges of

the chain [341]. Fig. .15 shows the single-site nonequilibrium responses of the integrable
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Figure F.16: The dynamic order profile of the nonintegrable TFIM with A = —1 in loga-
rithmic scale.

TFIM with hard boundarieas (red-diamonds), smooth boundaries (green-solid) and periodic
boundary condition (blue-dotted). As shown in Sec. 6.2, the middle of a hard-boundary
chain (yellow triangles) acts like an arbitrary site in a periodic chain.

We thus conclude that the quasi-stationary regime is robust against altering the boundary
conditions, so long as they remain open. This provides further evidence that the stationary

regime is a result of the geometry of the chain rather than of the zero modes.

F.9 t-DMRG results in detail

Finally, in Fig. .16 we show the data of Fig. 5b of the main text in logarithmic scale
to demonstrate why this data is insufficient to claim the presence of a dynamical phase
transition (DPT) in the nonintegrable TFIM with strong integrability breaking. We remind
the reader that the interaction strength is set to A = —1 and the results are obtained via t-
DMRG (see Sec. F.1). Although the dynamic order tends to increase with increasing system
size in the dynamically-ordered regime and hence demonstrates a persistent dynamic order,
it is not clear where the transition really happens. The DCP is expected to happen either
before or at the QCP, which is at h, ~ 2.46.J for this model. Longer simulations times, with

sufficiently high precision, are needed in order to decide whether this crossover is actually a
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DPT.
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