Real Time Dynamics and Confinement in the Zn SchwingerWeyl lattice model for 1+1 QED
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confirm many phenomena predicted with analytical methods and shed light on several non-trivial
aspects. The possibility to describe a given field
theory through a lattice theory is an important
problem [4, 5], which has been investigated by
outstanding physicists since the 70’s [8, 6, 7, 9].

We study the out-of-equilibrium properties of 1 + 1 dimensional quantum electrodynamics (QED), discretized via the
staggered-fermion Schwinger model with
an Abelian Zn gauge group. We look at
two relevant phenomena: first, we analyze the stability of the Dirac vacuum with
respect to particle/antiparticle pair production, both spontaneous and induced by
an external electric field; then, we examine the string breaking mechanism. We
observe a strong effect of confinement,
which acts by suppressing both spontaneous pair production and string breaking
into quark/antiquark pairs, indicating that
the system dynamics deviates from the expected behavior toward thermalization.

It is clear that, from a theoretical point of
view, it is important to determine how effectively a lattice model is able to reproduce the
phenomenology of a given quantum gauge theory. Very often this offers a formidable computational problem, but recently techniques developed from quantum information insights, such
as tensor networks [10, 11], have been used to
tackle these questions, thanks to their intrinsic
ability to restrict the dynamics to relevant subspaces of the Hilbert space, exploiting the entanglement of the states that contribute to the dynamics. From an experimental point of view, recent advances in the control of ultra-cold atomic
systems have paved the way to a whole new way
of studying fundamental theories in the spirit
of quantum simulations, as suggested by Feynman [12]. At present, there are many proposals in the literature to use ultra-cold atoms or
trapped ions in optical lattices to simulate many
body Hamiltonians [13, 14, 15, 16, 17], as well
as Abelian and non-Abelian lattice gauge theories [18, 19, 20, 21, 22, 23, 24, 25, 26]. These
ideas led to the first experimental realization of
a quantum simulation of 1+1 dimensional quantum electrodynamics (QED) with four trapped
ions [27]. On the other hand, the implementation of classical “synthetic” fields has been proposed and realized in a number of experiments

1 Introduction
Gauge fields coupled to matter are at the heart of
the microscopical description of nature: they represent the key ingredient to describe the physics
of fundamental particles and interactions and appear in a variety of problems of condensed matter
physics, such as superconductivity or the Quantum Hall Effect [1, 2]. Quantum field theory has
developed by tackling more and more complicate
issues, and by now we have not only a comprehensive description of the low energy sector of the
model, but also techniques to study strong coupling, non-perturbative and topological effects.
Numerical simulations, especially those based on
Monte Carlo techniques [3], have been able to
1

code a lattice-gauge theory in a quantum simulation with cold atoms or a classical numerical simulation is the fact that the number of
states of the gauge field, associated to links between lattice sites, must be finite. This problem has been tackled in different ways in literature. Sticking to U (1) theories, it is possible
to represent gauge fields by means of spin variables [45, 46], considering the so called quantum
link model [47, 48, 49, 50]. Otherwise, one can
try to discretize the gauge group by replacing
U (1) with Z, which however admits only infinitedimensional representations. In such a case, the
Hilbert space describing the gauge degrees of
freedom must be truncated [42, 51]. These approaches allows for the investigation of questions
that are traditionally difficult to analyze, such
as the emergence of quantum phase transitions,
non-perturbative phenomena and dynamical aspects [45, 22, 52, 46, 53, 54, 55, 51, 56, 57].
We adopt here the scheme presented in [58],
where we considered a lattice version of the
staggered-fermion Schwinger model [59], in which
the U (1) gauge degrees of freedom are given in
terms of the possible finite dimensional representations of the corresponding Weyl group [40],
thus yielding a discrete and finite implementation
through the group Zn . In this approach, a systematic control of finite-n effects is possible and
a rigorous approximation of lattice U (1) quantum electrodynamics in the large-n limit becomes
available to investigation. The static phase diagram of this model has been studied in [58], while
in [60, 61] a variant of it has been shown to admit
topological phases. In this paper, our goal is to
study out-of-equilibrum properties of this model,
by analysing two major phenomena:

[28, 29, 30, 31, 32].
In general, an approach based on quantum simulators opens the possibility to study in a more
efficient way problems that have always been difficult to tackle, including non-perturbative effects as well as genuine dynamical behavior.
These phenomena are necessary to understand
the essence of Abelian and non-Abelian quantum
field theories in applications to particle physics.
Two examples on which we will elaborate in this
article are vacuum stability in QED with respect
to particle/antiparticle pair production [33] and
confinement in quantum chromodynamics (QCD)
[34], together with the associated string breaking
mechanism. In recent years, much attention has
also been devoted to the interplay between correlations and dynamics in statistical mechanics and
many-body systems in the quantum realm, which
may exhibit unusual thermalization and equilibration properties. It has been stressed that, in a
closed quantum system, non-equilibrium dynamics might display behaviors that cannot be understood by means of the standard theory of ergodic or integrable models and the corresponding (Gibbs ensemble) thermalization hypothesis.
This is the case of the so-called many-body localization phenomenon (for reviews of this topic
see, for example, [35, 36]) or of the recently discussed quantum scars [37, 38]. The interest in
these systems and phenomena has fostered the
development of novel paradigms.
In the spirit of such research developments, in
this article we shall tackle the problem of the outof-equilibrium real-time dynamics of 1+1 dimensional QED, which represents the simplest model
of fermionic matter coupled to (Abelian) gauge
fields. In spite of its simplicity, the model shares
many phenomenological features with more complicated theories, such as QCD, thus representing
an interesting instance to test quantum field theory and quantum simulations. The model has
been widely investigated since the 70’s by a number of outstanding physicists [8, 6, 7, 9] and has
been recently proposed as a possible viable experimental option in the not-too-distant future
[41, 42, 40, 43, 39]. Indeed, a first experiment
reproducing such a model with few qubits in a
ion trap has already been reported [27] and new
ideas have been proposed for possible experimental realizations with Rydberg atoms [44, 39].

i) the stability of the Dirac vacuum with
respect to the production of virtual
particle/anti-particle pairs, induced by
quantum fluctuations and relevant to understand striking behaviors of the quantum
vacuum such as the Casimir effect [62];
ii) dynamical effects of confinement, such as the
string breaking mechanism, which is strictly
connected to the question of the asymptotic
freedom of quarks [34].
We will see that both these phenomena depend on the values of the two parameters that enter the Hamiltonian, namely the fermionic mass

The first problem to face when trying to en2

m and the gauge coupling g. In particular, by
means of simulations based on the Density Matrix Renormalization Group (DMRG) algorithm,
we will show that, in the strong coupling regime,
the dynamical behaviour of the model strongly
deviates from the usual thermalization and relaxation properties which are expected to be found
in a many-body non-integrable system, resulting
in stable and/or recurrent evolution of interesting physical quantities. This shows that confinement and a slow dynamics are not specific features of the U (1) Schwinger model, but of the
whole class of discrete lattice models we consider
in this paper, which might be relevant for the
description of future experiments with Rydberg
atoms [39]. We remark also that similar results
have been obtained in different many-body systems, such as non-integrable spin-chain models
[63] or constrained Hamiltonians [38] .

Figure 1: Zn -discretization of QED in 1+1 dimensions,
with fermionic matter ψx living on sites x ∈ Z and
(n)
electric field Ex,x+1 living on links between adjacent
sites, described by a periodic discrete variable with a
step 2π/n.

entanglement, we conclude that the formation of
mesonic excitations is stimulated by a dynamical effect due to the presence of the external
field, of a different nature from the one emerging
in the spontaneous case, examined in the Sect.
3. Finally, in Sect. 5, we will consider the real
time evolution of a string excitation. We observe
that the string breaks into mesons, thus giving
rise to the so-called string-breaking mechanism,
only when interactions are sufficiently weak. Vice
versa, deep in the confined regime, the strings remain localized and are apparently stable.

This article is organized as follows. In Sect. 2,
we review the discretized version of the Schwinger
model for 1+1 dimensional QED, that is accommodated on a one-dimensional lattice and endowed with a Zn symmetry. This model, which
depends on two physical parameters, namely the
fermionic mass m and the gauge coupling g, exhibits a quantum phase transition at mc = −0.33,
belonging the Ising universality class. For m >
mc the ground state of the model is in a confined
phase, in which elementary excitations above the
Dirac sea vacuum are of mesonic type. On the
other hand, for m < mc , a symmetry is broken and a nonvanishing average electric field appears in the ground state. In Sect. 3, we set
up the quench protocol to simulate spontaneous
pair production, occurring in absence of an external electric field. We analyze this phenomenon
by looking at the dynamical evolution of several physical quantities of interest, such as particle density, entanglement entropy, density correlation functions. We will see that, contrary to
what is found in many other integrable and nonintegrable models, the production of correlated
particle/antiparticle pairs is strongly suppressed
when we consider system parameters deep in the
confined phase. In Sect. 4, we examine the phenomenon of pair production induced by the presence of an external electric field, finding an agreement between our simulations and old predictions
by Schwinger [33] for the rate of pair production. Also, by examining the time evolution of

2 The model
We start from the Hamiltonian of quantum electrodynamics (QED) in one spatial dimension:
(

)

E2
H = dx ψ γ −γ (i∂1 + gA) + m ψ +
,
2
(1)
which describes a U (1) gauge theory, where a
charged particle (electron), represented by the
spinor field ψ(t, x), interacts with the electromagnetic field Fµν = ∂µ Aν − ∂ν Aµ (µ, ν = 0, 1),
associated with the potential Aµ . Here m and
g represent the electron mass and charge, respectively, while the Dirac matrices γ satisfy
{γ µ , γ ν } = 2η µν with η = diag(1, −1). We work
in the canonical gauge, in which the temporal
component A0 is set to zero, while the spatial
component A := A1 is taken as the conjugate
variable to E:
Z

† 0

h

1

i

[E(t, x), A(t, x0 )] = iδ(x − x0 ).

(2)

The Hamiltonian (1) must be complemented with
the enforcement of Gauss law
G(x) ≡ ∂1 E(x) − gψ † (x)ψ(x) ≈ 0
3

(3)

Ux,x+1 (unitary comparator). The gauge field operators act on the n-dimensional Hilbert spaces
H(x,x+1) , attached to each link and spanned by
the orthonormal bases {|vk ix,x+1 }0≤k≤n−1 , that
diagonalize the local electric field:

vacuum
meson
antimeson
string
staggered fermions

r
n−1
X

2π
n−1
Ex,x+1 =
k−
+ φ |vk ix,x+1 hvk |.
n
2
k=0
(5)
Here, a non-zero value of the angle φ entails the
presence of a constant background field, which in
turn corresponds to charges at the boundary of
the chain. The unitary comparator, instead, acts
as a cyclic ladder operator:

electric field

even site, empty
even site, occupied
odd site, empty
odd site, occupied

+

p
2⇡/3

0

p
2⇡/3

Figure 2: Pictorial representation of notable configurations in a Z3 gauge theory. All the represented cases are
consistent with the Gauss law.

Ux,x+1 |vk ix,x+1 = |vk+1 ix,x+1

in a weak sense, meaning that it is possible to
select a subspace, called the physical subspace,
of states |ψi for which G(x)|ψi = 0.
As described in Ref. [40], to which we refer
for further details, it is possible to discretize this
model following two steps:

Ux,x+1 |vn−1 ix,x+1 = |v0 ix,x+1 .

The discretized Hamiltonian reads:
†
(ψx+1
Ux,x+1 ψx + h.c.)

x

+m

(−1)x ψx† ψx +

X
x

for k < n − 1,
(6)
(7)

1
Gx ≡ ψx† ψx + [(−1)x − 1] − (Ex,x+1 − Ex−1,x ).
2
(8)
Let us remark that, in one spatial dimension,
the fermionic density ψx† ψx and the local electric
field completely determine each other up to a constant, which corresponds to the value of the electric field on one boundary. Thus, one can integrate out the gauge field in order to obtain an
effective Hamiltonian in which only the matter
fields appear, corresponding to a spin 1/2 model
with long-range interactions [44]. On the other
hand, one can eliminate the fermionic field to get
an effective Hamiltonian that contains only the
gauge variables. Within our approach, one thus
obtains a local Hamiltonian with a Zn -symmetry,
acting as (4) when restricted to the physical subspace. The study of such Hamiltonian will be presented in a future work. Here, it is worth noticing
that these ideas can be generalized also to higher
dimensions [64, 65].
In Ref. [58], we analyzed the phase diagram of
the discretized Hamiltonian (4) showing that, for
any n, it exhibits a phase transition at a critical
value of the mass mc between a confined phase
for m > mc , in which the ground state is given
by a dressed Dirac sea vacuum, and a deconfined
phase for m < mc , in which the ground state is
characterized by a nonvanishing average electric
field, which entails a symmetry breaking.

ii) second, by following the Weyl-Wigner quantization scheme, we approximate the gauge
group U (1) with the finite group Zn ; this
step is essential in order to work with a finite number of local degrees of freedom also
for the gauge variables.

X



Gauss law is implemented by requiring that the
physical states belong to the null space of the
operator

i) first, we perform a spatial discretization, in
which the space continuum is replaced by a
linear lattice of points with spacing a; in order to avoid the fermion doubling problem
we adopt Schwinger’s approach [6, 7, 4, 5] of
staggered fermions;

H=−



g2 X 2
E
, (4)
2 x x,x+1

with x (1 ≤ x ≤ N ) labelling the sites of a onedimensional lattice of spacing a = 1. Here, the
one-component spinor is represented by the creation and annihilation operators ψx† and ψx , defined on each site x and characterized by a staggered mass (−1)x m , while the gauge fields are
defined on the lattice links (x, x + 1) through
the pair of operators Ex,x+1 (electric field) and
4

In our representation, the Dirac sea vacuum
is obtained by filling up all odd sites (negative
mass fermions) and leaving the even ones (positive mass fermions) empty, as shown in the first
line of Fig. 2. In this case, the Gauss law (8) is
satisfied if the electric field is zero on any link,
a fact that we represent in the figure with a
non-oriented link. A meson (antimeson) is obtained by acting on the Dirac sea by moving one
fermion on an odd site to the right (to the left),
as shown in the second (third) line of Fig. 2. In
this case, the Gauss law requires that the p
electric
field
on
the
connecting
link
is
equal
to
+
2π/n
p
(− 2π/n), represented in the picture by an oriented link pointing to the right (left). In the
fourth line of Fig. 2 we also show another gauge
invariant configuration, representing a string, in
which the particle/antiparticle excitations that
constitute a meson are moved farther away from
each other, with the electric field being constant
and nonvanishing on all the intermediate links.
The real-time dynamics of such string configurations will be studied in the second part of this
article.
The phase transition belongs to the Ising
universality class for all n, with the confined/deconfined cases corresponding respectively
to the paramagnetic/ferromagnetic phases of the
Ising model in a transverse field. Here, the quantum phase transition is driven by the value of
the fermion mass (playing the role of the external transverse magnetic field) and the order parameter (the magnetization in the Ising case) is
represented by the mean value of the electric field
operator
1 X
Σ=
hEx,x+1 i ,
(9)
N x

0.4

ρ(t)

0.3
0.2
0.1
0.0
0.0
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0.4

0.6
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t

Figure 3: Time evolution of the particle density for a
system of N = 4 sites, prepared at t = 0 in the Dirac sea
vacuum and evolving under the Z3 model Hamiltonian.
Here and in all the following figures, time is measured
in units [energy]−1 .

the magnetic field, our model is more complicated
and never integrable (except for the trivial case
g = 0), because of the gauge coupling between
fermionic matter and electric field. In the Ising
case, integrability is lost and effective interactions
between domain-wall excitations are present only
if one adds the coupling with an external uniform
longitudinal field [66]. This effect can be mimicked in our model by introducing a background
constant electric field.
The effects of such gauge-mediated interactions
might be quite strong and will be studied by
looking at real-time dynamical properties of our
model in the next sections. The analysis will be
performed by numerically studying the Hamiltonian (4) with a t-DMRG algorithm, whose dynamical evolution is implemented through the
Runge-Kutta method. Details about the precision of our algorithm are given in the Appendix.

or, equivalently, by the mean fermion density
1 X 1
ρ=
h [1 − (−1)x ] + (−1)x ψx† ψx i, (10)
N x 2

3 Spontaneous pair production
In this section, we will examine the phenomenon
of spontaneous pair production in the Zn Schwinger model for (1 + 1)-dimensional QED,
by simulating with our model the real-time dynamics of the Dirac sea vacuum, in absence of an
external electric field. This effect has also been
considered in other approaches [53, 54, 55, 51]
and experimentally analyzed in a small system
(4 qubits) of trapped ions [27].
In order to test the stability of the Dirac vacuum with respect to spontaneous pair production, we prepare the system in the m → ∞

which, in the thermodynamic limit, are nonvanishing only in the deconfined phase. The value
of mc depends on the dimension n used to discretized the U (1) gauge group, but it approaches
mc ' −0.33 in the large-n limit. In addition, as
expected in the Ising model, close to the transition point the first excitation has conformal dimension d = 2, corresponding to a kink-like (or
domain wall) solution [58].
Let us remark that while the Ising model in
a transverse field is integrable for any value of
5

ground state
|Ψ0 (t = 0)i = |0iDirac ,

(11)

0.4

corresponding to the Dirac sea vacuum, and
study its evolution under the action of the Hamiltonian with different values of the coupling constants m, g, with either m > mc or m < mc .
For completeness, we will perform our analysis
for all values of m, both positive and negative,
but we stress that the Dirac vacuum we take as
initial state is highly excited for m < mc , while
it is very close to the true ground state in the
confined phase and in particular when m is large
and positive. In the language of spin systems, this
would be analogous to preparing an Ising system
in the paramagnetic ground state, by setting the
external transverse field h = 0, and then suddenly
quenching the Hamiltonian to a different value of
h, with h < 1 (ferromagnetic phase) or with h > 1
(quenching into the paramagnetic phase) [63].
Let us consider the Z3 case. To test the evolution of the Dirac sea vacuum after the quench, we
shall numerically calculate three different quantities.

ρ(t)

0.3
0.2
0.1
0.0
0.0

1.5

2.0
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3.0

3.5

4.0

0.7
m = −5.00
m = −3.00
m = −2.00
m = −1.00
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ρ(t)
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0.1
0.0
0.0
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(b)

0.8
m = −0.80
m = −0.50
m = −0.00
m = 0.50

0.7
0.6
0.5

ρ(t)

1 X
1 − (−1)x
ρ(t) =
hΨ0 (t)|
+(−1)x ψx† ψx |Ψ0 (t)i,
N x
2
(12)
evaluated on the evolved Dirac sea vacuum
|Ψ0 (t = 0)i,

1.0

(a)

The first quantity we consider is the mean particle
density

|Ψ0 (t)i = e

0.5

t

3.1 Mean particle density

−iHt

m = 1.00
m = 2.00
m = 3.00
m = 5.00

0.4
0.3
0.2
0.1
0.0

(13)

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

t

where, since ~ = 1, time is measured in units
of [energy]−1 . The quantity (12) vanishes on the
Dirac sea vacuum and takes the value 1 on the
state with the maximal number of mesons.
To perform a first test on our model, we calculate ρ(t) for a chain of
pN = 4 sites, after a quench
to m = 0.5 and g = 6/2π, which correspond to
the parameters used in the experimental set up
of Ref. [27]. Figure 3 shows our result: the density starts form zero to go very close to the value
1/2, corresponding to the formation of one meson.
After reaching a maximum, recombination effects
bring the value down again, in perfect agreement
with observations [27].
p
More generally, we set g = 6/2π and quench
to different values of m. The temporal evolution

(c)

Figure 4: Z3 -model. Time evolution of particle density
in a system initially prepared in the Dirac sea vacuum
and
p quenched to different values of mass, at fixed g =
3/π and N = 40: (a) m ≥ 1.0, (b) m ≤ −1.0, (c)
−1.0 < m < 1.0.
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of ρ is shown in Fig. 4 for (a) large positive values
of the mass (m ≥ 1.0), (b) large negative values
of the mass (m ≤ −1.0), (c) small absolute values of the mass (−1.0 < m < 1.0). We clearly
see that for very large values of the mass (both
positive and negative), ρ(t) periodically oscillates
between zero and a rather small value, due to a
small pair production rate and to strong recombination effects: thus, the Dirac sea vacuum is
essentially stable. On the contrary, for smaller
values of |m|, the density increases rapidly up to
values close to 1 (corresponding to the mesonic
ground state), to start then oscillating because of
recombination effects, now around a large value,
showing that the Dirac sea vacuum is unstable.
This is particularly evident for quenches to values
of the mass close to the critical one, mc ' −0.33.

0.8
0.7
0.6

ρmax

0.5
0.4
0.3
0.2
0.1
0.0
−6

−4

−2

0

2

4

6

m

(a)

2.0
F IT

1.8
1.6

T

1.4

Let us scrutinize the curves of Fig. 4 as a
function of m. Figure 5(a) shows the maximum
value of ρ(t), extrapolated form the first peak: it
is clear that the largest pair population occurs
close to the phase transition. In Fig. 5(b) we
show instead the period T of the oscillations, for
m > mc . We see that the data are very well described by the continuous line, which corresponds
to the best fit obtained with the functional form
T (m) = 1/(am + b). This form is expected from
a first-order approximation, according to which
the period might be estimated from the inverse
of the energy difference between the Dirac sea
energy (EDirac /N = −m) and the energy of the
mesonic state (Emeson /N = m + g 2 /2), yielding
a = 2, b = g 2 /2 ' 0.48. The best fit yields the
slightly different values a = 0.26 and b = 0.42,
but qualitatively confirms such a functional dependence.

1.2
1.0
0.8
0.6
0

1

2

3

4

5

m

(b)

Figure
p5: Analysis of the Dirac sea vacuum stability for
g = 3/π and varying m. (a) Value of the first maximum of ρ(t). (b) Period of the oscillations after the first
maximum, for m > mc . The fit yields T = 1/(am + b),
with a = 0.26 and b = 0.42.

1.0
4

0.9
0.8

2

0.7

m

In the Appendix, we give details on the
finite size scaling analysis we performed. To
summarize our results, we show in Fig. 6 the
contour plot of the density ρ∞ (t) extrapolated
for N → ∞, in the whole range of the quenched
mass m ∈ [−5, +5]. We can conclude that the
Dirac sea vacuum is unstable for values of the
mass close to the critical value mc , whereas pair
production is strongly suppressed for large values
of m.

0

0.5

ρ∞(t)

0.6
0.4
−2

0.3

−4

0.1

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
t

0.2
0.0

Figure 6: Contour plot of the asymptotic particle density
ρ∞ (t), obtained
p by extrapolating different finite-N results, for g = 3/π and quenched mass m ∈ [−5, +5].
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3.2 Entanglement entropy
0.9

The second quantity we analyze is the time evolution of the half-chain entanglement entropy

0.7

(14)

0.6

SN/2(t)

SN/2 (t) = −TrA {ρA (t)log2 [ρA (t)]} ,

m = 2.00
m = 3.00
m = 4.00
m = 5.00

0.8

where the chain has been partitioned in two subsytems A and B, consisting of the first and last
N/2 sites of the chain, respectively. The initial
Dirac sea vacuum is separable, hence SN/2 (t =
0) = 0.
Figures 7(a)-7(b) show some examples of
SN/2 (t) for large (positive and negative) values
p
of m and g =
3/π. The entanglement entropy displays an oscillatory behaviour, reaching
a maximum at relatively small values of m (e.g.
max ∼ 0.5 for m = 2.0 or m = −3.0). The peSN/2
riod of these oscillations increases as m decreases
and, at the same time, the entropy reaches higher
values, of the order of unity, for small m, as one
can observe in Fig. 8(a). The qualitative explanation for the m-dependence of the period is the
same as that given in Fig. 5.
For m close to the critical value mc (see for
example the data for m = 0.0, −0.5), the entropy
increases much faster and monotonically. Thus,
we can conclude that when the phenomenon of
pair production is dominant, quantum correlations between the two parts of the chain are
larger due to the fact that the spontaneously
created entangled particle/antiparticle pairs
spread along the chain. This effect has been
extensively studied in free fermionic models [67],
where entanglement can be shown to increase
linearly with time, at least as long as one
can assume a maximum speed of propagation
(the Lieb-Robinson bound [75]). If disorder
and/or long-range interactions are not considered, this behavior has also been confirmed in
several integrable and non-integrable models
[68, 69, 70, 71, 72, 73, 74]. In Ref. [63], the time
evolution of the half-chain entanglement entropy
has been studied for the Ising model with both a
transverse and a longitudinal field, which admits
a confined phase [66], showing that the growth
of the entanglement entropy is strongly reduced
for quenches within the confined (ferromagnetic)
phase. This corresponds to what we observe in
our model [76]. The black dashed line in Fig.
8(a) shows the linear behavior of the entanglement entropy in the free case. For small but
non-zero values of m, we can clearly recognize a

0.5
0.4
0.3
0.2
0.1
0.0
0

1

2

3

4

5

t
(a)

1.4

m = −5.00
m = −4.00
m = −3.00
m = −2.00

1.2

SN/2(t)

1.0
0.8
0.6
0.4
0.2
0.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
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t
(b)

Figure 7: Z3 -model. Time evolution of the half-chain
entanglement SN/2 (t) of a system initially prepared in
p
the Dirac sea vacuum, for g = 3/π and (a) m ≥ 2.0,
(b) m ≤ −2.0, (c) −2.0 < m < 2.0. The black dashed
line in panel (c) represents the free-fermion case (m =
0, g = 0).
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4

slow-down of the entanglement entropy growth,
which is now well described by a logarithm:
SN/2 (t) ∼ log t, as shown in Fig 8(b). When
the interaction is strong and we are deep in
the confined phase, the system does not seem
to evolve toward an equilibrium configuration,
at least on the time scale of our simulations.
Indeed, entropy is strongly suppressed and shows
revivals, similar to what happens in models
where the quantum scar phenomenon appears
[77, 37, 38].
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3.3 Correlation functions

(a)

As a last indicator, we consider the time evolution
of the connected correlation functions

4.0
3.5

SN/2(t)

3.0

m = −0.2 F it
m = −0.2
m = −0.1 F it
m = −0.1

G0 (x−L/2)(t) = hnL/2 (t)nx (t)i−hnL/2 (t)ihnx (t)i
(15)
shown in Fig. 9. For small values of m, these
functions exhibit a light-cone spreading, typical
of conformal or integrable theories, as discussed
in [78]. However, as we enter in the intermediate and strong-coupling region, we observe a localization effect and an oscillatory behaviour, indicating that particle/antiparticles pairs do not
spread, but are cyclically created and recombined. Similar behaviors have been observed in
other models [63, 44].
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0
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t
(b)

Figure 8: Z3 -model. (a) Time evolution of the halfchain entanglement SN/2 (t) of a system initially prep
pared in the Dirac sea vacuum, for g = 3/π in the
range −2.0 < m < 2.0. The black dashed line represents the free-fermion case (m = 0, g = 0). (b) Same
as in (a) but with m = −0, 1, −0, 2. The continuous
lines show the logarithmic fit.

4 Pair production in an external field
In the context of particle physics, pair production
is often studied in presence of an external electric field, from which the pair production rate is
expected to depend. For the Schwinger model,
the critical value Ec of the external electric field
at which the e+ e− production rate should reach
a maximum is given by Ec = m2 /g (which, in
SI units, reads Ec ≈ 1.32 × 1018 V/m [33]), but
this effect has never been observed experimentally since the aforementioned critical value is still
out of the range of even the most powerful lasers.
In 1 + 1 dimensions, a formula for the production
rate has been proposed in [79, 80]:
eE0
πm2
ρ̇ =
exp −
2π
eE0

!

m2
π
 exp −
2π



=



(16)

where ρ̇ represents the time derivative of the total density of the chain in the infinite length limit,
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Figure 10: Z3 -model. (a) Particle density ρ(t) of
a system initially prepared in the Dirac sea vacuum,
represented as function of time for different values of
 = E0 /Ec . The values of p
the fixed parameters are
N = 50, m = 4.5 and g = 3/π. In panel (b), we
report three selected cases, together with linear fits of
densities at reasonably small times; these fits are used
to evaluate ρ̇ and test Eq. (16).
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while  = E0 /Ec , E0 being the value of the external field. This formula predicts that the production rate increases linearly for large values of
 and it is exponentially suppressed for   1.
This formula can be checked in our simulations.
We start by considering the Z3 -model. We choose
values of (m, g) for which Dirac sea vacuum results stable according to the analysis described
in Sec. 3. At t = 0, we apply a constant uniform electric field E0 along the whole chain and
run the simulation to obtain ρ(t) for the corresponding value of  = E0 /Ec , with Ec = m2 /g.
Figure 10(a) shows the results of our simulations
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(c)

Figure 9: Z3 -model. Contour plot of the correlation
function G0 (x − L/2) of a system
p initially prepared in
the Dirac sea vacuum, for g = 3/π and (a) m = −0.5
(b) m = 1.0, (c) m = 4.5.
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quark/antiquark pairs are spontaneously created
out of the Dirac sea and spread along the chain, at
a mass-dependent speed. On the contrary, in the
latter situation, the electric charges rearranges
only locally to form mesonic couples that allow
for minimization of the interaction with the external electric field, without any spreading.
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5 The string breaking mechanism

0.05
0.00
0

1

2

3

4

As recalled in the Introduction, the string breaking mechanism is a very interesting phenomenon
that is expected to occur in theories, such as
(3+1)-QCD, admitting confined phases, but that
is also very hard to prove, either analytically or
numerically, since its effects are mainly dynamical. In the framework described in this article this phenomenon can be investigated, since
one can simulate the real-time dynamics of a
generic initial state, which is let to evolve with
the discretized Hamiltonian (4). In particular,
the system is prepared in the string-excitation
state shown in the last configuration of Fig. 2,
where a particle and an antiparticle separated by
a distance l are created from the Dirac sea vacuum, giving rise to a non-zero string of electric
field in between.
In the following, we will consider the Z3 model
and a chain of length N = 80. We initialize our
system in a state with a string placed at the center of the chain: the particle and the antiparticle
are put at a distance equal to 20 lattice sites, so
that the electric
field is different from zero (and
p
equal to + 2π/3) only on the 19 central links
of the chain. The evolution of this state is followed by looking at the value of the electric field
Ex,x+1 (t) on each link. We report the analysis of
the real time dynamics of such a string for three
different values of (m, g), specifically corresponding to (a) weak interactions (m = 0.1, g = 0.1),
(b) intermediate interactions (m = 0.3, g = 0.8),
(c) strong interactions (m = 3.0, g = 1.4). The
total evolution of the initial is also affected by
the instability of the Dirac sea vacuum that we
examined in the previous sections. Thus, to improve the interpretation of our numerical results,
we subtract from Ex,x+1 (t) the value of the electric field that would be obtained starting from the
Dirac sea vacuum for the same values of (m, g).
The data, corrected accordingly, are shown in Fig.
12. They clearly show three different situations:

5

t

Figure 11: Z3 -model. Half-chain entanglement SN/2 (t)
of a system initially prepared in the Dirac sea vacuum,
evaluated for different valuesp
of the scaled external field
. We set m = 4.5 and g = 3/π.

p

for the case m = 4.5 and g = 3/π. We observe
that the vacuum is stable, with some small oscillations, for very small values of . As we increase
, we start observing a linear regime, followed by
a saturation effect, as predicted by Eq. (16). Figure 10(b) shows the range in which we performed
the linear fit in order to evaluate ρ̇ and verify Eq.
(16).
Since we expect relevant size effects, we repeated the simulations for different values of N ,
namely N = 50, 60, 70, 80, 90. Also, to obtain the
large-n limit and check if we can reasonably approximate the U (1) limit with our model, we performed an analogous analysis for the Z5 and the
Z7 models. Our results, which are summarized
in the Appendix, show that the approximation of
the continuum limit improves with n.
Finally, in order to get additional insights, we
calculated the time evolution of the half-chain entropy, for different values of the external field. A
typical behavior is shown in Fig. 11, p
which displays the data for m = 4.5 and g = 3/π. We
observe that the entropy always presents an oscillatory behavior, with not-too-large maximum
values. More interestingly, we observe that an
increase of the external field, which results in
a rapid increase in particle pair production, as
shown in Fig. 10(a), does not contribute at all
to the increase and spread of entanglement. It
seems that the mechanism that dictates the dynamics of the particle/antiparticle pair production is different in absence and in presence of
the external field: in the former case, entangled
11

a) for weak interactions, the string starts to
spread and breaks into particle/antiparticle
pairs (mesons) that, after a short time during which one can notice a rich process of
pair production and recombination, stabilize
in a configuration with two mesons localized
at the edges of the string; the two mesons are
deconfined, since they move away one from
each other at a constant speed;

hEx,x+1i
70

+

60

q

2π
3

q

2π
3

x, x + 1

50
40

0

30
20

b) for intermediate interactions, the string
does not spread; still, it breaks into particle/antiparticle pairs (mesons) that, as in
the previous case, quickly stabilize in a configuration where we can still distinguish two
mesons localized at the edges of the string;
however, now the two mesons are confined,
since they remain at a fixed distance from
each other;

10

−

0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
t

(a)

c) for strong interactions, the string is completely stable: it does not spread and it does
not break into mesons.
The simulations shown in Fig. 12 can be repeated for any couple of values (m, g). Our results are summarized in Fig. 13, where we show
the contour plot of the large-t (namely t = 4.0
in our units) total value of the electric field at
the center of the chain, defined as the sum of the
electric field on the 12 central links, as a function
of the coupling constants (m, g). The two (white)
level curves correspond to 10% (dotted line) and
50% (solid line) of the initial value, respectively.
From this picture, the three regimes described
above are clearly identified: (a) the lighter and
central part of the diagram corresponds to the
breaking of the string into two deconfined mesons;
(b) the reddish part of the diagram corresponds
to the breaking of the string into two confined
mesons; (c) the darker part corresponds to a stable string configuration.
It is interesting to examine the string breaking
phenomenon by looking also at the time evolution of the half-chain entanglement entropy, for
different values of (m, g). Figure 14 shows the
behaviour of SN/2 evaluated on the time evolution of the string state, by first keeping g = 0.1
fixed and letting m vary with (a) positive, and (b)
negative values; and then by (c) keeping m = 0.1
fixed and letting g vary. These graphs confirm
and corroborate what was found by looking at

(b)

(c)

Figure 12: Z3 -model. Real-time dynamics of a string:
evolution of the electric field Ex,x+1 (t) on links, for
(a) (m = 0.1, g = 0.1), (b) (m = 0.3, g = 0.8), (c)
(m = 3.0, g = 1.42). As explained in the text, the
plotted value of the electric field is that obtained after
subtracting the effects due to spontaneous pair production, which tends to blur the dynamics of the string.
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Figure 13: Contour plot in the (m, g) plane of the
asymptotic total value of the electric field at the center of the chain. The two white level curves correspond
to 10% (dotted line) and 50% (solid line) of the initial
value, respectively.
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the real time dynamics of the electric field configuration: namely a growth of the entanglement
entropy that is linear for weak interactions (small
m and/or small g), sublinear for intermediate interactions and suppressed (with for small oscillations) in the strong coupling regime.
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6 Conclusions
4.5

We have investigated the out-of-equilibrium
properties of (1 + 1)-dimensional QED, approximated via a Zn Schwinger model. By means of
simulations, focusing on the stability of the Dirac
vacuum with respect to particle/antiparticle pair
production and on the string breaking mechanism, we have studied the effects of confinement
on the real-time dynamics of the model. We have
found that confinement is not a feature of the
U (1) Schwinger model only, having a relevant
effect on the dynamical properties of the Zn model as well, as it is proved by the oscillatory
behaviour and lack of thermalization for pair
production, and by the total suppression of the
breaking and spreading of string excitations,
with a perfect localization of the latter.
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Figure 14: (a) Z3 -model. Time evolution of the halfchain entropy SN/2 (t) for: (a) g = 0.1 and different
positive values of m, (b) g = 0.1 and different negative
values of m, (c) m = 0.1 and different values of g.

Let us notice that such a reduction of entanglement and slow-down of the dynamics have been
observed in other systems. This is the case not
only of models with long-range interactions [81],
13

but also of the Ising and Potts models with both
a transverse and a longitudinal magnetic fields
[63, 82]. A similar behaviour has also been seen in
constrained models which exhibit quantum scar
states [37, 38] and in spin-1/2 chain Hamiltonians
that can be derived form abelian gauge models in
the quantum link approach [44]. It is interesting to notice that, in the two latter cases, the
physical states of the system under consideration
are constrained to lie in a restricted subspace of
the total Hilbert space, a fact that is shared by
our model, where the role of the Gauss law constraint is crucial. This is also at the heart of
the recent proposal to experimentally implement
these Hamiltonians with Rydberg atomic systems
in the Rydberg-blockade regime [39]. We plan to
further investigate the role of the gauge constraint
in future work.
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The question about how our lattice Zn model converges to the U (1) continuum model was theoretically studied in [40] and then thoroughly checked
via numerical simulations in [58]. There we noticed that one recovers the Schwinger model for
QED in 1 + 1 dimensions, obtaining a good approximation already for lattice sizes of the order
of 50 sites and n = 3. We refer the interested
reader to these references for details on how one
can rigorously control both the continuum and
the finite-n limits. In this Appendix we give some
additional details on the numerics and finite-size
and large-n analyses we performed for the timedependent simulations.

Figure 15: Z3 -model. Finite size analysis of the particle
density, for m = 2.0; (a) behaviour of ρ(t) close to its
first maximum; (b) scaling of ρ(t0 = 0.52) with the
chain size N ; (c) time evolution of ρ∞ (t).
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Numerical precision. All simulations have
been performed with a time-dependent DMRG
(t-DMRG) code, which is a well-established
method for studying the dynamical properties
of quantum systems in one dimension [83]. The
time-evolution is based on a Runge-Kutta 4th
order scheme, with a time step of δ = 0.01. The
initial state of the time-evolution is implemented
by calculating the ground-state of two different
Hamiltonians: i) for the pair production analysis,
the vacuum state (see Fig. 2) is obtained by
using the Hamiltonian (4), setting t = 0 and
choosing large values of m and g (i.e. m = 5,
g = 3); ii) for the string breaking mechanism,
we added to the aforementioned Hamiltonian
localized electric field terms Ex,x+1 on each
link in which the initial string is created. In
our simulations, we used a variable number
of DMRG-states, up to 1200, in order to keep
the truncation error below 10−6 at each time step.
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Spontaneous pair production. To study finite
size effects, we repeated our simulations for different chain size (N = 16, 20, 24, 28, 32, 36, 40),
in order to extract the infinite size limit of ρ(t).
For example, Fig. 15(a) shows the behaviour of
ρ(t) close to its first maximum, for m = 2.0 and
different chain size. We find that, at all instants
of time t0 , the infinite size limit ρ∞ (t0 ) can be
extrapolated according to the following fit:

0.4
0.2

−1.5
−2.0
0

ρ∞(t)

m

0.6
−0.5

0.1
1

2
3
time (s)

4

5

0.0

(b)

Figure 16: Contour plot of ρ∞ (t) for (a) Z5 -model and
m ∈ [−5.0, +5.0]; (b) Z7 -model and m ∈ [−2.0, +1.0].
Notice that in the latter case we reduced the mass range,
since numerical simulations are computationally cumbersome.

ρ(t = t0 ) = ρ∞ (t0 ) −

β(t0 )
.
N

(17)

An example, for m = 2.0 and t0 = 0.52 is shown
in Fig. 15(b), for which we get ρ∞ (t0 ) = 0.2175±
0.0001 and β(t0 ) = 0.1703 ± 0.0001. The time
evolution of ρ∞ (t) is given in Fig. 15(c).
We also repeated the same simulations for Z5
and Z7 . In Figs. 16(a) and 16(b) we show the contour of ρ∞ (t) in the whole range of the quenched
mass m ∈ [−5, +5], similarly to what was done in
Fig. 6 for Z3 . A very similar behavior is observed.
Pair production in an external field.
To
evaluate finite-size effects in the pair production rate, we repeated the simulations for N =
50, 60, 70, 80, 90. In order to check the large-n
limit and veriy that the U (1) limit can be reasonably approximated, we performed simulations
for the Z5 and Z7 models. The results are shown
and compared with the Schwinger formula in Fig.
17(a) and Fig. 17(b). Even at the largest system
sizes that can be numerically investigated, it is
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Figure 17: (a) Pair production rate ρ̇ in the Z3 model as
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Lewenstein, Synthetic Gauge Fields in Synthetic Dimensions, Phys. Rev. Lett. 112,
043001 (2014).

[18] E. Kapit and E. Mueller, Optical-lattice
Hamiltonians for relativistic quantum electrodynamics, Phys. Rev. A 83, 033625
(2011).
[19] E. Zohar, J. I. Cirac, and B. Reznik, Simulating Compact Quantum Electrodynamics with Ultracold Atoms: Probing Confinement and Nonperturbative Effects, Phys.
Rev. Lett. 109, 125302 (2012).

[29] G. Pagano, M. Mancini, G. Cappellini, P.
Lombardi, F. Schäfer, H. Hu, X.-J. Liu, J.
Catani, C. Sias, M. Inguscio, and L. Fallani,
A one-dimensional liquid of fermions with
tunable spin, Nat. Phys. 10, 198 (2014).

[20] L. Tagliacozzo, A. Celi, P. Orland, and
M. Lewenstein, Simulation of non-Abelian
gauge theories with optical lattices, Nat.
Commun. 4, 2615 (2013).

[30] F. Scazza, C. Hofrichter, M. Höfer, P. C.
De Groot, I. Bloch, and S. Fölling, Observation of two-orbital spin-exchange interactions with ultracold SU(N)-symmetric
fermions, Nat. Phys. 10, 779 (2014).

[21] K. Kasamatsu, I. Ichinose, and T. Matsui,
Atomic Quantum Simulation of the Lattice
Gauge-Higgs Model: Higgs Couplings and
Emergence of Exact Local Gauge Symmetry,
Phys. Rev. Lett. 111, 115303 (2013).

[31] M. Mancini, G. Pagano, G. Cappellini, L.
Livi, M. Rider, J. Catani, C. Sias, P. Zoller,
M. Inguscio, M. Dalmonte, L. Fallani, Observation of chiral edge states with neutral
fermions in synthetic Hall ribbons., Science
349, 1510 (2015).

[22] D. Banerjee, M. Bögli, M. Dalmonte, E.
Rico, P. Stebler, U. J. Wiese, and P. Zoller,
Atomic Quantum Simulation of U(N) and
SU(N) Non-Abelian Lattice Gauge Theories,
Phys. Rev. Lett. 110, 125303 (2013).

[32] L. F. Livi, G. Cappellini, M. Diem, L.
Franchi, C. Clivati, M. Frittelli, F. Levi, D.
Calonico, J. Catani, M. Inguscio, L. Fallani, Synthetic Dimensions and Spin-Orbit
Coupling with an Optical Clock Transition,
Phys. Rev. Lett. 117, 220401 (2016).

[23] L. Tagliacozzo, A. Celi, A. Zamora, and
M. Lewenstein, Optical Abelian lattice gauge
theories, Ann. Phys. (N.Y.) 330, 160 (2013).
[24] E. Zohar, J. I. Cirac, and B. Reznik,
Quantum simulations of gauge theories
with ultracold atoms: Local gauge invariance from angular-momentum conservation,
Phys. Rev. A 88, 023617 (2013).

[33] J. Schwinger, On Gauge Invariance and
Vacuum Polarization, Phys. Rev. 82, 664
(1951).
[34] F. A. Wilczek, Nobel Lecture: Asymptotic
freedom: From paradox to paradigm, Rev.
Mod. Phys. 77, 857 (2005).

[25] K. Stannigel, P. Hauke, D. Marcos, M.
Hafezi, S. Diehl, M. Dalmonte, and P. Zoller,
Constrained Dynamics via the Zeno Effect in Quantum Simulation: Implementing
Non-Abelian Lattice Gauge Theories with
Cold Atoms, Phys. Rev. Lett. 112, 120406
(2014).

[35] R. Nandkishore and D. A. Huse, Many-Body
Localization and Thermalization in Quantum Statistical Mechanics, Annu. Rev. Condens. Matter Phys. 6, 15 (2015).
[36] F. Alet and N. Laflorencie, Many-body localization: An introduction and selected topics,
C. R. Phys. 19, 498 (2018).

[26] E. Zohar, J. I. Cirac, and B. Reznik, Quantum simulations of lattice gauge theories using ultracold atoms in optical lattices., Rep.
Prog. Phys. 79, 014401 (2016).

[37] C. J. Turner, A. A. Michailidis, D. A.
Abanin, M. Serbyn, and Z. Papić, Weak ergodicity breaking from quantum many-body
scars, Nat. Phys. 14, 745 (2018); Quantum
scarred eigenstates in a Rydberg atom chain:
Entanglement, breakdown of thermalization,
and stability to perturbations, Phys. Rev. B
98, 155134 (2018).

[27] E. A. Martinez, C. A. Muschik, P. Schindler,
D. Nigg, A. Erhard, M. Heyl, P. Hauke, M.
Dalmonte, T. Monz, P. Zoller, and R. Blatt,
Real-time dynamics of lattice gauge theories
with a few-qubit quantum computer, Nature
534, 516-519 (2016).
17

[38] V. Khemani, C. R. Laumann, and A. Chandran, Signatures of integrability in the dynamics of Rydberg-blockaded chains, Phys.
Rev. B 99, 161101 (2019).

[49] S. Chandrasekharan and U. J. Wiese, Quantum Link Models: A Discrete Approach to
Gauge Theories, Nucl. Phys. B 492, 455
(1997).

[39] S. Notarnicola, M. Collura, and S. Montangero, Real time dynamics quantum simulation of (1+1)-D lattice QED with Rydberg
atoms, arXiv:1907.12579 (2019).

[50] U. J. Wiese, Ultracold quantum gases and
lattice systems: quantum simulation of lattice gauge theories, Ann. Phys. (Berl.) 525,
777 (2013).

[40] S. Notarnicola, E. Ercolessi, P. Facchi, G.
Marmo, S. Pascazio and F. V. Pepe, Discrete
Abelian gauge theories for quantum simulations of QED, J. Phys. A: Math. Theor. 48,
30FT01 (2015).

[51] B. Buyens, S. Montangero, J. Haegeman, F. Verstraete and K. Van Acoleyen,
Finite-representation approximation of lattice gauge theories at the continuum limit
with tensor networks, Phys. Rev. D 95,
094509 (2017).

[41] P. Hauke, D. Marcos, M. Dalmonte, and
P. Zoller, Quantum Simulation of a Lattice Schwinger Model in a Chain of Trapped
Ions, Phys. Rev. X 3, 041018 (2013).

[52] M.C. Bañuls, K. Cichy, K. Jansen, J.I. Cirac,
The mass spectrum of the Schwinger model
with matrix product states, J. High Energy
Phys. 11, 158 (2013).

[42] S. Kühn, J. I. Cirac, and M.C. Bañuls,
Quantum simulation of the Schwinger
model: A study of feasibility, Phys. Rev. A
90, 042305 (2014).

[53] T. Pichler, M. Dalmonte, E. Rico, P. Zoller,
and S. Montangero, Real-Time Dynamics in
U(1) Lattice Gauge Theories with Tensor
Networks, Phys. Rev. X 6, 011023 (2016).

[43] V. Kasper, F. Hebenstreit, F. Jendrzejewski,
M K Oberthaler, and J. Berges, Implementing quantum electrodynamics with ultracold
atomic systems, New J. Phys. 19, 023030
(2017).

[54] B. Buyens, J. Haegeman, F. Hebenstreit, F.
Verstraete and K. Van Acoleyen, Real-time
simulation of the Schwinger effect with matrix product states, Phys. Rev. D 96, 114501
(2017)

[44] F. M. Surace, P. P. Mazza, G. Giudici,
A. Lerose, A. Gambassi, and Marcello Dalmonte, Lattice gauge theories and string dynamics in Rydberg atom quantum simulators, arXiv:1902.09551.

[55] B. Buyens, J. Haegeman, H. Verschelde, F.
Verstraete, K. Van Acoleyen, Confinement
and String Breaking for QED2 in the Hamiltonian Picture, Phys. Rev. X 6, 041040
(2016).

[45] D. Banerjee, M. Dalmonte, M. Müller, E.
Rico, P. Stebler, U. J. Wiese, and P. Zoller,
Atomic Quantum Simulation of Dynamical
Gauge Fields Coupled to Fermionic Matter: From String Breaking to Evolution after a Quench, Phys. Rev. Lett. 109, 175302
(2012).

[56] Y. Kuno, S. Sakane, K. Kasamatsu, I. Ichinose, and Tetsuo Matsui, Quantum simulation of (1+1)-dimensional U(1) gauge-Higgs
model on a lattice by cold Bose gases, Phys.
Rev. D 95, 094507 (2017)
[57] J. Park, Y. Kuno, and I. Ichinose, Glassy
dynamics from quark confinement: Atomic
quantum simulation of the gauge-Higgs
model on a lattice, Phys. Rev. A 100, 013629
(2019).

[46] E. Rico, T. Pichler, M. Dalmonte, P. Zoller,
and S. Montangero, Tensor Networks for
Lattice Gauge Theories and Atomic Quantum Simulation, Phys. Rev. Lett. 112,
201601 (2014).

[58] E. Ercolessi, P. Facchi, G. Magnifico, S. Pascazio, and F. V. Pepe, Phase transitions in
Zn gauge models: Towards quantum simulations of the Schwinger-Weyl QED, Phys.
Rev. D 98, 074503 (2018).

[47] D. Horn, Finite Matrix Models With Continuous Local Gauge Invariance, Phys. Lett.
100B, 149 (1981).
[48] P. Orland and D. Rohrlich, Lattice gauge
magnets: Local isospin from spin, Nucl.
Phys. B 338, 647 (1990).

[59] J. Schwinger, Gauge Invariance and Mass.
II, Phys. Rev. 128, 2425 (1962).
18

[71] P. Barmettler, D. Poletti, M. Cheneau, and
C. Kollath, Propagation front of correlations
in an interacting Bose gas, Phys. Rev. A 85,
053625 (2012).

[60] G. Magnifico, D. Vodola, E. Ercolessi, S.
P. Kumar, M. Müller, and A. Bermudez,
Symmetry-protected topological phases in
lattice gauge theories: Topological QED2 ,
Phys. Rev. D 99, 014503 (2019).

[72] G. Carleo, F. Becca, L. Sanchez-Palencia, S.
Sorella, and M. Fabrizio, Light-cone effect
and supersonic correlations in one- and twodimensional bosonic superfluids, Phys. Rev.
A 89, 031602 (2014).

[61] G. Magnifico, D. Vodola, E. Ercolessi, S.
P. Kumar, M. Müller, and A. Bermudez,
ZN gauge theories coupled to topological fermions: QED2 with a quantummechanical θ angle, Phys. Rev. B 100,
115152 (2019).

[73] L. Bonnes, F. H. L. Essler, and A.
M. Lauchli, “Light-Cone” Dynamics After
Quantum Quenches in Spin Chains, Phys.
Rev. Lett. 113, 187203 (2014).

[62] H.B.G. Casimir, On the Attraction Between
Two Perfectly Conducting Plates, Proc.
Kon. Nederl. Akad. Wet. 51, 793 (1948).

[74] R. Geiger, T. Langen, I. E. Mazets, and J.
Schmiedmayer, Local relaxation and lightcone-like propagation of correlations in a
trapped one-dimensional Bose gas, New J.
Phys. 16, 053034 (2014).

[63] M. Kormos, M. Collura, G. Takacs, and P.
Calabrese, Real time confinement following
a quantum quench to a non-integrable model,
Nat. Phys. 13 246, (2017) .

[75] E. H. Lieb and D. W. Robinson, The finite group velocity of quantum spin systems,
Commun. Math. Phys. 28, 251 (1972).

[64] M. Dalmonte and S. Montangero, Contemp.
Lattice gauge theories simulations in the
quantum information era, Phys. 57, 388
(2016).

[76] Compare for example our Fig. 8(a) with Fig.
6 of Ref. [63].

[65] E. Zohar and J.I. Cirac, Removing staggered
fermionic matter in U(N) and SU(N) lattice gauge theories, Phys. Rev. D 99, 114511
(2019).

[77] H. Bernien, S. Schwartz, A. Keesling, H.
Levine, A. Omran, H. Pichler, S. Choi, A. S.
Zibrov, M. Endres, M. Greiner, V. Vuletić,
M. D. Lukin, Probing many-body dynamics
on a 51-atom quantum simulator, Nature
551, 579 (2017).

[66] B. M. McCoy and T. T. Wu, Twodimensional Ising field theory in a magnetic
field: Breakup of the cut in the two-point
function, Phys. Rev. D 18, 1259 (1978).

[78] P. Calabrese and J. Cardy, Time Dependence
of Correlation Functions Following a Quantum Quench, Phys. Rev. Lett. 96, 136801
(2006); Quantum quenches in extended systems, J. Stat. Mech. 2007 P06008 (2007).

[67] P. Calabrese and J. L. Cardy, Evolution
of entanglement entropy in one-dimensional
systems, J. Stat. Mech. 2005, P04010
(2005).
[68] A. Laeuchli and C. Kollath, Spreading of correlations and entanglement after a quench in
the one-dimensional Bose-Hubbard model, J.
Stat. Mech. 2008, P05018 (2008).

[79] F. Hebenstreit, R. Alkofer, and H. Gies,
Schwinger pair production in space- and
time-dependent electric fields: Relating the
Wigner formalism to quantum kinetic theory, Phys. Rev. D 82, 105026 (2010).

[69] S. R. Manmana, S. Wessel, R. M. Noack, and
A. Muramatsu, Time evolution of correlations in strongly interacting fermions after
a quantum quench, Phys. Rev. B 79, 155104
(2009).

[80] F. Hebenstreit, J. Berges, and D. Gelfand,
Simulating fermion production in 1+1 dimensional QED, Phys. Rev. D 87, 105006
(2013).
[81] F. Liu, R. Lundgren, P. Titum, G. Pagano,
J. Zhang, C. Monroe, and A. V. Gorshkov,
Confined Quasiparticle Dynamics in LongRange Interacting Quantum Spin Chains,
Phys. Rev. Lett. 122, 150601 (2019).

[70] H. Kim and D. A. Huse, Ballistic Spreading of Entanglement in a Diffusive Nonintegrable System, Phys. Rev. Lett. 111, 127205
(2013).
19

[82] O. Pomponio, L. Pristyák, and G. Takács,
Quasi-particle spectrum and entanglement
generation after a quench in the quantum
Potts spin chain, J. Stat. Mech. (2019)
013104.
[83] U. Schollwöck and S. R. White, Methods
for Time Dependence in DMRG, AIP Conf.
Proc. 816, 155 (2006).

20

