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Limitations:

(1) Local Hilbert space dim is restricted to 2

(2) Not scalable in space. Hard to maintain 

large number of qubits — loss of quantum 
coherence


(3) Not scalable in time — Trotter errors — 
loss of quantum coherence
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In two parts…

1. Lattice gauge theories in the age of quantum technologies

Quantum simulation: proposed by Yuri Manin and Richard Feynman

Digital simulation 
Unitaries are simulated using 

quantum gates via Trotter decomposition 

in a quantum circuit 

Natural question: Can we 
simulate gauge theories that 

describe high-energy physics?

Analog simulation 
Interactions of a ‘source system’  

(cold atoms, ion-trap etc.) are tuned 
so that it can mimic the physics of a ‘target system’
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• Global symmetries

e.g.

1. Translational symmetry: 
2. Phase symmetry in QM:  

ψ(x) → ψ(x + a)
ψ(x) → eiαψ(x)

Momentum conserved

Total probability conserved, continuity eq 

Noether’s (first) theorem

• Local (gauge) symmetries

                    
∂μFμν = Jν

∂μϵμνδηFδη = 0
Fμν = ∂μAν − ∂νAμ}Invariant under Aμ(x) → Aμ(x) + ∂μα(x)

‘Technically’ not a symmetry

 Just a redundancy in our description

 Can’t be broken spontaneously (Elitzur's theorem)

 Noether’s (first) theorem not applicable

 Instead we get Gauss law

Physics remain unchanged after transformation

Exactly same system before and after transformation

Then why not??


∇ . E = ρ
∇ . B = 0

∇ × E = −
∂B
∂t

∇ × B = J +
∂E
∂t

Turns out to be very difficult to work with, especially in QED

Transformation under some Group
Physics (the action) remains invariant
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Opened up new possibilities to approach 
non-perturbative limits… 
 
Since then Monte-Carlo simulations have 
been used to study various facets of high 
energy physics 
on lattice… But severe sign problem
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where…


Ĥ = − t∑
j

( ̂a†
j ̂aj+1 + h . c.) +

U
2 ∑

j

̂nj( ̂nj − 1)

Ĥ = − t∑
j

( ̂a†
j Û( j, j+1) ̂aj+1 + h . c.)+

U
2 ∑

j

̂nj( ̂nj − 1)

+q∑
j

L̂2
( j, j+1)

[L̂, Û] = − Û
[L̂, Û†] = + Û†
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In present days… form low-energy perspective…

Advancements in quantum simulation 

(digital + analog)

New experimental results  
and propositions are coming

Long-term goal being the scalable simulation 
of non-Abelian theories

1. Hamiltonian formulation

2. Access to state or wave-function

3. Entanglement entropy becomes almost free

4. No sign problem

5. Real-time dynamics 

For fermionic Schwinger model (QED in 1+1 D)…
1. J. High Energy Phys. 11, 158 (2013)

2. Phys. Rev. A 90, 042305 (2014)

3. Phys. Rev. Lett. 113, 091601 (2014)

4. Phys. Rev. D 92, 034519 (2015)

5. Phys. Rev. D 94, 085018 (2016)

6. Phys. Rev. X 6, 011023 (2016)

7. Phys. Rev. X 6, 041040 (2016)

8. Phys. Rev. D 96, 114501 (2017)

9. NOT COMPLETE…

Worked perfectly where 
QMC fails

There are also studies in 
 non-Abelian GT in 1+1

Recent developments in tensor network 
methods (Classical simulation of q. systems)
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Tensor network algorithms
1D TN  matrix product states (MPS)→

|ψ⟩ = ∑
i1,i2,i3..,iN

Ci1i2i3...iN | i1i2i3 . . . iN⟩

C

i1 i2 i3 i4 i5 iN

M1 M2 M3 M4 MN

i1 i2 i3 i4 iN

MPS

Basic idea: MPS with finite bond dimension as an ansatz for many-body wavefunction

Equilibrium physics

Ground state or low-lying excited states 

1. Density matrix renormalization group (DMRG)

2. One-site variational eigenstate search, with or 

without subspace expansion  
(colloquially, one-site DMRG ) 

Out-of-equilibrium dynamics

1. Time-evolving block decimation (TEBD), or 
tDMRG via Trotter decomposition (~2004) 

2. Tangent-space method of time-dependent 
variational principle (TDVP) (2011 - 2016)

Bond dimension 
∼ dN/2



Introduction

Our work ➞ Out-of-equilibrium dynamics of bosonic Schwinger model

Goal:

1. Signatures of confinement out-of-equilibrium, 

easier to experimentally verify confinement.

2. Lack of thermalization and slow dynamics due 

to confinement.
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• Out-of-equilibrium dynamics are hard to simulate numerically. Tensor network shows a way 
forward.
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to confinement.

The Bosonic Schwinger Model

• Out-of-equilibrium dynamics are hard to simulate numerically. Tensor network shows a way 
forward.


• Important for understanding of important questions such as the existence of new phases of 
matter, the presence or absence of thermalization.


• Bosonic Schwinger model: Matter particles are also bosonic ➞  
              1. many works have been done with fermionic matter, but not so many with bosons 
              2. ultra-cold atomic experiments with bosons are easier to handle

Thermalization  described by only one 
parameter (temperature, T) 

e


Lack-of-thermalization  retains memory of 
the initial state 

s

e.g. engineering quantum memory

⇒

⇒



The model
The Bosonic Schwinger Model

ℒ = − [Dμϕ]*Dμϕ − m2 |ϕ |2 −
1
4

FμνFμν

Metric convention ➞ (-1,1,1,1) or (-1,1)
Dμ = (∂μ + iqAμ)

Prescription for discretization:

1. Fix temporal gauge  in 1+1 dimension

2. Canonical quantization, get the  Hamiltonian in continuum

3. Discretize the Hamiltonian on a lattice with spacing a
4. Discretization is such that matter fields sit on lattice sites, gauge fields on bonds

5. Some simplifications 

At(x, t) = 0



The model
The Bosonic Schwinger Model

Ĥ = ∑
j

L̂2
j + 2 (x ((m /q)2 + 2x))

1/2

∑
j

( ̂a†
j ̂aj + b̂jb̂†

j ) −
x3/2

((m /q)2 + 2x)
1/2 ∑

j
[( ̂a†

j+1 + b̂j+1)Ûj( ̂aj + b̂†
j ) + h.c.]

Hamiltonian after discretization… x = 1/a2q2
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j

L̂j | lj⟩ = lj | lj⟩,  with lj ∈ [ . . . , − 2, − 1, 0, 1, 2, . . . ]

Ûj | lj⟩ = | lj − 1⟩

Û†
j | lj⟩ = | lj + 1⟩

[L̂j, Ûj] = − Ûj

[L̂j, Û†
j ] = Û†

j
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j+1 + b̂j+1)Ûj( ̂aj + b̂†
j ) + h.c.]

Hamiltonian after discretization… x = 1/a2q2

L̂j | lj⟩ = lj | lj⟩,  with lj ∈ [ . . . , − 2, − 1, 0, 1, 2, . . . ]
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Particles ̂aj

Antiparticles b̂j

Electric fields 
L̂j, Ûj, Û†

j

̂aj → eiαj ̂aj

b̂j → e−iαj b̂j

Ûj → e−iαj Ûj eiαj+1

Ĝj = L̂j − L̂j−1 − ( ̂a†
j ̂aj − b̂†

j b̂j)
Corresponding Gauss law generators…

}

Dynamical charge: Particle—anti-particle 
number differenceWe restrict ourself to  sector for Ĝj |ψ⟩ = 0 ∀j

Q̂j

Local U(1) invariance…



The model
Comment on the ground state

ω(k) = 2 xm2/q2 + 2x2(1 − cos ka)

lim
a→0

ω(k) = k2 + m2

Dispersion relation without gauge fields (Klein-Gordon theory)…

Gapless in massless scenario

Free theory…

Excitations are free      or 
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Comment on the ground state

ω(k) = 2 xm2/q2 + 2x2(1 − cos ka)

lim
a→0

ω(k) = k2 + m2

Dispersion relation without gauge fields (Klein-Gordon theory)…

Gapless in massless scenario

In the bosonic Schwinger model:

1. Excitations are not free particles,  but bound 

particle-antiparticle pairs (mesons).

Confined theory…

Excitations are…
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The model
Comment on the ground state

ω(k) = 2 xm2/q2 + 2x2(1 − cos ka)

lim
a→0

ω(k) = k2 + m2

Dispersion relation without gauge fields (Klein-Gordon theory)…

Gapless in massless scenario

In the bosonic Schwinger model:

1. Excitations are not free particles,  but bound 

particle-antiparticle pairs (mesons). 

2. A finite mass-gap is generated due to matter-

gauge coupling.

3. Mass-gap, .

4. Extra energy, , arises as 

binding energy required to tether particle-
antiparticle pairs into mesons.

M/q = (E1 − E0)/4 x > m /q
EB /q = M/q − m /q

Confined theory…

Excitations are…
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The model
Comment on the ground state

ω(k) = 2 xm2/q2 + 2x2(1 − cos ka)

lim
a→0

ω(k) = k2 + m2

Dispersion relation without gauge fields (Klein-Gordon theory)…

In the bosonic Schwinger model:

1. Excitations are not free particles,  but bound 

particle-antiparticle pairs (mesons). 

2. A finite mass-gap is generated due to matter-

gauge coupling.

3. Mass-gap, .

4. Extra energy, , arises as 

binding energy required to tether particle-
antiparticle pairs into mesons. 


5. Ground state is always gapped with finite 
correlations.

M/q = (E1 − E0)/4 x > m /q
EB /q = M/q − m /q
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Time evolution
We excite the system out of equilibrium via the non-local operator…

M̂R ≡ ( ̂a†
N
2 −R

+ b̂ N
2 −R)

N
2 +R

∏
j= N

2 −R

Û†
j ( ̂a N

2 +R+1 + b̂†
N
2 +R+1)

Creates unit opposite charges separated by a distance of 2R+1 connected by a string of electric field

i.e., an extended meson
Initial state ➞ |ψ(t = 0)⟩ = 𝒩M̂R |Ω⟩

≈ (2R + 1) + 4 (x((m /q)2 + 2x))1/2with extra energy ➞



Time evolution

1. Light-cone bends.

2. Coherent oscillation of the string.

3. Partial string breaking.

4. String inversion.

5. Radiation of lighter mesons.

6. Two domains — confined core 

and deconfined outer region.

7. Slow depletion of coherent core.

We excite the system out of equilibrium via the non-local operator…

M̂R ≡ ( ̂a†
N
2 −R

+ b̂ N
2 −R)

N
2 +R

∏
j= N

2 −R

Û†
j ( ̂a N

2 +R+1 + b̂†
N
2 +R+1)

Creates unit opposite charges separated by a distance of 2R+1 connected by a string of electric field

i.e., an extended meson
Initial state ➞ |ψ(t = 0)⟩ = 𝒩M̂R |Ω⟩

≈ (2R + 1) + 4 (x((m /q)2 + 2x))1/2with extra energy ➞

Positive charge
(more particles)

Negative
electric field<latexit sha1_base64="hevZ+QBg7oJmP/DOLqCnN+Z80tw="></latexit>
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Negative charge
(more antiparticles)
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Time evolution
Particle and gauge sector
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N = 60 sites, N-1 = 59 bonds, R = 5



Time evolution
Particle and gauge sector
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Concentration of bosons in 
confined core vanishes at t ≈ 10

Almost perfect periodic oscillation

Two domains are clearly visible



Time evolution
Entanglement dynamics
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In the Klein-Gordon scenario:

1. Entanglement spreads ballistically 

from the beginning.

2. Memory effect apparently 

disappears

3. Thermalization in the generalized 

sense.

N = 60 sites, N-1 = 59 bonds, R = 5



Time evolution
Entanglement dynamics
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In the Klein-Gordon scenario:

1. Entanglement spreads ballistically 

from the beginning.

2. Memory effect apparently 

disappears

3. Thermalization in the generalized 

sense.

In the bosonic Schwinger model:

1. Initial spreading of entanglement 

slows down.

2. Starts to spread ballistically in 

correspondence with the radiation 
of lighter mesons (for lower 
masses).


3. Entanglement stays concentrated in 
the confined core, even long after 
the accumulation of bosons 
disappears.


4. Strong memory effect.

N = 60 sites, N-1 = 59 bonds, R = 5



Time evolution
Entanglement dynamics: Classical vs. distillable

N = 60 sites, N-1 = 59 bonds, R = 5

Due to global U(1) symmetry…
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Time evolution
Entanglement dynamics: Classical vs. distillable

N = 60 sites, N-1 = 59 bonds, R = 5
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2 The classical part of the entropy remains 
sharply confined to the confined core, 
thereby demarcating confined domain 
from the deconfined one. 

Due to global U(1) symmetry…
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Lack of thermalization
Thermalization 

  as … Described by only one parameter (T)… no memory 

 should grow proportional to the bipartition size for sufficiently long 

⟨Ô(ψ(t))⟩ → Ōmicrocann. t → ∞

𝒮(t) t



Lack of thermalization

Positive charge
(more particles)

Negative
electric field<latexit sha1_base64="hevZ+QBg7oJmP/DOLqCnN+Z80tw="></latexit>

Positive 
electric field<latexit sha1_base64="lYgN+iPd8IOFo0ivlGX9n8Uq2Cc="></latexit>

Negative charge
(more antiparticles)
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Expectation…

Deconfined domain. 

Populated by free lighter mesons.

Should thermalize. 

Should show volume-law of entropy.

Confined domain.

Coherent oscillations.

Memory effect.

Should remain non-thermal. 

Entropy should not grow proportional 
to the bipartition size, but slower.

Thermalization 

  as … Described by only one parameter (T)… no memory 

 should grow proportional to the bipartition size for sufficiently long 

⟨Ô(ψ(t))⟩ → Ōmicrocann. t → ∞

𝒮(t) t



Lack of thermalization

Positive charge
(more particles)

Negative
electric field<latexit sha1_base64="hevZ+QBg7oJmP/DOLqCnN+Z80tw="></latexit>

Positive 
electric field<latexit sha1_base64="lYgN+iPd8IOFo0ivlGX9n8Uq2Cc="></latexit>

Negative charge
(more antiparticles)
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N = 60, 90, 120 sites, with R = N/10

Extensive energy in the initial state: required for thermalization
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Lack of thermalization

Positive charge
(more particles)

Negative
electric field<latexit sha1_base64="hevZ+QBg7oJmP/DOLqCnN+Z80tw="></latexit>

Positive 
electric field<latexit sha1_base64="lYgN+iPd8IOFo0ivlGX9n8Uq2Cc="></latexit>

Negative charge
(more antiparticles)
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<latexit sha1_base64="DpRj3Zvy5cOAHL2v9wQnJ7UImIc=">AAACBnicbVC7SgNBFJ2NrxhfUUubwSBYSNiNgpZBG8uI5gHJEmYnd5MhM7PLzKywhPQ2tvoXdmLrb/gTfoOzyRaaeODC4dxz4dwTxJxp47pfTmFldW19o7hZ2tre2d0r7x+0dJQoCk0a8Uh1AqKBMwlNwwyHTqyAiIBDOxjfZPv2IyjNIvlg0hh8QYaShYwSY6X73rTUL1fcqjsDXiZeTiooR6Nf/u4NIpoIkIZyonXXc2PjT4gyjHKYlnqJhpjQMRlC11JJBGh/Mos6xSdWGeAwUnakwTP198WECK1TEVinIGakF3eZeIYDRcZg/vWEkEoRL6Qw4ZU/YTJODEg6DxEmHJsIZ53gAVNADU8tIVQx+wemI6IINba5rCBvsY5l0qpVvfNq7e6iUr/OqyqiI3SMTpGHLlEd3aIGaiKKhugZvaBX58l5c96dj7m14OQ3h+gPnM8fmEaY8g==</latexit>

}
<latexit sha1_base64="DpRj3Zvy5cOAHL2v9wQnJ7UImIc=">AAACBnicbVC7SgNBFJ2NrxhfUUubwSBYSNiNgpZBG8uI5gHJEmYnd5MhM7PLzKywhPQ2tvoXdmLrb/gTfoOzyRaaeODC4dxz4dwTxJxp47pfTmFldW19o7hZ2tre2d0r7x+0dJQoCk0a8Uh1AqKBMwlNwwyHTqyAiIBDOxjfZPv2IyjNIvlg0hh8QYaShYwSY6X73rTUL1fcqjsDXiZeTiooR6Nf/u4NIpoIkIZyonXXc2PjT4gyjHKYlnqJhpjQMRlC11JJBGh/Mos6xSdWGeAwUnakwTP198WECK1TEVinIGakF3eZeIYDRcZg/vWEkEoRL6Qw4ZU/YTJODEg6DxEmHJsIZ53gAVNADU8tIVQx+wemI6IINba5rCBvsY5l0qpVvfNq7e6iUr/OqyqiI3SMTpGHLlEd3aIGaiKKhugZvaBX58l5c96dj7m14OQ3h+gPnM8fmEaY8g==</latexit>

}
<latexit sha1_base64="DpRj3Zvy5cOAHL2v9wQnJ7UImIc=">AAACBnicbVC7SgNBFJ2NrxhfUUubwSBYSNiNgpZBG8uI5gHJEmYnd5MhM7PLzKywhPQ2tvoXdmLrb/gTfoOzyRaaeODC4dxz4dwTxJxp47pfTmFldW19o7hZ2tre2d0r7x+0dJQoCk0a8Uh1AqKBMwlNwwyHTqyAiIBDOxjfZPv2IyjNIvlg0hh8QYaShYwSY6X73rTUL1fcqjsDXiZeTiooR6Nf/u4NIpoIkIZyonXXc2PjT4gyjHKYlnqJhpjQMRlC11JJBGh/Mos6xSdWGeAwUnakwTP198WECK1TEVinIGakF3eZeIYDRcZg/vWEkEoRL6Qw4ZU/YTJODEg6DxEmHJsIZ53gAVNADU8tIVQx+wemI6IINba5rCBvsY5l0qpVvfNq7e6iUr/OqyqiI3SMTpGHLlEd3aIGaiKKhugZvaBX58l5c96dj7m14OQ3h+gPnM8fmEaY8g==</latexit>

}
<latexit sha1_base64="DpRj3Zvy5cOAHL2v9wQnJ7UImIc=">AAACBnicbVC7SgNBFJ2NrxhfUUubwSBYSNiNgpZBG8uI5gHJEmYnd5MhM7PLzKywhPQ2tvoXdmLrb/gTfoOzyRaaeODC4dxz4dwTxJxp47pfTmFldW19o7hZ2tre2d0r7x+0dJQoCk0a8Uh1AqKBMwlNwwyHTqyAiIBDOxjfZPv2IyjNIvlg0hh8QYaShYwSY6X73rTUL1fcqjsDXiZeTiooR6Nf/u4NIpoIkIZyonXXc2PjT4gyjHKYlnqJhpjQMRlC11JJBGh/Mos6xSdWGeAwUnakwTP198WECK1TEVinIGakF3eZeIYDRcZg/vWEkEoRL6Qw4ZU/YTJODEg6DxEmHJsIZ53gAVNADU8tIVQx+wemI6IINba5rCBvsY5l0qpVvfNq7e6iUr/OqyqiI3SMTpGHLlEd3aIGaiKKhugZvaBX58l5c96dj7m14OQ3h+gPnM8fmEaY8g==</latexit>

Ti
m
e

Space

<latexit sha1_base64="sWV4riFNLye73R5oIrYUSYAcF1o="></latexit>

<latexit sha1_base64="pUP1lW8U2IJmpy0mFvVnx0hRszg="></latexit>

<latexit sha1_base64="NEHroDys4rdWyuRgX5Tg4blJx5A="></latexit>

<latexit sha1_base64="9SbI/lpLrbKxy33LITimqtstt08="></latexit>

<latexit sha1_base64="buo3bmbDgVeuvY18rJ6JWhud/pI="></latexit>

<latexit sha1_base64="buo3bmbDgVeuvY18rJ6JWhud/pI="></latexit>

<latexit sha1_base64="9SbI/lpLrbKxy33LITimqtstt08="></latexit>

<latexit sha1_base64="NEHroDys4rdWyuRgX5Tg4blJx5A="></latexit>

<latexit sha1_base64="wftgY/qFm2/cGKTve0QgYAV3c5k="></latexit>

<latexit sha1_base64="AU1H84tDN3qki/vJMWAZFtj7ZeI="></latexit>

<latexit sha1_base64="wftgY/qFm2/cGKTve0QgYAV3c5k="></latexit>

<latexit sha1_base64="NEHroDys4rdWyuRgX5Tg4blJx5A="></latexit>

<latexit sha1_base64="9SbI/lpLrbKxy33LITimqtstt08="></latexit>

<latexit sha1_base64="AU1H84tDN3qki/vJMWAZFtj7ZeI="></latexit>

<latexit sha1_base64="bDNzOl7a/23IsvWckIMjDrQlq54="></latexit>

<latexit sha1_base64="bDNzOl7a/23IsvWckIMjDrQlq54="></latexit>

<latexit sha1_base64="AU1H84tDN3qki/vJMWAZFtj7ZeI="></latexit>

<latexit sha1_base64="C6ckUPgJ9JweQHwscs1QimPi2fU="></latexit>

<latexit sha1_base64="C6ckUPgJ9JweQHwscs1QimPi2fU="></latexit> <latexit sha1_base64="C6ckUPgJ9JweQHwscs1QimPi2fU="></latexit>

<latexit sha1_base64="C6ckUPgJ9JweQHwscs1QimPi2fU="></latexit>

<latexit sha1_base64="3XTfdRT1LflBy4wtUJXQashXiOQ="></latexit>

<latexit sha1_base64="3XTfdRT1LflBy4wtUJXQashXiOQ="></latexit> <latexit sha1_base64="3XTfdRT1LflBy4wtUJXQashXiOQ="></latexit>

<latexit sha1_base64="3XTfdRT1LflBy4wtUJXQashXiOQ="></latexit>

<latexit sha1_base64="mlPtihhHvAhvWXhQRgHhh71xDg0="></latexit>

<latexit sha1_base64="mlPtihhHvAhvWXhQRgHhh71xDg0="></latexit><latexit sha1_base64="IfGtFHWd00dTLlMGTE5lwwPWnws="></latexit>

<latexit sha1_base64="boJSJ5RFKk8t7HpwYIbSBqkGB5A="></latexit>

<latexit sha1_base64="boJSJ5RFKk8t7HpwYIbSBqkGB5A="></latexit>

<latexit sha1_base64="IfGtFHWd00dTLlMGTE5lwwPWnws="></latexit>

<latexit sha1_base64="OGfYrf/F+t+peBvSjsPK3mCM63g="></latexit>

<latexit sha1_base64="CSpP1VxN0Tg6NvzzNiSwcbH45Tc="></latexit>
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𝒮Av =
1

2R + 1

N/2+R

∑
j=N/2−R

𝒮j Shows perfect area-law

N = 60, 90, 120 sites, with R = N/10

Extensive energy in the initial state: required for thermalization
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Lack of thermalization

Positive charge
(more particles)

Negative
electric field<latexit sha1_base64="hevZ+QBg7oJmP/DOLqCnN+Z80tw="></latexit>

Positive 
electric field<latexit sha1_base64="lYgN+iPd8IOFo0ivlGX9n8Uq2Cc="></latexit>

Negative charge
(more antiparticles)
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}
<latexit sha1_base64="DpRj3Zvy5cOAHL2v9wQnJ7UImIc=">AAACBnicbVC7SgNBFJ2NrxhfUUubwSBYSNiNgpZBG8uI5gHJEmYnd5MhM7PLzKywhPQ2tvoXdmLrb/gTfoOzyRaaeODC4dxz4dwTxJxp47pfTmFldW19o7hZ2tre2d0r7x+0dJQoCk0a8Uh1AqKBMwlNwwyHTqyAiIBDOxjfZPv2IyjNIvlg0hh8QYaShYwSY6X73rTUL1fcqjsDXiZeTiooR6Nf/u4NIpoIkIZyonXXc2PjT4gyjHKYlnqJhpjQMRlC11JJBGh/Mos6xSdWGeAwUnakwTP198WECK1TEVinIGakF3eZeIYDRcZg/vWEkEoRL6Qw4ZU/YTJODEg6DxEmHJsIZ53gAVNADU8tIVQx+wemI6IINba5rCBvsY5l0qpVvfNq7e6iUr/OqyqiI3SMTpGHLlEd3aIGaiKKhugZvaBX58l5c96dj7m14OQ3h+gPnM8fmEaY8g==</latexit>

}
<latexit sha1_base64="DpRj3Zvy5cOAHL2v9wQnJ7UImIc=">AAACBnicbVC7SgNBFJ2NrxhfUUubwSBYSNiNgpZBG8uI5gHJEmYnd5MhM7PLzKywhPQ2tvoXdmLrb/gTfoOzyRaaeODC4dxz4dwTxJxp47pfTmFldW19o7hZ2tre2d0r7x+0dJQoCk0a8Uh1AqKBMwlNwwyHTqyAiIBDOxjfZPv2IyjNIvlg0hh8QYaShYwSY6X73rTUL1fcqjsDXiZeTiooR6Nf/u4NIpoIkIZyonXXc2PjT4gyjHKYlnqJhpjQMRlC11JJBGh/Mos6xSdWGeAwUnakwTP198WECK1TEVinIGakF3eZeIYDRcZg/vWEkEoRL6Qw4ZU/YTJODEg6DxEmHJsIZ53gAVNADU8tIVQx+wemI6IINba5rCBvsY5l0qpVvfNq7e6iUr/OqyqiI3SMTpGHLlEd3aIGaiKKhugZvaBX58l5c96dj7m14OQ3h+gPnM8fmEaY8g==</latexit>

}
<latexit sha1_base64="DpRj3Zvy5cOAHL2v9wQnJ7UImIc=">AAACBnicbVC7SgNBFJ2NrxhfUUubwSBYSNiNgpZBG8uI5gHJEmYnd5MhM7PLzKywhPQ2tvoXdmLrb/gTfoOzyRaaeODC4dxz4dwTxJxp47pfTmFldW19o7hZ2tre2d0r7x+0dJQoCk0a8Uh1AqKBMwlNwwyHTqyAiIBDOxjfZPv2IyjNIvlg0hh8QYaShYwSY6X73rTUL1fcqjsDXiZeTiooR6Nf/u4NIpoIkIZyonXXc2PjT4gyjHKYlnqJhpjQMRlC11JJBGh/Mos6xSdWGeAwUnakwTP198WECK1TEVinIGakF3eZeIYDRcZg/vWEkEoRL6Qw4ZU/YTJODEg6DxEmHJsIZ53gAVNADU8tIVQx+wemI6IINba5rCBvsY5l0qpVvfNq7e6iUr/OqyqiI3SMTpGHLlEd3aIGaiKKhugZvaBX58l5c96dj7m14OQ3h+gPnM8fmEaY8g==</latexit>

}
<latexit sha1_base64="DpRj3Zvy5cOAHL2v9wQnJ7UImIc=">AAACBnicbVC7SgNBFJ2NrxhfUUubwSBYSNiNgpZBG8uI5gHJEmYnd5MhM7PLzKywhPQ2tvoXdmLrb/gTfoOzyRaaeODC4dxz4dwTxJxp47pfTmFldW19o7hZ2tre2d0r7x+0dJQoCk0a8Uh1AqKBMwlNwwyHTqyAiIBDOxjfZPv2IyjNIvlg0hh8QYaShYwSY6X73rTUL1fcqjsDXiZeTiooR6Nf/u4NIpoIkIZyonXXc2PjT4gyjHKYlnqJhpjQMRlC11JJBGh/Mos6xSdWGeAwUnakwTP198WECK1TEVinIGakF3eZeIYDRcZg/vWEkEoRL6Qw4ZU/YTJODEg6DxEmHJsIZ53gAVNADU8tIVQx+wemI6IINba5rCBvsY5l0qpVvfNq7e6iUr/OqyqiI3SMTpGHLlEd3aIGaiKKhugZvaBX58l5c96dj7m14OQ3h+gPnM8fmEaY8g==</latexit>

Ti
m
e

Space

<latexit sha1_base64="sWV4riFNLye73R5oIrYUSYAcF1o="></latexit>

<latexit sha1_base64="pUP1lW8U2IJmpy0mFvVnx0hRszg="></latexit>

<latexit sha1_base64="NEHroDys4rdWyuRgX5Tg4blJx5A="></latexit>

<latexit sha1_base64="9SbI/lpLrbKxy33LITimqtstt08="></latexit>

<latexit sha1_base64="buo3bmbDgVeuvY18rJ6JWhud/pI="></latexit>

<latexit sha1_base64="buo3bmbDgVeuvY18rJ6JWhud/pI="></latexit>

<latexit sha1_base64="9SbI/lpLrbKxy33LITimqtstt08="></latexit>

<latexit sha1_base64="NEHroDys4rdWyuRgX5Tg4blJx5A="></latexit>

<latexit sha1_base64="wftgY/qFm2/cGKTve0QgYAV3c5k="></latexit>

<latexit sha1_base64="AU1H84tDN3qki/vJMWAZFtj7ZeI="></latexit>

<latexit sha1_base64="wftgY/qFm2/cGKTve0QgYAV3c5k="></latexit>

<latexit sha1_base64="NEHroDys4rdWyuRgX5Tg4blJx5A="></latexit>

<latexit sha1_base64="9SbI/lpLrbKxy33LITimqtstt08="></latexit>

<latexit sha1_base64="AU1H84tDN3qki/vJMWAZFtj7ZeI="></latexit>

<latexit sha1_base64="bDNzOl7a/23IsvWckIMjDrQlq54="></latexit>

<latexit sha1_base64="bDNzOl7a/23IsvWckIMjDrQlq54="></latexit>

<latexit sha1_base64="AU1H84tDN3qki/vJMWAZFtj7ZeI="></latexit>

<latexit sha1_base64="C6ckUPgJ9JweQHwscs1QimPi2fU="></latexit>

<latexit sha1_base64="C6ckUPgJ9JweQHwscs1QimPi2fU="></latexit> <latexit sha1_base64="C6ckUPgJ9JweQHwscs1QimPi2fU="></latexit>

<latexit sha1_base64="C6ckUPgJ9JweQHwscs1QimPi2fU="></latexit>

<latexit sha1_base64="3XTfdRT1LflBy4wtUJXQashXiOQ="></latexit>

<latexit sha1_base64="3XTfdRT1LflBy4wtUJXQashXiOQ="></latexit> <latexit sha1_base64="3XTfdRT1LflBy4wtUJXQashXiOQ="></latexit>

<latexit sha1_base64="3XTfdRT1LflBy4wtUJXQashXiOQ="></latexit>

<latexit sha1_base64="mlPtihhHvAhvWXhQRgHhh71xDg0="></latexit>

<latexit sha1_base64="mlPtihhHvAhvWXhQRgHhh71xDg0="></latexit><latexit sha1_base64="IfGtFHWd00dTLlMGTE5lwwPWnws="></latexit>

<latexit sha1_base64="boJSJ5RFKk8t7HpwYIbSBqkGB5A="></latexit>

<latexit sha1_base64="boJSJ5RFKk8t7HpwYIbSBqkGB5A="></latexit>

<latexit sha1_base64="IfGtFHWd00dTLlMGTE5lwwPWnws="></latexit>

<latexit sha1_base64="OGfYrf/F+t+peBvSjsPK3mCM63g="></latexit>

<latexit sha1_base64="CSpP1VxN0Tg6NvzzNiSwcbH45Tc="></latexit>
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N = 60, 90, 120 sites, with R = N/10

Extensive energy in the initial state: required for thermalization
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Æ = 0.93, Ø = 1.32 Æ = 0.94, Ø = 0.6

𝒮j ∝ (log
N
j )

−α

(log N)−β  with α ≈ 1

For fixed N:
1. Sub-linear in j for small j.

2. Linear for intermediate j: volume-law.

3. Super-linear before saturating into the confined domain.



To summarize…

Positive charge
(more particles)

Negative
electric field<latexit sha1_base64="hevZ+QBg7oJmP/DOLqCnN+Z80tw="></latexit>

Positive 
electric field<latexit sha1_base64="lYgN+iPd8IOFo0ivlGX9n8Uq2Cc="></latexit>

Negative charge
(more antiparticles)
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}
<latexit sha1_base64="DpRj3Zvy5cOAHL2v9wQnJ7UImIc=">AAACBnicbVC7SgNBFJ2NrxhfUUubwSBYSNiNgpZBG8uI5gHJEmYnd5MhM7PLzKywhPQ2tvoXdmLrb/gTfoOzyRaaeODC4dxz4dwTxJxp47pfTmFldW19o7hZ2tre2d0r7x+0dJQoCk0a8Uh1AqKBMwlNwwyHTqyAiIBDOxjfZPv2IyjNIvlg0hh8QYaShYwSY6X73rTUL1fcqjsDXiZeTiooR6Nf/u4NIpoIkIZyonXXc2PjT4gyjHKYlnqJhpjQMRlC11JJBGh/Mos6xSdWGeAwUnakwTP198WECK1TEVinIGakF3eZeIYDRcZg/vWEkEoRL6Qw4ZU/YTJODEg6DxEmHJsIZ53gAVNADU8tIVQx+wemI6IINba5rCBvsY5l0qpVvfNq7e6iUr/OqyqiI3SMTpGHLlEd3aIGaiKKhugZvaBX58l5c96dj7m14OQ3h+gPnM8fmEaY8g==</latexit>

}
<latexit sha1_base64="DpRj3Zvy5cOAHL2v9wQnJ7UImIc=">AAACBnicbVC7SgNBFJ2NrxhfUUubwSBYSNiNgpZBG8uI5gHJEmYnd5MhM7PLzKywhPQ2tvoXdmLrb/gTfoOzyRaaeODC4dxz4dwTxJxp47pfTmFldW19o7hZ2tre2d0r7x+0dJQoCk0a8Uh1AqKBMwlNwwyHTqyAiIBDOxjfZPv2IyjNIvlg0hh8QYaShYwSY6X73rTUL1fcqjsDXiZeTiooR6Nf/u4NIpoIkIZyonXXc2PjT4gyjHKYlnqJhpjQMRlC11JJBGh/Mos6xSdWGeAwUnakwTP198WECK1TEVinIGakF3eZeIYDRcZg/vWEkEoRL6Qw4ZU/YTJODEg6DxEmHJsIZ53gAVNADU8tIVQx+wemI6IINba5rCBvsY5l0qpVvfNq7e6iUr/OqyqiI3SMTpGHLlEd3aIGaiKKhugZvaBX58l5c96dj7m14OQ3h+gPnM8fmEaY8g==</latexit>

}
<latexit sha1_base64="DpRj3Zvy5cOAHL2v9wQnJ7UImIc=">AAACBnicbVC7SgNBFJ2NrxhfUUubwSBYSNiNgpZBG8uI5gHJEmYnd5MhM7PLzKywhPQ2tvoXdmLrb/gTfoOzyRaaeODC4dxz4dwTxJxp47pfTmFldW19o7hZ2tre2d0r7x+0dJQoCk0a8Uh1AqKBMwlNwwyHTqyAiIBDOxjfZPv2IyjNIvlg0hh8QYaShYwSY6X73rTUL1fcqjsDXiZeTiooR6Nf/u4NIpoIkIZyonXXc2PjT4gyjHKYlnqJhpjQMRlC11JJBGh/Mos6xSdWGeAwUnakwTP198WECK1TEVinIGakF3eZeIYDRcZg/vWEkEoRL6Qw4ZU/YTJODEg6DxEmHJsIZ53gAVNADU8tIVQx+wemI6IINba5rCBvsY5l0qpVvfNq7e6iUr/OqyqiI3SMTpGHLlEd3aIGaiKKhugZvaBX58l5c96dj7m14OQ3h+gPnM8fmEaY8g==</latexit>

}
<latexit sha1_base64="DpRj3Zvy5cOAHL2v9wQnJ7UImIc=">AAACBnicbVC7SgNBFJ2NrxhfUUubwSBYSNiNgpZBG8uI5gHJEmYnd5MhM7PLzKywhPQ2tvoXdmLrb/gTfoOzyRaaeODC4dxz4dwTxJxp47pfTmFldW19o7hZ2tre2d0r7x+0dJQoCk0a8Uh1AqKBMwlNwwyHTqyAiIBDOxjfZPv2IyjNIvlg0hh8QYaShYwSY6X73rTUL1fcqjsDXiZeTiooR6Nf/u4NIpoIkIZyonXXc2PjT4gyjHKYlnqJhpjQMRlC11JJBGh/Mos6xSdWGeAwUnakwTP198WECK1TEVinIGakF3eZeIYDRcZg/vWEkEoRL6Qw4ZU/YTJODEg6DxEmHJsIZ53gAVNADU8tIVQx+wemI6IINba5rCBvsY5l0qpVvfNq7e6iUr/OqyqiI3SMTpGHLlEd3aIGaiKKhugZvaBX58l5c96dj7m14OQ3h+gPnM8fmEaY8g==</latexit>
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<latexit sha1_base64="sWV4riFNLye73R5oIrYUSYAcF1o="></latexit>

<latexit sha1_base64="pUP1lW8U2IJmpy0mFvVnx0hRszg="></latexit>

<latexit sha1_base64="NEHroDys4rdWyuRgX5Tg4blJx5A="></latexit>

<latexit sha1_base64="9SbI/lpLrbKxy33LITimqtstt08="></latexit>

<latexit sha1_base64="buo3bmbDgVeuvY18rJ6JWhud/pI="></latexit>

<latexit sha1_base64="buo3bmbDgVeuvY18rJ6JWhud/pI="></latexit>

<latexit sha1_base64="9SbI/lpLrbKxy33LITimqtstt08="></latexit>

<latexit sha1_base64="NEHroDys4rdWyuRgX5Tg4blJx5A="></latexit>

<latexit sha1_base64="wftgY/qFm2/cGKTve0QgYAV3c5k="></latexit>

<latexit sha1_base64="AU1H84tDN3qki/vJMWAZFtj7ZeI="></latexit>

<latexit sha1_base64="wftgY/qFm2/cGKTve0QgYAV3c5k="></latexit>

<latexit sha1_base64="NEHroDys4rdWyuRgX5Tg4blJx5A="></latexit>

<latexit sha1_base64="9SbI/lpLrbKxy33LITimqtstt08="></latexit>

<latexit sha1_base64="AU1H84tDN3qki/vJMWAZFtj7ZeI="></latexit>

<latexit sha1_base64="bDNzOl7a/23IsvWckIMjDrQlq54="></latexit>

<latexit sha1_base64="bDNzOl7a/23IsvWckIMjDrQlq54="></latexit>

<latexit sha1_base64="AU1H84tDN3qki/vJMWAZFtj7ZeI="></latexit>

<latexit sha1_base64="C6ckUPgJ9JweQHwscs1QimPi2fU="></latexit>

<latexit sha1_base64="C6ckUPgJ9JweQHwscs1QimPi2fU="></latexit> <latexit sha1_base64="C6ckUPgJ9JweQHwscs1QimPi2fU="></latexit>

<latexit sha1_base64="C6ckUPgJ9JweQHwscs1QimPi2fU="></latexit>

<latexit sha1_base64="3XTfdRT1LflBy4wtUJXQashXiOQ="></latexit>

<latexit sha1_base64="3XTfdRT1LflBy4wtUJXQashXiOQ="></latexit> <latexit sha1_base64="3XTfdRT1LflBy4wtUJXQashXiOQ="></latexit>

<latexit sha1_base64="3XTfdRT1LflBy4wtUJXQashXiOQ="></latexit>

<latexit sha1_base64="mlPtihhHvAhvWXhQRgHhh71xDg0="></latexit>

<latexit sha1_base64="mlPtihhHvAhvWXhQRgHhh71xDg0="></latexit><latexit sha1_base64="IfGtFHWd00dTLlMGTE5lwwPWnws="></latexit>

<latexit sha1_base64="boJSJ5RFKk8t7HpwYIbSBqkGB5A="></latexit>

<latexit sha1_base64="boJSJ5RFKk8t7HpwYIbSBqkGB5A="></latexit>

<latexit sha1_base64="IfGtFHWd00dTLlMGTE5lwwPWnws="></latexit>

<latexit sha1_base64="OGfYrf/F+t+peBvSjsPK3mCM63g="></latexit>

<latexit sha1_base64="CSpP1VxN0Tg6NvzzNiSwcbH45Tc="></latexit>
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Open questions…

1. Whether such exotic non-thermal states persists at very very long time. Can be answered 

by next generation tensor-network algorithms or quantum simulations.

2. Origin of the lack-of-thermalization/slow-dynamics in confining theories.

1. Bosonic Schwinger model shows strong confining 
dynamics.


2. Trajectories of the bosons bends inwards.

3. As a result, asymptotic states are exotic and highly 

non-thermal.

4. These states are made of —


i. Strongly correlated confined core that obeys 
area-law of entropy.


ii. Almost thermal outer region (for lower masses) 
or vacuum (higher masses).
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Thank you!!!


