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Relativistic field theories in 1+ 1 dimensions
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Schwinger model +> Electromagnetism in 1+ 1D

Model: S = [dxdt [2FF" — ¢ (B +m)y)

Electric field Vector potential

l /

H= [dx [3E*+ ¢ (=701 + gA'm + m) ]
Fermion /

Gauss law: O,E = 9%y  Temp. gauge: Ao = O
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String breaking in the Schwinger model

Look at string breaking

ey e En.~m+m+ al
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String breaking in the Schwinger model

Look at string breaking
o> e En~m+m+
° ° En~m+m+
opod——o)eo

Screen field by creating particles!

Motivation: QCD jets

CMS LHC, CERN Courier



Set-up

Electric field Vector potential

| AN

H(t) = [dx [1E2 + ¢ (—i7'01 + gA'y1 + m) ) + jLe(1)A1]

Fermion

External charges: jl(t) = g (§(x +t) + §(x — t)) O(t)

2 point charges moving apart at speed of light

Idea: e Find |vac)i<o

o Compute [14(t)) = e~ o 9H) yac), _q

see also [Casher, Kogut, Susskind, '74], [Kharzeev, Loshaj, '12, "13], [Berges, Hebenstreit, '14], [Batini,
Kuhn, Berges, Floerchinger, '24], [Janik, Nowak, Rams, Zahed, "25]
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In practice

e Staggered fermions x,
o Integrate out E:  O\E = p + pext

e Use tensor networks (MPS + DMRG + TDVP)
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Elevator pitch: tensor networks

Goal: Given finite dimensonal H, find ground state |vac)
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Elevator pitch: tensor networks
Goal: Given finite dimensonal H, find ground state |vac)
Attempt 1: H is a matrix — diagonalize it = “Exact diagonalization”

Exact Scales like 2
state of the art N ~ 0(40)
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Elevator pitch: tensor networks
Goal: Given finite dimensonal H, find ground state |vac)

Attempt 1: H is a matrix — diagonalize it = “Exact diagonalization”

Exact Scales like 2
state of the art N ~ 0(40)

Insight:  » Ground states entanglement entropy S¢ follow area law: Sg oc N9~
> # d.of. ~ exp(Sk)

Attempt 2: Encode area law in an efficient representation of |¢)

©
d d—
optimal truncation from 2% — 2V dof.

Matrix product states (MPS): % % % % % %
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Elevator pitch: tensor networks

Singular Value Decomposition

(SVD)
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Electric field
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Electric field Condensate
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Relaxation of condensate
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Relaxation of condensate
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Relaxation of condensate

Effective thermalization?
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Effective temperature?
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Effective thermalization

mist = 0.8/a

—— Condensate
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Effective thermalization
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Effective thermalization
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Area and volume law of entanglement

Gapped ground states: area law

Ent. entropy: S = —Tr (pa In pa)
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Thermal states: volume law



Area and volume law of entanglement

Even/odd
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Area and volume law of entanglement

Even/odd Odd/even

(Smia — So)/L
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Area and volume law of entanglement

Even/odd

Odd/even

L = Volume law

(Smia — So)/L
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Entanglement and thermal entropy
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Entanglement and thermal entropy
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Thermodynamics
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Ideal fluid: € = Too,p = 1T



Thermodynamics
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Outlook: understand spectrum rearangement?
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Outlook: thermalization time and entanglement propagation

Mid-lattice entanglement

(@)

Stop the external particles at t.nq
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Outlook: thermalization time and entanglement propagation
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Outlook: thermalization time and entanglement propagation
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Take-home

» The Schwinger model can still
teach us some physics

» Direct observation of quantum
properties of string breaking
and onset of thermalization

» Entanglement entropy
becomes statistical entropy

» Be creative with
low-dimensional models!
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