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is of central interest in high-energy and condensed matter physics

• Quantum Information concepts as a guiding principle and new perspective  
to describe physical systems

2

• Explore the interplay of entanglement and 
confinement with Tensor Networks (TNs) as 
representations of quantum states

⇒ use TNs to explore thermal and dynamical entanglement properties of the (1+1)D Ising QFT 

⇒ explore connections between Rényi entropies and (de)confinement in 2D LGTs
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Entanglement and Confinement
• Holographic models suggest connections between entanglement and confinement 

properties in QFTs:

[Ryu, Takayanagi (2006)]

S(⇢A) = �Tr [⇢A log ⇢A]

=
Area(�A)

4G(D+1)
N

<latexit sha1_base64="mMZzeoCKmFdo0s4eqCsoUS3b8I4="></latexit>

lmaxlcrit
l

SA!disconn"
SA!l" [Klebanov et al. (2007)]

entanglement as a probe of confinement:

O(N2)
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Tensor network ansätze and diagrams
• Tensor networks decompose a QMB wave function into smaller local tensors based 

on the entanglement structure [Verstraete et al.; Schollwöck; Orus; Eisert; Montangero; Cirac et al.; …]

| i =
dX

i1,i2,...,iN=1

 i1,i2,...,iN |i1i ⌦ |i2i ⌦ · · ·⌦ |iN i

<latexit sha1_base64="3yW4iw433ivoLt/OKDwxvqpjYtE="></latexit>

MPS
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 i1,i2,...,iN

<latexit sha1_base64="iBGy7g/091k7Mq+f0FWz/u8bl1c="></latexit>

}
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• Mesons as nonperturbative quark-antiquark bound states in QCD  
are expected to sequentially melt at high temperatures [Rothkopf (2020)]

[Bañuls, Heller, Jansen, JK, Svensson, arXiv:2206.10528 (2022)]

q

<latexit sha1_base64="O95OloIsNDHNV/4nvVZG1aSJ9ig="></latexit>

q̄

<latexit sha1_base64="zDGVrsAy7JcH1uLTACnV9F7pqyo="></latexit>

Meson Melting
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• Mesons as nonperturbative quark-antiquark bound states in QCD  
are expected to sequentially melt at high temperatures [Rothkopf (2020)]

• Mesons exist also as confined fermion pairs (domain walls) in relativistic regimes 
of the Ising model 
 

• We simulate a quantum quench to induce a dynamical out-of-equilibrium system

• Entanglement measures witness the melting of mesons in the ferromagnetic phase 
of the Ising QFT at high effective temperatures:

[Bañuls, Heller, Jansen, JK, Svensson, arXiv:2206.10528 (2022)]
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• Spectral properties of the entanglement Hamiltonian reveal important 
information of QMB systems and phases  [Li, Haldane (2008)] 

 
 
 

[JK, PRB 107, L100303 (2023); arXiv:2210.15682]

Meson content of entanglement spectra

⇒ entanglement spectrum is available from Schmidt decomposition of MPS via 
 

⇢A = TrB ⇢AB =
P

r �r | L
r i h R

r | ⌘ e�Hmod
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• Spectral properties of the entanglement Hamiltonian reveal important 
information of QMB systems and phases  [Li, Haldane (2008)] 

 
 
 

• Results after integrable and nonintegrable quantum quenches in relativistic 
and semiclassical regimes:

[JK, PRB 107, L100303 (2023); arXiv:2210.15682]

Meson content of entanglement spectra

ferromagnetic ! ferromagnetic

<latexit sha1_base64="1KPLO91PLSRE9IBo7yWH1CAv7Xo="></latexit>

paramagnetic ! ferromagnetic

<latexit sha1_base64="hzAj29u+a3qN7E8cys4WU5F1PeA="></latexit>

⇒ entanglement spectrum is available from Schmidt decomposition of MPS via 
 

⇢A = TrB ⇢AB =
P

r �r | L
r i h R

r | ⌘ e�Hmod

<latexit sha1_base64="Y9luDw/G8FyJYbPixAqOezrI2rk="></latexit>

- only the (experimentally accessible) dominant eigenvalue fully encodes the meson 
content of the QMB system or QFT via entanglement oscillations 

- regular DQPTs at irregular times leave the entanglement spectrum gapped / 9
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Rényi entropies in 2D LGT TNs
[JK, Zohar, to appear]

• Projected entangled pair states (PEPS) can be used to study gauge-invariant 
nonlocal Wilson loops as a probe of confinement in (pure) 2D LGTs [Zohar (2021)]

• Aim: Transfer operator approach for the calculation of (normalized) Rényi entropies 
 
 S̄n =

1

1� n
ln

Tr[⇢nA]

Trn[⇢A]

<latexit sha1_base64="NdgqHN+Ozs8mxdxypQpUeO11xh8="></latexit>
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⇢A = TrB [| i h |]
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Rényi entropies in 2D LGT TNs
[JK, Zohar, to appear]

• Projected entangled pair states (PEPS) can be used to study gauge-invariant 
nonlocal Wilson loops as a probe of confinement in (pure) 2D LGTs [Zohar (2021)] 

• Aim: Transfer operator approach for the calculation of (normalized) Rényi entropies 
 
 

• Setup in 2D: 
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• Gauge-invariant PEPS ansatz:  
 
 
 
 
 

⇒ local invariance under arbitrary (Abelian/ 

⇒ non-Abelian) groups can be achieved with  

⇒ a gauged PEPS ansatz [Zohar et al. (2015, 2016, 2018, 2021,…)]
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Numerical illustration:        LGTZ2
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Summary and Conclusions

• Tensor network simulations provide access to entanglement properties as a key 
intrinsic feature of emergent phenomena such as confinement 
 
 
 
 
 

• Entropic entanglement measures witness the melting of mesons and characterize 
quantum quenches in the (1+1)D Ising QFT 

• PEPS can be used to study entanglement and confinement properties of arbitrary 
2D LGTs 

• Outlook: a symmetry-resolved approach can give further insights to entanglement 
               [Feldman, JK, Zohar, Goldstein]

[photo: ATLAS]

Thank you to the organizers!
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Testbed:  The quantum Ising model and Ising QFT

•                             interacting integrable       QFT: 8 massive stable fermionic bound states 

•                             interacting non-integrable QFT: stable and unstable bound states

E8Mh = 0,Mg 6= 0:

Mh 6= 0,Mg 6= 0:

• emergence of Ising QFT in continuum limit:

[Zamolodchikov (1989)]
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gauge-invariant PEPS:


