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QUARK-GLUON PLASMA
QGP
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PROBING QUARK-GLUON PLASMA
LOOKING AT HEAVY-ION COLLISIONS

QGP
COLLISION
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HOW DO WE PERFORM 
THESE MEASUREMENTS?
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HOW TO STUDY GAUGE THEORIES
NUMERICAL SIMULATIONS 

BEYOND EXPERIMENTAL AND 
PERTURBATIVE APPROACHES: 
LATTICE GAUGE THEORIES

[Rothe, Lattice Gauge Theories (2012)]

EXPERIMENTAL PARTICLE PHYSICSTHEORETICAL PARTICLE PHYSICS

PERTURBATION THEORY VIA 
FEYNMAN DIAGRAMS
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LATTICE GAUGE THEORY

Hyper-cubic spatial Lattice Λ

a

ψn,α

α ∈ { …}

MATTER FIELDS 
(FERMIONS)

GAUGE FIELDS  
(ELECTRIC & MAGNETIC)

n n + μEn,μ Uαβ
n,μ

E n
,μ

y
E n

−
μ y

,μ
y

En−μx,μx
En,μx

Qn

Gn = ∑
k=x,y

[En+μk
− En] − Qn

GAUSS LAW: Gn |ψ⟩ = 0
GAUSS LAW

∇ ⋅ E(r, t) − ρ(r, t) = 0
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HOW TO SIMULATE LGTS?

TENSOR NETWORK METHODS

MPS PEPS
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(a) (b) (c) (d)

HAMILTONIAN FORMALISM 
VARIATIONAL APPROACH 
SIGN PROBLEM FREE! 
REAL-TIME DYNAMICS 
FINITE DENSITY

TO SIMULATE 
QUANTUM PHYSICS, 

USE “QUANTUM” 
COMPUTERS!

MONTE CARLO SIMULATIONS

LAGRANGIAN FORMALISM 
PARTITION FUNCTION 
GOOD RESULTS:  
CONFINEMENT,  
HADRONIC SPECTRUM,  
CHYRAL-SYMMETRY BREAKING 
SIGN PROBLEM:  
REAL-TIME DYNAMICS,  
FINITE DENSITY OR 
CHEMICAL POTENTIAL

[Cardoso et al, PRD 81, 034504 (2010)]

QUBIT 

QUANTUM COMPUTER

BIT

NOISE & SCALABILITY PROBLEMS: 
NOT READY, BUT SOON …

NOISY INTERMEDIATE SCALE QUANTUM ERA 
Preskill, Quantum 2, 79 (2018)
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QGP IN LATTICE GAUGE THEORIES

QCD

SIMULATE THE LATTICE GAUGE THEORY AS AN OPEN QUANTUM SYSTEM

TENSOR NETWORKS

QUANTUM COMPUTING
SUBSYSTEM

QGP

QUARKONIA

ENVIRONMENT

INTERACTION

mapping

SUBSYSTEM APPROXIMATION (3 + 1)D SU(3) (1 + 1)D SU(2)

OPEN SYSTEM
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OVERVIEW
THERMALIZATION TIME 

Empirical vs Liouvillian 

Dependence on Environment, Temperature etc 

Comparison with other approaches (pNRQCD) 

Anomalies 

ENTROPY 
LOCAL OBSERVABLES 

Casimir evolution 

Matter production 

OUTLOOK AND CONCLUSIONS

MOTIVATION LATTICE GAUGE THEORY OPEN QUANTUM SYSTEMS THERMALIZATION TIME ENTANGLEMENT ENTROPY LOCAL OBSERVABLES SUMMARYTENSOR NETWORKS

HAMILTONIAN LATTICE GAUGE THEORIES 
Kogut-Susskind formulation for SU(2) Yang-Mills 
Matter & Gauge SU(2) Hilbert space 

OPEN QUANTUM SYSTEMS THEORY 
Linblad Master Equation 
Timescales and Brownian Limit 
Physics-informed approximations 

TENSOR NETWORK SIMULATIONS 
Time evolution for open quantum systems
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HAMILTONIAN LGTS: INGREDIENTS

ELECTRIC 
CONTRIBUTION

MAGNETIC 
CONTRIBUTION

H = Hmatter + Hgauge + Hinteraction

= ∫ ψ† [−i ⃗γ ⋅ ⃗∇ + γ0m] ψ − ∫ [ E2 + B2 ] + ∫ gψ†i( ⃗γ ⋅ ⃗A )ψ
DIRAC HAMILTONIAN 
OF FREE FERMIONS

COVARIANT DERIVATIVE: 
∂k → ∂k − gAk

SPATIAL DISCRETIZATION. TIME IS CONTINUOUS

Λ

a

H = −
1

2a ∑
n,μ

[ ψ†
n Un,n+μ ψn+μ + H.c.] + m∑

n

ψ†
nψn + HPure

HPure =
g2

2a ∑
n,k

E2
n,μk

−
1

2ag2 ∑
□

Tr [U□ + U†
□]

PARALLEL TRANSPORTER 
−iψ†γk[∂k − gAk]ψ ⟶ − iψ†γkUkψ

[Kogut & Susskind PRD 11, 395 (1975)]

U□ =
⌜ U† ⌝

U† U
⌞ U ⌟

[Wilson PRD 10, 2445 (1974)]
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MATTER HILBERT SPACE

PARTICLE 
BAND

ANTI-PARTICLE 
BAND

ω

κ

ω

κ

nx

ny
O

O O

OE E

E

E E

ℋ = [ℋmatter ⊗ ℋgauge]Gauss Law

[Susskind, PRD 16 - 3031 (1977)]

STUDYING FERMIONS ON THE LATTICE IS CHALLENGING [FERMION DOUBLING PROBLEM]

DESPITE THESE STRATEGIES, FERMIONS ARE STILL PROBLEMATIC [ANTI-COMMUTE]

ABELIAN CASE: U(1)
ELECTRONS , POSITRONS q q

(−1)nx+ny = − 1
Ø
q

(−1)nx+ny = + 1
Ø
q

January 4, 2012 12:34 Lattice Gauge Theories: An Introduction (4th Edition) 11in x 8in b1271-ch04

Fermions on the Lattice 47

situation, but with an all important difference! The argument of the sine-function
in eq. (3.19b) is only half of that in (4.7b)! This makes a big difference and is the
origin of the so-called “fermion doubling” problem. While in the case of the scalar
field we could argue that k̃µ in (3.19a) can be replaced by kµ in the continuum limit,
such a replacement cannot be made in the present case. The reason for this is most
clearly seen by looking at fig. (4-1) where we have plotted ˜̃pµ as a function of pµ, for
pµ within the Brillouin zone. The straight line corresponds to ˜̃pµ = pµ. Within half
of the BZ the situation is analogous to that encountered in the scalar case: near
the continuum limit, the deviation from the straight line behaviour occurs only for
large momenta where pµ and ˜̃pµ are both of order 1/a.

π− /a π/a

pµ

pµ

≈

≈p   = 1/aµ

Fig. 4-1 Plot of sin(pµa)/a versus pµ in the Brillouin zone. The

straight line corresponds to ˜̃pµ = pµ. The continuum limit is determined by

the momenta in the neighbourhood of pµ = 0 and pµ = ±π/a.

What destroys the correct continuum limit in the fermionic case are the zeros
of the sine-function in (4.7b) at the edges of the BZ. Thus there exist sixteen
regions of integrations in (4.7a), where ˜̃pµ takes a finite value in the limit a → 0.
Of these, fifteen regions involve high momentum excitations of the order of π/a

(and −π/a), which give rise to a momentum distribution function having the form
resembling that of a single particle propagator. Hence in the continuum limit, the
Green function (4.7a) receives contributions from sixteen fermion-like excitations in
momentum space, of which fifteen are pure lattice artefacts having no continuum
analog. In d space-time dimensions the number would be 2d; i.e. it doubles for each
additional dimension.

The “doubler” contributions, arising from momentum excitations near the cor-
ners of the Brillouin zone, are in fact essential for avoiding an apparent clash with a

CONTINUUM
LATTICE

BRILLOUIN ZONE 
DISPERSION RELATION

[Rothe, Lattice Gauge Theories (2012)]

WE USE STAGGERED FERMIONS AND SPLIT 
SPINOR COMPONENTS ON SUBLATTICES
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ABELIAN CASE
U(1) LINK HILBERT SPACE ℋG

|E⟩ ∈

dimℋG = (2jmax + 1)

12

GAUGE LINK HILBERT SPACE
FOR A CONTINUOUS GAUGE GROUP [U(1), SU(2), SU(3)]  
THE CORRESPONDING HILBERT SPACE IS INFINITE: IT MUST BE TRUNCATED!

QUANTUM LINK MODELS 
[Chandrasekharan et al, Nucl.Phys B 492, 1-2 (1997)] 
USE FINITE SUBGROUPS ( ) 
[Ercolessi et al, PRD 98, 074503 (2018)] 
ALGEGRA DEFORMATION 
[Zache et al, PRL 131, 171902 (2023)] 
INTRODUCE AN ENERGY CUTOFF

ℤN, D6 j = 1

+1

−1
0

j = 2

+2
+1
0

−1
−2

CORE IDEA
USE SPIN-LIKE OPERATORS IN 
THE -IRREP. EXAMPLE: QED j
(E, U, U†) → (Sz, S+, S−)

ABELIAN CASE: (1+1)D U(1) LGT, SCHWINGER MODEL

ĤU(1) = −
1
2 ∑

n
[iψ̂†

n
̂S+
n,+μψ̂n+μ + H.c.]+m∑

n

(−1)nψ̂†
nψ̂n+

g2

2 ∑
n

( ̂Sz
n,+μ)

2
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(1+1)D SU(2) YANG-MILLS LGT
ĤSU(2) = −

1
2 ∑

n
∑
α,β

[iψ̂†
α,nÛα,β

n,+μψ̂β,n+μ + H.c.]+m∑
n

(−1)n ∑
α

ψ̂†
α,nψ̂α,n+

g2

2 ∑
n

̂E2
n,+μ

00j = 0

jmax =
1
2

mL mR

| j, mL, mR⟩̂E2

5 gauge states

− 1
2 + 1

2

− 1
2 − 1

2

+ 1
2 + 1

2

− 1
2+ 1

2

energy cutoff

GAUGE HILBERT SPACE
̂E2 | j, mL, mR⟩ = j( j+1) | j, mL, mR⟩
infinite in the Electric basis

j ∈ ℕ/2
̂E2

j = 1/2

j = 0

ℋ=ℋmatter ⊗ ℋgauge
Gauss Law

MATTER HILBERT SPACE

4 matter states

Ø q q b
gr rg

Ø q̄q̄ b̄
g rrg

even 
sites

odd 
sites

quarks , baryons  q bSTAGGERED  
FLAVORLESS  
SU(2) COLOR 

FERMION FIELDS
energy cutoff

GAUGE HILBERT SPACE
̂E2 | j, mL, mR⟩ = j( j+1) | j, mL, mR⟩
infinite in the Electric basis

j ∈ ℕ/2
̂E2

j = 1

j = 1/2

j = 0

−1 0

−1 −1

0 −1

+1−1

0 +1

0 0

+1 0

−1+1

+1 +1

− 1
2 + 1

2

− 1
2 − 1

2

+ 1
2 + 1

2

− 1
2+ 1

2

00j = 0

j =
1
2

mL mR

| j, mL, mR⟩̂E2

14 gauge states
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OPEN SYSTEM VS CLOSED SYSTEM 
SUBSYSTEM

CLOSED SYSTEM

VON NEUMANN EQUATION

d ̂ρ(t)
dt

= − i [Ĥ, ̂ρ(t)]

SUBSYSTEM

ENVIRONMENT

INTERACTION

OPEN SYSTEM

LINBLAD MASTER EQUATION

∑
n1,n2

Dn1,n2
(ω = 0)(Õn2

̂ρS(t)Õ†
n1

−
1
2 {Õ†

n1
Õn2

, ̂ρS(t)})
d ̂ρS(t)

dt
= − i [ĤS + ΔĤS, ̂ρS(t)]+
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c̄
c

QGP

ASSUMPTIONS
BROWNIAN MOTION LIMIT

WEAK COUPLING LIMIT

RELAXATION TIME

BROWNIAN MOTION LIMIT

RELEVANT TIMESCALES

SUBSYSTEM TIMESCALE

ENVIRONMENT CORRELATION TIME
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∑
n1,n2

Dn1,n2
(ω = 0)(Õn2

̂ρS(t)Õ†
n1

−
1
2 {Õ†

n1
Õn2

, ̂ρS(t)})d ̂ρS(t)
dt

= − i [ĤS + ΔĤS, ̂ρS(t)]+
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TYPE OF 
INTERACTIONS

JUMP 
OPERATORS

RATE AT WHICH 
INTERACTIONS OCCUR

ENVIRONMENT 
CORRELATOR

TIME EVOLUTION EQUATION

SCREENING FROM 
THE ENVIRONMENT

LAMB SHIFT 
CORRECTION

LINBLAD MASTER EQUATION IN THE BROWNIAN MOTION LIMIT

X. Yao, Int. J. Mod. Phys. A 36, 2130010 (2021)
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INTERACTION TYPE & LAMB SHIFT

LAMB SHIFT

YUKAWA POTENTIAL JUMP OPERATOR

PHENOMENOLOGICALLY EXPECTED TO BE IRRELEVANT: 
X. Yao, Int. J. Mod. Phys. A 36, 2130010 (2021) 

Lee et al., PRD 108, 094518  (2023) 
Angelides et al., JHEP 04, 195 (2025)
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DELTA

D0δn1,n2

ENVIRONMENT CORRELATORS
Dn1,n2

(ω = 0) = λ2 ∫ dt1 ∫ dt2TrE (Õ(E)
n1

(t1) Õ(E)
n2

(t2) ̂ρE)
ENVIRONMENT CORRELATOR

GAUSSIAN

D0e
− (n1 − n2)2

2σ2

CONSTANT
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The Hilbert space of N-Body Systems grows exponentially. Exact Diagonalization (ED) is not sustainable for large N

ΨQMB⟩ = ∑
α1…αN

Tα1…αN
|α1…αN⟩Tα1…αN dimℋ = dN

[Eisert et al, Rev. Mod. Phys. 82, 277 (2010)]

2

FIG. 1 A lattice L with a distinguished set I ⇢ L (shaded area).
Vertices depict the boundary @I of I with surface area s(I) = |@I|.

of the region I , the state will not be pure in general and will
have a non-vanishing von-Neumann entropy S(⇢I). 1

In contrast to thermal states this entropy does not originate
from a lack of knowledge about the microstate of the sys-
tem. Even at zero temperature we will encounter a non-zero
entropy! This entropy arises because of a very fundamental
property of quantum mechanics: Entanglement. This quite in-
triguing trait of quantum mechanics gives rise to correlations
even in situations where the randomness cannot be traced back
to a mere lack of knowledge. The mentioned quantity, the en-
tropy of a subregion is called entanglement entropy or geomet-
ric entropy and, in quantum information, entropy of entangle-
ment, which represents an operationally defined entanglement
measure for pure states (for recent reviews see refs.125,186).

In the context of quantum field theory, questions of scal-
ing of entanglement entropies in the size of I have some tra-
dition. Seminal work on the geometric entropy of the free
Klein-Gordon field23,207 and subsequent work on conformal
field theories36,43,118,122,226 was driven in part by the intriguing
suggested connection to the Bekenstein-Hawking black hole
entropy17,18,117.

In recent years, studies of properties of the entanglement
entropy in this sense have enjoyed a revival initiated in
refs.7,171,172,223. Importantly, this renewed activity is benefit-
ting from the new perspectives and ideas of quantum informa-
tion theory, and from the realisation of their significance for
the understanding of numerical methods and especially their
efficiency for describing quantum many-body physics. Quan-
tum information theory also provides novel conceptual and
mathematical techniques for determining properties of the ge-
ometric entropy analytically.

At the heart of these studies are questions like: What role do
genuine quantum correlations—entanglement—play in quan-
tum many-body systems? Typically, in such investigations,
one abstracts to a large extent from the microscopic specifics
of the system: Quite in the spirit of studies of critical phe-

1 Of interest are also other entropies, such as the Renyi entropies, S↵(⇢) =
(1 � ↵)�1 log2 tr[⇢↵] with ↵ � 0. For ↵ & 1 the usual von-Neumann
entropy is recovered. In particular in the context of simulatability, Renyi
entropies for arbitrary ↵ play an important role.

nomena, one thinks less of very detailed properties, but is
rather interested in the scaling of the entanglement entropy
when the distinguished region grows in size. In fact, for quan-
tum chains, this scaling of entanglement as genuine quantum
correlations—a priori very different from the scaling of two-
point correlation functions—reflects to a large extent the crit-
ical behavior of the quantum many-body system, and shares
some relationship to conformal charges.

At first sight one might be tempted to think that the entropy
of a distinguished region I , will always possess an extensive
character. Such a behavior is referred to as a volume scaling
and is observed for thermal states. Intriguingly, for typical
ground states, however, this is not at all what one encounters:
Instead, one typically finds an area law, or an area law with
a small (often logarithmic) correction: This means that if one
distinguishes a region, the scaling of the entropy is merely
linear in the boundary area of the region. The entanglement
entropy is then said to fulfill an area law. It is the purpose of
this article to review studies on area laws and the scaling of
the entanglement entropy in a non-technical manner.

The main four motivations to approach this question
(known to the authors) are as follows:

• The holographic principle and black hole entropy:
The historical motivation to study the entanglement or
geometric entropy stems from considerations of black
hole physics: It has been suggested in the seminal work
of refs.23,207 that the area law of the geometric entropy
for a discrete version of a massless free scalar field—
then numerically found for an imaginary sphere in a ra-
dial symmetry—could be related to the physics of black
holes,118 in particular the Bekenstein-Hawking entropy
of a black hole which is proportional to its bound-
ary surface. It has been muted that the holographic
principle29—the conjecture that the information con-
tained in a volume of space can be represented by a the-
ory which lives in the boundary of that region—could
be related to the area law behavior of the entanglement
entropy in microscopic theories.

• Distribution of quantum correlations in quantum
many-body systems: Area laws also say something
quite profound on how quantum correlations are
distributed in ground states of local quantum many-
body systems. Interactions in quantum many-body
systems are typically local, which means that sys-
tems interact only over a short distance with a finite
number of neighbors. The emergence of an area
law then provides support for the intuition that short
ranged interactions require that quantum correlations
between a distinguished region and its exterior are
established via its boundary surface. That a strict
area law emerges is by no means obvious from
the decay of two-point correlators, as we will see.
Quantum phase transitions are governed by quantum
fluctuations at zero temperature, so it is more than
plausible to observe signatures of criticality on the
level of entanglement and quantum correlations. This
situation is now particularly clear in one-dimensional

FOR GROUND STATES, THERE IS AREA LAW!

AUXILIARY LINKS  
“BOND DIMENSION” 

(ENTANGLEMENT)

χ

Trunc SVD

d

…

χ

χ χ χχχχχ

d d d d d d d

…

dim ℋtrunc ∼ Nχ2d

FOR TIME EVOLUTION

TIME-DEPENDENT 
VARIATIONAL PRINCIPLE 

(TVDP)

[J. Haegeman et al, PRL 107, 070601 (2011)]

TIME-EVOLVING 
BLOCK DECIMATION 

(TEBD)
[G. Vidal, PRL 93,040502 (2004)]
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POLYNOMIAL COMPLEXITY: MANIPULATIONS  
[Silvi et al, SciPostPhysLectNotes.8 (2019)]

∼ 𝒪(χk)

TREE TENSOR NETWORKS (TTN)
NOT IMPLEMENT 

 AREA LAW 
LOW ALGORITHMIC 

COMPLEXITY ∼ 𝒪(χ4)

MPS PEPS
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MATRIX PRODUCT STATES (MPS)

IMPLEMENT AREA LAW 
LOW COMPLEXITY ∼ 𝒪(χ3)

d d d d d

χ χ2 χ2

d

χ
1D

IMPLEMENT AREA LAW 
TOO HIGH ALGORITHMIC 
COMPLEXITY ∼ 𝒪(χ8)

PROJECTED ENTANGLED PAIR STATES (PEPS)

2D

MPS FOR OPEN QUANTUM 
MANY-BODY SYSTEMS

Angelides et al., JHEP 04, 195 (2025)
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(1 + 1)D U(1) LGT
MATRIX PRODUCT STATES

OPEN

DELTA CORRELATOR

Angelides et al., JHEP 04, 195 (2025)
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A CONSTANT 
ENVIRONMENT 
TRIES TO KEEP 
THE MATTER 

WHERE IT 
BEGAN MOST
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TIME FOR SEF IN THE 
CENTRAL GAUGE LINK TO 
DECREASE BY A GIVEN %

THERMALIZATION TIME
EMPIRICAL

𝒯E =

ILL DEFINED FOR SMALL 
SELF-CORRELATIONS

SEF
SUBTRACTED ELECTRIC FIELD = STRING – VACUUM

–

Angelides et al., JHEP 04, 195 (2025)

(1 + 1)D U(1) LGT



MOTIVATION LATTICE GAUGE THEORY OPEN QUANTUM SYSTEMS THERMALIZATION TIMETENSOR NETWORKS

LIOUVILLIAN THERMALIZATION TIME

25

INVERSE OF THE REAL PART OF 
THE FIRST NON-ZERO 

EIGENVALUE OF THE LIOUVILLIAN
𝒯L =

1
|Re(λ1) |

THERMALIZATION TIME
LIOUVILLIAN

̂ρ(t) = ̂ρss + ∑
k

eλktC( ̂ℓ†
k) ̂rk

= ̂ρss + eλ1tC( ̂ℓ1) ̂r1 + 𝒪(eλ2t)
̂ℓk

λk

̂rk

LIOUVILLIAN DIAGONALIZATION

iff Re(λ1) ≫ Re(λk>1)∀k
ASSUMPTION

THE LIOUVILLIAN IS 
NOT-HERMITIAN!

Re(λk) < 0 ∀k > 0
decay mode

λ0 = 0
steady state
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U(1) THERMALIZATION
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[T↑, D0↑]→ 𝒯E ↑
Angelides et al., JHEP 04, 195 (2025)

U(1) (D0 ∼ 1)
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SU2 THERMALIZATION
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[T↑, D0↑]→ 𝒯E ↓
SU(2) (D0 ≪ 1)
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POTENTIAL NON-RELATIVISTIC QCD
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QGP

DISSOCIATION

b b̄
b

b̄

time

c̄
c

c̄
c

RECOMBINATION

time

Brambilla et al., arXiv:2508.11743 (2025)

HOW?
TEMPERATURE DEPENDENT

CONSTANT CORRELATOR
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DISCREPANCIES
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THERMALIZATION TIME DEPENDS: 
1. ON DEFINITION (EMPIRICAL VS LIOUVILLIAN) 
2. ON PARAMETER REGIMES ( ) 
3. ON THE LATTICE GAUGE THEORY

m, g, T, D0

[T↑, D0↑]→ 𝒯E ↓
Brambilla et al., arXiv:2508.11743 (2025)

PNRQCD (D0 ∝ T)

[T↑, D0↑]→ 𝒯E ↑
Angelides et al., JHEP 04, 195 (2025)

U(1) (D0 ∼ 1)

[T↑, D0↑]→ 𝒯E ↓
SU(2) (D0 ≪ 1)

QUESTION: WHICH BEHAVIOUR IS EXPECTED IN QGP PHYSICS?
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SUMMARY
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PRO: 
EXPERIMENTALLY FRIENDLY 
TENSOR NETWORK FRIENDLY 

CONS:  
MANY POSSIBLE ARBITRARY DEFINITIONS 
OBSERVABLE DEPENDENT 
ILL DEFINED IN CERTAIN PARAMETER REGIONS

PRO: 
OBJECTIVE/UNIVERSAL PROBE 
WELL BEHAVED IN ALL PARAMETER SPACE 
INDEPENDENT TO THE INITIAL STATE 

CONS:  
DIFFICULT WITH TENSOR NETWORK 
DIFFICULT WITH EXPERIMENTS 
SUBJECT TO ANOMALIES

QUESTION: WHICH ONE IS MORE RELEVANT TO QUARKONIA IN QGP?

TIME IT TAKES FOR SEF IN 
THE CENTRAL GAUGE LINK TO 

DECREASE BY A GIVEN%

THERMALIZATION TIME
EMPIRICAL

𝒯E =
INVERSE OF THE REAL PART OF 

THE FIRST NON-ZERO 
EIGENVALUE OF THE LIOUVILLIAN

𝒯L =
1

|Re(λ1) |

THERMALIZATION TIME
LIOUVILLIAN
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ANOMALOUS THERMALIZATION TIME
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̂ρ(t) = ̂ρss + ∑
k

eλktC( ̂ℓ†
k) ̂rk

= ̂ρss + eλ1tC( ̂ℓ1) ̂r1 + 𝒪(eλ2t)
̂ℓk

λk

̂rk

LIOUVILLIAN DIAGONALIZATION

QUANTUM MPEMBA EFFECT 
THE FIRST  ARE SMALL 

SUPER-EXPONENTIAL DECAY MODE  
MANY LARGE  ARRIVES LATER

Ck

Ck

ANOMALIES
𝒯L =

1
|Re(λ1) |

iff λ1 ≫ λk>1 ∀k

LIOUVILLIAN 
THERMALIZATION 
TIME IS RELIABLE 
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EFFECTS ON LOCAL OBSERVABLES
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⟨Ô(t)⟩ = Δ0 + ∑
k

eλktΔk

THESE ANOMALIES CAN BE 
OBSERVABLE DEPENDENT ⟨Ô(t)⟩ = Δ0 + ∑

k

eλkt Tr(Ô† ̂rk)Ck = Δ0 + ∑
k

eλktΔk
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REAL-TIME DYNAMICS OF ENTROPY

Lee et al., Phys. Rev. D 108, 094518 (2023)

IS BOUNDED BY:

IN THE LIMIT OF INFINITE TEMPERATURE, THE ENTROPY GOES TO 

IN THE STEADY STATE.

VON NEUMANN ENTROPY
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REAL-TIME DYNAMICS OF ENTROPY

ENTROPY GROWS FAST WITH TEMPERATURE!
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bare vacuum
Â̂a Ûab

antibaryon-baryonmeson

SU(2)

MATTER DENSITY IMBALANCE

35

g r

b b̄

rgNbaryons =

even odd

Nmesons =

ℳ𝒫𝒟 = ℳ𝒫open − ℳ𝒫closed

How do different environments change the final composition of matter density?

ℳ𝒫 =
Nmesons

Nbaryons
MATTER PROPORTION

ℳ𝒫𝒟
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MATTER DENSITY IMBALANCE
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DELTA CORRELATOR

RESULTS CHANGES 
WITH HAMILTONIAN 

PARAMETERS 
 m, g2
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MATTER COMPOSITION ANALYSIS
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CAN WE FIND A REGION WITH MPD < 0?
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MATTER COMPOSITION ANALYSIS
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FINITE DENSITY

DIFFERENT g

WITH LAMB-SHIFT
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G. MAGNIFICOJAD HALIMEH

S. KUHNE. PARRA

SUMMARY:

39

HAMILTONIAN LATTICE GAUGE THEORIES 
OPEN QUANTUM SYSTEMS THEORY 
TENSOR NETWORK SIMULATIONS 
THERMALIZATION TIME 
ENTROPY & LOCAL OBSERVABLES

THANKS!


