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MOTIVATION

QUARK-GLUON PLASMA

Early
= Universe

Critical Point

O ¢
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g Crossover

°r _ Quark-Gluon Plasma |

transition

Deconfinement

First—order 7/ &chiral transition
phase transition

Hadron gas

Colour
superconductor

Nuclet Neutron stars

Baryon Chemical Potential HB




MOTIVATION

PROBING QUARK-GLUON PLASMA

L OOKING AT HEAVY-ION COLLISIONS

COLLISION

HOW DO WE PERFORM
THESE MEASUREMENTS?




MOTIVATION

HOW T0 STUDY GAUGE THEORIES

( THEORETICAL PARTICLE PHYSICS \ \( EXPERIMENTAL PARTICLE PHYSICS A
My ¢ b g ' - 7’_3’ > — i ;i
PERTURBATION THEORY VIA / o K/ &5 - e ——
FEYNMAN DIAGRAMS 4 A RSN TR e X : !\w‘”ﬁ‘i:
) ) NUMERICAL SIMULATIONS 't MO T P W e
q 9 9 9 BEYOND EXPERIMENTAL AND
PERTURBATIVE APPROACHES:
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MOTIVATION

LAITICE GAUGE THEORY
e s

three generations of matter interactions / force carriers

(fermions) (bosons) GAUGE FIELDS

' . il u (ELECTRIC & MAGNETIC)
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down strange bottom photon
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MOTIVATION

HOW 10 SIMULATE LGTS?

MONTE CARLO SIMULATIONS

-

& | AGRANGIAN FORMALISM
& PARTITION FUNCTION

& GOOD RESULTS:

CONFINEMENT, o
HADRONIC SPECTRUM, V4
CHYRAL-SYMMETRY BREAKING &

& SIGN PROBLEM:

NOISY INTERMEDIATE SCALE QUANTUM ERA
Preskill, Quantum 2, 79 (2018)

NOISE & SCALABILITY PROBLEMS:
NOT READY, BUT SOON ...

~ TOSIMULATE

QUANTUM PRYSICS,
USE “QUANTUM"

COMPUTERS!

REAL-TIME DYNAMICS, x
FINITE DENSITY OR
CHEMICAL POTENTIAL

( TENSOR NETWORK METHODS
CLASSICAL COMPUTER Y
3? d & HAMILTONIAN FORMALISM
Vi ‘8 . & VARIATIONAL APPROACH
& SIGN PROBLEM FREE!
REAL-TIME DYNAMICS J
: FINITE DENSITY V
N\

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

QGP IN LAITICE GAUGE THEORIES

SIMULATE THE LATTICE GAUGE THEORY AS AN OPEN QUANTUM SYSTE

OPEN SYSTEM

OGp

SUBSYSTEM

mapping
gl QUARKONIA

-------------------------------------

---------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------




MOTIVATION  LATTICE GAUGE THEORY OPEN QUANTUM SYSTEMS = TENSOR NETWORKS ZATION TIME ~ ENTANGLEMENT ENTROPY ~ LOCAL OBSERVABLES ~ SUMMARY

OVERVIEW

_@ HAMILTONIAN LATTICE GAUGE THEORIES J@ THERMALIZATION TIME

4+ Kogut-Susskind formulation for SU(2) Yang-Mills 4+ Empirical vs Liouvillian

+ Matter & Gauge SU(2) Hilbert space 4+ Dependence on Environment, Temperature etc

_@ OPEN QUANTUM SYSTEMS THEORY 4+ Comparison with other approaches (pNRQCD)
4+ Linblad Master Equation 4+ Anomalies
4+ Timescales and Brownian Limit ‘
& ENTROPY

4+ Physics-informed approximations

@ TENSOR NETWORK SIMULATIONS

4+ Time evolution for open quantum systems

_@ LOCAL OBSERVABLES

4+ Casimir evolution

4+ Matter production
5 OUTLOOK AND CONCLUSIONS




MOTIVATION = LATTICE GAUGE THEORY

HAMILTUNIAN LGTS INGREDIENTS

matter

= |y’ [—i?-v+yom] w— | [E*HB| +

gauge

1nteract10n

DIRAC HAMILTONIAN
OF FREE FERMIONS

gu'i(y - Ay

ELECTRIC

MAGNETIC

CONTRIBUTION | | CONTRIBUTION

COVARIANT DERIVATIVE:

SPATIAL DISCRETIZATION. TIME IS CONTINUOUS

PARALLEL TRANSPORTER

—iy Ty, — gAlw

iy Uy

|

+ H.c.] Hm Y wiwi t+ Hpyre

1 - -
Eawl~5—5 2, Tr [Ug+ UL

[Kogut & Susskind PRD 11, 395 (1975)] [Wilson PRD 10, 2445 (1974)]

r UT m
Uq=U" U
L U -
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MOTIVATION = LATTICE GAUGE THEORY

MAITER HILBERT SPACE 7= 7w 7ins]
Gauss Law
STUDYING FERMIONS ON THE LATTICE IS CHALLENGING [FERMION DOUBLING PROBLEM|
( > A

Pu

WE USE STAGGERED FERMIONS AND SPLIT _ BRUOUNZONE |- ~—-bu=la
ISPERSION RELATION
SPINOR COMPONENTS ON SUBLATTICES

[ ABELIANCASE:U() ] | ™
(Ex «Ox «(E)

P

CONTINUUM
LATTICE

PARTICLE
o \/

(_ 1)nx+ny — L 1

®

ELECTRONS g, POSITRONS g
Q= = =0 3
ANTI-PARTICLE
BAND

Q @ [Rothe, Lattice Gauge Theories (2012)]
\_
. A(Ex «(Ox «(E)
D » n—+n. __
) LA P

¥ B J

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

[Susskind, PRD 16 - 3031 (1977)]



MOTIVATION = LATTICE GAUGE THEORY

GAUGE LINK HILBERT SPACE b

(omoooos R
FOR A CONTINUOUS GAUGE GROUP [U(1 )42
THE CORRESPONDING HILBERT SPACE IS INFINITE IT I\/IUST BE TRUNCATED! [ |
& |F) € |=———0
# QUANTUM LINK MODELS _<:,_ _1
(Chandrasekharan et al, Nucl.Phys B 492, 1-2 (1997)] <l] ] <II:| _9
&
® USE FINITE SUBGROUPS (Z ;, D) WURE IDEA Ry
Ercolessi et al, PRD 98, 074503 (2018)] ! USE SPIN-LIKE OPERATORS IN ) . J= 2 )

& ALGEGRA DEFORMATION
[Zache et al, PRL 131, 171902 (2023)]

& INTRODUCE AN ENERGY CUTOFF

THE J-IRREP. EXAMPLE: QED
(E,U,U") - (8%, 8%,87)

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

. [ A i 18
HU(l) — 5 Z lllljle;ll'_l_ﬂl//n_l_ﬂ + H.C.] +mz (_1)nl//jll//n 7 Z ( n"‘ﬂ)

n




MOTIVATION = LATTICE GAUGE THEORY

HPO = 5 Z Z _u//a,nUgﬁ,ul// Bty T 1 '_ +m Z (=1)" Z l/j“ nl//““ | Z n,+/i

MATTER HILBERT SPACE GAUGE HILBERT SPACE

\ infinite 1n the Electric basis
STAGGERED quarks qg, baryons b

FLAVORLESS E?|j,my, mg) = j(j+1) | j, my, mp) \ J
(oot2) COLOR Q @ . . cyen jeN2  fenergy cutoll / P
4 matter states eI B 8—8 /5’ 1 m
Yololer O F e o
14 gauge states S ©

H =K matter ® 7

— N )
SAlEs Gauss Law j=0




MOTIVATION = LATTICE GAUGE THEORY OPEN QUANTUM SYSTEMS

OPEN SYSTEM VS CLOSED SYSTEM

VON NEUMANN EQUATION

CLOSED SYSTEM

SUBSYS@ ﬁ

Htot — HS

dp(t)
dt

~ i A5

OPEN SYSTEM

LINBLAD MASTER EQUATION

dp(t A A
P;t( ) = —1 [HS + AHj, ﬁs(t)]‘l‘
s st Lot
Y’ Doy (@ = (00,500}, = 5 { 04, One s(0) |

n,;n,
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MOTIVATION = LATTICE GAUGE THEORY OPEN QUANTUM SYSTEMS

ASSUMPTIONS

RELEVANT TIMESCALES

RELAXATION TIME

T

: 2
(int)
(]
SUBSYSTEM TIMESCALE

1
TG Y —/—

Hg

ENVIRONMENT CORRELATION TIME

TR "

1
TE N~ —

I

BROWNIAN MOTION LIMIT

T > H™)
T > Hg

BROWNIAN MOTION LIMIT

TR > TE
TG > TE

WEAK COUPLING LIMIT

A

p(t) = ps(t) ® pE

T ~ 10" [Kelvin]
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MOTIVATION = LATTICE GAUGE THEORY 'OPEN QUANTUM SYSTEMS

TIME EVOLUTION EQUATION

LINBLAD MASTER EQUATION IN THE BROWNIAN MOTION LIMIT

. - 1 (a0 -
M = — [ﬁS 4 AﬁS’ ﬁS(t)] + Z Dnl,nz(a) = 0) <0n2pS(t)0j11 — 5 {0;;10112, pS(t) })

dt [ n,.n, \

r N\ A r D

,
L AMB SHIFT ENVIRONMENT JUmP
_ CORRECTION _ CORRELATOR _ OPERATORS |

[ )

( )
" SCREENING FROM RATE AT WHICH TYPE OF
_ THE ENVIRONMENT _INTERACTIONS OCCUR _ INTERACTIONS

X. Yao, Int. J. Mod. Phys. A 36, 2130010 (2021) 16



MOTIVATION = LATTICE GAUGE THEORY 'OPEN QUANTUM SYSTEMS

INTERACTION TYPE & LAMB SHIFT

YUKAWA POTENTIAL

HI_)\Z

A

¢na¢ '&n,a - On — (_

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)

]' ) n’w'};,a ’(pnaa

} LAMB SHIFT




MOTIVATION = LATTICE GAUGE THEORY 'OPEN QUANTUM SYSTEMS

ENVIRONMENT CORRELATORS

Dy o0 =0) = ﬂzjdtl [dtzTrE ((’”)g?(tl) c’”)g?(tz)ﬁE)

Dy

CONSTANT

(ng — nz)z
D()e 262

GAUSSIAN

Y. Akamatsu, Prog. Part. Nucl. Phys. 123, 103932 (2022)
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MOTIVATION = LATTICE GAUGE THEORY 'OPEN QUANTUM SYSTEMS TENSOR NETWORKS

TENSOR NETWORK METHODS

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

| 1 T FOR GROUND STATES, THERE IS AREA LAW!

& o J LIS
*‘ﬁ‘

‘JmAZNHI ﬂfﬁ “ﬁk :ﬁ!&

Trunc SVD \‘.\ %
Jwﬁw,e;qa,
/gj{\ x Q\ AUXILIARY LINKS : ?’Qi’{:‘?}’:‘“ ‘3&'
X oe Lo TORR L ¢)
“BOND DIMENSION” é“” "'u ’Giu"t.
(ENTANGLEMENT) [Eisert et al, Rev. Mod. Phys. 82, 277 (2010)]

/Q O %
Hj : For TIME EVOLUTION
X X X X x  x x
?’Wm TIME- EVOLVING T|ME-DEPENDENT
d d d d d d d d BLOCK DECIMATION VARIATIONAL PRINCIPLE

. , TEBD (TVDP)
dimAZ ... ~ Ny-d
|G. Vidal, PRL 93,040502 (2004)] []. Haegeman et al, PRL 107, 070601 (2011)]
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MOTIVATION = LATTICE GAUGE THEORY 'OPEN QUANTUM SYSTEMS TENSOR NETWORKS

TENSOR NETWORK ANSATZE

POLYNOMIAL COMPLEXITY: MANIPULATIONS ~ @(;(k)

[Silvi et al, SciPostPhysLectNotes.8 (2019)] | MPS FUR 0PEN QUANTUM
MANY-BODY SYSTEMS

0 1 2
TREE TENSOR NETWORKS (TTN) ~ | | |

g NOT IMPLEMENT | | |
AREA LAW 0 1 2
LOW ALGORITHMIC (a) Initial MPO representing ps.

d

. COMPLEXITY ~ O(x%)

l

1D||MATRIX PRODUCT STATES (MPS)
2

‘0’0 OO0
d d d d d d

IMPLEMENT AREA LAW
3
. Low COMPLEXITY ~ O(y”) |

SVD SVD SVD

(b) Separating the legs on each site with SVD.

— PROJECTED ENTANGLED PAIR STATES (PEPS) — v ; y 1 y ,

:}f}f}f}’ IMPLEMENT AREA LAW é_@_@_@_@_@
:f‘/“f‘f Too HIGH ALGORITHMIC
:f'tf'tf'tf' COMPLEXITY ~ O(y®)

(c) MPS representing ps equivalent to the initial MPO in (a).

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

. J




MOTIVATION = LATTICE GAUGE THEORY 'OPEN QUANTUM SYSTEMS TENSOR NETWORKS

TENSOR NETWORKS FOR OPEN SYSTEMS

(1 + 1)D U(1) LGT

MATRIX PRODUCT STATES
Da,ﬂ(w — 0) — D5a,ﬂ

(a) : AF(n)
0.00 0.25 0.50 0.75 1.00

2.0
10
9
8 2.75
7
6
e 3.5
5
4
3 4.25
2
: 5.0, | | | o
Oo 5 10 15 20 25 30 0.0 0.12 0.25 0.38 0.5 :

---------------------------------------------------------------------------------------------------------------
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MOTIVATION

SITE-RESOLVED U(1) DYNAMICS

LATTICE GAUGE THEORY

Closed

OPEN QUANTUM SYSTEMS

TENSOR NETWORKS

IALIZATION TIME

Simulations with (m,g?,Dy) = (0, 0.25, 0.3)

Open with Delta

Open with Gaussian

Open with Constant

-
o

U(1)

Gauge Link
O = N W B U OO 0 0O W

1.0

0.8

0.6

0.4

- 0.2

[ S
o
—
C
——
=
S

Matter Site

O N W H U1 O g 0 O
T

0.0
1.0

0.8

0.6

0.4

- 0.2

Time t

0.0

pI214 2113093 pa3oeIIgNS

1938\ Pa3ORIINS

A CONSTANT
ENVIRONMENT
TRIES TO KEEP
THE MATTER
WHERE IT
BEGAN MOST
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MOTIVATION = LATTICE GAUGE THEORY 'OPEN QUANTUM SYSTEMS TENSOR NETWORKS

MALIZATION TIME

SITE-RESOLVED SU(2) DYNAMICS

Simulations with (m,g?,Do) = (0, 0.25, 0.3)

Matter Site

Matter Site

o N

(9

Closed

Open with Delta

Open with Gaussian

Open with Constant

SU(2) String

 SU(2) bb

1.0

0.8

o
o

o
NS
1213e|) uokieg pajdeslqns

- 0.2

B 10
Time t

15

0.0
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MOTIVATION  LATTICE GAUGE THEORY OPEN QUANTUM SYSTEMS | TENSOR NETWORKS ALIZATION TIME

EMPIRICAL THERMALIZATION TIME

TIME FOR SEF IN THE

—
E — CENTRAL GAUGE LINK TO
DECREASE BY A GIVEN % SUBTRACTED ELECTRIC FIELD = STRING - VACUUM

(1 + DD U(1) LGT

x10~° +9.999 x 10~1

' o ILL DEFINED FOR SMALL
mT, Do T, I'T = TEl SELF-CORRELATIONS
20

0 40 60 30 100

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




MOTIVATION = LATTICE GAUGE THEORY 'OPEN QUANTUM SYSTEMS TENSOR NETWORKS

LIOUVILLIAN THERMALIZATIUN [IME

THE LIOUVILLIAN IS

dt = Lp = p(t) = e~ p(0) NOT-HERMITIAN!

LIOUVILLIAN DIAGONALIZATION
= Right Eigenvectors

A A y| >N\ A
P = P+ ), eMCEDR
% . = Left Eigenvectors k

= p.. + eMC(E ), + O(e)

/lk = Kigenvalues

=0  Re(l) <0 Vk>0

steady state ~ decay mode LIOUVILLIAN
THERMALIZATION TIME

ASSUMPTION — 1 INVERSE OF THE REAL PART OF
: S ] = THE FIRST NON-ZERO
iff Re(4;) > Re(4>1) vk | R@(/ll) | EIGENVALUE OF THE LioLVILLIAN




MOTIVATION = LATTICE GAUGE THEORY OPEN QUANTUM SYSTEMS TENSOR NETWORKS

U(1) THERMALIZATION

U(1) Simulations with g2

l 1
1 1
1 1
: Self correlation Dy Mass m Self correlation Dy ,
' 0.1 0.5 1 2 3 0 0.25 0.5 0.75 1 0.1 0.5 1 2 3 :
1
1
1 1
O —Q 1
: o 1201 120 —o- ° :
: 1
: g 40 [~ / 1
1 1
. = 100} 100 :
1 c
o ]
2 gl 80 | 3B :
1 N 1
: © o —Q ® :
I g 60 F g/' '
' 30 F O o o (o] !
1 IE :
1
1 _E 40 1
1 = 1
: § 25 ./.— — @ —O— —0 :
37 —— " ° °| — J
1 (@] 1
I 1 1 1 1 1 1 ’ O E
1 1
: " —o— o ® | ,
. ~ 14 + ./.- 1 °
: ' Angelides et al., JHEP 04, 195 (2025)
1 ]L“ 16 13 } :
' o
- :
AT 12 | ;
1 o 1
= !
v 8B 11+ !
. © —— —® e | ,
. LE- 10 i ./.ﬁ .
1 O 10 1
1 <= 1
| :
2 9t :
| -
1T o 1
- 1
: uE.l © 8r 1
1 1
o —& o
! 4t o ;
. [ o——0— o o o !
1 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 |
1
' 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 20 40 60 80 100
I‘ Mass m Self-Correlation Dy Temperature T :

---------------------------------------------------------------------------------------------------



MOTIVATION

LATTICE GAUGE THEORY

OPEN QUANTUM SYSTEMS

TENSOR NETWORKS

SU(2) Simulations with g% = 1

3

RMALIZATION TIME

n
|
|
|
I Self correlation Dy Mass m Self correlation Dy
: 0.1 0.5 1 2 3 0 0.25 0.5 0.75 1 0.1 0.5 1 2 3
' tt——ss e — i ' ' — e — > ———
|

80F 80F
' —o— o —o0
v 60fo—
' o 70F 70 t
v E 55 |
' 60Ff 60 |
| .9 i
: b= 50
T 50
r o 401 a0
; E 40 +
' 30 30 |
| —
1 g 35
} 3 207 20 | o —© o o o
. 8 30

— 10} 10} (0]

: 10 '? ] ] ] ] ] 10 o hd ] ] ] ] !
|
|
v 45T S —
. 3.00 | o —o— —°
|
! = 4.0
. GEJ 2.75F
'R
1 35+
: S 2.50 F
1 (v
: = 30+t \ —e— — °
£ 225
3
: = 2.5 F i
: E’ 2.00
1=
1 o 20
| -
& 175 F 0 —o— - o
|
1 1.5
1 1.50
. o —0 o @ o
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 20 40 60 80 100
I Mass m Self-Correlation Dy Temperature T
| §

[ 1T, Dyl = I
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MOTIVATION = LATTICE GAUGE THEORY 'OPEN QUANTUM SYSTEMS

octet Poeter = Free quark m
singlet Py g1e¢ = Quarkonia M

How? ,538 VS. ﬁGibbs — _e_ﬂHS

POTENTIAL NON-RELATIVISTIC CD

Brambilla et al., arXiv:2508.11743 (2025)

TENSOR NETWORKS ALIZATION TIME

0.8:-
0.6:-
0d
02

0.0

t /fm

1" = 450 MeV
0.87
singlet k=4
R 0.86¢ , 1
octet === K =2 62 64 66
o (ibbs  +eeee- k=05 0.14
state
0.13¢ , 1
61 63 65
S\ _
T T/ 1 T

TEMPERATURE DEPENDENT _ T 3
CONSTANT CORRELATOR n,m K

28



MOTIVATION = LATTICE GAUGE THEORY 'OPEN QUANTUM SYSTEMS TENSOR NETWORKS

SU(2) Simulations with (m, g2, Dg) = (0.5, 1, 1)
3.10 - e —m [ 32.85

2 00 ¢
THERMALIZATION TIME DEPENDS:
1. ON DEFINITION (EMPIRICAL VS LIOUVILLIAN) g
2. ON PARAMETER REGIMES (m, g, T, D)
3. ON THE LATTICE GAUGE THEORY . o

Temperature T

(11, DTl = JE 1| [T, DNl —= Tl | [T, D1~ T2l

Angelides et al., JHEP 04, 195 (2025) Brambilla et al., arXiv:2508.11743 (2025)

QUESTION: WHICH BEHAVIOUR IS EXPECTED IN QGP PHYSICS?

29



MOTIVATION = LATTICE GAUGE THEORY 'OPEN QUANTUM SYSTEMS TENSOR NETWORKS

LIOUVILLIAN
THERN][_::A{/{JI;IZITA{%%LN TIME THERMALIZATION TIME

1 INVERSE OF THE REAL PART OF

— TIME IT TAKES FOR SEF IN 97
v E — THE CENTRAL GAUGE LINK TO L — N THE FIRST NON-ZERO

DECREASE BY A GIVEN% ‘ Re(ll) ‘ EIGENVALUE OF THE LIOUVILLIAN

PRO: PRO:
g . & OBJECTIVE/UNIVERSAL PROBE
5 EXPERIMENTALLY FRIENDLY S B
& TENSOR NETWORK FRIENDLY 5 WELL BEHAVED IN ALL PARAMETER SPACE

& INDEPENDENT TO THE INITIAL STATE

CONS:
& MANY POSSIBLE ARBITRARY DEFINITIONS CONs:
& DIFFICULT WITH TENSOR NETWORK

@ (OBSERVABLE DEPENDENT '

& DIr
& |LL DEFINED IN CERTAIN PARAMETER REGIONS # DIFFICULT WITH EXPERIMENTS
& SUBJECT TO ANOMALIES

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




MOTIVATION = LATTICE GAUGE THEORY 'OPEN QUANTUM SYSTEMS TENSOR NETWORKS

ANOMALOUS THERMALIZATION TIME

LIOUVILLIAN DIAGONALIZATION
r, = Right Eigenvectors

A A y| o7\ A
p(t) = Py + Z e ktC(f};)rk
% . = Left Eigenvectors k

A = Figenvalues — ﬁss T ellltc(?/2 1)7/> T @(eﬂzt)

LIOUVILLIAN _ 1 ANOMALIES

THERMALIZATION  J J = 'Re(A))] QUANTUM MPEMBA EFFECT
TIME IS RELIABLE 1

THE FIRST C;, ARE SMALL
ift 4, > A VK SUPER-EXPONENTIAL DECAY MODE

MANY LARGE Ck ARRIVES LATER




MOTIVATION  LATTICE GAUGE THEORY OPEN QUANTUM SYSTEMS | TENSOR NETWORKS ALIZATION TIME

EFFECTS ON LOCAL OBSERVABLES

THESE ANOMALIES CAN BE (O)) = Ay + 2 e Tr(O'#)C, = A, + Z eMA,
k k

OBSERVABLE DEPENDEN

SU(2) String with (m,qg,Do,B8) = (0.5, 1,1, 0.1) SU(2) String with (m,g,Dp) = (0.5, 1, 1)
o, 0.0006 { ¢
. \ T T i A 1 i/
/\
(O(0) = Ao+ ) e™A | ™

g - - a
3 020 0 k 3
3 [
(W (W
g 015 k g 0.0004 -
ko ko
(N} uJ
8 3
g 010 5 0.0003 - o
- =
A A

0.05

0.0002 - ®
\
v o
0.00 - s ® o o s
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 20 40 60 80 100

Indice | Temperature




MOTIVATION = LATTICE GAUGE THEORY 'OPEN QUANTUM SYSTEMS

REAL-TIME DYNAMICS OF ENTROPY

Von Neumann Entropy in Time

4.5

VON NEUMANN ENTROPY o bella
' - Gaussian J—

— Constant

4.0 T

S = — tr(plog(p))

0 S SvN S logd

IN THE LIMIT OF INFINITE TEMPERATURE, THE ENTROPY GOES TO

SoN — log d

IN THE STEADY STATE.

SVN

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



MOTIVATION = LATTICE GAUGE THEORY 'OPEN QUANTUM SYSTEMS

REAL-TIME DYNAMICS OF ENTROPY

U(1) Simulation (m,g?,Dy) = (0.5,0.64,1) SU(2) Simulation (m,g?,Dy) = (0.5,0.64,1)

=
>
(V)]
>
o
o
—
-
-
LLl
-
-
g
=
Q
=
S
>
— Delta T =10 — Delta T = 20 — Delta T = 100 — Delta T =10 — Delta T = 20 -~ Delta T = 100
— Gaussian T =10 — Gaussian T = 20 - Gaussian T = 100 — Gaussian T =10 — Gaussian T = 20 - Gaussian T = 100
- Constant T =10 - Constant T = 20 Constant T = 100 — Constant T =10 - Constant T = 20 Constant T = 100
0 v | v v v v v v v v | v v v v v v v v v v v | v v v v v v v v | v v v v v v v v
10° 101 102 10° 101 102
Time t Time t

ENTROPY GROWS FAST WITH TEMPERATURE!
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MAT[ER DENSITY IMBALANCE

---------------------------------

@e0(@ (O om0 @9

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

N, mesons MPD = M gjopen — % P closed
Nbaryons (O) = Tr((?pss) TI‘(O,Oszbs)

-------------------------------------------------------------------

= 0 = No change .
ﬂ PP > 0= Environment induces mesons

MATTER PROPORTION P —

Da , bare vacuum N B @:
&Qmm@mm@ mesons =12
E‘]\'fbaryons= Q
: b B

meson antibaryon-baryon even odd :

----------------------------------

< 0 = Environment induces baryons

-------------------------------------------------------------------
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MATTER DENSITY IMBALANCE

Self correlation Dy Self correlation Dy
0 0.1 0.5 1 0 0.1 0.5 1

> V!V |V RESULTS CHANGES
{1 WITH HAMILTONIAN

075 (m,g?) = (0.25, 0.06) 00 (m,g?) = (0.01, 4.00) PARAMETERS
. W 2
0.4 -
S g m, g
3 3
= < 0.2
0.2
01- | | | | 0.0 | | | |
0 10 20 30 40 50 0 10 20 30 40 50
time t time t
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MAITTER COMPOSITION ANALYSIS

SU(2) Simulations with (m,g?) = (1,1)

Temperature T Self correlation Dy
10 25 50 75 100 0.1 0.5 1 2 3
i ' e e —e— ' —_
0.014 F : - SU(2) Simulations (Steady State - Gibbs) with g?=1
: Delta Environment o _
Temperature T Self correlation Dy
10 25 50 75 100 0.1 0.5 1 2 3
0.012 i Tt ——
(o}
5 z
S 0.010 [ . &
= o 0.002
= a)
D i i |
p 0.008 g .
o ©
B = 0.001
S 0.006 | o - =
o c
a = o s 2 :
- 0.000 j, ——§ : :
g 0.004 -
C -
< 0.0000
0.002 | - > ©
o ‘% —0.0005
c
Q 8
0.000 F . . . . . , | | , # = —0.0010 F o i
0.5 1.0 1.5 2.0 2.5 3.0 20 40 60 80 100 E
Self-Correlation Dy Temperature T p —0.0015F i
o
E —0.0020 -
)
—0.0025 —l 1 ] 1 1 1 ¢ C 1 1 1 1 ]
0.0 0.5 1.0 1.5 2.0 2.5 3.0 20 40 60 80 100
Self-Correlation Dy Temperature T

CAN WE FIND A REGION WITH MPD < 07?




TENSOR NETWORKS

OPEN QUANTUM SYSTEMS

MOTIVATION = LATTICE GAUGE THEORY

ERMALIZATION TIME ~ ENTANGLEMENT ENTROPY ~ LOCAL OBSERVABLES

MAITTER COMPOSITION ANALYSIS

FINITE DENSITY SU(2) Simulations with (m,g?) = (1,1)

Self correlation Dy

Temperature T

10 25 50 75 100 0.1 0.5 1 2 3
0.012 | Delta Environment = |
DIFFERENT g SU(2) Simulations with (m,g?) = (0.5,0.1)
0.010 |
g Temperature T Self correlation Dp
w 10 25 50 75 100 0.1 0.5 1 2 3
& 0.008 | ; - 1 , : : ,
-5 _ : H H =
° — x  WITH LAMB-SHIFT SU(2) Simulations with (m,g*) = (0,0.1)
£ 0.006 |-
a 0.012 i Temperature T Self correlation Dy
g 10 25 50 75 100 0.1 0.5 1 2 3
g 0.004 - g 0.010 F i i : e e--————— : —
)
g g Delta Environment o
0.002 | A 0.008 - 0.006 g
o c
2
0.000 F Q—_—% §- 0.006 o . § 0.005 F |
0.0 0.5 1.0 15 & =
b _ =
Self-Correlat g 0.004 = 0.004 | I
G c
- i=]
- - £
0.002 o / 5 0.003 p .
O
._JAA &
000 -1 ] ] ] ] ] ] i b 0.002 | i
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Self-Correlation Do 0.001 F .
R iy | P S
0.000 -
0.0 0.5 1.0 1.5 2.0 2.5 3.0 20 40 60 80 100

Self-Correlation Dy

Temperature T
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SUMMARY THANKS
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