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• Why real-time?

An interest in real-time processes is natural for 
living beings:

“Life is a process. We are a process. 
The Universe is a process.”
                                                 Anne Wilson Schaef

In physics, we are interested in real-time processes:
scattering, reactions, decays, …

Beyond physics: self-driving cars, financial markets,
healthcare monitoring, decision-making, …



Why real-time? 

QCD processes studied at colliders (RHIC, LHC, EIC) 
evolve in real time



Why quantum computing? 

Quantum Field Theory describes quantum systems with 
a very large (or infinite) number of degrees of freedom   

Very large dimension N of state vectors, Hamiltonian is
N x N dimensional matrix – huge amount of memory needed!    



Why quantum computing? 

Quantum computing allows manipulation of entire vectors
in Hilbert space, offering exponential speed-up:    

N bits – 2N possible states;
probability vector

Quantum state vector in
2N dimensional Hilbert space

Circuit from:
DK, Y. Kikuchi,
Phys.Rev.Res.2(2020)



Two types of real-time evolution:
quantum chaotic and integrable 

Let us begin with integrable systems – what are they?

Louis Armstrong



Integrable systems 



How to distinguish integrable and ergodic systems? 

Subject of active ongoing research. One direction is based on 
geometry: so-called “quantum geometric tensor” 



How to distinguish integrable and ergodic systems? 

The roots of Riemannian approach to the Hilbert space geometry: 

Main idea: scalar product between two states in Hilbert space
defines a “distance” between them           Riemannian metric tensor
                                                                     (“quantum information metric”)  



How to distinguish integrable and ergodic systems? 

Parameter-dependent Hamiltonian:

Distance:

Quantum geometric tensor (QGT):

Real part of the QGT:
quantum metric tensor

Imaginary part of the QGT:
Berry curvature



How to distinguish integrable and ergodic systems? 

A very recent proposal:

arXiv: 2411.11968 (Nov 2024)

Ergodic:
Locally equivalent to 
a surface of a sphere

Integrable:
Conical singularity

(previously observed near quantum critical points)
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A lot of ongoing work on quantum simulations of
real-time dynamics – unfortunately, I cannot review them here.

Talks by: D. Lee, F. Ringer, S. Grieninger, K. Ikeda, …

Recent reviews:

arXiv:2303.00113



Some examples of real-time quantum simulations of 
integrable models relevant for nuclear physics 

Real-time dynamics of Chiral Magnetic Effect

Analogous to
topological fluctuations
near the critical point 
of the QCD phase diagram



Some examples of real-time quantum simulations of 
integrable models relevant for nuclear physics 

Real-time dynamics of Lipatov’s XXX spin chain 
(integrable effective theory of high energy QCD)

New nonlinear “thumper” solutions found 
for the chiral magnetic waves for large fermion
masses in Schwinger model(nonlinear scalar theory)



Real-time dynamics of a non-integrable theory, QCD.

The puzzle of “early thermalization”: 

There is an ample evidence from experiments at RHIC, LHC and 
elsewhere that high energy heavy ion  (and even pp and e+e- 
collisions) lead to some kind of fast thermalization:

• Hadron abundances look thermal

• Hydrodynamics describes remarkably well the momentum 
spectra and azimuthal correlations of produced hadrons, 
assuming that the initial conditions are provided at a very 
early time τ ~ 0.5 fm



A.Andronic, P.Braun-Munzinger, K.Redlich, J. Stachel, Nature 561 (2018) 321



What is the mechanism of this thermalization?

How can it happen so fast in a rapidly expanding system?  



Can a mechanism of thermalization be related to 
the entanglement among the produced quarks and gluons?

To answer this question, we need a real-time quantum
simulation in a theory that is simple enough to solve numerically and 
still shares some common properties with QCD.

Schwinger model is similar to QCD in a number of ways:
confinement, chiral condensate, anomaly, …

 

Perform a real-time quantum simulation of e+e- annihilation in massive 
Schwinger model, with the goal of understanding 
the possible link between entanglement and thermalization 
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The setup



Massless Schwinger model coupled to external sources: 



In the massless case, can be solved exactly:

DK, F. Loshaj
Phys Rev D87 (2013) 7,
077501

String breaking due to production of quark-antiquark pairs;
the produced mesons form a rapidity plateau 



To address thermalization, one needs to consider 
interacting mesons – this leads to the massive 
Schwinger model. 

Non-integrable, no analytical solutions can be found 
– use digital quantum simulations!



Screening of electric field, modification of the vacuum, growth of entanglement entropy!



Entanglement among the produced jets is a phenomenon that is 
not present in perturbative QCD (independent fragmentation functions).

This entanglement is “screened” by the produced pairs, and is limited 
to relatively small rapidity interval (a step towards thermalization?)



What can we do to understand a possible 
approach to thermalization in our system?

Let us start by examining the entanglement spectrum:



The entanglement spectrum

At late times, a huge number 
of entanglement eigenstates 
start to contribute, with 
comparable eigenvalues –
approach to the maximal 
entanglement and  
thermalization?



Tests of maximal entanglement
Renyi entropy “Entangleness”

Approach to 
maximal entanglement!
(in a subspace of 
the full Hilbert space)



The physical meaning of Schmidt states

Transition from 
“quark-antiquark” states
at early times to 
“mesons” at late times –

Hadronization seen in 
real time!  



Maximal entanglement at high energies (small x)

Signature:      Shadrons = ln[xG(x)]

At high energies, the phase of the wave function cannot be measured,
and has to be traced over (“Haar scrambling”). This leads to
the (probabilistic) parton model description:



Maximal entanglement:
experimental tests at HERA and EIC

arXiv:2408.01259, Rep.Prog.Phys.(2025)
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arXiv:2410.22331

Evidence for maximal entanglement from jet fragmentation



Summary:

• High energy collisions seem to lead to 
      the maximally entangled states – 
       experimental signatures at RHIC, LHC, EIC

• Saturation of local observables in time,
      consistency with thermal expectation values,
      transition of entanglement entropy from area law 
      to volume law detected – thermalization?

      Many open questions remain – 
      fundamental quantum science 
      addressed through quantum simulations


