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Entropy paradox in QCD matter

Initial state QGP phase Hadronization Freeze-out Final detected
particles

Early-time dynamics Hydrodynamic evolution Hadronic rescattering

Time: 0 fm/c <1 fm/c ~10 fm/c ~1075 fm/c

Melting nuclei
in relativistic heavy ion collisio

/mitary evolutiorx
Quark or gloun state 1s pure * locally thermalized final state

S= —Trplnp=0 \ —x / with HUGE entropy

Lorentz boost

n—) new state of QCD matter —> fast equilibrium~1 fm/c

* Quantum entropy is superficially contradictory for an isolated matter !



Entropy Paradox in QCD Matter
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Parton distribution function =~~~ - _\ :
describes the probability of
finding a quark or gluon
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* Non-linear evolution of QCD gives maximum of entanglement entropy among partons, under limit of high

momentum scale and small x. c I’

- Sg =—- In— -

* Scale-dependent entropy S(z)=1In[zG(z)] CET 3 € Entangle Entropy in CFT

is natural in DIS picture. N L «—— 1
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*  Problems Not Solved: Entanglement entropy F thermal entropy Jinite temperature

« Entropy relation in quantum thermalization?
*  Where does Entanglement among partons come from?



Where does the entropy derive from?

System

total number of qq collision, the
production of sphaleron-like:
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at RHIC energies
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Prompt Quark Production by exploding Sphalerons

hadron and nucleus-nucleus collisions at large 1/s. Simple .
arguments indicate that while in hadron-hadron scatter- > TOp OlOglCEll structure of QCD prompt parton release’

ing production via sphalerons, it is only a small part of potentia]ly leads to entropy production
the multiplicity, in nucleus-nucleus collisions it is not so

and hundreds of sphalerons may be released, contributin
substantially to the total entropy produced [16]. In view >» Entanglement as a novel probe of early QCD matter
BrTmat, the proauceion of 2IVg chiral quarks per cluster

may make the quark-gluon plasma produced in heavy-ion

 reflecting the non-comutative effects from topological field
* providing entropy among partons



Entanglement From Parton Scattering
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* Partons can come from two sources: nuclear PDF & Sphaleron Burst

* Partons scatter to form entanglement.

* Nuclear Partons contritbution to 1S
dominant over Sphaleron source due to low production rate.




Amplitude to Concurrence WorkFlow
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* Entanglement of Formation (Free From Ambience & Projective to trivial knot)
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QCD Topo-induced Entanglement

sphaleron
Energy (barrier)
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e Pure gauge config has homotopy:
n3(SUN > 1)) =Z
with Chern-Simon number:

1
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» Spharleron is a static classical solution Af,’ with
non-trivial topo number in Path Integral
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» Fermi zero mode leads to divergence in
second part of path integral, absorbed by
external quark line,which gives rise to real
quarks production.



QQ Entanglement from Sphaleron
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* Spin entanglement can be extracted fromquark pair state, with amplitude M matched using spaleron rate.
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* Spectator flavor and Schwinger—Keldysh propagators are included in 7' matrix, non-equilibrium medium effect
enhances the pair production.



Entanglemen’r from n-Parton Scattering
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» One can obtain its entropy from correlation
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Entanglement from n-Parton scattering
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» Max entanglement at the threshold
+ Initial gluons have angular momentum projections 91 fgyt J.=0  g""gy" J,=+2

e Threshold p — 0 ( L=0), conservation of momentum and
Parity-Proof wavefunction only allows for spin-singlet from

unlike-heliciy fushion — [9(QQ))ec| T 1) —| ) 1): Max Entangled Bell State

QQ: J=0,J.=0,L=0=—=S5=0

» Max entanglement ALSO at high energy limit, similarly seen from the helicity amplitude.



En’ranglemen'r from combined sca'r'rer'mg process
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» We use PDF & nPDF to compute luminosities for weighing each process, mimicking pp and Pb-Pb collision.

 Different behaviour of entanglement in each collision is manifested in the vicinity of threshold

* More dominance of gg process leads to larger entanglement at the threshold for pp collisions

* We tend to believe that the stark difference derives from the energy scale of each collision instead of inner PDF,
supporting the picture in DIS parton entanglement at high collision scale or small x.



Entropy Relation in qauntum thermalization

Where will the generated entanglement go?

What is the quantitative relation of entropy in thermalization?

Is the entanglement entropy partial or all of the thermal entropy?

ETH
[Thermalization J — entropy propagation
scramble
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Entropy Relation in Quantum Thermalization &

» R generating rules for general entanglement
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SU(3) link Quantum Simulation

Notation Kogut—Susskind-type Hamiltonian has the structure
site tensor A® Taly o
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Summary

thermlization time problem

e Entanglement entropy can come from QCD topological sphaleron effects and

parton scattering at the early stage of collisions.

e By quantum simulation, we find that quantum entanglement entropy can evolve

to thermal entropy by quantum scrambling.

e The time to fulfill scrambling is equivalent to the thermalization time,
making it an effective tool to study thermalization.



