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Collectivity in Heavy-lon Collisions

Collective Property of final state particles:
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Collectivity in Heavy-lon Collisions

N

0,T" =0,

" = (e + P+ IDu*u” — (P + IT)g"* + =t .

thermodynamic + kinetic quantities
(EOS: QCD physics validated)

Hydrodynamics <  near local-equilibrium (many body)
for ~ 10°~* particles?
v mean free path (~0.5ftm) <« system size (~10 fm)
? rapid equilibration? (t ~ 0.5-1 fm/c)

? small system?



simulating hydrodynamics in Heavy-lon Collisions
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Quark-Gluon Plasma:
A strongly coupled, quantum, (quasi)many-body system!

Ideally, tull guantum simulation of QCD in 3+1D

Practically, strong coupling QED in 1+1D
— confinement, vacuum chiral condensate



How do the thermal states look like?
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Hamiltonian

1+1D Schwinger model
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Hamiltonian
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1+1D Schwinger model
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Hamiltonian

1+1D Schwinger model

0) :empt
. ) -empty
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Exact conservation of total momentum:

D =218 =262144,

P=0,0=0: D =23368.
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a system with 18 sites:



single-particle distribution 5
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single-particle distribution 5

o Free P p
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low temperature: relative motion in
bound states => hiah momentum tail
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single-particle distribution 5

o Free P p
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low temperature: relative motion in
bound states => hiah momentum tail

High temperature: free fermion/antifermions

p [g]



two-particle correlation
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two particle correlations:

small but non-vanishing
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Can we approach a thermal state?
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Hamiltonian

1+1D Schwinger model E: electric tield
A: electric potential

E2
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simulating hydrodynamics L
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initial state: | P(t = 0)) = =¥ yac)  |attice sites: N = 100

vacuum + [excitation @ center] ~ SPacing:a=1/2g

[W(1)) = e Hsa | W(1 = 0))

P = Tw

(P@) | T*(x) | P()) = T*(t,x) = (¢ + P+ IMutu* — (P + Mg

bulk pressure: non-equilibrium correction



simulating hydrodynamics L
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thermal pressure: P = P, (¢) e [g]

(P@) | T*(x) | P()) = T*(t,x) = (¢ + P+ IMutu* — (P + Mg

bulk pressure: non-equilibrium correction
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simulating hydrodynamics w/ Tensor Network

“P> — Z ll/slsz...sN_lsN‘ S1> ® ‘SZ> ... ‘SN—1> ® ‘SN>

A A ) AN-1) AWN)

~ Y ADAD L AND AW

WSISZ---SN—lsN S1a;” “sHady ¢ SN—1AN-20N_1 “SNAN_1

a1Qy...AN_r0N_1

d.o.f.: DV N D d?
reproduces the full Hilbert space it d sufficiently large,

otherwise, drop states with very high entanglement entropy

Qur results converge over d
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emergence of hydrodynamics
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Bjorken flow — an analytical solution
to the ideal hydrodynamic equations

_1_ A2
eoc T, TE\/tz—Zz.

boost invariant (within a rapidity plateau)

v =7z/t.

with viscosity: 1o 77?
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emergence of hydrodynamics 8
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emergence of hydrodynamics 8
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summary

Fully exact diagonalized thermal states w/ momentum lattice

® bound state dominated @ low-temperature

® asymptotic free fermions @ high-temperature

Real-time non-perturbative quantum evolution

® emergence of hydrodynamics

® |ight-cone structure/rapidity structure
® cnergy density, bulk pressure, velocity

® full qguantum state accessible, ready to test different microscopic

derivations of quantum hydrodynamics —— ideals are welcome!



