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Collectivity in Heavy-lon Collisions 1
Pre-reaction Detection

final state particles
N ~ 10°7*



Collectivity in Heavy-lon Collisions

Pre-reaction Detection
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Collectivity in Heavy-lon Collisions

Collective Property of final state particles:

10°{* 5%*10 _ ’“‘* charged hadrons
1020% o, e, symbols: data

~ 10'20-30%10 | wa, e, e :
- e, e, e 1 curves: hydrodynamics theory

Q' 0 2 . D ‘R ®
O B0A0%07 T, e
: 74 (thermal w/ anisotropic blue-shift
S 10 om0 e e, 1 (thermal w/ anisotropic blue-shi
2 107°460-80%/10%  Txa,  TFway e
% h %%\7‘\"’“5&?; - ¥y sy ’
- ; i i’*.;\_.\.\_ “*x-\:

O 10 y | v*:'?\f“\:'t.‘?r‘z- '

(a) T

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.35 - , ‘ T ' , ' T : ,
|—®— RHIC n/s = 0.20 10~20%
—&— RHIC n/s =0.20 20~30%

0.30 1—a— RHIC n/s =0.20 30~40% -
l—w— RHIC n/s =0.20 40~50% + 0.1 ' :

0.25 4

charged hadrons -

PO — + many independent probes

w"él ‘f" -

P = g of the hot medium

STAR v,{4) 10-20%

STAR v, {4} 20~30%

STAR v_{4) 30~40%
STAR v,{4] 40~50% + 0.1

0.00 b=, V%) ‘

' ' T
0.0 0.5 1.0 1.5 2 0 2 5 3.0
p, (GeV)

0.20 -

. .
> 0.15

=

0.10

0.05




N

onset of hydrodynamics in Heavy-lon Collisions

0,T" =0,

" = (e + P + IDu”u” — (P + I)g"* + =H*.
thermodynamic + kinetic quantities viscous (non-equilibrium) corrections

(EOS: QCD physics validated)



onset of hydrodynamics in Heavy-lon Collisions

N

0,T" =0,

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

thermodynamic + kinetic quantities

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?



onset of hydrodynamics in Heavy-lon Collisions

N

ﬁ-lydrodynamic attractors
- focus on properties of hydrodynamic equations

L common behavior developed very rapidly

N

Heller, Spalinski, Phys.Rev.Lett. 115 (2015) 072501
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onset of hydrodynamics in Heavy-lon Collisions

ﬁ-lydrodynamic attractors
- focus on properties of hydrodynamic equations

N

L common behavior developed very rapidly

Heller, Spalinski, Phys.Rev.Lett. 115 (2015) 072501
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convergence of attractors in 2nd- and high-order hydrodynamics
Shile Chen and SS, PhysRevC.111.L021902+PhysRevD.113.L071501



onset of hydrodynamics in Heavy-lon Collisions 2

- solve Boltzmann equations, compared with hydro
C usually linearized Boltzmann, e.g., Relaxation Time Approximation

see e.g. Strickland, JHEP 12 (2018) 128

Ghermalization in phase space distribution A
/




onset of hydrodynamics in Heavy-lon Collisions -
Ghermalization in phase space distribution A
- solve Boltzmann equations, compared with hydro
C usually linearized Boltzmann, e.g., Relaxation Time Approximation )
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full non-linear Boltzmann: Xingjian Lu and SS, PhysRevC.113.034917+2509.23978



simulating hydrodynamics in Heavy-lon Collisions

(€8]

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



Hamiltonian

|-~

1+1D Schwinger model

-

E: electric field
A: electric potential
w, W fermion field

E2
— — p(ir'0, — gr'A — myy )dx.

F*™F,,
L(1) = J(— 2 +w(iy"o, — gr*A, — m)l//) dx.



Hamiltonian 4
1+1D Schwinger model
E2 1 1
H = J(7 —y(iy 0, — gy A — m)w)dX-
0) :empty (W, (0, ()} = 8,5 — )
| 1) :occupied |
field operators
XNZZ - #19 420 represented by
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Hamiltonian 4
1+1D Schwinger model
122
H=| (5 = 0600, - gr'a - miw)ax.
0) :empty (W, (), ()} = 8,,6(x — y)

1) :occupied

field operators
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Hamiltonian

|-~

0) :empty

1) :occupied

)(Nﬂ(z

~

Eigenstates of H: vacuum and (quasi)-particles

Time evolution:

0 .
Ell/f(t» = — i H|y(1))

O(t) = (y(®)| O | w(®)

H =

~

/

T _ — TTT " g 5
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n=1 n=1 n=1

D‘61,1’95(36 -y )

1 operators
resented by
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W Xmt = 0.




simulating hydrodynamics >

+w/2 —

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 + IDutu? — (P + I)gt



simulating hydrodynamics 2

¢« e e - +w/2 — . .
initial state:  |W(t = 0)) = @l ¥VD9yac)  |attice sites: N = 100
vacuum + [excitation @ center] ~ SPacing:a = 1/2g

0.6F- E
W(0) = e~ st W(r = 0)) o
Yy 0.4 —
R . 03F =
< => T ().22_ _
0.1 i
0.0 0.5 1.0 1.5
2
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
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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



emergence of hydrodynamics

N
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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?



odynamics

N

emergence of hydr
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emergence of hydrodynamics L
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emergence of hydrodynamics
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emergence of hydrodynamics 7
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emergence of hydrodynamics
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hydrodynamization versus thermalization?

Quantum distribution function: Wigner function

VAVaﬁ(Z, P) — J'l/_ja(z-p) U(Z+9 Z—)Wﬂ(z—) ei% dy

Wos(t, ) = J(l/f(t) | W5z, p) | w(t))dz



long-time average

MCE/CE average

thermalization of quantum distribution function 8
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thermalization of quantum distribution function
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thermalization of quantum distribution function 9
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thermalization of quantum distribution function
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Wa(p=8/3))n

thermalization of quantum distribution function 9
sl N '1'2' T T eigenstate thermalization hypothesis
oaf-.. g NBNalee L (n10n) ~ fy(E,)
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Shile Chen, SS, and Li Yan, 2412.00662



summary

Real-time non-perturbative quantum evolution

® emergence of hydrodynamics

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

® thermalization of quantum distribution function

® time scale consistent with hydrodynamics

® full qguantum state accessible, ready to test different microscopic

derivations of quantum hydrodynamics —— ideals are welcome!



