2025.10.25, QPT, Guilin

Hydrodynamization of QGP from
classical and quantum perspectives

Shuzhe Shi (iEE¥3E), Tsinghua University



Heavy-lon Collisions

Pre-reaction Detection
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hydrodynamic attractors

ﬁ-lydrodynamic attractors N
- focus on properties of hydrodynamic equations
- common behavior developed very rapidly

\_ /

(boost invariant, transverse homogeneous)

4
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sy F T o)
c 3¢ T, [

Heller, Spalinski, Phys.Rev.Lett. 115 (2015) 072501



hydrodynamic attractors
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ﬁ-lydrodynamic attractors
- focus on properties of hydrodynamic equations
- common behavior developed very rapidly

J
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w=1l x7/7, Heller, Spalinski, Phys.Rev.Lett. 115 (2015) 072501
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hydrodynamic attractors

ﬁ-lydrodynamic: attractors
- focus on properties of hydrodynamic equations
- common behavior developed very rapidly

N

\_

attractors of more coupled modes in hydrodynamics

J.-P. Blaizot and Li Yan (/=17),
Phys. Lett. B 820, 136478 (2021), Phys. Rev. C 104, 055201 (2021)

attractors of spin hydrodynamics

Donglin Wang (£#4K), Li Yan (777) and Shi Pu (JE3E),
Phys.Rev.D 111 (2025) 034033
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hydrodynamic attractors

ﬁ-lydrodynamic attractors
- focus on properties of hydrodynamic equations
L common behavior developed very rapidly
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convergence of attractors in 2nd- and high-order hydrodynamics

Shile Chen (B&15F3%) and SS, 2509.08864



hydrodynamic attractors

S

ﬁ-lydrodynamic attractors
- focus on properties of hydrodynamic equations

L common behavior developed very rapidly
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extended to boost-non-invariant systems

Shile Chen (BR1F4) and SS, PhysRevC.111.L021902
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transport theory

(@)

\_

Ghermalization in phase space distribution

- solve Boltzmann equations, compared with hydro

p"o,fx,p) = €[], T (x) = J p'p° f(x, p)

P

J

usually linearized Boltzmann, e.g., Relaxation Time Approximation

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




transport theory

(@)

Ghermalization in phase space distribution h
- solve Boltzmann equations, compared with hydro
pho,fix,p) = GLf1, T (x) = J P p fx, p)
\_ p /

Special exact solution to full non-linear Boltzmann equation.

Jin Hu (#B3#), JHEP 2025 (2025) 07, 066

see also: Bazow, Denicol, Heinz, Martines, Noronha,
Phys. Rev. Lett. 116 (2016) 022301



transport theory
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Ghermalization in phase space distribution
- solve Boltzmann equations, compared with hydro

o(M"(t)—Ms(t))

_ UL _ U U
p"d, flx,p) = €lf], " (x) = J p"p’f(x,p)
\_ p J
B e -
1.00 = . . I N AL L LI N LR B B IR T e Y LLLINLE NI N R L R R N B BN B L T [T rr[rrr° L L R DL B L B B B B
& Thermalization : T Yy T T () = Noninear
~ [ e tEOTY ] i B Eorly Start Lin. |
2‘10.505 _ E Mid Start Lin. 7
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0.00; | I - T M _: I M ./\/l10
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S0k Linea rlz_atlonv : ” r
5 0.50 ;—';‘ R T
BERC teoyyoed Linearization (evolution well approximated by
0.00 [ e e s asassssssEEEEE e ] . . . .
B b b linearized Boltzmann) before thermalization.
t/T

full non-linear Boltzmann

- Xingjian Lu (#&1T71E) and SS, 2507.14243+2509.23978



transport theory
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Ghermalization in phase space distribution
- solve Boltzmann equations, compared with hydro

p"o,f(x,p) = BLf1, T(x) =

pr'p’f(x,p)
p Y,
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Anisotropic hydrodynamics
needed in small systems

Yiyang Peng(827147%), Ambrus, Werthmann,
Schlichting, Heinz, Huichao Song(RE#8),

2509.04431



transport theory 9

Ghermalization in phase space distribution h
- solve Boltzmann equations, compared with hydro
p"o, fx,p) = €[], " (x) = [ p*p°f(x,p)
\_ p J
,-’\},

0.1 1 10 100 1000

o7 How to probe the anisotropy?
1000t /
tgle |
= Sealed V \i: heavy flavor:  [SUN] 4:55, Daria Prokhorova
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transport theory

Ghermalization in phase space distribution
- solve Boltzmann equations, compared with hydro

p"o,fx,p) = €[], T (x) = J p'p° f(x, p)
\_ p

far from the CEP at right-hand side
0.20——

~ — NA=0.63 Gev, G=2.19//\?
0.15¢

Effect of a Critical Point?
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transport theory in a more formal side

* Boltzmann eq. in RTA: Df= I~

* Resummed diffusion eq. / D () =0
Q

» All-order diffusion eq.: going beyond Fick’s law

7

D= (9g+'v'v

f(m(:l.',p) = exp [_ P _1/:'(-7’)]

[NA, Rischke JHEP (2025)]

Ka _ 162) 4 (—é,? 5% év) X (aﬁ 9+ AT lv‘-‘) L. ] n(z) = 0

Y

Fick's law

* Connection to SK-EFT:

a0 =

Lrrr[©r@a) 4o = Eler] 0a + 0o Flor, 0l@a + O(g2)

\_,-\N

deterministic hydro
b‘[(pr] = ()“]“[9:,] — 8

fixed‘ by KMS [Jensen, Pinzani-Fokeeva, Yarom|
[Heahl, Loganayagam, Rangamani|
[Grozdanov, Polonyi PRD (2015)]

[Crossley, Glorioso, Liu]

hydrodynamization of two-
and higer-point correlators.

proposed new conjecture of
late-time behavior.

[SUN] 4:15, Navid Abbasi



onset of hydrodynamics in Heavy-lon Collisions

Quark-Gluon Plasma:
A strongly coupled, quantum, (quasi)many-body system!

Ideally, full quantum simulation of QCD in 3+1D

Practical Example: strong coupling QED in 1+1D
— confinement, chiral condensate



Schwinger Hamiltonian 13

1+1D Schwinger model E: electric fielo
A: electric potential
E2
H = J(T —yp(iylo, — gr'A — m)z//)dx. w, W fermion field
|0) :empty L, (x), l/fg )} = 561,[95()6 - )

| 1) :occupied

field operators
)(Nﬂ(z A3 £19 X220

I I N
Ol SO BSOS RO R IuiOZRS JRtOS SO S SO SSy Jug Oy s O - M SPrese tec by

matrices

[ N b N a2 =] Jordan-Wigner
_ n 2 :
H—EZ(XanHl_I_YnYn+1)+EZ(_1) Z, + 5 ZLn' representation
n=1

n=1 n=1




Schwinger Hamiltonian 13

1+1D Schwinger model E: electric tield
g e potential
nion field

Eigenstates of H: vacuum and (quasi)-particles

0) :empty D‘61,195(35 - )
1) :occupied

1 operators

Time evolution:
XNZZ resented by

0 , rices
—|y(@®) = — i H|y())
ot (o dm) = 0.
_ ~ lan-Wigner
5 0(t) = (w(t) | O |y(®)) Jomige

n=1 n=1 n=1



thermallzatlon of quantum distribution function: Wigner function 14
J: | | _
- WS x N m=0 " _ initial condition

W, 4(t, 2, p) = [%(@)U (24 ZWy(z_) "7 dy

long-time average
MCE/CE average

| | |
SO OO0 O

N O N OBRNSINORON OSNRAON® N DA O
|

© 10 """'L@"Q@;"-gg"'"""""""'I',""'_g
g [ e —w :strong coupling -
O 4f I3 ;
C 2 I_ A\ A A —
O §_ weak couplmg_
- S
J— \/\/\/\/\/
' N EEEr— ' = |TA/AAava
—7T —7/2 0 /2 T - AN AL U
)’ [g] (O 10 20 30 40 10 20 30 40
2 t1g] g™ - 10°

Shile Chen, SS, and Li Yan, 2412.00662



thermalization of quantum distribution function: Wigner function 14

Wa(p=g/3))n

0.3: N '1'2' o eigenstate thermalization hypothesis
N B ad L (n|O|n) = fE,)
o.li;w,,wﬁ:q an(n 10| n) ~ ff anEn)
0.05 . - 4
§(21)_ general thermal
03 pure state
é%‘ c,|” o~PE.| 7
s (O)ps =~  (O)y,
O f (EYpe = (E),

Quantum Thermalization & ETH

Shile Chen, SS, and Li Yan, 2412.00662



testing thermalization in different quantum systems

entropy

2.5 1

—  Single-site entropy
—— fermion entropy

—
1071

10°

time

101

entropy production in a
quantum simulation of QC,D

Phys.Rev.D 112 (2025) 3, 034511
/hen-Xuan Yang, Hidefumi Matsuda,
Xu-Guang Huang, Kouji Kashiwa



testing thermalization in different quantum systems 15

2 5 4 — single-site entropy

e M | entropy production in a
quantum simulation of QC,D

2.0 -

. ‘ /—/\/N\N\/VW
/

Eigenstate thermalization in a SU(2) gauge theory:
Xiaojun Yao(#kB38), Phys.Rev.D 108 (2023) L031504
Ebner, Muller, Schater, Seidl, Yao, Phys.Rev.D 109 (2024) 014504

antropy

Eigenstate thermalization in 1+1D SU(2) gauge theory with Fermion:
Das, Ebner, Kadam, Raychowdhury, Schater, Yao, 2509.18269




connecting quantum and classical entropies

Quantum thermalization 1n inclusive scatterings

“participant”

Renormalization scale
— |7/)> pp <¢|
Sen = —tr|pp log pp)

!

log D ~ log(xG(z, Qz))
Q> ANocp, K1

* “Spectators” are traced away — reduced density matrix

Z |nx@2

D: dimension of Fock space

€—T> time scale evolution
N mn — N (E )dm,n + e g/rrn n
In%++ t++ l ETH

2G(7,Q%) = (Y|N|Y) = —

v

no interference among states of different nparton

ST

Chenxi Liang (2R

=0%), Li Yan, Xiaojian Du

participants are the quantum subsystem of interest

[SUN] 5:35, C. Liang



emergence of Bjorken flow
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spread within light cone

v z/t

rapidity structure

2
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decreasing of 11

[SUN] 5:15, H. Shao
Halyang Shao (A8/&¥), Shile Chen,

and SS, 2509.10835+2509.10855
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summary

® hydrodynamics attractors — common behavior of evolution

® transport theory — thermalization and hydrodynamization at microscopic

® guantum simulation of microscopic QFTs



