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Quark-6Gluon plasma and hydrodynamics
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Hydrodynamics: Does it an EFT of
the slow(?) evolution of conserved
currents in collective media like QGP?

What we expect about the slowing moving QGP energy density with Knudsen
fluid frame in the direction of energy Number~(mfp/L)>>0.1

Still HYDRODYNAMICS works well??

One of the assumptions: The collective media experiences a very fast decrease

of the DOFs in the very beginning of the evolution -> Hydro attractor
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Attractor behavior in Bjorken expansion

M. P. Heller and M. Spalinski, Phys. Rev. Lett. 115, no. 7, 072501(2015)
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Attractor solution with w=0 finite w =1l X T/Trel f =147 Y

1st order hydro expansion | I
Obtained from MIS theory

16C’L’H 4C;7 C I1 2W

C.owff +4C f* + (w — =0
bl +4Cn = T = = = =

1 . 2| 4C,  8C,Cyp 1

— expansion = 3 o0 2 @(ﬁ)

A unique stable solution
Cp—2Cy 1
Perturbation around this solution 5f(W) ~ €XP( wiw ¢ (1 + O(—))
2CTH w
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Attractor behavior in different symmetries and hydro theories

Hydro attractors in different theories
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aHydro with collision kernels

kinetic theory
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attractor
-=== Navier—Stokes

Boost-non invariant variables for f and T tau
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Properties of Naiver Stokes equations

Paul Romatschke, JHEP 12, 079 (2017)
Stress tensor conservation V//t T = ()

" = (e + 11 + P)u*u” — (I1 + P)g"" + ="

. _ . Uv __ UV HU 7O ﬁ — A
Naiver-Stokes limit 77" = no™" = ZnAaﬁV U I1 afVﬂu

De - Dlns n ooy, +<§ V,u*

F_l ‘Inverse time'

e+ P)V,ut  V,u 2s TV,ut s T

v



Attractor in Non-Conformal Kinetic Theory

Arbitrary Initial Condition
Equilbrium =
Navier-Stokes == =
Attractor
Attractor LO approx.
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Attractor for 1+1 viscous hydro with general rapidity dependence

Dynamics for MIS Vﬂ TH = ()

v A ap __ U U
Buk II=0
Homogeneous in transverse plane -> A closed set of differential equations as
0=0 <£coshéj+E +7z”> +£cosh§+ 0 (E sinhé’+7z“7> + ' 4 i u* =y =0
\ 3 3 37 "\ 3¢ 7
0, =0,=0
3 2€ 2€ 5 X y
_ G T = 1
0 (T af)(% sinh ¢ + 7 >+a,7<372 cosh{ === +7 ) ’ L ¢
o u* = cosh —, u" = — sinh —
C no" —xm 2 T 2

0 = u"0,z" — x*° coth Eu@g

(%
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D, > utd,
- 1/0 = 1/(D u")

attractor
Navier—Stokes

w=1T w=TJ/6 "Proper time”

0T ut, T
=1+ Observable
T oT




It is difficulty to obtain an analytical formal solution to the Boltzmann equation with general rapidity
distribution then we here use a specialized solution with rapidity dependence from Hydro

R 2611'0 t0+d(f+Z) 7/ Tp t;Z a 11';12 g*m':z 0t 07 =321;Z§ﬁ
T=1+a2<< T4 ) ( T )> OX™ 0x~
A_1+a21 ot at+z)\s 7/ lo+—\a om0 01 0N _ 1 ai=sy
= 4da n<( 70 > /( 70 > ) o oxT ox— ; 72
Hydro dynamics solution in co-moving frame
S. Shi, S. Jeon and C. Gale, Phys. Rev. € 105, no.2, L021902 (2022)
0 0 a*-—

1
= (Af—+”7—+— i ) x,p)=%€
P v IR py)aﬁn f(x,p) =€lf]

Obtain ODE without dependence of 7 while without losing dependence of real rapidity
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aHydro and Boltzmann equation with RTA kernel

With specialized RS distribution

\/ EI2E0 + 1)+ bocpF + D

f(X,p) = frs(X,P) = e ®

aHYdr'c/ \ Boltzmann

Building moments equations with RTA  Solving Boltzmann with RTA

Solving d.'fferem'?l A Building moments to get — | =6
equations for A(x) &(x) Pr

attractor
aHydro
------ Boltzmann



Rebuilt Lorentz covariance to observables and scaled time -> rebuilt attractor
behavior to general rapidity dependence system with hydrodynamic theory/
specialized rapidity dependent kinetic theory

Indications & questions:

4+ Existence of expansion
+ Attractor behavior is the property of EQUATION?
+ Attractor behavior is the property of typical SYMMETRY?

4+ Attractor behavior is the choice of scaled time?
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4 What kind of requirement is necessary for the appearance of attractor?

Verify more and more theory and symmetries

+ Real 3+1 system in HIC

+ Non-conformal system?

+ Seeing different Observables?
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Thank you for your listening!!
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Attractor in Conformal 2+1d rBRSSS

Arbitrary Initial Condition
Equilibrium =— = .
Navior-Stokes —— = For a expanding system, theta would

Attractor always be non-zeros, which means
time-> inf would not reached

2+1 hydro evolution
with time direction ?
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Backup

In ahydro and Boltzmann we here put an typical symmetry to the solution of Boltzmann equation

9 0 a* %,
= (pf— + pl—+ -
op,,

P+ D) )G ) = I
07 op a*+1" " 7 ’

Assuming no dependence with eta hat(making it ODE) -> special relation of tau and eta
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Paul Romatschke, JHEP 12, 079 (2017)

Stress tensor conservation V//t THY = ()

" = (e + 11 + P)u*u” — (I1 + P)g"" + ="
Naiver-Stokes limit 7" = pot'” = ZﬂAg; Veu? Tl = fvﬂuﬂ
De + (¢ + P)V,u" = i "o, + &( V,u*)?

2 Naiver-Stokes equations

(€ + P)Du® + VP = AV (no + EA™ + EAF'V ,u’)

De _ Dlns — 14 | Gﬂqu/ +5 V/lu/l
e+ P)V,u* | V,u 2s TVut s T

F_l ‘Inverse time'



