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Hydrodynamic regime

» energy-momentum tensor

T = (e+ p)gh — Pu'u” + 7
P close to local equilibrium

» local energy density €, pressure p, flow u, stress (viscous)
corrections T

» local momentum distribution close to equilibrium

f(p) = feq(p) + 6f(p)



Early times

Knudsen number K = Iicro/ Lmacro

eBC n/s=HH-HQ

7 [fm]

H. Niemi, G. Denicol, , arXiv: 1404.7327
- large gradients
- viscous corrections dominant
- hydrodynamics — kinetic evolution
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free-streaming + hydrodynamics

- free-streaming until Thydro
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testing hydrodynamics
- boost invariant solution of kinetic eq. in relaxation time app.

f(X7 p) = f(ta p1,X, W)
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Effects od strong pressure asymmetry?

< PHENIX Data \s=200 GeV c= 0-5%
$ +
>
T
-
o E
° E
-
pressure asymmetry e 1F
S E
% 101E ideal fluid
- Py (5)=0  7,=0.5fmic
€ 20 102 ‘PH (10)=9 1i§n=9.251m/F )
= 05 1 15 2 25
<I>J p, [GeV]
1 v 0.25 PHENIX Data Au-Au V5=200 GeV
— 2 r Charged particles ¢=20-25%
Q 02 P (t)= 0 1,4=0.25(m/c
0 [ - ideal fluid +
4 [
Q 0.15 2
F a
o
0 0.5 1 1.5 0.1~
T-19 [fm/c] [
0.05 PL(59)=0 ,,,=0.5fm/c
o -- Py(tg)=0 1,,=0.25fm/c large tilt
# . | L
o 0.5 1

5
P, [GeV]

Very small effect on transverse expansion
Early nonequilibrium cannot be observed?



Longitudinal expansion

20
B>
---- EOS
BRAHMS 200AGeV ---EOS E oS s
'5300 L L EOSsvise 2 7,=1.0tm/c .o p=1/3e (X 1/4)
S ox S 15
° 1/s=0.2
OK*(x3) _
g =)
AK(x3) s
200 Y

100

Strong differences in longitudinal colling and expansion
BUT: What is the initial longitudinal profile



Longitudinal and transverse expansion combined
Directed flow
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rapidity odd directed flow is sensitive to pressure asymmetry!



Kinetic equations in RTA

- boost-invariant
- relaxation time approximation
- massless particles — evolution of an integral ( simplification )

f(Ta)?TvﬁTapﬂa W) — F(T,)?T,Qb? VZ) = fp3dpf(7—7 X1, PT, P||» W)
atz=0

V= (1a \77', Vz) = (17 Vv 1- V22COS¢), V 1- Vz25in¢a Vz)

O-F + Vrdg, — “(1 = v2)O,F + 2 = L (F — Fy,)

T Trelax

Energy-momentum tensor can be reconstructed from F

27T 1
TW(T,zT):/ a¢ dVZF(T,zT,gs,vz)

0 27T —1 7

A. Kurkela, U. Wiedemann, B. Wu : arXiv: 1803.02072



boost-invariant, relaxation-time approximation

- relaxation time approximation

POuf(x, ) = ——(F(x,p) — feq(x.P))

Trelax

w = tp| — zEp
models preequilibrium transverse expansion only



Kinetic evolution in 2+1 dim

- boost-invariant
- relaxation time approximation
- massless particles — evolution of an integral ( simplification )

boost-invariant, small longitudinal pressure, F = 5(vz)/-_
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A. Kurkela, S.F. Taghavi, U. Wiedemann, B. Wu, arXiv: 2007.06851

also: free streaming, KOMPOST



Early dynamics gives a transverse push
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hydrodynamics - free streaming - kinetic equations : SMALL differences



kinetic equations in 1+1+1 dim

» nonboost invariant dynamics
» full treatement of longitudinal and transverse momenta

» at least one nontrivial transverse diemnsion

set up for directed flow studies

- evolution in time t, longitudinal z, and one transverse direction x

1
8tF+anxF+VzF: (F_Fiso)

Trelax

- variables 7, x, 1, ¢, v; : F(T,x,1,¢, vz)

- solved in the global frame



F in boosted frame

Initial conditions F = e(70,x,1) g[v:] (note v, = cos(6))

after boost by rapidity y =n  (Bjorken flow)

gl (vzcosh(y)—sinh(y))/(cosh(y)—v;sinh(y)]
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- difficult numerics at large rapidities



Egs. solved for F = F (cosh(y) — v,sinh(y))*
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tilted fireball initial conditions
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can describe the directed flow with early start of hydrodynamics
Thyd,0:0.2fm/c
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evolution of momentum distribution
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- redshift — reduction of longitudinal pressure
- collisions — isotropization



transverse flow
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directed flow
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directed flow probes equlibration rate !



Kinetic equation for early dynamics

Non-boost invariant solutions

>

>

» Early formation of directed flow

» Directed flow sensitive to pressure anisotropy
>

Preequilibrium dynamics in 3+1D ?



pre-Bjorken flow in 141 dim

two streams of partons in the initial state
7 = 0.06fm/c , passage time for the colliding nuclei
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7=0.5fm/c , after kinetic evolution

stopping due to relaxation close to Bjorken flow
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prequilibrium longitudinal flow
non-Bjorken initial flow for hydrodynamics



RTA pre-equilibrium + hydrodynamics

relaxation time isotropization free-streaming
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longitudinal evolution
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- redshift — reduction of longitudinal pressure
- collisions — isotropization



Longitudinal and transverse expansion combined
Directed flow
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Early dynamics gives a transverse push
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hydrodynamics - free streaming - kinetic equations : SMALL differences



Kinetic equation

equation for the phase-space distribution f(x, p)

pH0uf(x, p) = C[f(x,p)]

C [f(x, p)] collisions integral (2 <» 2 and 1 <> 2 processes)
- for on-shell particles f(t,x, p) 7-dimensional function

- more general than viscous hydrodynamics

- most solutions for boost-invariant geometry



