Kinetic equation for the early stage
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Hydrodynamic regime

» energy-momentum tensor
T = (e+ p)g" — Pu'u” + 7

» close to local equilibrium

» local energy density €, pressure p, flow u*, stress (viscous)
corrections mH¥

» local momentum distribution close to equilibrium

f(p) = feq(p) + 5f(p)
f(p) not explicitly given
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Early times
- large gradients
- viscous corrections dominant
Knudsen number K = Inicro/ Lmacro
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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
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boost-invariant, relaxation-time approximation

- relaxation time approximation

POuf(x,p) = —— (F(x.p) — feglx. P))

Trelax

- boost invariant solution

f(x,p) = f(t, pL,x1,w)
w = tp| — ZEp
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testing hydrodynamics
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free-streaming + hydrodynamics

- free-streaming until Thydro
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hybrid model
kinetic equation + hydrodynamics
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A. Kurkela, A. Mazeliauskas, J. F. Paquet, S. Schlichting, D. Teaney arXiv: 1805.01604
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A. Kurkela, A. Mazeliauskas, J. F. Paquet, S. Schlichting, D. Teaney arXiv: 1805.01604
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Early dynamics gives a transverse push
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A. Kurkela, A. Mazeliauskas, J. F. Paquet, S. Schlichting, D. Teaney arXiv: 1805.00961

hydrodynamics - free streaming - kinetic equations : SMALL differences
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free-streaming+hydro

Bayesian analysis - includes identified spectra
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- free-streaming with v; = 0.82< 1
- short free-streaming evolution 74 = 0.47fm/c
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Kinetic equations in RTA

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

f(T7 )?TvﬁTapﬂu W) — F(T7)?Tu¢7 VZ) = fp3dpf(7—7 XT, PT, P||» W)
atz=0

V= (1a ‘7T7 Vz) = (17 1- V22C05¢» V 1- szsmd)v Vz)

O-F + 770z, — “(1 = v2)O,F + 2 = L (F - Fy,)

T Trelax

Energy-momentum tensor can be reconstructed from F

2w 1
7—pu/(7_7 )?T) — / @ %

F(r, X a
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A. Kurkela, U. Wiedemann, B. Wu : arXiv: 1803.02072
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Kinetic evolution in 2+1 dim

boost-invariant, small longitudinal pressure
F =4(v,)F

t=2.0R =

-2 -1 [) i

A. Kurkela, S.F. Taghavi, U. Wiedemann, B. Wu, arXiv: 2007.06851
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kinetic equations in 1+1+1 dim

- evolution in time t, longitudinal z, and one transverse direction x
1
OrF 4+ vOxF + v, F = —— (F — Fiso)

Trelax

- variables 7, x, n, ¢, v, : F(1,x,m,$, v;)

- expansion in azimuthal angle:

F = Fo+2cos(¢p)F1 + ...

coupled equations for Fy and F;
solved in the global frame
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F in boosted frame

Initial conditions F = eg(v;) (note v, = cos())
after boost by rapidity y =n  (Bjorken flow)

F— 6g((vzcosh(y)—sl'nh(,\/))/(C"sl"(y)_st"nh(y)))
(cosh(y)—v;sinh(y))*
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v,=cos(6)

- difficult numerics at large rapidities
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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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longitudinal evolution
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- redshift — reduction of longitudinal pressure
- collisions — isotropization
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pressure asymmetry in initial conditions
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nonisotropic (non-equilibrium) initial conditions can be implemented
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transverse flow
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universal transverse flow
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directed flow builds up in the early stage
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pre-Bjorken flow in 141 dim

- non Bjorken flow in the initial conditions Y ~ 3n
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- onset of the Bjorken flow
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broadening ( x3)

local distribution at Y ~ 7 forms reflects the formation of Bjorken

flow
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» Kinetic equation for early dynamics
» Non-boost invariant solutions
» Early formation of directed flow

> Effects of non-Bjorken flow ?
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RTA pre-equilibrium + hydrodynamics

relaxation time isotropization free-streaming
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