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High energy heavy ion collisions in a nutshell

pre-equilibrium
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initial conditions
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Goal: to understand transition from initial conditions to hydro expansion
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Weak coupling picture
At high energy a; < 1

Soren Schlichting, Initial Stages 2016

CGC ) .
. . over-occupied  min-jets + I
colliding nuclei Glasma flux tubes plasma soft bath equilibrium
[ ]
evee?
g Seek
tetse
P
ST
| | | |
T T T T
strong fields quasi particles

classical-statistical

lattice gauge theory eff. kinetic theory hydro
feat>1 l< f< & f<1

We will consistently map the IP-Glasma (CGC) initial conditions to
hydrodynamics using QCD kinetic theory.
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AMY effective kinetic theory

QCD effective kinetic theory Arnold, Moore, Yaffe (2003)[3]

m Solve Boltzmann equation for f(p)—gluon distribution function

8Tf+£-Vf—%3pzf:— CQHQ - C1<—>2[f]

S

Include transverse gradients and boost invariant expansion
Leading order accurate QCD collision kernels

Collision kernels C[f] Monte Carlo sampled at each timestep

Extrapolate to realistic values of the coupling A = 4wras N,

kinetic theory = hydrodynamics
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Kinetic theory thermalization

“Bottom-up” thermalization scenario Baier, Mueller, Schiff, and Son (2001)[2]
Universal-attractor Berges, Boguslavski, Schlichting, Venugopalan (2014)[4]

Numerical realization Kurkela and Zhu (2015)[5]
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Kinetic theory thermalization
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Kinetic theory thermalization

“Bottom-up” thermalization scenario Baier, Mueller, Schiff, and Son (2001)[2]
Universal-attractor Berges, Boguslavski, Schlichting, Venugopalan (2014)[4]

Numerical realization Kurkela and Zhu (2015)[5]
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Kinetic theory thermalization

“Bottom-up” thermalization scenario Baier, Mueller, Schiff, and Son (2001)[2]
Universal-attractor Berges, Boguslavski, Schlichting, Venugopalan (2014)[4]

Numerical realization Kurkela and Zhu (2015)[5]
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Pre-equilibrium evolution with kinetic theory

[T’“’(Tinit,w) = TH (Tinit) + 6T (Tinit, )

| (T = v R )

T0 0.1me

|:l: - 930| < C(Tinit - TO) < Rhucleus
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Kinetic theory evolution of homogeneous background 7%

2
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Plane wave perturbations in transverse plane

Gluon distribution function at initial time
_ -
f(Ta P, mJ_) = fP + 5ka»peZ e
: ~ —
uniform background transverse perturbations

Linearize Boltzmann equation in perturbations

(0r — %apz)fp = —C[f] background
(9r — %3;)2 + mp'h)(sfkbp = —6C[f,6f] k. perturbation

Study response functions to energy and momentum perturbations

ST (Tinit, K) = STP (19, k)
2o\ k 2= VO
T (Tinit) GBT( T TO) T77 (7o)
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Kinetic theory evolution of perturbations stress tensor 67"
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Kinetic theory evolution of perturbations stress tensor 67"
Hydrodynamic constitutive equations for k£ perturbations
kikjoT (k) = §T77 [2+ 295 4] —i(kr) k0T (4205 4
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Pre-equilibrium evolution with kinetic theory

[T’“’(Tinit, x) = T (Tinit) + 6T (Tinit, )

|:l: - :L'0| < C(Tinit - TO) < Rhucleus
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Matching with hydrodynamics

Evolve IP-Glasma initial conditions to early time 79 = 0.2 fm
Kinetic theory equilibration from 7y to hydro initialization time 7t
Hydrodynamic evolution from 7init at /s = 2/(4), conformal EoS
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Smooth transition to hydrodynamics independent of Tjy;+!
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Transverse collision cross-section

Transverse energy density e(T, x)

(Kinetic theory pre—evolution]
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Kinetic theory pre-equilibrium eliminates dependence on initialization time Tin;:!
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Transverse collision cross-section

Transverse energy density e(T, x)
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Kinetic theory pre-equilibrium eliminates dependence on initialization time Tjy;.!
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Transverse collision cross-section

Transverse velocity z-direction

(Kinetic theory pre—evolution]
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Summary

Initial conditions for hydrodynamics from “bottom-up” equilibration:
m kinetic theory approach to hydrodynamics for transverse perturbations
m generated linearised response functions G**(1T\q4./(n/s),r/(T — 1))
m universal scaling with relaxation time 71}4./(n/$)
[

smooth matching between IP-Glasma and hydrodynamics
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Outlook

A. Kurkela, A.M., J.-F. Paquet, S. Schlichting, and D. Teaney, in progress.
Expect in the paper:

m Kinetic response to initial flow (response functions worked out)
Universal equilibration in units of relaxation time 77°/(4mn/s)
Regularization for large gradients

Tinit independence for physical observables ((pr), v2, etc.)

Make kinetic theory response functions public
Kinetic equilibration for your favourite initial state conditions!

Future work for kinetic theory equilibration:
m Chemical equilibration of quarks

m Pre-equilibrium photon production from “bottom-up” thermalization

15 / 15



Backup



Kinetic theory simulations

Collision kernel C[f] — multidimensional functional integral!

1 / d3k d3p/ d3K'
Aplyg J 2k(27)3 2p'(27)3 2K/ (27)3

x (20)* (P + K — P — K')x

< {fpfill + forlll + fi] = forfre L+ fol[1 + fil }

Caesa[f1(P) IM(p, k; ', K')|*x

m Collisions integrals estimated with Monte Carlo sampling.
m Typical grid size for f(p,0,$) ~ 100, x 100g x 204.

m few hundreds k| wavenumbers simulated for Fourier transform.
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Energy Green function in coordinate space

Convolve energy perturbations with response kernel.
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Energy Green function in coordinate space

Convolve energy perturbations with response kernel.
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