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Initial conditions and hydrodynamics at high energies:

(Tribedy,Schenke,Venugopalan)

CGC Initial Conditions Hydro Result
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1. Large gradients

2. Gradients comparable to the mean free path

We will consistently map the IP-Glasma (CGCQ) initial conditions to hydrodynamics

using QCD kinetic theory



Mapping the CGC fluctuating initial conditions to hydro

Hydro

0 ~ 1/@8

Rnuc Rprot émfp

Use QCD kinetic theory to map the CGC initial state to hydrodynamics with approximations:

Rnuc > Rprot ™~ gmfp



Mapping the CGC fluctuating initial conditions to hydro
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causal circle

0 ~ 1/@8

Rnuc Rprot émfp
Causality limits the equilibration dynamics within a causal circle

Roue > Rprot ~ gmfp ~ CTh



An approximation scheme for the equilibration dynamics:

look in causal circle

e(t) + de(t,x)

average

energy density in causal circle

—
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2C(’7-—’7-()) X/ c(T - T,)

1. Determine the evolution of the average (homogeneous) background

2. Construct a Green function to propagate the linearized fluctuations.
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Determines the energy density e(7) + de(7, ) for hydrodynamics



An approximation scheme for the equilibration dynamics:

look in causal circle

e(t) + de(t,x)

average

energy density in causal circle

—
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2C(T—’7-()) X/ (T - T,)

1. Determine the evolution of the average (homogeneous) background

2. Construct a green functions to propagate the linearized fluctuations
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Determines the energy and momentum (gi = TOi) densities for hydrodynamics




Pre-equilibrium evolution of transverse perturbations:
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Bjorken expansion K ﬁ

Gluon distribution function for background and perturbations
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Compute energy 0e = 6T and momentum gt = T perturbations versus time.



Evolution of the background

e Follows the setup of bottom-up thermalization

Baier, Mueller, Schiff, Son (2001)

Berges, Boguslavski, Schlichting, Venugopalan (2014)

e Builds upon the first numerical realization

Pl

p*f(pL,p:)

QsTZl

anisotropic

Kurkela, Zhu (2015)

Initialization:

1. Partons are initialized with:
2 2 2
<pJ_> ™~ Qs <pz> ~ ()

2. Take a coupling constant of ag = 0.3

\

A=4ra;N, = 19
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theorists variable



Evolution of the background

e Follows the setup of bottom-up thermalization Baier, Mueller, Schiff, Son (2001)

Berges, Boguslavski, Schlichting, Venugopalan (2014)

e Builds upon the first numerical realization Kurkela, Zhu (2015)
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1. Partons are initialized with:
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<pJ_> ™~ Qs <pz> ~ ()

2. Take a coupling constant of ag = 0.3
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Evolution of the background

e Follows the setup of bottom-up thermalization

Baier, Mueller, Schiff, Son (2001)

Berges, Boguslavski, Schlichting, Venugopalan (2014)

e Builds upon the first numerical realization
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Kurkela, Zhu (2015)

Initialization:

1. Partons are initialized with:
2 2 2
<pJ_> ™~ Qs <pz> ~ ()

2. Take a coupling constant of ag = 0.3
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Evolution of the background

e Follows the setup of bottom-up thermalization Baier, Mueller, Schiff, Son (2001)

Berges, Boguslavski, Schlichting, Venugopalan (2014)

e Builds upon the first numerical realization Kurkela, Zhu (2015)
2
p°f(pL,p=)
Qs7 = 500 Isotropic Initialization:

1. Partons are initialized with:
2 2 2
<pJ_> ™~ Qs <pz> ~ ()

2. Take a coupling constant of ag = 0.3

Pl

A = dra, N, = 10
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Approach to 2nd order hydro:

e We will check the constitutive relation: 2 =11n/s=0630rA=10

Kinetic theory =

(e +T)(1Qs)*/? [e(7o)
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QsT
See approach 2nd order hydro by Q57 =~ 20 for A = 10



Do the perturbations obey 2nd order hydro ?

T oe 2 gas .
6ST* (k,e) = ;[cs+...}+?[—zlm+...]
Hydro prediction (2nd order constitutive relation)
kRnuc — 1
0.6 N — 0.6
S k=0.010,
04 | 1 _ 04
: ' E
S 0.2 | - S 0.2
A=) | A=)
s 0 | s 0
= =
;i —0.2 ;i —0.2
kinetic theory
9 S
—0.4 1+ 2nd order —_ — —0.4
—0.6 T —0.6
1 10 100 1000
(107

The perturbations are still approximately hydro-like for KR ot0n = 1



Constructing the Green functions:

de(t,x) g*(7,x)

Se(ro, @) Ope(ry, 21) NS
e(ro)) = e(m) S



Constructing the Green functions:

56(7‘, :IJ) g” (7-’ m)

Green | E(x;7,70)

functions | G(; 7, 70)
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Green functions in coordinate space
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Start to see significant deviations from free streaming by ()7 = 20




Very late times the response approaches hydrodynamics

) ) !
e(7, @) — /d%c’E(\a: —w’\;T,TO) (10, )
e(T) N — > e(70)

Green function

4.0 . . . . .

3.0 Oe response to de perturbation

2.0

1.0

T2E(r)

0.0

—1.0 \

20 | 2nd hydro {gszi T
kinetic theory

—3.0 1 1 1 1 1 1 1

0O 02 04 06 08 1 1.2 14
r/(T— 1)

At late times the Green function is an outgoing sound pulse as expected.



Dependence on the shear viscosity (or coupling constant) and a scaling variable

1. Changing the coupling constant changes the relaxation time:
/e
s

kinetic estimate for relaxation time

TR —

2. Measure time in units of the relaxation time to compare couplings:

scaled time

3. At late times the temperature is

C Cr23  7To(7)

Too(T) = YE and W X x

(n/5) n/s

4. And thus define the scaling variable:
TT o (T)
Am(n/s)

w = integrated number of relaxation times up to time 7



Scaling of background stress tensor (Heller,Kurkela,Romatschke)

/3 Tk | [norm]
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The equilibration of the background and perturbations notshown) lie On a universal curve.

All dependence on 1/ s is in the scaling variable w.



A practical algorithm

.

Tthfm : ' }

causal circle

TON]-/QS Ao

Find the number of relaxation times, w, between 7y and 73, for given 77/3



Putting it all together: the energy density at the center in a complete model

(i) IP Glasma (ii) Linearized Kinetic Theory (iif) Hydrodynamics
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See a smooth transition to hydro independent of 73,.

Many more plots to come — see A. Mazeliauskas at QM2017 next week!



Summary — Use QCD kinetics to smoothly match to hydro at late times
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More to come — Thank you!
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Rescaling of response perturbations in k-space
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