R g R g O O PG O O R, NP, P

Glasma Simulations,
Turbulence, and
Kolmogorov Spectrum

WPy WOy WO WO MUy NP NP NP NP0 WSt Pyt NP

Kenj1 Fukushima

(Department of Physics, Keio University)

Dec. 12, 2011 @ Thermalization (Heidelberg) 1



Glasma = (Color) Glass + Plasma
W@mﬂi@wﬂ%&@mﬁiﬁwﬁé@%&@%W@Wt‘%ﬂ%‘*@ﬂ?&%@&%’%ﬂ”
Intuitive Picture of Glasma
* Boost Invariance
* Coherent Fields

(amp. ~ 1/g)
* Flux Tube
(size ~1/0,)

* Expanding
* Unstable in n

(cascade to UV)
* Hydro Input?
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Formulations

RO, R SO R O B R O W O B,

Initial Condition

MYV Model
Color source distribution 1s Gaussian
(No spatial correlation 1n transverse direction)

Solve the Poisson Eq Gauge Configuration
DTN (x)) = —p™) () e—igh (@ 1) gigh(x  +i) — exp|—iga (x| )]

Alx)
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Formulations

ST T S g R, R g, g, 0N, BT T e
Time Evolution
I n__ _—1
E'=t0.4;,, E'=t 0.4,
i -1
0.E'=1"'D,F,+1D,F,
n__ _—1
o.E'=t D,F,,
Classical Equations of Motion in the Bjorken Coordinates
(in the “temporal” gauge 4, = 0)
Ensemble Average
(0 [AD)y0.~] Dp, Dp, W [p]W [p,]10 [Alp,.p,l]
Stress Tensor (Energy, Pressures)

Quantum fluctuations partially included in the initial state
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Example of Simulations

B, SR, SR SO, B B SRt B, SR, SR S, OB

Demonstration with smooth source (one flux-tube)
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Example of Simulations

E,

True electric field ~E ./t
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Example of Simulations

E,
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Example of Simulations
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Example of Simulations
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n

A, , E, fast modes (multiple time scales)
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Real Stmulations

SRS OMR R SR R IR R

Initial Transverse Spectrum
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Some Known Facts about Glasma Simulation

Setirg et SRS R iyt et gt NN, 0Ny, NN ey, S

Free streaming after 1/0,
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Glasma instability at 100~1000/0
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Questions

BT, BT BT BT W W NPT NP R R W W
Physics Problems

1. What would be the role of the color flux-tube
structure in the thermalization?

2. Why is the time scale of the Glasma instability
such long; relevant time scale?

3. What is the very initial rise? Sensitive to the
initial condition; deterministic?

Technical Problems
1. Why not continuum but lattice?
2. Implementation of the JIMWLK improvement
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Color Flux-Tube Structure

Wt T W g g W WP WPy WP WSy NPy WP

In the MV model no color flux-tube is included.
(No “serious” simulation with color flux-tube
structure exists so far to the best of my knowledge.)

If the flux-tube 1s implemented, the Nielsen-Olesen
instability should be seen. (Fujii, Itakura, Iwazaki)

w’=p>+2|gB|(n+1/2)+m°—2sgB (Impact on CME)

Transverse correlation from the JIMWLK evolution.
Solving the Langevin equation... (Weigert)
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Large Amplitude in SU(2)

P WP WP WP P NP0 RO WP WP WP WPt
Gauge fields as angle variables

T
= 00 T e B o s O G
%~ " A A e e R |

No problem if we use the continuum variables...
Why we stick to the link variables...?
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Initial Rise

DT TN CONRE L SRR S ST R S R R COIR L IR R S

Still weak but seen till ~1/0s
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Implication? Wrong choice of initial configuration?
What is the initial spectrum? Only quantum?
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When Turbulent?

St P Pt IR WP WO R g, WO, NN, ST T

Reynolds number U, L
R=—

L — typical size of the system
U — typical velocity of the system

V — VISCOSIty

Typical values of Reynolds numher[m][“]

s Ciliate ~ 1 x 1073

« Smallest Fish ~ 1

s Blood flow in brain ~ 1 x 102

+ Blood flow in aorta ~ 1 x 10°

Onset of turbulent flow ~ 2.3 x 10° to 5.0 x 10* for pipe flow to 10° for boundary layers

= Typical pitch in Major League Baseball ~ 2 x 10°
Person swimming — 4 X 10°
Fastest Fish ~ 1 x 10°
g
Blue Whale —~ 3 x 10 oy . .
A large ship (RMS Queen Elizabeth 2) ~ 5 x 107 From Wlklpedla
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When Turbulent?

DT TN CONRE L SRR S ST R S R R COIR L IR R S

Typically a flow becomes turbulent for R ~ 10°

Reynolds number 1n a turbulent flow

gl

[ — typical scale of eddy size
u — typical size of eddy velocity

V — VISCOSIty

Larger Eddies — Smaller Eddies
— Kolmogrov (Smallest) Scale (stabilized by viscosity)
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Reynolds Number

WPyt WP WP O RO s T O et Nt Nt SRRyt ey
In many cases people would think as follows:

_ (nertial Term)

R :
(Viscous Term)
4
€X) T N+&
9s_s, 13 R(t)=—"—T1
ot T 2 4
vl ZN+E
=—2[1-R"] 3

More useful to think R 1n turbulence as:

_ (Time Scale of Molecular Motions)
(Time Scale of Turbulent Spreading)

R for fixed box size

Turbulence 1s much for efficient for (heat) transport
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Question

St g S R G T SR SO g AN e ey e g

What 1s the effective theory of QCD
in the limit of R— o0 ?

Hint: Scaling Analysis

Dec. 13, 2011 @ Thermalization (Heidelberg) 19



Kolmogorov Scalings

P N PO SN PO SN PO RN N SRS DR S
Energy spectrum

. E(k)

[, : Kolmogorov Smallest Scale

This 1s only one typical output from scaling.
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Kolmogorov Hypothesis

Setirg et SRS R iyt et gt NN, 0Ny, NN ey, S

Scaling functions of v and & (in a homogeneous
1sotropic turbulence)

Kolmogorov Length Scale ~ n=v>*¢ "

. 1/2 —1/2
Kolmogorov Time Scale ~ o=v "¢

Only dependence on ¢ (in an 1nertial region up to the
Kolmogorov length scale)

Velocity p-point Function
Sz(l"): C82/3r2/3
S (r)=C, e’ rP"?

p
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Dimensional Analysis

NN S SRR S T T SR SR TN T

dr
e (©)

C.E—/

o) = (B )+ 2 (B )

o | v/er| = 1!

e , 2 3,9
0 | e -:-‘..-?: Vi(er) e, (v)] =17
2039 -
S o ‘ |
oL ] = P
3000
100 t ; /5
0.001 0.002 0.005 0.01 0.02 T E‘E(IJ) X (L;/T) =
'L'.fgz.ur

Safe from gauge ambiguity 4,=0(gauge) A, ct°=0 at T=0
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Questions

S, Wit e RN R, g Nyt Rt 0Ny Rt et ey

The true question 1s not whether 1t 1s Kolmogorov or
not, but the true question 1s whether the Kolmogorov
hypothesis holds or not...

Diagrammatic derivations
(Wyld-Shut'ko theory, Hopf theory, etc...)
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