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Elliptic flow in heavy ion collisions

» Emergence of Kolmogorov spectrum in glasma

» Emergence of Kolmogorov spectrum in the toy CGC model
» Emergence of Kolmogorov spectrum in QGP

» Turbulent instability in QED plasma
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Spectators

Definition of the reaction plane
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Spatial asymmetry of the reaction zone
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Hydrodynamic origin of the elliptic flow: anisotropic pressure
converts spatial anisotropy is into momentum one
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Initial transverse energy density for AuAu collisions at
Vs =200 GeV
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Little Bang: collision stages

freeze out

hadronsin g
}—> hydrodynamics
gluons & quarksin eg.

gluons & quarks out of eq. —s kinetic theory

strong fields—s classical EOMs
Z (heam axis)
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Little Bang: before the collision
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Initial state at t < 0
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Nuclei before collision: degrees of freedom

rrrrr fields <« sources —
. k'
Ny P

» Characteristic evolution time for parton modes

1 2kt 2P*
AxT v o=~ S = X
k k1 k7
» Static modes (sources):
x~1
» Fluctuational modes (fields):
x <1

QCD physics at high energies is that of fields with x <« 1
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Nuclei before collision: fields

The fields A7 and the source J; are related by the equation
[D,, F**1=J" & J'=5"Fpr(x,x7)
Solution of classical equations:
At =0, A =0
Al = ;_U(XJ_,X)aiUT(XJ_,X)

where

Uxp,x") = Pexp{ig/_X dy_a(xL,x_)}

a(xy,x7) = —p(xL,x7)/V3
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Nuclei before collision: observable quantities

» Charge density p(xy,x™) is random. Event-by-event averaging
with respect to p(x,x™) is described by some functional

W+ [p]
» For the simplest Gaussian ensemble

(p*(x 1, x7)pP(y 1,y 7)) = g2p56°P0%(x1 — y 1 )d(x™ —y7))

» Structure function:

+ . .
o G A OAL kX D
(AL(O)ALX)) ~ 11 (1- exp [-x2 Q2 In(x2 4i2)])

> Q_% - saturation scale,

Q3(Y) = Qhe™Y,  QF ~ AV
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Nuclei before collision: quantum evolution

Y =In1/x

Dilute system
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Nuclei before collision: quantum evolution

» Structure function, classical approximation

< AA>= / (] Wa [0 Act(p) Act(0)

» Arbitrary observable, classical approximation

Oy = / [da]O[a] Wy [a]

» Quantum evolution: JIMWLK equation:

O P S Y S )
oY B <2 /thL das (x1) XXL’YL[ ] (y )O[ Dy
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before collision: quantum evolution

» The JIMWLK equation is Hamiltonian:
d(O]a
<6[Y]>Y = (Hymnawrk Olo]) v

v

Kernels of JIMWLK equation:

b o] = /dZZL (xL —z1)(yL—z1)
X1yL am3 (x. —z1)2(y. — z.1)?

(i) (v

Nonlinear dependence on sources

v

UT(x1,x7) = Pexp {ig/ dy_aa(xj_,x_)Ta}

» In the limit of small o JIMWLK turns into BFKL
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[D,., F*] = J*
JH = 5’u+p1(XJ_,X_) + 5M+p2(XJ_,X_)

Look for a solution in all orders in pg 2
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» Coordinates 7,7
X9+ x3 = Te'l, x0 —x3 = 71e"

» For a single source one uses gauges A* =0

» For the two-source problem it is convenient to use the mixed
gauge A" =0

A=A =

e

(xtA™ +x~AY)

» Boost-invariant solution does not depend on 7
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» Look for the 1 - independent solution of the form:
AT = 0(—xN)O(x )AL + O(xT)I(—xT) Ay + 0(xT)O(x ) A3
n o _ + =\ A"
AT = 0(x")0(x )A(3)
» Matching conditions at 7 = O:

Ap)lr=0 = Ay +Ap)

Alglr— = iEg[Aél)’ ]
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Immediately after collision there form longitudinal chromoelectric
and chromomagnetic fields - glasma :

= A
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E? — ig [Agl), Aéz)}

B? — igél [Agl), Af('2)}
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Initial conditions: hydrodynamics?

v

Equations of motion
0, T =0

v

Equation of state
p = f(e)

Initial conditions set at some 7 = 7

v

T“V(T = 70,1, XJ_)

Generic structure of THY:

v

ThY — 3
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For a configuration Ef, = ABj,

<le(7_ = 0+777>XJ_)> =

—€

Does not look as hydro at all but is very similar to QCD string
models (negative p, !)

Glasma flux tubes strings
Negative p, string tension
Glasma instabilities | string breaking

Isotropisation mechanism?
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Boost-invariant solution: numerics. Lattice formulation

K. Fukushima, F. Gelis, Nucl. Phys. A874 (2012), 108

» Link variable: U, (x) = e~ 16?4 ()
» Plaquette variable:
Uw(x) = U.(x)U,(x+ ) U:E(X +7) Ui(x) ~ exp [figazFl“,(x)]

» Canonical momenta

0, Ui(x) = _Tlg E'(x)Ui(x), 0- Uy (x) = —iga, ™ E"(x)Uy(x) .
» Equations of motion (7' = 7 + A7):
Ei(r) = E(r—Ar)+ 2A72gi [U,,,-(x) + U pi(x) — (h_c_)} )
+2nr, ;[Uj;(x) U ji(x) — (h.c.)L
E"(r) = E"r-AT)+ 2A72g;]T Z [Um(x) + U_jn(x) — (h.c.)L

J=xy
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Boost-invariant solution: numerics. Initial conditions

K. Fukushima, F. Gelis, Nucl. Phys. A874 (2012), 108

» Basic building blocks - single source solutions (m = 1,2):

U(xy) = VO )VMi(x, + Ax)
VIMi(x, ) = exp[igh™(x0)]; A (x1) = —p(™(x1)

> Averaging over initial configurations
(P x)p™ (x1)) = 6™ g2pPd(x 1 —x1')
» Initial conditions:
U = (UO+Uu@) Ui 4 y@h™

= o Y [ -u
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Glasma. Observables

» Gauge invariant observables (continuum)
e = (T77) =(tx[E} + B>+ E2 + B2])
;= (T ) = (u[E 1 BY)
P = (PT™) = (u[E2+ B8] - E2 - B]])
> Here

1
2

E2 Ena Ena E_’2_ = (Exa Exa + Eya Eya)
T

2Ztr
nT

T
a
g i=x,y
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Boost-invariant solution: numerics. Initial conditions

K. Fukushima, F. Gelis, Nucl. Phys. A874 (2012), 108
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Boost-invariant solution: numerics. Initial conditions

K. Fukushima, F. Gelis, Nucl. Phys. A874 (2012), 108
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Boost-invariant solution: numerics. Time evolution

K. Fukushima, F. Gelis, Nucl. Phys. A874 (2012), 108

» Time evolution of chromoelectric and chromomagnetic fields
(g% =2 GeV):

04 w

o o
N w

o
[

B2 1/ (P, o°BE 11 (@Pw?
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Boost-invariant solution: numerics. Time evolution

» For thermally equilibrated system one expects P, = ¢/3,
ex 1t *3and P, =P,

» The energy density is actually decreasing as 1/7 (free
streaming)

» The quantities EL2, BLZ, E?, and B% are all approaching a
common value for g2u7 > 1, so that the system remains
anisotropic (isotropy requires E? = 2EL2 and B% = 283)!

A. Leonidov Turbulent nonabelian matter in high energy nuclear collision




Boost-invariant solution: numerics. Time evolution

K. Fukushima, F. Gelis, Nucl. Phys. A874 (2012), 108

» Pressure
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Boost-invariant solution. Spectral decomposition

» Transverse spectral decomposition of energy
d?k, d?k,
€e :/(270255(’&)» €p :/W%(h)
» Energy density in the mode k| is given by

ee(ki) = (tr[E"(—k)E"M (kL) +7 2(E™(—k.)E®(k1))]),
es(ki) = (tx[B"(—k)BP(k.)+ 7 %(B?(~k.)B?(k1))])

» Initial energy density

2, \4 2 k? 4+ 4m? + k|
__ 3 /dkL 1 ln[\/ 1

2 2
2me” S g K ram LK +am? — Ky
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Boost-invariant solution. Spectral decomposition

» Spectral energy density

o°t & (0 / (@°1)°
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Glasma instability

» Rapidity dependent fluctuations

SE'(x) = a, [f(n—ay) — f(n)] & (x1)
OE"(x) = —F(m) Y [U(x = DEtxr = NUsx = 1) = €/ (x1)]

I—X,y

» The functions £/(x ) are random:
(€ (x)(x1)) = 676 (x 1 —x1)

» Perturbation with a mode with fixed longitudinal wave number:

f(n) = Acos ( 27[:0 77)
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Glasma instability

K. Fukushima, F. Gelis, Nucl. Phys. A874 (2012), 108

> Let us study the evolution of |g27P, (v = vp)/(g?1)3|, where

P (v)= i d%x i b dn P, (n, x )ei(ZWV/Ln)n
L - L2 L L 77 L 777 L
n Jo

10°

1 P (vl / (°)°

0
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Glasma instability: Kolmogorov spectrum

K. Fukushima, F. Gelis, Nucl. Phys. A874 (2012), 108

» At late stages of evolution glasma develops Kolmogorov mode

spectrum
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Scalar field model: tree level

T. Epelbaum et al., Nucl. Phys. A872 (2011), 210

» Evolution of scalar field generated by strong time-dependent
source:

» Lagrangian:

1 Q3
£= 20000 - St +do I~ o)L
\.\,../ g
V(¢)
> Tree-level energy-momentum tensor
THY = O nz 1 o 2 g2 4
lo(x) = 00" —g"" | 5(0a9)” — e
g2
O + §303 = J, 0Iim o(x%,x) =0
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Scalar field model: resummation of secular divergences

» One-loop quantum corrections bring in exponentially growing
instabilities due to the parametric resonance.

» Resummation of these secular divergencies:
M) = o] [¢us
1[5 5 d*k y
+ E/d ud V/(27T)32k[a+k . Tu][a_k . TV] TIIAJIO (X)

» T, is the generator of shifts of the classical field on the x° = 0
hypersurface:

L a uL a(x) = 3u [a- X
oy 0w = al) = [ dula Tl ol

aT, = a(0,u) )
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Scalar field model: resummation of secular divergences

» The fields ayy are small perturbations propagating on top of
the classical field ¢, that are plane waves at X — —oo, and 3
is the 1-loop correction to ¢,

|:|:| + V//(QO)} atk = 0 R 0|im aik(x) = e:l:ik~x ,
1 d3k

{D + V//(SD)}Q =5 V"' () / (2r)32k a_kaik,

0Iim B(x) =0
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Scalar field model: resummation of secular divergences

» Resummation of these secular instabilities is equivalent to
averaging over an ensemble of initial field configurations

Tiun = [10a()DAN)] Fla.d] T2l + 6+ o]
» The distribution F|o, @] is Gaussian in a(x) and &(x):
3
(00)) = [ Gz 20.02(0.9)

3
(6900) = [ Gyegg 2w(0.0)21(0.9)

™
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Scalar field model: relaxation of pressure

» Resummed pressure leads to one-to-one relation between

pressure and energy (EOS):

i

o
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Scalar field model: spectral function

» Initial spectral density - not reducible to quasiparticles

time =0.0

p(wk)

Bormws oo~
Lormwa oo~
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Scalar field model: spectral function

» Emergence of quasiparticles

time = 3000.0

p(wk)

BoRrNWwAO oo
B o RPN WA O o
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Scalar field model: Kolmogorov spectrum

» Occupation numbers:

1 1 . .
fk = —2+2ka/[DaDoz] Fla, @]
2
[ e (606 )+ a2, 0)
po+a

» Bose-Einstein )

fBE(k) - eﬂ(wk*/‘«) —1
» Classical distribution
T _

1
fclass(k) = Ok — 1 E
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Scalar field model: Kolmogorov spectrum

» Emergence of Kolmogorov spectrum

10000

T T T
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