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Success of hydrodynamic models in describing elliptic flow
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Eccentricity decays due to the free streaming!

EN. = V,\( | ™ | f, = 0.6 tm/c

time of equilibration

U. Heinz, AIP Conf. Proc.739, 163 (2004)



Time scale of hard parton-parton scattering hard scattering ~ momentum

transfer of order of T
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either single hard scattering

or multiple soft scatterings

t, = g = 2.6 tTm/c
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R. Baier, A.H. Mueller, D. Schiff & D.T. Son, Phys. Lett. B539, 46 (2002)

4



stationary state Instability

A1) = Ay + SA(1) SA(t) < eV

fluctuation Y > 0

stable configuration unstable configuration
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P> instabilities in configuration space — hydrodynamic instabilities

> instabilities in momentum space — kinetic instabilities

instabilities due to non-equilibrium
momentum distribution . )
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p longitudinalmodes - Kk || E Sp - e—i((ﬂf—kl’)

» transversemodes - Kk | E 8J - e—i((ﬂf—kr)

E —electric field, k- wave vector, p — charge density, j - current
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unstable configuration
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Energy is transferred from particles to fields




| Logiodinal modes I

Electric field decays - damping Electric field grows - instability
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Unstable modes occur due to anisotropy of the momentum distribution

JFP)=r5=p
Px
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Momentum distribution distribution can monotonously decrease in every direction

Transverse modes are relevant for relativistic nuclear collisions!
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Imw/lomentum Space Anisotropy in Nuclear Collisionm I

Parton momentum distribution is initially strongly anisotropic
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< j ;‘ (x)> =( but current fluctuations are finite
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Direction of the momentum surplus
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Lorentz force

F=gvxB
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Equation of motion of chromodynamic field A* in momentum space

(kg™ —k"kY —TI" (k)]A, (k) =0
ﬁself—energy ’
Dispersion equation

det[k*g" —k"kY —TI" (k)]=0

' =(0,k)

Instabilities — solutions with Imo > 0 = A" (x) ~ elmmt

Dynamical information is hidden in IT"Y (k). How to get it?
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Distribution functions of quarks Q(p,x) and antiquarks Q(p, x)

are gauge dependent N_ XN, matrices

Q(p,x) > U((x)Q(p,x)U ' (x)

Distribution function of gluons G(p,x) is (N>—1)x(N’—1) matrix
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PuD'Q = J pME (0,050} =C | quas
fundamental
puDuQ+2pu{ uv(x)’ a‘;;Q} =C antiquarks
adjoint @ "G — g {TMV , (x)a;G} = C gluons

free streaming mean-field force

D" =0" —ig[A",....], F" =0"A" —0"A" —ig[A", AY]

DMF Y = J v [0, Q ,G| | mean-field generation

collisionless limit: C =
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/[ fluctuation ’

Q(pax) — QO(p)+8Q(p9x)

‘msmw Q(’)J(p) — Sljn(p) ’

10y (p)| >>160(p,x)I, 13"0,(p)l >>10"80(p,x)]

Linearized transport equations

p,D*80(p,x)—gp”F, (x)9°0,(p)=0
p,D*80 (p,x)+ gp*F,, (x)9"0,(p) =0
p,D*6G(p,x) - gp“F, (x)0"G,(p)=0
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oQ(p,x)=g f d*x'A ,(x—x") p"F,,(x)0°,0,(p)
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JH ) =TI (k) A, (k)

J (@) =n(p)+n(p)+2n,(p)

0 g rdp v p'k* Jf (p)
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Hard loop approximation: K M << pu

H,UV( )_g jd P _ﬂ[ VA pvkl1 af(p)
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1" (k) =11 (k), kMHLw (k)=0

St. M. & M. Thoma, Phys. Rev. C 62, 036011 (2000)
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Dispersion equation

det[k*g"’ —k"kY —TI™ (k)]=0

k JIM (k) =0
I

— [17 (k) chromodielectric tensor

w k" = (0,k)

Dispersion equation

det[k?*8Y —k'k’ —w*e" (k)]=0

e’ (k)=8" -

) ) 2 3 i . L]
£l (k)= 50 + 5[4 L af(ll’)[(l—ﬁ)és’f LA
207 (21)° o—kv+i0" Jp ® ®
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X Direction of the momentum surplus

J=000,)), E=(0,0,E), k=(k,0,0)

Dispersion equation k 2 _ (ngzz (Q), k) =(
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I Existence of unstable modes — Penrose criterion

H(0) = k> - 0% (0, k)
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Unstable solutions

-3
12 4 P p=6im
_27po; 1 200 | o =g?/4n=03
S (p)= 3/2 2 233 © s =8 '
m " S (pL*ol) G, =03GeV
2 2 |
kK=o e (mk)=0| - pQCD profile
B 020 -~ 0,=30GeV
solution % [ —— 0,=2.0 GeV
: ";' o1 — ,=1.0GeV |
(D(k) = i Y © 010 [ —-- 0,=0.5GeV ]
£ I
g 0.05 lf R
O < yk € 9{ (’5 L ! \‘\\ MM&\\:
0.00 L— S S C L
0.0 1.0 2.0 3.0 4.0

J. Randrup & St. M., Phys. Rev. C 68, 034909 (2003)

Wave number k; (GeV)



Imeth of instabilities — 1+1 numerical simulatiorwml

transverse magnetic

SU(2) Hard Loop Dynamics @
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Imrowth of instabilities — 1+1 numerical simulatiorwml
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I%rowth of instabilities — 1+3 numerical simulation I

Abelian 1+3 nonAbelian 1+1

SU(2) Hard Loop Dynamics

Strongly anisotropic particle’s momentum distribution
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the gauge A =0, A’(,x,,2) = A” (x)
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P. Arnold & J. Lenaghan, Phys. Rev. D 70, 114007 (2004)



Classical system of colored particles & fields
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SU(2) Hard Loop Dynamics

~_ If dz AT, D)

) L Tr[j*]
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SU(2) Hard Loop Dynamics
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Direction of the momentum surplus
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Direction of the momentum surplus
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Classical system of colored particles & fields
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Conclusion

The scenario of instabilities driven equilibration
is a plausible solution of the fast equilibration
problem

St. Mréwczynski, Acta Physica Polonica B372, 427 (2006)
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