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

€N = Vr\¢

)

g < 0.6 fm/c

time of equilibration

U. Heinz and P. Kolb, Nucl. Phys. A702, 269 (2002)




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 and D.T. Son, Phys. Lett. B539, 46 (2002)
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P Production mechanism of particles obeys equilibrium
momentum distributions — instantaneous equilibration
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Schwinger mechanism: d 2 n
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dp;

A. Biatas, Phys.Lett. B466, 301 (1999)
W. Florkowski, Acta Phys. Pol. B35, 799 (2004)
D. Kharzeev & K. Tuchin, hep-ph/0501234

> Equilibration is fast because quark-qluon plasma
is strongly coupled

SQGP E.V. Shuryak, J. Phys.G30, S1221 (2004)
E.V. Shuryak & I. Zahed, Phys. Rev. C70, 021901 (2004)

P Instabilities drive equilibration - as in the EM plasma
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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

» longitudinal modes — KIE, op ~ o ~i(or-kr)

» transversemodes - K 1L E, 0j~ o ~i(wi-kr)

E —electric field, k- wave vector, p — charge density, j - current



Imw/lomentum Space Anisotropy in Nuclear Collisionm I

Parton momentum distribution is initially strongly anisotropic
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Current fluctuations
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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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fundamental {

adjoint

free streaming

(puD“ = gp“Fw(x)éj,)Q(p,X)
(puD* + gp"F,\, ()3, )0 (p.x)
(pu@“ - gp"F,, (x)9), )G(p,x)=C

C

C

mean-field force

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

D F" = j"

[Q, 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)

J'180,80,3G] ﬁ?(ﬁc) 5 (a

|

JH ) =TI (k) A, (k)

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

0 g rdp v p'k* Jf (p)
y7i k) = o A
(= j(2 )’ E[ p°k, +i0" " op*

" (k) =11"" (k), kMH”v (k)=0 16
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T (k) = + 1+
\ p-l'k P'I‘k k k y

Hard loop approximation: K M << pu

H,UV( )_g jd P _[ VA pvkl1 af(p)

(27)’ E § p°k_+i0"" op”

1" (k) =11 (k), kMHLw (k)=0
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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 ® ®

V=Ep/E 18



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 I

H()=k>-0’c”(0,k)

do d1n H (o) o
=InH(®)| .
{)doo | dH(®) _ jan o (®),_,
2t H(w) dow
C _ humber of zeros of H(w) in C
4 ImH
—_ AIm®
N=—o0 \ »=0
) dh
) e —
| Rem
0 / / Re H There are unstable modes if
_ / —
=00 H®®=0)<0




Unstable solution

1/2
2/

4
f(p) =521

> 23
T o, (p;+07)

k* —w’e(0,k)=0

solution
w(k)==xiy,
0<vy,eR

J. Randrup and St. M., Phys. Rev. C 68, 034909 (2003)
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Classical system of colored
particles & fields

initial fields: Gaussian noise as in
Color Glass Condensate

initial particle distribution:

R

fo(p,x) ~0(p,)e I

Phara =10 GV

L=40fm p=10fm™

A. Dumitru and Y. Nara, arXiv:hep-ph/0503121
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a a a 1 C e
Ve [Al=—* A% - A +Zg2fabcfade<Ab-A"><A -A°)

the gauge A =0, A’(,x,,2) = A” (x)

1 1
— a uv ap a

1 e e 1
:_Zngabcfade(Ab'Ad)(A ‘A ) 0

B“ :VxA“+§fabcAb><Ac

P. Arnold and J. Lenaghan, Phys. Rev. D 70, 114007 (2004)



Abelanization — numerical simulation

Classical system of colored particles & fields

10

ﬂTr[A ]

o= [

L ¢ A TE((TA,, A,])?)
Tr[A?]

c=]7

A. Dumitru and Y. Nara, arXiv:hep-ph/0503121

0.1 0.2 0.3 0.4
time t/L/N,

0.5
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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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Isotropization is a mean-field phenomenon
which is not associated with the entropy production.

@ons are needed for equili@
@he stage of instabilities, the system is in prequi@
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<Elliptic flow starts in prequilibrium staD

Approximate hydrodynamics requires not equilibrium
but merely 1sotropic momentum distribution.

Hydrodynamic equation

0,7 =0

Energy-momentum tensor of ideal fluid

™ =(E+putu’ —pg"

Equation of state?

P. Armnold, J. Lenaghan, G.D. Moore and L.G. Yaffe, Phys. Rev. Lett. 94, 072302 (2005) 29



Q: How to distinguish equilibrium form preequilibrium collective flow?

A: Look for flow fluctuations.
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P(@) = 2in[1 +2> v, cos(n(@—yp))]

P—Vg
. vy =(cos(2(@—Yg)))
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Elliptic flow fluctuations I

(v2)

~ (cos2(0-w,)))

 (B)

Var(v,) = <v§> — <v2 >2

R=cos(Wr—VYg)

—— averaging over particles
from a single event

<° . > averaging over events

1

Varte)= (cos2lo=v,)" )~ (cos2lp=v,)) |

St. M. and E.V. Shuryak, Acta Phys. Pol. B34, 4241 (2003)
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Due to the finite particle multiplicity N number of particles used

to compute cos(@-y )
1 » Var(R)
+(v,)

2(RY*(N) (R)’ M nurtr;bzre tc;fr Elal}lrlt;c\ll;s used

U’\R/@ v}
2 2 v

(R)" = (cos(2wr —w )" = (1-2((yz — ;)

(®)

Var(v,) =

<COSZ(2(\|IR_\|IE))> 1- 4<(\|IR WE)2>

Var(R) ~
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1 _
(R)~1 & (N)~10" =

34



<10 =

35



@isﬁcal noise & b variation are under co@

Qnamical elliptic flow fluctuations seem to be measu@
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I Integrated azimuthal fluctuations & ®-measure I

P single particle’s variable 7 = () R 6 ~— inclusive averaging

, - N —
P> cvent’s variable 7 — E , l(q)i — (P) < . > averaging over events
1=

P d-measure D = @_ 2

= Z ® = () no correlations

M. Gazdzicki and St. M., Z. Phys. C54, 127 (1992) 37



1
P, (Q) = %[l +2> v, cos(n(@—v,))]

no flow fluctuations!

(NY=10%, v, =v,=0.03, v,=0,n23 0.34< P <0.62

St. M., Acta Phys. Pol. B31, 2065 (2000) 38



Bose-Einstein correlations

_\/g p 0,1.—E

0.01 1

P= I(ZR) eB(E H) 1

B(E—u)

J‘(zn) (e B(E—W) 1) 0.001 frr

St. M., Acta Phys. Pol. B31, 2065 (2000)

no resonances

Chemical equilibrium p =0
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Azimuthal fluctuations can tell us whether the elliptic
flow 1s generated in the fully equilibrated sQGP
or in the prequilibrium pQGP driven by instabilities
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