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I Evidence of the early stage equilibration I

Success of hydrodynamic models in describing elliptic flow

\ Hydrodynamics
0 Vv,
M 2w =—22
ot Yo,
>
V. Sy v
Hydrodynamics requires e
local thermodynamical | | | |
equilibrium! ]




Equilibration is fast

Eccentricity decays due to the free streaming!

EN = Vo'

)

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

f, < 1 tm/c

time of equilibration



I Collisions in weakly coupled QGP I

2

Assumption: QGP is weakly coupled ! «, = 5 <<1 - QCD coupling constant
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Time scale of equilibration driven by hard parton-parton scatterings

t ~ 1 hard scattering ~ momentum
hard g4hl(1 / g) T transfer of order of 7'
either single hard scattering
dominated by or multiple soft scatterings

~_"

PN Qollisions are too slow !>
N /




Instabilities I

stationary state Instability

A1) = Ay + 8A(1) SA(t) < e

fluctuation Yy >0

stable configuration unstable configuration

o Jw TN
NI A




I Plasma instabilities I

P> instabilities in configuration space — hydrodynamic instabilities

> instabilities in momentum space — kinetic instabilities

instabilities due to non-equilibrium
momentum distribution , E
f(p) 1S not ~ CXP —?
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I Kinetic instabilities I

p longitudinalmodes — Kk || E 8[3 - e—i((ﬂf—kl’)

» transversemodes - Kk | E, 0j ~ e i(or—kr)

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



I Logitudinal modes I

unstable configuration

A

plasma F Py Py P,)

Energy is transferred from particles to fields




Unstable modes occur due to anisotropy of the momentum distribution
Parton momentum distribution is initially strongly anisotropic

A A

Pr Dr

L

CM after 1-st collisions local rest frame

Pr

Transverse modes are relevant for relativistic nuclear collisions!
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] 5 (x)> O but current fluctuations are finite

Ul v _l ab d3p pﬂpv Oy
TACAACHESZE| any 2 @m0
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Direction of the momentum surplus
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I Mechanism-of filamentation I

Lorentz force

oy VE» F=qvxB
A\
D >
A\
A\
i,
F

Ampere’s law J z

VXB:j B \/x>
/
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Dispersion equation

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 —TT" (k)] =0

K = (m,k)

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

Dynamical information is hidden in IT"" (k). How to get it?
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puD'Q =% PHFL(x).9,0)=C | quane
fundamental
puDuQ+2pu{ w;(x)a a‘;Q} =C antiquarks
adjoint @HG g {TMV , (x)a‘;G} = C gluons

free streaming mean-field force

DM =" —ig[AM,...], F™ =9"AY —9Y A" —ig[A", AY]

DMF W = ] Y [Q , Q ,G] | mean-field generation

@nless limit: C = 6 — C@
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Time scale of collisional processes

Time scale of processes driven by parton-parton scattering

1
t hard ™
4
8 ln(l/ 8 ) r ~ hard scattering: g ~ T
q
1 soft scattering: g ~ gT
tsoft T~ /\
g’In(l/g)T
Time scale of collective phenomena t ~ I
collec g T

2
Q <1l = thard >> tsoft >> tcoD

The instabilities are fast!
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I Transport theory - linearization I

/[ fluctuation ’

Q(pa-x) — QO(p)-I_SQ(pax)

@mstaw Q(l)f(p) — Sljn(p) ’

10y(p)| >>180(p,x)1, 19,0,(p)l >>10"00(p,x)|

Linearized transport equations

p,D*60(p,x)—gp“F, (x)d,0,(p)=0
p,D*80 (p,x)+ gp*F, (x)9"Q,(p)=0
p,D*"5G(p,x)-gp“F, (x)9"G,(p)=0
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Transport theory — polarization tensor I

oQ(p,x)=g j d*x'A,(x—x") p"F,,(x)0",0,(p)

j*180,80,38G] ﬁ(m 5 (a

|

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

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

0 g 1 d’p v p'k’ Jf (p)
y7i k) = Y A
(= j Q2r)’ E[g p°k, +i0* " op”

I (k) =IT" (k), kuHMV (k)=0 17




Diagrammatic Hard Loop approach

pP
r D p
V k ko k k
T (k) = + W +
\ p+k ptk k
Hard loop approximation: k << pl’L
) d’ o Ykt 19
(27) E p’k_+i0"" odp
I (k) =11 (k), kuI'FLV (k)=0

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

Dispersion equation

det[k*g"’ —k"kY —TI" (k)] =0

k JI (k) =0

. S
e’ (k)=0" ——2HU (k) chromodielectric tensor

w k* = (0,k)

Dispersion equation

det[k*8Y —k'k’ —w*e" (k)]=0

i (k) = 57 + d’p V! Bf(p)[(l_kV)Slj kv]
20) 2n)° o—kv+i0t 9p' ®

v=p/E 1



X Direction of the momentum surplus

j - (O’O’ ])’ E — (0909 E), k — (k,0,0)

Dispersion equation k2 — OJZSZZ (o, k) =(
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I Existence of unstable modes — Penrose criterion I

H(®)=k>-0’c“ (k)
do d1n H (o) .
=InH(®)
ﬁdw | dH (o) _ jzm . ()],
o2ni H(0) do
¢ _ number of zeros of H(w) in C
4+ ImH
O AImwm
=
0= N ﬁ \
| \ w=ie Re>co
| 0 There are unstable modes if
/ / R Hw=0)<0
W =o0 / S
-/ -0 Anisotropy! .




Unstable solutions

1 —6fm™
L2 o s | B P
f(p)= PO e O o, =g°/4n=03
7'53/2 G ( 2 +62 3
I P10 5, =0.3GeV
2 2.2 . '
kK=o e*(wk)=0| - pQCD profile
% 0.20 --- ,=3.0GeV ]
solution % —— 6,=2.0 GeV
. ; e — ¢,=1.0 GeV ;
(D(k) = il Yk 4@ 0.10 ) —-- C.i"=ﬂ.5(39v 1
2 0.05 i NN
O < ’Yk - 9{ (3 l ' \\\ k““xkx
000 e v v T
0.0 1.0 2.0 3.0 4.0

Wave number k; (GeV)

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



Soft fields in the passive background of hard particles

Braaten-Pisarski action generalized to anisotropic momentum distribution:

Leff o J I(Czi ? [f(p) (-x)((lfvll;[;Q )aprbu(x)

Cr 7 Py
w7 Fove "y

kJIM (k)=0,  k,A'(p,q.k)=Z(p)+Z(q)

St. M., A. Rebhan & M. Strickland, Phys. Rev. D 74, 025004 (2004) 23



I WVHW' rowth of instabilities — 14+1 numerical simulatio \IWWI“ I

SU(2) Hard Loop Dynamics @

transverse magnetic

1+1 dimensions 100F———T——T——
_________ 4,2
A¥ = AY(1,2) ) Sealed 1 ) L
field energy f| ———— &En)/ (/87
density  1f| ... EB,)/ (m/g*)
C 4, 2
Anisotropic particle’s 01 T = &B.)/(me/g”)
momentum distribution g EHL) / (m2 /g?) _
0.01¢ ,:,/,7 """ 3
f®) = fi,,(Ipl1+Cp,) 0.001F ' .

o df 0.0001 T
mlz) =__depp2 flSO(p) F.__._._...g-_
Ty dp le-05——L -

0 2 4 6%t8'10'12'14
(mp, Q) Strong anisotropy { =10
A. Rebhan, P. Romatschke & M. Strickland, Phys. Rev. Lett. 94, 102303 (2005) 24



Direction of the momentum surplus
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Isotropization - fields

Direction of the momentum surplus

K | P ~B°XE°~k

1
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I Isotropization — numerical simulation I

Classical system of colored particles & fields

3
1y =[S L PPy p)

2n)y’ E
Isotropy:
o=, +T,)/2

A. Dumitru & Y. Nara, Phys. Lett. B621, 89 (2005).

102

—
(] —
- - o

kinetic pressures

—
<
N

E | (T +T 2 —
B ngm sU(2)
= - G(T+T,,)12, SUR)
E 4 3 - ng)o(a U(1 )

B fs T g (T +Tzz)/2! U(1)
= uf‘ AN N R SR M N SRR TSR NN T TN SR SN B

0 0.2 0.4 0.6 0.8

time t/L/N,
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Conclusion

The scenario of instabilities driven equilibration
provides a plausible solution to the fast equilibration
problem of weakly coupled plasma
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