Instabilities Driven

Equilibration
in Nuclear Collisions

Stanistaw Mrowczynski

Swietokrzyska Academy, Kielce, Poland
& Institute for Nuclear Studies, Warsaw, Poland



P> success of thermal models in describing ratios of particle multiplicities

- chemical equilibrium of the final state




Success of hydrodynamic models in describing elliptic flow

- Hydrodynamics

a \Y%

CINPAN.

" at j p

% -
A
u d
Hydrodynamlc requires @ \\//

local thermodynamical

equilibrium! —t—+—




Equilibration is fast
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Eccentricity decays due to the free streaming!
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g < 0.6 fm/c

time of equilibration
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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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P Production mechanism of particles obeys equilibrium
momentum distributions — instantaneous equilibration
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> Equilibration is fast because quark-qluon plasma
is strongly coupled
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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 . )
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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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plasma J(Pys Py D)

Energy is transferred from particles to fields
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| Logiodinal modes I

Electric field decays - damping Electric field grows - instability
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Unstable transverse modes occur due anisotropic momentum distribution

f(p)=f(-p)

o>

>

Momentum distribution distribution can monotonously decrease in every direction
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Imw/lomentum Space Anisotropy in Nuclear Collisionm I

Parton momentum distribution is initially strongly anisotropic

A A

Pt Pr

Pr ' PL

CM after 1-st collisions local rest frame
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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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quarks  Q(p,x)

e . . — 3 x 3 matrix
Distribution functions of | antiquarks  Q (p, X) }

gluons G(p,x) 8 x 8 matrix

Distribution functions are gauge dependent

O(p,x) > Ux)O(p, x)U_l(x) — Tr[Q(p,x)]

gauge independent

Baryon current
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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)
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Hard loop approximation: K M << pu
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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" -
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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 I

H()=k>-0’c”(0,k)
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Unstable solution
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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

82,
e
78
o e kinetic energy density x g%, SU(2)
76— —— kinetic energy density x g, U(1)
- ° gx(E)SUQ)
o [ 7 9EB)SUE)
= 10 ° ge(B)U)
g ; =9 E(B) U(1) .Illlllllllll-......
Q - .ll.....
o "
> 1 == .
2 E
[ B
e L
CI"1 0 svee®
% % c &b ete evveoee®®
= - : [ C&@D oo . .e.
10°2 R oo
= ! AR AN R N T AN R RN A E SR S
0 0.2 0.4 0.6 0.8
time t/L/N,
28



a a a 1 C e
Ve [Al=—* A% - A +Zg2fabcfade<Ab-A"><A -A°)

the gauge A =0, A’(,x,,2) = A” (x)
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Abelanization — numerical simulation

Classical system of colored particles & fields
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A. Dumitru and Y. Nara, arXiv:hep-ph/0503121
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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
seems to be a plausible solution of the fast equilibration
problem of relativistic heavy-ion collisions
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