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P> What are the plasma instabilities?
> Why do the instabilities occur?
> Why the instabilities are important?



stationary state Instability
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@a instabilities — interplay of particles and classical fields

@tum Field Theory — no particles, no classical f@
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@ particles — hard excitations, hard modes

@ classical fields — highly populated soft excitations, soft modes
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In a weakly coupled plasma, there are many particles in a Debye sphere!
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charge fluctuation
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Resonance energy transfer from electric field to particles with v = v,



P> instabilities in configuration space — hydrodynamic instabilities

> instabilities in momentum space — kinetic instabilities

instabilities due to non-equilibrium
momentum distribution . )
f(p) 1S not ~ CXP| — ?
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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



| Logiodinal modes I

Electric field decays - damping Electric field grows - instability
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unstable configuration
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Energy is transferred from particles to fields
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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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I Instabilities vs. collisions

Time scale of parton-parton scattering

1
thard -
4
8 hl(l/ 8 ) r ~ hard scattering: g ~ T
q
1 soft scattering: g ~ gT
4 soft ~ 19 /\
g’In(l/g)T
Time scale of collective phenomena toollec ™ !
gT

2
Q <<l = g 5>ty >> tC‘D

The instabilities are fast!
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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"' (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

The gauge transformation:

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 =7 pMF,(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

@nless limit: C = 5 Cg =
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/[ fluctuation ’

Q(pax) — QO(p)+8Q(p9x)

‘msww 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 20
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T (k) = + 1+
\ p+k p+k k k |

Hard loop approximation: K M << pu

d’p p“r , p'k*  19f (p)
H,uv — g r A
(k)= J‘(2 7)Y E [g p’k_+i0" dp”

1" (k) =11 (k), kMHLw (k)=0

21
St. M. & M. Thoma, Phys. Rev. C 62, 036011 (2000)



Chromo-hydrodynamic approach

for short time scales

Collisionless transport equation of quark distribution function Q( )22 x)

D"0(p,x)-2 p*{F,.,0,0(p.x)} =0

Taking into account antiquarks

and gluons is straightforward
| ap
4
ap = 1P 20(p,)3(p?)
(27)
Covariant continuity @
D,n* (x)=0 n*(x)= [ dP p*Q(p.x)

C. Manuel & St. M., Phys. Rev. D74, 105003 (2006) 22



puD"Q(p.x)= 7 p*{F,.03,0(p.x)} =0

[ aP p* d
=

DT ()= J {Fyyon* (x)} =0 @

I (3)= [P o *0(p. )
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D, T (x)—‘g{F“V 1, (x)}=0

Postulated form of 7" (x) and 7" (x) : @n the local@v
n* (xx) = n(x)u* (x)
1
T (x) = (ele)+ pe)fut (o) ut ()} = plx) g™

n(x) e(x), p(x), u* (x) matrices! u“(x)uu(x)zl

To close the system of equations: @0 or £€=3p & ]D
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Small perturbation of the space-time homogeneous & colorless state

n(x)=m+8n(x), e(x)=¢t+de(x),

p(x)=p+op(x). u"(x)=a"+du"(x)

n,e, p,i M unit matrices in color space

i>>0n, €>>0c, p>>0op, a" >> ou"

FY ~ AY < 8n
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e DM —> 9ot

@® Fourier transformations

Solutions of the linearized equations

full linearization A" ~ On

Covea

continuity

kya" dn(k)+mk,ou(k)=0

Euler

i(E+ p)atk,ou’ (k)—gnm F" (k)=0

Solutions

nt dy ko
on(k)=ig > F7 (k)
E+ P (i1 -k)
% n u, ny
ou' (k)y=ig ————F"" (k)
E+pu-k
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()= —‘;(n(x)u“(x)—]\}Tr[n(x)u“(x)]j

c

()= 7"+ 3 (2),

Si*(x)=— ‘;(ﬁ SuM(x)+ LT“Sn(x))

Tr[F*Y]=0

I (2, y) = - ()

polarization tensor

84, (v)
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2 ~72 ~ U7V ~Vi U 2~,u~v_ 2 uv
H”V(k)z—g ~n ~(u KYu“k” +u"k”)—k“u (u-k) g
2 E+p (it - k)

™ (k) = IT™ (k) @W (k):)
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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 2



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®(m,k)

/

dw dIn H(®) O=n"
=lnH(®)| .
{)doo | dH(®) _ jzm o (@),
2t H(w) dow
C _ number of zeros of H(w) in C
4 ImH ; A m
o =
o== L O\ (]
\ \ m= loo Re>0)
( 0 There are unstable modes if
/ Re H
/ / H®®=0)<0
W=o0 / /
_/ o =0 Anisotropy! .




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

Wave number k; (GeV)



| Hard-Loopdyvamic i

Soft fields in the passive background of hard particles

Braaten-Pisarski action generalized to anisotropic momentum distribution:

VP
Loy = _& j(2 )3 [f(P) (X)((llj.lp))z )aprb“(x)

Cr = p-Y
i Tove ! Dw<x>]

kJIV (k) =0, kA (p.g.k)=2(p)+Z(q)

St. M., A. Rebhan & M. Strickland, Phys. Rev. D 74, 025004 (2004) 33



Imeth of instabilities — 1+1 numerical simulatiorwml

transverse magnetic

SU(2) Hard Loop Dynamics @

1+1 dimenSiOIlS 100% T | T I T |
Mo AM i EE.)/ (m}/g’
AM = AM(L7) ) Scaled yof i
field energy f| ———— £E,)/(m;/g7)
density 1 ... E(B,) / (m/5°)
B 4, 2
Anisotropic particle’s 01 T = &B.)/(m, /87
momentum distribution 5 EHL) / (m /g?)
0.01F g T 3
JFP) = fio(P] +sz) 0.001;5 /’ ?
o, % df... (p) 0.0001F s 7 .
mlz) :—?Idppz—dp 08 | I'—"I | I ::7',Il I I | | | . 3
0 0 2 4 6 y.; 8 10 12 14
(mp,0) Strong anisotropy { =10

A. Rebhan, P. Romatschke & M. Strickland, Phys. Rev. Lett. 94, 102303 (2005) 34



Direction of the momentum surplus
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Direction of the momentum surplus
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Classical system of colored particles & fields

d3p PiPj 10%
Ty = [—5—Lf® S
(2n)” E i -
@ 10 (T,,+T,)/2 —
2 E
7)) L
Isotropy: e T Xx
T. =T, +T.)/2 i
= + 2 i
XX yy <z 1(1:110_1:_ ng)O(’ SU(Z)
S - g g (T +T,,)/2, SU(2)
B “ - g T)o(r U( )
w02 S/ g( *Tz2)f2, U
- uj" T ! [
0 0.2 0.4 0. 6 0.8

time t/L/N,

A. Dumitru & Y. Nara, Phys. Lett. B621, 89 (2005). 37



RHIC == LHC

/
Oy weaker coupling

Energy density grows — < m, A

more collectivity

t collec S faster instabilities
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P> Instabilities generate chromodynamic fields — QGP is not a gas of partons
P> Instabilities are fast, faster than collisions

P> Instabilities strongly influence plasma dynamics
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