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<Anisotropic QGP 1s unstable due to magnetic plasma moDl
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stationary state

A(t) = A, + SA(t)

fluctuation

stable configuration

Instability

SA(t) oc e

Yy > 0

unstable configuration




<j,c‘il (X)> = (0 but current fluctuations are finite
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Lorentz force
F=qvxB
Ampere’s law J Z
VxB=j . {
y
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> Is dE/dX in unstable QGP sizeable?

» How to compute dE/dX in unstable QGP?



Wong’s equation of motion (Hard Loop Approximation)

dx(;‘z(-r) U (1)
| 9P - g0, (1) R (o), (1)
—d%ar(” — gf ™ p, (1) AY(x(0)) Q, ()
Simplifications

Gauge condition: p,(7) A (X(r)) =0 = Q,(r)=const

Parton travels with constant velocity: u* = (¥, v) = const



@ — gQa Ea(tar(t)) "V

induced & spontaneously
generated chromoelectric field

%:jmmaa,r)-iaa,r)

parton’s current: j_(t,r)=gQ,vo® (r— vt)
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One-sided Fourier transformation

g % s Imo
f(((), k) — IdtJ‘d3r ei(alt—kr) .I: (t,l') ;
< oo?—ia d d3k ( " ) >
@ ~i{atkr Rew
f t, = e (a)t k )f ,k \/
~ ( r) —oo-[ia 2ﬂj (272-)3 (a) )
O<oeR

j.t,r)=0Q,veP (r-vt) = j.(w,k)= 19Q.v
w—-K-v

dE(t) _ e s G
e E_(w,k)-
(“ Q I 2ﬂj(2ﬂ) aav ) A

—o+io

11



Linearized Yang-Mills (Maxwell) equations (Hard Loop Approximation)

Ik-D(w,k) = p(w,k), Ik-B(w,k)=0,
Ik xE(w,k) =10B(w,k)+ B, (k),
Ik xB(w,k) = j(o,k)—10E(0,k)-D,(k)

D'(w,k) =¢"(0,k) E!(w,k)

Chromodielectric tensor

i i .9 ¢ dp v of (p) kvy o k'V! L .
e'(w,k)=0"+ : =) 4+ 25
(@,k) 207 27) o—kv+i0" op [( a)) P ] dynamical information

E'(w,k)=-i(Z")" (@,k)[@j(@,k) +k x B, (k) — @D, (k)]

>(w,k)=-k?*0" +k'k! + 0" (w,k)
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dE (1) i *7 do ¢ d’k —i(w-@)t
dt iR _w[ia 27zij (27z)’

< (2] (a),k)[ LI FCANN B, (k)- a)DO(k)}

o=k-v

>(w,k)=-k*6" +k'k!' + 0’ (w,k)

Dispersion equation

det[Z(w,k)] =0

Collective mode, qusiparticle excitation: @(K)
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Maxwell equations & j_ (t,r) = gQ,vS® (r — vt)

Initial values:
Dy (k) =-igQ,w&" (@, k)= ™) (@, k)v"

B, (k) = —igQ,&"k ()" (@, k)V'

When the test parton enters the plasma at t = 0, the instabilities are initiated.
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dE(t) . i |oo+ia do d’k —i(o-@ )t 5 1]
——— 2 =jg°C_,Vv'v IR O k

{0)5“ ik 2 ok 1Kl — — jk— “INKl [ — }
X —(k'k" =k 0"™)(Z ) (o, k)+owwe" (0 ,k)(Z)" (w,k)
a—a

J(@k) B, (k) D, (k)
1 for quark
Averaging over parton’s colors: _[ dQQ,Q,=C,0®, C,=+2 a
N. for gluon

2N

c c

2 2
C, NIC\I 1=N° : for quark (R =F)
C

for gluon (R=G)
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) il ) i
> e'(w,k) = gL(a),k)kk—k2+ Eq (a),k)£5u _ kkk2 j

b ) (oK) - KK, 1 (au_kik"j

w’e (w,k) k>  o’c (0,k)-k’ k’
dE() . > i |Oo+ia do ¢ d’k —i(o-@ )t 5 —1yij
——2=ig°C,Vv'v e "N EHY (o, k

a0 F OOLG ) Q2n) (@7)(@.k)

x{ wo! (k'k* —k*6 ™) (@, k) + wae ™ (@, k)= )" (E,k)}
w—a

The only stationary contribution: @ =w =k-v

dE(t) . , d’k @ 1 kv -o°
=19 CRI 31,2 B — 2
dt 2r)y k7| ¢ (w,k) o ¢ (w,k)-k

equivalent to the standard result by Braaten & Thoma 10



dE(t):ig2C f d’k @ L k’v:-o°
YV r)Y kP e (w.k) @’c (@,k)-k’

_I dE
L QTul dt
' Debye mass
d’p f(p)
2 2
H =g
j(27f)3 13
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n(p)
n(p) =(27) p[5™(p-q)+ 5 (p +q)] ﬂ
There is unstable longitudinal
chromoelectric mode
o -q 0 q
g" (a),k):gL(a),k)kk—k2 A
> longitudinal chromoelectric field only!
i 1 k'k’
EH(w,k) = E(w,k)| k

w’s (0,k) k> ~

w—a

dE(t):i92C w*j‘“ da)j d3k e ile-ol a_)z[ @ +a_)}
dt Y24 2n) o'e (0,k) K’
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£ (0.k) = (0-0, k) o+, (k))o-o (k) o+o (k)
o (@ - c-u)?)

u - stream velocity

@, (K) - stable longitudinal mode

@_(K) - unstable longitudinal mode

Imw >0

3
dE(t) - j (; l;3 eIma)_t
T
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olE(t)_igZC ”*j‘“ da)j dk eile-o) a_)z[ %) a_)}
- R

277 27) o’ (0.K) K’ |o-0 o

—wo+io

There are 6 contributions corresponding to o =@, (kK), T w_(k),w =k-v,0

2

: . n
Only one dimensional parameter: luz _9n

2E,
Remaining parameters: ¢ =1, lvi=1, |ul|=0.9, CR =3

The integral over k performed numerically for

o kmax < kL < kmax’ O < kT < kmax
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2 w— 0

—w+io

olE(t)_igZC ”*j‘“ da)j dk eile-o) a_)z[ %) a_)}
R

2r) o’e (w,k) k°

Vacuum contribution: ¢, (w,k) — 1

dt e 24Y 27) @' K?

—o+io

dE (1) L, N de e d’k e G » @
— =19 °C, j _[

0]
Vacuum contribution has to be subtracted
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Energy loss in two-stream system

L dE
(gu) a V || u

70 —
60
ol k =100 p
40 -
0, Kinax= 50 1
20F

\/\ k. =20p
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Strong ultraviolet dependence!

22



Kinax= 50 1
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Collective modes

det[ 2V (w,k)] =0

>(w,k)=-k*6" +k'k! + 0’ (w,k)

- - 2 3 i ) I\ ,]
8” (a)’ k) — 5” + g d p3 \ - af (II)) [(1 _H)é‘lj +k_v]
207 2x) w-kv+i0" op @ @

Spectrum of collective modes

(

o, (k)= p* +k’ n=(0,0,1)
@,(k) = 2> + (k -n)’
1

0, (k) =5(k2 +(k-n)’ J_r\/k“ +(k-n)* +4u°k*> - 4% (k-n)’ —2k2(k-n)2)
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Imw>0

2L dE(t)Nj d’k g Imot
k, - dt 2r)’
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dE(t) . e da)J~ d’k

———~ =ig°Cpv'V' _[

o2 (27[)3

a—w

e—i(a)—a)t (Z_l)ij (a), k)

{ ! —(k'k* —k*6 ™) H@,k)+ wos* (@, k)(EZ )" (E,k)}

P> Inversion of matrix X depending on k and n

> =aA+bB+cC+dD
> =aA+ B+yC+6D

( - kikj

N .:kikj

k>’ B Kk

b

basis of matrices < :

j

n: N;
2
n;

>>7'=1 = a,B,7,0

P. Romatschke & M. Strickland, Physical Review D 68, 036004 (2003)
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. D' =nik! +K'n)
\.

: ok'k)
g 5[5”—kkk2 jn’

n, Lk
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exponential fit
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Energy loss 1s found as a solution of initial value problem

Two-stream & extremely prolate systems are discussed as examples
Strong time and directional dependence of dE/dx is demonstrated

dE/dx in unstable QGP is much bigger than in equilibrium one

28



