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I Motivation I

P> Spectrum of collective excitations Is an important
characteristics of any many body system.

D> Anisotropic plasma is qualitatively different than
the Isotropic one.



I Motivation cont. I

P> QGP from relativistic heavy-ion collisions is anisotropic.

Pr Pr
PL PL

‘prolate’ ‘oblate’



I Motivation cont. I

P> Existing analyses of collective excitations
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are not complete.



Equation of motion of chromodynamic field A* in momentum space

[k*g" —k"k" —IT"(K)]A, (k) =0

gluon polarization tensor ’
Dispersion equation

det[k?g" —k"kY —TT"(k)]=0 | ¥ =(.k

Gluon collective modes — solutions @(K)

Instabilities — solutions with Imo >0 =  A¥(x) ~e'™m®!

Dynamical information is hidden in the polarization tensor TT"" (k)



Diagrammatic hard-loop Linear response analysis
approach within Kinetic theory
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y g’ ¢ d’p pr.. Pk* qof(p)
" (K) = Pl
(=] (27)° E [o p”k0+i0+] P

(k) =11 (k), Kk 1*(k) =0

f (p) - momentum distribution of plasma constituents



Isotropic momentum distribution rescaled in the direction of n

f.(p)=C; .30(\/p +£(pen ) f,(p)=C, f.so[\/(ﬁl)pz—a(p-n)zj
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Dispersion equation: ~ det[k*g*" —k*k" —I1#"(k)]=0

Y
4 X 4 matrix

(k) =TT (k), Kk 1*'(k) =0

Dielectric tensor: &' (w,K) =" —%H” (w,k) 3 x 3 matrix
)
Dispersion equation: det [Z(a), k)] =0

Zij (a)’ k) _ (a)z _k2)5ij n kikj _Hij (a)’ k) inverse gluon propagator in

temporal axial gauge
Solution @(K) - gluon collective mode

Instead of looking for zeros of detX, one looks for poles of =™

How to invert matrix X ? 9



The symmetric matrix £ depends on k and n

>.=aA+[B+yC+6D

( Alj _5|J _kaJ BIJ . klkJ
4 proj - ninJ T K2
profectors 1 gy _Infir. DV =nik! +k'n]
- nT
k'>Uk! = kz,B, n}Z”kj :n$k25, 5
n='nd =n(a+y), TrX=2a+ p+y, a,p.y
>T=gA+LB+7C+6D
Y11 =) 5,3,7,5‘
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A-C (a) —k*—a— 7/)B+(a) —B)C+6D
K—a (0" — B)(@° —k? —a—y)—k*nio?

1

Dispersion equations (poles of X-1)

1) o® —k*>—alw,k)=0

2) (0)2 — B, k)) (0)2 —k? —a(w,k)—y(o, k))— k’n25%(w,k)=0

A modes - solutions of the first equation
G modes - solutions of the second equation
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Collective modes in isotropic QGP

>=(o" -k’ -, )A+(0° - B, )B (7iso = Giso = 0)

1ISO
r m’w® 1) k w+ K
K) = w® —k? — 1-[ 2 _ X\
Giso (@, K) = @0 2k2{ (Zk 2(0) a)—kj

Dispersion equations

ae | o’ —k? —a(w,k)=0
= - o® — Blo,k)=0
. ) 4 real solutions
' (2 positive & 2 negative)
o.5F 1 Debye mass
I ] 4 f
: =0 f p
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> longitudinalmodes - K| E, do ~ g i (at—kr)

>  transversemodes - Kk 1L E, 5 ~e (K"

E — electric field, k —wave vector, p — charge density, j - current
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&) <<1

f.(p)~ [1+§j fiso(p)+§dz‘s—°rfp) p(v-n)’
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o, k) = (1+§)aiso(a), K)+ 5%{§cosz 3 +§(5—190032 9)%_ 2(1-5co0s? ) :

2 4
+[1-3c0s? § —(2-8cos? 9)2 +(1-5cos? 9) - an(cwkj |
k k* |k \o—K

Bl K)=...,
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S(w,K) = ... /<
N~ g S

n
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Dispersion equations

1) o® —k®>—alwk)=0

2) (a)z — B, k)) (a)z —k? —a(w,k)— (o, k))— k’n25%(w,k)=0

| 52 =0(&?)

1) @®—k*—alw,k)=0
2) @ —pB(w,k)=0
3) @ —k*>—alw,k)-y(ok)=0
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n, - number of zeros of f(w) inside C

ne - number of poles of f(w) inside C

f(w)=0
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do f'(w)

_nP

ol / // k_ | R §

f C

27 f(a)) Rk

| do f'(w) (do f'(o) do f'(®)
FE, § 27 f(w) 3( 27 f(a))+ f 274 f(w)

c C°° Ccut

27 fl@) M@y =" ny - winding number

do f'(0) 1 d 1 B
Ccut §ZZ f((aa))): _§da)lnf(a))zz—ﬂi(lnf(a)e)—lnf(a)s))=nw
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Computation of the winding number

cut

x~
~\J)

n, =n,+n_+n,

@ =—k—i0’
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w=—k+i0"
w=k—i0"

Jf ()

@=0+i0"

R (@)

n, =0
(o)
w=0+i0"
RY ()
n, =2
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m . m :
—f?cosz % > 0 2 solutions k* —f?cosz 3 <0 4solutions
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I Seeds of instability I

<jgt (X)> =0 but current fluctuations are finite

—

i) i ()= 0%

d°p p*
(27)° E

X =(tX), X =(X), X=(4 15X —X;)

—_—
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pV
— f (p)d® (x—vt) =0
Y

———

Direction of the momentum surplus
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Lorentz force

F=qvxB

Ampere’s law J 7

VxB=]

B
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Equation w?— f(w,k) =0

2 solutions
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Finite prolateness
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Finite oblateness
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I Prolate versus oblate I

Maximal wave vectors of unstable modes

v

prolate oblate
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~E
3|E

f(p)~&(pr)

Extremely prolate QGP

8 (analytic) solutions
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Extremely oblate QGP

f (p) ~ 5( pL) 8 or 10 solutions

20—
~g [ &= e=0°
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Extremely oblate QGP

f(p)~o(p.)  8or10solutions
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Mode crossing ?
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Extremely oblate QGP

f(p)~o(p.)  8or10solutions
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Number of solutions

The number of modes for each system

Momentum Number Number Total number Maximal number
distribution of real modes of Imaginary modes of modes of modes
extremely prolate 6 4+ 20(k — kp) 20(kp — k) 8 8
weakly prolate 6 20(kec — k) 6+ 20(kc — k) 8
isotropic 6 0 6 6
weakly oblate 6 20(ka — k) +20(kc — k) 6+ 20(ka — k) +20(kc — k) 10
extremely oblate 6 20(koa — k) +20(koc — k) 6+ 20(koa — k) +20(koc — k) 10
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I Conclusions I

Systematic analysis of the complete mode spectrum is performed
for any anisotropy.

The number of modes is found in every case.

Analytical and numerical solutions are given.

There is no anisotropy threshold for existence of instabilities.

vV v vyvy Vv

Complete spectrum of modes is needed to compute various
plasma characteristics e.g. the energy loss in anisotropic QGP.

for more see:
M. Carrington, K. Deja and St. Mréwczynski, arXiv:1407.2764, to appear in Phys. Rev. C
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