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We present the study of the properties of the collective modes induced by the relativistic jets in an
anisotropic quark-gluon plasma(AQGP). We assume that the partons in the jet can be assumed to
have a colorless Tsunami-like momentum distribution. We derive and discuss the dispersion relation for both the stable and unstable modes of the composite system in the Vlasov approximation.
We concentrate our calculation when the wave vector is parallel to the anisotropy direction as the
filamentation instability of AQGP is maximum in this scenario. It is found that stable modes shift
towards the light cone for nonzero values of the anisotropy parameter(ξ ) and the jet strength (η ).
In the case of unstable mode, the growth rate depends on ξ and η , and the nature of the growth
rate depends on the jet velocity.
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1. Introduction

2. Self-Energy
In this section, we shall briefly discuss how to calculate the polarization tensors in a purely
anisotropic QGP system and in an AQGP with a jet propagating through it. We first discuss the
structure of the polarization function in a purely AQGP i.e., in the absence of the jet. The spacelike
component of the gluon polarization tensor of an anisotropic system can be written as
Πipj (K) =

2

−g
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δ
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(2.1)

where f (p) is an arbitrary distribution function. The anisotropic phase-space distribution function can be obtained from any isotropic distribution function
p by rescaling only in one direction in
momentum space by changing the argument f (p) = fiso ( p2 + ξ (p.n̂)2 ). Here fiso is an arbitrary
isotropic distribution function and n̂ is the direction of anisotropy. The parameter ξ is the degree
of anisotropy (−1 < ξ < ∞). We can then decompose the self-energy into four structure functions
as
Πipj (K) = α Ai j + β Bi j + γCi j + δ Di j
2

(2.2)
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In relativistic heavy-ion collision, jets with high transverse momentum travel through the hot
and dense medium losing energy by collisional and radiative processes. This phenomenon is known
as jet quenching, where high pT hadron production has been found to be strongly suppressed [1].
Apart from jet quenching, the jet particles also interact with the plasma leading to modified collective oscillation. This produces a color charge density wake and also wake potential [2, 3, 4] in the
QGP. The experimental evidence of the azimuthal dihadron correlation at RHIC shows a double
peak structure in the away side [5] for the intermediate pT particles. Such peaks were predicted as a
signature of Mach cones and Cerenkov-like radiation created by the partonic jets traveling through
the QGP. Therefor, the interaction of a relativistic stream of charge particles with the plasma also
influences the collective modes of the system. Within the framework of linear response theory, the
interaction between the jet and the plasma shows an exponential growth of collective gauge fields,
with a colorless tsunami-like initial momentum distribution of the jet [6, 7]. The unstable modes
arise at a velocity of the jet larger than the speed of sound in the QGP.
All of the phenomenological treatments are performed in situations where the distributions
of the soft partons providing the thermal background are assumed to have isotropic momentum
distributions. However, in the very early stage of heavy-ion collision, due to rapid longitudinal
expansion at the onset of the QGP phase, anisotropy arises in the pT − pL plane with hpL 2 i <<
hpT 2 i in the local rest frame [8, 9]. In studying the evolution of such a system, we use the method of
the plasma physics within the framework of the quark-gluon transport theory[10] in weak coupling
regime, i.e., g << 1. At this scale, we have neglected the hard mode interactions, assuming that
the interactions between plasma and jet are only mediated by mean gauge fields.
We, in this work, will study a quantitative estimate of how the passage of the jet affects the
dispersion relations [11] and the growth rate of the instabilities in AQGP.
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where
Ai j = δ i j − kik j /k2 ,

Bi j = ki k j /k2 ,

Ci j = ñi ñ j /ñ2 ,

Di j = ki ñ j + k j ñi ,

(2.3)

Πijetj (K)
2 =
where ωjet

g2 n̄
2Λ

=

2
ωjet

j 
j

ki vjet
+ k j vijet (ω 2 − k2 )vijet vjet
ij
δ +
−
,
ω − k.vjet
(ω − k.vjet )2

(2.4)

is the plasma frequency of the jet.

3. Collective Modes
We now consider the collective modes of the anisotropic plasma due to the propagation of an
energetic jet. To do this, we note that in very short time regime, where the Vlasov approximation
µν
µν
µν
is valid, the polarization tensor of the composite system is additive, Πt (K) = Π p (K) + Πjet (K).
The dispersion relation for the collective modes of the total system can be found by solving the
equation:


det (k2 − ω 2 )δ i j − kik j + Πti j (K) = 0
(3.1)
2 /ω 2 , where ω 2 = ω 2 +m2 /3 which is related to Debye
We define a dimensionless quantity η = ωjet
t
t
D
jet
mass(mD ) and the plasma frequency of the jet. In the following subsection we analyze jet induced
collective modes in AQGP for the two special cases, when the jet velocity is (a) perpendicular to
the momentum i.e., k ⊥ vjet and (b) parallel to the momentum i.e., k || vjet .

3.1 k orthogonal to vjet
Here we choose the coordinates k = (0, 0, k) and vjet = (vjet , 0, 0). In this case the condition
(3.1) reads as [11]:

2
= 0,
(3.2)
d22 d11 d33 − d13

The dispersion relation for all of the collective modes of the composite system can be determined
2 = 0 [11] which is referred to as
by finding the solution to the equations, d22 = 0 and d11 d33 − d13
mode I and mode II respectively. Collective mode I is independent of the jet velocity. However, it
depends on the plasma frequency of the jet. The stable collective mode II shifts toward the light
cone with the increase of ξ . Collective mode I and mode II also have poles along the imaginary ω
axis. The dispersion relation for these modes can be calculated by taking ω = ω0 + iΓ with ω0 and
Γ are real valued. Numerically we find that the collective modes are non propagating. At ξ = 0
we do not find any unstable collective mode for mode I and the maximum value of the growth
3

PoS(ICPAQGP2015)027

with ñi = Ai j n j , which obeys ñ.k = 0 and n2 = 1. The expressions for structure functions have
been given in Ref. [11].
In order to study the collective modes due to the propagation of an energetic jet, we have to find
also the structure of the self-energy induced by the jet. For simplicity, this can be done by assuming
a colorless tsunami-like momentum distribution of the jet [7, 11]: f jet (p) = n̄ū0 δ (3) (p − Λū). Here
n̄ is a parameter proportional to the density; and ūµ = γ (1, vjet ) is the four-velocity, where γ is the
Lorentz factor and vjet is the velocity of the jet parton. Substituting the tsunamilike distribution
function in Eq. 2.1 one deduces that
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rate increases with the strength of the anisotropy. In Figure (1) we present the imaginary part of
the dispersion relation for the unstable mode II for two different velocities of the jet. With the
increase of ξ and η , Γmax increases for both the jet velocities considered here. But the values of
the momentum at which Γmax occurs are independent of ξ and η at vjet = 0.99, as shown in Figure
(1b). In order to find the wave number kmax (ξ , vjet , η ) at which the unstable modes of the spectrum
terminates, we take the limit Γ → 0 to obtain
p
h
ωt
arctan[ ξ ] i1/2
2
p
3 − 2vjet (η − 3) − 7η ) − 3(η − 1)(−1 + ξ + 2vjet (1 + ξ ))
.
kmax = q
ξ
2 1 − v2
jet

(3.3)
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Figure 2: (Color online) Same as Fig. 1 for mode III

Next, we consider jet velocity is parallel to the momentum of the collective modes. and the
corresponding solution of Eq.(3.1) is [11]
′ ′ ′
d11
d22 d33 = 0.

(3.4)

The solution of the dispersion relation shows that the collective modes of the composite system
′ and d ′ are same and identical modes as mode I. The
have three solutions. But we found d11
22
′ = 0. Numerically
dispersion relation for the other collective mode can be determined by solving d33
we find that mode III is an unstable propagating mode. At vjet = 0.55, Γmax increases with the
4
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Figure 1: (Color online) Imaginary part of the dispersion relation of the unstable mode- II as a function
of k for two different values of the velocity of the jet with the variation of ξ and η . The left(right) panel
corresponds to v = 0.55(0.99).
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increase of the anisotropy parameter ξ and the strength of the jet(η ) as shown in Figure (2a). The
value of the momentum corresponding to the maximum of Γ is the same for all the cases considered
here. Figure (2b) shows that the behavior of the growth rate is completely different when the value
of the jet velocity is greater than the plasmon phase velocity. At fixed value of η , the maximum
value of the growth rate Γ does not change with ξ , but the value of the momentum is shifted toward
the origin with the increase of ξ . At fixed value of ξ , the maximum value of Γ increases with η
and the corresponding value of the momentum is approximately independent of η .

In this work, we have studied the effects of the jet of particles on the collective modes of an
anisotropic QCD plasma using transport theory.To simplify the analysis, we assumed the initial
distribution of the jet of particles a colorless tsunami-like distribution. We have presented the
collective modes for two spacial cases. For the case when k ⊥ vjet , we find two stable modes (I
and II), of which one is independent of the jet velocity. In case of k k vjet we obtain two identical
modes as mode I and one distinct mode III. For case of mode II, Γmax increases with the velocity of
the jet. With the increase of η or ξ , Γmax also increases for both the jet velocities considered here.
For mode III, Γmax is independent of ξ , when the jet velocity is greater than the phase velocity of
plasmon at fixed η . Numerically, we find the maximum value of the growth rate of such system
runs between Γmax ∼ (0.05 − 0.25) ωt .
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4. Summary

