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1. Introduction

Jet Quenching, the suppression of high momentum particles, is one of the major findings at
RHIC [1 – 4]. This strong suppression is due to the energy loss of partons traversing the hot and
dense matter formed in ultrarelativistic heavy ion collisions. Different mechanisms such as radia-
tive [5 – 8], collisional [9] and ionization [10] losses have been proposed to explain the observed
suppression.

On the other hand, the bulk of matter formed at RHIC can be successfully described by ideal
hydrodynamics [11, 12] and exhibits very strong collective effects such as radial and elliptic flow
[13, 14]. The study of viscous effects in these flows [15] indicate that the viscosity of the Quark
Gluon Plasma at RHIC is very small, close to the minimal conjectured bound [16].This fact,
among others, has motivated the suggestion that the QGP formed at RHIC is strongly coupled
(sQGP) [17].

The good hydrodynamic behavior of the QGP indicates that the modification of matter as a
consequence of the jet passage induces collective effects [18]. Under the assumption that most of
the energy lost by the jet is shared among the matter constituents and eventuallythermalized, we
suggested [19, 20] that a conical flow appears as a consequence ofthe jet-medium interaction. This
flow can be understood as sound emission from the jet. Since the medium speed of sound is smaller
than the speed of the particle propagation, a Mach shock wave is formed (see Fig. 1).

The appearance of conical flow manifests itself in the modification of the dihadron distribu-
tions associated to a highpT hadron. The trigger hadron is produced by the fragmentation of a
parton that, due to the strong quenching, is mainly produced at the surfaceof the interaction re-
gion. This biases the backjet to travel along the medium, loosing energy and inducing the Mach
shock wave. At freeze out, the energy transferred to the sound waveis converted into particles,
which are emitted in the Mach direction

cosθM = cs. (1.1)

The experimental correlations measured by the PHENIX [21] and STAR [22] collaborations peak
at an azimuthal angle∆φ = π −1.2rad with respect to the trigger particle, which agrees with the
expectations from the picture described above.

In this work we will present our analysis based on linearized hydrodynamics on a static
medium [19, 20] as well as in a medium with a variable speed of sound [23]. The study of flow
effects on the sound propagation was performed in [24]. An attempt to include a realistic medium
has been made in [25] and the non linear hydrodynamic response to the jet was studied with 2+1
dimensional hydro code [26]. Transport model calculations have also studied the modification of
the dihadron distributions, which are in agreement with the formation of conical flow [27].

Other sources of large angle correlations, in which the lost energy is notdeposited in the
medium, have been suggested. A similar Mach-like front can be formed fromthe plasmon [28] or
from the transverse modes of the gauge fields [29 – 31] (Cerenkov radiation), as long as the speed
of propagation of the corresponding mode in plasma is smaller than one. Large angle medium
induced radiation has been also studied in [32, 33]. In [33] it has been shown that demanding that
only one gluon is radiated from the propagating parton by the inclusion of a Sudakov factor leads to
a radiated gluon distribution which is similar to the experimentally observed dihadron distribution.
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Figure 1: A schematic picture of the flow created by a jet moving throughthe fireball. The trigger jet
is moving to the right away from the origination point (the black circle at point B). Sound waves start
propagating as spherical waves (the dashed circle) from theorigination point. The companion quenched jet
is moving to the left creating a wake of matter (shaded area).The head of the jet is a non-equilibrium gluonic
shower formed by the original hard parton (black dot A). The solid arrow indicates the flow velocity which
is perpendicular to the shock cone at the angleθM, cos(θM) = cs/c≃ 0.55.

Finally, in [34] it is argued that the deflection of the leading parton by the medium may explain the
observed modifications.

2. Interplay of Jets and Medium

The passage of a high momentum particle through the quark gluon plasma leadsto a modifica-
tion of the local properties of the medium. This modification changes its hydrodynamic evolution
and can be described by adding a source to the conservation equation:

∂µTµν = Jν . (2.1)

The sourceJµ encodes the medium excitation and thermalization process. From Eq. (2.1) it is
easy to see that the total 4-momentum transferred to the hydro fields is givenby

dPµ

dt
=

∫

d3xJµ . (2.2)

Unfortunately, the constraint Eq. (2.2) is not enough to specify the source.1 As we will see in
section 4, different sources that fulfill Eq. (2.2) lead to very different observable consequences.

The space time dependence of the sourceJ is ultimately determined by the microscopic mech-
anism that describes the jet-medium coupling, which is unknown. Since the initial modification of
the hydrodynamic fields is large [19], we expect a complicated functional form for this source.

In this work we study, in a static background, the different types of flowscompatible with
Eq. (2.2) without specifying a source. In section 3, by analyzing the induced flow far from the jet
we discover two types of excitation mechanisms. Their observable consequences are studied in

1the addition of any total derivative toJ would also satisfy Eq. (2.2)
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section 4 by specifying sources compatible with the different mechanisms. Insection 5 we study
some expansion effects and we finish with some conclusions.

3. Excitation Mechanisms

Regardless of the violent initial hydrodynamic disturbance, far from the interaction region the
perturbation is described by linearized hydrodynamics. In this region, where the source vanishes,
the evolution equation Eq. (2.1) splits into two modes:

Sound: propagating mode with an irrotational velocity field (v) which can be described via a
scalar potentialϕ such thatTv = ∇ϕ [35]. Its evolution equation is

∂ 2
0 ϕ −c2

s∇2ϕ −Γs∂t∇2ϕ = 0. (3.1)

Diffuson: non propagating mode in which the velocity field,Ri , is rotational and which is
governed by the equation

∂0Ri =
3
4

Γs∇2Ri . (3.2)

In Eq. (3.1) and Eq. (3.2)Γs = 4η/3Ts is the sound attenuation length, withη the shear
viscosityT the temperature ands the entropy density of the fluid.

To proceed further, we consider a parton moving in a static QGP with a fixed velocity v along
the−x̂ direction. We assume that the parton has traveled for a long time such that a stationary
situation has been reached. With this assumption, the solutions for Eq. (3.1) and Eq. (3.2) are

ϕ =
T

2πs

∫ x+vt−βρ

−∞
dξ

dF/dx(ξ )
√

(x+vt−ξ )2−β 2ρ2
, (3.3)

Rx =
A

(

2π 3
2vΓs(x+vt)

) exp

{

− ρ2
(

3
2vΓs(x+vt)

)

}

, (3.4)

whereρ is the transverse distance to the jet andβ 2 = v2/c2
s −1. In these expressionsdF/dx(ξ )

andA depend on the source. The functiondF/dx(ξ ) can be interpreted as the flux of entropy per
unit length out of an infinite cylinder surrounding the jet. The constantA can be related to the total
entropy produced by the interaction/thermalization process Eq. (3.8).

A sketch of the velocity field along the jet direction can be seen in Fig. 2. The sound waves are
concentrated along the Mach direction Eq. (1.1) and propagate to long transverse distances from
the jet. The diffuson field, directed towards the jet propagation, is concentrated along the jet axes
within a transverse sizeΣ0 which grows as the square root of the distance to the jet position.

We compute now the energy and momentum carried away by the flow in the partonrest frame.
Since in this frame the fields are static, we compute the 4-momentum flux out of a long cylinder
surrounding the jet. This is the energy and momentum lost by the jet which incorporates into the
evolution of the fluid. Denoting byC a long cylinder surrounding the jet andΣ the end cup to the
right of jet, the energy lost per unit proper time is given by,

− dEj

dτ
=

∫

C

(

T0ρ)′
+

∫

Σ−Σ0

(

T0χ)′
+

∫

Σ0

(

T0χ)′
(3.5)
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Figure 2: Sketch of the flow picture in the jet rest frame. The sound component of the velocity field
(wavy region) propagates out of the source and leads to a small disturbance at large distances. The diffuson
part(circled region) remains concentrated along the jet axis within a transverse size that grows as

√χ.

where we have separated the contributions of the sound (the first two terms) and the diffusion mode.
A similar expression can be found for the momentum loss and for the entropy production in the jet
medium interaction. In fact, without loss of generality, the energy lost and the entropy production
can be related by means of their relation to the potentialϕ Eq. (3.3),

− dEj

dτ
= Tγ

dSj

dτ
−

dER
j

dτ
−Tγ

dSR
j

dτ
(3.6)

wheredER
j /dτ, dSR

j /dτ are the energy and entropy rates carried by the diffuson mode.
To this point we have not made any assumption about the energy and momentumdeposited by

the jet. From now on, we will assume that the particle propagates almost on shell, which means
that the energy and momentum in the fluid rest frame are linked bydE/dt = vdP/dt, which in the
jet rest frame means

dEj

dτ
≈ 0 . (3.7)

From Eq. (3.6) and Eq. (3.7) we conclude that if the interaction mechanism produces sig-
nificant entropy, then rotational flow is needed. SincedEj/dτ = 0, the entropy production only
depends on the amplitude of the diffuson mode,

1
γ

dSj

dτ
=

1
γ

dSR
j

dτ
+

1
Tγ2

dER
j

dτ
= v2sA. (3.8)

Thus, we can distinguish two different types of medium excitations:

1. Isentropic excitations. The interactions of the jet and the fluid are such that no entropy is
produced in the process. In this case the energy/momentum deposited can be calculated
from the the far field sonic wave and it is quadratic in the perturbation.

2. Non isentropic excitations. The main mechanism of energy deposition proceeds by transfer-
ring of heat into the fluid, creating new entropy. As a consequence, rotational flow is needed,
which is concentrated in a narrow wake behind the fluid.
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4. Observable Consequences

In this section we study the effect of the two kinds of medium excitations identified in the
previous section. To do so, we need to specify a source compatible with the classification above.
In the linearized region, the modified momentum densities are

T ′0µ(x, t) =
∫

dt0θ(t − t0)δT0µ(x−vt0, t − t0) , (4.1)

whereδT0µ(0,x−vt0) is the modification in an infinitesimal displacement of the particle between
t andt +dt. From Eq. (2.1) and Eq. (4.1), the source which corresponds to this modification is

Jµ(x, t) = δT0µ(x−vt,0) . (4.2)

From these modified fields we compute the spectrum of particles associated withthe jet by means
of the Cooper-Frye prescription. We use an equal time freeze out condition,

dN
d3p

=
∫

V

d3V
2π3 e−

E
T +δ , δ =

E
T

δT
T

+
pv
T

, (4.3)

where V is the volume of the fireball,v the velocity field and E andp are the energy and momentum
of the associated particle.

Regardless of the excitation mechanisms, Eq. (4.3) indicates that the spectrum of low momen-
tum particles is independent of the flow field. In fact, expanding the exponent we obtain,

dN
d3p

=
e−

E
T

(2π)3

(

V +
E
T

Edep

Ts
+

P
T

Pdep

Ts

)

, (4.4)

whereEdep and Pdep are the total energy and momentum deposited by the jet. Thus, the only
correlation we expect at low momentum is a cos(∆φ) of the relative angle between the momentum
of the particle and the back jet. At high momentum, on the contrary, the spectrumreflects the flow
field and the different excitation mechanism lead to different correlation functions.

4.1 Isentropic Excitations

As discussed in section 3, isentropic excitations are those in which only the sound mode is
excited. This is achieved by the following initial modification of the momentum densities,2

δT00(x,0) = 0, δT0i(x,0) =
C
σ4 ∂ie

−r2/2σ2
, (4.5)

whereσ is the typical size in which the linearized theory is applicable, and C is the (dimensionless)
amplitude. The far field solution that corresponds to this source is Eq. (3.3)with

dF
dx

(ξ ) = −2π
T

v2

c3
s

C
σ̄2 ∂ξ e−ξ 2/2σ̄2

, (4.6)

2Note that from Eq. (4.2) and Eq. (2.2) one may conclude incorrectly that this choice carries no energy nor momen-
tum. Eq. (4.2) is based is the first order relation Eq. (4.1), while the momentum losses are second order Eq. (4.7).
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Figure 3: Isentropic Excitations.Associate yield dependence on associate pT for fixed source sizeσ =

0.75/T , viscosityΓs = 0.1/T, t j = 8/T, t f = 10/T, and energy loss,dE/dx= 10T2 (left) anddE/dx=

63T2 (right). The label values fordE/dxcorrespond toT = 200 MeV. The three curves are for 1T < pt < 5T
(solid), 5T < pt < 10T (dotted), (3×) 10T < pt < 15T (dashed), (10×) 15T < pt < 20T (dashed-dotted). (in
the upper panel all the curves are rescaled further up by a factor 10). No large angle correlation is observed
for dE/dx= 10T2. FordE/dx= 63T2 the position of the peak shifts towardπ for lower pT .

where we have defined̄σ = vσ/cs. Performing a similar analysis to that of section 3, the en-
ergy/momentum loss is given by [19]

dE
dt

= −v
dPx

dt
= −v

dPx
j

dτ
,

dPx
j

dτ
= − 1

4π
T
s

∫ ∞

−∞
dξ1dξ2

d
dξ

dF/dx(ξ1)
d

dξ
dF/dx(ξ2) ln |ξ1−ξ2| . (4.7)

This expression is well know in non relativistic fluid dynamics [35]. For the source Eq. (4.5),

dE
dx

≈ π2

v2

1
sT

C2

σ6 . (4.8)

The energy deposited into the fluid cannot fix the parameters of the source. We will fix
the value ofσ = 0.75/T and determine the amplitude from the energy loss. Note thatdE/dx
is quadratic in the amplitude of the perturbation.

In Fig. 3 we show the number of correlated particles for different associate pT ranges for two
different values of the energy loss,dE/dx= 10T2 (left) anddE/dx= 63T2 (right). For a typical
temperature ofT = 200MeV these correspond todE/dx= 2GeV/fm anddE/dx= 12.6GeV/fm.
The jets are assumed to travel in the medium fort j = 8/T and the freeze out is att f = 10/T.

At moderate values of the energy loss, the perturbation is not large enough to reflect the Mach
Cone in the spectrum, and the correlation function is that of low momentum particles, Eq. (4.4).
For larger values of the energy loss, the low momentum particles also follow theexpected behavior,
Eq. (4.4), but as the momentum of the associated particle increases the maximumof the correlations
shifts to the left and saturates at∆φ = π −θM. This qualitative behavior seems to be supported by
the experimental data. In fact, the experimental dihadron azimuthal distributions in which the
associated particle is hard (1< pt < 2.5GeV), as those in [21], show a large angle correlation at
∆φ = π−1.2 which corresponds to our expectations. On the other hand, those dihadron distribution
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Figure 4: Non Isentropic excitations. Associate yield dependence for fixed source sizeσ = 0.75/T ,
viscosityΓs = 0.1/T, t j = 8/T, t f = 10/T. ThepT interval is 10T < pT < 20T. The two curves correspond
to energy loss,(5×)dE/dx= 10T2 (dashed) anddE/dx= 63T2 (solid). ForT = 200 MeV, these correspond
to dE/dx= 2, 12.6GeV/ f m respectively. No large angle correlations are observed.

dominated by softer particles (0.15< pt < 4GeV) [22] show a much broader distribution, which is
consistent with the low momentum behavior observed in Fig 3.

Even though the large values required for the energy loss could be supported from the large
q̂ extracted from experimental fits [36], it is not phenomenologically acceptable that a typical jet
travels through such an opaque medium for a time long enough to develop the shock. As we will
see in section 5, expansion effects are crucial for this matter.

4.2 Non Isentropic Excitations

In this kind of excitations both the sound and the diffuson modes are excited.A source that
leads to this kind of excitation is

Jµ =
dE
dx

e−(x−rj(t))
2
/2σ2

(2πσ2)3 · (1,−1,0,0) , (4.9)

where, as before, we takeσ = 0.75/T. As opposed to the previous case, the amplitude of the
perturbation is linear in the energy loss (and independent ofσ )

Fig 4 shows the correlation function obtained for this source. We show the result for two
different values of the energy lossdE/dx= 10T2 anddE/dx= 63T2. As opposed to the isentropic
case, there is no large angle correlation for any of the energies studied.This is a consequence of
the excitation of the diffusion mode.

As we discussed in section 3, the appearance of rotational flow makes matterto move prefer-
entially along the jet direction. Thus, even though sound waves are produced in the medium, they
are not observed in the final correlation function.3

3The source studied in [26] is of the kind of Eq. (4.9). This is why no largeangle correlations are observed as a
result of the jet induced flow.
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5. Expansion Effects

The discussion of the previous sections focused on a static medium. We now study the behav-
ior of the amplitude of the Mach shock in a expanding medium as well as the effect of a variablecs

[23]. The influence of the directionality of the underlying flow was studied in[24].

5.1 Amplitude Increase

Since all our analysis is based on linearized hydrodynamics, we study a simple model for the
expansion, that of static fluid in an expanding universe (Big Bang like). For definiteness, we use
the flat Robertson-Walker metric

dτ2 = dt2−R(t)2[

dr2 + r2(dθ 2 +sin2θdφ)
]

, (5.1)

where the parameterR(t) (the instantaneous Hubble radius of our “universe”) is treated as external.
The linearized hydro equations in this space are easily expressed in terms of the variable

Gi = R5T ′0i . For sound, where the velocity field is a gradient, its space Fourier transformed is

G(t,k) = ikG(t,k) . (5.2)

The evolution equation ofG is that of a harmonic oscillator with variable mass and frequency,

∂η(M̄∂ηG)+ M̄ω̄2G = 0, (5.3)

wheredη/dt = 1/R, ω̄ = kcs andM̄ = M/c2
s with

1
M

dM
dη

=

(

(3c2
s −1)

1
R

dR
dη

)

=⇒ M =
1

TR
. (5.4)

In open mechanical systems with slowly varying parameters there is an approximate constant
of motion, the adiabatic invariant I [37]. In the case of a harmonic oscillatorI =< H > /ω , where
H is the Hamiltonian and the average is taken over phase space cycles.

In the particular case at hand, we use the adiabatic invariant to predict thevariation of the
amplitude of the sound wave. Since the spectrum Eq. (4.3) depends onv/T, the relevant quantity
is the ratio of the velocity field amplitude for a fixedk ,vk, to the T. A simple manipulation leads to

vk

T
=
√

2R3Tω̄I . (5.5)

From Eq. (5.5) and Eq. (5.4) we conclude, that as long asc2
s < 1/3, if the medium expands

the relevant amplitude for the observation of the conical flow increases. In spite of the fact that
our model does not describe the fireball at RHIC we can use this formula toget an estimate of
the effect. From hydrodynamic simulations [11, 12] we estimate the changes of the system size,
temperature andcs and we obtain a factor 3 increase of this quantity.

The increase by a factor of 3 of the relevant amplitude is crucial for the observation of the
conical flow. Thus, a wave in an expanding medium needs to have an amplitude 3 times smaller
than that in a static background to produce the same observable effects (since the amplitude grows
by the expansion). Since for the isentropic excitations the energy loss is quadratic in the amplitude
of the wave, the required energy loss in an expanding medium is 9 times smaller than in a static
one, which leads to a more phenomenologically acceptable value.
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5.2 Variable Speed of Sound

The matter created in an relativistic heavy ion collision at RHIC passes through three different
phases during its evolution: the QGP phase, where the speed of sound iscQGP

s = 1/
√

3; the hadron
gas, withcHG

s =
√

0.2 [38, 39]; and the mixed phase, where the speed of sound has a minimum
close to zero.

Since the speed of sound determines the position of the peak, such a change is reflected in the
particle production. It is possible to give a simple estimate of this effect by following the position
of the shock. From hydrodynamic simulations [11, 12] we conclude that theduration of the three
stages is comparable and of the ordertM ∼ 4fm. Thus we expect angular correlations at an angle

cosθM = c̄s = 1/τ
∫ τ

o
dtcs(t) ≈ 0.3 =⇒ ∆φ ≈ π −1.2, (5.6)

which agrees with the peak position in the experimental dihadron distributions [21, 22].
The dropping of the speed of sound leads to another interesting effect. If the speed of sound

goes to zero during the mixed phase, as it does in a first order phase transition, a reflected wave
appears at the end of this phase. In [23] we demonstrate it explicitly within thesimplified model
for the expansion outlined above. The relative amplitude of the reflected wave with respect to the
transmitted one depends on how closecs is to zero. What is more, sincecQGP

s in the QGP is larger
thancHG

s , and the times of both phases are comparable, the freeze out finds the reflected wave
moving backwards from the transmitted one.

If the QCD phase transition is first order, the interference of the reflected waves leads to the
formation of a second shock moving in the direction of the triggered particle. Its directionality
can be estimated as we did for the transmitted front. Before the mixed phase the front moves a
distanceAB= cQGP

s tM. During the mixed phase the wave stalls, resuming its motion in the hadron
gas phase, where it moves backwards a smaller distanceBC = cHG

s tM. At freeze out, the shock
front is atAC= AB−BC and since reflected waves are emitted before the mixed phase

cos(θe) ≈
AC
tM

=⇒ θe ≈ 1.4rad. (5.7)

Thus, if QCD has a first order phase transition, a second peak at∆φ = 1.4 from the trigger particle
should be observed. The experimental correlation functions [21] havea minimum at this angle
which indicates that the phase transition cannot be first order. Better theoretical and experimental
understanding is needed before drawing such a strong conclusion.

6. Conclusions

In this work we have studied the hydrodynamical response of the quark gluon plasma formed
at RHIC to the passage of an energetic particle. We have assumed that significant part of the energy
lost by the parton is thermalized and incorporated into the hydrodynamical evolution of the system.
We have also shown that the response of the medium is not unique.

By studying the modified flow fields far away from the particle, where the linearized approxi-
mation is applicable, we have identified two excitation mechanisms: isentropic excitations, where
significant entropy is not produced, and non isentropic excitation, where it is. In the former only
sound waves are formed while in the later also the diffuson mode is excited.

10
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We have also studied the effect that this induced field has on the dihadron distribution associ-
ated with a jet. If the excitation is isentropic, large angle correlations at∆φ = π −1.2 appear as
a result of the Mach cone formation which agree with experimental results [21, 22]. Even though
in a static medium the required value of the energy loss is large (dE/dx≈ 12GeV/fm), expansion
effects reduce the necessary loss todE/dx≈ 1.5GeV/fm

Expansion effects are also the responsible for the change of the speedof sound along the matter
evolution. If the QCD phase transition is first order (vanishing speed of sound at the mixed phase),
then reflected waves should appear, leading to a peak in the correlation functions at∆φ = 1.4 with
respect to the trigger particle. This correlation is not observed. If the appearance of the reflected
wave resists further tests, the non observation of this peak implies that the QCD phase transition
cannot be first order. However, further work is needed before drawing such a strong conclusion.

Finally, we would like to mention that conical flow has been also found within the context the
AdS/CFT correspondence. In [40] the modification of the stress tensor of a N = 4 SUSYplasma
by a high energy particle is studied at strong coupling. It is found that the high energy particle
excites sound and leads to the formation of a Mach front. This is remarkable, since it is a fully
dynamical calculation, in which no assumption about thermalization nor hydrodynamical behavior
is made. These results are very encouraging and further computations within this context may shed
light about the details of the jet medium interactions at RHIC.
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