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1. Introduction

Jet Quenching, the suppression of high momentum particles, is one of thefmdjogs at
RHIC [[-[4]. This strong suppression is due to the energy loss of mattaversing the hot and
dense matter formed in ultrarelativistic heavy ion collisions. Different mdshansuch as radia-
tive [§—[8), collisional [p] and ionization[J10] losses have been pregdds explain the observed
suppression.

On the other hand, the bulk of matter formed at RHIC can be successfsityibed by ideal
hydrodynamics[[J1] 12] and exhibits very strong collective effects suscradial and elliptic flow
[L3, [L4]. The study of viscous effects in these flojvg [15] indicate thawtbcosity of the Quark
Gluon Plasma at RHIC is very small, close to the minimal conjectured bduhd [} fact,
among others, has motivated the suggestion that the QGP formed at RHIGnglstcoupled
(SQGP) [I11.

The good hydrodynamic behavior of the QGP indicates that the modification ttémaas a
consequence of the jet passage induces collective effetts [18gr thmelassumption that most of
the energy lost by the jet is shared among the matter constituents and evethteiatiplized, we
suggested 149, 0] that a conical flow appears as a consequethed@fmedium interaction. This
flow can be understood as sound emission from the jet. Since the mediudo$seend is smaller
than the speed of the particle propagation, a Mach shock wave is foree&ig[1).

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

C0SBy = Cs. (1.1

The experimental correlations measured by the PHEINIK [21] and STARc[@laborations peak
at an azimuthal anglA@ = m— 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 hydraajcg on a static
medium [I9[20] as well as in a medium with a variable speed of squid [28].sTudy of flow
effects on the sound propagation was performelih [24]. An attempt tod@eluealistic medium
has been made ifi [25] and the non linear hydrodynamic response to thasjstudied with 2+1
dimensional hydro codg [P6]. Transport model calculations have aisies the modification of
the dihadron distributions, which are in agreement with the formation of ddtoea[R7).

Other sources of large angle correlations, in which the lost energy islepisited in the
medium, have been suggested. A similar Mach-like front can be formedtfreplasmon([[28] or
from the transverse modes of the gauge fieldk [29 — 31] (Cerenkéticay, as long as the speed
of propagation of the corresponding mode in plasma is smaller than onee hagie medium
induced radiation has been also studied i [3®, 33][ Th [33] it has Hemmrsthat demanding that
only one gluon is radiated from the propagating parton by the inclusion oflakev factor leads to
a radiated gluon distribution which is similar to the experimentally observed dihatistribution.
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trigger jet

Figure 1: A schematic picture of the flow created by a jet moving throtigh fireball. The trigger jet
is moving to the right away from the origination point (theatk circle at point B). Sound waves start
propagating as spherical waves (the dashed circle) frorrigation point. The companion quenched jet
is moving to the left creating a wake of matter (shaded afHad.head of the jet is a non-equilibrium gluonic
shower formed by the original hard parton (black dot A). Thkdsarrow indicates the flow velocity which
is perpendicular to the shock cone at the arfiglecog 6y ) = cs/c ~ 0.55.

Finally, in [B4] it is argued that the deflection of the leading parton by the mediay explain the
observed modifications.

2. Interplay of Jetsand Medium

The passage of a high momentum particle through the quark gluon plasmé&eansdifica-
tion of the local properties of the medium. This modification changes its hydeodi¢ evolution
and can be described by adding a source to the conservation equation:

The source¥ encodes the medium excitation and thermalization process. Froi Bq. (2.1) itis
easy to see that the total 4-momentum transferred to the hydro fields ishyiven

u .
ddF; _ / P 2.2)

Unfortunately, the constraint Eq. (R.2) is not enough to specify theceobiAs we will see in
section{ B, different sources that fulfill Eq. (2.2) lead to very difféxrservable consequences.

The space time dependence of the sourseultimately determined by the microscopic mech-
anism that describes the jet-medium coupling, which is unknown. Since thé inddification of
the hydrodynamic fields is large ]19], we expect a complicated functiamad for this source.

In this work we study, in a static background, the different types of flommpatible with
Eqg. (2.2) without specifying a source. In sect[pn 3, by analyzing theceddlow far from the jet
we discover two types of excitation mechanisms. Their observable carssegiare studied in

1the addition of any total derivative tbwould also satisfy Eq.2)
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section by specifying sources compatible with the different mechanisnsection[p we study
some expansion effects and we finish with some conclusions.

3. Excitation Mechanisms

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

Sound: propagating mode with an irrotational velocity fielg (vhich can be described via a
scalar potentiap such thaffv = O¢ [BH]. Its evolution equation is

0%¢ — c20%¢ — 6029 = 0. (3.1)

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

3
4
In Eq. 3:1) and Eq.[(3.2)s = 4n/3Tsis the sound attenuation length, withthe shear
viscosity T the temperature argithe entropy density of the fluid.
To proceed further, we consider a parton moving in a static QGP with a fededity v along
the —X direction. We assume that the parton has traveled for a long time such théibaasta
situation has been reached. With this assumption, the solutions fdr Bq. 1(8.Exa(3.R) are

T v dF/dx(€)
6= | d— (3:3)

AR = T °R;. (3.2)

X-+vt—&)2—p2p?’

A p?
expl ——5———— ¢ , (3.4)
(22 Ms(x+vt)) { (23Vrs(x+vt))}
wherep is the transverse distance to the jet gfd= v?/c2 — 1. In these expressiomt /dx(&)
andA depend on the source. The functidR /dx(&) can be interpreted as the flux of entropy per
unit length out of an infinite cylinder surrounding the jet. The constecdn be related to the total
entropy produced by the interaction/thermalization procesg E{. (3.8).

A sketch of the velocity field along the jet direction can be seen in[fFrig. 2. dimedswaves are
concentrated along the Mach direction Eg.](1.1) and propagate to lorsy¢rae distances from
the jet. The diffuson field, directed towards the jet propagation, is ctrated along the jet axes
within a transverse sizEy 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 pastdrame.
Since in this frame the fields are static, we compute the 4-momentum flux out off @ybnder
surrounding the jet. This is the energy and momentum lost by the jet whiclpmedes into the
evolution of the fluid. Denoting b€ a long cylinder surrounding the jet adcthe end cup to the
right of jet, the energy lost per unit proper time is given by,

dE;

_ — 0p)’ 0x)/ ox\/
- /C(T ) LT ZO(T ) (3.5)
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Figure 2. Sketch of the flow picture in the jet rest frame. The sound camept of the velocity field
(wavy region) propagates out of the source and leads to d distirbance at large distances. The diffuson
part(circled region) remains concentrated along the jst\aithin a transverse size that grows #g.

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

_dg__ d§ dEf _ dSf (3.6)
dr '

dar ~Vdr " dr
whered EjR/dT, d$/dr are the energy and entropy rates carried by the diffuson mode.

To this point we have not made any assumption about the energy and mondsgasited by
the jet. From now on, we will assume that the particle propagates almost brvghieh means
that the energy and momentum in the fluid rest frame are linkedEyylt = vdP/dt, which in the
jet rest frame means

d§;
dr

From Eq. [3:p) and Eq[(3.7) we conclude that if the interaction mechanistduges sig-
nificant entropy, then rotational flow is needed. Sidég/dt = 0, the entropy production only
depends on the amplitude of the diffuson mode,

1d§ _1d§ 1 dEf
— 2 - 4 1 \sA. :
ydr ydr JrTy2 dr S (3.8)

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

~0. (3.7)

1. Isentropic excitations. The interactions of the jet and the fluid are satmthentropy is
produced in the process. In this case the energy/momentum depositeé caittlated
from the the far field sonic wave and it is quadratic in the perturbation.

2. Non isentropic excitations. The main mechanism of energy depositioegutedy transfer-
ring of heat into the fluid, creating new entropy. As a consequenceiamahflow 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 ideahiifi¢he
previous section. To do so, we need to specify a source compatible withag®ification above.
In the linearized region, the modified momentum densities are

TOH(x,t) = /dtoe(t—t0)6T°“(x—vto,t—to), (4.1)

wheredTOH(0,x — vtg) 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 thiifioaditn is

JH(x,t) = OT%(x —vt,0). (4.2)

From these modified fields we compute the spectrum of particles associatetievjigh by means
of the Cooper-Frye prescription. We use an equal time freeze ouitimond
dN dv e
€

— = T+0 b}

da?v _E 0T pv
d3p N 2m ’

=TT + T (4.3)
where V is the volume of the fireball the velocity field and E anp are the energy and momentum
of the associated particle.

Regardless of the excitation mechanisms, Eq] (4.3) indicates that the speétaw momen-

tum particles is independent of the flow field. In fact, expanding the exqtome obtain,

dN e*$ E Edep P Pdep
aN_ €7 (yiE r 4.4
&#p (2n)3< TTTs T Ts)’ (4.4)

where Egep and Pgep are the total energy and momentum deposited by the jet. Thus, the only
correlation we expect at low momentum is a(@up) of the relative angle between the momentum
of the particle and the back jet. At high momentum, on the contrary, the spewflatts the flow

field and the different excitation mechanism lead to different correlatioctions.

4.1 |sentropic Excitations

As discussed in sectidii 3, isentropic excitations are those in which only timel snode is
excited. This is achieved by the following initial modification of the momentum desgitie

C

5T%(x,0) =0, 5TY%(x,0) = Faie—fz/szz, (4.5)

whereo is the typical size in which the linearized theory is applicable, and C is the (dioméess)
amplitude. The far field solution that corresponds to this source i Efj.W&!8)
dj 2V C £2/252

dx(f) :—?gsaﬁ‘9537 , (4.6)

2Note that from Eq.2) and ECEIZ.Z) one may conclude incorrecilytktis choice carries no energy nor momen-
tum. Eq. [4p) is based is the first order relation §q] (4.1), while the emoum losses are second order §q](4.7).
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Figure 3: Isentropic Excitations.Associate yield dependence ondate pr for fixed source sizer =
0.75/T , viscosityl's = 0.1/T, t; = 8/T, ty = 10/T, and energy lossJE/dx = 10T2 (left) anddE/dx =
63T 2 (right). The label values fatE/dxcorrespond td = 200 MeV. The three curves are fof k p; < 5T
(solid), 5T < py < 10T (dotted), (3<) 10T < p; < 15T (dashed), (18) 15T < p; < 20T (dashed-dotted). (in
the upper panel all the curves are rescaled further up byterfa8). No large angle correlation is observed
for dE/dx= 10T2. FordE/dx= 63T? the position of the peak shifts towardfor lower pr.

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

dE dw dW

dat — o dt dr
dpjx déd d d d d [
= MS / & 52 F/dX(&1) ;zdF/dX(&2)In &1 — & (4.7)

This expression is well know in non relativistic fluid dynami@ [35]. For therse Eq.[(4]5),

dE _m 1C?

dx V2 sTgb’ (4.8)

The energy deposited into the fluid cannot fix the parameters of the soieewill fix
the value ofo = 0.75/T and determine the amplitude from the energy loss. Note dEstx
is quadratic in the amplitude of the perturbation.

In Fig. [3 we show the number of correlated particles for different aasopr ranges for two
different values of the energy los$E/dx = 10T? (left) anddE/dx = 63T? (right). For a typical
temperature of = 200MeV these correspond tiE/dx = 2 GeV/fm anddE/dx= 12.6 GeV/fm.

The jets are assumed to travel in the mediuntfer 8/T and the freeze out is &t = 10/T.

At moderate values of the energy loss, the perturbation is not large lenougflect the Mach
Cone in the spectrum, and the correlation function is that of low momentum psytiede [4.4).
For larger values of the energy loss, the low momentum particles also follosxgeeted behavior,
Eqg. (4.%), but as the momentum of the associated particle increases the madfitheroorrelations
shifts to the left and saturates/& = m— 6y. This qualitative behavior seems to be supported by
the experimental data. In fact, the experimental dihadron azimuthal distnbutiowhich the
associated particle is hard €1 p: < 2.5GeV), as those iM]21], show a large angle correlation at
A@ = 1— 1.2 which corresponds to our expectations. On the other hand, thoseatitdisitribution
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Figure 4:  Non Isentropic excitations. Associate yield dependencdifed source sizer = 0.75/T ,
viscosityls=0.1/T,t; =8/T,tf = 10/T. Thepr interval is 10T < pr < 20T. The two curves correspond
to energy loss(5x ) dE/dx= 10T 2 (dashed) andE/dx= 63T? (solid). ForT =200 MeV, these correspond
todE/dx= 2, 12.6GeV/ fmrespectively. No large angle correlations are observed.

dominated by softer particles.(®d < p; < 4GeV) [22] show a much broader distribution, which is
consistent with the low momentum behavior observed iJFig 3.

Even though the large values required for the energy loss could berseggrom the large
g extracted from experimental fitg |36], it is not phenomenologically acbépthat a typical jet
travels through such an opaque medium for a time long enough to develdpaitie s we will
seein sectioﬂ 5, expansion effects are crucial for this matter.

4.2 Non |sentropic Excitations

In this kind of excitations both the sound and the diffuson modes are exdtedurce that
leads to this kind of excitation is

dE e (x-1(0)°/20?

JH =
dx  (2m02?)°

'(17*170’0) ) (49)

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

Fig @ shows the correlation function obtained for this source. We showethdtrfor two
different values of the energy lod&/dx= 10T? anddE/dx= 63T?2. As opposed to the isentropic
case, there is no large angle correlation for any of the energies stuldiélis a consequence of
the excitation of the diffusion mode.

As we discussed in sectigh 3, the appearance of rotational flow makes toatteve prefer-
entially along the jet direction. Thus, even though sound waves are ggddun the medium, they
are not observed in the final correlation functién.

3The source studied irE|26] is of the kind of EtD4.9). This is why no lamgle 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. Weuthutlse behav-
ior of the amplitude of the Mach shock in a expanding medium as well as tre effe variablecs
[E3]. The influence of the directionality of the underlying flow was studief@4].

5.1 Amplitude Increase

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

dr? = dt? — R(t)? [dr? +r?(d6? + sir*6dg)] , (5.1)

where the paramet&(t) (the instantaneous Hubble radius of our “universe”) is treated asakter
The linearized hydro equations in this space are easily expressed in tetime \ariable
G =R°T%, For sound, where the velocity field is a gradient, its space Fourier tranetl is

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

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

0, (M3, G) + MG = 0, (5.3)
wheredn /dt = 1/R, @ = kcs andM = M /c2 with
1dm 2 1dR 1

In open mechanical systems with slowly varying parameters there is anxappte constant
of motion, the adiabatic invariant [[[37]. In the case of a harmonic oscillater. H > /w, 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 predicatia¢ion of the
amplitude of the sound wave. Since the spectrum [Eq. (4.3) depengd othe relevant quantity
is the ratio of the velocity field amplitude for a fixé&dv, to the T. A simple manipulation leads to

X = VoReT . (5.5)

From Eq. [5)5) and Eq[(3.4) we conclude, that as long2as 1/3, if the medium expands
the relevant amplitude for the observation of the conical flow increasespite of the fact that
our model does not describe the fireball at RHIC we can use this formattan estimate of
the effect. From hydrodynamic simulatiods][{1] 12] we estimate the charfigles system size,
temperature ands; and we obtain a factor 3 increase of this quantity.

The increase by a factor of 3 of the relevant amplitude is crucial for tiserehtion of the
conical flow. Thus, a wave in an expanding medium needs to have an areditliches smaller
than that in a static background to produce the same observable effecest{e amplitude grows
by the expansion). Since for the isentropic excitations the energy losadsaiic in the amplitude
of the wave, the required energy loss in an expanding medium is 9 times smaltenth 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 thitbuee different
phases during its evolution: the QGP phase, where the speed of sal is 1/+/3; the hadron
gas, withct® = /0.2 [B8, [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 & chagiltected in the
particle production. It is possible to give a simple estimate of this effect bywoipthe position
of the shock. From hydrodynamic simulatiofs|[L, 12] we conclude thaduhation of the three
stages is comparable and of the ortigr 4fm. Thus we expect angular correlations at an angle

T
CoBh — G — 1/r/ dtcs(t) ~ 0.3 — Agr~ - 1.2, (5.6)
(o]

which agrees with the peak position in the experimental dihadron distribugdn&?].

The dropping of the speed of sound leads to another interesting efféice $peed of sound
goes to zero during the mixed phase, as it does in a first order phastidrara reflected wave
appears at the end of this phase. [ [23] we demonstrate it explicitly withisitilified model
for the expansion outlined above. The relative amplitude of the reflectee wish respect to the
transmitted one depends on how clasés to zero. What is more, sincm'é?GP in the QGP is larger
than cg'G, and the times of both phases are comparable, the freeze out finds gutekflvave
moving backwards from the transmitted one.

If the QCD phase transition is first order, the interference of the reflegtes leads to the
formation of a second shock moving in the direction of the triggered partitdedidectionality
can be estimated as we did for the transmitted front. Before the mixed phaserhenbves a
distanceAB = CSGPtM. During the mixed phase the wave stalls, resuming its motion in the hadron
gas phase, where it moves backwards a smaller distaGce ct'Cty. At freeze out, the shock
front is atAC = AB— BC and since reflected waves are emitted before the mixed phase

cog6e) ~ f‘; = B~ L.4rad. (5.7)

Thus, if QCD has a first order phase transition, a second pe&g at1.4 from the trigger particle
should be observed. The experimental correlation functiprs [21] Aawnimum at this angle
which indicates that the phase transition cannot be first order. Betteetluvad and experimental
understanding is needed before drawing such a strong conclusion.

6. Conclusions

In this work we have studied the hydrodynamical response of the qlizok glasma formed
at RHIC to the passage of an energetic particle. We have assumed thiatangpart of the energy
lost by the parton is thermalized and incorporated into the hydrodynamiglatien 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 tined approxi-
mation is applicable, we have identified two excitation mechanisms: isentropictextavhere
significant entropy is not produced, and non isentropic excitation, evihés. 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 dihadtabwtion associ-
ated with a jet. If the excitation is isentropic, large angle correlatiodspat m— 1.2 appear as
a result of the Mach cone formation which agree with experimental refdt2f3. Even though
in a static medium the required value of the energy loss is latB¢dx ~ 12 GeV/fm), expansion
effects reduce the necessary lossEydx~ 1.5GeV/fm

Expansion effects are also the responsible for the change of theammad along the matter
evolution. If the QCD phase transition is first order (vanishing speedwidat the mixed phase),
then reflected waves should appear, leading to a peak in the correlaiitions atAg = 1.4 with
respect to the trigger particle. This correlation is not observed. If thbeajnce of the reflected
wave resists further tests, the non observation of this peak implies that tbepQ&3e transition
cannot be first order. However, further work is needed befarithg such a strong conclusion.

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