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From our previously obtained shear viscosity to entropy density ratio (n/s) in the framework of
clustering of color sources (Color String Percolation Model: CSPM), we calculate the jet quenching
parameter ¢ and trace anomaly A = (¢ — 3p)/T* as a function of temperature. It is shown that
the scaled §/T® is in agreement with the recent JET Collaboration estimates. The inverse of 1/s is
found to represent A. The results for A are in excellent agreement with Lattice Quantum Chromo
Dynamics (LQCD) simulations. From the trace anomaly and energy density ¢, the equation of state
is obtained as a function of temperature and compared with LQCD simulations. It is possible that
there is a direct connection between the 7/s and A. Thus the estimate of transport coefficient 1/s
provides ¢ and A as a function of temperature. Both A and 7n/s describe the transition from a

strongly coupled QGP to a weakly coupled QGP.

PACS numbers: 25.75.-q,25.75.Gz,25.75.Nq,12.38.Mh

I. INTRODUCTION

The main aim of the heavy ion collision experi-
ments at RHIC and LHC have been to understand
the QCD phase transition and properties of the cre-
ated dense quark matter. Measurements at RHIC
and LHC have shown that the matter produced is
a strongly coupled QGP and behaves like an almost

perfect liquid [1-5].

Another observation made in central collisions
of heavy ions is the suppression of single inclusive
hadron spectra at large transverse momentum ﬂa]
This phenomena of jet quenching indicates that the
produced matter is opaque. Therefore, jet quench-
ing can tell us the properties of the created hot dense
matter by the energetic partons passing through the
medium and is defined by the jet quenching param-
eter ¢, which is related to another transport coeffi-
cient, the shear viscosity to entropy density ratio /s
ﬂj, ] Both /s and A have been obtained in quasi-
particle models and the Nambu-Jona-Lasinio
model(NJL) as well.

The phase transition and ¢ have been studied in
the framework of dynamical holographic QCD model
[13]. Tt is found that both ¢/73 and A peak around
the critical temperature. This indicates that ¢ can
characterize the phase transition ﬂﬂ]

In this Letter, we have used our previous work on
n/s to evaluate ¢ [14]. We show that the inverse of
n/s is a good representation of the trace anomaly
A= (e—3p)/T+.

II. SHEAR VISCOSITY TO ENTROPY
DENSITY RATIO 75/s

In our earlier work the shear viscosity to entropy
density ratio 7/s was obtained in the framework of
kinetic theory and the string percolation ﬂﬂ] In
the Color String Percolation Model (CSPM) the
relevant parameter is the transverse string density
& = NyS1/S, where Ny is the number of strings, S;
the transverse area of a single string, S; = 7 and
S, the overlap area of the collision, which depends
on the impact parameter ﬂﬁ, [16]. The following ex-
pression was obtained for n/s [14].
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s 5(l—e %) )

where T is the temperature and L is the longitudinal
extension of the source ~ 1 fm [17]. The tempera-

ture is expressed as [17, [1§]

2
1=\ 2

(2)

(p?)1 is the average transverse momentum squared
of particles produced from a single string. F() is
the color suppression factor and is related to the
percolation density parameter & ﬂﬁ]

Fle) = | Lo 3)
&

The connection between ¢ and the temperature T'(€)
involves the Schwinger mechanism (SM) for particle
production. The Schwinger distribution for massless
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particles is expressed in terms of p? ﬂE, @]

dndp? ~ e~PH /" (4)
where the average value of the string tension is (z?).
The tension of the macroscopic cluster fluctuates
around its mean value because the chromo-electric
field is not constant. The origin of the string fluctu-
ation is related to the stochastic picture of the QCD
vacuum. Since the average value of the color field
strength must vanish, it can not be constant but
changes randomly from point to point ﬂﬂ] Such
fluctuations lead to a Gaussian distribution of the
string tension, which transforms SM into the ther-
mal distribution [21]

o
<m2>)

dn/dp? ~ " (5)
with (@2) = 7(p2)1/F ().

The string percolation density parameter £ which
characterizes the percolation clusters also deter-
mines the temperature of the system. In this way
at & = 1.2 the connectivity percolation transition
at T(¢.) models the thermal deconfinement transi-
tion. We adopt the point of view that the exper-
imentally determined universal chemical freeze-out
temperature (Ty) is a good measure of the phase
transition temperature, T, [22]. (p2); is calculated
at £ = 1.2 using the T; = 167.7 + 2.6 MeV [23].

This gives v/(p?)1 = 207.2 &+ 3.3 MeV which is close
to ~ 200 MeV used in a previous calculation of the
percolation transition temperature ﬂﬂ]

Figure [[l shows 7/s as a function of the tempera-
ture [14]. The lower bound shown in Fig. Mis given
by the AdS/CFT conjecture [24]. The results from
Au+Au at 200 GeV and Pb+Pb at 2.76 TeV colli-
sions show that the n/s value is 2.5 and 3.3 times
the KSS bound [24]. The CSPM values of /s as
obtained using Eq. () can be lowered by 15 % due
to the slightly lower value of L at higher densities.

In CSPM 7/s is not needed to reproduce the ellip-
tic flow and higher harmonics. The cluster formed
by the strings has generally an asymmetric form in
the transverse plane and acquires dimensions compa-
rable to the nuclear overlap. This azimuthal asym-
metry is at the origin of the elliptic flow in CSPM.
The partons emitted at some point inside the cluster
have to pass through the strong color field before ap-
pearing on the surface. The results of the simulation
for different harmonics are in reasonable agreement
with the experimental data on the p; and centrality
dependencies [25, 26].

It has been observed that 7/s has minimum in
the phase transition region in systems like helium,
nitrogen, water, and many other substances ﬂﬂ, @]
Thus it shows the location of the transition from
hadrons to quarks and gluons or crossover in QCD.

Our results show that the fall and rise of /s as a
function of temperature is necessary to keep va(p;)
almost constant in going from RHIC to LHC energies
as observed in ref. [29].
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FIG. 1: (Color online) n/s as a function of temperature
T using Eq. (@) [14]. Au+Au at 200 GeV for 0-10%
centrality is shown as solid blue square ﬂﬂ] The esti-
mated value for Pb+Pb at 2.76 TeV for 0-5% centrality
is shown as a solid blue square. The meson gas value for
n/s ~ 0.7 is shown as solid black circle at T ~ 150 MeV
g] The lower bound shown is given by the AdS/CFT

.

III. 7n/s TO SCALED JET QUENCHING

PARAMETER ¢/T?

The small shear viscosity of the QGP implies
strong jet quenching. It has been suggested that the
G can also be used to measure the coupling strength
of the medium. The shear viscosity 1 of a weakly
coupled plasma can be related to the transport pa-
rameter for a thermal parton ¢ ﬂ, ]

n 3 T3
s ~¥3 3 (6)
The relation associates a small ratio of 7/s to a
large value of ¢. A large amount of theoretical work
has been done to extract the jet transport parame-
ter from jet quenching at RHIC and LHC energies
[6-18, 31]. The latest study by the JET Collabora-
tion has extracted or calculated ¢ from five differ-
ent approaches to the parton energy loss in a dense
medium. The evolution of bulk medium in the study
was given by 241D or 3+1D hydrodynamic models

with the initial temperatures of Tiqe = 346-373

400



MeV and TLH Igém = 447-486 MeV for most central
Au+Au collisions at \/syn = 200 GeV and Pb+Pb
collisions at \/syn = 2.76 TeV respectively. The
variation of ¢ values between different models can be
considered as theoretical uncertainties. One there-
fore can extract its range of values at RHIC and

LHC |d, [31].

i ~ [4.5+£1.3 at RHIC (7)
T3 ~ 13.7+1.4 at LHC >

at the highest temperatures reached in the most cen-
tral Au+Au collisions at RHIC and Pb+Pb colli-
sions at LHC. The corresponding absolute values for
G(GeV?/fm) for a 10 GeV quark jet are,

~ __ ;1.24£0.3 T=370MeV
4=~ {19507 T=170MeV > (8)

at an initial time 79 = 0.6 fm/c. The temperature
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FIG. 2: (Color online) Scaled jet quenching parameter
T% as a function of the temperature. The values shown
in solid blue squares Hydro(RHIC) and Hydro(LHC) are
given by Eq. (). The CSPM values are shown in green
solid squares (CSPM(RHIC) and CSPM(LHC) for tem-

peratures ~193 and ~262 MeV at RHIC and LHC ener-
gies, respectively [14].

dependence of scaled jet transport parameter Tig is
shown in Fig. The CSPM values are shown as
solid green squares while the theoretical values are
shown as blue squares. It is observed that CSPM
values are in agreement with the JET Collaboration
results.

IV. 1n/s AND TRACE ANOMALY A

The trace anomaly (A) is the expectation value of
the trace of the energy-momentum tensor, (©) =

(e — 3p), which measures the deviation from confor-
mal behavior and thus identifies the interaction still
present in the medium HE] We consider the ansatz
that inverse of 1/s is equal to trace anomaly A. n/s
is in quantitative agreement with (¢ — 3p)/T* over
a wide range of temperatures ﬂﬁ, @] This result
is shown in Fig. The minimum in n/s ~ 0.20
determines the peak of the interaction measure ~
5 in agreement with the recent HotQCD values [35).
This happens at the critical temperature of T, ~ 175
MeV. Figure Bl also shows the results from Wupper-
tal Collaboration @] As mentioned earlier in Sec.1I
that n/s can be lower by ~ 15% at high densities.
This has the effect of increasing A. The peak value
of A = 4.88 increases to 5.61.

The maximum in A corresponds to the minimum
in n/s. Both A and n/s describe the transition from
a strongly coupled QGP to a weakly coupled QGP.

We are not aware of any theoretical work which
directly relates the trace anomaly with the shear vis-
cosity to entropy density ratio. However, the bulk
viscosity ¢ is related to both A and 7 [37]. A de-
tailed study based on low energy theorms and the
lattice result for A shows that (/s rises very fast
close to the critical temperature in such a way that
its value at temperatures higher than 7" > 1.17, is
quite negligible [38].

It was observed that ¢ scales as aln where ay is
the coupling constant. The trace anomaly A is pro-
portional to o2 M] There are many other works
in which A and 7/s have been obtained separately

[1d, [39, l4d, [42].

V. EQUATION OF STATE EOS : THE
SOUND VELOCITY (C?

An analytic expression for the equation of state,
the sound velocity C? is obtained in CSPM. After
the initial temperature 7' > T, the CSPM perfect
fluid may expand according to Bjorken boost invari-
ant 1D hydrodynamics ﬂﬁj The input parameters
the initial temperature T, the initial energy density
g, and the trace anomaly A are determined by data.
The Bjorken 1D expansion gives the sound velocity

1dr

T = —CYr Q
de
i —Ts/T (10)

where € is the energy density, s the entropy density,
7 the proper time, and Cy the sound velocity. Since
s=¢c+p/T and p = (¢ — AT*)/3 one gets

dr

—s=C" 11

s = (11)
From above equations C? can be expressed in terms
of &
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FIG. 3: (Color online) The trace anomaly A = (¢ —
3p)/T 4 vs temperature. Red solid squares are from
HotQCD Collaboration @ Green triangles are from

Wuppertal Collaboration ]. The CSPM results are
shown as solid blue circles and is obtained as A =
1/(n/s) 34].

02 = (~0.33) ( et 1) +
s ' 1—e¢

@ (22 (=) w

Since there is no direct way to obtain pressure in
the CSPM, we have made the assumption that A =
(e —3P) =~ 1/(n/s) . Fig. @ shows a plot of C? as
a function of T'/T,. It is observed that the CSPM
results are in very good agreement with the lattice
calculations @] This suggests that the A can be
approximated to 1/(n/s).

VI. DISCUSSION

We have shown that the inverse of the shear vis-
cosity to entropy density ratio is able to give good
description of the trace anomaly. The jet quench-
ing transport coefficient ¢ is also obtained using the
relation with n/s. It is observed that scaled jet

quenching parameter shows a pronounced maximum
close to the critical temperature as seen in the trace
anomaly. This indicates that jet quenching param-
eter can characterize the phase transition ﬂﬁ, ]
It has been also shown, with in a phenomenologi-
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FIG. 4: (Color online) The speed of sound from CSPM
(red circles) and Lattice QCD-p4 versus T'/T. (blue dash
line) [44].

a pronounced peak near the critical temperature
Jad, la7).

The clustering of color sources has shown that
the determination of n/s as a function of temper-
ature is an important quantity that relates to an-
other transport coefficient, ¢ and the trace anomaly
A. The main assumption of the present approach is
that the inverse of 1/s represents the trace anomaly,
A = (¢ — 3p)/T#. The clustering of color sources
(percolation) provides us with a microscopic par-
tonic picture that connects the transport properties
of the QGP to its thermodynamics.

VII. ACKNOWLEDGMENT

This research was supported by the Office of Nu-
clear Physics within the U.S. Department of En-
ergy Office of Science under Grant No. DE-FG02-
88ER40412.

[1] 1. Arsene et al. (BRAHAMS Collaboration), Nucl.
Phys. A 757, 1 (2005).

[2] B. B. Back et al. (PHOBOS Collaboration), Nucl.
Phys. A 757, 28 (2005).

N



[3] J. Adams et al. (STAR Collaboration), Nucl. Phys.
A 757, 102 (2005).

[4] K. Adcox et al. (PHENIX Collaboration), Nucl.
Phys. A 757, 184 (2005).

[5] B. Muller and J. Schukraft and W. Wyslouch, Ann.
Rev. Nucl. Part. Sci. 62, 361 (2012).

[6] K. M. Burke et al. (The Jet Collaboration), Phys.
Rev. C 90, 014909 (2014).

[7] A. Majumder, B. Muller and Xin-Nian Wang, Phys.
Rev. Lett. 99, 192301 (2007).

[8] Jorge Casalderrey-Solana and Xin-Nian Wang,
Phys. Rev. C 77, 024902 (2008).

[9] V. Chandra and V. Ravishankar, Eur. Phys. J. C
64, 63 (2009).

[10] A. S. Khvorostukhin, V. D. Toneev and D. N.
Voskresensky, Phys. Rev. C 83, 035204 (2011).

[11] S. Plumari, W. M. Alberico, V. Greco and C. Ratti,
Phys. Rev. D 84, 094004 (2011).

[12] M. Bluhm, B. Kampfer and K. Redlich, Phys. Rev.
C 84, 025201 (2011).

[13] D. Li, J. Liao and M. Huang, Phys. Rev. D 89,
126006 (2014).

[14] J. Dias de Deus, A. S. Hirsch, C. Pajares, R. P.
Scharenberg and B. K. Srivastava, Eur. Phys. J.
C72, 2123 (2012).

[15] M. A. Braun and C. Pajares, Eur. Phys. J. C 16,
349 (2000).

[16] M. A. Braun, F. del Moral and C. Pajares, Phys.
Rev. C 65, 024907 (2002).

[17] J. Dias de Deus and C. Pajares, Phys. Lett. 642,
455 (2006).

[18] R. P. Scharenberg, B. K. Srivastava and A. S.
Hirsch, Eur. Phys. J. C71, 1510 (2011).

[19] J. Schwinger, Phys. Rev. 128, 2425 (1962).

[20] C Y. Wong, Introduction to high energy heavy ion
collisions, 289 (1994).

[21] A. Bialas, Phys. Lett. B466, 301 (1999).

[22] P. Braun-Munzinger, J. Stachel and Christof Wet-
terich, Phys. Lett. B596, 61 (2004).

[23] F. Becattini, P. Castorina, A. Milov and H. Satz,

Eur. Phys. J. C66, 377 (2010).

[24] P. K. Kovtun, D. T. Son and A. O. Starinets, Phys.
Rev. Lett. 94, 111601 (2005).

[25] I. Bautista, J. Dias de Deus and C. Pajares, Eur.
Phys. J. C72, 2038 (2012).

[26] M. A. Braun, C. Pajares and V. V. Vechernin, Nucl.
Phys. A C14, 906 (2013).

[27] L. P. Csernai, J. I. Kapusta and L. D. McLerran,
Phys. Rev. Lett. 97, 152303 (2006).

[28] J. Liao and V. Koch, Phys. Rev. C 81, 014902
(2010).

[29] S. Plumari, V. Greco and L. P. Csernai,
arXiv:1304.6566.

[30] M. Prakash, M. Prakash, R. Venugopalan and G.
Wileke, Phys. Rep. 227, 321(1993).

[31] Xin-Nian Wang, larXiv:1403.3541

[32] M. Cheng et al., Phys. Rev. D 81, 054510 (2010).

[33] R. P. Scharenberg, PoS 017 (CPOD 2013).

[34] B. K. Srivastava, Nucl. Phys. A 926, 142 (2014).

[35] P. Petreczky, Lattice 2012, Cairns, Australia, 2012.

[36] S. Borsanyi et al., Phys. Lett. 730, 99 (2014).

[37] T. Schafer and D. Teaney, Rep. Prog. Phys. 72,
126001 (2009).

[38] F. Karsch, D. Kharzeev and K. Tuchin, Phys. Lett.
663, 217(2008).

[39] S. Plumari et al., Phys. Rev. D 84, 094004 (2011).

[40] M. Bluhm, B. Kampfer and K. Redlich, Phys. Rev.
C 84, 025201 (2011).

[41] A. S. Khvorostukhin, V. D. Toneev and D. N.
Voskresensky, Phys. Rev. C 83, 035204 (2011).

[42] R. Marty et al., Phys. Rev. C 88, 045204 (2013).

[43] J. D. Bjorken, Phys. Rev. D 27, 140 (1983) .

[44] A. Bazavov et al., Phys. Rev. D 80, 014504 (2009).

[45] J. Liao and E. Shuryak, Phys. Rev. Lett. 102,
202302 (2009).

[46] M. Bluhm and M. Nahrgang, larXiv:1209.3507.

[47] P. Castorina, D. E. Miller and H. Satz, Eur. Phys.
J. C 71, 1673 (2011).


http://arxiv.org/abs/1304.6566
http://arxiv.org/abs/1403.3541
http://arxiv.org/abs/1209.3507

