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Speed of sound of a non-equilibrium medium formed at LHC energies
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We estimate the squared speed of sound for the hot and dense QCD states formed in ion collisions at very high energies by exploring the
implications of small-bounded and geometry effects in the Color String Percolation Model. The squared sound velocity shows signals of a
local minimum (knee point) below the critical temperature consistent with the softest point in the equation of state and the onset of quark
deconfinement that characterizes the quark-gluon plasma phase transition.
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1. Introduction

A successful way to characterize the properties of quark- w
gluon plasma (QGP) is to use the relativistic dissipative hy- g
drodynamics formalism [1-3]. In which one of the most im-

portant quantities appears, the speed of satynfd]. This o
thermodynamic observable carries important information in .-,»‘("' s &
describing the evolution of the fireball in heavy ion collisions g’{ P

and is a measurement of particle density and mean free path. i Q

The speed of sound is especially important in the study of
QCD phase transition given that its value affects the dynam-
ics of density perturbations making it a fundamental prop-
erty of strongly interacting matter. Many attempts in esti- FIGURE 1. Sketch of two colliding protons where a set of color
mating thec2 value in QCD matter have been performed in flux tubes is formed representing the interaction between partons.
LQCD [5-9], (P)NJL model [2, 10, 11], quark-meson cou-
pling model [12, 13], hadron resonance gas (HRG) modeing among the colliding partons and carry a fraction of the
[14, 15], field correlator method (FCM) [16, 17] , quasipar- Partons momentum, as pictorially illustrated in Fig. 1.
ticle model [18], and is usually extracted from the width of ~ The color flux tubes project their transversal areas into an
Gaussian rapidity distribution data described by the Landainteraction area over the impact parameter plane, the trans-
hydrodynamic model [19-22]. verse strings formed are represented by fully penetrable disks

In this work, we estimate the? dependence with temper- (as seen in Fig. 1), and we estimate the effective projection
ature in the framework of the Color String Percolation Modelarea of disks from the parton-parton cross sectio.5 mb
(CSPM) by introducing small-bounded effects leading to a[24].
relevant deviation from the thermodynamic limit (TL). The The collective phenomena are studied from the 2-
content of the manuscript is organized by the following: Indimensional continuum percolation theory applied to color

Sec. 2, we introduce the basics of CSPM, explaining the efstrings, which can overlap each other giving rise to different
fects of clustering formation and we purpose a parameteriregions called color sources.

zation that considers small-bounded effects introduced inthe g geen in Fig. 2, a certain number of strinyscreated
percolating system. In Sec. 3 we establish the formulation of, 16 ¢ollision event with ares, are distributed over the to-
thermodynamic observables in the framework of the CSPMyy interaction ares. For characterizing the system we use
The formulation ofc? is given in Sec. 4 and, finally, we dis-

h i the filling factor which depends on the area fraction occu-
cuss the results of this work in Sec. 5.

pied by a determined number of strings over the transverse
plane [25]:

2. Color string percolation model €= NSy/S. )

In the picture of the CSPM, the interaction between colliding

nucleons is represented by the formation of extended color The number of initial strings depends on the nucleon
flux tubes (Lund model-like strings [23]) which are stretch- number, multiplicity, and energy of the colliding system. The
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distribution that gives rise to a thermal distribution charac-
terized by the mean transverse momentum of a single string

(pt)o = (@?)Fy(8)/m [25,38]:

dN 2F,
T e (—pT <p%(>i)> , @)

from where we obtain an estimated temperature:

2
FIGURE 2. Scheme of = 15) transverse color strings over in- (&) = <pT>0 (5)

teracting (gray) are4. -~V 2F()

growth of the strings’ number allows the formation of a span-We consider the critical temperature in terms of the percola-
ning cluster marking a geometric phase transition in the contion threshold, which is defined as the critical string density
text of percolation theory. &.. Itis important to mention thafF(¢) requires the cor-
The vectorial sum of the color fields on each color sourceespondings,. to be determined not in the thermodynamic
contributes to the cluster giving a decrease in multipligily ~ limit. The value ofé,. falls between 0.5 and 0.72 [29] and

produced byV single strings [25—-27]: F(&s.) Is very close taF'(¢..), whereg,. ~ 1.128 is the per-
colation threshold in TL [39]. Therefore, we have chosen to
p= ol (N @ compare the results usirg(¢.) by consideringl, = T'(¢c),
The multiplicity is damped by an emerging functional scalingthat isT/T,. = 0.87995// F(§).
from the clustering formatiod’'(¢), the so-called Color Re- With this choice, we observe a shift in the critical temper-

duction Factor [28]. This function increases with the stringature compared to what has been previously reported in the
tension of the cluster and the average momentum fraction dhermodynamic limit [25, 26]. It is now reachedét- 0.571
the partongp?.) = (p2.)o/F (£). for F,(¢). For the subsequent calculations, we consider the
In the thermodynamic limitf'(¢) depends ol distribu-  critical temperaturd, = 154 £ 9 as reported in Ref. [40].
tionasF(¢) = /(1 —e=%)/£ [25].
The recent Monte Carlo results that took into account theg 5. Energy density
correction with size, initial geometry of the overlapping area,
and profile distribution function [29,30] are taken for parame-The energy density scales with the number of degrees of
terize the largest deviation from the TL behavior by introduc-freedom “observed” in the medium, and its rapid growth

ing a modification on thé’(¢) adding an additional damping marks the phase transition from Hadron Gas (HG) to QGP.

term: It was found that exist a direct relation between string
density¢ and energy density, given that¢ is the local or-
Fs(€) = F(§)(m + ev/coth(§/2)), (3) der parameter in the CSPM geometric phase transition [25].

The energy density from the Bjorken boost invariant 1D hy-
drodynamics formula [41] is found to be proportional&o
n{25,42,43]. So, we use the relatien= ¢ to estimate energy
density, withs = 0.5601 GeV/fm?.
The values of the critical energy density, correspond-

. ing to e(7,.) are in betweer).5558 GeV/fm® and 0.7638
3. Thermodynamic observables GeV/ind.

wherem = 0.7714731 £ 0.01468 is a weight parameter of
the TL contribution taF'(£), andc = 0.0609589 £ 0.007527

is the corresponding weight parameter of the deviation fro
the usual conditions considered in the percolating system.

The CSPM has described successfully the collective ef- ]
fects on heavy ion collision’s medium formed at RHIC and3-3- Equation of state

LHC energies through the estimation of certain observables _ .
[25,26,31-37]. In the following, we introduce some of the Trace anomalyA measures the deviation with respect to the

necessary thermodynamic quantities that can be obtained ﬁpnformal behavior identifying residual interactions in the
the framework of this model medium formed [44—46], its value makes the connection be-

tween quantum field theory phenomena and medium proper-
3.1. Thermal distribution ties. This observable is closely related to the medium’s trans-

port coefficients. It has been observed qualitatively that the
Thermal distribution involves the Schwinger mechanism fortrace anomaly can be approximated as the inverse of shear
non-massive particles and is given bypa squared expo- viscosity over entropy density [47, 48], The shear viscos-
nential. Color interactions cause the string tension to flucity to entropy density ratio is defined in the context of ki-
tuate around its mean value?) described by a Gaussian netic theory as)/s = AT/5, whit A the mean free path
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~ 1/(noy) wheren ~ nFy(£)/(LS) is the density num- & p 7 = "~ T 7 70 00T n Tt T

ber ando,,. ~ F,(£)S, the transport cross section [49]. By E‘;‘f;fm ——
using Eq./1): 00 3 asqtad g = ‘
no _TL © e P
s BEF2(E)’ N
with L ~ 1 fm the longitudinal extension of color strings. 0.20 /‘

-

The trace anomaly gives us the first step to construct a
relation between the pressufe and energy density through

-JI\I|JI\I|IlII‘IlIIlIIIIlII'FI

l|||||Illlllll|¥II|III\|\III|\I\I|I

the relat|0m4A =& — 3P [47, 48] 0.10 String Percolation Model
Al w1+ Thermodynamic Limit
£ — 3P 5€F82 (g) 0.05 / = == Max deviation
1 ~ . (7) ~ Effective region
T TL /
oo
. . . . . 0.8 1.0 12 14 1.6 1.8
Finally, we use the relation at vanishing chemical poten- /T,

tial T's = P+¢ in order to introduce the entropy density [41]. 5 . _
FIGURE 3. Dependence of; with T'/T, calculated in the CSPM

framework using Eq.8), the effective estimate region (cyan area),
4. Speed of sound our parameterization (red dashed line) and thermodynamic limit

(black dotted-dashed line) are shown. The magenta circles are
The first harmonic flow components of the system are nonthe HISQ action extrapolated results from the HotQCD Collabo-
neglectable due to the non-zero effect of bulk viscous presration [6]. Meanwhile, the maroon and green triangles correspond
sure which affects the energy density profile converting itto p4 and asqtad staggered fermion actions respectively, with their
into pressure gradients measured by the speed of sgund respective parameterization in continuum lin@f [
[43]. This effect is related to the small perturbations in the ) i .
medium [43] and by using a known thermodynamic relation®S well as the highly mproved staggered quark action from
which can be expressed in terms of CSPM observables [41]the HOtQCD Collaboration [6].

, (OP\ _ [9T\ _ sT dF, o .
“=\oe) ~°\oc),” "2F, de ® 5. Conclusions

In Fig. 3, we plot the dependence ¢f with T/T,. It ~ We have introduced a modification to the CSPM through one
is important to mention that the use Bf(¢) exhibits a dif-  of its main parameters allowing a better description of the
ferent behavior compared to what was previously reportedulk properties and transport coefficients of non-equilibrium
[25, 35, 36,43]. Specifically, a large deviation from TL is ob- systems. Our results of thermodynamic quantities values,
served in the region below the critical temperature, displayspecifically the speed of sound, are in agreement with the
ing a “dip-and-bump” effect. This behavior is in agreementLQCD predictions.
with other phenomenological models [11] and is consistent  With this new perspective, we can extend the application
with findings reported from LatticeQCD simulations using of CSPM to describe the experimental data frpmto AA
the 2+1 flavor staggered fermion actions p4 and asqtad [42Follisions at very high energies.
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