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In this study, we examine the thermal properties of themedium formed in ultra-relativistic heavy-

ion collisions at chemical freeze-out using a thermal model. We utilize experimental data on
various hadron species from0%to 5%most centralAu+Aucollisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 7:7GeV from the

STARBES program to analyze the thermal properties, namely, chemical freeze-out temperature,

baryon chemical potential, and strangeness chemical potential. We employ a �2 minimization
technique to obtain these thermal properties. Furthermore, we also obtain thermal properties

with strangeness conservation condition and at zero potentials �B=T ¼ �S=T ¼ 0. We compare

particle ratios from the thermal model with the experimental data. The thermal model describes

particle ratios within �2.5 standard deviations and �2=NDF between 1{2. We also discuss the
collision energy dependence of thermodynamic properties of the medium at freeze-out and

compare results with the published STAR results and other thermal model calculations.

Keywords: Thermal properties; quark-gluon plasma; heavy-ion collisions.

PACS numbers: 25.75.Dw

1. Introduction

Quantum chromodynamics (QCD) serves as the fundamental theory of strong

interactions. It predicts a new state of matter under extreme conditions of

V. Bairathi et al.

2443009-2

https://orcid.org/0000-0001-5854-1617
https://orcid.org/0000-0002-9744-3937
https://orcid.org/0000-0003-3093-6769
https://orcid.org/0000-0002-1364-0969


temperature and density in which quarks and gluons (partons) are no longer con¯ned

within hadronic matter. This state of matter is called quark-gluon plasma (QGP),1{4

which can be produced in experiments through the collision of nuclei at ultra-

relativistic energies. Exploring the properties of QGP is a crucial objective of high-

energy heavy-ion collision experiments.5{8

The equilibrium thermodynamic properties of QCD matter can be determined by

temperature (T) and the three chemical potentials �Q, �B and �S. The strongly

interacting system formed in heavy-ion collisions can be described by a QCD phase

diagram.9,10 By varying T and �B, di®erent phases of nuclear matter can be explored.

Figure 1 shows a schematic picture of the QCD phase diagram.11 In this diagram, the

normal nuclear matter state is at T ¼ 0 and �B � 938 MeV. At high T and �B, the

phase of decon¯ned quarks and gluons is expected to be present, while at low T and

�B, the quarks and gluons are con¯ned within hadrons.

Theoretically, the phases of QCD can be explored through numerical simulations

on a space{time lattice in a nonperturbative QCD regime, known as lattice QCD.12,13

Lattice QCD calculations at ¯nite temperature (T > 0) and zero baryon density

(�B ¼ 0) suggest that the parton{hadron phase transition evolves through a rapid

crossover.14 At ¯nite T and �B, lattice QCD15 and several QCD-based models16{19

propose a ¯rst-order phase transition. The endpoint of the ¯rst-order phase

Fig. 1. Schematic diagram of the phases of QCD plotted as the temperature (T) versus the baryon
chemical potential (�B).

9,11 The solid lines show the conjectured boundaries for various QCD phases. The

dotted curve marks the crossover transition between the hadronic and QGP matter. The solid circle

depicts the possible location of a QCD critical point.20
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transition in T-�B plane is the QCD critical point.21,22 Experimentally, the phases of

QCD can be explored by varying the center of mass energy of heavy-ion collisions.

The temperature and baryon chemical potential depend on the collision energy

(
ffiffiffiffiffiffiffiffi
sNN

p
). The Relativistic Heavy-Ion Collider (RHIC) beam energy scan (BES) and

heavy-ion program at the Large Hadron Collider (LHC) have provided a wide energy

coverage to explore the QCD phase diagram.

In relativistic heavy-ion collisions, a highly dense ¯reball of quarks and gluons is

created. The constituents of the ¯reball interact frequently, leading to the buildup of

a radially outward pressure gradient during the thermalization process. This process

leads to the space{time expansion and simultaneous cooling of the ¯reball. As the

interactions among the constituents become weak, the space{time evolution ends,

and the system undergoes chemical and kinetic freeze-out stages. The properties of

the system at freeze-out can be studied through thermodynamic parameters such as

temperature (T) and chemical potentials (�). Statistical and thermal models,

described in Refs. 23{25, can be employed to determine these freeze-out parameters.

These models utilize the �2 minimization procedure to ¯t the experimentally measure

yields and ratios of various particle species. By studying the energy dependence of

freeze-out properties, researchers can gain valuable insights into the transition from

the decon¯ned QGP to ordinary hadronic matter, providing an important tool for

exploring the QCD phase diagram.

In this proceedings, we present the thermal properties of the medium formed in

heavy-ion collisions at chemical freeze-out. We use a statistical thermal model26 to ¯t

the experimentally measured ratios of various particle species. The yields of particles

are taken from the published results in Au+Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 7:7GeV by the

STAR experiment at RHIC.27 In Sec. 2, we brie°y describe the thermal model

and procedure to extract thermal properties T, �B and �S . In Sec. 3, we discuss

calculations of statistical and systematic uncertainties on the extracted thermal

parameters. In Sec. 4, we present the thermal parameters as a function of
ffiffiffiffiffiffiffiffi
sNN

p
and

compare them with the published results from various other thermal models. At the

end, in Sec. 5, we summarize the results.

2. Thermal Model

In this work, we utilize statistical and thermodynamic models to analyze the yields

and ratios of identi¯ed particles generated in heavy-ion collisions. Our primary focus

is to determine the phase boundary between the QGP and hadronic matter by

examining thermal properties. We consider the thermodynamic potential of a grand

canonical ensemble of hadron resonances without further interactions among them.

We assume that the particles produced in collisions of nucleons or nuclei (pþ p,

pþ A, Aþ A) emerge from a thermal source. The thermodynamic variables are

volume V, temperature T, baryon and strangeness fugacities �B ¼ �B=T and

�S ¼ �S=T . The fugacity of the third component of isospin is set to zero, neglecting

isospin asymmetries. Additionally, we investigate the equilibrium condition for both
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phases to coexist when fugacities are vanishing. Our approach involves using the

thermal model to determine the intensive thermodynamic parameters, which we then

extrapolate to zero fugacities along states with equal entropy density, energy density,

or density. The goal is to compare the temperature at zero fugacities with the initial

energy density achieved in the collision to reveal a boundary re°ecting the QCD

phase transition. The detailed description of the thermal model can be found in

Refs. 26 and 28.

2.1. Input parameters

The input parameters to the thermal model are fugacities �B ¼ �B=T and

�S ¼ �S=T . The following equations are used to calculate the initial values of the two

fugacities using the p=p and K�=Kþ ratios.

e�2�B=T ¼ p

p
; e�2�S=T ¼ K�

Kþ : ð1Þ

The initial values of input parameters calculated using Eq. (1) are �B ¼ 2:474 and

�S ¼ 0:4969 for central Au+Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 7:7GeV. The input parameters

are further optimized by varying their values in steps of 10% up to �90% of the

initial values. A minimum �2=NDF is obtained for each set of input parameters, and

it is then plotted as a function of �B=T and �S=T as shown in Fig. 2. �B=T and �S=T

corresponding to the minimum �2=NDF are chosen as the ¯nal input parameters to

calculate the thermal properties further. The input parameters obtained after the

optimization are �B ¼ 2.721 and �S ¼ 0.4969.

2.2. Thermal parameters

The thermal parameters are obtained using ¯ts to the experimental data with the

model calculations. Particle ratios are used to extract the parameters, namely, T, �B

and �S at chemical freeze-out. The volume (V) parameter is canceled out due to the

Fig. 2. The variation of �B=T and �S=T for central Au+Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 7:7GeV. The dashed

line represents optimized values of the input parameters at the minimum �2=NDF.
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use of particle ratios. Also, ratios typically have a smaller systematic error than

absolute yields. Therefore, we focus on ratios of particle yields in this work. The

optimized input parameters �B=T and �S=T are used as the initial values to the

model as discussed in Subsec. 2.1. A �2 minimization procedure is used to obtain

the best ¯t. The �2 is de¯ned as

�2 ¼
X
i

RTh
i �R exp

i

� exp
i

� �2

; ð2Þ

where R exp
i is the experimentally measured value of the particle ratio with the

corresponding uncertainty � exp
i and RTh

i is the particle ratio value from the thermal

model. The sum runs over the number of particle ratios available experimentally.

The yields of particles are taken from results published by the STAR experiment at

RHIC for most central (0{5%) Au+Au collisions to calculate the particle ratios used

in this model.27 Statistical and systematic uncertainties of the measured yields are

added quadratically. The uncertainties on the particle ratios are obtained by prop-

agating uncertainties of the particle yields. After that, �2=NDF is plotted as a

function of T, �B and �S as shown in Fig. 3. The values of the thermal parameters are

taken at the minimum of �2=NDF.

An important aspect of the model is the contribution of feed-down from weak

decays. The measurements from the experiment are generally corrected for the feed-

down contributions. In this model, we subtract the feed-down contribution from

weak decays following the relevant experimental papers. In particular, � and � yields

are corrected for the weak decays while p, K and � are inclusive as in the data.

2.3. Particle ratios

The expected particle ratios from the thermal model are calculated at the chemical

freeze-out. We compare experimental data to these predictions to assess the degree of

agreement with the experimental data. Figure 4 shows a comparison between the

experimental data (red circles) and thermal model predictions (solid blue lines). The

di®erence between the experimental ratios and that predicted by the thermal model

denoted by the standard deviation (SD) ¼ ðRTh �RexpÞ=�exp are also shown in the

Fig. 3. �2=NDF as a function of T, �B and �S for central Au+Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 7:7GeV. The

dashed lines represent the thermal parameters at the minimum �2=NDF.
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bottom panel of Fig. 4. The deviation is within�2.5 for all the particle ratios for most

central (0{5%) Au+Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 7:7GeV.

3. Statistical and Systematic Uncertainties

In this section, we discuss the calculation of statistical and systematic uncertainties

on the extracted thermal parameters from the thermal model. The procedure to

calculate statistical uncertainties on the thermal parameters is as follows. We ¯rst

consider two cases for the input experimental ratios: (1) adding experimental errors

to the experimental ratios R exp
i ¼ R exp

i þ � exp
i , (2) subtracting experimental errors

from the experimental ratios R exp
i ¼ R exp

i � � exp
i . We perform the ¯tting and �2

minimization as mentioned in Sec. 2 for the two cases and extracted T, �B and �S .

The maximum deviations of the two cases from the default case are taken as the

statistical uncertainties on the extracted parameters.

The procedure for the systematic uncertainties on the thermal parameters is as

follows. For this, we again consider two cases: (1) 100% correction of the weak decay

to the calculated particle ratios from the thermal model and (2) without weak decay

corrections. We then perform the ¯tting and �2 minimization mentioned in Sec. 2 for

the two cases and extracted T, �B and �S . The systematic uncertainties on the

extracted parameters are taken to be the average of deviations of the two cases with

respect to the default case.

The statistical and systematic uncertainties are added in quadrature to get total

uncertainty on the thermal parameters. We also consider a strangeness conservation

Fig. 4. (Color online) (Top panel) Particle ratios for most central (0{5%) Au+Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 7:7GeV. Red circles show ratios calculated from the experimental yields, and solid blue lines show

thermal model predictions. The uncertainties on the experimental particle ratios are smaller than the

symbol size. (Bottom panel) SD between the experimental and theoretical particle ratios.
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case in which thermal parameters from the model are calculated with the condition

s� s ¼ 0 (i.e. the di®erence between strange and anti-strange quarks is zero). We

include uncertainty due to the strangeness conservation and add it in quadrature to

the total uncertainty.

4. Results

In this section, we present the results obtained from the thermal model in most

central (0{5%) Au+Au collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 7:7GeV. We discuss collision energy

dependence of the thermal parameters T, �B. Comparison with the published results

from other thermal model calculations is also discussed.

4.1. Energy dependence of the thermal parameters

Figure 5 shows collision energy dependence of thermal parameters from the thermal

model for 0{5% central Au+Au collisions. The results are compared with published

results from the STAR experiment as shown in blue stars.27 We also compared the

results from di®erent thermal models taken from the references of Andronic et al.25

and Cleymans et al.29 The freeze-out temperature sharply increases with the collision

energy below 10 GeV and then saturates at higher energies. The baryon chemical

potential smoothly decreases as the collision energy increases. The freeze-out tem-

perature and the baryon chemical potential from our model agree well with other

thermal models and the STAR results and follow the same energy dependence.

4.2. Strangeness conservation

Figure 6 shows the collision energy dependence of the thermal parameters obtained

with the strangeness conservation condition s� s ¼ 0. The results are shown in red

Fig. 5. (Color online) T (left panel), �B (right panel) as a function of
ffiffiffiffiffiffiffiffi
sNN

p
from the thermal model for

most central (0{5%) Au+Au collisions (red squares). The yellow band represents systematic uncertainties
in the thermal parameters. Results from the STAR experiment are shown by blue stars.27 Results from the

thermal models of Andronic et al.25 and Cleymans et al.29 are shown by green circles and magenta

triangles, respectively.
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squares for 0{5% central Au+Au collisions. The results are compared with other

thermal model calculations from Andronic et al.25 and Cleymans et al.29 These results

follow a similar energy dependence as without strangeness conservation. The tem-

perature increases with collision energy and saturates for energies higher than 10GeV,

while the baryon chemical potential decreases with increasing collision energy. The

freeze-out temperature and the baryon chemical potential from our model agree well

with other models. Our model results also agree with that of the STAR experiment.

4.3. Zero fugacities

Figure 7 shows the freeze-out temperature extrapolated to zero fugacities

(�B=T ¼ �S=T ¼ 0), keeping entropy density, energy density, or number density

Fig. 6. (Color online) T (left panel), �B (right panel) as a function of
ffiffiffiffiffiffiffiffi
sNN

p
from the thermal model for

most central (0{5%) Au+Au collisions (red squares) with strangeness conservation. Blue stars show results
from the STAR experiment. Results from the thermal models of Andronic et al.25 and Cleymans et al.29 are

shown by green circles and magenta triangles, respectively.

Fig. 7. (Color online) Temperature T as a function of
ffiffiffiffiffiffiffiffi
sNN

p
from the thermal model for most central

(0{5%) Au+Au collisions (red circles) at zero fugacities (�B ¼ 0, �S ¼ 0). Previously published results

from the thermal models by Kabana et al. are shown in green squares.26,28
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equal to the nonzero fugacities case. The results for the most central (0{5%) Au+Au

collisions and previously published results by Kabana et al. are presented. The results

from this work are consistent with results obtained for di®erent data sets using the

same thermal model and following the same energy dependence. This collision energy

dependence of the temperature at zero fugacities with the initial energy density

could be used to reveal a possible boundary, re°ecting the QCD phase transition in

relativistic heavy-ion collisions.

5. Summary

In this work, we obtain thermal properties such as T, �B and �S for 0{5% most

central Au+Au collisions at beam energy
ffiffiffiffiffiffiffiffi
sNN

p ¼ 7:7GeV using a thermal model.

These results are obtained for the ¯rst time with our model, which presents several

di®erences from other thermal models. We use an optimized set of initial parameters

�B=T and �S=T to perform the thermal model analysis. We utilize various particle

ratios to extract the thermal parameters. The experimental particle ratios are cal-

culated from the particle yield results published by the STAR experiment at RHIC.

The thermal model successfully describes the value of di®erent particle ratios within

�2.5 SD and �2=NDF between 1{2. We employ a �2 minimization procedure to

obtain chemical freeze-out temperature, baryon, and strangeness chemical potentials

with and without strangeness conservation conditions. The freeze-out temperature is

observed to increase with the collision energy and saturates for energies >10 GeV,

while the baryon chemical potential decreases with increasing collision energy. We

also obtain freeze-out temperature at zero fugacities to estimate a possible QCD

phase transition boundary. The results for the thermal parameters at nonzero

fugacities and their energy dependence are consistent with the STAR results and

other thermal model calculations within uncertainties.
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