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We investigated the strange hadrons transverse momentum (pT) spectra in Au-Au collision at
ffiffiffiffiffiffiffiffi
sNN

p ¼
54.4 GeV in the framework of modified Hagedorn function with embedded flow. It is found that the model
can describe the particle spectra well. We extracted the kinetic freeze-out temperature T0, transverse flow
velocity βT, kinetic freeze-out volume V, mean transverse momentum hpTi, the entropy parameter n, and
the multiplicity parameter N0. We reported that all these parameters increase towards the central collisions.
The larger kinetic freeze-out temperature, transverse flow velocity, kinetic freeze-out volume, and the
entropy parameter (n) in central collisions compared to peripheral collisions show the early decoupling of
the particles in central collisions. In addition, all the above parameters are mass dependent. The kinetic
freeze-out temperature (T0), the entropy parameter n, and mean transverse momentum (hpTi) are larger
for massive particles, while the transverse flow velocity (βT), kinetic freeze-out volume (V), and the
multiplicity parameter (N0) show the opposite behavior. Larger T0, n, and smaller βT as well as V of the
heavier particles indicate the early freeze-out of the heavier particles, while larger hpTi for the heavier
particles evince that the effect of radial flow is stronger in heavier particles. The separate set of parameters
for each particle shows the multiple kinetic freeze-out scenario, where the mass-dependent kinetic freeze-
out volume shows the volume differential freeze-out scenario. We also checked the correlation among
different parameters, which include the correlation of T0 and βT , T0 and V, βT and V, hpTi and T0, hpTi
and βT , hpTi, and V, n and T0, n and βT , and n and V, and they all are observed to have positive correlations
with each other which validates our results.

DOI: 10.1103/PhysRevD.106.075009

I. INTRODUCTION

Heavy-ion collisions at the ultrarelativistic energies
provide a strong evidence [1–5] for a novel phase of
quantum chromodynamics (QCD) matter, which is called
quark gluon plasma (QGP) [6–10]. Many approaches
[11–23] have been developed to study the QGP matter
in order to understand the laws of nature at subatomic level,

but due to its short lifetime its direct measurement is very
difficult. However, the dynamical models can play a vital
role to explore this provoking and exciting phenomenon
happening in the early stages of interaction. Nonetheless, it
is understandable that the indirect investigation depends on
the excellence of the model to repeatedly and precisely
reestablish the related dynamics and phases of the collision
from hadron formation to their detection.
Temperature (T) versus baryon chemical potential (μB)

is usually plotted to show the phase diagram of QCD. In
heavy-ion collisions, the evaluation of particle yields and
their resemblance to the statistical models suggest that T
and μB differ in an inverse manner with the center of mass
energy (

ffiffiffiffiffiffiffiffi
sNN

p
) at the chemical freeze-out [24]. T increases

with
ffiffiffiffiffiffiffiffi
sNN

p
while μB decreases [25]. Therefore, by varyingffiffiffiffiffiffiffiffi

sNN
p

, the two axes of the phase diagram T and μB, can be
changed, and get access to a large part of the phase space
experimentally. For the study of the phase structure of
QCD phase diagram, the Beam Energy Scan (BES)
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program [26–28] has been designed. Among the differentffiffiffiffiffiffiffiffi
sNN

p
, the STAR experimental group also collected high

statistics data for Au-Au collisions at 54.4 GeV in 2017,
which allows us to extend the accurate measurements
of different observables especially from intermediate to
high pT [29].
There are many kinds of temperatures studied in literature

which includes the initial temperature (Ti) [30,31], chemical
freeze-out temperature (Tch) [32–34], effective temperature
(T) [35–38], and kinetic freeze-out temperature (T0)
[39–42]. These temperatures correspond to different stages
of evolution. Since the selection of the modified Hagedorn
function with embedded flow [43] in the present work due
to its closeness to the ideal gas model is brought under
consideration, which describes the final state properties of
the particles. Therefore we are not interested in other
temperatures except the kinetic freeze-out temperature.
Kinetic freeze-out of particles is a very complex phe-

nomenon. Different literatures provide the evidence of
different kinetic freeze-out scenarios. For instance Ref. [44]
shows the single kinetic freeze-out scenario, Ref. [45–47]
shows double kinetic freeze-out scenario, and similarly
Ref. [48–50] shows the multiple kinetic freeze-out sce-
nario. In our recent work [51], we also observed a triple
kinetic freeze-out scenario, where we studied nonstrange,
strange, and multistrange particles and found that the
multistrange particles freeze-out early than the nonstrange
and strange particles. It also increases our curiousity to
study the charm particles in future, and we expect their
earlier freeze-out than the multistrange particles. Though
there are different opinions about the freeze-out scenarios
but it is still an open question in the community.
Furthermore, the dependence of the kinetic freeze-out
temperature (T0) from central to peripheral collision has
different studies. Several literatures claim the decrease of
T0 with increasing centrality [52,53] which suggests the
longer-lived fireball in central collisions. However, accord-
ing to some literature [21,31,39,50,54,55], T0 decreases
with decreasing centrality which suggests the higher degree
of excitation of the system in central collisions. This is also
an open question in the community up to now. Both the
trends of increasing or decreasing of T0 with centrality are
correct in their own explanations.
The transverse momentum (pT) spectra of the particles

are very significant observables in high-energy collisions,
and they can be used for the scrutiny of the dynamics of the
particle production. In the present work, we analyze the pT

spectra of strange particles (k0s , Λ, Λ̄, Ξ̄þ, and Ξ−) by the
modified Hagedorn function with embedded flow [43],
and extracted the bulk properties of matter in terms of
kinetic freeze-out temperature, transverse flow velocity,
and kinetic freeze-out volume.
The remainder of the paper consists of method and

formalism followed by the results and discussions and then
conclusions.

II. THE METHOD AND FORMALISM

In high-energy collisions, it is a known fact that the
high pT part of transverse momentum spectra of the
particles is well described by the QCD inspired
Hagedorn function [56]

1

N
d2N

2πpTdpTdy
¼ C

�
1þmT

p0

�
−n
; ð1Þ

where N represents the number of charged particles of a
particular type, pT is the transverse momentum spectra,
“C” is constant of normalization, p0 and n are the free
parameters,mT is the transverse mass and can be expressed
as mT ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm0Þ2 þ ðpTÞ2

p
, and m0 is the rest mass of the

hadron species.
As we know that the invariant pT and mT distribution

of the particles in high-energy collisions at RHIC and
LHC [57–64] can be well described by the Tsallis dis-
tribution function [65,66]. There are many versions of
Tsallis function [64,67–71] and its more simplified version
at midrapidity is

1

N
d2N

2πpTdpTdy
¼ C

�
1þ ðq − 1ÞmT

T

�
−1=ðq−1Þ

; ð2Þ

where T is the effective temperature, and q is the entropy
based parameter which characterizes the degree of deviation
of the pT distribution from exponential Boltzmann-Gibbs
dsitribution. Equation (2) is the nonextensive generalized
form of the exponential Boltzmann distribution which
introduces a new parameter q to the temperature.
The Tsallis distribution function at midrapidity can also

be expressed [57,63,64] as

1

N
d2N

2πpTdpTdy
¼ CmT

�
1þ ðq − 1ÞmT

T

�
−q=ðq−1Þ

; ð3Þ

which is a thermodynamically consistent Tsallis function.
Equations (1) and (2) are mathematically equivalent

if n ¼ 1=ðq − 1Þ and p0 ¼ nT0. It should be noted that
here T0 is the kinetic freeze-out temperature. T used in
Eqs. (1)–(3) is the effective temperature which can be
expressed as T ¼ T0 þ hβTi [72]. By inserting p0 in
Eq. (1), we have

1

N
d2N

2πpTdpTdy
¼ C

�
1þ mT

nT0

�
−n
: ð4Þ

According to Ref. [67,73–75], the transverse flow is
introduced in Eq. (4)

1

N
d2N

2πpTdpTdy
¼ C

�
1þ hγTiðmT − pThβTiÞ

nT0

�
−n
; ð5Þ
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(a) (b)

(c) (d)

(e)

FIG. 1. Transverse momentum spectra of k0s , Λ, Λ̄, Ξ̄þ, and Ξ− in Au-Au collisions at 54.4 GeV. The data points are the
experimental data of STAR Collaboration [29] while curves show our fit results by Eq. (6). Each panel consists its data/fit ratios in their
lower part.
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where γt ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − hβTi2

p
, hβTi denotes the average trans-

verse-flow velocity, T0 represents the kinetic freeze-out
temperature. In the present work, Eq. (5) is known as the
Hagedron function with embedded flow [67,73–76] and
it covers the low- as well as the high-pT regions. The
Hagedron function with embedded flow in Eq. (5) is
modified as

1

N
d2N
dpTdy

¼ 2πpTC

�
1þ hγTiðmT − pThβTiÞ

nT0

�
−n
: ð6Þ

In the present work, we have used Eq. (6) for the individual
fit of the particles.

III. RESULTS AND DISCUSSION

The STAR Collaboration [29] had reported the spectra of
strange hadrons (k0s , Λ, Λ̄, Ξ̄þ, and Ξ−) produced in Gold-
Gold (Au-Au) collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 54.4 GeV in various
centrality intervals for midrapidity region of jyj < 0.5.
Figure 1 panels (a)–(e) display the pT spectra of k0s , Λ,
Λ̄, Ξ̄þ, and Ξ− respectively in different centrality classes.
The centrality classes include 0–5%, 5–10%, 10–20%,
20–30%, 30–40%, 40–60%, and 60–80%. One can see
different symbols in each panel which represents different
centrality classes, while the curves over each data set
in each panel are the results of our fitting by using
the modified Hagedorn function with embedded flow.

TABLE I. Values of free parameters T0 and βT , V and n, normalization constant (N0), χ2, and d.o.f. corresponding to the curves in
Fig. 1.

Collisions Centrality Particle T0 βT Vðfm3Þ n N0 χ2=d:o:f:

Figure 1 0–5% K0
S 0.050� 0.005 0.620� 0.008 5568� 185 15.2� 0.5 3� 0.3 3=15

Au-Au 5–10% K0
S 0.047� 0.003 0.600� 0.006 5400� 136 14.0� 1.6 0.30� 0.03 5=16

4.4 GeV 10–20% K0
S 0.045� 0.005 0.578� 0.008 5225� 172 13.3� 1.6 0.025� 0.006 6=16

20–30% K0
S 0.043� 0.003 0.553� 0.008 5158� 155 12.6� 2 0.0013� 0.0003 4=15

30–40% K0
S 0.040� 0.003 0.543� 0.007 5000� 148 11.8� 1.4 1E − 4� 3E − 5 9=16

40–60% K0
S 0.037� 0.004 0.520� 0.010 4733� 109 11.5� 0.5 6E − 6� 4E − 7 10=16

60–80% K0
S 0.034� 0.005 0.482� 0.011 4530� 163 11.0� 1.2 1.5E − 7� 5E − 8 8=16

0–5% Λ 0.081� 0.005 0.370� 0.008 4505� 130 18.5� 2.1 0.64� 0.07 12=14
5–10% Λ 0.078� 0.003 0.360� 0.007 4300� 176 18.2� 1.7 0.07� 0.004 11=14
10–20% Λ 0.075� 0.003 0.340� 0.007 4136� 100 17.7� 1.2 0.006� 0.0005 11.4=14
20–30% Λ 0.070� 0.004 0.323� 0.010 4000� 101 16.3� 1.4 3.8E − 4� 4E − 5 13.5=14
30–40% Λ 0.063� 0.005 0.310� 0.007 3800� 111 15.4� 1.3 2.7E − 5� 5E − 6 13=14
40–60% Λ 0.058� 0.005 0.300� 0.011 3639� 121 14.8� 1 1.2E − 6� 3E − 7 9=14
60–80% Λ 0.052� 0.004 0.280� 0.008 3500� 154 14.4� 1.4 3E − 8� 4E − 9 5=14

0–5% Λ̄ 0.081� 0.005 0.370� 0.008 4505� 130 20� 2.3 0.38� 0.05 30.7=14
5–10% Λ̄ 0.078� 0.004 0.355� 0.009 4313� 170 18.6� 1.5 0.03� 0.003 23=14
10–20% Λ̄ 0.075� 0.003 0.330� 0.010 4136� 103 17.0� 1.2 0.0024� 0.0003 16=14
20–30% Λ̄ 0.070� 0.005 0.323� 0.010 4000� 109 16.5� 1.5 1.5E − 4� 3E − 5 123=14
30–40% Λ̄ 0.063� 0.005 0.310� 0.007 3800� 111 15.4� 1.3 1.2E − 5� 4E − 6 25=14
40–60% Λ̄ 0.058� 0.005 0.300� 0.011 3639� 121 15.2� 1.1 6.5E − 7� 4E − 8 10=14
60–80% Λ̄ 0.052� 0.004 0.280� 0.008 3500� 154 15� 1.2 1.6E − 8� 5E − 9 8=14

0–5% Ξ̄þ 0.104� 0.004 0.300� 0.007 3700� 110 22� 2.8 0.13� 0.06 10=9
5–10% Ξ̄þ 0.098� 0.005 0.290� 0.009 3580� 125 20.3� 2.1 0.0125� 0.004 6=9
10–20% Ξ̄þ 0.094� 0.004 0.279� 0.008 3400� 120 19� 2.1 0.001� 0.0003 7.5=9
20–30% Ξ̄þ 0.090� 0.003 0.268� 0.007 3200� 140 18� 1.5 6.2E − 5� 4E − 6 7=9
30–40% Ξ̄þ 0.087� 0.005 0.250� 0.010 3110� 110 17� 1.1 3.8E − 6� 3E − 7 7=9
40–60% Ξ̄þ 0.084� 0.004 0.240� 0.011 3000� 100 16.5� 1.3 1.5E − 7� 4E − 8 5=9
60–80% Ξ̄þ 0.079� 0.005 0.214� 0.008 2800� 120 16.4� 1.3 3E − 9� 3E − 10 6=9

0–5% Ξ− 0.104� 0.005 0.300� 0.007 3700� 115 21.1� 2.1 0.11� 0.04 5.5=9
5–10% Ξ− 0.098� 0.003 0.290� 0.008 3580� 120 20.3� 2.1 0.0093� 0.0006 17=9
10–20% Ξ− 0.094� 0.005 0.279� 0.008 3400� 120 19� 2.1 6E − 4� 4E − 5 7.5=9
20–30% Ξ− 0.090� 0.005 0.268� 0.010 3200� 118 17� 1.2 4E − 5� 5E − 6 28=9
30–40% Ξ− 0.087� 0.004 0.250� 0.009 3110� 117 16.9� 1.2 2.5E − 6� 4E − 7 9=9
40–60% Ξ− 0.084� 0.004 0.240� 0.011 3000� 100 16.7� 1.3 1.1E − 7� 6E − 8 6.5=9
60–80% Ξ− 0.079� 0.005 0.214� 0.008 2800� 120 16.5� 1.1 2.7E − 9� 4E − 10 1=9
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The approximately well fit of the STAR data in mid-
rapidity in Au-Au collisions by Eq. (6) can be seen. The
lower panels show the data/fit ratios of the corresponding
upper panel to monitor the quality of the fits. To confirm the
firmness of the obtained parameter values, the fit procedure
is repeated three times, changing the initial values of
parameters. As a result, the stability of the obtained
parameters (they have stayed practically the same) has
been fully validated. The extracted values of the free
parameters, normalization constant (N0), χ2, and degrees
of freedom (d.o.f.) are listed in Table I.
In order to explore more intuitively the dependence of

the parameters on centrality, mass or their mutual corre-
lation, we introduced Figs. 2–7, where the parameters are
cited from Table I. Figure 2 shows the results of kinetic
freeze-out temperature (T0), transverse flow velocity (βT),
and kinetic freeze-out volume (V). In Fig. 2(a), T0 as a

function of centrality class and m0 are displayed. Different
symbols are used to represent different particle species, and
the trend of the symbols from left to right show the trend of
the parameters from central to peripheral collisions. It is
reported that T0 is larger for central collisions (0–5%) and
decreases with decrease of centrality.
The central collisions correspond to the creation of

higher-concentration energies due to the large number of
participants involved in the reaction and hence it results in
a larger T0. However, as the system moves toward the
periphery, the created concentration energies becomes less
and less and thus, it results in smaller T0. This result is
consistent with our previous work [31,50,51,54,76].
Reference [31,77] shows larger T0 where T0 is extracted
by an alternative method in different collision systems for
the nonstrange particles. In Ref. [51] we analyzed non-
strange, strange, and multistrange particles, and in Ref. [50]

(a) (b)

(c)

FIG. 2. Dependence of (a) T0, (b) βT , and (c) V on centrality as well as m0.
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light nuclei are studied by different models respectively in
narrow pT range, and the result for T0 is larger in central
collisions. The increasing or decreasing trend of T0 with
centrality is a complex scenario. It sometimes depends on
the model, sometimes it depend on other factors like the
flow profile in some models and pT range. Besides, T0

reveals the mass differential kinetic freeze-out scenario, as
it is larger for the massive particles such that k0s < Λ < Ξ
(where Λ stands for Λ, Λ̄, and Ξ stands for Ξ̄þ and Ξ−). We
also believe that this larger T0 for Ξ thanΛ and k0s , similarly
larger T0 for Λ than k0s maybe due to different quark

contents or maybe quark flavors such as ds̄ for k0s, uds for
Λ and ssd for Ξ. However to confirm it, we need more
particles with different quark combinations and different
quarks flavors, which we will do in future. It is noteworthy
that T0 for Λ, and Λ̄, and for Ξ and Ξ̄þ is equal which
means that they have equal interaction with medium
produced in the collisions respectively.
Figure 2(b) shows the transverse flow velocity βT

dependence on centrality class and m0. We reported that
the collective behavior at the kinetic freeze-out stage
changes with centrality. The central collisions experience
very harsh squeeze which deposits more energy per
nucleon in the system that results in a rapid expansion
of the fireball, while the squeeze becomes less violent as the
system goes towards periphery and the amount of energy
deposition in the system becomes less, and the expansion of
the fireball becomes steady, which results in lower values
of βT in peripheral collisions. We believe that the flow is
produced in the inner core of the interacting system,
therefore even for the peripheral collisions the flow velocity
is nonzero. One can see that there exists a clear partition of
βT among different centralities, such that βT is larger in
most central collisions, while it is the lowest in most
peripheral collisions, and it comes in between in inter-
mediate centralities which renders that most central colli-
sion result in high pressure gradients and therefore larger
velocities of produced particles flying out from this zone
at expansion stage. We also reported that βT shows mass
dependency. The lighter the mass of the particle, the higher
will be the transverse-flow velocity and vice versa. The
reason behind this is that the heavier particles are left
behind in this system due to its large inertia and comes out
later; however, the light particles due to their small inertia
come out of the system early.FIG. 4. Dependence of hpTi on centrality as well as m0.

(a) (b)

FIG. 3. Dependence of (b) n and (b) N0 on centrality as well as m0.
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Figure 2(c) displays the kinetic freeze-out volume (V) as
a function of centrality and m0. Like T0 and βT , it also
grows towards the central collisions. Large number of
participants involved in interaction in central collisions
which correspond to large number of binary collisions
by the rescattering of partons that bring the system to
equilibrium state quickly. While the number of participants
reduces in peripheral collisions and the system reaches
equilibrium state in a steady manner. In addition to these
observations, V also depends on the mass of the particles.
The lighter the mass of the particle, the higher the value
of V is, which renders the early freeze-out of massive
particles. This indicates that there is a separate freeze-out
surface for each particle and renders a volume differential
freeze-out scenario. In the present work, Ξ has the lowest V
which renders its early freeze-out.

Figure 3 shows the parameter n and N0 dependence on
centrality and mass of the particle in Au-Au collisions for
k0s ,Λ, Λ̄, Ξ̄þ and Ξ− strange particles. Figure 3(a) shows the
result of the dependence of the parameter n on centrality
and m0, where as Fig. 3(b) shows the result for the
parameter N0. In Fig. 3(a), the parameter n is an entropy
based parameter and is given as n ¼ 1=ðq − 1Þ. n is
referred for the degree of equilibrium or nonequilibrium.
As a reciprocal of q, large n corresponds to equilibrium.
The larger the value of n, the closer the system will be to
equilibrium state. Usually, the parameter q ¼ 1 refers to
equilibrium state, and q > 1 corresponds to the nonequili-
brium state. It can be seen that n increases with the increase
of centrality which means that the central collisions are
more close to equilibrium state. Furthermore, n is also
observed to be dependent on the particle species, For

(a)

(c)

(b)

FIG. 5. Correlation of T0 versus βT , T0 versus V, and βT versus V.
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instance, smaller values of n can be seen for lighter particle
(K0

s), which indicates K0
s interaction with the medium

produced in collisions is less and comes to equilibrium very
steadily. However, Ξ̄þ and Ξ− have larger values of nwhich
naturally means to interact more with the produced medium
during the collision and therefore they have a quick
approach to equilibrium state. It should be noted that the
physical restrictions on the parameter values have been
imposed by us during the fitting procedure. For instance T0

for K0
s was allowed to vary between 0.034 to 0.050 GeV,

and n was restricted to the range from 11 to 15.2. Similarly
T0 for Λ and Ξ are restricted to change between 0.052 GeV
to 0.081 GeV, and 0.089 GeV to 0.104 GeV respectively
while n changes from 14.4 to 20, and 16.4 to 22.
Figure 3(b) displays the dependence of the multiplicity

parameter N0 on centrality and m0. N0 is basically the

normalization constant which is used to compare the fit
function with the experimental spectra, but it has a physical
significance. It shows the multiplicity. Here it should be
noted that we discussed the normalization constant C in
Eq. (1), butC is different fromN0, becauseC is used to lead
the integral of Eq. (1) to be normalized to unity. The sole
purpose of the interpretation of both C and N0 is to give a
clear description. One can see an increasing trend of N0

with increasing centrality. The fact is that in more central
collisions more particles are involved in interaction which
results in larger multiplicity after the collision reaction,
where in peripheral collisions the participants in the
interaction reduce and hence it results in lower rate of
multiplicity. N0 is also observed to be dependent on the
mass of the particle. Massive particles correspond to lower
N0 which means that the multiplicity for massive particles

(a) (b)

(c)

FIG. 6. Correlation of (a) T0 versus hpTi, (b) βT versus hpTi, and (c) V versus hpTi.
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is less. For instance in the present work, Ξ̄þ and Ξ− has
lower multiplicity and K0

s has larger multiplicity, while Λ,
Λ̄ lies in between.
Figure 4 is the same as Figs. 2 and 3, but it demonstrates

the dependence of mean pT (hpTi) on centrality and m0.
We see that hpTi increases from K0

S to Λ and then Ξ, which
manifests that the radial flow effect increases with particle
mass. Besides, hpTi is observed to decrease with the
decrease of event centrality which renders that the amount
of energy gained by nucleons in the system in central
collision is large that leads to further multiple scatterings.
Whereas, the system in peripheral collisions has an
opposite result. The larger hpTi in central collision is an
indication of immense radial flow effects in more central
collisions. Figure 5 shows the correlation of T0 and βT , T0

and V, and βT and V.

Figure 5(a) presents the correlation of T0 and βT for all
under studied particles. The symbols represent different
particles and the trend of symbols from up to downward
show the trend of correlation from central to peripheral
collisions. One can see that there is a positive correlation
between T0 and βT . T0 increases with the increase of βT . In
central collision larger T0 and βT , which means that central
collision systems gains higher degree of excitation which
results in larger T0 and a rapid expansion (harsh squeeze)
which corresponds to larger βT. This result validates our
previous results [78]. Panel (b) shows the correlation of T0

and V. It is observed that like T0 and βT , T0, and V also
have a positive correlation. It can be explained as the higher
degree of excitation results in larger T0 due to violent
collision as large number of participants are involved in
interaction, which results in large multiplicity and hence

(a) (b)

(c)

FIG. 7. Correlation of (a) T0 versus n, (b) βT versus n, and (c) V versus n.
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lager V. While panel (c) shows the correlation of βT and V
and they also have a positive correlation. Because of very
violent collisions, more energy is deposited in the system,
which naturally results in larger multiplicity, and corre-
spondingly the fireball expands rapidly (larger βT).
Figure 6 is similar to Fig. 5, but it displays the correlation

among T0 and hpTi, βT and hpTi, and V and hpTi.
Figure 6(a) shows the correlation of T0 and hpTi. One
can see that the correlation between T0 and hpTi is positive.
Similarly in panels (b) and (c), the correlation between βT
and hpTi, and V and hpTi is also positive. The positive
correlation of βT and hpTi suggests that more energy is
stored per nucleon in the system due to transfer of large
amount of energy during collision which results in a rapid
expansion of the system (large βT). The parameters T0 and
V are directly related to the freeze-out of the particles.
Therefore the positive correlation of T0 and hpTi renders
that the larger hpTi (energy) transfer to the system occurs
due to the violent collision that corresponds to a higher
degree of excitation and results in larger T0. We observed
that Λ and Λ̄ in the most central collisions coincides with
Ξ̄þ and Ξ− in the most peripheral collisions which may
suggest the similar thermodynamic nature ofΛ and Λ̄ in the
central collisions with Ξ̄þ and Ξ− in peripheral collisions.
On the other hand the positive correlation of V and hpTi
renders that larger energy transfer in the system results in
large multiplicity which naturally results in larger V if the
density saturates. Or the second explanation maybe the
larger transfer of energy results in longer evolution time
and then larger partonic system, and hence larger V. The
correlations in Fig. 6 validate our above results.
Figure 7 is similar to Fig. 6, but it presents the correlation

of T0, βT , and V with n. Panel (a) shows the correlation of
T0 and n, panel (b) shows the correlation of βT and n, while
panel (c) shows the correlation of V and n. In all panels, a
positive correlation among the relevant parameters can
be seen.
The positive correlation of entropy based parameter n

with T0 and V renders that larger T0 in central collisions
can be explained as the short lived fireball in central
collisions which results in the early freeze-out of the
particles in central collisions, and the freeze-out happens
when the system is in equilibrium which means larger n.
In addition, central collisions are responsible for more
number of particles to be involved in interaction where
there are large number of binary scattering which results
in large V and systems with binary scatterings comes to
equilibrium quickly and hence larger n. We have seen that
heavier particles have larger T0 and n and smaller V, and
hence they freeze-out earlier than the lighter particles.
In addition, along with T0 in central collisions, βT is
also larger and shows a rapid expansion of the fireball
which means that the lifetime of the fireball is not long in
central collisions compared to the peripheral collisions.
Therefore, in the present work, a longer-lived fireball

corresponds to less βT and T0 in peripheral collisions
where the system is far from equilibrium and the particles
freeze-out later.

IV. CONCLUSIONS

We summarize our main conclusions here;
(a) We reported the transverse momentum spectra of

K0
s , Λ, Λ̄, Ξ̄þ, and Ξ− in different centrality intervals

at 54.4 GeV. The modified hagedorn function with
embedded flow is used to fit the experimental data of
STAR Collaboration and obtained the freeze-out
parameters by using the least-squares method.

(b) We obtained the results for kinetic freeze-out tem-
perature (T0), transverse-flow velocity (βT), kinetic
freeze-out volume (V), entropy parameters (n), the
multiplicity parameter (N0), and mean transverse
momentum (hpTi). It is observed that all of these
parameters are larger in central collisions and
decrease towards periphery.

(c) We reported the decreasing trend of T0 with the
decrease of centrality due to the fact that the number
of hadrons involved in interaction decrease from
central to peripheral collisions, which correspond to
a decrease in the degree of excitation of the system
towards periphery and resultantly T0 decreases.

(d) We also reported the decreasing trend of βT with the
decrease of centrality due to the fact that central
collision deposits more energy per nucleon in the
system that results in rapid expansion of the fireball.
The largest βT in central collisions show that there is
a high pressure gradient in central collisions.

(e) A decreasing trend of V with decreasing centrality is
observed and the fact behind this is that the number
of participants in the interaction decrease towards
periphery and therefore the binary collisions by the
rescattering of partons decreases from central to
peripheral collisions. n is the smallest for K0

s which
means that it interacts less with the medium pro-
duced in the collision.

(f) The entropy based parameter (n) is also studied
and its decreasing trend from central to peripheral
collisions is seen, which indicates a larger n (smaller
entropy) in central collision, which is evidence that
central collisions are closer to the equilibrium state,
while n decrease towards periphery and the system
goes away from the equilibrium state.

(g) The multiplicity parameter (N0) decreases from
central to peripheral collisions because the central
collisions are more harsh reactions and naturally
they correspond to larger multiplicity, however it
decreases towards periphery because the collisions
becomes less violent towards periphery.

(h) We also calculated the mean transverse momentum
which decreases from central collision to periphery
due to the reason that in central collisions more
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energy is deposited in the system, while this depo-
sition of energy decreases towards periphery. The
decrease of hpTi towards periphery show that the
radial flow effect decrease when the system moves
toward the peripheral collisions. hpTi is also observed
to be larger for the heavier particle which shows the
effect of radial flow is larger in heavier particles.

(i) T0, βT , V, n, N0, and hpTi are mass dependent. T0,
n, and hpTi increase while βT , V, and N0 decrease
with the increasing rest mass of the particle. The
increase of T0 and decrease of V with m0 indicate
the multiple kinetic freeze-out and volume differ-
ential kinetic freeze-out scenarios, respectively.

(j) We reported that there is a positive correlation
among T0 and βT , T0 and V, and βT and V. In
addition, the correlation of hpTiwith T0, βT and V is
also checked and is seen to be positive. We also
noticed the positive correlation of the entropy based

parameter n with T0, βT , and V. In the correlation of
βT and V, the most peripheral collisions of Λ, Λ− are
seen to coincide the most central collisions of Ξ̄þ
and Ξ−. This is similar to the case of the correlation
among T0 and hpTi. This is maybe the indication of
their similar thermodynamic nature.
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