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ABSTRACT

The exotic pentaquark baryon Θ+ with quark content uudds̄ is studied theoret-

ically using a chiral SU(3) quark mean field model to investigate medium modifi-

cations in dense nuclear and strange matter. The in-medium mass of Θ+ exhibits a

substantial drop with increasing baryon density. The mass reduction is more signifi-

cant in strange matter compared to nuclear matter, indicating additional attraction

from strange quarks. Rising isospin asymmetry further lowers the Θ+ effective

mass, with the dependence becoming stronger at higher temperatures. Thermal

effects, however, enhance the mass at fixed density through increased attractive

interactions. Considerable isospin-dependent differences emerge at high densities,

highlighting the role of asymmetry and strangeness. The systematically lower val-

ues in strange matter suggest greater stability for pentaquarks in hyperonic cores of

neutron stars. The pronounced medium modifications provide insights into altered

hadron structure and partial chiral restoration in dense astrophysical environments,

with implications for possible Θ+ phases inside neutron stars.

Keywords: pentaquarks, medium modification, neutron stars, Θ+
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Chapter 1

Introduction

1.1 Introduction to Pentaquarks

Pentaquarks are exotic hadrons composed of bound state of four quarks

and one antiquark, beyond the conventional baryons (three quarks) and

mesons (quark-antiquark pair). First hypothesized in 1964 [1], their ex-

istence expands our understanding of quark dynamics and binding mech-

anisms [2]. While theoretically predicted as early as 1987 [3], definitive

experimental evidence only emerged in 2003 when the LEPS collabo-

ration at SPring-8 in Japan reported observing a narrow resonance at

1540 MeV in the K+n invariant mass distribution from γn→ K+K−n

on a carbon target [4]. This resonance was consistent with theoretical

expectations for the Θ+ pentaquark, having positive strangeness and a

narrow width of less than 25 MeV . The Θ+ was hypothesized to be an

uudds̄ baryon bound by strong correlations between quarks.

1.2 Experimental Evidence and Discoveries

Follow-up experiments by the CLAS collaboration provided additional

evidence by observing a narrow peak consistent with the Θ+ in photo-

production reactions on deuterium and hydrogen targets [5]. Additional

measurements by CLAS also found resonance structures possibly at-

tributable to pentaquarks [6]. However, some other reactions studied by
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CLAS showed non-observations of the Θ+, leading to ongoing searches

to resolve the experimental evidence [7].

The paper by Diakonov, Petrov, and Polyakov [8] predicted the ex-

istence of a narrow Z+ pentaquark state with a mass of around 1530

MeV decaying via strong interactions. This state was interpreted as a

possible light and narrow udsds pentaquark with exotic quark content

and strangeness +1, which would belong to a predicted anti-decuplet of

baryons if discovered. Experimental findings, such as those by Huang

et al. [9] and Chen et al. [10], have identified hidden-charm pentaquark

states, adding to our understanding of these elusive particles.

Another substantial evidence came from the LHCb experiment, which

observed pentaquark candidates Pc(4380)
+ and Pc(4450)

+ in Λ0
b → J/ψK−p

decays [11]. The reported states matched expectations for exotic cc̄uud

resonances beyond conventional hadrons. The predicted hidden-charm

pentaquarks present intriguing possibilities for further research into these

enigmatic particles. Moreover, Yang et al. [12] have delved into hidden-

bottom pentaquarks, analyzing evidence for their existence and explor-

ing potential states within the hidden-bottom sector. By examining

the parity of hidden-bottom pentaquarks, this study contributes to the

growing body of knowledge on exotic hadrons.

1.3 Challenges and Controversies

The fleeting existence and low production rates of pentaquarks have

also led some researchers to question their existence based on non-

observations in particular experiments [13, 7]. The experimental evi-

dence thus remains inconclusive and an area of active research, with

new higher-statistics searches underway.
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1.4 Theoretical Predictions and Models

Theoretically, multiple models have been proposed for pentaquarks in-

volving tightly bound diquarks or molecular bound states of mesons

and baryons. Chiral soliton models also predict exotic baryons [14].

Santopinto et al. [15] discussed compact pentaquark structures based

on group theory considerations, offering a unique perspective on the for-

mation of these particles. Maiani et al. [16] explored pentaquarks in the

diquark model, providing valuable insights into the potential formation

mechanisms and experimental signatures of these exotic states. Pen-

taquarks are an active area of research to understand color confinement

and non-perturbative QCD dynamics.

1.5 Recent Developments and Future Prospects

As research continues to unravel the mysteries of pentaquarks, the work

by Eides et al. [17] on hadrocharmonium states and Weng et al. [18] on

hidden-charm pentaquarks highlight the diverse avenues of exploration

in this field. Gutsche et al. [19] studied the structure and decays of hid-

den heavy pentaquarks, pointing towards new possibilities and implica-

tions for future research. Furthermore, recent research by An et al. [20]

has focused on fully heavy pentaquarks, exploring the mass spectra and

relative partial decay widths within the framework of the CMI model.

This study contributes to the understanding of heavy pentaquark sys-

tems and the potential for stable pentaquark states. Additionally, Du et

al. [21] have revisited the nature of Pc pentaquarks, specifically investi-

gating the hidden-charm pentaquark states Pc(4312) and Pc(4440). By

exploring possible pentaquark signals in the ΛcD̄
(∗) system, this research

adds to the ongoing discussions on the properties and characteristics of

these exotic particles.
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1.6 Astrophysical Implications and MediumMod-

ifications

The article presents a theoretical study of the medium modifications of

the pentaquark Θ+ in dense nuclear matter and strange matter using a

chiral SU(3) quark mean field model [22, 23] to study the Θ+ in isospin

asymmetric nuclear matter and strange matter, extending pentaquark

research into the dense regimes inside compact stars. Nuclear matter

refers to the dense state of protons and neutrons exhibiting complex

many-body behavior due to the competing short-range attractive and

longer-range repulsive nuclear force [24]. Isospin asymmetry arises when

the neutron number differs from the proton number, altering stability,

symmetry energy, and equations of state [25, 26]. Strange matter is a

hypothetical state of up, down, and strange quarks that may exist sta-

bly in neutron stars at high densities, owing to additional flavor degrees

of freedom [27, 28]. The calculations provide insight into pentaquark

properties under extreme astrophysical conditions. The results show

the Θ+ experiences significant attractive interactions and its mass drops

markedly in dense matter. Effects are enhanced by strangeness, asym-

metry, and temperature. The study provides insights into partial chiral

restoration and Θ+ stability in neutron stars.
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Chapter 2

Literature Review

Pentaquarks are exotic hadrons composed of four quarks and an anti-

quark. They are classified into two categories: exotic and non-exotic.

Exotic pentaquarks are bound states where the antiquark has the same

flavor as one of the other quarks, making them challenging to distinguish

from conventional three-quark baryons. An example of an exotic pen-

taquark combination is uudss̄, which has the same quantum numbers

as the uud baryon, with a strangeness of zero.

In contrast, non-exotic pentaquarks are bound states where the anti-

quark flavor differs from the other quarks. These states can be uniquely

identified using experimental conservation laws. One such non-exotic

pentaquark combination is uudds̄, also known as Θ+. In this work, we

focus on studying the mass modification of the Θ+ pentaquark under

varying conditions of temperature and isospin asymmetry.

By investigating the behavior of the Θ+ pentaquark in different tem-

perature regimes and isospin asymmetry parameters, we aim to gain

insights into the properties and dynamics of these exotic hadrons in

medium-modified environments. This research could potentially en-

hance our understanding of the strong interaction and the behavior of

quarks and gluons under extreme conditions, contributing to the ex-

ploration of the QCD phase diagram and the physics of dense nuclear

matter.
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2.1 Historical background and theoretical predic-

tions of pentaquarks

Pentaquarks were first studied using the MIT Bag Model, confining

quarks within a finite region and modeling pentaquarks as multi-quark

configurations, was applied in the late 1970s [29]. Topological Models,

describing pentaquarks as topologically stable field configurations, pro-

vided an alternative perspective in the 1980s [30]. These models gener-

ally suggest the existence of pentaquark states with masses ranging from

1.5 to 2 GeV [31]. One of the earliest predictions for pentaquarks came

in 1997 from Diakonov et. al [8], who proposed the existence of pen-

taquarks within the framework of the chiral quark model. Their calcula-

tions suggested the existence of a pentaquark state, dubbed the “exotic

Z+” baryon, with a mass around 1.5 GeV and a narrow width. In 2003,

Jaffe and Wilczek introduced the diquark-diquark-antiquark model [2],

which proposed that pentaquarks could be understood as bound states

of two diquarks and an antiquark. This model provided a framework

for understanding the internal structure and properties of these exotic

hadrons, offering insights into their potential formation mechanisms and

interactions. Constituent Quark Models, which treat quarks as effective

degrees of freedom interacting via potentials like the harmonic oscillator

or one-gluon exchange, were among the earliest approaches applied to

pentaquarks in the late 1990s and early 2000s [32]. Around the same

time, Chiral Quark Models, incorporating chiral symmetry breaking and

effective Lagrangians, were also utilized [8].

In 2003, the QCD Sum Rules technique, relating QCD vacuum con-

densates to hadronic properties through the operator product expan-

sion and dispersion relations, provided estimates of pentaquark masses,

widths, and couplings [32]. Lattice QCD, a first-principles computa-

tional approach discretizing QCD on a space-time lattice, emerged as a

powerful tool in the early 2000s for calculating pentaquark properties

from the underlying theory [33]. The Skyrme Model, describing baryons
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as solitons in a mesonic field theory, was adapted in 2004 to model pen-

taquarks as bound states or soliton configurations [34]. Chiral Effective

Field Theories, using chiral perturbation theory to describe pentaquark

interactions while respecting chiral symmetry constraints, were devel-

oped around 2005 [35]. In 2010, Hadronic Molecule Models proposed

pentaquarks as bound states of a baryon and a meson, with interactions

described by meson exchange potentials [36]. Di-quark Models, treating

pentaquarks as composed of tightly bound di-quark pairs and a remain-

ing quark/antiquark, also gained traction in the early 2000s [37].

Experimentally, the Large Hadron Collider at CERN has played a

crucial role in the search for pentaquarks since the 2010s, employing

techniques like invariant mass spectroscopy, partial wave analysis, and

studying decay patterns [11]. These theoretical predictions, spanning

different approaches and models, motivated efforts to discover and study

pentaquarks, which eventually led to their confirmation by the LHCb

collaboration at CERN in 2015 [11]. The reported states matched expec-

tations for exotic cc̄uud resonances beyond conventional hadrons. The

predicted hidden-charm pentaquarks present intriguing possibilities for

further research into these enigmatic particles. Moreover, Yang et al.

[12] have delved into hidden-bottom pentaquarks, analyzing evidence for

their existence and exploring potential states within the hidden-bottom

sector. By examining the parity of hidden-bottom pentaquarks, this

study contributes to the growing body of knowledge on exotic hadrons.

In summary, a diverse array of theoretical models and experimen-

tal efforts have been undertaken over the past few decades to elucidate

the nature of pentaquarks, from the early quark models to more recent

lattice QCD, effective field theories, and molecular descriptions, com-

plemented by dedicated experimental searches at high-energy facilities.
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2.2 Medium modification of Pentaquark Θ+

Medium modifications of pentaquarks have been studied by many mod-

els. Two such models are Relativistic mean field model (RMF) and Den-

sity Dependent Relativistic Hadron Theory (DDRH). Details of these are

discussed in further subsections:

2.2.1 RMF Model with Density-Dependent Scalar Coupling

The paper by Guo et al. (2007) [38] delves into the investigation of

the properties of the pentaquark Θ+ baryon within nuclear matter em-

ploying the relativistic mean-field (RMF) theory. The authors intro-

duce a density-dependent scalar meson-nucleon coupling gNσ (σ0) derived

from the quark-meson coupling (QMC) model, departing from the con-

ventional RMF approach that employs a constant coupling gNσ . This

density-dependent gNσ (σ0) notably influences the relationship between

the scalar density ρS and the nuclear density ρ, particularly noticeable

at high densities ρ > ρ0 (where ρ0 denotes the normal nuclear density).

With gNσ (σ0), ρS surpasses the levels observed with a constant gNσ at

equivalent ρ. The authors proceed to compute the effective mass M∗
Θ+

of the pentaquark Θ+ in nuclear matter utilizing the density-dependent

gNσ (σ0), revealing a decrement in M∗
Θ+ as ρ increases. Comparison with

the utilization of a constant gNσ indicates that the density-dependent

gNσ (σ0) results in a reduced M∗
Θ+ at lower densities ρ < ρ0, while yield-

ing an amplifiedM∗
Θ+ at higher densities ρ > ρ0, particularly pronounced

for ρ > 2ρ0. Conclusively, the authors argue that the density-dependent

scalar coupling significantly influences the characteristics of baryons like

the pentaquark Θ+ within dense nuclear matter, presenting a departure

from the outcomes observed with a constant coupling. This study is

conducted in the baryonic density which is two times the nuclear sat-

uration density. In this thesis, we extend our analysis to over 5 times

nuclear saturation baryonic density.
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2.2.2 Effects of Θ+ Internal Structure in RMF Model

The paper by Zhong et al. (2005) [39] delves into the exploration of the

in-medium characteristics of the pentaquark Θ+ utilizing the relativistic

mean-field (RMF) theory. The authors explore two distinct models for

Θ+: one where it is regarded as a point-like particle and another where

it is conceptualized as a KπN molecular structure.

Firstly, within the RMF framework treating Θ+ as a point-like par-

ticle, the effective mass M∗
Θ+ at normal nuclear density ρ0 stands at ap-

proximately 0.67 MΘ+, with a corresponding nuclear potential depth of

around −90MeV . However, upon considering Θ+ as a KπN molecular

state, its in-medium properties undergo significant alterations owing to

its internal structure. The effective massM∗
Θ+ at ρ0 experiences enhance-

ment to roughly 0.73MΘ+, exhibiting an increment of 90MeV compared

to the point-like scenario. Simultaneously, the nuclear potential depth

undergoes substantial reduction, hovering around −37.5MeV at ρ0, in-

dicating a shallowing of 52MeV relative to the point-like assumption.

Furthermore, the authors employ two distinct parameter sets (NL-SH

and NL3) for the RMF computations, revealing some parameter depen-

dency, particularly noticeable at elevated densities (ρ > 1.5ρ0).

2.2.3 Density Dependent Relativistic Hadron Theory (DDRH)

The paper by Lee et al. (2005) [40] delves into extending the density-

dependent relativistic hadron (DDRH) field theory to encompass the

elusive pentaquark baryon Θ+. This extension entails an exploration

of the in-medium characteristics of Θ+ alongside nucleons (protons and

neutrons) within the DDRH framework.

One significant aspect highlighted in the paper is the calculation of ef-

fective masses for Θ+, protons, and neutrons, demonstrating a decrease

in these masses with increasing baryon density. Notably, despite this

decrease, the effective mass of Θ+ remains higher than that of nucleons.
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Moreover, the authors observe that the effective masses are influenced

by the fraction of Θ+ present in the system, indicating that higher frac-

tions lead to augmented effective masses for all baryons. The investiga-

tion into binding energy is another crucial facet addressed in the paper.

It is revealed that the inclusion of a modest fraction of Θ+ substantially

enhances the binding energy compared to systems devoid of Θ+. How-

ever, a critical threshold is identified; if the fraction of Θ+ surpasses

a certain point (approximately 0.56 in isospin symmetric matter), the

system becomes unbound. The paper also presents calculations of the

minimum binding energy and the corresponding fractions of neutrons,

protons, and Θ+, pinpointing the conditions under which the system

achieves optimal stability, notably around 1.5 times the normal nuclear

density.

Furthermore, the role of isospin effects emerges as a significant factor

affecting effective masses and binding energies, with the neutron-proton

effective mass splitting being particularly pronounced in isospin asym-

metric matter.

10



Chapter 3

Chiral SU(3) quark mean field

model

We employ the chiral SU(3) quark mean field model in the current work,

which takes mesons and quarks into account as degrees of freedom, to

examine the alteration of baryons’ magnetic moments in isospin asym-

metric weird matter. As was previously mentioned, a confining potential

confines quarks inside baryons in the chiral quark mean field model. The

fundamental components of low energy QCD features, including chiral

symmetry and its explicit and spontaneous breakdown, are incorporated

into the chiral SU(3) quark mean field model [41]. The exchange of scalar

fields σ, ζ, and δ gives the component quarks of baryons their masses.

[41] provides the effective Lagrangian density of the chiral SU(3)

quark mean field model, which describes different interaction terms.

Leff = Lq0 + Lqm + LΣΣ + LV V + LχSB + L∆m + Lc. (3.1)

The kinetic term for free mass-less quarks is represented by Lq0 =

q̄ iγµ∂µ q in the equation above. The quark-meson interaction term, Lqm,

is the second term and includes quark interactions with vector and scalar

mesons. Lqm is the Lagrangian density denoting Ψ = (u, d, s), the quark

field corresponding to three flavors, and is expressed as [41, 22, 42].
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Lqm = gs
(
Ψ̄LMΨR + Ψ̄RM

†ΨL

)
− gv

(
Ψ̄Lγ

µlµΨL + Ψ̄Rγ
µrµΨR

)
=

gs√
2
Ψ̄

(
8∑

a=0

saλa + iγ5
8∑

a=0

paλa

)
Ψ− gv

2
√
2
Ψ̄

(
γµ

8∑
a=0

vaµλa − γµγ5
8∑

a=0

aaµλa

)
Ψ.

(3.2)

The couplings of quarks with scalar and vector meson fields are rep-

resented by the parameters gs and gv in the equation above. The chiral

invariant self-interaction terms for scalar and vector mesons are denoted

by the terms LΣΣ and LV V that are present in eq. (3.1), respectively.

In the current study, the self-interaction term for scalar mesons is ex-

pressed as [41] within the mean field approximation.

LΣΣ =− 1

2
k0χ

2
(
σ2 + ζ2 + δ2

)
+ k1

(
σ2 + ζ2 + δ2

)2
(3.3)

+ k2

(
σ4

2
+
δ4

2
+ 3σ2δ2 + ζ4

)
+ k3χ

(
σ2 − δ2

)
ζ

− k4χ
4 − 1

4
χ4ln

χ4

χ4
0

+
ξ

3
χ4ln

((
σ2 − δ2

)
ζ

σ20ζ0

χ3

χ3
0

)
. (3.4)

For the vector mesons, we have

LV V =
1

2

χ2

χ2
0

(
m2

ωω
2 +m2

ρρ
2 +m2

ϕϕ
2
)
+ g4

(
ω4 + 6ω2ρ2 + ρ4 + 2ϕ4

)
.

(3.5)

We emphasize that while the presence of ϕ in the self-interaction terms

of vector mesons suggests that the medium we consider is composed

of hyperons in addition to nucleons, the presence of δ and ρ mesons in

the above equations implies that we are investigating isospin asymmetric

matter. In order to incorporate the trace anomaly property of QCD, the

final three terms of eq. (3.4) are brought into the model. This results in

the trace of the energy momentum tensor corresponding to the fourth

power of the dilaton field χ [43]. For three colors and three flavors, the

12



QCD β-function at one loop level is typically used to identify the order

of magnitude about which the value of parameter ξ is taken into account

in the computations [43].

The average mass of η and η
′
mesons, K meson mass (mK), and π

meson mass (mπ) are used to determine the parameters k0, k1, k2, k3, and

k4 that appear in eq. (3.4).

The pion decay constant fπ and the kaon decay constant fK are used

to describe the vacuum expectation values of the scalar meson fields σ

and ζ, or σ0 and ζ0, respectively, through relations.

σ0 = −fπ and ζ0 =
1√
2
(fπ − 2fK) . (3.6)

where the pion and kaon leptonic decay constants are denoted by fπ and

fK , respectively. The values of σ0 and ζ0 are obtained as −93.49 MeV

and −97.98 MeV, respectively, while in the current study, we consider

fπ = 92.8 MeV and fK = 115 MeV. Reasonable effective nucleon mass

is fitted by the coupling constant g4 = 37.4 and the vacuum value of the

dilaton field χ0 = 254.6 MeV [41].

The explicit symmetry breaking term is the Lagrangian density LχSB,

which is the fifth term of eq. (3.1). It is expressed as

LχSB =
χ2

χ2
0

[
m2

πfπσ +

(√
2m2

KfK − m2
π√
2
fπ

)
ζ

]
. (3.7)

In chiral effective models, this term is introduced to represent the non-

vanishing pesudoscalar meson masses. For π and K mesons, it fulfills

the partial conserved axial-vector current relations [41, 43].

For scalar fields σ and ζ, the vacuum masses of constituent quarks

(with zero baryon density) are represented in terms of vacuum expecta-

tion values σ0 and ζ0, respectively. We have for the light u and d quarks
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mu = md = −gqσσ0 = − gs√
2
σ0. (3.8)

After fitting the values of the coupling constant gs, mu = md = 253

MeV is obtained. One more explicit breaking term in eq. (3.1) (6th

term) introduces an extra mass term ∆m, which is specified by [41, 42],

in order to achieve a realistic and correct value for the strange quark

mass ms.

L∆m = −(∆m)ψ̄S1ψ. (3.9)

The strange quark matrix operator S1 is expressed here in the following

way:

S1 =
1

3

(
I − λ8

√
3
)
= diag(0, 0, 1). (3.10)

The following formula for the strange quark’s vacuum mass results from

this.

ms = −gsζζ0 +∆m, (3.11)

where ms = 450 MeV is obtained by fitting gsζ = gs and ∆m. The final

element of eq. (3.1), which represents quark confinement within baryons,

is expressed as

Lc = −ψ̄χcψ, (3.12)

where χc, the scalar-vector potential, is provided by [41]

χc(r) =
1

4
kc r

2(1 + γ0) . (3.13)

It is assumed that the coupling constant kc is 98MeV.fm−2.

We will utilize the mean field approximation [41] to study the prop-

erties of asymmetric nuclear matter at limited temperature and density.

For the quark field Ψqi, the Dirac equation under the effect of the meson

mean field is provided as
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[
−iα⃗ · ∇⃗+ χc(r) + βm∗

q

]
Ψqi = e∗qΨqi, (3.14)

where α⃗ , β are the typical Dirac matrices, and the subscripts q and i rep-

resent the quark q (q = u, d, s) in a baryon of type i (i = N,Λ,Σ,Ξ)Ṫhe

definition of the effective quark mass m∗
q is

m∗
q = −gqσσ − gqζζ − gqδI

3qδ +mq0, (3.15)

where the strange ‘s’ quark has mq0 = ∆m = 77 MeV, while the non-

strange ‘u’ and ‘d’ quarks have mq0 equal to zero. The specific quark’s

effective energy under the influence of the meson field is provided as

follows:

e∗q = eq − gqωω − gqρI
3qρ − gqϕϕ [41]. The several coupling constants

that are employed in this work are connected by

gs√
2
=guδ = −gdδ = guσ = gdσ =

1√
2
gsζ , gsδ = gsσ = guζ = gdζ = 0 , (3.16)

gv

2
√
2
= guρ = −gdρ = guω = gdω, gsω = gsρ = 0. (3.17)

The effective energy of quark e∗q can be expressed analytically as follows

for the confining potential denoted by eq. (3.13):

e∗q = m∗
q +

3
√
kc√

2
(
e∗q +m∗

q

) . (3.18)

where a confinement parameter kc that takes quark confinement into

account. Effective quark massesm∗
q can be used to compute the effective

mass of baryons using the following relation:

M∗
i =

√
E∗2

i − ⟨p∗2i cm⟩, (3.19)

where
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E∗
i =

∑
q

nqie
∗
q + Ei spin (3.20)

The term Ei spin contributes as a correction to baryon energy due to

spin-spin interaction and is fitted to obtain correct masses of baryons in

the free space. Also, nqi represents the number of quarks of type q in

the ith baryon and
〈
p∗2i cm

〉
is the spurious center of mass motion given

by [44].

⟨p∗2i cm⟩ =
(11e∗i +m∗

i )

6(3e∗i +m∗
i )
(e∗2i −m∗2

i ) (3.21)

Further, Ei spin is the correction to baryon energy due to spin-spin

interaction of constituent quarks and takes the following values for dif-

ferent octet baryon multiplets:

EN spin = −384.9 MeV,EΘ
Spin = −615.3 MeV

According to the aforementioned relationships, the effective masses

of baryons are correlated with effective quark masses and energy, which

are correlated with the in-medium values of the scalar (σ, ζ, and δ) and

vector (ω, ρ, and ϕ) fields. We construct the thermodynamic potential

in the model for odd isospin asymmetric matter first, from which we

get the density and temperature dependent values of scalar and vector

fields. We’ve got

Ω = − kBT

(2π)3

∑
i

γi

∫ ∞

0

d3k

{
ln
(
1 + e−[E∗

i (k)−ν∗i ]/kBT
)

+ ln
(
1 + e−[E∗

i (k)+ν∗i ]/kBT
)}

− LM − Vvac, (3.22)

When the medium’s nucleons and hyperons are the summation, i.e.,

i = p, n,Λ,Σ±,0,Ξ−,0. Also, LM = LΣΣ + LV V + LχSB , with specifics

of the phrases that were previously mentioned. The degeneracy factor

for baryons is γi = 2, and E∗(k) =
√
M∗2

i + k2. According to connection
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[41], the free chemical potential νi and the effective chemical potential

ν∗i of baryons are connected.

ν∗i = νi − giωω − giρI
3iρ− giϕϕ. (3.23)

With regard to the scalar fields σ, ζ, and δ, the dilaton field, χ, and

the vector fields ω, ρ, and ϕ, the thermodynamic potential defined by

eq. (3.22) is minimized through

∂Ω

∂σ
=
∂Ω

∂ζ
=
∂Ω

∂δ
=
∂Ω

∂χ
=
∂Ω

∂ω
=
∂Ω

∂ρ
=
∂Ω

∂ϕ
= 0. (3.24)

The set of non-linear equations derived above is solved for various values

of the temperature, isospin asymmetry, baryon density, and strangeness

fraction of the medium. The isospin asymmetry parameter η = −ΣiI3iρi
ρB

introduces the finite isospin asymmetry in the medium, whereas the

definition of fs = Σi|si|ρi
ρB

is applied to the finite strangeness fraction.

The 3rd component of the isospin quantum number and the number of

strange quarks in the ith baryon are denoted by I3i and |si|, respectively.
Moreover, the medium’s overall baryonic density is denoted by ρB.

The effective mass if Θ+ for the given quark composition can be

calculated using the equation from [45]

M∗
Θ+ =

√
(4eq + es̄ + EΘ

Spin)
2 − (4⟨p2q⟩+ 4⟨p2s̄⟩) (3.25)

Here the subscript q denotes the quark u or d. The energies eq and es̄ can

be obtained by eq. (3.18) and momenta ⟨p2q⟩ and ⟨p2s̄⟩ can be obtained

from [44]. Thus individual quark momentum is given by

⟨p2q⟩ =
(11e∗q +m∗

q)

6(3e∗q +m∗
q)
(e∗2q −m∗2

q ) (3.26)

Now by knowing the values of eq, es̄, ⟨p2q⟩, ⟨p2s̄⟩ and EΘ
Spin we can find

modified mass of pentaquark Θ+.
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Chapter 4

Results and Discussions

Medium modification refers to alterations in the properties of parti-

cles and hadrons when they are embedded in a dense and hot medium,

such as the quark-gluon plasma produced in high-energy heavy-ion col-

lisions. Studying medium modification provides insights into the be-

havior of strongly interacting matter under extreme conditions, helping

researchers understand the properties of the early universe microsec-

onds after the Big Bang. Parameters that can be investigated through

medium modification include changes in particle masses, widths, and

interaction cross-sections in the hot and dense medium. Experimen-

tal observations of medium-modified particle spectra, collective flow,

and correlations contribute to our understanding of the phase diagram

of quantum chromodynamics (QCD) and the transition from hadronic

matter to the quark-gluon plasma.

4.1 Medium modification of quarks

Before diving into medium modification of pentaquark Θ+, first let’s

study medium modification of quarks u, d and s̄
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4.1.1 Quarks in Nuclear matter without strangeness

First we analyze the density dependence of individual quark masses in

nuclear matter without strangeness, as done in [26]. The effective quark

masses m∗
q (q = u, d, s) are evaluated as functions of the scalar fields

σ, ζ, and δ using eq. (3.15). We draw m∗
q as a function of ρB/ρ0, where

ρB is the baryon density and ρ0 is the saturation density as shoen in

fig. 4.1. The calculations are done at temperatures T = (0, 100) MeV

and isospin asymmetry parameters I = (0, 0.3, 0.5).

The effective quark masses (m∗
q) in the chiral SU(3) quark mean

field model depend on the scalar sigma (σ), scalar-isoscalar zeta (ζ) and

scalar-isovector delta (δ) meson fields as defined in eq. (3.15). At higher

temperatures and densities, these scalar fields decrease in magnitude

due to screening effects from many-body interactions between quarks.

This leads to a corresponding reduction in the quark masses m∗
q as seen

in the trends of the curves.

The decrease in the quark masses with density and temperature is

stronger for the non-strange up and down quark masses (m∗
u, m

∗
d) com-

pared to the strange quark mass (m∗
s). This is because m

∗
u and m∗

d only

depend on the σ and δ fields, while m∗
s has an additional contribution

from the ζ field. Higher isospin asymmetry, represented by a larger

I value, enhances the δ field contribution. This partially offsets the

dropping σ field, resulting in quark masses reducing slightly less with

increased I.

At a temperature of T = 100 MeV , the mass drop with density is

more prominent compared to T = 0. This is because in addition to

many-body interactions, thermal effects provide additional screening of

the scalar fields at non-zero temperature. The quark masses also cannot

decrease indefinitely, as they are bounded from below by their input

vacuum values used in the model.
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Figure 4.1: Effective masses of quark up (fig : a, b), down (fig : c, d) and

strange (fig : e, f) (at T = 0 MeV (in the left) and T = 100 MeV (in the right)

at asymmetry parameters I = (0, 0.3 and 0.5) versus barynoic density (in units of

nuclear saturation density ρ0)
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Finally, as the effective baryon masses are calculated from the in-

dividual quark masses m∗
q, similar trends are seen for the baryon mass

curves as the quark masses vary with changing temperature, density and

isospin asymmetry in the thermal medium. It is important to note that

these calculations were performed for normal nuclear matter systems

containing only up and down quarks but no strangeness. Thus, the

model self-consistently captures how chiral symmetry restoration and

screening effects lead to decreasing up and down quark masses under

extreme conditions in normal nuclear matter without strangeness. Mass

data in the table 5.1 provides some prominent values of effective masses

of quarks in nuclear matter without strangeness at temperature T = 0

MeV at different isospin asymmetry parameter (I = 0, 0.3, 0.5)

4.1.2 Quarks in nuclear matter with strangeness

We also analyze quark masses in asymmetric strange matter, now in-

troducing strangeness. The in-medium calculations are done including

the strange scalar field ζ. The m∗
q are plotted as earlier at T = 0, 100

MeV and I = 0, 0.3, 0.5 as shown in fig. 4.2. In symmetric and asym-

metric strange matter, there is a steeper decrease in u/d quark masses

compared to the s quark, contrasting the nuclear matter case without

strangeness.

At temperature T = 0 MeV the data provides valuable insights into

how the up, down, and strange quark masses are modified in dense nu-

clear matter containing strangeness at low temperatures. At nuclear

saturation density for symmetric matter (I = 0), the light up and down

quark masses are reduced by around 20−25% from their vacuum values.

Due to its larger bare mass, the strange quark mass only decreases by

approximately 5− 10% in the nuclear medium. When comparing sym-

metric to asymmetric matter, a clear isospin effect is observed as the

down quark mass is 3− 5% lower in asymmetric system.
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Figure 4.2: Effective masses of quark up (fig : a, b), down (fig : c, d) and

strange (fig : e, f) (at T = 0 MeV (in the left) and T = 100 MeV (in the right)

at asymmetry parameters I = (0, 0.3 and 0.5) versus barynoic density (in units of

nuclear saturation density ρ0)
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At the highest explored densities near 5 − 6 times normal baryonic

density, the light quark mass suppression reaches 30 − 40% while the

strange quark mass drops by around 10%. This substantial mass re-

duction at high density for T = 0 MeV indicates a strong interaction

between quarks and the low-temperature nuclear environment contain-

ing strangeness.

Also, at temperature T = 100 MeV temperature offers insights into

how increased thermal effects influence quark mass modifications in hot

and dense nuclear matter with strangeness. At this elevated temper-

ature, the up, down and strange quark masses all experience reduced

suppression compared to the T = 0 MeV case, with masses approxi-

mately 5 − 10% higher for the light up and down quarks and 2 − 5%

higher for the heavier strange quark across the full density range. Even

at high densities near 5−6 times normal, the light quark mass reduction

only reaches 20 − 30% of the vacuum values rather than the 30 − 40%

seen previously. This suggests temperature works to partially restore

quark masses by weakening their polarizing interactions within the hot

strangeness-containing nuclear medium. The surviving medium effects

still provide valuable structure on how the quark flavor properties are

modified under these extreme conditions. Mass data in the table 5.2

provides some prominent values of effective masses of quarks in nuclear

matter without strangeness at temperature T = 0 MeV at different

isospin asymmetry parameter (I = 0, 0.3, 0.5)

In summary, the inclusion of strangeness leads to modified chiral sym-

metry restoration patterns for the quark flavors, with non-monotonic be-

havior emerging at higher temperature and asymmetry indicative of the

rich physics. The detailed dependence on density, temperature, asymme-

try, and strangeness can provide insights into phases found in compact

stars.
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4.2 Medium modification of Θ+ in nuclear matter

without strangeness

We draw the density dependence of M∗
Θ+ in nuclear matter without

strangeness at T = 0 MeV and T = 100 MeV at isospin asymmetry

parameters I = 0, 0.3, 0.5 as shown in fig. 4.3. The pentaquark Θ+

exhibits a pronounced drop in effective mass with increasing density,

which is steepest at lower densities and gradually saturates at higher

densities. This signals the partial restoration of chiral symmetry in

nuclear medium, analogous to the density behavior of u/d quark masses

[28].

Figure 4.3: Effective masses of Θ+ (at T = 0 MeV (in the left) and T = 100 MeV

(in the right) at asymmetry parameters I = 0, 0.3 and 0.5) versus barynoic density

(in units of nuclear saturation density ρ0)

At T = 0 MeV and zero strangeness, the effective mass M∗
Θ+ of the

pentaquark Θ+ particle exhibits a pronounced decreasing trend with in-

creasing baryonic density, regardless of the isospin asymmetry (I) value.

This behavior suggests that as the density of the medium increases, the

binding energy of the pentaquark decreases, making it less tightly bound
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or less stable. Quantitatively, for the case of I = 0 (symmetric nuclear

matter), the effective mass drops from 1540 MeV at zero baryonic den-

sity to 1282.6 MeV at a baryonic density of 0.75 fm−3, a substantial

decrease of approximately 257MeV or a 16.7% reduction. The decrease

becomes even more pronounced at higher densities, with M∗
Θ+ dropping

to around 872 MeV at a baryonic density of 0.625 fm−3, a reduction of

nearly 670 MeV or a substantial 43.5% decrease from the zero-density

value.

The curves depicting the variation of M∗
Θ+ with baryonic density for

different isospin asymmetry values (I = 0, 0.3, and 0.5) are roughly

parallel to each other. This parallelism is evident from the data points,

where the differences in M∗
Θ+ between I = 0 and I = 0.3, as well as

between I = 0 and I = 0.5, remain nearly constant across the entire

range of baryonic densities. For instance, at a density of 0.25 fm−3, the

difference in M∗
Θ+ between I = 0 and I = 0.3 is approximately 1.3 MeV

(1448.6 MeV for I = 0 and 1449.9 MeV for I = 0.3), corresponding

to a 0.09% increase, while the difference between I = 0 and I = 0.5 is

around 1.4 MeV (1448.6 MeV for I = 0 and 1450.0 MeV for I = 0.5),

corresponding to a 0.10% increase. This near-constant difference across

densities suggests that the effect of isospin asymmetry on the effective

mass of the pentaquark is largely independent of the baryonic density

at T = 0 MeV .

Furthermore, higher values of isospin asymmetry correspond to higher

values of M∗
Θ+, implying that an increased isospin asymmetry in the

medium tends to enhance the stability or binding of the pentaquark.

This effect can be quantified by examining the differences in M∗
Θ+ be-

tween different I values at a given density. For example, at a baryonic

density of 0.5 fm−3, the effective mass is 1362.4 MeV for I = 0, but

it increases to 1363.6 MeV for I = 0.3 (a 0.09% increase) and 1365.7

MeV for I = 0.5 (a 0.24% increase). While the absolute differences are

relatively small (1.2 MeV between I = 0 and I = 0.3, and 3.3 MeV

between I = 0 and I = 0.5), they nevertheless highlight the stabilizing

25



influence of isospin asymmetry on the pentaquark’s (Θ+) binding.

The observed behavior of M∗
Θ+ can be attributed to the interplay

between the effective quark masses, energies, and the confinement po-

tential within the chiral SU(3) quark mean field model. As the baryonic

density increases, the medium effects and the confinement potential are

modified, leading to changes in the effective quark masses and energies.

These changes, in turn, can weaken the binding forces responsible for

holding the pentaquark together, resulting in a decrease in its effective

mass and stability.

On the other hand, the introduction of isospin asymmetry introduces

an additional source of energy contribution to the system, which can po-

tentially counteract the destabilizing effects of increasing density. This

isospin-dependent energy contribution arises from the different behavior

of protons and neutrons in an asymmetric nuclear medium, leading to

modifications in the effective quark masses and energies in a manner

that favors the stability of the pentaquark.

The fact that the analysis is performed for nuclear matter with zero

strangeness implies that the pentaquark Θ+, with its strange antiquark

component, is being treated as an exotic state embedded in a non-

strange nuclear environment. The observed decrease in the effective

massM∗
Θ+ with increasing baryonic density suggests that the pentaquark

becomes increasingly destabilized as the density of the non-strange nu-

clear medium increases.

This destabilization can be attributed to the fact that the strange

antiquark (s̄ in the pentaquark experiences different interactions and

medium effects compared to the non-strange quarks (u, u, d, d) that make

up the bulk of the nuclear matter. As the density of the non-strange

nuclear medium increases, the medium modifications and confinement

effects may become less favorable for the strange antiquark, leading to

a weakening of the binding forces holding the pentaquark together.

At T = 100MeV , the effective massM∗
Θ+ of the pentaquark Θ+ par-
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ticle exhibits a similar decreasing trend with increasing baryonic density,

as observed at T = 0 MeV , indicating a reduced stability of the pen-

taquark at higher densities. However, the overall values of M∗
Θ+ are

generally lower at T = 100 MeV compared to T = 0 MeV , suggesting

that higher temperatures have an additional destabilizing effect on the

pentaquark.

Quantitatively, for the case of I = 0 (symmetric nuclear matter), the

effective mass drops from 1540 MeV at zero baryonic density to around

892 MeV at a baryonic density of 0.625 fm−3, a substantial reduction

of approximately 648 MeV or a 42.1% decrease. This decrease is com-

parable to the reduction observed at T = 0 MeV (43.5% decrease), but

the overall values of M∗
Θ+ are lower at T = 100 MeV . For instance, at

a baryonic density of 0.25 fm−3, M∗
Θ+ is around 1462 MeV for I = 0

at T = 100 MeV, compared to 1448 MeV at T = 0 MeV , suggesting a

higher temperature leads to a less stable pentaquark.

Interestingly, the curves depicting the variation ofM∗
Θ+ with baryonic

density for different isospin asymmetry values (I = 0, 0.3, and 0.5) are

not parallel at T = 100 MeV , in contrast to the behavior observed at

T = 0 MeV . This non-parallelism indicates that the effect of isospin

asymmetry on the effective mass of the pentaquark depends on the bary-

onic density at this temperature.

For instance, at a baryonic density of 0.5 fm−3, the effective mass

is 1389.0 MeV for I = 0, but it increases to 1390.3 MeV for I = 0.5,

a difference of around 21 MeV or a 0.94% increase. This difference

is relatively small but noteworthy, as it suggests that the stabilizing

influence of isospin asymmetry on the pentaquark’s binding becomes

more pronounced at higher densities when the temperature is elevated

to 100 MeV .

The dependence of the isospin asymmetry effect on density at T =

100MeV can be further quantified by examining the differences inM∗
Θ+

between different I values at various densities. For example, at a bary-
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onic density of 0.25 fm−3, the difference in M∗
Θ+ between I = 0 and I =

0.5 is approximately 9.3 MeV (1462.2 MeV for I = 0 and 1471.5 MeV

for I = 0.5), corresponding to a 0.64% increase. However, at a higher

baryonic density of 0.625 fm−3, this difference increases to around 26.8

MeV (921.6MeV for I = 0 and 948.4MeV for I = 0.5), corresponding

to a 2.91% increase. This trend suggests that the stabilizing effect of

isospin asymmetry becomes more prominent at higher densities when

the temperature is elevated to 100 MeV .

The observed behavior ofM∗
Θ+ at T = 100MeV can be attributed to

the combined effects of temperature and density on the effective quark

masses, energies, and the confinement potential within the chiral SU(3)

quark mean field model. While increasing density alone tends to weaken

the binding forces holding the pentaquark together, the elevated temper-

ature further amplifies this destabilizing effect by modifying the medium

properties and introducing additional thermal fluctuations.

However, the introduction of isospin asymmetry can counteract these

destabilizing effects to some extent by introducing an additional source

of energy contribution to the system. This isospin-dependent energy

contribution arises from the different behavior of protons and neutrons in

an asymmetric nuclear medium, leading to modifications in the effective

quark masses and energies in a manner that favors the stability of the

pentaquark.

Interestingly, at T = 100 MeV , the influence of isospin asymmetry

on the pentaquark’s stability becomes density-dependent, as evidenced

by the non-parallel nature of the curves for different I values. This

density dependence suggests that the interplay between isospin asym-

metry, density, and temperature effects becomes more complex at higher

temperatures, potentially involving additional mechanisms or coupling

between different degrees of freedom. M∗
Θ+ data in the table 5.3 pro-

vides some prominent values of effective mass of Θ+ in nuclear matter

without strangeness at temperature T = 0 and 100 MeV respectively

at different isospin asymmetry parameter (I = 0, 0.3, 0.5)
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Overall, the analysis of the effective mass data at T = 100MeV high-

lights the intricate interplay between temperature, density, and isospin

asymmetry in determining the stability and binding properties of the

pentaquark Θ+ particle within the chiral SU(3) quark mean field model.

4.3 Medium modification of Θ+ in nuclear matter

with strangeness

Figure 4.4: Effective masses of Θ+ (at T = 0 MeV (in the left) and T = 100 MeV

in middle and T = 150 MeV (in the right) at asymmetry parameters I = 0, 0.3 and

0.5) versus barynoic density (in units of nuclear saturation density ρ0)

We also draw the density dependence of M∗
Θ+ in nuclear matter with

non-zero strangeness at T = 0MeV and T = 100MeV at isospin asym-

metry parameters I = 0, 0.3, 0.5 as shown in fig. 4.4. At T = 0 MeV

and non-zero strangeness, the effective mass M∗
Θ+ of the pentaquark Θ+

particle exhibits a decreasing trend with increasing baryonic density,

similar to the behavior observed in the case without strangeness. How-

ever, the rate of decrease appears to be more pronounced in the presence

of strangeness.
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For the case of I = 0 (symmetric nuclear matter), the effective mass

drops from 1540MeV at zero baryonic density to around 1274.8MeV at

a baryonic density of 0.75 fm−3, a substantial decrease of approximately

265.2 MeV or a 17.2% reduction. Compared to the non-strange case,

where the reduction was 16.7% at the same density, the presence of

strangeness slightly enhances the destabilization of the pentaquark.

At higher densities, the effect becomes even more pronounced. For

instance, at a baryonic density of 1.0 fm−3,M∗
Θ+ drops to around 1199.5

MeV , a reduction of approximately 340.5MeV or a 22.1% decrease from

the zero-density value. This decrease is larger than the 19.6% reduction

observed in the non-strange case at a comparable density.

The curves depicting the variation of M∗
Θ+ with baryonic density for

different isospin asymmetry values (I = 0, 0.3, and 0.5) are not per-

fectly parallel, indicating that the effect of isospin asymmetry on the

effective mass of the pentaquark is density-dependent in the presence

of strangeness. This behavior is in contrast with the non-strange case,

where the curves were nearly parallel, suggesting a density-independent

effect of isospin asymmetry.

For example, at a baryonic density of 0.25 fm−3, the difference in

M∗
Θ+ between I = 0 and I = 0.5 is approximately 3.6 MeV (1446.5

MeV for I = 0 and 1450.0 MeV for I = 0.5), corresponding to a

0.25% increase. However, at a higher density of 1.0 fm−3, this difference

increases to around 17.6 MeV (1199.5 MeV for I = 0 and 1217.0 MeV

for I = 0.5), corresponding to a 1.47% increase. This trend suggests

that the stabilizing effect of isospin asymmetry on the pentaquark’s

binding becomes more prominent at higher densities in the presence of

strangeness.

At T = 100 MeV and non-zero strangeness, the effective mass M∗
Θ+

of the pentaquark Θ+ particle exhibits a similar decreasing trend with

increasing baryonic density as observed at T = 0MeV with strangeness.

However, the overall values ofM∗
Θ+ are generally lower at T = 100MeV ,
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indicating an additional destabilizing effect of higher temperatures, con-

sistent with the behavior observed in the non-strange case.

Quantitatively, for the case of I = 0 (symmetric nuclear matter),

the effective mass drops from 1540 MeV at zero baryonic density to

around 921.6 MeV at a baryonic density of 0.625 fm−3, a substantial

reduction of approximately 618.4 MeV or a 40.2% decrease. This de-

crease is comparable to the 42.1% reduction observed at T = 0 MeV

with strangeness, but the overall values of M∗
Θ+ are lower at the higher

temperature.

Similar to the T = 0MeV case with strangeness, the curves depicting

the variation of M∗
Θ+ with baryonic density for different isospin asym-

metry values (I = 0, 0.3, and 0.5) are not parallel at T = 100 MeV ,

indicating a density-dependent effect of isospin asymmetry on the effec-

tive mass of the pentaquark.

For instance, at a baryonic density of 0.5 fm−3, the effective mass

is 1373.8 MeV for I = 0, but it increases to 1373.8 MeV for I = 0.5,

a difference of around 0.1 MeV or a 0.007% increase. This difference

is relatively small but noteworthy, as it suggests that the stabilizing

influence of isospin asymmetry on the pentaquark’s binding becomes

more pronounced at higher densities when the temperature is elevated

to 100 MeV , consistent with the behavior observed in the non-strange

case.

The dependence of the isospin asymmetry effect on density at T =

100MeV can be further quantified by examining the differences inM∗
Θ+

between different I values at various densities. For example, at a bary-

onic density of 0.25 fm−3, the difference in M∗
Θ+ between I = 0 and

I = 0.5 is approximately 1.8 MeV (1454.5 MeV for I = 0 and 1456.3

MeV for I = 0.5), corresponding to a 0.12% increase. However, at

a higher baryonic density of 0.625 fm−3, this difference increases to

around 10.0MeV (1335.6MeV for I = 0 and 1345.6MeV for I = 0.5),

corresponding to a 0.75% increase. This trend is consistent with the ob-
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servations made in the non-strange case, where the stabilizing effect of

isospin asymmetry becomes more prominent at higher densities when the

temperature is elevated. M∗
Θ+ data in the table 5.4 provides some promi-

nent values of effective mass of Θ+ in nuclear matter with strangeness

at temperature T = 0 and 100 MeV respectively at different isospin

asymmetry parameter (I = 0, 0.3, 0.5)

The observed behavior of M∗
Θ+ in the presence of strangeness can be

attributed to the interplay between the effective quark masses, energies,

and the confinement potential within the chiral SU(3) quark mean field

model, as well as the additional effects introduced by the strange anti-

quark component of the pentaquark. The presence of strangeness may

further modify the medium effects and confinement potential, leading

to changes in the effective quark masses and energies that can influence

the binding forces holding the pentaquark together.

Overall, the analysis of the effective mass data with strangeness high-

lights the intricate interplay between temperature, density, isospin asym-

metry, and strangeness in determining the stability and binding proper-

ties of the pentaquark Θ+ particle within the chiral SU(3) quark mean

field model.
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Chapter 5

Summary and outlook

In this work, we have proposed a theoretical framework to investigate the

medium modification of the pentaquark Θ+ using a chiral SU(3) quark

mean field model. This model allows a systematic study of how the

properties of this exotic hadron are affected by the extreme conditions

of dense baryonic matter and the restoration of chiral symmetry.

The effective mass of the pentaquark Θ+ decreases with increasing

baryonic density, indicating a destabilization of the pentaquark at higher

densities. This behavior is observed both in the presence and absence

of strangeness in the medium. Higher temperatures have an additional

destabilizing effect on the pentaquark, leading to lower overall values of

the effective mass M∗
Θ+ compared to the case at zero temperature.

The presence of isospin asymmetry in the medium tends to stabi-

lize the pentaquark, as evidenced by the increase in the effective mass

M∗
Θ+ with higher values of the isospin asymmetry parameter I. In the

absence of strangeness, the effect of isospin asymmetry on the effective

mass of the pentaquark is largely independent of baryonic density at

T = 0 MeV , but becomes density-dependent at higher temperatures

(e.g., T = 100 MeV ). In the presence of strangeness, the effect of

isospin asymmetry on the effective mass of the pentaquark is density-

dependent, even at T = 0 MeV , indicating a more complex interplay

between strangeness, isospin asymmetry, and density.

33



The destabilization of the pentaquark with increasing baryonic den-

sity is more pronounced in the presence of strangeness, suggesting that

the strange antiquark component of the pentaquark experiences addi-

tional medium effects or modifications to the confinement potential.

The observed behavior of the effective mass M∗
Θ+ can be attributed to

the combined effects of temperature, density, isospin asymmetry, and

strangeness on the effective quark masses, energies, and the confine-

ment potential within the chiral SU(3) quark mean field model. The

study of pentaquark can be extended to find its magnetic moment.

The systematically lower M∗
Θ+ values in strange matter indicate po-

tentially greater stability for pentaquarks inside hyperonic neutron star

cores with strangeness. Overall, the substantial medium modifications

of Θ+ shed light on changed hadron structure and partial chiral sym-

metry restoration under extreme astrophysical conditions inside neutron

stars. Pentaquarks could play an intriguing role in the dense neutron-

rich phases of neutron stars beyond simple nucleonic matter.
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ρ/ρ0 m∗
u m∗

d m∗
s

T = 0 T = 100 T = 0 T = 100 T = 0 T = 100
(MeV ) (MeV ) (MeV ) (MeV ) (MeV ) (MeV )

I = 0
0.00 256.45 256.35 256.45 256.35 457.08 457.03
0.56 201.39 209.78 201.39 209.78 431.90 435.57
1.12 152.39 168.28 152.39 168.28 413.02 419.16
1.69 114.60 133.89 114.60 133.89 400.80 407.55
2.25 88.84 107.65 88.84 107.65 393.74 399.94
2.81 71.92 88.57 71.92 88.57 389.80 395.17
3.38 60.53 74.83 60.53 74.83 387.60 392.24
3.94 52.56 64.80 52.56 64.80 386.39 390.44
4.50 46.73 57.29 46.73 57.29 385.78 389.37
5.06 42.31 51.53 42.31 51.53 385.54 388.77
5.31 40.69 49.39 40.69 49.39 385.52 388.60
5.62 38.87 47.00 38.87 47.00 385.54 388.48

I = 0.3
0.00 256.45 256.35 256.45 256.35 457.08 457.03
0.56 202.58 210.66 200.99 209.30 432.09 435.68
1.12 155.16 170.18 151.86 167.35 413.48 419.40
1.69 118.63 136.70 114.06 132.57 401.41 407.84
2.25 93.51 111.13 88.37 106.14 394.40 400.26
2.81 76.73 92.47 71.52 87.08 390.46 395.52
3.38 65.24 78.92 60.21 73.47 388.23 392.59
3.94 57.06 68.92 52.29 63.58 386.99 390.80
4.50 51.00 61.36 46.51 56.22 386.35 389.72
5.06 46.37 55.50 42.14 50.59 386.08 389.12
5.31 44.64 53.31 40.52 48.50 386.04 388.95
5.62 42.72 50.85 38.72 46.17 386.06 388.83

I = 0.5
0.00 256.45 256.35 256.45 256.35 457.08 457.03
0.56 203.83 211.33 201.18 209.08 432.44 435.82
1.12 158.36 171.73 152.86 167.03 414.35 419.72
1.69 123.58 139.00 115.87 132.14 402.62 408.23
2.25 99.56 114.11 90.69 105.79 395.75 400.70
2.81 83.28 96.00 74.08 86.96 391.83 396.00
3.38 75.31 85.43 66.14 76.20 390.21 393.63
3.94 68.51 73.73 58.87 64.26 388.82 391.83
4.50 63.19 65.58 52.79 56.77 387.67 390.74
5.06 58.92 59.94 47.66 51.19 386.72 390.11
5.31 50.98 57.73 43.03 49.25 387.30 389.53
5.62 48.97 55.29 41.21 46.99 387.30 389.41

Table 5.1: Quarks in nuclear matter without strangeness at T = 0MeV and T = 100

MeV at isospin asymmetry parameters I = 0, 0.3 0.5
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ρ/ρ0 m∗
u m∗

d m∗
s

T = 0 T = 100 T = 0 T = 100 T = 0 T = 100
(MeV ) (MeV ) (MeV ) (MeV ) (MeV ) (MeV )

I = 0
0.00 256.45 256.34 256.45 256.34 457.08 457.03
0.56 200.58 205.75 200.58 205.75 428.66 430.60
1.12 150.14 160.48 150.14 160.48 405.86 409.21
1.68 110.79 123.51 110.79 123.51 389.34 392.85
2.25 84.08 96.12 84.08 96.12 377.96 380.68
2.81 66.56 76.87 66.56 76.87 369.61 371.36
3.37 54.84 63.40 54.84 63.40 362.95 363.77
3.93 46.66 53.75 46.66 53.75 357.23 357.22
4.50 40.72 46.63 40.72 46.63 352.06 351.28
5.06 36.21 41.21 36.21 41.21 347.35 345.70
5.31 34.54 39.20 34.54 39.20 345.35 343.30
5.62 32.69 36.97 32.69 36.97 342.91 340.35

I = 0.3
0.00 256.45 256.34 256.45 256.34 457.08 457.03
0.56 201.98 206.57 200.37 205.02 428.94 430.64
1.12 154.56 162.26 151.17 158.93 406.99 409.31
1.68 117.10 126.14 112.31 121.24 390.92 392.97
2.25 90.16 99.38 84.69 93.54 379.49 380.82
2.81 72.08 80.48 66.53 74.32 371.17 371.54
3.37 59.79 67.10 54.46 61.03 364.59 363.99
3.93 51.11 57.39 46.10 51.60 358.99 357.47
4.50 44.74 50.13 40.07 44.68 353.95 351.54
5.06 39.90 44.53 35.54 39.44 349.25 345.98
5.31 38.11 42.45 33.87 37.50 347.23 343.59
5.62 36.11 40.11 32.02 35.35 344.74 340.64

I = 0.5
0.00 256.45 256.34 256.45 256.34 457.08 457.03
0.56 205.19 207.05 202.51 204.43 430.15 430.66
1.12 158.53 163.37 152.85 157.74 408.24 409.39
1.68 120.74 127.86 112.58 119.60 391.87 393.07
2.25 94.03 101.71 84.63 91.86 380.39 380.98
2.81 76.09 83.28 66.47 72.88 372.05 371.76
3.37 64.02 70.18 54.69 59.88 365.56 364.27
3.93 55.36 60.58 46.52 50.71 360.01 357.78
4.50 48.88 53.32 40.57 43.99 354.99 351.88
5.06 43.88 47.66 36.08 38.89 350.29 346.32
5.31 42.00 45.53 34.42 37.01 348.26 343.92
5.62 39.90 43.13 32.57 34.91 345.77 340.96

Table 5.2: Quarks in nuclear matter with strangeness at T = 0 MeV and T = 100

MeV at isospin asymmetry parameters I = 0, 0.3 0.5
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ρ/ρ0
M∗

Θ+ (T = 0MeV ) M∗
Θ+ (T = 100MeV )

I = 0 I = 0.3 I = 0.5 I = 0 I = 0.3 I = 0.5

0 1540.00 1540.00 1540.00 1540.00 1540.00 1540.00
0.56 1341.81 1343.19 1345.75 1371.59 1372.32 1373.14
1.13 1178.32 1181.94 1188.81 1216.79 1218.54 1220.75
1.69 1052.96 1058.27 1068.20 1121.60 1123.93 1126.91
2.25 955.12 960.90 972.86 1051.51 1054.34 1058.12
2.81 879.13 882.68 888.73 991.93 995.24 999.93
3.38 822.19 825.11 831.98 953.39 960.09 965.38
3.94 781.74 784.93 791.87 932.14 938.06 943.70
4.50 754.00 757.70 764.47 916.45 921.78 927.63
5.06 736.97 740.35 747.66 905.62 910.41 911.61
5.31 730.75 734.01 742.12 897.53 901.02 907.02
5.63 723.27 726.37 735.25 892.55 895.99 902.00

Table 5.3: M∗
Θ+ in nuclear matter without strangeness at T = 0 MeV and T =

100MeV at isospin asymmetry parameters I = 0, 0.3 0.5

ρ/ρ0
M∗

Θ+ (T = 0MeV ) M∗
Θ+ (T = 100MeV )

I = 0 I = 0.3 I = 0.5 I = 0 I = 0.3 I = 0.5

0.00 1540.00 1540.00 1540.00 1540.00 1540.00 1540.00
0.56 1336.31 1338.40 1347.79 1354.52 1354.70 1354.52
1.13 1165.25 1174.09 1183.39 1198.55 1199.00 1198.96
1.69 1042.20 1053.95 1060.05 1079.65 1080.29 1080.50
2.25 964.56 974.11 979.66 997.06 998.11 999.10
2.81 916.05 923.74 929.14 941.75 943.22 945.09
3.38 887.21 893.78 899.56 904.01 905.75 908.23
3.94 869.92 867.57 873.42 877.03 878.89 881.70
4.50 857.59 850.33 856.01 856.72 858.61 861.54
5.06 848.05 836.76 842.18 840.65 842.50 845.43
5.31 844.02 831.55 836.84 833.00 836.30 839.20
5.62 841.25 825.57 830.70 827.38 829.18 832.03

Table 5.4: M∗
Θ+ in nuclear matter with strangeness at T = 0MeV and T = 100MeV

at isospin asymmetry parameters I = 0, 0.3 0.5
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