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In this paper, we discuss the impact of a higher number of light quark flagrspn the QCD phase diagram under extreme conditions.

Our formalism is based on the Schwinger-Dyson equation, employing a specific symmetry-preserving vector-vector flavor-dressed contact
interaction model of quarks in Landau gauge, utilizing the rainbow-Ladder truncation. We derive expressions for the dressed quark mass
M; and effective potentia’ at zero, at finite temperatuf® and the quark chemical potentjal The transition between chiral symmetry
breaking and restoration is triggered by the effective potential of the contact interaction, whereas the confinement and deconfinement transi
tion is approximated from the confinement length séale Our analysis reveals that @ = p = 0), increasingV; leads to the restoration

of chiral symmetry and the deconfinement of quarks whgnreaches its critical valugys ~ 8. At this critical value, in the chiral limit

(my = 0), the global minimum of the effective potential occurs at the point where the dressed quark mass approacliés zerd)

However, when a bare quark massmf = 7 MeV is introduced, the global minimum shifts slightly to a nonzero value, approaching

My — my. Atfinite T andp, we illustrate the QCD phase diagram in ¢ — 1) plane, for various numbers of light quark flavors,

noting that both the critical temperatufe and the critical chemical potential. for chiral symmetry restoration and deconfinement decrease

as Ny increases. Moreover, the critical endpofffizr, pzpr) also shifts to lower values with increasidgs;. Our findings are consistent

with other low-energy QCD approaches.
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1. Introduction coupling becomes progressively strongerMs decreases.
As aresult, the system enters a phase marked by the breaking

In the past few years, the study of low-energy quantum ChI’O(-)f chiral symmetry and the confinement of quarks.

modynamics (QCD) for large number light quark flavors  Furthermore, the study of a large number of light quark
Ny yields important consequences on the chiral symmetryjayors N, plays a significant role in light hadron physics, see
breaking/ restoration and confinement/deconfinement phaggr example, recent Lattice QCD studies [28] and Schwinger-
transition in the presence of heat bath and external backyyson studies in Ref. [29] discusses the properties of pions
ground fields. It has been clearly demonstrated in the Latand kaons across various light quark flavors in detail. This
tice QCD simulation [1-5], the Schwinger-Dyson equationresearch reveals that at and above the critiéal~ 8, the
approaches [6-10], some continuum approaches [11-16] anflasses of the pseudoscalar mesons increase, indicating that
the NJL model calculation [9] that as we increase the numchiral symmetry is restored and mesons behave like free par-
ber of light quark flavors, the chiral symmetry restores andicles. Additionally, the Schwinger quark-antiquark pair pro-
quarks become deconfined at and above some critical valuguction rate is sensitive to the increasing number of light
N§. The critical value must be less than the upper limit ofquark flavors. It has been demonstrated that, in the presence
the critical value, denoted aIS’J‘j’AF , Where the asymptotic of a pure electric field, the pair production rate accelerates
freedom is believed to exist. According to [17], the critical with a higher number of flavors [10]. In Ref. [8], a study
number of flavors for a gauge groufl/ (Nc) is given by  of large N; in a heat bath and magnetic field background
(N?AF = 11N./2). For N, = 3, this yields a critical value shows that there is a critical number of flavolé§ ~ 8, at

of 16.5. Consequently, QCD is considered conformal in thewhich chiral symmetry is restored and deconfinement occurs,
infrared regime, attributed to the presence of an infrared fixeavhile the critical temperaturé, decreases a¥&'; increases.
point which refers to a specific condition in which the betaExtending the study of larg®’; to finite temperaturd” and
functions of the QCD couplings are equal to zero [15,18-23]chemical potential: provides deeper insights into the nature
The range of fermion fIavorSNJ? <Ng < N;’AF) is com-  of the chiral phase transition within the QCD phase diagram.
monly referred to as the “conformal region” [24-27]. As we A model-based study, such as the Nambu-Jona-Lasinio (NJL)
approach the upper limigv, < N;’AF) of this region, the model, predicts that increasing the number of light quark fla-
infrared fixed point is located in a weakly interacting regime.vors, Ny, leads to a decrease in all phase diagram parame-
In contrast, at the lower regidVy < N¢), the infrared fixed  ters, including the critical temperatug, the critical quark
point shifts towards the strongly interacting region, where thechemical potential.., and the critical endpointls, 11g), as
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discussed in Ref. [9]. In this work, we focus on studyingalyze this within the framework of Schwinger-Dyson equa-
the QCD phase diagram in tH&X¢ — 1) plane for vari- tions, utilizing the Landau gauge and a Schwinger optimal
ous numbers of light quark flavol§;. This exploration is  time regularization method, while considering finite temper-
crucial for understanding the phase transitions that hadroniatureT” and chemical potentigk. In our analysis, the gap
matter underwent in the early stages following the Big Bangequation derived from this model can be integrated concern-
Specifically, we examine the transition from hadronic mattering the dynamically generated mass, thereby defining the ef-
to quark-gluon plasma [30], quarkyonic matter [31-33], neu-fective thermodynamic potential of the current contact inter-
tron star formation [34,35], and the color-flavor locked (CFL) action model [10]. The critical number of flavorg;, the
region in the QCD phase diagram [36-38]. Recent advancegritical temperaturdX:“ and the critical chemical potential
ments in detectors at various research centers, including the-“ of chiral symmetry breaking and restoration, as well as
SPHENIX detector and the complementary STAR upgradethe confinement-deconfinement phase transition, can be ap-
at RHIC, as well as enhancements at ALICE, ATLAS, CMS, proximated from the effective contact interaction thermody-
and LHCb, have ushered in a new multi-messenger era for hetamical potentiaf2 and the confinement length scale (see
guantum chromodynamics (QCD) [39]). This era leveragesor detail discussion [66], and also [7,8,56,79]), respectively.
the combined constraining abilities of low-energy hadronsNotably, in this model, chiral symmetry restoration and de-
jets, thermal electromagnetic radiation, heavy quarks, and ex:onfinement occur simultaneously [7,8,56,63].
otic bound states. Additionally, the increased luminosity at  The remainder of this manuscript is organized as follows:
the LHC, alongside other experimental facilities like RHIC In Sec. 2, we introduce the general formalism for the gap
and the Compact Baryonic Matter (CBM) experiments, andequation using contact interaction model and the contact in-
new facilities under construction in FAIR [40] and NICA teraction effective potential in vacuum for largg . In Sec. 3
[41], presents a remarkable opportunity to investigate thelelves into the gap equation and effective potential at finite
phase transition from hadronic matter to quark-gluon plasmaemperature and chemical potential for lakge In Sec. 4,
and related phenomena. we present numerical solutions for the gap equation and ef-
It is well known that at temperatures near zero, color-fective potential, and we sketch the phase diagram in the
singlet hadrons are generally considered the basic buildingl’*“ — ) plane for variousV;. In Sec. 5, we summaries
blocks of low-energy QCD. However, when the temperatureour findings.
surpasses a critical threshold, the interactions weaken,

causing hadrons to transition into a new phase. In this phas%, N.-flavors dressed contact interaction
quarks and gluons emerge as the new fundamental compo- m];)del gap equation and the effective po-

nents, chiral symmetry is restored, and quarks become decon- T
fined. Lattice QCD calculations [42-49], Schwinger-Dyson tential in vacuum
equations [7,8,50-58], and various effective models of non- : : . s
perturbative QCD [9,54,59-66] all indicate that the transitionThe Schwmger Dyson quatlgn for the flavor-dressed quark
: : : - ropagator in the vacuum is given by:

in question manifests as a crossover when a finite currerl

quark massn is considered. Conversely, calculations in the 5;1(]9) _ So_} () + 3¢ (). 1)
chiral limit reveal a second-order phase transition. Nonethe-

less, as the quark chemical potentiaincreases, this same Here,S ;(p) = (v-p—m;+ie) ! stands for the bare quark
physical behavior continues to hold. The nature of the phaspropagator in Minkowski space, the subsciipi$ denotes the
transition shifts from a crossover to a first-order transition aiquark flavors and(p) is the self energy given by:

the critical endpoint (CEP) in the QCD phase diagram, typ-

ically depicted on théT, — ;1) plane. The precise location S (p) — —i d'k 27

. " . . . . L f(p) ? 19 Py (Q)

of this critical endpoint remains elusive, sparking significant (2m)

scientific interest and prompting experimental designs aimed @ @

at its observation. However, various non-perturbative QCD X 77M5(/€)7Fy(p, k). (2

model and Lattice QCD simulation suggest it lies within the . .
range(up /T, = 1.0-2.0, T /T, = 0.4—0.9) for two-flavor ~ Wherel', (k, p) is the dressed quark-gluon vertgX,is QCD

QCD [9,52,54,67-78]. coupling constant and
In this study, we aim to investigate the phenomena of chi- G(q) v
ral symmetry breaking and restoration, as well as the confine- Au(g) = —i o ( v — ’;2 ) )

ment and deconfinement phase transitions, particularly fo-
cusing on a large number of light quark flavor§;. Our s the gluon propagator (in the Landau gauge). Hggeis
objective is to map out the QCD phase diagram. To acthe metric tensor (in Minkowski space), = k — p is the
complish this, we employ a confining variant of the Nambu-gluon four-momentum and(q) is the gluon dressing func-
Jona-Lasinio (NJL) model. This model features a symmetrytion. The symboin; stands for bare light quark mass and in
preserving vector-vector contact interaction among quarkghe chiral limitm; = 0. HereA*’s are the Gell-Mann matri-
and incorporates multiple light quark flavakg [7]. We an-  ces, and in th&U (N,.) representation these matrices satisfies
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the following identity: The integral in Eq.8) is diverging integral and needs to be
regularized. Here, we use the Schwinger proper time regular-
NZ-1 i ati ; N e
< lyee ] 1 ization procedure, by using the following identity:
ZZ -z I
2 2 2 < ‘ NC> ’ 1 1 <
a=1 — = —/ dTT"_le_m, 9)
a®  I(n) Jo

here,N. represents the number of colors ahid the identity

matrix. In the present scenario, we use the rainbow-Laddewherel'(n) is the Gamma function. We use= k? + MJ?

truncationi.e., ', (k, p) = v, andn = 1/2 and introducing the cut-offs;,. = 1/A;,. along
The Ny-flavors dressed form of the symmetry-preservingwith an ultraviolet cut-offr,, = 1/A,, [66,82-84], we have:

contact interaction model [7,9,29] is given by:

/ dre~ 7K +Mf / ir dTe
g dTar, Ny —2 2 a2 Mg
92 7((]) = I 1-— 7( f ) = Qloff (Nf) . (3 k® +

7’ M3 Zj

+Mf

9=0 _erf(xy,) — erf(zyy) (10)
Where i, = 0.93rw, is the strength parameter for the /12 +Mf2 ’

infrared-enhanced interaction agd, = 800 MeV is the

dynamically generated gluon mass scale in the infrared rewhere

gion [80]. TheZ¢ = 9.98, represents the guessed critical erf(iruy = 1/ k2 + M3 Tir )

number of flavors as discussed in detail in Refs. [7,9]. In this

particular model truncation, the dynamical quark mass funcare the error functions.e.,

tion remains momentum independent, and the dressed quark
propagator can be expressed as [9,81]: erf(x / —dt
(k) = k+ My (4)  The pole in Eq.[10), located ak? = —M? disappears from

k2 — M2 +ie’ 3
f the quark propagator when both the numerator and denom

inator vanish at that point. The ultraviolet regulatay, =

AL, sets the scale for dimensional quantities dynamically.

The infrared regulatory;,. = Ai‘r1 where, with a non-zero

Here, M is the dressed or effective quark mass. Insert-
ing Egs. @) -(4) into Eq. (1), usingN. = 3 and simplifying,

we have value, aids in interpreting confinement [82,84,85] and is of-
16icres (Ny) dk M; ten known as the confinement length scale [7,8,10,56,66,79].
My =my + 3 / (2m)4 k2 — M}g +ie ( Analysis of Eqg. 10), reveals that the propagator lacks real

or complex poles, aligning with the concept of confinement.
Now, we can split the four-momentum and four- Essentially, an excitation described by a pole-less propagator

dimensional momentum integral into time and space comcannot reach its mass-shell [82]. By substituting Bd) (n

ponents. The space part of the four momentum is denoted byd. ) and integrating ovek, the gap equation Eq8) for

k and the temporal part b,. So, Eq.B) can be written as  the dressed mass is simplified to:

16iciei(Ny) Qg (Np)My (e Mimi oMl
eff f _ e
Mf - mf * f Mf B mf - 371—2 ( Ti2r " 7—51;
x/oo @’k /+Oo Mydko (6) — MZEi(—M3?72) + M3Ei(-M372,) (11)
o (Mt o ko’ - E?+i€ ! ITir 7 FTuv) |
After performing integration over the time component of with x  —t
v . e
Eq. 6), we have: Ei(x) :/ Talt,
Mo —ms 4+ 16iceq(Ny) /°° d3k wMy @ is the exponential integral function. The quark-antiquark
! / 3 o (@m)t iE condensate in the present case is defined as:
_ Mf — mf
Here, E;, = ,/k? M2 represents the ener er particle. - = —— 12
r = /K p gy per p 99) = ey (12)
Using @°k = k*dk sin 0d9d¢ and upon taking the angular . ) . )
integration, Eq.T) can be written as: The Ny-flavor dressed effective contact interaction potential
’ in vacuum can be obtained by re-arranging Ad) @nd upon
4o (N o0 k2 integration over\/; [10,66], is thus, given by:
Mf:mf+7a;(2 f)/ k——.  (® 9 110.80] gren’dy
oo KMy Qf (M, Ny) = Q0 + Quac, (13)
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here, the, is related to the square of condensate and is givemhere

by yr = (/K2 + M2 F )T

0 = (My —my)? (14) By isolating the vacuum component from the medium and ap-

Qaévf;(Nf) plying appropriate time regularization as shown in Ed)(
and we can simplify the gap equation in EQ.7) as follows:
—M2572 222 NAM: [ e~ MiTh -M37l,
e MiTh (1 — M2 ot (Nf) My (e ¢
Qvar = 1 ( (~ ! W) Mf =my + 3 2 2 + 2
i 1277'2 T;%,‘ @ Tir Tuv

67]\1_?7'3“(_1 + M272 )

— M7Ei(-M}7) + MfEi(—MJ?ﬁJ)

fuv d1n: 2~2
_ Ei(=M?7:
+ 7_31) f 1( szr)
. 40éeﬁ‘Mf /Oo dk k2
+ M?Ei(—MﬁTiv)) + const., (15) 3nz Jo /K2 + M2
’ f

is the regularized vacuum part of the flavor-dressed effective x [np(T, p) + 2p(T, 1)) . (19)
potential. This indicates that the state with the lowest value
of Q/, achieved by fulfilling the condition8Q/ /0M; = 0 In this context, we define
andazﬁf/aM)% > 0, is regarded as the most stable. In this

context, we define the confinement scale as Fir = mm
l M(Nfa T, /’L) ’
- ML) = 7y M5(2,0,0)
T ) = T (NS, 0,0 whereM(Ny, T, u1) denotes the dressed mass influenced by

the medium. This formulation indicates that as chiral sym-
metry is restoreds;,. approaches infinity, suggesting a simul-
taneous onset of deconfinement. Crucially, it's important to
Ny :.2' both evfslluated atzero tempe_ratm& _0 and Z€ro highlight that since the plasma does not affect the ultravi-
chemical potentigl: = 0. In the following section, we will 518 qynamics, the medium component of the gap equation
examine the gap equation and the effective potential undefymains ynaffected by regularization. Only the vacuum com-
finite temperature and chemical potential conditions. ponent necessitates such regularization. Integrating ). (

with recept to dressed masg; and arranging the terms the
3. Ny-flavors dressed gap equation and con- expression for flavor-temperature-chemical potential effec-

tact interaction effective potential at finite tive thermodynamical potenti&l/ (7' ) is given by:

T and

where M;(Ny,0,0) represents the dressed mass for a gen
eral number of flavorsVy, and M/£(2,0,0) corresponds to

Qf (T7 .U) = Qo + Qvac + Qmed, (20)

The gap equation Eg5), at finite temperatur& and quark

chemical potentigl , can be obtained by using the following N€"e: the medium part of the effective potential is:

convention for momentum integration: 4 oo
" d3k Qmed = _3?/ dkk? (T log [1+e Y]
——fko, k) = T n, k 1 0
/ 1(27()4 f(k()) ) Z/ (271_)3 f(w’m )a ( 6)
" + T'log [1 + e_yﬂ ) (21)

herew,, = i(2n+1)7T + u, stands for the fermionic Matsub-

ara frequencies. Inserting E46) in Eq. ) and simplifying,  The equation Eq/19), presented above aligns with the gap
we have equation derived in Eq18) when we sefl” = 1, = 0.

4QCHMf /Oo d3k
3n2 Jo  (2m)3 4. Numerical results

Mf:mer

1 _
X T (I =np(T,p) +nr(T,p))), (A7) In this section, we focus on the numerical solution of the
Jr
f

QCD gap equation using th&;-flavor dressed contact in-

i . teraction model represented by E&il. We employ a spe-
:Y::Leﬁégs@o??ﬁ? (aTr’lé) ;ﬁgr;??mz:l?: 'r::;mécq[.czfpa(;aﬁific set of model parameters: the bare light quark mass
! u qu Iqu , respectively, m¢ = 7 MeV, with the infrared cutoffr;, = (Aqep) ™' =

be defined as: (240 MeV)~!, whereAqcp denotes the typical QCD scale.
np(T, 1) = 1 _ _ 1 (18) Additionally, we haver,, = (905 MeV)~!, a;, = 0.93,
’ ev- +1’ eVt + 17 andM, = 800 MeV. These parameter values are sourced
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FIGURE 1. a) The behavior of the contact interaction effective potential for various numbers of light quark fldiyahows that the

effective potential has the stable global mimimalét# 0 for lower values ofN; indicate chiral symmetry breaking in the chiral limit.

As Ny increases, particularly faNy > N7 ~ 8, the minima shift towardd/; = 0, indicating chiral symmetry restoration phase. b) The
behavior of the effective potential below, at and above the critical number of flaVarg his plot shows that foV; = 2 < N7, the global

minimum is positioned at non-zero valuesidf; (M; = +358), representing the chiral symmetry broken phase. ¥pr= N7, the chiral
symmetry restored and the minima shifted towakds — 0. For Ny = 9 > Ny, the effective potential has stable solution\d} = 0,
representing the the chiral symmetry restoration phase.There is no unstable solution (or more then one global minimum) in the effective
potential from chiral symmetry broken to restoration phase, so the nature of the transition is continuous and second-order in the chiral limit.

¥ 0.75¢ = N,is;/ 7 N 0.70

2 — Ne=9/ ] [}]

= 070 ' =, 0.65}

& 0.65 °

- < 0.60}

3 0.60} 3

S 0.55} s 0.55}

S 0.50 - : d 050 , .
500 0 500 ~500 0 500

) My [MeV] b) P

FIGURE 2. a) The contact interaction effective potential for various numbers of light quark flavensith current quark massiy = 7

MeV. The stable global minima in the effective potential for lower valued/pfare located af\/; > m indicate that the chiral symmetry

is broken. AsN; increases, particularly faN; > N7 ~ 8, these minima shift towardd/; — my, indicating the partial restoration of
chiral symmetry. b) The behavior of the effective potential below, at and above the critical number of Ngveith bare quark mass: ;.

This plot shows that folV; = 2 < N7 the global minimum is positioned at non-zero valuedf ( M; = +368), representing the chiral
symmetry broken phase. Fof; = N¥, the chiral symmetry restored and the minima shifted towaifgs— my. For Ny = 9 > N7, the
effective potential has stable solution/&y = m ¢, representing the the chiral symmetry restoration phase. There is no unstable solution in
the effective potential from chiral symmetry broken to restoration phase and hence, the nature of the transition is cross-over.

from [83], obtained by fitting to the properties af and  when their bare mass is zero. In this scenario, it can be ob-
p mesons. Furthermore, electromagnetic form factors anderved that the minima of the effective potenti@l,, align
charge radii of pseudo-scalar and scalar mesons are calcperfectly with the solutions to the gap equation, while the
lated with these parameters, as detailed in the recent revietfivial solution A/; = 0 represents a maximum. The low-
by [86]. Also, the first radial excitation of baryons and massest value of the positive mass reflects the global minimum of
spectrum has been calculated with similar parameters [87]. the effective potential, indicating the stable dynamical quark
: . mass. Upon increasing the number of light quark flavégs
In yzalcuum, the SO'“?OH of .the qu.@ f?]r the.effgctlve the global minima shifted towards the lower values (J;f the
e ot e M eSS QU masy. forexample,n h case oy 2
N; = 0, the effective potential has a gflobal minimum at > value isM ~ £358 MeV, and so on untilvy ~ 8, where
Mf _ j’:400 MeV. This indicates that chiral Svmmetry is the global minimum shifted Fowardﬂf = 0, thisis the stage
=~ - 1his Ihdie ! y YIS \where the chiral symmetry is restored. In the lower panel of
dynamically broken and confinement occurred, meaning thaIEir(I;. 1, we illustrate the behavior of the effective potential for
the system prefers a state where quarks acquire mass eve
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three casestNy < N§), (Ny = N§), and(Ny > N§). The ~ QCD. The dressed quark mass$; which can be obtained
plot reveals that foN; < N]%’), the global minimum oc- by minimizing the effective potentiabQ2/ /0M; = 0) and
curs at nonzero values 61/;), indicating a chiral symmetry
broken phase. WhefiV; = N¥), the global minimum shifts
towards(My — 0), signaling the beginning of chiral symme- 500 " ) " (m; =0)
try restoration. Lastly, fof{Ny > N¢), the global minimum
is located at(M; = 0), which confirms that the system is 400
fully in the chiral symmetry restoration phase.

When the bare quark mass; = 7 MeV is included, 300¢

— M (s =7 MeV)]

=
~
=

----- - & (mr=0)

~—1
as shown in Fig2a), the minimum shift towards/; ~ T T Fir (=7 MeV)
+410 MeV for Ny = 0, and so on. This slight increase 200¢ “""%.,.
reflects the influence of the quark masg on the dynamics )
of the system. FolN; = 2, its value is atM y = £368 MeV, 100¢
which is consistent with [66]. As we increadg to Ny ~ 8, N 4
the global minimum is shifted towards/; — m  where the 0 : : : u
chiral symmetry is partially restored (because only the bare 0 2 4 6 8 10
massm survives), as illustrated in Fi@a). In the Figl2b), N;

we illustrate the behavior of the effective potential for three
cases:(Ny < N§), (Ny = Ng), and(Ny > N¥), with

(m; = 7) MeV. The plot reveals that whefiV; < N;), the FIGURE 3. Behavior of the dressed madg; and confinement

lobal mini t | indicati length scalg,.! for large number of light quark flavors in the chiral
global minimum occurs at nonzero valuesidy, indicating limit and with current quark mass. All parameters monotonically

achiral s_yr_nmetry b_roken phase. In the casefpf:_NJ?, the decreasing function a¥;. In the chiral limit, at and above the crit-
global minimum shifts towards thie; — m ) region, Sug-  jcal N¢ ~ 8, the dressed mass and confining length scale vanishes,
gesting partial restoration of chiral symmetry; here, the conthe chiral symmetry is restored and the quark becomes deconfined.
tribution from the dressed mass due to self-energy vanisheg)ot with bare quark mass represents that near at or aNgve 8,
leaving only the bare mass contribution. Hé¥; > NJ?), the dress mass vanishes and the only bare quark mass survives, the
the global minimum is positioned &b/ = m ), signifying chiral symmetry is restored through smooth cross-over and quark
that the system is in a phase of partial symmetry restoratiorecomes deconfined.
To understand the nature of the phase transition from chi-
ral symmetry breaking to restoration, as well as the criticathe confinement length scal@;l, from which we can trig-
value of N, we can minimize the effective potential with re- gers the confinement (or deconfinement) in the chiral limit,
spect toM; by setting(92/ /JOM; = 0). This yields the gap as well as in the presence of a bare quark mags= 7 MeV,
equation Eqg.11) and allows us to explore the flavor gradient are plotted in Fig3. All parameters shows a monotonically
(On; My). decreasing with increasingy;. In the chiral limit, both the
In the chiral limitms = 0, if the flavor-gradient di- inverse of the confinement scale and the dressed mass ap-
verges continuously, the transition is classified as seconddroach zero, indicating the restoration of chiral symmetry
order, with the effective potential exhibiting a stable solutionand deconfinement. However, when a bare quark masis
at(M; = 0). Conversely, when a bare quark mass is presenintroduced, the self-energy contribution to the dressed mass
my # 0 and the transition remains continuous, it is charac-disappears, leaving only the bare quark mass contribution re-
terized as a crossover, with the critical number of flavors demains. This marks the region where chiral symmetry is re-
termined at the inflection point. In this scenario, the effectivestored and quarks become deconfined.
potential stabilizes &tV ; = my). However, if the transition
occurs discontinuously, it is classified as first-order, leading
to unstable solutions for the effective potential in both cases,
whether or not there is a bare quark mass. For a more detailec 400
classification of phase transitions in terms of effective poten-
tial, see, for instance, [60]. In this first-order transition, the
effective potential exhibits two minima: one &f;y = 0) (in
the chiral limit) or atM; = m (with bare quark mass), and
the other atM ¢ # 0 (in the chiral limit) orM; > my (with
bare quark mass). The criterion for a first-order phase transi-
tion is thus given by2/ (M; = 0,m;) = Q/ (M), (see for
example Ref. [88] for details). R
Overall, this analysis illustrates how the effective poten- 0 50 100 150 200 250 300

300

200

M¢(T,u)[MeV]

100

Es

tial changes concerning the light-quark flavarg and high-
lights the significance of dynamical symmetry breaking in T[MeV]
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FIGURE 4. Behavior of the dressed quark mass as a function of FIGURE 6. a) The behavior of the effective potential for fixed

temperature for variou®vy and aty = 0. This plot shows the

Ny = 2, for variousT and aty = 0. This plot shows that upon

monotonically smooth decreasing behavior of the dressed masincreasing the temperature the global minima shifted towards the
with a temperature. Upon increasing, it suppresses.

FIGURE5. The confinement scalg, " as a function of temperature

T [MeV]

lower values where abovE ~ 200 MeV, all the minima shift to-
wardsM; — my, where the chiral symmetry is partially restored.
b) Behavior of the effective potential &" < T3), (T = 1.), and

(T > T¢). It clearly shows that atT" < T.) the effective potential

has a stable global minimum at higher values\éf below T, in-
dicating a chiral symmetry broken phase. At= T, this global
minimum align withM = m¢, where a stable solution exists. For

T > T, the global minimum is positioned &y = my, where
chiral symmetry is partially restored. This plot clearly demon-
strates that the effective potential provides stable solutions from
the chiral symmetry-broken phase to the restored phase across all
temperature ranges, indicating that the nature of the transition is a
crossover.

At finite temperaturd” andu — 0, we numerically solve
Eq. (19) by minimizing it with respect tal/; which gives
the gap equation Eq19), using a bare masa; = 7 MeV.
The results, illustrated in Fi#, reveal how the dressed mass
M; as function of temperaturé, varies for different val-

for various Ny andu = 0. This plot indicates the monotonically U€S of Ny. As T increases\/; monotonically decreases and

smooth decreasing behavior of the confinement scale with a temfor increasing the value oy, all M plots as a function
perature. Upon increasin;, the confinement scale suppresses. of 7" suppresses upon enhancing tNg. Furthermore, the

- 0.60

- 0.58¢ Ni;2

= 0.56] | g .

o 0.54} i\ . pr T=100 MeV}

2 0.52} DN \\v’:'ff}”———- T=150 MeV]

~ 0.48} A\ T=200 MeV;

*-a' 0.461 mTMeV =l —— T=210 Me]

-1000 -500 O 500 1000 1500

a) M;[MeV]

— 0.58 —

i )

> 0.56} / o

E 054 'J p=0

<, 0.52} /

Ioo I o
p— TEIr=I e |

g Neel A 1221057, Mev

"G 0.46f ey T _ .

-500 0 500 1000 1500
b) M;[MeV]

confinement length scalﬁ;l, presented in Fig5, exhibits

a similar behavior with largeN;. The critical temperature
T, for chiral symmetry breaking and restoration across vari-
ous values ofV; can be extracted from the inflection point
of, by minimizing the effective potential with respect to dress
quark masg9Q/ /OM; = 0), and then by taking the tem-
perature gradientor(0Q//OM; = 0) = drMy) . The
critical temperature for confinement to deconfinement tran-
sition can be obtained frodiy7;,'. We thus, obtained the
critical values of temperature for various flavors, for exam-
ple, for Ny = 2 its value isT, ~ 207 MeV. The nature

of phase transition at finite temperature is cross-over for all
N¢. In Fig.l6a), at finiteT’, atx = 0, we present the effec-
tive potential for a fixed number of flavord/; = 2, with a
quark massn; = 7 MeV. It is evident that as the tempera-
ture increases, the location of the global minima shifts toward
lower My values. Notably, abové, ~ 207 MeV, this min-
imum aligns withM; = my, indicating that above this crit-
ical temperature, chiral symmetry is partially restored while
the bare quark mass persists. Conversely, bdlpwchiral
symmetry remains broken. The Figb), illustrates the be-
havior of the effective potential at three temperature regimes:
(T < T,), (T = T¢), and(T' > T¢). It clearly shows that
the effective potential has a stable minimum beldyy in-
dicating a broken chiral symmetry. At = T, this global
minimum shifts toward/ — m;, where a stable solution
exists, suggesting that chiral symmetry is partially restored.
ForT > T, the global minimum is positioned &y = m,
where chiral symmetry is partially

Rev. Mex. Fis72030801
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o~ 0.58 ™ Vi T FIGURE 9. Behavior of the effective potential for at = 0 for
> 0.56F O\ i Ny =4 ] fixed N; = 8,, at(T < T.), (T = T.), and(T > T.). For
é’ ) ‘\\\ /,' p=0 (T < T.), the chiral symmetry is broken and the global minimum
= 0.54} Y /,” ] is located atV/y > my. ForT > T. MeV, the global minimum is
ec 0.52t \\\\\ /// ] align with My = my. For (T > T.) where the chiral symmetry is
< 0.50} T/ ] partially restored and the global minimum is located st = m.
N NG P T=150<T; MeV The nature of the transition is crossover.
~ 048y .., T — T=180=T, MeV ]
‘046 0 - T=200>T, MeV ] restored. This plot clearly demonstrates that the effective po-
_500 0 500 1000 1500 tential provides stable solutions as it transitions from the chi-
ral symmetry-broken phase to the restored phase across all
M;[MeV] temperature ranges, indicating that the nature of the transi-

tion is a crossover. Similarly, we plotted the effective poten-
FIGURE 7. The effective potential for fixedV; = 4, at (T < tialatT < Tc, T = T, andT > T, for Ny = 4,6, 8 in the
T.), (I = T.), and (T > T.). This plot indicates that at Figs.7, Band9, respectively. These figures demonstrate that
T = T. = MeV, the global minimum is aligned with/; = m as the number of flavors increases, the critical temperatures
and at(T > T.), itis located at\M; = m , which corresponds to  decrease.
the chiral symmetry restoration phase. However,ffox T , the For Ny = 8, the situation differs from that at lower
global minimum is located at/; > my, the chiral symmetry is .. On one hand, the larger number of flavors restores chi-
broken and the transition the its nature is cross-over. ral symmetry, while on the other hand, temperature plays a

significant role. This results in a minimum af; > my

even at lower temperatures, with a critical temperafijre:

- 0.58 \\\ i e 70 MeV where the effective potential reaches its minimum
> 0.57} \\\\\ f o ] atMy; — my. However, the transition remains a crossover.
2 0.56} ) -
E . \\\ Il
= 0.55} /; j 250
S b \\\ \\ ///’II ;‘ Chiral symmetry restoration
‘C_> 0.54} \ N / o 200 n and deconfinement
= 0.53} / ] p—
3 oL T=100<T, MeV —_
e T - T=150=T,MeV } = 150¢
— 0.51F =7MeV T ] <
@] 0'50 S —— T=170>T, MeV g 100t “%—— (Crossover
~T -500 0 500 1000 S
x B0} chiral symmetry broken
Mf[MeV] ho and confinement
0
FIGURE 8. Behavior of the effective potential for at= 0 for fixed 2 4 6 8 10 12
Ny =6,,at(T < Te.), (T =Te),and(T > T,). at(T < T.), the Nf

stable global minimum is located &f; > m; and the chiral sym-

metry is broken. Atand abovE = T , the stable global minimum  Figure 10. The phase diagramin thex© - N; plane. This phase

is aligned withM; = my. For (T > T.), The global minimum  diagram shows that the at finit€ and atu — 0, the transition

is positioned at\f; = my, where the chiral symmetry is broken. Jine between the chiral symmetry broken phase (or confinement)
This plot also demonstrate that the nature of transition is cross-ovelnd restoration (deconfinement) phase is crossover for all possible

from chiral symmetry broken to restoration phase. range of flavorsV;.
400} Nr=2
;‘ Ve " Nf =3
iy 2 300} . Ny =t
= « Nf =
E 200} Ny =6
——— T=30<T, MeV ] - Ny =7
S T=70=T,MeV } = 100 Tk H=18
————— T=100>T, MeVj 0 . . S —
500 1000 100 200 300 400 500 600
M;[MeV] u[MeV]
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FIGURE 11. The dressed quark mass as a function of chemical po-
tential 4, for various number of flavoréVy, and atT’ = 0. This

plot shows that belowV; = 6, the dressed mass decreases discon-
tinuously in the chiral symmetry restoration region. While at and
above, it shows the smooth decreasing behavior.

300 .

o Nf=

%‘ 250 L. - . Nf -
= 200¢ ~ - Ny=4

I 150} : o Ne=

= e v Nf =
‘T: 100 a)"Loo o Np=7
'~ 50} & : Ni=8

100 200 300 400 500 600
H[MeV]

FIGURE 12. The confinement scale for various humber of flavor
Ny, and as function chemical potentia] at7 = 0. This plot
indicates that below; = 6, the confinement scale decreases dis- This phase diagram illustrates that, at finite temperature and
continuously while at and above, it shows the smooth decreasingas 1 — 0, the transition line between the chiral symmetry

behavior.

g a6l 350<4, MeV

z’ 0.555 — 5:380:52 MeV

o 0.550f \  ----- =400>p, MeV

© 0.545

3 0.540

‘:'Z 0535 -5

G 0.530

-600-400-200 0 200 400 600
M;[MeV]

FIGURE 13. The behavior of the effective potential at = 0,
with a fixed flavor numbeN; = 2, is analyzed for three differ-
ent chemical potentialsy < pic, p = pe, andp > pe. When
1 < pe, a stable global minimum exists &fy > my, indicating
broken chiral symmetry and a crossover transition. At the critical indicating the chiral symmetry is broken and a crossover transi-
point . = pu., the effective potential presents two global minima: tion. At the critical pointy = ., the effective potential has now
one atM; = my and the other al; > my, signifying a shift
from a crossover to a first-order transition. for> p., chiral sym-
metry is partially restored, with the global minima shifting towards minim positioned ai\/; = m. Thus, in this case, the chiral sym-

Mf —my.

_0.580
% 0.575
< 0.570
o 0.565
© 0.560
= 0.555
— 0.550
<~ 0.545

@ 0.540

p=300<p, MeV
u=350=p, MeV
u=370>u, MeV

7]

-400 -200 O 200 400

M:[MeV]

FIGURE 14. The effective potential folV, = 4 reveals differ-
ent behaviors at various chemical potentigdss pic, 4 = e, and
w> pe. FOrp < pc, astable global minimum exists &£y > my,
indicating broken chiral symmetry and a crossover transition. At
the critical point = u., the effective potential presents two global
minima: one atM/; = my and the other ad/; > my, signifying

a shift from a crossover to a first-order transition. Fos s, chi-

ral symmetry is partially restored, with the global minima shifting
towardsMy — my.

Ultimately, we plotted the critical temperatufé:“ for chi-
ral symmetry restoration and deconfinement across various
Ny values in theTX:® — N; plane, as shown in FigLC.

broken-confinement phase and the restoration-deconfinement
phase is a crossover for all flavor ranges. These findings align
with studies based on the NJL model studies [9].

At a finite chemical potentigl and atT” = 0, the dressed
quark mass\/; is plotted against for variousN; in Fig./11.
This plot indicates that the dressed mass remains constant

— 0-580 190 MeV

Z’ 0.575 — Z:zso M:v

= 0.570 --- p=300 MeV

S 0.565

3 0.560

Eosssp 0

@ 0.550

-400 -200 O 200 400

M¢[MeV]

FIGURE 15. The effective potential fotN; = 6 reveals differ-
ent behaviors at various chemical potentigdss pic, 1 = e, and
> pe. Forp < p., astable global minimum exists &£y > my,

single global minim shift towardd/y — my, and is crossover.
For i > pu., chiral symmetry is partially restored, with the global

metry is partially restored through a cross-over phase transition.
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— 0.580 — 1 I
% ~ =100 MeV 3 0.55| W\ ;
Q q’ . VD / ’I
s 0.575 - u=150 MeV s L \\\\\ ' N=2
- - =200 MeV - 0.50 N )
'© 0.570 Che
>=: i: ] [ First-Order (T<Tep.u>Lep) |
l_" 0.565 t 0.45 Critical Endpoint ———— (T=Tgp,U=pgp)
S~ N~ “¢ Cross-Ovel m—m - e > <
c 0.560 c 0.40 (T>Tep, H<HEp)
-400 -200 0 200 400 -1500-1000-500 O 500 1000 1500
M[MeV] M;[MeV]

FIGURE 18. Behavior of effective potential foN; = 2, with bare

quark mass and at finit€ andp, specifically in the region for the
FIGURE 16. The behavior of the effective potential &t = 0 for regions(T > Tep, i < pep), (T = Tep,pn = pep), and(T <
Nf = 8 is examined at three different chemical potential regimes: TEP, > ,LLEP)- This p|0t C|ear|y illustrates the effective poten-
B < Hey b = pe, @ndp > pe). Inthe plot forp < pec, there  tial's behavior along the critical line, transitioning from the chiral
is a stable global minimum located at slightly higher values of symmetry broken phase to the chiral symmetry restoration phase.
My > my. Forp > pc, the minimum is positioned at/y — m. In the crossover regiotil’ > Trp,n < pep), chiral symmetry
Foru > pc), the minimum is located at/; = m; indicating that s restored, resulting in a stable solution aroudg ~ m;. Con-
chiral symmetry is restored through a crossover phase transition. versely, in the first-order transition regini® < Trp, > prp),

the effective potential exhibits two unstable global minima: one is

. . atMy = my and the otheris at/; > my. Atthe critical endpoint
for small values ofu but experiences a sudden jump near at(T — Tpp.ju = ppp), the two global minima are in equilibrium

1= e, With g is the critical value of quark chemical poten- \ith each other.

tial. As V; varies,M; as a function of: declines, and at at

a specific number of flavorsy; > 6, the behavior of transi-  the effective potential exhibits an unstable solution with two
tion changes from first-order to a smooth crossover. A similaglobal minima: one al/; = m; and other is af/; > mj.
pattern is observed for the confinement so?ﬂé as shown Near at the criticali.., these two minima reaches to the state
in the Fig.l12. Focusing onN; = 2, Fig.[13 presents the of equilibrium. Aty > pu., the chiral symmetry is partially
effective potential for three different values of quark chemi-restored, with all global minima shifted to/; = m;. These

cal potentials. It clearly indicates that when< 1., a stable  behaviors are consistent with the effective potential at finite
global minimum is observed at higher valuesidf > my¢,  u as discussed in Ref. [60]. In contrast to a second-order
signifying the broken of chiral symmetry and the nature of the(or crossover) phase transition, the location of the global
transition is a crossover. At = (., the transition changes minimum of the effective potential in the first-order phase
from crossover to the first-order. In the first-order transition, transition changes discontinuously. The critical vajue
can be obtained from the conditiq®u (0927 /OM;) = 0).
The critical i is determined from the inflection point of
o002 /oM, = 0). If the transition is a first-order tran-

— 400 ~~eee Chiral symmetry restoration sition aty. then the derivative changes discontinuously. In
% * SNea and deconfinement Fig. 14, we illustrate the behavior of the effective potential
— 300 Fretoder for Ny = 4. The plot reveals that their is a single stable
: global minimum positioned at higher value 8f;, indicat-
? 200 e Crossover ing that chiral symmetry is broken through a crossover. At
- . K = [t there are two global minima one &fy = m; and
S 100 Ch';a' SV:“me“y broken other is located ad/; > m¢, and almost in equilibrium at
X, and confinement L, ant at thisy,, the nature of the transition changes from
= crossover to the first order. Far > ., all global minima
0 ; ) shift towardsM; = my, signifying the restoration of chiral
2 4 6 8 10 12 symmetry. ForN; = 4, the transition from chiral symme-
try breaking to restoration is a first-order. Fd; = 6, as
f f

FIGURE 17. The phase diagram in thg:X’° - N;) plane. This
diagram shows that the at finiteand atl” = 0, the transition line

is of first-order forNy < 6, while crossover fotVy > 6.

illustrated in Fig/15, the effective potential demonstrates a
smooth crossover transition from the chiral symmetry-broken
phase to the restored phase, even at a finite quark chemical
potentialy. At T = 0 and for Ny = 8, Fig.!16 depicts

the effective potential for three different values of the quark
chemical potential. These plots indicate that there is a sta-
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ble minimum just abovel/; = m for lower values ofy. FIGURE 19. Behavior of effective potential at the critical endpoint
However, for larger values gf, the minimum coincides with  (I' = Tep,n = puep), for various flavorsNy = 2,3,4,5. At
My = my. This transition is also a crossover, and no critical the critical end point the two global minima in the effective poten-
endpoint for the chemical potential is identif’ied in this sce-tial are in equilibrium with each other and declined with increasing
nario, as chiral symmetry is restored(dt = ¢ = 0) when number of flavors.

Nf ~ 8.
. - iy 250 r ~r T —— '
We present a phase diagram depicting the critical chem- Chirslisymmetryrestortion, _____ - N;=2
ical potentialuX:C versus the number of flavors; at tem- 200k and deconfinement Ny=3 ]
peraturel’ = 0, as illustrated in Figl7. This diagram re- > e e Moo
veals that the critical chemical potential associated with the é’ 150k R NN e
transition from chiral symmetry breaking and confinement = - Y === Np=%

Nf=6 ]

to chiral symmetry restoration and deconfinement decrease€. 100} —
ritical end points

as the number of light quark flavorg; increases. Notably, ™
the nature of the phase transition shifts from first-order to a ~ 50}
crossover whev; > 6.

Chiral symmetry

i — First order
broken and confinement

In Fig. 18, we demonstrate the behavior of the effec- 00 100 200 360‘ 400 560
tive potential forNy = 2, considering a bare quark mass
my and at non-zero temperaturés and chemical poten- M [MeV]

tials yi-specifically for the region$T" > Trp, i < pEP),  FigURE 20. QCD phase diagram for differedt; — 2,3,4, 5,6
(T'=Tgp,p= pep),and(T < Tgp,p > ppp). Thisplot  yajyes:  This diagram shows the suppression of critical line
clearly illustrates the effective potential’s behavior along theamong chiral symmetry broken-confinement and chiral symme-
critical line, transitioning from the chiral symmetry broken try restoration-deconfinement transition. The coordinates of the
phase to the chiral symmetry restoration phase, especially icritical end points between the crossover and first order phase
the context of finitel and . The transition evolves from a transition for Ny = 2,3,4,5 are (Tep =~ 90,upp =~ 350),
crossover to a first-order phase transition, delineated by a critZzp ~ 80, uep ~ 340), (Tep ~ 56, uep ~ 336), (Tep ~

ical endpoint. In the crossover regi¢hi > Tpp, i < ppp), 55 Fer ~ 322) MeV, respectively. However, fol; > 6 the
chiral symmetry is restored, resulting in a stable solutionc"itical line is crossover throughout the phase diagram.
aroundM; ~ my. Conversely, in the first-order transition
regime (T < Tgp,u > pgrp), the effective potential ex-
hibits with two unstable global minima: one is&f; = my
and the other is af\/y > my. At the critical endpoint
(T = Tgp,n = ppp), the two global minima are in equi-
librium with each other. Figurd8, illustrates the behavior
of effective potential near the critical endpoit¥zp, nrp)
for various numbers of flavord’;. This plot indicates that
the critical endpoint diminishes as the number of flavors in-

creases. 5. Summary and conclusions

illustrates that the crossover line, which begins atftheaxis,
does not terminate on the finifeaxis. Instead, it ends at a
critical endpoint (s p, ugp) in the phase diagram, where its
nature changes from crossover to first-order. This line contin-
ues along theu-axis atT” = 0 for lower values ofV;. How-
ever, as we increasgy, the critical line becomes suppressed,
and atN; = 6 and above, it exhibits crossover behavior.

Finally, we draw the QCD phase diagram in e — 11 oy analysis in this work based on the Schwinger-Dyson
plane for various values @f; in Fig.[19. This phase diagram  oqy/ation, Flavor-dressed contact interaction model, in the
Landau gauge, and in the rainbow ladder truncation. The

expression for the gap equation is obtained using optimal

_.0.80 N2 Tom30 T TS0 e T Schwinger proper time regularization and upon introducing
"> 0.75} Vo B ' B ’ B /:’/’ ] the infrared and ultraviolet cut-offs for higher number of light
o \ Nr=3Tep=80.ticp=340)MeV i quark flavorsN. We have derived an expression for effec-
= 0.70 S Nf=4'(TEP=567NEP=336)MeV//’,/ tive potential for largeVy. We further extended this proce-
o= N\ Nf=5,(TEP=33,yEp=322)Me\//’//l dure at finiteT’ and . and explored the QCD phase diagram
© 0.65 //',;/ for large N. In this work, the chiral symmetry breaking-
= 0.60 ) restoration phase transition is triggered from the effective
- . ) potential 2/, whereas the confinement-deconfinement tran-

— 0.55} e e ] sition is approximated from the confinement length ségle
0.50 . T . From this study, we concluded the following.
. -500 0 500 1) Chiral_ _symmetry restoration and the.(Ijeconfinement
phase transition occur at and above the critical number of
M¢[MeV] light quark flavors N ~ 8. This study clearly demonstrates
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that for lower values ofVy < N¢, such asVy = 2, the ef-  This phase diagram indicates that their is a critical end point
fective potential exhibits minima &t/; = +£358 MeV in the (Tep, pep) between the crossover and first order phase tran-
chiral limit. When considering a bare mass of light quarkssition for (N; = 2, 3,4, 5). However, forN; > 6, no criti-
my = 7 MeV, the minima shift tol/ = £367 MeV, indicat-  cal end point is predicted, and the nature of the transition is
ing a breakdown of chiral symmetry. However, at and beyondarossover. Hence, the entire critical line between chiral sym-
Ny = 8, the minima move closer to the bare quark mags  metry breaking-confinement and restoration-deconfinement
because the contribution in the dressed quark mass from tteippressed with the increasing number of light quark flavors.
self energy vanishes. The primary contribution of our work is to enhance
2) At finite T and . — 0, the chiral symmetry restored the understanding of the QCD phase diagram with vari-
and quarks becomes deconfined at some critical temperatu@&ls numbers of light quark flavors at finite temperature and
TXC ~ 207 (for N; = 2) where at and above, the min- quark chemical potential. The chiral symmetry breaking-
ima in the effective potential positioned &y — m . Upon restoration transition is induced by the effective contact inter-
increasing the number of light quark flavayg, theTg<=C re- action potential, while the confinement-deconfinement tran-
duced, the nature of phase transition is cross-over through aition is determined by the confinement scale. Our re-
the ranges ofV,. sults align well with predictions from other effective models.
3) At finite x andT — 0, chiral symmetry is restored 1herefore, one can conclude that not only do the heat bath

transition near and above®'“ ~ 380 (for N; = 2). The number of light quarks does as well.

critical temperature decreases upon increasing the number of
flavors N;, The first-order phase transition continues up toAcknowledgments
Ny = 5, after which it changes from first-order to crossover.
4) At finite T' and i1, we have drawn the QCD phase dia- | acknowledge Alfredo Raya and Adnan Bashir for their guid-

gram in the(7X: — p) plane for various number aV;.
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