PHYSICAL REVIEW D 99, 076006 (2019)

New algorithm to study the pseudo-Wigner solution of the quark gap
equation in the framework of the (2 + 1)-flavor NJL model

Cheng-Ming Li,"”" Pei-Lin Yin,>" and Hong-Shi Zong1‘3’4’5’;
1Department of Physics, Nanjing University, Nanjing 210093, China
2College of Science, Nanjing University of Posts and Telecommunications, Nanjing 210023, China
3Joint Center for Particle, Nuclear Physics and Cosmology, Nanjing 210093, China
*State Key Laboratory of Theoretical Physics, Institute of Theoretical Physics, CAS, Beijing 100190, China
5Nanjing Proton Source Research and Design Center, Nanjing 210093, China

® (Received 25 November 2018; published 9 April 2019)

In this paper, we study the pseudo-Wigner solution of the quark gap equation with a recently proposed
algorithm in the framework of the (2 + 1)-flavor Nambu-Jona-Lasinio (NJL) model. We find that for the
current quark mass m, ; = 5.5 MeV and chemical potential y < prcp = 272.5 MeV, the Nambu solution
and the positive pseudo-Wigner solution obtained via this algorithm is consistent with the physical solution
obtained with the iterative method. Furthermore, the algorithm we used can help to illustrate the evolution
of the solutions of the gap equation from the chiral limit to nonchiral limit and gives a prediction where the
crossover line is located in the phase diagram for u < 272.5 MeV. In addition, we also study the chiral
susceptibilities as well as the loss of solutions for different chemical potentials.
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I. INTRODUCTION

As a basic theory to describe the strong interacted matter
and the dynamics of it, the quantum chromodynamics (QCD)
plays an important role in the standard model of particle
physics. For the low energy scale, the nonperturbative
property is characterized in QCD, and the dynamical chiral
symmetry breaking (DCSB) and color confinement are two
critical phenomena in this scheme: the former explains the
source of 98% mass of the visible universe, and the latter is
responsible for why the quark cannot be observed in the
experiment. In fact, there are many approaches to study the
QCD phase transition theoretically. As one of the most
reliable one, the lattice QCD (LQCD) [1,2] confronts the
“sign problem,” making it difficult to carry out the calcu-
lations at finite chemical potential. Therefore, people
recourse to the effective models such as the Dyson-
Schwinger equations (DSEs) [3-9] and the Nambu-Jona-
Lasinio (NJL) model [10-13]. Some progresses have been
made through these effective models in the study of the QCD
phase transition and the QCD phase diagram [4,8,9,12—-14].
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As we know, the QCD phase diagram contains rich
information: the upper left region of the diagram corre-
sponds to the domain of the thermal QCD where the
temperature is very high, and the features of the early
universe as well as its expansion can be addressed here
[15,16]; the lower right region of the diagram corresponds
to the domain of the dense QCD where the chemical
potential is very large, and the study of the neutron star is
implemented here [17-23]. At present, a popular scenario
is in favor of the existence of the critical endpoint (CEP)
[24-29]: for the chemical potential smaller (larger) than
this point, as the temperature increases, the QCD system
will confront a crossover (first order phase transition).
Analogously, in the case of chiral limit where the current
quark mass m = 0, the tricritical point (TCP) is favored: for
the chemical potential smaller (larger) than this point, as the
temperature increases, the QCD system will experience a
second order phase transition (first order phase transition).
However, whether the CEP exists and where it is located
are still open questions and model dependent. In addition,
the relation between the deconfinement phase transition
and the chiral phase transition is also unknown currently,
but people believe that they are tightly connected [4,30].
For many studies [31-33], these two kinds of transitions
are regarded to happen simultaneously and the rigorous
distinction between them is ignored. In this work, we will
also employ this viewpoint.

It is well known that the gap equation can be strictly
solved in the framework of the (2 4 1)-flavor NJL model
with many methods, such as the graphical and the iterative
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method. And in the case of the chiral limit, there are two
important solutions to the quark’s gap equation, namely the
Nambu solution and the Wigner solution. The physical
meaning of these two solutions is very clear, i.e., the stable
state with the breaking or restoring of the chiral symmetry.
However, by solving the quark’s gap equation in the case of
nonchiral limit, we have found multiple solutions, which
has been studied by a variety of studies within the two-
flavor effective models [12,31,34-44]. In addition to the
physical meaning of the Nambu solution, the physical
meaning of other solutions is unclear (especially for the
solution which is closely related to the Wigner solution in
the case of chiral limit), because the chiral symmetry is
explicitly broken and only can be partially restored in the
nonchiral limit. We believe that if we do not solve this
problem, it is meaningless to discuss the chiral phase
transition of strong interacted matter in an effective model,
such as the NJL model in this work. On the other hand, in
the crossover region of the QCD diagram (for 7 > Ty =
48 MeV or u < up = 324 MeV in the (2 + 1)-flavor NJL
model with the Hatsuda-Kunihiro parameters [45,46]), the
physical solution of the quark gap equation is positive and
decreases smoothly to the nonzero current quark mass as
the temperature or chemical potential increases to infinity.
Then a question naturally arises: When the pseudo-Wigner
solution (see the description at the end of Sec. II for the
definition of the pseudo-Wigner solution) emerges? In the
past, people used to utilize the QCD susceptibilities
(the linear responses of the quark condensate to the external
fields) to give a criterion [47-49], but the pseudo-Wigner
solution in the nonchiral case is still not clarified.

In a word, only if we find out the pseudo-Wigner
solution of the gap equation in the nonchiral limit and
figure out its relation to the Wigner solution in the chiral
limit, the statement can make sense that the phase of strong
interacting matter evolves from Nambu phase to pseudo-
Wigner phase as the temperature and chemical potential
increase. The main purpose of this paper is to study how the
Wigner solution of the quark gap equation evolves with the
current quark mass in the case of chiral limit to the so-called
pseudo-Wigner solution in the nonchiral limit with the
(2 + 1)-flavor NJL model. To achieve the above objectives,
we only use the algebraic method provided by the Ref. [44],
because this algebraic method can express the Wigner
solutions evolution with the current quark mass from the
case of the chiral limit to nonchiral limit clearly and directly.

It is noted that the previous studies also throw light on
the loss of solutions of the gap equation [35,50]. Similar to
the analysis in these papers, the algorithm we employ in
this paper also meet this issue when dealing with the
evolution from the Wigner solution to the pseudo-Wigner
solution, because the derivatives of the effective quark
masses M’,, M, might diverge for some values of (T, u) as
the current quark mass increases. As a result, the Nambu
and pseudo-Wigner solution evolved from the chiral limit

might fail to cover the strict physical solution in nonchiral
limit, thus implying a region of the QCD phase diagram
inaccessible with this algorithm.

This paper is organized as follows: In Sec. II, we briefly
discuss some contemporary perspectives of the dynamical
chiral symmetry breaking and restoring within the (2 + 1)-
flavor NJL model. In Sec. III, the recently proposed
algorithm [44] is applied in the study of the solutions
(especially the pseudo-Wigner solution) of the quark gap
equation with nonzero current quark mass for finite temper-
ature and chemical potential. Then we present the loss of
solutions in different schemes. For a better understanding
of the evolution of the solution, the chiral susceptibilities as
well as a prediction of part of the QCD phase diagram with
our algorithm are also calculated in this section. Finally, a
brief summary and discussion are given in Sec. IV.

II. DYNAMICAL BREAKING AND RESTORING
OF THE CHIRAL SYMMETRY WITHIN 2+1
FLAVORS NJL MODEL

As one of the most typical phenomena in the non-
perturbative QCD, chiral symmetry breaking and restoring
is a hot issue at present, and the study of it helps a lot
for the developing of the quark model. Compared with the
basic energy scale Aqcp, the current u(d)-quark mass is
very small, which is estimated to be 3.51“83 MeV in
Ref. [51], thus the QCD Lagrangian shows an approximate
chiral symmetry for the flavor SU(2) version. For the flavor
SU(3) version, the current s-quark mass is much larger
than that of u(d)-quark (95f39 MeV in Ref. [51]), then its
contribution to the chiral symmetry breaking cannot be
neglected. Actually, if the current quark mass is nonzero,
no matter how small it is, the chiral symmetry is explicitly
broken. Oppositely, in the case of chiral limit where the
current u(d)-quark mass is fixed to be zero, the chiral
symmetry is preserved in the Lagrangian. But the chiral
symmetry of the QCD system is still broken in this case due
to the dynamical (or “spontaneously” for some different
profiles) chiral symmetry breaking mechanism. It is noted
that this mechanism is different from the Higgs mechanism,
because the chiral symmetry is a global symmetry whose
current does not couple to the gauge fields. Besides, the
QCD vacua are distinguishable with the order parameter’s
different orientations.

In the past, the QCD vacuum is considered as a
condensed state of quark-antiquark pairs, and its corre-
sponding vacuum expectation value (py) = wry; +
wiyg (also denoted as ¢ sometimes) is regarded as a
good indicator of the chiral symmetry. However, there is a
popular perspective that the quark condensate is actually
a property of hadrons [52,53], thus strongly interacted
with the quarks confined in hadrons. From this viewpoint,
the chiral symmetry and its breaking can be reflected by
the constituent (effective) quark masses. Nevertheless, in
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the regime of strong coupling strength, the perturbative
QCD is invalid and nonperturbative approaches are needed.
In this work, we will employ the (2 + 1)-flavor NJL model
to study the chiral phase transition via the solutions of the
quark gap equation.

The NJL model is a good candidate for the study of QCD
with low energy scales. Using the same notations as
Ref. [45], its Lagrangian of 2 + 1 flavors reads':

Ly = w(id —m)y + Lg + Ly, (1)
with

Ls =2 @haw)? + (Firstaw ). @
and

Ly = gpldety(1 —ys)y + H.c.]. (3)

Here 4, is the Gell-Mann matrix in flavor space and 4, =
\/%I. m = diag(m,, my, my) represents the matrix of the

current quark mass. Under the mean-field approximation,
the gap equations can be written as,

M; =m; —2gs¢; — 291)45,'451(, (4)

where ¢; is the quark condensate of flavor i and
(i, j, k) = any permutation of (u, d, s). To proceed the fol-
lowing calculations, a certain regularization should be
employed. In this work, we will use the three-momentum
cutoff regularization with an ultraviolet cutoff A. By
definition, the quark condensate can be expressed as,

[
b= [ SIS )

= —N /+00 d4p 4Mz
TV L Cafpr

N.M; [A Epiw
= / dpp*[1 = (77 + 1)
T 0
Epitn .
— (e + D)7T/Ep,, (5)
where the trace “Tr” is taken in the Dirac and color spaces
and N, =3 is the number of colors. S'(p) = ﬁ and

E,i=+/ P? + M? represents the dressed quark propagator
and the on-shell quark energy of flavor i, respectively. Then
the thermodynamic potential (which is also called the total
free energy) has the following form,

'We will work in the Euclidean space throughout this paper,
and the exact isospin symmetry between the u and d quark is
utilized, that is, m, = my; = m. And from the following calcu-
lations in this paper we can see that M, = M , ¢, = ¢p,.

TABLE I. Parameter set fixed in our work.
m [MeV] m, [MeV] A [MeV] gs [MeV?] gp [MeV™?]
5.5 135.7 631.4 9.21 x 1076 —9.26 x 10~

Q = gs(da + 3+ d2) + 4apdudads

A d3p =(Ep,i—#)
— 2N E, .+ Tln|l
Ci*u 7570 (2r)? {Epi+ Tnll 77
=(Ep,itn)
+TIn[l +e 7 |}, (6)

In general, the quark gap Eq. (4) can be solved with many
methods, such as the iterative method and the graphical
method. Also, the solutions can be obtained via searching
for the extreme value of the thermodynamic potential. In
this way, we can see not only the quantities of the solutions
but also the positions of them more directly. In this work,
the parameter set employed is shown in Table I, same as
that in Ref. [45] for the case of 2 + 1 flavors.

In many cases, the gap Eq. (4) has more than one solution,
meaning that we will encounter the issue of multiple
solutions. For example, in Figs. 1 and 2, we can see that
for zero temperature and chemical potential, no matter in
the chiral limit case or in the case of m = 5.5 MeV, there are
three extreme values of Q: two valley points and one saddle
point, corresponding to three numerical solutions of the
gap Eq. (4) in this scheme. Just as the declaration in
Refs. [31,35,36,44], the negative solution of M, , is only
a mathematical solution with no physical meanings.
Therefore we will only study the solutions with M, ;, > 0.

In the chiral limit, the Nambu solution (M, ;, > 0 with a
local minimum thermodynamic potential) represents the
breaking of the chiral symmetry, and can be distinguished
from the pseudo-Nambu solution (M, , > 0 with a local
maximum thermodynamic potential) and the Wigner sol-
ution (M, ; = 0, thus the chiral symmetry is restored). But
in the nonchiral limit, things become complicated because
the chiral symmetry is explicitly broken and multiple
solutions are always found. For low temperature and high

L,
g
7

-3x107

FIG. 1. The thermodynamic potential in the chiral limit for
T=0and u=0.
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FIG. 2. The thermodynamic potential in the case of current
quark mass m = 5.5 MeV for 7 =0 and p = 0.

chemical potential where the first-order chiral phase tran-
sition happens, the solution with a biggest M, ; as well as a
local minimum thermodynamic potential is still called the
Nambu solution, while the solution with a smallest M, ,
and a local minimum thermodynamic potential is always
called the pseudo-Wigner solution where the chiral sym-
metry is partially restored.” Then how about the scheme
with high temperature and low chemical potential where no
chiral phase transition but a crossover happens? As we
know, there is only one solution satisfying M, ; > 0 in this
case, thus it is hard to figure out when the chiral symmetry
is partially restored directly. In the past, people used to
resort to various linear responses of the quark condensate,
i.e., the susceptibilities to determine the starting point of the
pseudo-Wigner solution in this case.

In the following of this work, we will employ a new
algorithm to solve this problem. Furthermore, the solutions
of the gap equation in the nonchiral limit can be related
naturally to that in the chiral limit with this algorithm. And
the loss of solutions as well as the QCD phase diagram are
also discussed in this work.

III. SOLUTIONS OF THE QUARK GAP EQUATION
WITH THE NEW ALGORITHM

In this section, we will introduce a recently proposed
algorithm to explore the solutions of the quark gap equation
in the nonchiral limit case, especially the pseudo-Wigner
solution which is difficult to ascertain at low chemical
potential and high temperature. In fact, for a certain
temperature and chemical potential, we can regard the
effective quark masses M, and M, as functions of the
current u(d)-quark mass m, and the derivative of Eq. (4)
can be derived as,

’In principle, the pseudo-Wigner solution should also be
physical with M, ;, > 0. However, to clarify the whole evolution
process from the Wigner solution in the chiral limit to the pseudo-
Wigner solution in a nonchiral limit with our algorithm in this
paper, both the physical and unphysical pseudo-Wigner solutions
are collectively referred to as the pseudo-Wigner solution.

M, =1 =2g5¢, = 29p(Puds + dud’). (7)
M/s = _zgsqﬁls - 49D¢;4¢u' (8)

The derivative of the quark condensate is

A 4
b= [Capd
o2 o Tl My

Epi-n Epithn

M?pz e T e T
+ 2 5 E, i + E,ith
T(p* + M;) (7T +1)2 (e +1)?

4
p 1 1 ] }
- Nt : )
(p* +M2): L‘"”; R el

We can find that the derivative of the quark condensate is
proportional to the derivative of the effective quark mass.
Thus Egs. (7) and (8) are actually coupled linear equations
of M), and M. Assuming we have already known the
Wigner or pseudo-Wigner solution of Eq. (4), then we can
substitute it into Egs. (7) and (8) to get M/, and M. If the
o{M; .M.}
o{M,.M,}
(8) will only have one solution. In other words, if the matrix
above is singular for a certain (i, T), the derivatives M/, and
M, will become infinity, resulting in a invalidation of our
algorithm under this scheme.

With the Wigner solution of Eq. (4) in the chiral limit
(which is actually the trivial solution by the analysis in
Sec. II) and its corresponding derivative, the pseudo-
Wigner solution of the gap equation for the nonchiral limit
can be derived via the following equations,

matrix of is not singular, the coupled Eqgs. (7) and

MY (m) = MY (0) + A "aMlL(m),  (10)
MY (m) = MY (0) +Am dmML(R). (1)

From Egs. (10) and (11), we can see that this algorithm also
requires the continuity of M’, and M’, with the increasing of
m. If we discretize the range of /m to N grids, the integral
will approximate to the summation with an interval of
Am = m/N. In this work, we set the number of discreti-
zation points N = 550. Then the pseudo-Wigner solution
for small Am = 0.01 MeV is

MY (Am) = MY (0) + MY (0)Am = MY (0)Am,  (12)
MY (Am) = MY (0) + MY (0)Am. (13)
For the mass m = nAm, n > 1,

MY (nAm) =M} ((n—1)Am) + M) ((n —1)Am)Am,
(14)
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FIG. 3. The evolution of solutions of the quark gap equation

with our algorithm from the chiral limit to nonchiral limit for
u =0 and T # 0. The effective quark mass M, and M, of the
Nambu solution in the chiral limit is shown in the red solid line
and green solid line, respectively. The M, and M of the Wigner
solution in the chiral limit is shown in the blue dashed line and
magenta dashed line, respectively. The M, and M of the Nambu
solution for the current u, d quark mass m = 1.0, 3.0, 5.5 MeV is
shown in the black dashed line and black dotted line, respectively.
The M, and M, of the pseudo-Wigner solution for the current
u, d quark mass m = 1.0, 3.0, 5.5 MeV is shown in the cyan
dashed line and cyan solid line, respectively.

MY (nAm) = MY ((n—1)Am) + MY ((n —1)Am)Am.
(15)

In addition, the algorithm above can also be applied to
finding the Nambu solution of the quark gap equation in
the case of nonchiral limit, which can test the validity of
the algorithm from the other side. In Fig. 3, we study the
evolution of solutions of the quark gap equation from the
chiral limit to nonchiral limit for 4 =0, T # 0. In this
figure, we can see that there is a second-order chiral phase
transition at 7= 183.3 MeV in the chiral limit, and for
T > 183.3 MeV, the Nambu solution vanishes. As the
current quark mass m increases, the pseudo-Wigner sol-
ution for 7 < 183.3 MeV is going to be negative, but for
T > 183.3 MeV, it turns to be positive and connects well to
the Nambu solution. As a result, the chiral phase transition
is second-order in the chiral limit, but a crossover in
nonchiral limit.

InFig. 4, we compare the strict solution of the gap equation
with our result in the nonchiral limit. We can see that for
u =0and m = 5.5 MeV, the Nambu and positive pseudo-
Wigner solution obtained with our algorithm are in good
agreement with the physical solution obtained with the
iterative method. And to clarify the loss of solutions in the
evolution from the chiral limit to the nonchiral limit, we
draw Fig. 5. In this figure, the loss of the pseudo-Wigner
solution is shown in the m—T plane for u = 0. We present the
diverge points of the derivative M/, in the green line. Above
this line, our algorithm is invalid to give the pseudo-Wigner

600
"""""""" S
400
fffff My, NS for m=5.5
< 200 ... m, NSform=55
§ M,, pseudo-WS for m=5.5 N
g 0 Ms, pseudo-WS for m=5.5 | _
183.3 MeV
/) —— M,, physical
-200 —— Ms, physical
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, My, unphysical
fffff Ms, unphysical
-400
50 100 150 200 250
T (MeV)

FIG. 4. The comparison of the solutions of the gap equation
with our algorithm and with the iterative method in the scheme of
m = 5.5 MeV for y = 0 and T # 0. The strict physical solution
of M, and M, is shown in the red solid line and green solid line,
respectively. The strict unphysical solution of M, and M| is
shown in the blue dashed line and magenta dashed line,
respectively. The other lines in this figure is shown in the same
plot type as in Fig. 3.

solution. From this figure, we can see that in the scheme of
u = 0, the algorithm we employed will encounter the loss
of pseudo-Wigner solution for 7 € (157.4,183.3) MeV
through the evolution from the chiral limit to m = 5.5 MeV.

Experimentally, for a certain physical system, its linear
responses to the external field are always measured to
investigate the properties of the system, such as the
conductivity and susceptibility. Therefore, besides the
calculation of the effective quark masses, we will also
calculate the chiral susceptibilities for a better understand-
ing of the solution of the quark gap equation. According
to the definition, the chiral susceptibility of flavor i has
the following form,

6
(157.2, 5.5)
=0
5 A
@
.

4 Q\Q\

— \Q\

% ‘\Q

=3 S,

3 ®,
.1
2 .
-
LR
‘o
1 .y
e,
-
-, (1833.0)
50 160 170 180 190
T (MeV)
FIG. 5. The loss of the pseudo-Wigner solution in our algo-

rithm, shown in the m-T plane for y = 0. The green line means
that in the scheme of u = 0, for a certain (T, m), the derivative M/,
is going to be infinity, thus the algorithm is invalid to give the
pseudo-Wigner solution above the green line in this diagram.
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FIG. 6. The chiral susceptibilities of u, d quark in the nonchiral
limit cases obtained with our algorithm for 4 = 0 and T # 0. The
red solid line, green solid line, and blue solid line correspond to
the chiral susceptibility of the Nambu solution for m = 1.0, 3.0,
5.5 MeV, respectively, while the dashed line in the same color
represents the chiral susceptibility of the pseudo-Wigner solution
in the same case.

_ O,
om’

Xsi — (16)
We present the chiral susceptibilities of u, d quark for y = 0
in Fig. 6. From this figure, we can find that in different
schemes, the chiral susceptibilities of the Nambu and positive
pseudo-Wigner solution keep finite, but the negative pseudo-
Wigner solutions diverge at different temperatures. It is noted
that the diverging points in this diagram can also be found
in the green line of Fig. 5, i.e., the points (7T,m) =
(176,1.0), (167,3.0), (157.2,5.5) MeV on the m-T plane.
Actually, from Eq. (9) we can see that if the derivative M/,
diverges, ¢}, will also diverge, which is just the opposite
number of the chiral susceptibility of u, d quark.

Then we extend our calculation to the finite chemical
potential. In fact, if the chemical potential is not so large
that the chiral phase transition is still a second-order phase
transition in the chiral limit, the evolution of the solutions
of the gap equation will be different only quantitatively, but
qualitatively unchanged. However, if the chemical potential
is large enough that y > ppcp = 272.5 MeV, things will
become thoroughly different. Specifically, we will set y =
300 MeV in the following to study the evolution of the
solutions of the gap equation with our algorithm.

As we know, for 4 > ppcp, the QCD system in the chiral
limit will encounter a first-order chiral phase transition as
the temperature increases. In the region of multiple sol-
utions, the Nambu, pseudo-Nambu, and Wigner solutions
coexist, just as the red solid line, red dot-dashed line, and
the red dotted line shown in Fig. 7. However, the pseudo-
Nambu solution has a local maximum thermodynamic
potential, thus does not correspond to a physically stable
state. In Fig. 8 we can see that the potential of the pseudo-
Nambu solution is the highest of three potentials, therefore
we will not consider the evolution process of the pseudo-
Nambu solution.

600
3
400 — My, NS for m=0
— Ms, NS for m=0
— -~ M, pseudo-NS for m=0
> 200 ‘
% --- Ms, pseudo-NS for m=0 p
= | M,, WS for m=0 s m=55
= o m=1
Ms, WS for m=0 S m=02
0 4
meo2 Tt M,, NS form=0.2, 1.0, 3.0, 5.5
m=1 e Mg, NS for m=0.2, 1.0, 3.0, 5.5
-200 m=3 M, pseudo-WS for m=0.2, 1.0, 3.0, 5.5
m=5.5 Ms, pseudo-WS for m=0.2, 1.0, 3.0, 5.5
20 40 60 80 100
T (MeV)

FIG. 7. The evolution of solutions of the quark gap equation
with our algorithm from the chiral limit to the nonchiral limit
for 4 = 300 MeV and T # 0. The effective quark mass M, and
M of the pseudo-Nambu solution in the chiral limit is shown in
the red dot-dashed line and green dot-dashed line, respectively.
The M, and M, of the Wigner solution in the chiral limit is
shown in the red dotted line and green dotted line, respectively.
The other lines in this figure are shown in the same plot type as
in Fig. 3.

In Fig. 7, the Wigner solution and pseudo-Nambu
solution converge at about 7 =42.8 MeV in the chiral
limit, and the pseudo-Wigner solution evolves to two
branches separated by this point in the nonchiral limit.
As m increases, the distance of the positive and negative
pseudo-Wigner solution is going to be farther and farther.
Although the Nambu solution does not encounter the loss
of solution in the evolution from the chiral limit to non-
chiral limit, it just cannot connect to the positive pseudo-
Wigner solution for any m like that in Fig. 3.

In Fig. 9 we compare the solutions of the gap equation
with our algorithm and with the iterative method for
m = 5.5 MeV. And the solution is found to be absent in
the region of T € (54.8,60.89) MeV with our algorithm,

-3.888x 10" ——
.

10 S — NS, for m=0
~3.890x10 \'"'\.\ ————— pseudo-NS, for m=0
~3.892x10"0 Tl e WS, for m=0

< -3.894x10"
()
=
& -3.896x10"°
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FIG. 8. The thermodynamic potentials of the Nambu, pseudo-
Nambu, and Wigner solution in the chiral limit for 4 = 300 MeV
and T # 0, shown in the red solid line, red dot-dashed line, and
red dotted line, respectively.
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FIG. 9. The comparison of the solutions of the gap equation
with our algorithm and with the iterative method in the scheme of
m =5.5 MeV for y =300 MeV and T # 0. The lines in this
figure is shown in the same plot type as in Fig. 4.

thus cannot cover the strict physical solution and results in
the invalidation of our algorithm in this scheme.

To check the loss of solutions in the evolution process,
we plot Fig. 10, and the green line in this figure represents
the same meaning as in Fig. 5. The difference is that there is
a sharp gap in the green line for y = 300 MeV, demon-
strating a different process of the loss of solutions as m
increases. For m < 1.62 MeV, the positive pseudo-Wigner
solution will experience the loss of solution as m increases;
for 1.62 < m < 3.26 MeV, the loss region of the solution
keeps almost unchanged; and for 3.26 < m < 5.5 MeV,
the negative pseudo-Wigner solution starts to undergo the
loss of solutions while the loss region of the positive pseudo-
Wigner solution does not change in this case. During the
evolution from the chiral limit to m = 5.5 MeV, the pseudo-
Wigner solution will encounter a total loss range of
T € (35.7,60.89) MeV. And we can imagine that for other
chemical potentials larger than 272.5 MeV, similar things
will happen as that for y = 300 MeV.

®
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T (MeV)

FIG. 10. The loss of pseudo-Wigner solution in our algorithm,
shown in the m—T plane for 4 = 300 MeV. The green line in this
figure has the same meaning as in Fig. 5.
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Xsu (MeV?)
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FIG. 11. The chiral susceptibilities of u, d quark in the
nonchiral limit cases obtained with our algorithm for y =
300 MeV and T # 0. The magenta solid line, red solid line,
green solid line, and blue solid line corresponds to the chiral
susceptibility of the Nambu solution for m = 0.2, 1.0, 3.0,
5.5 MeV, respectively, while the dashed line in the same color
represents the chiral susceptibility of the pseudo-Wigner solution
in the same case.

On the other hand, we also present the chiral suscep-
tibilities of u, d quark to study the loss of solutions for
u =300 MeV, which can be found in Fig. 11. In this
figure, when m is small, the y,, of the positive pseudo-
Wigner solution diverges at some temperature but the
negative branch does not. As m increases to a relatively
large amount, the positive branch finally keeps finite but
the negative branch begins to diverge. Unlike the case of
u = 0, during the whole evolution process, the y,, of the

200

p=272.5 MeV |

50 (300, 60.89)
—— Nambu solutions (300, 54_$)
————— positive pseudo-Wigner solutions i
00 50 100 150 200 250 300

U (MeV)

FIG. 12. Part of the QCD phase diagram obtained with our
algorithm in this work. The blue solid line characterizes the
vanishing edge of the Nambu solution, that is, the Nambu
solution obtained with our algorithm exists under this line.
The green dashed line denotes the starting edge of the positive
pseudo-Wigner solution, i.e., the positive pseudo-Wigner solu-
tion obtained with our algorithm exists above this line. For
u < 272.5 MeV, these two lines coincide, implying the location
of the crossover line in the QCD phase diagram. But for
u > 272.5 MeV, they separate from each other, causing a lack
of information in the domain between these two lines.
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positive pseudo-Wigner solution does not connect to that of
the Nambu solution.

Given the evolution process of the Nambu and pseudo-
Wigner solution of the gap equation from the chiral limit to
nonchiral limit in different schemes, we can get part of the
QCD phase diagram with our algorithm, which is shown in
Fig. 12. In this figure, we denote the endpoint of the Nambu
solution in the blue solid line, and the starting point of the
positive pseudo-Wigner solution in the green dashed line.
For p < 272.5 MeV, these two lines coincide with each
other, demonstrating a crossover between the correspond-
ing two solutions, and the location of them just indicate a
part of the crossover line predicted by our algorithm. But
for y > 272.5 MeV, these two lines separate from each
other, presenting a lack of information of the QCD system
in the separation area, thus our algorithm is invalid in this
situation.

IV. SUMMARY AND DISCUSSION

In this paper, we briefly discuss some current perspec-
tives on the chiral symmetry breaking and restoring at first,
and then in the framework of the (2 + 1)-flavor NJL model,
the solutions of the quark gap equation (especially the
pseudo-Wigner solution) in the nonchiral limit are studied
within a recently proposed algorithm. In this approach,
supposing we have already obtained the solution (M, (mg),
M (mg)) of the quark gap equation in the case of m = my,
then the derivatives (M), M) only have one finite solution
because of the linearity of the coupled derivative equations.
Via the recursive formula of the effective quark masses, the
value of (M, (mg+ Am), My (my+ Am)) (Am is a tiny
variable) can be derived. Combining with the Nambu and
Wigner solution (M, (0), M(0)) in the chiral limit (con-
venient to calculate with a simple iteration method), we can
get the Nambu and pseudo-Wigner solution (M, (m),
M (m)) for m = 5.5 MeV in this work.

In particular, we apply this algorithm to two schemes: 1,
u=0and T#0; 2, u#0 and T # 0. We find that the
effective quark masses of the pseudo-Wigner solution in
these two schemes both experience an absent region, while
the Nambu solutions does not. By calculation and analysis,
we find that for u < 272.5 MeV where the second-order
chiral phase transition happens as temperature increases in
the chiral limit, things come similar to that for 4 = 0 and
T # 0: the Nambu and positive pseudo-Wigner solution
connect smoothly at a certain temperature, indicating a
crossover in the QCD phase diagram. Furthermore, the
solutions obtained with our algorithm are consistent with
the strict physical solution obtained via the iterative method

for m = 5.5 MeV. However, for u > 272.5 MeV, things
are different: the Nambu solution does not connect to the
positive pseudo-Wigner solution for any m, resulting in
missing information of the QCD system in the discontinu-
ous region and the invalidation of our algorithm.

For a better understanding of the evolution process of the
Nambu and pseudo-Wigner solution with our algorithm, we
present the chiral susceptibilities of the u, d quark in these
two schemes. We find that the diverging points of the chiral
susceptibilities are same with the corresponding loss points
of pseudo-Wigner solutions in the m—T plane, because the
derivatives M/, and ¢/, are tightly connected by Eq. (9).
In addition, the positive pseudo-Wigner solution does not
encounter the loss of solutions for ¢ < 272.5 MeV, which
is different from the scheme of x> 272.5 MeV. For
example, when u = 300 MeV, the loss of solutions occur
in the positive pseudo-Wigner solution for m < 1.62 MeV,
but in the negative pseudo-Wigner solution for m >
3.26 MeV.

In conclusion, although the NJL model is a little rough as
a phenomenological model of the QCD in some sense, it
gives many qualitatively good predictions and explanations
to QCD related fields such as the hadron physics. With the
algorithm we employed in this paper, the evolution proc-
esses of the Nambu and pseudo-Wigner solution from the
chiral limit to nonchiral limit can be clearly displayed. And
for u < 272.5 MeV in the QCD phase diagram, the Nambu
and positive pseudo-Wigner solution we obtained are in
good agreement with the strict physical solution of the gap
equation, naturally giving a criterion of the starting point of
the positive pseudo-Wigner solution.

In the future, a deeper understanding of the gluon
propagator rather than taking it as a constant will improve
the reliability of the model. In addition, the method beyond
the mean field approximation might supply a more reliable
calculation. Without doubt, it could not be better if the
LQCD overcomes the “sign problem” and provides the
most powerful simulations of the strong interacted matters
at finite chemical potential.
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