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The self-consistent mean field approximation of the two-flavor Nambu—Jona-Lasinio (NJL) model,

which introduces a free parameter a (a reflects the weight of different interaction channels), is employed to

investigate the contributions of the vector channel at a finite isospin chemical potential y;, zero baryon

chemical potential up, and zero temperature 7. The calculations show that the consideration of the vector-

channel contributions leads to a lower value of pion condensate in a superfluid phase, compared with the

standard Lagrangian of the NJL model (a = 0). In a superfluid phase, we also obtain a lower isospin

number density, and the discrepancy is getting larger with the increase of the isospin potential. Compared

with the recent results from lattice QCD, the isospin density and energy density we obtained with o = 0.5

agree with the data of the lattice well. In the phase diagram in the 7 —y; plane for uz = 0, we can see that

the difference of the critical temperatures of a phase transition between the results with « = 0 and @ = 0.5

is up to 3%—5% for a fixed isospin potential. All of these indicate that the vector channels play an important

role in the isospin medium.

DOI: 10.1103/PhysRevD.101.074008

I. INTRODUCTION

The study of thermodynamics of strongly interacting
system under extreme conditions is helpful for us to
develop a better understanding to the physical scene shortly
after the big bang [1,2], the structure of compact stars [3,4],
and heavy-ion collision experiments [5,6]. The probe of the
properties of strongly interacting matter at such large
temperatures and densities is carried on at CERN, BNL,
and GSI, etc. [7,8], in particular, searching for the position
or even the existence of the critical end point (CEP) [9].

One of the interesting phenomena in extending the phase
diagram to the nonzero isospin region is the appearance of a
new phase. It is known that the isospin chemical potential
has an effect on hadronic matter, which can rotate the
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quark-antiquark condensate, and the phenomenon is named
as a pion condensation, since it indicates the direction of the
U,(1) symmetry breaking corresponding to the conserva-
tion of the pion number. When the isospin chemical
potential exceeds the pion mass (u; > m,), a superfluid
of charged pions in the zero momentum state will occur,
i.e., the pion superfluid phase. This Bose-Einstein con-
densate (BEC) of pions is an electromagnetic supercon-
ductor [10,11]. Different from the normal phase (u¢; < m,),
where pion condensation is zero, the realization of pion
condensation can change the low energy properties of matter,
such as the mass spectrum and the lifetimes of mesons
[12—14], and are also related to a lot of phenomena [15,16].
Therefore, it is important for us to study the thermodynamics
of strongly interacting system in an isospin medium.
Theoretically, quantum chromodynamics (QCD) is rec-
ognized as the fundamental theory of the strong interaction.
It is generally thought that there exist rich phase structures
of quantum chromodynamics at a finite temperature and
finite density. At high temperatures and/or high densities,
the perturbative QCD can describe the nature of the
phases well. At vanishing density and finite temperature,
lattice simulations from the first principle of QCD have
provided valuable insights into the QCD phase diagram.
Nevertheless, at finite baryon density, lattice simulations
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are hindered by the sign problem [17], and there is no
problem for lattice simulations at a finite isospin density in
principle [18]. Beside that, there are lots of low-energy
effective models, such as the chiral perturbation theory
[14,19], random matrix method [20,21], and Nambu—Jona-
Lasinio (NJL) model [22-25], to be used as tools to
investigate the phase structures in isospin matter, in which
the NJL model described the chiral dynamics of QCD
well [26].

In this paper, we study the contributions of the vector
channels at a finite isospin potential in the framework of a
NJL model with the self-consistent mean field approxima-
tion. The standard Lagrangian of the NJL model contains
scalar (y)? and pseudoscalar-isovector (iysTy)? chan-
nels [26]. Making use of Fierz transformations, not only
scalar and pseudoscalar-isovector channels but also other
interaction channels can be produced. These interaction
channels play an important role in the case of external
fields. For instance, when the finite chemical potential is
involved, the vector-isoscalar channel is very important
[27]. Similarly, when we discuss the axial chemical
potential, the isovector-isoscalar channel becomes very
important [28-31], and in the study of the chirally
imbalanced system, the contribution of the axial-vector
channel cannot be neglected [32]. In this connection, if we
study the system under the condition of finite isospin
density, the contributions of the vector-isoscalar channels
and the pseudoscalar-isovector channels should be consid-
ered. In previous analyses of the NJL model, people usually
ignore the contributions of various channels from the Fierz-
transformed term or manually add the relevant terms [33].
As shown below, the above mean field approximation
approach is not self-consistent. In this paper, we will
employ the self-consistent mean field approximation [34]
of the NJL model to study the thermodynamics of a
strongly interacting system at nonzero isospin chemical
potential. This model introduces a free parameter a to
reflect the proportion of the different channel contributions
from the Fierz-transformed term.

This paper is organized as follows. In Sec. II, the two-
flavor NJL model by the self-consistent mean field
approximation in the case of isospin chemical potential
is introduced, and we can get the self-consistent gap
equations. In Sec. IIl, we discuss the contributions of
the vector channels to relevant thermodynamic quantities
and phase diagram, and the comparison of our results with
lattice data is also given. In the last section, we summarize
our findings.

II. THE SELF-CONSISTENT MEAN FIELD
APPROXIMATION OF NJL MODEL

In the present work, only two flavors are considered, i.e.,
Ny = 2. The standard flavor SU(2) NJL model Lagrangian
density is defined as [26]

Ly = w(id = mo)y + Gl(pw)* + (wiysty)?] (1)

with scalar and pseudoscalar interactions related to o
and 7 excitations, respectively, where G is the coupling
constant and the matrix of the current quark mass is
my = diag(mo,, mog)-

Performing the Fierz transformation [26] on the four-
Fermion interaction terms, we have

G . _ . ]
Lir = g 2)* + 2(piysey)’ = 2(pay)’
—2(wiysy)? — 4(pr'w)? — A(Wirysy)?
+(oy)* = (FoTy)?], (2)

where color octet contributions have been neglected and the
number of colors is N, = 3. Then the Lagrangian becomes

Lp=y(id —my)y + L. (3)

The original Lagrangian Ly;; and the transformed
Lagrangian L are equivalent, since the Fierz transforma-
tion is a mathematical identity transformation. Considering
the Lyy, and Ly are mathematically equivalent, the most
general effective Lagrangian can be introduced [34]: Lz =
(1 — a)Lyy + aLp where the parameter « is an arbitrary ¢
number, and the Lagrangian does not change with a.
Through Fierz transformation, we can obtain more general
interaction terms. It is very helpful for us to understand and
deal with the problem of a strongly interacting system
under the condition of external fields. As mentioned in the
Introduction above, the various channel contributions are
not negligible if we study the system with external fields.

However, when the mean field approximation is applied,
the contributions of Ly and L are found to be no longer
identical; this is because the Fierz transformation and the
mean field approximation are not commutative. Especially
when the system is in external fields, the results yielded by
two Lagrangians are very different [26]. This means that it
is important for us to know the contributions of each
interacting term once the mean field approximation is used.
Actually, just as pointed out by Refs. [34-36], there is no
physical requirement to constrain the value of a. a in
principle should be determined by experiments rather than
the self-consistent mean field approximation itself. The
Lagrangian of the self-consistent mean field approximation
is adopted as (Lg),, = (1 —a){LxjL)m + a(LE),, [34],
where (),, denotes the mean field approximation.

In order to investigate the system where a u and d quark
are asymmetric, we can introduce the isospin chemical
potential y;, which connects to the isospin number density
n; = (n, —ng)/2. Just as the chemical potential y can
reflect the density n of the quark, we introduce the isospin
chemical potential to denote the imbalance between the u
and d quarks. In the imaginary time formulism of finite
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temperature field theory [37], the partition function for a
system at finite baryon and isospin densities can be
represented as

Z(Tﬂu]’/'tB’ V):/[dl//] dl// fﬁd‘tfd3 E+W.“}’UW) (4)

where V is the volume of the system, f is the inverse
temperature § = 1/T; the quark number density operator 7,
and the quark isospin number density operator 7i; are yygy
and %1/7}/0131//, and up and p; are the baryon and isospin
chemical potentials, where u = diag(u,, #4) is the matrix
of quark chemical potential in flavor space with the u and d
quark chemical potentials,

_HB  Hi
/’tu 3+27

HB  Hi

= -, 5
Ha =75 (5)

the factors and 3 5 reflect the fact that three quarks make up
a baryon and quark’s isospin quantum number is 2.
Following Refs. [34-36], the equivalent Lagrangian in

this work can be rewritten as

Lr=(1—a)lay + alp + Puroy. (6)

In our study, we only care about the contributions from
scalar, vector, and pseudoscalar-isovector channels. Other
terms have no effect on our calculation at the level of mean
field approximation. Applying the mean field approxima-
tion to this Lagrangian and dropping the irrelevant terms,
we can get the effective Lagrangian,

Lo = w(id — M + p'yo + 2Griyst) )y

— G(6® + 7%) + pn?, (7)
where M is called the constituent quark mass,
M = my —2Go, (8)

and

W= pu—2pn. )

Employing the Egs. (5) and (9), one can obtain the
following relation at pp = O (in this paper, only the zero
baryon density case is considered):

:u} :l’l]_gﬂnlv (10)

where, for convenience, we redefine the parameter ff =
1254 in the formalism.
The quark condensation ¢ = (), the pion condensa-

tion 7 = (itiysd) + (diysu), the quark number density

n = (fryow) = {iiyou) + (dyyd), and the isospin number
density n; = 3 (pyotsy) = ((fiyou) — (dyod))/2 can be
determined in a thermodynamically self-consistent way.
We can insert the effective Lagrangian (7) into the partition
function (4) to get the mean-field thermodynamic potential,

T
Q=—-——InZ
1%

= G(o? + 7%) — pn* + Qy, (11)

where Q,, is expressed as

2N/ &P

(2 B + B 2N, T(n(0
+exp(=E,/T)) +In(1 +exp(=E;/T))); (12)

here, the effective quark energies E3 are given by

E: = \/(EP + 41 /2) + 4G22, (13)

E,=\/|p]* + M. (14)

Given the extremum condition of the thermodynamic

potential & 39 =0, gf} 0, f’)‘nz 0, gff =0, we can get the

quark condensate

3 i
o [M SR BT k) - fi-5)
Fe 2 () - ri-£7)| (15)

the pion condensate,

AP
T = —4NCG7rA (‘21”’;3 [% (f(E,) - f(-E}))
e - f(—E,n)} | (16)

the quark number density,

n=

Adp o .
N [ SR + 1) + 1 (Ep)

2
3¢
+f(=Ep) =2, (17)

and isospin number density,

o [ [

Ep +ﬂl/2
_T

(f(Ep) =

(F(ED) —f(—E;»] (18)
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with the Fermi-Dirac distribution function,

1

ST (19)

fx) =

Finally, inserting Egs. (15)—(18) into the Egs. (8)—(10), we
will obtain the self-consistent gap equations in the case of
finite isospin chemical potential ;.

The parameter set used for the purpose of the present
study are the current quark mass mg, = my; = my =
4.76 MeV, the coupling constant G =4.78 x 107 MeV 2,
and the cutoff A = 659 MeV, which are obtained by fitting
the pion mass m, = 131.7 MeV as used by lattice QCD
[38] at T = pu; = ug =0, and other parameters are the
decay constant f, = 92.4 MeV and the quark condensate
per flavor () = —(250 MeV)?.

III. NUMERICAL RESULTS AND DISCUSSION

It is mentioned above that the Refs. [34—-36] indicate the
parameter a can be constrained by experiments. One
choice, for example, in Refs. [35,36], is that o can be
determined by astronomical observation data on the latest
neutron star mergering. However, with the lack of reliable
experiment data on the strongly interacting matter at finite
density currently, so in our study, we consider a as a free
parameter. In this paper, we will show our results with
different o’s, @ = 0 represents the standard NJL model
[26], @ = 0.5 is found to be in good agreement with recent
lattice data, @ = 0.9 is adopted from Ref. [35], and a =
1.044 is taken from Ref. [34].

By solving the Eqgs. (15) and (16) simultaneously the
condensates 7 and o scaled by the quark condensate ¢, =
—2(250 MeV)? in the vacuum with different a’s at T =
up = 0 are shown in Figs. 1 and 2, respectively. We can see
from Fig. 1 that the pion condensates with different a’s all
keep the vacuum value (i.e., # = 0 corresponding to the
system in the normal phase) at smaller isospin chemical
potential, and then they all go up when u; > m,, and the

1.2

0 1 2 3 4 5
Hilmy

FIG. 1. The normalized pion condensate z/c as a function of
the normalized isospin chemical potential y;/m, at T = up = 0.

alag

IJI/mrr

FIG. 2. The normalized quark condensate 6/0 as a function of
the normalized isospin chemical potential u;/m, at T = ug = 0.

larger the value of a, the smaller the pion condensate. The
largest difference of pion condensate with these different
a’s occurs at y; ~ 1.5m,. Note that when the critical isospin
chemical potential equals to the pion mass (1§ = m,,), there
is the onset of pion condensation (i.e., 7 # O corresponding
to the system in the pion superfluidity phase), and the
critical isospin chemical potential yf is not changed as o
changes. As shown in Fig. 2, we have similar behavior for
the o condensate; the ¢ condensates with different o’s all
keep the vacuum value oy = —2(250 MeV)? at first, and
after that, they all go down as y; increases.

In the following, we will compare our results for some
thermodynamic quantities with the corresponding recent
lattice QCD results [15]. Due to only the pressure p and the
energy density e relative to the physical vacuum
Q, =Q , which in the mean field approximation
we have

T=p;=pup=0)

(Q ) _ (M(T:M:/lB:O) B m0)2
v/m 4

G
A d3p S -
XA (2z)3 \/ >+ M, o)y (20)

can be measured, we introduce the rescaled thermodynamic
potential,

— 4N,

Q =0-(Q,),. (21)

The energy density € at zero temperature, and zero baryon
density and finite isospin density is defined as

€ =—p+umn(p=-Q). (22)

In Figs. 3 and 4, the normalized isospin density and
energy density with respect to the isospin chemical poten-
tial scaled by m, are shown, respectively. These plots have
mainly focused on the region of y; < 2m, throughout
which lattice QCD data are available. Generally, the
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FIG. 3. The normalized isospin density n;/m> as a function of

the normalized isospin chemical potential y;/m, at T = ug = 0.

e/m,,4

1.0 1.2 1.4 1.6 1.8 2.0

FIG. 4. The normalized energy density e/m?* as a function of
the normalized isospin chemical potential y;/m, at T = ug = 0.

maximum value of y; within lattice QCD calculations is
constrained by the value of the lattice spacing. From the
figures, we can see that the lattice QCD data can be
described well by our calculation with a = 0.5, although
some data are located on the @« = 0 curve (i.e., the standard
NJL model results) around y; ~ 1.5m,. More lattice data
for isospin density can clarify the situation. These results
mean the contributions of the vector channels play an
important role in isospin medium.

The nonzero net isospin density n; = (n, — ny)/2 in the
superfluidity phase (z # 0) in Fig. 3 is caused by the Bose-
Einstein condensate of charged pions, which leads to
different flavor densities. In order to see this clearly, we
plot the flavor densities for each flavor with & =0 and
a = 0.5 in Fig. 5. Each pure flavor number density can be
expressed from the difference between the corresponding
quark number density and antiquark number density,
n, =n} —ny,ng =n} —n;. Making use of the method
of the positive and negative energy projectors [23], nuf 4 can
be separated from n,, 4,

----- a=0

1.5 — a=05
“r 1.0
E
:C‘

0.5

0.0

0.0 05 1.0 1.5 2.0

/J//mrr

FIG.5. The normalized flavor densities n,/ m3 as a function of
the normalized isospin chemical potential y;/m, at T = ug = 0.

o [P [ e
i =N [ ok )+ r-E7)

S ) - peg)] e
A P
= =N [ B + 1)
SR e - gk -2 4

=N [ (‘217’)’ [f(EZ) T F-ED)

E, +u;/2

D - rE)| e

_ AR [ ]
g ==Ne [ S5 18 + 1B
E,—u,/2
B e - g -2 o
P

From Fig. 5, one gets the relation nf = n; > nj = n
for both @ = 0 and a = 0.5, which results in the net isospin
density. Therefore, the number of z in the system should
be larger than the number of z~. Besides, we find that the
flavor number density n,; (= n;) with a = 0.5 is smaller
than that with @ = 0 in the superfluidity phase, and the
same behavior is obtained for ny, (= n}), but the difference
between a = 0 and a = 0.5 of n, (= n}) is smaller than
that of n,; (= n}). From this, we can see that the difference
between @« =0 and a = 0.5 of the nonzero net isospin
density mainly comes from the contribution of n;; (= n),

i.e., the difference in the number of 7.
The solution of Eq. (16) for z separates the region of the
pion superfluidity phase (z # 0) from the region of the
normal phase (x = 0). The phase transition lines with
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FIG. 6. The phase diagram in 7 -y, plane (uz = 0).

a = 0 and a@ = 0.5 delimitating these two regions are given
in Fig. 6 in the T — u; plane for g = 0. It can be seen that in
the real world with nonzero current quark mass, the systems
for a =0 and a = 0.5 are both in the pion superfluidity
phase at high enough temperature, regardless of the value
of the isospin chemical potential; But at low temperature,
the systems are both in the normal phase only at low isospin
chemical potential, especially at zero temperature the
critical isospin chemical potential y§ of the phase transition
both have u§ = m,.

As depicted in Fig. 6, the phase transition line witha = 0
is located above the one with @ = 0.5 in the T — y; plane. So
for the same isospin chemical potential, the critical temper-
ature of the phase transition with a = 0.5 is smaller than
that of @ = 0. In other words, at the fixed isospin chemical
potential, the temperature for the occurrence of the phase
transition in the case a = 0.5 is lower than that in the case
a =0, and at y; ~ 1.5m,, the difference between a = 0 and
a = 0.5 is the largest, which is up to 5%.

IV. SUMMARY

In this paper, the self-consistent mean field approxima-
tion of the NJL model is employed to study the contribu-
tions of the vector channels in the finite isospin chemical
potential. A free parameter a, which reflects the weight of

different interaction channels, is introduced in the model. In
our calculation, we consider the contributions of the scalar,
vector (not appear in the standard Lagrangian of NJL model
[26]), and pseudoscalar-isovector channels with different
cases of =0, a=0.5, a=0.9, and a = 1.044, and
compare relevant thermodynamic quantities with the recent
lattice QCD data [15]. We find that in superfluid phase
(z # 0), the lower value of the pion condensate and the
higher value of the ¢ condensate appear with the increasing
a compared with that of the @ = 0 case (the standard NJL
model), and the largest difference of the pion condensate
occurs at y; ~ 1.5m,. Our results show that, when a = 0.5,
the isospin density and energy density agree with lattice
data well except around p; ~ 1.5m,. This indicates the
contributions of the vector channels in isospin medium. To
see the difference of the isospin density between a = 0 and
a = 0.5 more clearly, we also plot the different flavor
densities versus isospin chemical potential and then find
that the difference mainly comes from the contribution of
the flavor density n,f (= n;) (ie., the difference in the
number of z between a = 0 and a = 0.5). Finally, we
draw the phase diagram in the T —y; plane for yp = 0 and
show that for the fixed isospin chemical potential with the
temperature increasing, the occurrence of the phase tran-
sition in the case o = 0.5 is earlier than the case o = 0, and
also at u; ~1.5m,, the difference becomes the largest
which is up to 5%. In conclusion, through considering
the contributions of the vector channels (a¢ = 0.5) in our
study, we can get the results (including the isospin density
and energy density), which match lattice QCD data better
compared with the standard NJL model (@ = 0) except
around p; ~ 1.5m,. This means that the vector channels
play an important role in isospin medium.
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