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Mass spectra and Mott transition of pions (π0, π±) at finite temperature and magnetic field are
investigated in a two-flavor NJL model, and we focus on the inverse magnetic catalysis (IMC) effect
and current quark mass (CQM) effect. Due to the dimension reduction of the constituent quarks,
the pion masses jump at their Mott transitions, which is independent of the IMC effect and CQM
effect. We consider the IMC effect by using a magnetic dependent coupling constant, which is a
monotonic decreasing function of magnetic field. With IMC effect, the Mott transition temperature
of π0 meson T 0

m is a monotonic decreasing function of magnetic field. For charged pions π±, the
Mott transition temperature T+

m fast increases in weak magnetic field region and then decreases with
magnetic field, which are accompanied with some oscillations. Comparing with the case without
IMC effect, T 0

m and T+
m are lower when including IMC effect. CQM effect are considered by varying

parameter m0 in non-chiral limit. For π0 meson, T 0
m is not a monotonic function of magnetic field

with low m0, but it is a monotonic decreasing function with larger m0. In the weak magnetic field
region, T 0

m is higher for larger m0, but in the strong magnetic field region, it is lower for larger
m0. For π

+ meson, T+
m is only quantitatively modifies by current quark mass effect, and it becomes

higher with larger m0.

I. INTRODUCTION

The study of hadron properties in QCD medium is im-
portant for our understanding of strong interaction mat-
ter, due to its close relation to QCD phase structure and
relativistic heavy ion collision. For instance, the chiral
symmetry breaking leads to the rich meson spectra, and
the mass shift of hadrons will enhance or reduce their
thermal production in relativistic heavy ion collisions [1–
3].

It is widely believed that the strongest magnetic field
in nature may be generated in the initial stage of rel-
ativistic heavy ion collisions. The initial magnitude of
the field can reach eB ∼ (1− 100)m2

π in collisions at the
Relativistic Heavy Ion Collider and the Large Hadron
Collider [4–8], where e is the electron charge and mπ the
pion mass in vacuum. In recent years, the study of mag-
netic field effects on the hadrons attract much attention.
As the Goldstone bosons of the chiral (isospin) symme-
try breaking, the properties of neutral (charged) pions at
finite magnetic field, temperature and density are widely
investigated [9–59].

The LQCD simulations performed with physical pion
mass observe the inverse magnetic catalysis (IMC) phe-
nomenon [60–67]. Namely, the pseudo-critical tempera-
ture Tpc of chiral symmetry restoration and the quark
mass near Tpc drop down with increasing magnetic field.
On analytical side, many scenarios are proposed to un-
derstand this IMC phenomenon, but the physical mech-
anism is not clear [12, 53, 68–96]. Besides, how does the

∗Electronic address: maoshijun@mail.xjtu.edu.cn

IMC effect influence the pion properties under external
magnetic field? Previous studies focus on the case with
vanishing temperature and density, and report that IMC
effect leads to a lower mass for pions under external mag-
netic field [36, 54, 55].

The current quark mass determines the explicit break-
ing of chiral symmetry. In LQCD simulations, it is con-
sidered through different pion mass [24, 65, 66]. At van-
ishing temperature and finite magnetic field, the normal-
ized neutral pion mass mπ0(eB)/mπ0(eB = 0) increases
with current quark mass, but the normalized charged
pion mass mπ±(eB)/mπ±(eB = 0) decreases with cur-
rent quark mass [24]. In effective models, the current
quark mass (CQM) effect on pion properties has not yet
been studied.

In this paper, we will investigate the IMC effect and
CQM effect on mass spectra and Mott transition of pions
at finite temperature and magnetic field. Here we make
use of a Pauli-Villars regularized Nambu–Jona-Lasinio
(NJL) model, which describes remarkably well the static
properties of light mesons [27, 97–101]. In our calcula-
tions, the IMC effect is introduced by a magnetic field
dependent coupling, and the CQM effect is considered
by tuning the quark mass parameter.

The rest of paper is organized as follows. Sec.II intro-
duces our theoretical framework for meson spectra and
the Mott transition in a Pauli-Villars regularized NJL
model. The numerical results and discussions are pre-
sented in Sec.III, which focus on inverse magnetic catal-
ysis effect in Sec.IIIA and current quark mass effect in
Sec.IIIB. Finally, we give the summary in Sec.IV.

http://arxiv.org/abs/2308.12491v1
mailto:maoshijun@mail.xjtu.edu.cn


2

II. FRAMEWORK

The two-flavor NJL model is defined through the La-
grangian density in terms of quark fields ψ [27, 97–101]

L = ψ̄ (iγνD
ν −m0)ψ +G

[

(

ψ̄ψ
)2

+
(

ψ̄iγ5~τψ
)2
]

. (1)

Here the covariant derivative Dν = ∂ν + iQAν cou-
ples quarks with electric charge Q = diag(Qu, Qd) =
diag(2e/3,−e/3) to the external magnetic field B =
(0, 0, B) in z-direction through the potential Aν =
(0, 0, Bx1, 0). m0 is the current quark mass, which deter-
mines the explicit breaking of chiral symmetry. G is the
coupling constant in scalar and pseudo-scalar channels,
which determines the spontaneously breaking of chiral
symmetry and isospin symmetry.
In NJL model, mesons are constructed through quark

bubble summations in the frame of random phase ap-
proximation [27, 98–101],

DM (x, z) = 2Gδ(x− z) +

∫

d4y 2GΠM (x, y)DM (y, z),

(2)
where DM (x, y) represents the meson propagator from x
to y in coordinate space, and the corresponding meson
polarization function is the quark bubble,

ΠM (x, y) = iTr [Γ∗

MS(x, y)ΓMS(y, x)] (3)

with the meson vertex

ΓM =











1 M = σ
iτ+γ5 M = π+
iτ−γ5 M = π−
iτ3γ5 M = π0 ,

Γ∗

M =











1 M = σ
iτ−γ5 M = π+
iτ+γ5 M = π−
iτ3γ5 M = π0 ,

(4)
the quark propagator matrix in flavor space S =
diag(Su, Sd), and the trace in spin, color and flavor
spaces.
According to the Goldstone’s theorem, the pseudo-

Goldstone mode of chiral (isospin) symmetry breaking
under external magnetic field is the neutral pion π0

(charged pions π±) [102, 103]. The charged pions are
no longer the pseudo-Goldstone modes since their direct
interaction with magnetic field.

1. neutral pion π0

The neutral pion π0 is affected by external magnetic
field only through the pair of charged constituent quarks,
and its propagator in momentum space can be derived as

Dπ0(k) =
2G

1− 2GΠπ0(k)
, (5)

with the polarization function Ππ0(k) and conserved mo-
mentum k = (k0,k) of π

0 meson under external magnetic
field.

The meson pole mass mπ0 is defined as the pole of the
propagator at zero momentum k = 0,

1− 2GΠπ0(ω2 = m2
π0 ,k2 = 0) = 0. (6)

At nonzero magnetic field, the three-dimensional quark
momentum integration in the polarization function Ππ0

becomes a one-dimensional momentum integration and a
summation over the discrete Landau levels. The polar-
ization function can be simplified

Ππ0(ω2, 0) = J1(mq) + ω2J2(ω
2) (7)

and

J1(mq) = 3
∑

f,n

αn
|QfB|

2π

∫

dp3
2π

1− 2F (Ef )

Ef
,

J2(ω
2) = 3

∑

f,n

αn
|QfB|

2π

∫

dp3
2π

1− 2F (Ef )

Ef (4E2
f − w2)

,

with the summation over all flavors and Landau en-
ergy levels, spin factor αn = 2 − δn0, quark energy

Ef =
√

p23 + 2n|QfB|+m2
q, and Fermi-Dirac distribu-

tion function F (x) =
(

ex/T + 1
)−1

.
The (dynamical) quark mass mq is determined by the

gap equation,

1− 2GJ1(mq) =
m0

mq
. (8)

During the chiral symmetry restoration, the quark
mass decreases, and the π0 mass increases, as guaran-
teed by the Goldstone’s theorem [102, 103]. When the
π0 mass is beyond the threshold

mπ0 = 2mq, (9)

the decay channel π0 → qq̄ opens, which defines the π0

Mott transition [101, 104–106].
From the explicit expression of Ππ0 in Eq(7), the fac-

tor 1/(4E2
f − ω2) in the integrated function of J2(ω

2)

becomes (1/4)/(p23+2n|QfB|) at ω = 2mq. When we do
the integration over p3, the p

2
3 in the denominator leads to

the infrared divergence at the lowest Landau level n = 0.
Therefore, mπ0 = 2mq is not a solution of the pole equa-
tion, and there must be a mass jump for π0 meson at the
Mott transition. This mass jump is a direct result of the
quark dimension reduction [37, 44, 45, 48, 51], and inde-
pendent of the parameters and regularization schemes of
NJL model. When the magnetic field disappears, there
is no more quark dimension reduction, the integration
∫

d3p/(4E2
f −ω

2) ∼
∫

dp becomes finite at ω = 2mq, and
there is no more such a mass jump. It should be men-
tioned that in chiral limit, no such mass jump happens
for π0 meson even under external magnetic field, which
has been analytically proved in our previous work [52].
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2. charged pions π±

When constructing charged mesons through quark
bubble summations, we should take into account of the
interaction between charged mesons and magnetic fields.
The charged pions π± with zero spin are Hermite conju-
gation to each other, they have the same mass at finite
temperature and magnetic field.
The π+ meson propagator Dπ+ can be expressed in

terms of the polarization function Ππ+ [48, 55, 56],

Dπ+(k̄) =
2G

1− 2GΠπ+(k̄)
, (10)

where k̄ = (k0, 0,−
√

(2l + 1)eB, k3) is the conserved Ri-
tus momentum of π+ meson under magnetic fields.
The meson pole mass mπ+ is defined through the pole

of the propagator at zero momentum (l = 0, k3 = 0),

1− 2GΠπ+(k0 = mπ+) = 0, (11)

and

Ππ+(k0) = J1(mq) + J3(k0), (12)

J3(k0) =
∑

n,n′

∫

dp3
2π

jn,n′(k0)

4EnEn′

× (13)

[

F (−En′)− F (En)

k0 + En′ + En
+
F (En′ )− F (−En)

k0 − En′ − En

]

,

jn,n′(k0) =
[

(k0)
2/2− n′|QuB| − n|QdB|

]

j+n,n′

−2
√

n′|QuB|n|QdB| j−n,n′ , (14)

with u-quark energy En′ =
√

p23 + 2n′|QuB|+m2
q , d-

quark energy En =
√

p23 + 2n|QdB|+m2
q, and summa-

tions over Landau levels of u and d quarks in J3(k0).
The quark dimension reduction also leads to infrared

(p3 → 0) singularity of the quark bubble Ππ+(k0) at some
Landau level and some temperature [37, 52], and thus
there is no solution of the corresponding pole equation
for the π+ meson mass mπ+ in this case. Because the
spins of u and d̄ quarks at the lowest-Landau-level are
always aligned parallel to the external magnetic field, and
π+ meson has spin zero. The two constituents at the
lowest Landau level (n = n′ = 0) do not satisfy the pole
equation (11). Namely, they can not form a charged π+

meson. Considering |Qd| < |Qu|, the threshold for the
singularity of Ππ+ is located at Landau levels n′ = 0 and
n = 1,

mπ+ = mq +
√

2|QdB|+m2
q. (15)

This defines the Mott transition of π+ meson, and a mass
jump will happen. There exist other mass jumps located
at n′ ≥ 1, n ≥ 0, see examples in Fig.6 and Fig.12. All
these mass jumps are caused by the quark dimension re-
duction under external magnetic field, and do not de-
pend on the parameters and regularization schemes of
NJL model.

III. RESULTS AND DISCUSSIONS

Because of the four-fermion interaction, the NJL model
is not a renormalizable theory and needs regularization.
In this work, we make use of the gauge invariant Pauli-
Villars regularization scheme [27, 37, 48, 93, 97–100],
where the quark momentum runs formally from zero
to infinity. The three parameters in the Pauli-Villars
regularized NJL model, namely the current quark mass
m0 = 5 MeV, the coupling constant G = 3.44 GeV−2 and
the Pauli-Villars mass parameter Λ = 1127MeV are fixed
by fitting the chiral condensate 〈ψ̄ψ〉 = −(250 MeV)3,
pion mass mπ = 134 MeV and pion decay constant
fπ = 93 MeV in vacuum with T = µ = 0 and eB = 0. In
our current calculations, we consider the situation with fi-
nite temperature and magnetic field and vanishing quark
chemical potential µ = 0.

A. Inverse magnetic catalysis effect

From LQCD simulations, the inverse magnetic cataly-
sis phenomenon can be characterized either by the chi-
ral condensates or the pseudo-critical temperature of
chiral symmetry restoration [60–67]. Therefore, to in-
clude the inverse magnetic catalysis effect in the NJL
model, one approach is to fit the LQCD results of chi-
ral condensates [36, 107–109], and another approach
is to fit the LQCD result of pseudo-critical tempera-
ture [54, 55, 83, 84, 107].
In our calculations, following Refs [54, 55, 83, 84, 107],

we use a two-flavor NJL model with a magnetic field de-
pendent coupling G(eB), which is determined by fitting
the LQCD reported decreasing pseudo-critical tempera-
ture of chiral symmetry restoration Tpc(eB)/Tpc(eB =
0) [60]. As plotted in Fig.1, the magnetic field depen-
dent coupling G(eB)/G(eB = 0) is a monotonic decreas-
ing function of magnetic field, and it reduces 16% at
eB/m2

π = 30. In this paper, we fix mπ = 134 MeV
as the scale of magnetic field. As we have checked, with
our fitted coupling constant G(eB), the magnetic cataly-
sis phenomena of chiral condensates at low temperature
and the inverse magnetic catalysis phenomena at high
temperature can be reproduced.

1. neutral pion π0

With our fitted G(eB) in Fig.1, we solve the gap equa-
tion (8) and pole equation (6) to obtain the π0 meson
mass at finite temperature and magnetic field with IMC
effect. The results with and without IMC effect are plot-
ted in red and blue, respectively.
Figure 2 depicts the π0 meson mass mπ0 as a function

of magnetic field at vanishing temperature with (red solid
line) and without (blue dashed line) inverse magnetic
catalysis effect. Because in both cases the magnetic field
enhances the breaking of chiral symmetry in vacuum. As
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FIG. 1: Magnetic field dependent coupling G(eB) fitted from
LQCD reported decreasing pseudo-critical temperature of chi-
ral symmetry restoration Tpc(eB)/Tpc(eB = 0).

FIG. 2: π0 meson mass m
π0 as a function of magnetic field

at vanishing temperature, with (red solid line) and without
(blue dashed line) inverse magnetic catalysis effect.

the pseudo-Goldstone boson, the π0 meson masses are
decreasing functions of magnetic field with and without
IMC effect. We observe a lower value for mπ0 , when in-
cluding the IMC effect. Similar conclusion is obtained
in Refs [36, 54], where inverse magnetic catalysis effect
is introduced into the two-flavor and three-flavor NJL
models.

FIG. 3: π0 meson mass mπ0 as a function of temperature
under fixed magnetic field eB = 20m2

π , with (red lines) and
without (blue lines) inverse magnetic catalysis effect.

In Fig.3, we plot the π0 meson mass mπ0 at finite tem-

perature and fixed magnetic field eB = 20m2
π. With (red

lines) and without (blue lines) inverse magnetic cataly-
sis effect, the π0 mass spectra have the similar structure.
mπ0 increases at low temperature region and jumps at
the Mott transition T = T 0

m. After that, it firstly de-
creases and then increases with temperature. The in-
verse magnetic catalysis effect leads to some quantitative
modifications. For instance, Mott transition temperature
T 0
m is shifted to a lower value, and mπ0 becomes lower

(higher) at T < T 0
m (T > T 0

m).

FIG. 4: Mott transition temperature of π0 meson T 0
m as a

function of magnetic field, with (red solid line) and without
(blue dashed line) inverse magnetic catalysis effect.

Figure 4 shows the Mott transition temperature of π0

meson T 0
m as a function of magnetic field, with (red solid

line) and without (blue dashed line) inverse magnetic
catalysis effect. Without IMC effect, the T 0

m decreases
with the magnetic field in weak magnetic field region
(eB ≤ 5m2

π), becomes flat in medium magnetic field re-
gion (5m2

π ≤ eB ≤ 16m2
π) and decreases in strong mag-

netic field region (eB ≥ 16m2
π). With IMC effect, the flat

structure of Mott transition temperature disappears and
T 0
m monotonically decreases with magnetic field. Fur-

thermore, at fixed magnetic field, T 0
m has a lower value

when including IMC effect.

2. charged pion π+

With our fitted G(eB) in Fig.1, we solve the gap equa-
tion (8) and pole equation (11) to obtain π+ meson mass
at finite temperature and magnetic field with IMC effect.
The results with and without IMC effect are plotted in
red and blue, respectively.
As shown in Fig.5, with and without IMC effect, mπ+

are increasing functions of magnetic field, and no decreas-
ing behavior is observed at vanishing temperature. With
IMC effect, mπ+ has a lower value than without IMC ef-
fect, and the deviation becomes larger at stronger mag-
netic field. Similar results are obtained in three-flavor
NJL model including IMC effect [54].
In Fig.6, we make comparison of mπ+ as a function of

temperature at fixed magnetic field eB = 20m2
π with (red

lines) and without (blue lines) inverse magnetic catalysis
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FIG. 5: π+ meson mass m
π+ as a function of magnetic field

at vanishing temperature, with (red solid line) and without
(blue dashed line) inverse magnetic catalysis effect.

effect. They show similar structure. mπ+ decreases in
the low temperature region. At the Mott transition T+

m ,
mπ+ shows the first jump, and two other mass jumps
happen at T+

1 and T+
2 . With T+

m < T < T+
1 , mπ+ first

decreases and then increases with temperature. With
T+
1 < T < T+

2 and T > T+
2 , mπ+ decreases with temper-

ature. At high enough temperature, mπ+ becomes inde-
pendent of temperature and IMC effect. In the low and
high temperature regions,mπ+ with IMC effect is smaller
than without IMC effect. The value of T+

m = 124, 160
MeV, T+

1 = 136, 172 MeV and T+

2 = 157, 187 MeV are
different for the cases with and without IMC effect, which
indicates that IMC effect lowers down the temperatures
of π+ meson mass jumps.

FIG. 6: π+ meson mass m
π+ as a function of temperature at

fixed magnetic field eB = 20m2
π , with (red lines) and without

(blue lines) inverse magnetic catalysis effect.

Figure 7 is the Mott transition temperature T+
m of π+

meson as a function of magnetic field, with (red solid line)
and without (blue dashed line) inverse magnetic cataly-
sis effect. A fast increase of T+

m occurs when turning on
external magnetic field, where a peak structure around
eB ≃ 1m2

π shows up. Without IMC effect, the T+
m de-

creases with magnetic field and then increases, which are
associated with some oscillations. With IMC effect, the
T+
m decreases as magnetic field goes up, which is also

accompanied with some oscillations. At fixed magnetic

field, T+
m has a lower value, when including IMC effect, .

FIG. 7: Mott transition temperature of π+ meson T+
m as a

function of magnetic field, with (red solid line) and without
(blue dashed line) inverse magnetic catalysis effect.

B. Current quark mass effect

In this part, we consider the effect of current quark
mass m0 on mass spectra and Mott transition of charged
pions. The results are plotted with black, blue, red,
cyan and magenta lines, respectively, corresponding to
m0 = 2, 5, 10, 20, 50 MeV. In numerical calculations,
we only change the parameterm0 and keep other param-
eters intact in our NJL model.

1. neutral pion π0

Figure 8 plots the π0 meson mass mπ0 and normalized
π0 meson mass mπ0(eB)/mπ0(eB = 0) as a function of
magnetic field at vanishing temperature with different
current quark mass m0 = 2, 5, 10, 20, 50 MeV. Because
the current quark mass determines the explicit break-
ing of chiral symmetry. As the pseudo-Goldstone boson,
the mass of π0 meson will increase with current quark
mass when fixing magnetic field and vanishing temper-
ature. On the other side, magnetic field plays the role
of catalysis for spontaneous breaking of chiral symmetry
when fixing current quark mass and vanishing tempera-
ture, and this will lead to a decreasing mπ0 . As shown
in Fig.8, with fixed magnetic field, mπ0 becomes larger
with larger m0. Moreover, the deviation between mπ0

with differentm0 looks independent of the magnetic field.
With fixed current quark mass, mπ0 is a decreasing func-
tion of magnetic field. Similar as mπ0 , the normalized
π0 meson mass mπ0(eB)/mπ0(eB = 0) increases with
the current quark mass when fixing magnetic field, and
decreases with magnetic field when fixing m0, which are
consistent with LQCD results [24].
In Fig.9, we depict the π0 meson massmπ0 and normal-

ized π0 meson mass mπ0(T )/mπ0(T = 0) as a function
of temperature with fixed magnetic field eB = 20m2

π and
different current quark massm0 = 2, 5, 10, 20, 50 MeV.
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FIG. 8: π0 meson mass m
π0 (upper panel) and normalized π0

meson mass mπ0(eB)/mπ0(eB = 0) (lower panel) as a func-
tion of magnetic field at vanishing temperature with different
current quark mass m0. The results are plotted with black,
blue, red, cyan and magenta lines, respectively, corresponding
to m0 = 2, 5, 10, 20, 50 MeV.

They show similar structure. mπ0 slightly increases with
temperature, and a mass jump happens at the Mott tran-
sition T = T 0

m. After Mott transition, mπ0 first decreases
and then increases with temperature. However, there
exist some quantitative difference. With larger current
quark mass, the mπ0 is larger in the whole temperature
region, and the Mott transition temperature is lower. At
high enough temperature, mπ0 will become degenerate
due to the strong thermal motion of constituent quarks.
Different from meson massmπ0 , the normalized π0 meson
mass mπ0(T )/mπ0(T = 0) is larger with smaller current
quark mass, and the deviation between different m0 is
larger with higher temperature.

The Mott transition temperature of π0 meson T 0
m is

plotted as a function of magnetic field in Fig.10 with dif-
ferent current quark mass m0 = 2, 5, 10, 20, 50 MeV.
For a lower value of current quark massm0 = 2 MeV, the
Mott transition temperature decreases with weak mag-
netic field (eB ≤ 2m2

π), slightly increases in medium
magnetic field region (2m2

π ≤ eB ≤ 15m2
π) and decreases

again in strong magnetic field region (eB ≥ 15m2
π).

For m0 = 5 MeV, we obtain a flat curve for the Mott
transition temperature in medium magnetic field region
(5m2

π ≤ eB ≤ 16m2
π), and in weak and strong mag-

netic field regions, the Mott transition temperature de-
creases. With the larger value of current quark mass
m0 = 10, 20, 50 MeV, the Mott transition temperatures

FIG. 9: π0 meson mass mπ0 (upper panel) and normalized π0

meson mass mπ0(T )/mπ0(T = 0) (lower panel) as a function
of temperature with fixed magnetic field eB = 20m2

π and dif-
ferent current quark mass m0. The results are plotted with
black, blue, red, cyan and magenta lines, respectively, corre-
sponding to m0 = 2, 5, 10, 20, 50 MeV.

FIG. 10: Mott transition temperature of π0 meson T 0
m as

a function of magnetic field with different current quark
mass m0. The results are plotted with black, blue, red,
cyan and magenta lines, respectively, corresponding to m0 =
2, 5, 10, 20, 50 MeV.

are monotonic decreasing functions of magnetic field. In
weak magnetic field region, T 0

m is higher for larger m0,
but in strong magnetic field region, T 0

m is lower for larger
m0.

In the end of this section, we make some comment on
chiral limit with m0 = 0. As discussed in our previ-
ous paper [52], in chiral limit, the Goldstone boson π0

is massless in chiral breaking phase and its mass con-
tinuously increases with temperature in chiral restored
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phase. The Mott transition temperature is the same as
the critical temperature of chiral restoration phase tran-
sition, and it increases with magnetic field. Moreover, no
mass jump occurs for π0 meson at the Mott transition
with or without external magnetic field.

2. charged pion π+

FIG. 11: π+ meson mass m
π+ (upper panel) and normal-

ized π+ meson mass m
π+(eB)/m

π+(eB = 0) (lower panel) as
a function of magnetic field with vanishing temperature and
different current quark mass m0. The results are plotted with
black, blue, red, cyan and magenta lines, respectively, corre-
sponding to m0 = 2, 5, 10, 20, 50 MeV.

Figure 11 shows π+ meson mass mπ+ and normalized
mass mπ+(eB)/mπ+(eB = 0) as a function of magnetic
field with vanishing temperature and different current
quark mass m0 = 2, 5, 10, 20, 50 MeV. mπ+ is an in-
creasing function of magnetic field when fixing m0. With
fixed magnetic field, larger value of m0 leads to larger
mπ+ . In weak magnetic field region, the m0 effect is
more obvious than in strong magnetic field region, which
is indicated by the larger difference of mπ+ between dif-
ferent m0 cases. However, with fixed magnetic field, the
normalized π+ meson mass mπ+(eB)/mπ+(eB = 0) de-
creases as m0 goes up, which is consistent with LQCD
results [24].
π+ meson massmπ+ is plotted as a function of temper-

ature with fixed magnetic field eB = 20m2
π and different

current quark massm0 = 2, 5, 10, 20, 50 MeV in Fig.12.
mπ+ has several mass jumps for all considered current
quark mass m0, which happen at temperature T+

m , T+
1 ,

FIG. 12: π+ meson mass m
π+ as a function of temperature

with fixed magnetic field eB = 20m2
π and different current

quark mass m0. The results are plotted with black, blue,
red, cyan and magenta lines, respectively, corresponding to
m0 = 2, 5, 10, 20, 50 MeV.

T+

2 , T+

3 successively. With low temperature T < T+
m ,

mπ+ becomes larger with largerm0. With T+
m < T < T+

1

and T+

1 < T < T+

2 , mπ+ are also larger with larger m0,
but the value of mπ+ is very close for different m0. With
T > T+

2 , mπ+ changes nonmonotonically with m0. It
is clearly shown that the temperatures with mass jump
depend on current quark mass. Within the considered
temperature region 0 < T < 0.25 GeV, we observe three
jumps in case of current quark mass m0 = 2, 5, 20 MeV,
four jumps in case of m0 = 10 MeV. For m0 = 50 MeV,
the first mass jump occurs at T = 0.262 GeV, which is
beyond the scope of Fig.12.

FIG. 13: Mott transition temperature of π+ meson T+
m as

a function of magnetic field with different current quark
mass m0. The results are plotted with black, blue, red,
cyan and magenta lines, respectively, corresponding to m0 =
2, 5, 10, 20, 50 MeV.

Figure 13 plots Mott transition temperature of π+ me-
son T+

m as a function of magnetic field with different cur-
rent quark mass m0 = 2, 5, 10, 20, 50 MeV. T+

m shows
similar behavior when varying current quark mass. Ac-
companied with some oscillations, T+

m increases fast in
weak magnetic field region, decreases in medium mag-
netic field region and slightly increases in strong mag-
netic field region. With larger current quark mass, Mott
transition temperature T+

m becomes higher. Note that
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in case of m0 = 50 MeV, the increasing behavior of T+
m

appears in very strong magnetic field, which is beyond
the scope of Fig.13.

IV. SUMMARY

Mass spectra and Mott transition of pions (π0, π±)
at finite temperature and magnetic field are investigated
in a two-flavor NJL model, and we focus on the inverse
magnetic catalysis effect and current quark mass effect.
We consider the inverse magnetic catalysis effect by in-

troducing a magnetic dependent coupling constant into
NJL model, which is a monotonic decreasing function of
magnetic field. The mass spectra of pions (π0, π±) at
finite temperature and/or magnetic field are not changed
qualitatively by IMC effect. At the Mott transition, the
mass jumps of pions happen. Without IMC effect, the
Mott transition temperature of π0 meson T 0

m decreases
with magnetic field, but shows a flat structure in medium
magnetic field region. With IMC effect, the flat structure
of T 0

m disappears and T 0
m is a monotonic decreasing func-

tion of magnetic field. For charged pions π±, the Mott
transition temperature T+

m is not a monotonic function
of magnetic field. Without IMC effect, it fast increases
in weak magnetic field region, decreases in the medium
magnetic field region and slightly increases in strong mag-
netic field region, which are accompanied with some os-
cillations. When including IMC effect, the increasing be-
havior of T+

m in strong magnetic field is changed into a
decreasing behavior.
The current quark mass effect is studied in non-chiral

limit. The masses of pions (π0, π±) at vanishing tem-
perature increases as the current quark massm0 goes up.
However, the normalized masses mπ(eB)/mπ(eB = 0)
change differently. For π0 meson,mπ0(eB)/mπ0(eB = 0)
increases with m0. For π+ meson, mπ+(eB)/mπ+(eB =
0) decreases with m0. These properties are consistent
with LQCD simulations. At the Mott transition, the
mass jumps of pions happen. The Mott transition tem-

perature of π0 meson T 0
m is qualitatively modifies by cur-

rent quark mass effect. With a low value of current quark
mass m0 = 2 MeV, T 0

m decreases with weak magnetic
field, slightly increases in the medium magnetic field re-
gion, and decreases again in the strong magnetic field
region. With m0 = 5 MeV, we obtain a flat curve for T 0

m

in the medium magnetic field region, and in the weak and
strong magnetic field region, T 0

m decreases. With a larger
value of current quark mass, such as m0 = 10, 20, 50
MeV, T 0

m is a monotonic decreasing functions of mag-
netic field. In the weak magnetic field region, the Mott
transition temperature is higher for larger m0, but in the
strong magnetic field region, the Mott transition tem-
perature is lower for larger m0. For π

+ meson, the Mott
transition temperature T+

m is only quantitatively modi-
fies by current quark mass effect. Associated with some
oscillations, T+

m increases fast in the weak magnetic field
region, decreases in the medium magnetic field region
and slightly increases in the strong magnetic field region.
With larger m0, T

+
m becomes higher.

Due to the interaction with magnetic field, the charged
pions π± show different behavior from the neutral pion
π0. One common character of pions (π0, π±) is the
mass jump at their Mott transitions, which is induced
by the dimension reduction of the constituent quarks,
and independent on the IMC effect and CQM effect.
As a consequence of such jumps, it may result in some
interesting phenomena in relativistic heavy ion collisions
where the strong magnetic field can be created. For
instance, when the formed fireball cools down, there
might be sudden enhancement/suppression of pions.
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D 86, 071502 (2012).

[61] G. S. Bali, F. Bruckmann, G. Endrödi, F. Gruber and
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