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We study the �nite temperature behavior of light scalar and pseudoscalar meson

properties in the context of a three-�avor nonlocal chiral quark model. The model in-

cludes mixing with active strangeness degrees of freedom, and takes care of the e�ect

of gauge interactions by coupling the quarks with a background color �eld. We ana-

lyze the chiral restoration and decon�nement transitions, as well as the temperature

dependence of meson masses, mixing angles and decay constants.

1. INTRODUCTION

The behavior of strongly interacting matter at �nite temperatures and/or densities has

become an issue of great interest in recent years. From the theoretical point of view, one

way of addressing this subject is through the development of e�ective models that provide a

qualitatively good description of hadron phenomenology, keeping the symmetry properties

of the underlying QCD theory. The predictions arising from these models can be contrasted

with those obtained within lattice QCD calculations, with the possibility to be extended into

regions not accessible by lattice techniques. Our aim in this sense is to go one step beyond

previous analyses, studying the properties of strongly interacting matter in the context of

a three-�avor nonlocal chiral model that includes mixing with active strangeness degrees of

freedom, and takes care of the e�ect of gauge interactions by coupling the quarks with a

background color gauge �eld. This model, which can be viewed as an extension of the PNJL

model [1], takes into account the nonlocality that arises naturally in the context of several
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successful approaches to low-energy quark dynamics, as e.g. the instanton liquid model, the

Schwinger-Dyson resummation techniques, and also lattice QCD itself. Here we consider

the case of �nite temperature and zero chemical potential, studying the main features of

the chiral restoration and decon�nement transitions. Then we focus on the light scalar and

pseudoscalar meson sector, analyzing how masses, mixing angles and decay constants get

modi�ed when mesons propagate in a hot medium.

2. FORMALISM

We consider the Euclidean action for a nonlocal chiral quark model in the case of three

light �avors, including the coupling to a background color �eld A0. The traced Polyakov

loop, which is taken as order parameter of con�nement, is given by Φ = 1
3
Tr exp(iβϕ), where

β = 1/T , ϕ = iA0. We work in the so-called Polyakov gauge, in which the matrix is given

by a diagonal representation ϕ = ϕ3λ3 + ϕ8λ8 = diag(ϕr, ϕg, ϕb).

In our model the mean �eld thermodynamical potential ΩMFA is found to be

ΩMFA(T )=−2
∑
f,c

∫
p,n

Tr ln
[
p2nc + Σ2

f (pnc)
]

−1

2

[∑
f

(σ̄f S̄f +
G

2
S̄f

2) +
H

2
S̄u S̄d S̄s

]
+ U(Φ, T ) , (1)

where f = u, d, s; c = r, g, b, and the shorthand notation
∫
p,n

=
∑

n

∫
d3p/(2π)3 has been

used. We have also de�ned pnc = (p, ωn − ϕc), where ωn stand for the fermionic Matsubara

frequencies. The (momentum dependent) quark constituent masses Σf (pnc) are given by

Σf (pnc) = mf + σ̄f g(pnc) , where g(p) is a nonlocal form factor (taken here for simplicity as

a Gaussian function) and σ̄f are the mean �eld values of scalar �elds introduced through the

bosonization of the original fermionic theory. We have also introduced the auxiliary �elds

Sf , whose mean �eld values can be obtained within the stationary phase approximation

from the values of σ̄f and the constants G and H [2]. In addition, in Eq. (1) we include an

e�ective potential U(Φ, T ) that accounts for color �eld self interactions. Its explicit form can

be found in Ref. [3]. Owing to the charge conjugation properties of the QCD Lagrangian,

and assuming that ϕ3 and ϕ8 are real-valued, one has ϕ8 = 0, Φ = [2 cos(ϕ3/T ) + 1]/3.

From the minimization of the thermodynamical potential (which has to be properly reg-
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ularized) one obtains a set of three coupled �gap equations�

∂ΩMFA

(∂σ̄u, ∂σ̄s, ∂ϕ3)
= 0 . (2)

These equations determine the mean �eld values σ̄u, σ̄s and ϕ3 at a given temperature.

3. MESON PROPERTIES AT FINITE T

In order to obtain the meson mass spectrum and other properties one has to consider the

mesonic �uctuations around the mean �eld values. The resulting quadratic contribution to

the �nite temperature bosonized e�ective action can be written as

Squad
E =

1

2

∫
q,m

∑
M=S,P

GM(q2, ν2
m) M(qm) M(−qm) , (3)

where M = S, P corresponds to scalar (S = a0, κ, σ, f0) and pseudoscalar (P = π, K, η, η′)

mesons, and qm = (q, νm), where νm = 2mπT are bosonic Matsubara frequencies.

The functions GM(q2, ν2
m) are given by loop integrals. One has, e.g.

Gπ(K)(q
2, ν2

m) =

[
(G+

H

2
S̄s(u))

−1 + C−
uu(su)(q

2, ν2
m)

]
, (4)

where the functions C−
ff ′ are de�ned by [4]

C−
ff ′(q

2, ν2
m) = − 8

∑
c

∫
p,n

g(pnc + qm/2)
p2nc + pnc · qm + Σf (pnc + qm)Σf ′(pnc)

Df (pnc + qm)Df ′(pnc)
, (5)

with Df (s) ≡ s2 +Σ2
f (s). In this way, one can obtain the lowest meson screening masses by

solving the equations GM(−m2
M , 0) = 0.

In the η�η′ sector, the physical �elds are in general related to the U(3) states η8 and η0

through two mixing angles θη and θη′ de�ned in such a way that there is no η-η′ mixing

at the level of the quadratic action. In a similar way, the states σ and f0(980) are linear

combinations of σ8 and σ0, with mixing angles θσ and θf0 . The mixing angles (that are in

general di�erent from each other) can be obtained from the functions GM(q2, ν2
m) [4].

Finally, in the case of the pseudoscalar mesons other important quantities are the weak

decay constants fab, de�ned by

⟨ 0|Aa
µ(0)|πb(q) ⟩ = i fab qµ , (6)
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where Aa
µ is the a-component of the axial current. For a, b = 1 . . . 7, fab can be written

as δab fP , with P = π for a = 1, 2, 3 and P = K for a = 4 to 7. In contrast, the decay

constants become mixed in the a = 0, 8 sector. Details on how to obtain the expressions for

the currents in the presence of nonlocal �elds can be found, e.g. in Refs. [2, 5].

4. NUMERICAL RESULTS

In order to determine the parameters of the model, we consider for simplicity a Gaussian-

like form factor, and take as input values the empirical π, K, and η′ meson masses and the

pion decay constant fπ. In this way, it is seen that one obtains a very good description

of meson observables at T = 0 [2, 4]. Then, when extending the model to �nite T , it

is found that u, d chiral condensates and e�ective quark masses show a sharp decrease at

a critical temperature Tcr ≃ 200 MeV. This is shown in Fig. 1, where we plot σ̄u/σ̄u(T=0)

(Fig. 1a) and the chiral susceptibility χV,T (Fig. 1b) as functions of the temperature. Both the

characteristics of the transition and the value of Tcr are consistent with some recent lattice

calculations [6] (in fact, the interaction with the Polyakov loop Φ provides a substantial

enhancement of the otherwise too low value of Tcr [7]). In addition, it is seen that Φ rises

considerably in the same region (see Fig. 1a), thus both chiral restoration and decon�nement

transitions take place at approximately the same temperature.

Next, in Fig. 2 we show the behavior of some meson properties as functions of T . In

the upper panels we display the meson mases (de�ned as in the previous section), while in

the lower panels we quote the values of mixing angles (left) and decay constants fπ and fK

(right) [4]. As a further indication of the chiral restoration in the nonstrange sector, it is seen

that the masses of chiral partners (π, σ) and (η, a0) become degenerate immediately after the

transition. In contrast, (K,κ) and (η′, f0) masses match at a somewhat higher temperature,

due to their larger strange quark content. Indeed, it is seen that as T increases the η8 − η0

mixing angles approaches the �ideal mixing� values, hence the η meson becomes almost

nonstrange, while the opposite happens to the η′. Finally, the pseudoscalar decay constants

show the expected behavior, i.e. a sharp decrease at the chiral transition temperature.
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Figure 1. (a) normalized mean �eld value σ̄u/σ̄u(T=0) and Polyakov loop Φ as functions of T . (b) chiral

susceptibility χV,T as function of T .
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Figure 2. Meson properties as functions of the temperature. In upper panels we display the meson

masses, while in the lower panels we quote the values of mixing angles (left) and decay constants (right).



8

FIGURE CAPTIONS

Fig. 1: (a) normalized mean �eld value σ̄u/σ̄u(T=0) and Polyakov loop Φ as functions of T . (b)

chiral susceptibility χV,T as function of T .

Fig. 2: Meson properties as functions of the temperature. In upper panels we display the

meson masses, while in the lower panels we quote the values of mixing angles (left)

and decay constants (right).


