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1Introduction

An  important query on  the QCD  thermodynamics  is whether  the chiral-symmetry  restora-

tion and  the deconfinement transition take place simultaneously  or  not.  Actually, in lattice

QCD  (LQCD) simulations  at zero  chemical  potential (pa,,), there is a  debate as to whether
the transitions really  coincide  or  not  [1]. LQCD  simulations  are  far from  perfection at real

paq because of  the sign  problem. Fortunately, LQCD  data are  available  at  imaginary ILq

[21 and  isospin chemical  potential Izi [3], since  there is no  sign  problem. The  data show

that chiral  and  deconfinement transitions coincide  in the numerical  accuracy.  Since there
is no  general reason  for coincidence  betweell the two  crossover  transitions, it is natural
to think that the chiral and  deconfinement transitions nearly  coincide  as a result  of  strong

entanglement  between the two  order  parameters: the  chiral  condensate  and  the Polyakov

loop. We  investigate this possibility in the present paper.

2PNJL  model

We  consider  the Polyakov-loop extended  Nambu-Jona-Lasinio  (PNJL) model  which  can

treat both the chiral  and  deconfinement transitions. The two-fiavor PNJL  Lagrangian is

L  =  q-(nr'.D. +  rri,o)q +  G,[(q-q)2 +  (q-'i7s T-q)2] -  U(¢ , ¢
'),

(1)

where  q denotes the two-flavor quark field, 
'rrbo

 does the  current  quark mass,  and  D.  =

0. -  iA.b-.4, Here the Polyakov potential b{ [4] is a function of  the Polyakov loop

O  =  ]Ctr, e-ZA4fT  and  its conjugate  ¢
*.

 We  take the Polyakov gauge where  A4 can

take  a  diagonal form. The chiral  condensate  a  ==  aq and  the Polyakov loop fp are  order

parameters for the chiral  and  deconfinement transitions,  respectively,  In the  mean  field

approximation,  o,  op and  rp' satisfy the stationary  conditions  of  the thermodynamic  poten-
tia]. The  PNJL  model  can  reproduce  the LQCD  results  at imaginary u., [5], particularly
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the model  has the Roberge-Weiss periodicity that is a periodicity of  e =  Im(Ii,)/T with

period 2T/3. The  RW  periodicity is due to invariance under  the extended  Z3 transfbrma-

tion, which  is a  combination  of  the Z:3 transfOrmation and  e -  e +  2T/3. This symmetry

guarantees that  the  PNJL  model  can  reproduce  the  LQCD  reslts  qualitatively at  imaginary

paq. Figure 1 (a) shows  the phase diagram of  the PNJL  model  at imaginary ltq. The  chiral

and  deconfinement transitions separete  each  other  by 20 %. The PNJL model  reproduces

the LQCD  results for the deconfinernent transition, but not  fOr the chiral transition. This

indicates that the entanglement  between the chiral  and  deconfinement transitions is weak

in the PNJL  model.  This problem will  be discussed in the  next  section.
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Figure 1: Phase diagram at imaginary chemical  potential (a) by the PNJL  model  and  (b) by the

EPNJL  model.  The solid  (dashed) iines represent  the deconfinement (chiral) transitjon lines, The

verticaJ  dot-dashed lines denote the RW  transition lines, Lattice data are  taken from Ref, [2].

3Entanglement  PNJL  model

In the NJL-type model,  the four-quark vertex  G, is originated  from the one-gluon  exchange

between two  quarks and  its higher-erder exchanges.  If the gluon field A. has a  vacuum

expectation  value  <A4> in its temporal  component,  A. is coupled  to <A4> which  is related
to O; see  Fig. 2. Hence, C, is changed  into an  effective  (entanglement) vertex  G,(O)  that

x - + +  
---

Figure 2: The diagrammatic description of  the effective  vertex  G,(e),

can  depend on  O  [6]. Actually, recent  analyses  [6] based on  the exact  renormalization-

group method  indicate that entanglement  interactions between a  and  ¢  appear  in addition

to the  original  entanglement  through  the covariant  derivative, It is expected  that the ¢

dependence of  G,(¢ ) will  be determined in the future by exact  renormalization  group
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method.  In this paper, however, we  simply  assume  the following a,(O) that preserves
chiral  symmetry,  charge  coajugate  symmetry  and  extended  Z3 symmetry  [5]:

                 G,(¢ )=G,[1-ai¢ fp'-a2(fp3+<b'3)1. (2)

The  PNJL  model  with  the entanglement  vertex  G,(op) is referred  to as  entanglement  PNJL

(EPNJL) model.  The  EPNJL  model  has entanglement  interactions between a  and  O  in

addition  to the covariant  derivative in the original  PNJL  model.  Figure 1 (b) shows  the

phase diagram of  the EPNJL  model  at  imaginary paq, In this model,  the  two  transitions

coincide  with  each  other  as  a  consequence  of  the  strong  entanglement  between a  and

¢ . Thus, the EPNJL  model  reproduces  the LQCD  results at imaginary paq, Since the

EPNJL  model  is constructed  so as to reproduce  LQCD  data at  imaginary paq, the validity

of  the model  is confirmed  for isospin chemica]  potential where  LQCD  data are  available,

As  shown  in Fig. 3 (a), the  EPNJL  model  also  reproduces  the LQCD  results at isospin
chemical  potential. Finally we  predict the phase diagram in the whole  pa: 

-
 T  plane by

using  the EPNJL  model  in Fig. 3 (b). Location of  the critical end  piont (CEP) moves  to

lower ltq in the EPNJL  model  than that in the PNJL  model.
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Figure 3: (a) Phase diagram  at isospin chemical  potential by the EPNJL  model.  LQCD  data are
taken  from Ref. [3]. (b) Phase diagram in the paZ - T  plane in the EPNJL  modei,  The  left (right)
half-plane corresponds  to imaginary (real) Ii,q. Lattice data are  taken  from Ref. I2],
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