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Lattice QCD

Hands S. Contemp. Phys. 42, 209
[2001], T. = 0.17 GeV (SU(2))
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The NJL model

The Nambu-Jona-Lasinio model

The Lagrangian

Lxn = a(if) — oo — 204) a + Gy [(@a)” + (ains7a)?] |

G; the effective coupling strength,

q u q - quark fields

1y = diag (m?, mY), mY = mY - the current quark masses, 7 - Pauli
matrices SU(2).

M. K. Volkov, Ann. Phys. 157,282 (1989); Sov. J. Part and Nuclei 17, 433
(1986) S. P. Klevansky, Rev. Mod. Phys. 64, 649 (1992).

We can:
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We can:
@ explain spontaneous chiral symmetry broken as
mg = mo+ < qq >;
@ describe chiral phase transitions.

o describe light quarks and mesons properties,




The NJL model

The mean - field approximation

We can introduce the partition function

zla.ql = [ Dadaexp { / "ar / dﬁxmm}- )

Then, using the mean-field approximation procedure, we get

B 72
1% _
Zmr[Q, q] = exp {7 / dr /dBX%éF + Tr lnSM} [m]} . (2)
JO Jv
And then T
Ongn (T, p) = _vanMF(q Q). (3)
The grand potential
s d®p d®p " _
Qg = Gs(qa)”® — 2NN WEP — 2N.N¢T W [lnN (Ep) +InN (Ep)] (4)

where Nt(Ep) = 14+ e @1 N~(E,) =14 e HFEptn)
E, = +/p? + m? - quark energy and 8 = 1/T.



The NJL model

The model parameters

The model has free parameters:
@ myg - current quark mass,
o A - three-momentum cut-off,
o Gy - the effective coupling strength

To fix the parameters we use the experimental data:

o The pion decay constant f; = 0.092 GeV,
o The pion mass M, = 0.139 GeV
e Thq quark condensate < qq >= (—0.25 GeV)?

mg [MeV] | A [GeV] | Gs [GeV |72 || £, [GeV] | m, [GeV] | m [GeV]
Set A 5.5 0.639 5.227 0.092 0.139 0.319
Set B 5.6 0.646 5.56 0.099 0.141 0.394

Table 1: The NJL parameters.
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The NJL model

The NJL model:

@ can reproduce chiral phase transition;

o shows crossover phase transition at low density and high
temperature;

@ shows 1% order transition at low temperature and high density;

e is local theory and cannot describe confinement/deconfinement
properties.



The Polyakov-loop extended Nambu-Jona-Lasinio model

Lexr = q(iv,D" — 1o — o) q + Gs [(61@1)2 - (Qi%?qf] ~U(2,P;T)

C. Ratti, M. Thaler, W. Weise, PRD 73, 014019 (2006)

q = (qu,da) quark fields,

1y = diag (m2, m$)-current quark masses, m% = m3 = mg
D# = 0* —iA¥ - covariant derivative,

Ar(x) = gAg%, A the gauge field SU(3),

Al = HA® = —id) Ay,

Aa - Gell-Mann matrices,

G - scalar coupling strength.

1
The Polyakov field ® is determined as: ®[A] = N—TrcL(i),
c

B
L(X) = Pexp i/ dTA4()?,T):| ,
0

(U(R)) = e7Para®).



The effective potential
PNJL with action
Thermodyn JL model

The effective potential
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PNJL

The effective potential

Polynomial fit:

U(@,;7) by (T)
T4 2
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PNJL

Breaking of Zs symmetry
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> effective pot

The effective potential parametrization

1.0
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Parameters

50 5,1 5,2 b3 ag ag a9 azg bg b4
Set A 3.51 -247 152 -1.75 || 6.75 -1.95 2.625 -744 0.75 7.5
Set B 3.51 -5.121 20.99 -2.09 || 6.47 -4.62 795 -9.09 1.03 7.32




Figure 3: Effective potential as function ® for different temperatures.
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Figure 4: Polyakov loop field ® for (a) polynomial and (b) logarithmic effective
potentials. The solid (dashed) curve corresponds to the sets B (A) parameters.
(Lattice data from [Karsch F, Laermann E, Peikert A Phys. Lett. B 478 447

(2000)].)
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The effectiv
PNJL wi

Thermodyn

The mean-field approximation
o The PNJL grand potential (Ny =2):
Q®,0&,m, T, u) =U (‘ID, D: T) + G(qq)? —
d3p

—2N.N; / WEP —2N{T / (37:)’3 [InN$(E;) + InNg ()],

where N3 (E,) = [1 +3 <q> + q)e—BE%) 0=BE 4 e—SBEﬂ

and E, = /p? + m? - quark energy; E?f =E, F .
e the equations of motion

=0 =
80MF ’ o0 ’ o

=0.
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025 frm e _ polynomial form| B i, l0GENthMIC form
- 7 :7:?‘ 0.20 T
045} w ..\n'\_'\ < 0.15 V\\‘
"\" 8 el T, : \
040} ° 1 = odof
oosf \ \ oosl \\
"% 04 02 03 0% uf1m m;fz 03
u(GeV) u (GeV)
TC [GeV] TCEP
NJLA, | 0.186 | (0.05, 0.3165)
PNJLESL [ 0.2395 | (0.118, 0.3166)
PNJLY | 0.253 | (0.11,0.3192)
PNJLIg [ 023 | (0.10, 0.3175)
PNJLI% | 0.234 (0.09, 0.322)

Content




The
PNJL with v

PNJL Thermod

PNJL with vector interaction

Introduction of vector interaction into model
Lpnat = q(iy,D* —1ho — yop) q + G [(QQ)E + (qi’)ﬁ‘l_"CI)z} - Gy(@n.a)® —

leads to re-normalization of chemical potential:

d®p m

~ + —
ji = pn — 4G N:N¢ G E, [f +15]-
Ty =0.19 GeV
20
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A. V. Friesen et al. ITMP A 30, 1550089 (2015); Phys. Usp. 59 (4) 367 (2016)
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Thermodynam

Extended PNJL
It is possible to introduce a phenomenological dependence of G¢(®) and
Gy (P):
Go(®) = G4l — 1 @D — a(@* 4 B%)),
Gv(q)) = Gv[]. — C!lq)(i> — @2(@3 + $3)]7

with a; = as = 0.2.
Y. Sakai et al PRD 82, 076003 (2010)
P. de Forcrand, O. Philipsen NPB 642, 290(2002)
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Crossover curvature

It was suggested that critical curves for all physical quantities (chiral
condensate, quark susceptibility, strange quark susceptibility, Polyakov
loop) must meet at one point, which is the CEP.
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Thermodynamics of PNJL model
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Figure 5: Pressure as a function of the chemical potential (left panel).
Pressure AP (solid, dashed and dashed-dotted lines) as a function of the
quark density for for different temperatures indicated near the curves. The
dotted curve depicts the spinodal domain boundary (right panel).

A. V. Friesen, Yu. L. Kalinovsky, V. D. Toneev Phys. Usp. 59 (4) 367 (2016)
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The quark density
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In PNJL model we can

- describe the confinement properties & describe the chiral
symmetry;

- check how additional interactions (vector interaction and
extended couplings) effect on phase diagram;
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Thank you for attention
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