Non-local PNJL models and

quark matter in compact stars

David Blaschke

IFT - Wroclaw University (Poland)
BLTP - JINR Dubna (Russia)

In collaboration with:

- Michael Buballa (TU Darmstadt, Germany)

- Gustavo Contrera (Univ. La Plata, Argentina)

- Gabriela Grunfeld (TANDAR Lab. Buenos Aires, Argentina)

- Sanjin Benic, Davor Horvatic, Dubravko Klabucar (Univ. Zagreb, Croatia)
- Olaf Kaczmarek (Univ. Bielefeld, Germany)

- Andrey Radzhabov (ISDCT Irkutsk, Russia)

BLTP Seminar “Hadron Physics”, Dubna, 24.01.2013



Heavy-lon Collisions and Astrophysics

e model and its parameterizations

* Thermodynamic properties and phase transitions

Phase diagrams and critical endpoint (CEP)
* Equation of state for compact stars

* Masquerade problem and beyond meanfield

Outlook: Beth-Uhlenbeck EoS
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QCD Theory and (local) NJL model

enengy): almost free quarks, interactions can be
jurbation: theony.

-Conimement (IEH1GeV): highly non linear, confined quarks. At this range of
CHEergies mesonic properties -such asi masses, coupling and decay constants,

mixing angles, etec- cannot be studied directly from continuum QCD.

Non-local interactions are proposed to solve standard NJL problems:

* Absence of a confinement mechanism
* Regularization must be added to remove divergences



Non-local extended NJL mr

L. .. =q(p) (p—m) g(p) '3 (p—pH+L,, .i0

Lo oz = = Liakp. DD (PP P P ') Py D))

Non-local color currents

after Fierz transformations jﬂ(p’p e (2. p )cY(p)Taq(p)

Gluon effective ab ' N ab ' '
propagator: Dyv(plapzap 1ap 2) _g,uvé D(plapzap 17p 2)

Four point interaction Kernel

K(p,,p,s0',0%)=8(p,p") D(p, 0,05 0') 80y D)

K(p,P;p,P)=-K,g(p)g(p)O, wFE

The use of non-local interactions has the advantage that, with an adequate
selection of the form factor(s), it could be achieved that the fermion propagator

has no real mass poles. So the quarks don't appear as asymptotic states, which
could be interpreted as realization of confinement in low-energy QCD.




Non-local extended NJL model with WFR

S, = [d* | PGP
nt to separable form of gluon propagator

j, (%) =Id4z g(P(x+4
J () = [d'2 f (P (x+35

Bosonization (Hubbard-Stratonovich) and Mean Field Aproximation

Dynamical mass function M(p)
Wave function renormalization Z(p)

S. Noguera, N. N. Scoccola, Phys.Rev. D78 (2008) 114002.



Non-local extended NJL mc

Para meterizatio

Exponential ( ) Parameterizations wit
Exponential ( )
% Lattice adjusted Lorentzian ( )

1+azfz(p) a,—m, Q.




Nonlocal PNJL model: includi

We incorporate the Polyakov loop using covariant derivative

D, saﬂ —iA

u

Assuming that quarks move into a color gauge field

@=iA, =igd,G"A" /2

And the traced Polyakov loop (parameter of the

confinement) results: @ =1Tr exp(i®)

Using the named Polyakov gauge, the matrix ¢J

has diagonal representation: ¢y = @A, + @A,

In order to keep Q, ., real valued :

50 100 150 200

@=0; ®=L1[1+2cos(@/T)]




Non-local extended PNJL model at finite T and /

a(T), b(T)
fitted to

UD,T) = E—%a(T)(I)2 +b(T)In(1 —6D* + 8P’ —3(1)4)g4 lattice QCD

results.

S. Roessner, C. Ratti and W. Weise, Phys. Rev. D 75 (2007) 034007
G.A. Contrera, M. Orsaria, N.N. Scoccola, Phys. Rev. D 82 (2010) 054026



Regularization /

ent and needs to be reqgularized. We use

om Q,, by setting 0,=0,=0

* Q,is fixed by the condition Q% =0 at T=u=0
. e is the regularized expression for the thermodynamical

potential in the absence of fermion interactions. It is given by

with E = Jpi+m’

D.Gomez Dumm and N.N. Scoccola, Phys. Rev. C 72 (2005) 0149009.



What could be determined with Qs (T, L)

* Mean field values o,, and @ at a given T and

“gap” equations

p = 260 MaV
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What could be determined with AviNTy

e Specific heat:

0
1000
— =0 MeV
D = Megp

— =250 MeV

750

e Chiral susceptibility:

* Quark number susceptibility:

U ————4
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TiMeV]




Chemical potential in the Polyakov-loop ¢

Th = 208 MeV which corresponds to 2 flavors case. Then, following Ref [1], we used
also a polinomial ansatz for 4 given by

bo(T) .o b
2 @ 6

Us(D.T") = [

_ b
(@2 + D%) + Z“@“} T4 (10)

with the temperature-dependent coefficient

bo(T) = ag + ay (%) + ao (%)2 + aa (%)3 (11)

and the following set of parameters, ag = 6.75, a; = —1.95, as = 2.625, ay = —7.44,
by = 0.75, and by = 7.5.

In a more recent work [3] it has been proposed the following p-dependent loga-
rithmic potential:

Us(®, T, it) = (aoT* + arp* + aaT?* )% + a3 Ty In (1 — 602 + 802 — 30* 12)

where the parameters are ag = 1.85, a; = 1.44x1072, as = 0.08, a3 = 0.40.
In the same way, we propose a polynomial potential which include this p-
dependence. So we have:

Uy (P, T) = {@2 - %@3 +®%) + b—‘lqﬂ} T (13)

with the T-p-dependent coefficient

(T, ) = oo+ ex(u/ T + s/ )+ a1 (1) o

and the same set of parameters as in the polinomial case, but adding the p related
ones ¢y = 30/(7m?) = 0.4342 and ¢; = 15/(77*) = 0.02199
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Preliminary results: Pressure & Pressure

A
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y
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The pressure difference AP=P(T,)-P(T,0) is very sensitive to the formfactor

parametrization and in particular to the vector meson coupling which is
Important at nonzero .




Development : vector interactions + color

| Set B - y=200 MeV - RRW SelB-p-200MeY- RRW

Gv=0,1 Gs| Gv=0,1 Gs
- -Gv=0,2 Gs| - - -Gv=0,2 Gs

T (MeV)

D. Gémez Dumm, D.B. Blaschke, A.G. Grunfeld, N.N. Scoccola, Phys.Rev.D 78, 114021 (2008).
K. Fukushima, Phys.Rev.D 77, 114028 (2008).
C. Sasaki, B. Friman, K. Redlich, Phys.Rev.D 75, 054026(2007).



Vector coupling effects on Phase diagra /

Set C
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Constrain P-DSE models with lattice date
a solution for the Stephanov problem
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Constrain P-DSE models with lattice d
a solution for the Stephanov problem
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T=0, Hybrid Equation of State
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Flow constraint
Daniclewicz et al.
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Hadron-Quark Crossover and Massive Hybrid Stars

Kota Masudal?*, Tetsuo Hatsuda?, and Tatsuyuki Takatsuka®T

L Department of Physics, The University of Tokyo, Tokyo 113-0033, Japan
2Theoretical Research Division, Nishina Center, RIKEN, Wako 351-0198, Japan
STwate University, Morioka 020-8550, Japan

On the basis of the percolation picture from the hadronic phase with hyperons to
the quark phase with strangeness, we construct a new equation of state (EOS) with the
pressure interpolated as a function of the baryon density. The maximum mass of neutron
stars can exceed 2M if the following two conditions are satisfied; (i) the crossover from
the hadronic matter to the quark matter takes place at around three times the normal
nuclear matter density, and (ii) the quark matter is strongly interacting in the crossover

region. This is in contrast to the conventional approach assuming the first order phase
transition in which the EOS becomes always soft due to the presence of the quark matter
at high density. Although the choice of the hadronic EOS does not affect the above
conclusion on the maximum mass, the three-body force among nucleons and hyperons
plays an essential role for the onset of the hyperon mixing and the cooling of neutron

Subject Index Neutron stars, Nuclear matter aspects in nuclear astrophysics, Hadrons and
quarks in nuclear matter, Quark matter
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Baryon density (p)

Fig. 1  Schematic picture of the QCD pressure (P) as a function of the baron density (p) under the assumption
of the hadron-quark crossover. The crossover region where finite-size hadrons start to overlap and percolate is shown
by the shaded area. The pressure calculated on the basis of the point-like hadrons (shown by the dashed line at low
density) and that calculated on the basis of weakly interacting quarks (shown by the dashed line at high density) lose
their validity in the crossover region, so that the naive use of the Gibbs conditions by extrapolating the dashed lines
is not justified in general.
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Quark Matter EoS:

NJL model with vector coupling g_v
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Hadron-Quark Matter Pr(p)f-(p) + Fo(p)f+(p),
! (1 s (222))

Correction term for cu(p)f-(p) +eqlp)f+(p) + Ac
thermodynamic consistency

F’f;(EH(P’} - E@(ﬂ’})grﬁ jdﬁ’

Interpolated EOS




TOV Equations
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Strong vector coupling in Quark Matter is needed !
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5.2.  Dependence on (Q-EOS
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5.4.  Sound velocity of interpolated FOS
One of the measures to quantify the stiffness of EOS is the sound velocity v, = /dP/d=.
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Pressure vs. chem. Potential for H-EoS, Q-EoS and hybrid EoS with “Crossover”
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An element of truth? “Melting” bags at high densities?

The gluon sector strikes back!
What did we hide in the vacuum renormalization?

Nonlocal model
Set C
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p [MeV /|
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Increasing vector
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S. Benic, DB,
In preparation




An element of truth? “Melting” bags at high densities?

The gluon sector strikes back!
What did we hide in the vacuum renormalization?

Nonlocal model

gluonic bag pressure,
vanishing above a certain
chemical potential
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Development : Beyond mean Field - M

(0 =iTrin(S7") + iTr(28) + W(S) + U(D, D) - (),
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cimmmm MF
- 1/N.

e

P I T I NI |




Beyond mean Field - Mesons, Beth-U ,/

T
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pressure

Nonlocal PNJL model, Set C param.,
S. Benic, DB, G. Contrera, in preparation
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Conclusions - Outloc

- The Polyakov-DSE (nonlocal PNJL) model provides a model framework which
is suitable to address lattice QCD data for:
- quark propagator (vacuum and finite T, i ; quark mass and flavor
dependence, ...)
- order parameters (chiral condensate, traced Polyakov loop, ...)
- equation of state (dependences on T, M, p_I ; quark masses ...)
- meson properties (masses, spectral functions, correlation functions, ...)

- It allows to extrapolate to the “Terra Incognita” of the phase diagram and
predict its structure

- Microscopically based EoS for the exotic QCD degrees of freedom region
(HIC, CS, SN)

Further development needed to include consistently the hadronic phase of
QCD by going beyond MF — Beth-Uhlenbeck EoS
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