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Motivation
Confinement/deconfinement in dense QCD?

IR confinement in effective models of QCD

Warm-up at finite Temperature

Perspectives



Approaches trying to understand

confinement
o Simple Models

o Gribov approach
o DSE/Functional approaches
o ADS/CFT duality

o Lattice QCD



QCD

Color Confinement

O The underlying mechanism and the relationship
between confinement and chiral symmetry breaking
remain enduring mysteries in QCD

Long standing
puzzle in QCD




QCD

o Asymptotic freedom means that UV behavior of QCD
is under control

o Dynamically generated masses for gluons and quarks
means that QCD generates its own IR cutoffs

Confinement in effective
models of QCD?



Speed of Sound X baryon density
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Figure 1. Schematic plot to show two possible scenarios as suggested for the
sound speed to evolve with baryon matter density, pg, given in terms of the
nuclear saturation density. In Scenario A, the speed of sound nonmonotonically
evolves with density, reaching a maximum above the conjectured conformal
upper bound, c?=c? /3, at density ~(3-5)pn,c, and then decreases to approach
the conformal bound from below at higher densities ~40p,,. where
perturbative QCD is applied. In Scenario B, the speed of sound evolves
monotonically with density, obeying the conjectured conformal upper bound at
all densities. The shaded regions represent the excluded values of the sound
speed as constrained by the stability and causality conditions.



Conformal Limit violation: First
evidence

PHYSICAL REVIEW LETTERS
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If the bound on the speed of sound is actually violated
— as it is strongly suggested by our results— the speed of
sound, as a function of the energy density, has a peculiar
shape. It raises from small values, reaches a maximum
with v2 > 1/3, lowers to a local minimum with vZ < 1/3
and then raises again approaching v = 1/3 from below at
high densities. We find remarkable that such a conclusion
can be derived from well established facts.



Finite baryon density

Observational constraints on the neutron star mass-radius plane from
LIGO/NVirgo and NICER data.
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Astrophysical implications to QCD phase

diagram
o Gravitational wave detection - opened a new window on the
universe

o Ligo-Virgo-Kagra colaboration
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Polyakov Loop

o Finite T, INFINITE quark mass -> quench dynamical quarks
o Confinement/deconfinement of gluons - center symmetry

o Dynamical quarks break center symmetry - Polyakov loop is an
APROXIMATE measure of confinement!
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PNJL model

But we have a problem:

Polyakov loop zero at T=0

How important is
confinement /deconfinement
phase transition(crossover)
at high density?



Alternatives:

potentials, magnetic Fields, ...

PHYSICAL REVIEW D 104, 116001 (2021)

PNJL model at zero temperature: The three-flavor case
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Infrared confinement - Old propose

o0 Confinement -> propagator of a colored state should
have no singularities on the real, positive p2 axis

O No singularities on the negative (spacelike) p2 axis
would imply tachyonic behavior (forbidden by

causality).

O Quark propagator - quarks have no mass-pole and
cannot go on mass shell.

O The phenomenon o quark confinement is considered!



Infrared confinement

If colored free states do not exist
then it is reasonable to expect that
the corresponding propagators for

this colored particles and bound

states have no mass-poles.



Infrared confinement - Old propose
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SU((2) Nambu—]Jona-Lasinio model (NJL)

Ly = w(id — m)y + G[(pw)? + (wiysty)?]
good chiral physics, pions,...
BUT no confinement and no AF

G,A and M q mwafw and @W

Q(T, u,) = (M = mo) UV divergent!
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Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122, 345 (1961)



Unphysical thresholds in the NJL model

The NJL model does not prevent hadrons from decaying into free
quarks, which makes the realistic description of hadron properties
on their mass shell questionable properties on their mass shell.
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SU(2) Nambu—Jona-Lasinio model
(NJL)

O Unphysical thresholds are due to the lack of
confinement in NJL model

O These thresholds can be removed by a IR cutoft in
Proper-Time formalism!

Physics Letters B

Volume 388, Issue 1, 7 November 1996, Pages 154-160 -

Extended NJL model for light and heavy
mesons without g-q thresholds

Dietmar Ebert @1, Thorsten Feldmann &, Hugo Reinhardt P 2




Infrared confinement
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Deconfinement Ay — 0

Traditional approach uses arbitrary parametrizations for the temperature
dependence of the infrared cutoff

A[R — A[R(T)

Contact Interaction models

Chiral symmetry restoration
and deconfinement coincide!

Our approach: LQCD input: Pressure to fix Ajr(T)




Lattice input - Pressure X T

Lattice input: Pressure to fix A;x(T)
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https://inspirehep.net/authors/1011934

Numerical results NJL




Numerical results NJL
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NJL model is nonrenormalizable

o Does not have confinement
o Does not have asymptotic freedom,
o Needs regularization,

o  too much freedom...

Why Contact
Interaction Models?

e

INSIGHT




IR confinement in renormalizable model
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Numerical results: LSMg
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Conclusions

O Possible split between chiral symmetry restoration and
deconfinement at finite temperature

O Including a LQCD input we show that the IR cutoff decrease with
T, simulating deconfinement!

O Interesting way to investigate confinement/deconfinement at finite
density within effective models of QCD

28



Perspectives
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Evidence for quark-matter cores in massive
neutron stars
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O IR confinement + Astrophysical constraints: from observation data to the theory
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Perspectives

Mesons masses in LSMq and SU(3) NJL

Behavior of sound velocity at high density
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Perspectives
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Chiral vortical catalysis constrained by LQCD simulations

Rodrigo M. Nunes (Santa Maria U., Brazil), Ricardo L.S. Farias (Santa Maria U., Brazil), William R. Tavares (Rio de
Janeiro State U.), Varese S. Timéteo (Campinas State U.) (Dec 19, 2024)

e-Print: 2412.14541 [hep-ph]

V. V. Braguta, A. Kotov, A. Roenko, and D. Sychev, PoS LATTICE2022, 190 (2023), 2212.03224.



Conferences in Brazil

HADRONS
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CA1: A modern description of dense matter
Palestrante: Veronica Dexheimer (Kent State
University, EUA)

CA2: Hot and dense QCD in colliders
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(Universidade de Santiago de Compostela,
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CAS: Effective Field Theories
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Conferences in Brazil
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superconductors, (magneto-)hydrodynamical systems
and astrophysical objects.
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