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Outline

* Lagrangian which is able to mimic the scale anomaly of QCD at mean field level:

1. Extension of previous work in the pure gauge SU(3),. sector:

o |nclusion of thermal fluctuations and excited glueballs
o Comparison of results with lattice QCD data

2. Contributions meson and baryons sector: o, &, @, p meson field and nucleons NV

O |nvestigation of the impact of thermal fluctuations for all fields
O Exploration of phase diagram in the meson-baryon sector

» RMF predictions for the dense-matter EOS and application to NSs
o Models generated using the MCMC approach and Bayesian statistics.
o Models are filtered using astrophysical constraints
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QCD phase diagram

Lattice QCD
* Regime of high temperatures and low T / Heavy-ion collisions
densities: Lattice QCD and heavy ions /
collisions
Quark-Gluon Plasma
~ 155
MeV
* Regimes of low temperatures and high _
densities: neutron stars and compact stars Astrophysical
systems
Hadrons
other
 Only a few EOS are studied in both regimes quark phases CFL
simultaneously and with several model- ?
dependent parameters. a complete - -

description is still challenging. T
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Lagrangian which is able to mimic the scale anomaly of QCD at mean field level:
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Pure gauge SU(3),. sector
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Meson and baryon sector at finite chemical potential

We consider the meson and baryon sector at finite chemical potential through the introduction of an
effective Lagrangian that incorporates broken scale in addition to explicit broken chiral symmetry
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Meson and baryon sector at finite chemical potential

We consider the meson and baryon sector at finite chemical potential through the introduction of an
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Meson and baryon sector at finite chemical potential
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Meson and baryon sector at finite chemical potential
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Meson and baryon sector at finite chemical potential
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Meson and baryon sector at finite chemical potential
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Meson and baryon sector at finite chemical potential
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Meson and baryon sector: phase dlagram
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RMF predictions for the dense-matter EOS and application to NSs
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RMF predictions for the dense-matter EOS and application to NSs
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RMF predictions for the dense-matter EOS and application to NSs
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RMF predictions for the dense-matter EOS and application to NSs

Astrophysical constraint:

* Tidal deformability from GW170817
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RMF predictions for the dense-matter EOS and application to NSs
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Es m, 2 Ls m m*
ym, y D, sat
P.L., Margueron, J., & Pagliara, G. Phys.Rev.C 112 (2025) 3, 035805
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enabling the exploration of a wide range of temperatures and densities, including
thermodynamic fluctuations.

* Development of a numerical code for RMF predictions of the dense-matter EOS and Bayesian
analysis applications to neutron stars
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Outlooks

. Study of chiral Lagrangian which takes into account S U(3)f quarks (color-dieletric
model) and hadronic phase with strange meson and baryon degrees of freedom

o Study of the QCD phase diagram in a large range of finite temperature and densities

* Investigations into high-energy astrophysical phenomena, such as the
phenomenology of neutron star structure and cosmological trajectories (little
inflation scenario) in the QCD epoch of the early universe

* Explore double family scenario through Bayesian analysis
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4 field equations:

X0, 0, P

2 conservation equation:
Total baryonic charge

Total electric charge

Numerical details

—>

6 mass equations:

m, = my(x, 6, 7T, w, p, (A?))

My = ma()(a o, 7, W, p, <A12>)

m, = m(y, 0, 7,0, p, (A7)

m,=mJy,o,r,o,p, (Al.z))

m, = m_(y,o, T, m,p, (Al.z))

my = mJ(y, o, 7w, m,p, (Al.z))

k2 1

[ ax—
0 €; (¢j’ <A]2>) exp lﬁ <ez‘*(¢zj’ <A]2>) — ﬂi*)l — 1

el.* = \/ k% + m;k2




Pure gauge SU(3). sector

To improve accuracy with latticeQCD data:
¢ |nclusion excited glueballs:

JEC m |GeV] b;rc [GeV?]
0t 1.647(25) —2.78 £ 0.21

mZ(n p— l,JPC) — a(n +4 ]) + b]PC 21+ 2.367(30) —10.87 £ 0.57
0~ 2.572(38) 1.12 +0.27
2~ 3.11(5) —6.79 4 0.66
17~ 2.955(37) —2.25 4+ 0.45

dk3 —Pr\/ k% + m;?
Pdﬂ] =—(2J+ I)TJ' (27)3 In (1 — € ﬂ\/ J ) String tension term

v - v Z P, o) 1 + e—(I=a)/o

* E. Trotti, S. Jafarzade, and F. Giacosa, Eur.Phys.J.C 83 (2023) 5, 390

30 * N. Cardoso and P. Bicudo, Phys. Rev. D 85, 077501 (2012).



Pure gauge SU(3). sector

To improve accuracy with latticeQCD data:
e |nclusion excited glueballs;
e Modification infrared cut-off:

S 4P ; 4
[=— ——=s/T° > 4P/T
T3 T4
Modified infrared cut-off Form factor
- A A O(T —T.)

I+ ( y)z
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Meson and baryon sector at finite chemical potential

The thermodynamical potential is

1 1 G 1 1 1
2.2 2 2,272 4 4 50 1 A2 NP )
—(7)—51%0))( W) — 5 X b 4600—51716 <A6>_5mﬂ <ﬂ>_5m){ (A))

T T : :
2 _ e P — e Py S 2 — o Pleg—u") _ o Pleg—1,%)
— Jdkk [In(1 — e7#%) + 31n(1 — e~Pe)| + [dkk lz In(1 — e 51 43 ) In(1 — e PG+ )]

2
2 a=1,3 a=1,3

Ly Jdk-k.z In (14 ePE—#) 41 (1 4+ e-ME-+D)
T L |

1 o'+t 1 o’ +1*  yP 1 4o o’ + n* 3
=7 (y) — —B05)(4 In — 305)(2 [ — —€] ¥? 2 . —€] .
2 o 2 0o 2

32



Meson and baryon sector at finite chemical potential
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Meson and baryon sector: thermal fluctuations

-3 for @, boﬂ, b+w and b_ﬂ mesons

<Ag> o joo k* 1. Tk o {1 for ¢, o, my, 7, and z_ mesons

0 (3/2)
P (Z) B 1 ex - Z, p B \/j 3 3)72
7\ 2a(a) "\ 28y ) D =\7\ @y ) P\ Ty )

(06 + A, %)) = J dng(z)J dyy*P,(y)O(G + z,y”) .
— 00 0



The thermodynamical potential in the mean field approximation

Q. T By, 1 .,
D) (VD) = Pt T) = Pyieeet: T) = Py, T) + —= — —=m;2( A2)

v 4 27
Where
1 1 3
P.(x,T) = —[ o T) = = 2(N? — 1)TJ LI (1—e )0 (k—K(y))
or ), \/kz n m*z ﬁ R+m? i q (27m)
A ) 487°
K(y) = g7 (1) = T2 + S2
(1 — ) 11Ncln< 2 )
dk 1 k d’k; d’k, 1 k k
) 2 _ i . ) 1 2 1 2
P, T) = 8°N N, 1){( 3) “ o) kNB <T> © (k K()())] + J 22 2 klkzNB ( T) Np ( T)

% © (k — K()) © (k- K()) X |2

| _
@(\k1+k2‘ —K()()) —Z(’*)(”ﬁ—kz‘ —K()()) }
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Pure gauge SU(3),. sector

0.5
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MCMC and Bayesian analysis

 |f the set of parameters predicts at least one of the NEP to be out of the range given, then the prior
probability is pyir = 0

ZN: E(model, n;) — E(yEFT, n))

1
lo = — —
SPMeMe = T 5 AE(;EFT. n)

=1

[ runs over the densities n;, and where E(yEFT, n;) and AE(YEFT, n;) represent the centroids and
uncertainties of the yEFT.

 In case the RMF model is inside the yEF T band, the probability becomes constant: if

NEPs E sat Ngat Ksat E sym,2 Lsym m}k), sat
unif.dist. [—16.4, —15.2] [0.145, 0.165] [180, 280] [28, 36] [30, 90] [0.45, 1.05]
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RMF predictions for the dense-matter EOS and application to NSs

— > (iv A¥ — _ H _ ny, _
Z = Z Wn(iy, 0" — My + 8,0 = 8,7, 8,(1n,) = &, (N exp| — ap< 1)
N - Hgat -
—5 g,(1np) v, T - pr)yy + 5(()”00” — mo?) The density dependence of g, introduces a
i 1 1 rearrangement contribution 2., to the nucleon self-
2 ies:
_Zwﬂya)ﬂv + Ema)wﬂa)ﬂ ~ PP energies:
1 1 1 1 o~
e 3_ 4 2 = — — (n,) .
pp/,t p 3 me(gad) 4 C(gag) r 2 ,ng b nsat p03

P.L., Margueron, J., & Pagliara, G. Phys.Rev.C 112 (2025) 3, 035805
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Little inflation scenario
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T. Boeckel and J. Schaffner-Bielich, PRD 85, 103506 (2012)
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Temperature [MeV ]

Little inflation scenario
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Little inflation scenario

T =180 MeV, p
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Equation of State for: cosmic trajectories

When the Universe expands and cools down, it follows a certain path in
the QCD phase diagram, the so-called cosmic trajectory

Conservation laws
|, free input parameters

1.Lepton number: [ s =n,+n, ,a =e,u,t 400
b=28.6x10"1 |
2.Baryon number: bs = 2 Bn, 300+
i — — 1=—(51/28)b
% 200— — |=—1x107®
g = 0O (charge neutrality) = |=—1x10°¢
— l=—1x107*

— ]=—1x1072

3. Electric charge: gs = Z Q:n;

uds

l 100 Rl ..'..' udsc
5 conservation laws
—5 equations = P 02 0.01 i 100
— 5 chemical potentials 1p[MeV]
'uLa’ il 'MQ Mandy M. Wygas et al., PRL 121, 201302 (2018)



Color-dielectric model

< describes a system of interacting quarks, pions, sigmas and a scalar-isoscalar chiral singlet field y, whose potential

U(y) has an absolute minimum for ¥y = 0. Thus for the single nucleon problem, the effective quark mass —go/y
diverges outside the nucleon.

L = iy o+ 2o + irst - D+ —0,0° — U + (0,0 + =0, = Wio, )
¥ 0 0 0

1
UG =M 2y W(e, %) = k - (6% + 7% — f2)?
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QCD background

The theory that we currently use to describe strongly interacting matter is called Quantum Chromodynamics

(QCD). It is a quantum field theory and the fields used to represent the fundamental degrees of freedom of the
theory are quarks, which are spin-1/2 fermions, and gluons, which are bosons with spin 1.

Scale anomaly

A theory is invariant under scale transformations if its action remains constant when the fields are transformed as follows
under the scale operator U(A):

P(x) = Utp()UA) = 15 (Ax)

where A is the scale dimension of ¢). The action remains unchanged only if no dimensional parameter is present: scale invariance
is broken due to quantum corrections due to the appearance of a dimensional parameter A.

Chiral symmetry

Chiral symmetry is spontaneously broken in the QCD vacuum. This occurs since the vacuum of QCD is not trivial, and
thus not invariant under the chiral SU,(2) transformation, even in the chiral limit, such that the order parameter

< qiq{e > acquires a nonvanishing expectation value.
Increasing temperature and/or density, one expects the quark condensate to melt, restoring chiral symmetry.
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