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Outline of the talk

* Test the coexistence of neutron stars and strange quark stars with Bayesian inference from
astrophysical data:

o Compare the bayesian evidence of the One Family scenario vs the Two Family scenario

* 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 fluctuation and excited glueballs
o Comparison of results with lattice QCD data

2. Contributions meson and baryons sector: o, 7, @, p meson field and nucleons N

O |nvestigation of the impact of thermal fluctuations for all fields
o Exploration of phase diagram in the meson-baryon sector
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Two family scenario: SQM stability

One-family scenario

o No absolutely stable SQM (“Standard” hypothesis)
o Some compact stars may be hybrid stars (HybSs)
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Testing NS-QS coexistence via Bayesian Inference
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Testing NS-QS coexistence via Bayesian Inference

| (H)( gy -(H)
Bayes P(é’\ {Di},H) _ 2(0) 7 (0)

Theorem ZH({D;})
Drago et al. PRC (2014)
E
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: T Ho(P) < py(P)

Category Label Info Likelihood representation
M PSR J0952—0607 | M = 2.24 + 0.17 Mg Gaussian in M

M-R PSR J0030+0451 | M = 1.4470-15 Mo, R = 13.0271'2¢ km |q(M, R) KDE from posterior samples
M-R PSR J0740+6620 | M = 2.08 + 0.07 My, R = 13.773 % km |q(M, R) KDE from posterior samples
M-R PSR J0614—3329 | M = 1.447)0% Mo, R = 10.297;9: km|q(M, R) KDE from posterior samples
M-R HESS J1731-347|M = 0.7770%2 M, R=10.47055km |q(M, R) KDE from posterior samples

M-A GW 170817 |M =1.186+0.001 A = 3007220 q(M1, M2, A1, A2) KDE from posterior samples
ng-Ei M yEFT PNM band for E; " (ng), nB < Neat |soft band likelihood from Passarella, Phys.Rev.C 112 (2025)

np-Pg HIC SNM band for P5"™(ng), np < 3nsat |soft band likelihood from Danielewicz, Science 298 (2002)
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QCD phase diagram

Lattice QCD
* Regimes of low temperatures and high T / Heavy-ion collisions
densities: neutron stars and compact stars /
Quark-Gluon Plasma
~ 155
» Regime of high temperatures and low MeV
densities: Lattice QCD and heavy ions _
collisions 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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Pure gauge SU(3). sector

Lagrangian which is able to mimic the scale anomaly of QCD at mean field level:
e Gluon condensate dynamics dominated below 7 ..
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Lagrangian which is able to mimic the scale anomaly of QCD at mean field level:
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Lagrangian which is able to mimic the scale anomaly of QCD at mean field level:

e Gluon condensate dynamics dominated below 7 ..
e Condensate evaporates into quasi-free gluons at higher temperatures.

e Inclusion perturbative gluon-gluon interaction for I' > 1
¢ |[nvestigation of the impact of thermal fluctuations on the dilation field

14



Pure gauge SU(3), sector

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

e Gluon condensate dynamics dominated below 7 ..
e Condensate evaporates into quasi-free gluons at higher temperatures.

e Inclusion perturbative gluon-gluon interaction for I' > 1
¢ |[nvestigation of the impact of thermal fluctuations on the dilation field

It is possible to divide the glueball into two distinct components: the mean field y and the fluctuating
part A, with (A ) = 0.
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Pure gauge SU(3). sector

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

e Gluon condensate dynamics dominated below 7 ..
e Condensate evaporates into quasi-free gluons at higher temperatures.

e Inclusion perturbative gluon-gluon interaction for 7" > T
¢ |[nvestigation of the impact of thermal fluctuations on the dilation field

It is possible to divide the glueball into two distinct components: the mean field y and the fluctuating
part A, with (A ) = 0.

oo 7,2
)(=)2+A)( <A2>=;[ k_;dk

2

P,z) \ 2,,<1A2> exp| =3 <12> () = [ Pf(y +2)dz

A — Q0
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Pure gauge SU(3),. sector
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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
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

w field equation
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Meson and baryon sector at finite chemical potential

w field equation ,
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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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Summary

* Development of a numerical pipeline for RMF predictions of the dense-matter EOS and
Bayesian analysis for the two-family scenario

* Phenomenological approach reproduces main EOS lattice QCD results for pure gauge

SU(3), thermodynamics, consistently showing a first-order phase transition, solving
the stability problems of the complex potential.

* A model beyond mean field has been developed, including mesonic and baryonic
sectors, enabling the exploration of a wide range of temperatures and densities,

including thermodynamic fluctuations.
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Outlooks
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o Using future observations in the two family scenario

O Testing the coexistence of hybrid stars and strange quark
stars with Bayesian inference

o cosmological trajectories (little inflation scenario) in the
QCD epoch of the early universe

J. Schaffner-Bielich et al., Phys.Rev.D 85, 103506 (2012)
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Two family scenario




Pressure

Two family scenario

 Hyperon and Delta Puzzle:

expected appearance of hyperons ( > 2 — 3 n_,) and A-resonance
significantly softens the EoS [Lavagno et al. Phys.Rev.C (2074)].

 Observational Conflict:

soft EoSs fail to support observed ~ 2M 5 NS, which mandate a stiff EoS.

31
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Two family scenario

 Hyperon and Delta Puzzle:

expected appearance of hyperons ( > 2 — 3 n_,) and A-resonance
significantly softens the EoS [Lavagno et al. Phys.Rev.C (2074)].

 Observational Conflict:

soft EoSs fail to support observed ~ 2M 5 NS, which mandate a stiff EoS.

The Two-Family Scenario
 Based on Bodmer-Witten hypothesis

P,N

938 MeV

 Mechanism: a strong, first-order phase transition in the core.
 (Creates two disconnected, stable Mass-Radius branches:

- Hadronic: Soft branch, M, < 2M
e Quark: Stiff branch, M, , . > 2M ;.

 Once reached deconfinement conditions, HS converts to QS

[Astrophys.J. 974 (2024); Universe 11 (2025) 258; JHEAp 50 (2026)]
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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

One-Family scenario
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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

One-Family scenario Two-Family scenario

Pressure P [MeV fm—3]
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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

One-Family scenario Two-Family scenario
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Testing NS-QS coexistence via Bayesian Inference

| (H)( gy -(H)
Bayes P(é’\ {Di},H) _ 2(0) 7 (0)

Theorem ZH({D;})
E
0 ,S XA — XpA ,S 0.2 /’tQ(P — O) — 2 < 930 MeV
nB’Q
Ve—30MeV <V, <SU P=0
: T Ho(P) < py(P)

Category Label Info Likelihood representation
M PSR J0952—0607 | M = 2.24 4+ 0.17 Mg Gaussian in M

M-R PSR J0030+0451 | M = 1.4470-15 Mo, R = 13.0271'2¢ km |q(M, R) KDE from posterior samples
M-R PSR J0740+6620 | M = 2.08 + 0.07 My, R = 13.773 % km |q(M, R) KDE from posterior samples
M-R PSR J0614—3329 | M = 1.447)0% Mo, R = 10.297;9: km|q(M, R) KDE from posterior samples
M-R HESS J1731-347|M = 0.7770%2 M, R=10.47055km |q(M, R) KDE from posterior samples

M-A GW 170817 |M =1.186+0.001 A = 3007220 q(M1, M2, A1, A2) KDE from posterior samples
ng-Ei M yEFT PNM band for E; " (ng), nB < Neat |soft band likelihood from Passarella, Phys.Rev.C 112 (2025)

np-Pg HIC SNM band for P5"™(ng), np < 3nsat |soft band likelihood from Danielewicz, Science 298 (2002)
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Testing NS-QS coexistence via Bayesian Inference

Parameter Prior Marg. Posterior 1F Max. Likelihood 1F Marg. Posterior 2F Max. Likelihood 2F
lmin, max| (Median +10) (Median +10)
Nsat (fm ™) 0.145, 0.165] 0.1506 ™5 0030 0.1499 0.15407 5 ose 0.1562
Esat (MeV) [—16.4, —15.6] —~16.0119-27 —16.24 —15.97+2-29 —15.89
Ksat (MeV) 210.0, 270.0] 222.5271 15,64 214.22 246.21112:92 254.84
Eeym (MeV) 27.0,35.0 29.857 1% 28.89 31.0117:32 31.54
Leym (MeV) 30.0, 80.0 40.5713-23 35.69 44.9615:23 48.13
m* /m 0.55,0.85 0.701503 0.68 0.817503 0.81
Ur (MeV) [—30.5, —24.5] —27.12+1-82 —26.18 —27.4812:04 —24.66
Us (MeV) 10.0, 30.0] 20.1575-57 13.89 19.851 7 2% 13.12
U= (MeV) [—22.0, —10.0] —15.59715-59 —11.00 —15.951% 02 —11.49
Ton 0.6, 1.4] 1.267004 1.27 1.1075 18 0.85
TwA 0.6, 1.4] 1.2375:98 1.23 1.0270 18 0.75
A (MeV) 0.0, 200.0] — — 113.52125-99 108.88
as 0.6, 1.0] — — 0.8319-11 0.61
B/* (MeV) 130.0, 180.0] — — 147.52113-99 148.98
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Testing NS-QS coexistence via Bayesian Inference
g(H)((g) ﬂ(H)(g)

theorem 1 (P H) =50

Theorem

Likelihood
o) = | | )

- Y. Suwa et al, Mon. Not. Roy. Astron. Soc. 481, 3305 (2018).
- B. Muller et al., Phys. Rev. Lett.134, 071403 (2025)



Testing NS-QS coexistence via Bayesian Inference

| (H)( gy - (H)
Bayes P(é’\ {Di},H) _ Z(0) 77 (0)

Theorem ZH({D;})
Likelihood
. B o Msnax(0)
P )(9) — H‘SZE )(9) gglF)(g) o<[ . dMql-[M, R§§’V(M; (9)]
: M{snin(6)

M)

AM | M, RTOV(M; 0)| n®7(M; 0) = ZC00) + 220 0)

FEO) o« ) J
2

fE{NS,QS} * Mizin(0)

- Y. Suwa et al, Mon. Not. Roy. Astron. Soc. 481, 3305 (2018).
41 - B. Muller et al., Phys. Rev. Lett.134, 071403 (2025)



Testing NS-QS coexistence via Bayesian Inference
L) n'(9)

theorem 71 (P-H) =g,

Theorem

Bayesian evidence

ZM({Dy}) = ]d@ L) n(6)



Testing NS-QS coexistence via Bayesian Inference
L) n'(9)

theorem 71 (P-H) =g,

Theorem

Bayesian evidence
Z(H)({Dl-}) — Jdg L) 7o) Zip~—-40 Zyp~ —28
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Little inflation scenario
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* QCD phase transition: crossover

T. Boeckel and J. Schaffner-Bielich, PRD 85, 103506 (2012)
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Little inflation scenario
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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

200 | | | | | | |
WI~2x10™ critical
1754y Crossove, Endpoint (?) -
150 Quark Gluon Plasma |
Chirally Symmetric Phase
— - 2
> 1254 £ 5 -
= A .2
= w] T3
= 100q| S — Hadron Gas -
s S =  Chirally Broken Phase
& 754y A T -
=
(D)
-
50 - .. _
Nuclear Liquid-Gas
Phase Transition  Nuclear\ Color Super- [
25 = Matter \ conducting [
y / Phases
O L} I £ ' | J l | ] l | ' L} I L} I
0 200 400 600 800 1000 1200 1400

Baryon chemical potential [MeV]

T. Boeckel and J. Schaffner-Bielich, PRD 85, 103506 (2012)



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

] 200
Conservation laws
175 —
1.Lepton number: [,s =n,+n, ,a=e,u,t o
> 125 -
2.Baryon number: bs = Z B.n, =
. © 100 -
l 2
2
=
=
3. Electric charge: gs = Z Q:n;
l 75 —

| 1 | L | B} | L | 1 | i i
| WI=2X10 crigical
x..CIO_SS_o_er Endpoint (?) B
- Quark Gluon Plasma |
Chirally Symmetric Phase
= 2 '
= O -
Ay 2
S E Hadron Gas -
S < Chirally Broken Phase
v N QS -
Nuclear Liquid-Gas i
Phase Transition  Nuclear\ Color Super- [
\ Matter | conducting [
/ Phases
l | | I ' | | I
0 200 400 600 800 1000 1200 1400

Baryon chemical potential [MeV]

T. Boeckel and J. Schaffner-Bielich, PRD 85, 103506 (2012)



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
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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®
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3. Electric charge: gs = Z Q:n;
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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)



T [MeV]

Equatlon of State for: cosmic trajectorles
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Meson and baryon sector at finite chemical potential
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Little inflation scenario

T =180 MeV, p
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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




Symmetries of the model

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) = Urp(x)UR) = 12¢p(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. The vacuum is non-trivial and not invariant under the chiral
transformation SU(N;); X SU(Np)g, even in the chiral limit, so that the order parameter < quR > acquires a non-zero

expectation value. By increasing temperature and/or density, the quark condensate melts, restoring chiral symmetry.
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Pure gauge SU(3). sector

To improve accuracy with latticeQCD data:
e Inclusion excited glueballs: P e

1.2- /){/ :
1 1.o: /{/
M*(J,T) = —(J — ap)o(T) =~ 4(J — 0.58)0(T) s,
04 = e
> 0.6- {/’
3 045 E /ﬁ,z/
P, =—(2J+ l)TJ In (1 _ VK ) S
/ Qrs ) L -

00 05 10 15 20 25 3.0 35 40 45 5.0
T/Tc

~ N
Q. T) Q1) ZP
<y xs dil
1% V !
* N. Cardoso and P. Bicudo, Phys. Rev. D 85, 077501 (2012).

.  G. Boyd et a., Nuclear Physics B 469, 419 (1996)



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
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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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PNS with di

laton model
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Pure gauge SU(3),. sector

0.5
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