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  baryons could be present only at densities  8-10  inside the NSs.                                                                                 
N. K. Glendenning, Astrophys. J. 293, 470 (1985)  
                                                                

Δ ≈ ρ0

  Forbidding the onset of ∆ : for very repulsive coupling.
  Their coupling potential for isospin-symmetric matter at saturation density is 
found to be attractive (2/3 to 1 times the potential of the nucleons)                                                                                                                                              
A. Drago, PRC 90, 065809 (2014), A. R. Raduta, PLB 814, 136070 (2021).
 With proper couplings: ∆ baryons might be present inside the NSs and could 
in fact make up a large fraction of the baryons in NS matter.                                                                                                                                                                               
K. D. Marquez, et al., PRC 106, 055801 (2022), L. L. Lopes et al., PRD 107, 
036011 (2023). 

∆ baryons can exist inside NSs at almost the same density range as the 
hyperons (≈ 2-3 ) 
                                                                      

ρ0
mN < mΔ(1232MeV ) < mΞ

https://www.worldscientific.com/doi/abs/10.1142/S0218271807009929?casa_token=4OBpuh8MUBcAAAAA%3AdPjYWPvFB4qPSjNXM-dDXIOG4yxxI5oAz1cAdFEivKD_kVNmToYkELKe50HbmV5AGfQcTo6eAV4&journalCode=ijmpd#


- baryon couplingsΔ

•  Octet and Decuplet baryon couplings with mesons 
fixed through an unified SU(3) and SU(6) group 
symmetry. (S. Weissenborn, D. Chatterjee, and J. Schaffner-Bielich, 
Phys. Rev. C 85, 065802 (2012), J. J. Swart, Rev. Mod. Phys. 35, 916 (1963))

• Clebsch-Gordan coefficients are used to calculate all 
the couplings.

• Just one free parameter is left to be freely varied: αv

0 ≤ (gΔΔσ

gNNσ
−

gΔΔω

gNNω ) ≤ 0.2

K. Wehrberger, C. Bedau, and F. Beck, Nucl. Phys. A 504, 797 (1989).

Baryon coupling scheme in a unified SU(3) and SU(6) symmetry formalism
                                            L. L. Lopes et al., PRD 107, 036011 (2023). 

ℒYukawa = − (gBBM)(ψ̄BψB)M

Invariant under SU(3)

Partially broken SU(6) ⊃ SU(3) ⊗ SU(2)

For the  meson ω

gΛΛω

gNNω
=

4 + 2αv

5 + 4αv

gΣΣω

gNNω
=

8 − 2αv

5 + 4αv

gΞΞω

gNNω
=

5 − 2αv

5 + 4αv

K. Wehrberger, C. Bedau, and F. Beck, Nucl. Phys. A 504, 797 (1989).

K. Marquez,  PRC, 106, 055801 (2022)



- baryon couplingsΔ

gΛΛϕ

gNNω
= − 2( 5 − 2αv

5 + 4αv )

For the  mesonϕ

gΣΣϕ

gNNω
= − 2( 1 + 2αv

5 + 4αv )
gΞΞω

gNNϕ
= − 2( 4 + 2αv

5 + 4αv )
gNNϕ

gNNω
= 0

For the  mesonρ

gΛΛρ

gNNρ
= 0

gΣΣρ

gNNρ
= 2αv

gΞΞρ

gNNρ
= − (1 − 2αv)

Couplings for  baryon decuplet



UΛ = − 28MeV, UΣ = + 30MeV
UΞ = − 4MeV, UΔ = − 98MeV S
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Baryon density

Scalar density

gib(nB) = gib(n0)
ai + bi(η + di)2

ai + ci(η + di)2

gρb(nB) = gib(n0)exp [−aρ(η − 1)]

DD couplings

ℒRMF = ∑
b∈H
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−
i
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2
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1
2
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03

Spin-1/2 baryon octet

Spin-3/2 baryon decuplet

Lepton admix + pure mesonic terms

Rarita-Schwinger-type int. Lag.
M. G. de Paoli, et al., J. Phys. G 40, 055007 (2013).

DDRMF Model



Equation of State

εB = ∑
b

γb
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P = ∑
i

μini − ϵ + nBΣr

Σr = ∑
b [∂gωb

∂nb
ω0nb +

∂gρb

∂nb
ρ03I3bnb +

∂gϕb

∂nb
ϕ0nb −

∂gσb

∂nb
σ0ns

b]
Rearrangement term

μ*b = μb − gωbω0 − gρbI3bρ03 − gϕbϕ0 − Σr

Effective Chemical 
Potential

DD-ME2 parameter
G. A. Lalazissis, et al., Phys. Rev. C 71, 024312 (2005). 

M. Dutra, Physical Review C 90, 055203 (2014), M. Oertel , Rev. Mod. Phys. 89, 015007 (2017)



Results

0 200 400 600 800 1000

ε (MeV/fm
3
)

0

100

200

300

400

500

P
 (

M
eV

/f
m

3
)

N
N+∆ 

N+H 
N+H+∆ 

0.5 1 1.5 2 2.5 3
n

b
(n

0
)

10
0

10
1

10
2

P
 (

M
eV

/f
m

3
)

HIC+Astro (68%)

HIC+Astro (95%)

Ishfaq Rather et al. Phys.Rev.D 107 (2023) 12, 123022

Stiff  EoS for N and N+D

M_max > 2.0 for N and N+D

Soft EoS for N+H and N+H+D
M_max  2.0 for N+H and N+H+D≈

S
All  

Constraints 
Satisfied



Density-Dependent Quark mass Model 

noninteracting gas of quasiparticles with density-dependent masses.
Overcomes the consistency between zero pressure and energy minimum
To include quark interactions in a simple way.

G. N. Fowler, S. Raha, and R. M. Weiner, Z. Phys. C 9, 271 (1981), 
S. Chakrabarty et al., Phys. Lett. B 229, 112 (1989), 
S. Chakrabarty, Phys. Rev. D 43, 627 (1991)

O. G. Benvenuto and G. Lugones, Phys. Rev. D. 51, 1989 (1995)

mi = mi0 +
D

n1/3
B

+ Cn1/3
B = mi0 + mI B C Backes et al . J. Phys. G: Nucl. Part. Phys. 48 (2021) 055104

Current quark mass DD term

Leading order perturbative interactions

Dictates linear confinement

ℰ = Ω0({μ*i }, mi) + ∑
i

μ*i ni = Ω0({μ*i }, mi) − ∑
i

μ*i
∂Ω0

∂μ*i

P = − Ω0 + ∑
i,j

∂Ω0

∂mj
ni

∂mj

∂ni

Ω0 = − ∑
i

gi

24π2 [μ*i νi(ν2
i −

3
2

m2
i ) +

3
2

m4
i ln( μ*i + νi

mi )],



B C Backes et al . J. Phys. G: Nucl. Part. Phys. 48 (2021) 055104

N C = 0.90, D = 125

C = 0.65, D = 133

N+Δ

N+H
N+Δ+H



Radial Eqs. with PT

1) Conversion timescale ( ) >> Oscillation period ( )                                                                                                                
(fluid elements keep their nature)

2)  <<                                                                                                                                    
(fluid elements are easily converted)

τconv τosc

τconv τosc

Phase Conversion

slow phase transition

Rapid phase transition

G. Lugones et al.Universe 2021, 7(12), 493

ptr & p*tr

slow phase transitionRapid phase transition

Close enough

Su
ffi

cie
nt

ly 
di
ffe

re
nt

∂M
∂ℰc

< 0 ⟹ ω2
0 < 0

∂M
∂ℰc

> 0 ⟹ ω2
0 ≥ 0

(unstable star)

(stable star)
∂M
∂ℰc

> 0 ⟹ ω2
0 ≥ 0 (stable star)

∂M
∂ℰc

< 0 ⟹ ω2
0 > 0 (stable star)

Slow-stable hybrid stars

[ξ]+
− = Δp[ 1

p′ 0 ]
+

−
[Δp]+

− = 0[ξ]+
− = 0[Δp]+

− = 0

Junction conditions:
Germán Lugones et al JCAP, 03 (2023) 028

J. P. Pereira, ApJ. 860 (2018) 12

radially unstable configurations are radially stable under small perturbations



Germán Lugones et al JCAP, 03 (2023) 028

hadron-quark transition at a high density hadron-quark transition at a low density
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Slow Phase Transiton
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MR Profile
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Radial profiles with PT
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• profiles closely resemble 
those observed in 
traditionally stable NSs.

•  Reduction in both the 
amplitude and frequency 
of the radial modes for 
SSHS.
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I. A. Rather et al. JCAP 05, 130 (2024)  
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• Studied the lowest eigenfrequencies and corresponding oscillation functions of Δ-
inclusive nuclear (N +Δ) and hyperonic matter (N + H + Δ). 

• Radial oscillations with Δ-baryons and Phase transition to the Quark matter. 

• Slow Phase transition & Slow stable hybrid stars. 

•  Profiles closely resemble those observed in traditionally stable NSs. 

• Reduction in both the amplitude and frequency of the radial modes for SSHS.

Summary

•  Studying more features of SSHSs:  

• quasinormal mode frequencies 

• tidal deformability of SSHSs 

• g-modes 

• twin hybrid stars/ triplet stars for slow phase transitions. 

• Empirical relations connecting f-mode frequencies with tidal deformation.

Further work



- baryon couplingsΔ

• The -meson couplings are obtained by 
experimental data.

•  The hyperon-meson couplings are fitted to 
hypernuclear properties

Δ

0 ≤ xσΔ − xωΔ ≤ 0.2

K. Wehrberger, C. Bedau, and F. Beck, Nucl. Phys. A 504, 797 (1989).

The coupling constants were varied freely

K. Marquez,  PRC, 106, 055801 (2022)

 BARYONS IN NEUTRON STARSΔ



- baryon couplingsΔ
Yukawa coupling of the QHD is invariant under the SU(3) flavor symmetry group

obtaining the SU(3) Clebsh-Gordan coefficients to keep the Yukawa-Lagrangian as an unitary singlet

ℒYukawa = − g(ψ̄BψB)M

IR{8}

irreducible representation IR{1}
To preserve unitary symmetry, 
the direct product                   =  IR{8} when the meson eigenstate (M) belongs to IR{8}

       =  IR{1} when M belongs to IR{1}
ψ̄B ⊗ ψB

ℒY = − (gC + gC′ )(ψ̄BψB)M

ℒY = − g1(ψ̄BψB)M

g(g’) = antisymmetric (symmetric) coupling  
C(C’) = SU(3)  CG coefficients 

Fl. Stancu, Group Theory in Subnuclear Physics (Clarendon Press, Oxford, 1996).,
 Th. Rijken, V. G. J. Stoks, and Y. Yamamoto, Phys. Rev. C 59, 21 (1999).

J. J. Swart, Rev. Mod. Phys. 35, 916 (1963)
P. McNamee and F. Chilton, Rev. Mod. Phys. 36, 1005 (1964)



J. J. Swart, Rev. Mod. Phys. 35, 916 (1963).

SU(3) flavour symmetry,  
Three free parameters: αv, g8/g1, θv

Yukawa LD is not only invariant under flavour SU(3) symmetry group
 but also the spin SU(2) symmetry group ⟹

Can be fixed 

SU(6) ⊃ SU(3) ⊗ SU(2)

z =
g8

g1
=

1

6
, θv = 35.264,αv = 1.0

C. Dover and A. Gal, Prog. Part. Nucl. Phys. 12, 171 (1984)
Fl. Stancu, Group Theory in Subnuclear Physics (Clarendon Press, Oxford, 1996)
 Th. Rijken, V. G. J. Stoks, and Y. Yamamoto, Phys. Rev. C 59, 21 (1999).
H. Lipkin and S. Meshkov, Phys. Rev. 143, 1269 (1966). 
J. J. Swart, Rev. Mod. Phys. 35, 916 (196

 meson does not couple to the nucleon ;
  meson couples to the hyperchage
   meson couples to the isospin.

ϕ (gNNϕ = 0)
ω
ρ

 SU(3) flavor symmetry is exact, hybrid SU(6) symmetry can be partially broken

Baryon-meson vector couplings obey relations

Keeping  as a free parameterαv




