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Neutron StarsNeutron Stars
Last stage of a starLast stage of a star
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Variety in the compositionVariety in the composition

●  different models for the                  different models for the                  
   composition   composition

●    focussing on a type with               focussing on a type with               
        deconfined quark matterdeconfined quark matter                                
    inside core and     inside core and baryonicbaryonic                              
        matter in outer shellsmatter in outer shells

●    other compositions as                   other compositions as                   
    strange stars, hyperon stars,            strange stars, hyperon stars,        
    etc. are not considered in                  etc. are not considered in              
    our study    our study  
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21/09/2023 Building up an NS

Idea: Idea: 
➢  combine the EoS for combine the EoS for 

              hadronichadronic  mattermatter and our        and our       
          model for           model for quark matterquark matter

              via Maxwell constructionvia Maxwell construction  

DD2npY-T modelDD2npY-T model
   (hadronic) neutrons and          (hadronic) neutrons and          
   protons + hyperonic degrees      protons + hyperonic degrees   
   of freedom   of freedom

Quark matter: Quark matter: 
confining relativistic density functional confining relativistic density functional 
approach (RDF)approach (RDF)
Underlying Lagrangian:Underlying Lagrangian:

                   Meaning what?

IncludingIncluding  vectorvector  repulsionrepulsion  and and diquarkdiquark  
pairingpairing  controlled by dimensionless controlled by dimensionless 
couplingscouplings

    Confinement + Conformal limit + Confinement + Conformal limit + 
    Color SuperconductivityColor Superconductivity
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Shahrbaf, 
Blaschke+
   (2022)

Ivanytskyi,Blaschke (2022)

Including vector repulsion vector repulsion and and diquarkdiquark  
pairingpairing controlled by dimensionless  controlled by dimensionless 
couplingscouplings
                  Confinement + Conformal limit +      Confinement + Conformal limit +      
         Color Superconductivity         Color Superconductivity
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Hybrid EoSHybrid EoS
Low densities – Outer regions of NSLow densities – Outer regions of NS High densities – Inner regions of NSHigh densities – Inner regions of NS

Maxwell construction Maxwell construction 
          first order phase transition first order phase transition 
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Typical plateaus of 1Typical plateaus of 1stst  
order phase transitionsorder phase transitions

       Construction:Construction: 

via chemical potentialvia chemical potential
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Mass-Radius CurvesMass-Radius Curves
Tolman-Oppenheimer-Volkoff Tolman-Oppenheimer-Volkoff 

(TOV) (TOV) 

EoS MassMass and  and RadiusRadius  
of NS sequence  of NS sequence  
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● M-R curves show many interesting characteristicsM-R curves show many interesting characteristics

●  Plotting curves characterized by the couplingsPlotting curves characterized by the couplings
  of the quark phaseof the quark phase

●  Special points anSpecial points an
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●  Special points and onset massSpecial points and onset mass
      (deconfinement phase transition)(deconfinement phase transition)
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CharacteristicsCharacteristics

Sub Sub Topic 1

Sub Sub Topic 2

Sub Sub Topic 3

Sub Sub Topic 4

Sub Sub Topic 5
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Points of Phase Points of Phase 
transitiontransition (onset mass)  (onset mass) 
≙≙ Deconfinement phase  Deconfinement phase 

transitiontransition

Special “points”pecial “points”: area of : area of 
intersection for certain intersection for certain 

sets of couplingssets of couplings

Diquark couplingDiquark coupling controls  controls 
onset of deconfinementonset of deconfinement

Vector repulsionVector repulsion controls  controls 
stiffness of EoSstiffness of EoS
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Gärtlein+ (2023)
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ConjectureConjecture

Sub Sub Topic 1

Sub Sub Topic 2

Sub Sub Topic 3

Sub Sub Topic 4

Sub Sub Topic 5

Relation:Relation:

➢ Special characteristics of                 
the curves are not                           
completely independent

➢                 is fix parameter (fitting)

➢

➢                   and very small
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➢                                 is fix parameter (fitting) is fix parameter (fitting) 

➢                                      and very smalland very small
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● Similar to stars (well studied for       Similar to stars (well studied for       
    the Sun) radial and nonradial                the Sun) radial and nonradial            
    oscillations are considerable    oscillations are considerable

●  Changes of radius and Changes of radius and 
  pressure pressure 
          (harmonic oscillations)(harmonic oscillations)

●  Radial: n=0           zero or Radial: n=0           zero or 
  fundamental mfundamental m

Compact Stars      Building up an NS      Special points      Radial Oscillations      Conclusions

Pressure deviationPressure deviation

Rather+ (2023)
●  n > 1: p-modesn > 1: p-modes

● Radial: n=0           zero or             Radial: n=0           zero or             
    fundamental mode     fundamental mode (f-mode)(f-mode)
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How do they work?How do they work?

Equations:Equations:

Compact Stars      Building up an NS      Special points      Radial Oscillations      Conclusions

radial perturbationsradial perturbations

pressure perturbationspressure perturbations

●  radial pressure oscillations (p-waves)  no GW emission⇒radial pressure oscillations (p-waves)  no GW emission⇒

●  could couple to nonradial oscillations  emit GW⇒could couple to nonradial oscillations  emit GW⇒

●  used to probe composition of compact starsused to probe composition of compact stars
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What to do with them?What to do with them?
Same special point (crossing)

Fixed value

Fundamental 
frequencies

frequency lowers for increasingfrequency lowers for increasing

  until,  until,  

        per definition: last stable f-mode per definition: last stable f-mode 
    for      for  

  see relation: see relation: 
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Unstable branch, as Unstable branch, as 
frequency becomes frequency becomes 
imaginaryimaginary
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1.1.  Phenomenological EoS             in agreement with astrophysical constraintsPhenomenological EoS             in agreement with astrophysical constraints

2.2.  Variation of        while keeping        fixed              family of hybrid quark-hadron EoS Variation of        while keeping        fixed              family of hybrid quark-hadron EoS 

                                                                                                                                                                                  corresponding mass-radius         corresponding mass-radius         
                                                                                             curves intersect in                                                                                              curves intersect in SPSP
3.3.  Finding special points within microscopic approachFinding special points within microscopic approach

also other possibilitiesalso other possibilities
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4.4.  Study of f-modes (belonging to SPs) Study of f-modes (belonging to SPs) 

                        for same gravitational mass, radius and vector couplingfor same gravitational mass, radius and vector coupling

                                                            frequency decreases with decreasing diquark couplingfrequency decreases with decreasing diquark coupling

5.5.  Earlier deconfinement phase transition              higher frequencyEarlier deconfinement phase transition              higher frequency

6.6.  Observing low f-modes          closer to maximum massObserving low f-modes          closer to maximum mass

        with relation: constraining NS mass at which deconfinement transition occurs with relation: constraining NS mass at which deconfinement transition occurs 
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Outlook and further findingsOutlook and further findings
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➢ Constraining the possible values of couplingsConstraining the possible values of couplings

➢  range suggests an early deconfinement of        range suggests an early deconfinement of        
   quark matter and deconfinement onset                  quark matter and deconfinement onset               
   masses below 1 solar mass   masses below 1 solar mass

➢  consistent with the existence of heavy NSs consistent with the existence of heavy NSs 
with up to 2.4 solar masseswith up to 2.4 solar masses
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Thank you for Thank you for 
your attentionyour attention

21/09/2023 End Of Presentation

Any Questions?
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Lagrangian of the quark matter theory: Lagrangian of the quark matter theory: 
              including Up and Down quarksincluding Up and Down quarks
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Definition of couplings:Definition of couplings:

Vacuum value of diquark coupling

Vacuum value of scalar coupling

dimensionless

Fixing parameters via mass and 
decay constant of the pion as well 
as of the scalar meson
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Speed of sound profilesSpeed of sound profiles
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