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1. Introduction: 

    - cluster expansion & virial corr. 

    - nuclear matter vs. quark matter 

2. Clusters in nuclear matter: 

    - NSE = nuclear statistical equil. 

    - Mott transition, virial corr. 

    - F - derivable formulation ? 

3. Clusters in quark matter: 

    - HRG = hadron resonance gas 

    - Mott transition, PNJL, virial  c. 

4. Outlook:  

    - unified quark-nuclear matter 

    - supernova explosion modeling? 
 

Cluster virial expansion for quark/nuclear matter 



Nuclear Matter:                                    Quark matter: 

Introduction: Cluster expansion and virial corrections 

Low density: 

n = nfree + S A nA + ncorr 

High density: 

n = nfree + S A nA + ncorr 

 

Low density: 

n = nfree + S nM,B + ncorr 

High density: 

n = nfree + S nM,B  + ncorr 
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Strategy: successive improvement 



Thermodynamical relationships 
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Symmetry Energy 
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Summary … so far … 
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F-derivable formulation of cluster virial expansions 
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F-derivable formulation of cluster virial expansions 



F-derivable formulation of cluster virial expansions 

More to come … 
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Mott Dissociation of Mesons in Quark Matter 



Mott Dissociation of Mesons and Diquarks in Quark Matter 



Summary 

Outlook 
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1. The Puzzles: 

     - Hyperon puzzle 

     - Reconfinement 

     - Masquerade  

2. The Solution: 

     Baryon finite size (compositeness) 

      Excluded volume Appr. (EVA) 

3. The Mechanism: 

    Quark Pauli Blocking 

4. Outlook:  

     - High-Mass Twins (next talk) 

     - Supernova explosion mechanism 
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H.-J. Schulze:  
Talk at HyperoNS 2012, 
CAMK Warsaw 
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CAMK Warsaw 



1.2. Reconfinement Problem 
P. Haensel:  
Talk at HyperoNS 2012, 
CAMK Warsaw 



1.3. Masquerade Problem 
M. Alford et al.:  “Hybrid stars  
that masquerade as neutron stars”,  
ApJ 629 (2005) 969 

Quark and neutron star matter EoS are practically indistinguishable for many classes of models.  
Then the  hybrid star branch remains indistinguishable from the neutron star branch! 



2.1. Baryon finite size: Excluded volume approx. (EVA) 

S. Benic, D.B., D. Alvarez, T. Fischer: “Hybrid EoS supporting high-mass twin stars”, In preparation (2014) 



2.2. Higher order quark interactions in NJL quark matter 

S. Benic, D.B., D. Alvarez, T. Fischer: “Hybrid EoS supporting high-mass twin stars”,  in preparation (2014) 



2.3. Hybrid EoS - Results 

S. Benic, D.B., D. Alvarez, T. Fischer: “Hybrid EoS supporting high-mass twin stars”,  in preparation (2014) 

Baryon size effect (EVA): 

- prevents masquerade! 

- strong 1st order PT 
 



2.3. Hybrid EoS - Results 

S. Benic, D.B., D. Alvarez, T. Fischer: “Hybrid EoS supporting high-mass twin stars”,  in preparation (2014) 

Mass-radius sequences: 
- vertical hadronic branch 

- horizontal hybrid branch 

Observable !! 
 



2.3. Hybrid EoS - Results 

S. Benic, D.B., D. Alvarez, T. Fischer: “Hybrid EoS supporting high-mass twin stars”,  in preparation (2014) 

Observable: Radius difference 

of high-mass twin stars !! 
 



2.3. Hybrid EoS - Results 

S. Benic, D.B., D. Alvarez, T. Fischer: “Hybrid EoS supporting high-mass twin stars”,  in preparation (2014) 

Essential for twin stars: 

density-dependent EVA !! 

 

Constant EVA: No twins !! 
 



3. Density-dependent EVA: Quark Pauli Blocking ! 

D.B., G. Roepke: “Pauli blocking for hadrons in nuclear matter …”, Dubna Preprint E2-88-77 (1988) 

Density dependent nucleon radius from  

Virial theorem:  



CSQCD IV: Prerow, Sept. 26-30, 2014 

Website:  

http://www.ift.uni.wroc.pl/~csqcdiv    

Hamburg 

Berlin 

Copenhagen 

Szczecin 

Prerow 
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1. Goal: Find 1st order PT 
 

2. Observation: M & R 
 

3. Theory: QCD based EoS 
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1. Goal: Find 1st order PT 
 

2. Observation: M & R 
 

3. Theory: QCD based EoS 
 

4. Holy Grail: Twins ! 
 

5. Hot: BH formation 
 

6. Future: LOFT, SKA, ...    

Proving the CEP with Compact Stars 



Goal 1: Measure the cold EoS ! 

Plots: M. Prakash, Talk Hirschegg 2009 

Direct approach: 

 

EoS is given as P(ρ) 

→ solve the TOV Equation 

    to find M(R) 

 

Idea: Invert the approach 

 

Given M(R) → find the EoS 

 

Bayesian analysis 

 
 



Measure masses and radii of CS! 



Measure masses and radii of CS! 

... unless the latter sources emit X-rays from “hot spots” → lower limit on R 



The lesson learned from RX J1856 

X-ray emitting region is a “hot spot”, J. Trumper et al., Nucl. Phys. Proc. Suppl. 132 (2004) 560 



Goal 1: Measure the cold EoS ! 

Bayesian TOV analysis: 

Steiner, Lattimer, Brown, ApJ 722 (2010) 33 

Caution: 

If optical spectra are not measured, the observed 

X-ray spectrum may not come from the entire surface 

But from a hot spot at the magnetic pole! 

J. Trumper, Prog. Part. Nucl. Phys. 66 (2011) 674 

 

Such systematic errors are not accounted for in 

Steiner et al. → M(R) is a lower limit → softer EoS 
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Which constraints can be trusted ? 

1 – Largest mass J1614 – 2230 (Demorest et al. 2010) 

2 – Maximum gravity XTE 1814 – 338 (Bhattacharyya et al. (2005) 

3 – Minimum radius RXJ 1856 – 3754 (Trumper et al. 2004) 

4 – Radius, 90% confidence limits LMXB X7 in 47 Tuc (Heinke et al. 2006) 

5 – Largest spin frequency J1748 – 2446 (Hessels et al. 2006) 



 Which constraints can be trusted ? 

Nearest millisecond pulsar PSR J0437 – 4715 revisited by XMM Newton 

Distance: d = 156.3 +/- 1.3 pc 

Period: P= 5.76 ms, dot P = 10^-20 s/s, field strength B = 3x10^8 G 

Three thermal component fit 

R > 11.1 km (at 3 sigma level) 

M = 1.76 M_sun 

 

S. Bogdanov, arxiv:1211.6113 (2012) 



Which constraints require caution ? 

“Ruled out models” - too strong a conclusion! 

M(R) constraint is a lower limit, which is itself included in that 

from RX J1856, which is one of the best known sources. 

A. Steiner, J. Lattimer, E. Brown, ApJ Lett. 765 (2013) L5 



Goal 2: Be lucky – detect a 1st order PT 

Alford, Han, Prakash, arxiv:1302.4732 

First order PT can lead to a stable branch of 

hybrid stars with quark matter cores which, 

depending on the size of the “latent heat” 

(jump in energy density), can even be 

disconnected from the hadronic one by an 

unstable branch → “third family of CS”. 

Measuring two disconnected populations 

of compact stars in the M-R diagram would 

be the detection of a first order phase 

transition in compact star matter and thus 

the indirect proof for the existence of a 

critical endpoint (CEP) in the QCD phase 

diagram! 



Goal 2: Observe 

High-Mass Twin Stars 

Alvarez & Blaschke, arxiv:1304.7758 

Twins prove exitence of disconnected populations 

(third family) in the M-R diagram 

Consequence of a first order phase transition 

Question: Do twins prove the 1st order phase trans.? 



A QCD-based hybrid EoS - nonlocal PNJL model 

DB, Alvarez Castillo, Benic, Contrera, 

Lastowiecki, arxiv:1302.6275 (2012) 



A QCD-based hybrid EoS 

- Formfactors of the nonlocal chiral quark model fixed by comparison with M(p) and Z(p) 

  from lattice QCD calculations of the quark propagator [Parapilly et al. PRD 73 (2006) 
 

- Vector coupling strength adjusted to describe the slope of the pseudocritical temperature 

  In accordance with lattice QCD [Kaczmarek et al., PRD 83 (2011) 014504] 
 

- CEP does not vanish !! Controversial discussion, see Hell et al., arxiv:1212.4017 (2012) 



A QCD-based hybrid EoS 

- for strong vector coupling nuclear matter is stable at low densities 

- for small vector coupling quark matter is stable at high densities 

- for intermediate couplings → masquerade problem [Alford et al. ApJ 629 (2005) 969] 

Here: 

(A) Maxwell construction 

(B) mu-dependent vector coupling:    

H = DBHF, APR; Q = nl-PNJL 



Result 1: hybrid stars fulfill Demorest and RXJ1856 

DB, Alvarez Castillo, Benic, Contrera, Lastowiecki, arxiv:1302.6275 (2012) 



Result 2: 

High mass twins 

are possible ! 

SUMMARY: 

- excluded volume (quark Pauli blocking) in DBHF 

- high-density quark matter slightly stiffer eta_v=0.25 

- the scaled energy density jump (0.65) fulfills the twin 

  condition of the schematic model by Alford et al. (2013) 

→ Find the disconnected star branches !! 



Main Problem: 

Measure Compact Star Radii! 



Gravitational binding: double pulsar J0737-3039 



EoS constraint: double pulsar J0737-3039 



Double pulsar: mass & radius ?! 



Disjunct M-R constraints for Bayesian analysis ! 

Alvarez, Ayriyan, Blaschke, Grigorian, … (work in progress, 2013) 



Disjunct M-R constraints for Bayesian analysis ! 

Alvarez, Ayriyan, Blaschke, Grigorian, … (work in progress, 2013) 



How to probe the line of CEP's in Astrophysics? 



How to probe the line of CEP's in Astrophysics? 

→ by sweeping (“flyby”) the critical line in SN collapse and BH formation 



Perspectives for new Instruments? 





Main Science Objective of the LOFT MIssion: 

Study of matter in ultradense environments and under strong gravity 
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28 member 

countries !! 
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