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Problems:
• Warm Dilute Matter: Nuclear matter at subsaturation densities:
Temperature T ≤ 16 MeV = Es/A, baryon density nB ≤ 0.17 fm-3 = ns.
• Formation of clusters (nuclei in matter):
A = 1,2,3,4: deuterons (d), tritons (t), helions (h), alphas (α)
• Low-density, low-temperature limit:
Virial expansion, non-interacting nuclides, quantum condensates
• Transition to higher densities:
Medium effects, quasiparticles,
interpolation between Beth-Uhlenbeck and DBHF / RMF

Generalized Beth-Uhlenbeck Approach for Hot Nuclear Matter,
M. Schmidt, G. Röpke, H. Schulz: Annals of Physics 202, 57 - 99 (1990).

Refs:
Particle clustering and Mott transition in nuclear matter at finite temperatures,
G. Röpke, M. Schmidt, L. Münchow, H. Schulz: NPA 399, 587-602 (1983).



Outline
• Schrödinger equation with medium corrections:
   Self-energy and Pauli blocking
• Composition of the nuclear gas:
   Generalized Beth-Uhlenbeck equation

• Quantum condensates:
   Pairing and quartetting
• Composition and the EoS of nuclear matter
  (astrophysics: supernovae explosions)
• Cluster formation in dilute nuclei
  (Hoyle state and THSR wave function)
• Symmetry energy in the low-density region
  (heavy ion collisions: cluster abundances)



Low-density EoS and astrophysics

• H. Shen, H. Toki, K. Oyamatsu, and K. Sumiyoshi,
    Progr. Theor. Phys.100, 1013 (1998); Nucl. Phys. A637 435 (1998).

• G. Röpke, A. Grigo, K. Sumiyoshi, and Hong Shen,
     in: Superdense QCD Matter and Compact Stars, Ed. D. Blaschke and

A. Sedrakian, NATO Science Series, Springer, Dordrecht (2006),
     pp. 75 - 91;
     Physics of Particles and Nuclei Letters  2, 275 (2005).

• J.M.Lattimer and F. D. Swesty,
     Nucl. Phys.  A 535, 331 (2001).

• C. J. Horowitz and A. Schwenk,
     Nucl. Phys.  A 776, 55 (2006).



Neutron stars



Structure of a Neutron star



Supernova
Crab nebula, 1054 China, PSR 0531+21



Supernova collapse:
spherically symmetric simulations

A. Arcones
Neutrino driven winds
Talk 25. 2. 08 Ladek



Core-collapse supernovae

Density. 

electron fraction, and

temperature profile

of a 15 solar mass supernova
at 150 ms after core bounce
as function of the radius.

Influence of cluster formation 
on neutrino emission 
in the cooling region and
on neutrino absorption
in the heating region ?

K.Sumiyoshi et al.,
Astrophys.J. 629, 922 (2005)



Parameter range: Explosion

T. Fischer, On the possible fate of massive progenitor stars, Talk 25.2.08 Ladek

40 m_solar



Phase diagram: nuclear matter



Symmetric nuclear matter: Phase diagram



Correlations in low-density matter

• Ideal fermion gas of protons and neutrons?
• Formation of bound states: nuclei
• Medium modifications: quasiparticle concept
• Relativistic mean field approach, nucleons
• Cluster - mean field approach



Properties of light clusters



Ideal mixture of reacting nuclides

mass number A,
charge ZA,
energy EA,ν,K,
ν internal quantum number,
~K center of mass momentum



Composition of nuclear matter



Virial expansion

• excited nuclei
• resonances
• scattering phase shifts (no double counting)

• virial expansions
• quantum statistical approach



Beth-Uhlenbeck formula



Alpha-particle fraction in the low-density limit
 symmetric matter, T=4 MeV

Horowitz & Schwenk (2006), Lattimer & Swesty, (2001),Shen et al. (1998))



alpha - fraction at T = 4 MeV

C.J.Horowitz, A.Schwenk, Nucl. Phys. A 776, 55 (2006)



Nucleon-nucleon interaction



Separable nucleon-nucleon interaction



Many-particle theory



Many-particle theory



Different approximations



Medium effects

Quasiparticle approximation



Lagrangian: non-linear sigma



TM1 parameters

• Shen et al. (1998)



Quasiparticle energies

• Skyrme
• relativistic mean field (RMF)



Single particle modifications

• effective mass

• energy shift



DD-RMF (Typel, 2007)

• scalar field

• vector fields



Quasiparticle approximation for nuclear matter



RMF and DBHF

C. Fuchs et al. (2007)



Different approximations



Different approximations



Effective wave equation
for the deuteron in matter
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Deuterons in nuclear matter

T=10 MeV, P: center of mass momentum



Scattering phase shifts in matter



Generalized Beth-Uhlenbeck formula



Generalized Beth-Uhlenbeck formula



Composition of symmetric nuclear matter

Fraction of
correlated matter
(virial expansion,
Generalized Beth-
Uhlenbeck approach,
contribution
of bound states,
of scattering states,
phase shifts)

H. Stein et al., 
Z. Phys. A351, 259 (1995) 



Quantum condensate

Bose-Einstein-
Condensation
of deuterons
(BEC)

Bardeen-Cooper
Schrieffer
pairing
(BCS)



Correlations in the medium



Account of two-particle correlations
in the medium



Quasiparticle energy shift
• Brueckner-Bethe-Goldstone (dashed)
• generalized Beth-Uhlenbeck (solid)
• incomplete Pauli-blocking (dotted)



Cluster decomposition
 of the self-energy



Few-particle Schoedinger equation
in a dense medium



In-medium shift of
binding energies of clusters

d t alphaT=10 MeV

A. Sedrakian et al., PRC (2006), M. Beyer et al,, Phys.Lett.B 488, 247 (2000)



Composition of symmetric nuclear matter

T=10 MeV
G.Ropke, A.Grigo, K. Sumiyoshi, Hong Shen,
Phys.Part.Nucl.Lett. 2, 275 (2005)



Light Cluster Abundances

S. Typel, 2007



Core-collapse supernovae

Density. 

electron fraction, and

temperature profile

of a 15 solar mass supernova
at 150 ms after core bounce
as function of the radius.

Influence of cluster formation 
on neutrino emission 
in the cooling region and
on neutrino absorption
in the heating region ?

K.Sumiyoshi et al.,
Astrophys.J. 629, 922 (2005)



Composition of supernova core

Mass fraction X of light clusters for a post-bounce supernova core K. Sumiyoshi, G. Roepke
PRC, 2008



Quasiparticle approximation for nuclear matter



Low-density limit: alpha matter?



Break

• Shown today:
– correlations
– composition
– medium effects
– astrophysical relevance

• Monday's lecture:
– quantum condensates
– pairing and quartetting
– Hoyle state and low-density isomers
– low density limit of symmetry energy
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Problems:
• Warm Dilute Matter: Nuclear matter at subsaturation densities:
Temperature T ≤ 16 MeV = Es/A, baryon density nB ≤  0.17 fm-3 = ns.
• Formation of clusters (nuclei in matter):
A = 1,2,3,4: deuterons (d), tritons (t), helions (h), alphas (α)
• Low-density, low-temperature limit:
Virial expansion, non-interacting nuclides, quantum condensates
• Transition to higher densities:
Medium effects, quasiparticles,
interpolation between Beth-Uhlenbeck and DBHF / RMF

Generalized Beth-Uhlenbeck Approach for Hot Nuclear Matter,
M. Schmidt, G. Röpke, H. Schulz: Annals of Physics 202, 57 - 99 (1990).

Refs:
Particle clustering and Mott transition in nuclear matter at finite temperatures,
G. Röpke, M. Schmidt, L. Münchow, H. Schulz: NPA 399, 587-602 (1983).



RMF and DBHF

C. Fuchs et al. (2007)



Quasiparticle approximation for nuclear matter



Beth-Uhlenbeck formula



Alpha-particle fraction in the low-density limit
 symmetric matter, T=4 MeV

Horowitz & Schwenk (2006), Lattimer & Swesty, (2001),Shen et al. (1998))



Alpha-particle fraction in the low-density limit
 symmetric matter, T=20 Mev



Alpha-particle fraction in the low-density limit
 symmetric matter, T=2, 4, 8 MeV



Composition of symmetric nuclear matter

T=10 MeV



α-cluster-condensation
(quartetting)



α-cluster-condensation
(quartetting)





Alpha-condensate (quartetting)
in 4n symmetric nuclei

• A. Tohsaki, H. Horiuchi, P. Schuck, G. Röpke,
    Phys. Rev. Lett. 87, 192501 (2001).

• G. Röpke, A. Schnell, P. Schuck, and P. Nozieres,
     Phys. Rev. Lett. 80, 3177 (1998).

• Y. Funaki, A. Tohsaki, H. Horiuchi, P. Schuck, G. Röpke,
     Phys. Rev. C 67, 051306(R) (2003); Eur. Phys. J. A 28, 259 (2006).

• T. Yamada, P. Schuck,
     Phys. Rev. C 69, 024309 (2004).



Self-conjugate 4n nuclei



Self-conjugate 4n nuclei



Variational ansatz



Variational ansatz



3 alpha variational energy



4 alpha variational energy



Results



Decay of α-condensate at high densities



Decay of α-condensate at high densities



Estimation of condensate fraction
in zero temperature α-matter



Estimation of condensate fraction
in zero temperature α-matter



Suppresion of condensate fraction



Quasiparticle approximation for nuclear matter



Low-density limit: alpha matter?



Influence of cluster formation
on the equation of state

T=10 Mev



Symmetry energy
of a low density nuclear gas

• L. W. Chen, C. M. Ko, and B. A. Li,
     Phys. Rev. Lett. 94, 032701 (2005).

• T. Klähn  et al.,
      Phys. Rev. C 74, 035802 (2006).

• C. J. Horowitz and A. Schwenk,
     Nucl. Phys. A 776, 55 (2006).

• S. Kowalski et al.,
     Phys. Rev. C 75, 014601 (2007).



Symmetry energy and single nucleon potential used in the IBUU04 transport model
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C.B. Das, S. Das Gupta, C. Gale and B.A. Li, PRC 67, 034611 (2003).

B.A. Li, C.B. Das, S. Das Gupta and C. Gale, PRC 69, 034614; NPA 735, 563 (2004).
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Single nucleon potential within the HF approach using a modified Single nucleon potential within the HF approach using a modified GognyGogny force: force:

Density ρ/ρ0

The momentum dependence of the nucleon potential is a result of the non-locality
of nuclear effective interactions and the Pauli exclusion principle

The x parameter is introduced to mimic 
various predictions by different microscopic
Nuclear many-body theories using different
Effective interactions



                    Esym (ρ) predicted by microscopic many-body theories
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Symmetry energy and symmetry free energy

T=4MeV



Symmetry energy for T=2,4,8 MeV



Free and Internal Symmetry Energy

S. Typel, Talk 07



Symmetry energy



Approximations to the symmetry energy

S. Kubis,
Neutron stars with
non-homogeneous
 core,
Talk 26.2.08, Ladek



Influence of cluster formation
on the equation of state

T=10 MeV

Chemical
potential of
symmetric
nuclear matter.

Inclusion of
cluster formation
shifts down the
chemical potential.

The region of 
thermodynamical
instability is reduced.

G.R., A. Grigo (2003) 



Composition of symmetric nuclear matter

T=10 MeV



Low-density EoS and astrophysics

• H. Shen, H. Toki, K. Oyamatsu, and K. Sumiyoshi,
    Progr. Theor. Phys.100, 1013 (1998); Nucl. Phys. A637 435 (1998).

• G. Röpke, A. Grigo, K. Sumiyoshi, and Hong Shen,
     in: Superdense QCD Matter and Compact Stars, Ed. D. Blaschke and

A. Sedrakian, NATO Science Series, Springer, Dordrecht (2006),
     pp. 75 - 91;
     Physics of Particles and Nuclei Letters  2, 275 (2005).

• J.M.Lattimer and F. D. Swesty,
     Nucl. Phys.  A 535, 331 (2001).

• C. J. Horowitz and A. Schwenk,
     Nucl. Phys.  A 776, 55 (2006).



Outline
• Schroedinger equation with medium corrections:
   Self-energy and Pauli blocking
• Composition of the nuclear gas:
   Generalized Beth-Uhlenbeck equation

• Quantum condensates:
   Pairing and quartetting
• Alpha clustering in 4n nuclei
• Composition and the EoS of symmetric matter
• Symmetry energy in the low-density region



Summary
• The low-density limit of the nuclear matter EoS can be
   rigorously treated and has to be considered as benchmark.
• An extended quasiparticle approach can be given for single
  nucleon states and nuclei. In a first approximation,
  self- energy and Pauli blocking is included. An interpolation
  between low and high densities is possible.
• Compared with the standard quasiparticle approach,
  significant changes arise in the low-density limit due to
  clustering. Examples are Bose-Einstein condensation,
  and the behavior of the symmetry energy.

                                                 Thanks for attention



Problems:
• Nuclear matter at subsaturation densities:
Temperature T < 30 MeV, baryon density n_b < 0.17 fm^-3
• Formation of clusters (nuclei in matter):
A = 1,2,3,4: deuterons (d), tritons (t), helions (h), alphas (a)
• Low-density, low-temperature limit:
Virial expansion, non-interacting nuclides, quantum condensates
• Transition to higher densities:
Medium effects, quasiparticles,
interpolation between Beth-Uhlenbeck and DBHF / RMF



Two-particle states in matter



The Equation of State of neutron-rich nuclear matter
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symmetry energy

EOS of isospin-symmetric nuclear matter
with equal numbers of protons and
neutrons

Energy per nucleon in isospin-asymmetric nuclear matter
with different numbers of protons and neutrons

isospin asymmetry δ=(ρn-ρp)/ρ

• This parabolic approximation is valid up to pure neutron matter as shown by
   all existing many-body theories

• The EOS of isospin-symmetric nuclear matter is relatively well determined after
   almost 30 years of hard work by many people in the nuclear physics community

• Besides the possible phase transition at high densities, the symmetry energy
  Esym(ρ) is the most   uncertain term in the EOS of neutron-rich matter



Squeeze-out of neutrons perpendicular
to the reaction plane

Azimuthal angle 



Constraining nuclear effective interactions within Skyrme Hartree-Fock

Boundaries

L.W. Chen, C.M. Ko and B.A. Li, Phys. Rev. C72, 064309 (2005).
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Most of the 21 widely used
Skyrme interactions for nuclear
structure studies are ruled out !

Only 5 survived !



Pauli-blocking
• Wellenfunktion des Bindungszustandes
• Impulsverteilung der Nukleonen:
  kann durch eine Wahrscheinlichkeitsverteilung im
  Impulsraum dargestelt werden
• endliche Dichte der umgebenden Nukleonen
• kann durch eine Fermiverteilung im Impulsraum dargestellt
  werden
• Pauli-Prinzip: Zustände dürfen nicht mehrfach besetzt
  werden
• Wechselwirkung wird weniger effektiv,
  wenn der Impulsraum schon besetzt ist, es können sich
  keine Bindungszustände ausbilden



Few-particle Schoedinger equation
in a dense medium



Nuclear matter: Hamiltonian



Thermodynamic relations



Pairing und α-Cluster in
Atomkernen

•Bindungsenergien der Atomkerne: gerade oder
ungerade Anzahl von Protonen bzw. Neutronen
•Virtuelle alpha-Cluster in der äußeren Schicht der
Transurane
•Bose-Einstein-Kondensate in angeregten n-alpha-
Kernen
•Dünne heiße Materie in Schwerionenstößen



Phasendiagramm Kernmaterie



Zusammenfassung

• Bildung von Clustern (Bindungszuständen)
in niederdichten Systemen

• Auflösung der Cluster bei hohen Dichten
(Abschirmung oder Pauli-blocking)

• Metall-Isolator-Übergang: Phasenübergang?
Transporteigenschaften, optische Eigenschaften

• Quantenkondensate: Übergang von der Bose-Einstein-
Kondensation gebundener Fermionen zum
Bardeen-Cooper-Schrieffer-Pairing der Fermionen



Summary



Danke



Nuclear matter: Hamiltonian



Deuteron-Kondensation
(Bose-Einstein-Kondensation --- BCS-Pairing)





Bindungszustände und
kondensierte Phase

Stark wechelwirkende Systeme (QuantenChromoDynamik)

 Quark-Gluon-
Plasma

HadronenQuarksQuark-Gluon-
System

KernmaterieAtomkerneProtonen,
Neutronen

Vielnukleonen-
system

hohe DichteBindungszuständeelementare TeilchenVielteilchensystem

 Elektron-Loch-
Flüssigkeit

Exzitonen,
Biexzitonen

Elektronen, LöcherHalbleiterplasma

flüssiges MetallAtome, MoleküleElektronen, IonenIonenplasma

hohe DichteBindungszuständeelementare TeilchenVielteilchensystem

Coulombsysteme (QuantenElektroDynamik)



Abschirmung der
Coulombwechselwirkung

• Ladung (Atomkern, positive Ladung)

• umgebendes Plasma wird polarisiert:
  gleichnamige Ladungen werden abgestoßen
  ungleichnamige Ladungen werden angezogen

• eine Polarisationswolke bildet sich (Raumladung)

• Abschwächung des elektrischen Feldes





Mott-Effekt und Ionisationsgrad in
Wasserstoffplasmen



Mikroskopische Beschreibung

• Quantenphysik:
Bindungszustände (Cluster) 
Schrödingergleichung

• Statistische Physik:
Einfluss der Umgebung

• Relativistische Beschreibung:
bei hohen Energien



Effektive Wellengleichung

• Schrödingergleichung
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•  Effektive Wechselwirkung

•  Abschirmparameter



The sun: plasma state



Phase diagram: Coulomb systems



Results



Alpha-particle fraction in the low-density limit
 symmetric matter, T=4 MeV

Horowitz & Schwenk (2006), Lattimer & Swesty, (2001),Shen et al. (1998))


