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The Symmetry Energy Problem
Density Dependence ?
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Fig. 3. Density dependence of the symmetry energy predicated by various interactions.
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Nuclear symmetry energy: An experimental

overview
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Symmetry Energy II: Isobaric Analog States

Pawel Danielewicz! and Jenny Lee?
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FIG. 15: Symmetry energy in uniform matter as a function of density. The hatched region rep-

resents TAS constraints. The short-dashed lines represent extrapolations of that region to supra-

normal, p > pg, and low, p < po/4, densities. The solid, long-dashed and short-long-dashed lines

represent the symmetry energies for the three Skyrme parametrizations represented in Fig. 14 (with

arXiv:1307.4130

symmetry coefficients).

Figure 2. Density dependence of the symmetry energy extracted from dif-
ferent studies described in the text.
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The Symmetry Energy Problem
Density Dependence ?
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formation changes the medium This
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CLUSTER FORMATION Astrophysical Implications, e.g.,
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Light Charged Particle Emission - High Total Multiplicity Collisions
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Coalescence Model Analysis
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Temperatures and Densities

4°Ar, 64Zn + 1125“, 124Sn
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FIG. 3. (Color online) Temperatures and densities sampled by

cluster emission from the expanding IV source.
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Astrophysical Equations of State -
Alpha Mass Fractions .
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Equilibrium constants
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Test of Astrophysical Equations of State
Equilibrium Constant, K,

Many tests of EOS are done using mass fractions. 10
Various calculations include various different
competing species., if all relevant species are not

1010
included, mass fractions are not accurate.
10°
Equilibrium constants, e.g.,
10°
E
~ 107
=)
should be independent of proton fraction and choice of x
6
competing species. 10
5
Models converge at lowest densities, but many are 10
significantly above data at higher density
10*
Lattimer & Swesty with K=180, 220 show reasonable
agreement with data (excluded volume) 10°

QSM (Roepke et al.) with in-medium binding
energy shifts works well

L. Qin et al.PRL 108 172701 (2012).
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Phys. Rev. C 84, 055804 (2011)

Light clusters in nuclear matter: Excluded volume versus quantum many-body
approaches

Matthias Hempel®
Department of Physics, University of Basel, Klingelbergstrasse 82, /056 Basel, Switzerland

Jiirgen Schaffner-Bielicht
Institut fir Theoretische Physik, Ruprecht-Karls-Universitdt, Philosophenweg 16, 69120 Heidelberg, Germany

Stefan Tvpelt
Fzeellence Cluster Universe, Technische Universitit Minchen, Boltzmannstrafie 2, 85748 Garching, Germany

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH,
Theorie, Planckstrafie 1, 64291 Darmstadt, Germany

Gerd Ropke$
Institut fir Physik, Universitat Rostock, Universititsplatz 3, 18051 Rostock, Germany

Clusterized nuclear matter in the (proto-)neutron star crust and the
symmetry energy
arXiv:1307.4202 Ad. R. Raduta, F. Aymard, F. Gulminelli
A contribution to the upcoming EPJA Special Volume on Nuclear
Symmetry Energy
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IN MEDIUM BINDING ENERGIES and MOTT TRANSITION
G. Roepke and Collaborators
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DERIVING MOTT POINTS

1 L

: K (A, Z) = piaz /() (pn)"]

IL NUOVO CIMENTO Vor. BRA, N. 1 1 Bettembre 1885
a.zy=NAD) _ abiebuag
PAZ)=—F—= Goarm. e W[, /C(T)| = B/T - ZIn(Z/A) - Nn(N/4)  (6)

Z A-Z ... B(AZ)
XPpPn T EXP T (4) where C'(T') includes all terms on the right hand side of

Eq. (4) except the exponential term. Using the experi-

In thi ion, \p = 27/MT)Y? is the thermal . .
oL LIS CXPLESSIOn, AT m/MT)"/% is the therm mentally determined equilibrium constants and tempera-

wavelength of a nucleon, s, and s, are the proton and

neutron spins, T is the temperature and B(A, Z) is the tures we then solve this expression to obtain the apparent
cluster binding energy. The term w(A, Z) is the internal binding energies, B(p,T'), of the clusters for the different
partition function of the cluster, taken here to 1 for the temperatures and densities sampled in the experiments.

/ =1 and Z = 2 clusters considered.

AF =T(ZIn(Z/A) + N1n(N/A)) (5)

where once again Z, N and A are those of the cluster
being formed [20]. As mixing is a spontaneous process the CYCLOTRON
free energy of mixing is negative and therefore favors the
cluster formation.




Density Dependent Binding Energies
of Light Clusters — The Mott Point

* Successful QSM Model of Roepke et al. Incorporates In-Medium modification of Cluster
Binding Energies . Clusters become unbound wrt medium at the Mott Point

* Mott points determined in reactions of 47AMeV 4°Ar and %*Zn projectiles with 112 124Sn
are in close agreement with the theoretical estimates

K. Hagel et al., PRL 1081C5)62702 (2012).
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Isoscaling Analysis and Symmetry Energy

An isoscaling analysis of Light Cluster Yield Ratios For Different N/Z Systems Allows
Determination of The Symmetry Free Energy.
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Both T and p are changing
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Symmetry Energy at Low Density

R. Wada et al.Phys. Rev. C 85, 064618 (2012 )

At Low Density The Symmetry Energy is Determined by Cluster Formation. Analysis of
Cluster Yield Ratios For Different N/Z Systems Allows Determination of The Symmetry Free
Energy. Employment of Entropies Calculated with the QSM Model of Roepke, Typel et al
(shown to be appropriate by other measured quantities) Allows Extraction of The LOW
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See also S- Typel et al., Phys. Rev. C 81, 015803 (2010).
J.B. Natowitz et al., Phys.Rev.Lett.104:202501 (2010 ).
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Symmetry energy of dense inhomogeneous matter

S, Typell, L.H. Wolter?, G. Répke?, and D, Blaschke™®
Prepared for EPJA July 2013
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Symmetry Energy II: Isobaric Analog States

Pawel Danielewicz! and Jenny Lee?
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FIG. 15: Symmetry energy in uniform matter as a function of density. The hatched region rep-
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normal, p > pg, and low, p < pp/4, densities. The solid, long-dashed and short-long-dashed lines
represent the symmetry energies for the three Skyrme parametrizations represented in Fig. 14 (with

symmetry coefficients).
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Density Determinations in heavy lon Collisions — G Roepke et al.
Submitted To Phys. Rev. C July 2013
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IN PROGRESS - COLLISIONS AND DISASSEMBLY
OF ALPHA-CONJUGATE NUCLEI

1.Premise: Interest in clusterization in low 3.PreliminaryResuIts I:  Global
density nuclear matter pursued in collisions of | | characterization of exit channels in multiplicities
alpha-conjugate nuclei. Explore role of | | of a-like (alpha or alpha-conjugate ejectiles)
clusterization in dynamics and disassembly. | | indicates larger contribution of such ejectiles
Study exotic dynamically formed alpha clustered | | than obtained in theoretical (AMD) estlmates
states . “Ca+*’Ca 35 MeV/A : :
2. METHOD: Employing TAMU NIMROD O :
detector system to observe production and “f ter g é x
disassembly of alpha-clustered entities. :: - y O
Characterize role of clusterization in reaction N bﬁ;
mechanisms. Inquire into Bose condensate m & z .
possibilities. 'E =
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IN PROGRESS - COLLISIONS AND DISASSEMBLY
OF ALPHA-CONJUGATE NUCLEI

3. Preliminary Results II:

Almass= 12, 3 o’s from PLF

Investigation of mid-peripheral collisions reveals large cross

sections for formation of alpha-conjugate neck structures associated with leading heavy alpha-
conjugate fragment, (22Si,3a), (2*Mg,4 a), (*°Ne,5 a) etc. Disassembly indicates important role
of initial neck geometry and/or proximity effects in neck disassembly.
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Deformation and cluster structures in “C studied with configuration mixing using
Skyrme Inferactions

r ' Ty ' ! - r /
Y. Fukuoka,"* S. Shinohara.® Y. Funaki® T. Nakatsukasa.”* and K. Yabana"*

arXiv 1304.5297/v1 22 April 2013
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FIG. 1. Contour plots of nuclear densities of the stored SDs for *C. A sequential number of the SD is indicated in the top of INSTITUTE
the panel. Units of vertical and horizontal axes are fm. Texas A&M University



Summary

For near symmetric nuclear matter at densities ~.03< p/p, <
0.2 , We

Measure Alpha Mass Fractions, Equilibrium constants-Test
Astrophysical Equations of State

Determine Density dependence of Binding energies - Extract
Mott Points

Determine Symmetry Free Energies

Good overall agreement with model which includes
clusterization and in-medium effects on clusters.
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