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Velocity Plots

Light Charged Particles- Most Violent Collisions
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Experiment Analysis

112,124
47 MeV/u Ar + ) Sn o 250 ZnNi26 | ZnNi3s | ZnNia7
Select the most violent collisions o, o, oe
Identify the femtonova ool M, | e,
— Intermediate velocity source oL % e ey
» nucleon-nucleon collisions early in DO SN FTA N FTA A
the reaction zooi ZnMo26. ZnMo3s ZnMo47
— Choose light particles at 45 deg 1500 2, &) o
because moving source fits o 100 e, | o | s
suggest that most products at E & o B,
9? p by 50 "0, |- b“u r LY
that angle result from that F o AT T
source. 2001 " znAuze| ZnAu3sl ZnAua7
Density from Coalescense analysis 5ol ™%, ", 2%
Temperature from Albergo model 00, Sne | e, L
Time scale from velocity of s ¢ ol =
1 | :HH\HH\\HH\HH:HH\‘\HH‘\HH‘HH\‘:HH\‘H\H‘\HH‘HH\
products from intfermediate Obusludussbssbusbuiluwbibusbilunis)
velocity source Vo c/s

PRC 72 (2005) 024603



Coalescence Parameters
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Temperatures and Densities
* Recall v ¢ vs time calculation
« System starts hot

 As it cools, it expands
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SYMMETRY ENERGY LOW DENSITY LIMIT

At Low Density The Symmetry Energy is Determined by Cluster Formation. Analysis of Cluster Yield
Ratios For Different N/Z Systems (ISOSCALING) 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 Density Symmetry Energy
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The equation of state and symmetry energy of low density nuclear matter
K. Hagel, G. Roepke and J. Natowitz , EPJA, 50, 39 (2014)

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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Light Fragment Emission: 136:124Xe+1241126n E = 32,.,150 AMeV ,
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CHEMICAL EQUILIBRIUM FOR LIGHT CLUSTER PRODUCTION

In summary, we have shown that the energy spectra
of nucleons and light bound nuclei follow scaling laws re-
lated to isoscaling and to local chemical potentials. This
provides an important test of transport theory and con-
firms the eqmmlence Di n/ptot/*He spectral ratms for
syst L . £ : nces
between Coulomb barriers h}r such particles. We discuss
the importance of avoiding the limitations of the cluster
production mechanisms of certain mmodels bv construct-
ing coalescence invariant primordial neutron and proton
spectra. Such spectra are less sensitive to the final state
interactions that produce the clusters observed in exper-
iment. We have suc‘ce'aefulhe applied chemical potentlal
scalin ndivi . st elv_predict the

peutron spectra. This will expand considerably the sys-

Transport models need work

“1.G.,

Z.Y. Sun."'? AM. Vander Molen.! G, Verde,'® M.S. Wallace.*? and J. Winkelbauer! 2

arXiv:1402.5216



http://arxiv.org/abs/1402.5216

CLUSTER FORMATION Astrophysical Implications, e.g.,

Modifies Nuclear EOS Core-collapse Supernovae
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Core-collapse supernovae (SN)

— Explosions of massive stars that radiate 99% of their energy in
heutrinos

— Birth places of neutron stars

— Wide range of densities range from much lower than normal
nuclear density o much higher

Neutrinosphere
— Last scattering site of neutrinos in proto-neutron star: ~1012
g/cm3 (~6x10-4fm-3), T~5 MeV

— A thermal surface from which around 1033 ergs (1037 MeV) are
emitted in all neutrino species during the explosion

Core Collapse Supernovae dynamics and the neutrino signals
can be sensitive to the details of neutrino interactions with
nucleonic matter.

— Neutrino properties determine the nucleosynthesis conditions in
the so-called neutrino-driven wind

— Detailed information on the composition and other
thermodynamic properties of nucleonic matter are important to
evaluate role of neutrino scattering.

— Details of neutrino heating depend both on matter properties of
low density nuclear matter and the conditions at the
neutrinosphere



Crab Nebula, HST Image

Supernova
Mass: 4.6 +1.8 . (~9.2x103%g)

Nuclear Reaction frem
Heavy lon Collision.

femtonova
Mass: 20-30'amu (~3.3x102¢ kg)
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Temperatures and Densities

Baryon density, Iogm(p [g/cma])
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Effects of the microphysical Equation of State in the mergers of magnetized Neutron
Stars With Neutrino Cooling

Carlos Palenzuela,! Steven L. Liebling,? David Neilsen,? Luis
Lehner,® O. L. Caballero,”> Evan O’Connor,® and Matthew Anderson”
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FIG. 15: Color map. of the temperature at the scattering
neutrinospheres at ~ 2.5-3 ms after merger for the NL3 EoS
(left), DD2 EoS (center) and SFHo EoS (right). The top pan-
els show the electron neutrinosphere, and the bottom panels
show the electron antineutrinosphere.
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NUCLEOSYNTHESIS IN NEUTRINO-DRIVEN WINDS AFTER NEUTRON STAR MERGERS

D. MARTIN, A. PEREGO, AND A. ARCONES
Institut fiir Kernphysik, Technische Universitat Darmstadt, Schlossgartenstr. 2, Darmstadt D-64289, Germany
GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, Planckstr. 1, Darmstadt D-64291, Germany

F.-K. THIELEMANN
Department of Physics, University of Basel, Klingelbergstrafie 82, 4056, Basel, Switzerland

O. KOROBKIN AND S. RosswoaG
The Oskar Klein Centre, Department of Astronomy, AlbaNova, Stockholm University, SE-106 91 Stockholm, Sweden
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Fic. 10.— Evolution of the neutron density n, (top), average
mass number (A} (middle) and average proton number (Z) (bot-
tom). The solid lines follow the mean values of the four angular
bins (see also Fig. 9). Triangles indicate times, when the temper-
ature reaches T = 3 GK, i.e. the onset of the r-process.



Neutrinos and gravitational attraction
from Black Hole accretion disks

e O.L. Caballero etal.

e-neutrino

e-antineutrino

Figure 1. Electron neutrino (outter) and antineutrino (inner) sur-
faces corresponding to a snapshop at t=20 ms, of a hydrodynam-
ical simulation of a torus around a 3 solar mass black hole.
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* Clusters appear in shock heated nuclear
matter

* Critical region is near last neutrino
scattering surface

— Clusters Role on the dynamics is not yet fully
understood

» Relevance of heavy ion collisions to core
collapse supernovae
— Allow to probe the lower densities in the lab

— Valid treatment of the correlations and
clusterization in low density matter is a vital
ingredient of astrophysical models

— Comparisons of heavy ion data to supernovae
calculations may help discriminate between
different models.



From Wikipedia, the free encyclopedia

The equilibrium constant of a chemical reaction

ad+GB.. = pR+aoS5..

is the value of the reaction quotient when the reaction has reached equilibrium.

For a general chemical equilibriumthe thermodynamic equilibrium constant can be defined such that, at equilibrium, 1121

re - {RY{S) .
{A}*{B}’...

where curly brackets denote the thermodynamic activities** of the chemical species. The right-hand side of this equation corresponds to the

reaction quotient Q for arbitrary values of the activities. The reaction coefficient becomes the equilibrium constant as shown when the reaction
reaches equilibrium.

An equilibrium constant value is independent of the analytical concentrations of the reactant and product species in a mixture, but depends on
temperature and on ionic strength. Known equilibrium constant values can be used to determine the composition of a system at equilibrium.

The equilibrium constant is related to the standard Gibbs free energy change for the reaction.

AG® = —RTI K*

If deviations from ideal behavior are neglected, the activities of solutes may be replaced by concentrations, [A], and the activity quotient becomes
a concentration quotient, K.

= RIS
(A]°[B]"...

K. is defined in an equivalent way to the thermodynamic equilibrium constant but with concentrations of reactants and products instead of
activities. (K. appears here to have units of concentration raised to some power while K is dimensionless; however the concentration factors in K
are properly divided by a standard concentration so that K is dimensionless also.

Assuming ideal behavior, the activity of a solvent may be replaced by its mole fraction, ( approximately by 1 in dilute solution). The activity of a
pure liquid or solid phase is exactly 1. The activity of a species in an ideal gas phase may be replaced by its partial pressure.

chemical thermodynamics species chemical potential

molecules gases  solutions
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Equilibrium constants from a-
particles model predictions

¢ )

Many tests of EOS are done using
mass fractions and various
calculations include various different
competing species.

If any relevant species are not
included, mass fractions are not
accurate.

Equilibrium constants should be more
robust with respect to the choice of
competing species assumed in a
particular model if interactions are
the same

Differences in the equilibrium

constants may offer the possibility to

study the interactions
Models converge at lowest densities
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Constraining supernova equations of state with equilibrium constants from heavy-ion
collisions

Matthias Hempel*
Department of Physics, University of Basel, Klingelbergstrasse 82, [056 Basel, Switzerland

Joseph Natowitz, Kris Hagel, Stefan Typel, and Gerd Répke (preliminary author list)
(Dated: January 29, 2015)

Phys. Rev. C 91, 045805 (2015).
Dependence of Equilibrium constants on various
quantities
— Asymmetry of system
— Coulomb effects
— Particle degrees of freedom

Include comparison where possible to other
particle types observed in experiment (d, 1,

SHe)
Other EOS models
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Particle Degrees of Freedom

« Almost no dependence

o when constraining o A
® -4 - Exp. (Qin et al. 2012) < 10
e ideal gas = )
T g | isgearmcs, | Larger dependence
& HS§DD2;: ng CS: A;4 When COHSTF‘GIHIHQ TO A
o b i % HS(DD2), no CS, npa. <4
e — Production of A>4 very
= 10f ¥ e l small in experiment
- L ® B h
< o . * Best agreement when
S 0| B . . ] only n,p,a included
< R . — Coincidence
10° F ¥ ° . 1 — Not realistic since
. significant d, t, 3He
o5 L ] observed in
¢ experiment.
ot | | — Indicates importance
0 . .
N S S of considering all
0.0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 experimen-ral da?a

Ng (fm'3)



Constraining the EOS

STOS

— Treatsonly n, p, a

— Fits K ,(a) with heavy nuclei suppression, but
cannofq’?i'r d, t,3He

LS

— Treats n, p, a and heavy nuclei

— Fits K,,(a) in unmodified form, but not when heavy

nuclei eguppr'essed

NL3, FSUgold

— Uses different assumptions in different density
regimes
« Large rho: uniform nuclear matter of nucleons

« Intermediate rho: RMF with Hartree calculations
leading to nucleons and heavy nuclei

« Small rho: viral EOS to second order

gRDF

— Treats nucleons, light and heavy nuclei

— Interaction is meson-exchange based relativistic
mean field approach.

QS
— Microscopic treatment with systematic quantum

statistical approach

— Effects of medium on cluster are taken into
account.

K,[a] (fm?)

KJa] (im*)

ll

Kela] (im”)

ideal
STOS
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