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Equation-of-State and Symmetry Energy
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Why is symmetry energy so uncertain??
- Short range isovector tensor correlations; 3-body forces

Heavy ion collisions to investigate EoS in the laboratory




Importance of the Nuclear Symmetry Energy in Nuclear and Astro-Physics

E(,O,é)/A= E(IO) Esym(p

Heavy ion collisions in the
Fermi energy regime;
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Large range of thermodynamic conditions in astrophysical applications

core collapse supernovae

simulation of core-collapse supernova
Baryon density, og, (p e
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Rutledge,
APJ 772, 7G (2013)

analysis by A. Steiner, J.
Latitmer, E. Brown, APJ Lett,
765, L5 (2013)

Rns=10.4+12.9 km

(Bayesian analysis of qLMXB's)

Rns=9.1x1.4km
(assume pure H atmospheres
and identical radii for all NS)



Recent reviews of the Nuclear Symmetry Energy

A Vol. 50

@ Recognized by European Physical Socisty

Hadrons and Nuclei

J. Phys. G: Nucl. Part. Phys. 41 (2014) 093001

A way forward in the study of the symmetry energy) experiment, theory, and observation
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The symmetry energy describes how the energy of nuclear matter rises as one goes away from equal numbers
of neutrons and protons. This is very important to describe neutron rich matter in astrophysics. This article
reviews our knowledge of the symmetry energy from theoretical calculations, nuclear structure me asure ments,
heavy ion collisions, and astronomical observations. We then present a roadmap to make progress in areas of
relevance to the symmetry energy that promotes collaboration between the astrophysics and the nuclear physics
communities.



Clustering of very dilute nuclear matter
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Can this be cecked in heavy ion collisions? yes!



Investigation of warm, low density matter in heavy ion collisions

Semi-central heavy ion collisions,
(*Zn+°2Mo,'°7 Au at 35MeV/A)

and time-resolved measurement
of light fragments from decay of

fireball

S. Kowalski, J. Natowitz, et al.,PRC75 014601 (2007)

J. Natowitz, G. Ropke,, ... HHW, PRL 104, 202501 (2010)
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temperature T=1-5 MeV
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Results relevant for neutrino opacity
in v-sphere in CC SNe
- workshop in ECT*, Trento

t~100 ms R ety
l ——+*  Matter Flow
-

v-sphere

Mass fraction of light clusters in the
post-bounce supernova core, based on
nuclear statistical equilibrium.

Sumiyoshi and Répke, PRC77 (2008) 055804,
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Simulating the supernova neutrinosphere with heavy ion collisions
7-11 April. 2014
Organizers

Chuck Horowitz (Indiana University). horowit(@indiana edn
Joe B. Natowitz (Texas A&M University). j-natowitz{@tamu. edu
Luke Roberts (Calrecii), lroberts@tapir caltech.edu
Hermann Wolter (Ludwig Maximilian University Munich), hermann wolter@lmu.de

v-opacities important for v-driven wind

and r-process nucleosynthesis
Differential Scattering/Absorption Rate:

dl (1) = G—%' (E1— qo)2 [(1 + cos 4 4 (3 — cosf) SEPA(QO, q)]

fluctuationg fluctuations

dcos@ dgy  4w?
spectrum of density spectrum of spin
direct interface with heavy ion physics,

r|km]| S!hOCk

Supernova &= Femtonova (heavy ion collision)




Chemical Equilibrium Constants for light clusters in different clusterization models
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Equation of State for

Astrophysical Applications

range of variables

e temperature: 0.1 MeV < T < 100 MeV = 76 mesh points

e baryon density: 1071° fm™> < np < 1 fm™> = 251 mesh points
e hadronic charge fraction: 0.01 <Y, < 0.60 = 60 mesh points
= in total 1144560 mesh points

information on

e thermodynamic properties (pressure, entropy, energies, chemical potentials)
e chemical composition (nucleons, leptons, light and heavy clusters)
e microscopic quantities (mean-field potentials)

availability

e data tables will be released on CompOSE website —

(http://compose.obspm.fr)

S. Typel (GSI), M. Oertel (LUTH Paris), T. Klahn (Wroclaw)



Correlation of parameters of Symmetry Energy and with experiment

e.g. expansion of Symmetry energy around saturation so———r+—+— SE fitted to nuclear

masses cross below
saturation density,
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J.Lattimer, A. Steiner, EPJA 50, 40 (2014)

(average density of a
finite nucleus)

-> induces a corre-
lation between value
and slope at p,,

eg. in lin. approx.

S(p=%p,)=8,-45L

correlations between model parameters
and between model parameters and observables
in two models (SLy5, DDRMF, G. Colo, Nusym15)
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Note: correlations are model dependent!



The Symmetry Energy at High Density

v,: directed flow v,: Elliptic flow
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Constraints on EOS of symmeitric nuclear matter

- pressure-density
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Constraints on the Symmetry Energy

n/p flow at

400 — 800 MeV/A
> | > symmetry
energy

rather stiff

80
A cluster
- ® Brown n/p flow
B Zhang
__ 60 = HIC Sn+Sn
% 1 IAS
= - [ Russotto
~ 40 Il ASY-EOS
mass fits “
§>,~ i N
LL '-\ ................

20 " % isobaric : Xiao et al.
clusterization ., \  analog states : pions
at very low _'% HICollis
density O | | . | | | |

0 0.5 1 1.5

ni—/mt+ ratio,
still a difficulty!




SUMMARY:

Equation-of-State (EoS) of nuclear matter of interest in itself
and important imput for astrophysics (CC-SN, nucleosythesis, NS structure)

Investigation of EoS in the laboratory in Heavy lon Collisions
(interpretation in complex transport models)

EoS of symmetric nuclear matter (p,=p,) fairly well determined,
but symmetry energy area of very active investigations experimentally
(new facilities) and theoretically:

-> constraints around p, rather stringent
-> cluster effects at very low densities, corresponding cond. of v-sphere
-> few experiments for high density, biggest uncertainty
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Heavy ion collisions:
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Discussions with Experiment:
Wolfgang Trautmann (GSI)

Betty Tsang, W, Lynch (MSU)
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Example: Ratios of emitted pre-equilibrium particles in central collisions

-

136Xe+124Sn, 150 MeV

n,p,t,2He,a

Early emitted Light Clusters reflect difference in potentials in
expanded source, e.g. ratio Y(n)/Y(p)-

1248n+124Sn, 150 MeV

Y(n)/Y(p) Y(t)’Y(°He) .
’ [ 150AMeV, "*Sn+""Sn, b=2fin -@-SLy4
- —(O-SkI2
254 a5l ey SySOft —H— SkM*
0 :E]\ -0=Gs ]
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Asy-EOS dominates Effective mass Fea M)
for slow particles; dominates Y. Zhang, M.B.Tsanget al., PLB 732, 186 (2014)

asysoft has larger
repulsion at lower

for fast particles;
smaller eff. mass favors

Effect also exists for
light clusters (easier
to measure) but
somewhat reduced

densities emission
son: asysoft, mn*>mp*
stn: asystiff, m *>m*
asysoft, H.H. Wolter, et al.,
stp: asystiff, EPJ Web of Conf. &&, 03097 (2014)

similar ‘findings for
Sn+Sn collisions
(MSU)

role of clusters?



Composition of dilute matter

decrease energy by inhomogeneity
-> fractionation into clusters at
higher density and neutron gas
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Particle Fractions

very low density: p,n

Increasing density:
clusters arise: deuteron
first, but then a
dominates

S.Typel, G. Répke, et al., PRC 81 (2010)
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Mott density:
clusters melt,
homogeneous p,n
matter;

here heavier nuclei
(embedded into a
gas) become
important here

comparison to data from
heavy ion collisions
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B O Data, Wada et al.
B Bm Data, Kowalski ef al.
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e mass fractions of nucleons, light and heavy nuclei, electrons, muons

X

mass fraction
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10 15 20
temperature T [MeV]



15

-
o
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Temperatures and Densities
Recall v .¢ vs time calculation

System starts hot and expands as
it cools

Baryon density, log I D(p [gfcma])
A e O N T S
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Core collapse supernova simulation
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Chemical Equilibrium Constants for light clusters in different clusterization models
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Status of determination of symmetry energy around saturation density:

Kam (0= )
Esym(p)ES(p)=So+3 }-I- 1;( Po OJ o

P~ Po

L vs. S,
————
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nuclear mass fits
isobaric analog states
dipole excitations

heavy ion collisions
clustering at very low densities

A consistent picture emerges!




Transport equations

Boltzmann-Uhling-Uhlenbeck (BUU)

X

ot m

O PGt _GuUyr)vPH(F, pit) = [dV, div, di, v
P 2 AV, av, V,

(2:r)36( P, + P, - Py - Py)

[fo by (1= £ )= 1) = 1,8, (1=, )(1- £, )]

Can be derived:

- Classically from the Liouville theorem

- Semiclassically from THDF

- From non-equilibrium theory (Kadanoff-Baym)

collision term included

mean field and in-medium cross sections

consistent, e.g. from BHF

} collision term added

(and fluctuations)

G

@ -

Spectral fcts, off-shell transport, quasi-particle approx.

2r(x,p)

A(x,p) = (p*>-m*?)+T%(x,p)

QPA

ocd(p*z _m*z)@(p*O)

r(x,p)=m*lms;-p, *Imz"*

Transport theory is on a well defined footing, in principle
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Flow Observables

OFF planglemission

X

hounce off

impact parometer b,
v
s

e

/
Teacion plane

hounce off

o

Rapidity distribution

Measurement of momenta of emitted particles:
i.e. momentum tensor.

Possible to measure for all particles:
p,h, d, ..,a, fragments, mesons (x,K,n),..

Transverse flow
(compression)

(stopping) dN/dy 4 <p>
OFF plane emission bef
aftRr >
! | | > y/ybeam
?l 1 y/ybeam
rapidity y = %ln i+ ZZZ
modern approach: -
Flow :N(©;y,p,;b)=Ny,(14Vv,(y,p;)jcos & +|v,(y,p,)icos 20 + ...
v,: Sideward flow v,: Elliptic flow
impact parameter selection: charged | .
particle | 5 ull
Observable that is strongly multipli | S %
crrelated to impact parameter, city o
like mutiplicity, transvers 83 \prnuIS
[T
energy, etc. impact
parameter b




