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Masses in the Stellar Graveyard
s LIGO-Virgo Black Holes in Solar Masses
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Fate of a Neutron Star Merger: n-star, black hole or transient
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First multi-messenger observations of a neutron star merger
and its implications for nuclear physics

March 12 - 14, 2018

[th.h‘..l.tl for a Viewpoint in Plysics ,
PRL 119, 161101 (2017) PHYSICAL REVIEW LETTERS 20 OCTORER 3017
&
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1 Tidal deformation of the Neutron Star
' depends on the compactness (M/R)

Soft EoS
Large deformation

Stiff EoS
small deformation



The physics, (symmetry energy), that governs
the neutrons skin thickness of 2%Pb is the
same as that governing the neutron star radius

C.J. Horowitz, J. Piekarewicz, PRL 86 (2001) 5647

Parity Radius Experiment (P-ReX)

~10 m

Neutron Star
1057

Hubble



208pp n-skin The physics, (symmetry energy), that governs
the neutrons skin thickness of 2%8Pb is the
same as that governing the neutron star radius

C.J. Horowitz, J. Piekarewicz, PRL 86 (2001) 5647

Parity Radius Experiment (P-ReX)

~10 m ~10* m

%pp Neutron Star
~208 10°7
Rnp(ZOSPb)<O.25 fm R(NS)<13.76 km

Fattoyev et al., arXiv:1711.06615



https://arxiv.org/abs/1711.06615
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Alex Brown
PRL 111, 232502 (2013)

Use Skyrme interactions
that fit the masses of
double magic nuclei

Masses and skin data are
sensitive to p~0.65p,
Eq,m@~0.65p) ~25 MeV
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Mlasses and skin data are sensitive to p~0.65p,
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Nasses and skin data are sensitive to p~0.65p, Same slope gives you
sensitive density region of
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Symmetry Energy Constraints from masses
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S(p)

= a(p/po) + b(p/pe)**’
+c(p/po)?/? + d(p/pe)*/?

| Brown: masses of doubly shell nucleli
p,~0.6310.03p, E .\ ps) ~24.7 = 0.8 MeV

|AS: Isobaric Analog States

| p~0.6740.03p, Egpmps) ~25.1 £ 0.9 MeV

{ DFT: Density functional theory
| p~0.72 £ 0.01p, E,ps) ~25.4 £ 1.1 MeV



Symmetry Energy Constraints from masses
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EOS from dynamics of N-star merger and from nuclear collisions

N-Star merger: 102 year; Observation Estimates: ~2/year
NS Binaries

Nuclear-collisions: 102! sec; 107 collisions per experiment

oo @ | 8 B St

Femto-nova explosion created by Heavy lon collisions

Equation of State of nuclear matter
E/A (p,06) = E/A (p,0) + 8*S(p)
0 = (p,- p)/ (Pt Py) = (N-Z)/A




Isospin Diffusion to constrain low density EoS
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Experimental Observables: n/p yield ratios

Lietal., PRL 78 (1997) 1644
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Density dependence of Symmetry Energy at subsaturation density
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HiRA upgrade to improve constraints on symmetry energy and Am*

increase Csl from 4 cm to 10 cm; Install a new charged
the mass splitting effects increase particle veto wall in front of
with particle energies. two neutrons walls

Experiments finished in Feb & March 2018 @ NSCL/MSU
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PHYSICAL REVIEW LETTERS week ending

RL 119, 161101 (2017) 20 OCTOBER 2017
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Au+Au collisions )
400 MeV/u
b=5fm
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Experimental Setup e e e
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Symmetry energy Is not
an observable.

We have to use
transport models to
simulate the reactions
and compare to data.
Mean field (symmetry
energy) plus others
parameters are input to
the transport models.
Need to have different
transport models under
control?

dE/dx (ADC/mm)

—r
o
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Need more analysis and understanding
especially on detector and analysis efficiencies
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Transport Code Evaluation Project

Writing group

B. Tsang, H. Wolter, Y.X. Zhang?, J. Xu!, M. Colonna, P. Danielewicz, A Ono, Y.J. Wang
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Code Evaluation Project |, PhysRevC.93.044609
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Code Evaluation Project Il -- Box Simulations on Collisions w/wo Pauli Blocking
Comparison to Analytical limits : Zhang et al., arXiv:1711.05950
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Summary and Outlook

> Laboratory measurements have provided constraints on the symmetry
energy and the equation of state for neutron-rich matter.

e Significant constraints at sub-saturation densities.
» Constraints on effective mass splitting around and above saturation

densities.

» The important density range of p, < p <2p, IS accessible via heavy ion

reaction.
» Experimental results from Spi

» Improving the reliability of trans
» Code evaluation project Is ma

RIT!
port theory predictions.

KIng significant progress in this direction.

»Need to connect our EoS results to the neutron star merger results
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