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The Liquid Drop Model

Bethe-Weizsacker Mass Formula (circa 1935-36)

ik — ’I“()Al/g
Nuclear forces saturate == equilibrium density

Nuclei penalized for developing a surface
Nuclei penalized by Coulomb repulsion
Nuclei penalized for isospin imbalance (N#Z2)
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@ B(ZN)=-a,A+aA®+a7? /A8 +a(N-Z?/A+...
+ shell corrections (2. 8. 20. 28,50, 82, 126, ...)

a,~16.0, a,~17.2, a.~0.7, a,~23.3 (in MeV)
Neutron stars are gravitationally bound!




Heaven on Earth!

The 208 Pb
St S Radius
R ;’, - ey
h %

@ Neutron skin as proxy for neutron-star radii ... and more!
@ Calibration of nuclear functional from optimization of a quality measure
@ New era: predictability typical — uncertainty quantification demanded

@ Neutron skin strongly correlated to a myriad of neutron star properties:
Radii, Enhanced Cooling, Moment of Inertia, . . .
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Neutron Stars: Unique Cosmic Laboratories

Neutron stars are the remnants of massive stellar explosions (CCSN)
® Bound by gravity — NOT by the strong force
® Satisfy the Tolman-Oppenheimer-Volkoff equation (Vesc/c ~ 1/2)
® Only Physics that the TOV equation is sensitive to: Equation of State
® EOS must span about 11 orders of magnitude in baryon density
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Nuclear Symmetry Energy: Relativistic Free Fermi Gas

restart .
eF = | k> +m”

4
E:= 3 in—(sz +eF2) - m—31n[ (£ + eF) )] — m . # Energy per particle
8 | kF kF m
] 1

= (l—-oc)3_-kF:kn== (1+a)3-kF:
(1-a)

Ep = —2—-3ubs(kF = kp, E) : # proton energy per nucleon

1
En = (-iz-—a) subs (kF'= kn, E) : # neutron energy per nucleon

EQ := Ep + En : # tolal energy per nucleon

Epnm = subs(0.= 1, En) : # pure nuclear matter

Esnm := simplify( coeflayl( E0, .= 0, 0) ) : # symmetric nuclear matter
Symm = simplify( coeflayl( E0, 0.= 0,2) ) : # symmeiry energy

S4 := simplify( coefiayl( E0, .= 0,4) ) : # correction to symmelry energy

Symm, §4;
)

1 kR I (104F + 1LkF m* +4m) kF

’ . 5/2
6 K+ 648 (k.‘?” | 2)’
m:=1:

plot([ Epnm, Esnm + Symm, §4], kF=0..1, color = [black, red, blue], thickness = 2),
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Nuclear Saturation
A Hallmark of the Nuclear Dynamics

—— Experiment
Symmetric Nuclear Matter L - Mean Field Theory
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Relativistic Density Functional Theory:
From Finite Nuclei to Neutron Stars

Relativistic Density Functional: The Effective Lagrangian Density
L = Gibvod — QY YV, — LT - bt — ey TprA,
K A
—P(@0)° — (@O ARV V) (@R b ¢ 0 (Vi V)P

The Encoding:

@ g, and g,: saturation properties (pg ,c9 — masses, charge radii)
g,: symmetry energy (J = a4 — masses, charge radii)

x and \: nuclear compressibility (Ko — ISGMR)

N\, : slope symmetry energy (L — neutron skins, neutron-star radii)
¢: high-density component of EOS (limiting neutron-star mass)
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