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Nuclear Interactions

QCD (Lagrangian) is simple is write down
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F. Wilczek, Physics Today (2000)
but is difficult to solve at low energy.

It gets simpler at high energy
(asymptotic freedom).
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The low energy QCD vacuum is non-
perturbative:
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Nuclear Interactions

e Baryons and mesons are the relevant low energy degrees of freedom
at low energy. Interactions between them are strong, complex, and
short-range.

e Pions are special. They are the Goldstone bosons associated with
chiral symmetry breaking and provide the longest range force
between nucleons.

e Other mesons are significantly heavier. It is not very useful to single
them out as mediators of the strong interaction between composite
color singlet states.

e How then can we write down a theory of strong interactions between
nucleons at low energy ?

Potential Models Effective Field Theories (EFT)



Nucleon-Nucleon Potentials
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In coordinate space the potential is
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Potential depends on spin and iso-spin.
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Nuclear Forces at Short Distances

They are essential
even at low energy.

Are constrained by
nucleon-nucleon
scattering data
(phase shifts).

Models favor strong
repulsion. (hard-core)

Range of these forces
IS comparable to the
intrinsic size of the
nucleon.
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A Realistic Potential Model
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Potential is Neither Unique Nor Observable (in QM)

Potential Models: Relies on a set of (reasonable) assumptions about the
short distance behavior to solve the Schrddinger equation and fit
observables.

Effective Field Theory: Relies on a separation of scales to Taylor
expand potential in powers of momenta or inverse radial separation.
Coefficients of the expansion are determined by fitting to observables.

A simple (heuristic) EFT example: 5 2
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When several heavy particles may be exchanged, or when the underlying
mechanism is unknown, the general expansion is
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Nucleons are composite with internal excitations
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Chiral EFT

Systematic approach to 2N Force 3N Force 4N Force
low energy nuclear LO

interactions. (Q/A) ><

Expectation is that the NL02 XHH

expansion will remain Q78 [:;;;HH;;J

valid up to nuclear

density.
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Ground State Energy
2
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two-body nucleon-
nucleon potential is well
constrained by scattering
data.

three-neutron potential is
constrained by light
nuclei.

Quantum Many-Body

Theory:
Quantum Monte Carlo

Diagrammatic Methods
(perturbation theory)

E(pn,pp) :Energy per particle



Diagrammatic Methods

Sum certain classes of Feynman
diagrams to capture non-perturbative
aspects.

N \ nucleon-nucleon interaction

Eg. Bruckner or G-matrix Theory:
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Quantum Monte Carlo

Wy | H|\Wy
Variational Monte Carlo: By = Wy | H[Yv) > FE
(Wv Wy )
Greens Function Monte Carlo:
U (1) = exp[—(H — Eo)T|¥y = Z exp|—(En — Eo)T]antn
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» Evolve particle coordinates.

 MC kinetic terms.

* Explicitly compute potential.
U(Rn,T) = /(; R.. R, 1) --G(Ri,Ro)¥y(Ro)dRn_1 - --dRg

Fermion sign problem - limits GFMC



Energy of Uniform Matter: Nucleons in a Large Box

Given a Hamiltonian and a many-body theory we can calculate the energy
of N neutrons + M protons in a box.

E(pn, pp) MeV
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Energy per Neutron (MeV)
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Nuclear Saturation, (A)symmetry Energy & Neutron Matter

Symmetric matter has zero pressure and is self-bound at a
characteristic density ng ~ 0.16 fm ™"

Energy per particle of symmetric matter is about -16 MeV.
lts costs energy to make matter asymmetric.

Kinetic (Fermi) energy and potential energy costs are
comparable. Total cost at saturation is about 30 MeV.

It Is possible to calculate the energy of pure neutron matter
up to about twice nuclear saturation density. Errors due to
uncertainties in nuclear Hamiltonian (especially three-body
forces) grows rapidly with density.



Nuclei as drops of nuclear matter
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Liquid drop model:
Binding Energy:
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Ruestion 1.1: Why does the liquid drop model of the nucleus provide a
\; fair description of nuclet ?




Surface and Coulomb Energies
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Shell Structure - Magic numbers

Spin-orbit force is
strong in nuclel.
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Pairing

Bertsch, arXiv:1203.5529
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Systems with odd number of neutrons or protons have lower
relative binding energy.

There is a gap in the single particle spectrum.

Pairing is ubiquitous in Fermi systems we shall return this latter.



Pairing is Ubiquitous
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Cooper Pair condensation results
in superfluidity and
superconductivity:

*Energy-gap for fermions

*New collective excitations
(Goldstone modes)




