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The Overarching Questions
How did visible matter come into being and
how does it evolve?

How does subatomic matter organize

itself and what phenomena emerge?

Are the fundamental interactions that are basic
to the structure of matter fully understood?
How can the knowledge and

technological progress provided by
nuclear physics best be used

to benefit society?
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The Time Scale

Protons and neutrons formed
106 to 1 second after Big Bang
(13.7 billion years ago)

H, D, He, Li, Be; B formed 3-
20 minutes after Big Bang

Other elements born over the = U\U PH [ =
next 13.7 billion years \LE b
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No-Core ConbPguration Interaction calculations

Barrett, Navritil, Vary, Ab initio no-core shell model, PPNP69, 131 (2013)
Given a Hamiltonian operator

| 2 | |
S TEN IO -
Q = S A + Vi + Vik + ...
S| <] I<j<k
solve the eigenvalue problem for wavefunction of A nucleons

|q'( r1,...,rA) = "!( rl,...,rA)

Expand eigenstates in basis states |! "=  a|";
Diagonalize Hamiltonian matrix H; = # ;[Q[" ;"
No-Core CI: all A nucleons are treated the same
Complete basis $ exact result

© oo 0o 0

In practice
» truncate basis
» study behavior of observables as function of truncation



Nuclei represent strongly interacting, self-bound, open systems with multiple scales b
a computationally hard problem whose solution has potential impacts on other fields

Question: What controls convergence/uncertainties of observables?
Answer: Characteristic infrared (IR) and ultraviolet (UV) scales of the operators.

In a plane-wave basis:
I = lowest momentum scale - can be zero (e.g. T,q), 2, B(EL), .. .)
" = highest momentum scale - can be infinity (e.g. T,, hard-core V)

In a harmonic-oscillator basis with Nmax truncation:

I \/! !
Nmax
#l'" N,

What are examples of the other physically relevant scales in nuclear physics?
Interaction scales (total binding, Fermi momentum, SRCs, one-pion exchange, . ..
Leading dissociation scale (halos, nucleon removal energy, . . .)

Collective motion, clustering scales (Q, B(E2), giant modes, . . .)




Guidelines for many-body calculations to guarantee preserved predictive power:
1. Select basis regulators:

I'1  allrelevant IR scale limits

all relevant UV scale limits except T

2. Since T, has simple IR and UV asymptotics, extrapolation is feasible.

rel

I 1J-matrix for scattering b takes both IR and UV limits of HO basis
I 1IR extrapolation tools developed over past ~5 years

To follow guideline #1, the OLS method provides the advantage of transforming
all operators to act only within the scale fixed by the basis regulators.

The cost: induced many-body operators need to be assessed.
The benefit: extrapolation may be avoided




Phenomeological NN interaction: JISP16

JISP16 tuned up to 0O

® Constructed to reproduce np scattering data
Finite rank seperable potential in H.O. representation
Nonlocal NN -only potential

o o @

Use Phase-Equivalent Transformations (PET) to tune off-shell
interaction to

» binding energy of 3H and “He
o low-lying states of °Li (JISP6, precursor to JISP16)
s binding energy of *O

Available online at www.sciencedirect.com

% ScienceDirect PHYSICS LETTERS B
A

ELSEVIER Physics Letters B 644 (2007) 33D37 —_—
www.elsevier.com/locate/physletb

Realistic nuclear Hamiltonian: Ab exitu approach

A.M. Shirokov??* J.P. Vary>¢d, A.l. Mazuré, T.A. Weber

2 Skobeltsyn Institute of Nuclear Physics, Moscow Stateedsity, Moscow 119992, Russia
b Department of Physics and Astronomy, lowa State Univerites, IA 50011-3160, USA
¢ Lawrence Livermore National Laboratory, L-414, 7000 Eagtiue, Livermore, CA 94551, USA
d Stanford Linear Accelerator Center, MS81, 2575 Sand HikkdRdMenlo Park, CA 94025, USA
€ Pacibc National University, Tikhookeanskaya 136, Khabsk®80035, Russia

L Rocaivad B March 9008 racaiad in ravicad farm 11 SantahR-accantad 20 Octahar 2008 ]|



Ground state energy of p-shell nuclei with JISP16

Compare theory and experiment for 24 nuclei Maris, Vary, IIMPE22, 1330016 (2013)
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® 9B P most likely JISP16 produces correct3* ground state,
but extrapolation of 1* states not reliable due to mixing of two 1* states

® 11Be b expt. observed parity inversion within error estimates of extrapolation
® 2B and 2N B unclear whether gs is1* or 2" (expt. at Ex =1 MeV) with JISP16



Energies of narrow A=6 to A=9 states with JISP16

Compare theory and experiment for 33 states Maris, Vary, IJIMPE22, 1330016 (2013)
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® Excitation spectrum narrow states in good agreement with data




Ground state maanetic moments with JISP16
Compare theory and experiment for 22 magnetic moments Maris, Vary, IJIMPE22, 1330016 (2013)
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® Good agreement with data,
given that we do not have any meson-exchange currents




Extrapolating to the infinite matrix limit
l.e. to the Ocontinuum limitO

Results with both IR and UV extrapolations
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=> Uncertainty Quantification




rms radius (fm)
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Ik Jae Shin, Youngman Kim, Pieter Maris, James P. Vary, Christian Forssen,
Jimmy Rotureau and Nicolas Michel, in preparation




=> Apply new extrapolation method:
D. Odell, T. Papenbrock and L. Patter, arXiv 1512.04851

Thanks to Thomas at 8am today!
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OLS Transform on H

Do 2 Do S

H
53 "A 2 . 53 " 5*

**6*7*

BE$I*3*, " & *$9"*<=0"$%6+)>(%.+2(@**
)+."*A&BS$H#Y *+AA/&")*$(*(FTOE?+* (A" Yo +$(%)*




<H$/&"*(>*$9"*<=0*A%(B"))*

UHU = U[T+V]JU = H,
Hy = UgsHUg s = PHP= P[T +V4]P
U"” = PUP
UP
NTHVE
Hyg = U HUP=UP UHU U" = P[T + V4]P
O, = U”uou Uf = P[O_]P
U,s=UPU

UF=PU"P=




Consider the Deuteron as a model problem with V = JISP16

I (JISP16) ~ 50 MeV/c &" (JISP16) = 500 MeV/c (Coon, et al) solved
in the harmonic oscillator basis with #% = 10, 20 and 30 MeV.

Also, consider the role of an added harmonic oscillator quasipotential

Hamiltonian#1 H =T + V

Hamiltonian#2 H =T+ U )+ V

osc(! I basis

Other observables:

Magnetic dipole moment M1
Root mean square radius R
Electric quadrupole moment Q



Truncation vs. OLS for Deuteron Energy

Energy (MeV)
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Truncation vs. OLS for Energy

Fractional Difference
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Truncation vs. OLS for Energy w/ HO
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OLS manages the IR region of the interaction

Note that" \(JISP16) ~ 500 MeV/c

A >400 MeV /c

S
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OLS results are independent of IR and UV basis regulators



Truncation vs. OLS for M1

Fractional Difference
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Truncation vs. OLS for M1 w/ HO
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Truncation vs. OLS for RMS Radius

Fractional Difference
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Truncation vs. OLS for E2
Fractional Difference
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Truncation vs. OLS for E2 w/ HO
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Future Plans:
Expand treatment to wider range of EW operators
Include corrections (e.g. from Chiral EFT) to EW operators
Implement in finite nuclei:
Input OLSOdbperators as TBMEs
Use TB density matrices (static and transition)
to evaluate OLSOdbservables and compare with

results from bare observables

Extend to 3-body H with OLS at 3-body level



Calculation of three-body forces atINO
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Collaboration

J. Golak, R. Skibinski,
K.Tolponicki, H.Witala

P. Maris, J.Vary

H. Kamada

Calculate matrix elements of 3NF in a partie
wave decomposed form which is suitable fc
different few- and many-body frameworks

Challenge
Due to the large number of matrix elements
the calculation is extremely expensive.

Strategy
Develop an efpcient code which allows to
treat arbitrary local 3N interactions.
(Krebs and Hebeler)
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