Part IV: Three-Nucleon Forces to Nuclei

To understand the properties of complex nuclei from first principles
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How will we approach this problem:
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Chiral Effective Field Theory: Nuclear Forces
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Nucleons interact via pion exchanges
and contact interactions

Consistent treatment of NN, 3N, . ..

NN couplings fit to scattering data




Chiral EFT: N°LO 3N

First non—vanishing 3N contributions: Next-to—next—to—leading order v = 3
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Chiral EFT: N°LO 3N

First non—vanishing 3N contributions: Next-to—next—to—leading order v = 3
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Three undetermined TN couplings from NN fit




Chiral EFT: N3LO 3N

Next-to-next-to-next-to-leading order v = 4
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Good news: no new constants Bad news: well, there’s all this




Aside: Effects of Adding Explicit Deltas

A-less theory
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A-full theory: additional graphs

! Ishikawa, Robilotta, PRC76 (07);
: Bernard, Epelbaum, HK, Meil3ner, PRC77 (08); PRC84 (11);
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HK Gasparyan Epelbaum PRC85 (12); PRC87 (13)
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® no effect up to N2LO (modulo reshuffling)

@ expect large contributions to the ring &
2n-1n-topologies saturating some of the
N45.6LO graphs in the A-less theory

@ What is more efficient: A-less N*LO (and
beyond?) vs A-full N3LO ??
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Reshuffles effects to different chiral orders




SRG Evolution in HO Basis

Most common to SRG evolve 3N in HO basis:

3B-Jacobi HO matrix elements o = O.OOfm4
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1) SRG-evolve both NN and 3N: NN+3N-full
2) NN Vlowk, refit 3N: NN+3N-fit



SRG Evolution in HO Basis

Most common to SRG evolve 3N in HO basis:

3B-Jacobi HO matrix elements o=0.02 fm4

A=2.66fm™1

(E'VJT|Ho = Tint |[EYT)
Jr=1"7=1 ha=24Mev

NCSM ground state 3H
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1) SRG-evolve both NN and 3N: NN+3N-full
2) NN Vlowk, refit 3N: NN+3N-fit



SRG Evolution in HO Basis
Most common to SRG evolve 3N in HO basis:

3B-Jacobi HO matrix elements o=1.28 fm?

A=0.94fm™1!

(E'VJT|Ha = Tine |EYT)
Ji=1%17=1 ha=24Mev

NCSM ground state 3H
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1) SRG-evolve both NN and 3N: NN+3N-full
2) NN Vlowk, refit 3N: NN+3N-fit




Effect of including 3N-ind? Exactly initial VNN up to neglected 4N-ind
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Induced 3N Forces
Effect of including 3N-ind? Exactly initial VNN up to neglected 4N-ind
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NN-only clear cutoff dependencs
3N-ind: dramatic reduction in cutoft dependence, no agreement with experiment

NN+3N-full retains cutoff independence, reproduces experiment!



Benefits of Lower Cutoffs

Use cutoff dependence to assess missing physics: return to Tjon line

Varying cutoff moves along line

Still never reaches experiment

Tool, not a parameter!
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Benefits of Lower Cutoffs

Use cutoff dependence to assess missing physics: return to Tjon line

Varying cutoff moves along line

Still never reaches experiment

Tool, not a parameter!

Including 3N reaches expt.

Why not perfect fit?
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Cutoff Variation with 3N Forces

Use cutoff variation to assess missing physics in few body systems

Radii of triton and alpha particle calculated from NN-+3N forces
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Chiral Three-Body Forces in Light Nuclei

Importance of chiral 3N forces established in light nuclei

Converged NCSM (Navratil 2007)
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They work! What about nuclear matter?




Perturbative in Symmetric Nuclear Matter?

[H(A):T—I_VNN(A)+V3N(A)+V4N(A)—|—...J
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Significant improvement with low-momentum interactions!



Perturbative in Symmetric Nuclear Matter?
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Now NN-+3N-fit remain perturbative and reproduce saturation!

Minor but non—negligible cutoff variation



3N Forces for Valence-Shell Theories

Normal-ordered 3N: contribution to valence neutron interactions

Effective two-body Effective one-body

<ab‘ V3N,eff‘a'b'> = 2<adb‘ V3N‘aa'b'> (a] Viy oil@') = E<a/3a| Vil apa’)

a=core af3 =core

Combine with microscopic NN: eliminate empirical adjustments



3N Forces for Valence-Shell Theories

Effects of residual 3N between 3 valence nucleons?

Normal-ordered 3N: microscopic contributions to inputs for CI Hamiltonian

Effects of residual 3N between 3 valence nucleons?
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Residual 3N can be neglected
Work on °O in progress

Approximated residual 3N by summing over valence nucleon

— Nucleus-dependent: effect small, not negligible by 40



Two-body 3N: Monopoles in sd-shell
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Oxygen Anomaly
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Oxygen Anomaly
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Comparison with Large-Space Methods

Large-space methods with same SRG-evolved NN+3N-ind forces
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Normal-Ordered Hamiltonian

Now rewrite exactly the initial Hamiltonian in normal-ordered form

1 1
Hxo = Ey + Z fis {azaj} + 7 Zkl:f‘ijm {a;-ra;azak} + 35 Z Wijkimn {aza;f.a,zazaman}
j
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Normal-Ordered Hamiltonian

Now rewrite exactly the initial Hamiltonian in normal-ordered form

1 1
Hxo = Ey + Z fis {azaj} + 7 Zkl:f‘ijm {a;-ra;azak} + 35 Z Wijkimn {aza;f.a,iazaman}
j

17 1Jklmn
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N.O. I-body — f = \ + D + @
J J J
i i\ /]
N.O. 2-body — T' = >< + >©
k7 M k l

Neglect residual 3N



Comparison with Large-Space Methods

Large-space methods with same SRG-evolved NN+3N-ind forces
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Large-space methods with same SRG-evolved NN+3N-full forces

Comparison with Large-Space Methods
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Oxygen Dripline Mechanism

Self-consistent Green’s Function with same SRG-evolved NN+3N forces
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Robust mechanism driving dripline behavior
3N repulsion raises d5,, lessens decrease across shell

Similar to first MBPT NN+3N calculations in oxygen



Optimized Chiral Forces N2LO NN-Only

Recent calculations at N2LO without 3N forces found a remarkable result
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What does this mean about 3N?



Optimized Chiral Forces N2LO NN-Only

Recent calculations at N2LO without 3N forces found a remarkable result
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Optimized Chiral Forces N2LO NN-Only

Recent calculations at N2LO without 3N forces found a remarkable result
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Oxygen dripline reproduced with NN forces only

Unnaturally large couplings when 3N fit in *H(?) — results off the plot!

Lesson: 3N forces unavoidable part of theory — must investigate importance



Impact on Spectra: 230
Neutron-rich oxygen spectra with NN+3N

5/2%,3/2° energies reflect 22,240 shell closures
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Comparison with MBPT/CCEI Oxygen Spectra

Oxygen spectra: Effective interactions from Coupled-Cluster theory
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Beyond the Oxygen Dripline

Physics beyond dripline highly sensitive to 3N and continuum effects
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Experimental Connection: %4F Spectrum
“F spectrum: IM-SRG (sd shell), full CC, USDB

- —2 —) i
3.5 :_ —35 (4+’2+) %I ]
L . — g E
3 —3 . ]
n —3 + 3+
. : s 5 —6) . ]
E 2.5 - — 1 —a" (4+)_2+ ]
T o —2 : E
b>6 2 L + —1 1+ _
— - —1 .
o - — 1" -
m 1.5 ]
1E -
- + — 2 2"
05 —2 - 1 Ekstrom et al., PRL (2014)
- . . . . 1 Caceres et al., arXiv:1501.01166
0 3 3 3 3 4 Hebeler, JDH, Menéndez, Schwenk, ARNPS (2015)

CC IM-SRG Expt. USDB

New measurements from GANIL

IM-SRG: comparable with phenomenology, good agreement with new data



Fully Open Shell: Neutron-Rich Fluorine Spectra
Fluorine spectroscopy: MBPT and IM-SRG (sd shell) from NN+3N forces
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Bogner, Hergert, JDH, Schwenk, in prep.

IM-SRG: competitive with phenomenology, good agreement with data

Preliminary results already for scalar operators: charge radii, EO transitions

Upcoming: general operators M1, E2, GT, double-beta decay Stroberg et al.



Calcium Isotopes: Magic Numbers
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GXPF1: Honma, Otsuka, Brown, Mizusaki (2004)
KB3G: Poves, Sanchez-Solano, Caurier, Nowacki (2001)
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Phenomenological Forces
Large gap at BCa
Discrepancy at V =34

Microscopic NN Theory
Small gap at B(Ca

N=28: first standard magic
number not reproduced
in microscopic NN theories



V(ab;T) [MeV]

Phenomenological vs. Microscopic
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Compare monopoles from:

Mjcroscopic low-momentum

Interactions

Phenomenological KB3G, GXPF1

Interactions

Shifts in low-lying orbitals:
-T=1 repulsive shift



Calcium Ground State Energies and Dripline

Signatures of shell evolution from ground—state energies?
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No clear dripline; flat behavior past >*Ca — Halos beyond ’Ca?

S, = —[BE (N,Z) - BE(N - 2,Z)] sharp decrease indicates shell closure



Experimental Connection: Mass of °#4Ca

New precision mass measurement of >3,54Ca at ISOLTRAP: multi-reflection ToF
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181 o ] ISOLTRAP Measurement
16 n
S v 201 . . Sharp decrease past >2Ca
O 14 . 34
% . - 1 Unambiguous closed-shell >2Ca
» {0 o=

Test predictions of various models

81 = Experiment o~ 17 MBPT NN+3N
6| O isourap ¢ > i .
1| — 22;3HN (MBF:[T)I) N 1 Excellent agreement with new data
a4~ agen et al. o -
1| - gi?;im 3 Reproduces closed-shell 43:°2Ca
2 - =l

I I I I I I I I I I I : 54
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Neutron number N

Wienholtz et al., Nature (2013)

N=34 magic number in calcium?



Calcium Isotopes: Magic Numbers
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GXPF1: Honma, Otsuka, Brown, Mizusaki (2004)
KB3G: Poves, Sanchez-Solano, Caurier, Nowacki (2001)

Phenomenological Models
Large gap at *Ca, discrepancy at N=34

ADb initio theories
Reproduce all new magic numbers, consistent predictions



Calcium Isotopes: Magic Numbers
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The configurations of calcium nuclei make them good test cases for studies of
nuclear properties. The measurement of the masses of two heavy calcium nuclei
provides benchmarks for models of atomic nuclel. SEE LETTER P.346
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nuclear forces
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The Challenge of Microscopic Nuclear Theory

To understand the properties of complex nuclei from elementary interactions

— T T +| ><| >+< g Three—Nucleon Forces
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How will we approach this problem:

I QCD - NN (3N) forces 2 Renormalize 2 Solve many-body problem = Predictions



New Directions and Outlook

Heavier semi-magic chains: MBPT as guide

Ab initio valence-shell Hamiltonians
Towards full sd- and pf-shells
Implement extended valence spaces

Moving beyond stability
Include continuum effects
Map sd- and pf-shell driplines?
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New Directions and Outlook

Heavier semi-magic chains: MBPT as guide Fundamental symmetries

Ab initio valence-shell Hamiltonians Effective electroweak operators
Towards full sd- and pf-shells ab initio calculation of Ovp3 decay

Implement extended valence spaces WIMP-nucleus scattering

Moving beyond stability
Include continuum effects
Map sd- and pf-shell driplines?
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Final Thought

“Very soft (NN) potentials must be excluded because they do not give saturation;
they give too much binding and too high density.” -

- H. Bethe

How might you respond?
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