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Outline

= Ab initio calculations in nuclear physics

= New chiral NN N4LO + 3N
= Beta decays of light nuclei in NCSM
= Microscopic optical potentials from NCSM densities
= Kinetic density from NCSM

= No-Core Shell Model with Continuum (NCSMC)
= N-*He scattering and polarized D+T fusion

= Structure of ’‘Be and ’Li considering binary breakup thresholds



First principles or ab initio nuclear theory
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First principles or ab initio nuclear theory — what we do at present -
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Conceptually simplest ab initio method: No-Core Shell Model (NCSM)

@ nesw

= Basis expansion method

= Harmonic oscillator (HO) basis truncated in a particular way (N, ax)
= Why HO basis?
= Lowest filled HO shells match magic numbers of light nuclei
(2, 8, 20 — “He, 00, 4°Ca)

= Equivalent description in relative-coordinate and Slater
determinant basis

= Short- and medium range correlations
= Bound-states, narrow resonances
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3H and 4He with chiral EFT interactions up to N4LO
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SH=>3He 3 decay

O=6TW 4+ MEC® - O, =6TMV + 6T + MECP + ...

Operator:

Gamow-Teller (1-body) + chiral

meson exchange current (2-body)
Park (2003)

Potential: “N*LO NN”

@ chiral NN @ N*LO, Machleidt
PRC96 (2017), 500MeV cutoff

@ LEC ¢p = —1.8 determined
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Applications to 8 decays in p-shell nuclei and beyond

= Does inclusion of the MEC explain ga quenching? Hollow symbols — GT
Filled symbols — GT+MEC

Both Hamiltonian and operators SRG evolved
Hamiltonian and current consistent parameters

= In light nuclei correlations present in ab initio (NCSM)
wave functions explain almost all of the quenching
compared to the standard shell model

= MEC inclusion overall improves agreement with

experiment ¢ *H, —* Hey
. : PR : : NN N4LO + 3N
;I]'Sgleeiffect of the MEC inclusion is greater in heavier Inl ® 6Hey —6 Liy
7 7T
= SRG evolved matrix elements used in coupled-cluster ¢ 0 Beg = Li;
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3N O o 8Hey —8 Liy
_____________ 0 GT on|y ‘ 0 1000 _>10 Bl
T ‘ GT + 2BC ‘ 01400 _>14 N1

T T I
0.8 0.9 1.0 1.1
P. Gysbers et al., “Quenching puzzle of beta decays,” submitted. ratio to experi ment



Microscopic optical potentials from NCSM densities

PHYSICAL REVIEW C 97, 034619 (2018)

Microscopic optical potentials derived from ab initio translationally invariant
nonlocal one-body densities

Michael Gennari”
University of Waterloo, 200 University Avenue West Waterloo, Ontario N2L 3G1, Canada
and TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada

Matteo Vorabbi, Angelo Calci, and Petr Navratil*
TRIUME, 4004 Wesbrook Mall, Vancouver, British Columbia V6T 2A3, Canada

= Translationally-invariant non-local densities from NCSM calculations with chiral NN N4LO + 3N N2LO interactions

= High-energy proton-nucleus scattering with microscopic optical potentials from chiral N*LO NN interaction and NCSM densities
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Nuclear kinetic density from NCSM wave functions M. Gennari and P. N., arXiv:1808.10537

= DFT calculations include kinetic densit S = = RN
. () = |V Vo (7 )

= Might contain center-of-mass contamination -y
= Can be calculated for light nuclei in NCSM
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Extending no-core shell model beyond bound states %
Include more many nucleon correlations. .. =
i
o TS

...using the Resonating Group
Method (RGM)
ideas




Unified approach to bound & continuum states; to nuclear structure & reactions

= No-core shell model (NCSM)

= A-nucleon wave function expansion in the harmonic-
oscillator (HO) basis & NCSM

= short- and medium range correlations
= Bound-states, narrow resonances

= NCSM with Resonating Group Method (NCSM/RGM) .
= cluster expansion, clusters described by NCSM ﬁr/‘ PSS
= proper asymptotic behavior
= long-range correlations

= Most efficient: ab initio no-core shell model with continuum (NCSMC)

p _ EC/’L 6?/(3) ,v>

NCSMC

V)Y [ ) A,

A (A_ a) S. Baroni, P. Navratil, and S. Quaglioni,
PRL 110, 022505 (2013); PRC 87, 034326 (2013).
Unknowns
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Coupled NCSMC equations
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Solved by Microscopic R-matrix theory on a Lagrange mesh — efficient for coupled channels



n-*He scattering within NCSMC

n-*He scattering phase-shifts for
chiral NN
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Deuterium-Tritium fusion
= The d+3H—n+*He reaction : %7 )
= The most promising for the production of fusion energy in the near future : |

= Used to achieve inertial-confinement (laser-induced) fusion at NIF, and
magnetic-confinement fusion at ITER

= With its mirror reaction, 3He(d,p)*He, important for Big Bang nucleosynthesis

23.97 24.06
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1]\2521392]'(‘4 =5 3 + s
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n-*He scattering and 3H+d fusion within NCSMC
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3H(d,n)*He with chiral NN+3N500 interaction
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NCSMC phenomenology
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3H(d,n)*He with chiral NN+3N500 interaction
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Ab initio predictions for polarized DT

thermonuclear fusion

Nature Communications (accepted); arXiv:1803.11378
Guillaume Hupin'??, Sofia Quaglioni’® and Petr Navratil*

3H(d,n)*He with chiral NN+3N500 interaction
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Structure of '‘Be and “Li
considering binary breakup
thresholds

NCSMC with SRG evolved chiral NN



'Be system

Analyzed mass partitions
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* p+°Li
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'Be — Reproducing the energy spectrum Topiiiiiiiis
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'Be — Reproducing the energy spectrum Topiiiiiiiis

20— T L e — T ]
[ 3 7
240 N'LO (A =500 MeV) ) X X
210 [ _ -1 —
180 KSRG =2.15fm E
150 3
- 120F ] N
Swf - 1101 ¥3
© eof i . 9.9 ¥
30:_ : LLLLLLLLLL LLLL --
0 __’/ .
30k
60|
L L I L I
2% 2 4
360 | 1 I 1 I : 1 I T I T T T 5 m58
- 3 : = .
;3)8 N’LO (A = 500 MeV) / Lisp
o _ . -1 7 - 7-
270 Agpg =2.13 fm 3 4 4.57 5
240 N =il He + He ] ol
_aof e : | #e
& 180 [~ Threshold : 3
Sk : 1
o 150:—
120 1.5866
or *He+*He .
60 ; ] 0.4291 2
30 :_ _: ]052 7 T |
_30 C 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] -()8618 I 895"}'
0 2 4 6 8 10 12 14 L 7Be



A%

| n l_
'Be — New negatlve'panty states L sssssssssnsnssss
L e
[ 3 ]
2408 N°LO (A = 500 MeV) : ) )
210 -1 .
i — P ]
180:— xSRG 2.15 fm 12 _:
150 ]
= 120F .
Q r s 3.3
S 90 3 11.01 22
© 60| ] 99 i
OF E 9.27
OF ] =
30 6. .
o[ Nmax— 11 p+ Li E
C A I A I A I A I A I A I A ] = 5
20 2 4 6 8 10 12 14 7-2) s 5
E.. [MeV] I3 rrrrprs
in J
360 K T T T T T T T T T T T T T ] _ 6OSS — L
330F W3 : 3 2.0U056
woof N'LO (A =500 MeV) ] 6] i+p
n _ | . ! = 7
b Asgg =213 fm e 4 1 = 457 :
a = e+ € .
240F Nmax 51 1 : ol
L TR ; 2
O 180F  Threshold E
= b E
o 150: ]
1201 g 1.5866
90 B *He+*He -
60 - g 0.4291 2
30 ] -
0 - 0478 “?' -~ =3 T=1
_30 C 1 | 1 | S | 1 | 1 | 1 | 1 N -()8618 I 895'}' -
0 2 4 6 8 10 12 14

: 7
E,. [MeV] Li Be



Li system

Analyzed mass partitions

* 3H + 4He
° n+6Lj
* p+°He
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'Li — Reproducing the energy spectrum
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’Li — Reproducing
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S-factor for He(a,y)’Be and 3H(a,y)’Li reactions
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Conclusions

= Ab initio calculations of nuclear structure and reactions with
predictive power becoming feasible beyond the lightest nuclei

= Ab initio structure calculations can even reach (selected) medium
& medium-heavy mass nuclei

= These calculations make connections between the low-energy
QCD, many-body systems, and nuclear astrophysics
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