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* Ab initio NCSM
- Ab initio: nuclei from first principles using fundamental interactions
without uncontrolled approximations.
- No core: all nucleons are active, no inert core.
- Shell model: harmonic oscillator basis
- Point nucleons
* Daejeon 16 NN interaction

« Ab initio NCSM with Daejeon 16: a few selected works



ADb initio no-core shell model

@ A-nucleon Schrodinger equation

HW(ry,---,ra)=EW(r,---,ra)

e Hamiltonian with NN (+/NNN) interactions
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e Wave functions are expanded in basis states
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basis states ®; : Slater determinants of single particle states



@ single particle states ¢
for radial wave functions, harmonic oscillators are used
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Daejeon 16 NN interaction

"N3LO NN interaction adjusted to light nuclei in ab exitu approach,"
A.M. Shirokov, I.J. Shin, Y. Kim, M. Sosonkina, P. Maris, J.P. Vary, PLB761 (2016) 87

« Unfortunately, the NN interaction at low energies needed for
nuclear physics applications cannot be directly derived from
QCD at the moment

« Ab initio theory (NCSM in our case) requires, of course, a
realistic NN interaction accurately describing NN scattering data
and deuteron properties

« NNN requires a significant increase of computational resources,
e.g. by a factor of 30 in the case of p-shell nuclei

* Nice to avoid NNN forces? Yes



N3LO interaction Ground state energies of Li isotopes

calculated w/ JISP16, NNLO,, and Daejeon16
compared to experimental data.

SRG
(similarity renormalization group)

-30 » Daejeon16 shows more
excellent description for
the binding energies of
Lithium isotopes than
NNLO, (from the first
principle) and JISP16
(phenomenological.)

JISP16 » For each result,

extrapolation is adopted.
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Daejeon16

A.M. Shirokov, I.J. Shin, Y. Kim, M. Sosonkina, P. Maris, J.P. Vary, PLB761 (2016) 87



PET (phase equivalent transformation)

« Assume unitary matrix [U] has only a finite matrix mixing of a few selected
basis function. Then H and H' have identical eigenvalues, and also
asymptotic behavior of their eigenvector wave functions are same.

v does not change scattering phase shifts and bound state energies of two-
body system

v" but are supposed to modify two-body bound state observables such as
the rms radius and electromagnetic moments

eXx) JISP16 [aM. Shirokov, J.P. Vary, Al. Mazur and TA. Weber, Phys. Lett. B 644 (2007) 33]
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Wave 1.5*[} sdq ! 1 “po “p1 “pfa “do
Angle|—2.997 4.461 5.507 1.785 4.299 —2.031 7.833

PET angles (in degrees) defining the Daejeon16 NN interaction in various NN
partial waves.

= binding energies of 3H, 4He, °Li, 8He, 1°B, °C, °0O
= excitation energies of °Li [(3+,0), (0*,1)], '°B[(1+,0)], °C[(2+,0)]
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Daejeonl6 JISP16
Nucleus Nature Theory h€2  Nmax Theory A2  Nmax

"H 8482 8.442(Tgoon) 125 16 8.370(3) 15 20
*He  7.718 7.744(FQ0000) 125 16 7.667(5) 17.5 20
‘He 28296 28.372(0) 17.5 16 28.299(0) 22.5 18
SHe 290269 29.39(3) 125 14 28.80(5) 17.5 16

®He 31409  31.28(1) 125 14  299(2) 20 14
SLi 31995  31.98(2) 1255 14 31.48(3) 20 16
B 64.751 64.79(3) 175 10 63.9(1) 225 10
2O 92162 92.9(1) 175 08 94.8(3) 27.5 10
%0 127619 131.4(7) 175 8 145(8) 3d 8

Binding energies (in MeV) of nuclei obtained with Daejeon16 NN interaction using
Extrapolation B with estimated uncertainty of the extrapolation.



Ab initio NCSM with Daejeon 16: a few selected works



Parity Inversion in ''Be

Y. Kim, IJ. Shin, AM. Shirokov, M. Sosonkina, P. Maris and J. P. Vary, NTSE-2018 ¢ e-Print: 1910.04367 [nucl-th]

* Experimentally: 1/2* -65.483(6) MeV
1/2- -65.165(7) MeV, Exc. energy 0.318(7) MeV

« JISP16: 1/2* -63.3(8) MeV, N, =11
1/2- -64.0(6) MeV, N__=10

Daejeon16: 1/2+ -65.22(7) MeV, N__ =11
1/2° -64.63(2) MeV, N__=10

max
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The ground state energies of several p-shell nuclei using Dagjeon16 and JISP16 compared with experiment.
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Daejeon 16 for heavier nuclear systems

Many-body method:
- HF + perturbation theory (MBPT) for ground states and radii
- RPA for the centroid energy of the isoscalar giant monopole resonance (E.)
and the electric dipole polarizability (ap)
..... since at the moment NCSM is not applicable to heavier systems

Our strategy:
- We first discuss perturbative nature of Daejeon 16 in MBPT.
- We seek for a phenomenological corrections to Daejeon 16 to introduce density-dependent two
nucleon interactions.

P. Papakonstantinou, J. P. Vary, Y. Kim, J. Phys. G 48 (2021) 085105



Experimental data referenced in our work

Nuclide

160 4[1'(:& 48Cja QDZI, ISZSH ZDBPb
Property
E/A [MeV] 7.976 8.551 8.667 R&.710 8.355 T7.867
Rep [fm] 2.699 3.478 3477 4.264 4.709 5.501
R, [fm] 2.581 3.387 3.393 4.199 4.650 5.450
E.(GMR) [MeV]™)| —— 1988 19.18 1813 —— 13.96
ap [fm3/e?] —— —— 2.07(22) —— —— 20.1(6)

(*) Error bars for E.(GMR) are of the order of 107'MeV.
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Phenomenological corrections: density-dependent two nucleon interactions
(two-plus-three-nucleon contact interaction within the mean field approximation)

D = oNs(R
Vo = 5(1 + Po){to + tap([7; +75]/2)}0(7; — 75)

Shang-fang Tsai, Coordinate-space formalism of the random-phase approximation," Phys. Rev. C 17, 1862 (1978).
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E/A [MeV]

R, [fm]

Exemplary results with selected values of (t, t;)

E/A [MeV] R, [fm]
(-180,1200) (-240,1600) | (-180,1200) (-240,1600)
%0 _7.367 -7.912 2614 2.655
20 -5.322  -5.751 2.825 2.883
OCa _8.082  -8.493 3.308 3.383
BCa -7.099 -8.366 3.386  3.470
60Ca _7.036  -7.290 3.500 3.607
Ay 8.038 -8.180 4.038 4.166
100gn -7.432  -7.554 4.226  4.358
1329 _7.382  -7.366 4.440 4.593
208ph _6.556  -6.425 5.116  5.308
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Effective shell-model interactions from Daejeon 16

A new microscopic effective shell-model interactions in the valence sd shell, obtained from

the modern Daejeon16 nucleon-nucleon potential using no-core shell-model (NCSM) wave functions of 8F at Nmx= 6

Ik Jae Shin, Nadezda A. Smirnova, A. M. Shirokov, Zuxing Yang, B. R. Barrett, Zhen Li, Y. Kim, P. Maris, and J. P. Vary, Effective
interactions in the sd shell from Daejeon16, /n preparation.
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[Nmox=4: Nadezda A. Smirnova, B. R. Barrett, Y. Kim, Ik Jae Shin, A. M. Shirokov, E. Dikmen, P. Maris and J. P. Vary,
Phys. Rev. C 100 (2019) 054329]



Harmonic Oscillator Representation of Scattering Equations

 This is one of the reliable method for describing two particle scattering
For example, see Ref: Annals of Physics 280, 299 (2000)
« One-channel, short range potential case: T+V
« Radial Schrédinger Eq: H u,(E,r) = Euy(E, 1) ”H{’”
» Expansion to oscillator functions: u,(E,r) = X, ane(E)Rpe(1)
« Approximation of short range potential V. = {V”"' mn SN~ Nia (P space) 0

0 nn >N~ Npax (Q space) K
+ Kinetic energy Tfn, matrix stay full and infinite! (tri-diagonal, have explicit values) 0
-

N (o)
« Q space solution: anggi) = #norm(S,,(E) + tan &, C,p (E)) —— )
$uc() = #morm (2)F exp (- 2) () 525 BRe ) = ) Pspace  Q space
_t
Cne(E) = #norm <(lefl) 2 exp( hb;z) F; ( n+ £—- —{’ +% 2—5)) Yoreo Cno(E)Rpp (r) = np(r), v - 0.

Sne(E)— GNN(E)TNN+1SN+1,£’(E)
Cne(E)—GNN(E)TNN+1CN+1,2(E)

« After matching => phase shift: tan§, = —

viné)n'Llv
Gy (E) = — f)@ﬁ';#, lv),E, from: Y, Hﬁn, (n'€|lv) = E, (nf]v) (from P space)

« Coulomb + short range, multi-channel scattering description: also exists

y




SNe(E)—GNN(E)TNN+1SN+1,¢(E)

tand, = —
¢ Cne(E)—-GNN(E)TNN+1CN+1,6(E)
(vnf)n'L|v ,
Gnn’(E) = - {/\/;1 Ev<—E | >r Zn' Hrfn' (n'flv) = E,(nf|v)

In P space we may use various calculations with oscil
lator basis, for example, ab /nitio No-Core Shell Mod
el calculations

Phase shifts require ALL eigenstates,

number of them (W ~ exp Npax) increase rapidly
Sn+1,(Ey)
Cn+1,¢(Ey)

Special case E = E,: tan§, = —

Two body test problem:
d,(E,) are "good” phases

By varying N (or N_..) and AQ we obtain E,, and &, |
n some interval , parametrize and extract resonances
from 6,(E)
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Example: na scattering

No Core Shell Model calculations:

E-He(N .. AQY), EAFe(N .., QD)
. . -
Erel.na: E = EoMe — paRe 120 - ' Ly X * % % .
. . - * i
tand = f(£): obtaining - *
. . . . 90} . |
phases in points, f is known function = | * M
s | Daejeonl6 |
Selection criteria =, 60F na, 3/2 o 18 |
2 — SS-HORSE]]
for N, and AQ: oL P )
phases form smooth curve : -
. . . L | ! | ! | ! | .
Parameterization: 6 = 6, + smooth function % 1 2 e 4 5

Extracting E,,I" from O,



Resonance

This work

J7("He) J™(°He)

JISP16  Daejeonl6 Experiment

~

0.665(12) 0.28(4)  0.430(3)
0.57(4) 0.13(2)  0.182(5)
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2.7(8) 2.7(4) 3.0(1) 3.5 1.0(1)
5.0(6) 4.3(3) 2 10 0.75(8)
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4.4(4) 3.63(16)

1.56(4)  1.36(3)

3.85(15)  3.23(25)

2.5(2) 2.28(8)

4.1(7) 34(4)  3.3609)
2.0(7) 1.8(5)  1.99(17)

3/27 0*
1/2F 0f
1/2~ 0"
5/2~ 0*
2+
Predictions
3/25 0*
2+
Predictions

~ ~
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SOOI I | T D

We describe all experimentally known

resonance of unknown spin-parity

l. A. Mazur, I. J. Shin, Y. Kim, A. I. Mazur, A. M. Shirokoy,

5.8(5) 5.0(3)
4.11(23) 2.84(24)
5.3(4) 4.4(4)
3.9(6) 3.9(3)
5.6(7) 4.7(7)
4.0(7) 3.4(8)

"He resonances and suggest an interpretation of an observed wide

P Maris and J. P. Vary, PRC 106, 064320 (2022)



Summary

« A few important and interesting results from ab initio NCSM with
Daejeon 16 are briefly presented.

« The guidance of James, needless to say, was essential in developing
Daejeon 16 and its applications to ab initio nuclear structure studies!



