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Focus of the SINP-ISU Collaboration

Frontier Problem: Understanding the atomic nucleus from first principles

Nearly all of the visible matter in the universe 1s made of atomic nuclei,
yet we do not know how the fundamental laws of physics govern their basic
properties such as their binding energy, their size and their reactions.

Given our physics “first principles”, 1.e. knowledge of the microscopic
forces, relativity and quantum mechanics, we aim to calculate these
basic properties and test for agreement with experimental measurements.
This 1s also called “ab 1nitio” (from the beginning) theoretical physics.

When we are successful, we can claim to understand the atomic nucleus
from first principles. Any discrepancies would point to the exciting

prospect for the discovery of new physics which 1s expected and needed
to help explain outstanding puzzles such as dark matter and dark energy.

This 1s a frontier physics problem requiring the most advanced theoretical
and computational methods.




Standard Model 1s the current starting point
for describing the nuclear processes
that brought the universe to the present time
and can provide fusion energy for the future

This starting point defines our *““ab initi0”

or “from the beginning” theory of the atomic nucleus

Can we successfully proceed from that starting point
to explain/predict nuclear phenomena and use
discrepancies with experiment to reveal new physics?
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Short History of the SINP — ISU Collaboration in Theoretical Physics

In 1995, a delegation from ISU, led by the University Provost, visits Lomonosov
Moscow State University to sign cooperation agreements under the auspices of
the International Institute of Theoretical and Applied Physics (IITAP) at ISU.

In 1995 Profs. Edward Boos and Victor Savrin visit ISU under IITAP auspices
to plan for collaborations between SINP and ISU faculty. This leads to

an agreement for scientific exchanges that is later formalized and continues
to the present day.

In 1997 Prof. Andrey Shirokov visits ISU with support from [ITAP to work with
ISU Profs. Derek Pursey and Thomas Weber. A productive collaboration emerges
with several exchange visits and scientific papers.

In 1998 Prof. Shirokov begins collaboration with Profs. Thomas Weber,

Derek Pursey, James Vary and Alexander |. Mazur (Khabarovsk) addressing

ab initio nuclear structure and reactions. The first joint publication is in 2000 and
it leads to the successful development of the JISP16 NN interaction published

in 2007 now with 196 citations on INSPIRE, 289 citations on Google Scholar.

Beginning in 2012, six successful Nuclear Theory in the Supercomputing Era
(NTSE) International Conferences organized. The next NTSE meeting is
scheduled for 2021 or 2022 in Roorkee, India.

SINP-ISU collaboration has grown to include many additional scientists from
Russia, United States, Korea, China, France and other countries.



AGREEMENT

on scientific coperation
between
D. V. Skobeltsyn Institute of Nuclear Physics,
M. V. Lomonosov Moscow State University, Russia
and
Department of Physics and Astronomy,
Iowa State University, USA

D. V. Skobeltsyn Institute of Nuclear Physics, M. V. Lomonosov Moscow State University,
Russia and Department of Physics and Astronomy, lowa State University, USA, hereinafter
referred to as the Parties, conscious of their aspirations to extend international cooperation and
having common intentions in the field of scientific research, have agreed on the following basic
principles of cooperation:

Section 1.

The purpose of the Agreement is to promote cooperation in the area of science
between the two Parties in fields of mutual interest.

Section 2.

For the realization of these objectives both Parties agree:
¢ to promote establishment of scientific cooperation in nuclear physics and related fields;

¢ to render mutual assistance in raising the scientific qualifications of the academic staff;

e to promote the exchange of publications and documentation on current research;

e to organize bilateral joint symposia, workshops and conferences;

e to implement joint research programs and projects in areas of mutual interest and to
promote collaborative studies and publications.

Section 3.

Both Parties agree that the best forms of cooperation are through direct scientist-to-
scientist initiative and connections in a given field, based on personal and departmental
interests, and in a form that is most suitable to these parties.

Section 4.

All scientists of both Parties can take part in the exchange on the basis of individual
invitations, which the Parties send to each other.

The Party inviting or receiving researchers of the other Party bears the expenses of
their stay in the receiving University as agreed upon by the Parties according to the
conditions adopted in the receiving University.

The sending Party pays transport expenses of the participants of the exchange from
one country to the other.

The number of invitations and duration of visits will depend in each case on the
financial resource available to each Party.



Medical insurance to participants of the exchange will be covered on conditions
accepted in the receiving University.

Section 5.
The Parties agree that the scientific cooperation between them will be implemented
on the basis of the Working Programs signed by representatives of both Parties after
coordination of conditions, topics and participants of scientific cooperation.

Section 6.
Should one of the two Parties wish to broaden the sphere of academic contacts in
the other country so as to involve other institutions, each Party may agree to act as an
intermediary in promoting such contacts and cooperation.

Section 7.
The Parties are entitled to propose amendments to be made to the current
Agreement. In order to become effective the amendments must be recognized by both
Parties in a joint Protocol or Memorandum.

Section 8.
The Agreement has been prepared in two original copies in Russian and English, all
being equally authentic.

Section 9.
The Agreement comes into force on the date of signature and is valid for a period of
5 (five) years, unless one Party notifies the other in writing of its wish to terminate the
Agreement at least ninety days prior to the termination date.

On behalf of On behalf of
D. V. Skobeltsyn Institute of Nuclear Physics, Department of Physics and Astronomy,
M. V. Lomonosov Moscow State University, Iowa State University,

1(2), Leninskie gory, Moscow 119991, Ames, IA, 50011, USA

Russia

Prof. M. I. Panasyuk, Director Prof. Frank Krennrich, Department Chair
Date: Date:

Formally registered
on March 25, 2016




Key collaborative papers ordered by their citation counts [INSPIRE,Google]

A.M. Shirokov, et al., Phys. Lett. B 644 (2007). [196,289]

P. Maris, J.P. Vary and A.M. Shirokov, Phys. Rev. C 79 (2009) [161,242]
A.M. Shirokov, et al., Phys. Rev. C70 (2004) [76,144]

A.M. Shirokov, et al., Phys. Lett. B 621 (2005) [72,125]

P. Maris, A.M. Shirokov and J.P. Vary, Phys. Rev. C 81 (2010) [61,88]
A.M. Shirokov, et al., Phys. Lett. B 761 (2016) [47,69]

A.M. Shirokov, et |., Phys. Rev. Lett. 117 (2016) [46,62]

E. Dikmen, et al., Phys. Rev. C 91 (2015) [36,44]

A.M. Shirokov, et al., Phys. Rev. C 94 (2016) [25,42]

10 A.M. Shirokov, et al., Phys. Rev. C 79 (2009) [25,38]

11. G.A. Negoita, et al., Phys. Rev. C 99 (2019) [16, 18]

+ ~30 more publications including conference proceedings

OCONOORON=

JISP16+Apps: 1, 2,3,4,5,7,8,10
Daejeon16+Apps: 6, 11
Scattering theory: 9, 10, & To be published

5 — Prediction of Fluorine-14 (USDOE highlight slide)

7/ — Prediction of the tetraneutron (USDOE highlight slide)

11 — Deep Learning & ab initio theory (USDOE highlight slide)
To be published: Helium-7 resonances




Phenomeological NN interaction: JISP16

“JISP16” is the J-matrix Inverse Scattering Potential tuned up to Oxygen 16
#® Constructed to reproduce np scattering data

Finite rank seperable potential in H.O. representation
Nonlocal N N-only potential

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

» binding energy of *H and “He
» low-lying states of 6Li (JISP6, precursor to JISP16)
# binding energy of 1O
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Realistic nuclear Hamiltonian: Ab exitu approach

AM. Shirokov***_J.P. Vary *=¢ AL, Mazur®, T A. Weber®



“Proton-Dripping Fluorine-14”

DOE/ASCR/NP — Computational Science Highlight
Objectives Impact
= Apply ab initio microscopic = = Deliver robust predictions important for improved energy sources

nuclear theory’s predictive | « Provide important guidance for DOE-supported experiments
power to major test case = Compare with new experiment to improve theory of strong

interactions
_ _ Progress
P. Maris, A.M. Shirokov, and J.P. Vary, Phys. Rev. . .

C 81, 021301(R), Feb. 2010, uses JISP16 to Experiment validates . pimension of matrix solved
predict 14F lives a short life in specified states (the our published for 14 lowest states ~ 2x10°
“Ab-initio” ladder in the red oval) and decays to predictions! = Solution takes ~ 2.5 hours

Oxygen-13 by emitting a proton. on 30,000 cores (Cray XT4
V.Z. Goldberg et al., “First Jaguar at ORNL)
| observation of 14F”, Phys. Lett. B = P Maris. M. Sosonkina. J. P.
‘FIuofine-14 692, 307 (August 2010). Vary, E. G. Ng and C. Yang,
“Scaling of ab-initio nuclear
| “ : physics calculations on
| Oxygen-13 y YN Lo (4) multicore computer
4 -0 &)  architectures”, 2010 Intern.
\ 1 (1) Conf. on Computer Science,
- D A . W, SN VYT
g z Procedia Computer Science
¢ 1,97, May 2010.
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Daejeon16 NN interaction

Based on SRG evolution of Entem-Machleidt “500” chiral N3LO to
A =1.5 fm™' followed by Phase-Equivalent Transformations (PETs)
to fit selected properties of light nuclei.

A.M. Shirokov, I.J. Shin, Y. Kim, M. Sosonkina, P. Maris and J.P. Vary,

“N3LO NN interaction adjusted to light nuclei in ab exitu approach,”
Phys. Letts. B 761, 87 (2016); arXiv: 1605.00413
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GS radius also agrees with experiment to within 1%
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General idea of the
HORSE formalism

“Harmonic Oscillator Representation of Scattering Equations”

Infinite set of algebraic equations in HO basis of relative motion:

ZN:(T”‘I”' + ann' o 5nn'E) a,, (E) =0. n S N —1

n'=0

T + V Matching condition atn = N

N
> (Taw + Vi — 63uE) @, (E) + Ty y ity (E)=0. n<N—1
n'=0

NCSM with: Then for n > N +1
AN, Q) & A(N,hQ)

o0

Z(Tnln — 5nn.E) a,,(E)=0, which produces:

n'=0

Tnl, w18y, (E) +(Tnln - E)anl (E) + Tnl, wr1nir (E)=0.
“think outside the box”=>T
Arises as a natural extension of

NCSM where both potential and

This is an exactly kinetic energies are truncated

solvable algebraic problem!



Single-State HORSE (SS-HORSE)

N
D H! (n|A)=E,(n|A), n<N
" X (| Y (A

(H— E
Z:O E,—E 47 Standard HORSE
Su(E)—G (E) :
tanS(E) = — 2 NN N N1IN 1 . Also, S-matrix = S(G,,,,)

NZ(E) GNN N,N+l N—l—l,l(E)
Suppose E = E,, <«—— Single-State HORSE

S E z+/
tan5(El): N+l,l( ,1) — (_1)1q2l+11—~(_l+%) (N l)/2( ) .
Cyii(E7) (=Y — )= —=l+)5:q7)
where L, N/ 1y, are associated Laguerre polynomials, @ are confluent hyper-
geometric functions and g = 25, :
hQ2

E, are (obtained from) eigenvalues of the NCSM (for given hQ and N,.,). Once a
scattering channel is defined (sets the continuum energy scale) the phase shift is
calculated. Analog of Liischer's method for a plane-wave basis.

A.M. Shirokov, A.l. Mazur, I.A. Mazur and J.P. Vary, PRC 94, 064320 (2016); arXiv:1608.05885



Resonances in Exotic “He Nucleus within the No-Core Shell Model
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Once the converged phase shifts are obtained via SS-HORSE, proceed to analyze:

Phase shifts -> S-matrix -> complex poles of the S-matrix

Use the spread of the phase shifts to determine resonance uncertainties.

Experiments: stripping/pickup reactions, IAS studies, one neutron knockout from éHe




TABLE II: Energies E, (relative to the n+°He threshold) and
widths of resonant states in “He nucleus. Our estimate of the
uncertainties of the quoted results are presented in parenthe-
ses. The available results of the GSM calculations in the

SS-HORSE (Daejeon16) agrees psdf valence space and of the NCSMC calculations
with Experiment, GSM and NCSMC with SRG-evolved N?LO chiral NN force together with exper-
: imental data are shown for comparison. All values are in MeV.

for two resonances

R This work GSM NCSMC Experiment
E} 024(6) 0.39 0.71 0.430(3)
3/2- ' 0.11(2) 0.178  0.30 0.182(5)
EZ 4.9(3)
r*  3.1(3)
SS-HORSE (Daejeon16) /
predicts 4 more resonances /27 E.  2.7(4) 239 3.005) 35  1.0(1)
(1/2- ~ NCSMC) that could help ' 4.3(3) 2.89 2 10 0.75(8)
explain conflicting Experiments
5/27 E, 3.63(18) 3.47(2) 3.13 3.36(9)
_ ' 1.36(3) 2.3(3 1.07 1.99(17
3/0+ Br 4.1(3)
I 4.4(5)
5/9+ E. 4.2(5)
I  5.005)

|.LA. Mazur, A.M. Shirokov, I.J. Shin, A.l. Mazur, Y. Kim, P. Maris and J.P. Vary, arXiv: 2001.08898



PHYSICAL REVIEW LETTERS

Candidate Resonant Tetraneutron State Populated by the
*He(®He, ®Be) Reaction

K. Kisamori et al.
Phys. Rev. Lett. 116, 052501 — Published 3 February 2016

@ Proton
# Neutron

http://physics.aps.org/articles/v9/14



Prediction of a Tetraneutron

Objectives

Width (MeV)
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Predict properties of neutron-rich systems which relate
to exotic nuclei and nuclear astrophysics

Develop and apply new methods for deriving scattering
properties from ab initio nuclear structure simulations

Produce accurate predictions of nuclear resonances with
quantified uncertainties

. Tetraneutron resonance
' Experiment: Kisamori, et al.,
: PRL 116, 052501 (2016)

|

Statistical error: Pattern area

Systematic error: Light shaded He e
Expe}rimental upper bound on width

@ Proton
# Neutron

'é'_ﬁgp

Impact

Guides experimental programs searching for
tetraneutron resonances

Demonstrate the predictive power of ab initio
nuclear theory for nuclear resonances

Establishes foundation for precision determination of
new trineutron and tetraneutron interactions

Accomplishments

1. Development of SS-HORSE, a new
ab initio scattering formalism
extending the No-Core Shell Model

aw (NCSM) into the continuum

e s eetd 2. Demonstrated predictive power of

|
| Daejeon16 L
: Preliminary Above: illustration of the experiment by ab InItI.O nuclear theory for
| Kisamori, et al, reporting the detection of scattering observables
: the tetraneutron. Left: comparison 3. Provided resonance predictions for
| JISP16 between theory and experiment for the future experimental searches
| Shirokov. et al. tetraneutron resonance. The statistical and
| PRL 117, 182502 systematic errors of the experiment are 4. Introduced new element to the
: (2016) shown separately with the width chart of the nuclides
: determined only as a upper bound. The . .
AN I-IOI.&ISI ' '(IIJI ' I(I)ISI '1I' T I1IF; Y "2|5' o 'é' ' '5'3'5' "1} results of the NCSM are employed in the > PE)OS\S/Ii(l:j)leedhaeztveizf:’:i_li;[-zr;i'ft?on
Er (MeV) SS.-HORSE.method to produce the phase P
shifts leading to the resonance parameters. systems

T e : References: A.M. Shirokov, G. Papadimitriou, A.l. Mazur, |.A.
A — Office of NU@LE I Mazur, R. Roth and J.P. Vary, Phys Rev Lett 117, 182502 (2016);
Y EN ERGY Science A.M. Shirokov, et al, Phys Rev C 94, 064320 (2016)

Nuclear Computational Low-Energy Initiative (Contact: jvary@iastate.edu
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How can Machine Learning (ML), a branch of Artificial Intelligence (Al),
provide help for solving this Big Problem?

Answer: use results from the best, but incomplete, calculations available
with today’s supercomputers to train an artificial neural network (ANN)
to learn the patterns of these incomplete solutions and then use the
well-trained ANN to infer the complete first principles solution.

This is an example of the application of Deep Learning paradigm in Al.

The supercomputer calculations employ the interactions of the neutrons

and the protons (Daejeon16) within the rules of quantum mechanics to solve
for the binding energy and radius of an atomic nucleus. We will use the specific
example of Lithium-6, or 6Li, which consists of 3 protons and 3 neutrons.

These supercomputer calculations are performed as a function of a

cutoff in the number of allowed configurations (N,,.x) and as a function

of the allowed energy range of the neutrons and protons ([0 - N, 1:Q2 ).

We want the ANN to learn how the supercomputer results depend on this
cutoff and on this allowed energy range so that the ANN will infer the

first principles results which are independent of the cutoff and independent
of the allowed energy range.
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Consider the goal of solving for the interaction energy and the radius of °Li.
These are important test cases since available supercomputer calculations
can be used to train and test the validity of an ANN for predicting the first
principles results.

Results of supercomputer calculations up to N, = 10 used for training/testing
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Deep Learning for Nuclear Binding Energy and Radius

Scientific Achievement

= Developed artificial neural networks (ANNs) for extending
the applicati%n range of the ab initio No-Core Shell Model

(NCSM)

= Demonstrated predictive power of ANNs for converged
solutions of weakly converging simulations of the nuclear

radius

= Provided a new paradigm for matching deep learning with

results from high performance computing simulations

Number of ANN

layer hidden layer layer

Neural network (above) used to successfully
extrapolate the °Li ground state energy and rms
radius from modest basis spaces (Nmax datasets)
to extreme basis spaces achieving basis
parameter independence (histograms of
extrapolation ensembles in right figure).

Significance and Impact

= Guides experimental programs at DOE’s rare
isotope facilities

= Extends the predictive power of ab initio nuclear

theory beyond the reach of current high
performance computing simulations

= Establishes foundation for deep learning tools in

SLi with Daejeon16 interaction
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nuclear theory useful for a wide range of
applications

Research Details

Develop ANNSs that extend the

reach of high performance
computing simulations of nuclei

Predict properties of nuclei
based on ab initio structure
calculations in achievable basis
spaces

Produce accurate predictions of
nuclear properties with quantified
uncertainties using fundamental
inter-nucleon interactions such
as Daejeon16

Ref: G. A. Negoita, et al., Phys. Rev. C 99, 054308 (2019);
https://journals.aps.org/prc/pdf/10.1103/PhysRevC.99.054308

Contacts: jvary@iastate.edu; egng@I|bl.gov
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Many outstanding nuclear physics

puzzles and discoveries remain ahead
for the SINP — MSU collabortion

Clustering phenomena
Origin of the successful nuclear shell model
Nuclear reactions and breakup

Astrophysical processes & drip lines

Precision Nuclear Theory as a window on
Physics beyond the Standard Model




Congratulations to the
Skobeltsyn Institute for Nuclear Physics
on 1ts first 75 successtul years!

Thank you for your attention
I welcome your questions




