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Early Universe
quantum Supermassive - : -
fluctuations binary black Compac! object Merging binary
hole mergers captures by stellar remnants
supermassive
black holes Supernovae
Compact Rotating
binary stars asymmetric
in the Milky Way pulsars
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Physics of Hadrons

Physics of Nuclei
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Outline

4 Introduction

New opportunities and challenges in nuclear physics

4 Advances in modeling atomic nuclei

> Nuclear (covariant) energy density functional theory
» Nuclear ab initio methods

Nuclear structure and weak decays

Neutron-star matter
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Atomic nucleus: core of matter

electron
<10"°cm

proton

(neutron)
» quark

nucleus
~10"%cm

atom~10°cm

@ Proton

‘ Neutron
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Structure of atomic nuclei

Total: 3386 known nuclei
https://www.nndc.bnl.gov/nudat2/

half-life |
Seconds ——— Superheavy nuclei
A B> 10+15 | 1001 1
= BWio+10 1002 Al
. B W1o+07 1003
kM Wio+05 1004
H‘I B M10+04  10-05 :
o £ W10+03  10-06 i )
S 10+02 10-07 - I
™ 10+01 1015
10+00 <10-15
Kk
unknown Iu
Periodic Table Of The El
= eriodic fabie e elements
= "* , &
: Atomic nlm ber —» ;1 H |
N=§2
Z=20 !- “N=50
B r_l—l ...r
748 s
T ' TN=28
“N=20
“N=8
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Structure of atomic nuclei

Total: 3386 known nuclei
https://www.nndc.bnl.gov/nudat2/

half-life _
— ——— Superheavy nuclei
A B> 10+15  10-01 .

= Wo+10 10-02

B B 10+07 10-03

o

- B 10+05 10-04

5 B10+04 10-05

v

£ M 10+03 10-06

= 10+02 10-07 7=82

™ 10+01 10-15 -

|}
10+00 <10-15 :
unknown
Z=50 \ e neutron side of
A S Nuclei with exces: od:?lloy i’. :—::,:E{“ f
SN nucleons move n't sure where the
down the valley pline lies
Yl | toward stability
= N=52
7=25 |[]
=20 “N=50 For a given mass
| number A=Z+N
b4 5
d I TN=28
T N=20 STABLE ELEMENTS
“N=8

E~Z
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Structure of atomic nuclei

Total: 3386 known nuclei
https://www.nndc.bnl.gov/nudat2/

C. Liu et al., PRL116, 112501 (2016)

Band |

——— Superheavy nuclei

Band 4
(

pairing effect

energy

o Stable nuclei <300

M Pronounced shell structure
M Strong collectivity/shapes

z=28 || .- e
i i ™ Superfluidity
. s ™ High-spin states
748
. ' ThN=28
T N=20
“N=38 Potential Energy Surface for '#°Pb

A. Andreyev et al., Nature 405 (2000) 430
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Structure of atomic nuclei

> 1HH

‘@5_ : .iﬁ R

..‘ . '. v : - \.:
SR i,
. -‘.:._ ) "

— C :.\ 5 .YT ‘;.,‘ ; " ;.‘

o

7=50 i o

i
L N=82
R »
z=28 |]
Z=20 “N=50
7=8 I
N=28
“N=20
“N=5

21

BB HEERE

» Estimated Possible
m New from FRIB
m Known Isotopes

O 10 20 30 40 50 60 70 80 90
Atomic Number

A.B.BALANTEKIN et al., Mod. Phys. Lett. A (2014)
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Structure of atomic nuclei

Total: 3386 known nuclei
https://www.nndc.bnl.gov/nudat2/

half-life
Seconds -
A B> 10+15 | 10-01 a1 LE
= [l 0+10 10-02 - P o o
B M1o+07  10-03 = = -
< Mio+05  10-04 oo = P
y B10+04 10-05 i N/Z hive
E Wi0+03  10-06 e — o
c 10+02 10-07 i Siz
™ 10401 10-15 g -
10+00 <10-15 - 5
unknown d the valley nemr.on-rgch
o
: 5 — unstable nuclei ~3000
Z=50 - . —
d r M Neutron halo/skin
B =52 M Exotic excitation modes
728 | N ™ Shell quenching

120 I I Onset of large collectivity at

I nuclei with traditional magic

z=8 s ’ numbers (island of inversion)

“N=20
“N=8

Interplay: continuum, pairing and collectivity
Neutron halo
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Rare isotope facilities

Rare Isotope Facilities World-Wide

ORNL HRIBF*

»

5
Notre Dame T
V Spiral / Spiral Zy

LBNL

" )
Texas A&M ‘,"' R o
% L@MYRRHA
FSU RESOL ) 120 kW
Ny

* ISOL-type Facilities | VECC-ANURIB®
= In-Flight-type Facilities '~

L 4
University of Sao Paulo ANU-SOLITAIR{

* planned or in construction

CARIF: China advanced rare ion beam facility
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N BB F RS ARIEEIES (HIRFL-CSR)

Nuclear physics at HIAF
— What are the limits to nuclear existence?
— What are new forms of nuclear matter far from stability?
— How about the quantum levels far from stability?
— What are new forms of collective motion far from stability?
— What dynamical symmetries appear in exotic nuclei?
— How were the elements from carbon to uranium created?
— How is energy generated in stars and stellar explosions?

— What is the behavior of stars and supernovae?
32 LHA
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Multi-messenger Observations of a Binary Neutron Star

Merger”

Gravitational waves y-rays y-rays

LIGO MAGIC

Cosmic rays Neutrinos
,//
k|
» |
]
L 2~
Pierre Auger Observatory IceCube

Neutron star merger

GW170817

> 1HH

B. P. Abbott et al., Astrophys J. 848, L12 (2017).

i LIGO - Virgo

frequency (H
counts/s (arb. scale)
normalized F,

O
o

6 400 600 1000 2000
wavelength (nm)

GW-

TR I
y-ray

Fermi, INTEGAAL, Ast , IPN, Insight-HXMT, Swilt, AGILE. CALET, H.E.S.8,, HAWC, K Wind

X-ray
Swift, MAXVGSC, NuSTAR, Chandra, INTEGRAL

| |

UV S——
Swi, HST
Optlcal e °
wops, DECam, DLTA9, REM-ROS2, HST, Las Cumbras, SkyMapper, VISTA, MASTER, Magelian, Subary, Pan cg:%s(
HET 127G, LSGT 117 Gemnt South NTT snono SON/ESEVAT KTHer E90 VST VIAT SALT GHILES TOROS T TIRERI/ET '
BOGTES-5, Zadks, Talasoopa.Net, AAT, 71 of tha Sky, AST3-2, ATLAS, Danish Tsl, DFN, 1805, EABA :llj,‘\, HIBRL NI UNE 1) |
s - -
REM-ROS2, VISTA, Geminl-South, 2MASS Spazer, NTT, GROND, SOAR. NOT, ESO-/V'J./‘GI\&& Telescope, HST \
e R rnupfium nil
: \
Radio s \ b
ATCA. VLA, ASKAP, VLBA, GMAT, MWA, LOFAR. LWA,ACHA, OVRO, EVN, s-MERLIN, MeerAT, Parkes. SRY, Eftaisberg \ A
i\ I m L I i L
e AV RTANERD W RRER
= r ¥ X 7
-100 -50 0-750 10° 10" ‘100 10 ‘
_#t(s) t-1. (days) \
o~ \ / |

1M2H Swope DLT40 VISTA Chandra

h|[11.24h YIK| |9d X-ray
Las Cumbres J VLA

10.86h
MASTER

iz|11.57h W 16.4d Radio
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Nuclear physics in astronomy (nucleosynthesis)

GW170817: gravitational wave signal and its associated AT 2017gfo electromagnetic (EM)
counterpart provided the first evidence that r-process nucleosynthesis occurs in neutron
star mergers.

-process
rapid neutron captures
X(n,y)Y
A proton
| capture
— neutrzon T
capture
Z
\ B decay AN - -
\ B" decay -
D stable
:\ unstable >
N —
redit: D. Berry, orks Digital, Inc. | i e ‘ I L L L
s e L ' ; 10 ® renormalized solar rfgrocess abundances?
. . 10"} V :
kilonova (decay of heavy r-process nuclei) < g
© 10_5 3 .
g . .’.. .
> 10 " f —— FRDM+TF "
What is the origin of elements e HFB14 ]
heavier than iron? - BOPME
120 160 200 240
A
26 Samuel A. Giuliani et al., PRC102, 045804 (2020)
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Nuclear physics in astronomy (neutron stars)

GW170817: Measurements of Neutron Star Radii and Equation of State

Stringent constraints on neutron-star radii from
B. P. Abbott et al.. PRL121. 161101 (2018)

multimessenger observations and nuclear theory

b ™

Collin D. Capano et al.. Nature Astronomv 4. 625 (2020)
2000 1

A g ~
\ Less Compact \\ %,
,I/»,\\ a R :11 11;}’5"3 v
\ '5/4 \ ', ; 12
\ i

1500 - More Compact %

o1

<1000 -

500 1

) ‘0 ="
5%67 QY L= "W

250 500 750 1000 1250
A1

Tidal deformation (34 JEAY) |

M enhances GW emission
M accelerates the decay of the quasicircular inspiral

R (km)
Atmosphere
. . . . . Inner crust:
The leading-order contribution i1s proportional to nucle + neutrons + ¢ / Owie e
each star’s tidal deformability parameter, Pty it nocei ¢

Inner core:

Meson condensates ?
Hyperons ?

Quarks ?

A =A/M° =2k /3BC,

Quter core:
Uniform nuclear matter
n+p+e + |

with C = M /R denoting the compactness of the configuration.

T. Hinderer (2008) Astrophys. J. 677 1216-20 16 b‘ il g
27
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Neutron stars as windows into ultra-dense matter

Forces
between
particles

eI

w
(=)

logigPressure (dyne/cm?)
w
(9 )

w
w

w
F=N

Equation of state

—— Nucleonic
[ ---- Quark
—-— Hyperonic
....... Hybrid
Parametrized

142 14.4 146 148 150 152

logyo Density (g/cm?)

Stellar
structure
equations

Core composition

Neutron Proton Hyperon

Nucleonic matter Hyperonic matter Quark matter

—

3.0

2.5¢

2.0t

Mass-radius

10 11 12 13 14 15 16
Radius (km)
+ Spin

Exterior space-time

Figure adapted from A. Watts

® Recent review article: Drischler, Holt & Wellenhofer, Ann. Rev. Nucl. Part. Sci. (2021)

Credit to J. Holt
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Quantum Chromodynamics

| 1 y
‘CQCD — q_(’z,fy'upu o M)q _ Zg,uy,agg
Aa
2

g;u/,a — a,u-Au,a = aI/A/,L,CL =+ gfabcA;L,bAu,c

D,=0,—ig—A,.

High Performance
Computing

\ 29 S
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Outline

4 Introduction

New opportunities and challenges in nuclear physics

<4 Advances in modeling atomic nuclei

> Nuclear (covariant) energy density functional theory
» Nuclear ab initio methods

Nuclear structure and weak decays

Neutron-star matter

4 Summary and Outlook
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How to modeling atomic nuclei?

Degrees of Freedom Energy (MeV)

» 0.0 G

~ 0 9 .

_g quarks, gluons

©

T @ 940

o neutron mass

%)

2

7 constituent quarks ! AN

- @

‘ 140 Image with different resolutions
pion mass
baryons, mesons

% 8

3 proton separation

= energy in lead

N

o A

g protons, neutrons

%)

2

Q 1.32
vibrational
state in tin

nucieonic densities
and currents

0.043
rotational
state in uranium

coliective coordinates

multi-faceted nuclei
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How to modeling atomic nuclei?

Degrees of Freedom Energy (MeV)
: 0%°0
2 O
quarks, gluons
©
T
I 940
(@) neutron mass
2]
9
w constituent quarks
>
g ( | )
(78 140
pion mass
baryons, mesons
% 8
3 proton separation
= energy in lead
N
O - =
8 protons, neutrons
@
é stable nuclei
Q 132
vibrational known nuclei
state in tin
nudieonic densities
\ and currents g
0.043
rotational

state in uranium

coliective coordinates

multi-faceted nuclei The Frontiers of Nuclear Science: A Long-Range Plan, 2007.
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Many-body problem One-body problem

//\]"I_.1'| s WDy 53 5B N | o 1 T - TN ) { | I‘ V?) F () — ¢ ,} w:(r) = ()
2M ' de
) N N N
H = Z t; + Z Vii + many-body forces H = Z(ti + U;) + (Z Vis U;)
i i<j i < i

v Ingredients of n and p density/current, pairing density, etc.

v Universal and unified description of nuclear structure and reaction, relevant
information (mass, beta decay, etc) for nucleosynthesis.

4
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Nuclear (covariant) energy density functional theory

Nucleons are coupled by exchange of mesons via an effective Lagrangian

Sigma-meson: Omega-meson: |
attractive scalar field Short-range repulsive

0 0 1 — ’C3 0
S(r) =g.o(r) V(r) =g,0°(r) + 9. 15P (r)+e 5 A'(r)

Serot & Walecka, Adv. Nucl. Phys. 16 (86) 1

Reinhard, Rep. Prog. Phys. 52 (89) 439

Ring, Prog. Part. Nucl. Phys. 37 (96) 193

Meng, Toki, Zhou, Zhang, Long & Geng, Prog. Part. Nucl. Phys. 2006

51 HH
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0.0

3.5+
3.0-
2.5:
2.0:
1.si

E_(MeV)

1.04

0.54

0.0+

(b)

i/ ) G 2 0
0.2 04 0.6 0.80 0. 0 0 2 0 4 0. 6 0.8
B B
GCM
GCM
Exp. ' :
" : +PN3DAMP § FPNIDAMP ,
8 6 : 4 2 - T ‘
T — 88T1 : 4263
3000 _5‘ E 2265T E 4; s
4 - 659 0 1
a 3 VE’ 25 3578 786 3938
2796 l 1 .
1533 2t 1y °6 “06 ‘3 " 4 4
2 sa 0.|& = 3 =v/ 3;;3
' 468/ ¥ 2832 ,o ” of t sy 3
' 1443~ '§ R : 1553‘0 '?‘ " _L/zzssoz
0, X g i’ 0,

(c)

Results of 76Kr from MR-CDFT calculation.
[JMY, K.Hagino, Z.P. Li, J. Meng, P. Ring, Phys.Rev.C (2014)]
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AMP changes significantly the PES.
The gamma deformation dof
connecting weakly oblate deformed
energy minimum with strongly
prolate deformed energy minimum.
The spectrum can only be
reproduced with the inclusion of

triaxially deformed states.
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4 From octuple vibration to octuple rotation excitations
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Molecular-like clustering structure

A rotation-induced dissolution of 4He+190O molecular-like structure
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Semi-bubble structure in atomic nuclei

X. Y. Wu, J. Xiang, Phys.Rev.C 98 (2018)
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Neutron stars
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(< 0.08 M)

Thin atmosphere: _ ot C ,
H, He, C.... Outer crust: ions, electrons '
i Inner Crust:

Inner crust: ion lattice, soaked
nuclei, electrons, neutrons

in superfluid neutrons (SFn)

Outer core liquid: e, -, SFn,
superconducting protons

Inner core: unknown
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Neutron stars

Tolman-Oppenheimer-Volkoff Equation

® for the interior of a spherical, static, relativistic star
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where the enclosed R Getmed 25 e Gravity tries to push the star into a black hole

m(r) = 4x / =(r)ridr * Pressure of strongly interacting neutrons
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Neutron star matter (hyperon puzzle)
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Baryon fraction
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The coupling strengths in hyperon-nucleon interaction

are often fitted to hyperon binding energies

N©6 V76 = V7
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Modeling atomic nuclei from first principles?

e Construction of nuclear force from QCD (difficult)
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Modeling atomic nuclei from first principles?

e Nuclear force from chiral EFT

60

DB"VOHS mesons

~1 fm

Nuclear structure and
reaction observables

140
PION Mass

Ab initio many-body frameworks

T

[ Renormalization group methods J

T

(Q/ AX)V [ Chiral effective field theory J

Weinberg’s power counting:

Lattice QCD

“SA. chiral-symmetry-breaking (hard) nuclear interactions
scale (~700 MeV) T
soft scale associated with external { Quantum chromodynamics J
momenta, pion mass (~140 MeV)

K. Hebeler, Phys. Rep. 890(2021)1

S.Weinberg, PLB251, 288 (1990)
S. Weinberg, NPB 363, 3 (1991)
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Nuclear force from chiral EFT
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ab initio many-body frameworks

« Quantum Monte Carlo methods VMC CVMC GFMC AFDMC

Pieper, S.C.; Wiringa, R.B. (2001) " . : .

J. Carlson et al., RMP 87, 1067 (2015) ; -
]

Variational Monte Carlo (VMC) A0 b .
Green’s function Monte Carlo (GFMC) o0
Auxiliary-field diffusion Monte Carlo (AFDMC) E>E, i  E-—k

A V¥ minimization | 7 propagation

- Lattice effective field theory (EFT)

D. Lee, Prog. Part. Nucl. Phys. 63, 117 (2009)

- No-core shell model (NCSM)

Barrett, Navratil, Vary, Prog. Part. Nucl. Phys. 69, 131 (2013)

- Self-consistent Green's function (SCGF)

V. Soma, Frontiers in Physics 8, 340 (2020) 9

- Coupled cluster (CC)

G. Hagen, T. Papenbrock, M. Hjorth-densen, and D. J. Dean, Rep. Prog. Phys. 77, 096302 (2014)

- In-medium similarity renormalization group (IM-SRG)

H. Hergert, S. K. Bogner, T. D. Morris, A. Schwenk, and K. Tsukiyama, Phys. Rep. 621, 165 (2016)
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CVMC
AFDMC
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credit: D. Lonardoni
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ab initio calculations for nuclei: nuclear masses

ADb [nitio Limits of Atomic Nuclei

S.R. Stroberg, J. D. Holt, A. Schwenk, and J. Simonis
Phys. Rev. Lett. 126, 022501 — Published 12 January 2021

First-principles calculations predict the properties
of nearly 700 isotopes between helium and iron
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Achievements of ab initio calculations for nuclei
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ab initio calculations for nuclei: single-beta decay

Discrepancy between experimental and theoretical
B-decay rates resolved from first principles

P. Gysbers, G. Hagen &, J. D. Holt, G. R. Jansen, T. D. Morris, P. Navratil, T. Papenbrock, S. Quaglioni, A.

Schwenk, S. R. Stroberg & K. A. Wendt

Nature Physics 15, 428-431(2019) | Cite this article

The half-life of nuclear single-beta decay
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Ab Initio Treatment of Collective Correlations and the Neutrinoless

Double Beta Decay of BCa

J. M. Yao, B. Bally, J. Engel, R. Wirth, T.R. Rodriguez, and H. Hergert

Phys. Rev. Lett. 124, 232501 — Published 11 June 2020
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ab Initio calculations for neutron star matter
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Use ab initio calculations as constraints

Neutron Star Tidal Deformabilities Constrained
by Nuclear Theory and Experiment
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Summary and outlook

e Many new exciting opportunities in nuclear physics

Facilities for Rare Isotope Beams: Neutron-rich nuclei
Multi-messenger astronomy: nucleosynthesis and neutron stars
New physics probes: neutrinoless double beta decay, WIMP, etc

e Significant advances in modeling of atomic nuclei

Beyond mean-field (covariant) EDFs: collective excitations, decays, etc.
Chiral EFT: an elegant framework to derive nuclear forces
Ab initio many-body frameworks: MC, Lattice EFT, CC, IMSRG, MBPT, etc.

e OQutlook

Uncertainty Quantification: Truncation error in both nuclear interactions
and many-body methods
Machine learning and quantum computing: application to nuclear

structure and reaction i
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