AbD initio advances for open-shell and heavy nuclei

TECHNISCHE MAX:PLQNCK—INSTITUT
UNIVERSITAT \-\\o\\ ) HEDEEERG

Achim Schwenk U RS M \\\\—

RAL AT Bundesministerium
fiir Bildung

und Forschung

European Research Council

Established by the European Commission

ERC AdG EUSTRONG



Outline

Chiral effective field theory for nuclear forces
In-medium similarity renormalization group
Global calculations and advances to heavy nuclei

New development for open-shell nucler:
Density matrix renormalization group



Nucle1 bound by strong interactions

doi:10.1038/nature11188

The limits of the nuclear landscape
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How does the nuclear chart emerge from the strong interaction?

for all nuclei

Lattice QCD and effective field theories of the strong interaction

for few nucleons



Chiral effective field theory for nuclear forces

Systematic expansion (power counting) in low momenta (Q/A)®
NN 3N 4N |

wo Y | — | — interaction (QCD)

* long-range interactions governed by
pion exchanges

\

Weinberg (1990,91)



Chiral effective field theory for nuclear forces

Systematic expansion (power counting) in low momenta (Q/A)®
NN 3N 4N

Lo O <%) — — powerful approach for
: 5 many-body interactions
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Weinberg, van Kolck (1992-1994), Kaplan, Savage, Wise, Bernard, Epelbaum, Kaiser, Meissner,...
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only 2 new couplings at N?LO




Chiral EFT for coupling to electroweak interactions
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axial-vector currents (beta decays)

_ one-body currents at Q° and Q?
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same couplings 1n forces and currents!



Chiral EFT for coupling to electroweak interactions

consistent electroweak one- and two-body currents

magnetic properties of light nuclel
Pastore et al. (2012-)

B(M 1) of °Li Gayer et al., PRL (2021)
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Gamow-Teller beta decay of 1°“Sn
Gysbers et al., Nature Phys. (2019)
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two-body currents (2BC) key for
quenching puzzle of beta decays



Great progress in ab 1nitio calculations of nuclel
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In-medium similarity renormalization group
Tsukiyama, Bogner, AS, PRL (2011), Hergert et al., Phys. Rep. (2016)
continuous transformation to block-diagonal form (— decoupling)




In-medium similarity renormalization group
Tsukiyama, Bogner, AS, PRL (2011), Hergert et al., Phys. Rep. (2016)
flow equations to decouple higher-lying particle-hole states
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In-medium similarity renormalization group

Tsukiyama, Bogner, AS, PRL (2011), Hergert et al., Phys. Rep. (2016)
flow equations to decouple higher-lying particle-hole states
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In-medium similarity renormalization group
Tsukiyama, Bogner, AS, PRL (2011), Hergert et al., Phys. Rep. (2016)
flow equations to decouple higher-lying particle-hole states
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Valence-space IMSRG

Tsukiyama et al. (2012); Bogner et al., PRL (2014); Stroberg et al., PRL (2016), PRL (2018)
decouple valence space of few particles

followed by exact diagonalization in valence space
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Valence-space IMSRG

Tsukiyama et al. (2012); Bogner et al., PRL (2014); Stroberg et al., PRL (2016), PRL (2018)
decouple valence space of few particles

followed by exact diagonalization in valence space
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Nuclear landscape based on a chiral NN+3N interaction
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ab initio is advancing to global theories, limitations due to input NN+3N




Nuclear landscape based on a chiral NN+3N interaction
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Indium mass measurements

ISOLTRAP mass measurements of *?-101n Mougeot et al., Nature Phys. (2021)
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First ab initio calculations of 2%¢Pb
Hu, Jiang, Miyagi et al. [Chalmers, ORNL, TRIUMF], Nature Phys. (2022) (Oth = Oexp)/Otot
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Novel Jacobi normal ordering for 3N interactions

Hebeler, Durant, Hoppe et al., arXiv:2211.16262
normal ordering in Jacobi1 basis

circumvents costly storage of

single-particle 3N matrix elements
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Novel Jacobi normal ordering for 3N 1nteract10ns
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Novel Jacobi normal ordering for 3N interactions

Hebeler, Durant, Hoppe et al., arXiv:2211.16262
normal ordering in Jacobi1 basis
circumvents costly storage of

single-particle 3N matrix elements

agrees with traditional normal
ordering with 0.1% differences
due to numerical precision

and antisymmetrization

results up to 2%%Pb
advantage: improved radial
dependence without E;, ., cut
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Symmetry energy vs. L parameter vased on Lattimer, Lim, ApJ (2013)

PREX II, Reed et al. (26), PRL (2021)

Ab initio calc of 28Pb neutron skin
Hu, Jiang, Miyagi et al., arXiv:2112.01125
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Impact of PREX and 2%$Pb dipole polarizability

Essick, Landry, AS, Tews, PRL, PRC (2021)
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Nonparametric Astro Posterior
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Neutron skin and dipole polarizability of 48Ca

Hagen et al., Nature Phys. (2015)

ab 1nitio calculations lead to charge distributions consistent with exp,

predict
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Neutron skin and dipole polarizability of 48Ca
Hagen et al., Nature Phys. (2015)

ab 1nitio calculations lead to charge distributions consistent with exp,

predict
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Valence-space density matrix renormalization group

Tichai et al., arXiv:2207.01438

valence-space diagonalization for
medium-heavy nuclei challenging
due to rapidly increasing dimension
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in shell model

E [MeV]

—196

VS-DMRG efficiently samples
correlations, good convergence
with bond dimension,

in ~100 smaller dimensions

—192

—193

—195

—197

—198

78Ni
T T ~T T | ' 1 .
\ 2 -4-VS-DMRG: -
\ \\ - A
\ N --o-C1 -
AN \ P
' O\\\ -
X s~ oL -
- ~o -
o+ Epr=—194.124 £ 0.008 MeV ~ : |
T :
-< :
\ .
AN .
\\\ c: 7
“w - _ Qi ]
- *\ b—i: -
0+ Eo+=—197.131 £0.005MeV {7
1 ! ] . 1 . 1 a
104 106 108 1010

dim H 4

1012



Valence-space density matrix renormalization group

Tichai et al., arXiv:2207.01438 20 —r—r—T7TT7
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Summary
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Ab 1nitio calculations based on chiral EFT interactions,
agree with many experiments for nuclel

In-medium similarity renormalization group powerful for all nuclel
Global calculations and advances to heavy nuclei up to 2%°Pb

New development for open-shell nuclei: VS-DMRG



