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Ab initio nuclear theory

source://atom.kaeri.kr/old/ton/nuchart1.html

deBoer et al., Rev. Mod. Phys. 89, 035007

12C(a, g)16O astrophysical S factor
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Ab initio nuclear theory: Towards neutron stars and hypernuclei

J. Weber (arXiv:astro-ph/0008376)

Logoteta, Vidana, Bombaci (Eur. Phys. J. A (2019) 55: 207 ) source://people.physics.anu.edu.au/ ecs103/chart3d/
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Yukawa Potential ! Meson Exchange Models ! Chiral Interactions

� Pion-exchange potential: Governs the long tail of
nuclear forces, Yukawa (1935).

� Meson-exchange potential: Models intermediate-range
nuclear forces, Bonn potential - Erkelenz (1974).

� Meson-exchange model for YN interactions:
extension of Bonn potential, Jülich potential (1989).

� Phenomenological potential models,
CD-Bonn, Nijmegen, AV18, Stony Brook, Paris,

Urbana-Argonne, etc.

Contributions by Dr. Klaus Erkelenz:

! A non-static OBEP for nuclear structure calculations, Erkelenz et al. (1969).

! One-boson exchange potential and nuclear matter properties, Erkelenz et al. (1971).

! Relativistic OBEP and two-nucleon data, Erkelenz et al. (1972).

! Relativistic OBEP and nuclear matter properties, Erkelenz et al. (1972).

! Neutron matter with a relativistic OBEP, Erkelenz et al. (1973).

! An improved relativistic OBEP for two-nucleon and in�nite nuclear matter data, Erkelenz et

al. (1974).
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Outline

� Introduction

� Nuclear forces from QCD (EFTs)

� Lattice effective �eld theory

� Wavefunction matching method

� Recent progress

� Nuclear forces on the lattice

� Summary
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Nuclear forces from QCD

� Quantum chromodynamics (QCD) describes the strong forces by
con�ning quarks (and gluons) into baryons and mesons.

� Translating QCD directly into nuclear forces:

(L c � chiral limit)
mu , md , ms ! 0

"separation of scales"

� Effective theories provide the solution to bridge the gap between QCD
and the nuclear interactions

S. Weinberg, Phys. Lett. B 251 (1990) 288, Nucl. Phys. B363 (1991) 3, Phys. Lett. B 295 (1992) 114.
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Chiral EFT for nucleons: nuclear forces

Chiral effective �eld theory organizes the nuclear interactions as an expansion in
powers of momenta and other low energy scales such as the pion mass (Q/ L c ).

The nuclear interactions as a series of increasing complexity:

Fig. courtesy of E.Epelbaum

(Q/ L c )0

(Q/ L c )2

(Q/ L c )3

(Q/ L c )4

Ordonez et al. '94; Friar & Coon '94; Kaiser et al. '97; Epelbaum et al. '98,'03,'05,'15; Kaiser '99-'01;

Higa et al. '03; ...
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Lattice effective �eld theory

� Lattice effective �eld theory is a powerful numerical method formulated in the
framework of chiral effective �eld theory.

Nucleons
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Lattice formulation of chiral EFT

� Lattice formulation of nuclear forces in the framework of chiral EFT:

� a simpler decomposition into spin channels

� accurate phase shifts and binding energies.
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Li, SE, Epelbaum, Lee, Lu, Meißner Phys. Rev. C 98, 044002 (2018)
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Chiral EFT for nucleons: NN scattering phase shifts

� formulate the lattice action in the framework of chiral effective �eld theory

� �t the unknown coef�cients of the short-range lattice interactions to empirical

phase shifts
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Ab initio nuclear theory: recent progress in NLEFT
a = 1.32 fm and pmax = p / a = 471 MeV

SE et al. [NLEFT collaboration] arXiv:2210.17488
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Lattice Monte Carlo calculations: Euclidean time projection

Euclidean Time

hy I j jy I i

t = 0 t = Lt at

� construct an initial/�nal state of nucleons, jy I i , as a Slater
determinant of free-particle standing waves on the lattice.

� evolve nucleons forward in Euclidean time, e� HLO t jy I i ,
where t = Lt at .

� The evolution in Euclidean time automatically incorporates the
induced deformation, polarization and clustering.
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Lattice Monte Carlo calculations

Projection Monte Carlo uses a given initial state, jy I i , to evaluate a
product of a string of transfer matrices M̂.

Z (Lt ) = hy I j M̂ M̂ . . . M̂ M̂ j y I i

string of Lt transfer matrices

In the limit of large Euclidean time the evolution operator e� HLO t

suppress the signal beyond the low-lying states, and the ground state
energy can be extracted by

lim
Lt ! ¥

hy I j M̂Lt / 2 HLO M̂Lt / 2 jy I i
hy I j M̂Lt jy I i

= E0
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Lattice Monte Carlo calculations

perturbative higher order calculations

ho = NLO, NNLO, � � �

where the potential Vho is treated perturbatively. Therefore, the higher
order corrections to the ground state energy can be computed as,

DEho = lim
Lt ! ¥

hy I j M̂Lt / 2 HLO M̂Lt / 2 jy I i
hy I j M̂Lt jy I i
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Auxiliary �eld Monte Carlo

Use a Gaussian integral identity
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s is an auxiliary �eld coupled to the particle density. Each nucleon evolves as if a
single particle in a �uctuating background of pion �elds and auxiliary �elds.

Euclidean Time

hy I j jy I i

t = 0 t = Lt at
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Scattering and reactions: Adiabatic projection method

The method constructs a low energy effective theory for the clusters

Use initial states parameterized by the
relative spatial separation between
clusters, and project them in Euclidean
time.

jy R
I i = å

~r

j~r + ~Ri 1 
 j ~r i 2

jy R
I i t = e� H t jy R

I i dressed cluster state

The adiabatic projection in Euclidean time gives a
systematically improvable description of the low-
lying scattering cluster states.
In the limit of large Euclidean projection time the
description becomes exact.

SE & Lee. PRC 90 064001 (2014).

SE, Lee, Meißner & Rupak EPJA 52, 6, 174 (2016).

. SE, Lee, Rupak, Epelbaum, Krebs, Lähde, Luu, & Meißner. Nature 528, 111-114 (2015).
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Adiabatic projection method

Euclidean Time

hy R
I j jy R0
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t = 0 t = Lt at

Hamiltonian matrix
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Perturbative calculations

Toy model:

E E0

� 2.010472457971 � 2.445743725635
1.775231321023 1.721517536958
6.206769197086 6.118307106128
12.776191791947 12.667625238436
21.337188185570 21.213065578266

Perturbative energies

q hy (0) jH0jy (q) i
0 � 2.43080610
1 � 2.44610114
2 � 2.44574140
3 � 2.44575370
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Perturbative calculations

Toy model:

Esoft Ehf

� 2.010472457971 � 2.444693272597
1.775231321024 1.769682285996
6.206769197085 6.282284485051
12.776191791946 13.008087181009
21.337188185570 21.786534445492

Perturbative energies

q hy (0)
S jH jy (q)

S i
0 � 1.74722993
1 � 2.89957307
2 � 2.10036797
3 � 2.26376481
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Wavefunction Matching

� Hc : –severe sign oscillation, –derived from the underlying theory.

� Hsoft : –tolerable sign oscillation, –many-body observables with a fair agreement.

Can unitary transformation create a new chiral
Hamiltonian which is (�rst order) perturbation
theory friendly?

H0
c = U† Hc U

� Let jy 0
c i be the normalized lowest eigenstate of Hc .

� Let jy 0
soft i be the normalized lowest eigenstate of Hsoft.

UR0,R = q(r � R) dR0,R + q(R0� r ) q(R � r ) jy ?
c i hy ?

soft j

SE et al. Nature 630, 8015, 59-63 (2024)
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Wavefunction Matching

� Hsoft : –tolerable sign oscillation, –many-body observables with a fair agreement.
� Hc : –severe sign oscillation, –derived from the underlying theory.

Unitary transformation can create a new chiral Hamiltonian which is (�rst
order) perturbative friendly

H0
c = U† Hc U ! H0

c = Hsoft + ( H0
c � Hsoft)

SE et al. Nature 630, 8015, 59-63 (2024)


