
Ab-Initio Description of p-Shell
Hypernuclei

Anti-matter, hyper-matter & exotica production at the LHC

R. Wirth
Institut für Kernphysik



Motivation

Hergert et al., PRL 110, 242501 (2013)
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Figure 3. Excitation spectrum of 12C, 16C, and 18C obtained in the IT-NCSM for h̵Ω = 16 MeV, α = 0.08 fm4 with
the NN+3N-full Hamiltonian for reduced 3N cutoff Λ3N = 400 MeV/c. See Ref. [17] for a related discussion of
the 12C spectrum.

of calculations in Fig. 2(c). For Λ3N = 400 MeV/c the SRG-evolved Hamiltonian at the NN+3N-full
level is to a good approximation unitarily equivalent to the initial chiral NN+3N Hamiltonian.

One of the typical applications of the NCSM is the description of spectra and spectroscopy in light
nuclei. Within the IT-NCSM we can extend these studies to the upper p- and lower sd-shell with ex-
plicit inclusion of chiral 3N interactions. As an example for an ongoing research program we present
the excitation spectra of selected neutron-rich carbon isotopes in Fig. 3 obtained with the aforemen-
tioned chiral NN+3N Hamiltonian for Λ3N = 400 MeV/c. We stress that since the Hamiltonian was
determined using experimental data up to A ≤ 4, these calculations in the upper p-shell are completely
parameter-free. We find a quite remarkable systematic agreement of the calculated spectra obtained
in the IT-NCSM with experimental data, even when approaching the drip line. This is evidence for
the predictive power of chiral NN+3N Hamiltonians beyond the lightest isotopes. These particular
calculations are a nice illustration of the interplay and synergy of the four relevant areas mentioned in
the introduction: Advances in chiral EFT for NN and 3N interactions together with novel innovative
methods in many-body theory plus computational resources and algorithmic developments enable ab
initio calculations of observables that are just becoming accessible in experiments – like the spec-
troscopy of 16C and 18C [18, 19].

3.2 Medium-Mass Nuclei: Coupled-Cluster, In-Medium SRG & Co.

The regime of medium-mass nuclei is a particularly exciting arena for new developments in many-
body theory at the moment. Within a timeframe of a few years several new many-body methods
have been introduced into nuclear structure theory that are inspired by approaches in atomic and
molecular physics and quantum chemistry. Among those are advanced versions of coupled-cluster
theory [20], self-consistent Green’s function approaches [21], and the so-called in-medium similarity
renormalization group [22]. All of these methods are capable of describing medium-mass and even
heavy nuclei with closed sub-shells using NN interactions. Various extensions to near-closed-shell
and to true open-shell nuclei are being explored in all approaches.

For all methods, the inclusion of explicit 3N interactions poses significant formal and computa-
tional challenges. Recently, we have performed the first large-scale coupled-cluster calculations for
ground states of closed-shell nuclei up to 56Ni including explicit 3N interaction terms at the singles-
and doubles level [23]. These capabilities can be used to benchmark approximate schemes for the
inclusion of 3N interactions. The most natural and powerful approximation scheme is based on the
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Status of ab initio nuclear structure

Accurate NN+3N Hamiltonians
from chiral EFT

Unitary transformations for
converged results

Many-body methods with
controlled uncertainties

Access to binding energies,
spectra, radii, transitions. . .

Extension to hypernuclei?
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Hyperon-Nucleon Interaction

Polinder et al., Nucl. Phys. A 779, 244 (2006)

Weaker than NN (∼ 1MeV/N)
No YN bound state
ΛN↔ ΣN conversion
Spin singlet—triplet transition

Meson-exchange models and
chiral EFT interactions available
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Hyperon-Nucleon Interaction

Polinder et al., Nucl. Phys. A 779, 244 (2006)

Weaker than NN (∼ 1MeV/N)
No YN bound state
ΛN↔ ΣN conversion
Spin singlet—triplet transition

Meson-exchange models and
chiral EFT interactions available

YN scattering experiments
are challenging
⇒ Few data points
⇒ Large error bars
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Necessary Developments

Extend No-Core Shell Model to
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Include fully active Λ and Σ
⇒ Coupled-channel problem

Adapt unitary transformation
framework

H. Merkel, U Mainz
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Ab-initio many-body calculations make
connection from YN interactions to p-shell hypernuclei

“→” prediction of observables
“←” constraints on YN interactions
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Hypernuclear Hamiltonian

H = ∆M+T int +VNN +V3N +VYN

NN: chiral N3LO
Entem & Machleidt
Phys. Rev. C 68, 041001(R) (2003)

ΛNN = 500MeV

3N: chiral N2LO
Navrátil
Few-Body Syst. 41, 117 (2007)

Λ3N = 500MeV

YN: chiral LO
Polinder, Haidenbauer & Meißner
Nucl. Phys. A 779, 244 (2006)

ΛYN = 600MeV,700MeV

OR Jülich’04
Haidenbauer & Meißner
Phys. Rev. C 72, 044005 (2005)

meson-exchange

NN+3N yields quantitative description of p-shell nuclei
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Importance-Truncated No-Core Shell Model

7
Λ
Li

A-body Slater determinants from
HO states

|s1s2 · · · sA〉 , si ≡ |e(l12)jχ〉i
Λ-Σ conversion, e.g.

|pnΛ〉 , |ppΣ−〉 , |nnΣ+〉 ∈M(3
Λ
H)

Impose Nmax truncation
Importance truncation:
discard irrelevant states +
a posteriori extrapolation
Diagonalize Hamilton matrix
⇒ Energies & wave functions
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Similarity Renormalization Group
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BUT: Induced many-body terms
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NN+3N: Induced terms negligible up
to A ≈ 10

R. Wirth – 7/2015 – 7



Similarity Renormalization Group

0 1 2 3 4
q [fm−1]

0

1

2

3

4

q
′ [
fm
−1
]

− − n

1S0

α = 0.08fm4

∂αH(α) = [η(α),H(α)]

η(α) = m2
N[T int,H(α)]

Up to 6 coupled channels

Decouples high and low momenta
⇒ Improved Nmax convergence

BUT: Induced many-body terms
⇒ Assess via α-dependence

NN+3N: Induced terms negligible up
to A ≈ 10

R. Wirth – 7/2015 – 7



Similarity Renormalization Group

0 1 2 3 4
q [fm−1]

0

1

2

3

4

q
′ [
fm
−1
]

− − n

1S0

α = 0.08fm4

∂αH(α) = [η(α),H(α)]

η(α) = m2
N[T int,H(α)]

Up to 6 coupled channels

Decouples high and low momenta
⇒ Improved Nmax convergence

BUT: Induced many-body terms
⇒ Assess via α-dependence

NN+3N: Induced terms negligible up
to A ≈ 10

Use αN = 0.08fm4 for NN+3N
and αY = 0fm4 for YN
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Results for Selected Hypernuclei

RW, D. Gazda, P. Navrátil, A. Calci, J. Langhammer, R. Roth, PRL 113, 192502 (2014)
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Λ
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Λ
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SRG-Induced YNN Interactions
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Variation of αY
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Solution: SRG at the Three-Body Level
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7
Λ
Li — Effect of Induced YNN
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Summary & Outlook

First ab-initio calculations in the p shell
Prediction of observables
Dependence on YN interaction ⇒ constraints
SRG of YN induces strong YNN terms
Possible implications for soft ΛN interactions and the
hyperon puzzle
YNN handled via explicit inclusion
Preliminary results: reduced overbinding, interaction
largest source of uncertainty
Next: NLO chiral YN interaction & check YNN
calculations: convergence of SRG model space, other
truncations, other flow parameters
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COMPUTING TIME

Verwendete Schriften

Schriftzug oben:
Frutiger light regular
Kerning 0 % Geviert

Schriftzug unten:
DFG TTF regular
Kerning 1 % Geviert
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