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2Outline

§ Introduction to ab initio nuclear theory

§ No-Core Shell Model with Continuum (NCSMC)

§ 11Be parity inversion in low-lying states, photo-dissociation

§ Structure of the halo sd-shell nucleus 15C



3First principles or ab initio nuclear theory

Genuine Ab Initio

Quantum Chromodynamics
(QCD)
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Chiral Effective 
Field Theory

(parameters fitted 
to NN data)

First principles or ab initio nuclear theory – what we do at present

Quantum Chromodynamics
(QCD)

Current ab anitio
nuclear theory

HΨ(A) = EΨ(A)

• Ab initio
² Degrees of freedom: Nucleons  
² All nucleons are active
² Exact Pauli principle
² Realistic inter-nucleon interactions

² Accurate description of NN (and 3N) data

² Controllable approximations
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To develop such an ab initio nuclear theory we: 
 1) Start with accurate nuclear forces (and currents) 

+ ... + ... + ... 

NN force NNN force NNNN force 

Q0 

LO 

Q2 

NLO 

Q3 

N2LO 

Q4 

N3LO 

Worked out by Van Kolck, Keiser, 
Meissner, Epelbaum, Machleidt, ... 

"  Two- plus three-nucleon (NN+3N) 
forces from chiral effective field 
theory (EFT) 

 

Chiral Effective Field Theory

§ Inter-nucleon forces from chiral effective field theory
§ Based on the symmetries of QCD

§ Chiral symmetry of QCD (mu»md»0), spontaneously 
broken with pion as the Goldstone boson

§ Degrees of freedom: nucleons + pions
§ Systematic low-momentum expansion to a given order 

(Q/Λχ)
§ Hierarchy
§ Consistency
§ Low energy constants (LEC)

§ Fitted to data
§ Can be calculated by lattice QCD

Λχ~1 GeV : 
Chiral symmetry breaking scale
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From QCD to nuclei

Low-energy QCD

Nuclear structure and reactions

NN+3N interactions 
from chiral EFT

…or accurate 
meson-exchange 

potentials

Unitary/similarity
transformations

Identity or SRG
or OLS or UCOM …

Softens NN, induces 3N

Many-Body methodsH Ψ = E Ψ
NCSM, NCSMC, CCM, 
SCGF, IM-SRG, GFMC, 

HH, Nuclear Lattice EFT…



10Conceptually simplest ab initio method: No-Core Shell Model (NCSM)

§ Basis expansion method
§ Harmonic oscillator (HO) basis truncated in a particular way (Nmax)
§ Why HO basis? 

§ Lowest filled HO shells match magic numbers of light nuclei 
(2, 8, 20 – 4He, 16O, 40Ca)

§ Equivalent description in relative-coordinate and Slater 
determinant basis

§ Short- and medium range correlations
§ Bound-states, narrow resonances

1max += NN

NCSM

ΨSD
A = cSDNjΦSDNj

HO (!r 1,
!r 2 , ... ,

!r A )
j
∑

N=0

Nmax

∑ =ΨA ϕ000 (
!
RCM )

ΨA = cNiΦNi
HO ( !η 1,

!
η 2 ,...,

!
η A−1)

i
∑

N=0

Nmax

∑ Author's personal copy

Progress in Particle and Nuclear Physics 69 (2013) 131–181

Contents lists available at SciVerse ScienceDirect

Progress in Particle and Nuclear Physics

journal homepage: www.elsevier.com/locate/ppnp

Review

Ab initio no core shell model

Bruce R. Barrett a, Petr Navrátil b, James P. Vary c,⇤

a Department of Physics, University of Arizona, Tucson, AZ 85721, USA
b Theory Group, TRIUMF, Vancouver, BC V6T 2A3, Canada
c Department of Physics and Astronomy, Iowa State University, Ames, IA 50011, USA

a r t i c l e i n f o

Keywords:
Nuclei
Potentials
Theory
Predictions
Structure
Reactions

a b s t r a c t

Motivated by limitations of the Bloch–Horowitz–Brandow perturbative approach to
nuclear structure we have developed the non-perturbative ab initio no core shell model
(NCSM) capable of solving the properties of nuclei exactly for arbitrary nucleon–nucleon
(NN) and NN + three-nucleon (NNN) interactions with exact preservation of all
symmetries. We present the complete ab initio NCSM formalism and review highlights
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11Extending no-core shell model beyond bound states

Include more many nucleon correlations…
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12Unified approach to bound & continuum states; to nuclear structure & reactions

§ No-core shell model (NCSM)
§ A-nucleon wave function expansion in the harmonic-

oscillator (HO) basis
§ short- and medium range correlations
§ Bound-states, narrow resonances

§ NCSM with Resonating Group Method (NCSM/RGM)
§ cluster expansion, clusters described by NCSM
§ proper asymptotic behavior 
§ long-range correlations

Ψ (A) = cλ
λ

∑ ,λ + dr γ v (
r )∫ Âν

ν

∑ ,ν
A− a( )

a( )

r

Unknowns

NCSM

NCSM/RGM

§ Most efficient: ab initio no-core shell model with continuum (NCSMC)
NCSMC

S. Baroni, P. Navratil, and S. Quaglioni, 
PRL 110, 022505 (2013); PRC 87, 034326 (2013).

r



13Binary cluster basis

§ Working in partial waves (                                         )

§ Introduce a dummy variable    with the help of the delta function

§ Allows to bring the wave function of the relative motion in front of the antisymmetrizer

ψ JπT = Âν A− a α1I1
π1T1 a α2I2

π2T2( )
(sT )
Yℓ(r̂A−a,a )

⎡
⎣⎢

⎤
⎦⎥

(JπT ) gν
JπT (rA−a,a )
rA−a,aν

∑

A− a( )
a( )


r
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π1T1;a α2I2

π2T2;sℓ{ }

ψ J
π
T
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J
π
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Y
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Coupled NCSMC equations

Lawrence Livermore National Laboratory 9 LLNL#PRES#650082 

… to be simultaneously determined  
by solving the coupled NCSMC equations 
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Norm kernel (Pauli principle): Single-nucleon projectile
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16Neutron-rich halo nucleus 11Be

§ Z=4, N=7
§ In the shell model picture g.s. expected to be Jπ=1/2-

§ Z=6, N=7 13C and Z=8, N=7 15O have Jπ=1/2- g.s.
§ In reality, 11Be g.s. is Jπ=1/2+ - parity inversion
§ Very weakly bound: Eth=-0.5 MeV

§ Halo state – dominated by 10Be-n in the S-wave
§ The 1/2- state also bound – only by 180 keV

§ Can we describe 11Be in ab initio calculations?
§ Continuum must be included
§ Does the 3N interaction play a role in the parity inversion?

0s1/2

0p1/2

1s1/2

0p3/2
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Structure of 11Be from chiral NN+3N forces

17

§ NCSMC calculations including chiral 3N (N3LO NN+N2LO 3NF400, NNLOsat)
§ n-10Be  +  11Be

§ 10Be: 0+, 2+, 2+ NCSM eigenstates
§ 11Be: ≥6 π = -1 and ≥3 π = +1 NCSM eigenstates

June 19 2015 Angelo Calci

11Be with continuum effects
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9Be: NCSM vs. NCSMC

! NCSMC shows much better Nmax convergence 

! NCSM tries to capture continuum effects via large Nmax 

! drastic difference for the 1/2+ state right at threshold
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Structure of 11Be from chiral NN+3N forces

18

§ NCSMC calculations including chiral 3N (N3LO NN+N2LO 3NF400, NNLOsat)
§ n-10Be  +  11Be

§ 10Be: 0+, 2+, 2+ NCSM eigenstates
§ 11Be: ≥6 π = -1 and ≥3 π = +1 NCSM eigenstates

June 19 2015 Angelo Calci

11Be with continuum effects

8

1/2+
1/2-

5/2+

3/2-

3/2-

5/2-

3/2+

exp.

n+10Be

Robert Roth - TU Darmstadt - February 2015

9Be: NCSM vs. NCSMC

! NCSMC shows much better Nmax convergence 

! NCSM tries to capture continuum effects via large Nmax 

! drastic difference for the 1/2+ state right at threshold

10

6 8 10 12 exp. 12 10 8 6

-2
-1

0
1

2

3
4

5

6

7

8

.

E
th

r.
[M

eV
]

(a)

NCSM NCSMC

7 9 11 exp. 11 9 7
Nmax Nmax

0
1
2
3
4
5
6
7
8
9

10

.

E
th

r.
[M

eV
]

(b)

NCSM NCSMC

6 8 10 12 exp. 12 10 8 6

-2
-1

0
1

2

3
4

5

6

7

8

.

E
th

r.
[M

eV
]

(a)

NCSM NCSMC

7 9 11 exp. 11 9 7
Nmax Nmax

0
1
2
3
4
5
6
7
8
9

10

.

E
th

r.
[M

eV
]

(b)

NCSM NCSMC

NCSM NCSMC NCSM NCSMC
negative parity positive parity

Nmax Nmax Nmax Nmax

NN
+3

N f
ul

l
α 

=
 0

.0
62

5 
fm

4 ,
  
ħΩ

 =
 2

0 
M

eV
, 

 E
3m

ax
 =

 1
4 

Langhammer, Navrátil, Quaglioni, Hupin, Calci, Roth; Phys. Rev. C 91, 021301(R) (2015)

-1

0

1

2

3

4

5

6

.

E
χ

[M
eV

]
E t

hr
. [M

eV
]

4/5 6/74/5 6/74/56/7 8/98/98/9

NCSMCNCSM/RGMNCSM

NN+3N(400)

Nmax: (∏=-1/+1)

r
r+

A. Calci, P. Navratil, R. Roth, J. Dohet-Eraly, S. Quaglioni, G. Hupin, PRL 117, 242501 (2016)

0 1 2 3 4 5 6 7 8 9 10
Ekin [MeV]

-120

-90

-60

-30

0

30

60

90

120

150

180

d 
[d

eg
]

2S1/2

2P1/2

2P3/2

2D3/22F5/22D5/2 6D9/2

4P3/2
10Be-n

NNLOsat
Nmax=9



19

Structure of 11Be from chiral NN+3N forces
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11Be within NCSMC: Discrimination among chiral nuclear forces

Feb 17 2016 Angelo Calci

11Be with NCSMC
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wave function between target and projectile:
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Here, ~R(A�a)
c.m. and ~R(a)

c.m. are the c.m. coordinates the (A � a)- and a-nucleon systems,

respectively, and ~rA�a,a = ~R(A�a)
c.m. � ~R(a)

c.m. is the relative displacement vector between

the two clusters, while Z(A�a) and Z(a) represent respectively the charge numbers of the

target and of the projectile. It can be easily demonstrated that Eqs. (77) and (79) are

exactly equivalent.

The reduced matrix elements of the ~E1 dipole operator between two bound states

of an A-body nucleus with spin Ji, parity ⇡i, isospin Ti, energy Ei in the initial state

and Jf , ⇡f , Tf , Ef in the final state are given by:
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In the second line of Eq. (80) we have introduced the short notation f(i) for the group

of quantum numbers {J⇡f(i)

f(i) Tf(i)} that will be used throughout the rest of this section.

In the NCSMC formalism the matrix element of Eq. (80) is given by the sum of four

components, specifically, the reduced matrix element in the NCSM sector of the wave

function, the “coupling” reduced matrix elements between NCSM and NCSM/RGM

(and vice versa) basis states, and the reduced matrix element in the NCSM/RGM sector:
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The algebraic expression for the reduced matrix elements in the NCSM sector

hA�0J
⇡f

f Tf || ~E1||A�J⇡i
i Tii can be easily obtained working in the single-particle SD

harmonic oscillator basis. In the following, we consider the reduced matrix elements
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The weakly bound exotic 11Be nucleus, famous for its ground-state parity inversion and distinct
nþ 10Be halo structure, is investigated from first principles using chiral two- and three-nucleon forces.
An explicit treatment of continuum effects is found to be indispensable. We study the sensitivity of the 11Be
spectrum to the details of the three-nucleon force and demonstrate that only certain chiral interactions are
capable of reproducing the parity inversion. With such interactions, the extremely large E1 transition
between the bound states is reproduced. We compare our photodisintegration calculations to conflicting
experimental data and predict a distinct dip around the 3=2−1 resonance energy. Finally, we predict
low-lying 3=2þ and 9=2þ resonances that are not or not sufficiently measured in experiments.
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The theoretical understanding of exotic neutron-rich nuclei
constitutes a tremendous challenge. These systems often
cannot be explained bymean-field approaches and contradict
the regular shell structure. The spectrum of 11Be has some
very peculiar features. The 1=2þ ground state (g.s.) is loosely
bound by 502 keVwith respect to the nþ 10Be threshold and
is separated by only 320 keV from its parity-inverted 1=2−

partner [1], which would be the expected g.s. in the standard
shell-model picture. Such parity inversion, already noticed by
Talmi and Unna [2] in the early 1960s, is one of the best
examples of the disappearance of the N ¼ 8 magic number
with an increasing neutron to proton ratio. The next
(nþ nþ 9Be) breakup threshold appears at 7.31 MeV [3],
such that the rich resonance structure at low energies is
dominated by the nþ 10Be dynamics. Peculiar also is the
electric-dipole transition strength between the two bound
states, which has attracted much attention since its first
measurement in 1971 [4] and was remeasured in 1983 [5]
and2014 [6]. It is the strongest known transitionbetween low-
lying states, attributed to the halo character of 11Be.
An accurate description of this complex spectrum is

anticipated to be sensitive to the details of the nuclear force
[7], such that a precise knowledge of the nucleon-nucleon
(NN) interaction, desirably obtained from first principles,
is crucial. Moreover, the inclusion of three-nucleon (3N)
effects has been found to be indispensable for an accurate
description of nuclear systems [8,9]. The chiral effective
field theory constitutes one of the most promising candi-
dates for deriving the nuclear interaction. Formulated by
Weinberg [10–12], it is based on the fundamental sym-
metries of QCD and uses pions and nucleons as relevant
degrees of freedom. Within this theory, NN, 3N, and
higher many-body interactions arise in a natural hierarchy

[10–16]. The details of these interactions depend on the
specific choices made during the construction. In particular,
the way the interactions are constrained to experimental
data can have a strong impact [17].
In this Letter, we tackle the question if ab initio

calculations can provide an accurate description of the
11Be spectrum and reproduce the experimental ground
state. Pioneering ab initio investigations of 11Be did not
account for the important effects of 3N forces and were
incomplete in the treatment of either long- [18] or short-
range [19,20] correlations, both of which are crucial to
arrive at an accurate description of this system.
In this Letter, we report the first complete ab initio

calculations of the 11Be nucleus using the framework of
the no-core shell model with continuum (NCSMC) [21–23],
which combines the capability to describe the extended
nþ 10Be configurations of Refs. [19,20] with a robust
treatment of many-body short-range correlations. We adopt
a family of chiral interactions in which theNN component is
constrained, in a traditional sense, to two-nucleon properties
[24] and the 3N force is fitted in three- and sometimes four-
body systems [25–28]. In addition, we also employ a newer
chiral interaction, obtained from a simultaneous fit of NN
and 3N components to nucleon-nucleon scattering data and
selected properties of nuclei as complex as 25O [29–31].
Many-body approach.—The general idea of the NCSMC

is to represent the A-nucleon wave function as the gener-
alized cluster expansion [21–23]

jΨJπT
A i ¼

X

λ

cJ
πT

λ jAλJπTiþ
X

ν
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γJ
πT
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Bound to continuum

information of the ab initio approach. In the following, we
use a phenomenology-inspired approach indicated by
NCSMC-pheno that has been already applied in
Refs. [36,55]. In this approach, we adjust the 10Be and
11Be excitation energies of the NCSM eigenstates entering
expansion (1) to reproduce the experimental energies of the
first low-lying states. Note that the obtained NCSMC-
pheno energies are fitted to the experiment, while the
theoretical widths, quoted in Table I, are predictions.
An intuitive interpretation of the 11Be g.s. wave function

is provided in Fig. 4 by the overlap of the full solution for the
g.s. jΨJπT

ν i in (1) with the cluster portion jΦJπT
ν;r i given by

rhΦJπT
ν;r jAνjΨJπT

A i. A clearly extended halo structure beyond
20 fm can be identified for the S wave of the 10Beð0þÞ þ n
relative motion. The phenomenological energy adjustment
only slightly influences the asymptotic behavior of the S
wave, as seen by comparing the solid and dashed black
curves, while other partial waves are even indistinguishable
on the plot resolution. The corresponding spectroscopic
factors for the NCSMC-pheno approach, obtained by
integrating the squared cluster form factors in Fig. 4, are
S ¼ 0.90 (S wave) and S ¼ 0.16 (D wave). The S-wave
asymptotic normalization coefficient is 0.786 fm−1=2.

The BðE1Þ transitions are summarized in Table II.
Calculations without continuum effects predict the wrong
g.s. and underestimate the E1 strength by several orders
of magnitude. For the NCSMC calculations with the
NN þ 3Nð400Þ interaction, the 1=2þ state is very weakly
bound, leading to an unrealistic E1 transition. The
N2LOSAT interaction successfully reproduces the strong
E1 transition, albeit the latest measurement [6] is slightly
overestimated, even after the phenomenological energy
adjustment. There might be small effects arising from a
formally necessary SRG evolution of the transition oper-
ator. Works along these lines for 4He suggest a slight
reduction of the dipole strength [56,57]. A similar effect
would bring the calculated E1 transition in better agree-
ment with the experiment [6].
Finally, we study the photodisintegration of the 11Be g.s.

into nþ 10Be in Fig. 5. This is proportional to dipole
strength distribution dBðE1Þ=dE. In all approaches, a peak
of nonresonant nature (see Fig. 3) is present at about
800 keV above the nþ 10Be threshold, particularly pro-
nounced in the 3=2− partial wave. The strong peak for
the NCSMC with the N2LOSAT interaction is caused by
the slightly extended S-wave tail in Fig. 4 and hence the
underestimated binding energy of the 1=2þ state. The
theoretical predictions are compared to indirect measure-
ments of the photodissociation process extracted from the
scattering experiments of 11Be on lead [58–60] and carbon

TABLE I. Excitation spectrum of 11Be with respect to the
nþ 10Be threshold. Energies and widths are in MeV. The
calculations are carried out at Nmax ¼ 9.

NCSMC NCSMC-pheno

NN þ 3Nð400Þ N2LOSAT N2LOSAT Experiment

Jπ E Γ E Γ E Γ E Γ
1=2þ −0.001 % % % −0.40 % % % −0.50 % % % −0.50 % % %
1=2− −0.27 % % % −0.35 % % % −0.18 % % % −0.18 % % %
5=2þ 3.03 0.44 1.47 0.12 1.31 0.10 1.28 0.1
3=2−1 2.34 0.35 2.14 0.21 2.15 0.19 2.15 0.21
3=2þ 3.48 % % % 2.90 0.014 2.92 0.06 2.898 0.122
5=2− 3.43 0.001 2.25 0.0001 3.30 0.0002 3.3874 <0.008
3=2−2 5.52 0.20 6.62 0.29 5.72 0.19 3.45 0.01
9=2þ 7.44 2.30 5.42 0.80 5.59 0.62 % % % % % %

FIG. 4. Comparison of the cluster form factors with the
N2LOSAT interaction at Nmax ¼ 9. Note the coupling between
the 10Be target and neutron in the cluster state jΦJπT

ν;r i ∼
½ðj10Be∶Iπ11 T1ijn∶1=2þ1=2iÞsTYlðr̂Þ'J

πT .

TABLE II. Reduced transition probability BðE1∶1=2−→1=2þ)
between 11Be bound states in e2 fm2.

NCSM NCSMC NCSMC-pheno Experiment

NN þ 3Nð400Þ 0.0005 % % % 0.146
0.102(2) [6]

N2LOSAT 0.0005 0.127 0.117

FIG. 5. Dipole strength distribution dBðE1Þ=dE of the photo-
disintegration process as a function of the photon energy. Theo-
retical dipole strength distributions for two chiral interactions with
(solid line) and without (dashed line) the phenomenological energy
adjustment are compared to the experimental measurements at GSI
[58,61] (black dots) and RIKEN [58–60] (violet dots).
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The weakly bound exotic 11Be nucleus, famous for its ground-state parity inversion and distinct
nþ 10Be halo structure, is investigated from first principles using chiral two- and three-nucleon forces.
An explicit treatment of continuum effects is found to be indispensable. We study the sensitivity of the 11Be
spectrum to the details of the three-nucleon force and demonstrate that only certain chiral interactions are
capable of reproducing the parity inversion. With such interactions, the extremely large E1 transition
between the bound states is reproduced. We compare our photodisintegration calculations to conflicting
experimental data and predict a distinct dip around the 3=2−1 resonance energy. Finally, we predict
low-lying 3=2þ and 9=2þ resonances that are not or not sufficiently measured in experiments.
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The theoretical understanding of exotic neutron-rich nuclei
constitutes a tremendous challenge. These systems often
cannot be explained bymean-field approaches and contradict
the regular shell structure. The spectrum of 11Be has some
very peculiar features. The 1=2þ ground state (g.s.) is loosely
bound by 502 keVwith respect to the nþ 10Be threshold and
is separated by only 320 keV from its parity-inverted 1=2−

partner [1], which would be the expected g.s. in the standard
shell-model picture. Such parity inversion, already noticed by
Talmi and Unna [2] in the early 1960s, is one of the best
examples of the disappearance of the N ¼ 8 magic number
with an increasing neutron to proton ratio. The next
(nþ nþ 9Be) breakup threshold appears at 7.31 MeV [3],
such that the rich resonance structure at low energies is
dominated by the nþ 10Be dynamics. Peculiar also is the
electric-dipole transition strength between the two bound
states, which has attracted much attention since its first
measurement in 1971 [4] and was remeasured in 1983 [5]
and2014 [6]. It is the strongest known transitionbetween low-
lying states, attributed to the halo character of 11Be.
An accurate description of this complex spectrum is

anticipated to be sensitive to the details of the nuclear force
[7], such that a precise knowledge of the nucleon-nucleon
(NN) interaction, desirably obtained from first principles,
is crucial. Moreover, the inclusion of three-nucleon (3N)
effects has been found to be indispensable for an accurate
description of nuclear systems [8,9]. The chiral effective
field theory constitutes one of the most promising candi-
dates for deriving the nuclear interaction. Formulated by
Weinberg [10–12], it is based on the fundamental sym-
metries of QCD and uses pions and nucleons as relevant
degrees of freedom. Within this theory, NN, 3N, and
higher many-body interactions arise in a natural hierarchy

[10–16]. The details of these interactions depend on the
specific choices made during the construction. In particular,
the way the interactions are constrained to experimental
data can have a strong impact [17].
In this Letter, we tackle the question if ab initio

calculations can provide an accurate description of the
11Be spectrum and reproduce the experimental ground
state. Pioneering ab initio investigations of 11Be did not
account for the important effects of 3N forces and were
incomplete in the treatment of either long- [18] or short-
range [19,20] correlations, both of which are crucial to
arrive at an accurate description of this system.
In this Letter, we report the first complete ab initio

calculations of the 11Be nucleus using the framework of
the no-core shell model with continuum (NCSMC) [21–23],
which combines the capability to describe the extended
nþ 10Be configurations of Refs. [19,20] with a robust
treatment of many-body short-range correlations. We adopt
a family of chiral interactions in which theNN component is
constrained, in a traditional sense, to two-nucleon properties
[24] and the 3N force is fitted in three- and sometimes four-
body systems [25–28]. In addition, we also employ a newer
chiral interaction, obtained from a simultaneous fit of NN
and 3N components to nucleon-nucleon scattering data and
selected properties of nuclei as complex as 25O [29–31].
Many-body approach.—The general idea of the NCSMC

is to represent the A-nucleon wave function as the gener-
alized cluster expansion [21–23]

jΨJπT
A i ¼

X

λ

cJ
πT

λ jAλJπTiþ
X

ν

Z
drr2

γJ
πT

ν ðrÞ
r

AνjΦJπT
νr i:

ð1Þ
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constitutes a tremendous challenge. These systems often
cannot be explained bymean-field approaches and contradict
the regular shell structure. The spectrum of 11Be has some
very peculiar features. The 1=2þ ground state (g.s.) is loosely
bound by 502 keVwith respect to the nþ 10Be threshold and
is separated by only 320 keV from its parity-inverted 1=2−
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with an increasing neutron to proton ratio. The next
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such that the rich resonance structure at low energies is
dominated by the nþ 10Be dynamics. Peculiar also is the
electric-dipole transition strength between the two bound
states, which has attracted much attention since its first
measurement in 1971 [4] and was remeasured in 1983 [5]
and2014 [6]. It is the strongest known transitionbetween low-
lying states, attributed to the halo character of 11Be.
An accurate description of this complex spectrum is

anticipated to be sensitive to the details of the nuclear force
[7], such that a precise knowledge of the nucleon-nucleon
(NN) interaction, desirably obtained from first principles,
is crucial. Moreover, the inclusion of three-nucleon (3N)
effects has been found to be indispensable for an accurate
description of nuclear systems [8,9]. The chiral effective
field theory constitutes one of the most promising candi-
dates for deriving the nuclear interaction. Formulated by
Weinberg [10–12], it is based on the fundamental sym-
metries of QCD and uses pions and nucleons as relevant
degrees of freedom. Within this theory, NN, 3N, and
higher many-body interactions arise in a natural hierarchy

[10–16]. The details of these interactions depend on the
specific choices made during the construction. In particular,
the way the interactions are constrained to experimental
data can have a strong impact [17].
In this Letter, we tackle the question if ab initio

calculations can provide an accurate description of the
11Be spectrum and reproduce the experimental ground
state. Pioneering ab initio investigations of 11Be did not
account for the important effects of 3N forces and were
incomplete in the treatment of either long- [18] or short-
range [19,20] correlations, both of which are crucial to
arrive at an accurate description of this system.
In this Letter, we report the first complete ab initio

calculations of the 11Be nucleus using the framework of
the no-core shell model with continuum (NCSMC) [21–23],
which combines the capability to describe the extended
nþ 10Be configurations of Refs. [19,20] with a robust
treatment of many-body short-range correlations. We adopt
a family of chiral interactions in which theNN component is
constrained, in a traditional sense, to two-nucleon properties
[24] and the 3N force is fitted in three- and sometimes four-
body systems [25–28]. In addition, we also employ a newer
chiral interaction, obtained from a simultaneous fit of NN
and 3N components to nucleon-nucleon scattering data and
selected properties of nuclei as complex as 25O [29–31].
Many-body approach.—The general idea of the NCSMC

is to represent the A-nucleon wave function as the gener-
alized cluster expansion [21–23]
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29Halo sd-shell nucleus 15C and its unbound mirror 15F

§ Calculations in progress – all results preliminary

§ Technical details
§ Step 1: NN and 3N matrix elements

§ NN matrix elements – N3LO Entem & Machleidt 2003, SRG evolved with ! = 2.0 fm-1

§ ncsmv2b - Fortran90 with OpenMP

§ 3N matrix elements – N2LO with local/non-local regulator, SRG evolved with ! = 2.0 fm-1

§ manyeff, v3trans – Fortran90 with OpenMP
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14C ground state and 2+ state 
up to Nmax=6 full space 
(m-scheme dim=33,710,135)
Importance truncation in Nmax=8
(largest m-scheme dim=46,126,926)
Complete 3N force (no normal ordering)
6144 MPI tasks with 16 GB/task
Titan@ORNL

§ Technical details
§ Step 2: NCSM diagonalization – eigenvalues and wave functions

§ ncsd – Lanczosh algorithm, bit operations, hashing, partial or full storing of non-zero matrix 
elements in memory, Fortran 90 with MPI, ~12,000 MPI tasks

§ NN, NN+3N or NN+3N(NO2b) interactions
§ Calculations of Nmax sequence (0(1),2(3),…Nmax)
§ Importance truncation 

PreliminaryPreliminary
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§ Technical details
§ Step 2: NCSM diagonalization – eigenvalues and wave functions

§ ncsd – Lanczosh algorithm, bit operations, hashing, partial or full storing of non-zero matrix 
elements in memory, Fortran 90 with MPI, ~12,000 MPI tasks

§ NN, NN+3N or NN+3N(NO2b) interactions

§ Calculations of Nmax sequence (0(1),2(3),…Nmax)
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32Halo sd-shell nucleus 15C

15C positive and negative-parity states 
up to Nmax=5 full space 
(m-scheme dim=21,182,475)
Importance truncation in Nmax=6,7,8
(largest m-scheme dim=105,023,779)
Complete 3N force (no normal ordering)
8192 MPI tasks with 16 GB/task
Titan@ORNL

§ Technical details
§ Step 2: NCSM diagonalization – eigenvalues and wave functions

§ ncsd – Lanczosh algorithm, bit operations, hashing, partial or full storing of non-zero matrix 
elements in memory, Fortran 90 with MPI, ~12,000 MPI tasks

§ NN, NN+3N or NN+3N(NO2b) interactions
§ Calculations of Nmax sequence (0(1),2(3),…Nmax)
§ Importance truncation 
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§ Technical details
§ Step 2: NCSM diagonalization – eigenvalues and wave functions

§ ncsd – Lanczosh algorithm, bit operations, hashing, partial or full storing of non-zero matrix 
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… to be simultaneously determined  
by solving the coupled NCSMC equations 
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Halo sd-shell nucleus 15C

§ Technical details
§ Step 3: RGM and coupling kernels

§ trdens code – bit operations, hashing, 
Fortran90 with MPI, ~16,000 MPI tasks

§ New algorithm

RGM and coupling kernels calculated 
for Nmax=6/7
Complete 3N force (no normal ordering)
RGM kernels - 14C 0+, 2+ - 25 contributions
16384 MPI tasks with 4 GB/task
Titan@ORNL
Coupling kernels -14C 0+, 2+ - 5 contributions
1024 MPI tasks on Eos@ORNL0 2 4 6 8 10
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§ Technical details
§ Step 4: NCSMC calculation

§ ncsmc – Fortran90 with OpenMP and MPI
§ RGM and coupling kernels either input or calculated from densities 
§ Solves NCSMC coupled equations, calculates the S-matrix and scattering/reaction 

observables

Preliminary
Preliminary
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§ Technical details
§ Step 4: NCSMC calculation

§ ncsmc – Fortran90 with OpenMP and MPI
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39Conclusions

§ Ab initio calculations of nuclear structure and reactions with predictive 
power becoming feasible beyond the lightest nuclei

§ These calculations make connections between the low-energy QCD, 
many-body systems, and nuclear astrophysics

§ 15C NCSMC calculations in progress
§ Capture cross section, cluster form factor, ANCs

§ Study of the unbound 15F (mirror of 15C) in progress
§ Structure of resonances



40

D
is
co
ve
ry
,

ac
ce
le
ra
te
d

Thank you!
Merci!
���	����
��


