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Abstract. Light nuclei display a wide variety of phenomena: from stable bound states, to rare unstable
isotopes and transient resonances, to mutual dynamical interactions during a reaction. After an overview
of these phenomena, basic formalism and concepts in ab initio nuclear structure and reaction theory are
introduced, followed by selected examples of how powerful techniques for the description of the nuclear force
and the solution of the nuclear quantum many-body problem combined with cutting-edge high-performance
computing are enabling a comprehensive understanding of light exotic nuclei and thermonuclear reactions
that play an important role in the Cosmos and on Earth.

1 Introduction

Atomic nuclei are quantum-mechanical systems consisting of A nucleons (Z protons and N neutrons) interacting
through the strong force. To date we have verified the existence of over 2500 nuclei, and estimates suggest that as
many as 5000 more have yet to be discovered. An overarching goal of nuclear physics is to arrive at the comprehensive
understanding —in terms of the laws of quantum mechanics and the underlying theory of quantum chromodynamics—
of atomic nuclei and their interactions, and to use this understanding to accurately predict properties that are difficult
to measure or simply inaccessible to experiment but play a fundamental role in explaining the inner workings of the
Universe or are critical to the national security. At the low energies relevant for most studies of nuclear structure and
nuclear reactions, currently the best path to achieving this goal combines effective field theories of quantum chromo-
dynamics — that organize the nuclear force into systematically improvable expansions —with ab initio methods—
that solve the quantum many-nucleon problem with controlled approximations. In the last few years, the development
of powerful ab initio methods has dramatically accelerated this journey, allowing for the description of nuclei with
increasingly larger mass numbers and the unified description of bound-state and continuum properties. In this work
we explore the light sector of the nuclear landscape, highlight the role of light-nuclei reactions in nuclear astrophysics,
discuss some of the ab initio techniques used to describe the static properties, continuum dynamics and reactions of
light nuclei, and give examples of applications.

2 A walk through light and unbound nuclei

Figure 1 shows naturally occurring and man-made nuclei up to about A = 20, organized as a function of their neutron
number (horizontal axis) versus proton number (vertical axis). Only a limited number of (N, Z) combinations leads
to nuclear systems that can hold together permanently (or for an extremely long time), that is are stable (or nearly
stable) bound states. These nuclei, marked as black squares in fig. 1, are characterized by wave functions that are
localized in space and exhibit a considerably large binding energy

B(N,Z) = Zmyc* + Nm,c* — M(Z,N)c?, (1)

* Focus Point on “Rewriting Nuclear Physics Textbooks: Basic Nuclear Interactions and Their Link to Nuclear Processes in
the Cosmos and on Earth” edited by N. Alamanos, C. Bertulani, A. Bonaccorso, A. Bracco, D. Brink, G. Casini, M. Taiuti.
# e-mail: quaglionil@llnl.gov
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Fig. 1. The light sector of the nuclear landscape.

formally defined as the (positive) energy required to break up a given nucleus into its constituent N neutrons and Z
protons. Here m,,, m,,, and M(Z, N) are, respectively, the masses of the proton, neutron, and nucleus and c¢ is the
speed of light. As an example, the *He nucleus —made of two neutrons and two protons— is a tightly bound state
with a binding energy of 28.3 MeV.

Light stable nuclei mostly lie along the N = Z line. Moving away from this line of stability by progressively
adding protons (proton-rich nuclei) or neutrons (neutron-rich nuclei) causes the separation energy (the minimum
amount of energy that must be supplied to a nucleus to remove one or more neutrons/protons) to decrease and
the resulting nuclear systems to spontaneously decay towards a more stable configuration by emitting radiation.
Specifically, proton-rich nuclei (marked as red squares in fig. 1) tend to decay by emitting a positron (87 decay) or
capturing an electron, thereby changing one of their protons into a neutron and simultaneously causing the emission
of a neutrino. Conversely, neutron-rich nuclei (marked as light-blue squares in fig. 1) tend to convert one of their
neutrons into a proton by emitting an electron-neutrino pair (5~ decay). These S-unstable systems, characterized by
decay half-lives in the range 107 < T} 12 < 10~° s, form the vast majority of nuclei, including light nuclei.

Continuing to add neutrons (protons) eventually drives the separation energy to cross the zero value. The bound-
aries delimiting the region in the chart of nuclei where this happens are called driplines. Beyond the driplines, nuclear
states are characterized by positive energies and wave functions that extend all over the place, that is are unbound.
Such “scattering states” can take any positive value of energy, i.e. their energy spectrum is continuum (as opposed
to bound states which are negative-energy states and form a discrete spectrum). At low, positive energies unbound
nuclear states can exist in metastable states called resonances. Similar to bound states, nucleons within resonances
are confined in a finite region of space, but only for a finite time. Such resonant states can be observed in a labora-
tory, appearing as peaks or dips in cross sections of scattering experiments, and can be considered “unbound nuclei”
much as high-energy baryon resonances are considred subatomic particles in particle physics. Unbound nuclei have
lifetimes on the order of 1072% s (for a brief discussion of the time-dependence of resonances, see sect. 2.1). A schematic
representation of nuclear bound, resonant and scattering states is shown in fig. 2.

Near the driplines, the large neutron-to-proton asymmetry and the proximity to the energy continuum can lead
to the emergence of new phenomena that challenge our assumptions about nuclear sizes, shell closures, and other
nuclear properties. One of the most fascinating are halo nuclei, weakly bound states of clusters of nucleons with an
unusually large radius extending well into the classically forbidden regions of space (where the potential energy is
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Fig. 2. A schematic representation of nuclear bound, resonant and scattering states. Here, V' (r) represents the effective potential
experienced by a nuclear system, e.g., a neutron approaching a stable nucleus at a distance r, resulting from the combination
of the attractive nuclear force and repulsive centrifugal (angular momentum) barrier. Depending on the depth of the potential
well, there can be a finite number of bound states. Such negative-energy states are trapped in the potential well permanently.
At low, positive energies the centrifugal barrier can cause the system to be trapped into one or more resonances, but only for
a finite time. Eventually, the system tunnels through the barrier and escapes the potential well. At energies above the barrier,
there is an infinite number of scattering states.

larger than the total energy of the system). These exotic nuclei are prominent examples of quantum halos, a wider
class of systems presenting universal characteristics also found in atomic and molecular physics [1]. There are two
main classes of halo nuclei: one-nucleon halo nuclei, where a single nucleon orbits a tightly bound nuclear core at a
distance; and Borromean halos (or two-nucleon halo nuclei), weakly bound states of three nuclear clusters, otherwise
unbound in pairs. These systems cannot be explained by mean-field approaches and often contradict the regular shell
structure. A pictorial representation of halo nuclei and their location in light sector of the nuclear chart are shown in
fig. 1. Two famous examples of halo nuclei are discussed in sect. 2.2.2.

In summary, light nuclei already display a wide variety of phenomena all of which can contribute to refine our
understanding of basic nuclear interactions. The vast majority of light nuclei are either unstable or unbound. The
structure exhibited by light nuclei range from the well-known ordinary stable nuclei, to nuclei with excess neutrons
(protons) at the surface, to halo nuclei, to transient unbound nuclei beyond the driplines. A comprehensive description
of all of these phenomena in terms of the laws of quantum mechanics and the underlying theory of the strong force
(quantum chromodynamics) represents an extraordinary challenge for nuclear theory.

2.1 Time dependence of resonances

In sect. 2 we introduced the concept of nuclear resonance as metastable state of finite lifetime. Here, we briefly show that
resonances can be viewed as generalized solutions of the Schédinger equation with complex energies, E = Er —iI'r/2.

Remembering that the time dependence of a stationary state (i.e., a solution of the time-independent Schodinger
equation) is given by

w(0) = exp (-0 w0 ©)

the probability density [1|? for a resonance is given by

L E I
exp (—Zth> exp (—;};t) »(0)

that is, different from a stationary state with real energy, the probability density for a resonance decays exponentially
in time with a lifetime of 7 = h/I'g (or half-life of 7/, = In27h/I'g). This is an example of the uncertainty principle
relation between time uncertainty (At = 7) and energy uncertainty (AE = I'g).

2
B = —exp (~ 524 O ®
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Fig. 3. Shell model configuration for the ®He nucleus, made of two protons and three neutrons. The 0s; /2 shell is fully occupied
by the 2 protons and 2 neutrons forming the *He nucleus.
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Fig. 4. Shell model configuration for the '*Be nucleus, made of four protons and seven neutrons. The neutrons’ 0s; /2 and Ops /2
shells are fully occupied, and a regular shell structure would suggest that the last neutron sits in the Op; /2 shell, i.e. that the g.s.
of 'Beis a J™ = 1/27 state. We know from experiment that the g.s. of *Be is instead a J™ = 1/2% state. This phenomenon
is known as parity inversion.

2.2 lllustrative examples
2.2.1 The unbound ®He nucleus

The *He nucleus, made of two neutrons and two protons, is a tightly-bound state with a binding energy of 28.3 MeV.
Despite of this, the system obtained by adding a neutron to *He, i.e. the "He nucleus, is unbound. More in general,
any A = 5 system is unbound. Here, we examine why.

In a simple shell model picture of the nucleus [2], the four nucleons forming the *He nucleus sit mostly in the
0s1/2 shell (the lowest shell with orbital angular momentum ¢ = 0 and total angular momentum j = 1/2) (see fig. 3).
Because of the Pauli exclusion principle, an additional nucleon cannot be added to the fully occupied 0s; /o shell and
has to be promoted to a higher shell, the lowest of which is the Opg/, (¢ = 1, j = 3/2). For this reason, the ground state
(g.s.) of °He has an angular momentum-parity of J* = 3/27. Given that the *He is a state of zero angular momentum
and °He has an intrinsic spin of 1/2, this also indicates that the relative motion between the neutron and the *He in
the g.s. of °He is characterized by an orbital angular momentum of ¢ = 1. That is, the depth of the effective n-*He
potential is reduced by the repulsive centrifugal potential energy, h*¢(£+1)/2ur? (with £ = 1, and p being the reduced
mass of the n-*He system). As a result, the overall potential is attractive, but not enough to bind the system. At the
same time the centrifugal barrier causes the neutron to get trapped into a resonance with a half-life of 77 /o ~ 10723,

2.2.2 The ''Be and ''Li halo nuclei

A prominent example of binary halo nucleus is ''Be, which presents a distinct '°Be + n structure. The low-lying
spectrum of energy levels of ! Be has some very peculiar features. The g.s., characterized by an angular momentum-
parity of J™ = 1/2% is loosely bound by 502 keV with respect to the threshold for breakup into a °Be plus a neutron
and is separated by only 320keV from its opposite-parity J™ = 1/2~ partner, which would be the expected g.s. in the
standard shell-model picture of this nucleus (see fig. 4). Such parity inversion, already noticed by Talmi and Unna [3]
in the early 1960s, is one of the best examples of the disappearance of the N = 8 magic number with increasing
neutron-to-proton ratios. The root-mean-square (rms) distance of the halo neutron in the ground and first excited
states of 1'Be are 6.64 and 5.41 fm, respectively. In comparison, the radius of the °Be core is only 2.30 fm.
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Fig. 5. The helium burning process. The collision of two *He nuclei produces the unbound ®Be nucleus. If a third *He nucleus
is captured by the ®Be resonance before it decays, the *2C nucleus is formed and additional energy is released in the form of an
energetic photon (y-ray). The capture by 12¢ of a fourth *He nucleus generates '°0 and another v-ray.

Perhaps the most famous nuclear halo is the ''Li nucleus, which consists of two neutrons orbiting a °Li core.
Its surprisingly large overall spatial extent, comparable with that of the 2°®Pb nucleus, was first brought to light by
Tanihata et al. [4,5], who found that the measured interaction cross sections of Li isotopes colliding with ordinary
nuclear targets displayed a very large increase for 'Li. As neither the di-neutron nor the 1°Li (°Li + n) systems form
bound states, ''Li is characterized by a three-cluster dynamics and is an example of Borromean halo. The two neutrons
are bound to the °Li core by less than 300 keV. In comparison, the binding energy of the ?Li core is 45.34 MeV.

3 Light and unbound nuclei in the Cosmos and on Earth

In addition to being complex quantum-mechanical systems exhibiting fascinating properties, light nuclei are also the
fuel of thermonuclear fusion reactions responsible for the formation of the chemical elements in the Universe, chief
of which the chemical building blocks of life, carbon and oxygen. These elements were mainly made in red giant and
supergiant stars, through a sequence of fusion reactions —known as helium burning— during which “He nuclei are
progressively converted into '2C and 'O nuclei. Helium burning starts when two *He nuclei (also known as a-particles)
collide with each other and attempt to fuse. But the product of that fusion is the unbound ®Be nucleus, a resonant
state with a half-life of about 1076 seconds which decays back into two a particles. Therefore, '2C is formed in the
rare event a third a-particle is captured nearly simultaneously with the collision of the original pair, a process known
as the triple-alpha reaction [6]. Subsequently, the capture of a fourth a-particle by 2C produces 16O [7] (see fig. 5).
The ratio of the amount of '2C relative to that of 'O produced through these processes has profound repercussions
not only for the development of the chemical building blocks of life but also for the entire scheme and sequence of
nucleosynthesis events as we imagine them now, including the later evolutionary phases of magnificent massive stars
such as Orion’s Betelgeuse, and their ultimate fate once they explode as supernovae [8].

Unfortunately, the Coulomb repulsion experienced by the positively charged nuclei as they attempt to fuse causes
the fusion reaction rates to be very small at the low energies encountered in stellar environments (see sect. 3.1
for a more detailed explanation). For example, the Coulomb barrier inhibiting the 2C(a, )60 reaction is so high
that a direct measurements at the 300keV corresponding to helium burning conditions has so far been impossible
(see fig. 6). This constitutes a major hurdle in precisely determining the carbon-to-oxygen ratio produced in stars,
and introduces large uncertainties in stellar-evolution models and simulations of the processes that create nuclei
(nucleosynthetic processes). An in-depth review of the current understanding of the 12C(c, )90 reaction rate can be
found in ref. [9].

Thermonuclear fusion rates of light nuclei at energies of tens to hundreds of keV play also an important role in
big-bang nucleosynthesis and in the evolution of young stars the size of our Sun or smaller [10,11]. Being in the early
stages of stellar evolution, our Sun spends most of its time converting hydrogen into helium through the reactions of the
proton-proton (pp) chain, shown in fig. 7. While only about 11% of the Sun’s energy comes from the thermonuclear
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Fig. 6. The clectric dipole (a) and electric quadrupole (b) components of the 2C(a,v)'°O astrophysical S-factor. Available
experimental measurements (symbols) compared to the R-matrix fit of ref. [9]. The experimental data have been subjected
to overall normalizations as determined by the fitting procedure. The vertical dashed line indicates the typical stellar energy
relevant for the helium burning process. Reprinted figure with permission from R.J. deBoer et al., Rev. Mod. Phys. 89, 035007
(2017). Copyright (2017) by the American Physical Society.
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Fig. 7. The proton-proton chain. The fusion of two protons (or 'H nuclei) produces a deuterium (2H) nucleus in concomitance
with the release of a positron and a neutrino as one proton changes into a neutron. The capture by ?H of a third proton generates
3He and a ~-ray. Subsequently, “He is synthetized through three main processes: 1) the fusion of two 3He nuclei to form *He
plus two protons; the capture by *He of a pre-existing *He to form “Be and a v-ray followed by 2) the conversion of "Be to "Li
through electron capture and the fusion of the latter with a proton to form two *He nuclei, or 3) the conversion of "Be to the
unstable ®B nucleus through the capture of a proton, and the subsequent decay of the latter to the unbound ®Be nucleus which
quickly falls apart into two “He nuclei. Marked by red rectangles are reaction rates the uncertainty of which limits the precision
of the predictions of solar models.

reactions that convert helium and hydrogen into "Be eventually producing B, the decay of this unstable nucleus
generates the most energetic solar neutrinos that arrive on Earth, giving us one of the main tools to study these
elusive elementary particles, which we do not fully understand yet. For example, the discrepancy between the flux
of neutrinos observed on Earth and the neutrino flux predicted by solar models led to the discovery of neutrino
oscillations, which was awarded a Nobel Prize in Physics in 2015.
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Fig. 8. Lower panel: Astrophysical S-factor for the *He(c,~)"Be reaction. Measurements counting prompt -rays (empty
symbols) are lower than those counting delayed ~ from "Be decay (filled symbols). The relevant energies for proton-proton (pp)
chain and big-bang nucleosynthesis (BBN) are indicated by orange bars. Dashed and vertical lines are, respectively, a fit to the
prompt-y data and the uncertainty of its slope. Upper panel: Uncertainties (systematic and statistical combined in quadrature).
Reprinted figure with permission from C. Broggini, Phys. Rev. Lett. 97, 122502 (2006). Copyright (2006) by the American
Physical Society.

Solar S-factors (see sect. 3.1), which isolate the nuclear part of solar fusion cross sections, must be known at energies
in the keV range. In the case of the *He(a, ) Be reaction, S-factor values at such energies can only be obtained by
extrapolations from measurements above 0.1 MeV [12] (see fig. 8). The uncertainty from such an extrapolation limits
the precision of the flux of ®B decay neutrinos from the Sun predicted by solar models. This is currently one of the
main hurdles in using solar-neutrino oscillation experiments to probe physics beyond the Standard Model.

Another important application of thermonuclear fusion reactions is in fusion energy research and technology. The
fusion of deuterium (d) with tritium (*H) to generate *He, a neutron and 17.6 MeV of energy released in the form of
kinetic energy of the products is the most promising of the reactions that could power the thermonuclear reactors of
the future because it yields the highest reaction rate at the lowest temperature. At the same time, the *H(d, n)*He
and the *He(d, p)*He fusion reactions have also important implications for nuclear astrophysics, and atomic physics.
Both reactions affect the predictions of big bang nucleosynthesis for light-nucleus abundances [13]. In addition, the
deuterium-3He fusion is also an object of interest for atomic physics, due to the substantial electron-screening effects [14]
presented by this reaction (this effect can be seen in fig. 22 of sect. 5.4, presenting an ab initio calculation of this
fusion reaction). Indeed, different from the plasma environment of a star (where nuclei and electrons are not bound
together) in a laboratory the two reacting nuclei are not fully ionized, that is, fully stripped of their electrons. As a
consequence, the electrons bound to the two nuclei form a screening potential which has the effect of enhancing the
low-energy cross section by reducing the Coulomb barrier that reacting ions must overcome and hence masking the
“bare” nuclear cross section.

In summary, thermonuclear fusion reactions play an important role. They are very difficult to measure and their
uncertainties affect the prediction of stellar models. A predictive theory of light nuclei reactions could provide mea-
surements from calculations that would aid in reducing these uncertainties.

3.1 The astrophysical S-factor

In thermonuclear fusion reactions, two or more nuclei are converted into a nucleus with larger atomic mass number and
energy is released in the process. Because the positively-charged colliding nuclei repel each other, the fusion process
operates mainly by tunneling through the Coulomb barrier. To a very good approximation, the effect of tunneling on
the reaction probability (that is the total reaction cross section) is described by the tunneling probability

P =exp(—2mn), (4)

where n = Z1Z5e?/ h2\/2F /up is the dimensionless Sommerfeld parameter, with Z; and Z5 the proton numbers of
the colliding nuclei, e is the electron charge, and p the reduced mass of the system, and E is the relative incident
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kinetic energy. Taking additionally into account a 1/E factor due to the reaction kinematics, the cross section can be
factorized as

o(2) = 2B exp (-omp), )

where S(F), known as the astrophysical S-factor, isolates the nuclear component of the cross section. The energy
behavior of the S-factor depends on the underlying nuclear reaction mechanism and can vary from a smooth dependence
to a more complicated and irregular dependence due to the interfering effects of near-threshold resonances in the
reaction channel.

Equation (5) shows that the cross section drops nearly exponentially as the energy approaches zero. As a result,
thermonuclear fusion reactions at the energies characteristic of stellar environments (ranging from few to few-hundred
keV) involve in most cases very low counting rates, making them very difficult to replicate and measure in a laboratory.
Because of this, the S-factor in the low-energy region relevant for astrophysics is usually obtained by extrapolation
from measurements at higher energies (see, e.g., fig. 6). Such an extrapolation can be a major source of uncertainty,
particularly for S-factors that do not present a smooth energy behavior.

4 Ab initio theory of light-nuclei structure and reactions

An overarching goal of nuclear physics is to compute atomic nuclei and nuclear processes in the Cosmos and on Earth
by directly solving the quantum mechanical problem of A interacting nucleons, that is by solving the time-independent
Schrodinger equation

HY = EV, (6)

where H is the microscopic Hamiltonian of the system of A nucleons and ¥ are the A-body wave functions of its
eigenstates. While protons and neutrons are not themselves elementary particles, similar to atoms in molecules, they
are the effective degrees of freedom at the energy scales relevant for most studies of structural and reaction properties.
However, unlike the emergence of Van Der Waals forces between atoms from electrodynamics, the underlying theory
governing nuclear phenomena (quantum chromodynamics, QCD) is non-perturbative at low energies, impeding a
direct derivation of the nuclear interactions. Because of this, the solution of the nuclear many-body problem requires
addressing three major questions: How do we accurately describe the interactions among nucleons? How do we describe
the A-nucleon wave functions of bound and unbound states, and of systems of colliding nuclei? How do we solve the
Schrédinger equation exactly, or at least with controlled approximations or “ab initio”? While an exhaustive discussion
of the techniques used to address these questions goes beyond the scope of this work, here we will outline some of the
main elements, particularly as it pertains to the ab initio description of the structure and low-energy reactions of light
nuclei.

4.1 The nuclear Hamiltonian
When studying nuclei, typically we are not interested in the motion of the system as a whole. Rather, we are interested

in the internal motion of the nucleons within the nuclear system. Therefore, the starting point of ab initio methods is
the Galilean (or translational) invariant internal Hamiltonian

where T, is the internal kinetic energy operator, defined in terms of the nucleon mass (m), the momenta of the
individual nucleons (p;, i = 1, -+, A) and that of the system as a whole (Pe,) as
A A
NPl Pan lz(pi—pj)z ®)
T Loy 2Am 0 A £ 2m ’
=1 <J
and V = VNN L V3N 4 ... describes the strong and Coulomb interaction among nucleons. The interaction V

generally consist of nucleon-nucleon (NN) and three-nucleon (3N) contributions that accurately reproduce few-nucleon
properties, but in principle can also contain higher many-nucleon contributions. More specifically, the Hamiltonian
can be written as

1 & (pi-p)® | o -
— (R '} NN 3N
H=—2 ) ===+ D Viiv+ Y Vil+.. )
i<j=1 i<j=1 i<j<k=1
where Vzév N VZ%V ,+++, etc., depend on relative coordinates and/or momenta, and are therefore Galilean-invariant.
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As anticipated in the introduction to this section, the determination of the strong component of the interaction
poses a tremendous challenge. Currently the best path to deriving accurate nuclear interactions is chiral effective field
theory (EFT), which was formulated by Weinberg in the 1990’s [15,16]. Using nucleons and pions as explicit degrees
of freedom, this effective theory organizes the interactions of protons and neutrons in a systematically improvable
expansion, linked to the fundamental theory of quantum chromodynamics. The small expansion parameter is (Q/A,),
where () relates to the nucleon momentum/pion mass and A, corresponds to the break-down scale of the chiral
expansion, which is typically on the order of 1GeV. Within this expansion, consistent NN, 3N and many-nucleon
interactions emerge naturally in a hierarchical scheme [17-20]. The physics from excluded degrees of freedom (e.g.,
quarks and gluons, which at the energy scales relevant for most nuclear phenomena are confined) is captured by
parameters that are constrained empirically. Further, because the chiral expansion is only valid at low energies, high-
momentum contributions beyond a certain cutoff A.,; are suppressed by introducing a regularization. While combined
with powerful ab initio approaches and high-performance computing chiral EFT has spurred enormous progress over
the past 10 years, the question of how to best implement the theory and empirically constrain it remains an active
topic of research. Over the years this has lead to the emergence of several families of chiral interactions, differing for
the strategies used to constrain the expansion parameters, and/or for the choices of regulator function and momentum
cutoff used in the regularization. Though this is a rapidly evolving field, a review of chiral EFT based nuclear forces
can be found in ref. [21].

In the interest of describing the dynamics of two interacting nuclei (or nuclear “clusters”) made, respectively, of
A — a and a nucleons, the Hamiltonian can also be re-arranged as

H = Trel(r> + VC(T) + Vrel + H(Afa) + H(a)a (10)

where Tyo1(r) is the relative kinetic energy between the two nuclei, Vo(r) = Z1Z9e?/r (Z; and Z, being the charge
numbers of the first and second nucleus, respectively) the average Coulomb interaction between the nuclei, V,q is a
localized relative (inter-cluster) potential given by

A—a A A—a A A—a A
Vrel = Z Z ‘/éVN + Z Z ‘/1‘;2/' + Z Z Miiv - VC(T)7 (11)

i=1 j=A—a+1 i<j=1k=A—a+1 i=1 j<k=A—a+1

and H(s_,) and H(,) are the internal Hamiltonians for the (4 —a)- and a-nucleon systems, respectively. It is important
to notice that both the nuclear components of the interactions between nucleons belonging to the two different nuclei
and the contribution to the relative potential (11) coming from the Coulomb interaction have a finite range. Indeed,
the subtraction of Vg from the “point-Coulomb” interaction between pairs of nucleons yields a potential presenting
an r~2 behavior as the distance r between the two clusters increases.

More in general, a separation of the A-nucleon Hamiltonian into relative-motion, average Coulomb and clusters’
components can be realized for any number of (sub-)clusters which may be relevant for describing the dynamics of a
nuclear system.

4.2 The two-nucleon problem

Before tackling the problem of solving the A-nucleon Schrodinger equation (6) with a realistic Hamiltonian of the
form (9), let us first consider the much simpler case of two nucleons (A = 2) interacting through a spherically
symmetric potential depending only on their distance. By working with the relative coordinate r = r; — r2 and
momentum p = (p; — p2)/2, the intrinsic Hamiltonian of the system can be written as

p?

(P1 — p2)? P
m

H =
4m

+V(r)==—+V(r), (12)
where r = |r|, and the two-nucleon problem is reduced to the problem of one particle of mass m/2 (the reduced mass
of the system) in three dimensions. Given the simple, spherically symmetric form of the potential, the problem can be
further simplified by working with spherical coordinates, r = (r, 0, ¢). When this is done, the Schrodinger equation (12)
becomes separable and the solutions of its angular component are the eigenstates of the orbital angular momentum
operator £, i.e., the spherical harmonics functions Y% ,(0,¢) (with £ the orbital-angular-momentum quantum number
and my the associated projection). This leaves the one-dimensional radial equation

{_ - d (2 d)+W+V(r)}R<r>=ER<r% 1)

S e2s
mr2 dr dr mr

to determine the energy and radial wave function for the potential V (r).
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Concerning the spin and iso-spin degrees of freedom, the possible values of the total spin and iso-spin for a system
of two nucleons are S(T) = 0,1 and the associated states are given by the eigenfunctions (with €7 denoting

Jimagams
angular-momentum coupling or Clebsh-Gordan coefficents [22])
1 1
Xows(81.82) = Y Oy X (81 (52) (14)

—4 1
ml,mQ—iE

1
and an analogously defined x%T (t1,t2), where x2, are two-dimensional spinors, 81(2) and ty(g) are, respectively, the spin
and iso-spin coordinates of the two nucleons and mgr) the spin (iso-spin) projection. The (iso-)spin wave functions
are symmetric for S(7') =1 (triplet) and antisymmetric for S(T") = 0 (singlet).
In summary, the wave functions of the eigenstates of the two-nucleon Schrédinger equation for the Hamiltonian of
eq. (12) can be written as the product functions

W(1,2) = R(r)Y,s,, (0, 0)Xms (51, 82) X (t1, 12). (15)

There are only a few potentials for which eq. (13) can be solved analytically. One of the best known is the isotropic
harmonic oscillator (HO), V(r) = $402%r%, where £2 denotes the oscillator frequency. Due to its confining nature, this
potential leads to a discrete spectrum of eigenstates of the form of eq. (15) with energies Exy = (N + %)h(), where
N = 2n+ ¢ and n is a positive integer counting the number of nodes in the radial component of the wave function,
R,¢(r). In the majority of cases, the radial equation (12) has to be solved numerically.

In a realistic Hamiltonian of the type of eq. (9) the nuclear potential between the two nucleons is not spherically
symmetric, and will also contain (scalar) operators acting on the spin and isospin degrees of freedom, such as the
tensor term 3(sy - 7)(s2 - 7)/r? — 81 - 82. In such a more general case, the problem can still be simplified by writing
the ansatz for the two-nucleon wave function as an expansion on a suitably angular-momentum coupled complete set
of basis states of the form (15) with total angular momentum J = £+ S (where S = s1 + 82).

Finally, because nucleons are spin—% particles and hence fermions, the wave function has to be antisymmetric for
the exchange of the two nucleons, that is the wave function must satisfy

Pow(1,2) = —w(1,2), (16)

where Py is the permutation of particles 1 and 2. Under such an operation, the distance r remains unchanged, the
two angles are changed according to § — 7 — 6 and ¢ — 27 4 ¢, and the order of the nucleon spin (iso-spin) quantum
numbers is exchanged in the angular-momentum coupling coefficients of eq. (14). Based on the properties of the
spherical-harmonics functions and Clebsch-Gordan coefficients [22], the net effect of the exchange of nucleons 1 and 2
is

Prow(1,2) = (=1)*5+Tw(1,2). (17)
This shows that only the wave functions (15) for which ¢ + .S + T is an odd number represent physical two-nucleon
configurations. This is the well-known Pauli exclusion principle for two nucleons.

A more detailed discussion of this topic can be found in standard texts in quantum mechanics, such as, e.g. refs. [23,
24].

4.3 The few-nucleon problem

The approach described in sect. 4.2 can be generalized to systems of a few nucleons, typically up to A = 4 for realistic
nuclear Hamiltonians including 3N forces. Similar to the two-nucleon case, it is possible to work with a set of relative
or Jacobi coordinates (and associated conjugate momenta) that naturally lend themselves to the description of the
intrinsic motion of the system, e.g.,

1 1
61 = ﬁ(rl — 1"2) = \—@r, (18)
& = ; B(Tl +7ra) — 7’3] ; (19)

A-1 1
a1 = A [Al(rl +ro+-+Tray) —Tal, (20)
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Fig. 9. Example of Jacobi relative (left) versus single-particle coordinates (right) for a system of A = 4 nucleons.

where &1 is the vector proportional to the relative position of the k-th nucleon and the center of mass of the first
k — 1 nucleons (see fig. 9). The few-nucleon problem is then gradually reduced to the solution of a one-dimensional
hyperradial equation by recursively transforming the Jacobi coordinates into a set of hyperspherical coordinates (an
hyper-radius and a set of 34 — 4 angles) and introducing an expansion in hyperspherical-harmonic (HH) functions [25,
206], the eigenstates of the hyperangular-momentum operator. As an example, for three nucleons one can introduce the
set of hyperspherical coordinates (£1,&2) = (p, a, 61, ¢1, 02, d2) where

p=1/E+¢& and a:arctang—;, (21)

and 61, ¢1 and 65, ¢ are the angular coordinates associated with &; and &, respectively. In these coordinates, the
relative kinetic energy operator for the three-nucleon system can be written as

. o 50 A

Tia=——7—|—+--—= 22
T om (5/)2 MY (22)

where A2 is the hyper-angular-momentum operator. As anticipated, the eigenfunctions of A? are the HH functions

yf;fffy(oéﬂh%ﬂ%@) = ¢ (a) Z C s Yo (01,61)Y,2 (0, 62) (23)

my,msa

with eigenvalues K (K + 4). Here, K is the hypermomentum quantum number defined as K = 2n + {, + ¢, with

n=20,1,2,---, and the complete set of functions (bié’zl () is given by
141
i}’éz (a) = N%Zy (sina)® (cos )" pytatets (cos2a), (24)

where P%#(¢) are Jacobi polynomials, and Nfgb normalization constants. By representing the angular motion as an
expansion in HH functions, the ansatz for the few-nucleon wave function can be written as

W(l, 23 e 7A) = ZRK(p)y[I‘(J\KZL[y (Oé, 917 ¢17 92; ¢2)XTSVLS (817 892, ;SA)XﬂT (t17t27 e 7tA); (25)
K

where y, s and XﬁT are, respectively, spin and isospin functions of total spin (iso-spin) S(7") and projection Mg(r)
built from the angular-momentum coupling of the single-nucleon spinors along the same line as eq. (14). Much as in
the two-nucleon case this leaves a one-dimensional (coupled-channel) Schrodinger equation to determine the energy
and hyper-radial components of the wave function, Ry (p) for the potential under consideration.

Once again, the nuclear wave function has to be antisymmetric for the exchange of any two particles, that is it
must satisfy

ijW(1,2,~-~,j,-~-,k:,n-,A):—LT/(l,Q,-u,j7~-~,k,~-~,A), (26)

where ij is the permutation operator of nucleons j and k. The HH functions of eq. (23) and the A-nucleon spin

(iso-spin) functions Xﬁfsjz)m do not possess any peculiar property under permutation of particles. Thus, the wave

function (25) has to be explicitly antisymmetrized. In this respect, it should be noted that the exchange of two
particles results in a different set of Jacobi coordinates, and hence of hyperangular and angular coordinates, while
the hyperradius remains unchanged. The antisymmetrization of the wave function constitutes a major roadblock in
the application of the HH formalism to systems with more than a few nucleons. Details on the antisymmetrization
procedure are beyond the scope of this work. The interested reader can find information on one possible way to
antisymmetrize hyperspherical harmonics in refs. [27,28].
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Besides the HH formalism [25,26,29-32], there are several other methods for the solution of the few-nucleon problem
(most of which are applicable to both bound and continuum states) using Jacobi relative coordinates/momenta, such
as the Faddeev [33], Faddeev-Yakubovsky [34,35], Alt-Grassberger and Sandhas (AGS) [36,37], and the translational-
invariant version of the no-core shell model [38]. In all these methods, as the number of nucleons increases, the
antisymmetrization of the wave functions becomes more and more involved, limiting their applicability.

4.4 The A-nucleon problem: bound states

While Jacobi relative coordinates are a natural choice for describing the intrinsic motion of a nuclear system (for
which the NN and 3N interactions depend on relative coordinates and/or momenta), a computationally more effective
approach when dealing with a systems of more than a few nucleons is to work with the set of single-nucleon coordinates
(r1,72, -+ ra). Rather than tackling directly the problem of A nucleons interacting with realistic NN and 3N forces,
in this case one typically starts by solving a much simpler independent-particle problem, in which the Hamiltonian

A o A
~ . pi N .
H = ;:1 o +U(ry) ;:1 hi, (27)

is the sum of A single-nucleon Hamiltonians h; and U(r) is the HO potential, U(r) = $m{2?r?, or another type of

mean-field potential. Because of the especially simple form of the Hamiltonian H , its solutions can be written as a
product function of A single-particle wave functions of the type

Pa;(Tis 8isti) = Rue(ri) Z CI™ VY (0, 05)Xn, (80) X, (1), (28)

Lmgsms ™ e
me,Ms

where ¢, satisfies the single particle Schrodinger equation h;pn, = €4, 9a,;, and «; represents a short-hand notation
for the single-particle quantum numbers (n, ¢, j,m;, m;) associated with it (and is in practice an index enumerating
the eigenstates). The energies €,, are the levels of the single-particle energy spectrum. A fully antisymmetric version
of such product function can be trivially built as the determinant

Poy (1) Pay (2) e Pan (A)
Pa(1,2,0,A) = o det : | 5 | : (29)
QO(XA(I) Paa (2) e Paa (A)

where each element of the same column refers to the same particle and each element of the same row contains the
same single-particle wave function. Indeed, the exchange of any two columns of this matrix will cause its determinant

to change sign. The “Slater-determinant” (SD) functions (29) are eigenstates of H with eigenvalue

A
Eo=) ca,. (30)
=1

As anticipated, one popular choice for U(r) is the HO potential, in which case the single-particle energies are given
by Ea; = Enyt; = (2717 + 67 + %)TIQ

In a second step, one then uses the SD functions (29) as a basis to build the ansatz for the solution of the original
A-nucleon problem, that is

Omax

U(1,2, A= Y ca®a(l,2,---, A), (31)

QX=Qmin

where ¢, are variational coefficients and uin, max label, respectively, the minimum- and maximum-energy configu-
rations included in the expansion (that is, all SDs with energies up to E,, . are included). When using this ansatz
for the A-nucleon wave function and projecting on the basis states (from the left), the Schrédinger equation (6) is
mapped into the linear-algebra eigenvalue problem

ZHaﬁCg:Eca or Hc=FEec, (32)
B
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where the elements of the Hamiltonian matrix are (suppressing for simplicity the spin and isospin degrees of freedom)
H.p = (P, |H|Ps) = /@Z(r177‘27 s, ra)HOp(ry, T2, ,ra)dridre - - - dry, (33)

and the unknown expansion coefficients ¢, are the components of the eigenvector ¢. We note that, being eigenstates of
the independent-particle Hamiltonian (27), |®,) form a complete set of orthonormal basis states, i.e. (Po|Pg) = Jag.

A clear advantage of this methodology is that the antisymmetrization of the A-nucleon wave function becomes
trivial. A drawback, is that in general the introduction of the mean-field potential U(r) destroys the invariance of the
system with respect to translations. As a result, the center-of-mass (c.m.) motion is no longer separable and remains
mixed to the intrinsic motion, giving rise to spurious effects.

The HO is the only mean-field potential which enables an exact factorization of the c.m. motion for the A-nucleon
eigenstates. This is due to the fact that the HO potential is exactly separable

A A

1 2? 1
g gmﬂzrz = E n;A (ri —7)% + §Am92Rgm (34)
i=1 i<j=1
A-1 1 1
= jim(z?gf + §AmQ2Rzm (35)

i=1

and hence, combined with eq. (8), the Hamiltonian H can be written as the sum of an intrinsic component and the

c.m. Hamiltonian )

P 1
HE = s T §Am(22R§m. (36)
The latter describes, once again, the motion of a particle of mass Am in a three-dimensional HO oscillator potential
of frequency (2. Therefore the solutions of the independent-particle problem of eq. (29) factorize as

DN, (11,712, ,1a) = 0N (€1, &2, -+, €A—1) Pro b (Rem)- (37)

Coming back to the original, realistic A-nucleon problem of eq. (32), where H is the intrinsic Hamiltonian of
eq. (9), this means that for each eigenvalue E there will be a set of degenerate eigenstates all sharing the same
intrinsic structure but different c.m. excitations. The eigenstates can be forced to factorize into an intrinsic wave
function times the zero-point HO motion of the c.m., i.e.

LD("ﬂla ro,: - 77'A) - wjnt(&lv 623 e 7€A71)§000(Rcm)7 (38)

if this degeneracy is broken by adding to the intrinsic Hamiltonian H a Lawson term, typically of the form £ =
MHE, — 3h02) with A a positive number. The eigenvalues of H' = H + L are now E' = E + ANgphf2, where
Nem = 2nem + Lem is the number of oscillator quanta characterizing the c.m. motion. That is, the eigenstates with
Nem = 0 are left unchanged by the Lawson operator, while all other eigenstates are pushed to higher energies (based
on the value of \), in effect projecting out solutions contaminated by spurious c.m. excitations. An in-depth discussion
of this topic can be found in ref. [39].

While the HO potential provides a means for eliminating the spurious motion of the c.m. even when working with
single-particle coordinates and Slater-determinant basis states, its confining nature leads to a discrete spectrum of
energies, and the wave functions of the computed eigenstates are all localized in space. Because of this, expansions
based on the many-body HO states are well suited for the calculations of bound-state properties and narrow resonances,
but are not adapted for the description of broad resonances or scattering states. Even the description of weakly-bound
nuclei presenting extended configurations (such as halo nuclei) represents a challenge when working with HO functions,
which present a rapid Gaussian falloff (x exp —ar?) at large distance r [40]. Alternative single particle basis states
have been proposed in recent years in an attempt to alleviate this problem and enable the description of weakly-bound
exotic nuclei and resonances within the single particle framework presented in this section. A few examples are the
Berggren ensemble of single-particle states [41,42], which includes bound, resonant and non-resonant scattering states,
and the Coulomb-Sturmian functions [39], which are the solutions to a Sturm-Liouville problem associated with the
Coulomb potential. As anticipated, such alternative basis states do not allow an exact removal of the spurious c.m.
contributions to the dynamics.

The method presented in this section is an example of expansion technique. Expansion techniques make use of a
large but finite number of many-body basis states. Convergence to the exact result is approached (variationally) by
increasing the basis size. One of the main examples is the NCSM approach [43,44], which will be discussed in some
more detail in sect. 4.4.1, its important-truncation [45] and symmetry-adapted [46] versions, and the no-core Monte-
Carlo shell model [47]. Other powerful and complementary ab initio methods that can tackle the A-nucleon problem
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Fig. 10. An expample of NCSM model space for the °Li nucleus.

for bound states (with different regions of applicability) are, e.g., the effective interaction hyperspherical harmonics
(ETHH) expansion [29,30], Green’s function Monte Carlo methods (GFMC) [48], the auxiliary field diffusion Monte
Carlo method [49], coupled-cluster methods (CCM) [50,51], the fermionic molecular dynamics approach [52], in medium
similarity renormalization group [53,54], self-consistent Green’s function theory [55] and its Gorkov generalization [56],
and nuclear lattice EFT [57].

4.4.1 Ab initio no-core shell model

The ab initio NCSM is an expansion technique for the solution of the A-nucleon problem based on many-body HO
basis states. Both basis states built by coupling HO wave functions in Jacobi-relative coordinates of the type discussed
in sect. 4.3 (Jacobi-coordinate NCSM [38]) or single-nucleon HO Slater determinants [58] (see sect. 4.4) can be used
depending on whichever is more convenient for the problem to be solved. One can also mix the two types of bases. In
general, for systems of A < 4, the Jacobi coordinate basis is more efficient, as one can perform the antisymmetrization
easily. In that case, the c.m. degrees of freedom are explicitly removed and one can couple the underlying relative
orbital angular momenta, and single-particle spins and iso-spins to build basis states of total angular momentum J,
parity m and total iso-spin 7', yielding Hamiltonian matrix dimensions of the order of thousands. As discussed in
sect. 4.4, in general for systems with A > 4 it is more efficient to use Slater determinant HO basis states. Specifically,
the NCSM uses “m-scheme” basis, which conserves the total-angular-momentum projection M = mj, +m, - - - +m;,,
parity and the total iso-spin projection My = my, + My, - - - + my, . In this case the antisymmetrization is trivial, but
the dimensions of the basis can be huge, due to the presence of the c.m. degrees of freedom and the fact that no JT'
coupling is considered. Despite this, thanks to the possibility of utilizing the powerful second-quantization technique,
the approach is computationally advantageous.
In the NCSM, the A-nucleon model space is always chosen using the condition

A
Z(2nl + Zz) S Ntot,maX7 (39)

i=1

which corresponds to eq. (30) in the case of the harmonic oscillator. As discussed in sect. 4.4, only using a complete
basis of HO basis states satisfying this condition it is possible to achieve the exact factorization of the c.m. motion
for the eigenstates even when working with single-particle coordinates and Slater determinants. Often, instead of the
maximum number of total HO oscillator quanta Nt max, We introduce the parameter Ny« that measures the maximal
allowed HO excitation energy above the unperturbed ground state. For the A = 3,4 systems Npax = Niot,max. For
the p-shell nuclei they differ, e.g. for °Li (see fig. 10), Nimax = Niot,max — 2 for 12C, Nmax = Niot max — 8, etc.

More in detail, in the NCSM the A-nucleon eigenstates are cast as the expansion

Nmax

T =Y AT IANTTT), (40)
N=0 1

where |ANiJ™T) are a complete set of antisymmetric A-nucleon HO basis states in either Jacobi or single-particle
coordinates and 7 labels additional quantum numbers not shown explicitly. The energy eigenstates |WiwaT) = |AaJ™T)
of the A-nucleon system are obtained by diagonalizing the intrinsic Hamiltonian,

HIANT) = EJ"T|ANJ™T), (41)

with H given by eq. (9) and « labeling eigenstates with identical J™T.

Finally, we note that with the HO basis sizes typically used (Npax ~ 10-14), the NCSM eigenstates lack correct
asymptotic behavior for weakly-bound states and always have incorrect asymptotic behavior for resonances and non-
resonant scattering states.
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Fig. 11. Evolution of the N*LO NN potential with Ac,c = 600 MeV. Reprinted from S.K. Bogner, R.J. Furnstahl, A. Schwenk,
Progr. Part. Nucl. Phys. 5, 94 (2010). Copyright (2010), with permission from Elsevier.

4.5 Similarity renormalization group method

Calculations of low-energy nuclear structure and reaction properties are complicated by the short-range repulsive core
of the nuclear interaction, which can cause nucleons approaching at low relative momentum to be scattered to high
momenta. Such coupling between low- and high-momentum components of the interaction manifests itself by large
regions of non-zero off-diagonal matrix elements in the momentum-space representation of the nuclear Hamiltonian
matrix. As a result, the maximum energy configuration required to achieve convergence in expansion techniques such
as that described in sect. 4.4 is very high, and extremely hard to reach due to the exponential growth of the basis
dimension with the number of nucleons. . o

A solution to this problem can be achieved by introducing a short-range unitary transformation (U, with 4Tt/ = 1)
of the Hamiltonian, i.e.

E = (0|H|7) (42)
= (T UHU (U|P)) (43)
= (P|H|¥), (44)

where H and ¥ are, respectively, the transformed Hamiltonian and the transformed wave function, while observables
such as the energy in the example above remain unchanged.

Perhaps the most successful approach for the implementation of such a short-range unitary transformation is
the similarity renormalization group (SRG) method [59-61]. In the SRG approach the unitary transformation of the
Hamiltonian is formulated in terms of a flow equation

dH,
ds

= [, H], (45)

which defines the continuous unitary transformation Hy = L?ST HU, (with He—o = H), where the unitary operator U,
depends on the continuous flow-parameter s, and 1), is the anti-Hermitian dynamic generator

Ao d o~

775 = _UsTgUs = _ﬁl (46)
The generator is commonly chosen to be the commutator of the kinetic energy with the Hamiltonian, 75 = [Tint, Hs],
in which case the Hamiltonian is driven towards diagonal form in momentum space, thus weakening the coupling
between low- and high-momentum states. For this generator choice it is reasonable to associate the flow parameter
with a momentum scale, using the relation A = s~(1/4) as often done in the literature [62,63]. The momentum scale
provides a measure of the diagonal width of the evolved Hamiltonian in momentum space. An example of the evolution
of the Hamiltonian according to eq. (45) as s increases (or A decreases) is illustrated in fig. 11.

It is important to note that eq. (45) represents an operation in the A-nucleon Hilbert space. Therefore, at each
step in s the commutators involving H generate three-, four- and up to A-body irreducible contributions even if
initially the Hamiltonian contains only a NN potential. In practice, the two- and three-body components of the
Hamiltonian are extracted by representing the Hamiltonian in the two- and three-nucleon basis and solving the flow
equation numerically. Higher-body contributions (which are very hard to compute as well as to include in many-
body calculations) are typically neglected. This is a drawback of the SRG transformation (and in general any unitary
transformation of the Hamiltonian), since the unitarity is formally violated. Alternative formulations of the dynamic
generator have been explored to avoid induced many-body contributions from the outset [64]. In practice the study of
the dependence of the computed observables on the flow-parameter \ can be used to assess the impact of omitted many-
body contributions, and hence the degree of violation of the unitarity. The three classes of SRG-evolved Hamiltonian
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Fig. 12. Panel (a): Ground-state energy of the *He nucleus as a function of the maximum number of HO excitations above
the minimum energy configuration Npmax obtained within the Jacobi-coordinate NCSM approach for the chiral N*LO NN and
N2LO 3N interactions: the results obtained staring from the SRG-evolved NN-+3N interaction (red solid line/triangles) display
faster convergence than those obtained with the original (“bare”) Hamiltonian (dashed-black line/circles). The thin dotted line
shows the converged value of the *He ground-state energy. Panel (b): root-mean-square (rms) matter radius of the *H nucleus
as a function of SRG evolution parameter, A\. Shown are results obtained with wave functions from two Hamiltonians: NN+3N-
induced (blue dashed line) and NN+3N (red solid line), and three levels of operator evolution: bare operator (circles), operator
evolved in the two-body space (squares), and operator evolved in the three-body space (triangles). The rms radius calculated
using the bare Hamiltonian and bare operator (dotted line) is recovered at each A for the SRG-evolved NN+3N interaction with
three-body evolved operator, demonstrating the unitarity of the transformation.

that are typically considered are

— The NN-only Hamiltonian: Obtained from an initial NN interaction performing the SRG at the two-body level and
does not contain any three- or higher-body contributions;

— The NN+3N-ind Hamiltonian: Obtained from an initial NN interaction performing the SRG at the two- and
three-body level such that the induced 3N contributions are included; and

— The NN-+3N-full or simply NN+3N Hamiltonian: Obtained from an initial NN+3N interaction performing the
SRG at the two- and three-body level. This Hamiltonian contains the complete set of NN and 3N contributions.

An example of the speed-up in the convergence rate of many-body calculations brought by the SRG transformation
of the Hamiltonian is shown in fig. 12(a).

As the eigenstates of the transformed Hamiltonian are different from those of the original Hamiltonian, when aiming
at observables other than binding and excitation energies for consistency it is necessary to transform the corresponding
operators Oy = Z]ST OU,. Typically this is accomplished by computing U, after the evolution of the Hamiltonian (see
e.g., refs. [65,66]). An example of the effect of the SRG evolution on operators is shown in fig. 12(b).

The most efficient formulation of the SRG evolution for the descriptions of finite nuclei is performed working
with Jacobi coordinates and the associated translational invariant HO basis states [62,67,68,65,66]. The translational
invariant matrix elements can then be transformed [69] to the single-particle basis utilized by many-body approaches
as explained in ref. [70]. There are also implementations of the SRG evolution in three-nucleon space performed in
other basis representations, such as the partial-wave decomposed momentum-Jacobi basis [71] and the hyperspherical
momentum basis [72]. The interested reader can find an overview of low-momentum two-nucleon and many-body
interactions in ref. [73].

4.6 The A-nucleon problem: clustering and continuum dynamics

The general methodology built on the independent-particle concept discussed in sect. 4.4 provides a pathway for the
solution of the A-nucleon problem for bound nuclear states, but for the most part is not well suited for the description
of resonant states, much less collisions between nuclei. More in general, this is a drawback of the vast majority of the ab
initio techniques for the solution of the bound-state problem mentioned in sect. 4.4. For nuclear states in the continuum
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‘He

Fig. 13. A schematic representation of reaction channels occurring following the collision of a proton with a “Li nucleus.

of energy, the A-nucleon wave function extends all over the space and one has to deal simultaneously with both the
dynamics of the single nucleons and the interactions of clusters of nucleons. This can be better understood with a
practical example, such as the reaction of a proton with a “Li nucleus, schematically depicted in fig. 13. Following the
initial collision, besides p+ "Li the system can re-arrange in any of the other possible “channels” that are energetically
open (i.e., for which the initial energy is equal or larger than the energy required to partition the nucleons into the
given set of bound clusters). This include n + “Be, d + °Li, He + *He, but even more complicated fragmentations in
three and up to eight clusters (the complete breakup into eight nucleons) are possible as the energy increases. The
problem of the simultaneous description of single-particle and cluster dynamics is also encountered in the study of
halo nuclei (see, e.g., sect. 2.2.2).

A more practical framework for describing the dynamics of two or more nuclear fragments made of interacting
nucleons was proposed in 1937 by Wheeler [74], who introduced the concept of resonating group structure, or resonating
group method (RGM) as it later came to be known [75-80]. The idea was based on the observation that nucleons in
nuclei spend fractions of their time in various substructures or clusters. The physical interpretation of the RGM was
provided by Wildermuth and Kanellopoulus in 1958 [81]: Because of their on-average attractive nature, nuclear forces
give rise to correlations that manifest itself through the formation of clusters. When clusters overlap, the wave functions
obtained within the RGM can be very similar to those of an independent-particle model (after antisymmetrization).
However, when clusters are separated, RGM wave functions can include correlations not naturally described by the
independent particle model. In the past decade, the general framework of the RGM has been combined with ab initio
bound-state techniques and in particular with the NCSM [82-87], enabling an ab initio description of clustering and
low-energy reactions in light nuclei. The main aspects of this technique are outlined in the following sections.

Other ab initio methods applicable to the calculation of scattering in A > 4 systems are the GFMC [88,89], the
nuclear lattice EFT with the adiabatic projection method [90], and the CCM with the Gamow basis [91].

4.6.1 Binary-cluster resonating-group method

The RGM is a microscopic cluster technique in which the A-nucleon Hilbert space is spanned by wave functions
describing a system of two or more clusters in relative motion. For two clusters the channel (basis) states of total
angular momentum J, parity 7, and isospin 7" are given by

T §(r —r4—a,q)

47
TT"A—a,a ( )

|¢1{:T> = [( |A—aa I/ Th) la gl Ty) )(ST) Yo (0a-a,a5 ¢A—a,a)}
To simplify the notation, here we use parenthesis and square brackets to indicate implicitly the angular momentum
couplings and the overall coupling to J™ and T', respectively, and denote the intrinsic (antisymmetric) wave functions
of the first and second clusters containing A — a and a nucleons (¢ < A) by the kets |A —a o [ T1) and |a agly?T5),
respectively. These are characterized by angular momentum (iso-spin) quantum numbers I; and Is (77 and T3) coupled
together to form channel spin s (total iso-spin T'). For the clusters’ parity and additional quantum numbers we use,

respectively, the notations m;, and «;, with ¢ = 1,2. The clusters’ centers of mass are separated by the relative
coordinate
1 A—a 1 A
TA—a,a = (TA—a,aaeA—a,av(bA—a,a) = A_a Z Ty — E ‘ Z Ty, (48)
i=1 j=A—a+1


LLNL-JRNL-753608

17


LLNL-JRNL-753608 18

where {r;, i =1,2,---, A} are as usual the A single-particle coordinates, and the channel states (47) describe partial
waves of relative motion characterized by the orbital angular momentum ¢. For brevity, we will group all relevant
quantum numbers into a cumulative index v = {A —a o I Th; aaoly ?To; st}.

The channel states (47) can be used as a basis to represent the A-nucleon wave function according to

W‘]W Z/drr >A |¢i:T>, (49)

where 7 T (r) are continuous (variational) amplitudes of relative motion between the pairs of clusters. However,
to preserve the Pauli principle one has to first introduce the appropriate inter-cluster antisymmetrizer, which is
schematically given by

p (A —a)la!

Ay = |1+ Do (P, (50)

P#id

where the sum runs over all possible permutations of nucleons P (different from the identical one) that can be carried
out between two different clusters (of A — a and a nucleons, respectively), and p is the number of interchanges
characterizing them. The operator (50) is labeled by the channel index v to signify that its form depends on the
mass partition, (A — a,a), of the channel state to which is applied. Indeed, while the clusters’ wave functions are
antisymmetric, the basis states (47) are not antisymmetric under exchange of nucleons belonging to different clusters.
It should be noted that each permutation in A, changes the relative coordinate between the clusters, as a result of the
rearrangement of the nucleons. This complication is circumvented by the introduction of the Dirac’s delta function of
eq. (47), thanks to which the inter-cluster antisymmetrizer does not affect the amplitudes v7 ' (r) that depend on the
integration variable r.

By using the ansatz of eq. (49) for the wave function and projecting (from the left) on the basis states (47),
the A-nucleon Schrodinger equation (6) is mapped into a one-dimensional coupled-channel equation for the unknown
amplitudes of relative motion 7 T ()

JTT
Z/dr r? [HZTVT(T/,T) — ENVJ/ZT(T/,T)} Y (1) _ 0, (51)

r

where E denotes the total energy in the c.m. frame. The two integration “kernels” in the above equation are the
Hamiltonian kernel,

Hi’ﬂVT(T/7T) = < v 7” AV/H'A ©Z:T>a (52)

and the norm kernel,

N;]’ZT(T/’ T) = <¢1{ rT
which are nothing else than the matrix elements of the Hamiltonian and identity operators over the antisymmetric
basis states A, |®/"7), and contain all the nuclear structure and antisymmetrization properties of the problem. The
somewhat unusual presence of a norm kernel is the result of the non-orthogonality of the antisymmetric basis states
owing to the operator A,. The exchange terms of this antisymmetrization operator are also responsible for the non-
locality of the two kernels, which couple amplitudes at different distances r and r’.

Using the expression of eq. (10) for the nuclear Hamiltonian and eqs. (47) and (50), it is possible to demonstrate
that the norm and Hamiltonian kernels can be separated into “full-space” and “localized” components as

|20, (53)

. 3(r' —
Nl;],UT(’I’/,T) :61/1/% +Ns/xl,(7’/,7’), (54)

and fopt Lot
HT (0 = [Talr!) + Vo) + BT+ EET| N6 r) + VT 60 r), (55)

where Eé’ﬁilTi are the energy eigenvalues of the i-th cluster (i = 1,2). The exchange part of the norm, N (r,r), and
the potential kernel, VT (+/,r), given by

@I (pP|RLT), ifd =
N (' r) = - (56)

- Al ~p .
<¢Z/TT mA |@J > 5 if a’ 75 a,
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Fig. 14. An example of the non-local potential W, (', ) for the n+*He (or n+ ) system obtained within the NCSM/RGM
approach. The three panels show respectively the n4*He potential for the repulsive S-wave and for the P-waves in the J™ = 1/2~
and J™ = 3/27 channels. The most attractive potential surface is found in the J™ = 3/27 channel, corresponding to the g.s. of
the ®He resonance (see also sect. 2.2.1).

and
Al

= e

v ™
VI ) = (@l

¥ (57)

are both localized quantities because of the short range of the non-orthogonality induced by the non-identical per-
mutations and of the nuclear interaction, and can be computed by expanding the channel states (47) on a complete
basis of localized states. While the calculation of these kernels constitutes the main challenge in the application of the
RGM approach, it can be accomplished using the same type of powerful and well-established techniques used for the
solution of the A-nucleon problem for bound states, discussed in sect. 4.4. In particular, the RGM can be implemented
using NCSM wave functions for the clusters in a formalism known as NCSM/RGM [82,83,86]. A recent review of this
method can be found in ref. [92].

An important point to notice, is that eq. (51) does not represent a system of multichannel Schrédinger equations,
and v/ 7 (r) do not represent Schrodinger wave functions. This feature, due to the presence of the norm kernel
NI (v 1), can be corrected by introducing normalized Schrédinger wave functions

Z/dyy2N2 )u, (58)

where N2 is the square root of the norm kernel, and applying the inverse-square root of the norm kernel, A/ *%, to both
left and right-hand side of the square brackets in eq. (51). By means of this procedure, known as orthogonalization
and explained in more detail in ref. [83], one obtains a system of multichannel Schrédinger equations:

oA d R e ) 2T g gy X (1) ()
— JE— - v , v — E _ EV v
{ 2NVT2 dr (’I‘ d?") + QMUTQ + VC (T)} r + ; / drir WI/V (T’ r ) r! ( ) r

9

(59)
where p,, is the reduced mass of the clusters in channel v, F,, = E,} ~ + EI is the threshold at which the reaction
channels become open and W/ VT(T’ ,r) are the non- local potentlals between the two clusters, which depend upon the
channel of relative motion, while do not depend upon the energy E of the system. An example of such potentials is
shown in fig. 14.

With the exception of the presence of a non-local interaction, eq. (59) resembles closely the radial Schrodinger
equation for the two-nucleon system (13) discussed in sect. 4.2 and can be easily solved (subject to appropriate
boundary conditions) using the same numerical methods to obtain bound-state wave functions and binding energies
or scattering wave functions and scattering matrix, from which any other scattering and reaction observable can be
calculated.

Finally, we note that while in principle the summation in the expansion (49) runs over all possible partitions of the
A-nucleon systems into two bound clusters of nucleons (including states in which the clusters are in a bound excited
state), in practical calculations for computational reasons it is restricted to just a few channels, typically those that
are energetically open. While such an approximation is energetically justified, it constitutes the main limitation of the

RGM in recovering the full A-nucleon dynamics at short distances, where single-particle many-body correlations play
an important role.

I Ty 27Ty .
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Fig. 15. Example of Jacobi relative coordinates for three-cluster configurations.

4.6.2 Three-cluster RGM

The RGM can also be extended to the description of three and in principle several clusters in relative motion with
respect to each other. To accomplish this, it is convenient to introduce a suitable set of Jacobi relative coordinates
among the clusters. For example, for a system of three clusters respectively of mass number A — as3, a2, and ag
(ags = ag + ag < A) one can choose

A— a23
— asz3
MN1,23 = (771 23,0 71,239 ¢m 23 \/ — a23 ri— \ A Aa23 Z Tj, (60)

j=A—az3+1

the relative vector proportional to the displacement between the center of mass of the first cluster and that of the
residual two fragments, and

A— (lg
123 = ("72?” 77235¢7]23 — 1/ Ao 4/ Qo T, (61)
23 ©2 i= A asz+1 23 @3 j= A as+1

the relative coordinate proportional to the distance between the centers of mass of cluster 2 and 3 (see fig. 15). Here,
r; denotes the position vector of the i-th nucleon. Introducing the associated HH coordinates p, and o, (see sect. 4.3),
one can then define RGM channel states for three clusters as

(" T)6(p = py)

” - s (ST) | ke,
2,365 = [ (14— a2 017 T) (l T Tl o Ta) = )y | © V=g ()
n

with $2, = (ay, 0, 5, Oy s ,,23,(;5772;) and yff =ty V(§2,) the HH basis elements defined in eq. (23). The rest of the

notation is similar to that introduced in eq. (47). The A-nucleon wave function can be written as
T 'Y v )
WJ Z/ 5 K5/2 A |¢VKp> (63)

where A, is an appropriate inter-cluster antisymmetrizer and the unknown hyperradial amplitudes VIJ(WDT(p) are ob-
tained from the solution of the one-dimensional coupled-channel equation

JTT
S [ ane® [R5 — BN )] T <o, (64

which is the three-cluster analog of eq. (51). Also analogous, though more involved, is the formalism for computing
the three-cluster Hamiltonian and norm kernels. For a detailed discussion of the three-cluster RGM formalism we refer
the interested reader to, e.g., ref. [93].

In summary, within the RGM the A-nucleon problem of few clusters in mutual relative motion is mapped into a
more approachable problem of few point-like cluster degrees of freedom interacting through non-local potentials. Much
of the complexity of the problem is transferred into the determination of the non-local interactions among the clusters,
which absorb all the information about the nuclear structure and antisimmetrization properties of the system. While
challenging to compute, such interactions can be obtained starting from the ab initio wave functions describing the
quantum states of the nuclear clusters using a technique for the solution of the A-nucleon bound-state problem such
as the NCSM.
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4.7 Unified description of bound and continuum states: the no-core shell model with continuum

Achieving a comprehensive and simultaneous treatment of short-range many-body correlations and long-range few-
cluster dynamics in atomic nuclei constitutes an enormous challenge. Ab initio bound-state techniques (which are at
least in part based on the methodologies discussed in sect. 4.4) succesfully describe the interior of the nuclear wave
function, but are unable to fully account for its asymptotic behavior, which in general can be dominated by the onset
of clustering. At the same time, microscopic cluster techniques such as the RGM (discussed in sect. 4.6) naturally
explain the asymptotic configurations of the nuclear wave function, but tend to underestimate many-body correlations.

A solution to this conundrum is provided by generalized cluster expansions, where the translational-invariant
ansatz for the A-nucleon wave function is given by a superposition of discrete (and localized) energy eigenstates of the
aggregate A-nucleon system, |[ANJ™T) (see, e.g., sect. 4.4.1), and continuous RGM binary-cluster (and/or multi-cluster,
depending on the particle-emission channels characterizing the nucleus in consideration) channel states, A, |87 (see
sect. 4.6), according to

gl Ty — I"T\ A0 J™T d z%ﬂT(T)A &) T
) =) e AT T) + ) [ drr? == A, @), (65)

r

The unknown discrete ¢{ 7 and continuous ;)7 (r) variational amplitudes can be simultaneously obtained by solving
the set of coupled equations (written here in a schematic way),

() ()22 (),

where x” "7 (r) are the relative motion wave functions of eq. (58). The two by two block-matrices on the left- and right-
hand side of eq. (66) represent, respectively, the Hamiltonian and norm kernels of the generalized cluster expansion.
The upper diagonal blocks are given by the Hamiltonian (norm) matrix elements over the basis states |AaJ™T). In
particular, as the basis states are eigenstates of the A-nucleon Hamiltonian, these are trivially given by the diagonal
matrix Enar = Eolaar of the eigenergies (the identity matrix d,4/). Similarly, those over the continuous portion of the
basis appear in the lower diagonal blocks and are given by the orthogonalized Hamiltonian kernel of the RGM (see,
e.g., the left-hand side of eq. (59)) and A, (r,7") = 6,,.6(r — ") /rr’. The off-diagonal blocks contain the couplings
between the two sectors of the basis, with

Jou (1) = Z / ar' v 2 (A d"T| A &L TY N2 (0 ) (67)
the cluster form factor, and the coupling form factor analogously given by
Fan(r) =Y / A 2 (A QT T H A BT N2 ), (68)

When the aggregate and clusters’ wave functions are eigenstates of their respective intrinsic Hamiltonians computed
within the NCSM (see egs. (40) and (41) of sects. 4.4.1), this approach is known as no-core shell model with continuum
(NCSMC) [84,85] and both kernels and form factors can be computed using the second-quantization formalism. The
interested reader can find their algebraic expressions in refs. [84,85]. Similar to the RGM in sect. 4.6, the formalism
presented here can also be generalized for the description of three-cluster dynamics. A detailed presentation of such
formalism in the context of the NCSMC can be found in ref. [94].

Upon orthogonalization, eq. (66) can be turned into a one-dimensional set of coupled-channel equations with non-
local interaction terms much alike those shown in eq. (59). That is, the A-nucleon problem is once again mapped into
a much simpler to solve few-body problem of interacting point-like clusters. A detailed description of the orthogonal-
ization procedure goes beyond the scope of this work and can be found in refs. [85] and [92].

4.8 R-matrix method

The solution of the integral-differential equations (59) and (64) for the relative-motion wave function in the RGM
(and simultaneously for the coefficients of the expansion on the discrete basis states in the case of eq. (66)) can be
computed for both bound and continuum states working within the coupled-channel R-matrix method [95,96]. Here
we outline the formalism for the case of two clusters, a projectile and a target. The formulation for ternary clusters is
analogous and can be found, e.g., in ref. [97,98].
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Fig. 16. A schematic representation of the R-matrix method.

In the R-matrix method the configuration space is separated into two regions delimited by the radius r = a, which
is called the “matching” radius for reasons that will become clear in the following. In the internal region, the projectile
and target experience both the mutual attraction owing to the nuclear force and the repulsion due to the Coulomb
interaction. Here the wave function of the A-nucleon system can be described using a microscopic theory of nuclear
forces and nuclear structure, such as the RGM or the NCSMC (see setcs. 4.6, 4.7). Because of the short-range of
the nuclear force, the matching radius a can be chosen large enough that in the external region the only interaction
between projectile and target is the average Coulomb potential (see sect. 4.1) between the two. Therefore, in this region
the radial wave function can be written in terms of the known solutions of the two-body problem with a Coulomb
potential. For bound states, these are the Whittaker functions Wy(n,, k,7),

Xi;ft (r) = OLJWTWZ(UV, KyT) (69)

with C’"7T being the asymptotic normalization constant. For continuum states, they can be written in terms of the
incoming and outgoing Coulomb functions H*(n,,, k,1) = G¢(n,, k,7) FiFs(n,, k,7) and the elements of the scattering
matrix S, 7 as

n 7 1 _ n
Nk (r) = 502 ® [0 7 (s, ) = SITTHT ()] (70)

They depend on the channel-state relative angular momentum ¢, wave number k, = /2u,(E — E,)/h, the relative
speed v, = hk, /i, and the dimensionless Sommerfeld parameter 1, = Z; Ze?/hv,.

The scattering matrix Sl‘,];T (¢ being the incoming channel) in eq. (70) is obtained by requiring the continuity of the
wave function x;" 7 (r) and of its first derivative at the matching radius r = a (see fig. 16). This can be conveniently
achieved by inserting in both left- and right-hand sides of the radial Schrodinger equations (e.g. eq. (59)) the Bloch

operator (with B, an arbitrary constant)
4 h d B
L, 5(r — — -, 71
oo (5 %) ()

= 2HV

which has the dual function of restoring the hermiticity of the Hamiltonian in the internal region and enforcing a
continuous derivative at the matching radius [99]. This yields the Bloch-Schrédinger equations

dr2 r2 B2

h (A2 1) 2u, . . . - -

o (s = o - 2t + 2 )W) + X [ @ F W ) + L) = )
(72)

where the internal and the external solutions are used in the left- and right-hand members, respectively, and the

equation is supplemented by the continuity condition x;}% (a) = x; .k (a) [99].
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In practice, the Bloch-Schrédinger equations are solved by expanding the radial wave function on a convenient
set of basis states. For bound-state calculations the constants B, can be chosen as the logarithmic derivative of
Xﬂ;gt(r) evaluated in the matching radius. This choice eliminates the right hand side of eq. (72) and gives rise to an
eigenvalue problem. Because k, depends on the studied binding energy, the determination of the bound-state energy
and asymptotic normalization constant C/ "T is achieved iteratively starting from an initial guess for the value of B,,
typically B, = 0 (convergence is typically reached within a few iterations). For scattering states, the constants B, can
be chosen to be zero, and the scattering matrix is obtained by solving a set of linear equations through the calculation
of the R-matrix, which is the inverse of the logarithmic derivative of the wave function at » = a (hence the name
R-matrix theory). The details of this procedure can be found in ref. [95].

The matrix elements of the scattering matrix can then be used to calculate scattering phase shifts, cross sections
and other reaction observables. As an example, the total cross section is given by

Con 2] +1
ST R 2L+ (2L +1)

v

1 Re (577)]. (73)

Finally, while in the present discussion the R-matrix is computed on the basis of a microscopic theory of nuclei, this
matrix can also be written in terms of a set of parameters which can be constrained phenomenologically by using the
theory to fit experimental cross sections [99]. This version of the theory, known as phenomenological R-matrix, is often
one of the first methods used to interpolate and extrapolate to low-energy cross sections important for astrophysics

and other applications (see, e.g., fig. 6 and ref. [9]). For a review of R-matrix theory we refer the interested reader to
ref. [99].

5 Structure of light exotic nuclei and low-energy reactions from ab initio calculations

Since the first applications to the elastic scattering of nucleons on “He and '°Be [88,82] roughly ten years ago, large-
scale computations combined with new and sophisticated theoretical approaches [92,90,91] have enabled significant
progress in the description of dynamical processes involving light- and medium-mass nuclei within the framework
of ab initio theory. This resulted in high-fidelity predictions for nucleon-nucleus [91,87,100,89,101] and deuterium-
nucleus [102] clustering phenomena and scattering properties, as well as predictive calculations of binary reactions,
including the *He(c, ) Be [103,104] and "Be(p,v)®B [105] radiative capture rates (important for solar astrophysics),
and the 3H(d,n)*He and *He(d,p)*He fusion processes [106]. A more recent breakthrough has enabled ab initio
calculation of a-a scattering [90], paving the way for the description of « scattering and capture reactions during
the helium-burning and later evolutionary phases of massive stars. A comprehensive review of these efforts is beyond
the scope of this work. In the following we highlight a selection of results obtained within the NCSM/RGM and
NCSMC.

5.1 Nucleon-*He scattering

The simplest system to be described in terms of binary-cluster basis states of the type described in eq. (47) is the
scattering of nucleons on *He targets. Here, energy arguments suggest that already channel states formed by a nucleon
in relative motion with respect to an *He nucleus in its g.s. should provide a very good description of this process
up to fairly high energies. Indeed, the *He nucleus is tightly bound and its first excited state is more than 20 MeV
above its ground state. At the same time, well-determined scattering amplitudes from R-matrix fits make n- and p-*He
scattering calculations ideal benchmarks for ab initio reaction approaches. Despite their apparent simplicity, however,
it is only in the last decade that an ab initio description of the elastic collisions of neutrons and protons with He
nuclei has been achieved [88,82,86,89,87].

Figure 17 shows n + “He scattering phase shifts obtained within the NCSM/RGM (left) and NCSMC (right)
methods starting from the chiral N3LO NN interaction of ref. [108] and N2LO 3N force of ref. [109]. The phase shifts
are labeled with the spectroscopic notation 2**'L;, where s is the channel spin, L is a letter referring to the orbital
angular momentum ¢ of the relative motion (L = S, P,D,F,G,--- for £ = 0,1,2,3,4,---), and J the total angular
momentum (see sect. 4.6). In particular, the figure shows the dependence on the number of target (‘He) eigenstates
included in the two calculations carried out within a large model space of Ny.x = 13 (for which the expansion in HO
basis states has reached convergence). In the NCSM/RGM calculation the inclusion of target excitations is crucial,
particularly for the description of the resonant phase shifts, where they lead to an enhancement. The 25, /2 Wave is
“forbidden” by the Pauli principle (see sect. 2.2.1) and is mostly insensitive to these effects. Despite the inclusion
of up to the first seven eigenstates of the *He, overall the convergence is clearly slow. A more efficient simultaneous
description of both short— and medium-to-long-range correlations, and hence faster convergence, is obtained within
the NCSMC, where the ansatz for the wave function further includes NCSM 5-body eigenstates of the aggregate 5He
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Fig. 17. Dependence of the n-*He phase shifts computed within the NCSM/RGM (left) and NCSMC (right) on the considered
target eigenstates (g.s. and I7'T; =010, 070,270,271, 171, 170). The R-matrix analysis of data from ref. [107] is shown as
guidance (purple crosses). In both panels the model space is truncated at Npmax = 13.
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Fig. 18. Computed (lines) *He(p, p)*H angular differential cross section at forward scattering angle 6, = 25° (a) and backscat-
tering angle 0, = 141° (b) as a function of the proton incident energy, and 'H(a, p)*He angular differential cross section at the
proton recoil angles ¢, = 4°,16°,20°, and 30° (c) as a function of the incident “He energy compared with available measure-
ments (symbols, see ref. [87]). The solid lines corresponds to the NCSMC calculations of ref. [87]. Also shown (black dashed
lines) are the NCSM/RGM results of ref. [86], i.e. without °Li square intregrable eigenstates.

nucleus (see right panel of fig. 17). Also shown in the right panel of fig. 17 are the phase shifts obtained from an
accurate R-matrix fit of the experimental data [107]. The ab initio calculation is in good agreement with experiment.
In this respect, it should be noted that the 3N force is necessary to the reproduction of the phenomenological phase
shifts, and in particular of the observed splitting between the P-waves [88,92].

Working within an analogous NCSMC model space and the same NN+3N Hamiltonian, one can also accurately
describe the elastic scattering and recoil of protons from “He [87] (fig. 18). Accurate *He(p,p)*He and 'H(a,p)*He
angular differential cross sections for a variety of proton/*He incident energies and detection angles are key to the
feasibility and quality of ion-beam analysis applications aimed at determining the concentrations and depth profiles
of helium and hydrogen, respectively, at the surface of materials or in thin films.
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Fig. 19. Panel (a): Computed d-*He S- and D-wave phase shifts at Nyax = 9, obtained with fifteen square-integrable °Li
eigenstates, as a function of the number of 2H pseudostates (up to seven) in each of the 36,-3Dy, 2Dy and ®D3-2G3 channels.
The two-body part of the SRG-evolved N®LO NN potential (NN-only) with A = 2.0fm™" was used. Panel (b): Computed
*H(a, d)*He using the NN + 3N Hamiltonian (lines) and measured (symbols) c.m. angular distributions at E4 = 2.93,6.96,8.97
and 12 MeV, scaled by a factor of 20, 5, 2, and 1, respectively. All positive- and negative-parity partial waves up to J = 3 were
included in the calculations.

5.2 Deuterium-*He scattering and the structure of °Li

One of the most challenging and notable applications of the NCSMC accomplished so far was the simultaneous study
of the SLi g.s. and d—*He elastic scattering using NN+3N forces from chiral effective field theory [102]. Calculations
were carried out using the ansatz of eq. (65) with fifteen discrete NCSM eigenstates of the Li system and continuous
d-*He(g.s.) binary-cluster states with up to seven deuteron “pseudostates” in the 3S;-3Dy, 3Dy and 3D3-3G3 two-
nucleon channels of relative motion, obtained by discretizing the pn continuum within the HO basis. Convergence in
the HO expansions was approached at at Ny, = 11.

Similar to the nucleon-*He scattering discussed earlier, also in this case the discrete eigenstates of the aggregate
(here 5Li) system play a crucial role in achieving an accurate description of the dynamic process, helping to implicitly
account for higher excitations of the “He (the explicit inclusion of which would be computationally unaffordable in
this case), and contributing to the description of the projectile distortion (virtual excitation of the deuterium to the
continuum). This is exemplified by the fairly rapid convergence, shown in the left panel of fig. 19, of the d-*He scattering
phase shifts with respect to the number of deuterium pseudostates. The high quality of the results obtained with the
chiral NN+3N forces is corroborated by the good agreement with experiment of fig. 19 (right panel), presenting
4He(d, d)4He angular distributions in the 2.93 < E; < 12.0 MeV interval of incident energies.

At the same time, the inclusion of continuum degrees of freedom is essential to reach a true understanding of a
nucleus with low breakup threshold such as 5Li, the g.s. of which lies only 1.47 MeV (compared to its absolute energy of
nearly 32 MeV) below the “*He + d separation energy. As shown in fig. 20, combined with the inclusion of the 3N force,
the NCSMC yields a rather good agreement with the observed spectrum. For the g.s. and the narrow 3% resonance
the NCSMC energy levels are also in good agreement with those obtained from an extrapolation to Nya.x = o0
of a traditional NCSM calculation. However, only within the NCSMC do the computed wave functions present the
correct asymptotic, which for the g.s. are Whittaker functions. This is essential for the extraction of the asymptotic
normalization constants. The present calculation reproduces the empirical binding energy of °Li, yielding an asymptotic
D- to S-state ratio of the °Li wave function in d + o configuration of —0.027 in agreement with a determination from
SLi-*He elastic scattering [110] and the value previously obtained by Nollett et al. using variational Monte Carlo [111].
Contrary to the lighter nuclei, this ratio was still uncertain for 5Li, with different determinations disagreeing even as
to its sign [112].

5.3 The phenomenon of parity inversion in !1Be

As discussed in sect. 2.2.2, 'Be is a weakly-bound exotic 11-nucleon system famous for its distinct n + °Be halo
structure, and for having two nearly-degenerate bound states of equal spin 1/2 and opposite parity, inverted with
respect to the expectations of the standard shell model. The description of this nucleus had been a challenge for ab
initio theory. Pioneering NCSM and NCSM/RGM ab initio investigations of *'Be did not account for the important
effects of 3N forces and were incomplete in the treatment of either long- [114] or short-range [83,82] correlations, both
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Fig. 21. Calculated energies of bound states and resonances of '*Be compared to experiment. Theoretical results were obtained
within the NCSMC approach with two chiral NN+-3N interaction models (NN+3NF400 [70] and NNLOsat [113]), and without
3N forces (NN). Widths of resonances are shown as shaded areas. Dashed lines indicate calculated and experimental thresholds
of ®Be + n channels. The °Be(g.s.) + n thresholds are aligned.

of which are crucial to arrive at an accurate description of this system. The first complete ab initio description of the
bound and low-lying continuum states of the ! Be nucleus starting from chiral NN+3N forces was achieved in ref. [101]
working within the framework of the NCSMC approach, including the first three NCSM eigenstates (I7* = 07,2 ,27)
of the Be target, entering the n+19Be cluster states of eq. (47) and at least the first four negative- and three positive-
parity NCSM eigenstates of ''Be. Through a series of large-scale calculations with a family of chiral interactions, the
work of ref. [101] demonstrated that the explicit treatment of the n + °Be dynamics is indispensable to arrive at a
precise description of the spectrum of energy levels (see fig. 21) and that only certain chiral NN+43N interactions can
reproduce the observed parity inversion of the bound states as well as of the 5/2% and 3/2~ resonances.
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Fig. 23. Calculated *H(d, n)*He S-factor compared to experimental data. Convergence with Npax obtained for the SRG-N*LO
NN potential with A = 1.45fm™" at hf2 = 14 MeV.

5.4 The 3H(d, n)*He and 3He(d, p)*He fusion reactions

While the deuterium-tritium and deuterium-*He fusion rates have been measured extensively, a fundamental un-
derstanding of these processes is still missing. The first ab initio many-body calculations of the *H(d,n)*He and
3He(d, p)*He fusion reactions were carried out within the NCSM/RGM approach [115] starting from the NN com-
ponent of the SRG-evolved chiral N*LO NN interaction [108]. To compensate for the missing effect of the 3N force
(not yet included in the calculation), the SRG momentum scale (A = 1.45 and 1.5 fm ™!, respectively) was adjusted to
reproduce the experimental Q-values (energy released in the recation). The HO model space included up to Nyax = 13
quanta, and the channel basis contained n-*He (p-*He), d-*H (d-*He), d*-*H (d*-3He) and d'*-*H (d'*-3He) binary
cluster states, where d* and d’* denote 3S1-3D; and 3Dy deuterium excited pseudostates (see sect. 5.2), respectively,
and the *H (*He) and *He nuclei were in their ground state. As shown in fig. 22, the deuteron deformation and its
virtual breakup, approximated by means of d pseudosates, play a crucial role in describing the S-factor for these
reactions. The dependence upon the HO basis size is illustrated by the 3H(d,n)He results of fig. 23. The theory
is in qualitative agreement with experiment. In fig. 22 the experimental data in the region at very low energy are
enhanced by laboratory electron screening (see sect. 3). At the same time, calculations within the NCSMC framework
and using a complete nuclear interaction (including 3N forces) are required to arrive at a complete and accurate ab
initio description of these reactions. Work in this direction is under way.
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Fig. 24. Astrophysical S-factor for the *He(c, 7)7Be radiative-capture process obtained from the NCSMC approach and from
its phenomenological version using the chiral N*LO NN potential of ref. [108] softened via the SRG method and disregarding
renormalization-induced three- and higher-body forces. The SRG resolution scale is chosen as A = 2.15fm~! to reproduce,
as accurately as possible, the experimental separation energies of the "Be nucleus into He plus *He. Also shown are other
theoretical results [116,103] and experimental data (symbols). Recent data are in color and old data are in light grey.

5.5 The 3He(, v)"Be solar fusion cross section

As mentioned in sect. 3, the capture of a-particles by *He (see fig. 7) is a major source of uncertainty in the determi-
nation of the fluxes of neutrinos from the Sun predicted by solar models, as well as in the light-element abundances
obtained in calculations of big-bang nucleosynthesis. Because of its importance, there have been several attempts to
arrive at a microscopic description of this reaction based on realistic NN interactions that accurately describe nucleon-
nucleon scattering data, including the hybrid calculations of Nollett [116], combining ab initio variational Monte Carlo
wave functions of the involved bound states with a phenomenological description of the 3He-*He relative motion, the
fully microscopic fermionic molecular dynamic calculation of Neff [103], and the NCSMC calculation of ref. [117]. These
are compared with available experimental data in fig. 24. Also shown in the figure is a phenomenological result obtained
from the NCSMC calculation by treating the energies of the discrete NCSM eigenstates E, in eq. (66) as adjustable
parameters. These new degrees of freedom are then used to reproduce the experimental “Be bound-state and resonance
energies, reducing the gap between theoretical and experimental 3He-*He elastic scattering phase shifts. For technical
reasons the three calculations of refs. [103,116], and [117] were obtained using three different NN interactions. This
is, at least in part, the reason for the significant differences in both the absolute values of the computed astrophysical
S-factors and their energy dependence. Nonetheless they represent an important initial step for arriving at accurate
ab initio predictions of the low-energy S-factor for the *He(c, v)7Be radiative-capture process. The inclusion of the 3N
forces will be the next step in the development of an ab initio approach of radiative-capture reactions. This will be a
particularly challenging task, which will require new methodological developments and large computational efforts.

5.6 The Borromean %He nucleus and its *He + n + n continuum

The “He nucleus is the lightest example of Borromean halo nucleus, formed by a *He core and two neutrons (see sect. 2).
In the last few years, its binding energy [118] and charge radius [119] have been experimentally determined with high
precision, providing stringent tests for ab initio theories. Many theoretical investigations have been dedicated to the
study of ®He (see, e.g., the overviews of refs. [93] and [120] and references therein). Concerning ab initio theory, for the
most part the g.s. properties and low-lying excited spectrum of 5He have been studied within bound-state methods,
based on expansions on six-nucleon basis states [121-126,40,127]. These calculations tend to describe successfully the
interior of the ®He wave function, but are unable to fully account for its three-cluster asymptotic behavior, rendering the
simultaneous reproduction of the small binding energy and extended radii of ®He challenging. Another shortcoming
of working within this type of approaches is that the low-lying resonances of He are treated as bound states, an
approximation that is well justified only for the narrow 27 first excited state, and that does not provide information
about their widths.
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are shown on the left-hand side for both NCSM and NCSMC. The third set of energy levels corresponds to NCSMC results
obtained with A = 2.0fm™" and the fourth to the experimental spectrum of ref. [129].

A more complete description of Borromean halo nuclei such as *He can be obtained within the three-cluster version
of the NCSMC approach (see sect. 4.7 and refs. [94,128]). As an example, in fig. 25 we show the root-mean-square mass
and point-proton radii of He together with the corresponding results for the two-neutron separation energy obtained
in the NCSMC, the infinite-basis NCSM extrapolations from ref. [126], and the EIHH calculations from ref. [125]. The
two-nucleon separation energy obtained within the NCSMC is close to its empirical value, and the computed r,, and
Tpp Tadii are, respectively, at the upper end of and on the lower side but compatible with their experimental bands and
are larger than those obtained in the bound-state calculations of both Saéf et al., where the authors point out that
the extrapolation of their NCSM results to the infinite HO model space “calls for further investigations” [126], and
the EIHH results [125], which yield a matter radius within the experimental bounds. In all three cases the adopted
Hamiltonian employs a soft NN interaction derived from the N3LO NN potential of ref. [108].
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In another example, fig. 26 shows the low-lying He spectrum of energy levels for the SRG-evolved N3LO NN
interaction with A\ = 1.5 and 2.0fm~!. Here, we compare the NCSMC results of ref. [94,128] with the NCSM/RGM
spectra computed within the cluster basis alone [120], and within the NCSM (i.e., by treating the ®He excited states
as bound states). Besides the results at the HO model space of Nyax = 12, for the NCSM we also show the spectrum
obtained by extrapolation to the infinite HO model space. For the NCSM (which as a bound-state technique does not
yield resonance widths) only the energy levels and associate estimated uncertainty of the extrapolation are shown,
while for the NCSM/RGM and NCSMC results the resonances are represented by their centroids (solid line) and
widths (shaded area). While broad, higher-energy states such as the 15 resonance are well described already within
a *He(g.s) + n + n picture and very narrow resonances such as the first 27 can already be explained within the
bound-state approximations of the NCSM, for other intermediate levels both short-range many-body correlations and
continuum degrees of freedom play an important role. The two adopted SRG resolution scales produce a qualitatively
similar picture, and the difference between the two spectra provides an estimate of the effect of induced 3N (and higher
order) forces, which have been disregarded in this study and are crucial to restore the formal unitarity of the adopted
SRG transformation of the Hamiltonian (see sect. 4.5). More in general, 3N forces (including the initial chiral 3N force)
are indispensable to arrive at an accurate description of the spectrum as a whole. Indeed, while the SRG-evolved NN
interaction with A = 2.0fm ™' provides a realistic description of the energy and structure of the ®He g.s. neither of the
two adopted resolution scales describe accurately the spectrum of the low-energy excited states of ref. [129].

6 Conclusions

Dynamical processes involving light nuclei play an important role in the Cosmos and on Earth, and are integral to
arriving at a fundamental understanding of nuclear properties across the chart of nuclides, including the regions near
and beyond the limits of stability.

The combination of effective field theories of quantum chromodynamics and ab initio methods capable to describe
weakly-bound and unbound states, nuclear scattering and reactions are enabling accurate predictions of the structure
of light exotic nuclei and are starting to be applied to the calculation os solar fusion cross sections, reaction rates for
fusion technology, and the scattering of o particles with light nuclei. Still many challenges remain to arrive at accurate
predictions of the helium-burning processes responsible for the creation of the chemical building blocks of life, and
thermonuclear reactions in heavier systems that play an important role in the Cosmos and on Earth.

This contribution presented an introductory overview of basic formalism and concepts in ab initio nuclear structure
and reaction theory as well as selected examples of recent applications to the study of the structure of light exotic
nuclei and low-energy reactions. The intent was not to provide an all encompassing review of this rapidly evolving field,
but rather to capture the interest of undergraduate and doctoral students, such as the young participants of the 2017
summer school on Rewriting Nuclear Physics Textbooks: Basic nuclear interactions and their link to nuclear processes
in the Cosmos and on Earth on which this Focus Point is based. The interested reader can find more information in
some of the cited books, reviews and articles.

The writing of this contribution would have not been possible without the support of an Early and Mid-Career Recognition
Award from Lawrence Livermore National Laboratory (18-FS-016). This article was prepared by LLNL under Contract DE-
AC52-0TNA27344.
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