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v" Astrophysics motivations

Interest over time

The number 100 represents the peak search volume " News headlines

June 2010

= meteor: 11

F

Russia, 1 week and a day ago
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Fusion processes play an important role in determining the
evolution of our universe: nucleosynthesis, stellar evolution ﬂ =\
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Some words about the ingredients of an ab initio calculation

A high precision nuclear Hamiltonian

We have a NN interaction...
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N. Ishii et al. PRL99 (2007)

The nuclear interaction has a
strong repulsive core.

This makes nuclear structure

calculation converge slowly.
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...and also NNN interaction
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We need a NNN interaction to achieve a

high-precision.

This is [1LOO times numerically costlier.
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Status of nuclear reaction models

= Ab initio nuclear reactions lagging behind

n-a phase-shifts in QMC calculation

structure calculations with/without NNN interaction
« Exact reaction calculations for very light WO e
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in methods for light nuclei to describe the spin-orbit physic
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Why is it hard to model nuclear reactions?

If we used Harmonic oscillator

states...
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inbound and outbound waves
cannot be described by finite
number of basis states

For more information on boundary

conditions and R-matrix see
P. Descouvemont, D. Baye Rep.Prog.Phys.73 (2010)
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Ab initio NCSM/RGM: formalism for binary clusters

S. Quaglioni and P. Navratil, Phys. Rev. Lett. 101, 092501 (2008); Phys. Rev. C 79, 044606 (2009)

Ex: n-*He scattering
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Channel

= Schrddinger equation on channel basis:

HWY, =EWY) == > [ dF [Hy(F.))-E N, (7.F))

AHA, A A,

’\r“g> <?r/’ ’\rf > | | NCsM densities

Hamiltonian kernel Norm (overlap) kernel

RGM accounts for: 1) interaction (Hamiltonian kernel), 2) P auli principle

(Norm kernel) between clusters and NCSM accounts for: inter nal structure
of clusters
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Ab initio NCSM/RGM: formalism for binary clusters

Few detalils

: : 0 PO -r
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% \ A-a,a
Constrained by the ——~—
asymptotic scattering

solution ‘CD‘;:T> (Jacobi) channel basis

We use the closure properties of HO radial wave
function

or—r _a’a) :ZRM(V)PW(V _a’a) This defines the RGM model space (Ok
- for localized parts of the kernels)

We introduce Jacobi channel states in the HO space
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Matrix elements of translationally invariant operato IS

= Translational invariance is preserved (exactly!) also with SD cluster basis

(Aaa) (A-a,a) — (Aaa) (A-a,a)
33<ch33 ‘CD > — ZMi$f$,inR< fa ‘(D >
inR

What we calculate in the Observables calculated in the
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= Advantage: can use powerful second quantization techniques
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In practice, we made use of second quantization
More insights

1. New basis: Slater Determinant channel basis

» The target (A>a nucleons) described by a Slater Determinant
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2. With a basis change, we can recover a simple expression
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Going around the hard core problem

E. Jurgenson, Navratil, R. J. Furnstahl Phys. Rev. L ett. 103 (2009)

In configuration interaction methods dH/1 _[ }

we need to soften interaction to d] - (/])1 H/]

address the hard core H <

We use the Similarity-Renormalization- V2 17(/]) _ du, U*

Group (SRG) method Unitary I di 7
transformations
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Demonstrated capability to describe binary-cluster reactions

starting from NN interactions

M Nucleon-nucleus collisions

v' n-3H, p-3He, N-*He, n-1°Be
scattering with N3LO NN (mod.
Lee-Suzuki eff. Int.)

v Nucleon scattering on 3H,
34He,’Li,’Be,*?C,1%0 with SRG-
N3LO
v' "Be(p,y)8B radiative capture with
SRG-N3LO
MDeuterium-nucleus collisions
v d-*He scattering and SLi structure
with SRG-N3LO
M(d,N) transfer reactions
v’ 3H(d,n)*He and 3He(d,p)*He
reactions with SRG-N3LO
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n-He* phase-shift NN only
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Good reproduction, but still incomplete
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n on “He scattering
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‘He(d,d)*He with NN-only

S. Quaglioni and P. Navratil

......... 3 Deuteron Pseudo-states
In each channel

“He(d,d)*He phase shifts
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d-*He
scattering
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4He(g.s.) SRG-N3LO NN potential with

A=1.5 fm1.

~
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Ab initio many-body calculations of the *H(d,n)*He and 3He(d,p)*He

fusion » Navratil, S. Quaglioni, PRL 108, 042503 (2012)

states includes break-up

SHe(d,p)*He astrophysical S-factor 3H(d,n)*He astrophysical S-factor
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{ E,. [keV] A=15fm* (nuclear force) E,_ [keV]
@ seu o cited o NCSM/RGM results for the 3He(d,n)*He astrophysical S-
Complete  picture: 5\0 factor compared to beam-target measurements.

Incomplete nuclear interaction: requires NNN force

Calculated S-factors converge with the inclusion of

the virtual breakup of the deuterium, obtained by (SRG-induced + “real”)

means of excited 3S,-D, (d*) and 3D, (d’*) pseudo-
states.
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Including the NNN force into the NCSM/RGM approach

nucleon-nucleus formalism

NNN JTN\ — (A_l) NNN[ A_l“j (A_l)
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n-*He scattering: NN versus NNN interactions, first results

G. Hupin, J. Langhammer, S. Quaglioni, P. Navratil, R. Roth, work in progress

From NN-only (NN+NNN-ind) to NN+NNN

120 F 2P, ] @
90) L P .'l\/ior;e SRR TR T _' n-*He scattering
L : spin orbit NNN vs NN _ 2_P1/,) S __
60 F . Y OO UL Bl ©  The largest splitting between
3 e e - i P waves is obtained with
w0 [/ ’Dy, NN+NNN.
Q = 2
2
s Nmax=13 s
-30 F . —— NN+NNN .
1
51/2 ----- NN+NNN-ind 1
e NN-only
-60 | )
4
n+*He (g .
9o | miHeles) T
0 il 8 12 16 Comparison  between NN,
‘ NN+NNN-ind and NN+NNN at
El{:m MeV] Nmax=13
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n-*He scattering: NN+NNN with the first three excited states

G. Hupin, J. Langhammer, S. Quaglioni, P. Navratil, R. Roth, work in progress

« The largest splitting between
P waves is obtained with
NN-+NNN.

» A better reproduction of data

“He(n,n)*He phase-shifts with four excited states

n-*He scattering

is expected when all the first
six excited state of “He
included (following).

« The present NNN force is
incomplete (N 2LO only).

0 4 8 12 16 Comparison between NN+NNN
and experiment at Nmax=13
E/\"z'n [MeV] and A=2.0
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Including the NNN force into the NCSM/RGM approach

deuteron-nucleus formalism

r A/V NNNA/
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density
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*He(d,d)*He with NN+NNN interaction

G. Hupin, S. Quaglioni, P. Navratil, work in progre  ss

d-*He
scattering

(NI

Comparison between NN-only, NN+NNN-

ind and NN+NNN“He(d,d)*He phase-shifts

d pseudo states

180 —————————————

135 i 3D3 B
90 i :Jy -
E 1 3 g A e ‘ PP i
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Pseudo-states in each |= 49 | ! Y i TN
—— 5 C@nel P , I -‘ T
C\n—\ 3 dg’ssl_ng’ SDZ’ 3D3_SGS) 0 L Nmax=9 -
> - “_____]_.___ 45 F —— NN+NNN i
Preliminary i e §§+NNN—ill(zl )
I +*He (g:s.) ’ N-only i
_90 i L .n = |l . i . 1 ) i . ]
0 2 Erin Mev] 4 0

Preliminary results in a small model d(g.s.) + “He(g.s.) scattering phase-shifts for NN,

NN+NNN-induced and NN+NNN potential with hw=20,

space and with only d and “He g.s.,
look promising A=2 fm'1 and Nmax=9.
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Conclusions and Outlook

= We are extending the ab initio
NCSM/RGM approach to
describe low-energy reactions
with two- and three-nucleon
interactions.

= We are able to describe;

 Nucleon-nucleus collisions with
NN+NNN interaction

« Deuterium-nucleus collisions with
NN+NNN interaction

= Work in progress

« The present NNN force is
"incomplete”, need to go to N3LO

- Before definite conclusion
— Study of A dependence
—  Study of hw dependence

- Scattering of heavier target

Evolution of stars, birth, main sequence, death
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