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Strategy: QCD-based Nuclear Structure

Experimental Observables

'Exact’ Ab Initio Methods Approximate Methods

n exact numerical solution of n approximate treatment of
many-body problem many-body problem

n rigorous nuclear structure pre- n addressing speci c observ-
dictions for given Hamiltonian ables & nuclei

n computationally demanding n feasible for all masses

Similarity Transformed Interactions

n account for short-range correlations by phase-shift conse rving uni-
tary transformation

n improve convergence & control multi-nucleon interactions

QCD-based Nuclear Interactions
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Methods: QCD-based Nuclear Structure

Experimental Observables

'Exact’ Ab Initio Methods Approximate Methods

n no-core shell model (NCSM) n Hartree-Fock & Hartree-Fock-

n importance truncated no-core Bogoliubov

shell model (IT-NCSM) n many-body perturbation theory

n coupled-cluster & density ma- & resummations

trix renormalization group n RPA, QRPA, SRPA & extensions

Similarity Transformed Interactions

n Unitary Correlation Operator Method (UCOM)
n Similarity Renormalization Group (SRG)

QCD-based Nuclear Interactions
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Overview

n Similarity Transformed NN+3N Hamiltonians

Similarity Renormalization Group

consistent transformation of chiral NN+3N interactions

n Exact Ab-Initio Calculations

Importance Truncated NCSM

benchmark of SRG-transformed chiral NN+3N interactions
throughout the p-shell

n Approximate Many-Body Methods

Hartree-Fock & Perturbation Theory

ground-state systematics throughout the nuclear chart usi ng
SRG-transformed chiral NN+3N interactions
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QCD-Based
Nuclear Interactions




Chiral EFT for Nuclear Interactions

2N forces 3N forces 4N forces

n EFT for relevant degrees
of freedom ( u,#) based on R .
symmetriesofQCDO — et

n hierarchy of consistent NN, Key Question

3N, 4N,... interactions (in- how well can such an
cluding currents) Interaction really describe
nuclear structure properties
n in the following we use: . beyond the few-body
K domain?
NN: N LO of Entem & ~— ‘ )
Machleidt with o = MeV N *H| - — g
3N : N LO with low-energy >< >K S
constants 4 and 4 from e s e - o
triton binding energy and L <
h-decay half-life B X*{ ":\x;‘ :;" ' >< ‘ ’ ‘ =
b g
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Chiral NN+3N: Milestone |

PRL 99, 042501 (2007)

PHYSICAL REVIEW LETTERS

week ending
27 JULY 2007

Structure of A = 10-13 Nuclei with Two- Plus Three-Nucleon Interactions

from Chiral Effective Field Theory

P. Navritil,' V.G. Gueorguiev,"* J.P. Vary,'* W.E. Ormand,' and A. Nogga’
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Chiral NN+3N: Milestone I

PRL 103, 082501 (2009)

PHYSICAL

REVIEW LETTERS

Evolution of Nuclear Many-Body Forces with the Similarity Renormalization Group
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Similarity Transformed Hamiltonians

Similarity Renormalization
Group

Roth, Neff, Feldmeier — Prog. Part. Nucl. Phys. 65, 50 (2010)
Roth, Reinhardt, Hergert — Phys. Rev. C 77, 064033 (2008)

Hergert, Roth — Phys. Rev. C 75, 051001(R) (2007)
Roth et al. — Phys. Rev. C 72, 034002 (2005)
Roth et al. — Nucl. Phys. A 745, 3 (2004)




Similarity Renormalization Group

evolution of the Hamiltonian to
band-diagonal form with respect to
uncorrelated many-body basis

simplicity and exibility
are great advantages of

unitary transformation of Hamilt
" y \ the SRG approach
n evolution equations for $4 and 14 depending on generator — my
> ¢ ¢ >
_ — —14 = 1
>g My g >g ¢ g My
n dynamic generator . commutator with the operator in whose

eigenbasis $ shall be diagonalized

my =( Z) Oin $g
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SRG Evolution of Matrix Elements

n represent operator equation in ?-body Jacobi HO basis E&Y) ,
thus discarding contributions beyond ?-body order
? = : relative LS-coupled HO states
? = . antisymmetrized Jacobi-coordinate HO states
n system of coupled evolution equations foreach () )-block
> ¥Rrc YRrRc h
— &) §; &) =( 2
>0 00(fD 00000

CEU) Oint OQ@U) OQ@U) $g OOQ@OU) OOQ@OU) $g O@U)
CEU) $g OC@U) OC@U) Oint OO(@OU) OOQ@OU) $g O@U) .
I

+ CEU) $g OQ@U) OQ@U) $g OOQ@OU) OOQ@OU) Oint O@U)

n convergence with respect to srg Isanissue for ? = atsmall ’v,
for ' v | MeV we found gsgrg= suf cient
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SRG Evolution in Two-Body Space
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SRG Evolution in Two-Body Space

2B-Jacobi HO matrix elements

g = fm )
\o: fm /
U= *) = vV = MeV

momentum space (

O T Bim
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SRG Evolution in Three-Body Space

3B-Jacobhi HO matrix elements
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SRG Evolution in Three-Body Space

3B-Jacobhi HO matrix elements
=IIII 1 | | | | | | |
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A Tale of Three Hamiltonians

n NN only : start with NN-only initial Hamiltonian and evolve in two-
body space

NN-only _ [ ] [ ]
$g 7 = Oint + 8y + B

n NN+3N-induced . start with NN-only initial Hamiltonian and
evolve in three-body space
NN+3N-induced _ [ ] [ ] [ ] [ ]
Sg rendtee _'mm'Fgmtg+'gNNg4_@mtg+'2NNg

n NN+3N-full : start with NN+3N initial Hamiltonian and evolve in
three-body space

NN+3N-full _ [ ] [ ] [ ] [ ] [ ]
$g+ = Oine + B T B gt B T Eng T Eang
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Exact Ab Initio Calculations

Importance Truncated NCSM

Roth — Phys. Rev. C 79, 064324 (2009)
Roth, Gour & Piecuch — Phys. Lett. B 679, 334 (2009)

Roth, Gour & Piecuch — Phys. Rev. C 79, 054325 (2009)
Roth & Navratil — Phys. Rev. Lett. 99, 092501 (2007)




Importance Truncated NCSM

NCSM is one of the most powerful and
| universal exact ab initio methods

.

n compute low-lying eigenvalues of the Hamiltonian in a model space of
HO Slater determinants truncated w.r.t. HO excitation energy #GR'V

n all relevant observables can be computed from the eigenstates

n range of applicability limited by factorial growth of Slater-determinant
basis with #gr and

n adaptive importance truncation extends the range by reducing the
model space to physically relevant states, contribution of discarded
states included a posteriori

n we have developed a parallelized IT-NCSM/NCSM code capable of
handling 3N matrix elements up to GIR = or
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‘He: SRG-Evolved Chiral NN+3N

vV = MeV
NN only NN+3N-induced NN+3N-full
-18 | strong g-dependence: {l no g-dependence: no Il no g-dependence: no
' induced 3N interactions || Induced 4N interactions || Induced 4N interactions

2 4 6 8 10 1214 162 4 6 8 10 12 14 162 4 6 8 10 12 14 16

# GIR # GIR # GIR
| g = fm , g= fm I g= fm
tg= fm | g= fm
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‘He: SRG-Evolved Chiral NN+3N

NN+3N-full NN+3N-full

\ 4N contributions
become relevant
fm

2 4 6 8 10 12 14 16
# GIR

2 4 6

I g=

fm
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# GIR

fm

g = fm
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- SRG-Evolved Chiral NN+3N

vV = MeV

50 NN only NN+3N-induced NN+3N-full

[ MeV]

we can handle

#G}R = or
with full 3N
Interaction

2 4 6 8 10 12 14 162 4 6 8 10 12 14 162 4 6 8 10 12 14 16
# GIR # GIR # GIR

Tg-= fm | g= fm
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12C:. Spectroscopy of First 2 State

NN only NN+3N-induced NN+3N-full

< [MeV]

OFRLPNWPKAMARIIITONOO R N W & 001 O
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(

2 4 6 8 10 12 14 2 4 6 8 10 12 14 2 4 6 8 10 12 14
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1°0: SRG-Evolved Chiral NN+3N

NN only NN+3N-induced

i = N AN contributions
-160 lh resulting from the
-170 | |t inital 3N interaction

10 12 14 16

2 4 6 8 10 12 14 162 4 6 8 _ become sizable
# GJR PR~ # GIR
Tg-= fm | g= fm
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Approximate Many-Body Methods

Hartree-Fock &
Perturbation Theory




Hartree-Fock & Perturbation Theory

HF & PT provides information

_ on the systematics of ground-state |
~—_Observables over a large mass range /

n solution of the Hartree-Fock equations with 3N interaction computation-
ally simple

n second-order perturbative correction for energy with 3N in teraction also
straight-forward, but time-consuming — preliminary resul ts include NN

contribution to perturbative correction only

n all following results with 3N matrix elements up to GIR = only
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Systematics: E/A and R,

-20 . = fm
| HF |
25 T o T —_
[ — | experiment
5+ HF -

Bmax =
3,max —

'V = MeV

He O Ca Ni Ni Sr Sn Sn Pb
@) Si Ca Ni Ni Zr Sn Gd
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Systematics: E/A and R,

NN-only
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i I
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Systematics: E/A and R,

NN + 3N-induced

O [ [ [ [ [ [
- T
1 g= fm
g = fm
_ depend _ |
20 + no g-dependence: - - fm
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Systematics: E/A and R,

NN + 3N-full
O [ [ [ [ [
- T
-9 7 g= fm
0 -10 - _
= I
— g = fm
-15 .
_ depend _ |
-20 strong g-dependence: 1 g-= fm
- HF+PT induced 4N contri- ) ] °
_ | | | . . | |
D e butions are sizable ' - -
experiment
5+ HF _ _
E _
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Conclusions




Conclusions

n made huge steps towards nuclear structure calculations wit h
consistent SRG-transformed chiral NN+3N interaction

Similarity Renormalization Group
Importance Truncated NCSM

Hartree-Fock & Perturbation Theory

n Indications that induced 4N contributions resulting from | nitial
3N interaction are signi cant for nuclei beyond mid-p-shel I

n use modi ed SRG generators to avoid those 4N contributions
from the outset

n many exciting applications ahead...
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Epilogue
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