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Road Map

Nuclear
Structure & Reaction Observables |
Importance Applications to Coupled Cluster
Truncated NCSM Nuclear Spectra Approach vee
ab initio studies in spectroscopy and systematic extension
the p- & sd-shell sensitivity on 3N to heavy nuclei

Similarity Renormalization Group
pre-diagonalization of Hamiltonian by unitary transformation
computational technology for 3N matrix elements

Chiral Effective Field Theory
systematic low-energy effective theory of QCD
consistent & improvable NN, 3N,... interactions

Low-Energy Quantum Chromodynamics




Chiral Effective Field Theory

= USing pions and nucleons as degrees of freedom

2N force 3N force 4N force
= NN interaction at N3LO
(0/1;0)0 | >< %{ e fitted to two-body systems
\/ [ ~ 2Mintaraction at N2LO
(;L(,), : ~ ~dy systems

HO Jacobi basis is natural interfacein
terms of NCSM approach
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= provides NN and 3N interactions in a consistent manner




Jacobi Coordinates

= “relative coordinates” for 3-body system

. 1
<t;'o=\/;[l’a+l’b+l‘c]

C

e allow for separation in center-of-mass and relative part

e nuclei characterized by relative motion

concentrate on relative part




HO Jacobi Basis

= 2-body basis
e antisymmetric:

[EYM;TMr) = |(NL, SYM;, TMr)

= 3-body basis
e antisymmetric under 1 « 2:

la) = |[(n12l12, S12)j12, (N3(3, 53)j31/M), (t12, t3)TMT)

e antisymmetric:

[EYM;TMr) = > Cq,ila)
a

e interaction is M;-independent
e average over Mt for 3B matrix elements




Antisymmetrization of 3B Jacobi Basis

[EYM;TM7) = Caila)
a

» diagonalize antisymmetrizer in a-basis (P. Navratil)
e for each EJT-block separately

= Use coefficients ¢y ; to eigenvalue 1

e coefficients of fractional parentage (CFPs)

{ EJT )

E/j/T/

(alAla’) =
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Similarity Renormalization Group (SRG)

accelerate convergence by pre-diagonalizing the Hamiltonian
with respect to the many-body basis

= continuous unitary transformation of the Hamiltonian
Ha = U HUq

= leads to evolution equation

95 [Na, Aa]  Wwith ut W
—Hy = [Ny, Wi = —
do o Na, Aa Na o« dor

initial value problem with Hg—o = H

» choose dynamic generator advantages of SRG:

Na = U2 [Tint, ﬁa] simplicity and flexibility
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SRG Evolution in Two-Body Space

2B-Jacobi HO matrix elements
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SRG Evolution in Two-Body Space

2B-Jacobi HO matrix elements a=0.32fm*
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SRG Evolution in Three-Body Space

3B-Jacobi HO matrix elements o = O.OOfm4

E A=ocofm™1
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SRG Evolution in Three-Body Space

3B-Jacobi HO matrix elements o=0.32 fm4

E A=1.33fm~!
04 8 12 16 20 24 28

(E'¥JT|Ho = Tine |[EYT)
Ji=1"7=1 ho=20Mev

NCSM ground state 3H

acceleration of

re-diagonalization of .
P J convergence in many-body

Hamiltonian
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SRG Model Space

= model space in 3-body HO Jacobi basis defined by E>RS)

= large angular momenta less important for low-energy properties
e J-dependent model space truncation ESRC)())

SRG model-space ramp
= Use A-ramp as standard

E(SRG)
max

‘3‘2_% B » investigate sufficiency of
SRG model space

e use B- and C-ramp for
comparison

N W
L B e e

N[~

=

N o

o
N5
—




SRG Model Space: “He & '°*O Ground-State

NN+3N-full NN+3N-full
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SRG Model Space: *C Spectrum

NN+3N-full NN+3N-full
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= excitation energies independent of SRG model space




SRG Evolution in A-Body Space

= SRG induces irreducible many-body contributions
T — H[2] L {31, ... L {lA]
U HUg=H " +H "4+ H
= restricted to a SRG evolution in 2B or 3B space

=« formal violation of unitarity
SRG-evolved Hamiltonians

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

Space
application in talks by :
= NN : I
’!\tl\ree R. Roth, J. Langhammer and S. Binder d evolve In

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

a-variation provides a diagnostic tool to assess the
contributions of omitted many-body interactions




SRG Evolution in Three-Body Space

cluster decomposition
decompose Hamiltonian in irreducible two- and
three-body parts for use in A-body space

0 evolve initial NN(+3N) Hamiltonian in three-body space
two- and three-body part in three-body space

0 evolve initial NN Hamiltonian in two-body space
two-body part in two-body space

0 embed evolved NN Hamiltonian in three-body space
two-body part in three-body space

O subtract O from O in three-body space
three-body part in three-body space




Transformation to
J T-Coupled Scheme

Roth, Langhammer, AC et al. — in preparation




From Jacobi to JT-Coupled Scheme

effective interaction in 3B-Jacobi basis

first problem second problem
many-body calculations (A > 6) in m-scheme matrix elements become
Jacobi coordinates not feasible intractable for Nmax > 8 (p-shell)

— advantageous to use m-scheme

transformation from Jacobi into
JT-coupled scheme

key to efficient NCSM calculations
up to Npmax = 14 for p-shell nuclei

decoupling on the fly
ab-initio many-body calculation




J T'-Coupled Scheme vs. m-Scheme

s Mm-scheme

|(Nala, Sa)jama, (Nblb, Sb)jpMp, (Ncle, Sc)jcMc; tamt,, tbMmt,, teMye,)q

s« JT-coupled scheme

[ {[(Nala, Sa)ia, (Nblb, Sb)ibljab, (Ncle, Sc)jc Y TM; [(ta, th)tap, tc1TMT)q

memory needs

. JT-coupled scheme
| ¢ m-scheme

T

s explicit consideration of interaction
properties in JT-coupled scheme

e Hamiltonian connects only equal
Jand T

e memory needs decreases by
two orders of magnitude

6 8 10 12 14 16

Emax




J T'-Coupled Matrix Elements

a([(jarjb)./ab'jc]jr [(ta; tb)tabr tc]T| H l[(/;’jfo)j;b’j,c]j' [(ta, tb)tébr tc]T)a

a b ¢ Jw J] T
= 31> > T nem lem N2 iz n3 I3
em %\ Sqp  Jj12  J3
a/ b/ C/ jéb j j
/ / l/
XZT nfm lem n12 112 ny 3§
d Sap 12 15
X Y Ca,iCar,i (EYT| H |E'{JT)



T Coefficients...

a b ¢ Jaww J J
T nem lem niz2 liz n3 3 ={(ncmlcm|®(a|}j|[(ab)jabtabrc]jT)
Sab J12 J3

= 7 7 7 7 7 O2n4+1g+2np+lp+2nc+1e, 2Nem+lem+2n3+3+2n012+(12

Lap £L12 £ S3

X ({(NM12L12, N12l12; Lap|nble, Nala))1 ({necmlem, n3(3; AIN12L12, nclc))2

(o b Lap| [Lap le £) [tz &3 L3)
X {Sq Sp Sab { { Sab Sc S3 ¢ 3 Sab Sc S3
U’a jb ./abj \./ab jc j} \./'12 j3 J }

li2 £ Lap) \l1i2 £ L3) |S3 T J
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Storage Scheme

» JT-coupled matrix element

al{{l(nala, Sadja, (Nblb, Sp)ibliab, (Ncle, Sc)jc}y T [(ta, th)tap, tc1T|H
LLLL, S (M, SO, (ML YT [(E, ), 1T

e bra and ket have same parity
e antisymmetric states: permutations are linear dependent

e Hamiltonian is hermitian: save upper triangular matrix

e use protons and neutrons: single-particle quantum numbers
of (iso)-spin are 1/2



Storage Scheme

s JT-coupled matrix element
a{{[(nala)ia, (Nblb)ibljab, (Nclc)ic} T [tap1ITIHILLI(NLL )N, (np )i 170 (N2 YT [, 1T )a

» introduce collective single-particle index nj

e energetic ordering of n, [ and j

nf|12|3 4 Nl rax
n|0[0|1]|O0 0

[ 11(1]0|2 [max
J 1113113 Jmax




Storage Scheme

s JT-coupled matrix element
a{{[Nfa, Nipljab, Nlic}T; [tapITIH{[NG, Ny 157, M7} T [, 1T )a

= loop over nj indexes

for(nljg =0, nljs < Nljmax, Nlja++)
for(nljpb =0, nljp < nlja, Np ++)
for(nljc =0, nljc < nljp, Njc++) exploit symmetries of
for(nlj, =, nlj’ < nlja, N’ ++) the Hamiltonian
fo r(nlj;o =0, nljf) < nlj f)’max, nljg ++)

for(nlj; =0, nlj’C < nlj ’C’max

, N7 ++)

inner loop contains all relevant quantum
numbers for decoupling to m-scheme




Storage Scheme

s JT-coupled matrix element
a{{[Nfa, Nipljab, Nlic}T; [tapITIH{[NG, Ny 157, M7} T [, 1T )a

= inner loop

for(Jjab =[j1—1J2l, jap <i-+7+- <+ '
for(j, storage scheme already in use
by other groups
for(u (P. Navratil and J. Vary) FESHAVERD

for(tap =0, tap <1, tap++)
details will be
for(t, =0t/ <1t/ ++) published soon

for(T=%Y2, T <MIN[tap + V2, t, +V2], t, ++)

write matrix element to file
quantum numbers specified by loop order




Conclusions




Conclusions

consistent SRG evolution in 3B space

e indispensable for converged NCSM calculations

efficient transformation for Jacobi to JT-coupled scheme

e key for application to Nmax > 8 calculations (p-shell)

e developed optimized storage scheme

applications ahead (IT-NCSM, CC, ...)

= machinery ready to use 3N @ N3LO in momentum Jacobi basis
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