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s derive consistent 2N & 3N

N3LO
D

forces from chiral EFT with

Low-Energy QCD nucleons and pions as DOF




From QCD to Nuclear Structure

Nuclear Structure

Unitarily Trans- \ = adapt Hamiltonian to trun-
~_formed Hamiltonian _~“ cated low-energy model space

NN+3N Interaction

~__ from Chiray
Low-Energy QCD




From QCD to Nuclear Structure

= ‘exact’ solution of the many-

body problem for light & inter-
mediate masses (NCSM, CC,...)

Exact & Approx.

- = controlled approximations for
~2ny-Bocy Methoe= o

heavier nuclei (HF & MBPT,...)

= all rely on restricted model
spaces & benefit from unitary

Unitarily Trans- _
transformation

~_formed Hamiltoniay

NN+3N Interaction )
~__ from Chiral EFT /

Low-Energy QCD




Similarity Renormalization Group

continuous transformation driving
Hamiltonian to band-diagonal form
with respect to a chosen basis

= unitary transformation of Hamiltonian (and other observables)
I:ia - UaT H Ua

= evolution equations for Hy and Uy depending on generator ng

d - ~ d
—H, = , H —Uy=-U
dor o [’70{ a] dor o alla

» dynamic generator: commutator with the operator in whose
eigenbasis H shall be diagonalized

Na = (ZN)Z [ Tint, F'a]




Similarity Renormalization Group

continuous transformation driving
| Hamiltonian to band-diagonal form
with respect to a chosen basis

simplicity and flexibility

] i . : are great advantages of |
unitary transformation Sf Hamil the SRG approach/
Ha - UaT H Ua

solve SRG evolution

= evolution equations for Hy and | equations using two- &
d _ ~ three-body matrix
EHG = [Na, Ha] representation

» dynamic generator: commutator with the operator in whose
eigenbasis H shall be diagonalized

Na = (ZU)Z [ Tint, F'a]




SRG Evolution in Three-Body Space

3B-Jacobi HO matrix elements

chiral NN+3N ,
N3LO + N2LO, triton-fit, 500 MeV
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SRG Evolution in Three-Body Space

3B-Jacobi HO matrix elements

NCSM ground state 3H
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3B-Jacobi HO matrix elements
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SRG Evolution in Three-Body Space

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

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

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

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

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

3B-Jacobi HO matrix elements

0 a=0.320fm*
| \/\:1.33fm_1 /
El Jr=31"7=1 no=28Mev
18 3
NCSM ground state °H
20 21
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= 2l of convergence |/
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Calculations in A-Body Space

= evolution induces n-body contributions I':Ig”] to Hamiltonian
1] 4 Hi2] o {31 4 yi4l
+ A4 ABT LAl

= truncation of cluster series inevitable — formally destroys unitarity
and invariance of energy eigenvalues (independence of a)

Three SRG-Evolved Hamiltonians

= NN only: start with NN initial Hamiltonian and keep two-body
terms only

= NN+3N-induced: start with NN initial Hamiltonian and keep two-
and induced three-body terms

= NN+3N-full: start with NN+3N initial Hamiltonian and keep two-
and all three-body terms




Calculations in A-Body Space

= evolution induces n-body contributions I':Ig”] to Hamiltonian

Ao = AL 4 Al2) 4 {30 4 fil4 .
a o o o a-variation provides a

diagnostic tool to assess
the contributions of omitted

- _many-body interacy

Three SRG-Evolved Hamiltonians ——

s truncation of cluster series inevitable
and invariance of energy eigenvalues

= NN only: start with NN initial Hamiltonian and keep two-body
terms only

= NN+3N-induced: start with NN initial Hamiltonian and keep two-
and induced three-body terms

= NN+3N-full: start with NN+3N initial Hamiltonian and keep two-
and all three-body terms




Importance-Truncated No-Core Shell
Model

Roth, Langhammer, Calci et al. — Phys. Rev. Lett. 107, 072501 (2011)
Navratil et al. — Phys. Rev. C 82, 034609 (2010)
Roth — Phys. Rev. C 79, 064324 (2009)




Importance Truncated NCSM

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

m construct matrix representation of Hamiltonian using a basis of HO
Slater determinants truncated w.r.t. HO excitation energy NmqxhQ

= solve large-scale eigenvalue problem for a few extremal eigenvalues
= all relevant observables can be computed from the eigenstates
= range of applicability limited by factorial growth of basis with Nqgx & A

= adaptive importance truncation extends the range of NCSM by reduc-
ing the model space to physically relevant states

= we have developed a parallelized IT-NCSM/NCSM code capable of
handling 3N matrix elements up to Esmax =16
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‘He: Ground-State Energies

NN only

<« strong a-dependence:
-23+ induced 3N interactions
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‘He: Ground-State Energies

NN only NN+3N-induced

<« strong a-dependence:
-23+ induced 3N interactions
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‘He: Ground-State Energies

NN only NN+3N mduced
<« strong a-dependence: |} no a- dependence no
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‘He: Ground-State Energies

NN only NN+3N mduced NN+3N-full
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‘He: Ground-State Energies

NN only NN+3N mduced NN+3N-full
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°Li: Ground-State Energies

NN only NN+3N-induced NN+3N-full
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2C: Ground-State Energies

NN only NN+3N-induced

NN+3N-full
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2C: Ground-State Energies

NN only NN+3N-induced

NN+3N-full
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'*Q: Ground-State Energies

80 NN only NN+3N-induced NN+3N-full
hQ =20MeV
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'*Q: Ground-State Energies
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'*Q: Ground-State Energies
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*Q: Ground-State Energies
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Coupled Cluster Method

G. Hagen, T. Papenbrock, D.J. Dean, and M. Hjorth-Jensen — Phys. Rev. C 82, 034330 (2010)
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Coupled Cluster Approach

= exponential Ansatz for wave operator

|l|J) — élq)o) — e7’\'1+7,\'2+7A'3+°"+7A'A|<I>0)



Coupled Cluster Approach

= exponential Ansatz for wave operator
|l|J) — élq)o) — eT1+T2+T3+°"+TA|<I>O)

= 75 : npnh excitation ("cluster") operators

. 1

Tn=

fabc... rat AT 4T A AA
(1?2 ; k.. {aaab C...akaja,}
' k.

abc...



Coupled Cluster Approach

= exponential Ansatz for wave operator
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= 75 : npnh excitation ("cluster") operators
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11|®0) = AE|®o), HL=e TAye’




Coupled Cluster Approach

exponential Ansatz for wave operator
|l|J) — élq)o) — eT1+T2+T3+°"+TA|<I>O)

Th : npnh excitation ("cluster") operators

. 1

Tn=

abc t AT A T AN
(1?2 ; k.. {a a, C...akaja,}

abc...

similarity transformed Schrodinger Eq.
H|®o) = AE|®o) , H=e"Hye'

% : non-Hermitian effective Hamiltonian
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Coupled Cluster - Equations
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Coupled Cluster - Equations

=« CCSD : truncate T at 2p2h level, T=T1 + 1>

>

» projection of #H|®g) = AE|®g) onto

{ |®0), |99) =@t ail®o), |99°) = ata;a;ai%0) }
leads to CCSD equations

o AE = (®o|H|®o)
o 0= (97| %0)

* 0= (7"|#|%0)




Coupled Cluster - Equations

=« CCSD : truncate T at 2p2h level, T=T1 + 1>

= projection of #|®g) = AE|®g) onto
{ |®0), |99) =@t ail®o), |99°) = ata;a;ai%0) }
leads to CCSD equations

o AE = (®o|7l|®0) = (PolAn(T2 + T1+ 572)|®0)c
o 0= (¢?|7:\[|¢0) = (PolAN(L + To+ T1+ T1 T2 + %7/\-% + %ffﬂ@o)c

o 0= (®2°|7| &) = (®olHn(L + T2+ 372 +T1 + 117>

127 , 140+ , 1423, 14
+3T7+ 5T T2+ 577 + 37 T])%0)c




Coupled Cluster - Equations

=« CCSD : truncate T at 2p2h level, T=T1 + 1>

= projection of #|®g) = AE|®g) onto

{ |®0), |99) =@t ail®o), |99°) = ata;a;ai%0) }

leads to CCSD equations

coe=aitien= (| 7). )7 ()
= (@917 20) = \/ 4 + \U*Jr \Aﬂ +\b+ \Aﬁ

omernes =\ gl g+ Vs




Coupled Cluster - Equations

=« CCSD : truncate T at 2p2h level, T=T1 + 1>

= projection of #|®g) = AE|®g) onto

{ |®0), |99) =@t ail®o), |99°) = ata;a;ai%0) }

leads to CCSD equations '
F +—-¢

o AE = <I>0|7-l|<I>o U Q Q Q
e 0= (89]71|®0) = V4 + \( R "“kEdoi'Egrams ;Z-O

NG size extenswe
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Coupled Cluster - Spherical Scheme

= coupling of external lines to good J

JM JM JM ]M jM jM
vl v

AR M

= express CCSD equations in terms of

JO JO JO JO
v [V v Ty IW

(pqgllr s), (ab|t|ij), (alt]i), etc.

etc.

= = drastic reduction of number of amplitudes
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Coupled Cluster - Convergence Rate
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» question: if we neglect the normal-ordered 3B term, how well
does this approximation work ?




Benchmark of Normal-Ordered 3N
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