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Motivation

Why should we merge NCSM and IM-SRG?

NCSM IM-SRG

- limited to light nuclei + easy access to heavy nuclei

- factorial growth of model space + soft computational scaling with A

- computationally demanding + computationally very efficient

- difficult to obtain model-space + decoupling in A-body space
convergence

not exact method
+ exact method

. only for ground state
+ easy access to excited states y &

spectroscopy not straight-forward
+ spectroscopy for free P Py &

L . spherical formulation limits
+ no limitation to even nuclei

to even nuclei
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+ spectroscopy for free

+ no limitation to even nuclei

ven nuclei

Eskendr Gebrerufael - TU Darmstadt - Feb. 2016 2



&5y TECHNISCHE
@)=\ UNIVERSITAT
'~ DARMSTADT

Overview

= No-Core Shell Model (NCSM)

= |[n-Medium Similarity Renormalization Group (IM-SRG)

Novel Approach: NCSM+IM-SRG

Results

o Flow of Ground-State Energy
o Flow of Excitation Energies
o Spectra

= Summary and Outlook
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No-Core Shell Model

Basics
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Barrett, Vary, Navratil, ...

= construct matrix representation of Hamiltonian using basis of HO
Slater determinants truncated w.r.t. HO excitation quanta N__,

= solve large-scale eigenvalue problem for a few smallest eigenvalues
= range of applicability limited by factorial growth of basis with N__, & A

= adaptive importance-truncation extends the range of NCSM by

reducing the model space to physically relevant states
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In-Medium Similarity Renormalization Group

Basics
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Tsukiyama, Bogner, Schwenk, Hergert,..

use flow eqn. for
normal-ordered Hamiltonian to decouple
the reference state from excitations

d
= flow equation for Hamiltonian: EH(S) = [n(s), H(s)] with flow parameter s

= Hin normal order w.r.t. to a given reference state |V)
[Kutzelnigg, Mukherjee]

H(s) = E(s)+ ) _f9(s)ag+ 3 ) _T29(s)azs + M

= Note: (W|H(s)|W) = E(s)

= choose generator 7(s) to achieve desired behaviour:
use the numerically stable Imaginary Time [Morris, Bogner]
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Novel Approach: NCSM+IM-SRG
Procedure
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compute density matrices and

(multi-ref.) normal-ordered Hamiltonian

extract evolved Hamiltonian
in vacuum representation

consistently evolve
secondary operator H_,

$

$
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Novel Approach: NCSM+IM-SRG

Hamilton Matrix in A-Body Basis: Calculation Details

&5 TECHNISCHE
@/, UNIVERSITAT
.-j J DARMSTADT

= standard chiral NN @ N3LO from Entem and Machleidt
+ 3N @ NZ2LO from Navratil

= reduced 3N cutoff Asy = 400 MeV
» free-space SRG a = 0.08 fm*

®" harmonic-oscillator parameter HQ2 = 20 MeV

= |M-SRG performed using Imaginary Time

= reference state is first 0 state in N**F =0

Mmax
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Novel Approach: NCSM+IM-SRG

Hamilton Matrix in A-Body Basis: 12C
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s = 0.00

0 N__ =
Slater determinants Slater determinants

N

max_—
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Novel Approach: NCSM+IM-SRG

Hamilton Matrix in A-Body Basis: 12C
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s = 0.00

0 N

max=
eigenstates Slater determinants

N 2

max_—
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Novel Approach: NCSM+IM-SRG
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Hamilton Matrix in A-Body Basis: 12C DARMSTADT
E(s) s = 0.00 — E(s) o N =D
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s [MeV]

0 N__ =
eigenstates Slater determinants

N

max_—
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Novel Approach: NCSM+IM-SRG
Hamilton Matrix in A-Body Basis: 12C
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E(s)

N
eigenstates

0

max_—

s = 0.02

Slater determinants

E [MeV]
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Novel Approach: NCSM+IM-SRG
Hamilton Matrix in A-Body Basis: 12C
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E(s) s = 0.04

E [MeV]

Nmax=0 Nmax=2
eigenstates Slater determinants
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Novel Approach: NCSM+IM-SRG
Hamilton Matrix in A-Body Basis: 12C
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E(s) s = 0.08

E [MeV]

2

N, =0 N

max=
eigenstates Slater determinants
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Novel Approach: NCSM+IM-SRG
Hamilton Matrix in A-Body Basis: 12C
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E(s) s=0.14

E [MeV]

1072 10~4 1073 102 1071 10°
s [MeV]

Nmax=0 Nmax=2
eigenstates Slater determinants
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Novel Approach: NCSM+IM-SRG
Hamilton Matrix in A-Body Basis: 12C
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E(s) s =0.21

E [MeV]

Nmax=0 Nmax=2
eigenstates Slater determinants
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Novel Approach: NCSM+IM-SRG
Hamilton Matrix in A-Body Basis: 12C
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E(s) s =0.33

E [MeV]

1072 10~4 1073 102 1071 10°
s [MeV]

Nmax=0 Nmax=2
eigenstates Slater determinants
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Novel Approach: NCSM+IM-SRG
Hamilton Matrix in A-Body Basis: 12C
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E(s) s = 0.50

E [MeV]

o0f | | add W
1072 10~4 1073 102 1071 10°

s [MeV]
for large enough flow parameter
eigenvaluesin N__=0and N __ =2 equal

IM-SRG decouples
reference state (not only)
from N, =2 space

N, .,=0 N, =2

max max

eigenstates Slater determinants --> why differ E(s) and N, =0 eigenvalue?
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Novel Approach: NCSM+IM-SRG

Hamilton Matrix in A-Body Basis: 12C

E(s) s = 0.50
v v v v

<+«—— first basis state = reference state

= reference state couples to
N_..,.=0 eigenstates

" E(s)and N, =0 eigenvalue
cannot be identical

diagonalization of
evolved Hamiltonian
necessary

Nmax=0
eigenstates
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Overview

= Results

o Flow of Ground-State Energy
o Flow of Excitation Energies
o Spectra
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Results

Flow of Ground-State Energy
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—60| ¢ v 1 chiral NN+3Nno2g
A3N = 400 MeV
—05¢ 1 a=008fm*
20l | hQ = 20 MeV
% Y ® Imag. Time
z —75F 7] Nref =0
LLI E max
_80 = N N 1 Nmax
E(s) VO
—85 m m ] e 2
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" F(s) does not converge and has a " induced many-body contribution 1.5 MeV
minimum less than 2 %

= drastically enhanced model-space
convergence for NCSM+IM-SRG
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Results

Flow of Ground-State Energy
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s [MeV 1] > 10
" F(s) does not converge and has a " induced many-body contribution 1.5 MeV
minimum less than 2 %
= drastically enhanced model-space " choice of s,,: best N, convergence and
convergence for NCSM+IM-SRG end of plateau region
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Results

Flow of Ground-State Energy
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100 chiral NN+3Nno2g
[ A3N = 400 MeV
—105 a = 0.08fm*
—110} AQ = 20 MeV
.%. —115 Imag. Time
= —120] Nifax = 0
L i
—125 [ Nmax
: v 0
—130}
i e 2
—135¢ A4
_140 i 1 1 L 1 L L
1072 1074 1073 1072 1071 10°
s [MeV 1]

= jnitial Hamiltonian in N, =0 wrongly predicts 2* ground state, corrected in N =2
= reference state is first 0* state in N__,=0 (not the ground state here)
" |M-SRG transforms more information into N__,,=0

e ground state correctly reproduced

» feature: level crossing between 2* and 0*
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Flow of Ground-State Energy DARMSTADT
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Results

Flow of Ground-State Energy
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Results
Flow of Ground-State Energy — e ., Convergence
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= E* of 2* increases abruptly at the end due kink in ground-state energy 06
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= E* of 2* increases abruptly at the end due kink in ground-state energy 06

= new feature: E* converges monotonically from above for evolved Hamiltonian
(variational principle for excitation energies!)
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Flow of Excitation Energies DARMSTADT
e T " " chiral NN+3Nyo25
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= E* of 2* increases abruptly at the end due kink in ground-state energy 06

= new feature: E* converges monotonically from above for evolved Hamiltonian
(variational principle for excitation energies!)
= Hoyle state? --> very sensitive to flow parameter
--> needs further investigation
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= 2* perfectly converged on absolute scale

Eskendr Gebrerufael - TU Darmstadt - Feb. 2016 16



Results

Flow of Excitation Energies — On Absolute Scale
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Results

Flow of Excitation Energies — On Absolute Scale
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= 2* perfectly converged on absolute scale
= induced many-body contribution different for each state
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Flow of Excitation Energies — Relative to 0*
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= initial Hamiltonian does not reproduce the right ground-state in N, =0,
but far enough evolved Hamiltonian does
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Results

Flow of Excitation Energies — Relative to 0*
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= initial Hamiltonian does not reproduce the right ground-state in N, =0,
but far enough evolved Hamiltonian does
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Results

Flow of Excitation Energies — Relative to 0*
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= initial Hamiltonian does not reproduce the right ground-state in N, =0,
but far enough evolved Hamiltonian does

= again nice monotonical convergence from above for 2*

= seems not the case for 4* (should go to larger value of flow parameter)
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Flow of Excitation Energies
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Spectra 99/ DARMSTADT
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= |T-NCSM calculated using complete 3N interaction

= difference between NCSM+IM-SRG and IT-NCSM: induced many body and NO2B
= NCSM+IM-SRG can easily access larger model spaces since NO2B approximation
= |T-NCSM ground-state energies not converged yet
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NCSM+IM-SRG IT-NCSM
chiral NN+3N |
81 hQ = 16 MeV ]
‘I\"‘.‘I \\ \ |
\, \ \
61 \""‘. \ \\ ) ]
— \ \ [ —
> RN ' —_—2" — -
2 | \ \Ng) e -
. x = 0| ——
2 B — — T ot - ]
0 | 1389 1389 1389 -1300 -1390 |-139.8 | 1315 -124.8 114.2
= . . . . 25, . . 22
0 2 4 6 8 Exp 6 4 >
Nmax Nmax

= ground-state energy perfectly converged for NCSM+IM-SRG
= two different classes of states
fast N, convergence —> states with dominant N__,=0 component

max

* slow N, ,, convergence —> states with dominant N, #0 component

chiral NN+3Nno2g
A3N = 400 MeV

a = 0.08 fm*
hQ = 20 MeV

Imag. Time
Nref =0

max

180
Emax = 12
)\Hcm =1
Sopt = 0.44
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NCSM+IM-SRG IT-NCSM chiral NN+3Nno2g
i chiral NN+3N Asn = 400 MeV
8 _gi _,7__\{’8? 16 MeV : a = 0.08fm*
- . ot A = 20 MeV
6 — —— -
.% | - o Imagf. Time
= I N::ax =0
=4 -
Ll_l I —— T —
| 20 Ne
2_‘ - €max = 12
I _ - - )\Hcm =3
0 -_-15I7.7 -15|7.9 -15I8.1 -15I8.2 -158.3 -16|0.t?)+ -15I1.1 -14I4.5 -1311.9 Sopt = 1.01
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Summary
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Outlook

o variation of several parameters: generator, N'*!

max'’

hQ, ...

o consistent evolution radius, electromagnetic, ... operators
o detailed analysis of the Hoyle state in *2C
o extend applicability of NCSM+IM-SRG to odd nuclei

e particle-attached or particle-removed formalism
(first study very promising)

* include non-scalar densities for the IM-SRG evolution

o include three-body operators in IM-SRG:
explicit or perturbative treatment
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