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Overview

= No-Core Shell Model (NCSM)
= |[n-Medium Similarity Renormalization Group (IM-SRG)
® In-Medium No-Core Shell Model

= Results

o Evolution of Ground-State Energy
o Evolution 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/HF
Slater determinants truncated w.r.t. 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
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In-Medium Similarity Renormalization Group

Basics
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Tsukiyama, Bogner, Schwenk, Hergert,..

generator designed to decouple
the reference state |W,f)

flow parameter

flow equation for Hamiltonian:
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Tsukiyama, Bogner, Schwenk, Hergert,..

generator designed to decouple
the reference state |W,f)

flow parameter

flow equation for Hamiltonian:

H in multi-reference normal-ordered form w.r.t. |V,.) [Kutzelnigg,Mukherjee]

H(0) = E(0) + > £9(0)a2 + 1) "T93(0)a59 +4 Y WSS0(0)a393
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Tsukiyama, Bogner, Schwenk, Hergert,..

generator designed to decouple
the reference state |W,f)

flow parameter

flow equation for Hamiltonian:

H in multi-reference normal-ordered form w.r.t. |V,.) [Kutzelnigg,Mukherjee]
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Tsukiyama, Bogner, Schwenk, Hergert,..

generator designed to decouple

flow parameter
P the reference state |W )

flow equation for Hamiltonian:

H in multi-reference normal-ordered form w.r.t. |V,.) [Kutzelnigg,Mukherjee]

H(0) = E(0) + Y~ (0035 + 3 D" M33(0)355 + o it T

H(s) = E(s)+ Y O(s)d+ 5 Y TO9(5)d%2 +5 > WI9(5)a398 + ...
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Tsukiyama, Bogner, Schwenk, Hergert,..

generator designed to decouple

flow parameter
P the reference state |W )

flow equation for Hamiltonian:

H in multi-reference normal-ordered form w.r.t. |V,.) [Kutzelnigg,Mukherjee]
H(0) = E(0) + Y £2(0)a3 + ) T99(0)a%0 ++

H(s) = E(s) + D 15()33 + 1 D TE3(5)a58 +35 DTrcaimemaee T —
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Tsukiyama, Bogner, Schwenk, Hergert,..

generator designed to decouple

flow parameter
P the reference state |W )

flow equation for Hamiltonian:

H in multi-reference normal-ordered form w.r.t. |V,.) [Kutzelnigg,Mukherjee]
H(0) = E(0) + Y £5(0)a3 + 5 D~ T53(0)453 + 5 St
H(s) = E(s) + D 15()33 + 1 D TE3(5)a58 +35 DTrcaimemaee T —

(wrefl H(S) |wref> — E(S)
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In-Medium No-Core Shell Model

Why should we merge...

IM-SRG NCSM

+ easy access to heavy nuclei - limited to light nuclei

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

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

- not exact method + exact method

- only for ground state + easy access to excited states

- spectroscopy not straight forward + spectroscopy for free
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How should we merge...

TECHNISCHE
UNIVERSITAT
DARMSTADT

define
reference state

evolve
operators

extract
observables
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In-Medium No-Core Shell Model
IM-NCSM is different from ...
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define
reference state

evolve
operators

extract
observables
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Hamiltonian Matrix in A-Body Basis: 2C
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s =0.00 MeV~1!

N__ =0 N .=2 N, ..=4

max—
Slater determinants Slater determinants
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Hamiltonian Matrix in A-Body Basis: 2C
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Hamiltonian Matrix in A-Body Basis: 2C
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E(s) s = 0.01 MeV~1
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Hamiltonian Matrix in A-Body Basis: 2C .
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E(s) s = 0.07 MeV~1 — E(s) Npax ©0 =2 a4
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N__ =0 N .=2 N, ..=4

max max_
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Hamiltonian Matrix in A-Body Basis: 2C .
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E(s) s = 0.10 MeV~1 — E(s) Npax ©0 =2 a4
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Hamiltonian Matrix in A-Body Basis: 2C .
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E(s) s = 0.70 MeV~1
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Hamiltonian Matrix in A-Body Basis: 2C .
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Hamilton Matrix in A-Body Basis: 12C
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E(s) s = 1;30 MeV 1

<«—— first basis state = reference state

= N,.=0 states couple to
reference state |WV,f)
" E(s)and N, =0 eigenvalue

not identical

diagonalization of
evolved Hamiltonian
necessary

N_..=0

max

eigenstates
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Evolution of Ground-State Energy
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Asn = 400 MeV
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hQ2 = 20 MeV

Imag. Time
Nref -0

max
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= drastically enhanced model-space convergence for IM-NCSM

Eskendr Gebrerufael - TU Darmstadt - Apr. 2017 10



]
Results

TECHNISCHE
UNIVERSITAT
Evolution of Ground-State Energy DARMSTADT
60} arXiv:1610.05254 1/ chiral NN4+3Nnoog
L O— |
/\3|\| = 400 MeV
—65 | )
u u a = 0.08fm
—70F hQ) = 20 MeV
A A
% st Imag. Time
= e ¢ Nyt =0
H _sof & .
Nmax
_85 B » » L 0 ‘ 6
m 2 8
—90¢ A4 10
1 | 1 L > 12
107° 107* 1073 1072 107! 10°

s [MeV™]

= drastically enhanced model-space convergence for IM-NCSM

Eskendr Gebrerufael - TU Darmstadt - Apr. 2017 10



]
Results

TECHNISCHE
UNIVERSITAT
Evolution of Ground-State Energy DARMSTADT
60} arXiv:1610.05254 1/ chiral NN4+3Nnoog
[ @— | /\3|\| = 400 MeV
—65} : \
[ [ a = 0.08fm
—70F h€2 = 20 MeV
A A
% —75L i Imag. Time
= . . Niax =0
| . f
Nmax
-85 , > 1 0 6
o[ NCSM with explicit 3N S T [ "2 e
Qm ] A 4 10
I ! I I L L > 12
107° 107* 1073 1072 107! 10°

= drastically enhanced model-space convergence for IM-NCSM

Eskendr Gebrerufael - TU Darmstadt - Apr. 2017 10



]
Results

\ TECHNISCHE

. UNIVERSITAT
Evolution of Ground-State Energy DARMSTADT
60} arXiv:1610.05254 1/ chiral NN4+3Nnoog
[ @— | /\3|\| = 400 MeV
—65} 7] 4
[ [ a = 0.08fm
—70F h€2 = 20 MeV
A A
= Imag. Time
L _7Ht |
= * . N =0
| . :
Nmax
-85 , . - e0 *6
o[ NCSM with explicit 3N S T [ "2 e
Qm ] A 4 10
I ! I I L L > 12
107° 107* 1073 1072 107! 10°

= drastically enhanced model-space convergence for IM-NCSM

= NO2B approximation + induced many-body contribution = 4.0 MeV (= 5 %)
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= drastically enhanced model-space convergence for IM-NCSM
= NO2B approximation + induced many-body contribution = 4.0 MeV (= 5 %)

= for s > 0.3 MeV-tinduced many-body contribution becomes significant
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= £(s) more robust than in 12C case

= NO2B approximation + induced many-body contribution = 2.3 MeV (< 2 %)
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NCSM vs. IM-NCSM vs. MR-IM-SRG
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Evolution of Excitation Energies
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= F* of 2* increases abruptly at the end due to kink in ground-state energy

Eskendr Gebrerufael - TU Darmstadt - Apr. 2017

13



Results
Evolution of Excitation Energies

TECHNISCHE
UNIVERSITAT
DARMSTADT

16_""” - - - o | o chiral NN+3Nno2s
14| 4 A3y = 400 MeV
ol ] o = 0.08 fm*
' hQ2 = 20 MeV
— 10| -
% i Imag. Time
*z 81 ,.2"‘_7 Nr?]?;cx:()
o6l ‘1" i,
4l I ,,.-l—‘-—l-'lé'l‘... | C
B el Alelieelieliel Beiieboiieiy ety --7-""t" | Crmax = 12
21 1 Niax
O- o o o . w | w ] O 0
107° 107* 1073 1072 107! 10° ~{ 2

= F* of 2* increases abruptly at the end due to kink in ground-state energy
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= F* of 2* increases abruptly at the end due to kink in ground-state energy

= N_., convergence from above in decoupled regime —> variational principle
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16_""" S A chiral NN+3Nnoos
14 7 /\3|\| = 400 MeV
I . 4
10| a = 0.08fm
! h€2 = 20 MeV
— 10F
% i Imag. Time
= 9 N = 0
Ly
6 »
! 12C
4 =
_ Emax = 12
2F ] Nmax
O - 1 1 | | | | ".O". 0
107° 107* 1072 1072 1071 10° - 2
s [MeV 1] — 4

= F* of 2* increases abruptly at the end due to kink in ground-state energy

= N_., convergence from above in decoupled regime —> variational principle
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Results 4 TECHNISCHE
. . . . UNIVERSITAT
Evolution of Excitation Energies DARMSTADT
16_""' o o T chiral NN+3Nnoos
14 } Asn = 400 MeV
I . 4
10| a = 0.08fm
! h€2 = 20 MeV
— 10F
% i Imag. Time
= 9 N = 0
Ly
6 »
! 12C
4 =
_ Emax = 12
2F ] Nmax
O - 1 1 | | | | ".O". 0
107° 107* 1072 1072 1071 10° - 2
s [MeV 1] — 4

= F* of 2* increases abruptly at the end due to kink in ground-state energy

= N_., convergence from above in decoupled regime —> variational principle

= first excited 0* behaves differently and drops by =5 MeV - Hoyle state?
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Results

Signatures of Hoyle State in 12C
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16 —

14
g 12
=10

W gt

6
2.35

a5 o0
2.15

@ @ —

experiment

- exp. value for Hoyle state 0.4 fm

£ 2:30} larger than the ground state

"5 2.25F
E

[Phys. Rev. C, 80:054603]
o . *—

T

exp. value 5.5 e fm?
[Nuclear Physics A, 506(1)]

@ & —

107° 1074 1073 1072

chiral NN+3Nno2g

/\3|\| = 400 MeV
a = 0.08fm*
h€2 = 20 MeV
Nimax = 0 Imag. Time
emax — ]_2 N::ne-afx = O

= trends are compatible
with Hoyle-state
interpretation

= need better control of
induced many-body
terms for quantitative
statements
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Results
Evolution of Excitation Energies
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E* [MeV]

* |arge dependenceonsin N, =0

* dependence on s reduces with increasing N__,

chiral NN+3Nno2s
Asn = 400 MeV
a = 0.08fm*
hQ = 20 MeV

Imag. Time

Nref =0

max
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Evolution of Excitation Energies

Results
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E* [MeV]

chiral NN+3Nno2s
Asn = 400 MeV
a = 0.08fm*
hQ = 20 MeV

Imag. Time

Nref =0

max

* |arge dependenceonsin N, =0

* dependence on s reduces with increasing N__,

= E£* converges monotonically from above for evolved Hamiltonian
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Results

Evolution of Excitation Energies
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E* [MeV]

* |arge dependenceonsin N, =0

* dependence on s reduces with increasing N,

= E£* converges monotonically from above for evolved Hamiltonian

1071

chiral NN+3Nno2s
Asn = 400 MeV
a = 0.08fm*
hQ = 20 MeV

Imag. Time

Nref =0

max

200
€max = 12
Nimax
O 0
B S
—— 4
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Results
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Spectra DARMSTADT
y IM- NCSM chiral NN+3Nno2s
E Sax = 0.3 MeV/ 1 | | "1 Asnu=400MeV
141 1 a=0.08fm*
of 1 BQ =20MeV
: — 1+ ]
10} ] Imag. Time
I w0
s 3 ]
W ek 12C
[ —— - n ]
4t 2 . €max = 12
ot ]
of of ]
2 4 0 Exp. 6 4 2
Nmax Nmax
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Results

TECHNISCHE
UNIVERSITAT
Spectra DARMSTADT
y IM- NCSM chiral NN+3Nno2e
| S = 0.3MeV L | | | | 1 Asn =400 MeV
14+ ; a = 0.08fm*
12} ) i hQ=20MeV
, — 1 ]

10} ; Imag. Time
i N B | o
= 8f ]

W o6} : 12C
[ p—— _— + ]
4F 2 - Emax = 12
of .
O ] L ] ] O+ ] L 1 L L
2 4 6 Exp. 6 4 2
Nmax Nmax
= uncertainty band due to flow-parameter variation betweens,_ /2 ands, .,
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Results

TECHNISCHE
UNIVERSITAT
Spectra DARMSTADT
y IM- NCSM NCSM chiral NN+-3No2s
3 | Smax = 0.3 MeV! | | | f/; Asn = 400 MeV
14 [ _ a = 0.08fm*
1t —
12} - . AQ = 20 MeV
10} . I B (07 chiral NN-+3N Imag. Time
> | o AQ = 16 MeV Nish = 0
= 8 0+
W o6l 12C
J T o 2t Emax = 12
2t
O E_ Il | 1 O+ | 1 |
2 4 Exp. 6 4 2
Nmax Nmax
= uncertainty band due to flow-parameter variation betweens,_ /2 ands, .,
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Results
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Spectra DARMSTADT
y M- NCSM NCSM chiral NN-+3Nyozs
| Smax = 0.3 MeV | T T 1 Aav=1400Mev
14 _— R ] a = 0.08fm*
12} S B 1 =20Mev
— 10} - l - (07) chiral NN+3N : Imag. Time
T L — hQ=16MeV | Nish = 0
E 8 - 0" ]
W oef —f 12C
4t - 2" D epm =12
of .
O f_ | | | 1 O+ | 1 | ]
2 4 6 Exp. 6 4 2
Nmax Nmax
= uncertainty band due to flow-parameter variation betweens,_ /2 ands, .,

= 2*and 1*in IM-NCSM and NCSM in good agreement
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UNIVERSITAT
Spectra DARMSTADT
y M- NCSM NCSM chiral NN+3Nno2g
| Smax = 0.3 MeV | T 1 Aa=400Mev
14 _— R ] a = 0.08fm*
[ 1T ] _
12} - - 1 hQ = 20MeV
— 10} - l - (07) chiral NN+3N : Imag. Time
T L — hQ=16MeV | Nish = 0
E 8 - 0" ]
W oef —f 12C
4t N 2" D epm =12
of .
O f_ | | | 1 O+ | 1 | ]
2 4 6 Exp. 6 4 2
Nmax Nmax
= uncertainty band due to flow-parameter variation betweens,_ /2 ands, .,

= 2*and 1*in IM-NCSM and NCSM in good agreement

= second 0*in NCSM (Hoyle?) slow convergence, IM-NCSM closer to experiment
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Results

) TECHNISCHE

= 2*and 1*in IM-NCSM and NCSM in good agreement

UNIVERSITAT
Spectra DARMSTADT
y M- NCSM NCSM chiral NN+3Nno2g
: Smax — O 3 MeV L | | _; A3|\| = 400 MeV
141 _— ’ a = 0.08fm*
12} O hQ = 20 MeV
10} . H s (07 chiral NN-+3N Imag. Time
> o hQ = 16 MeV Nish = 0
= 8 0
W 6} 12¢C
J T . 2+ Emax = 12
oF  E[MeV]
L 08 -90.8 -90.8 -02.2 | -8338 -79.3 711
N 0
2 4 6 Exp. 6 4 2
Nmax Nmax
= uncertainty band due to flow-parameter variation betweens,_ /2 ands, .,

= second 0*in NCSM (Hoyle?) slow convergence, IM-NCSM closer to experiment
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Results TECHNISCHE
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Spectra DARMSTADT
] IM-NCSM NCSM chiral NN+3Nyo2s
. Smax = 0.4 MeV ™! chiral NN+3N | Asn = 400MeV
_— | hQ =16MeV | a = 0.08 fm*
. o | 7 =20Mev
- [+ 0 , P
4t ~— S | 1 _
| = . I Imag. Time
s — — g = o
=3 -—
o} | 2
Wl ] 00
- 2" | Emax = 12
Eqe [MeV] o
- -150.9 -150.9 -150.9 -151.4 -139.8 -132.7 -121.3
Of 0+ _
2 4 0 Exp. 6 4 2
Nmax Nmax

= first 2* and 4* robust and well converged in IM-NCSM

higher-lying states show small flow-parameter dependence

= 1*not yet observed experimentally = theoretical prediction
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Summary
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Outlook

o more detailed analysis of the Hoyle state in 12C
o study of exotic nuclei: island-of-inversion physics, ...
o evolve vector operator, for instance E1 transition operators

o extend applicability of IM-NCSM to odd nuclei
using particle-attached particle-removed formalism
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