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Low-lying spectroscopy

EOM-Like techniques

e Ground-state relies on previous calculations

e Excited states from the action of linear operators

e Similar to the Equation of Motion

e Linear system i S
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Low-lying spectroscopy

[From H. Hergert, Frontiers in Physics, 2020]
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Low-lying spectroscopy

[From H. Hergert, Frontiers in Physics, 2020]
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Low-lying spectroscopy

[From H. Hergert, Frontiers in Physics, 2020]
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B(ISM) [e*fm*]

L2000 , son; Role of three-body forces
—1000 :
| S e Systematic effect on the peaks' position
-3000- | | 68Njj| e Crucial aspectin ab-initio
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1000 N e Different possible treatments
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| , NN+3N ( ) Universitdt Darmstadt, 2016 ]
0 10 40
Chiral order dependence
Exp.
i m;fo e Convergence wrt the chiral order within given family
— N3LO s 4 *°0 e Non-negligible dependence on the used fit
-=-=- N2LO SAT !

e (Good agreement with exp for presently used family

[Y. Beaujeault-Taudiére, M. Frosini, J.-P. Ebran, T. Duguet, R. Roth, V. Soma,
arXiv:2203.13513]
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(Q)RPA from GCM
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Eventually rewrites as QRPA [Joancovici, Schiff, 1964]
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PGCM vs QRPA

Schrédinger equation

PGCM
Wy= ) f(rq)I0(r,q)

r2,q
r2 to study GMR
q to couple to other modes
Symmetry breaking oand restoration

Variational method

Handle anharmonicities and shape coexistance
Select on few collective coordinates
Symmetries are restored

Computationally expensive

First ab-initio realization very recently developed

1)  PGCM (M. Frosini, CEA Saclay)
2) QFAM (Y. Beaujeault-Taudiére, CEA DAM) 3.

Hl\ljv> — Ev |\va>
QRPA

W,) = QF W)

..]..
Boson-like excitation operators Qy

QRPA matrix diagonalization

QFAM formulation frequencies C

Pros and Cons

N
—

o
A

/7 Wicaosen Lk

® LaCN  poinbs

Harmonic limit of GCM
All coordinates are explored
Symmetries are not restored

Low computational cost

General implementation, can access
1. Doubly-closed-shell nuclei
2. Singly-open-shell nuclei

Doubly-open-shell nuclei
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Moments and Strength

e Studied quantity: monopole strength

Soo(@) = ) (W, [} *5(E, - Eg - w)

e Transition amplitudes: height of peaks

e Energy difference: position of peaks
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Moments and Strength

200 T T T
e Studied quantity: monopole strength
— 150 .
Soo(@) = ) (W, [} *5(E, - Eg - w) g
v =
£ 100 8
e Transition amplitudes: height of peaks B
50 |- .
e Energy difference: position of peaks
o0 0 o I LL |
e Relaoted moments my EJ Soo(w) w* dw 0 10 20 30 40 50
0 w [MeV]

=) (Ey—Eo) (W |r W)

= (W | My (i, )W) [Bohigas et al, 1979]
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(E, — Eo)*[{W, |r?|¥)|> = Must know excited states

Q—'--)

= (‘Pole(l D) ——> Ground state only  [Bohigos et al, 1979]

Complexity is shifted to the operator structure

Mi(i,j) = (-1)'C:C; Y k>0 Ci=[H,[H,..[H,[H,]]..]
M (i,j) = %(—1)1'[(:1-,(:]-] if k=2n+1, neN ! times
160
mO m1_ m1/mo0 *Mg
QRPA 358,2 8532 23,82 Bewnchmark mO m1 m1/mO

QFAM 358,2 8532 23,82
PGCM sum 3564 8105 22,74
PGCMgs 380,6 8543 22,45

QFAM 8524 17.441 20,46
PGCM sum 880,0 17.049 19,37
PGCMgs 960,1 17.760 18,50
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Moments and Sum Rules

Sum rules are important for the extraction of experimental data (MDA)
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Moments and Sum Rules

Sum rules are important for the extraction of experimental data (MDA)
Usually computed within EDF theory

Standard assumption : H(r)=H[p(r)]=T

K

Momentum-independent interactions

Analylic expression

< AB-INITIO

- L e = 2 s w)

Many-body operators

Has this relevant consequences ? - Exact up tom, H = H+ g2

Ab-initio evaluation of commutators . Different approximations  H ~ H!!]

18
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Common features

PGCM and QFAM have consistent numerical settings

e One-body spherical harmonic oscillator basis
O emox = 10
o hw=20MeV

e Chiral two-plus-three-nucleon in-medium interaction

o T.Huther, K. Vobig, K. Hebeler, R. Machleidt and R. Roth, "Family of chiral two-

plus three-nucleon interactions for accurate nuclear structure studies’, Phys.
Lett B, 808, 2020

o M. Frosini, T. Duguet, B. Bally, Y. Beaujeault-Taudiere, J.-P. Ebran and V. Soma,
“In-medium k-body reduction of n-body operators®, 7The European Physical
Journal A, 574), 2021

e Only monopole strength is addressed

e The PGCM wavefunction explores the B, and r2collective coordinates

(Quadrupolar coupling)

20



Benchmarking °O

Si Si  Si| si|sSi SiSi
Al Al Al | Al | Al Al Al
Mg Mg Mg|Mg|Mg Mg Mg
Na Na Na|Na|Na Na Na

Ne Ne Ne | Ne | Ne Ne Ne

Proton (Z) #

Doubly-magic nucleus
(Doubly-closed shell)

2 10 12 14

‘ Neutron (N) #



Benchmarking O

A % Difficulty

r[fm]

Total Energy Surface E g5(B,,r)

E. e [MeV]

e Single spherical harmonic energy minimum

Benchmark on existing spherical QRPA code
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e Single spherical harmonic energy minimum
e Exact QRPA/QFAM superposition
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Benchmarking O

A % Difficulty m Benchmark on existing spherical QRPA code

Total Energy Surface E g5(B,,r) Monopole Strength
E. e [MeV]
80 . T I
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0 I
0 10 20 30 40 50
w [MeV]
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=)
"
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|
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|

|

|
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|
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|

|

|
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l

e Single spherical harmonic energy minimum

e Exact QRPA/QFAM superposition I
e Excellent QFAM/PGCM agreement l 0 '

1

l

l

o Harmonic approximation clearly valid W [MeV]
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A % Difficulty m Benchmark on existing spherical QRPA code

Total Energy Surface E g5(B,,r) Monopole Strength
E. e [MeV]
80 . T )
°0 —— QFAM
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>
s
_ E v 1
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0 I
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w [MeV]
80 T T I I
160 ——PGCM 2d
- PGCM 1d
- 60 B ]
>
=
RET U || oo :
e Single spherical harmonic energy minimum S 0l |
e Exact QRPA/QFAM superposition

50

o Harmonic approximation clearly valid

I
l
l

e Excellent QFAM/PGCM agreement l 0
l
I W [MeV]
I

e No coupling with quadrupolar vibrations



Benchmarking °O

% Difficulty m Benchmark on existing spherical QRPA code
Total Energy Surface E g5(B,,r) E e Monopole Strength
3 .
—— QFAM
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E
_ 26
2.4 50
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Single spherical harmonic energy minimum I
e Exact QRPA/QFAM superposition I \
e Excellent QFAM/PGCM agreement l 0 " | v -
|
|
|

[~
o
I
|

o Harmonic approximation clearly valid

e No coupling with quadrupolar vibrations



Deformation effects in Mg
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Deformation effects in Mg

ﬁ A Difficulty
E.x [MeV]
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Deformation effects in Mg
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Deformation effects in Mg

ﬁ A Difficulty

Deformation (1) [Dowie et al,, 2020]

Shape coexistence ?
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Deformation (1) [Dowie et al,, 2020]

Shape coexistence ?
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Deformation effects in Mg

y A Difficulty Deformation (1) [Dowie et al,, 2020]
Shape coexistence ?
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e Static deformation shift up single peak
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Deformation effects in Mg

# A Difficulty

Deformation (1) [Dowie et al,, 2020]

Shape coexistence ?

Monopole Strength

Total Energy Surface E,g5(B,,r)
EHFB [MeV] 150 ‘ ‘ : .
3.4 -85 24Mg \ |——PGCM 1d (B> = 0.55)
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. 50
2.8 g W [MeV]
E ; K=0 Quadrupole Strength
26 0% 060402 0 02 04 06 08 1 12 —Ho 10 | ‘ ‘
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P2 ']
R U [ ———— T
. - l 3 §
| ¢ Dominant prolate minimum | ?E
I e Static deformation shift up single peak I :D :
I . Coupling to GQR generates splitting I A i
: x  High peak = shifted “spherical” breathing mode l
I x  Low peak = induced by coupling to GQR (K=0) : 50

L w [MeV]



Deformation effects in Mg

Soo [fm*MeV—1]

Sop [fm*MeV—1]

Monopole Strength

150

100

Mg | |—PGCM 1d (B; = 0.55)

— PGCM 2d

0 10 20 30 40

w [MeV]

50

K=0 Quadrupole Strength

2Mg — PGCM 2d

0 10 20 30 40

w [MeV]

50

26



Deformation effects in Mg

[From K. Yoshida's t
Intrinsic Q

ransition densities
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Deformation effects in Mg

Ground-state density
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Deformation effects in Mg

M Densities in lab frame

) onopole Strength .

Ground-state density First peak
e 150 Q10 coupling
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Deformation effects in Mg

M Densities in lab frame

) onopole Strength .

Ground-state density First peak
e 150 Q10 coupling
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Deformation effects in Mg

M Densities in lab frame

) onopole Strength .

Ground-state density First peak
e 150 Q10 coupling
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Deformation effects in Mg

M Densities in lab frame

) onopole Strength .

Ground-state density First peak
e 150 Q10 coupling
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To further investigate !



Deformation effects in Mg

y A Difficulty

Deformation (1) [Dowie et al,, 2020]

Shape coexistence ?

Total Energy Surface E Ng K
oY res(Par) Eirs [MeV] Monopole Strength
3.4 -85
150 ‘ ‘ | ‘
24 Mg —— PGCM 2d prolate well
2 5L —90 —— PGCM 2d both wells
T 100f |
—95 <
£ 3 5
~100 S 20 |
2.8
X —105 0 | | \ ‘
' 0 10 20 30 40 50
' : W [MeV]
2.6 —_— : -110
-08-06-04-02 0 02 04 06 08 1 12

B2

Raoaullbe _ _ SRS MeV

e No coupling between prolate and oblate wells

x No shape mixing effect




Deformation effects in Mg

y A Difficulty

Deformation (1) [Dowie et al,, 2020]

Shape coexistence ?
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Deformation effects in Mg

y A Difficulty Deformation (1) [Dowie et al., 2020]
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Deformation effects in Mg

y A Difficulty Deformation (1) [Dowie et al., 2020]
Shape coexistence ?
Total Energy Surface E.5(B,r) E.. MV Monopole Strength
34 LI _85
150 24Mg T T
-90 PGCM
3.2 —_
L
—95 =
E 3 E
) ~100 &
2.8 105 0
' N 0 10 20 30 40 50
- w [MeV]
2.6 L 110 150 ‘ ‘ ‘ ‘ .
-08-06-04-02 0 02 04 06 08 1 1.2 —— QFAM Spherical
B2 —— QFAM Prolate (32 = 0.55)
ook A
=
e”@ J ———————————————— - vg
e No coupling between prolate and oblate wells £
x No shape mixing effect 5

e Static/dynamical quadrupole effects visible in QRPA

x splitting between both peaks insufficient

x potentially due to anharmonic effects



Deformation effects in Mg

y A Difficulty

Deformation (1) [Dowie et al,, 2020]

Shape coexistence ?
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Deformation effects in Mg
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Deformation (1) [Dowie et al,, 2020]
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iThemba, Bahini 2021

1. PGCM superior to QRPA
2. Experiments useful and promising

3. Data are not unambiguous



Deformation effects in Mg

y A Difficulty Deformation (1) [Dowie et al,, 2020]
Shape coexistence ?
Total Energy Surface E,g5(B,,r) 5 Monopole Strength
wre [MeV
3.4 —85
100 ‘
**Mg —— PGCM
—-90
3.2} i
B 95 L
£ 3 p-
) “10 £
o
28 ~i3 N
- —105
26 0% 060402 0 02 04 06 08 1 12 110 O0 % 50 5 4‘0 =
B2 .
-9 w [MeV]
s a2 iThemba, Bahini 2021
Triaxiality to be studied next ! :g 1hemba, Banint
20° '4§ 1. PGCM superior to QRPA
‘3‘:
- 2" 2. Experiments useful and promising
2t
oo Ro 3. Data are not unambiguous

0.0 0.2 O.4B 0.6 0.8



Deformation effects in 28Si
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Deformation effects in 28Si
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Deformation effects in 28Si
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Deformation effects in 28Si

g A Difficulty
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Deformation effects in 28Si

y A Difficulty Deformation (1) [Jenkins et al,, 2012]
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Deformation effects in 28Si
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Deformation effects in 28Si

y A Difficulty Deformation (1) [Jenkins et al,, 2012]
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e Two-peak GMR of the prolate shape isomer ?



Deformation effects in 28Si

y A Difficulty Deformation (1) [Jenkins et al,, 2012]
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Comparison to experiment

iThembao, Bahini 2021 TAMU, Youngblood 2007 RCNP, Kawabata 2013
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1. PGCM superior to QRPA, i.e. coupling to quadrupole deformation/fluctuations captured

2. Experimental data in doubly open-shell nuclei very useful and promising

3. Data are not unambiguous, i.e. better data would be beneficial L
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Conclusions and Perspectives

First ab-initio systematic description of GMR

Choose physics according to selected coordinates

No limitation on the nucleus choice

Plan of the complete study

m Static quadrupolar deformation

m Coupling to quadrupolar vibrations

m Shope isomers

O

Oo0ood

Theoretical comparison of moment computation
Haomiltonian uncertainty through different chiral EFT orders
Pairing: isospin dependence and coupling to pairing vibration

Bubble structure ( 34Si and 3¢S)

Nuclei of current experimental interest ( ®8Ni and 7°Ni)
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Pairing effects in 2°0
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In QRPA another mode seems to be important !
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