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Oxygen iso’ropes

Probability Amplitude

Valence-shell Wavefunction

B Nmax=6

B Nmax=8: selected
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Grigor Sargsyan, PhD student, LSU
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Symmetry-adapted Bases: SU(3)-coupled

XA A

* Spherical harmonic oscillator basis
e Distributions of nucleons over shells

e.g.: p shell, single particle

spatial dof (nlm) X spin dof (ss,)|spatial dof (nlm) %X spin dof (ss,)

Av

100 <> (10)
n, ->n,
SU(3)
All we need to know: @ is (n 0) SU(3) tensor Ny => Ny generator
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Symmetry-adapted Bases: SU(3)-coupled

$no

Spherical harmonic oscillator basis
Distributions of nucleons over shells

e.g.: C-12 (4 protons and 4 neutrons above s shell)

1 possible configuration 1 possible configuration

Total excitations
— 110 000

é 82 M 200 800

> 40 Aoy 100 400

_—

Total excitations

o
nznx y 4 4 0 nznxny 1200

_—

3 states or 3 states or

(A1) =(04) (A p) =(12 0)

..Hoyle state:
built on it Prolate shape

...Ground state:
built on it Oblate shape
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Symmetry-adapted Bases: Sp(3,R)-coupled

LY ¥ F

* Spherical harmonic oscillator basis
Distributions of nucleons over shells

8hQ
(N=8)

6h0 .

(N=6) (4 2) Excitations driven by:
anQ : r? (L=0) [or kinetic energy, T]
Q (L=2)
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Preference of Nature
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SA-NCSM with Sp(3,R) basis

L1

(95% of wave functions) | =1+

- 85

| eff=8.7 fm, Aeff=800 MeV

- 80 \ . ’
W | eff=8.7 fm, Aeff =1000 MeV c:l‘ resolu-l-lon
- 75

~

M3 1/Aeff

Probability Amplitude (%)

L9 e

-1
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0

6Li, Nmax=12
H# J=1,2,3 st
# Sp(3,R) ir
# Sp(3R) w

Probability Amplitude (%)

i | eff=8.7 fm, NAeff=800 MeV
B | eff=11 fm, Aeff=800 MeV

LeFF

- “box size”

Probability Amplitude (%)

Losr & Aogr based on: Wendt, Forssen, Papenbrock, & Saaf, Phys. Rev. C 91, 061301(R)
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SA-NCSM with Sp(3,R) basis

L1

(95% of wave functions) | =1+ 3+ w2r
EM (N3LO)

N=0 N=2 N=6 N=8 N=10

Probability Amplitude (%)

6Li, Nmax=12 Reproducing B(E2)?

H J=1,2,3 states................. 1

. 5 (1
# Sp(3,R) irreps.......ccecuee .. B(E2) = 57116 (mw) (sl 0,1 J:)F

# Sp(3,R) with P>0.2%

I

O = «/§(A(22,3) + C:(Z'Ml) + Bg};‘))

N

Symplectic generators -
do not mix Sp basis configurations

L/

=> Significance of dominant Sp configuration
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Symplectic Sp(3,R) Symmetry!
Formal definition

All linear canonical transformations of the single-particle phase-
space observables

that preserve the canonical commutation relation

[xia,pjﬁ] ihd,0,,

Generators:  Q;; = anixnj,
n

Sij = (xnipn' + pnixn'),
SU(3) = 2 i pa j
in a HO shell
(Elliott, 1958) Lij = D (i Paj = %nj Pui);
Kij = Z Pni Pnj»

Rowe Rosensteel, Draavyer, Hecht, Suzuki, Escher, Bahri,
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What physics can we learn from Sp basis?

Sp (collective) basis configuration:

one equilibrium
deformation
(“shape”)

rotations All states preserve the
equilibrium shape...

Symmetry?

space orientation

Vibrations

(of the giant resonance
monopole (r?)/
quadrupole (Q) type)
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Connecting Bound States to the Continuum
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Totfal HO quaNm‘a
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Distribution:
zZ, X Yy

“Connecting Bound States to the Continuum”
FRIB-TA Workshop, June 2018

Lessons from the ab initio SA-NCSM: mlm
collectivity, clustering, sum rules & scattering s



Connecting Bound States to the Continuum
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Connecting Bound States to the Continuum

NCSM
Totfal HO quaNm‘a

max
rium shape

SA-NCSM

Total HO quilvnfa

max
+

* Vibrations ..coupling to 250
Sp(3,R)  the continuum

“Inside”: wave functions coupled to the continuum (no widths)
Widths + reactions:
“Outside”: exact solution (Coulomb functions)

(SA-NCSM/RGM + R-matrix)
See Alexis Mercenne’s talk

“Connecting Bound States to the Continuum”
FRIB-TA Workshop, June 2018
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Collectivity & clustering up to medium mass

Ne & Mg isotopes

2"‘ Gianf
0" resonances

18Ne, B(E2: 2+->0%) A 18NE

prolate S=1
9 shells .............. 1.13 Wu.

33 shells ............. 13.0(7) W.u.

(no effective charges) , oblate S=0

prolate S=0

N2LOopt; 9 shells

syan, PhD student, LSU
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Collectivity & clustering up to medium mass

270

.
070 SA-NCSM

SA-NCSM, 13 shells, N2LOopt 80% Predominant shape contribution to states of 2°Ne
Preliminary (11 shells)

I Il Energy (MeV)

20%

Complete model space: 0
1000 billion states
(currently not feasible)

SA model space: 60%
50 million states 40%
T

Expt. (MeV) 0 1.63 425 878 11.95
JT 0" 2t 4t 6" gt

I/
I~ “1

Equilibrium § !
deformation & : ' . Rotation
+ vibrations 4 resonance
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Structure of Ca-48 and Ti-48

A Y A e 48Ca
48CA #1 jjvj: ; V48 ¢ ‘BTI
e (48Tj

8 shells, N2LOopt Neutrinoless B§ decay 8 shells, N2LOopt
o* of
SA-NCSM (selected): ................966,152 SA-NCSM (selected): ....................602,493
Complete model space: ......3,162,511,819 Complete model space: .....24,694,678,414

2t o
SA-NCSM (selected): ..............3,055,554 SA-NCSM (selected): .................1,178,834
Complete model space: ...14,522,234,982 Complete model space: ...113,920,316,658

8 shells ............... -19.3

OO000000000
QOO =2=2NNNWWW
O—_01001I0-U010PhO
OO0 O0O0O0O0OO00O0O

(no effective charges)

syan, PhD student, LSU
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SA-NCSM with Sp(3,R) basis

L1

(95% of wave functions) | =1+ 3+ =2r
EM (N3LO)

\<\ \xk\ T T T T T T T T T T T T T T T T T T T T
N=0 N=2 N=4 N=6 N=8 N=10
Relation ’rozlpha clus’rering?>

160 W—
| r

Probability Amplitude (%)

6Li, Nmax=12

# \7-=1/2/3 S‘|'C.l1'eS...........2X107 _ Single SP(3,R) ir‘rep
# Sp(3R) irreps.............528 is 1516 (LS), N < 6 [ Projection onto cluster

# Sp(3,R) with P>0.2%....25 wave functions

Project at...

—
(=]
1

(=]
1

Suzuki/Hecht ('80s)
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X-ray Buris’r,s (XRB)

XRB nucleosynthesis abundances
from ab initio wave functions

: I/ \\
Lo N\
A-NCSM: - NZLOowt A1
° N2LOOP1’ PL IV max
* Sp(3,R)-preserving microscopic

Sp(3,R), N, =13 ,

Wave functions
interaction (single adjustable parameter) from ab initio
Alpha capture reactions 2

O
3}

ru,(r) (fm/2)

|
O
w

v 4 6 8 SA-NCSM with
r(fm) N2LOopt
7.83 2 1/2

7.42 2 > (Af ) Baur) @] | {(Acpe) x (0 0)}2<4) 5 (Q 0)} ™))
7Q04T7.163'—’Llﬂ‘ 30 Q
672 0"

5.62 3 3.9 L ‘[ 1.0
0.3
=40

4.97 2

Q=4.734 MeV
160 + @ 4.25 4'

0 o

ZONe

Dreyfuss, et al., in preparation (2018)
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X-ray Buris’r.s (XRB)

XRB nucleosynthesis abundances
from ab initio wave functions

A-NCSM: ~ - N2LOopt, N,..=3

max

« N2LOopt N2LOopt, N, ,.=11

Sp(3,R), N, =13

O
3}

ax

* Sp(3,R)-preserving microscopic
interaction (single adjustable parameter)

Alpha capture reactions

Wave functions
from ab initio
SA-NCSM with
N2LOopt

ru,(r) (fm/2)

|
O
w

7.83 2*

7.42 2"
7163 1190
7.00 4

6.72 0"

5.62 3 3.9 L ‘[ 1.0
0.3
=40

3.0 [ width

Reaction rates
4.97 2

Na<ovs> (cm®/s/mole)

Q=4.734 MeV
160 + @ 4.25 4'

5 10
X-ray burst nucleosynthesis

AN
NPT 1\ ﬁ\u\
7 |—=—SA-NCSM v \ |

7 |-~ -REACLIB

-
m
o
[$2]

Nucleosynthesis
\, simulations (Xnet):
\\ XRB abundance

pattern

0 o

Log (Abundance

20 Mass number (A)
€ : : : : : :
Dreyfuss, et al., in preparation (2018) 10 15 20 2 30
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Lorentz Integral Transform (LIT): “He benchmark
Ground-state energy 45 RMS radii

—&—Bare HH
= =NCSM, JISP16, hQ=25
B SA-NCSM, JISP16, hQ=25

-
N
o

Energy (MeV)

—®—Bare HH
= = NCSM, JISP16, hQ=25
B SA-NCSM, JISP16, hQ=25

rms radius (fm)

10 15 10 15
Kmax/Nmax Kmax/Nmax

Baker et al., in preparation (2018)
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Sum rules for “He: HH and SA-NCSM benchmark

Ground-state energy 45 RMS radii

—&—Bare HH
= =NCSM, JISP16, hQ=25
B SA-NCSM, JISP16, hQ=25

-
N
o

—®—Bare HH
= = NCSM, JISP16, hQ=25
B SA-NCSM, JISP16, hQ=25

Energy (MeV)

rms radius (fm)
w
a

10 15 10 15
Kmax/Nmax Kmax/Nmax

Non energy weighted sum rule

fofa/\ o Response function
e/ashc/ R(w) = i:) 6)@1)0 0(Ey = Eo —w)

Sum rules

My, =/ dw Ww"R(w)
0

NEWSR (e' fm?)

10 15
Kmax/Nmax Baker et al., in preparation (2018)

“Connecting Bound States to the Continuum” Lessons from the ab initio SA-NCSM: mh
FRIB-TA Workshop, June 2018 collectivity, clustering, sum rules & scattering s




Sum rules for “He: HH and SA-NCSM benchmark

Ground-state energy 45 RMS radii

—&—Bare HH
= =NCSM, JISP16, hQ=25
B SA-NCSM, JISP16, hQ=25

-
N
o

—®—Bare HH
= = NCSM, JISP16, hQ=25
B SA-NCSM, JISP16, hQ=25

Energy (MeV)
rms radius (fm)

10 15 10 15
Kmax/Nmax Kmax/Nmax

Non energy welgh'red sum rule 4He Dipole EWSR (JISP16)

7T total™~_

rd

/ L=0
K elastic.—
e E—a s

NEWSR (e' fm?)

Bare HH
NCSM Nmax=10 CM-free pivot

10 15
f | 1 | ! | 1 | 1 | ! |
Kmax/Nmax 200 300 400 500 600 700

“Connecting Bound States to the Continuum” Ex [MeV]
FRIB-TA Workshop, June 2018 collectivity, clustering, sum rules & scattering s




LIT: “He benchmark

Ground-state energy : RMS radii

—&—Bare HH
= =NCSM, JISP16, hQ=25
B SA-NCSM, JISP16, hQ=25

-
N
o

—®—Bare HH
= = NCSM, JISP16, hQ=25
B SA-NCSM, JISP16, hQ=25

Energy (MeV)
rms radius (fm)

10 15 10 15
Kmax/Nmax Kmax/Nmax

Non energy weighted sum rule 4He Quadrupole LIT, 5=10MeV (N3LO)

//r:'.—_f-—c ——— . NCSM 1=500 MeV
” —-= NCSM A=200 MeV
- total™~_

P NCSM A=50 MeV
/

L=0
J/ elastic.— Lorentz Integral Transform (LIT)
-—o

/e AT | L(o,T) = / dw— B

w—0)2 412
( )

NEWSR (e' fm?)

10 15
Kmax/Nmax

100 200 300 400
“Connecting Bound States to the Continuum” Oy [MeV]

FRIB-TA Workshop, June 2018 collectivity, clustering, sum rules & scattering s




LIT: Heavier nuclei/giant resonances

1p-1h excitations of
ground-state shape

160 S —
. —SANCSM| £SA-NCSM

JISP16 (JISP16)
monopole quadrupole

=
N

C

[ury
o

L(E,) (e* fm* /MeV?)
L(E,) (e? fm* /MeV?)

Response
functions

»

o0
w

£y
N

N
=

N
o

50 60 70 80 90 100 20 40 60 80 100
E, (MeV) E, (MeV)

Baker et al., in preparation (2018
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Scattering observables from first principles

Burrows, Elster, Popa, Launey,

2 ig=0 NCSM .-, oo ISA-NCSM| Nogga, Maris,
@ & bt Ol - G _ ik 9510° Phys. Rev. C 97 (2018) 024325

F2.110° F7.871073 F2.1-10° F7.571073

- 1.6710° +5.7-1073 - 1.6710° F5.57107

- 1.1-10° 3.6:1073 - 1.1<10° - 3.441072 N 2LO _I_
| 5.2<107! F1.571072 | 5.2<1071 F1.4<1073 O P

L -1.91072 - —6.7-107* - -1.971072 L —6.3-107*

Q=4 T 2.4-107% @ =6 T 1.5107° T 2.5<107% T 1.47107° 6Li’ Non-lOCGl denSifies

F1.97107* r8.1:107¢ F2.0-107* F7.9-107°
1310 1.610°6 F1.4x107* F1.5:107¢
- 7.8-107° - —4.8<107° - 8.7<107° - —4.9-107¢

F2.37107° | —1.1-10- | 3.2x107° | -1.1-10"°

- -3.2x10° L -1.8x107° - -2.2¢107° - -1.8<10"
0O 1 2 3 4 5 0o 1 2 3 4 5 0O 1 2 3 4 5

lravgl [fm]
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Scattering observables from

(a)l;=0 NCSM (b) lp=2

(@) l;=0
T 2.7-10°

m9.9-10% 10
F2.110° r7.8107° 8
- 1.6-10° - 5.771072 6
- 1.1-10° 3.6:1073 4
| 5.2<107! F1.571072 2
L -1.9-1072 L —6.710™* 0

() lz=4 (d) ;=6
i T 2.4:107% <

1510 10
F1.9<107% r8.1:107¢ 8
F1.3-107* F1.671076

- 2.3-10° I -1.1-107°

6
I 7.8<107° - —4.810° 4
2
O

1 2 3 4 5 S 0 1 2 3 4 Srenen 2
*He(p,p)*He E12,=200 MeV (nnlogp) |ravg| [Fm]
q [fm™!]

05 1.0 15 20 25 3.0 35 4.0

—— Npax=8, hw=16
== Npax=8, hw=20
— - Npax=8, hw=24
¢ Exp 200 MeV

10 20 30 40 50 60 70 80 90 100
Bc.m. [deg]

“Connecting Bound States to the Continuum”
FRIB-TA Workshop, June 2018

first principles

Burrows, Elster, Popa, Launey,
Nogga, Maris,
Phys. Rev. C 97 (2018) 0243235

T 2.7°10° T 9571073
F2.1-10° F7.571073
- 1.6710° F5.57107
1.1-10° F3.471073 N 2LO 1_
| 5.2<1071 F1.4<1073 O P

- -1.9-1072 - —6.37107*

- ... °Li, Non-local densities

F2.0-107* F7.9107°
F1.4-107% - 1.57107° <:
- 8.7-1075 + —4.9-107%

| 3.2107° F -1.1-1075

L. Elastic proton scattering
ﬁ Consistent
(NN, structure,

T-matrix)

- —2.2:107°

1%0(p,p)*°0 135 MeV(N2LOopt)

— Npax=8, hw=20 MeV
«+ Npax=6, hw=20 MeV
¢ Exp 135 MeV

50 75 100 125 150 175
6c.m. (deg)

Burrows, Elster, et al., in preparation (2018)
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Scattering observables from first principles

Elastic proton scattering
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SA-NCSM with Sp(3,R) basis
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Conclusions
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XRB nucleosynthesis abundances

X-ray Bur'sfs (XRB)
: from ab_initio wave functions
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