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t Connection with clustering

« |keda picture: clustering is connected to 8Be 120 160
excited states near the threshold (Ikeda).
« Requires a theoretical tool that deals with O OO0 OO0
(7.27) (14.44)

structure and continuum.

© ©e

(7.16)

O
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t M O t iva t i 0 n @ unversite WAl youesie

We want to develop a unique tool applicable to both nuclear structure and
reactions, to enhance our understanding of the strong force at low energy.

4He 4Li *H 4n

[Wiescher, M., Clarkson, O., deBoer, R.J. et al. Eur. Phys. J. A 57, 24 (2021).]
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t Motivation for reactions
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.t JCLab Outline
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1. Method.

2. Proof of principle.
1. A=2,A=3,A=4

3. Applications.

1. 4“He 4Li *H 4n
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C
M No Core Shell Model (NCSM)

e Configuration Interaction (Cl): .
g (n: W\t = [AUTT) = ) @ 1Aaj,"t,)
» Eigen-value problem - Matrix ~ \

diagonalization: H¢,, = ¢
g Pn n®n Mixing A-body harmonic
coefficientswunknown)  0scillator states

* No Core Shell Model (NCSM):
> HO wavefunctions. / \
» Center of mass is factorized. T

Basis parameters:

» Easy to transform from single particle
basis to jacobi basis.

> Best for well bound states! m

+ Nuceonic d.of
[ ]

Variational.
e Tracking uncertainties.
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FA—a,a

* RGM:

» Introduce a reaction channel. lpl(zgvz 2 f d >“ A=)

> Treat relative motion with a v \ LYY §(F — Fa_ga)

continuous function. Relative wave — p oo hoizer  Channel Cluster expansion
function (unknown) basis technique

 NCSM with continuum (NCSMC): o

> Ez;;:grnputmg reactions and exotic |‘P/{7TT> _ ZAC,{ET|;4/U7TT) n va drr? yvt r( ) 5 A, ¢1{:T>

» Extend NCSM with RGM. NCSM RGM
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@

* Resonances are associated with complex . (r = ) = A(k)e ™ *" + B(k)etikr
poles of the S-matrix. ~ e KT 4 F(k)etikr
* The scattering solution associated with a S(k) = B(k)
resonance diverges. A(k)
* CS transform these solutions to become
square integrable - accessible with bound- kyes =k, — ik;
state methods, e.g. NCSM. }
A ; —iQCT
* definition of the CS operator S : dr3(r > ) = B(kn)ef”kn'e
Sf@r) = f(re') = B(ky)en" e — oo
5‘ = elear
divergent

Complex scaling transforms Hepy = (en = (i/2)Tn) b
resonances into bound-state-like (S S 1)(5¢res) = (&g, — (1/2)Fn)(5q5res)

structure. /
convergent
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” Complex Scaling (CS)

(k)

«— bound state

“~._ |scattering state
e R(k c—1 G * N itary!
- e resonance’ S =S ot unitary!

[ ] ®-. T
A Hg = Hg Not hermitian!

anti-resonance = ;i hound state

*[Aguilar, Balslev and Combes. Communications in Mathematical Physics, 22(4), 280-294.]

® bound states = continuum ® bound states = continuum e Resonance E =&, — l _n

. s res - ©“n 2
Resonance 1 FTl
/ 0. = —atan(=—)
wl— o oo 00 oo o J 2 2&n
o
-2.5 -2.5
-5 0 -5 0 5
Real(E) Real(E)
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¢ Hard interactions

A=2 Hamiltonian matrix elements with complex values *
Hy ;0 = 22.92.

Hy ;0 =5.73

* Known problem with realistic
r200

NN interactions.

150

ot

 Complex-Scaling leads to

larger off-diagonal coupling . 100

HO state i

HO state i

* Slow convergence (Large
N, 4 Needed).

10 15 20 25 30 35
HO state j

ot

0 5 10 15 20 25 30 35 0
HO state j

Off-diagonal coupling is Salse off-clz!lagonal
problematic for many-body coupiing

calculations!
* The absolute value of the elements are shown




M SRG

* We use SRG to soften the H,(0) = UAH(H)U;{
interaction. ~———
. . : Orthonormal
* SRG is applied as a flow equation transformation
* Unitarily transform the interaction dH. (0 4
(soften it). % =~ [n(4), Hy(6)]

* Disadvantages:

* Induced interactions in the 3-
body, 4-body ... A-body space.
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(3
t Deuteron system

A=2 CS-Hamiltonian eigenvalues

10

* Bound state and continuum 0.
follow the expected pattern. _g:g -

-2.4 —2.2
* Previous application were

limited to :
0 <[0.16 — 0.3] rad.

Imaginary(E) [Mev]
o
l]“
/3
/)Jq
®
®
®
d

[Papadimitriou, G. and Vary, J. P. Phys. e 0=0.00 LN
Rev.C.91.2] -5/ e ©6=0.10 .

e 0=0.20

[Lazauskas, R., & Carbonell, J. (2013). Few- s 06=0.30
Body Systems, 54(7), 967-972.] _10l ® 6=040

e 6=0.50

e 0=0.57

7 . ! . . .
-4 -2 0 2 4 6 8

Real(E) [Mev]
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@
” A=2 Toy model for resonance

10 10 10

e 0=0.001 e 0=0.100 e 0=0.200

* An interaction with known
resonance was used to test
the approach.

 The resonance was extracted

Imaginary(E) [Mev]
/

as 0 exceeded the critical ; : : : g ; : :
an Ie 0 . 10 10 10
g ( C) e 6=0.300 e 6=0.400 e 6=0.500
0 0 ‘ k 0
\\-.\\ ° °
The approach works well _ ° é e 'Real(E) [Mev] \ ° : g
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t Tritium convergence

3H Spectrum (T=1/2, J=1/2 , 6=0.3 rad)

i —m— NN-bare ]
—=— NN + SRG -
—=— NN 4+ 3N-ind O s i
=S
5
= —1
P
M
o7 5] —#— NN-bare
- —m— NN + SRG
] —=— NN + 3N-ind
—3 T T T ’ ! ) ' ) I l I
0 10 20 30 40 50
Ninax

Ninax
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(3
” Convergence issues

3H Spectrum (T=1/2. J=1/2 . =0.3 rad)

* Asimilar issue was reported in 0- s
connection with large bound =0 = 03)
states (~100 Mev). = =0

—

* Could be related to spurious 1%, _10t 4
resonances in NN interaction at —
high energy. 2 i

T
Ninax
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t Convergence with A

4“He : 07 ground state, NN+3N-induced

Tm (Eg*O) MeV]

07/12/2024



t convergence with hw universits WA Wi

4He: 0" ground state
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C
” Spectrum of the alpha particle

4He Spectrum (J=0,T =0, A = 2.0 fm~1) using NN+SRG (no 3N-
 Multiple thresholds for induced)

different breakup/decay 0( \ 00 = 00 .
' ’ SR NI TIX N NN
channel. - ~/L\ 25 SRy s BN NN
. . | o | - | N N
e Effects of SRG induced >0 Ground state 50 >0 RN
: . . = i i - L o SN
Interactlons are VISIble. § 7.5 X 20=1.15 7.5 X 20 =11.46 7.5 X 20 =22.92 ‘\\
= 3 —20 ~10 0 10 —30 —20 ~10 0 10 —30 —20 —10 0 10
—~
M
S—
&2 00 » RN 0.0 SRR
N X NN \
—2.51 X \%\ \\\\\\ —2.51 X \QQ\ N \\\
ASY NN N EXN \
» \tl t\><\\\:\\ - \Q{\ \ \\\\\\\
—5.0 - —5.0 1 R
* tt: \z<\::\ \\ \\ \X\\\
751 X 20=2865 WY —TH] X 20=34.38 NN

Identifying resonances is . . "G N . . R L
. —30 —20 —10 0 10 —30 _25%(E> Tl{?[e\/] 0 1
harder visually!

Rotated continua

07/12/2024 18




M ABC theorems and resonances

 Wevary @ and track the change in
eigen values.

* Scattering states rotate with the
continuum at 20 .

Resonances rotate at 260 below their
critical angle.

They become fixed for 8 > 6.

{ It is necessary to go above 6, ! }

07/12/2024

Rotation rate relative to the threshold

10 10

[ resonance ]

0 10 20 0 10 20

[ Scattering state ]

|||||

O T T O /- T T
0 10 20 9] 10 20

[ Rotation rate of 26 ]
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% Aw analysis

4He 0% Spectrum (J=0,T=0, A =2.1 fm™ 1) using NN+SRG
_ (no 3b-induced)
 We calculate the eigen values for

different values of Aw. 0= 34.38°
* Bound states are relatively invariant
to hw . 00(’ RN
. o + : [ Scattering states ]
» Scattering states vary significantly = o5 T p—
with hw and they move along the =
continuum line (26 ). 72;_5_0_[ Ground state ]
* Resonances show progressively less S . 18
variation as we increase 8. SEL I N NN
+ =2 [ Resonance ]+ ALV
. . * hw=26 Y P
We can identify resonances 100 - Ry : =
below 6, ! Re (EW) MeV]
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” Experimental values
® 0;0
. . ® 0:1
* Experimental data gives us an e 050
estimation of the critical angle of sl oo
“He resonances. ® 10
® 270
* SRG constraints us to the 8 < 271
. o 270 0.69 @
0.3 rad region. 061 ——- SRG it T e
* Only one resonance is in this 0.56
region.
* Four resonances are close to it. 0.4
Accessible
resonances
0.2 1
We expect to access 5 resonances.
0.0
0.0
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@

e We use NN+SRG with and without
induced 3N interactions.

* Four resonances are reproduced
well.

e Three resonances are shifted several
MeV below.

e Width of the first 0¥ resonance
predicted to be higher.

10.0 1

E [MeV]

-1
00 .
170 W

' [MeV]

~
Bar width

indicates the

width of the

resonance
S

Dashed lines
indicated
thresholds
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t Visualizing errors

e We use NN+SRG with and without
induced 3N interactions.

* Narrower resonances are well
converged.

* Very wide resonances are not
converged.

07/12/2024
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E [MeV]

Other A=4 nuclei

SR X
---------------- — 171
— 27;1
---------------- —_— DENES
________ »_
ﬁ!' l ; ]
_________________ SH4n

' [MeV]
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@
” 4 neutron resonance ?

* Several theoretical and experimental - |
. . . t al.
studies claim the existence of a I weree >
. O Kisamori et al_
resonance in the 4-neuteron system
(Tetraneuteron).

L v¢ NCSM
oo NCGSM

e A study by M.duer et al claim the
detection of this resonance at :

E, =237 +0.38 +0.44 MeV
I, =175 £0.22 £ 0.3 MeV

[Duer, M., Aumann, T., Gernhauser, R. et al. Observation of a
correlated free four-neutron system. Nature 606, 678—682 (2022). B
https://doi.org/10.1038/s41586-022-04827-6] Yok O

Energy (MeV)

* Contradictory prediction between 0~ -
different models. | A B L

Width (MeV)
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” 4 neutron: resonance ?
4neutron Spectrum (A = 2.1 fm™1) using NN+SRG +3N-
induced
20= 34.38°

e CS shows no indication of such a
resonancein 1*,17,0" or 0.

* Lower bound of :

I.=19E
r -7 Ly
£ _ St
° Or : o + hw 18 \\\d-
I, = 4.5 MeV =P e 4

r— = € 07 4 e ‘*~+\

™ +  hw=24 T
+ hw=26 H
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t Conclusions

* This approach has been demonstrated on the resonances of A=4 nuclei.

e Current limitation on 0 is from SRG convergence issues (6 < 0.3 rad).

* Next steps:

1. Including true 3N force.

2. Study of SRG on complex scaled Hamiltonian and search for better generator choice.

3. Applications in heavier systems to study systems where clustering is expected (*°C, Be).
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Thanks for listening
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Re (E(lm) (MeV]
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Im <E(1)+0) [MeV]
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Im (EQ*O) MeV]
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