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QCD

hadron physics

-~

Nuclear physics

® How do quarks and gluons make up protons,
neutrons, and, ultimately, atomic nuclei?

® \What are the nuclear processes that drive the
birth, life, and death of stars?

® How do we use atomic nuclei to uncover
physics beyond the Standard Model?

® How do the rich patterns observed in the structure
and reactions of nuclei emerge from the interactions

between neutrons and protons?
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Low-energy tests of the SM,

My focus: low-energy neutrino physics

structure and reactions.
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quarks, gluons

At low energy (<K Mocp ~1 GeV): nucleons as degrees of freedom.
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Strongly correlated fermionic quantum many-body problem (for p and n).

collective coordinates
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L ow-energy nuclear physics
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Decay modes of atomic nuclei
1001 1
Several possible decay modes with vastly different, overlapping timescales. 80"
Competition between modes can happen. N 60] | I
1y
40 108y
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° ° 28 2028 50 82 126
Decay modes of atomic nuclei
1001 | 1fs
Several possible decay modes with vastly different, overlapping timescales. 801
Competition between modes can happen. N 60] By
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Exotic decay modes

New types of radioactivity discovered in exotic nuclei. Example: 2p decay.

M. Pfltzner et al., Rev. Mod. Phys. 84, 567 (2012)

True 2p decay

K. Miernik et al., Phys. Rev. Lett. 99, 192501 (2007)

1p and 2p possible Sequen’ual via narrow resonance True 2p decay

(b) N T - Decay dynamic depends on

relative energies and widths,

i.e. the structure.

Dermocratic TTT————— Democratic Structure depends on nearby
decay | ,, decay Il decay thresholds (open &

(A-1)+ p closed) and continuum.

A A-D)+p  (4-2)+2p A A-)+p  (4-2)+2p A (A-1)+p (A—é)+2p

(A-1)+p (4- 2)+2p (A-2)+2p

— structure-continuum couplings
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Nuclear existence vs. stability

Limits of existence (T}, = 107%% s) vs.

imits of stability with respect to n and p emission, or drip lines.

Nel6 || Ne17 || Ne1s | Ne19 | ERIE Y| Ne23 || Ne24 || Ne25 || Ne26 || Ne27 || Ne2s
Z 10 9 zs 109.2 ms 1.6656 s 17.262 s 90.48 0.27 9.25 37.14 s 3.38m 602 ms 197 ms 31.5 ms 18.9 ms
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Limit of existence?
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State of our knowledge

Established proton drip line

Z~ 13

Proton drip line crossed

L P P

/ ~ 83 l

“«—— Established neutron drip line

N ~9

Largest isotope ever made:

294
11899
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Relevance for astrophysics

Rapid neutron capture (r process) is right in the terra incognita.

Stable nuclei

p-process

=1

I~ s-processh

"
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e 4 P

2 Vp-process | =z /

£ s 4 P £ Supernova EC process
5 s R .

Z 98| e [P-Process g _ -

o
{5 m Nuclei known
¢ g
' 7 " Neutron star crust? €XIS

," process
£
v ]ﬂl
2

2 8 20 28 50 82 126

Number of Neutrons
-

Adapted from F. Timmes, H. Schatz, and A. Spyrou

The abundances along an isotopic
chain in (n,y) 2 (y, n)equilibrium are
set by the temperature, neutron
abundance, and the neutron
separation energies |...].

M. R. Mumpower et al.,
Prog. Part. Nucl. Phys. 86, 86 (2016)

And much more...

C. A. Bertulani and A. Gade,
Phys. Rep. 485, 195 (2010)

H. Grawe et al., Rep. Prog. Phys. 70, 1525 (2007)

A. Aprahamian et al.,
Prog. Part. Nucl. Phys. 54, 535 (2005)

And neutron stars...

[ESIL | FLORIDASTATE
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Exploration of the drip lines

Limits of nuclear stability: Which (N, Z) combinations are stable?

120 : —
Bl stable nuclei Considerable potential for
Known nuclei disc:overy:
—@-| | Drip line
I\I 80 B _’_ 82n -_ 2 MeV
g —#= SV-min 1. Nuclear structure in extreme
§ N/Z conditions.
@)
8 . |
T 40 ~3000 known isotopes (288 stable) - 2. Possible new emergent
~7000 total? ohenomena.
- unbound e I
' J. Erler et al., Nature 486, 509 (2012)
0 Sb | 1 210 | 1 éO | 260 | 240 | 2180

Neutron number, N
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Facility for Rare Isotope Beams (FRIB)

e Nuclear structure
\\\“r

r‘\ * Nuclear astrophysics
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Theory community:
FRIB Theory Alliance.
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Facility for Rare Isotope Beams (FRIB)

e Nuclear structure
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Physics of exotic nuclei

5 | .
S e | 8
s o | 2
S o | = Broad resonances
o < e N
55 : Ty/2 ~10% s
D = 7
§ 2 | s
m & | E
-
5 Narrow resonances
8 T1/2 >>1O_22 S
S
R
?30? Threshold
A =
g &
—
an Weakly bound
Y
= & halo states

Bound states

Deeply bound
region

Open quantum
system

Interplay

Closed quantum
system

Non-exponential decay
Superradiance
Many-body resonances
Exotic decay modes
Trapped resonances
Near-threshold clustering

Di-nucleon correlations
Few-body dynamics
Universality

Halo physics

Collective motion
Clustering

Deformation

Shell evolution

Pairing effects
Single-particle structure

SUOIOBAI PUB 2INONIS JO UONBIIU()

sorsAydosse Jea[onN

Nuclei as open quantum
systems.

Interplay between NN
forces, many-body
effects, and weak bind/
decay.

Structure and reactions
must be described
simultaneously.

See also D. Bazin et al., Few-Body Syst. 64, 25 (2023)
C. W. Johnson et al., J. Phys. G 47, 123001 (2020)

K. Fossez, FSU - FRIB Bridge
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Nuclei as open quantum systems (OQSs)

Quantum systems coupled to an environment.

Quantum/quantum coupling:

H=NH system X H evironment

Environment Narrow resonances: weak couplings

4——» (continuum states, — Possibly Markovian, but usually not.
decay channels)

Quantum system

(bound states)

Broad resonances: strong couplings
— Highly non-Markovian

Non-Hermitian description of the system, but unitary Fermionic, many-body, strongly correlated...
evolution of system+environment.

K. Fossez, FSU - FRIB Bridge FSM FLORIDA STATE
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Theoretical approaches for nuclear OQSs

Historically: Feshbach projection formalism.

A A A A A A A e

P+0=1 H = PHP + PHO + OHP + OQHO .y
H. Feshbach
\ “Structure into the continuum”
/ H=H bound & H cont
discrete Continuum .
Continuum Shell Model (CSM)
states states
N. Auerbach et al., Rep. Prog. Phys. 74, 106301 (2011)
Derive an energy-dependent Hamiltonian: Shell Model Embedded in the

Continuum (SMEC)

J. Okotowicz et al., Phys. Rep. 374, 271 (2003)

VN VN A A A A i ~
H(E) = Hop(Hpp — E)"'Hpg — Hog + A(E) = S W(E)
/ \ Problem: cumbersome

Complex beyond two-particle decay.

energies! energy shift decay

K. Fossez, FSU - FRIB Bridge FSM FLORIDA STATE
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Near-threshold clustering

“Alignment” of the wave function with nearby decay channels.

. . . 12
J. Okotowicz et al., Prog. Theor. Phys. Supp.196, 230 (2012) Multichannel network of couplings in “C

4
\-_,I ‘.
halo state a - cluster state I T T/ T/
Cn S 18721 —— = [~ 12 (11 )
11 - T T T T T C—| C+n
S 15957 T ( (\ o ————@ < 18721 €~
S~ —_— — —
2% ~——] T o==="
N
- > Y, 5
‘ + 7654 qc) /’_—_-—_-s\\ lzC—>(”B+p) :.4
. . ————— © 7366 O ‘\\ .‘__:_" """""""""""""""""" 15957 € >
"Be + = —_——— %
S =
.E m
“Li+n 325 2" 4439 3 Y, o ¥,
Li+Zn = = — — — — 300 ;
- 8 C —(3a)
* 1+ - 3/2 ~ (Op) 0* @ ———— @ €« 7366
3 L1 12C
Y, :
Complexity —>

K. Fossez, FSU - FRIB Bridge FSM FLORIDA STATE

UNIVERSITY



Superradiance

Collectivization of the width in overlapping resonances

A. Volya et al. Commun Phys 5, 322 (2022)

4
ISNe ~ O +

i 4
? i
NG
= 2 = == :
X — % T
° 1 e Eiﬂ___ﬂ}mﬂ __________
@ “- 1

=S

=@__ 1

0
0 1 2 3 4 5 6
[',(**Ne)/T",(**0)
1 I T\’ , As one state “absorbs” all the a-decay width, its wave
E,=—le—i—= e—i— | +4v o . .
2 2 function Taligns” with the corresponding threshold.
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Theoretical approaches for nuclear OQSs

Quasi-stationary formalism. H = H giscrete @ H scatt

J.J. Thomson, Proc. London Math. Society, 197 (1884)
G. Gamow, Z. Physik 51, 204 (1928), A. F. J. Siegert, Phys. Rev. 56, 750 (1939)

Resonances as generalized eigenstates of non-Hermitian Hamiltonians

associated with poles of the S-matrix.

Im(k)
I1 I
99 0.5 | | | | |
= — Bound state
E 0.4t Decayir}g resonance _
= . Scattering state
2]
8 -45’0“.‘ \%/ 02 -
A = © =
capturing = ‘ decaying 0.1¢ /
resonances g ‘.. resonances
A s ® 0.0
5 | subthreshold . 0 D 10 15 20 29 30
11 resonances TV

r (fm)

G. Gamow

Gamow/Siegert states:
stationary solutions with
outgoing boundary condition.

- I
E=FE—1
2

Rigorous formulation in the
rigged Hilbert space (RHS).

Gel'fand, Vilenkin, Maurin, B&hm,
etc.

[ESIL | FLORIDASTATE
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Theoretical approaches for nuclear OQSs

Unitorm complex scaling.

N. Moiseyev, Non-Hermitian Quantum Mechanics (2011)

Square-integrable wave functions

Rotate H in k-space to “reveal” poles in the 4th quadrant. with complex energies.

U@ : k — ke H() = UOHU ()
ol U®©) : r — ret®

— Non-Hermitian H(#) matrix. Bound spectrum unchanged.

: i ; > B NANAN ]
¢ .\\ \ | | : : : f() » ()O U(:T'Gi("f))
scattering " | B E :
¢ : \ | S | R VSRV R R R E
continuum . -0.5 SOV L \) U U U
I - / _ NN i | -
e R A Re v Im
.
‘
(a) (b) _Limited to small 8, entire H is rotated, repeated diagonalizations,
N. Yapa et al., Phys. Rev. C 107, 064316 (2023) out all decay channels automatically included.

K. Fossez, FSU - FRIB Bridge 20 FSM FLORIDA STATE
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Theoretical approaches for nuclear OQSs

Berggren basis: Completeness relation over bound, resonant (Gamow), ana

scattering states. T. Berggren, Nucl. Phys. A 109 265 (1968)
D k] +J dk | k) (k| =1 T. Berggren
Cauchy’s integral theorem: =" o
Im (k) Im (k)

Gamow states treated on
same footing as bound
and scattering states.

Flexible basis that can be
optimized to capture

A

red = excluded relevant physics.

111 IV 111 equivalent basis

K. Fossez, FSU - FRIB Bridge FSM FLORIDA STATE
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Theoretical approaches for nuclear OQSs

Gamow shell model (GSM): complex-energy configuration-interaction.

N. Michel et al., Gamow Shell Model (2021)

Build Slater determinant (SD) basis,

Discretize the continuum in k-space for
complex-symmetric H matrix, diagonalize:

each partial-wave (/, j) considered:

W) = ) ¢|SDy)
[ dkfik) ~ Y wf(k) A1) = E|W) L
L+ i E=E—i
2
Im (k)
mA
fl ﬁ {S_p_ s (s0") [ e ) J Only one diagonalization
n.,/ > Re(K) ’ 1 needed, but high
o \ discretized continuum / [5.p. eatt {SDgN)} isgonate o Cc.)mpu.tati.cnal cost due 0
in momentum space discretization.

,FSU - FRIB Bridge FSM EI'NO.RJDEAR SST.ATTIYE
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Trapped resonances

The case of a trapped resonance: Narrow proton resonance in 15F well above the Coulomb barrier.

F. de Grancey et al., Phys. Lett. B 758, 26 (2016).

- 1. 5.173
B }i 'F 1/2-,.4.7097 ... > 1/2- 4.628 g.s.
1 [
— - 13
& - l!\\ 3 - N + 2p
5 o0s[- % B |
g I 5 M‘"’“\é’fém""é“""?ﬂnl %) o 5/2+W %
~~ . fr— ! cm e
8 - di ) |
0.4 , ot ) _ 1/2+W g.s.
ol A J =172 7
a 1 : ‘
0.2 —[j.- " , \ 15
i : S e * ................... 0+ g.s.
N i - e ok el .-"\,,"- -M-w'-'l 140 +p

E., (MeV)

The 1/27 wave function aligns with the 13N+2p threshold, reducing dramatically y and 1p decays.
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Theoretical approaches for nuclear OQSs

Resonating group method. J. A. Wheeler, Phys. Rev. 52, 1107 (1937)

SM (~1949) GSM (~2000)
"liiiil’ vaI

CSM/SMEC GSM-CC

(~1975=1998) “/,/’///, cont ,6v2@12} e

i lt

= — |

%@ — NCGSM (~2013)

NCSM (~2000)

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
= |
deeay-channels :
|
|
|
|
|

: cont

NCSM+RGM/NCSMC :
(~2008/~Z074)- |
|
|
|
|
|
|
|
|
|

% EZ Y. Jaganathen et al., Phys. Rev. C 89, 034624 (2014)
Echanpels K. Fossez et al., Phys. Rev. C 91, 034609 (2015)
T A. Mercenne et al., Phys. Rev. C 99, 044606 (2019)

S. Baroni et al., Phys. Rev. Lett. 110, 022505 (2013)
P. Navratil et al, Phys. Scr. 91, 053002 (2016)

Microscopic reaction theory:

1. Many-body target and

orojectile wave functions.

2. For each reaction channel

considered, exact continuum

(relative motion in r-space).

Precise,

channe
explicit

but all reaction/decay
s must be included
y with their asymptotic.

Figure from C. W. Johnson et al., J. Phys. G 47, 123001 (2020)

K. Fossez, FSU - FRIB Bridge
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Density matrix renormalization group (DMRG)

The DMRG method was introduced in condensed matter to approximate the ground state of infinite 1D lattices.

Exploits low entanglement between system and environment. S. R. White, Phys. Rev. Lett. 69, 2863 (1992)

.7'[ — }[ system X }[ evironment

In its original formulation, DMRG finds a compact representation of the Hamiltonian that approximates the
ground state (Wilsonian renormalization).

full space H PN = E P’ : : .
DMRG | = EDMRG | ) In its (equivalent) modern formulation, the ansatz wave
EpMRG ~ Eexact function is a matrix product state (MPS) optimized to
] t . . .
" minimize the energy.
\J
lized
eference< ren(;li)nal?el N ‘ \P> — Z A((yll )A((;g) .. Ao(-]]\\]]) ‘ 01,09, ..., UN >
ace
015095 . - ,0N

with o; = 0,1 and N is the number of orbitals.
Hl HpmMRG

K. Fossez, FSU - FRIB Bridge FSM FLORIDA STATE
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Theoretical approaches for nuclear OQSs

Gamow density matrix renormalization group: complex-energy DMRG.
J. Rotureau et al., Phys. Rev. Lett. 97, 110603 (2006)

Environment

Quantum system (continuum states,

(bound states) decay channels)

j‘[ — -7_[ system X }[ evironment

l full space
H =K discrete X H scatt

“Data compression”

environment

Py =Y Co L {1SDE) @ | SDAmy P = scattering

T/ |

reference space  medium

renormalized
space

K. Fossez, FSU - FRIB Bridge FSM FLORIDA STATE
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Gamow-DMRG

The most important steps:

full space
Build the density matrix reduced in the medium:
B Tg\ ] ] environment
pbb"(.] )_ E,C A '”BC AN 1'( "B
D1V B - a(j,4),b(jg”) ~a(j3*),b'(jz°) - scattering
Diagonalize it to obtain occupations in the medium: renormalized
ference space
ace
~PB .
Pi ‘ ¢a>i — a)a,i ‘ ¢a>i k

Select the most important configurations:

N .
The truncation € controls the error.
1 —Re Z w,i—1 || <€ |
o ’ Exactresultife = 0.

K. Fossez, FSU - FRIB Bridge FSM FLORIDA STATE
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Gamow-DMRG

1.00
Example of convergence with DMRG truncation € in —5.6 - ® HO
harmonic oscillator (HO) and different Berggren bases (BB). BB(real -0.75
—9.8 1 A  BB(cx)
¢ BB(cx,pole) 050
Bound J* = 1/2" ground state of *He. .
Within 1% of FCI (ho-core GSM). 0,00 %o
<
- —0.25
- —0.50
- —0.75
—7.2 ==
103 1077 1077 o
c Q‘Q&Qﬁz}\\@@ o\a
@
O
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Physics of exotic nuclei: Challenges

S | o
S5 | S
S QL )7
S o | e Broad resonances
o < = -
55| s Tyjp 1072 5
o = -
S 2 |%
m & | E
=
5 Narrow resonances
S T1/2 >10"% s
S
RS
?30? Threshold
I (=
g &
— =
&N Weakly bound
Y
= & halo states

Bound states

Deeply bound
region

Open quantum
system

Interplay

Closed quantum
system

Non-exponential decay

Superradiance Broa d , Many- b O d Yy
Many-body resonances
Exotic decay modes resonances.
Trapped resonances -
Near-threshold clustering a
=
S Z
A
S @
Di-nucleon correlations =
Few-body dynamics 2 B
Universality % 3
Halo physics ¢ T Interplay between
<
:3 5] °
= &  collective phenomena
o
o °
o3 and continuum
Collective motion 2 f
Clustering z couplings.

Deformation

Shell evolution

Pairing effects
Single-particle structure

See also D. Bazin et al., Few-Body Syst. 64, 25 (2023)
C. W. Johnson et al., J. Phys. G 47, 123001 (2020)
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. e : : _ : Work lead by
Ab initio description of *~’H (work in progress)  a sehoic (s

Long-term goal: Testing nuclear forces in extreme N/Z conditions where quasi-exact calculations are feasible.

bound

halo ground state

neutron unbound

Challenge: Obtain the first ab initio description of the H chain and determine the nature of 'H g.s. (4n decay).
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Discrepancies in ©'H

—4— Experiment —&— de Diego et al. (2007) —— Li et al. (2021)
Shul’gina et al. (2000) —— Adahcour et al. (2008) Li et al. (2021) [ab initio] Faddeev-Yakubowski +
10~ Descouvemont et al. (2001) —¢— Lazauskas et al. (2019) [ab initio] —¢— Hiyama et al. (2022) complex-scaling 341

—&— Arai et al. (2003) potential adjusted on

phase shifts and n-n

>
= 0 interaction adjusted on
;% { : °H ab initio results.
3 I o
= 0 { ! |
s
- ¢ ?
= ' .
an o

—9d - o

It {”‘ ‘}’{ $ \ 8 il ¢ * o Gamow shell model
" I I i op [ Tegtes, ¢

' \ with model adjusted on

He chain predicts a

—1 narrow 'H g.s.
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[ deal case: J* = 0" *He g.s.

Well-bound state (£ = — 28.30 MeV), harmonic oscillator basis, variational principle.

Smooth, near-exponential convergence of the energy Eigenvalues w, of the reduced density matrix
with the number of shells included: (occupations) show excellent factorization:
AJ"\ ~ (a Ja\A Ja\B\AJ"
T e e 107 94 & i LISDE @ 15D )
_22_
oa. renormalization

€ —
%_24_ (Not a convergence plot)
20
5 180°
SEELE
—26-
—27-

270° 10-2

10 20 30 40 50 60
Orbital index
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J* =3/2" g.s. resonance in He

Single-particle resonance, neither narrow nor broad (S, = — 0.735 MeV, I' = 0.648 MeV). Berggren basis.

Similar to *He at first, but then drop in energy when the width increases.

_14- X —e— 4pdh e =107 06 —e— 4pdh e =107
16 - 0.4
» b The wave function
E 18- = + reorganizes due
= .

< < 0.0
- = to continuum
T ond e 1 |
£ 20 = 0.2 couplings!

_99- —0.4 1

—0.6
_24_
20 40 60 30 20 40 60 30
Orbital index Orbital index
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J* =3/2" g.s. resonance in He

Single-particle resonance, neither narrow nor broad (S, = — 0.735 MeV, I' = 0.648 MeV). Berggren basis.

Similar to *He at first, but then drop in energy when the width increases.

After.
_14- X —e— 4pdh e = 1077 06 —e— Apdh e = 1075
16 - 0.4
» b The wave function

— —~ Before important .
> 18- > 'eimp | + reorganizes due
= = o0 continuum couplings .
- = are added. to continuum
T ond e 1 |
£ 20 = 0.2 couplings!

_99- —0.4 1

—0.6
_24_
20 40 60 30 20 40 60 30
Orbital index Orbital index
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J* =3/2" g.s. resonance in He

The reduced density matrix becomes complex-symmetric, but Im(Tr[p]) = 0.

Before After Tr(p) =1

4pdh e =107 . The absolute value
. of the imaginary
part of the
eigenvalues of the
reduced density

matrix represent

0.2 1

Im(wyg)

0.0 1 llninnnuu|||nounun|||||ol|||||||||§§8|onanooiliiluiioo.lllllooouoouoo.

1807

uncertainties on the
occupations due to
continuum

—0.2 1

—0.4

270° 10-25 270° couplings.

10—25

20 40 60 30
Orbital index

We still have a good factorization, but the wave function becomes fragmented.
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Continuum couplings and entanglement

Continuum couplings increase entanglement.

Making p; , imaginary is akin to

P11 P12 | 2 >
. Tp)=1 2y, = ia\/(zpu—l) +4p?,

Pir L —piq D) increasing continuum couplings.

Fix p1p =1, vary p; 5 = \Pl,z‘eie-

1.5 Jcrit _ l +
12 =5 A2 Entanglement saturates at the
1.0 1 — 1.0 .« . .
TN critical point (4; , = 0.5), then
051 b 05- E occupations acquire an
g 0.0 E 0.0 ] Imaginary part, I.e. an
k: = f Eo uncertainty due to the time-
~05 a ' dependent nature of the state.
—1.0- —1.01
215 —-10 —05 00 05 10 15 205 0.0 0.5 1.0 1.5
Re(pi,;) Re(A12)
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J* = 2 neutron resonance in “H

Broad single-particle resonance. Berggren basis with contour descending rapidly into 4th quadrant (to illustrate).

Continuum couplings increase too rapidly. The renormalization fails to optimize the representation.

1.0 1
.-M ° 4p4h £ = 10_5
\

Qens000000000000nng, 's:

s.

0.8 1

0.6 1

..N .
044 Large entanglement —» « 180

o opunp

Re(wq)

1807

0.2 1

WMO

0.0] e——lh

20 40 60 80 100 120
Orbital index

2700 10—25

. . e _ 1 )
Two equiprobable states translates into nearly degenerate Hamiltonian eigenstates. ) = \/5” H)El=)
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Continuum couplings and entanglement

10_1_ .. ® Re(w&) > ()
\\ ® Re(w,) <0
107°
1077
E 10—13
b,
~
10—17
107
@
10—25 \
%
0 20 A0 60 30 100

Figenvalue index

The magnitude of occupations reveals three groups:

1. Large |w,|, near-exponential decrease,

configurations dominated by discrete orbitals.

2. Small |w, |, plateau, configurations dominated by

scattering orbitals.

3. Below numerical accuracy.

Removing a
stabilizes ca

| eigenvalues |w, | < &, with k5 = €/10,
culations.

Reductionof entanglement between the system and

the environment of scattering states.

[ESIL | FLORIDASTATE
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Eftect of orbital ordering

The stability of calculations is also affected by how entanglement is constructed.

E-ordering vs. (I, j)-ordering (according to partial waves, separating p/n orbitals).

3 —— F-ordering —— [F-ordering —— F-ordering
—— ([, j)-ordering — ({,j)-ordering 1.3 —— (I, j)-ordering
351 &
N ,
1.2-
1 3.0
= Z
= 07 = 114
> e (D)
%o § 2.9 1 5
S =
1.0
_2—
2.0
_3- 0.9
.- 1.5
25 50 75 100 125 150 25 50 75 100 125 150 25 50 75 100 125 150
Orbital index Orbital index Orbital index

We tound that (/, j)-ordering is more torgiving and stable (builds shell model shells), but E-ordering gives better
results and natural orbitals once the basis has been optimized.
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Natural orbitals (NAT)

Once a regular calculation in the Berggren basis has been obtained, it is possible to build the natural orbital
basis, defined here as the eigenstates of the 1-body density matrix.

_21 -

PV =D laywlaal lw)(p] T T Drovderne
a.p —221 NAT?
At the orbital level, the NAT basis provides a near-optimal —23 1 L\'Y
representation for the state of interest. However, the NAT basis
. . —~ —24-
mostly help converge the inner part of the wave tunction >
=
energy). =
(energy) o 25
For the g.s. of *He in the HO basis, the NAT representation —26
provides almost no benetit.
_27_
Generating new NAT (NAT?) from a calculation in the NAT _os-

basis has again no effect.

20 40 60 30 100
Orbital index
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Natural orbitals (NAT) — broad resonance

Generating NAT for the J” = 2~ state of *H greatly improves convergence, but requires full occupation-ordering
(w-ordering) for optimal result.

—e— F-ordering —+— NAT w-ordering —e— F-ordering —+— NAT w-ordering
—+— NAT F-ordering (fixed A) NAT? w-ordering 3.791 —— NAT E-ordering (fixed A) NAT? w-ordering
9 - NAT w-ordering (fixed A) —=— NAT w-ordering (fixed A)
3.90 -
3.25 -
0
> > 3.00
o
=) =)
9 o — 2.75-
2.50 1
4 2.25 1 »
2.00 -
25 50 75 100 125 150 25 50 75 100 125 150
Orbital index Orbital index
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Preliminary results: J* = 2~ state in *H

Renormalized N2LOgpt, Imax = 5 with s, p waves in Berggren basis and Nyax = 12 otherwise.

Calculations on only ~130 cores...

14 2p2h, dim(A) = 6, [0s}/5,0py 75, 0pT 5, 0d% ] 2p2h, dim(A) = 6, (05775, 0py 75, 0T 5, 0d% )
2p2h, dim(A) =7, [Os'f’/;,Opg’;;, 0pT /o Odg;;] 2p2h, dim(A) = 7, [Os’f’/;, Op;’/g, 0pT /o Odg/g]
A 2p2h, dim(A) =8, (0577, 0p57T, 0pT 5, 0d2 7, 0y ) A 2p2h, dim(A) =8, (05}, 0p5 7, 0pT 5, 0d2 7, 0y ]
@ 2p2h, dim(A) = 9, [0s}75, 0p5 7T, 0pT 5, 0dz /3, 0dy ] 4.0 @ 2p2h, dim(A) =9, [0s)),, 0py)5, 0p] )5, 0dy 5, 0dy 5]
—9- Vv 2p2h, dim(A) = 10, [0s])5, 0py75, 0pT o, 0dg s, 0y, 0£7 ] Vv 2p2h, dim(A) = 10, (055, 0py 75, 0pT o, 0dg 'y, Oy, 0£7 ]
NAT, 2p2h, dim(A) = 10
* NAT, 4p4h, dim(A4) = 10
3.9 1
/>‘\ _3 ] —~
> Z
=) =
N——"
—~
=~ . 3.01
51 |E = —4.82|
2.5 1
|E = —5.97
S JL
—6 1
3 4 5 6 2.0 3 4 5 —6
10 10 10 10 10 10 10 10
g £
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Summary (preliminary)

More work is needed to improve convergence but, using ab initio theory, we can already rule out narrow ®’H

We hypothesize
that all 'H
experiments,

based on SHe

proton
knockout, saw
four correlated
neutrons.

g.s.
—4— Experiment —$— de Diego et al. (2007) Li et al. (2021) [ab initio]
Shul’gina et al. (2000) —&— Adahcour et al. (2008) —&— Hiyama et al. (2022)
10~ Descouvemont et al. (2001) —¢— Lazauskas et al. (2019) [ab initio] This work [ab initio]
—— Arai et al. (2003) —— Li et al. (2021)
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Thank you for your attention!
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