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What is the open quantum system
Atomic nucleus: the open quantum system

- Why do we care about the continuum?
Shell model for open quantum systems

- Non-Hermitian vs Hermitian formulations

- NN interaction in different regimes of binding
Configuration mixing in open quantum system

- Coalescence of resonance wave functions

- Near-threshold instability of shell model eigenstates
Near-threshold states and origin of clustering

- Astrophysical relevance for a- and proton-capture reactions
Mimicry mechanism of clusterization

- Chameleon nature of resonances

Message to take



What is the open quantum system?

An open quantum system is a quantum system which is found to be in interaction
with an external quantum system, the environment. The open quantum system can
be viewed as a distinguished part of a larger quantum system.

Ps=Treipruud

Standard techniques developed in the context of open quantum systems have proven
powerful in fields such as:
guantum optics, quantum measurement theory, quantum statistical mechanics, quantum
information science, quantum cosmology, mesoscopic physics ...

Description in terms of the density matrix is not well suited for nuclear physics
which deals with the well-defined quantum states > shell model formulation



What is the open quantum system?

An open quantum system is a quantum system which is found to be in interaction
with an external quantum system, the environment. The open quantum system can
be viewed as a distinguished part of a larger quantum system.

Ps=Treipruud

Standard techniques developed in the context of open quantum systems have proven
powerful in fields such as:

guantum optics, quantum measurement theory, quantum statistical mechanics, quantum
information science, quantum cosmology, mesoscopic physics ...

Description in terms of the density matrix is not well suited for nuclear physics
which deals with the well-defined quantum states > shell model formulation

Any formulation of the open quantum system theory should conserve unitarity which
is the fundamental property of quantum mechanics

‘Mainstream’ nuclear theory describes nucleus as the closed quantum system, i.e. in
the unitarity violating scheme

- ‘Unitarity crisis’ in nuclear theory
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Atomic nucleus: the open quantum system

Why do we care about the continuum?

States of open quantum
system belong to multi-
dimensional network of
correlated states

openness mean-field correlations

Beyond n/p-drip lines: Correlation > Mean field

Beyond p-dripline: Coulomb = Nuclear

Excitation energy

Near-threshold clustering
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K. Ikeda, et al., Prog. Theor. Phys. Suppl. E68, 464 (1968)

W. von Oertzen et al., Eur. Phys. J. A 46, 345 (2010)

F. Barker, Proc. Phys. Soc. 84, 681 (1964)

J. Okotowicz et al., Prog. Theor. Phys. Suppl. 196, 230 (2012);
Fortschr. Phys. 61, 66 (2013)



Atomic nucleus: the open quantum system

Nucleosynthesis takes place far from the valley of -stability

Courtesy S. Wanajo



Atomic nucleus: the open quantum system

Why do we care about the continuum?
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e Nuclear states are embedded in the scattering continuum

e Couplings to various particle emission channels are crucial
for the properties of near-threshold states

e Thresholds are branching points = nonanalytic behavior

- Wigner threshold law for elastic and total cross-sections
E.P. Wigner, Phys. Rev. 73, 1002 (1948)

a(i» 7)~ (k;)>7+1~ (E{,f)ff"”/2 for endoergic reactions: the production
of slow neutral particles

o(i—+ f)~ (k)?*-1~ (E;)¥™/2  for exoergic reactions: the absorption

of slow neutral particles

- Analogous law for spectroscopic factors
N. Michel, W. Nazarewicz., M. P., Phys. Rev. C( R) 75, 031301 (2007)

==>> Shell model for open quantum systems



C. Mahaux, H.A. Weidenmdiller,
« Shell Model Approach to Nuclear Reactions »
(North-Holland Publishing Company, 1969)

J. Okotowicz, M. P., |. Rotter,
Physics Reports 374, 271 (2003)

Shell model for open quantum systems
Non-Hermitian QM in Hilbert space

Shell model embedded in the continuum (SMEC)
HOM — HNE) = H (E) — (i2)V(E)V(E)

[NxN]

[NxN] [NxN] [Nxk] [kxN]

!

= HOM + y(E) — (i/2)w(E)

Hermitian anti-Hermitian

Coupling to the environment (in P)
cannot be reduced to refitting the
Hamiltonian of the closed QS

Coupling of ‘internal’ (in Q) and
‘external’ (in P) states induces
effective A-particle correlations



C. Mahaux, H.A. Weidenmdiller,
« Shell Model Approach to Nuclear Reactions »
(North-Holland Publishing Company, 1969)

J. Okotowicz, M. P., |. Rotter,
Physics Reports 374, 271 (2003)

Shell model for open quantum systems
Non-Hermitian QM in Hilbert space

Shell model embedded in the continuum (SMEC)

HM s N E) = H(E) — (i/2)V(E)VI(E)

[NxN] [NxN] [NxN] [Nxk] [kxN]

!

= HOM + y(E) — (i/2)w(E)

Herrrlmitian anti-Hermitian
Open QS solution in Q space
Hoo| Vo) = EL(E)W.)
. « <G==m
<lpd|HQQ - Ea(E)<lpd|

w

a

lpﬁ> =0,
lpa = Ebai(I)E'SM) = IP};S ~ Ecalpa

e Entrance and exit reaction channels defined
= Shell model and reaction theory reconciled

Coupling to the environment (in P)
cannot be reduced to refitting the
Hamiltonian of the closed QS

Coupling of ‘internal’ (in Q) and
‘external’ (in P) states induces
effective A-particle correlations

For bound states: E (E) is real.
Physical resonances correspond to
the poles of the scattering matrix
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Shell model for open quantum systems

Quasi-stationary extension in the complex k-plane: Gamow poles
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Only bound states are integrablel!

Euclidean inner product

<l/ln

Rigged Hilbert Space inner product

un>=fdru:(r)un(r) — (i1, un>=fdrit:(r)un(r)

0 0

Rigged Hilbert Space (RHS) is the natural setting of QM
in which resonance spectrum, Dirac bra-ket formalism
(and Heisenberg uncertainty relations) have place

|.M. Gel'fand and N. J. Vilenkin. Generalized Functions, vol. 4. Some Applications of Harmonic Analysis.
Rigged Hilbert Spaces, Academic Press, New York, 1964
G. Ludwig, Foundation of Quantum Mechanics, Vol. | and Il, Springer-Verlag, New York, 1983
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Shell model for open quantum systems

Quasi-stationary extension in the complex k-plane: Gamow poles
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e Bound and resonance states: same object
e Similar behavior inside the nucleus
e Asymptote is different for bound, virtual, and resonance states



Shell model for open quantum systems

Gamow shell model

© bound states
antibound states
» decaying resonances

| O capturing resonances

Lm0y 0 = feky

3

kmax

Re(k)
5>

V subthreshold ™.,
resonances

Eun><b~tn + fuk><17tkdk =1 <ui‘17tj> = Ojj
" L

T. Berggren, Nucl. Phys. A109, 265 (1968)

K. Maurin, Generalized Eigenfunction Expansion,

Polish Scientific Publishers, Warsaw (1968)
T. Lind, Phys. Rev. C47, 1903 (1993)

Gamow shell model (GSM)
|SD,) =|u, .., ) = |SD,)(SD,

N. Michel et al, PRL 89, 042502 (2002)
N. Michel, et al, J. Phys. G37, 064042 (2010)

=1

Calculation in the relative coordinates of core cluster
SM coordinates Y. Suzuki, K. lkeda, PRC 38 (1988) 410
Center-of-mass handled by recoil term:

Z Pi-Pj

(i<j)eval

H>H+
Meore

in the Hamiltonian
Unitary formulation of the nuclear Shell Model
No identification of reaction channels



Shell model for open quantum systems

Gamow shell model

@ bound states (le(k) f(k) = (k) Gamow shell model (GSM)
B antibound states |sD,) =‘”i -, > - E|5Dk><SDk

» decaying resonances g
. N. Michel et al, PRL 89, 042502 (2002)
- @TeapLuring resonalices N. Michel, et al, J. Phys. G37, 064042 (2010)

=1

O . . . .
e Calculation in the relative coordinates of core cluster

SM coordinates Y. Suzuki, K. lkeda, PRC 38 (1988) 410
Re(k) e Center-of-mass handled by recoil term:

1
M 2 Pi-Pj

COIe (i< j)eval
in the Hamiltonian
e Unitary formulation of the nuclear Shell Model
e No identification of reaction channels

H>H+

il .
e Resonant states of the NN system
| ' ‘ e Np bound state (deuteron): k=+i0.2315 fm"’ =0
n ~n + i dk = 1 ) i ij) = ij . .
E \u ><u ‘ ‘quk><uk ' <u \u]> 0 e np virtual state (deuteron):  k=-i0.044 fm"' =1

T. Berggren, Nucl. Phys. A109, 265 (1968)

K. Maurin, Generalized Eigenfunction Expansion, e NN virtual state: k=-|00559(33) fm'1 =1
Polish Scientific Publishers, Warsaw (1968) V.A. Babenko, N.M. Petrov, Phys. At. Nucl. 76, 684 (2013)

T. Lind, Phys. Rev. C47, 1903 (1993)
e pp threshold resonant state: k=(0.0647-i0.0870) fm* T=1
L.P. Kok, Phys. Rev. Lett. 45, 427 (1980)



Shell model for open quantum systems

Gamow shell model in the coupled-channel representation

' Im(k ' + M
@ bound states (L ( ) f(k) = f(-k*) |\I’J > _ Z/ > |(C ,,,)J > Uc (T) r2 dr
. M/ — I M
@ antibound states — Jo — r
» decaying resonances g I(c,7)) = A[|\I/;{,T; Nr, Z7)®|r Lom Jint Jp;m, 2)]3;
| O capturing resonances i
= uq(7)
(@) H |\I/X4> = F |‘~Il%4> =) Z/ ’l"2 (Hcc’(ra ’l"/) - ENCCI(T7 ’l",)) CT =0
0
(¢ A~
Heo (r,7") = {(c,m)| H|(c, 7))
Re(k) Ne (r,7") = {(c,7)|(c/, "))
O
® o e Entrance and exit reaction channels defined
o == Unification of nuclear structure and reactions
i e Reaction channels with different (binary) mass partitions
O ﬁj{ D e Core is arbitrary
E \%7,:' L Y. Jaganathen et al, PRC 88, 044318 (2014)
resonances K. Fossez et al., PRC 91, 034609 (2015)
. . A. Mercenne et al., PRC 99, 044606 (2019)
5 5 5 N. Michel, M. P.,
E un><un‘ + f l/tk><uk‘dk =] ; <l/tz‘ uj> = (Sij «Gamow Shell Model: The Unified Theory of
. L. Nuclear Structure and Reactions »

T. Berggren, Nucl. Phys. A109, 265 (1968) Lecture Notes in Physics, Vol. 983, (Springer Verlag, 2021
K. Maurin, Generalized Eigenfunction Expansion,

Polish Scientific Publishers, Warsaw (1968)

T. Lind, Phys. Rev. C47, 1903 (1993)



* B(ja,jb)=-10 MeV

* B(jaljb)= -1 MeV {’=p,d,f,g,h

e B(ja,jb)=+1 MeV Minnesota interaction

R(V1)=E./{E.};

{Enr=|2,(2)+1)(E-e,-e,)/2\(2)+1)]

S(Via)=T /4T ;

Coy=1 223+ 2/(2)+1) |

cos(f) =

E =E-e,-e,

' nzr “Ya VYo

JU+1D = jala+1) = js(p+1)

2 ja(Ga + D jp(p + 1)

N. Michel, M. P.,

«Gamow Shell Model: The Unified Theory of Nuclear Structure and Reactions »

Lecture Notes in Physics, Vol. 983, (Springer Verlag, 2021)

Shell model for open quantum systems
NN interaction in different regimes of binding
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e Similar qualitative dependence of the TBMEs
on angle ©,, in SM and GSM
® TBMEs are complex in weakly bound/unbound nuclei

0



Shell model for open quantum systems

NN interaction in different regimes of binding
* B(ja,jb)=-10 MeV

% BUa o= Mev Miﬁ:sggé?r,\?eraction " (B(ja), B(jb)) = (10, -10) MeV
* B(ja,jb)=+1 MeV *(B(ja), B(jb)) = (-1, -10) MeV
* (B(ja), B(jb)) = (+1, -10) MeV Dependence of V,,/V,, on S, =S, asymmetry
9{(\/12)=En/<En> ’ En'_'E'ea'eb ’ ’ .
{Eqp=|Z)(2)+1)(E-e,-e,)/Z(2)+1) | E[MeV] ¢ J© S[MeV] S [MeV] V,./V,
: = - GSM Py 2% 10 -1 0.39
S(Vlz)zrn/<r’n> ’ rn_r'),a'}’b 1/2 1 1 0.58
<Toh=| 2241 -ya-vel/Z/(2)+1) | ) :
\ Ll P g ds, 20 10 -1 0.83
& = 1 -1 0.835
i X g X
A M E % %
2\ e/ 20rs § 4+ 10 -1 0.75
X 1 -1 0.84
1.0 |-
- e Strong asymmetry of V,,and V,, for large |S,—Sp|
cos(6) = J(-"*'l)._.].a(]a'*'.l)._.]b(]b'*‘l) 0.0} and low t’j
2 ja(a + D jp(jp + 1) o
01 234567] o IfS, LSy, thenV,,>V,,,i.e. protons in the neutron-
N Michel VL. rich environment interact stronger than neutrons
«Gamow Shell Model: The Unified Theory of Nuclear Structure and Reactions » Strong reduction ofnp interaction =» Proton SF is reduced with respec’r to neutron
Lecture Notes in Physics, Vol. 983, (Springer Verlag, 2021) in weakly bound/unbound nuclei: SF (Cll"ld vice versa) if S, << Sy, (Sp >>S,)

~50% reduction in p-shell



Configuration mixing in open quantum system
Coalescence of resonance wave functions

Bound states Resonances
%v 2 {’\ - . . .
S 4 ’ N ;/ Exceptional points (EPs) and avoided
N 7 N ik ‘p\ / . .
P b e crossings are responsible for the
/ k ! 7 e : f configuration mixing in the continuum
/\ | P1# P, / S L@ =@
@ 2
Level repulsion Level crossing Avoided crossing Exceptional point
Vy . ViH .
Level repulsion Level clustering
Width clustering Width repulsion
16 - _ . - Bose-Einstein condensation of gases
' w=Vy+iVyy ] . . .
14l {1 Vy | with attractive 1/r —interaction
' ' » €1 ® e — 371 0 0 - Microwave cavity experiments
L - H = = R .
12 ®, Vu o € 0 e, — iy, + o 0 - Atoms coupled to radiation field
| BRI SRR B S - Atom — cavity quantum composite
sl Resonances cgglesce asa result'o'f the interplay - Optical lattices
o _, between hermitian and non-hermitian components - Atomic nuclei
‘ ‘ @, of the residual interaction M.R. Zimbauer et al., Nucl. Phys. A411, 161 (1983)
04 — — C. Dembowski et al., PRL 86, 787 (2001); PRL 90, 034101 (2003)
00 05 10 15 20 25 30 35 40 J. Okolowicz, et al, PRC 80, 034619 (2009)

E



Configuration mixing in open quantum system
Instability of SM eigenstates and appearance of the aligned state

Continuum coupling correlation energy Near-threshold collectivization

SMEC: Ecorr;i(E) = (qJ/(E) |}[QQ (E) - HQQ I qJ/(E» 4 ‘Eg?rr

I 0 Neutrons £=0,1
GSM-CC: BjT = <%|H|%>—<<1>X;<“’|H|<px;<“>>

|\ 4—8—>>
|\ -

- >
Ji(a)) " alM(r) , il ho g g
|<I) Z (c;7) -, " dr A mlxture ?f manySAld)ody continuum states
cica [Al @‘P[ q’[A 2l ®(P[2%1W1th E>E,

e Emergence of new energy scale related to the
configuration mixing via decay channel(s)

e Interaction via the continuum leads to a formation
of the collective eigenstate (aligned eigenstate)
which couples strongly to the decay channel and
carries many of its characteristics

e The optimal collectivization is determined by a
balance between the Coulomb/centrifugal
interactions, and the continuum coupling

J. Okolowicz, W. Nazarewicz, M.P., Prog. Theor. Phys. Suppl. 196, 230 (2012);
Fortschr. Phys. 61, 66 (2013); Acta Phys. Pol. B45, 331 (2014)



a-clustering

Near-threshold states and origin of clustering

But this is only the tip of the iceberg!
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“...a-cluster states can be found in the proximity of a-particle decay threshold...”
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Y. Ayyad et al (MSU Coll.), (2022)

Transfer reaction 1%Be(d,n)"'B* —10Be+p
E. Lopez-Saavedra et al (FSU Coll.), (2022)

K. Ikeda, N. Takigawa, H. Horiuchi (1968)
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Near-threshold states and origin of clustering

a-clustering “...a-cluster states can be found in the proximity of a-particle decay threshold...” K. ikeda, N. Takigawa, H. Horiuchi (1968)

But this is only the tip of the iceberg! e ‘Fortuitous’ appearance of correlated states close to open channels?
(LT 7 = They cannot result from any particular feature of the NN
n . . .
Ty 5657 10, 125 interaction or any dynamical symmetry of the nuclear
1+n
I many-body problem
Li+2n 300
o* E=7654
- SEETTTTTTTL . - '—
T I'=0.0093
3/2° E=0
0" = r=0
120 1y
1z E=3487(40) 5%
''' Tz = 36(15 /E=11600(20)
BNsop 3357 1 i0g 1 n_11454 " Fard
OBenp 1208 antnt
e+p E=11425(20
P T
"Li+o 8664
12+ E=0
T I'=660(20) ~
Yo+p -1270 312
BF g

e Other cases: ®He, °Li, ’Be, ’Li, 110, 11C, 170, 20Ne, 260, 2*Mg, ...
e Various clusterings: *H, 3He, 3H, 2p, 2n

e Astrophysical relevance of near-threshold resonances
for a- and proton-capture reactions of nucleosynthesis



a-clustering

Near-threshold states and origin of clustering

But this is only the tip of the iceberg!

T, 18721
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e Other cases: ®He, °Li, ’Be, ’Li, 110, 11C, 170, 20Ne, 260, 2*Mg, ...

e Various clusterings: *H, 3He, 3H, 2p, 2n

e Astrophysical relevance of near-threshold resonances

“...a-cluster states can be found in the proximity of a-particle decay threshold...”

K. Ikeda, N. Takigawa, H. Horiuchi (1968)

e ‘Fortuitous’ appearance of correlated states close to open channels?
= They cannot result from any particular feature of the NN
interaction or any dynamical symmetry of the nuclear

many-body problem

neutral particles

bt TS
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Figure 1. Enhancement factors for neutron channels with orbital angular momenta

! = 0,1 and 2 and reduced widths 7.2 = #%/M, a.® as functions of channel energy

E (in units of #%/2M, a,? ~ 1 mev). Full curves give values of g(E), broken curves
values of ¢:(E).

charged particles
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Figure 2. Enhancement factors for channels (¢) *H +d, () *He +d, (¢) *He +*He,

all with [ = 0 and with values of @, and #.? given in the text. Full curves give

values of g(E), broken curves values of ¢:(E). Arrows indicate energies of observed
levels of ®He, 5Li and ®Be.

F. Barker, Proc. Phys. Soc. 84, 681 (1964)

0T 0 01 02 -0Z 0 02 04 -0F 0408

e The appearance of near-threshold resonances can be explained in terms of
the increased level density: )

_ 1dbe(E)
N dE

e The enhancement of the level density is largest for low-barrier potentials

for a- and proton-capture reactions of nucleosynthesis



Near-threshold states and origin of clustering

a-clustering “...a-cluster states can be found in the proximity of a-particle decay threshold...” K. ikeda, N. Takigawa, H. Horiuchi (1968)

But this is only the tip of the iceberg!

e ‘Fortuitous’ appearance of correlated states close to open channels?

N e = They cannot result from any particular feature of the NN
n . . .
jgnmeene 15555 0 interaction or any dynamical symmetry of the nuclear
B+p Li+n 325
oo many-body problem
°Li+2n 300
ot E=7654
g - T=0.0093 . .
Be +a Continuum shell model perspective
3/2° E=0 J. Okotowicz, M. P., W. Nazarewicz, Prog. Theor. Phys. Suppl. 196, 230 (2012);
0" =0 Fortschr. Phys. 61, 66 (2013)
120 1y .
e The appearance of correlated (cluster) states close to open channels is
vz IEZ=3341653(Z(54§0) S ;1600(20) the generic open quantum system phenomenon related to the collective
13 = o= . . . .
N+2p 337 B 4n-11454—" [n=4 rearrangement of SM wave functions due to the coupling via the continuum
WBe+p 11228 RTi425020
erfIBE R
Li+a 8664 e Specific aspects:
+ . R . .
z_ §f°660(20) ~ - Energetic order of particle emission thresholds depends on
- [ %) . .
(nuclear) Hamiltonian
o 4p  -1270 3 - Absence of stable cluster entirely composed of like nucleons
S g

e Other cases: ¢He, °Li, 7Be, “Li, 110, 11C, 170, 20Ne, 260, 24Mg, ...
e Various clusterings: 2H, 3He, 3H, 2p, 2n

e Astrophysical relevance of near-threshold resonances
for a- and proton-capture reactions of nucleosynthesis
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Near-threshold states and origin of clustering
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Near-threshold states and origin of clustering
Astrophysical relevance for a- and proton-capture reactions of nucleosynthesis

R.J. DeBoer et al, Nature 610, 656 (2022)
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What is the effect of 1* resonance at ~10 keV above
the proton emission threshold on the S-factor?
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Liyong Zhang et al., Nature 610, 656 (2022)

Does °F(p,v)?°Ne breakout reaction from the CNO cycle
overcomes °F(p,a)®0 back-process reaction cross section
becoming a source of the Ca abondance in the first
generation stars?



Near-threshold states and origin of clustering
Near-threshold resonances in 2°Ne and their role for °F(p,y)2°Ne and and °F(p,)'*O reaction rates
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X.B. Wang, G.X. Dong, N. Michel, M. P. (2024)



Near-threshold states and origin of clustering
Near-threshold resonances in 2°Ne and their role for °F(p,y)2°Ne and and °F(p,)'*O reaction rates

Exp: Liyong Zhang et al., Nature 610, 656 (2022)
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e GSM-CC reaction rates are significantly larger than in NACRE
and comparable with JUNA data

e 1°F(p,a)'®0 back-process reaction should be remeasued to
verify the hypothesis of breaking from hot-CNO cycle

What is the effect of 1* resonance at ~10 keV above
the proton emission threshold on the S-factor?



Mimicry mechanism of clusterization

Chameleon nature of resonances
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Mimicry mechanism of clusterization
Near-threshold clustering in éBe
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Near-threshold clustering is the emergent phenomenon in SM
for open quantum systems

J.P. Linares Fernandez, et al, Phys. Rev. C 108, 044616 (2023)
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Message to take

e Atomic nucleus in the vicinity of a particle emission threshold belongs to the category of open quantum systems
having unique properties which distinguish them from well-bound closed quantum systems

e Proximity of the threshold (branching point) induces the collective mixing of eigenstates resulting in a single
aligned eigenstate of the open quantum system Hamiltonian (- chameleon resonance)

e The correlated (cluster) states in a vicinity of reaction channel thresholds are the generic manifestations of

openness of a many-body system related to the collective rearrangement of wave functions due to their mutual
coupling via the continuum.

Clustering in the mimicry mechanismis the emergent phenomenon associated with the branch point singularity
at the particle emission threshold.

e Near-threshold phenomena are terra incognita of the nuclear physics:
- Collectivization of wave functions due to the coupling to decay channel(s)
- Formation of clusters/correlations: 2H, 3H, 3He, 3n, “n, ... which carry an imprint of nearby decay channel(s)
- Modification of NN interaction/spectroscopic factors
- Effects of coalescing resonances in nuclear spectroscopy and reactions

e The richness of nuclear interaction and the existence of nucleons in four distinct states (proton/neutron,
spin-up/spin-down) make studies on the near-threshold phenomena in atomic nucleus unique and exciting!
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