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Nuclear physics

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

• How do the rich patterns observed in the structure 
and reactions of nuclei emerge from the interactions 
between neutrons and protons? 

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

0νββ

My focus: low-energy 
structure and reactions.

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

QCD, hadron physics

Nuclear astrophysics

Low-energy tests of the SM, 
neutrino physics
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Low-energy nuclear physics
At low energy (<  ~1 GeV): nucleons as degrees of freedom.MQCD

Strong residual 
nucleon-nucleon 

interaction.

Strongly correlated fermionic quantum many-body problem (for p and n).
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it would be expected that the angular correlation should
oscillate with a period given by jPJ½cosðψÞ$j2. As described
in Refs. [18,19], it is possible to infer from the oscillation
pattern of the data, the spin of the excited state. The
dependence of the yield on the angle ψ is shown in Fig. 3,
in which the data are compared with several Legendre
polynomials. The measured alpha spectrum and angular
correlation clearly point to the existence of a state at 22.4
(2) MeV with Jπ ¼ 5−.
In Fig. 4, we show the rotational band structure in 12C.

The ground state rotational band consisting of the levels 0þ,
2þ, 3−, 4', and the newly measured 5− state, follow a
JðJ þ 1Þ trajectory. Also, the recently identified rotational

excitations with 2þ [17] and 4þ [18] of the Hoyle state form
a JðJ þ 1Þ sequence, albeit with a larger moment of inertia.
Finally, as we discuss below, the negative parity states
1− and 2− shown in Fig. 4 are assigned as members of the
bending vibration with almost the same moment of inertia
as the Hoyle band.
We present an analysis of the cluster states in 12C in

terms of oblate symmetric top which is a special case of the
algebraic cluster model [1,2]. In this approach, the three
alpha particles are located at the corners of an equilateral
triangle. Their relative motion is described by two
perpendicular Jacobi vectors, ~ρ and ~λ, one vector connect-
ing two points on the triangle and the second one along the
half angle perpendicular to it. The corresponding algebraic
model describing such a system is based on theUð6þ 1Þ ¼
Uð7Þ spectrum-generating algebra [1,2].
Of particular interest is the oblate symmetric top limit

which corresponds to the geometric configuration of three
α particles located at the vertices of an equilateral triangle.
The rotation-vibration wave functions of a triangular
configuration can be written as [1,2]

∣N; ðv1; vl22 Þ; K; LPi: ð1Þ

Here, N is the total number of bosons. The energy spectrum
consists of a series of rotational bands labeled by (v1, v

l2
2 ).

Here, v1 corresponds to the breathing vibration with A
symmetry and v2 to the doubly degenerate bending vibration
with E symmetry; l2 denotes the vibrational angular
momentum of the doubly degenerate vibration, L the angular
momentum,K its projection on the symmetry axis, andP the
parity. Since we do not consider the excitation of the α
particles, the wave functions describing the relative motion
have to be symmetric, i.e., jK∓2l2j ¼ 3m a multiple of 3
[1,2]. This imposes some conditions on the allowed values of
the angular momenta and parity. For vibrational bands with
(v1, 00), the allowed values of the angular momenta and
parity are LP ¼ 0þ; 2þ; 4þ; …, with K ¼ 0 and
LP ¼ 3−; 4−; 5−; …, with K ¼ 3. The threefold symmetry
excludes states with K ¼ 1 and K ¼ 2 and leads to the
lowest predicted LP ¼ 4' parity doublet in the (v1, 00)
vibrational band. The predicted LP ¼ 4' parity doublet both
in the ground band and the Hoyle band is a strong signature
of this model. For the bending vibration with (0, 11), the
rotational sequence is given by LP ¼ 1−; 2−; 3−; 4−;…,
with K ¼ 1, LP ¼ 2þ; 3þ; 4þ;…, with K ¼ 2 and
LP ¼ 4þ;…, with K ¼ 4. The degeneracy of the states
with the same value of the angular momentum L but
different value of K is split by the κ2 term in Eq. (2) [2].
Since in the application to the cluster states of 12C, the
vibrational and rotational energies are of the same order, we
expect sizeable rotation-vibration couplings.
In the Uð7Þ algebraic cluster model, the energy eigen-

values of the oblate top, up to terms quadratic in the
rotation-vibration interaction, are given by:

FIG. 3 (color online). The projection onto the ψ axis of the
angular correlations for the 22.4 MeV state. The data points are
corrected for the acceptance of the detectors and connected with a
(continuous black) line to guide the eye. They are compared with
the Legendre polynomials jP5½cosðψÞ$j2 (dashed blue line) as
well as for l ¼ 4 (dotted red line) and l ¼ 6 (dotted-dashed red
line). Note that due to the unknown m-substate population of the
Jπ ¼ 5− state, the height of the oscillations cannot be predicted,
but the oscillatory phase determines the angular correlation to
arise from a Jπ ¼ 5− state.

FIG. 4 (color online). Rotational band structure of the ground-
state band, the Hoyle band, and the bending vibration in 12C.

PRL 113, 012502 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
4 JULY 2014

012502-3

Emergent phenomena at similar scales, complex many-body physics.

Low-energy nuclear physics

Self-consistent shell 
structure

V. Zelevinsky & A. Volya, Physics of Atomic Nuclei

Pairing superfluidity

Spontaneous 
deformation, 

collective motion

Clustering

E. Epelbaum et al., PRL 109, 252501 (2012)

D. J. Marín-Lámbarri et al., PRL 113, 012502 (2014)
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Decay modes of atomic nuclei

-decay  
(weak force)

β -decay  
(EM force)

γ

-decay  
(tunneling)

α

-decay  
(tunneling)

n

-decay  
(tunneling+Coulomb)

p

Several possible decay modes with vastly different, overlapping timescales. 
Competition between modes can happen.

V. Zelevinsky & A. Volya, Physics of Atomic Nuclei

+ exotic decay 
modes!
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Decay modes of atomic nuclei

-decay  
(weak force)

β -decay  
(EM force)

γ

-decay  
(tunneling)

α

-decay  
(tunneling)

n

-decay  
(tunneling+Coulomb)

p

V. Zelevinsky & A. Volya, Physics of Atomic Nuclei

Specifically:  
(stability w.r.t. NN forces)

τ ≳ 10−22 s ∼ τNN+ exotic decay 
modes!

Several possible decay modes with vastly different, overlapping timescales. 
Competition between modes can happen.
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K. Miernik et al., Phys. Rev. Lett. 99, 192501 (2007)

 and  possible1p 2p True  decay2p

Democratic 
decay I

Democratic 
decay II

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

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

Decay dynamic depends on 
relative energies and widths, 
i.e. the structure.

(66%), argon (32%), nitrogen (1%), and methane (1%).
The primary ionization electrons drift in a uniform electric
field, with a velocity of 0:97 cm=!s, towards a double-
stage amplification structure formed by parallel-mesh flat
electrodes. In the second multiplication stage, emission of
UV photons occurs. After conversion of their wavelength
to the visual range by a thin luminescent foil, these photons
are recorded by a CCD camera and by a photomultiplier
tube (PMT). The camera image represents the projection of
particles’ tracks on the luminescent foil. The signals from
the PMT are digitized with a 50 MHz sampling frequency
providing information on the drift-time which is related to
the position along the axis normal to the image plane. By
changing the potential of an auxiliary gating electrode, the
chamber can be switched between a low sensitivity mode
in which tracks of highly ionizing heavy ions can be
recorded, and a high sensitivity mode used to detect light
particles emitted during the decay. The pioneering research
on gaseous detectors with position sensitive optical readout
was performed by Charpak et al. [18]. To the best of our
knowledge the detector described here represents the first
application of this idea to nuclear physics studies.

The experiment was performed at the National
Superconducting Cyclotron Laboratory at Michigan State
University, East Lansing, USA. Ions of 45Fe were produced
in the reaction of a 58Ni beam at 161 MeV=nucleon, with
average intensity of 15 pnA, impinging on a 800 mg=cm2

thick natural nickel target. The 45Fe fragments were sepa-
rated using the A1900 fragment separator [19] and identi-
fied in flight by using time-of-flight (TOF) and energy-loss
(!E) information for each ion. The TOF was measured
between a plastic scintillator located in the middle focal
plane of the A1900 separator and a thin silicon detector
mounted at the end of the beam line. The silicon detector
also provided the !E signal. Identified ions were slowed
down in an aluminum foil and stopped inside the OTPC.
The acquisition system was triggered selectively when a
45Fe ion was identified. In this way, the corresponding
CCD image and the PMT time profile could be assigned
unambiguously to individual ions. The trigger signal was
also used to switch the OTPC to the high sensitivity mode
and to turn the beam off for a period of about 75 ms to
prevent other ions from entering the detector while waiting
for the decay of the stopped ion.

An example of a recorded radioactive decay event of
45Fe is presented in Fig. 1. A track of 45Fe ion entering the
chamber from left can be seen on the CCD image (top).
After 535 !s, two short and bright tracks occurred which
originated from the end of the 45Fe track. Their length,
inferred from the image and from the time distribution of
the total light intensity measured by the PMT (bottom),
agrees with the value of 2.3 cm expected for protons of
about 0.6 MeV in the counting gas of the OTPC. The CCD
image shown in Fig. 1, supported by the PMT time profile,
represents direct and clear proof of the occurrence of the
2p radioactivity in 45Fe.

Apart from the 2p decay leading to 43Cr, the nucleus
45Fe can also decay by "! transitions to excited states of
45Mn. The decay energy for this disintegration mode is
predicted to be about 18.7 MeV [6] and in consequence
many decay channels involving "-delayed particle emis-
sion are possible. In fact, it is expected that 100% of the"!

decays of 45Fe are followed by charged particle emission
and that these particles have energies large enough to
escape the active volume of the OTPC in most cases [6].
Such decay channels, including "-delayed 2p and
"-delayed 3p emission, have also been observed and will
be published separately [20].

In the course of the 9-day experiment, 125 decays of
45Fe were observed, 87 of them proceeding by the direct 2p
emission and 38 by " decay followed by proton emission.

533 535 537
0

2

4

6

8

In
te

ns
ity

 (
a.

u.
)

Time (µs)

ϑ1 = 110° ϑ2 = 70°

FIG. 1 (color online). An example of a registered two-proton
decay event of 45Fe. Top: an image recorded by the CCD camera
in a 25 ms exposure. A track of a 45Fe ion entering the chamber
from left is seen. The two bright, short tracks are protons of
approximately 0.6 MeV, emitted 535 !s after the implantation.
Bottom: a part of the time profile of the total light intensity
measured by the PMT (histogram) showing in detail the 2p
emission. Lines show results of the reconstruction procedure
yielding the emission angles # with respect to the axis normal to
the image.

PRL 99, 192501 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
9 NOVEMBER 2007

192501-2

True  decay2p

Exotic decay modes

Sequential via narrow resonance

Structure depends on nearby 
decay thresholds (open & 
closed) and continuum.

 structure-continuum couplings→

45Fe
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M. Thoennessen, Rep. Prog. Phys. 67, 1187 (2004)

Limits of existence ( ) vs. limits of stability with respect to n and p emission, or drip lines.T1/2 ≳ 10−22 s

Accepted definition: the limits 
where  or  cross zero.Sn Sp

We often think of the neutron drip line along 
isotopic chains (same Z), but we should look at 
isotonic chains (same N).n 1

613.9 s

H 1

99.9885

H 2

0.0115

H 3

12.32 y

He 3

0.000134

H 4

139 ys

He 4

99.999866

Li 4

91 ys

H 5

>910 ys

He 5

700 ys

Li 5

370 ys

Be 5

?

H 6

290 ys

He 6

806.92 ms

Li 6

7.59

Be 6

5.0 zs

H 7

He 7

3.1 zs

Li 7

92.41

Be 7

53.22 d

B 7

570 ys

He 8

119.1 ms

Li 8

839.40 ms

Be 8

81.9 as

B 8

770 ms

C 8

3.5 zs

He 9

8 zs

Li 9

178.3 ms

Be 9

100.

B 9

800 zs

C 9

126.5 ms

He 10

3.1 zs

Li 10

2.0 zs

Be 10

1.51 My

B 10

19.9

C 10

19.306 s

N 10

200 ys

Li 11

8.75 ms

Be 11

13.76 s

B 11

80.1

C 11

20.364 m

N 11

550 ys

Li 12

<10 ns

Be 12

21.50 ms

B 12

20.20 ms

C 12

98.93

N 12

11.000 ms

O 12

>6.3 zs

Li 13

?

Be 13

1.0 zs

B 13

17.33 ms

C 13

1.07

N 13

9.965 m

O 13

8.58 ms

Be 14

4.35 ms

B 14

12.5 ms

C 14

5.70 ky

N 14

99.636

O 14

70.621 s

F 14

500 ys

Be 15

< 200 1e-09

B 15

9.93 ms

C 15

2.449 s

N 15

0.364

O 15

122.24 s

F 15

410 ys

Be 16

650 ys

B 16

<190 ps

C 16

747 ms

N 16

7.13 s

O 16

99.757

F 16

11 zs

Ne 16

9 zs

B 17

5.08 ms

C 17

193 ms

N 17

4.173 s

O 17

0.038

F 17

64.49 s

Ne 17

109.2 ms

B 18

<26 ns

C 18

92 ms

N 18

619.2 ms

O 18

0.205

F 18

109.771 m

Ne 18

1.6656 s

B 19

2.92 ms

C 19

46.2 ms

N 19

336 ms

O 19

26.464 s

F 19

100.

Ne 19

17.262 s

B 20

?

C 20

16 ms

N 20

136 ms

O 20

13.51 s

F 20

11.163 s

Ne 20

90.48

B 21

< 260 1e-09

C 21

< 30 1e-09

N 21

83 ms

O 21

3.42 s

F 21

4.158 s

Ne 21

0.27

C 22

6.2 ms

N 22

24 ms

O 22

2.25 s

F 22

4.23 s

Ne 22

9.25

C 23

?

N 23

13.9 ms

O 23

97 ms

F 23

2.23 s

Ne 23

37.14 s

N 24

< 52 1e-09

O 24

65 ms

F 24

384 ms

Ne 24

3.38 m

N 25

< 260 1e-09

O 25

2.8 zs

F 25

80 ms

Ne 25

602 ms

O 26

90 zs

F 26

9.7 ms

Ne 26

197 ms

F 27

4.9 ms

Ne 27

31.5 ms

Ne 28

18.9 ms
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Limit of existence?

N
Z

Nuclear existence vs. stability
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Largest isotope ever made: 294
118Og

State of our knowledge

Established neutron drip line

Established proton drip line

Z ~ 13

N ~ 9

Proton drip line crossed

Z ~ 83

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

approaches are beginning to be exploited. These include the detection of neutrinos from
supernova 1987A and any future Galactic supernova [30], the advent of asteroseismology
[31], for example with the KEPLER mission, that enables to probe the structure of stellar
interiors, and most recently the first direct detection of gravitational waves with LIGO [32].
(2) Multi-facility nuclear experiments and advanced nuclear theory efforts are providing
critical nuclear physics data for stellar processes. However, despite decade long progress the
vast majority of nuclear reaction rates in stars and in stellar explosions remain undetermined
experimentally. A new generation of accelerator facilities and techniques is poised to change
this [33]. (3) Many of the processes in stellar interiors and in astrophysical explosions can
only be understood through advanced computer models that follow fluid motions in all three
spatial dimensions. As computational capabilities expand, more physically meaningful 3D
simulations are now becoming possible for a wide range of astrophysical scenarios such as
stellar surfaces including the Sun [10, 34], advanced stellar burning stages such as oxygen
burning zones [35], hydrogen ingestion into stellar helium burning regions triggering neutron
capture processes [36], core collapse supernovae [25], and thermonuclear supernovae [37].

Taken together these technical developments create opportunities to address some of the
long-standing questions in nuclear astrophysics in the coming years. These questions, and the
strategies to address them have been outlined recently in much more detail in a white paper
developed by the US nuclear astrophysics community in collaboration with their international
colleagues [33]. In the following I briefly summarize some of the important trends in the field,
with an emphasis on the importance of progress in nuclear physics. Accurate nuclear physics
enables progress in nuclear astrophysics along three broad themes: it enables the validation of
stellar models through comparison with observables, it enables to constrain stellar properties
and system parameters, and it enables the prediction of nucleosynthesis contributions from

Figure 1. Schematic overview of the nuclear processes in the Universe on the chart of
nuclides (adapted from figure by Timmes).

J. Phys. G: Nucl. Part. Phys. 43 (2016) 064001 H Schatz

3

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

The abundances along an isotopic 
chain in equilibrium are 
set by the temperature, neutron 
abundance, and the neutron 
separation energies […].

(n, γ) ⇄ (γ, n)

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

And much more…

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

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

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

And neutron stars…
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Exploration of the drip lines
Limits of nuclear stability: Which  combinations are stable?(N, Z)

J. Erler et al., Nature 486, 509 (2012) 

~3000 known isotopes (288 stable)

~7000 total?

particle bound

unbound

Considerable potential for 
discovery:

1. Nuclear structure in extreme 
 conditions. 

2. Possible new emergent 
phenomena.

N/Z
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Facility for Rare Isotope Beams (FRIB)
• Nuclear structure 

• Nuclear astrophysics 

• Test of fundamental 
symmetries 

• Applications

Theory community: 
FRIB Theory Alliance.
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Facility for Rare Isotope Beams (FRIB)
• Nuclear structure 

• Nuclear astrophysics 

• Test of fundamental 
symmetries 

• Applications

Theory community: 
FRIB Theory Alliance.Credit: A. Gade, MSU

-Exotic nuclei-
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Bound states

Weakly bound 
& halo states

Narrow resonances

Broad resonances

Threshold
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N
uclear astrophysics

Interplay

Closed quantum 
system

Open 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	
	

H. L. Crawford et al., Annu. Rev. Nucl. Part. Sci. 74, 141 (2024)

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

See also D. Bazin et al., Few-Body Syst. 64, 25 (2023)

Physics of exotic nuclei
Nuclei as open quantum 
systems.

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

Structure and reactions 
must be described 
simultaneously.



K. Fossez, FSU - FRIB Bridge 15

Nuclei as open quantum systems (OQSs)
Quantum systems coupled to an environment. 

Quantum/quantum coupling:

Non-Hermitian description of the system, but unitary 
evolution of system+environment.

Narrow resonances: weak couplings 
 Possibly Markovian, but usually not.→

Broad resonances: strong couplings 
 Highly non-Markovian→

Fermionic, many-body, strongly correlated…
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Theoretical approaches for nuclear OQSs
Historically: Feshbach projection formalism.

``Structure into the continuum”

H. Feshbach
̂P + Q̂ = 1̂

discrete 
states

Continuum 
states

Derive an energy-dependent Hamiltonian:

Ĥ = ̂PĤ ̂P + ̂PĤQ̂ + Q̂Ĥ ̂P + Q̂ĤQ̂

Ĥ(E) = ĤQP(ĤPP − E)−1ĤPQ → ĤQQ + Δ̂(E) −
i
2

Ŵ(E)

energy shift decay

Problem: cumbersome 
beyond two-particle decay.

Continuum Shell Model (CSM)

Shell Model Embedded in the 
Continuum (SMEC)

N. Auerbach et al., Rep. Prog. Phys. 74, 106301 (2011)

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

Complex 
energies!
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Near-threshold clustering

J. Okołowicz et al., Prog. Theor. Phys. Supp.196, 230 (2012)

``Alignment” of the wave function with nearby decay channels.
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Superradiance
Collectivization of the width in overlapping resonances

As one state ``absorbs’’ all the -decay width, its wave 
function ``aligns’’ with the corresponding threshold.

α

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

18Ne ≈ 14O + α
H = (ϵ − i Γ

2 v

v 0)

E1,2 =
1
2

ϵ − i
Γ
2

± (ϵ − i
Γ
2 )

2

+ 4v2

d = ϵ2 + 4v2 Γ1,2 = − 2ℑ(E1,2)

Γ = 2d
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Theoretical approaches for nuclear OQSs
Quasi-stationary formalism.

Resonances as generalized eigenstates of non-Hermitian Hamiltonians 
associated with poles of the -matrix.S Gamow/Siegert states: 

stationary solutions with 
outgoing boundary condition.

G. Gamow

Ẽ = E − i
Γ
2

0 5 10 15 20 25 30
r (fm)

0.0

0.1

0.2

0.3

0.4

0.5

u
2 (

r)
(f

m
°

2 )

Bound state
Decaying resonance
Scattering state

Rigorous formulation in the 
rigged Hilbert space (RHS).

G. Gamow, Z. Physik 51, 204 (1928), A. F. J. Siegert, Phys. Rev. 56, 750 (1939)

Gel’fand, Vilenkin, Maurin, Böhm, 
etc.

J.J. Thomson, Proc. London Math. Society, 197 (1884)
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Theoretical approaches for nuclear OQSs
Uniform complex scaling.

Rotate  in -space to ``reveal’’ poles in the 4th quadrant.Ĥ k

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

U(θ) : k → ke−iθ

N. Yapa et al., Phys. Rev. C 107, 064316 (2023)

H(θ) = U(θ)HU−1(θ)
U(θ) : r → re+iθ

Square-integrable wave functions 
with complex energies.

Limited to small , entire  is rotated, repeated diagonalizations, 
but all decay channels automatically included.

θ Ĥ

 Non-Hermitian  matrix. Bound spectrum unchanged.→ H(θ)
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Theoretical approaches for nuclear OQSs
Berggren basis: Completeness relation over bound, resonant (Gamow), and 
scattering states.

∑
i=(b,r)

|ki⟩⟨k̃i | + ∫L+

dk |k⟩⟨k̃ | = 1̂

T. Berggren, Nucl. Phys. A 109 265 (1968)

T. Berggren

Cauchy’s integral theorem:

Flexible basis that can be 
optimized to capture 
relevant physics.

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

red = excluded

equivalent basis
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Theoretical approaches for nuclear OQSs
Gamow shell model (GSM): complex-energy configuration-interaction.

∫L+

dkf(k) ≈ ∑
i

wi f(ki)

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

Discretize the continuum in -space for 
each partial-wave  considered:

k
(l, j)

Build Slater determinant (SD) basis, 
complex-symmetric  matrix, diagonalize:H

Ĥ |Ψ⟩ = Ẽ |Ψ⟩
|Ψ⟩ = ∑

i

ci |SDi⟩

Ẽ = E − i
Γ
2

Only one diagonalization 
needed, but high 
computational cost due to 
discretization.
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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).

The  wave function aligns with the 13N+2p threshold, reducing dramatically  and  decays.1/2− γ 1p

Jπ = 1/2−
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Theoretical approaches for nuclear OQSs
Resonating group method. J. A. Wheeler, Phys. Rev. 52, 1107 (1937)

P. Navràtil et al, Phys. Scr. 91, 053002 (2016)

S. Baroni et al., Phys. Rev. Lett. 110, 022505 (2013)

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

Y. Jaganathen et al., Phys. Rev. C 89, 034624 (2014)

K. Fossez et al., Phys. Rev. C 91, 034609 (2015)

A. Mercenne et al., Phys. Rev. C 99, 044606 (2019)

Microscopic reaction theory:

1. Many-body target and 
projectile wave functions. 

2. For each reaction channel 
considered, exact continuum 
(relative motion in -space).r

Precise, but all reaction/decay 
channels must be included 
explicitly with their asymptotic.
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In its original formulation, DMRG finds a compact representation of the Hamiltonian that approximates the 
ground state (Wilsonian renormalization).

S. R. White, Phys. Rev. Lett. 69, 2863 (1992)

Density matrix renormalization group (DMRG) 
The DMRG method was introduced in condensed matter to approximate the ground state of infinite 1D lattices.

Hfull HDMRG

HDMRG |Ψ′￼⟩ = EDMRG |Ψ′￼⟩

EDMRG ≈ Eexact

In its (equivalent) modern formulation, the ansatz wave 
function is a matrix product state (MPS) optimized to 
minimize the energy. 

  

with  and  is the number of orbitals.

|Ψ⟩ = ∑
σ1,σ2,…,σN

A(1)
σ1

A(2)
σ2

…A(N)
σN

|σ1, σ2, …, σN⟩

σi = 0,1 N

Exploits low entanglement between system and environment.
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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)

Poles

|ΨA,Jπ⟩1 = ∑
a,b

Ca
b,i=1{ |SD f𝒜

a ⟩𝒜
0 ⊗ |SD fℬ

b ⟩ℬ
1 }A,Jπ

reference space medium

= poles

= scattering

``Data compression”
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Gamow-DMRG
The most important steps:

Build the density matrix reduced in the medium:

Diagonalize it to obtain occupations in the medium:

Select the most important configurations:

The truncation  controls the error. 
Exact result if .

ϵ
ϵ → 0

ρℬ
b,b′￼,i( jπB

B ) = ∑
a

Ci
a( jπA

A ),b( jπB
B )C

i
a( jπA

A ),b′￼( jπB
B )

̂ρℬ
i |ϕα⟩i = ωα,i |ϕα⟩i

1 − Re (
N

∑
α=1

ωα,i=1) < ϵ

= poles

= scattering
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Gamow-DMRG
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Example of convergence with DMRG truncation  in 
harmonic oscillator (HO) and different Berggren bases (BB).

ε

Bound  ground state of .Jπ = 1/2+ 3He

Within 1% of FCI (no-core GSM).



K. Fossez, FSU - FRIB Bridge 29

Bound states

Weakly bound 
& halo states

Narrow resonances

Broad resonances

Threshold
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N
uclear astrophysics

Interplay

Closed quantum 
system

Open 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	
	

H. L. Crawford et al., Annu. Rev. Nucl. Part. Sci. 74, 141 (2024)

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

See also D. Bazin et al., Few-Body Syst. 64, 25 (2023)

Physics of exotic nuclei: Challenges

Interplay between 
collective phenomena 
and continuum 
couplings.

Broad, many-body 
resonances.
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Ab initio description of  (work in progress)4−7H

30

Work lead by   
A. Sehovic (FSU)

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

Challenge: Obtain the first ab initio description of the H chain and determine the nature of  g.s. (4  decay).7H n
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Discrepancies in 6,7H

Gamow shell model 
with model adjusted on 
He chain predicts a 
narrow  g.s.7H

Faddeev-Yakubowski + 
complex-scaling, -  
potential adjusted on 
phase shifts and -  
interaction adjusted on 

 ab initio results.

3H n

n n

5H

4H 5H 6H 7H
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Experiment

Shul’gina et al. (2000)

Descouvemont et al. (2001)

Arai et al. (2003)

de Diego et al. (2007)

Adahcour et al. (2008)

Lazauskas et al. (2019) [ab initio]

Li et al. (2021)

Li et al. (2021) [ab initio]

Hiyama et al. (2022)

??



K. Fossez, FSU - FRIB Bridge 32

Ideal case:   g.s.Jπ = 0+ 4He
Well-bound state ( ), harmonic oscillator basis, variational principle.E = − 28.30 MeV

Smooth, near-exponential convergence of the energy 
with the number of shells included:

Eigenvalues  of the reduced density matrix 
(occupations) show excellent factorization:

ωα
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|ΨA,Jπ⟩ ≈ Ca
0,i{ |SD f𝒜

a ⟩𝒜
0 ⊗ |SD fℬ

0 ⟩ℬ
1 }A,Jπ

ωα = |ωα |eiθ
renormalization

(Not a convergence plot)
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 g.s. resonance in Jπ = 3/2− 5He

Single-particle resonance, neither narrow nor broad ( , ). Berggren basis.Sn = − 0.735 MeV Γ = 0.648 MeV

Similar to  at first, but then drop in energy when the width increases.4He

The wave function 
reorganizes due 
to continuum 
couplings!
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 g.s. resonance in Jπ = 3/2− 5He

Single-particle resonance, neither narrow nor broad ( , ). Berggren basis.Sn = − 0.735 MeV Γ = 0.648 MeV

Similar to  at first, but then drop in energy when the width increases.4He

The wave function 
reorganizes due 
to continuum 
couplings!
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Before important 
continuum couplings 
are added.

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

We still have a good factorization, but the wave function becomes fragmented.

The absolute value 
of the imaginary 
part of the 
eigenvalues of the 
reduced density 
matrix represent 
uncertainties on the 
occupations due to 
continuum 
couplings.

 g.s. resonance in Jπ = 3/2− 5He
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Continuum couplings and entanglement
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Continuum couplings increase entanglement.

ρ = (
ρ1,1 ρ1,2

ρ1,2 1 − ρ1,1) λ1,2 =
1
2

± 1
2

(2ρ1,1 − 1)2 + 4ρ2
1,2
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λcrit
1,2 =

1
2

± ρ1,2

Fix , vary .ρ1,1 = 1 ρ1,2 = |ρ1,2 |eiθ

Making  imaginary is akin to 
increasing continuum couplings.

ρ1,2

Entanglement saturates at the 
critical point ( ), then 
occupations acquire an 
imaginary part, i.e. an 
uncertainty due to the time-
dependent nature of the state.

λ1,2 = 0.5

Tr(ρ) = 1
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 neutron resonance in Jπ = 2− 4H

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

Two equiprobable states translates into nearly degenerate Hamiltonian eigenstates. |ψ⟩ =
1

2
( | + ⟩ ± | − ⟩)

Large entanglement
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Broad single-particle resonance. Berggren basis with contour descending rapidly into 4th quadrant (to illustrate).
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Removing all eigenvalues , with , 
stabilizes calculations.

|ωα | < κ κmax = ε/10

Reductionof entanglement between the system and 
the environment of scattering states.
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Continuum couplings and entanglement

The magnitude of occupations reveals three groups:

1. Large , near-exponential decrease, 
configurations dominated by discrete orbitals. 

2. Small , plateau, configurations dominated by 
scattering orbitals. 

3. Below numerical accuracy.

|ωα |

|ωα |
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Effect of orbital ordering

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

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

We found that -ordering is more forgiving and stable (builds shell model shells), but -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.

At the orbital level, the NAT basis provides a near-optimal 
representation for the state of interest. However, the NAT basis 
mostly help converge the inner part of the wave function 
(energy).

̂ρ(1) = ∑
α,β

|α⟩⟨ψ |aαa†
β |ψ⟩⟨β |

For the g.s. of  in the HO basis, the NAT representation 
provides almost no benefit.

4He

Generating new NAT (NAT ) from a calculation in the NAT 
basis has again no effect.

2
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Natural orbitals (NAT) — broad resonance
Generating NAT for the  state of  greatly improves convergence, but requires full occupation-ordering 
( -ordering) for optimal result.

Jπ = 2− 4H
ω
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Preliminary results:  state in Jπ = 2− 4H
Renormalized ,  with ,  waves in Berggren basis and  otherwise.N2LOopt lmax = 5 s p Nmax = 12

Calculations on only ~130 cores…
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This work [ab initio]
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Summary (preliminary)
More work is needed to improve convergence but, using ab initio theory, we can already rule out narrow  
g.s.

6,7H

We hypothesize 
that all  
experiments, 
based on  
proton 
knockout, saw 
four correlated 
neutrons.

7H

8He
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Thank you for your attention!
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