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

~3000 known isotopes (288 stable)

~7000 total?

2.Exotic nuclei have 
extreme N/Z ratios.

Limits of nuclear stability: How many isotopes can exist?

Physics of exotic nuclei.
C. Johnson and K. Launey (eds.), J. Phys. G 47 123001 (2020)

particle bound

unbound

Motivation: test models & guide exp.

1.Strong test for 
models: either a nucleus 
exists, or it does not.

3.Models can be tested 
using the sensitivity of 
emergent properties.

2

Theory is currently behind exp.
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The FRIB era
• Nuclear structure, astrophysics, fundamental 

interactions, applications.

Credit: A. Gade, MSU

FRIB - Long Range Plan

Plenty of opportunities for the next +15 years!

-Exotic nuclei- • Theory needs to 
catch up!
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Gamow density matrix renormalization group 
Configuration interaction + renormalization group.

“Data compression”

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

Scattering states 
(medium)

Poles

|ΨA,Jπ⟩1 = ∑
a,b

Ca
b,i=1{ |SD f𝒜

a ⟩𝒜
0 ⊗ |SD fℬ

b ⟩ℬ
1 }A,Jπ

Reference space 
= good approx.

Medium
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∑
i=(b,r)

|ki⟩⟨k̃i | + ∫L+

dk |k⟩⟨k̃ | = 1̂

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

s.p. poles

build A: �SDfA
a �Ai=0 Ô0 → Ĥ0

��A,Jfi �0
(pivot)

s.p. scatt.

build B: �SDfB
b �Bi=1

build A⊗B:{�SDfA
a �A0 ⊗ �SDfB

b �B1 }A,Jfi Ô1 → Ĥ1 Diagonalize
��A,Jfi �1=�

a,b
C a

b,i=1 �SDA,Jfi

a,b �A⊗B1

fl̂Bi=1(jfiBB )=�
a

Ca
b(jfiBB ),1Ca

b′(jfiBB ),1

get eigenvectors
fl̂B1 �„–�1 = Ê–,1 �„–�1

truncate�����������1 −R
�
�i

Nfl�
–=1

Ê–,1
�
�
����������� < Á

�„–�1 =�
b

d–
b �SDfB

b �B1build: �SDfB
b �Bi=2

build B:��b′�Bi=2 = �SDfB
b �B2 ⊗ �„–�1

build A⊗B:{�SDfA
a �Ai=0 ⊗ ��b′�B2 }A,Jfi Ô2 → Ĥ2 Diagonalize

��A,Jfi �2=�
a,b

Ca
b,i=2 ��A,Jfi

a,b �A⊗B2

fl̂Bi=2(jfiBB )=�
a

Ca
b(jfiBB ),2Ca

b′(jfiBB ),2

get eigenvectors
fl̂B2 �„–�2 = Ê–,2 �„–�2

truncate�����������1 −R
�
�i

Nfl�
–=2

Ê–,2
�
�
����������� < Á

�„–�2 =�
b′

d–
b′ ��b′�B2build: �SDfB

b �Bi=3
build B:��b′′�Bi=3 = ��b′�B3 ⊗ �„–�2

...

i = 0

i = 1

i = 2

i = 3

1/1

Gamow density matrix renormalization group 
Only one DMRG code in the Berggren basis. 
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At the end of the “warm-up” phase (shown 
here), we generate natural orbitals and 
converge further.

J. Rotureau et al., Phys. Rev. Lett. 97, 110603 (2006)
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Ab initio DMRG for light exotic nuclei
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Up to A=12, there are 24 bound nuclei 
(including 5 halos), and 21 (known) 
unbound nuclei.

Goal: Perform systematic calculations to 
test nuclear forces on light exotic nuclei.

Both theoretical and computational 
developments needed:

- Multi-step DMRG method using natural 
orbitals.

- Optimize I/O and matrix elements 
calculations.
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Ab initio IM-DMRG for medium-mass nuclei
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Combine the (multi-reference) in-medium 
similarity renormalization group (IMSRG) 
method with the DMRG.

Goal: Extend the reach of ab initio 
calculations, access excited states, and 
capture static and dynamic correlations.

Pre-diagonalize the Hamiltonian using 
IMSRG and a DMRG reference state, then 
finish the renormalization using DMRG.

H. Hergert, Front. Phys. 8, 379 (2020)
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Effective theory of the nuclear shell model

Effective separation of scales:
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Λlo
Λhi

=
Sa(A)

min[Ex(Ac), Sn,p(Ac)]
- Remove one core nucleon:             

 MeV (typical SM cores).Ec ≈ 12 − 20

- Remove one valence nucleon:                  
 MeV (  when  large).Ev ≈ 0.2 − 8.5 → E/A A

3-body halo-EFT is too restrictive to explain the SM:

         
(18O with 16O core)
Λlo/Λhi ≈ 2.0

In exotic nuclei .Ev/Ec ≪ 1

0

phi∼ 115 − 193 MeV�c
mfi∼ 135 MeV�c2

phalo∼ 13 − 50 MeV�c
pF∼ 250 MeV

halo
EFT

shell model ab initio
& DFT

Goal: Build an effective theory of the SM to 
connect with ab initio and guide experiment.

         (18O with 16O core)|Ev /Ec | ≈ 0.78

       (26O with 24O core)|Ev /Ec | ≈ 0.001

         (26O with 16O core)|Ev /Ec | ≈ 0.64

pionless-EFT, but… too 
complicated order-by-order*.
pc ≈ mπc →

 Re-expansion around a finite momentum.→
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Relevance for the FRIB-PAC1
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21055: 
intruder states, 

deformation

21016: decay 
spectrum

21004: shell 
evolution

21009: 
structure, 

shapes, weak 
binding

21001: 
deformation

21004: halo 
structure

21062: beta 
decay 

spectroscopy

(Contributed to 
the proposal)

X-Y. Luo, K. Fossez et al., 
PRC 104, 014307 (2021)

K. Fossez et al., 
Submitted to PRC (2022)

K. Fossez et al.,        
PRC 94, 054302 (2016)
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Summary

Coming experiments at FRIB need theoretical support and precise predictions at the drip 
lines  effective theory of the shell model.→
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In the FRIB era, the tension between experiment and theory at the drip lines needs to be 
addressed.

Nuclear forces need to be tested in light exotic nuclei to improve their reliability in the medium-
mass region  ab initio DMRG.→

Ab initio theory needs to be extended to larger nuclei, to give access to excited states, and to 
capture static and dynamic correlations  in-medium DMRG.→
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