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Ab initio nuclear structure
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H|�ni = En|�ni
Sources of uncertainty

controlled expansion

(chiral effective field theory)

controlled expansion

(many-body solution)

Ab initio promise:

Systematic control over solution with 

predictive power and uncertainty 
quantification!
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Ab initio in the early 2000’s
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~50 nuclei within reach (A<12)

Large-scale diagonalization or 


few-body frameworks

<latexit sha1_base64="icw5GdGWJfpSbtFnaVZVh6RwoWg="></latexit>
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Recent highlights: heavier and deformed!
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detailed structure of 100Sn

Morris et al., PRL (2018)

charge radii in 138Xe

Arthuis et al., PRL (2020)

global mass predictions of ~700 nuclei

Stroberg et al., PRL (2021)

extension to heavy systems

Miyagi et al., PRC (2022)

uncertainty quantification in 208Pb

Hu et al., Nature Physics (2022) 

deformation physics

Novario et al., PRC (2021)

Hagen et al., PRC (2022)

Frosini et al., EPJA (2022)

Open-shell frontier:

Scalable and controlled ab initio description 


of arbitrary atomic nuclei!
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Nuclear many-body approaches
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dynamic

(ph-expansion on top of single dominant configuration)

static

(collectivity through configuration mixing)

Hartree-Fock

Full CI

(exact solution)

Hybrid schemes
‘Best of both worlds’

sym.-broken

mean field

configuration 

mixing

sym.-restored

mean field

MBPT2

MBPT3cheap

estimates

CCSD
IMSRG(2)

ADC(2,3)
work-horse

CCSD+xT
IMSRG(3)

Top-tier 
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Hybrid many-body schemes

• Atomic nuclei are driven by static and dynamic correlation effects

￼6

• Idea: definition of hybrid schemes that combine several approaches

• Challenge: static correlations require high truncation order in vertical expansion

• Typically hybrids schemes involve multiple truncations for each component

‘Collectivity involves excitation of many 

nucleons at the same time’

particle-hole

expansion

configuration 

mixing

hybrid scheme
IMSRG


in-medium similarity 

renormalization group

DMRG

density matrix


renormalization group
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Fundamentals of IMSRGRepresenting the Hamiltonian

• reference state: single Slater 
determinant

H. Hergert - “Progress in Ab Initio Techniques in Nuclear Physics”, TRIUMF, Vancouver, March 1, 2018
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Decoupling in A-Body Space

H. Hergert - “Progress in Ab Initio Techniques in Nuclear Physics”, TRIUMF, Vancouver, March 1, 2018

aim: decouple reference state  
from excitations
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In-medium 

decoupling

• Versatility: generate input for other approaches
Hergert et al., Phys. Rep. (2016)

• Goal: decoupling of elementary ph-excitations

• Ground-state energy from flowing Hamiltonian
<latexit sha1_base64="xLcX6r5jdDh8yW7A8TnL9gl7joM="></latexit>

lim
s!�h�|H(s)|�i = E0

H(s) = U†(s)HU(s)
<latexit sha1_base64="6hjjLySVM5SBZHEf8gmNccBQ9eI="></latexit>

• Approximation: discard induced operators

Keep operators to k-body level: 

IMSRG(k)

• Reformulation as ordinary differential equation

d

ds
H(s) = [�(s), H(s)]

<latexit sha1_base64="g8YNmDIVoXFyA391r+qr/zvQF/U="></latexit>
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Valence-space formulation

• Construction of ab-initio inspired valence-
space interactions rooted in QCD

￼8

• Final computational step requires large-
space shell-model diagonalization

Stroberg et al.,  Ann. Rev. Nucl. Part. Sci (2019)

In the language of the renormalization group, He↵ is a fixed point of the RG flow.

One choice for ⌘(s), which is used in the calculations we will describe here is the White

generator (145, 169)

⌘Wh(s) ⌘ Hod(s)
�(s)

. (17)

For present and future use, we have introduced a convenient superoperator notation

(cf. (170)), in which we indicate division of the operator O by a suitably defined energy

denominator � is defined as

h�i|
O
�
|�ji ⌘

h�i|O|�ji
✏i � ✏j

(18)

which can be thought of as element-wise division. Here ✏i, ✏j are energies associated with

the basis states �i, �j . The quantity O
�

itself is an operator whose Fock-space expression is

O
�

=
X

ij

Oij

✏i � ✏j
a†
iaj +

1
4

X

ijkl

Oijkl

✏i + ✏j � ✏k � ✏l
a†
ia

†
jalak + . . . (19)

Returning to the flow equation, it is clear that if Hod ! 0, then ⌘ ! 0 and by Eq. (11)

we see that dH(s)
ds ! 0, so He↵ is indeed a fixed point of the flow. One potential issue

with the generator (17) is that a vanishing energy denominator will cause ⌘ to diverge. An

alternative, also suggested by White (169) (see also (171)), is

⌘atan(s) ⌘ 1
2
atan

✓
2Hod(s)

�(s)

◆
. (20)

The arctangent—motivated by the solution of a 2⇥2 system via Jacobi rotations—regulates

the divergent behavior of Eq. (17) in the presence of small denominators. The arctangent

and division by the energy denominator in Eq. (20) should be interpreted as operating

element-wise, as described above.
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Figure 2: A schematic representing of how the IMSRG approach obtains the e↵ective in-

teraction He↵ by progressively suppressing the o↵-diagonal terms of H. (a)s = 0, (b)s = 5,

(c)s = 30

The IMSRG is formulated in terms of Fock-space operators, and so its computational

cost scales polynomially with the basis size N , but not explicitly with the number of particles

being treated. In practical applications, we truncate all operators at a consistent particle

rank to close the system of flow equations arising from Eq. (11) (see Appendix A). We

also set up the decoupling conditions to be minimally invasive to avoid an uncontrolled

12 Stroberg, Hergert, Bogner, and Holt
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Valence-space 

decoupling

• Versatility: access to diverse set of 
observables from shell-model codes

• Modify decoupling to target valence space

• Non-perturbative resummation of ph-
correlations into active-space Hamiltonian

Challenge:

Computational cost of 

diagonalization
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Wave-function representations

￼9

• Many-body state is inefficiently represented in configuration interaction

<latexit sha1_base64="bAXw7AhO2zaoFdbqh9QBcaFYFHw="></latexit>

|�i =
X

p1...pN
�p1...pN |p1 · · ·pNi

• Approximate MPS representation obtained by limiting intermediate summation

complexity dN


(d: local dimension, e.g. d=2 for s=1/2 spin chain)

• Exact rewriting of CI wave function using matrix product state (MPS) ansatz

<latexit sha1_base64="auWBOcFs/gi0sUF/maRh0CffC1I="></latexit>

|�i =
X

p1...pN

X

�1...�N
A�1p1A

�1�2
p2
· · ·A�N�1�NpN�1

A�NpN |p1 · · ·pNi

physical indices

bond indices

d dd2 d2d3

bond dimension M
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Density matrix renormalization group

￼10

• DMRG provides a variational procedure for the calculation of expectation values
<latexit sha1_base64="IDjI6JsjPtu8xn9Nk/wBA7BM8L8=">AAACRHicbVDLSsNAFJ3UV62vqEs3g0VwVRIp1Y1QEKG4qmAf0IQymU7aoZNJmJkUSsw/+RV+guBKwa07cStO2ixs64ELh3PuY+Z4EaNSWdarUVhb39jcKm6Xdnb39g/Mw6O2DGOBSQuHLBRdD0nCKCctRRUj3UgQFHiMdLzxTeZ3JkRIGvIHNY2IG6Ahpz7FSGmpb97dwmtYcnyBcOIwxIeMQKcpKXyEDV0z6oi5ni53/HXTUt8sWxVrBrhK7JyUQY5m3/xwBiGOA8IVZkjKnm1Fyk2QUBRnC51YkgjhMRqSnqYcBUS6yezPKTzTygD6odDFFZypfycSFEg5DTzdGSA1ksteJv7n9WLlX7kJ5VGsCMfzQ37MoAphFiAcUEGwYlNNEBZUvxXiEdL5KR3z4hVBJqlOxV7OYJW0Lyp2rVK9r5brtTyfIjgBp+Ac2OAS1EEDNEELYPAEXsAbeDeejU/jy/ietxaMfOYYLMD4+QXdNLBP</latexit>

E =
h�|H|�i
h�|�i

• Rewriting expectation value in terms of MPS factors yields tensor network:

= E
factorized 


Hamiltonian

(Matrix Product Operator)

• Stationarity condition yields variational update step for factor matrices 
<latexit sha1_base64="/mSz5Y6gPLiOcCje/4xBDggwVXg="></latexit>

�2

�A��p��1p� �A
��+1
p�p�+1

Ä
h�|H|�i � Eh�|�i

ä
= 0

• Computationally limited by the number of orbitals and required bond dimension

White, PRL (1991)

Schollwöck, Ann. Phys. (2011)Hybrid approach:

Map no-core problem to small active 

space (IMSRG) and find variational 
approximation from DMRG!



A. Tichai 16.09.2022Recent Progress in Many-Body Theory XXI

78Ni: DMRG versus traditional CI

￼11

DMRG vs. CI in valence-space calculation

• DMRG: economic representation 
of the many-body wave function

• Very slow convergence of the 2+ 
excited state in CI calculations

(particle-hole truncation)

• Robust convergence of DMRG 
energies at large bond dimension

DMRG does extend 

CI capacities!

• Rigorous DRMG extrapolation in 
regime of quadratic convergence

see also Legeza et al., PRC (2015)

Tichai et al., arXiv:2207.01438

2

body operators of higher particle rank are truncated at the
normal-ordered two-body level, defining the IMSRG(2) trun-
cation. The valence-space-decoupled Hamiltonian HVS used
as input for the DMRG calculation is represented in second-
quantized form as

HVS =
X

p

"p c†pcp +
1
4

X

pqrs

Vpqrs c†pc†qcscr , (1)

where "p are the single-particle energies and Vpqrs the (anti-
symmetrized) two-body matrix elements. The collective label
p = (np, lp, jp,mp, tp) gathers all quantum numbers of a single
nucleon: radial quantum number n, orbital angular momen-
tum l, total angular momentum j and its projection m, and
isospin projection t distinguishing protons and neutrons.

The initial VS-IMSRG decoupling is performed in a single-
particle space of 15 major harmonic-oscillator shells, i.e.,
emax ⌘ (2n + l)max = 14, and the 3N interaction matrix ele-
ments are restricted to e1 + e2 + e3 6 E3max = 16. For all
our calculations, we employ the 1.8/2.0 NN+3N Hamiltonian
from Ref. [50], which is based on chiral EFT interactions. The
three-nucleon interactions are taken into account by keeping
only two-body contributions after normal ordering [51–53].

In the DMRG calculation we use the occupation-number
representation of an orbital, yielding a local Hilbert space
Hloc. with dimension d = 2. The full Hilbert space of N or-
bitals is then built from a tensor product of the local spaces,
i.e., HN

⌘ ⌦
N
i=1Hi. The DMRG approach provides a varia-

tional procedure for the minimization of the ground-state en-
ergy (or the lowest energy for a given total angular momentum
and parity) using a matrix product state (MPS) parametriza-
tion of the many-body state (see, e.g., Ref. [41]), that eventu-
ally converges to the full configuration interaction (FCI) limit
for a given Hilbert space. To this end, the nuclear orbitals
are mapped onto a one-dimensional chain where their or-
der is determined by reducing long-range entanglement [54].
For the two-site DMRG variant we split the tensor space ac-
cording to HN = H (left)

⌦ Hp ⌦ Hp+1 ⌦ H
(right) where

H
(left) (H (right)) denote the left (right) blocks. For a given

site p the MPS factor is updated through a diagonalization
of the neighboring block Hamiltonian. The state’s compo-
nents are obtained through a series of unitary transformations
(“sweeps”) going through the orbital space forward from left
to right, and then backward, until convergence is reached. The
method’s intrinsic truncation error is set by the bond dimen-
sion M = dimH (left) = dimH (right) corresponding to the di-
mension of the left/right blocks. Eventually, the size of the
bond dimension to reach an acceptable convergence is in di-
rect correspondence with the amount of quantum entangle-
ment in the many-body state [42].

Entanglement and correlation measures.– For the study
of correlation e↵ects in nuclear many-body systems, we ex-
plore a set of entanglement measures [55, 56]. The total en-
tropy [57] Itot ⌘

P
p sp is obtained from the single-orbital en-

tropy sp ⌘ �Tr ⇢p ln ⇢p, where ⇢p is the one-orbital-reduced
density matrix of the orbital p obtained by tracing out all other

104
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1012
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m
H
A
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VS-DMRG

2 3 4 5 6 7
Tmax

�197
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78Ni

E�
2+=3.141± 0.205MeV

0 1 2 3 4
1/M �10�3
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2+

E�
2+=3.007± 0.017MeV

FIG. 1. Top panel: dimension of the many-body space in CI (left)
and VS-DMRG (right) calculations including up to Tmax particle-
hole excitations and as a function of the bond dimension M, respec-
tively. The full valence-space dimension is indicated by the dotted
line (FCI). Bottom panel: energies of the ground state and the first
2+ state in 78Ni obtained in CI (left) and VS-DMRG (right) calcu-
lations. The extrapolated results are given by the grey bands with
dot-dashed central values for the VS-DMRG (see text for details).

orbitals except for i [58]. The single-orbital entropy is directly
linked to the natural occupation numbers in the many-body
state [59]. Therefore, systems with strong static correlations
give rise to increased values for sp and, consequently, Itot. In
the case of weakly correlated systems, occupation numbers
are either np ⇡ 0 or 1, reflecting the existence of a dominant
reference determinant, as obtained in a mean-field calcula-
tion, for example. As a consequence, nuclei with shell clo-
sures will be accompanied by a local minimum in the total
entropy. To more cleanly disentangle correlations for pro-
tons and neutrons, we define the proton (neutron) total en-
tropy I(p)

tot (I(n)
tot ) where only single-orbital entropies of a given

particle species are summed over. Correlations among pairs
of orbitals can be further studied from the entanglement en-
tropy spq ⌘ �Tr ⇢pq ln ⇢pq using the two-orbital reduced den-
sity matrix ⇢pq. Combing single- and two-orbital entropies
leads to the mutual information, Ip,q ⌘ sp + sq � spq [60]. En-
tanglement studies in nuclear theory have been performed in
shell-model applications [47, 61] and in no-core calculations
of light systems [62]. We emphasize that the entanglement
measures are of non-observable character, as they depend on
the nuclear Hamiltonian and the many-body basis (see, e.g.,
Refs. [63, 64]). Thus, we focus on their qualitative behavior.
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Entanglement measures

￼12

• Entanglement measures offer better understanding of (nuclear) correlation effects

• Partition orbital space: reduced density matrices from partial trace operations

�A = TrB �AB
<latexit sha1_base64="Mly8Clh1PyVziVyTFeKw8OlB6m4=">AAACG3icbVA9SwNBEN2LX/E7ammzGgQLCXcqaiMksbGMkBghdxx7m0myZO+D3TkxHFf7K/wJtvoD7MTWwto/4iWmMIkPBh7vzTAzz4uk0GiaX0Zubn5hcSm/vLK6tr6xWdjavtVhrDg0eChDdecxDVIE0ECBEu4iBcz3JDS9/tXQb96D0iIM6jiIwPFZNxAdwRlmklvYs1UvdCv0ktoID5jUVepWqX1ER3pSqaZuoWiWzBHoLLHGpEjGqLmFb7sd8tiHALlkWrcsM0InYQoFl5Cu2LGGiPE+60IrowHzQTvJ6JWUHmRKm3ZClVWAdKT+nUiYr/XA97JOn2FPT3tD8T+vFWPnwklEEMUIAf9d1IklxZAOc6FtoYCjHGSEcSWyWynvMcU4ZulNblFwP0zFms5gltwel6yT0vHNabF8Ns4nT3bJPjkkFjknZXJNaqRBOHkkz+SFvBpPxpvxbnz8tuaM8cwOmYDx+QNaHqD3</latexit>

(A, B two subsystems)

• Total correlation obtained from sum of single-orbital entropies

Stotal =
X

�
s�

<latexit sha1_base64="NvT3DyVpNEfbOT1XS3GEa1tWzzs=">AAACF3icbVDJSgNBEO1xjeMW9ShCYxA8hZko6kUIePEY0SyQhKGnU0ma9Cx01wTDkJNf4Sd41Q/wJl49evZH7CwHk/ig4PFeFVX1/FgKjY7zbS0tr6yurWc27M2t7Z3d7N5+RUeJ4lDmkYxUzWcapAihjAIl1GIFLPAlVP3ezciv9kFpEYUPOIihGbBOKNqCMzSSlz269xoIj5hihEwOqX1tN3QSeIJqT9heNufknTHoInGnJEemKHnZn0Yr4kkAIXLJtK67TozNlCkUXMLQbiQaYsZ7rAN1Q0MWgG6m4zeG9MQoLdqOlKkQ6Vj9O5GyQOtB4JvOgGFXz3sj8T+vnmD7qpmKME4QQj5Z1E4kxYiOMqEtoYCjHBjCuBLmVsq7TDGOJrnZLQr6Q5OKO5/BIqkU8u5ZvnB3niteTPPJkENyTE6JSy5JkdySEikTTp7IC3klb9az9W59WJ+T1iVrOnNAZmB9/QKaX5+E</latexit>

• Single-orbital entropy encodes nuclear correlation effects in a simple way

<latexit sha1_base64="155dblSYwtiA6u8cLgF/fvyqaxs=">AAACJ3icbZDNSgMxFIUz/tb6N+rSTbAILmyZkVLdCIIblxWsFjqlZNLbNjQzGZI7Yhn6FD6Fj+BWH8Cd6FJ8EdM6C61eCHw5515ucsJECoOe9+7MzS8sLi0XVoqra+sbm+7W9rVRqebQ4Eoq3QyZASliaKBACc1EA4tCCTfh8Hzi39yCNkLFVzhKoB2xfix6gjO0Usctm46gp7RIyzRAuMPsSo9pcEgDPVDWmZBU/fxa7Lglr+JNi/4FP4cSyavecT+DruJpBDFyyYxp+V6C7YxpFFzCuBikBhLGh6wPLYsxi8C0s+m3xnTfKl3aU9qeGOlU/TmRsciYURTazojhwMx6E/E/r5Vi76SdiThJEWL+vaiXSoqKTjKiXaGBoxxZYFwL+1bKB0wzjjbJ31s03I5tKv5sBn/h+qji1yrVy2rprJbnUyC7ZI8cEJ8ckzNyQeqkQTi5J4/kiTw7D86L8+q8fbfOOfnMDvlVzscX39qkKw==</latexit>

s� = �Tr�� log��

• Orbital entanglement from orbital-reduced density matrix: A={i} and B={rest of basis}

�� =
Å
1 � ��� 0
0 ���

ã

<latexit sha1_base64="2YbHMSTlZUmOdkdJweQdZyXSvQ4="></latexit>

𝛾: reduced density matrix
(NOT orbital-reduced matrix!)

see also Robin et al., PRC (2021)
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Entropies and shell structure

￼13

• Agreement with conventional prediction 
based on 2+ excitation energies

• Pronounced kink at 78Ni hints at neutron 
shell closure (~ dominated by HF)

Total entropy in even-mass nickel isotopes

Total entropy is a good 

proxy for shell closures!

• Larger bond dimensions required to 
converge 78Ni excited state

• Deviation from experiment attributed 
to missing triples corrections: IMSRG(3)

(… but non-observable and basis dependent!)

see also Taniuchi et al., Nature (2019)

Tichai et al., arXiv:2207.01438
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FIG. 2. Neutron, proton, and total entropies (top) and 2+ excitation
energies (bottom) along even-mass nickel isotopes. Entropies are
calculated at bond dimension M = 10240 whereas for the excitation
energies the bond dimension was varied between M = 256 � 10240.
Experimental values are taken from Ref. [65].

Neutron-rich nickel isotopes from VS-DMRG.– To show
the power of the VS-DMRG, we apply this new approach
to the description of neutron-rich nickel isotopes that are at-
tracting significant experimental attention, e.g., with the re-
cent discovery of the doubly magic nature of 78Ni [66]. In
fact, ab initio calculations approaching 78Ni require addi-
tional truncations of the configuration interaction (CI) or shell
model space when exploring a 0~! valence space on top of
a 60Ca core [67]. In this work, the CI calculations haven
been performed using the KSHELL [68] and BIGSTICK [69]
codes, while the DMRG calculations together with quantum-
information-based analysis tools used the DMRG-Budapest
program package [70].

In Fig. 1 we compare large-scale CI and VS-DMRG calcu-
lations for 78Ni based on the same VS-IMSRG interaction as
in Ref. [66]. The top panel shows the dimension of the CI and
VS-DMRG spaces, respectively. For 78Ni, the FCI dimension
is 2.3 ·1011, while our largest CI calculations involved 1.9 ·109

configurations employing a truncation at Tmax = 7 particle-
hole (ph) excitations. In contrast, the dimension of the DMRG
space increases only gradually, and is well tractable even for
the largest considered bond dimension M = 10240, with cor-
responding configuration space of ⇡ 107, two orders of mag-
nitude below the largest accessible CI dimension. The DMRG
dimension is essentially the dimension of the space spanned

FIG. 3. Neutron and proton entropies from VS-DMRG calculations
for the oxygen chain (left) and for the evolution at N = 16 from the
closed proton shell to 26Ne and 28Mg (right). Vertical dashed lines
indicate neutron shell closures.

by the two block spaces and the two orbitals, ⇠ M2d2, further
constrained by selection rules for parity, isospin and angular-
momentum projection. Figure 1 clearly shows that the VS-
DMRG results for the ground and first 2+ excited states reveal
a more robust convergence pattern compared to the CI cal-
culation. While the ground-state energy converges system-
atically in the CI case, there is still a sizeable linear trend
present for the first excited 2+ state, making the extrapola-
tion of the excitation energy challenging. This may poten-
tially hint at relevant 8p8h excitations missing in the Tmax = 7
truncation. In contrast, the VS-DMRG results converge sys-
tematically beyond M = 1024. Fitting a quadratic polynomial
fextr.(1/M) = a/M2 + b/M + c enables a robust extrapolation
of the energies [42]. Extrapolation uncertainties are obtained
by taking into account only the 3, 4, 5 data points correspond-
ing to the largest bond dimensions, yielding a VS-DMRG es-
timate of E?2+ = 3.007 ± 0.017 MeV. At much lower space
dimensions, the VS-DMRG approach thus yields much lower
uncertainties compared to CI (E?2+ = 3.141 ± 0.205 MeV).

Next we study the emergence of shell structure from the
perspective of the information entropy from our VS-DMRG
calculations. Figure 2 displays neutron, proton and total en-
tropies and 2+ excitation energies for 70�80Ni. The total en-
tropy shows a pronounced kink for 78Ni consistent with its
doubly magic nature. The proton contribution to the total en-
tropy is small from 70Ni to 78Ni and then exhibits a strong
increase to 80Ni. We attribute this sudden increase of proton
correlations to the onset of nuclear deformation e↵ects. This
is also consistent with the rapid transition from spherical to
deformed ground states beyond 78Ni predicted in Ref. [66].
As expected from the VS-IMSRG results in Ref. [66], the
VS-DMRG reproduces nicely the high 2+ excitation energy
in 78Ni, with an improved result of E?2+ = 3.01 MeV com-
pared to the published VS-IMSRG excitation energy E?2+ .
3.34 MeV) [67]. The di↵erence to the experimental value of
E?2+ = 2.6 MeV is therefore significantly decreased for this

shell closure
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Orbital entanglement
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• Better understanding of orbital correlation effects between two states

�AB = TrC �ABC
<latexit sha1_base64="lFaIKYeOMlD5L+VYm7M9/zbNuio=">AAACH3icbVDLSgNBEJyN7/iKevQyGAIeJOxGUS+CmovHCOYB2bDMTjrJkNkHM73BsOwX+BV+glf9AG/iNWd/xE2MYBILGoqqbrq73FAKjaY5MjJLyyura+sb2c2t7Z3d3N5+TQeR4lDlgQxUw2UapPChigIlNEIFzHMl1N1+eezXB6C0CPwHHIbQ8ljXFx3BGaaSkyvYqhc48c1tQq+ojfCI8YNKnDK1T+ivVU6cXN4smhPQRWJNSZ5MUXFyX3Y74JEHPnLJtG5aZoitmCkUXEKStSMNIeN91oVmSn3mgW7Fk3cSWkiVNu0EKi0f6UT9OxEzT+uh56adHsOenvfG4n9eM8LOZSsWfhgh+PxnUSeSFAM6zoa2hQKOcpgSxpVIb6W8xxTjmCY4u0XBYJyKNZ/BIqmVitZpsXR/lr8+n+azTg7JETkmFrkg1+SOVEiVcPJEXsgreTOejXfjw/j8ac0Y05kDMgNj9A2B86Kd</latexit>

A = {orbit i}

B = {orbit j}

C = {rest of basis}

• Mutual information combines one- and two-particle entanglement

��j = s� + sj � s�j
<latexit sha1_base64="S0lNhjy2N64GUNo3q6JkEhvzVMQ=">AAACFXicbVDLSsNAFJ3UV42vqMtuBosgiCWpom6EghvdVbAPaEOYTKfttJNJmJkUSujCr/AT3OoHuBO3rl37I07aLGzrgXs5nHMvd+b4EaNS2fa3kVtZXVvfyG+aW9s7u3vW/kFdhrHApIZDFoqmjyRhlJOaooqRZiQICnxGGv7wNvUbIyIkDfmjGkfEDVCP0y7FSGnJswr3XkIHE/PGlB6Fp1B6A3imeyp6VtEu2VPAZeJkpAgyVD3rp90JcRwQrjBDUrYcO1JugoSimJGJ2Y4liRAeoh5pacpRQKSbTD8xgcda6cBuKHRxBafq340EBVKOA19PBkj15aKXiv95rVh1r92E8ihWhOPZoW7MoAphmgjsUEGwYmNNEBZUvxXiPhIIK53b/BVBRmkqzmIGy6ReLjnnpfLDRbFymeWTBwVwBE6AA65ABdyBKqgBDJ7AC3gFb8az8W58GJ+z0ZyR7RyCORhfv67JneI=</latexit>

• Two-orbital entropy again obtained from two-orbital-reduced density matrix
<latexit sha1_base64="KM+3p2m41yWOI655Aufk6n42aWE=">AAACL3icbVDLSgNBEJz1bXxFPXoZDIIHDbvi6yIEvHiMYIyQDWF20knGzO4sM71iWPZL/Ao/wat+gHgRwZN/4eQBmmhBQ01VNz1dQSyFQdd9c6amZ2bn5hcWc0vLK6tr+fWNa6MSzaHClVT6JmAGpIigggIl3MQaWBhIqAbd875fvQNthIqusBdDPWTtSLQEZ2ilRv7INFJxm9EzmtunPsI9plc6o/4e9XVHDb3+Q6r2j5Jr5Atu0R2A/iXeiBTICOVG/tNvKp6EECGXzJia58ZYT5lGwSVkOT8xEDPeZW2oWRqxEEw9HZyX0R2rNGlLaVsR0oH6eyJloTG9MLCdIcOOmfT64n9eLcHWaT0VUZwgRHy4qJVIior2s6JNoYGj7FnCuBb2r5R3mGYcbaLjWzTcZTYVbzKDv+T6oOgdFw8vDwul41E+C2SLbJNd4pETUiIXpEwqhJMH8kSeyYvz6Lw6787HsHXKGc1skjE4X98NbaiB</latexit>

s�j = �Tr��j log��j

• Two-orbital-reduced density matrix encodes pairwise entanglement

<latexit sha1_base64="kyXuunfTVNRgd/7nWTnAyyVaWhA="></latexit>

��j =

0
B@
1 � ��� � �jj + ��j�j 0 0 0

0 �jj � ��j�j ��j 0
0 ��j ��� � ��j�j 0
0 0 0 ��j�j

1
CA

two-body density required!
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Entanglement in the sd-shell
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MI for N=16 isotones using 16O core

• Vanishing MI from proton contributions in oxygen isotopes due to sd-shell

• Indications of BCS-type nn- and pp-pairing within the same shell (J=0, M=0, T=1)

• Proton-neutron correlations suppressed but off-diagonal coupling present
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Tichai et al., arXiv:2207.01438
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• Successful merging of DMRG approach with the valence-space IMSRG

More efficient wave-function parametrization

• Significantly lower uncertainties on many-body observables in DMRG

Next steps: study of deformed systems with nuclear DMRG approach

Ab initio perspective on nuclear correlation

• Emergence of shell structure from single-orbital entropies

Next steps: better understanding of higher-body nuclear correlations 

• Entropy-based correlation analysis in mid-mass ab initio calculations

Conclusion and outlook

Thank you for your attention!
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Example of an update step
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Removal of two neighbouring sites

Reshaping + matrix eigenvalue problem

(lowest eigenvector from Lanczos)

=

Formation of density + truncated SVD

(number of singular values = bond dimension)

<latexit sha1_base64="s/EVO95r9zMPniKpGykzXv6Sjhs=">AAACC3icbVDLSsNAFJ3UV62vVJduBovgqiQi1WXBjcsK9gFNLJPJTTp08mBmUimhn+AnuNUPcCdu/QjX/ojTNgvbeuBeDufcy70cL+VMKsv6Nkobm1vbO+Xdyt7+weGRWT3uyCQTFNo04YnoeUQCZzG0FVMceqkAEnkcut7oduZ3xyAkS+IHNUnBjUgYs4BRorQ0MKtOKhmetUfHJ2EIYmDWrLo1B14ndkFqqEBrYP44fkKzCGJFOZGyb1upcnMiFKMcphUnk5ASOiIh9DWNSQTSzeevT/G5VnwcJEJXrPBc/buRk0jKSeTpyYiooVz1ZuJ/Xj9TwY2bszjNFMR0cSjIOFYJnuWAfSaAKj7RhFDB9K+YDokgVOm0lq8IGE91KvZqBuukc1m3G/Wr+6tas1HkU0an6AxdIBtdoya6Qy3URhQ9oRf0it6MZ+Pd+DA+F6Mlo9g5QUswvn4BqyubZw==</latexit>

��† =

Construction of two-site tensor

<latexit sha1_base64="g5y2YqbPsAPGlHa4178CWut/Wig="></latexit>

B���1��+1p�p�+1
=
X

��
A���1��p�

A����+1p�+1

site i site i+1

MPS update

=

site i

=
site i+1

Macro-iterations (or sweeps):
Repeat procedure by moving to the next pair of sites. 

Run through orbital space until convergence.


