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What is ab initio nuclear structure?
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What is ab initio nuclear structure?
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Ab initio in the early 2000’s ...
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few-body frameworks
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... and ab initio today!

decay modes

A B stable

B fission

extension to heavy systems
Miyagi et al., PRC (2022)
Hebeler et al., PRC (2023)

82 I- charge radii in !38Xe *

N Arthuis et al., PRL (2020)
¥ uncertainty quantification in 208pPb
.g global mass predictions Hu et al., Nature Physics (2022)
= Stroberg et al., PRL (2021)
c
c * towards Sn dripline
S 50} P Tichai et al., arXiv:2307.15619
-
Q
i.IJ rlli nuclear deformation
-8 - Hagen et al., PRC (2022)

dipole polarizability
Miorelli et al., PRC (2018)
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... and ab initio today!

decay modes

B stable

B+

Many ongoing developments: 2
heavier, deformed and exotic! B fission

extension to heavy systems
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Computational challenges ahead!

* This talk: basis-expansion approaches (alternative: lattice EFT calculation)

Haue. =T+ Von+ V3N + ...
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e Basis: harmonic oscillator (HO) eigenstates
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Computational challenges ahead!

* This talk: basis-expansion approaches (alternative: lattice EFT calculation)
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Computational challenges ahead!

* This talk: basis-expansion approaches (alternative: lattice EFT calculation)
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Normal-ordering

* Normal ordering: splitting of initial operator based on A-body reference state
(typically Hartree-Fock: |®))

0B 1B 2B 3B
Van = Vo) + Vay + Vg + Vg
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Normal-ordering

* Normal ordering: splitting of initial operator based on A-body reference state
(typically Hartree-Fock: |®))

Van = VD + Vi + v + v

* Normal-ordered two-body approximation: discard residual three-body part

Voars = 3w
pars = patrsu Ptu : N O MBPT(2), emax =14 |
~1060 | A O IMSRG, emax =14 -
Density-dependent two-body force | o \Oo -
oA \ n
i
- (@) \ previously prohibitive!
e Particle-rank reduction: three-body ~1080 (before 2029
physics with two-body operators B
1o
* Model-space convergence gauged from !
truncation of three-body configurations (@)
1120t v 1
e=2n+1 T2 16 20 24 28
E3max
€1+ €2 + €3 < E3max Miyagi et al., PRC (2022)
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Novel normal-ordering framework

Hebeler, Durant, Hoppe, Heinz, Schwenk, Simonis, Tichai, PRC (2023)
* Fully circumvents the storage of 3B matrix elements in bound-state basis

Hartree-Fock density

. . Lo LT L. W
(/<1/<2|V§?\|B)|/<3/<4) = J dksdke p(ks, ke){k1k2ks|V3n|k3skake)
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Hebeler, Durant, Hoppe, Heinz, Schwenk, Simonis, Tichai, PRC (2023)
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208Pb from first principles

—1640 |

Enusre (MeV)

~1720 |

Jacobi NO

~1660 |
~1680 |

—1700 |

1.8/2.0 EM
hw = 12 MeV

16 20 24 28 13 12 11 10 9 8
B&, Lo ) Jumax

Hebeler,...,Tichai et al., PRC (2023)

* Excellent agreement between
different normal-ordering frameworks

5-10 MeV difference on a
1680 MeV scale (~0.5%)!

* Monotonic convergence as function

truncation parameters Lcm and Jiot

* Novel Jacobi framework provides

alternative at low memory cost

Heavy-mass frontier

Ab initio theory can target
heavy nuclei in a controlled way!
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208Pb from first principles

s.p. NO Jacobi NO * Excellent agreement between
different normal-ordering frameworks
—1640 |
= _ 5-10 MeV difference on a
2 ~1660 | scale (~0.5%)!
2 1680 |
2 : Chiral EFT involves ~20 f .
5 - - s function
~1700 | arameters (LECs), but we store billions
P : M and Jeot
[ of matrix elements ...
~1720 |
b . em=|4 | * Noverl Jacobi framework provides
. ° emn=16 alternative at low memory cost
E 520 F
Q;s 5.15 o
5.10 F
5.0 | 18/20 EM Heavy-mass frontier
i hw =12 MeV .
5.00 bt Ab initio theory can target

16 20 24 28 13 12 11 10 9 8

B&, Lo ) Jumax

heavy nuclei in a controlled way!

Hebeler,...,Tichai et al., PRC (2023)

A. Tichai | EFB25 - European conference on few-body problems in physics Il



Concepts of data compression

Complex object

Loss of detailed ... but lower
information ... resources required

Simpler object
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Concepts of data compression

Original picture
Complex object
Example from

image processing

791 - 640 pixels

Loss of detailed ... but lower

. . : data compression
information ... resources required

(singular value decomposition)

i 1

30 %

Simpler object (of initial file size)
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Concepts of data compression

Original picture

Example from

image processing

One can still tell the size of the
Eiffel tower (observable) from a blurred
picture (input data)!

791 - 640 pixels

data compression
(singular value decomposition)

(of initial file size)
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Singular value decomposition

see also Tichai et al., PRC (2018), EPJA (2018), PLB (2021), PRC (2021); Zhu et al. PRC (2022)

* Decomposition of matrix using singular value decomposition (SVYD)

B . = . | Z
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e Validated in two-body sector: binding energies, NN phase shifts, nuclear matter, ...
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Singular value decomposition

How well does it work
see also Tichai et al., PRC (2018), EPJA for 3N forces? 2022)

* Decomposition of matrix using singular value decomposTtrs-

B . = . | Z

* |Important information from dominant singular values (in decreasing order)

2. = diag(s;) si=0

* Low-rank approximation from truncated singular value decomposition

2] | 2R
low-rank approximation = . .

* High-resolution details can be discarded while enabling data compression

e Validated in two-body sector: binding energies, NN phase shifts, nuclear matter, ...

A. Tichai | EFB25 - European conference on few-body problems in physics 14



Low-rank interactions from chiral EFT

e Strong suppression of singular values

Singular spectrum in different partial-wave channels across different partial-wave channels
§|||||||||||||||||||||?§|||||||||||||||||||||?
: x 1.8/2.0 1F EMN450 ] (pq, alVan|p’q’, a’)
o 1t1 JE o 171 3 . .
I i 2 2] * Higher partial waves suppressed
1 E el L FE o171 3 )
: 22— 22 compared to triton channel
B 371 1r 173 7
N L33 {F Y23 4
) E vits 3F A 3Tl 3 . . :
SO SREIE I A 32 ] e Similar spectrum for parity-partner
— _ - + 4 L + < . . .
LEfL, . ® 25 3 §‘v§m‘m‘ ® 25 3 channels/isospin triplet suppressed
[ v &%, A Adas,, 1F %“x,‘ Ahhai,, N -
2 Fy ‘& oy A““An‘“ LY ‘0‘ Suny Aday,
= Y ".\ - | N Sene * Has been validated for different
C Y, regl T %, . . .
3L T, L ™™ chiral three-body interactions
S Y, 9, S
n 'vvv oy, -
_4_||||||||| |||~M|| _||||||||||||||||||
0.0 0.25 0.5 0.75 1.00.0 0.25 0.5 0.75 1.0 Chiral EFT

rank percentage

Singular spectrum reveals
pronounced low-rank character!

Tichai et al., arXiv:2307.15572
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Few-body calculations

Ground-state observables for 3H
* Observables from momentum-space

0.010 | ~o- 18/20 1 Fadeev solver with full 3N force
- —O— EMN450
\
i Y 3 i
g 0.005 F \?/0\.\ H - * Very low error on ground-state
~~ - = o o o
S : Pl M : observables for different interactions
<1 0.000 T
[ : :
- ] * [% of singular values yield less than
S0005E ] keV errors on ground-state energy
/% 0‘2 E I I I‘\\l I I I 1 I I I 1 I I I 1 I I I E
= 01 oo 3 * Even better compression than in
= Ot P e 0. : : :
~ 00F e O previous low-rank NN studies
= E : Tichai et al., PLB (2021)
4 e L /| T B T B R T T B T
0.010 - I I I 1 I I I 1 I I I 1 I I I 1 I I I .
- = < :
= 0.005F A\ 3
= S ]
S 0000F BT S OO— O Few-body systems
o 5 .
—0.005F & ] 99% of singular values can be

0.0 0.2 0.4 0.6 0.8
rank percentage

=
o

discarded at zero loss in accuracy!

Tichai et al., arXiv:2307.15572
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Medium-mass nuclei

Ground-state observables for closed-shell nuclei
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_eg‘__gﬂg_ o8¢ gag o8¢ 08¢ 53§ 3af different many-body schemes
_ =t 4
B o|:|0
I d * Slight increase of decomposition
o error with mass number
i 0' SVD 1.0% S SVD 0.3% | | e . .
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& SvDO.4% ° o] keV errors on ground-state energy
| o RIF o ]
o mo o o °e ¢
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Pteectoe o Many-body systems
i o & ;
99% of singular values can be
discarded at zero loss in accuracy!

160 240 40cy  48Ca 52Cq 56 Nj 78Nj 132gp
Tichai et al., arXiv:2307.15572
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Medium-mass nuclei

Ground-state observables for closed-shell nuclei
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function? number
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In-medium similarity renormalization group

@) [en) |ofh) [o5RE

> * |nput: nuclear Hamiltonian in second quantization

@)

Hauc,. =T+ Vony + V3n + ...

* Goal: decoupling of elementary ph-excitations

[Shh ) 195 ) |9F)

H(s) = UT(s)HU(s)

In-medium
decoupling

@) [on) |9hn ) |9hnR )

L
y

)

O ) |95 ) 19F)

\/

Hergert et al., Phys. Rep. (2016)
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In-medium similarity renormalization group
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> * |nput: nuclear Hamiltonian in second quantization
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Hauc,. =T+ Vony + V3n + ...

* Goal: decoupling of elementary ph-excitations

[Shh ) 195 ) |9F)

H(s) = UT(s)HU(s)

In-medium . . . .
l decoupling * Approximation: discard induced operators

©) 1) 95 ) [9FRA ) Keep operators to k-body level:

IMSRG(K)

L
y

)
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Hergert et al., Phys. Rep. (2016)
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In-medium similarity renormalization group

@) [en) |ofh) [o5RE

> * |nput: nuclear Hamiltonian in second quantization
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In-medium similarity renormalization group
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> * |nput: nuclear Hamiltonian in second quantization

@)

Hauc,. =T+ Vony + V3n + ...

* Goal: decoupling of elementary ph-excitations

[Shh ) |95h ) [©F)

H(s) = UT(s)HU(s)

In-medium . . . .
l decoupling * Approximation: discard induced operators

©) 1) 95 ) [9FRA ) Keep operators to k-body level:

L
y

- IMSRG(k)

% * Ground-state energy from flowing Hamiltonian
¢ lim (#|H(s)|#) = Eo

& * Versatility: generate input for other approaches

Hergert et al., Phys. Rep. (2016)
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The valence-space IMSRG

* Modify decoupling to target valence space

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

Valence-space
decoupling

Stroberg et al., Ann. Rev. Nucl. Part. Sci (2019)
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The valence-space IMSRG

* Modify decoupling to target valence space

e Construction of ab-initio inspired valence-
space interactions rooted in

Challenge:
Computational cost of

* Non-perturbative resu diagonalization

correlations into active-sp

Valence-space
decoupling

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

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

Stroberg et al., Ann. Rev. Nucl. Part. Sci (2019)
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Wave-function representations

* Many-body state is inefficiently represented in configuration interaction

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

W) = Z Wo,..onlP1e - PN)
P1...PN
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Wave-function representations

* Many-body state is inefficiently represented in configuration interaction

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

Z LI"Pll onlP1pn)

P1..

* Exact rewriting of Cl wave function using matrix product state (MPS) ansatz

bond indices

d3 \dz

™~ physical indices

a a1a aN—-1O (0 {
Z Z ApiAp; P Ay ApylP1epw)
PN O1..

* Approximate MPS representation obtained by limiting intermediate summation

—» bond dimension M
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Density matrix renormalization group

e DMRG provides a variational procedure for the calculation of expectation values

White, PRL (1991)
(VIH|W)

(V|W)
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(VIH|W)

(V|W)

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

Schollwock, Ann. Phys. (201 1)
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factorized
Hamiltonian —» . . - — E
(Matrix Product Operator)

O—0—
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e Stationarity condition yields variational update step for factor matrices
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Density matrix renormalization group

e DMRG provides a variational procedure for the calculation of expectation values

White, PRL (1991)
(WIH|W)

(V|W)

ields tensor network:
Schollwock, Ann. Phys. (201 1)

* Rewriting expectation value i

Hybrid approach:
Map no-core problem to small active

space (IMSRG) and find variational
approximation (DMRG)!

factorized
Hamiltonian
(Matrix Product Operator)

e Stationarity condition yields variational update step for factor matrices
52

ai di+1
aApi—lpi aAPiPi+1

((WH|W) — E(w|w)) =0

e Computationally limited by the number of orbitals and required bond dimension
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From active spaces to ‘spin chains’

Neutron states in sd-shell valence space

virtual

valence

core

Note: optimization of orbital
ordering important!

O—"0O0O—"0OC——"0OCO——"0OCO—"0OCO——"0OC——"0O——~0OC—-~0OC—0C-O

ds; si1 dsn
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78Ni: Why DMRG?

DMRG/CI energies vs. effective dimension of Ha

T8N : :
109 Ni e DMRG: economic representation
Il NP S \I\q T T of the many-body wave function
N .. ~*-VS-DMRG!: ;
—193 \<>\ \\ —o-CI =
i %, Yoo F ] * Very slow convergence of the 2+
! ™ Soo_ F excited state in Cl calculations
194k % i
= [ o+ Fpr=—194.124 £ 0.008MeV ~ © |
= 10 I F ] * Robust convergence of DMRG
= - _ D energies at large bond dimension
S l N L
—196 \\ ?: = . .
-« N =T * DMRG does extend Cl capacities
i 'Y .-__ oHEN
- *\ l—‘: -
—197 ;._._.}:?;0=“._.;?;7 S S
- 0F Eor=—197.131 + 0.005 MeV !
—198 I | 1 | 1 | 1 | L C °
Experimental input for
10°* 109 10° 101 102 : .
dim neutron-rich nuclei needed!
A

Tichai, Knecht, Kruppa, Legeza, Moca, Schwenk, Werner, Zarand
arXiv:2207.01438
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Entanglement

see also Robin et al., PRC (2021)

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

see also Robin et al., PRC (2021)

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

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

(A, B two subsystems)
pa = TrepaB

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

1— Yii 0) V: reduced density matrix
L= 0 Yii (NOT orbital-reduced matrix!)

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

si=—Trp;logp;

* Total correlation obtained from sum of single-orbital entropies
Stotal = Zsi
i
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Naive expectations

Naive picture from Cl expansion

Cl weight

excitation rank

uncorrelated weakly correlated collective state
(mean-field state) (HF + single/double excitations) (complicated structure)
closed-shell nuclei open-shell nuclei
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Entropies and shell structure

. . ) see also Taniuchi et al., Nature (2019)
Total entropy in even-mass nickel isotopes

20 - 1 ! 1 ! 1 ! 1 ! 1 ! I 4 ° . .

SE e 1, o I® o @ E * Pronounced kink at 78Ni hints at neutron

16 E shell closure shell closure (~ dominated by HF)

14 ' o X ¢ l .'

12 F o ¢ . 3 : : :

Sife o : * Larger bond dimensions required to
Gk . o converge 78Ni excited state

ok

4E E : : _r

o E . o o ° : * Agreement with conventional prediction

JEe . v ] based on 2+ excitation energies

5 F 1 ! 1 ! 1 ! 1 ! 1 ! I _]

-V 256 @ 4096 -
[ A 512 % 8192 i o . .

AC <« 1024 e 10240 N . e Deviation from experiment attributed
— [ > 2048 — Exp. i ] to missing triples corrections: IMSRG(3)
=3[ ’

- 5
. - - S PY _' Total entropy is a good
[ ’: proxy for shell closures!

ol —u 0y )]

" " 74 AN 70 e 50 (... but non-observable and basis dependent!)

Tichai et al., arXiv:2207.01438
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Pairwise correlations

* Better understanding of orbital correlation effects between two states
A = {orbit i}

paB = Trc paBC B = {orbit j}
C = {rest of basis}
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* Better understanding of orbital correlation effects between two states
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paB = Irc paBc B = {orbit j}
C = {rest of basis}

* Two-orbital-reduced density matrix encodes pairwise entanglement

L—Yi—"vii+ Vi 0 0 0

i = 0 Yii — Vi Yij 0

’ 0 Yi  Yi—7Yig O
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two-body density required!
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Pairwise correlations

* Better understanding of orbital correlation effects between two states
A = {orbit i}

paB = Irc paBc B = {orbit j}
C = {rest of basis}

* Two-orbital-reduced density matrix encodes pairwise entanglement

L—Yi—"vii+ Vi 0 0 0

i = 0 Yi—Yig Yy 0

! 0 Yi  Yi—Yij O
0 0 0 Y ijij

two-body density required!

* Two-orbital entropy again obtained from two-orbital-reduced density matrix
sj =—Trpj logpj
e Mutual information combines one- and two-particle entanglement

lij=Si+5Sj—Sj
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Mutual information in sd-shell nuclei

Ml for N=16 isotones using 16O core

1 1
Sty [0 _i
[
g ds/2 I :
=R e J| I
(O] | |
S anf l l
5/2 ! ! .
- <
L - =
ICH T T Lo——1_] H =
| | | | |
c  dya [ : : l . |
g fe- e e ;
8 | | | | |
S - |
5/2 I I I I I
1 : 1 : 1 1 : 1 : 1 i
bfo\q/ 6{5\% %\/\% 650\% 65‘:,\% %\\% \
proton neutron Tichai et al., arXiv:2207.01438

* Vanishing Ml 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

A. Tichai | EFB25 - European conference on few-body problems in physics 28



Approximations for three-nucleon forces

* Normal-ordering: complicated 3N as density dependent NN
e Singular value decomposition: complicated 3N as sum of operators
* Converged ab initio calculations from 3H up to 208Pb

Next steps: normal ordering for open-shell nuclei/leverage factorization

Compression of wave function from DMRG

e Superior scaling properties of DMRG over diagonalization approaches

* Understanding entanglement using information-theory tools

NeXxt steps: electromagnetic observables/large-scale DMRG runs
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Approximations for three-nucleon forces

* Normal-ordering: complicated 3N as density dependent NN
e Singular value decomposition: complicated 3N as sum of operators

* Converged ab initio calculations from 3H up to 208Pb

Next steps: normal rage factorization

Thank you for your attention!

Compression of wave function from DMRG

e Superior scaling properties of DMRG over diagonalization approaches

* Understanding entanglement using information-theory tools

NeXxt steps: electromagnetic observables/large-scale DMRG runs
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