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The nuclear landscape

A Emergence of diverse phenomena

(Limits of stability, nuclear decay modes, collective motion, ...) s 1;- g

decay modes
B stable

Em [ | fission

proton nhumber Z

Atomic nucleus
(N neutrons: ’ Z protons: ’ )

Many-body system bound by strong interaction!

len) — Enlwn)

neutron number N
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What is ab initio nuclear structure?

Quantum chromodynamics

¢ |deal scenario: solve for nuclear
observables from QCD Lagrangian

* Practically requires (intractable)
solution using lattice QCD techniques
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o Effective field-theory description
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Chiral effective field theory
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Quantum chromodynamics

¢ |deal scenario: solve for nuclear
observables from QCD Lagrangian

* Practically requires (intractable)
solution using lattice QCD techniques

o Effective field-theory description
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Chiral effective field theory
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H|"un) — En|wn)

Nuclear many-body problem

A. Tichai | Heavy lon Coffee Seminar 3



What is ab initio nuclear structure?

Quantum chromodynamics

¢ |deal scenario: solve for nuclear
observables from QCD Lagrangian

* Practically requires (intractable)
solution using lattice QCD techniques

o Effective field-theory description

Lqoco —  HEerT '

Chiral effective field theory

* Solve many-body problem in a
systematically improvable way

* Ab initio promise: controlled

uncertainties with predictive power
H |"|"n) = En|wn)

Nuclear many-body problem
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What is ab initio nuclear structure?

E—

B S

Controlled expansions: Accuracy
Complexity

Complicated!

X 1 2 1 3 4
e*=1+X+—=XxX4+—=XxX"+R(X")
a2 6 )
Simple! Remainder term
(uncertainty estimate!)
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Evolution of ab initio nuclear structure

Explosion of ab initio simulations

150 _I T

- | Algorithmic scaling o
< ©  exponential ®
g 100 F ®  polynomial 8
g [ ®
z | o
2 [ 8
§ 0 r ‘Exact’ methods ’ :

I S o° P i ¢

_. , 1 ’ 1 l. 1 , . . 1 |’ |’

O 1
1995 2000 2005 2010 2015 2020
Year

Drischler, Bogner, Few-Body Systems (2021)

Before 2010
(Brute-force diagonalization)
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Evolution of ab initio nuclear structure

Explosion of ab initio simulations

Consistency in many-body systems 150 RS T T
=—T—T—T—T—TT—T—T—T—T—T—"7 L Algorithmic scaling o ' e
B S AC BMBPT(2 < ©  exponential ®
B — | T — 5 .
-300 -y 3 ADC(2)( . 2 100p( 2 povnomial 3gs ¢ )
| v — e IMSRG(2) | : N -
l o — ¢ CR-CC(2,3) | z _ : :
— NCSM-PT(2 £ 50
- ‘I.“ —_ ; IT-NCSM (2)] § 0T sExact’ methods ’: 1
-400 - - E - L ]
i “q_— B 7 _00;'.?....,'!.. .
- — —— - l9o5 2000 2005 2010 2015 2020
“?
B 4 - Year
-500 * =% % BN
T I Y Y T T T Y Y : Drischler, Bogner, Few-Body Systems (2021)
36 40 44 48 52 56 60 ezt I_|-F|"

Tichai et al, PLB (2018) 4

Before 2010

(Brute-force diagonalization)
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Evolution of ab initio nuclear structure

Explosion of ab initio simulations
Consistency in many-body systems e

150 r . . .
[ — S S B e O S B E e S e e e - | Algorithmic scaling
"= A < ©  exponential
- — Ca = BMBPT(2) - » S i -
-300 A ADC(2) . Fé 100 [ polynomia
i — ¢ IMSRG(2) z
i N — ¢ CR-CC(2,3) | “ _
-_— NCSM-PT(2 2 n
i o S n — ; IT-NCSM ( )- § 50 . ‘Exact’ methods
-400 — - Exp - i
I “‘1__ ] '_n..?""'.'.,.".'.
i - T — l995 2000 2005 2010 _ 2015 2020
i “* A‘ 7 Year
-500 | L RN
Ll : Drischler, Bogner, Few-Body Systems (2021)
36 40 44 48 52 56 60 - rl_ﬂ"

Tichai et al, PLB (2018) 4

Do
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(23
)

Proton number Z

—_
o
L
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>

e
IS

Prob. Bound

Before 2010
(Brute-force diagonalization)

2
o

0.0

Neutron number N

Stroberg et al., PRL (2019)
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Highlights in heavy nuclei!

Hu et al., Nat. Phys. (2022)
Neutron skin in 208Pp

.
0.1 0.2 0.3 o B
208 P £
R, (" Pb) (fm) .
New-physics searches in Yb mais

Door et al., PRL (2024)

Charge distributions in Xe

Neutron dripline in Sn
Arthuis et al., PRL (2020)

T T T T T T T T T T T T T T T T T
- i # Coupled Cluster 7
- —800 ; A Sn Uncertainty 7
x o0 — Exveri
- xperiment
n %
5 K
n ol o 900 | T -
H mm % - _!*
-
fr =
. — —1000 [ NN -
= e, _
. 2
—1100 - W
_1200 -l 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |-

100 120 140 160 180
A

Tichai et al., PLB (2024)
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Chiral effective field theory

Weinberg, Epelbaum, Kaplan, van Kolck, Krebs, Machleidt, MeiB3ner, Savage, ...

* Low-energy effective field theory with NN 3N 4N
nucleons/pions as degrees of freedom

* Expansion parameter from separation
of scales at low-energies

Q 1

— A —

Np 3

(sets the scale of convergence)

* High-energy physics parametrised by
few low-energy constants (LECs)

VEFT = V0+ZCi'Vi
i

* Emergence (!) of higher-body operators
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Many-body expansions

* Goal: solution of Schrodinger equation

H|wn) =En|wn)
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Many-body expansions

* Goal: solution of Schrodinger equation
W[OB]
H|L|Jn) — En|wn)

: : : nuclear mean-field
* |dea: write exact many-body solution relative (e.g. Hartree-Fock)

to an A-body reference state (leading order)
|luexact) — WH’)

e |Leading order must qualitatively capture the
dominant correlations of the system!
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Many-body expansions

* Goal: solution of Schrodinger equation

W[OB]
H|L|Jn) — En|wn)
* |dea: write exact many-body solution relative nu(cel.:a,_lrarT:ea_p;cfgﬂd
to an A-body reference state (leading order)
A (o)
|Wexact) = W|®)
WI1B]
e |Leading order must qualitatively capture the [2B]
dominant correlations of the system! W
* The unknown wave operator encapsulates all
the complexity of the system
Ww!I3B]
W :@V[OB] + WLBl 4 W[ZBD+ W[339+
work-horse / high-precision -
W[Z4B]
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Interaction uncertainties

Tichai et al., Frontiers in Physics (2020)

* Ab initio theory allows for rigorous | |
quantification of theory uncertainties | @ 3rd-order EFT {-100
- [ 4th-order EFT :
1-200
* |nteraction uncertainties estimated | =
from order-by-order calculations -
177
AXK) = Q- max{| XK — xtk=1)] aAxk—1)} 1400
—-500

e Similar studies of theory uncertainties in
nuclear-matter simulations

Drischler et al., PRL (2020)
Keller et al., PRL (2023)

E/A [MeV]
-

* Many-body uncertainties still based
on empirical ad-hoc models

— T T T T T

10— e e e e e e e ! !
160 240 36Ca 40Ca 48Ca 52Ca 48Ni 56Ni 68Ni 78Ni

2-3% of ground-state energy
Huther et al., PLB (2020)
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Towards many-body uncertainties

* Simple framework for ground states:
many-body perturbation theory

Eo = Eres+ EG) + EG) 4

* Error model for truncated expansion

coefficient drawn from N(0,7?)

o 1

OEQ = Eret Z YR

/v i=k+1 T~

reference scale suppression ratio
(8 MeV/A) (—» softness)

A. Tichai | Heavy lon Coffee Seminar

with I. Svensson, K. Hebeler, A. Schwenk
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Towards many-body uncertainties

* Simple framework for ground states:
many-body perturbation theory

Eo = Eres+ EG) + EG) 4

* Error model for truncated expansion

coefficient drawn from N(0,7?)

o 1

OEQ = Eret Z YR

/v i=k+1 T~

reference scale suppression ratio
(8 MeV/A) (—» softness)

e |Learn coefficients of error model from
MBPT results for given interaction

R < | indicates convergence!
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with I. Svensson, K. Hebeler, A. Schwenk

EM1.8/2.0

0.07
0.1675705

,.)/2

17530

. @ posterior
O prior
6.0
e 4.5 -
3.0 1
1.5 1
S P & LD RPN
S
R 72

Probability distributions of parameters
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Medium-mass nuclei

e Large uncertainties for second-
|- and 2-0 error bands for closed-shell nuclei order MBPT calculations

—  IMSRG

me= \[BPT(2) |

— MBPTE?); - e Significantly reduced uncertainty
: at third order for all nuclei

* ‘Interaction softness’: strong
suppression of higher-order terms

Harder interactions:
larger R

o] EML8/2.0 ]

16IO 2410 4OICa 4Sba 5611\11 78'1\Ii IOOISIl 132ISn 208'Pb

Replace ad hoc estimates
with statistically sound
predictions
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In-medium similarity renormalization group

* Goal: decoupling of elementary particle-hole
excitations from reference state

H(s) = U'(s)H LT/(S)

A-body rotation

@)

[Shh ) 195 ) |9F)

In-medium
decoupling

@) [oh) |9hn ) |9bnR )

=
>

®)

O ) |95 ) |9F)

\/

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

* Goal: decoupling of elementary particle-hole
excitations from reference state

200 rrr e e T H(s) = UT(s)HU(s)
ica] *

A-body rotation

—250 ® F(s)
m +MBPT(2)

¢ +MBPT(3)

e Basic formulation: ground-state energy from H(s)

300 lim (@|H(s)|®) = Eo

E [MeV]

e Particle-hole correlations are absorbed into the
renormalized Hamiltonian

—350

———————————— E@ B3 _, o
—400 IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIH-

107°10~% 1073 1072 1071 1
s[MeV 1]
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In-medium similarity renormalization group

* Goal: decoupling of elementary particle-hole
excitations from reference state

200 rrr e e T H(s) = UT(s)HU(s)
ica] *

A-body rotation

—250 ® F(s)
m +MBPT(2)

¢ +MBPT(3)

e Basic formulation: ground-state energy from H(s)

300 lim (@|H(s)|®) = Eo

E [MeV]

e Particle-hole correlations are absorbed into the
renormalized Hamiltonian

—350

———————————— E@ B3 _, o
—400 IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIH-

107°10~* 107% 1072 107" 1
s[MeV™!] * Approximation: induced higher-body operators

H(s=0) — H(s) # H(s)

! !

A-body operator two-body operator
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Valence-space formulation

* Freezing of nucleons in an inert core

_ #basis functions
dim Ha = ( )

A
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Valence-space formulation

* Valence-space IMSRG: modified decoupling
yields ab initio shell-model interactions

* Freezing of nucleons in an inert core

_ #basis functions
dim Ha = ( )

A

modified
valence-space
decoupling

Stroberg et al., Ann. Rev. Nucl. Part. Sci (2019)
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Valence-space formulation

023
101

025

o1l
013

001

nlj nljm
Bohr-Mottelson shell ordering

A.Tichai | Heavy lon Coffee Seminar

Valence-space IMSRG: modified decoupling
yields ab initio shell-model interactions

Freezing of nucleons in an inert core

_ #basis functions
dim Ha = ( )

A

Solve large-scale eigenvalue problem within
an active space of limited size

Example: spectroscopy of 48Ca with 40Ca core
and neutron pf orbits as active space (green)

No-core: 48 particles in 2000 states

With core: 8 particles in 20 states

14



Precision simulations in calcium (Z=20)

Heinz, ..., Tichai, arXiv:2411.16014

N + :

* Qualitative reproduction of IE — §2+ ot _;
experimental spectra in 48Ca sbE = Oi 21 3

|— — 2 -

- i_ 3+ 41T

: . _ TE LT 2t

¢ Inclusion of triples contributions : " 05 o
from IMSRG(3) improve energies 6 — 3% 451% ,
sE — 4f— o+ —— 34,53

- 3 .

e Shell closure at 48Ca from large - 2 — 4= 3 3
o : - + 2
excitation energy of first 2* state A 2f T 4+ :

- 0t

SE ot -

* Keep in mind: residual interaction o b e
uncertainty is not accounted for - .
1F =

0F — 0y —— 0y —— 07 7

But even the reduced - -

active space can be too large! 1.8/2.0 (EM)  Expt.

VS-IMSRG(3)-N"

—— VS-IMSRG(2) emax.3b = 6, F3max = 18
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Low-rank approximations

High-resolution picture
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Low-rank approximations

High-resolution picture Low-resolution picture
e

Removal of
97% of information!

—_—

(‘blurriness’ induces uncertainty)
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Low-rank approximations

High-resolution picture Low-resolution picture

-

m i i

Removal of
97% of information!

—_—

(‘blurriness’ induces uncertainty)

Singular value decomposition (SVD)

2.
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Low-rank approximations

High-resolution picture Low-resolution picture

.

Removal of
97% of information!

—_—

(‘blurriness’ induces uncertainty)

Singular value decomposition (SVD)

M

2.
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Low-rank approximations

High-resolution picture Low-resolution picture

-

1T ki

Removal of
97% of information!

—_—

(‘blurriness’ induces uncertainty)

Singular value decomposition (SVD)

Z | . z I

Tensor notation

} ‘ = _’ <> ‘ Mpq:ZLpaZaﬁRﬁq
p ¥ q pVaV Vg 2

M

A. Tichai | Heavy lon Coffee Seminar 16



Low-rank interactions

NN applications:
Tichai et al., PRC (2019), EPJA(2019), PLB (2022), PRC(2023)
[frrrrrrrrrrrrrrrrrrr g Zhu et al., PRC (2022); Frosini et al. (2024)

chiral EFT :

Singular spectrum of three-body interaction

* Application to partial-wave-decomposed
three-body matrix elements

1+1

T
T== -
JT=7 3

(ericon) (pq, ol Vanlp'q’, o)

1
%) e EM1.8/2.0 * Very few SVD components needed
2 o e EMN450
— ~100 out of 15.000
-3 e Reminder: chiral EFT is built from
only ~20 parameters (LECs)
4

Low-rank patterns:
0.0 025 05 07 1.0 Employed data representations
rank percentage is redundant.

Tichai et al., PRR (2024)
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Medium-mass nuclei

Ground-state observables for closed-shell nuclei

0oc T ® soion & svoos%| | [o Ew | e Matrix elements from transformation
| ¢ swos% @ SvDo0.2% O Eum | of low-rank 3N interactions
0.04 H ¢ SVDO0.4% € Envsrc H
S o
£ 00T ° o %ue "oe Cne 06 e Low error on observables from
a o B diff -body sch
2 000 LOEG® SHS .~ & ifferent many-body schemes
7 _ d8s eEt gag est 854 8BS SES] Y Y
| —0.02 | Joe
L4 i T . . o, 0
= oo0a b e ] * Slight increase of decomposition
o | error with mass number
—-0.06 i
0.02 ~ 0' SVD 1.0% * SVD 0.3% | | e . .
| & svD05% & SvDo0.2% : * [% of singular values yield less than
& SvD0.4% ° o] keV errors on ground-state energy
R 00l o R o ]
5 o rysol o o o 94 ¢
%0.00—3:3‘8‘8‘8‘8‘8‘ ‘
o o ¢
I Pteectoe o Many-body systems
(N3] B O _ o
s -0.01y - 99% of singular values can be
discarded at zero loss in accuracy!
-0.02 | .

160 240 40Cg 483 52Cq 56 Nj 78Nj 132gp

Tichai et al., PRR (2025)
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Medium-mass nuclei

Ground-state observables for closed-shell nuclei

0oc T ® soion & svoos%| | [o Ew | e Matrix elementg from tl:ansformatlon
| ¢ swos% @ SvDo0.2% O Ewe |l of low-rank 3N interactions
0.04 H ¢ SVDO0.4% € Evsre |
S o
¢ 002 ) o °Le ° oe ] e Low error on observables from
S "o °ne ‘me 0® o -
T 000 _Qgg__ggg_ e gﬁt ggt 98¢ 888 35§ different many-body schemes
& - Gt 3
| —0.02
LL?IJ B o 0
T 004 | Chiral interaction have low-rank decomposition
' structures ... what about the wave mber
—-0.06 .
. . . function?
0.02 ~ 0' SVD 1.0% * SVD 0.3% .
| & svD05% & SvDo0.2% —__ —oor singular values yield less than
& SvD0.4% ° o] keV errors on ground-state energy
R 00l o R o ]
5 o rysol o o o 94 ¢
%0.00—3:3‘8‘8‘8‘8‘8‘ ‘
o o ¢
e | c®oeoce o . Many-body systems
o | O i .
s -0.01y 99% of singular values can be
discarded at zero loss in accuracy!
-0.02 | .

160 240 40Cg 483 52Cq 56 Nj 78Nj 132gp

Tichai et al., PRR (2025)
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Nuclear tensor networks

* Factorized ansatz of the many-body
function: matrix-product state (MPS) I

* Novel many-body solver will solve for the
factors themselves ( )

mean field 1<M<o exact

* Density matrix renormalization group:
variational optimization of MPS

White, PRL (1992)
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Nuclear tensor networks

* Factorized ansatz of the many-body
function: matrix-product state (MPS)

* Novel many-body solver will solve for the

mean field <M<o exact

factors themselves ( ) 1<M
~676.0 | ' ' ' —e- DMRG
* Density matrix renormalization group: : W extrapolated -
variational optimization of MPS —676.5 a_ .
RN ]
White, PRL (1992) N SN N7Zn 3
% —677.0 I \'\\ -
= : :
e S : : : : Q) —677.5 F Al _'
ystematically improvable by increasing : ~ee_ ]

. . _ S

the bond dimension M s b Tmee
—678.5 - ] ] ] ] ] ] .

bond dimension
Tichai et al., PLB (2024)
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78Ni: Why DMRG?

Energies vs. dimension of Hilbert space

78Ni
_192 1 1 '\I 1 1 1 1 1 : N °
< “q P e DMRG: economic representation
I \ o T VS-DMRG ;] of the many-body wave function
—193 o \\ --o--(CI -
: \0\ O\\ :
i XX To. _
194 |k oS o i e Tensor networks select the
- L o Eye——104.124 + 0.008 MeV ] important part of Hilbert space
Z ok :
= :
Q i N ] e Robust convergence of DMRG
~196 [ N Spsh cHE energies at large bond dimension
n \ = -
[ *\\ o ¥ fp Th i -
B ~*\ »—« -
—197 :._._.}:?;0;“._.;?;7 ‘./_._._..5..:
I : ] e Cl extrapolation: 2+ state exhibits
-0t Eor=—197.131 4 0.005 M 7 :
- o+ =—197.151 £ 0.005 MeV . linear convergence pattern
—198 I | 1 | 1 | 1 | L
10 106 108 101 102
dim H 4

Tichai et al., PLB (2023)
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Quantifying entanglement

L see also Taniuchi et al., Nature (2019)
Tichai et al., PLB (2023)

20 1 . T . T . T ' T T T
18 F Luclear DMRC : * Entanglement through information science
16 F -
14 F - o = =
= E o~ N L7 3 si=—[nijlogn;+ n; logn{]
S 12 F 7 N\, 7 -
= F 7 No .
icé 12 :o’ > : ni: occupation number
5 °F N=50 shell closure .
T ook AN :
- 28 ] o T | ifi |
A+ E E otal entropy quantifies entanglement
2 F 3
0 | L ] L ] L ] L ] | .
70 79 74 76 78 80 Iior = Z Si
mass number A i
e Kink at 78Ni hints at neutron shell closure
A A

VS.
\ Phenomenology through
> eyes of information theory

Different occupation profiles
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Many-body correlations

* Mutual information: pairwise
correlations among orbitals

proton 26Ne  neutron

$1/2 Two-body density matrix

d
3/2 e Superfluidity: clear signals of BCS-

type n-n and p-p correlations

ds /2
Time-reversed pairs

Inlimt)  —  |nlj(=m)t)

51/2

1 (%)

e Suppression of n-p correlations

ds /o

A= ———

ds /2

o ___
.k
co

=4
>
25
>
=

W W

Tichai et al., PLB (2023) @
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Intermezzo: Nuclear deformation

L. Spherical
e Closed-shell nuclei with N/Z = 8, 20,

28, 50,... have spherical shapes
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Intermezzo: Nuclear deformation

L. Spherical
e Closed-shell nuclei with N/Z = 8, 20,

28, 50,... have spherical shapes

* Open-shell nuclei away from shell B=0
closures have deformed shapes

* Mass-independent deformation parameter

(Q20) Ix
B~ R2A rz_1+ﬁ

(difference in semi axis of ellipsoid)
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Intermezzo: Nuclear deformation

L. Spherical
e Closed-shell nuclei with N/Z = 8, 20,

28, 50,... have spherical shapes

e Open-shell nuclei away from shell P
closures have deformed shapes

* Mass-independent deformation parameter

(Q20) Ix
B~ R2A rz_1+ﬁ

(difference in semi axis of ellipsoid)

 Characteristic energy patterns in
rotational bands of deformed nuclei

E_/~_/(]+ 1)

4+

— )+

0+

>

rotational band (‘yrast’)
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Intermezzo: Nuclear deformation

L. Spherical
e Closed-shell nuclei with N/Z = 8, 20,

28, 50,... have spherical shapes

e Open-shell nuclei away from shell P
closures have deformed shapes

* Mass-independent deformation parameter

(Q20) Ix
B~ R2A rz_1+ﬁ

(difference in semi axis of ellipsoid)

 Characteristic energy patterns in
rotational bands of deformed nuclei

E_/~_/(]+ 1)

4+

— )+

0+

. o 0 >
* |Increased electromagnetic transitions

within rotational band: B(E2) strengths rotational band (‘yrast’)
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Transitional nuclei at N=50

Spectroscopy of N=50 isotones

4 i | | | | | | i
5 i""""""'"f{\' """""" rotational (3.3)
ot T N E e Onset of nuclear deformation
[l N ittt SN Tarmonie (2.0)
Lﬂ : \\%_-.-a—.::.'a : * ==
I -~ VSDMRG ] E ~JU+1) R42 =10/3
- —O— Nowacki et al. (2016) i
0 | | | | | | . . . .
aF | | | | B I * Rapid transition between single-
L EM 1.8/2.0 T + ] particle-like and collective excitations
5L vsS-DMRG (M=10240) 2 _
— | 4+ ] oy : .
= [ [ * Qualitative agreement with previous
= + N 2* - shell-model calculations
LT * 4+ I 1 Nowacki et al., PRL (2016)
[ 2 I T 4 ’
1 —l— 2 m . I ) 0 -
_ o _T_ ]
- 3|2 > o 1 { - e Spectroscopy: DMRG extended to
) I R S o+i o+ ] electromagnetic transitions
| | | | | |
| | | | | |
i © &6 © 6 © O
1 1 1 1 1 1

Tichai et al., PLB (2024)
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Transitional nuclei at N=50

51—
[ 7 —
r 3 6"
4 [ 5:—6+
: 4+ 4"'
3 __2 o*
E’ i 0" —6
2+ _6"' _6+ _4+
+ _6+ +
Z AL T T T T T ] 1 —4 . -4 ___ ot
i i 2" 4+ ot —0
B . + 0+ _2+ + +
I 4 1 opo— 0 0 0" —0
i 2" — i "Ni ®re  Tor  Ti ca
0+
> ] Nowacki et al., PRL (2016)
§ . L rotational band N
| (absent in ab initio simulations) |
Sajy i
1 i
" _' Where is the excited
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Intrinsic structure of 78Ni

EM 1.8/2.0
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Potential energy surface (PES) from
Hartree-Fock-Bogoliubov calculation

H—A-(Q20— (Q20))

PES: energy as function of deformation
Enrs(B)

HFB ground state breaks rotational
symmetry and particle number

Coexisting minimum for prolate shape

Chiral interactions admit
for deformed shapes!
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Future challenges

EM 1.8/2.0
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* Improvement of bulk properties:
ground-state energy

Particle-hole correlations
(generates ~200 MeV binding)

* IMSRG destroys all intrinsic
structure of the wave function

Rotational band is gone!

e Current IMSRG formulations:

Himsr = f(Hnucl,

* Next generation of IMSRG:

Himsrc = f(Hnucl,
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Future challenges

EM 1.8/2.0 * Improvement of bulk properties:
T T T T T T T ground-state energy
—626 | i .
i | ] Particle-hole correlations
- l - (generates ~200 MeV binding)
—628 | l
= i : destroys all intrinsic
S ek We MUST inform the IMSRG of the wave function
= P about the internal structure (shapes)!
% - Rotational band is gone!
632 .
I l 1
el i i * Current IMSRG formulations:
u I i
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—0.50 —0.25 ogo 0.25 0.50 * Next generation of IMSRG:

Himsrc = f(Hnucl,
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Conclusion and outlook

First-principles description of atomic nuclei

* Modern interactions via effective field theory: rooted in QCD

* Progress in many-body theory enables heavier and exotic systems
* Quantification of theory uncertainties: interaction + many-body

Major goal: controlled descriptions of structurally complex systems

Novel frameworks in huclear many-body theory

* Low-rank properties present in chiral interactions

* Tensor networks leverage factorized form of wave function

* Importance of nuclear deformation in open-shell nuclei

Science opportunity: link nuclear theory to heavy-ion collisions
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