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Progress in Ab Initio Calculations

[ cf. HH, Front. Phys. 8, 379 (2020) |
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Where Do We Want to Go (Today)?




How Does Nuclear Structure Evolve?
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What are the Limits of Nuclear Existence?
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Y. Kondo et al., Nature 620, 965 (2023) " 18 19 20

Neutron number N

e 280 found to be a resonance

o spread of theory predictions: phenomenology, ab initio with different interactions,
methods with and without continuum, potential deformation effects, ...

H. Hergert - MITP Program “Many-Body Physics: Nuclear Physics Meets Quantum Chemistry”, Aug 24, 2026



© S. Couch/Michigan State University

How Were the Elements Made?
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Core-Collapse Supernovae Neutron-Star Mergers
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that requires microscopic inputs
. of strongly interacting matter
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What Can Nuclei Tell Us about Physics Beyond the Standard Model? G

FRIB

ordinary matter

5%

- e Standard Model does not contain dark
matter or dark energy

ARG * SM neutrinos are massless, but neutrino
o Rk flavor oscillations that require mass have
265, been confirmed experimentally

e SM does not explain observed matter-
dark energy antimatter asymmetry (insufficient CP
63% symmetry violation)

image credit: ESA
https://sci.esa.int/web/euclid/-/42267-science
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What Can Nuclei Tell Us about Physics Beyond the Standard Model? ‘\

FRIB

Neutrinoless Double Beta Decay Electric Dipole Moments
225Rg

W e

Ve(= Us)

requires accurate
nuclear structure description
W with quantified uncertainties / .,

ybuig -r :upalo sbeuwl

e observation would imply neutrinos

are Majorana particles . .
J P ® observation would confirm and

® gives access to absolute neutrino constrain new P-, T-violating
mass (scale) interactions
e mechanism for leptogenesis e baryogenesis
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Where Do We Start”?




Scale Separation

by Frits Ahlefeldt

Scale separation simplifies description of physical processes!
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Chiral Effective Field Theory

Two-nucleon force Three-nucleon force Four-nucleon force

LO (Q0) >< +-c- nucleon [figure by H. Krebs]
pion
NLO (Q2) X ‘:/1 [] [j _ contact force
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. organization in powers (Q/ A)()” allows systematic improvement

\

* low-energy constants fit to NN, 3N data (future: from Lattice QCD (?))

* consistent NN, 3N, ... interactions & transition operators by coupling to gauge fields
H. Hergert - MITP Program “Many-Body Physics: Nuclear Physics Meets Quantum Chemistry”, Aug 24, 2026



Similarity Renormalization Group ﬁ'

FRIB

* premise: make the Hamiltonian band- or block diagonal with respect to a given
“uncorrelated” basis

e “proper” RG: decouple states with low and high momentum/energy

e but decoupling idea is more general

e implemented through an operator flow equation for U(s)HU(s):

d dU
—H(s) = [1(9). HO)|. () = S Uits) = = n(s)
0y ds

e choose generator 77(s) to achieve desired behavior, e.g.,
n(s) = [Hd(S),HOd(S)]
to suppress (suitably defined) off-diagonal Hamiltonian

e need to consistently evolve all observables of interest
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Similarity Renormalization Group

chiral NN

Entem & Machleidt, N3LO
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Similarity Renormalization Group
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momentum space matrix elements




Renormalization of Inputs

e EFT degrees of freedom (nucleons with a specific 2L -
resolution scale) might not be “optimal” for many- ol “bare” NN+3N
body calculations = | |

&,
- . - = |

* tune resolution scale of a theory in systematic =4
fashion with Renormalization Group methods 6!

* conserve relevant information in low-resolution 8 _
theory 02 4 6 éNl'o 1214161820

: : 2t - ]

* renormalization reduces effort by orders of | *H.

ol (S)RG’d NN+3N

magnitude, allows many-body methods to reach
heavier nuclel

 example: 3H ground-state energy from exact
diagonalization

 must be applied consistently to all observables 02 4 6 8101214161820

N max
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How Do We Get There?




Many-Body Methods: Paradigms f‘

e Coordinate Space C ) figure: D. Lee
it . - SRS
e Quantum Monte Carlo S
. e NS e
e Lattice EFT T L ool
‘.‘5‘”‘ y oW
NS - ' S
e Configuration Space: Particle-Hole Expansions g 4

e Many-Body Perturbation Theory (MBPT)

e (No-Core) Configuration Interaction (aka Shell Model, €
(NC)SM) — —

e Coupled Cluster (CC)
e |n-Medium Similarity Renormalization Group (IMSRG)

e Self-Consistent Green’s Functions (SCGF / ADC)

e Configuration Space / Coordinate Space: Geometric
Expansions

e deformed HF(B) + projection
e projected Generator Coordinate Method (PGCM)
e symmetry-adapted NCSM
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Many-Body Methods: Paradigms

Recent(-ish) Reviews:

HH, Front. Phys. 8, 379 (2020)

S. Gandolfi, D. Lonardoni, A. Lovato and M. Piarulli, Front. Phys. 8, 117 (2020)
D. Lee, Front. Phys. 8, 174 (2020)

V. Soma, Front. Phys. 8, 340 (2020)

also see

“What is ab initio in nuclear theory?”, A. Ekstrom, C. Forssen, G. Hagen, G. R. Jansen, W. Jiang, T.
Papenbrock, Front. Phys. 11, 1129094 (2023)

“What is ab initio?”, R. Machleidt, Few-Body Systems 64, 77 (2023)
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Many-Body Methods: Configuration Space (.
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< | ‘ > excitations relative
to reference state:

construct particle-hole excitations of a reference normal-ordering

state - usually an optimized mean-field Slater
determinant
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1D, spanned by 9) |9F) |05°) [05°)

reference state b
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goal: decouple reference state from excitations
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In-Medium Similarity Renormalization Group ﬁ
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—H(s) = [n(s),H(s)|, e.g., n(s)= [Ha(s),Hou(s)]
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In-Medium Similarity Renormalization Group ﬁ

FRIB
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IMSRG(n): Operators
truncated at n-body level -
e.g., n(s)- matrix is never constructed
explicitly!
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Magnus Formulation of IMSRG
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Decoupling in A-Body Space
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 identify the parts of the operator H which couple reference state to excitations
* eliminate them with unitary (IMSRGQG) transformation (cf. CC: similarity transformation)
e efficient: polynomial scaling, no need to construct matrix !
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Decoupling in A-Body Space
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VS-IMSRG(n): Decouple
valence space - only requires slightly

extended definition of /1,
e efficient: polynomial scaling, no need to construct matrix:

* identify the parts of the operator H which couple r
e eliminate them with unitary (IMSRG) transformatior,
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Decoupling
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Decoupling f.

E [MeV]
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Decoupling G‘
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Entem-Machleidt N3LO, 4 = 2.0 fm™", ey, = 8
e absorb correlations into RG-improved Hamiltonian:
U(sYHU (s)U(s) | VY )=EU(S)I|Y)
e reference state is ansatz for transformed, less correlated reference state:

U(s)|¥,) = | D)
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Correlations in Nuclei
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Symmetry Breaking and Restoration

4y 2p,, Nilsson 10
I S — orbitals

— == ,// Py
N=3 —=2l T . )8 (doubly
T 1f,, degenerate)

20 20 0k
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g 2
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Oscillator

* preak spherical symmetry to capture
static correlation from deformation

e restore symmetry by constructing (specific)
superpositions of all rotations of intrinsic
state (aka projection)
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Symmetry Breaking and Restoration

deformed configurations (not a real nucleus)

difference from spherical w.f.
with same basis size /length scale

0.15

0.10

Additional projections
for other broken symmetries (e.g.,
particle number) - significant
overhead!

0.05

I0
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Correlations in Nuclei

: AMP-CCSD
N MR-IMSRG(2) + GCM (aka IM-GCM) |

-~ expansion

included through
~ symmetry breaking
and restoration
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IMSRG-Improved Many-Body Methods

HH et al., Phys. Rept 621, 165; Phys. Scr. 92, 023002
S. R. Stroberg et al., Ann. Rev. Nucl. Part. Sci, 69, 307
J. M. Yao et al., PRC 98, 054311; PRL 124, 232501

e IMSRG can be used to build specific types of correlations into RG-

improved interactions and operators e

reference

e |deally, IMSRG captures correlations that are complementary to target
method

e mean-field or correlated reference state(s) for a specific nucleus
define(s) operator basis for IMSRG evolution

evolve

e diagnostic: flow is unitary if all relevant operators are included operators

e examples:
e (MR-)IMSRG(2) aka In-Medium HF / PHFB
e Valence-Space IMSRG for Shell model / VS-CI

extract

e |n-Medium No-Core Shell Model / NC-CI observables

e [n-Medium Generator Coordinate Method (IM-GCM)
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Are We There Yet?
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oxygen isotopes

Y. Kondo et al., Nature 620, 965 (2023)

copper isotopes

R. de Groote et al., Nat. Phys. 16, 620 (2020)
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Are these results good, bad, or just ok? Is there genuine tension between theory and

experiment? How can we know?
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Uncertainty Quantification g\

FRIB

J. Melendez et al., JPG 49, 102001 (2022), C. Drischler et al., Front. Phys. 10, 1092937 (2023)
E. Bonilla et al., PRC 106, 054322 (2022), P. Giuliani et al., Front. Phys. 10, 1054524 (2023)

* treat model parameters as probability distributions rather than just numbers
e condition, calibrate, and validate with data
e predictions for observables become probability distributions as well

e allows characterization of likelihood, standard deviations (=error bars), correlations,
parameter sensitivity, ...

 challenge: need lots of expensive many-body calculations

e solution: construct emulators for costly simulations - can reduce computational effort
by many orders of magnitude (but still need training data)

e DFT, CC, CIl: reduced-basis methods (e.g., eigenvector continuation/Galerkin
projection)...

e ... but those work with wave functions, we need operators in IMSRG methods
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Emulating IMSRG with Parametric Matrix Models g\ N

P. Cook, K. Yu, C. Drischler, S. Bogner, arXiv:2607.19773

LECs c; Partly data-driven (emulation in p, n)

and physics-informed (emulation in s, ¢;)

Model- and Data-Driven:
Flow Parameter

\)
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Regression PMM with a functional form
§=e 44
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Emulators for IMSRG Calculations of Finite Nuclei
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‘\ FRIB
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(ambitious) goal: emulate
full H(s) or €(s) from snapshots = . .

(O(10-100M) coefficients) ¢ « ¢ « <« ¢

H. Hergert -
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J. A. Davison et al., in prep.

non-invasive ROM
emulator based on
Dynamic Mode
Decomposition

ANNLOGo, NN+3N,
=12E, =14

O(10M) samples

effort reduced by
~0(10°)

DMD doesn’t work
well for Magnus

formulation - switch
to PMMs

e access to H(s) may
allow workaround
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Selected Applications




Towards Ab [nitio Mass Tables

S. R. Stroberg et al., PRL 126, 022501 (2021)
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Valence-Space IMSRG “mass table” based on a chiral NN+3N interaction (EM1.8/2.0)
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Differential Radii and Trends

copper isotopes 36Ca - 365
R. de Groote et al., Nat. Phys. 16, 620 (2020) B. A. Brown et al., PRR 2, 022305(R) (2020)
Experiment VS-IMSRG:
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differential observables like the staggering of energies (Ag)) and radii (Af?)) or the charge radius

difference of mirror nuclei, AR ., are insensitive to variations of interaction cutoffs / resolution scale
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Neutron Skin of 208Pb

Theory — experiment
total error

)
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Quenching of Gamow-Teller Decays g\.

FRIB

P Gysbers et al., Nature Physics 15, 428 (2019)
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o calculations require quenching factors of the weak axial-vector couling g4

e VS-IMSRG explains this through consistent renormalization of transition operator, incl. two-body
currents
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76GGe: Neutrinoless Double Beta Decay g\

FRIB

A. Belley et al., PRL 132, 182502 (2024)
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76(3e / 76Se Structure '

A. Belley et al., PRL 132, 182502 (2024)
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Shape Coexistence: N=20 Island of Inversion Region

E. F. Zhou et al., arXiv:2603.07363 (to appear in PRC)

. RN N N I W= EM1.8/2 o hw = 12MeV,e, =8

- E é | I I I I I I | | | | | | | | | : @ I — —A\ I A _ I | | | :
N 4 g Q\@ \A = :
; TE \A.:é\ //@- : 2 - 6/ @ @—O\‘\ ]
D : - \} /A"A“\ 7 1 O i \ .
: \\ A -0 N \ ] Z. C N\ ;
= : W " \ /é.}\\, ] = ot \.\ 5
< -8f = S IR =. ; —O— EM1.8/2.0 P
i . SN oF - A~ Schmidt SN
w” | (a) ; (a) " Exp :

-9 —H—F———+—+—t—+—+—+—+—+—+—+—++ —————t———F+—F+——F+——+——F+—F+—F+—=
- (b) ORIA() |
€ " Y i : -2 - Ei\ £ O\?‘O o
E 3.0+ 5 L :2 :2 \\Q/:Z ':AT\\O =2 -=0--0 N C\T: 8 B r’)\éz/ (ﬁ /C;\(i \C.) q: \ / N
'l o = Exp "N\ X/\o (b » o, -
| _ N . X\q/ ]
251 (b) . lots of observables with p

C @ O & o different characteristics, S ~ @ S 2 OO
o< %Qé@ (b\@() fb’b@g (@é’b o5 (g:Y\. 0‘;?\. qci;év O‘QY\. Gr)\éb og:éb %Néo) 033@0)

e.g. collectivity

H. Hergert - MITP Program “Many-Body Physics: Nuclear Physics Meets Quantum Chemistry”, Aug 24, 2026



Qg

Shape Coexistence: N=20 Island of Inversion Region

FRIB

E. F. Zhou et al., arXiv:2603.07363 (to appear in PRC)
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Shape Coexistence: N=20 Island of Inversion Region (g

FRIB

E. F. Zhou et al., arXiv:2603.07363 (to appear in PRC)
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AMP-CCSD: Ne, Na, Mg Isotopes
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Z. H. Sun et al.,, PRX 15, 011028 (2025)
Z. H. Sun et al., arXiv:2409.02279

AMP-CCSD for even

and odd Ne, Na, Mg
Isotopes

emulators for UQ

rotational bands and
B(E2,27 — 0™)
values in very good
agreement with data

consistent results for
EM1.8/2.0 and a family

of 8000+ AN2LO
Interactions
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AMP-CCSD: Z~80 Region

B.S. Hu et al., PRC 110, L011302 (2024)

[ = _ + _
- % oblate i 1.2 F 20 4 =
3000 - larger oblate ' - Zr .
— - ¢ prolate 1 10LE -
q- B ] M
E 2900 |- ¢ larger prolate - - )
R ¥ Exp : 0gb—©“") E
—~ 2000 u \\(\ _ g\ - o —
p 75 ///l/ () -
T 1500 [0 % - = 0.6 =
J(r\l : LLT 04 -
-+ 1000 _ -
EI\IJ A 33M0y;- - (27)
@ : : - | B(E2) -
9500 — E - : ilO(lSO ]‘713 +111 “2“7‘212323 &900 12540
I ] i 183 :
O | | | | | * - 0.0F
72 74 76 78 80 82 84 IS C A;
Mass number A . C (O fo (/e " S/a/‘oo l?odr/:q 6’7@,4,0
% Q. ) o/ Qr /7@ Qx (/Gee @f@/

 ab Initio calculations poised to offer insight into rich shape coexistence phenomena
IN N=Z nuclel near 80/Zr

e challenges: computational cost restricts model size, effects of shape mixing, ...
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Epilogue




Conclusions & Outlook f.

FRIB

o ab initio approach is key for a predictive theory of nuclear structure and reactions
e rooted in QCD (proper symmetries)

e systematically improvable interactions and operators through (chiral) EFT, as well
as many-body methods

 quantified uncertainties through modern statistics & emulators
* renormalization group methods are a powerful tool for nuclear theory

e open challenges remain: EFT power counting/convergence, efficient handling of
(large-amplitude) collectivity, bridge to reactions, sufficient precision

e always growing capabilities - more exciting applications than | could show here, and
many more to come

You will also see much more during this program,
from CC, IMSRG, Lattice EFT, QMC, SCGF, ...
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Where Do We Want To Go? G.

FRIB

[ cf. HH, Front. Phys. 8, 379 (2020) |
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Supplements




Parametric Matrix Models g\

FRIB

B. Clark et al., in progress

8Ca, EM1.8/2.0, ¢.. = 10, Ey. = 14 (44Ca) EM1.8/2.0, e = 12, Eypy, = 14

max max
150{ © Data .," 1.0{ ¢ Data S
-—-- Yy=X S T y=X ’
l/ 0.8 A '/
/..
5 / .. i
= 5 / promising first results for
2 / parametric emulation (neutron
0 / matter @N3LO, ...)
//‘ .
ol 8 H ~0.2-
~50 0 50 100 150 ~04 -02 0.0 0.2 0.4 0.6 08 10
PMM Predicted PMM Predicted

e DMD fails to emulate €2(s) unless training is done at large s...

e ... but PMMs work - trained on first ~10% of integration steps
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Evolution of Effective Single-Particle Energies ﬁ.

FRIB

C. R. Ding et al., PRL 136, 052501 (2026)
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Evolution of Effective Single-Particle Energies g\

FRIB

C. R. Ding et al., PRL 136, 052501 (2026)
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* |low-resolution interactions already exhibit much of the expected features &
symmetries at the mean-field level

* Dbehavior is consistent in non-relativistic and relativistic approaches
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Evolution of Effective Single-Particle Energies F‘\
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C. R. Ding et al., PRL 136, 052501 (2026)
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L _ . , cf. g4, quenching,
* |Jow-resolution interactions already exhibit much ¢ [P Gysbers et al., Nat. Phys. 15, 428]

symmetries at the mean-field level emergence of rotational bands,
[M. Caprio et al., PLB 719, 179;

e Dbehavior is consistent in non-relativistic and relativ. < - sunel a’-’tPRX 15, 011028]
etc.
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IM-GCM Workflow

e IMSRG evolution (O(N°®), N ~ 0O(100), J-scheme)

e potential energy surface from constrained (VAP)HFB
with IMSRG-evolved Hamiltonian

e particle-number and angular momentum SN A
projection for basis configurations 0\ T

e solve Hill-Wheeler-Griffin equation (generalized EVP) 00 01 02 03 04
!
+ GOM stage: O(71:,¢ - Mawp * pnp - N) ) |-
-12
e 1n.,.¢~ 10— 100 configurations /

o nyvp ~ O(10%) Euler angle sets / orientations

e npnp ~ O(10%) gauge rotations

e N~ O(1000) single-particle states (M-scheme)
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Practical improvements G

FRIB

recall GCM cost: O(nczonf  Aavp * pnp © NV

GCM calculations (currently?) limited toe¢_ .. ~ 8 — 10, with N = 660, 1144 (code
scaling & compute time)

idea: can perform IMSRG evolution in larger basis, e.g., e¢,.... = 14 (N = 2720) and

apply evolved Hamiltonian in smaller basis

max

usual MR-IMSRG decoupling simplifies structure of the Hamiltonian, but we could also try
explicit adaptations to generator if necessary

would put s.p. basis size formally on par with VS-IMSRG

~2 order of magnitude savings if we can do bulk of IM-GCM calculations in e ., & 6 — 8
basis

Stay tuned!
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IM-GCM: Reshuffling of Correlations

Binding energy [MeV]
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i
""" 4t 4t
---------- >+
_____ 21 1
! e —2f
0 0 0 04"
s=0 s=10 s=20 Exp

§\| -
r

M. Frosini et al., EPJA 58, 64 (2022)

FRIB

e s-dependence is a built-

in diagnostic tool for IM-
GCM (not available in
phenomenological

GCM)

e |f operator and wave
function offer sufficient
degrees of freedom,
evolution of observables
IS unitary

e need richer references

and/or IMSRG(3) for
certain observables
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Shape Coexistence: 32Mg

EM1.8/2.0, iw = 12MeV,e, = 8

-175:

I ' I ' I ' I ' I ' 7]

32 ----N&Z /-
Mo Nszu=0 /-

0.4

02 00 02 04 06 08
b,

230 [,

TE(MeV)

225 ——1——

E. F. Zhou et al., PLB 865, 139464 (2025) &
arXiv:2603.07363 (to appear in PRC)

(b)s 0.16

-0.4

. Dynamié correlations captured by IMSRG...

b,

-0.2 OO 02 04 06 08

* bring absolute energies close to experiment (E=-249.7 MeV (AME) vs. -249.5 MeV
(extrapolated theory))

e reveal prominent prolate deformation of the ground state
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N=20 Island of Inversion: 32-34Mqg
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] E. F Zhou et al., PLB 865, 139464 (2025) & arXiv:2603.07363 (to appear in PRC)
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ﬁ\

e shape
coexistence
comes with
shape mixing

e caveat:
(collective) wave
functions are not
observable -
compare with

care!

FRIB



N=20 Island of Inversion: 33Mg (ﬁ.\ FR.B

E. F Zhou et al., PLB 865, 139464 (2025) & arXiv:2603.07363 (to appear in PRC)

EM1.8/2.0, hw = 12MeV,e,,, . = 8

2ol =00 s=0.16 ----» B(E2) &’fm’ 301 * shape and K mixing
72— - BMI) py i J have notable impact
It N — 32" E on 33Mg spectrum
151 v’ - $=0.16 - : - _
| A ; o o boosts lifetime of —
% 1ol 32 ,;,/’ L~ _ 13 state - predicted to
= B et P S G i st be a shape isomer
R T 210 o T 2 =
- 5/2 S22 T —~C 94 e related to 32Na shape
05F JE— | 30 : 16 1 ''0.060 — :
- , | o4 SO01@s) ) EEE isomer measured at
3/2 —_ : 108 S 3.5 'Y—3/2+| - .
I /\/\ : : [ : : 7/ — FDSI In 2023 ?
00F 32— Se— 3 rLy__ P E 3/2 — [Gray et al., PRL 130, 132501]
5 b)K-Mixin . (C)Exp.
of. AMP-CCSD (D)K-Mixing . (0Exp

Z. H. Sun et al., arXiv:2409.02279 &
PRX 15, 011028; G. Hagen et al.,

PRC 1051 064311 H. Hergert - MITP Program “Many-Body Physics: Nuclear Physics Meets Quantum Chemistry”, Aug 24, 2026



(IM-)NCSM for Super-Allowed Decays

1 O full-3N C:071 (0,5 = 0.2)'"B:37(0,s = 0.2) '"B:1{ (0, s = 0.2) "’B:0 (0,5 = 0.2) Exp. (7 = +)
—20 - — . . . . .
30 = ] . ] ] |
% —= o
z _40 _ . | —— _ _ _ _
Sa e —
—50 - T — - 2 E— '__— ]
Nmax Dim. — — ey —
0 51 —| |
2 10111 —_— — —_— _ _
4 430137 _60 - _ il il E’[a... ImTime
6 9213794 Int: N410500-3NInIE7
8 129149891 €max = 8
T T T T T T T T T T T T T hQ = 18Mev
0O 2 4 6 8 0 2 4 0 2 4 0 2 4 0 2 4
Nmax Nmax Nmax Nmax Nmax
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(IM-)NCSM for Super-Allowed Decays

Dim.

84
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12060706
165613656

full-3N 0C:07 (0,5 =0.2)'“B:37(0,s = 0.2)'’B:17(0, s = 0.2) '’B:07(0,5s = 0.2) Exp. (7 = +)
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Super-Allowed Beta Decays

e Super-allowed beta decays constrain
|V, |in the CKM matrix

* Precision treatment requires radiative
corrections that are sensitive to nuclear

structure: o, and Oy

0.226 -

e ab initio calculations of A = 10,14 decays in EOQ% _
light nuclei using NCSM and QMC [Gennariet — .
al., PRL 134, 012501; Cirigliano et al., PRC 110, 055502; King ' Wus‘[Kan]

et al., arXiv:2509.07310] 0.222 1

e use IM-NCSM to extend mass range **Mg,

\ Uni :
26 - Unitarity
mAl, 0220 . _ \ . .
0.970 0.972 0.974 0.976 0.978 0.980
 benchmarks for CC, IM-GCM, VS-IMSRG, ... Vo
e test exact sum over intermediate states vs. image credit: M. Gennari

new EFT approach
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(Multi-Reference) EOM-IMSRG

e describe “excited” states based on reference state |®,) = Q]j | D))
e (MR-)IMSRG effective Hamiltonian in EOM approach:
[H(s), Q] ()] Dg) = ()0 (5) | Dy, wy(s) = Ey(s) — Eyfs)
o approximations make w,(s) s-dependent

e ansatze for excitation operators (g.s. correlations built into Hamiltonian):

1
Q;(S) = Z (Q(k))pq(s) : agaq >+ 7 2 (Q(k))pq,,s(s) : aga;asa,, -

Pq pqrs
1
0/(s) = Z (0F) () s al : + ZZ (0®),($) s ajaia, : + ...
P par

e polynomial effort, commutator formulation identical to flow equations
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