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Goals for many-body theory

* We want to solve many-body Schrodinger equation...

* ... precisely to describe emergent phenomena...

e ... Inlight, medium-mass, and heavy nuclei and nuclear matter...
e ... consistently based on input nuclear forces...

e ... with quantified uncertainties

Low-resolution forces + qualitatively correct reference state
allow for efficient expansion of many-body wave function



Outline

* Ab Initio methods & chiral EFT: Developments and growing pains
 IMSRG-based perturbation theory for subleading terms

* Preliminary explorations in (medium-)light nuclei
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The IMSRG decouples excitations
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Successes and challenges

Consistency and predictive power

Confirmed dripline
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Reach to heavy nuclel
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Successes and challenges

Strong constraints for neutron densities

R, (fm)

R, (fm) R, (fm)

skin

Hagen et al., Nat. Phys. 12 (2016)



Successes and challenges

Strong constraints for neutron densities
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Successes and challenges

Energies vs radil vs spectra

Simultaneous reproduction of all observables challenging

Various challenges in trends along isotopic chains
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PT for subleading terms

Effective interactions

Input L+ Vio VaLO VNLO
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Effective interactions

LO IMSRG(2)
Input Line+ Vip VNLO
Transformation U 1.O

Expectation E
value LO
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PT for subleading terms

Effective interactions

LO IMSRG(2) Consistently evolved
Input Line + Vio VNLO VN2Lo
Transformation U 1.O U 1.O U 1.O
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PT for subleading terms

Effective interactions

LO IMSRG(2) Consistently evolved
Input Line + Vio VNLO VN2Lo
Transformation U 1.O U 1.O Uio
Expectation E < V > V.
value LO NLO (VxeLo)
Effective
residual

Interactions




PT for subleading terms Notation:

Setting up a PT expansion # =%~ )

= U oHU]
Key Ideas:

1. Reference state | @) solves nonpert. Schrédinger equation for H

2. Treat VNLO, VNZLO as perturbations

3. Use simple many-body perturbation theory to compute corrections
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3. Use simple many-body perturbation theory to compute corrections

H = E; o + diag H; o + A(offdiag H; o, + Hyy o) + A2 Hyop o
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NLO: AEN; o = (VaLo)

A -------- X
N’LO: Ay o = (Vo) T © +
W

N’LO: AEys o = (VaeLo)
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PT for subleading terms

Putting the pieces together

NLO: AEN; o = (VaLo)

N’LO: Ay o = (Vo) T © +

N’LO: AEys o = (VaeLo)

R -------- x

+ 3 other

+ skeletons
w -------- X




Preliminary explorations

Basic setup

* |Input Hamiltonian:

. NN-only pionless EFT up to N°LO, A = 400 MeV

* EXpansion around unitary limit

e Caveat: No 3N force at L.O, no 4N force at NLO, benchmarks only!

 Comparison with results from Faddeev-Yakubovsky (FY) calculations
by Sebastian Kénig for “He

 Main goal: Quantitative agreement
to validate approach and implementation

e Keep in mind: IMSRG(2) and MBPT are not exact methods

13



Preliminary explorations

IMSRG flow

« Good agreement with FY results
within expected uncertainties

e Less than 300 keV at LO

e IMSRG(2) solution seems to
roughly decouple V1 o

(1,1) (2)
. AEN2L o< AENZL oS >

e LO IMSRG(2) solution dominates
many-body uncertainty

———— EN2LO (KOﬂlg — FY) _

6 8 10 12 14

s (dimensionless)
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Preliminary explorations

Convergence
behavior

« Reasonable model-space
convergence

 Flatin 7w ate,.,, = 10

» Trends for AEy o suggest that

LO reference state may be
suboptimal

e Full nonperturbative IMSRG(2)
solution very compatible
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Preliminary explorations

160

e [|.O — NLO relative correction

looks similar to Yang et al.

 Model-space convergence
behavior still reasonable

 Can consider larger cutoffs,
but not too large

* Overall promising approach,
N-LO also feasible

s 1

| —
—@— cnax =
—&— [MSRG(2) nonpert.
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What about larger cutoffs?

 Many-body methods have errors that
scale with correlation energy £_ ..

 Hard interactions — large correlation
energies — large uncertainties

 Operate at moderate cutoffs to
keep many-body uncertainties low

IMSRG IMSRG(2) AIMSRG(3)-N’ %

E...(**Ca) —96.9 —1.7 1.7
E...(*Ca) —112.2 —1.8 1.6
E...(°*Ca) —119.9 2.0 1.6
VS-IMSRG VS-IMSRG(2)  AVS-IMSRG(3)-N’ %

E.,.(**Ca) —108.2 —1.4 1.3
E...(**Ca) —113.5 —1.2 1.1
E.,.(>*Ca) —121.4 —1.3 1.1

MH et al., PRC 111 (2025)
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What about 4N forces? [ - w  _.o=°°
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 Normal ordering of 3N forces

| =16
(3,N0)_Z: 3 o-2lel . o, TR TY
V1234 pz]V12i34j 12 16 20 i_j 28 32 36 40
Y Miyagi et al., PRC 105 (2022)
* Reformulation in terms of Jacobl 1630 e
momenta e e i, -
> 1660 208Pb
o Similar approach would work for %—gg
short-range 4N forces, £ -iom
—1700
but not long-range 1710
—1720

16 20 24 28 13 12 11 10 9 &
B3, [max / Jmax

Hebeler et al., PRC 107 (2023) 18



Conclusions

 Combination of IMSRG & MBPT
to treat subleading potentials
perturbatively

e Scalable to medium-mass and
heavy systems

» Still challenged by large cutoffs,
4N Interactions

s 1

I E—
C €max —

I —
10
—&— [MSRG(2) nonpert.




Open challenges and questions

Need to be clear about our goals, cost/benefit analysis

« Where can we improve? Where does current nonpert. approach fail?
LO reference state is probably pretty poor, need to test validity of PT
 Can we actually reasonably do perturbation theory in this case?
Similar approach not possible with valence space calculations yet

« How do we do PT in large-scale diagonalizations?

Considering other operators is more challenging

* How to evaluate PT for other operators?

Overall, it is unclear what precision we can expect from this treatment;
need to stay at moderate cutoffs b/c of many-body approximation

20
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