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Status of 3N interactions
* 3N interactions in different regularization schemes

* SRG evolution and application of nonlocal NN+3N

interactions at N3LO to matter and nuclei —» also talks by
Robert Roth
Achim Schwenk
Thomas Hiither

2. Novel normal-ordering framework for 3N interactions for
applications to medium-mass and heavier nuclei

* basic idea and first benchmarks
* first applications to 9O in IM-SRG



Implementation of 3NF in different regularization schemes (NZLO)

- for N3LO see next talk by Hermann

momentum space

coordinate space

nonlocal
regulators:

long-range
short-range

nonlocal MS

A"E(p, @) = exp |—((p? + 3/4 ¢1)/AY)'|
“hort(p,q) = £,"(p, @) = fr(P. Q)

regularization: <p’q’|V§§g|pq> = R, 4) P’ q|Vanlpq) fr(P, Q)

local local MS local CS

regulators:

long-range Q) = exp |—(Q2/A?)] o () = 1 —exp [-(/R?)"]

short-range

“hor(Qy) = £"(Q0) = £1(Q))

R = exp |- (/R

regularization: || (p'q'|ViElpq) = (p'q'|VaxIpg) IT; fx(Q) Vi) = f e () Vig(r)
0" (r;;) = Cfnfﬁhort(l’ij)

semilocal semilocal MS semilocal CS

regulators:

long-range llxong(Qi) = exp [—(Q? + mﬁ)/Az] Ileong(r) = (1 —exp [—r2 /Rz])"

short-range

regularization:

e (p) = exp [-p?/A?]

(P'q 1V Ipa) = f;"(Q) (p'q’|VanIpa)
(P'q 1V’ lIpa) = f3r(p) (p'q’[Viglpa)

f ,ihort (Ps)

Yo (p) = exp [-p?/A?]

, lon
Vin (@) = fr (i) V(X))

FT
6(1'1'1') — VgN

(P'q1Ve’lpq) = £(py) (p'q'IVigIPa) £ (ps)

KH, in preparation



Implementation of 3NF in different regularization schemes (NZLO)
- for N3LO see next talk by Hermann
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lllustration of 3NF in different regularization schemes
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lllustration of 3NF in different regularization schemes
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3NF in different regularization schemes (N2LO)
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Momentum space SRG evolution of 3NF
in different regularization schemes
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Fits of 3N interactions to saturation properties of nuclear matter
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Comparing systematics of results for matter and nuclei
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* connection between results for matter and nuclei still not fully understood

* role of higher-body forces in SRG evolution?

—p more in Achim’s talk



Novel normal ordering framework for 3N interactions

|. transformation to Jacobi HO basis plus antisymmetrization
<p’q’o/|V3(§)’reg|pqoz> — <N’n’o/\V3(§S’reg|Nnoz>
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Novel normal ordering framework for 3N interactions

|. transformation to Jacobi HO basis plus antisymmetrization
<p’q’o/|V3(1§)’reg|pqoz> — <N’n’o/\V3(§S’reg|Nnoz>

2. transformation to single particle basis
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3. Normal ordering with respect
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Novel normal ordering framework for 3N interactions

traditional approach:

|. transformation to Jacobi HO basis plus antisymmetrization

2. transformation to single particle basis
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Novel normal ordering framework for 3N interactions

new approach:

|. Express effective interaction in momentum space and

expand reference state in HO basis:
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Novel normal ordering framework for 3N interactions

new approach:
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Novel normal ordering framework for 3N interactions

new approach:

4. transform matrix elements to Jacobi HO basis

(n,NpL'M'L,, M., .|V|n,NpLM L, Mcp, )
Victoria Durant

5. transformation to single-particle HO basis via generalized Talmi

transformation (taking into account L.m dependence)



Novel normal ordering framework for 3N interactions

new approach:

4. transform matrix elements to Jacobi HO basis
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Victoria Durant
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Novel normal ordering framework for 3N interactions:
Pure contact 3N interaction

only configurations with L=L"=0 contribute:

Is: 4He, hw=13.53
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Novel normal ordering framework for 3N interactions
First benchmark calculations for 16O

comparison of 3N contributions to the energy (left) and charge radius (left):
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Summary and Outlook

Development and calculation of 3N matrix elements in progress, size
and structure of matrix elements sensitive to regularization
— next talk by Hermann

First calculations of nuclei and matter based on nonlocal interactions
up to N3LO — talks by Achim, Robert, Thomas (plus poster)

Novel normal ordering framework for 3NF that avoids the need to
represent 3NF in single-particle coordinates, first benchmarks
promising - further tests and optimizations in progress



Thank you!
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Representation of 3N interactions in momentum space
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Due to the large number of matrix elements, the traditional way of

computing matrix elements requires extreme amounts of computer resources.

N, ~ N, ~ 15

INT ~ 7 10
N. ~ 30 — 180 )} =107 =10

dim[(pgar|Vaas|p'q'

A ‘new’ algorithm allows efficient calculation.
KH, Krebs, Epelbaum, Golak, Skibinski, PRC 91,044001(2015)




Novel efficient many-body framework  Main code developer:
for nuclear matter (and other problems?)  Christian Drischler

Problem:
Evaluation of MBPT diagrams beyond second order in perturbation theory
becomes complicated and tedious in partial wave representation.

Present frameworks too inefficient for including matter properties in force fits.

Strategy:

Implementation of NN and 3N forces without partial wave decomposition.
Calculate MBPT diagrams in vector basis
112..n) = |kimg,mye, ) ® |kamg,me,) X ... ® |kpms, my. )
using Monte-Carlo techniques. Implementation efficient and very transparent.
Drischler et al. arXiv:1710.08220 (2017)
Status:
Implementation of nonlocal NN plus 3N forces up to N3LO complete.

Implemented MBPT diagrams up to 4th order for state-of-the-art interactions.
Entem et al. PRC 96, 024004 (2017)


http://arxiv.org/abs/arXiv:1710.08220

Example: Second order diagram in MBPT
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* hard to automatize and generalize
to higher order diagrams

* prone to mistakes

Single-particle vector

representation:

(2)
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% D;

ijab
ab

* each diagram a compact
single line of code

* straightforward to
automatize code generation

* adaptive evaluation of
integrals using Monte-Carlo
techniques



Higher-order contributions

example: third order (particle-particle, hole-hole, particle-hole)
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Status:

* implemented all NN diagrams up to fourth order in MBPT, 3N
interactions up to third order

* implemented all NN and 3N interactions (nonlocal) up to N3LO

* possible to also use NN matrix elements stored in partial wave basis
by partial wave resummation

* interaction interface suitable for all many-body frameworks that
require matrix elements in a momentum vector single-particle basis



Proof of principle:
Fits of 3N interactions to saturation properties of nuclear matter

* incorporation of saturation properties in fits was not possible so far

due to insufficient efficiency of many-body calculations

* performed calculations up to 4th order for set of presently used
NN interactions, natural convergence pattern Drischler etal, arXiv:1710.08220 (2017)

Hebeler+ (2011)

NNLOsim (2016)
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