Recent developments and applications of
three-nucleon interactions

Kai Hebeler
Hirschegg, January 16,2018

Hirschegg 201 8:
Multiparticle resonances in
hadrons, nuclei and ultracold gases

%22 TECHNISCHE
S=7#\

2@/~ UNIVERSITAT
I+ DARMSTADT




The theoretical nuclear landscape:
Scope of ab initio methods for atomic nuclei
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The theoretical nuclear landscape:
Scope of ab initio methods for atomic nuclei
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The theoretical nuclear landscape:
Scope of ab initio methods for atomic nuclei
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The theoretical nuclear landscape:
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Many-body forces in chiral EFT

long (2m) intermediate ()  short-range

fl’ c3,c4 terms cp term cg term )

, first incorporation in calculations of

neutron and nuclear matter

Tews, Krueger, KH, Schwenk, PRL 110, 032504 (201 3)
Krueger, Tews, KH, Schwenk, PRC 88, 025802 (201 3)

all terms predicted
(no new low-energy couplings)
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Contributions of many-body forces at N3LO in neutron matter
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Contributions of many-body forces at N3LO in neutron matter
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Many-body forces in chiral EFT
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NZLO O (%) +H1 first incorporation in calculations of

neutron and nuclear matter

Tews, Krueger, KH, Schwenk, PRL 110, 032504 (201 3)
Krueger, Tews, KH, Schwenk, PRC 88, 025802 (201 3)

first calculation of matrix elements for

ab initio studies of matter and nuclei
KH, Krebs, Epelbaum, Golak, Skibinski, PRC 91,044001(2015)

N:}L( O . _L/



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

SVENINEN 7 10
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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
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dim[(pgar|Vaas|p'q'

A new algorithm allows much more efficient calculations.
KH, Krebs, Epelbaum, Golak, Skibinski, PRC 91,044001(2015)
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Regularization schemes for P P’

nuclear interactions (here: NN) P =(p1—p2)/2
P’ = (P1— P2)/2
Separation of long- and q= (p1 — P})
short-range physics D1 P2

Van(p, p’) — exp [— ((p2 +p/2)/1\2)n} Van(p, P')

Epelbaum, Glockle, Meissner; NPA 747, 362 (2005)
Entem, Machleidt, PRC 68,041001 (2003)

nonlocal



Regularization schemes for P P’

nuclear interactions (here: NN) P =(p1—p2)/2
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short-range physics D1 P2
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Epelbaum, Glockle, Meissner, NPA 747, 362 (2005)
Entem, Machleidt, PRC 68,041001 (2003)
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local VNN (q) — exp {— (¢°/A%) ] Van(q)
(momentum space)

cf. Navratil, Few-body Systems 41, | |7 (2007)



Regularization schemes for P P’

nuclear interactions (here: NN) P =(p1—p2)/2
P’ = (P1— P2)/2
Separation of long- and q=(p1— P}
short-range physics D1 P2

Van(p, p’) — exp [— ((p2 +P’2)/A2)n} Van(p, P')

nonlocal
Epelbaum, Glockle, Meissner, NPA 747, 362 (2005)
Entem, Machleidt, PRC 68,041001 (2003)
2 2\
local VNN (Q) — exp {— (¢°/A%) ] Van(q)
(momentum space)

cf. Navratil, Few-body Systems 41, | |7 (2007)

local Vun(r) = (1 - OXP [_ (Tz/Rz)nD Vin(r)
(coordinate space) 5(r) — v exp [—(r2/R2)"]

Gezerlis et.al, PRL, 1 11,032501 (2013)



Regularization schemes for P P’

nuclear interactions (here: NN) P = (p1—p2)/2
: P = (pP; —P3)/2
Separation of long- and q=(p1—p})
short-range physics pi Do
Van(p, p’) — exp [— ((p° +p’2)/A2)n} Van(p, p’)
nonlocal
Epelbaum, Glockle, Meissner, NPA 747, 362 (2005)
Entem, Machleidt, PRC 68,041001 (2003)
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cf. Navratil, Few-body Systems 41, | |7 (2007)
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(coordinate space) 5(r) — v exp [—(r2/R2)"]
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Epelbaum et. al, PRL, I 15, 122301 (2015)



Phase Shift [deg]

Recent and current developments of novel nuclear interactions

|.local EFT interactions, suitable for Quantum Monte Carlo calculations
status: NN plus 3N up to N2LO, calculations of few-body systems and neutron matter
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Recent and current developments of novel nuclear interactions

|.local EFT interactions, suitable for Quantum Monte Carlo calculations
status: NN plus 3N up to N2LO, calculations of few-body systems and neutron matter
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Recent and current developments of novel nuclear interactions

|.local EFT interactions, suitable for Quantum Monte Carlo calculations
status:
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Recent and current developments of novel nuclear interactions

3. fits of NN plus 3N forces to two-, few- and many-body observables
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Recent and current developments of novel nuclear interactions

3. fits of NN plus 3N forces to two-, few- and many-body observables
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4. semilocal NN forces, development of improved method to estimate uncertainties

status:
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3NF power counting for different regulators

nonlocal

N2LO N3LO

EGM 450/500 MeV

- - ~ ~ -
/;Q\gf”/ S \9—————6‘////// e —0 c=1.0c,=2.52
~o 7 \\ =~ Va4 — —
~p7 \\:ﬂ—____ﬂ// g —@ c=0.5,c,=097
> ~B>/ b —p ¢;=0.0,c,=-3.77

T T T
EGM 550/600 MeV

TT T TT T T rTT
b

e —0 cE:I.O,cD:—4‘17
B —m@ c=15,c =248

B —p ;=2.0,c=-0.78

g —@ =05, c;=120

BARERNRERERE
|
3
I
I:
¢

p- —p ;=0.0,c=3.80

| | | ! !
< C5 €, p Ce 21 2n-1t  rings 2m-cont. 1/m 1/m 1/m
(moc) (C) (€D @C)

KH et al.,
PRC 91,044001 (2015)



3NF power counting for different regulators
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* size of N3LO contribution not suppressed for shown nonlocal interactions

* N3LO contributions suppressed for semilocal interactions

* technical challenges for semilocal interactions:

* forces non-perturbative, large basis spaces or RG evolution needed

* implementation of 3N forces hard, stability problems for scattering calculations

* implementation of nuclear currents hard
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“Very soft potentials must be
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too high density. In particular, a
substantial tensor force is
required.”

Hans Bethe (1971)
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Fitting the 3NF LECs at low resolution scales
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“Very soft potentials must be
excluded because they do not
give saturation;

they give too much binding and
too high density. In particular, a
substantial tensor force is
required.”

Hans Bethe (1971)
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“Very soft potentials must be
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give saturation;
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ADb initio calculations of heavier nuclei
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ADb initio calculations of heavier nuclei
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. in range of applicability of ab initio many body framewor

* significant discrepancies to experimental data for heavy nuclei for

(most of) presently used nuclear interactions

* need to quantify theoretical uncertainties
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Studies of neutron-rich nuclei
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* remarkable agreement between different many-body frameworks

* excellent agreement between theory and experiment for masses of
oxygen and calcium isotopes based on specific chiral interactions

* need to quantify theoretical uncertainties



Novel efficient many-body framework Main developer:
for nuclear matter Christian Drischler

Problem:

Evaluation of 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.


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

Novel efficient many-body framework Main developer-:
fOI" nuclear matter Christian Drischler

Problem:

Evaluation of 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)
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Novel efficient many-body framework Main developer-:
fOI" nuclear matter Christian Drischler

Problem:

Evaluation of 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

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)
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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
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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
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Status and achievements

significant increase in scope of remarkable agreement between
ab initio many-body frameworks different ab intio many-body methods

discrepancies to experiment dominated by
deficiencies of present nuclear interactions

Current developments and open questions

presently active efforts to
develop improved nucleon interactions

(fitting strategies, power counting, regularization...)

Key goals

unified study of atomic nuclei, nuclear matter systematic estimates of

and reactions based on novel interactions theoretical uncertainties
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* microscopic framework to

calculate equation of state for

general proton fractions

* uncertainty bands determined

by set of 7 Hamiltonians
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* many-body framework allows

treatment of general

3N interaction

Drischler, KH, Schwenk,
PRC 054314 (2016)



Vc (r) [IMeV]

-100

“Traditional” NN interactions

K' (fm™)
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* constructed to fit NN-scattering data (long-wavelength information)
* long-range part dominated by one pion exchange interaction
* short range part strongly model dependent!

* traditional NN interactions contain strongly repulsive core at small distance
» strong coupling between low and high-momenta
» many-body problem hard to solve!
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“Traditional” NN interactions
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* constructed to fit NN-scattering data (long-wavelength information)
* long-range part dominated by one pion exchange interaction

* short range part strongly model dependent!

*tl How do we estimate uncertainties for many-body observables? jance
>Q‘Wmm”_m

» many-body problem hard to solve!




The size of the atomic nucleus:
challenges from novel high-precision measurements
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The size of the atomic nucleus:
challenges from novel high-precision measurements
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The size of the atomic nucleus:
challenges from novel high-precision measurements
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(direct connections to astrophysics! )
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The equation of state of high-density matter:
constraints for neutron stars from nuclear physics
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The equation of state of high-density matter
constraints for neutron stars from nuclear physics

-
0
=
a4
O
a4
w
-
=,
O

ELECTRONS

2| INNER CRUST

ELECTRONS

SUPERFLUID NEUTRONS

SUPERFLUID NEUTRONS

SUPERCONDUCTING PROTONS

HYPERONS?
COLOR SUPERCONDUCTOR?

DECONFINED QUARKS?

figure taken from Kruger,
doctoral thesis (2016)
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The equation of state of high-density matter
constraints for neutron stars from nuclear physics
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The equation of state of high-density matter:
constraints for neutron stars from nuclear physics
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NEUTRON STAR ILLUSTRATION

nature A two-solar-mass neutron star Demorest et al.,
» measured using Shapiro delay Nature 467, 1081 (2010)
Iéol\lnn?):sgr lF:tl:llalllt?\i;‘irsit?caBinary Antoniadis et al,
Science 340, 448 (2013)
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* microscopic framework to

calculate equation of state for

general proton fractions

* uncertainty bands determined

by set of 7 Hamiltonians
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* many-body framework allows

treatment of general

3N interaction

Drischler, KH, Schwenk,
PRC 054314 (2016)
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Microscopic calculations of the equation of state
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* microscopic framework to
calculate equation of state for
general proton fractions

* uncertainty bands determined
by set of 7 Hamiltonians

Calculation

of neutron star properties require EOS up to high densities.
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Strategy:

. Use observations to constrain the high-density part of the nuclear EOS. )




Neutron star radius constraints

incorporation of beta-equilibrium: neutron matter —— neutron star matter

parametrize our ignorance via piecewise high-density extensions of EOS:

* use polytropic ansatz p ~ pF (results insensitive to particular form)

* range of parameters 11, p12,1'9, pa3, '3 limited by physics

log,,P [dyne/cm?’]

37

36

35

13.0

I I
crust EOS (BPS)

B ncutron star matter
with ¢, uncertainties

p crust

13.5 14.0
log,,p [g/cm’]

P12 P23

KH, Lattimer, Pethick, Schwenk,Ap] 773, 11 (2013)
KH, Lattimer, Pethick, Schwenk, PRL 105, 161102 (2010)



Constraints on the nuclear equation of state

| I [ T I
4 N n
use the constraints: 36 |- 4
recent NS observations -
g
Minax > 1.97 M 2 351 )
5
I. qu
causality =
S 34 F i
vs(p) = \/dP/de < ¢
\- y
M >1.97 M. -

KH, Lattimer, Pethick, Schwenk,ApJ 773,11 (2013) ' ' ! ' ' | - | - | L
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constraints lead to significant reduction of EOS uncertainty band
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Constraints on neutron star radii
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KH, Lattimer, Pethick, Schwenk,Ap] 773, 11 (2013)
KH, Lattimer, Pethick, Schwenk, PRL 105, 161102 (2010)

* low-density part of EOS sets scale for allowed high-density extensions
* current radius prediction for typical 1.4 M neutron star: 9.7 — 13.9 km
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Constraints on neutron star radii

36 - ——— WFF3 ====---

W
()}

w
N
1

33 =

14.2 14.4 14.6 14.8 15.0 15.2 15.4

logop [g/cm’] Radius [km]

KH, Lattimer, Pethick, Schwenk,Ap] 773, 11 (2013)
KH, Lattimer, Pethick, Schwenk, PRL 105, 161102 (2010)

* low-density part of EOS sets scale for allowed high-density extensions
* current radius prediction for typical 1.4 M neutron star: 9.7 — 13.9 km
* proposed missions (LOFT,NICER...) could significantly improve constraints



Gravitational wave signals from
neutron star binary mergers
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Bauswein and Janka, PRL 108,01 1101 (2012),
Bauswein, Janka, KH, Schwenk, PRD 86, 063001

* simulations of NS binary mergers show strong correlation between between
fpeak of the GW spectrum and the radius of a NS

* measuring fpeak is key step for constraining EOS systematically at large p
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* simulations of NS binary mergers show strong correlation between between
fpeak of the GW spectrum and the radius of a NS

* measuring fpeak is key step for constraining EOS systematically at large p



Softening of nuclear interactions:
the Similarity Renormalization Group

* generate unitary transformation which low- and high momenta:

[ Hy = UAHU;: ] with the resolution parameter A

* change resolution systematically in small steps: {dHA = [na, HA]J

dA

* generator 7)) can be chosen and to different applications

* observables are due to unitarity of transformation
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Softening of nuclear interactions:
the Similarity Renormalization Group
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Systematic decoupling of high-momentum physics:
the Similarity Renormalization Group

I0.5
'J '0.5

* elimination of coupling between low- and high momentum components,
— simplified many-body calculations!

* observables unaffected by resolution change (for exact calculations)

* residual resolution dependences can be used as tool to test calculations

-

\_

Not the full story:
RG transformations also change three-body (and higher-body) interactions!

~

J




Chiral effective field theory for nuclear forces

* choose relevant degrees of
freedom: here nucleons and pions

* operators constrained by
symmetries of QCD

* short-range physics captured in
short-range couplings

e separation of scales: Q << A,
breakdown scale A,~500 MeV

e power-counting: expand in Q/A,
* systematic, obtain error estimates

* many-body forces appear naturally




Many-body forces in chiral EFT
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Many-body forces in chiral EFT

N
long (27) intermediate (r)  short-range

fl’ c3,c4 terms cp term cg term )

, first incorporation in calculations of

neutron and nuclear matter

Tews, Kruger, KH, Schwenk, PRL 110,032504 (201 3)
Kruger, Tews, KH, Schwenk, PRC 88, 025802 (2013)

all terms predicted
(no new low-energy couplings)



Many-body forces in chiral EFT

long (2m) intermediate ()  short-range

J

fl’ c3,c4 terms cp term cg term

first incorporation in calculations of

neutron and nuclear matter

Tews, Kruger, KH, Schwenk, PRL 110,032504 (201 3)
Kruger, Tews, KH, Schwenk, PRC 88, 025802 (2013)

first calculation of matrix elements for

ab initio studies of matter and nuclei
KH, Krebs, Epelbaum, Golak, Skibinski, PRC 91,044001(2015)



Aren’t 3N forces unnatural? Do we really need them!?

tidal effects in earth-sun-moon system
tarst Cuarter

& . Tidal bulge

from =un

Suletirave tidal
torces

* force between earth and moon depends on the position of sun
* tidal deformations represent internal excitations

* describe system using point particles ——> 3N forces inevitable!

* nucleons are composite particles, can also be excited
* change of resolution change excitations that can be described explicitly

>

» crucial question: how important are their contributions?



Development of nuclear interactions

nuclear structure and
reaction observables

- J
validation
predictions optimization

power counting

4 )

Chiral effective field theory

nuclear interactions and currents




