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Introduction

Self-consistent Multiparticle-Multihole Configuration Mixing Method (MPMH ):

Method applied in atomic physics and quantum chemistry:
-» Multi-Configuration Hartree-Fock (MCHF), Multi-Configuration Self-Consistent Field (MCSCF)

Based on the determination of a Configuration Interaction (CI) wave function = allows:

» explicit symmetry preservations (particle number, spherical symmetry, Pauli principle),
» indiscriminate treatment of long-range correlations,

» treatment of ground and excited states in even-even, odd-even & odd-odd nuclei
on the same footing.

The underlying mean-field and the single-particle states evolve with the correlations of the system

= fully self-consistent approach



Formalism of the MPMH method

— role and interpretation of the orbital optimization

Applications with the Gogny D1S interaction

+ Numerical algorithm
— doubly iterative convergence process

+ Description of even-even sd-shell nuclei

— Effect of the orbital optimization on ground and excited states properties: Charge radii,
excitation energies, transition probabilities, inelastic electron and proton scattering...

Towards an “ab-initio” theory

— implementation of a chiral interaction: preliminaries



4+ Formalism of the MPMH method

— role and interpretation of the orbital optimization



MPMH method: Formalism

%k Trial wave function |\If> = superposition of Slater determinants
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%k Trial wave function |\If> = superposition of Slater determinants
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1plh 2p2h 3p3h
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Possible truncation schemes:

» Core + Valence space — defines subspace P of Hilbert space
» Excitation order (Np-Nh)

» Excitation energy
» etc (symmetry-constrained) H =

[ The mixing coefficients {Aa}
Unknowns? <

The single-particle states {QOZ}
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MPMH method: Formalism

%k Variational principle applied to the energy of the system: E [\If] a <\If|H ‘ \If> =0

* Two coupled equations to solve:

r

55[\11]/{,43} =0

0E[ Y] /(pry =0

Note: formalism shown here for a 2-body Hamiltonian

derivations for 2-body density-dependent or 3-body interaction available
in C.R., N. Pillet, D. Pena Arteaga & J.-F. Berger, PRC 93, 024302 (2016).



MPMH method: Formalism

VHIE]
1st variational equation: The mixing coefficients CI diagonalization

0¥ /paxy =0 = %:A5<¢a|ﬁ|¢ﬁ> = FA, ( 3 ) (A) E<A)

m) introduces explicit correlations in restricted configuration space P @

All types of long-range correlations are treated at the same time:

o _ _ Interaction vertex (¢ |V |d3)
Excitation order of the configuration /

\

no —ng| =2 RPA, pairing

e —ngl =1 Particle-vibration coupling
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Ne —ngl =0

Pairing

Y
R
/\@V\}’\
P




MPMH method: Formalism

2nd variational equation: The single-particle states

4+ variation of the single-particle states: 4+ 1st order variation of the many-body wave function:
ol eTale™T = daf =i [T,a]] -} 00) = iT|)p
= [00)p +[0¥) o

T = hermitian 1-body operator

» Note: OE[W] 0y = p(U|H|SV) + (V| H|0V)p
= p(U|PHP|5V)p + p(V|PHP|SW)p + p(¥|PHQ|0V) o + o(¥|QH P|0V)p

—» the orbital optimization takes into account the coupling Hpq/Hqr between P and Q spaces (however not Hqq)

= 6E[V] j(pry = (Y| [HT} ) =0 h(p), p| = (o)

“Generalized Brillouin condition” Generalized

mean-field
equation
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MPMH method: Formalism
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MPMH method: Formalism
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MPMH method: Formalism

Generalized
mean-field
equation

general mean field A R A

hij(p) = Kij + Y _(ik|V|jl)pu
kl

source term

contribution from 1 N N
particles & holes Gij(o) = 5 Z (VkmﬂOkzimz — Vk:z'ml(fjlkm)
klm
= single-particle : % e o = two-body correlation matrix
energies
\\\“" %— # OLkiml — (\P|ajalzalak|\ll>
correlated —(PriPIm — PrmPlLi)

one-body density
ca =) (U al W) (EFT — E)

N pri = (Ulalar|0)
+ > (T oo B PE - BT »
M = “natural” basis single-particle orbitals
used to build the
= centroid of one-nucleon separation - _ n many-body configurations
energies occupation ,*
= “most unambiguous definition of numbers \

single-particle energies"

(Baranger (1970), Duguet & Hagen (2012)...)




MPMH method: Formalism

Interpretation of the orbital equation:

(2)
General equation in physics: 1-body GF G(1) Connected 2-body GF G

X /
Equation of motion for the one-body [ (_ ‘{ Renormalization of the
Green'’s function (at equal times) = h(p), Pl = G(U = one-body propagator

equivalent to solving
a Dyson equation

Self-energy: E(tl — tg) — 2(0)5(?51 — t2) -+ Z(dyn) (tl — tg)

N N

Static part Dynamical part

o Tij(p) =D (ik|VIjl)ps = =L Wor

kl

o G(o)= lim [ di [g<1>(t—t2),z<dyn>(t1—t)}

=» Consistency between correlations and single-particle picture



+ Applications with the Gogny D1S interaction



Application to sd-shell nuclei with the Gogny force

Gogny D1S interaction (Dechargé, Gogny PRC 21, 1568 (1980)):

_ (71 =7)?
Vipl= Y  (W;+ B;P, — H;P, — M;P,P;)e '
j=1,2 ~_
L (Tt A
+t3(1 - CCQPG)5(’I“1 - 7“2),0 Central part:
- two gaussians
Density- g + z’WLgﬁlgé(f’l — T_é) X %12(0’1 —+ 0'2) Slv(()) ;af?T?easnd
dependent term ) u—1.2 fm)
(zero-range, e A o
a:1/3) + (]. —I_ 27-]_2)(1 ‘I\—\\ZTQZ) |7?1 — 772| M
(many-body effects ...) A (zero-range)

Coulomb

> E[V] = (V|H[p]|¥)

correlated density



Application to sd-shell nuclei with the Gogny force

= modified coupled equations to solve:

0E[W] ax =0 > Ap(dalH[p] + Rlp, 0llds) = Ma
E

VIO gy o

op(T) rearrangement terms

e where 7é[p, o| = /d37“<\11|

e p and o-dependency = non-linear equation

. 1 2%
+ where hi;(p,0) = Ki; +;<zk\vw>mk 7 2 (Mg lmn)(Plaiajanan | T)

klmn

= explicit dependence on ¢



+ Applications with the Gogny D1S interaction

+ Numerical algorithm
— doubly iterative convergence process



MPMH method: Numerical algorithm

» The full solution requires a doubly-iterative algorithm:

Solve 1st equation
starting point:

Hartree-Fock Z A5<¢a|ﬁ[p] + R]p, ol|lps) = AN

orbitals 3
= Mixing coefficients {Aq}

Solve 2nd equation

Calculation of the densities
and source term

A

h(p,0), 5] = G(o)
i = (Yalay|0)

= single-particle orbitals {y;} e okimi = (Ulalal aa| )

_(pkiplm - Pkmpli)
= G(o)

‘A ... until convergence

C.R., N. Pillet, D. Pefia Arteaga & J.-F. Berger, PRC 93, 024302 (2016).



+ Applications with the Gogny D1S interaction

+ Description of even-even sd-shell nuclei

— Effect of the orbital optimization on ground and excited states properties: Charge radii,
excitation energies, transition probabilities, inelastic electron and proton scattering...



Application to sd-shell nuclei with the Gogny force

Framework

e Even-even nuclei with 10 < (Z, N) < 18

Z, number of protons

Z=82

e truncation scheme: core of 160 + valence space : ==

e 9 major oscillator shells

Ex: 28Si — 12p-12h

1f712

1f7/2

—08- 00— 1d:2
2S1

900000 10

—80-00— 1d;;
251

OO 1dsp

Y 1pie2 S0, 1p
—00- 00— 1n:: —OXOOO—1ps3z
L 4 4 1s1z OO 1s1z

Protons

Neutrons

Z=50

N=82

7=23 ] gl

Z=20 TN=50

Z=8 4
= N=28
N=20 N, number of neutrons

MN=8

nndc.bnl.gov

Calculation of ground- and excited-state properties:

» Binding and separation energies, charge radii

» Excitation energies

» Magnetic dipole moments and quadrupole spectroscopic moments
» Transition probabilities B(E2), B(M1)...

= How are these observables impacted by the optimization of orbitals?

C. Robin, N. Pillet, M. Dupuis, J. Le Bloas, D. Peiia Arteaga and J .F. Berger, PRC 95 044315 (2017).



Application to sd-shell nuclei with the Gogny force

Symmetry-preserving scheme
= The information about deformation is contained in the two-body correlation matrices o :

TN PR
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- Ne isotopes - o | o
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100 1 28, | ]
0T ) i
— 80 [ -
S ol N
% 70 - — ‘ ‘ o i ‘.L Y | T
— 60 ] quadruplet (jjkI)
D os0f 24,
20 B 1 08 0.06
10 | 20,
0 -_ - 004 | g :t:: | [ 1 {
-1 -0'5 0 0'5 1 o0 o ﬁ 0.02_; ‘ I \ ' H 1 001 f | ! 1 | | | ‘1 l “
B HFB potentia[ energies o s AR bk (Lt il ’ﬂ IJI A }‘ 14: i o bdLlLls, L L i im‘ Hf]._ !]‘ | | A i ikl !
o D) s
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o / O \O—/ Oy -200
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Application to sd-shell nuclei with the Gogny force

1
2k Source term of the orbital equation: G%(O) =3 ‘w m = Z Viimi0jikm
ki kim

1y oty € whole basis € valence space

— =0 —1d3p — - = —1dsp
2s1 —@ 25y

900000 1d: - -0 1ds,

-~ — —> Introduces couplings between the valence space

— 0000 —1n. —OC-O0—1pn and the rest of the single-particle basis.
—e0— 1. —O0—1lsu
Protons Neutrons At Iteratlon #1_-
(AL UL Ll 14 ALLILLILULELLNLILE i L i il
a neut = = ® neut =
B Gt (o) (MeV)  E = Gt (o) (MeV) |
o E 1.2 E
-+ — — — —
(U - — - —
e i B z B
w — -4 — — - —
D =) = ¥ I =
O - = - =
T 5 = = =
Q | = 0.8 _ al =
o 4 " = 1 |® =
o - M = = e
£ - - — -
) - = 0.6 - e
] r [ ] =
- - 0.4 — - 0.4
sdg = 4 — i | i
Ld3 /2 fp 3 = 9 | ™ =
sd<{ 2s \— - - . - = " B
12— - — —= =l °2- —= —= = °2
lds /2 «e—— 3 o = = -
SP & = = =
AEEEAPRERANERRERRERRRRRRRERRRRRRRNRRRRRRRRR e R RERRRERERRRRRRERRRRRRRRRRRRRARRRRRRRRRRRR 0
sp sd fp sdg

single-particle state |



Application to sd-shell nuclei with the Gogny force

(0 )

2k One-body density matrix (neutrons): Representation of A,O = ‘ P — Py | inthe HF basis:
Equation 1 - iteration 1 Equations 1&2 - iteration 1
_ 5, if i, € core ho). ol = Glo) = Gij(0) After convergence (iteration 22)
pr— O' P PR,
Pij € [0,1] ifl:,jévalence L: - Pl P Pij € —&j it llllllllllllllllllIllllllllllllllllllllllllll: obva
0 otherwise 3 b—-f o =
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 1
COMPARISON OF THE NEUTRON DENSITY FROM EQ. 1 AND 2
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 2
COMPARISON OF THE NEUTRON DENSITY FROM EQ. 1 AND 2
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 3
COMPARISON OF THE NEUTRON DENSITY FROM EQ. 1 AND 2
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 4
COMPARISON OF THE NEUTRON DENSITY FROM EQ. 1 AND 2
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 5
COMPARISON OF THE NEUTRON DENSITY FROM EQ. 1 AND 2
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 6

COMPARISON OF THE NEUTRON DENSITY FROM EQ. 1 AND 2

1 =71 T * ¥ &+ [ v & ° ) v & [ v 77" 77 ]
I ‘#f.
[ e .
1e-05 | el -
¥ i ]
Z i -~ 1
O ! N 1
T 1e-10 F .
-) - + ) l
O - _
uJ ///
= - .
8 1e-15 - -
L #’4’ ]
> A
- . A .
n 20 L -
> le-20 _ q
w
a
T 1e25 | i
= s -
)
L P
Z [ ]
1e-30 | -
1e-35 B N N N N N R
1e-35 1e-30 1e-25 1e-20 1e-15 1e-10 1e-05 1

NEUTRON DENSITY FROM EQUATION 1



Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 7
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 8
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 9
COMPARISON OF THE NEUTRON DENSITY FROM EQ. 1 AND 2
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

Ilteration 10
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 12

COMPARISON OF THE NEUTRON DENSITY FROM EQ. 1 AND 2
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 13
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 14

COMPARISON OF THE NEUTRON DENSITY FROM EQ. 1 AND 2
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 15

COMPARISON OF THE NEUTRON DENSITY FROM EQ. 1 AND 2
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 16
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3k Convergence of the one-body density matrix (neutrons):

Application to sd-shell nuclei

Iteration 17
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 18
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 1
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

Ilteration 20

COMPARISON OF THE NEUTRON DENSITY FROM EQ. 1 AND 2
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 21
COMPARISON OF THE NEUTRON DENSITY FROM EQ. 1 AND 2
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Application to sd-shell nuclei

3k Convergence of the one-body density matrix (neutrons):

lteration 22

COMPARISON OF THE NEUTRON DENSITY FROM EQ. 1 AND 2
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Application to sd-shell nuclei with the Gogny force

>k Effect on the many-body wave function:

-'- or oz -
Orbital transformation: bi = 62TCL/1-L € o

m) (VD)= AL o))

acP(f) )

= X APy Y

pePW)

1st equation only

nucleus

20Ne

Weight of P

—

Weight of QU)

-

= (@

i) LG How big?
A Jof)), oW P19

\%QU)

~

P

1st+2nd equations
Starting from HF orbitals

Weight of P0) | Weight of Q)

24Mg

28Sj

328

28Ne




Application to sd-shell nuclei with the Gogny force

>k Effect on the many-body wave function:

. = _ . = (i)
Orbital transformation: bz = 62Taz (& = » a

m) (U)) = Z A(f)|¢(f)>

acP(f)

= 3 4D 1) */Z A“>|¢<\ How big?
BeP () c Qi) /

~ —
—

1st4+2nd equations 1st4+2nd equations
Starting from HF orbitals Starting from HO orbitals

nucleus Weight of P | Weight of Qi) Weight of PO | Weight of Q0 Weight of PO | Weight of QU)

20Ne

24Mg
28Sj
328

28Ne

1st equation only

The weight of the initial Q space increases when starting further from the final solution



Application to sd-shell nuclei with the Gogny force

>k Effect on the many-body wave function:

-

o)y = T | HF)

_‘.
Orbital transformation: bi =€

zTaze—zT

= [HI) +1 Z Tpn ajan|HE)— 5 Z TonTprn apanay,ap |HF) + ...
| h ho'h'
y y p ' pnhp '
— S — oo
P —0— ——
4000 000 4000 4000

= final reference state = superposition of mpmh excitations on the initial HF reference state = richer

New reference-state component
1st + 2nd equations

Pure Hartree-Fock component in correlated ground state

1st equation only 1st + 2nd equations

nucleus

26Ne 1% 62% 69%
28Si 60% 24% 26%
328 58% 39% 47%

39% 17% 18%

Reference state built
on optimized orbitals

= “better” than HF state

= Pure HF component decreases:
self-consistent procedure appears
to fragment the wave function




Application to sd-shell nuclei with the Gogny force

+ Charge radii: > Average difference:
(Ar.) = 0.021 fm — 0.018 fm
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—_ » Standard deviation:
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_ 3.38 |
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o s | 336] Exp

. MPMH Eq. 1)
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) A
24 26 32 34 36 /

. . self-consistent natural orbitals
4+ Radial orbitals: @
0.60 ———— ————y
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2S d
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Application to sd-shell nuclei with the Gogny force

+ Charge radii: > Average difference:
314 (Ar.) = 0.021 fm — 0.018 fm
3.00}°* iiB 1 328}
—_ » Standard deviation:
£ 29 " s || 326} { 312} o(Ar.) = 0.017 fm — 0.018 fm
T o202 m A : * .
: 324} - 3
, : : 3.10 . -
2.88 22 24 26 28 : 30
3.06 | @ Hartree-Fock orbitals
E
" 3.04) ; 3.36 | 2 : Exp
# + MPMH Eq. 1)
- 334} - MPMH Egs. 1)+2)

A
3.02 . . ) )
24 26 32 34 36

. . self-consistent natural orbitals
4+ Radial orbitals:

T T T T HFI T 0.08 HO T
0.60 | n-HF ---- [ —
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Application to sd-shell nuclei with the Gogny force

Excitation energies: 30S and 30Si:
T=0 component of the Gogny force
(lack of tensor term, Pillet et al. PRC 85, 044315 (2012))

5 I N 1 by I N 1 . 5 bl e I N 1
L E*(27) - Eq. 1 - - 1) - Egs. 1+2
4| . - 4 -
= | = |
S3l - —> S3l -
N - . Y L [ ]
E ’ 33 : Orbital g ' I\I\:g i
2 . imizati 2 o’ , <
£ | ," Sj - optimization £ | i Si -
3 S e y S e
Tr Ar o A Ar o
1 2 3 4 5 1 2 3 4 5
experiment (MeV) experiment (MeV)
" (AE*) =373 keV (AE*) = 235 keV
All < G(AE*) = 517 keV All { o(AE*) = 323 keV

05 g 05 | (AET) = 226keV s0g g 305 | (AF*) =142 keV
excluded | ;(AE*) =214 keV excluded | o(AE*) =122 keV



Application to sd-shell nuclei with the Gogny force

+ Transition probabilities B(E2)

80 [ N 1 t ' ] 80
- INe I1SOlopes ]

70 P Exp. —@— | 20
;é"ﬁo " HF orbitals —®— - "’Eeo
NH- 90 _ Self-Cconsistent orbitals —a— N“- 50

=40 | 2.40
N3 | s

E‘l 30 : g 30
a0 D20

o \\t’/"\' 10 _

0 E 1 1 | | I 0 §
20 22 24 26 28
A
70 | S isotopes Exp. —@—
: Eq.1 —0—
'—'60 — Egs. 142 —4&—
E50f
40}
™30}
W™
m 20 /’)\‘
[ F — v )
10 |
0 : l - 1 1
28 30 32 34

2+

AVAVAV

 Si isotopes

I 4
Exp. —@— |

Eq.1 —o— 4——

Egs. 142 —&—

self-consistent
natural orbitals

24

26

» Trends overall well reproduced

» But clear lack of collectivity due to
the restricted valence space

» Positive but small effect from the

optimization of orbitals
(factor 1.7 in 30Sij, 1.3 in 28Sj & 325)

No effective charges

(0

Hartree-Fock orbitals



Conclusion from the study with Gogny

3k First implementation of the fully self-consistent multiparticle-multihole configuration mixing method

Construction of a general mean-field and natural orbitals consistent with the correlation of the system,
complete convergence reached.

Effect of orbital optimization always positive.
With single valence shell: large impact on the ground-state wave function, but small effect on the
transition probabilities...

= solve orbital equation for each many-body state

= try truncation schemes involving larger single-particle spaces
(excitation order, excitation energy, symmetry-constrained combinations etc.)
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3k First implementation of the fully self-consistent multiparticle-multihole configuration mixing method

Construction of a general mean-field and natural orbitals consistent with the correlation of the system,
complete convergence reached.

Effect of orbital optimization always positive.
With single valence shell: large impact on the ground-state wave function, but small effect on the
transition probabilities...

= solve orbital equation for each many-body state

= try truncation schemes involving larger single-particle spaces
(excitation order, excitation energy, symmetry-constrained combinations etc.)

* BUt. 15 L . - 1 - 1 ]
14 ~ E*(21)
The D1S Gogny interaction is in principle not 13 ¢ @ &) ]
adapted (double counting of correlations...), and = ﬁ ] ]
® 10 F .
) . . ,_E, " . 8 T T T T T T
can lead to divergent behaviors when enlarging - g ] - ' BE)
the valence space due to the zero-range spin-orbit E 7F 1 . r m‘ ]
and p-dependent terms. See e.g. study of 12C: E 6F New . @ 1 5 6r ( ]
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Conclusion from the study with Gogny

3k First implementation of the fully self-consistent multiparticle-multihole configuration mixing method

Construction of a general mean-field and orbitals consistent with the correlation of the system,
complete convergence reached.

Effect of orbital optimization always positive.

With single valence shell: large impact on the ground-state wave function, but small effect on the
transition probabilities...

= solve of
» Need a better suited interaction

= try tru
(excitat

_ » fully finite-range, better constrained Gogny interaction
3k But: with tensor

The D1S Goc
adapted (do

or

» interaction derived from chiral EFT (here) N

can lead to d ' B(E2) 2 ]
the valence sp _ .
and p-dependent terms. See e.g. study of 12C: £ 6 New , ® 5 6T ( i
5 orbitals G A . 5| i
: ]
3 4 + 4
@ orw space 4 A B -
) 2 3 4 5 6 7 8 &3l @
collectivity x,excitation energies /, overbinding ~ 6 MeV experiment (MeV) = ,1 $ ) orbitals -
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+ Towards an “ab-initio” theory

— implementation of a chiral interaction: preliminaries

— in collaboration with I. Tews (LANL), R. Bernard (ENS Cachan) and G. Hupin (IPN Orsay)



Application of the MPMH method with a chiral interaction

4+ In MPMH, we have to do the CI diagonalization
and calculation of the mean field/source term at
each iteration
—» use matrix elements (e.g. in HO basis) as only
input would be very inefficient

—» need potential in coordinate space
and ideally Gaussians



Application of the MPMH method with a chiral interaction

4+ In MPMH, we have to do the CI diagonalization
and calculation of the mean field/source term at
each iteration
—» use matrix elements (e.g. in HO basis) as only
input would be very inefficient

—» need potential in coordinate space
and ideally Gaussians

4+ Ingo Tews and collaborators have developed
local chiral interactions
with Gaussian regulators
that can be written in coordinate space

See e.qg. A. Gezerlis, 1. Tews, E. Epelbaum et al.,
Phys. Rev. C 90, 054323 (2014)

At each order:

contact terms
+
long-range pion-exchange terms

Chiral expansion:

NN 3N AN
0
o dtli H| - | -
2 LECs
¢ gzé I:::i }::*
NLo 0% — _
7 LECs 1

3
N2LO O(%)
2 LECs

Q4
N3LO O F)
15 LECs




Application of the MPMH method with a chiral interaction

4+ In MPMH, we have to do the CI diagonalization
and calculation of the mean field/source term at
each iteration

—» use matrix elements (e.g. in HO basis) as only
input would be very inefficient

—» need potential in coordinate space
and ideally Gaussians

4+ Ingo Tews and collaborators have developed
local chiral interactions
with Gaussian regulators
that can be written in coordinate space

See e.qg. A. Gezerlis, 1. Tews, E. Epelbaum et al.,
Phys. Rev. C 90, 054323 (2014)

At each order:

contact terms
+
long-range pion-exchange terms

Chiral expansion:

NN

3N

1st step:

4N




Application of the MPMH method with a chiral interaction

Chiral interaction at leading order with Gaussian regulators: cut-off Ro= 1 fm

4 contact term:

v

&

ontact( ) — (CS + CT0'1 . 0'2) X (Oz e_(T/RO)Q) - purely gaussian

L J
-~

regulator
4+ long-range one-pion exchange:

2\ 2
VOPE( ) = (W(O)( )T -T2 01 - 0'2—|—W( )( ) T1 - 7'2512) X (1—6_(T/Ro) )

—

regulator

central spin-isospin term:

2 _M,r
(0) (r) = M3 e~ Mr tensor isospin term:
2F

127 Mzr . M3 2 Myr 5 5
Wz (r) = 15r <2F,,) My~ (1 T M T (M)

-» Yukawa or Yukawa-like x Gaussians

)



Application of the MPMH method with a chiral interaction

Strategy: fit the regularized Yukawa or Yukawa-like functions to a sum of Gaussians

0 € —(r/R —(r/b?)?
Wé,,,zeg(?“)OC - (1_6(/0) NE (r/67)
—Mnyr
(0) ¢ : 3 ~(r/Ro)?) T (r/bT)?
Wi req(1) o . (1 + Moy + (MWT)Q) (1—e E a; e

to use the machinery already developed in the original code for the Gogny interaction

Note:
such fits of Yukawa to Gaussians already applied in J. Dobaczewski & J. Engel, Phys. Rev. Lett. 94, 232502 (2005),
or more recently in e.g. R. Navarro Perez et al. PRC 97, 054304 (2018).



Application of the MPMH method with a chiral interaction

0.35

- Central term:
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Very preliminary!
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Application of the MPMH method with a chiral interaction

—-» Tensor term:

.......... true function

fit to 5 Gaussians

regularized tensor term

0
Wi, (r)/D

1 2

r (fm)

Courtesy of I. Tews

. ga
V / ! D =—=
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Application of the MPMH method with a chiral interaction

—» Test for the central term:

B_MWT
Use the relation

— % /OO dX e " XT-M7/AX* (exact)
T Jo

r

to do the exact integration of the central term and check the accuracy of the Gaussian fit

>
%) DL i o amommnniidaa o ao oo aooeeuaaaaononnsmmmauaanainoaaaaaa * Average difference:
= 0.006 } difference in interaction matrix elements :
£ (5 HO shells) N 1 N = fit
— + + . erxact (2
t::8 0.004 | , ; s TR <AV> — N E : H/;jk]l jkl|
ch‘ - (ijki}=1
0.002
5 . =2.10 x 107° MeV
>
§ * standard deviation:
2 -0.002
o
o
9 t * :
w B + + + - il
o c s =/ (AT2) — (AT)?
X imi /
< -0.006 | Very preliminary! _

SALLLLLL LU LU LU L LU LU L LU LU L) 1020 >< 10 Me »

[ijkI]

» impact on observables to be investigated...



Application of the MPMH method with a chiral interaction

* To do next:

Finish the implementation of the tensor term
Implement the next orders: NLO, N2LO

- finite range spin-orbit
~» three-body interaction

Check convergence of the results with respect to the cut-off and the size of the single-particle basis ...



Application of the MPMH method with a chiral interaction

* To do next:

J¢ Finish the implementation of the tensor term
J« Implement the next orders: NLO, N2LO

- finite range spin-orbit
~» three-body interaction

Jv Check convergence of the results with respect to the cut-off and the size of the single-particle basis ...

Thank you!
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