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Methods developped in this presentation to solve the many body
problem:

4 — Can address bound
Mixing / A-body harmonic |4 AjnT}SquOO(Rcm) resonances (“short

coefficients(unknown) oscillator states  Second quantization range correlations).

/N

038

0.6 Unable to describe
observables sensitive

v to the tail of the w.f.
02 and continuum states.
No-Core Shell Model
0.0
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EQUAL TREATMENT OF BOUND AND RESONANT STATES
‘PN IN THE 48 //mTioNO-CORE SHELL MODEL WITH CONTINUUM
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Methods developped in this presentation to solve the many body
problem:

4) Can address bound
! AAJ™T Z c, |Aaj =N . .
(F)CI | ] ) a | ]Z Z) and IOW'IYIHg
™ resonances (“short”
Mixing / A-body harmonic |44] T)SD¢OO(RC m) ( ]
coefficients(unknown) oscillator states ~ Second quantization range Correlatlons)'
rA_a, l@
p@ (A aa) <= G a
Yrem = drig, )(A(—)a)
—-a a - -
l/Jal l/J 6(7' - rA—a,a)
Relative wave Channel Cluster expansion
function (unknown) Antisymmetrizer basis technique

NCSM/RGM
Cluster formalism for
elastic/inelastic
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‘PN UNDERSTANDING NUCLEAR STRUCTURE: SLi
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Asymptotic conditions

are exactly treated
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‘PN UNDERSTANDING NUCLEAR STRUCTURE: SLi

INSTITUT BE PHYSAOUE NUCLENRE

ORSAY

Asymptotic conditions

are exactly treated

NCSMC
NN+#3IN NN
1.27 422
- =342 T-368 -
o0 3.13
. qury =Sl
< : SAACIEE BRI - Consistent ab initio calculation of this
e o . 0.99(9) ot 1.05 -
Lq& .86 . — 0.7117 -}IT‘ - SyStem.
ol =00z 1 * Bound and resonant states are
e e treated in the same way.
TS LI Bl © Effects of the chiral 3N force are
ol & 8 s | revealed.
NN NN+3N
[ NCSM (extrapolated)




1B N CONCURRENTLY WITH NUCLEAR REACTION 2H(a,d)*He
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Ability to probe the remaining
inaccuracies of the nuclear interaction.
—
© Besenbacher et al.
v Browning ef al.
Kellock et al.
) 1ok » Nagata er al. |
_’\g i | Quillet ¢r al. I
k= "H(od) He
: =30
0 % 0.5 ®a
[ B
S
4+
% 2r
2 : : : :
g High accuracy is achieved in the low-
ol energy limit, important for:
- 1. Astrophysical S-factor.
_ _ , | 2. Radiative capture at low
ol energy.

G. Hupin, S. Quaglioni and P. Navratil PRL114 (2015)
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R TRIUMF

Possibility to discriminate between chiral nuclear forces ?

e B A B e S IRIS collaboration:
10 10 . ' A. Kumar, R. Kanungo,
- . E, =44 MeV
100 A p- C 100} p C e : - A. Sanetullaev et al.
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60 H/ 2]
= [y i :
g . y ~ | Some of the shortcomings of the nuclear
- 5
— ' *Ds,, 1 . : .
© ) - interaction can already be probed in p-shell
N?LO.qy 1 . -
30 ——- N*LO+N2LO(400) k nuclei through reactions.
2 — = NYLO+N?LO(500) ]
60 L O3 x  expt. k [NN p-waves are not perfectly reproduced
90 F n-"He 3 ) : ., by NZLOsat]
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Erin [MeV] A. Kumar, R. Kanungo, A. Calci et al. PRL117 (2016). 9
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Three scenarii of nuclear Hamiltonians

n-*He SCATTERING: NN VERSUS 3N INTERACTIONS

G. Hupin, J. Langhammer et al., PRC88 (2013); P. Navratil, S. Quaglioni, G. Hupin et al., Phys. Scri.91 (2016) Celebrating
the 1975 Nobel Prize
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 The 3N interactions
influence mostly the P
waves.

* The largest splitting
between P waves is
obtained with NN+3N.

Comparison between NN+3N-
ind and NN+3N at N_,,=13 with
six *He states and 14 °He states.

10



‘PN n-*He SCATTERING: AB INITIO VS EXACT
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Scattering phase shifts NCSM/FY
VI
y ’ — " Al * Good agreement between
o I E the two methods.
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' ‘PN LIGHT SYSTEMS, FIRST TASTE OF EXOTIC PHENOMENA
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Bound states
* Resonant states

* Scattering states

* Halo densities 1H
* Clusterizations
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Primordial Nucleosynthesis (blue) ‘

(o,m) (o,y)

{n,x)
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- ‘PN LOW-ENERGY TRANSFER REACTIONS (d,N)
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Primordial Nucleosynthesis (blue) I

(ot,m) ()

La science doit « nous rendre comme

maitres et possesseurs de la Nature »
R. Descartes Discours de la méthode.

ITER design (Cadarache, France)

+
Structure of the °He 3/, resonance I

o\

o\ O . A_> p-shell

excitation

15
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‘PN DT POLARIZED THERMONUCLEAR FUSION
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S-factor and angular distribution
T T 17157 1 T T4
2,100
=
= 10 ARB2, COB2, ARG -
] e o KOGG. JARL, BRR7 1
= C — NCSMC — corrected ]
Q -= NCSMC
E . 107 NCSM/RGM
o L
2.10" 1
A1l 1 L PR . | L 1)
5.100 107 2.107 5.10' 10° 2.10°

E. .. [keV]

+
Structure of the SHff 3/," resonance

Sk

N ,Q’b\q' ‘ .V

excitation

s-shell

Importance of structure of neighboring
resonances is revealed in transfer
reactions.
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S-factor and angular distribution

TTT
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0k, .-

L

DT POLARIZED THERMONUCLEAR FUSION

ARBG2, COG2, ARGY
KOGG, JASL, BR&7

NCOSMC — corrected
NCSMC
NCSM/RGM

i | i sl
10 “flil 100510 ull)' SR

E.n. [keV]

T L T T T

—_— i L1}
- Unpolarized
Basch aned Hole

=l el

Reactant spins are
prepared in a
given
configuration

1 3
Gp()lar(e) =0(0) |1+ 5pzA., + _pzpthz,zt

3

2

 Importance of structure of neighboring

resonances is revealed
reactions.

in transfer

Predictions for 3ﬁ)(cf, n)4He reaction and
its enhancement factor.

G. Hupin, S. Quaglioni and P. Navratil to be submitted
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Angular distribution in different

polarization scenarios
J=1/2 j=1

J.=—1/2 Jz=1
—©~
Total cross section increased

(on average) No changes Total cross section decreased
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Spin tensor properties of the deuteron

give the angular shape.
(Same as in 3He(d, p)*He) 18
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N. Pillet, J.-F. Berger, and E. Caurier, PRC78 (2008); C. Robin, N. Pillet, D. Pefia Arteaga, and J.-F. Berger, PRC83 (2016)

MPMH METHOD: BRIEF INTRO
IPN
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g = JAYTT) = A )
(F)CI ] — Ca a]z z “
e T DA
Mixing A-body harmonic A4 T)SD('bOO(RC-m-)
coefficients(unknown) oscillator states Second quantization

The MPMH is a double variational method

Variational amplitudes are the mixing coef. ¢, and the
single-particle orbitals ¢;(7}), i.e.

0E  OE

lp1(\/11£}3)M1L1 — Z Ca "qagoa,A(FA)(pa,A—l(FA—l) <Pa,1(7_”>1)

a
Mixing Single particle
COEfﬁCientS(unknown) states(unknown)

7\
/

MPMH « No-Core No-Shell »
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A S 5 .
LIJI\(/IP)MH - z Ca c/%c‘ﬂoc,A(7”,4)§0a,A—1(7”,4—1) <Pa,1(7”1)

a
Mixing Single particle
coefficients(unknown) states(unknown)

For computational purpose we can truncate further \
v' Based on many-body energy: = /¥

Maximum s.p. ener

A S S .
PiPun = Y CaaanTn)Papms Gat) o P ()

stshell
~ V ®,(ry)
MPMH « No-Core No-Shell »
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d‘ PN MPMH METHOD: BRIEF INTRO

sTTTUT B€ PHYSIOUE MIX
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A S 5 .
LIJI\(/IP)MH - z Ca c/qocQDaz,A(7”,4)§0a,A—1(7”,4—1) <Pa,1(7”1)

a
Mixing Single particle
coefficients(unknown) states(unknown)

For computational purpose we can truncate further
v Based on many-body energy:

Maximum s.p. ener
Amax ° & p-sk

(A) — 9 % % . ‘.
I C CA — — e
MPMH — § a a(pa,A(JA)(pa,A 1(7A 1) (pa,1(71) ol ”\ty/‘l (Pl(rl)

MPMH « No-Core No-Shell »

v Based on an active valence space and inactive

core.
Tmax
l.IJMPIVII‘I - Ca q)a,N(rA—a; ""TA)(DA—N(rl’ ...,T‘A_a)
A=Cmin Valence Core

21




MPMH METHOD: BRIEF INTRO
IPN
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v According to the type of many-body excitations

A
[—

|
\ |
/

Reference state ¢!

All nuclear correlations thought oo, AT | ren, paiing

to be important in mean-field can

be inCI Uded 0 ‘ ‘r VAR ‘. ‘-’ Particle-vibration
M o :' ': | rea

Some key features : | S’ | Paiing

v Systematically improvable, i.e. all the
Hilbert space can be spanned.

v' All symmetries but translational
invariance are conserved.

22



MPMH METHOD: ONE OR TWO PROPERTIES OF

d‘ PR INTEREST
C. Robin, N. Pillet, D. Pefia Arteaga, and J.-F. Berger PRC83 (2016)

B'QAY PHYSAOUE NUCLEARE
Variation of mixing SC;(E[lP] — A(Y|¥P) — 1)) =0
coefficients: large-scale
diagonalization. PEN 2<CDC¥|H|CI)3)C3 = Acy
B
Variation of orbitals: 5¢T(E[Lp] — 2({(P|¥) — 1)) =0
generalized one-body l & [hlpl, p] = Glo]

problem embedded in many-

body space spanned by W. Orbitals are optimum: |@) = U|@)

n T o T
/ N\ = u‘;"' Ch. Constantinou,
- n ./ \ < 1 1 M. A Caprioetal.
4He l [1, arXiv:1605.04976
Mean-field adapted to a N\
. __ 04 / \ ‘ ~
given type of many-body E \ N\ Opt. orbital
. s ’ Neutron
correlations (NCSMC, Shell- B ol
Model, 2p-2h...). S = HO states
0.0 i e e
S Ninax = 16 [llustration
Y X ) hw= 2f‘) MeV
0% 2 6 23

4
r(fm)



‘ PN CONNECTING EDF TO BARE INTERACTION WITH MPMH
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Ab initio — Mean field

use MPMH for the first time:
> To renormalize a bare nuclear interaction

and reveal the corresponding mean-field.
— MPMH can treat beyond mean-field
correlations.
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Ab initio — Mean field

use MPMH for the first time:
> To renormalize a bare nuclear interaction

and reveal the corresponding mean-field.
— MPMH  can treat mean-field

correlations.
— Need for a more general functional form (yet

easy to integrate).

beyond

2 —(F1—72)? / _
v15(p] = Z(Wj + B;P, — H;P, — M;P,P,)e K
=i

+(W; + B;P, — H;P, — M;P,P;)e
+iWL5§125(Tsz) AVi5(8y + 65)

+ tensor

~C1T)?) - p(r)+p®(rz)
5
2(uzm) /2

theory (MaV)

B
L]

i
T

P
T

—
L]

E*(27) theory vs expt.

Courtesy of N. Pillet

©

" Mg »

g »

Ar « 7

.|. Sl"-

1 2 3 4
axperimant (MaV)
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Ab initio — Mean field

use MPMH for the first time:
> To renormalize a bare nuclear interaction

and reveal the corresponding mean-field.
— MPMH  can treat mean-field

correlations.
— Need for a more general functional form (yet

easy to integrate).

beyond

2 ~Gi?/,
v15(p] = Z(Wj + B;P, — H;P, — M;P,P,)e K

= Ne »
-(F1-T2)? pE(r)+p%*(ry) 2+ - Mg «
+(Wj + BjP, — H;P, — M;P,P,)e = e » S -
+iWLS|7125(?)(F2)A|712(&1 +3,) iy Ar s 1
1 2 | i

+ tensor

» Use properties of the continuum to infer

an interaction fitted for exotic systems: a
first step towards reactions.

*Ab initio

E*(27) theory vs expt.

MPMH

B

©

theory (MaV)
(7]

Courtesy of N. Pillet

axperimant (MaV)

Continuum properties of 1N

NN+3N400  N*LO.. Data evaluation [12]
J*  E, r E I E r
/27 147 (553 1.33 (145) 1.49(6) Q.83(3)
1/ 191 055 195 057 2.22(3) 0.6(1)
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() Im(E) @ thresholds (b) Im{E) rotated continua |
Complex :
o—continua Sca“ng 55
bound states U5 Re(£) » bound states - NC(E)
resonant state : resonant state "\
H (hidden) H(b) (revealed)

Kruppa et al. PRC89 (2014)

The complex scaling and the resonance states

L () = e T + V(re')
Hr) =T+ V() ) H(r) = UO)H@T)T1(6)

Aguilar-Balslev-Combes theorem: the resonant states of the original Hamiltonian are invariant and
the non-resonant scattering states are rotated and distributed on a 20 ray that cuts the complex
energy plane with a corresponding threshold being the rotation point.

H@r, 0)y(r,0) = (E + iDy(r, 6)
Energy It Half-life

27
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IN DEVELOPMENT: RESONANCES
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(a) Im(E) e thresholds
MHI¢ o continua
Re(E)

bound states

H

resonant state :
(hidden)

(b) Im(£) rotated continua |

Complex
scaling

H(H) resonant state :

(revealed)

Kruppa et al. PRC89 (2014)

The complex scaling and the resonance states

HD=T+V{@)

Known

Boundary limit problem

‘ H(0) = e 29T + V(re'?)

H(r) =UO)HT)U1(8)

U(Q)H(r)U(B) 1

Spatially extended

but falls off
exponentially

asymptotic l/J(T 9)~e —kr sin 6

Bound state problem

28



‘PN IN DEVELOPMENT: APPLICATION TO NN SYSTEM
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Schematic case: the deuteron Collaboration with R. Lazauskas and J. Carbonell
* Use of an HO basis in Jacobi coordinates __©6
* Diagonalization in the deuteron channel
e
Il ®
Malftliet-Tjon
: ik XX es
0 , T T T - (|| T -]
\ XU - | VB D B
:;—»l.ll_l - . - ?—»l.l[ll |
= S, =
R —R.10°F _
= | . ‘\- £ —8.10' E
S b e S, N
LI0PFs & me 2 '\.{ o Tz ¢
[ o mom 11021 o e =0 v
0 107 510 3107 0 WL BRI 3107
Re(E) :f\lv\;]ﬁi o - f,’,,"j,(,flzl?,:')["\‘], - ; :
() b= H : ..l..- ® ' e - ()= ﬁ....; e e o l. o - Generallzatlon Of the
e —— i i, :"- .., MPMH configuration
= 9102 RN A Tt TV ——L10°F S = - -
Z 0T RS Wy e, : mixing approach to
& 5.0l N = PR symmetric non-hermitian
E’ ] ‘ 5_3,“,-_-_:::: : e T i complex matrices.
—T7.10°F » P o 10 - | alae=T ‘ .
oo #=12 —4.10%F " |* ¢=10 J
- #=2 . e (=2 .
0 1107 R.10° 1.10° 0 3.10° 6.10° 9.10° 29
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1Sy N? LO pn interaction at  =10.0°

e ® (-0 N -
“lm =3 ' e,
s 0=7
- h=8 \
C #=95 R
S B=10

1
() -2.11()-" 4.f03 6.11()1‘
Re(E) [MeV]

* SRG evolution requires spanninga ¢ Complex scaling involves the
large NN basis (n,,~150). The integration of diverging

typical scale of k is 10 fm~* polynomials (of order n) far from
(VM) their zeroes.
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SOFT INTERACTION FOR CI METHODS WITH SRG

4PN
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1Sy N3LO pn interaction at  =10.0° Agpg =1.5 fm ™!

‘ L3.0”'::
2 5= ’
1 ARE
1 : —1.5 0
-9 4.5 -1
3.0
1.5 o
1o 30 713 o&
\f;

k [fm 1

4.5
3.0
1.5

J
1.5 3.0 4.5
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THANK YOU !
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D1 He
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