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INTRODUCTION
oeo

OPEN QUANTUM SYSTEMS (OQSs): WHAT ARE THEY?

— Quantum systems coupled to the environment of scattering states and
decay channels.

Q @ Examples of OQSs in many E Q

domains of physics: hadrons,
nuclei, atoms, molecules, quantum o=l 0
dots, microwave cavities.

)
Closed quantum @ Exotic phenomena in OQSs:
superradiance phenomena, SyEtem
spontaneous two—proton Scattering continuum
radioactivity, near-threshold o N/
clustering phenomena... o>
Resonances
,\ _ / @ General properties of OQSs | —---- s
v (resonances, halos, exceptional
P points) are common to all /
\\.: . mesoscopic systems. ‘.‘
\\:\~ Eolndistates \\*‘- Bound states

——
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DESCRIPTION OF NUCLEAR OQSS

— Unified description of nuclear structure

Nuclear Shell Model (1949):

e Applied successfully to the
description of low-lying states in stable
nuclei (bound state approximation).

e Fails to describe unstable nuclei.

-
N-2 N1 N N+l p
z+1 z1 | | ze1 ] |z i
=

i
o

%QS

N+2
z+1

and reactions.

Reaction theory:

e Unable to include the underlying
structure of the target and the
projectile nuclei microscopically.

@ Reconciliation of SM with reaction
theory by Feshbach (1958-1962),
Fano (1961), Mahaux and
Weidenmiiller (1969) with the
projection operator formalism =

gt i S EEE Continuum Shell Model.
o 21 1o 7, 10z e g
¥ ﬂr ®®>®F?IH.‘?I#§I#N§;}A:.'N§I: @ A different approach: Gamow
I.r!!"‘. —~ ®__‘ Li_;l_l_ﬂ'—i-ﬂl_i-kl-f_: Shell Model (GSM), the SM for
/1"" : 'S : [%_E’{%L:’{iﬁ"&.t:’"&.ﬂ OQS in the complex energy plane.
> 1

— Reconciliation of GSM with reaction
formalism: GSM-CC.

theory using the coupled-channel
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Picture from http://arxiv.org/abs/quant-ph/0005024
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FOrRMALISM

— GSM: quasi-stationary open quantum system extension of the SM.

@ Gamow states: discrete solutions of the
quasi-stationary Schrédinger equation that are regular
at the origin and with outgoing boundary conditions.
G. Gamow, Z. Physik 51, 204 (1928) @ Rigged Hilbert space (RHS):
construction designed to link

O%uy(k,r I(1+1) 2m istributi
1(kyr) _ ( ) +22V(r) - K2 u(k, r) the dlst.rlbutlon and
or? r2 h2 square-integrable aspects of
MK functional analysis (Gel'fand,
E=-—" k ~ Co(k)r'tt Vilenkin et al. (1964), Maurin (1968)).
o ur(k,r) ~ Co(k)r .
@ Rigorous framework for
u(k,r) ~ C+(k)H,+n(kr) " C_(k)H,_n(kr) quantum mechanics (Bshm
r—oo ’ 2 (1964), Roberts (1966), Antoine (1969) and
ui(k,r) ~ C+(k)H,+n(kr) < outgoing solution Melsheimer (1974)).
r—oo ’
@ Unified formalism for bound
@ Complex eigenenergies E, = e, — il n/2 corresponding states, resonances and
to poles of the S-matrix: scattering states.

@ RHS inner product:
P 2uE, B . oo
n=\/ 2 =Hn=im (fin]un) = fo dr T (F)un(r).
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FORMALISM
— Berggren completeness relation: Normalization in practice:
Z lur(kn)) (T (Kn )| + [ dk |u(k)) (i (k)| = 1. @ Scattering states:
ne(bid) Lf; 1
Ci(k)C_(k) = =—.
T. Berggren, Nucl. Phys. A 109, 265 (1968) 27
— Discretization: Z |y (k) {ur(kn)| =~ i (holds also with Coulomb)
ne(b,d,c) @ Resonant states:
3(k) C_(k) =0.
@ Resonances:
ground state / decaying j Exterior complex-scaling:'e
. . 1 resonances UE(Q)X(I‘) _ X(ra + |I’ _ ralel )

R(k) if |r| > ra.

B. Gyarmati and T. Vertse (1971), B. Simon (1979)

—_—tt—t——
capturing =C
resonances .

. f '\. contour L* o Differentiability: J* (k) =0.
anti-bound state 1 (non-resonant @ The RHS inner product gives
° o continuum) Co(k).
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THE GAMOW SHELL MODEL

— Gamow Shell Model:

Intrinsic nucleon-core coordinates of the

Cluster-Orbital Shell Model.
Y. Suzuki et al., Phys. Rev. C 38, 410 (1988)

SM Hamiltonian:

A Nyai — Nyg
H=H.+Y T+ > V;
i=1 i<j

N-body basis of Slater determinants:
L AIALE!
from the 1-body Berggren basis.

Hermitian Hamiltonian but
complex-symmetric matrix A= A"

— Davidson diagonalization.

Eigenenergies: En=E,+il, 2.

@ Overlap method to identify
N-body resonances.

N

e e
Pole space Full space

(WP |y Dy 709 — 90%

@ Schematic interactions: proof
of applicability of GSM.

@ Spectroscopy of stable and
unstable nuclei.
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THE GAMOW SHELL MODEL

= PRC 67, 054311 (2003) 18-22~ 5-10 5-11) -
+ PRC 67, 014322 (2003) O, He, Li,

Gamow HF,
TJ. Phys. G: NPP 31, 51320 (2005)
 PRC 72, 054322 (2005) overlap method,

1 PRC 71, 044314 (2005) DMRG, NCGSM,

+ J. Phys. G: NPP 31, 51337 (2005)

[-Prog. Part. Nucl. Phys. 59, 432 (2oo7j

042501 (2002)

« PRC 75, 031301(R) (2007)
= Comp. Phys. Com. 176, 232 (2007)

=Rev. Mex. Fis. 5 S. 2, 74 (2004

| PLB 584, 48 (2004)

= PRC 70, 064313 (2004)
)
I

S TTL.?UCTURE

= PRC 74, 054305 (2006) R
= Phys. Rev. Lett. 97, 110603 (2006) [
 PRC 73, 064307 (2006)

: PRC 78, 044308 (2008)) " o
[-J. Phys. G: NPP 36, 013101 (2009j

«Phys. Rev. C 89, 044317 (2014)
Phys Rev. C 89, 014330 (2014) ).

= Phys. Rev. C 79, 014304 (2009)
§ PRC 80, 051301(R) (2009)

= PRC 82, 044315 (2010)
= J. Phys. G: NPP 37, 064042 (2010)) (Phys Rev. css 044318 ( 2013))

(-Phys. Rev. C 84, 051304(R 2011))

SN NN ENENeEEENNNONE
[@) 7 @) [@) 7 @) @) 2 o [ [ o
D5 Q5 Q) 0 Gy Oy ) O Yy \7\; CONE
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— Unification of nuclear structure and reactions based on GSM.

@ Coupled-channel (CC) formalism.
@ Channel: |r, c) = |r) ®[Coroj) ® |Ctarg). ' (GSM target .'é's'l'\)l"éif
@ Target: 1 T

e bound state or resonance.
— Resonant channel.

o scattering state.
— Nonresonant channel.

GSM
_____________ , projectile

o;@
“ f

@ Fully antisymmetrized calculation.

}(f dr *(Heo(r',r) = E Ner.o (1, 1)) GSM-CC(A - a,a) ~ GSM(A).

uc(r) ]0 Unified approach: *

Hc’,c(rlz r) = <rl’ C/|’:I|r’ C)' NC’,C(r,7 I‘) = (I‘/, C/|r’ C) GSM space (fu”)
— Direct integration method (Bulirsch-Stoer). | e e mmme - |

Orthogonalization: (r,c'|r,c) = o (r',c’|O|r, c),,

Moore-Penrose pseudo inverse, equivalent potential

method, ...
11/27
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ELASTIC AND INELASTIC SCATTERING REACTIONS

Y. J. et al., J. Phys.: Conf. Series 403, 012022 (2012)
Y. Jaganathen, PhD. thesis (2012)
Y. Jaganathen et al., Phys. Rev. C 89, 034624 (2014)

— First application of GSM-CC: (p, p') reactions.

@ The ®Ne(p, p’) reaction.

1067 | 1/2° 1.03 1/2" | 1.081
1.888 o2+ -- 2t 1.874 0441 | 3/2 _ 0403 3/2" | 0434
0.321 5/2+ 0.313 5/2% 0.322
~— " Exp GSM  GSM-CC
040" -- 0t 0 Simi
imilar structures
GSM-CC ~ GSM
Exp GSM without nonresonant channels
. 4344 ——5/2" 419 PR 40
@ The °He(p, p’) reaction. / 30 \ 0
200 § 200
100 100
6304 —7/2° = o e
0.824 2F 2w 135 deg 156.6 deg a0
£ 300 I 300
——— 4He g 200 \ 3
+ \_/’ - - -*He+t E mg 2 o
-0.973 0 . 400 165 deg
Different structures 0 \
E 1 i
P 10474 — 127 0 f iy '
-10.95 4 —— 3/2° 100 S v §
. - GSM_CC * GSM OUYS 1.0 1.5 20 Z.é 05 1.0 15 Z()‘ 'Z.YS
without nonresonant channels Exp Eeny (MeV)
CM
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PROTON AND NEUTRON RADIATIVE CAPTURE REACTIONS
— Extension of GSM-CC to (p,~) and (n,~) reactions.

@ Big Bang nucleosynthesis,
(H)CNO cycles, solar neutrinos,
pp chains...

o — .
Cowel UEs--
! fo--7 "Be-|
>IR3 +10.5%

&
!
¢

@ Cross section: : Neutrino Energy in MeV

The Astrophysical Journal 621, L85 (2005)
= £ ((We(UNIIO Wi, ce)) ) -
@ Important quantities:

@ Method:
So/n = EXV[GSM] - EM*V[GSM-CC].
2 L
(We[|OY[Wi) = (We[| O Wi),,,q
K. Fossez, PhD. thesis (2014)
K. Fossez et al., Phys. Rev. C 91, 034609 (2015)

2 HO
+ (W OLIWi)" — (Wi Ol

nas °
14/27
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PROTON AND NEUTRON RADIATIVE CAPTURE REACTIONS

The "Li(n,v)BLi reaction. o
- ==+ EYMI/E2.J;, =3/2 as
SLI 5 —— EYMI/E2 3/27,1/2" as
v Imhof et al. (1959)
-10.73 {37 —. stk 1100
) ~:-11.52 ¢ 3
120041y ——""1188 ~~ 17 -12.28 =
g
+ ———_— ®
1298 1% 1202 T~ T2t 1326
Exp GSM GSM-CC
The 7Be(p,’}/)SB reaction. 050z o1 Foa[“ \%.8 12
162002 @ Study of mirror reactions.
=== EYM1/E2,J5, =3/2 as P ~
14 — E1M1/. L=3/27.1/2 as ("] A((\Uf(./f)HOL”\U,(J,,Ce)))
2 v Babyetal. (2003)
hl Junghans et . (2010) @ Role of the long wave length
E approximation.
208
3 @ Corrective factors in
206 ~ )
& Ve =c(JT) V. o with
0.4 . C(Jﬂ)<5%.
0.2 A
. — Nonresonant channels missing.

00 05 10 15 20 25 30
Eeyi [MeV]
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NUCLEON TRANSFER REACTIONS

— Extension of GSM-CC to (d,p) and (d, n) reactions. A Mercenne, PhD. thesis (2013 - 2016)

N. Michel, private communication

@ Naive approach: Direct expansion in the
many-body Berggren basis.

T
1
= ° n/p | |Kem, Coro) # Y, €1 |SDi)
target G Q_) ! R /
\ (Kem|Kem) = 0(Kem — Kem)
_______________________ ’ but drawbacks:

@ Probe of the single-particle o Contours discretization and truncations:
structure. o Normalization cannot be tested accurately.
@ Many-body projectile. @ Solution: focus on the short-range part of H:
HO HO HO
@ Channels definition: |Kem, Coro) ™ = Z UNCMﬁcproj(KcM) [Ncm, Cproj)
M M Newm
IR™, €)= [R™) @ |Coroj) ® [Crarg)

= Z Ci |SD,) o
with (GSM): i

| Coroj) = |JCCM(LSM7 SCCM)) where Un?M,cpmj(KCM) comes from:

proj*
@ Momentum space expansion: B2

R 22 R
Hem = === + Ucm(Rem).
{IRem, Coroj) } = {|Kcm, Coroj) }- 2M,

16/27
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EFFECTIVE INTERACTION FOR GSM/GSM-CC

Y. Jaganathen, R. Id Betan et al., In preparation.

— Development of an effective interaction.

o _tggen i
¥ Tizowe,  0* _‘,ﬁmy” "Mvwzww
vz ey

gk

Derived from the FHT interaction.

H. Furutani et al., Prog. Theor. Phys. 60, 307 (1978)
H. Furutani et al., Prog. Theor. Phys. 62, 981 (1979)

0% i

Terms: V., Vs, V7 and Vc. ) o

Short-range (Gaussian). E e

sty

POUNDerS algorithm.

http://www.mcs.anl.gov/tao

@ Chi-squared minimization:

Neata [ (p) — OFP 2 2 ,
X2(p): Z [ ( ) i :| X (PO) =1. s
\ g s

[E - E(*He)] (MeV)

a3

;
,
= AO/? " Naof. Z;E
»
.
;
N
,

and removing of the arbitrariness in the )

adopted errors at the minimum.
J. Phys. G: Nucl. Part. Phys. 41, 074001 (2014)

@ 2p, 3n with 3 nucleons max in the
continuum.

@ Woods-Saxon *He core.
e n/p — « phase shifts up to
20 MeV.
e s.p. energies and widths.
17/27
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ADDITIONAL APPLICATIONS: NCGSM

— First application of the ab initio GSM: The NCGSM.

= Dimensional explosion: Density Matrix Renormalization Group (DMRG) method.

Truncation among states with nucleons in the continuum. S. R. White, Phys. Rev. Lett. 69, 2863 (1992)
— T. Papenbrock et al., J. Phys. G: NPP. 31, S 1377 (2005)
coocooooo N ;
: \ Pect = Z ‘Uc,pwc’,p S. Pittel et al., Phys. Rev. C 73, 014301 (2006)
1 : 4 G. Papadimitriou et al., Phys. Rev. C 88, 044318 (2013)
[ 24 , . . , . . .
l—— ) . : .
—_—— < Sweep 2431 % SHe with chiral N°LO Vipw_r A=19fm" E
1
1
1 i -24.61 1
y 1 {
(— h ; 249
. § 2521 db initio GSM/DMRG  —v— 1
Continuum (c) < 55 .
) huint
) ~ -] L i
g 258
-26.1F b
Main -26.41 1
contribution 267 sweep =1 sweep =2 sweep=3 |
Pole space (p) 27 1
—
-27.3F Experiment 1
J. Rotureau et al., Phys. Rev. C 79, 014304 (2009) 276

50 100 150 200 250 300 350 400
Nstep

J. Rotureau et al., Phys. Rev. Lett. 97, 110603 (2006)

Select the most important
continuum configurations by retaining only the “largest” eigenvalues of the density matrix at each iteration
18/27
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ADDITIONAL APPLICATIONS: DIPOLAR ANIONS

— Study of a molecular open quantum system using the Gamow Shell
Model.

e

halo nucleus

weakly bound

Calculation of resonances in dipolar anions.

Bound dipolar anions as extreme halo systems.
Competition between threshold effects and rotation.

dipolar anion

dipole
nucleon ° core
°
core />Q
weakly bound
electron
L (fm, MeV) — (ag, Ry) )
2 = Effective Hamiltonian of multipolar
| : electronic orbital momentum anions : 22 =
(no spin) =P L,y
r 2m. 21
R R N~
J=1+j

j : rotation of the dipole

L] V(r,9) = VH Pr Va Pr Vsz + VSR-
= At large distances: no analytical
asymptotic solution for finite / with

2
Vier o< 1/ I W.R. Garrett, J. Chem. Phys. 77, 3666 (1982)
W. R. Garrett, J. Chem. Phys. 133, 224103 (2010)
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ADDITIONAL APPLICATIONS: DIPOLAR ANIONS

— Extreme halo systems and density in the rotor frame.

For a relative angular momentum: ps(r,0) = ZpJ,KJ(r’ 6)
2/ =0:<r*> diverges as1/AE. 103 Ky
w/=1:<r*> diverges as1/v/AE. 2.5 — :
w/>1:<r?>=constant. 2.0l HCN™ * i
108 K. Riisager et al., Nucl. Phys. A 548, 393 (1992) ® o ' .
. K. Riisager et al., Europhys. Lett. 49, 547 (2000) 1.5 fo . E 4
- N s - * H :
107} . 1 Lol e : i H
, R s [t : :
10°) ] £ osf 8, ' ' ;
r g = oo 1 '
10°F R ] ) P DO |
AN o threshold
~ ni N ]
; 10 o Lil- U —0.5}¢ — -
. . » ¢ Kymixed 8K;=1 xK;=3
10t &  LiCl~ . 1 —1.0}
] N oK, =0 VK, =2
; * - A
102} LiF % —15L — S —
o LiH- . 0 5 10 J(JL) ) 20 25 30
10'} ‘— *
---- < rP>x 1/(AE)MT o _
00 e Intrinsic density: all K;-components
f0 107105 70-"10-510-510-T10-710-Z10-T 10° except one vanish.
AFE
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ADDITIONAL APPLICATIONS: DIPOLAR ANIONS

— Extreme halo systems and density in the rotor frame.

For a relative angular momentum: ps(r,0) = ZpJ,KJ(r’ 6)
=/ =0:<r’> diverges as1/AE. 103 &
w/=1:<r*> diverges as1/v/AE. 250 — ‘
»/>1:<r?>= constant. 90 HON® * i
108 K. Riisager et al., Nucl. Phys. A 548, 393 (1992) ® o ! .
. K. Riisager et al., Europhys. Lett. 49, 547 (2000) 1.5 fo . E f—
_ s - . : :
10 3 . : i :
' . 1.0 : t . : i
107 ] S osf b, ' . i
r = ' ; )
10°¢ 1 0.0®-B- oo DU |
A °° threshold
10t 1 —05}
2 « Kymixed 8K;=1 xK;=3
10%} ] —10t
e K;=0 YK, =2
102} 1 —1.5L ‘ ‘ ‘ ‘ ‘ s
0 5 10 15 20 25 30
10! J(J+1)
10O Intrinsic density: all K;-components
f0 009105 10-"10-570-510-T10-710-210-T 10° except one vanish.

AE

20/27



APPLICATIONS
O0000000e0000

ADDITIONAL APPLICATIONS: DIPOLAR ANIONS

— Extreme halo systems and density in the rotor frame.

For a relative angular momentum:
=/ =0:<r*> diverges as1/AE.
s/ =1:<r*> diverges as1/\/AE.
»/>1:<r?>= constant.

108
K. Riisager et al., Europhys. Lett. 49, 547 (2000
107} d
dipolar halos
100} ,
10°F
A
N; 10t o
0% 4
wp
o
oy

100 . . PR - .
?0’1[}10’910’*]()”10’(’10"’107410’310’210’1 10°
AE

K. Riisager et al., Nucl. Phys. A 548, 393 (1992)

)

PJ(’?@) = ZpJ,KJ(r79)
Ky

9.5x107% :
HCN- 2 H
2.0} . 4
o L
15l !
s - . :
LI : :
Lo L ! i
> N H i .
S S i ' H
] L4 [
Lﬁl . v ¥ ' L
0.0/ 8- g R |
> ° threshold
—0.5¢
* Ky-mixed 8K;=1 xK;=3
—1.0p . i
e K;=0 YK, =2
—1.5L

0 5 10 15 20 25 30
J(J+1)

Intrinsic density: all K;-components
except one vanish.
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ADDITIONAL APPLICATIONS: DIPOLAR ANIONS

— Extreme halo systems and density in the rotor frame.

Problem ps(r,0) = ZPJ,KJ(H 0)
No resonant states (poles) Ky

. . = x1073
in the Berggren basis. 2.5p : ‘
<> no overlap method. 50l HCN- 2 i
T T , 393 (1992) ® o ' .
0»094 W‘cogv+"'.’""'.'"""‘,547(2000) 155 ° ' H
A s - . H :
92 .4§.V 3 I : i :
. _ Yo . : <
—02l HCN i > 5 i i .
. ~ 5L 8 i 4
= 05 . .
91 a4 LE v % . N
—~ Io5c+ o+ o 0 ¢
5 el Wﬁﬁf (] PR |
%70,47 R 2t s g4 | * threshold
= = —0.5¢
0 Fal ]
5 ° ) = e ¥¥ Ve v + * Kyjmixed 8K;=1 xK;=3
5 N = | + —1.0}
061wy 2 % . B H *K;=0  vE;=2
&2t . 1 sl ‘ ‘ : ‘ ‘ ‘
ol .. s Y0 5 10 15 20 25 30
—ost|” : 90.v1v¢ R(E)mRy) | J(J+1)
‘ ‘ ‘ ‘ ‘ ‘ Intrinsic density: all K;-components

except one vanish.
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ADDITIONAL APPLICATIONS: DIPOLAR ANIONS

— Extreme halo systems and density in the rotor frame.

Problem ps(r,0) = ZPJ,KJ(H 0)
No resonant states (poles) Ky

; ; = x1073
in the Berggren basis. 2.5p : ‘
<> no overlap method. 50l HCN- 2 i
T T , 393 (1992) ® o .
0'094 ‘W““gv +"'."'"',"""’!547(2000) L5l h
+ e - .
92 I‘;.v 3 1 U! : 1 ‘|
L] — Ve .
—02l HCN i > 5 i i .
£ o05p 8, i . i
91 At & v % ; '
= To*gter 0 :
> v.e. vV Wﬁﬁf e ey epepepp——
%70,47 R 2t s g4 | threshold
= E
0 Fal ]
) * . = e ¥¥ Ve v + * Kyjmixed 8K;=1 xK;=3
o A ~ L +
7 o6 %) 9. v —Lor K, =0 VK, =2
"2 5 2t . ] ' '
. —1.54 ‘ ‘ ‘ ‘ ‘ ‘
} .. s 0 5 10 15 20 25 30
—ost|” : 90.v1v¢ R(E)mRy) | J(J+1)
‘ ‘ ‘ ‘ ‘ ‘ Intrinsic density: all K;-components

except one vanish.
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ADDITIONAL APPLICATIONS: DIPOLAR ANIONS

— Competition between threshold effects and rotation.
= Above the threshold: weak coupling of
the rotational motion of the dipole and the

valence electron.

Y050 100 150

iG+1

0 50 100 150
J+1)

= Collective bands: Ej  —6-5(j).

— Study of quadrupolar anions.

= (centrifugal barrier)

— Under investigation.

%1073 x10~° s
300 ‘ 13.0 Tt e
o5l 1o L E_.
§ 201 &4 gl 12.0 Competition between [
— 1.5} 11.5 p and ~ emissions =
9 1.0f v g0 11.0
Uf’;v v 105 -141Ho:14ODy+p )
0.0E - - 0.0 et
%1073 %1073 = Important Coulomb barrier. "
3.0f ' ' 13.0
251 195 = Quadrupole moment. B
=20} 82 g3 12.0 = Collective bands in heavy
i'_i/ 154 15 p-rich nuclei? volos
K 1.0F 1.0
0.5F 10.5 = What about heavy
0.0 0.0  n-rich nuclei?
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ADDITIONAL APPLICATIONS: DIPOLAR ANIONS

g J=5(l=6,j.=1).

x10% x 10710 3.0 A0 3.0
2.0 3. 3,
2.5 2.5
9 =20 gl 2.0
3 S 15
_ =10 1.0
! 0.5 0.5
6 0.0 — oo

= . %10~
= 5 3.0 3.0
—0.f 4 2.5 2.5
; 320 g3 2.0
~1.0 =15 15
2 = 1.0 1.0
—1. 1 0.5 0.5
0 00050 10 150~ 0 50 100 150

20 G+ iG+1)

7 [ag] x10°
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ADDITIONAL APPLICATIONS: DIPOLAR ANIONS

g J=5(l =6,j. =3).

. x10~% x10-3
9.0 2L0° x 10710 3o T30
2.5t 1 2.5
S20p 84 / gl 2.0
8 £ 15 ] 15
- =104 v g0 | 1.0
0.5F o7 1 0.5
6 00— . — oo

= - x10~3 x10~3
™y 0 3.0F ] 3.0
o 4 2.5t 1 2.5
; 320 1 g3 2.0
~1.0 =15 1 15
2 =10 1 1.0
—1. 1 0.5 1 0.5
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TIONS: DIPOLAR ANIONS
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TIONS: DIPOLAR ANIONS
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TIONS: DIPOLAR ANIONS

g J=5(.=6,j.=9).
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TIONS: DIPOLAR ANIONS

g J=5(l=6,j. =11).
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ADDITIONAL APPLICATIONS: RICHARDSON MODEL

J. von Delft et al., Proceeding of the NATO ASI (1999)
R. W. Richardson, Phys. Lett. 3, 277 (1963)
] R. W. Richardson et al., Nucl. Phys. 52, 221 (1964)

= Pairing Hamiltonian in the Berggren basis:

d) : [ by,
H= ¥ 2eubbedk - G 3 bl by dkak’ (d): [
() [bk, ]:25(k—k)§2k—26kk/nk

= 26kk’ (Qk - 2I1k)

= Discretization:
L

H= Z 26513;53 -G Z Ell;an/wa« /W, with El = [~7;<a\/wa 107! _— - ]
a a,a’ 3
= (b, B, ] = 26, (2 - 271,) vy
a _ 10t/
= Problem: G, = G\/w,\/w, = No analytical solution ;: - ‘f
= Approximate solution of the pairing problem: 10-9
_ _ 101
(d): [bIm ] = 25kk’(Qk 2ny) -
©): [bk, ] =28k — k') - 25(k — k' )y 10 -
) _
= Discretization: v
o 2 L 100
= [ba, ba’] = 25331(93 = 7;’13) o N Relative error for the energy
Wa b 10 / and the width of the g.s.
. Ansatz - 10-10f (4 pairs, 10pts/seg).
palr _ b W, 1y
v)= [T —2—||) with \V; = —
Hi= 1 (Z 2ea—E,-)” 2 a-EY .
0.0 0.2 0.4 0.6 0.8 10
G (MeV)
Ve Z Q /4 Va/z +2G ler 1 Y £may.Jmax f Qc/4 - 1/6/2 _ A. Mercenne et al., In preparation.
> 2e,-E = Ei-E Lf W?k2/m - E;
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SUMMARY

— A long standing question is about to be solved.

= Reactions of astrophysical interest in a unified framework.
= Fully microscopic treatment of the target and the projectile.
= Full treatment of the continuum.

+ CXSM
PRL 89,
042501 (2002) = Richardson model.
= Dipolar anions.

— Extreme halo physics.

TLi(n, v)8Li
"Be(p, v)B

= Hypothesis: nonresonant
channels are essential.

Effective interaction

(d, p/n)

= Effective interaction
fitted using the GSM.

Y. Jaganathen et al., Phys. Rev. C 89, 034624 (2014
K. Fossez, PhD. thesis (2014) /

Y. Jaganathen, PhD. thesis (2012) Y. Jaganathen, R. Id Betan et al., In preparation

[Y. J. et al., J. Phys.: Conf. Series 403, 012022 (2012?
A. Mercenne, PhD. thesis (2013 — 2016)

=z T
[K. Fossez et al., Phys. Rev. C 91, 034600 (2015j

I 1 1 1 1 1 1 1 1 1 M 1 1 -1 i

AT I T I T I
Q Q Q Q Q Q Q Q o o o o o o
ORCRORORORCEDN ROROACRORINS
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LIMITS AND POSSIBILITIES OF THE CODE

— GSM best for: weakly bound and unbound systems.

Range of applicability: systems with an inert core
+ about 7 valence particles (3 particles in the continuum).

[Reaction code: GS M—CC.]

Unified formalism.

- Multi-platform:
[chlgslﬁe?nzi.oi't\iﬂ%iljgﬂs)'w’] = Titan (ORNL),
i = Icer (MSU),

No 3-body, = Darter (UTK),
spherical model, = small clusters
core. = laptops.

More than 10y of
development by N. Michel
~ 150,000 lines of code.

Serial, OpenMP, MPI,

(texec € [1min; 1day] j hybrid OpenMP /MPI.
Good scaling factor.

Sparse complex symmetric matrix (costly storage on nodes).
Costly M x V product (read/write + operations).
On-the-fly: 5-10 times longer, poorer scaling factor.
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PERSPECTIVES

— When computational science,
nuclear theory and statistics meet.

Computational science

= Applied mathematics. Collaborations with computer scientists.
= High performance computing. Optimization.
gn iy [P /) Typical example: POUNDerS.

= Next supercomputers: more core7

but lower frequency and - ~
more accelerators (GPUs). / Nuclear theory
GPUs for M x V in GSM,

- / no conditional statements

T = Input: nuclear interaction from EFT. (IF, WHILE).
= Li(p/m 7). = Many-body dynamics: ab initio
= Reactions: d, t,3He,o¢. th z v ay .
=°C, %0 and 0, %°Ne. metnoas.
= Heavy nuclei: r-process, = Continuum effects in nuclear
continuum decouplin structure and reactions. r T 2
effect pine Statistics

« DMRG method. LN (The end of cargo cult science.)

= EFT and core? 8 J. . _

= Analysis of experiments using
= Reactions with heavy nuclei: '32Sn core. model-based extrapolations.
= (d,p/n), (n/p,d), (a,7),(n/p, ), (ca,a). = Statistical and systematic
error estimates.
Cf)nclusion:. We mad.e crucial developments to deal = Predictive power of nuclear
with upcoming experimental measurements. models.
_ J
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