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% Introduction - Ab initio towards the driplines

% A microscopic description of clustering

% Outlook - Stepping into the continuum
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From quarks to nuclel

Nuclear structure

Low-energy QCD
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First step: Realistic interactions

Nuclear structure

Realistic nuclear
iNnteractions

Low-energy QCD
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Chiral EF I-based nuclear Hamiltonians

EFT for relevant degrees of

freedom (TT,N) based on
symmetries of QCD

Hierarchy of consistent NN,
3N, 4N,... Interactions

See work by: VWeinberg, van
Kolck, Epelbaum, Meissner,
Krebs, Entem, Machleidt, ...

n the following we use:

» NN: N3LO of Entem & Machleidt
with A = 500 MeV

» 3NF:N?LO

2-body 3-body 4-body

\

- XH
o

(&
NEGT s
A
LA
N2o [T i
. ~ ‘Q.
X A 14 14-\/
N3LO | 3 | L/
2 Tor
Chiral EFT

* £ Epelbaum, H. Hammer, U. Meissner Rev. Mod. Phys. 81 (2009) /73
* R Machleidt, D. Entem, Phys. Rep. 503 (201 1) |
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Advanced many-body methods

Nuclear structure

Many-body methods B

Realistic nuclear

p

A = 3,4: Several exact methods

» Faddev-Yakubovsky, SVM, GFMC, HH
variational, EIHH, NCSM

» Benchmark paper: Kamada et al, Phys.
Rev. C64(2001)04400|

» Very important observables for testing
realistic nuclear Hamiltonians

A > 4: Very few (ab initio)
methods available

iNnteractions

Low-energy QCD

A
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Intermediate Step: Unitary Transformation

Nuclear structure

Many-body methods

Unitary » adapt realistic potential to the available
. model space
transformations p conserve experimentally constrained

properties

Realistic nuclear

INteractions

Low-energy QCD
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Intermediate Step: Unitary Transformation

—R1T —Ra2T

e
V(r) < g 92

.
Fr(k — k) *

€

r

» Unitary transformation as a

Model space

’ |l 50
: L 1 1 -70

012345678910]<;[fm_1]
L=0 s=0.00000e+00fm*4 Lambda= inffm~-1

7 2 jr
_Hs — [ﬁs;HS] ’ Tls X [ﬂntaHS}
ds

function of a flow parameter: 12 o N o
- o | "g
Hs o UJHUS 7 B 1M -10
~ 6 1 B
| 5 "
»  SRG evolution equation: ) 30
e | -40
3
2
1
0

SRG

* 5. Bogner, R Furnstahl, A. Schwenk, Prog. Part. s el |
Nucl. Phys. 65 (2010) 94 AHo=20Mev;n=17 ~ 3 fm
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Effective-interaction approaches

Bogner; Furnstahl, Schwenk, Prog. Part. Nucl. Phys. 65 (2010) 94

-

=
AN=o0  35fm 2.5 fm’! 2.0 fm"
AR AN B N P
- E Ee Q
SRG, V-UCOM, V-lowk. ;
: S — Lee-Suzuki-Okamoto
Hefr Is Independent of model : |
space. — Heff Is model-space
e . dependent.
—— Variational calculation .
(but without A-body terms the converged —{ Not variational
result typically depends on the flow (but even with only 2-body terms it
parameter) I will converge to exact result)

Many-body nuclear physics studied at low resolution scales
comes at a price: the appearance of many=-body forces.
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Observables: anomalous trends

Nuclear charge radius R_(fm)

N N N N
w Lo w [=)]
L N L % BRI

h
[N]
—

T T
=o- Experiment -v- SVMC
=& GFMC v frozen core
+0- NCSM -0« TOSM
o FMD © 3BM

8 9 10 11

Lithium isotope

9C IOC
126.5 ma 193 =
5B

T ms

Be

53294

He

BOK ms

‘H

123

10,25 m

I7Ne

109.2 ms

4O 150

7 |

n4.8 5

I8

19T m

-xtremes of the (light) nuclear landscape

190'

Exotic decay modes

' 458 ms | .59 5 205 m 271 |
12N | 13N 16N 17N | 18N | 19N
Il ms 996 m T1%s 4.17s | .65 s 320 ms |
IIC |4C ISC 16C I7C l8C I9C
MN3i%m 57302 245% OMT = 195 m» 92 49 ms
i o l?.B I3B I4B ISB I7B
XB8ms  1755ms | 158 o 10.4 ms S0 ms
1.6 1P a L RIS 23.6 ms 435 ms
8Li | “Li 23 B
S0 ms 179 ms , 8.5ms
SHe
| 1Y ms
Clusterization

b Li

11

—-—— = mmema,

L

Halo states,
Borromean systems
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6-He references
* P Mueller et al., Phys. Rev. Lett. 99

¢ Very accurate charge-radius (2007) 252501,
measurements uging Esels * M. Brodeur et al. Phys. Rev. Lett. 108
T (2012) 052504
P Py e S.Bacca. et al. Phys. Rev. C86, (2012)
03432
% Very accurate mass measurement with a Penning trap mass
spectrometer.

N/
%

= - alhabnitie caleulations

N/
%

Most recently by S. Bacca et al

» using EIHH and Viewk NN potential based on I-N3LO.

» Study of Vlowk cutoff-dependence and observable

correlations.
C. Forssen, INT;, ©ctis i G



°He with n3lo and Lambda=2.0

—18
® ..
.'.-----.-“‘"'_. ®-0 NmaX:2
—90k
-0 N,.=4
—22F ® -0 NmaXZG

NmaX:8
-0 N, =10]]
-0 Ny =12 |1

—28¢ ::--'."'--.--:::. ®-0 Ny, =14 |
iIigiiiigtt® | — Eg

.----.-_-_*----.

16 18 24 26

20 22
1O [MeV]

-

\_

<
Typical variational pattern: large /€2 cuts off wf and small /()
cuts off potential.
= trade-off between IR and UV regulators

J/
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“‘He and %He with n3lo and Lambda=2.0

1 LB B -

O— .---_‘ ----- . ---‘

L ®tmrreal . 0 @8 Nuw=2
— @~ . - e ® -@ NmaX:4
> 2L Rl
2 e~ _ ®-® Nyax=06
'E—?)— @ . - @ © -0 Nmax:8
03_4_ '.~~... ®-® N,.=10]]

o
—5F ~~§‘ O O NmaX:12 |
o-0 N,.—14
_6_ _
—  Exp
-7 16 18 50 5 51 %
Q) [MeV]

(

\_

-
Note that no induced three-body terms were included
= dependence on the SRG flow-parameter in these calculations.
Changes Syn by approximately +/-200 keV in [1.8,2.2] fm"! range

J
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°He with n3lo and Lambda=2.0

.----.--__*----.

.----.____*----.

Tk

Nmax =2

Ny = 4
Ny = 6
Ny = 8
Ny =10 | |
Ny =12 |
Ny =14
Exp |

18

20 22
1O [MeV]

24

26

E(°He)

-28.967 MeV

Single (Nmax, 1)
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°He with n3lo and Lambda=2.0

.....-----.-----. ® - NmaX:
- o-0 Ny, —
;_22 ® - Niax =
q) -
2—24 ."--.---_.....---. ©-0 Nmax—8
S ®-0 NmaX:1O
26| @ fTgdl . g nne |©0 Nuw=12
| @ el o aa-e | @e N =14
28} @o- 1. - - ---- _
==;"" —  kxp i
—30—5 18 50 55 5 -
hS) [MeV]
E(°He) -28.967 MeV Single (Nimax 10)
E(°He) SO S ey Fxp. fit . Single 7O

E(NmaX) = b + coexp (—Cleax)
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Use results obtained at different HO frequencies to perform a
constrained fit

4 O h s )
-5 °Li gs energy  [Oscillator energy Powerful property
> JISP16 (bare) = 12.5 MeV Any sequence that
= -10 . 1_57 : returns the initial
5; 15- .« 20 Hamiltonian as the
@ ; a 925 model space is
© -207 ° 25 increased will converge

; A
o> -25 b to the exact result.
= : > 30

W — — " —_ U —— U — " —

Experiment -31.995 MeV

0 5 10 15 20 25 30

\_
4
kE(Nmam hQ) = FEx + Co,r2 €XP (_Cl,hQNmaX)]

CF, J.Vary, E. Caurier; P Navrdtil, Phys. Rev. C /77 (2008) 02430 | C. Forssén, INT Oct. 31,2012




=14 , ,
_16L ¢ ¢ ¢ Q=120
s ¢ ¢ ¢ h(2=140
— |3 ¢ ¢ h0=160|
2 —20 ¢ ¢ hQ=180|
& -3 ¢ ¢ hQ=20.0 |
Lré'%—m
26
_28b
—30
E(°He) -28.967 MeV Single (Nimax, 7Q)
E(°He) -29.221 MeV Exp. fit , Single /()
E(°*He) -29.240(93) MeV Constrained fitf - -




sl ¢ =120

1| & =140

—20F
= ¢ ¢ 0=16.0 é
> 274 4 hQ=180|
=, -21[|§ § hQ=20.0 ‘

E(°He) -28.967 MeV Single (Nmax, 1))
E(°He) -29.221 MeV Exp. fit , Single /()
6
ERRIEIR=) 2. 40(93) MeV Constrained fii = o —




4 \

2.7_ — 1 T 1 R
- 6 ® GFMC(+3N)]| 1
26 He 0 NCSM -
N v FMD .
— - A MCM B
“'g 255 ; CD—BonnL O;OEESH E
LE24F Vi (N'LO) | % .
23F movi e =
- (@) -
2.2
= 2F -
E i :
o 19 :_ V1 wk(NgLO) _:
Y — -
1.8F =
Lt o CE

SO U NU N I BN SRR B
O 02 04 06 08 1 12 14 1.6

82n |IMeV]
\ -

» Use hypersperical coordinates,
expand in HH and solve
hyperradial equations

Kmax Vmax

) = > > x) Vx)()e 2P Ly (p)
[K]

» Viow-k from [-N3LO
with various cutoffs A

» | ee-Suzuki effective interaction

» Study correlations of
observables

6-He measurement and
EIHH calculations

* M. Brodeur et al. Phys. Rev. Lett.
108 (2012) 052504

* 5. Bacca. et al. Phys. Rev. C86,
(2012) 034321
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200 ®He with n3lo and Lambda=2.0

1.95¢ ®=-0 /,O)=12 |
1.90 -0 10=14 |

| ® -0 Hh()=16
— 1.85F -0 1018 _
=, 1.80F o-0 roon  F
1175 o0 room |-
&Q‘ 1.70 -0 /)=24 |
1.65} — DBaccaet al. | |

— K
1.60 | Xp _
| 0 | |
1.5%.0 55 = » -
1/Niax

C. Forssen, INT;, ©ctis i G



** Plot AE/Econv as a function of

Asc = VMAQ/(N + 3/2)
and A = /mhQ(N + 3/2)

% Universal dependence on A
over wide range of AE/Econy

%* Fit shows exponential in | / As

¢ Plateaus to the left from UV
corrections

S. Coon et al., arXiv:1205.3230.

0.1~
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0.001

Mmoo o o o O O
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** Plot AE/Econv as a function of

Asc = VMAQ/(N + 3/2)
and A = /mhQ(N + 3/2)

% Universal dependence on A
over wide range of AE/Econy

%* Fit shows exponential in | / As

¢ Plateaus to the left from UV
corrections

AE,,/E

4He with n3lo and Lambda=2.0

0
107 600
: * ., I 8560
—1L |
1077 * . *eee 1 Mo
i ° © o0 o0 0o 1 —
. . %o | 11480 L
10—2__ ° ° o 3 >
| - ° | 11440 0
: . °o ! 4002
—3L ]
107 ° 40 {360 =
B ° .. | 320
1077 1 W2s0
20 10 50 60 70
A [MeV/c]

Our calculations
- not fixed A but color mapped
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Truncated basis cuts off s.p. wave functions
@ First estimate of cutoffs: %mQerﬁaX = %pfnax = (N 4 3/2)hQ

— Ayy = \/2(N—|-3/2)h/b and Ly = \/2(N—|-3/2)b
with b = /h/mQ (note v/2’s)

@ Improved estimate for L from intercept of tangent at r = Ly:

Lnio ~ Lo +0.54437 b(Lo/b)~'/°

wit
1.5,
* @ Square-well wave functions with

mass m= 1, radius R =1, and
depth Vo =4

@ Exact (red) is compared to HO with
h2 = 10 and N = 8 (blue) and to
boundary condition at r = L (green)

05 10 1 50" and to n = 4 wf squared (purple)

Eexact = —1.91, Eyo = —1.23, E; = —1.14 [L improved]

R.J. Furnstahl, talk at this program, 2012-10-10
B RRlEnstantet al., Phys. Rev. C 86(2012)03 150 1R,
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Linear energy method to estimate corrections [Djajaputra]
@ Let ug(r) be the radial solution regular at r = 0 with energy E, then

dug(r)
dE

where E;, = E. +AE;

—1
Eoo>

@ Now Ug(r) =7 Ag(e e + age™er) with U (r) =5 A e Heer
he k2,
2m

ur(r) = ug,(r) = U (r)+AE;

Eoo

So UL(L) =0 — AE ~ _Uoo(L) ( dUE(L)

dE

and K., from nucleon separation energy S =
@ Take the derivative and evaluate at E = E.:

dUE(r) - +Koo I —Koo I
GE |~ e |, ° +0(e7)

Substituting at r = L, we obtain our correction formula to fit:
—1

el (e =ty — E —E. + aje 2kl

dOzE

dOzE

Eoo

R.J. Furnstahl, talk at this program, 2012-10-10
R.J. Furnstahl et al, Phys. Rev. C 86(2012)03 130 [R.
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4He with n3lo and Lambda=2.0

88
| | (|

Arrrr

o o ~ DN

-0 Ny,

-0 Ny.=4

-0 N,..=6
® g -- o |®-©® Niax = |

-0 Ny.=10
® - o .. e | ©®-© Npax =12 |1
®--en@enno o |®-0 Ny =14
eIiiifizi:F it — By |
16 8 22 21 26

1O [MeV]

HO basis cutoff scales
Auvv = V/2(N +3/2)h/b
Lig = /2(N +3/2)b
L ~ Lig + 0.544b(Lig /b)~*/3

Extrapolations from finite HO basis
*RJ. Furnstahl et al., Phys. Rev. C 86(2012)031301R

Correction to the energy
due to finite HO space

I8, = ey 1 LEy
withA EL — ag eXp(—QkooL)
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4He with n3lo and Lambda=2.0

Binding energies

—20

—27F

E,, [MeV]

—30

—31F

_32' ]

N3LO, SRG (NN only, A = 2.0 fm™!)

— 28}

—29

Including UV correction

 Fr = FE+AEp + AEAUV
withA Ep = agexp (—2ks L)

andA Eny, = a1 xp (_QA%VI/ CL%)I

i 5 6 7 0 10 11 12
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e -0 Ny =2 ||
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(N3LO, SRG (NN only, A = 2.0 fm™)

\
%He with n3lo and Lambda=2.0
_26 N
= —27}
()
S ¥
| -]
[Va)
Lﬂm —29}F
—30} |
|
SHe)=-29.25(1)
.| E(°He) . | _
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® ® UV-corrected, A : [718 - 787] MeV - é[i629728§£]3|{\/|/|:\\//k =0.376 fm~—1!
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E. =-29.258MeV k.,=0.376 fm A - [382-787] MeV
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L J

\
—25
—92%}
;- =27t
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= —28}
el
>
m —29}
—30F |
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| .
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_'Correce » A+ [565 - 612] Me E.. =-29.155MeV k.,=0.439 fm—1!
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y,
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NEEGRSRG (NN only, A = 2.0 fm™)
4

\
%He with n3lo and Lambda=2.0
—26} |
[ |
max<
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S B
| -]
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Lﬂm —29+
—30} |
|
SHe)=-29.25(1)
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9 J

\
’He with n3lo and Lambda=2.0
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O 27} -
=
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S
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Correction for radius (or other long-distance operators)

@ Use ui(r) = u(r)+ AE; d“jér) to evaluate

Eoo

o lu(NPRrPdr [ lus(r)? 12 or

A(re)p = (r°)L — (rP)eo = foL U (r) dr I luss(r)|? dr

@ For leading L dependence, use U, (r) — As.e %" and

dUE(r) Aoo —2Kk. L ko r 2 2 3 4—2Kkso L
dE | AE " © = A(r7)L o< (1) oo )’e

@ The NLO correction scales as (2k..L) exp (—2k, L), so
(r3), = (r¥) oo [1 = (coB® + c1B)e "] with 3 = 2k, L

e (r®),, co, and c; are fit parameters while k., from energy fit
e Valid in the asymptotic regime where 5 = 2k, L = 3

@ Both E and r corrections apply to A-body system in lab coordinates

R.J. Furnstahl, talk at this program, 2012-10-10
R.J. Furnstahl et al, Phys. Rev. C 86(2012)03 130 [R.
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’He point-proton radius

—— Ref rptp(CHe) |
1.85} B B e e e T T
Exp lpeasiel L)
1.80}
'g‘ NCSM:
= -N3LO (A = 2 fm) 930
|
&Q‘ 1.70} HH (S BaCca et al): | 804(9)
| -N3LO (LS+Viowk 2 fm) |
1.60} | | | | | B 4 ] )
4 5 6 7 8 9 10 11 12 22—t
8 |_ [fm] ) 7 1 AVI18+IL2/6 ’

_ & :
E g
<7“2>L ~ <7“2>oo [1 - (0063 + 015)6_5] &1-9vlowk<N3LoLﬁ W E

with 8 = 2k L L7k N0 SMNLS T (b)

SRR NP NP N RPN R NP R

From: RJ. Furnstahl et al., Phys. Rev. C 86(2012)031301R 0 02 04 06 08 1 12 14 1.6
_ S, [MeV] )
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1.938(23) 0.97
NCSM:
I-N3LO (A = 1.8 fm™) 1.8 1(1) 1.17(4)
NICSIME
IN3LO (A =20fmy 9D 01(1)
NCSM:
IN3LO (A =22fm) 900 082(2)
4 \
22: I ' | ' | ' | | I : I : | ;
7 1; AV18+IL2/6 :
£ oF % _
j 19; v, (N'LO) el BOHH#UCOM +* —;
1.8 =
17; INOT{#'iI I I IﬁrMN ILs I (b) E
0O 02 04 06 08 1 1.2 1.4 1.6
\ S7“ [MeV] ) C. Forssén, INT, Oct. 31,2012




Selected from list by R/J. Furnstahl, talk at this program, 2012-10-10

* What is the optimal definition of L?
% How to make credible error estimates!?
% Does the interaction matter?

» The IR corrections are independent of the potential

» Softer interactions mean more complete UV
convergence, so larger region with IR corrections only.

* How well does extrapolation work for other operators!
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% Introduction of UV and IR scales - Combination of results
from different Nmax, 7€

% Optimization of run sequence -
BUT still need several large Nmax computations

% Prefer UV converged results and perform IR extrapolation

** Transformation of operators

C. Forssen, INT;, ©ctis i G






°He as a three-body system

% Borromean nucleus

> and CSF three-body
models with inert clustern

\/nn and \/nO(

» Core polarization needed

o= | -OBrna(free)
(cf. three-body force)

» Repulsive s-wave potential
€ cllifeore )

» HH expansion
K=2 (90%) with L=S=0 (80%)
and L=5=1(10%)

% Pauli focusing.

e = ‘He+n+n

“He(0%), L=5=0

M.V. Zhukov et al— Phys. Repi 23 1SN S =)

C. Forssen, INT;, ©ctis i G



Cluster structures in light nuclel

Investigate clustering In
NCSM wave functions

Preserve translational
invariance

Harmonic oscillator SD
many-body basis

Transformation
between single-particle
and Jacobl coordinates

|21T21 B
H

Cluster

Cluster 2 ’
a, nucleons O

1

-
A-a nucleons \&

I1IT1IG
4

N

) S
s
(O

V7%
4, Cluster 3
as; nucleons

15, T3,Y

"
&

D

C. Forssen, INT;, ©ctis i G




Three-body cluster overlap functions

X

AXNJT

UA—aah Ty,a8h Tr,a3vl T3;LS

<AAJT) Ap_ s 20, P

(77/\—37 VA—a—I—l)

(A—a,az,a3)JT »
CvllTl,BIQTQ,’yI3T3;LS " YTNA—a?

Z R”1(23) h23 (77/4—3) Rn23 hs3 (VA—a—l—l)

Nn1(23),N23

Al

(A—a)lasla;

!<AAJT‘¢

(A—a,az,a3)JT
aly T1,8b Ty, vl T3;

IS © M(23)h(23), N23 /23>

Cluster 2

a, nucleons

2
1, T8
M

Cluster 1

A-a nucleons

h, T
3

¢
4, Cluster 3
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Overlap function for core+N+N

Start with the core+N+N case:

¢ Do a couple of coordinate
transformations
(between relative and s.p.)

% Do a number of spin re-couplings

** Integrate over coordinates

C. Forssen, INT;, ©ctis i G



Overlap function for core+N+N

X (NalanplyL| ny3yh(a3)n2zhsl) .

/\

LS1?

a

3?

L

X Il

2

X sp < ANT]| [

=27

'71(23)/1(23)(77/4 2) n23/23(VA 1)

I23 lab
J S
Nalajats d

(n1(23)h(23)00/1(23)| 00n1(23)1(23) /1(23)>

(_1)3/1—|-/23+/ab— T3—S+L

L I L
} 1 1
2 2 23
Ja Jb lab
_‘_ Iab T
L] I(A=2)ah Ty > sp.

D. Saaf and CF, - in preparation
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Ab initio < ®He | *He+n+n > overlap

<tHe (0%) | *He (0*)+n+n>
- L=5=0

04

NFE@ESRIE
(NN only, A = 2.0 fm™)

(Cigar configuration

¢« ®

\- J

~

(= .
Di-neutron configuration

\_ J

C. Forssen, INT;, ©ctis i G



Ab initio < ®He | *He+n+n > overlap

<¢He (0") | *He (0")+n+n>

N>LO, SRG
NN only, A = 2.0 fm™!,
Nmax= 14, HO=2E M=%

r

< SHe( 0+)|*He( 0+)+n + n> overlap with S=0, L=0

0.56

10.48
10.40
10.32

0.24

0.16

0.08

0.00

< SHe( 0+)|*He( 0+)+n + n> overlap with S=1, L=1 014

0.12

0.10
~
E 6
o) 0.08
: =
s, 0.06
~

0.04

0.02

0.00

~N

C.Forssén, INT, Oct. 31,2012



Ab initio < ®He | *He+n+n > overlap

N3LO, NN only
EREAN= .0 fm,
Nmax=8, HO=16 MeV

N3LO, NN-+3NF
SRG, /A" = ZLCRiigNe
Nmax=8, HO=16 MeV

r

< SHe( 0+)|*He( 0+)+n + n> overlap with S=0, L=0

I0.64
0.56
10.48

10.40

1032

0.24

0.16

0.08

0.00

< SHe( 0+)|*He( 0+)+n + n> overlap with S=0, L=0

I 0.64
0.56
10.48

10.40

1032

0.24

0.16

0.08

0.00

Tn—n (fm)

with 3NF

C. Forssen, INT, ©ctis 31 oG




Paull focusing

<®He (07) | "He (0")+n+n>

% Dominance of the O
l123y= |23 =0 component.

* RR coefficients determine HH under
coordinate-system transformation.

 E.g with |123= 3 =0 we get: o

» 3012y= |12 =0 for K=0
(almost Pauli forbidden) 3(12)

» Dominating I312y= l12 =1 for K=2

» Hyperangular function for this component
gives the two-peak correlation density. C. Forssén, INT, Oct. 31,2012




< ®He | *He+n+n > overlap: Nmax dependence

@ e (0N +n+n>

r

< "He( 0+)|*He( 0+)+n + n> overlap with S=0, L=( < °He( 0+)|*He( 0+)+n + n> overlap with S=0, L=0 0.64
I0.56
8 8
10.48
~ _ 10.40
6 6
& & _
3 S 10.32 1D
| ] —
< I
S4 S 40.24
3 0.16
2 2
0.08
0 2 4 6 8 09 2 4 6 8 0.00

‘He( 04)+n + n> overlap with S=0, L=OO o
IO.56

10.48

10.40

1032

10.24

0.16

0.08

0.00

3.0, SRG
N only, A = 2.0 fm-",
=14, HO=20 MeV

‘Conclusion:
This is a Pauli

 focusing effect

C.Forssén, INT, Oct. 31,2012



SRR e (0 tntn>

Ab initio < °Li | "He+n+p > overlap

,
< SLi( 1+)|*He( 0+)+n + p> overlap with S=0, L=1 0 < SLi( 1+)[*He( 0+)+n + p> overlap with S=1, L=0 0.56
0.17 0.48
8 8
0.1f
40.40
6 10.12 6
0.32
E E .
5 0.1 g =
| |
g g e
£, <, 0.24
+0.07
0.16
0.0%
2 2
0.0 0.08
0 9 1 6 3 0.0¢ 0 9 " 6 3 0.00
7‘”7” (fm) T.II*VL (fm)
< SLi( 1+)|*He( 0+)+n + p> overlap with S=1, L=2 0.0
0.35
8
0.30
— 6 40.25
2 g
s 9 020 =
=~ I 4
10.15

0.10

0.05

0.00

NSELO, SRG
NN only, A = 2.0 fm™!,
Nmax= 14 HO=2E8 =

Note: different scales
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Introduction of UV and IR scales - Combination of results from
different Nmax, 7

Optimization of run sequence -
BUT still need several large Nmax computations

Prefer UV converged results and perform IR extrapolation
Study of tw-body operators, and the transformation of operators

Microscopic description of clustering
» Calculate core swelling: rop
» Study projection on HH basis

Continuum effects in ab initio calculations
C. Forssen, INT;, ©ctis i G
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Gamow states and the Berggren basis

Gamow Shell Model Berggren basis
/
R i

Im(k) A
® Bound states
1

@ Resonances

Continuum states

Q Re(k)
‘ Resonancy\ >
\

O
L+
Bound states

\_ J
\_ J

|

- Y

Gamow Shell Model Z [ ) (T | + %/ u(k))(u”(k)|dk =1

E L
* N.Michel et al Phys. Rev. Lett. n=b,r i
89(2002) 042502, Gamow states and completeness
* . Rotureau et al. (2006) e T.Berggren, Nucl. Phys A 109(1968)265;
*G. Hagen et al. (2010)

NPA389(1982)26 |
* T.Lind, Phys. Rev. C 47(1993) 1903

C. Forssen, INT, ©ctis 31 oG



Gamow shell Model

(1) discretization of continuum
contour

Z |un un‘+2|ukz ukz Nl

n=>b,r

(1) construction of many—body basis

Gamow Shell Model

* N.Michel et al, PRL 89 (2002)
042502; PRC67 (2003) 05431 |; PRC/0
(2004) 0643 13; PG (2009) 013101

e G.Hagen et al, PRC/1 (2005) 044314
* | Rotureau et al, PRL 97 (2006)

| 10603

e G.Papadimitriou et al, PRC(R) 84
(2011) 051304

‘SDZ> — \uﬂ, ey ,uiA>

£
| . . ® Pole approximation is Ot
(1) construction of Ham|lton|a}n Orderigpmximaﬂon:
matrix (complex symmetric
. p.a. |DbBhoay e p.a. p.a.
matrix) B e
<SDZ' |H|SDj> ® Many-body resonance
(bound) state have large
(Iv) many-body spectrum contains: overlap:
bound, resonant and “spurious” (WP-2 )|
N

continuum states

C. Forssen, INT, ©ctis 31 oG




ab inrtio Calculations in the Berggren Basis

* NN potential
» Realistic 2b interactions Vj: Argonne V18 or chiral I-N3LO

» softened by View-k e R Wiringa et al, Phys. Rev.C,51(1995)38
* D.Entem et al, Phys.Rev. C, 68(2003)04 100 (R)

* S.Bogner et al, Phys. Rep., 386(2003) |
* | Rotureau et al., Phys. Rev. Lett,, 97(2006) | 10603

% Single-particle states

| 4 Im(k) )

» s- and p-shells from HF potential l ® Bound states

@ Resonances

» [ >] shells from HO potential
Q@ lie(k)
 Diagonalization o '
L+
» many-body Schrodinger equation L )
1 &G -7)° |
e L J | AN
HA—AZ T IZVNN(Tz TJ)—I—...

i<j i<j

» using J-coupled DMRG (basis truncation) C. Forssén, INT, Oct. 31,2012




Ab Initio Benchmark calculations in a Gamow Basis

i
S R
-24.5
Ty Shells
25F | Argonne U18 Viowk A= 1.9 fm™ -
255F | 4 ] -
= - "He | Os, (p) :E=-23.304
v 26F | DMRG —¥—  dimp,,y ~ 6000
S L & eV
g -26.5F ! Faddeev-Yakubovsky —— o\o 051/2(!1) :E=-24.334
g 7f & 1 Mev
g 27 \ ‘\ £
= gk \ Q ]
: T
PN | < | S,uPuPyesy, redl
s 2 MRS sweep=3[ | energy continua
-28.5F 4 .
e ‘L i d,f,g HO S'|'C('|'€S
_29'% 50 100 150 200 250 300 350 .
156 s.p. in total
N step
N y
o= ‘He “He ’He
._ b: (T ' ﬁ»._. = |

Ab initio NCGSM

* See FUSTIPEN workshop, March 2012

*G. Papadimitrio, ). Rotureau, B. Barrett, M. Ploszajczak, W. Nazarewicz, N. Michel
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Ab Initio Benchmark calculations in a Gamow Basis

>He

4 )
_24 I I I 1 1 I I 0.4 ! ! 5 ' ' ' ' '
; . : 3 . -1
243l ‘k 5He with chiral N3LO Viow k A = 1.9fm"] 5| ﬁv Width of “He with chiral N°LO  Vlow k A= 1.9fm |
-24.6}F I IY Im(E) =-T/2 ([ is the width of the state)
1’ Coupled Cluster (Doubles 5 -
= 1 = | GSM/DMRG —
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E {x\r ab-initio e E . .
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] i I Wt — = : d,f.g H.O states
ADb initio NCGSM: 157 s.p. in fotal

*G. Papadimitrio, J. Rotureau, B. Barrett, M. Ploszajczak, W. Nazarewicz, N. Michel )
e See FUSTIPEN workshop, March 2012 C.Forssén, INT, Oct. 31,2012




