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I. Introduction: No Core Gamow Shell Model



No Core Shell Model

“Ab Initio” approach to microscopic nuclear structure
calculations, in which all A nucleons are treated as
being active.

Want to solve the A-body SchrOdinger equation

H¥Y= E¥"*

P. Navratil, J.P. Vary, B.R.B., PRC 62, 054311 (2000)
P. Navratil, et al., J.Phys. G: Nucl. Part. Phys. 36, 083101 (2009)
B.R.B., P. Navratil and J.P. Vary, PPNP 69, 131 (2013)
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Impact of continuum for nuclei far from stability
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Nuclei: open quantum systems

N-2 N-1 N N+1 N+2
Z+1 Z+1 Z+1 7+ Z+1
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Interactions
correlations
many-body techniques




Closed Quantum System

(low lying states near the valley
of stability)

3

infinite well

discrete states only

(HO) basis

nice mathematical properties:

analytical solution... etc

Open quantum system
(weakly bound nuclei far away

from stability)
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II. NCGSM Formalism



Theories that incorporate the continuum, selected references

Real Energy Continuum Shell Model
* U.Fano, Phys.Rev.124, 1866 (1961)
* A.\Volya and V.Zelevinsky PRC 74, 064314 (2006)

Shell Model Embedded in Continuum (SMEC)
* |. Okolowicz.,et al, PR 374, 271 (2003)
* ]. Rotureau et al, PRL 95 042503 (2005)

Complex Energy Gamow Shell Model

N. Michel et al., Phys. Rev. C67, 054311 (2003)

G. Hagen et al, Phys. Rev. C71, 044314 (2005)

J.Rotureau et al PRL 97 110603 (2006)

N. Michel et al, J.Phys. G: Nucl.Part.Phys 36, 013101 (2009)
G.P et al PRC(R) 84, 051304 (2011)



Selected References (continued):

NCSM/Resonating Group Method
S. Quaglioni and P. Navratil, Phys. Rev. C 79, 044606 (2009)

S. Baroni, P. Navratil, and S. Quaglioni, Phys. Rev. Lett. 110, 022505;
Phys. Rev. C 87, 034326 (2013).

Coupled Cluster approach/Berggren basis
G. Hagen, et al., Phys. Lett. B 656, 169 (2007)

G. Hagen, T. Papenbrock, and M. Hjorth-Jensen, Phys. Rev. Lett.
104, 182501 (2013)

Green's Function Monte Carlo approach
K. M. Nollett, et al., Phys. Rev. Lett. 99, 022502 (2007)
K. M. Nollett, Phys. Rev. C 86, 044330 (2012)



Resonant and non-resonant states (how do they appear?)
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u, (k,7)~C_H (k,r),r = bound states, resonances

w, (k,7)~C_H| (k,r)+ C_H[ (k.r),r = o scattering states




The Berggren basis (cont'd)

T.Berggren (1968)
Imik) The eigenstates of the 1b MNP A109, 265
£ well-bound state

resonart states: Shrédinger equation form a complete basis, IF:

O bound _ _
© decaying we also consider the L, scattering states

haly state r ¢ 1K —_—

— — E |Uf’res><u-res| + / dkluk><ﬂ.k| =1
* O resonan o ‘.n" He{k) LA
' nggﬁant =" i
O state  __L.=® ";@“u‘j“ .
”%e'sér?;n'ﬁ;mﬂaﬂ“m are complex continuum states

‘UQ along the L* contour
(they satisfy scattering b.c)

The shape of the contour is arbitrary, but it has to be below the
resonance(s) position(s) (proof by T. Berggren)

In practice the continuum is discretized via a quadrature rule (e.g Gauss-Legendre):

Y lttres) (Ures| + Y Juki) (Uil 1 with [uk) = vewiluk:)
1



M.Michel et.al 2002

Berggren’s Completeness relation and Gamow Shell Model| - "o0% s

Im{k’l resonant states:
() well-bound state O bgund_ E |U'T‘E:S> <KU_TES| + dk|ﬂk> <Uk| — 1]
]* © decaying J A
hal state b -
T
. DF&’E‘E‘Z‘M ' Rtk / Non-resonant
state aetl ’\"5‘
n.;;ﬁ;;a-;t;;wﬁenn@ o (bound, resonances..)  glong the contour
4 E ‘?LTE.*-;}(“-?‘HS‘ T+ E |“-ki><“ki‘ ~ ]
The GSM in 4 steps ;
Hermitian Hamiltonian l
Many-body |SD,) basis
Hamiltonian matrix is built (complex symmetric): ‘.STDI}:‘H.I ________H-Q
(SD|H|SD)
Hamiltonian diagonalized
- Z c |SD > Many body correlations and coupling
o n n to continuum are taken into account simultaneously



The Density Matrix Renormalization Group (DMRG)

5R White PRL 69 (1992) 2863

T.Papenbrock and D.Dean JPhys.& 31 (2005) 51377
S.Pittel et al PRC 73 (2006) 014301

J.Rotureau et al PRC 70 (2000 014304

J. Rotureau et al PRL 97 (2006) 110603

v Truncation Method applied to lattice models, spin chains, atomic nuclei....

GSM+DMRG

B = 3" B, 107 ]

P

DMRG == truncation in {¢

jﬂy‘l'm

In,+1

1]

P: poles
C: Continua

1

v Iterative method: In each step (N,,,}) a scattering shell is added from C.

-2 Hamiltonian is diagonalized and densrfy matrix is constructed:

/e _E :
T q’pc:lppc:’
P




* truncation with the density matrix :
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pr'gq.“.’ —
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E \V pc W pc’
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* The process is reversed..
* Ineach step (shell added) the Hamiltonian is diagonalized and N, states
are kept.

« Tterative method to take into account all the degrees of freedom

in an effective manner.
* In the end of the process the result is the same with the one obtained by
“brute” force diagonalization of H.

“down”

Sweep-down

—p truncation

N

opt

states that correspond to the largest

eigenvalues of the density matrix are kept
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Density Matrix Renormalization Group - Examples -

(6SM with a *He core)

J.Rotureau et al PRC 79 (2009) 014304
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Gamow Shell Model in an ab-initio framework

1 N (B — ;)2
H=_ L V |
A; 9 + VNN

* Only NN forces at present
—> Argonne V18, (Wiringa, Stoks, Schiavilla PRC 51, 38, 1995)
= N3LO (D.REntem and R. Machleidt PRC(R) 68, 041001, 2003)

2> Vo« Technique used to decouple high/low momentum nodes. Ay, = 1.9 fm!
(5. Bogner et al, Phys. Rep. 386, 1, 2003)

- ik I resonant sfafes;
* Basis states ) welesundsita bound
. o decayin
- s- and p- states generated by the HF potential | e
,r'hclh. 1] -
pnad *-":"-:I::vn:rm ) _.-j qullc':;
SER i |
Baonant |sosl
2> 1>1 H.O states '

» Diagonalization of (1) > Applications to 3H, *He, °He



III. NCGSM: Applications to Light Nuclel
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Results

G.Papadimitriou, J.Rotureau, B. Barrett, N. Michel, M.Ploszajczak arXiv:1301.7140

Submitted at Phys RevC 88, 044318 (2013)

Argonne V,, Vlowk A=19fm} | | > 2neutrons
DMRG £=10- ]l | > 1proton
max dim ~ 1200 -
» Pole space A:0s1/2 (p/n)
direct diagonalization { |» Continuum space B:
max dim = 387,998 p3/2 p1/2 51/2 real
y { energy continua
i d5/2-d3/2 H.O states
1 | » 130 sp. states total
sweep =3
e ————TT i

150

200
N step

750 300 350 400

Eexac’r = '7:340 MeV
Eomre (=107 = -7.832 MeV
EDMRG (€ = 1(}_6) = -7,820 MeV



Results: Triton

G.P., J.Rotureau, N. Michel, M.Ploszajczak, B. Barrett arXiv:1301.7140

°H
Argonne s Viowk A=19fm"!
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= .
% _5E Fd:.ik_-. W
5
5ef N
A 5,
7F '
-8 E “G---.
: = —0
_9 [ L L L L
0 1 2 3 4
¢
Erogeey = -8.47 MeV
E...nio = -8.39 MeV (exact diagonalization)

Dim in DMRG = 2,575
Dim in exact = 890,021

(d) DMRG —v— |

exact —— .
¥ E=-8366 £ 0.030 7

. 4 4
¥ _
* - - ¥ =

102 102 10* 10° 10° 107 10°® 107

Truncation error decreases
Very fast with increasing the
number of states kept

Faddeev result from (Nogga, Bogner, Schwenk, PRC 70,061002, 2004)



E (MeV)

Results: 4He with chiral N3LO

G.P., ].Rotureau, N. Michel, M.Ploszajczak, B. Barrett arXiv:1301.7140

i[ 4He with chiral N3LO  Vlow k A = 1.9fm"] 17| 2 neutrons
Y 4~| 2 protons
|
1~| Pole space A:0s1/2 (p/n
‘{, v ab-initio GSM/DMRG P /2. (p/n)
Y »| Continuum space B:
. 3/2,p1/2,51/2 real
nergy continua
| ) i 5/2-d3/2
sweep 1 sweep sweep 3 5/2-f7/2 I}.O states
- 7/2-99/2
3N force 1~| 156 s.p. states total
Experiment i
5IO 1I00 1I50 2IUO 2;50 3I{JU 3:50 400
Nstep

Eyao = -27.48 MeV




Re(E) MeV

Results: °He with chiral N3LO (real part)
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-25.2
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-26.4
-26.7

-27
-27.3
-27.6

&.Papadimitriou, J.Rotureau, B. Barrett, M. Michel, M.Ploszajczak arXiv:1301.7140
Submitted at Phys Rev.C 88, 044318 (2013)

\ SHe with chiral N3LO Viow k A = 1.9fm"]

Y
\
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\

- [

~

sweep =1 sweep =2 weep=3

3N force

Experiment

50 100 150 200 250 300 350
Nstep

400

» 3 neutrons
» 2 protons

» Pole space A:0s1/2 (p/n) +
Op3/2 n resonant state

» Continuum space B:
- p3/2 complex continuum
pl/2-s1/2 real continua

d5/2-d3/2
5/2-F7/2 } H.O states
~ g7/2-99/2

» 157 s.p. states total

Dim for direct diagon: 3*10°
DMRG dim ~ 10




HF poles
* 0p3/2 (n): E= (1.194.-0.633) MeV

* 0s1/2(p) : E= -23.291 MeV
* 0s1/2(n) : E= -23.999 MeV

Inclusion of p_  complex-

continuum contour for

heutron
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E . ] PLB 656 (2007) 169.
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* Full NC6SM space: 1,379,196.439 || ¢
* DMRG ~ 1.10°

107°)

(-26.31,-0.20)
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(-24.87.-0.16)




Comparison of Position and Width of the 5He Ground

State: Theory and Experiment

Method Energy (MeV) Width (MeV)
NCGSM/DMRG: 1.17 0.400
“Extended” R-matrix*: 0.798 0.648
Conventional R-matrix*™: 0.963 0.985

*D. R. Tilley, et al., Nucl. Phys. A 708, 3 (2002)



Matrix Dimension

1e+00

Dimension comparison

Matrix dimensions in *He iLanczos vs DMRG)
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1000
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——
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2 3 7

Angular momentum of the s.p. basis

Matrix Dimension

Te+06|
le+05}

10000

- Lanczos: “brute” force diagon
of H.

- DMRG: Diagon of H in the space
where only the most important

degrees of “freedom” are considered

Matrix dimensions in “He (Lanczos vs DMRG)
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1e+07 |

I
- '_-_-_._-_
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IV. Summary and Outlook



IV. Summary and Outlook

1. The Berggren basis 1s appropriate for calculations
of weakly bound/unbound nuclei.

2. Berggren basis has been applied successfully in an
ab-1nitio GSM framework --> No Core Gamow Shell
Model for weakly bound/unbound nuclei.

3. Diagonalization with DMRG makes calculations
feasible for heavier nucle1 using Gamow states.

4. Future applications to heavier nuclei and to
nuclei near the driplines.
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Realistic two-body potentials in coordinate and momentum space
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Repulsive core makes calculations difficult



k (fm™)

- Need to decouple high/low momentum modes
v' Achieved by V|, or Similarity RG approaches (e.g. SRG)

k' (fm") k' (fm'1) k' (fm"] k' (fm") k' (fm")
DQ l..ad &0 4 2 & 0 1. 828 3 48 1 2 8 & 1.8 3 1
:
2 0(fm)
3 -1 5
A=40fm A=15fm '

Fig. from S. Bogner et al Prog.Part.Nucl. Phys.65:94-147 2010

-> Observable physics is preserved (e.g. NN phase shifts) AND
calculations become easier (work with the relevant degrees of freedom)

- One has to deal with "induced” many-body forces...



Tllustration on how the high momentum nodes are integrated out
in the Vlowk (a) and in the SRG (b) RG methods

K’ 5 k:
-
-
vig R
IIﬁﬁ'i
t .
A,




Energy (MeV)

-24.5
25F | Argonne v18 Viewk A=1.9fm! .
-25.5F | 4H 1| 0s,,p,, p,, real-energy
26 F | = E - -29.15 MeV 1| HF states
L DMRE 3
ol i W 10~%) EF‘,-' =-29.19 MeV | ii) dfg H.O states
S
27} + 1
\
275 f * 0s, (p): E= -24.453 MeV
™ = o = 172
—— * 0s_(n): Ez -26.290 MeV
st ! i 12
sweep =1 T sweep =1 sweep=3
-28.5F ' =
———
29} Faddeev-Yakubovsky . . I 156 Shells
=29 S0 100 150 200 250 300 350
N step

J-scheme dimension

* Full NCGSM space: 6,230,512
* DMRG ~ 6000

6. Papadimitriou et al, arXiv:1301.7140
PRC 88, 044318 (2013)

( FY result from Nogga et al, PRC 70 (2004) )
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Results: “He with chiral N3LO

&.Papadimitriou, J.Rotureau, B. Barrett, N. Michel, MPloszajczak arXiv:1301.7140

Submitted at Phys Rev.C

S 4 4He with chiral N3LO Viow k A= 1.9fm"] { [» 2neutrons
- l| 4 | » 2 protons
i 1 | » Pol A:0s1/2
Y —w— abinitio GSM/DMRG _ ole space A0s1/2 (p/n)

i » Continuum space B:
" - - p3/2,p1/2 51/2 real
I g | energy continua
" '|r d | | d5/2-d3/2

sweep 1 sweep 2 sweep 3 b/2-f7/2 } H.O states
- - L g7/2-99/2
3N force » 156 s.p. states total

i Experiment l
0 50 100 150 200 250 300 350 400

Nstep

3N force arises from the renormalization of the NN interaction.



Results: ®He imaginary part (width) with chiral N3LO

& Papadimitriou, J.Rotureau, B. Barrett, N. Michel, M.Ploszajczak arXiv:1301.7140
0.4 Submitted at Phys Rev.C88, 044318 (2013)

Width of He with chiral N3LO Vlow k A = 1.9fm™ !
0.3} "" -

0:2 - i _

ab-initio GSM/DMRG ——

0k sweep =1 sweep =2 sweep =3
_Ul‘| L -
T em—
_0.2 5 + ‘ M i
* w
03} L4 .

Experiment

04 50 100 150 200 250 300 350 400

Nstep
— Unbound character of °He reproduced
S1n =-1.20 MeV } within an ab-initio framework
S, (exp) =-0.89 MeV

Satisfactory agreement of the width with experiment



Light drip line nuclei
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Chiral effective field theory (EFT) for nuclear forces
Separation of scales: low momenta % = @ < A, breakdown scale Ay
............... I.___I__ explains pheno hierarchy:

10 0(%) ‘ — _ NN>3N>4N> ...

ot NN-3N, 7N, 7077, electro-weak, ..
1 | consistency

3N,4N: 2 new couplings to N3LO!

theoretical error estimates

g " T T T T T T T T
60 L .
= L i__ SCI i
5 40 e -
= - i
E Rl 2]
» [ —N°LO ]
=& ok — N-LO
NLO 1
-7 L | L | L | . | L
B S0 [0 1 500 2000 250

i I I Lab. Energy [MeV]

Weinberg, van Kolck, Kaplan, Savage, Wise, Epelbaum, Meissner, Nogga, Machleidt...A- SChWCIlk
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Some selected references for the
Complex Energy Gamow Shell Model

1. N. Michel, et al., Phys. Rev. C 67, 054311 (2003)
2. G. Hagen, et al., Phys. Rev. C 71, 044314 (2005)
3. J. Rotureau, et al., PRL 97, 110603 (2006)

4. M. Michel, et al., J. Phys. G: Nucl. Part. Phys. 36,
013101 (2009)

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