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Outline

AD Initio calculations of nuclear structure and reactions

Connection
to
Astrophysics

= Chiral forces
=  No-core shell model, NCSM/RGM

= Neutron rich He isotopes, N-*He scattering, 2C structure
= No-core shell model with continuum (NCSMC):

= Unbound "He
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Chiral Effective Field Theory

* First principles for Nuclear Physics:

QCD
— Non-perturbative at low energies Whaw s wkw
— Lattice QCD in the future ﬁf >< H
« For now a good place to start: 4
» Inter-nucleon forces from chiral - >< AR
effective field theory NLO: |-
— Based on the symmetries of QCD [{
 Chiral symmetry of QCD (m ~m ~0), } + {

spontaneously broken with pion as the 3
Q B
Goldstone boson NNLO *

» Degrees of freedom: nucleons + pions By ),)( X

— Systematic low-momentum expansion to

a given order (Q/A) £ XF:::H}::' H 4]“ [X H,H

— Hlera'rchy WL | A k.,
— Consistency N e o
— Low energy constants (LEC)

» Fitted to data A~1 GeV :

» Can be calculated by lattice QCD Chiral symmetry breaking scale
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Determination of NNN constants ¢, and c¢

from the triton

« Chiral EFT: ¢y also in the two-nucleon
contact vertex with an external probe

+ Calculate (E{)= |(3He||E‘i‘II3H)”
— Leading order GT
— NZ2LO: one-pion exchange plus contact

» A=3 binding energy constraint:
cp=-0.240.1 ¢ =-0.205%£0.015

4T T

— Average
3 i
—~ "He

-0.6

08 N T T S N

and the

| | | | |

112 -
1.1~ n

. - mmm Full Calculation
5 1.08F = No MEC _

AL No 3NF

45 we = No MEC, No 3NF | ]
v 1.O6 - - == dg=0 .
no 3NF, ¢ 4=3.u-1 ]

veek endi
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R TRIUMF : :
No-core shell model combined with

the resonating group method (NCSM/RGM)

= The NCSM: An approach to the solution of the A-nucleon bound-state problem
— Accurate nuclear Hamiltonian

— Finite harmonic oscillator (HO) basis N=N +1\ 5 /

Complete N, f1©22 model space N : IhQ / I
— Effective interaction due to the model space truncation S 2 it JAE|= Ny hQ

» Similarity-Renormalization-Group evolved NN(+NNN) potential N = 1\—o—e~ .
— Short & medium range correlations N =
— No continuum A N
:t:‘ v = % ECNi (I)zi
= i

= The RGM: A microscopic approach to the A-nucleon scattering of clusters

* Long range correlations, relative motion of clusters -
(A—a) rA—a,a e (0

wwzzjﬁ%mﬁdgfL_ D
A%

A
~——"

WAy 57 7
Ab initio NCSM/RGM: Combines the best of both approaches Viv Y2y O(F —Fa-aa)
Accurate nuclear Hamiltonian, consistent cluster wave functions
Correct asymptotic expansion, Pauli principle and translational invariance 5
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4He

from chiral EFT interactions:
d.S. energy convergence

—24 T | T | T | | L | T | T | T | T | T | T

\\ e -@ bare (36)
4 \ v—v SRG (2.0/28)

Chiral N3LO NN plus N2LO NNN
potential

— Bare interaction (black line)

« Strong short-range
correlations

» Large basis needed

— SRG evolved effective
interaction (red line)

» Unitary transformation

+_ dH,
1 H.=UHU;=—~ =|[T.H,].H,] (O‘:%ﬁ)

3
N’LO (500 MeV)
NN + NNN
\
\‘\
F . e 1 ...... ‘54'—1-—..
_ 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
29246811214161820
N
max

Evolution of Nuclear Many-Body Forces with the Similarity Renormalization Group

E.D. Jurgenson,' P. Navritil,” and R.J. Furnstahl'

A=3 binding energy and half life constraint
cp=-0.2, c=-0.205, A=500 MeV

* Two- plus three-body
22 components, four-body
omitted

e Softens the interaction
= Smaller basis sufficient
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The ab initio NCSM/RGM in a snapshot

A-a.a) (A=)  TA-aa_g@_ (@ eigenstates of
e Ansatzz YW= / dr CD( o — €O g
Z Ll () H,,and H,
| in the ab initio
| wgfi’—a) Wgﬁi’) 8(F — FA—aa) NCSM basis

= Many-body Schrodinger equation:

m Tel(r) + Viel + Veou(r) + Hia—a) + Hia)

N7 e
;/ﬁ [}[gf) (?l’?) _EN;(?’TLI)Q,’?)] ¢v(7) =0 realistic nuclear Hamiltonian
(@l “NAHARE ) (@ | )

Hamiltonian kernel Norm kernel
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NNN interaction effects in neutron rich nuclei:
He isotopes

4He ’

5He and 8He with SRG-evolved Chlral N3LO NN + N2LO NNN

! . ) . . A=3 binding energy & half life constraint
— 3N matrix elements in coupled-J single-particle basis: ¢;=-0.2, cz=-0.205, A=500 MeV

* Introduced and implemented by Robert Roth et al.
* Now also in my codes: Jacobi-Slater-Determinant transformation & NCSD code
« Example: ®He, 8He NCSM calculations up to N__.=10 done with moderate resources

T T -21 [ L T T T I |
i 22k WA 3 -
NN+3N(500) | ’3 i \\ H e NN+3N(500)
SRG A=17 fm’" - - \ SRG A=1.7 fm"
1 24+ \ .
hQ=16 MeV . — N hQ=16 MeV 1
Z o _
A NCSM ] E: 261 N A NCSM ]
— — Expfit ] % 7k A\ —— Expfit
extrap — m - AN
28+ N
T-A L i _ |
_____ N 29
304
| | _3 1 | |
8 10 12 0 2 4
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3N interaction effects in neutron rich nuclei:
He isotopes

e @ He (@®
« SHe and ®He with SRG-evolved chiral N°>LO NN + N2LO 3N

— chiral N3LO NN: “He underbound, *He and 8He unbound
— chiral N°LO NN + N2LO 3N(500): “He OK, both °He and éHe bound

241 _
____________ 'E %
P s--a NN
A--A NN+3N(500)
26~ e Expt 7]
A=3 binding energy & half life constraint =
cp=-0.2, cz=-0.205, A=500 MeV é) -
Hg,) =281
84

NNN interaction important
30+

to bind neutron rich nuclei

-32
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3N interaction effects in neutron rich nuclei:
He isotopes

5He and 8He with SRG-evolved chiral N3LO NN + N2LO 3N

— chiral N3LO NN: 4He underbound, He and 8He unbound

— chiral N3LO NN + N2LO 3N(400): “He fitted, He barely unbound, 8He unbound
« describes quite well binding energies of 12C, 160, 40Ca, 48Ca

— chiral N3LO NN + N2LO 3N(500): “He OK, both 6He and 8He bound
« does well up to A=10, overbinds ?C, %O, Ca isotopes

— SRG-NSLO NN A=2.02 fm': “He OK, both ®He and 8He bound
« 160, Ca strongly overbound

[ [ [
(4 . . 2 24+
4He binding energy & 3H half life constraint o ]jf
q cp=-0.2, cg=+0.098, A=400 MeV | i [ EDDNN
p N el o & NN+3N(400)
A=3 binding energy & half life constraint — 26 A--A NN+3N(500)
| ¢p=-0.2, ¢z=-0.205, A=500 MeV | Z NN-srg 2.02
2 e Expt
~y, 281
é . . . ) .
NNN interaction important =] S \
_ to bind neutron rich nuclei ) 30k A
N He
Our knowledge of the 3N interaction 2 |
is incomplete _ 4
\ p J
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N-*He scattering with NN+NNN interactions

G. Hupin, J. Langhammer, S. Quaglioni, P. Navratil, R. Roth, work in progress

4He(n,n)*He phase shifts 4He(n,n)*He phase shifts

L x i 2p3/2
- ==X _x_ x
90 [ x X X ]
x ," xxxxxxxxxxxxx
 x x e ccaecee
o0 45 x [/ x T
< 0 et
— Nmax 13
45 | T
= Nmax 7
-90 . .
0 4 8 12
Elin [MeV]
Here:

n + “He(g.s.), SRG-(N3LO NN + N2LO NNN)
potential with (A\=2 fm-1). Convergence with

respect to HO basis size (N,,)

16

X x
x x
x x

x x x
___________

x - =
,
,
,
:

x
y x_ XX XXX X%k g g g -
% x-¥ LTS e = . x 1
45 17 =
P %
4 %
x e

0 [deg]

NN+NNN
45 | 1 — — NN+NNN-induced |

Largest splitting between P waves
obtained with NN+NNN. Need “He exited
states and study with respect to SRG A
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Neutron rich Carbon isotopes from
chiral NN+NNN interactions (IT-NCSM, R. Roth et al.)

1+1
16} e 24 1 T o
— i e e==2t9 10} 1
8t = e—— 1 14+ —__ 440 0+1
_ ._ 12| i e 8t — —2+1
>0 __ 1 10} L—ovo] ¢ —32t]
~ 241 12 6 i
t 4t 8t C e 04 0 ]
w 2+1 o . 4}
[ —24+0 14
2_
Ot 0+1 Ot — 0+ 0 Of = o —4 1

é 4 6 8 E)&p. 2 4 6 8 Exp. 2 4 6 8 Exp.

NN+3N-full

. — Asn = 400 MeV
3} T e— 2 | 3] | 3 o =0.08fm*
AQ = 16 MeV

L m——2+3

Eyx [MeV]

L — D 4 D e - —
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M1 transitions in 12C sensitive to 3N interaction

4— T l T
— — Expt
1 2 O—0 chiral NN+NNN
N’—Z C v~ ¥ chiral NN
EAETS -
~~~
—
+
o—
N ook
o
+
(@)
e
= 1
A
[aa)
| | | |
0 0 2 4 6
N
max

Chiral 3N interaction changes occupations of the p;, and p,,, orbits
(“increases the gap” between them)
Enhances the M1 transition from the g.s. to 1* 1 state

Similar increase of the Gamow-Teller transition between g.s. of 2B('2N) and 2C 13
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Tensor correlations and 3N effects
in ground states of “He and '2C

p p n

» Tensor correlations related to (s,-5,)and (5,5, +5,-S,)

= §,-43@+1)6, . S,=4)d-1,)5, --- Spin operators

. . . —
S,' . S,' USI-BH ——
» " USD-TK

 Experiment: Atsushi Tamii et al.

e Ab initio NCSM:
— 12C N__,,=6 only

I s 65 ()

“He Minnesota NN 0.04 -0.02 0

*He chiral NN 0.19 0.04 0.27

*He chiral NN+3N(500) 0.22 0.05 0.32

12C chiral NN 0.50 0.065 0.63

12C chiral NN+3N(400) 0.68 0.061 0.80

12C chiral NN+3N/(500) 1.01 0.065 1.14 12C: chiral NN+3N(400)

the best agreement with experiment
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New developments: NCSM with continuum

NCSM '

lpfj’T> = N ¢ |ANIIT)
Ni
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New developments: NCSM with continuum

NCSM '

NCSM/RGM ‘_ﬁ'
Z/dTXI/ A(I)J T(A—a,a)

L O T> ECN ‘ANZJ”T>
Ni

x=N*2y (N"2HN™2)y = Bx
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New developments: NCSM with continuum

NCSM

NCSM/RGM ‘,.r/'

lpfj’T> = N ¢ |ANIIT)

Hy = ENx
x=NTiy (NT2ZHN %)y = EX

W) =S el + Y [ dr (Z [N <F'>> Aoj T

A

Hycsm h
h NTTHN 2

=IO
SN—
1
=
N\
Q=
— QI
SN—
N\
=IO
SN—
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NCSMC formalism

Hycosy h c\ 1 g C
Start from ( 7 ﬁ)(x)_E(él)(x>
NCSM sector: (Hnvcsm)an = (ANTT|H|AN J™T) = 5" o

l

NCSM/RGM sector:  H,,(r,7) Z / / ydy' 2y N (r, ) Hi (5N (i)
Coupling: G Z / dr'r (ANTTT| A, ®I7TY N2 ()

h)w Z/d?“ r A)\JWT|H.AV/|(I) > NV/V; (7“ ,7“)

) -

Orthogonalization: ~ :( 2% %’(T’),)

rrrrrr = o(r—r
g)x’l/(r) 61/1/’%

|

_ N3} (HNi_Cl’SM %) —— (

So!ve with generallz_ed (ﬁ+ i— B ( c ) _i ( c )
microscopic R-matrix X X

=1 Ol

Bloch operator — L. = (8 L — aﬁd% B )
18
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NCSM calculations of °He and "He energies

-12 T T T T T T T T
N =2
144 6 ™ i
He sreNLonn [@ @Naust
-16 - 1 o—aN,,=6 —
A=2.02 fm o—ON_ =8
J181 A—AN_ =10 .
4N =12 1
; _20 — + =4 eXtraP -
(] 4
E 22 -\‘\‘\’\H—'—*/‘ ]
el D\D\D\G\D_H_D___D ]
26 _
28 _
S A A A
30k _
L N R R R B R [ |
12 13 14 15 16 17 18 19 20 21 22
hQ [MeV]
-20 AN T T T T
21 \A 3 ]
N SRG-N'LO NN
221 NN 1 7]
\ \ A=2.02 fm
23 \ AN .
— A hQ=16 MeV
> 241 oA - .
[} \ N
2, -25¢ N T gy
N
w2 ﬂ
26 » "~ He 32
27t N A -
A NCSM AL R S
el —— Expfit ~~. o
28 — e)):tlza; 6 A‘_;~_\A_ —
29 He o -
) ! | | ! | |
300 2 4 6 8 10 12 14
N
max

- + -
25~ 0 6 -
B — He ]
ol © SRG-N'LO A=202fm" ]
- i hQ=16MeV i
E 151 - :
[0 — ]
ST - _|
- 1+ —_—.. -
i 2+ : N - ]
: — — - (g*,l’o*):
sk ———
i  — ]
0 L ()+ . .. .. .. .. .. ]
2hQ 4hQ 6hQ 8hQ 10hQ 12hQ Expt
Nax cOnvergence OK

Extrapolation feasible

©  ®He: E,=-29.25(15) MeV (Expt. -29.269 MeV)

©  "He: Ei=-28.27(25) MeV (Expt. -28.82(30) MeV)
"He unbound (+0.44(3) MeV), width 0.16(3) MeV

. NCSM: no information about the width
All 8He excited states above 2*, broad resonances or
states in continuum 19
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0 [deg]

150

-60

NCSM with continuum: "He < °He+n

120
90
60

30

-30

E,, [MeV]

r

NCSM/RGM
with up to three ‘He states

5.6 (2%,1°,0")

1797 . Expt.

2,92,

O e c s

150

0 [deg]

-60

120
90
60

30

-30

PRI TR T NI TN NN NN TR TR N N BT SFE |

1.327

*He +2n

0.529
*He + 3n

-0.445

“He +n

5
E,, [MeV]
4 )
NCSMC

with up to three ‘He states
and three "He eigenstates
More 7-nucleon correlations

L Fewer target states needed y

20
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NCSM with continuum: "He < °He+n

150 ' ' ' ' ]

2ofp S T

90

60

3 [deg]
0 [deg]

30

n+6He(g S .+2++2+)

-30

ob— v
7
E, [MeV] P8 it

NCSM/RGM NCSMC
with three °He states with three °He states

292 51 and three "He eigenstates
327 More 7-nucleon correlations
+ 1= F He + 2n
5.6 (241°,0") Fewer target states needed
0.529 k )
“He + 3n

1797 Expt.

-0.445
“He +n

= ‘ 21
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"He: NCSMC vs. NCSM/RGM vs. NCSM

6 T T - Sliminary
7H 3/2 J" experiment NCSMC |NCSM/RGM |NCSM
sl C | E T Ref.|E T FEN E
57 3/27(0.44(3) 0.16(3) [29]0.75 0.31 {142 0.52 | 1.30
] 5/27(3.36(10) 2.2(3) [30]]3.69 2.57 |4.58 3.06 | 4.56
4 12— . 1/27| 3.98 10 [42][4.01 15.15(4.96 14.95 | 3.26
- ] P ] 3.48 2 [38]
> 52 — — 12
S 3 T
= SRG-N'LO A=2.02fm"'
7 N  =12,hQ =16 MeV - :
max =  NCSMC and NSCM/RGM energies from phase
32 shifts at 90 degrees
1= _ I 7 = NCSMC and NSCM/RGM widths from the
6 32— derivatives of phase shifts (preliminary)
0 L He+n _______________________________________ —
Expt NCSMC NCSM/RGM NCSM o 2
ad(Ekzn)/(?Ekzn Epin=Er

Experimental controversy:
Existence of low-lying 1/2- state
... hot seen in these calculations 29
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Three-cluster NCSM/RGM

* The starting point: p5/22 X ()9 ()

L

W), = Y [didy Gt (x,y)

a2a3V

x A(A—a23 Ay ,a3)

(I)(A—a23 Ay a3 )>

vXy
(A-ays )y y(ay)y (a3 )y lx.ly o o
\ wal . waiz wa? Y™ y(x’y)

X 5(x =T\ a )6(y Ty vy, )

 Solves:
> [dp p’[HSE, (0.0)-E NS, (0'.0)] 07 % = (0) =0
a,a;vK

— Where the hyperspherical coordinates are given by:

P=+X+y, a=arctan(l) (X=/OCOSOZ, y=psina)

X



R TRIUMF

First results for °®He ground state

S. Quaglioni, C. Romero-Redondo, P. Navratil, work in progress

= Preliminary NCSM/RGM results for up T ——

to N__. = 8 model space (hQQ=16 MeV 4k 6 No=2] ]
=~ P ( ) ! He sroNLonn @ @Nud)

— n+n+*He(g.s.) er A=202fm" |o—oN =8

_ SRG-NN chiral with 1=2.02 fm"" 1 NCSM e

[MeV]
®

« Results compared with NCSM:
Gain in binding due to the coupling to

gs
©
©

E
8 R
|
©
&)
&)
ﬁ]O
v
||

continuum [
28+ -
— At Nmax=8 6He unbound within the gL T EE e E R R R R s ]
NCSM, bound in the three-cluster Ly
NCSM/RGM by~1 Mev 12 13 14 15 16hQ[11\7/[eV]18 19 20 21 22

— Extrapolated NCSM beyond N, =12:
5He bound by ~ 1MeV

Eg.s. (4He) Eg.s. (6He)
[MeV] [MeV]

(NCSM) (NCSM)

N_.. =8 -27.32 -27.28 -28.38
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&2 . Structure of the exotic °He nucleus

4.36 ()

« NCSM/RGM calculation of n-8He
— SRG-N3LO NN potential with A = 2.02 fm"
— 8He 0* g.s. and 2%, 1- excited states included |

= Up tO Nmax= 13 “He + 2n
exotic nuclei

3.112184  |x3.°
“He + 4n

_ *He /

/Experiment: \

P-wave resonance at
Expt. ~ 1.27(10) MeV (Bohlen ¢7 al.)
S-wave attraction
Expt. 4y~ -10 fm (Chen ¢t al.)
a,~ -3 tm (Al Falou, ez al.)

Calculation (preliminary):

No bound state

P-wave resonance at ~1.6 MeV
Attraction in the S-wave, 4, ~ -13 fm

Q{G—N?’LO NN too attractive? 3N needed... ‘
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Conclusions and Outlook

* With the NCSM/RGM approach we are extending the ab initio effort to
describe low-energy reactions and weakly-bound systems

* The first 7Be(p,y)8B ab initio S-factor calculation [ PLB 704 (2011) 379 ]

« Deuteron-projectile results with SRG-N3LO NN potentials:

— d-"He scattering [ PRC 83, 044609 (2011) J
— First ab initio study of *H(d,n)*He & 3He(d,p)*He fusion

[ PRL 108, 042503 (2012) ]

 Under way:
— n-8He scattering and °He structure
— 3He-*He and 3He-3He scattering calculations
— Ab initio NCSM with continuum (NCSMC)
— Three-cluster NCSM/RGM and treatment of three-body continuum

— Inclusion of NNN force

« Todo:
— Alpha clustering: “He projectile



