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What Is the problem?
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[1] Barrett et al. (2013)
[2] Entem et al. (2017)

No-core shell model (NCSM) 31 Soma etal. (2020)
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= Ab initio approach to many-body Schrodinger equation for bound states and
narrow resonances [1]

= Non-relativistic with point-like nucleons active degrees of freedom

J*T J T |\ J ™ T
H|\IJA > =F |\IJA > Anti-symmetrized products of
many-body HO states

Nmaa N=N_, 1)

W) = 3 o

N=0 «

—NN+3N interactions are sole input
—NN-N4LO(500) [2] + 3N, [3]




Limitations of NCSM
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[4] Navratril et al. (2009)

Limitations of NCSM

= HO expansion incompatible with reaction theory
I. Imprecise asymptotics
. missing correlations in excited states
lil. description of scattering states not feasible

= Combine NCSM with resonating group method (RGM) [4]
— ability to deal with scattering states and reactions
—combine microscopic A-nucleon Hamiltonians and clustering description




[4] Navratril et al. (2009)

NCSM/RGM ’,.

= Combine NCSM with RGM [4]

— (A — a)-target and a-nucleon projectile in 25"'11] relative motion waves
—T4—q q CONNECts c.m. of each cluster

7
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[4] Navratril et al. (2009)

NCSM/RGM ’,.

= Combine NCSM with RGM [4]

— (A — a)-target and a-nucleon projectile in 25"'11] relative motion waves
—T4—q q CONNECts c.m. of each cluster

8

(J7T)
0(r—TA—a.a)

JTTN\ _
‘(I)VT >_ 'r"A—a,a

(sT)
(‘A—aaﬂf“ﬂ)@‘anQI;rQTg)) Yz(ff'Aa,a,)]

= Require anti-symmetrization to preserve Pauli principle

1 (A o )' a! nti-symmetrize
AI/ — \/ Al 1+ Z (_1)pPV - t/)A\et\t/veZn clu;ters




[4] Navratril et al. (2009)

NCSM/RGM ’,.

= Combine NCSM with RGM [4]

— (A — a)-target and a-nucleon projectile in 25"'11] relative motion waves
—T4—q q CONNECts c.m. of each cluster

@5, ") =

(sT)
(‘A—aaﬂf“ﬂ)@‘aQQI;rQTg)) Yz(ff'Aa,a,)]

= Require anti-symmetrization to preserve Pauli principle
= Use anti-symmetrized channel states as continuous basis ansatz
1 J™T

|\IJJWT> :Z/dr 7“2,4,/|cI>£T> N2 'XL/ (7)

T
Linear variational

amplitudes



Solving RGM equations ./‘
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= Solve orthogonalized RGM equations Linear variational
amplitudes

~ ~

HL L (' r) = (@ T|AHA DT NI )y = (@), T| A, A,

Hamiltonian kernels Norm kernels

(I)JTFT>




Solving RGM equations ’/‘
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= Solve orthogonalized RGM equations

w JTT (.1 J™T
Zfdr’ 2 [N_%HN—%}J T(T,TJ) X, (') _ pXv (7)

v/ r! r

= Norm and Hamiltonian kernels primary computational challenge

WU () = (00 | A A OLT) NI ) = (@[ A A 2T

Hamiltonian kernels Norm kernels




[5] Lane et al. (1958)
[6] Hesse et al. (1998)
[7] Descouvemont et al. (2010)

Solving RGM equations
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JTT (.1 J™T
_1 _11J7T , AT r
Z/dT/TIQ [N %HN %}Vy, (7",7",) X ,( ):EXI/ ()
~ r r
= Solve coupled channel nonlocal integro-differential equations [5-7]
— split configuration space by large matching radius r,
—require continuity of wave function and derivative

Internal region External region
o i _ o J"T.N _ ~J"T
Xi (T) — 2% [5m'Hl (’{z/r) - qu, Hl—{—(’{q/?")] Xv (T) — CI/ WZ(KI/T)
r/
— Coulomb functions — Whittaker function asymptotics
— Expand over square integrable — Normalization constant ¢/, "

Lagrange functions
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[6] Hesse et al. (1998)
[7] Descouvemont et al. (2010)

Solving RGM equations
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r/ r

) R J;”T / J™T
S / a7 NEHNE) T ey X ) pXe (1)

= Solve coupled channel nonlocal integro-differential equations [5-7]
— split configuration space by large matching radius r,
—require continuity of wave function and derivative

= Eigenstates and eigenenergies for bound states
= Scattering matrix and eigenstates for unbound states
= Ab initio description of scattering off light-nuclel

Can we go
further?



[8] Navrétil et al. (2016)

No-core shell model with continuum (NCSMC)
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= Generalize NCSM/RGM expansion with discrete NCSM eigenstates [8]

1 J*T
JTT\ JTT 7r 2 JTT N~z 'X]V (7)
N4 >—;ca A T>—|—;/d'r”r¢4y‘®w .
= Solve coupled equations
E h C 1 g C



[8] Navrétil et al. (2016)

No-core shell model with continuum (NCSMC)

15

W) =Y a0 T) 4 Y [ar oy

Discrete basis

‘.’Q>NCSM
= Generalize NCSM/RGM
expansion with discrete

NCSM eigenstates [8] I h c\ _ m 1 ¢ C
- Determine ¢ T and h HJ) \x g 1) \x

x2"T (r) simultaneously by
solving coupled equations

Continuous basis

@) ]



No-core shell model with continuum (NCSMC)

1

\I!Jﬁ Zc‘f T‘Aon'” —I—Z/dr r? A, @J T [N—Q

Discrete basis

‘.’Q>NCSM
= Generalize NCSM/RGM
expansion with discrete

NCSM eigenstates [8] (_*J h\ [ c _ (]1

: Determlne ¢2"T and hi H) \x g
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10C structure

B

‘10C> = an\mc, oz)NCSM - Z/d’r WVJWT(T)AV‘QB + p, 1/>

= Treat as mass partition of proton plus °B
= Use 3/27 and 5/2~ states of °B
= Known bound states captured by NCSMC
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State Encsy (MeV) E (MeV) Eexp (MeV)
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10C structure
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10C structure at Npqy = 9

Eigenphase shifts
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10C structure at N,,,,,, = 9

Eigenphase shifts
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10C structure at Npqy = 9

Eigenphase shifts
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10C structure at N,,,,,, = 9
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[9] Warburton et al. (1992)

10C structure at N,,,,,, = 9
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Eigenphase shifts
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[9] Warburton et al. (1992)

10C structure at N,,,,,, = 9
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10C structure at N,,,,,, = 9
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10C structure at N,,,,,, = 9
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6 [deq]

10C eigenphase shifts at N,,,,,, = 7
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6 [deg]

10C eigenphase shifts at N,,,,,, = 7
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6 [deq]

10C eigenphase shifts at N,,,,,, = 7
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10C eigenphase shifts N,,,, = 7 — 9 comparison
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10C eigenphase shifts N,,,, = 7 — 9 comparison
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6 [deq]

150 1

_50_'

10C phase shifts at N,,,,,, = 7
T =+1
1 9B[3/2-,5/27] 1 °B[3/2-,5/2, 1/2*]
10C—>p+9B \_/ 10C—>p+gB |
e " i — s
Ekln (MeV Ekln {MEV)

100 -

50 -

35

3Po[3/27]
1So[1/2*]
>P1[3/27]
3p,[3/271]
>P,[3/27]
7Py[5/27]
>P3[5/27]



6 [deq]

10C phase shifts at N,,,,,, = 7

_5oj

T =-—1

100 -

50

| °B[3/27,5/27]
150 -

] °B[3/27,5/27,1/2"]

36

35,[3/2"]
—— 55,[3/27]
—— 7S3[5/27]



6 [ded]

10C phase shifts at N,,,,,, = 7
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10C phase shifts N,,,,, = 7 — 9 comparison
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10C phase shifts N,,,,,, = 7 — 9 comparison
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10Be structure

B

“Be) = an‘loBe, a)NCSM + Z ] dr WVJWT(T)AV‘QBG: +n,v)

= Treat as mass partition of neutron plus °Be
_ _ _ 7.542 ot
= Use 3/27,5/27, and 1/2~ states of °Be 62633 =2 17 6.8122
- 50500001793 W20 PBeyq
= Four bound states produced in NCSMC 555330 =i
' 2t:1
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10Be structure at N, = 9
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10Be structure at N,,,,,, = 9
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10Be structure at N,,,,,, = 9
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10Be structure at N,,, 44
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10Be structure at N,,,,,, = 9
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10Be structure at N,,,,,, = 9
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10Be structure at N,,,,,, = 9
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10Be ANC’s at N,,,;,, = 9

1~ ANCs

State I S ANC (fm~'/2) ANC pheno (fm~1/2)
3/2= 0 1 0.363 0.951

3/27 2 1 0.7 x 1073 0.392 x 1071
3/2= 2 2 —0.244x1073 —0.137 x 1071
5/2= 2 2 —0.102 —0.230

5/2- 2 3 0.104x1071 0.399 x 1071
5/2 4 3 —0.603x107* —3.60 x 1073
1/2= 0 1 0.257 0.425

1/2= 2 1 0.184x1071 0.506 x 1071

2~ ANCs

State [ S ANC pheno (fm~1/2)
3/2= 2 1 —0.288 x 1071
3/2= 0 2 —0.756
3/2= 2 2 —0.103 x 1071
3/2= 4 2 —0.274 x 1074
5/2= 0 2 —0.451
5/2= 2 2 0.164
5/2= 4 2 0.849 x 10~*
5/2= 2 3 0.126
5/2~ 4 3 —0.128 x 1073
1/2= 2 0 —0.184 x 1071
1/2= 2 1 —0.348 x 1071
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1'Be ANC’s at N, = 9

State
3/2
3/2

5/2°
5/2"
5/2"

1"Be-nucleus optical potentials developed from chiral effective field theory NN

27 ANCs

State [ S ANC pheno (fm~1/2)

interactions —

V. Durantlf and P. Ca.pellﬂg:

Lnstitut fir Kernphysik, Johannes Gutenberg-Universitit Mainz, D-55099 Mainz, Germany —
2 . - ;o . . N
Physique Nucléaire et Physique Quantique (CP 229),
Université libre de Bruzelles (ULB), B-1050 Brussels, Belgium [

We present a determination of optical potentials for °Be-nucleus collisions using the double- —
folding method to compute the real part and Kramers-Kronig dispersion relations to derive the
imaginary part. As microscopic inputs we use chiral effective field theory nucleon-nucleon inter-
actions at next-to-next-to-leading order combined with state-of-the-art nucleonic densities. With
these potentials, we compute elastic scattering cross sections for the exotic nucleus '°Be off various
targets, and compare them to experiment. Without any fitting parameter, we obtain good agree-
ment with data. For collisions on light targets, we observe significant uncertainty related to the
short-range physics, whereas for heavy targets that uncertainty remains small. —

1/2-

0 1

0.257 0.425 1/2= 2 0 —0.184 x 1071

1/2-

2 1

0.184 x 1071 0.506 x 1071 1/27 2 1 —0.348 x 1071
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Conclusions

= Exploration of continuum effects on A = 10 systems

= Consistency between 1°C and 1°Be calculations
—17, 27 and 3™ resonances appear in 1°C

= Predictions of 1°Be halo states challenging
— NCSMC close to getting bound 2~
—additional mass partitions could help, i.e. 8Be+2n or *He+a

Outlook
= Include additional mass partitions in 1°Be
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