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Ab-Initio method

Nuclear forces

Virtual

o)

Nuclear Few- Chiral Effective Field Theory

Dream: Lattice QCD

= NN, NNN interaction

=>» Effective interactions/models
(shell model, DFT, optical

potential, collective excitation)

- ab-initio Nuclear Physics
- (1) nucleon degrees of freedom
- (2) nucleon-nucleon interaction

Goal: predict wide range of nuclear
phenomena (without parameter fitting,
model assumption) from nuclear
interaction (for 2-body,3-body, many-
body, based on QCD)

- Direct connection between
Nuclear Force <= Nuclear Phenomena

- Consistent approach :

- NN scattering, bound nuclei, reaction, nuclear
matter




Ab initio Quantum many-body

- Challenge to ab initio quantum many-body problem.
- Requires:
- 1. Reliable theoretical tools

- NLEFT : Auxiliary field Monte Carlo Method

- = Sign problem !
- Goal 1 : reduce the sign problem in NLEFT calculation

- 2. Nuclear interaction which explain simultaneously scattering,
binding energies, charge radius of wide range of nuclei and
nuclear matter, neutron matter
- Goal 2: find out what properties of nuclear interactions are necessary.
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Nuclear Lattice Effective Field Theory

- One of ab initio method for many fermion system

Nucleon in LQCD ‘Nucleons as point particles on the lattice

| —
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Path integral

Correlator function for A Nucleons Za(t) = (Wa|exp(—tH)|W,4)

Slater Determinants for A free Nucleons

Ground state energy by time derivative of the correlator

d
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B(t) = —

At large time only ground states survive | mmmmm) £ — lim E4(2)
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Transfer matrix

Transfer matrix operator formalism M =: exp(—Hio a;) :

: O : represent Normal ordering.

Z(Ly) = (g1 [M(Ly — 1) M(L; = 2) ... M(1) M(0) | 1)
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e
Auxiliary Field Monte Carlo

Interacting nucleons

_ \/; / ™ danp Hsz 4 ms(ww)] > NN - Nucleons interacts with
- auxiliary fields
(no direct interaction
between nucleons)

computing fermion
Correlator amplitude
—> Integration
over auxiliary fields
- M.C. integral
(sampling auxiliary field)




e
Applications of NLEFT

The first ab-initio calculation of

- Has been successfully applied to Hoyle state
- Nuclear matter, Cold atom, dilute fermion system == 5 oz
. . . -84 — + +
- Finite nuclei (A<=50) s =
[ [ mgm [ ) +
- First ab-initio calculation of Hoyle state o = I
- Cluster structure of '2C and °O W
-92 — _— By
- NN scattering, N-D scattering [
. A|pha_a|pha Scattering Epelbaum, Krebs, Lahde, Lee, Meiftner:
o _ Phys. Rev. Lett. 109, 252501 (2012)
- radiative capture, fusion
- Etc.
g 5. . s
120 [ % 20 L } T

(degrees)
£
(degrees

. | Ab initio alpha-alpha scattering
Twbe D00 LT (Nature 528, 111-114(2015))




Lattice Hamiltonian

- We need to introduce a lattice scale in

space and time:

- momentum space cutoff ~ 150 MeV -

I a~1—2fm

lattice spacing a= 1.316 fm

- Time cutoff ~ 1000 MeV
- We need to determine coefficients of

interaction for the lattice size.
(regularization scale.)

- Two-body interaction coefficients can

be determined from phase shifts of np
scattering.

- Three-body interaction can be fixed

from binding energy of A>=3.



Chiral Effective Field Theory

leon force




Lattice chiral Hamiltonian at Leading order

« At Leading order, kinetic energy + contact interaction + one pion exchange

. short long
H —_— Hfree + V VQN i
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Sign problem in NLEFT

-115 r
« However, there is a difficulty in auxiliary MC calculation oo 18
52 -125 |
Z(t) = /DsZ(s,t), Z(s,t) =e 7 det X (s,t), .
o -130 FAY \g 4
=l T\
— /Dseia(s’t”Z(S,tN 3-135; .. K.
2140 | | I RN
Oci s det X(5)|0 rap | T
)= 00m 0, = LEILAXLIO W
(ez )pq fd3| det X(s)l 150 | 1)
S
 We needs a large Euclidean time extrapolation M

« |If the denominator’s sign oscillates rapidly

« =2 large uncertainty in the expectation value

e -2 sign problem

« SU(4) symmetric interaction in isospin symmetric system
« > No sign problem



Contents lists available at ScienceDirect

Physics Letters B
ol

o ARG
EFLSEVIER www.elsevier.com/locate/physletb

Essential elements for nuclear binding

. - _— 3 Minimal nuclear interaction
Bing-Nan Lu“, Ning Li?, Serdar Elhatisari”“, Dean Lee **, Evgeny Epelbaum ¢, .
UIf-G. MeiRner > Which reproduce
(1) Light nuclei
1 3 1 3 . .
Hsua) = Hiree + 5,C2 Y0 5% + .G Y m’, (2) medium mass nuclei
"o " oom (3) neutron matter
pm = dmam+s, Y Y dlmham). simultaneously up to few percent
" It ¢ error in binding energy and charge
radius

di(n) = aj(n) + sy Z aj(n’)

[n'—n|=1

Strength of the two-nucleon S-wave interaction
Range of the two-nucleon S-wave interaction
Strength of three-nucleon contact interaction

Range of the local part of the two-nucleon interaction

Only Four
parameters

ISIED T

Except for the Coulomb potential, the interaction is invariant under
Wigner’s SU(4) symmetry.

No sign problem
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Binding energy (MeV)

SO, S Exp e‘

-400 -

B Exp. R Exp.

SH  8.48(2)(0) 848 1.90(1)1) 1.76
SHe 7.75(2)(0) 7.72 1.99(1)(1) 1.97
‘He 28.89(1)(1) 28.3 1.72(1)(3) 1.68
160 121.9(1)(3) 127.6 2.74(1)(1) 2.70
2ONe 161.6(1)(1) 160.6 2.95(1)(1) 301
2"Mg 193.5(02)(17) 198.3 3.13(1)(2) 3.06
2881 235.8(04)(17) 236.5 3.26(1)(1) 3.12
0Ca  346.8(6)(5) 342.1 3.42(1)(3) 348

0 10 20 30 40
Mass number A

Can we improve the agreement by
Including higher order corrections?

50
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Lattice chiral Hamiltonian (N3LO)

Full N3LO Hamiltonian includes

* Free Hamiltonian(Kinetic term)

« Short range (nonlocal smeared) contact interactions up to Q*4 order

* |sospin-breaking short range interactions

* One pion exchange potential

« Two pion exchange potential up to Q*4 order

« Coulomb interaction

* Long range isospin breaking interaction( isospin dependence in OPE)

« Galilean Invariance Restoration (GIR) term (because of non-local
interaction.)

* Three nucleon interaction non-perturbative ___
"improved” LO

perturbative
expansion in /A




Difficulty with full chiral interaction

« Sign problem

 NLEFT suffers sign problems at large Euclidean time limit

« Large cancellation between positive and negative contributions->
large uncertainty.

« SU(4) symmetric interaction does not have sign problem

* One pion exchange and higher order chiral interaction, short range
repulsion

 Difficulty with Asymmetric nuclei

 Needs a remedy to extend to neutron rich isotopes.

* Anew approach to reduce the sign problem. ., o wative
« > Wave function matching "improved” LO

perturbative
expansionin /A~




Wave function matching

unitary
transformation

Yo(r)

U is only active
Atr<R

ol = Z |\Ijorig)<\IJsoft|a

H and H’ are fully
equivalent to two-
body observables

The goal is to
make the
perturbation
expansion from
“simple” wave
function gives a
good convergence



Wave Function Matching

Va(r) Vi (r)

300 300
250 250

sl hard repulsive core | .0  €asy for auxiliary-field

difficult for auxiliary-field Monte Carlo calculations
g | Monte Carlo calculations g |
f< fm 100 -
50 ¢
3 35 4 45 00 05 1 15 2 25 3 35 4 45

r (fm)

From Dean Lee



Wave Function Matching

R
ERE

8
(]
8
o

8
o

S-wave phase shift (deg)
g 8
(o]
o]
S-wave phase shift (deg)
[+
o
(o]
[}

n B
o o
T T
]
o
o
n B
o o
o]
o
o]
o
]
[¢]
o
=]

o
o
o]
o

1] 50 100 150 200 250 300 0 50 100 150 200 250 300
momentum (MeV) momentum (MeV)

Phase shifts from two interactions are different

From Dean Lee



Wave Function Matching

Introduce short range Unitary transformation

U: P /P — Pleg) /P 1Y) |

U:Hy — H) =UVHL U
Vi=H,-K=UH,U-K

Two potentials V_A and V'_A are unitarily equivalent.

- Same phase shifts.
- H'_Ahas eigenvectors of H_B, but eigenvalues of H_A

From Dean Lee



Wave Function Matching
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Two potentials V_A and V'_A are unitarily equivalent.

- Same phase shifts.

- H'_Ahas eigenvectors of H_B, but eigenvalues of H_A

From Dean Lee



Wave Function Matching

R =2.6 fm
EA,n — E,,4’n (MCV) (wB,anAll‘pbB,n) (MCV) <¢B,n|H,,4|¢B,n> (MCV)
-1.2186 3.0088 -1.1597
0.2196 0.3289 D222
0.8523 1.1275 0.8577
1.8610 2.2528 1.8719
3.2279 3.6991 3.2477
49454 5.4786 49798
7.0104 7.5996 7.0680
9.4208 10.0674 9.5137
12.1721 12.8799 12.3163
15.2669 16.0458 15.4840

Energy from Perturbation theory with H_A works better.
Difference H_A- H'_A can be treated as a correction.

From Dean Lee



Wave function matching Hamiltonian

« “Simple” Hamiltonian

H> =K+ ng“) Zﬁ:: [ﬁ(l)(ﬁ)] EIZ;; [ 2 ")] Vobe:

d

5 (i Z d,] @a @+ Y, Y al(i@)a ).

i [2=1 i,j=0,1

d
' d — o~ — o~ — —~ _— i~ o
Pl( )(”) = Z a:-r,j(”) [l j G jp () + s Z E azj("') [Tl j ai,jf(”')-

i)j7j’=0,l |ﬁ—ﬁ’|2=l i:j’j,=0:l

~l - Al — . - =4 - - _’,
ai,j(1) = ai,j(7) + sNL I“’Zi ]aw(” ): (local,non-local smeared operators)
i —ii|=



Wave function matching Hamiltonian

« N3LO Hamiltonian

3 4 4 4 4
H=K+V§& + Vé\n" + VCoulomb + V3% ‘4 Vz% + Wz% + Vz?\I,WFM i Wz?\I,WFMv

Sy (7) (d) (d) (TPE)
Vit =Veg +Veg +Veg +Vep' +Vay
V_2N : short range NN interactions
W_2N: GIR restoration term for V_2N
V_2N,WFM : difference from H’-H
W_2N,WFM: GIR restoration correction to V_2N,WFM

V_3N : contains short range 3N interaction parameters(to be fitted)
and two pion exchange correction to 3N
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NN phase shifts from N3LO interaction

Original Chiral

60 Hamiltonian, H,
o} is fitted to phase
Vg shifts. (up to N3LO)

H’ is computed :

(=]

"g
= o equivalent
% to original

|
]
(=]

Hamiltonian(gives
the same phase
shifts).

T, Ewg sy ] o BemagEnu ey
300 0 100 200 300 0 100 E{I)ﬁ 300
relative momentum (MeV)
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Tjon line from WFM method

2 b ,_e_'| ('H]'i})' = Realistic two-body interaction
L L (e ] > Correlation between 3-body
3oL & (Hns10) N and 4-body binding energy
——1 (Hio) .| = TjonLine
n —e—i (Fo y.
> 28  +—m— (Hyao) o g 1 wrm approach gives binding e
= {1 nergy lies on the Tjon line.
> 26 - = :
. { > Accurate reproduction of B.
N 1 E. requires 3-body force.
24 - Tzl y
i3 ]
A TEERY AR
5 6 7 8 9

B, (MeV)



Tale of two interactions

Nearly identical two interactions can give quite different phase:
sensitivity to range and locality of interaction

Nucleus| | A (LO) B (LO) | A (LO + Coulomb) | B (LO + Coulomb) | Experiment
8Be || —58.61(14) |[-59.73(6) —56.51(14) —57.29(7) —56.591
40 —88.2(3) |]—95.0(5) —84.0(3) —89.9(5) —92.162
150 —117.5(6) ||-135.4(7) —110.5(6) —126.0(7) —127.619
20Ne —148(1) —178(1) —137(1) —164(1) —160.645

Lize — 3.00(1)

E4He

Liso — 4.00(2)

E4 He

L2one — 5,03(3)

E4He

PRL 117, 132501 (2016)

From presentation file by Dean Lee



Tale of two interactions

: 180 | A(LO) —a—i
Neaﬂy ident ﬁ‘ 9 A(LO+COUBI(§TOD) ——
. . E :
sensitivity 1 : " B(LO+CouIc§mb) —e—
WOF e w - Afzal etal. —%—
C o m 5
Nucleus| | __ E ® " 1 ulomb) | Experiment
100 E @ ® ak 4
"Be g : o ® 1 7 —56.591
123 S, 5 "o, et B 1) —92.162
160 2 60f s s SEgg] 7) ~127.619
0Ne || & ; 33 84 + ) —160.645
— 20 ‘ y ¢ 3 L 3 a + % -f
ii§§§i@;‘ ................. .‘..ﬁ.‘i.m.w ................. d
E& = 1.C -20 3 @*@*mm i -
E4He .‘_.m-ﬁﬁ_‘s
E E :
Eﬁ — 3.1 -60 L— ] ] ] R R ..
4He 0 2 4 6 8 10
Eisg _ 4, ELap (MeV)
E"'“e Very different alpha-alpha scattering
%&Q = 5.03(3)
4He

PRL 117, 132501 (2016)

From presentation file by Dean Lee
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3-body force

v =vP + v vl 1 v 4 v TP

(d) 3
.. @ 1 ‘e . [ (d) ~]
ch CE Vc — - P
E 6 2_](;!/\1 g (n)

(d)

¢ 0) /= o o\ (D) -
Vc(g) = —404/‘3’4 ¥ ¥ pé,,),(n')fsr,s(n’—n)pé’,)(n)p(d)(n) s
falx s

NNLO
I
Vog =cf P(O)(")P(O (#") p 'O (") S5 sty Sjsiiir|.1 Spir—ir) 2+
At N3LO: Ve =’ X p @) w)p " ")8 51.v2 Oz S
TPE and N
Adjustments to (d) (73) — = 2 o al (i) a; ().
cD and cE terms. P ,-,j);(),l 1)) L~ ;;Zq:z_]u;n i) )

VY and vy (VL and v v and v V@ and v
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3-body force

Tune 3-body interaction to minimize errors a b c

in binding energy yoYr | yol x| poM
Just one additional parameter,

RMSD for the E/A d e f

drops from 1.2 MeV to 0.4 MeV

Energies
- Significant sensitivity to
the locality of 3N interactions.

We interpret they are related with a C e
effective interactions 7N \‘ FAPAN
between alphas and nucleons. 1 ét #é Ii ét j. |’ ¢ # ¢ )
\ /’ &/ %
ES, o1 —3E3. Ef —4E}, E} B3, E§ — E§, Ef; — Efy, and Ef, — Ef, b — d/ =, | /ﬂ®
Significantly high w/o additional 3-body terms AN ﬂ |

. alpha-alpha should be more attractive. \ o J \/



Determine 3-body force parameters

_____________ BN B N
—— = i = ﬁﬁ E ..... > g =
| EE E P P f . E-: e ks B - ff
* (] [ - i =3 - i 3 = BRE
-10F E £ |
i t
g? — +1% ]
_ 20} — +3% [}
S T WAVEI (fit) s+ ¢ ¥ ¢ s 3
= ¥ WAVEI (prediction) $ . I
-30F I WAVE2 (fit) =
§ WAVE2 (prediction) L. .
T WAVES3 (fit) * .
-40f #  WAVE3 (prediction) ¥
7 WAVE4 (fit)
_501 ® WAVE4 (prediction) )
[)

3H YHe ‘He GHe 514 7LI SBe “Be “Be 9B !B ucul‘;gcozllgczl‘ 13C Mo My By o 170 180 200 220 240 18p ZONCZ"Mg ZRSI 32S W Ar0Cy Py .'ﬂNi

vO

e and Vc(g). Vc(;-) and Vc(,i-) Vc(,;) and Vc(;) Vc(g ) and Vc(g )

RMSD (MeV/nucleon): 1.2 - 0.3 -0.109 - 0.079



e i :
BE/A from WFM

OF 28cs 32
20N, 24Mg Si“S - ;
SE 13¢ 14N S A o - T367.40 aSOC'?SNl
: 4 8 ws = 1% O
] .Ele Be i : EMN 170 18¢ 200 o
9 Tt 9Be 10Be™=r " F 20
Co; o i
é’ 6k 6v: TLi 10.1;B 12C21+
< E." =y 12c01+
< st - :
= f - Experiment mssss
Q A He N3LO (fit) |
[ (prediction) —e—
|
=3He
)
2 3 4 6 7 8 9 1011 12 13 14 15 16 17 18 20 22 24 28 32 36 40 50 58

A

RMSD ~ 0.1 MeV per nucleon
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Pinhole Algorithm

Empirical
e |Leading Order

0.10
= Leading Order + Coulomb (pert.)

Monte Carlo updates of pinholes e i
e 0.05 |
= L
= :
_ Monte Carlo S i
T=q
f updates of auxiliary/pion fields i 0.00 | - L 2 1 2 2 2 1 L f . 1 2
D 0 2 4 6
8 E L] L] L] I L] L] L] I L] L] Ll I L i
-O L
o Fe ]
T ="T§/2 2 0.10 T -
o - ]
0.05 F b
0.00 C L T < L . . ; 1 i
Elhatisari, Epelbaum, Krebs, Lahde, D.L., Li, Lu, MeiBner, Rupak. PRL 119, 222505 (2017) 0 2 4 6

Radius (fm)



Charge density from WFM (Pinhole algorithm)

Charge Density (e/fm”) at Q*

Charge Density (e/fm”) at Q*

009 77T

=0 T
g T=015MeV| —e—1 1
E 1=020MeV " —=— -
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0.03 -
L T TN IR Nl ol ol ol
0 1 2 3 4 5 6 7
Radius (fm)
012 — — T
r-o_unm-.vl1 —— ]
'r=0.20hrh:V'l —e— 4
=030 MeV"~ —8— o
0.09 Ix .
006 £ 120 ]
003 | N
0 M SR T 111
0 1 2 3 4 5 6 7
Radius (fm)

Charge Density (elfm3 )at o
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14c
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r-().20Mc\J"I —e—
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Charge Radius

| X
3.5F ns & otpa S0C
i e &
: 20N(‘ 24Mg Sl T36Al' i
3.0F -
é : SLi 9 N N T r-
R & " ’Li 1B 11p == 180
oS 25F - T i.omiL=T oy
:2H e 19¢ e
- 6He
2.0f :" 3 Experiment
- o ‘He N3LO +—e—
i -
L SH
1'5- 1 ] 1 | 1 1 1 1 1 | 1 1 | 1 1 ] 1 1 1 1 i | 1 | 1
2 3 4 6 7 8 9 1011 12 13 14 15 16 17 18 20 22 24 28 32 36 40 50 5

A
No fitting! RMSD~ 0.03 fm



Nuclear/Neutron Matter

35 FEGM 430/700 MoV wmmm '
- EGM 450/500 MeV = =1 .
28 |- EM 500 MeV 77773 h Neutron matter:
L ANNLO (450) — ] A
" GCR (2012) —_— : A=4 §O
21 |- APR(1998) . box size 6.6 ~ 13.2 fm.
> 14 - - Nuclear matter:
é’ - N3LO (2NFs only) == '
& 7 N3LO (2NFs + 3NFs) —o—] A=4 ~ 160
< ' Box size 7.92~9.24 fm.
R0 Ff .
2 0}
& [ o L O 0 00 O = ]
.. o
-14 | e ® 9 ]
? e o= L] oo
- | | |  Uncertainties from
i — — — — finite system siz rrection
0 0.5 i - y e correctio



Carbon and Oxygen
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Carbon and Oxygen

—80
I w—=  Experiment
- $ N3LO
12y, =ip=
—100 7 12C2; 13C * *
12
Co;
UC 150 T i
16c 17 o -
~120 - ©c e
— cC 1€ 23¢
> 20c 2C 2¢
s e
tw 160 170
—140 =
=0 ==
190
. =
-160 - © a5 F 2
20 230 2L 3 -
240 250 260
_180 1 I I 1 I 1 1 I
12 14 16 18 20 22 24 26



Finite Volume Effect

Lt=200 L=10 L=11 Exp

E err S2n E err S2n E S2n
240 -167.600 |1.126 -171.880 |0.501 -168.952 6.920
250 -168.790 |0.424 -169.670 |0.551 -168.195 |3.453
260 -171.530 |0.587 4.430 -172.380 |0.459 0.500 -168.934 |-0.018
270 -169.960 |0.450 1.170 -166.930 |0.566 -2.740 -166.995 |-1.200

« Lt=200 result. (Not extrapolated results.)
« Systematic Error from finite volume effects need to be studied.
 L=11 improved Separation energy of 260.

Preliminary
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Carbon iIsotopes (Lt=200)

E(Z=6)

B Etot BN E3N EEE ECU

12 13 14 15 16 17 18 19 20 21 22 23
A



e
Oxygen isotopes (Lt=200)

E(Z=8)

-100

=125 +

-150

_y,s | WEN Etot WM E3N EEN ECU
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E(A=16,Z=8) E(A=17,Z=8)
400 i i i i i 400 A i i i i
2001 ' ' ' ‘ 300 - |
2004 i 200 -
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| o
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= 0] = - - 2 09
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-1001 —— — - — ~100 -
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E(A=20,Z=8) E(A=21,Z=8)
400 - I I T = | I T 400 — . - - ;
300 i i i t T 300 -
200 + 200 -
100 A t . - ! ! 100 -
3 3
s 0 - — - | [t s 0 ——— — -
—200 i - ] ] ! | I —200 1
—300 | | | | | | —-300 +
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300 1 300 7
200 - 200 +
100 4 100
'%. —— E 0 e
—100 - | | | —100 : I
—200 - —200
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Partial waves contributions (Lt=200)

V_{1S0}(Z=6, Q"0)
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Partial waves contributions (Lt=200)

V_{1S0}(Z=8, Q~0)
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Partial waves contributions (Lt=200,Z=8)

energy contribution from each order
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Partial waves contributions (Lt=200)

V_S(Z=6) _ V P(Z=6)
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Measure of correlation
among extra neutrons

f(T,) = <‘I'(1/2,—1/2)|AJ(rl,Tz)A(1aTz)|‘IJ(1/2,—1/2)> '

A(1,Tz) is a two nucleon annihilation operator
which gives isospin change by (1, Tz)

f(-1) : two proton operators ( two-body interaction) expectation value
f(0) : proton-neutron two-body interaction expectation value
f( 1) : two neutron operators ( two-body interaction) expectation value

f(—l) — f3/2
F0) = 2fss+1fip WY (1) =2£(0) - f(-1).
f(l) = %f3/g + %_fl/Q



Measure of correlation
among extra neutrons

f(Tz) — (‘I’lAzl,Tz)A(l,Tz)PIJ) '

If each of extra neutrons are uncorrelated with each other
—> Additional correlations produced by extra neutrons will be additive.
(only correlation with core neutrons )

F(1) = 2£(0) — f(~1).

—> Difference between left and right is
a measure of correlation between additional neutrons.
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Phase Shift Changes (1 percent
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LEC(or phase shift fit) dependence (Lt=200)

energy change by 1% phase shift change

11 —é— pp_V_{iSO}(T=1) |

== pn_V_{1S0}T=1)
1.0 4 =é= nn_V _{1S0}(T=1)

—$— [2pn-pp]_V_{1S0}(T=1)

=6

« <pp1S0>

-> near constant

« <nn1S0>

—> strong correlation a
mong paired neutrons

* Adding unpaired
one neutron
gives similar
slope for
<nn> and <2pn-pp>
- Unpaired neutron
correlation with
core nucleons.
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LEC(or phase shift fit) dependence (Lt=200)

energy change by 1% phase shift change a
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LEC(or phase shift fit) dependence (Lt=200)

energy change by 1% phase shift change

—&— pp_V_{3P0}(T=1)
1 == pn_V_{3P0}(T=1)
== nn_V_{3P0}(T=1)
1 =% [2pn-ppl_V_{3PO}(T=1)

« <pp 3P0> decrease faster
than <pp 1S0>

—> Correlation between alpha clu

sters may become weaker
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LEC(or phase shift fit) dependence (Lt=200)

energy change by 1% phase shift change
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e
Summary

* Wave function matching method seems to be
promising
» Carbon, Oxygen isotope up to dripline shows good
agreement with experimental data
« systematic error(finite volume effects)
estimation may be necessary.

 Additional neutrons in 1S0 have strong pairing
correlation

* Unpaired neutrons correlated primarily to the
nuclear core.



two neutrons in bHe

How two neutrons are distributed in 6He? 3 body model calculations

6He spatial correlations
He
J 0* 2
. E (MeV) -0.70 088
E,. E®™¥ (MeV) -098 083
2 BA NCV)
BS¥ (MeV)

e 4.55
F nn (fm) 468

Fig. 4. Correlation density plot for the ground state of “He in the (an) and (nn)x variables.

Zhukov et al. (1993) Hiyama et al.(1996)
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r (fm)

(a) total

Hagino, Sagawa
(2005)

Total
S=0
S=1

AMD 6-body calculation
Kanada-Enyo et al. (2011)

total two-neutron density




z[l.u.]

6He pinhole calculation( WFM )

ply, 2)(QP) total nucleons
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6He pinhole calculation( WFM

only, 2)(Q°) opposite spin neutrons
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z{l.u.]

z[l.u.]

6He pinhole calculation( SU4 “essential”
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6He pinhole calculation( SU4 “essential”

rhon,(r, R)(Q?) total rhon,(r, R)(Q*) opposite spin

rhop,(r, R)(QP) same spin
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6He pinhole calculation( SU4 “essential”)
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Fig. 4. Correlation density plot for the ground state of “He in the (nn) and (nn)x variables.
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Charge radi

10

He

Ne

s W

12

14

16
17
18

20
21
22

1.9661
1.6755
2.0660
1.9239

2.4702
24614
2.5025

2.6991
2.6932
2.7726

3.0055
2.9695
2.9525

0.0030
0.0028
00111
0.0306

0.0022
0.0034
0.0087

0.0052
0.0075
0.0056

0.0021
0.0033
0.0040

Alpha clusters + neutrons

Unfortunately,

NURION machine is
too slow to use

full WFM interaction
For pinhole calculations
Of O, Ne isotopes.
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Charge radii: SU(4) interaction
——mm

6He
12C
13C
14C
160
170
180
20Ne
21Ne
22Ne

1.7168(5)
2.0667(9)
2.7987(12)
2.7517(12)
2.7043(11)
2.7054(9)

2.7807(12)
3.0674(12)
3.0742(15)
3.0876(17)

1.7239(5)
2.0731(10)
2.8379(13)
2.7868(13)
2.7359(11)
2.7481(9)

2.8247(13)
3.1250(14)
3.1308(17)
3.1431(19)

1.72(1)(3)

2.74(1)(1)

2.95(1)(1)

1.6755(28)
2.0660(111)
2.4702(22)
2.4614(34)
2.5025(87)
2.6991(52)
2.6932(75)
2.7726(56)
3.0055(21)
2.9695(33)
2.9525(40)

“Essential” binding
Interactlon(2N+3N)

« Lt=300 results
- SU4) is
Not accurate enough.

May need WFM.

- Euclidean time
extrapolation?



