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Ingredients from
Three-Body Technology




The Chiral NN+3N Hamiltonian

Weinberg, van Kolck, Machleidt, Entem, MeilSner, Epelbaum, Krebs, Bernard, Skibinski, Golak...

NN 3N 4N
m Hierarchy of consistent nuclear NN, °
3N,... forces (and currents) i >< } - -
m Standard Hamiltonian
NN interaction @ N°LO (A=500MeV) o X} H | B B
[Entem, Machleidt, Phys.Rev C 68, 041001(R) (2003)] =

3N interaction @ N%LO (A=500MeV) ‘ |'|
o Local form by Navratil Hl

e LECs cp, cf fitted to B-decay
halflife & binding energy of *H

[Gazit et.al., Phys.Rev.Lett. 103, 102502 (2009)]
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The Similarity Renormalization Group

Wegner, Glazek, Wilson, Perry, Bogner, Furnstahl, Hergert, Calci, Langhammer, Roth, Jurgenson, Navratil,...

...ylelds an evolved
Hamiltonian with improved convergence properties in
many-body calculatiM

m Unitary transformation of Hamiltonian Hy = ULHUO,

Different SRG-Evolved Hamiltonians

* NN-only: start with NN initial Hamiltonian and keep two-
body terms only

e NN+3N-induced: start with NN initial Hamiltonian and
keep two- and three-body terms

* NN+ 3N-full: start with NN+3N initial Hamiltonian and keep
two- and three-body terms
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No-Core Shell Model /

Resonating Group Method
- Formalism -

In collaboration with
G. Hupin, S. Quaglioni, P. Navratil & R. Roth

S. Quaglioni and P. Navratil Phys. Rev. Lett. 101, 092501 (2008)
P. Navratil, R. Roth and S. Quaglioni Phys. Rev. C 82, 034609 (2010)
S. Quaglioni, P. Navratil, G. Hupin, ). Langhammer et al. Few-Body Syst. DOI 10.1007/s00601-012-0505-0 (2012)
S. Quaglioni, P. Navratil, R. Roth, W. Horiuchi J.Phys.Conf.Ser. 402 (2012)
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General Approach of NCSM/RGM

Wildermuth,Thompson, Tang, ..., Navratil, Quaglioni, Roth, Hupin, Langhammer,...

m Represent H|¢/™") = E|¢/™") using the over-complete basis

/Ty = ZJ drr - Ay |97 g{/"T(r) unknown

with the binary-cluster channel states
ITT S —ra_oa) NCSM delivers

/Ty = { |p(A—a)) |q>(a))} T 6A-0)) and [8(@)

m Solve generalized eigenvalue problem

ZJ drr? [H{fl,(r’, r)— EN]j/fTVT,(r, r')] ‘;” =0
VvV

Hamiltonian kernel Norm kernel

(9771 AvHAy |9)7T) (9701 Avr Ay |9ITT )
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The Hamiltonian Kernel: NN Diagrams

m Consider NN-interaction kernels with single-nucleon projectiles

nT T = ‘ .
Tt Tt
(G| VA2 1$1TT) = (¢ | Vi [ 1= D Tia | 1927T) S

i=1 1
_ Jur nT A
=(A—-1 ' 1 Va-14 |
( )(CP}/H;I v, ) L “direct” kernel
—(A-1){¢, | Va_1,aTa-1,410) J

—(A=1)(A-2)(¢1) | Va2,aTa-1,A |¢/TT)  “exchange” kernel

Densities
managable

e - e -
o (/A1) gTq |d(A—1)) x (®/A-Dagtataa|dA—-1))
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Towards Inclusion of Full 3N Forces

m Derive expressions for 3N-interaction kernel

A-1
T T
(O VanA? [B)T) = @A Van [1- 2 Tia] 1617) 688
(A-1)(A=2) , pJTT JnT = £1
=0, [Va—2,4-141¢,, ") ;
— — T “" 3, "
- &£ 1)2(A 2)(¢{/7f,,,|VA_z,A_l,ATA_z,A|¢{},T,T) direct” kernel
~1)(A-2 T .
- B4 )(¢<,1fr/|VA—1,A—2,ATA—1,A|¢{/7T) Handling

of 3-body density
(A—1)(A—2)(A—3), . JTT |
— > (¢v’r’| Va-3,A-2,ATA-1,A |¢{/1;T) challenging

v

x (’'A-D|afataa|eA-V)) o« (¢’A-Y|atatataaa|e?-1))

Joachim Langhammer - Vancouver - February 2013




Handling of Three-Body Density

Hupin, Quaglioni, Navratil

Precomputed coupled densities

7 y‘ 7 y‘ iz,i\.jj‘-g’t‘./ 1)j;+jg—j6+j’+K+I1+j(_1)3/2—t6+j’+T+T1+T
Q

JO] tOt Nalaja norlodgxn l’jb

KforTo”b’bfbnl’/a g't! RV S | ]

L KI jKj T1TT’ le
j’j .I g jo Jo T 2 t’ t/ To ool

AWnG7, nlfz,)ff)%, nli"YoTol Van [((nlja, nlia)joto, nlib)oTo)a

<<I>’(A_1)I1 T’

[(anlj(anlj/ anlj )jot )g g((anlj anlja)jo Oanlj )_/OTO H@(A 1)I1T1>

m Make use of JT-coupled 3N matrix elements
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Handling of Three-Body Density

Hupin, Quaglioni, Navratil

Precomputed coupled densities

7 y‘ 7 y‘ iz,i_ j + f] $/ _1)j;+jg—j6+j’+K+I1+j(_1)3/2—t6+j’+T+T1+T
Q

JO] tot Nalafja Nalaja n’, l’jb
Kjo tTo Pololb WL, gt’ SR SO0 U

L KI jKj T1TT’ le
j’j .I g jo Jo T 2 t’ t/ To ool

A4, nlip)jgts, ni")oTol Van [((nla, nlja)joto, nib)oTo)a

A-1 A-—1
(®'A-Vr 1! A=D1 T1)

t oot ot VAN s s Niotos . VoTol KT
[anlj(anljganljé)jo 0)” 9((@yy5,8nljaY 0 0 Gy )0 O}

m Make use of JT-coupled 3N matrix elements
m Three-body density cannot be stored...use a trick
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Handling of Three-Body Density

Hupin, Quaglioni, Navratil

Precomputed coupled densities

7 7 7 7 Z 2./07_0@’1"( 1)/ +jb+]o+g +Ip I1+j( 1)3/2+T0+t —T1+Tg

jojg totg Nalaja Nalaja nylji /7 W . .
./(())TO nblbjbn l’ i’/ b/?/b ¢ IIBT,B

o jb i +3 To to % ]
L 1 ..‘ '-..
\,/1 J j) \Tl 5 T} = N .

—_—

AWnG?, nl))jgts, nli"YoTol Van [((nla, nlia)joto, nljp)oTo)a

<(I>/(A 1)I/T/ q)//(A 4)I,8T,8>

jrt g’t

(@A~ MIgTg ”((an[jaanlja)jo 0d )00

m Make use of JT-coupled 3N matrix elements Applicable to
. *He targets

m Three-body density cannot be stored...use a v\

m Use reduced density matrix elements
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Handling of Three-Body Density

Langhammer, Roth, Navratil

@Compute uncoupled densities on-the-fly

/ R 1 1
)IDINDINDINDIE {620 bt {Ill 7—} {1{1 ; _cf//}

ji’ MymjMryme Mim; M7 my
L j|J 1 3| T I
My mj| My )\ Mr, me | Mr M/ ms

DIDIDIDI R

Ba-3Ba-2B, 3B 5 BA_1
- 1
a{Ba-3Ba-2nl'mismi|Van B, _38,_»B;_1)a

1(A=1)77 pp? T a7 , , , (A-1)
(@ LMiT M7 la a’ nljm; 2mt BA 2 BA ;98,5 98,_,9, ;1% [LM1T1MTy)

m Use m-scheme matrix elements = efficient decoupling
m Perfectly parallel
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Handling of Three-Body Density

Langhammer, Roth, Navratil

@Compute uncoupled densities on-the-fly

7 y‘ y y‘ y‘ i(_l)I1+I1+2j+j+j’ Il % S Ii % S/
J J J J J 12 l j j l/ j j/ ......
o Yy Ve R I N :
. ‘ .
Lo j|J noL|TN(E PN YT
M1 mj| M, Mr, m¢| Mt M m; M M,T] ol

Treatment of
IS

Bams Bams B B s M, Mt via |+, T+ ladder
a{Ba-3Ba-2nl’mi3miVan 1B, _3B4_oBa_1)a - Operators

1(A=1)17 pp? 17 pa? T t t , , , (A-1)
(@ I1M1T1MT1|anl. 1 aﬁA_zaBA_3aﬁA_3aﬁA_2aﬁA_1|<I> IT'M1T1MT;)
./mjzmt

m Use m-scheme matrix elements = efficir Access to

m Perfectly parallel hew
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‘He /Qn
On/@*\@‘me

n+“*He Scattering

In collaboration with
G. Hupin, S. Quaglioni, P. Navratil & R. Roth

G. Hupin, J. Langhammer et al. in prep.
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sa0m Experiment
....... NN_Only

Nmax =12
Ezmax = 14
hQ =20MeV

a=0.0625fm*
A=2.0fm™1



sa0m Experiment
....... NN_Only
----- 3N-induced
Nmax =12
E3max =14
AQ = 20 MeV
a=0.0625fm*
A=2.0fm™?!
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100
| sa0m Experiment
....... NN_Only

----- 3N-induced

—— 3N-full

6 [deqg]

3N Increases

T . - spin-orbit splitting

00T Nmax = 12
0 2 4 6 8 10 12 14 Eamax = 14
= [Mev] AQ =20 MeV
a=0.0625fm*
A=2.0fm™}!
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-3 34+ 3N Force Effects on Phase Shifts

Study dependence
on HO frequency

.
NN+3N-induced
100 e P32 1T “P3/2
Y,
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50¢ s -
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2 j DEY.
T W
<IN N e hAQ =16 MeV
--=-=- AQ =20MeV
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| Nmax =10 ZS1/2
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e 0 S S S S S
0
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-3 34+ 3N Force Effects on Phase Shifts

Study dependence
ON E3mgx Parameter
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| P12
50 § s T s e
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-3 34+ 3N Force Effects on Phase Shifts

Study dependence
on SRG parameter

Y.
| NN+ 3N-full NN+3N-induced
100y e T, 2|:’3/2 T ,¢:.:-‘““‘-~:.-._-__,_________2P3/2
- e ..----.--""'-:-T.:_T__—_:_-- //':/"' .-.------?':'::-T.::__—_____
II."' 2
| if P12
50t [ mm—mmmzommmmomomoos
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_ 4
c convergence /T a=0.04tm" .
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—50 e
'  Nmax =12 \"'-..
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-3 34+ 3N Force Effects on Phase Shifts

Inclusion of more
excited states

NN+ 3N-full /
i 2P3/2 ....... n+4He(g S )
100f T -
| P12
501
Sy “D3y2
o 0
o) I_“\\
-507
51/2 Nmax =12
_ | E3zmax = 14
10— AQ = 20 MeV
0 2 4 6 38 10 12 14 _ 4
E [MeV] 0{—0.06251;m
A=2.0fm~
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Inclusion of more
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4 n
He /Q

S 3- g+ 3N Force Effects on Phase Shifts

Inclusion of more
excited states

NN+ 3N-full /
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-3 34+ 3N Force Effects on Phase Shifts

Inclusion of more
excited states

NN+ 3N-full J
_ 2P3/2 | n+4%He(g.s.)
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4H n
e /Q

S 3- g+ 3N Force Effects on Phase Shifts

Inclusion of more

excited states
NN+ 3N-full J

....... n+4He(g_S_)

— —-  n+*He(g.s., 01)

————— n+*He(g.s., 0%, 07)

..... n+4*He(g.s., 0%, 07, 2°)
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o
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4H n
e /Q

S 3- g+ 3N Force Effects on Phase Shifts

Inclusion of more
excited states

NN+ 3N-full y
L A === A, APz e n+*He(g.s.)
100¢ — —- n+*He(g.s., 0%)
Ay TR - n+*He(g.s., 0%, 0)
----- n+4*He(g.s., 0%, 07, 2°)
'_ n+*He(g.s., 0%, 07, 2, 2 T=1)
50_ ¢AOE Experiment
29.89 2t 0
gﬂ 28.37.2839 M&—‘fﬁé’:{%
- O =% Further inclusion of 1-,1 22 e B
< 1 & 1-,0 states necessary |22 L
| 25.28 0l
i : ] v - L
_s0t | 23.64 1-.?
I ) 23.33 2!
N =12 21.84 250
Sl/2 max 21.0! 050
I & s E3max — 14 20.21 0+0! p(M
ool P ‘ AQ = 20 MeV y 7
0) 2 4 6 8 10 12 14 _ 4
E [MeV] a=0.0625fm _ oto
A=2.0fm™! He
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-3 34+ 3N Force Effects on Phase Shifts

SRG parameter dependence

with more excited states
NN+ 3N-full /

n+*He(g.s., 0%,07,2°,2" T=1)

100 [ a=0.0625fm*
| - a=0.08fm*

Minimal
dependence on SRG
parameter

6 [deq]

Nmax =12
Ezmax = 14

oo AQ = 20 MeV
O 2 4 6 8 10 12 14 4 = 0.0625 fm

-1
A=2.0fm
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_

o— S IE-gw Cross Section & Analyzing Power

n+*He(g.s., 0%,07,2°,2" T=1)

Ay Cross-Section
1.0r | | + | ' [ | |
" En=17 MeV X | 250} En=17.6 MeV

N
o
()

=
92
o

: Nmax=12 + ] _Nmax=12
E3zmax =14 * ;E3max =14

do/dQ(Oc.m.) [mb/sr]
o
(@]

Ul
o

‘100 _hQ=20Mev | n=20Mev et
0 50 100 150 0 50 100 150
Oc.m. [deg] Oc.m. [deg]
a=0.0625fm? o= 0.08fm? [Krupp et al., Phys.Rev.C 30, 1810]
- - 1 + EXp [M. Drosg, Los Alamos Scientific Laboratory Report,
A=2.0fm™?! A=1.88fm"™ LA-7269-MS]
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Scattering with Heavier
Projectiles & Targets




d+“He Scattering with 3N Forces

m Consider 3N-interaction kernels with two-nucleon projectiles

A-2 A A-—1
T T
(@ | VanAZ 16)TT) = (617 I Van [1= D D7 Tik Y. TiaaTjall6)m)

i=1 k=A—1 i<j=1

“direct” kernels

N
Computational & 8 _// ‘A‘_Z‘\g
cost significantly 2
~Increased , “exchange”

kernels
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d+“He Scattering Phase Shifts

NN+ 3N-full
| | NN_Only
150_ - ---- NN+3N'induced
;3D3 — NN+ 3N-full
_100-
5 |
k]
>0 Promising
| results
O':
0 1 2 3 4 5 6 Nmax =9
E [MeV] hQ = 20MeV
a=0.0625fm*
A=2.0fm™1
E3max=14

Joachim Langhammer - Vancouver - February 2013
O R R R R R R R R R R RRRRRRRRRRRBRRRBRRRRRRRRRR



d+“He Scattering Phase Shifts

NN+ 3N-full
150:- ----- max=1
:3D3 —— Nmax=
> - To Do:

<ol 13D; *Increase Nmax

 Include more excited

(pseudo)states
0 AQ = 20 MeV
a=0.0625fm*
A=2.0fm™?!
E3max =14
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d+“He Scattering Phase Shifts

NN+ 3N-full
150- ----- d(g.s.+1st p.s.)+*He(g.s.)
:3D3 — d(g.s.)+*He(g.s.)
_100¢ -3D
®) : - 2
> - To Do:
«

s ol 3D; *Increase Nmax

e Include more excited

(pseudo)states
0 AQ = 20 MeV
a=0.0625fm*
A=2.0fm™?!

Ezmax = 14
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n+“C Scattering

m Accessible due to new computational scheme

NN+ 3N-full

Study Nmax dependence J

— Nmax=11

Convergence
looks promising

AQ = 20 MeV
a=0.0625fm*
A=2.0fm™?!

Ezmax = 14

6 3
E [MeV]
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n+1°C Scattering

NN+ 3N-full
- “Dsp 3 B -
i . 18.86 4.26
m | R
- 749 7.55—7‘-91 50 2.94
50 I w —y 2079
a 4
% 2
< P3~ 45

Inclusion of 2™ state

_50}

, of 1*C necessary
-1007 .
- ] 'T#-uz'.
Te /2
I ] hQ =20 MeV 13
_150 Nmax=11 - 4 C
g S ' a=0.0625fm
0 2 4 6E v 8V 10 12 14 A=2.0fm™ !
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Conclusions
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Conclusions

NCSM/RGM
delivers ab-initio description of low-energy
nuclear reactions /

m Strict test of predictive power of chiral Hamiltonians

m Inclusion of 3N forces challenging but practically completed

n+“*He scattering phase shifts show expected

enhanced spin-orbit splitting
Consideration of more excited states of *He necessary

New computational scheme = heavier targets accessible
m First results also for d+ “He and heavier targets, e.g. n+%2C

m Stay tuned...
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