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NUCLEAR HAMILTONIAN

HzZKi—i—

K;: Non-relativistic kinetic energyn,,-m,, effects included

. I S
Argonne \{s: Vij = ?J;Yj + U% + V4 + Vij — ZUP(Ti:I')ij

e predominantly local operator structure — good for QMC

Z'Uz'j+ Z Viik

1<J 1<j<k

e EM and strong CD and CSB terms included
o fits Nijmegen PWA93 data base wifft /d.o.f.=1.1
e (ualitatively good tov1 GeV

Wiringa, Stoks, & Schiavilla, PRG1, (1995)

Urbana & Illinois: Vi, = Vo5 + Viop + V%

e Urbana has standafdr P-wave +
short-range repulsion for matter saturation

e lllinois adds27 S-wave +37 rings

to provide extral'=3/2 interaction
e lllinois-7 has four parameters fit to 23 levelsAn<10 nuclei

Pieper, Pandharipande, Wiringa, & Carlson, P&C014001 (2001)

Pieper, AIP CPL011 143 (2008)
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QUANTUM MONTE CARLO

Variational Monte Carlo (VMC): construcky that

e Are fully antisymmetric andranslationally invariant

e Havecluster structur@andcorrect asymptotic form

e Contain non-commuting 2- & 3-bodyperator correlationsom v;; & Vi
e Are orthogonal for multiple/™ states

e Minimize FEy = <\va|H|\va> > E

These are- 24 (g‘) componen{270,336 for'2C) spin-isospin vectors iBA dimensions

Green'’s function Monte Carlo (GFMC): project out the exageafunction

o U(7T)=-exp|—(H — Eo)T|¥yv =) exp|—(FEn — Eo)T|a, V¥V, = Yq at larger
e Propagation done stochastically in small time slices

e Exact(H) for local potentials; mixed estimates for othé»)

e Constrained-path propagatiocontrols fermion sign problem fod > 5

e Multiple excited states for samg" stay orthogonal

Many tests demonstrate 1-2% accuracy for realigti¢

Wiringa, Pieper, Carlson, & Pandharipande, P6&-014001 (2000)
Pieper, Varga, & Wiringa, PR66, 044310 (2002)

Pieper, Wiringa, & Carlson, PRT0, 054325 (2004)

Pieper, NPA751, 516¢ (2005)



MAKING GFMC WORK ON131,072PROCESSORS AND?C

Work with Mathematics & Computer Science Division under UNEScIiDAC
e General purpose load balancing library (ADLB) developedutounder MPI

— GFMC code is driver and testbed
— Achieves 82% efficiency on 32,768 nodes of Argonne’s IBM Bhene/P
e Open MP used for 4 cores on each node = 131,072 processdrs tota

Number of cores

100 512 2,048 8,192 32,768 131,072
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> 80— T
= - 131,072
o | Feb 2009 cores!
o ]
n 12C ADLB+GFMC ]
- Efficiency = i
L Application_CPU_time/Total_wall_time 1
60— —

128 512 2,048 8,192 32,768
Number of 4-core nodes

2010: Attempted new ADLB using one-sided puts & gets; coutathieve above performance



12C(0%) TRIAL WAVE FUNCTIONS

The Jastrow part oby for J=0" states is a major part of the entire calculation.

There are 5.5-basisJ=0" states in*“C in the QP shell:
1S[444],°P[4431],'S[4422],°D[4422], °P[4332]

Only the' S[444] can be directly constructed in reasonable compimer. tCarlson found a way
to construct all 5 states by projection frontlased(p3/2)° state

12C states have strorigple-alpha structurePandharipande made a subroutine that explicitly
makes triple-alpha states with onan the QS shell and two in the P shell.

Last year we reported results for the ground state usingthetAv/18 and AV18+IL7
Hamiltonians — the latter in excellent agreement with expent for energy and density.



SECOND 0" (HOYLE) STATE OF 12C

The second 0 state of'“C is the famous triple-alpha burning or Hoyle state

Resonance only 0.38 MeV above Breakup threshold

Doorway state postulated by Fred Hoyle far —*2C in stars

Shell model calculations show it to be 4-particle 4-holeitation

Not yet converged iab initio no-core shell model.

We add Pandharipande tripteeomponent tol'y, with o’s in

0S shell, QP shell, and 5-0D shell

We also try only a pair in $-0D shell, i.e., arn made of ®P?0D? or 0OP?1S”
Total of 11 states to be diagonalizediy

The 15-0D shell one-bodys(r) are given a large RMS radius

Suggestion of Kevin Schmidt:

We make an initial diagonalization to get the gls

Then compute overlaps of the GFMC g.s. propagation with theamponents o'y
Diagonalize these overlaps (rank 10) to get the nexstate
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SECOND O (HOYLE) STATE OF 1“C —PRELIMINARY

Convergence as a function of imaginary time (

0 02 04 06

08 1 12 14 16 0O 02 04 06 08 1 12 14 16
T (MeV-D) T (MeV?)
g.S. energy 20" E*
VMC GFMC Expt. VMC GFMC Expt.
AV18 —44.9(2) -73.2(5) 10.0(3) 7.9(6)

AV18+IL7 —65.7(2) —93.3(4)-92.16 14.7(2) 10.4(5) 7.65



SECOND O (HOYLE) STATE OF 1“C —PRELIMINARY
One-body density

12C(15& 21 0%) — AV18+ILT - p - 16 Jun 2011
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12C(15& 21 0%) — AV18+ILT - p - 16 Jun 2011

‘“@iiiiii(f(gcg~-
A

g.s., Corr O¥,,
g.s., Corr O, GFMC

r (fm)

Ground-statey(r) has dip at- = 0 — suggests(?) equilateral triangle ofv3

24 0 p(r) has no dip at = 0 — suggests(?) line of 3a’s

Ground-state(r) falls asymptotically at correct single-nucleon remakal , rate

GFMC makes 2¢ 0" p(r) fall much too rapidly



ONE-NUCLEON OVERLAPS INVMC/GFMC

For antisymmetric and translationally invariant paréni(«) and daughtew 4, (+) wave
functions, witha = [J}, T4, 1%, ], v = [Ja_1,Ta-1,T.,_,], and single-nucleon quantum
numbers = [I, s, j, t, t.], the translationally invariant overlap function is:

\IIA(a)>

(@)]* = 1.

o(r —r')

fr.2

R(a,vy,v;r) = VA < [\IJA—1(’Y) 2L y(y)(f,)}JA,TA

where) (v)(7') = [Yi(#") ® xs]; x¢ and|W 41 (7)[* = 1,

The corresponding spectroscopic factor is the norm of tieelap:
S(a) = [ IR(@yvir)Prdr

Overlap functions? satisfy a one-body Sctdinger equation with appropriate source terms.
Asymptotically, atr — oo, these source terms contain core-valence Coulomb intenaat

most, and hence for parent states below core-valence siepataesholds:
W—n,l—|—1/2<2kr>

R(a,v,v;r) — 1 — ocoC(a, 7y, V) :
r

whereW_, ;11,2(2kr) is a Whitakker function wittk = \/2uB /R, B is the separation energy,
andC'(«, v, v) is the asymptotic normalization coefficientAkIC.



GFMC evaluation of?: is by extrapolation requiring two mixed estimates minus\IMC result:
R(o, 7y, w35 1) = (R(a, v, v5r5 7))y + (R(asy, v 7))y -y — (Rla, v, v57)) vy

whereM 4 denotes a mixed estimate where parént(«; 7) has been propagated in GFMC and
M 4_1 is a mixed estimate where daughter_, (+; 7) has been propagated.

0.2 ‘ ——
= VMC ; 1
Y mixed He 10°¢ E
0.15 A mixed Li | i
GFMC
§_' — fit ﬁ_'
£ 01 E
— — 24k m VMC
o ™10 ! v mixedee
A mixed Li
0.05 GFMC
— fit
t Wi/r
r \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ -3 ‘ \ ‘ \ ‘ \ ‘
% 1 2 3 i 5 6 10°g 2 4 6 8
r [fm] r [fm]

Imaginary time evolution of overlaps in thg » channel of the overlaf’He + p|"Li)



A convenient parametrization for input krOLEMY or other direct reaction code is provided by
fitting a single-particle potential to reproduce the overta

1
1+ exp((r — Rws)/aws)

(45" %) Veo d !
r dr |1+ exp((r — Rso)/aso)

V) = Vies| - Bexp(~(r/p)")]| +

:| + VCoul

The potential parameters are adjusted to mininyizeinder the constraint that the overlap tail
falls off with the correct core-valence separation endBgyl his helps in extraction of th&NCs.

Brida, Pieper, & Wiringa, http://arxiv.org/abs/1106.312



Example: (°H,*He), s, overlap
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overlap

02— e

3/2

Example: (°He, Li), p
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GFMC separation energies

B [MeV]
A A-1
GFMC exp
°H °H 6.24 6.26
*He °H 5.49 5.49
°H 19.96 19.81
‘He

*He 20.71  20.58
°He(g.s) 9.88 9.98
°Li(g.s)  7.15 7.25

Li(g.s.) _
°Li(3+)  9.49  9.44
°Li(0+) 10.65 10.81
Li(L/2-)  °Li(g.s) 6.95  6.77
°Li(g.s) 5.69  5.61
‘Be(g.s.)  °Li(3+) 8.03 7.79
°Li(0+)  9.18  9.17

@ total energies are within 1%
around exp. values

@ sep. energies are within 3%
around exp. values

@ use exp. sep. energies for ANCs
accounting for uncertainties



s-shell:

spectroscopic factors

A A-1 channel

GFMC exp
" " S, 1.30
d,, 0.0224
e S, 1.31
i 0.0221
*H S, 161 1.4-16
4
He
He S, 1.60

GFMC systematic uncertainties are 2-3% or less

exp. values: Pandharipande et al, RMP 69 (1997) 981



s-shell: ANCs

A A-1 channel ANC [fm ]
GFMC exp
S, 2.14 2.11(3), 2.07(2), 1.87(14)
*H °H d, -0.0848
d,ss,, -0.0396 -0.0418(15)
S, 2.10 2.10(16), 1.76(11)
*He H d,, -0.0762
d./s,, -0.0363 -0.0389(42)
‘e °H S, 6.45 7.36(19), 6.70(50), 5.44(15)
*He S, 6.45 6.77(51), 6.52(49)

GFMC systematic uncertainties are 5% or less

exp. values: Timofeyuk (2010), Girard (1979), Locher (1978,
Purcell (2010), Blimov (1985, Blokhintsev (1977)



s-shell: comparing with HH

3/2

potential: Av18+UIX
0.6 — . - O = =y R
Uy 3 4 e
s - — I H + p — He o
] = VMC |
0.4r N s GEMC 4 -0.2F &
S 12 " — HH
P
0.2F L 1 -04F m
Oﬂﬁ“ 5% - g 8-+ =os¥ R o a
32 B = /;&
02 " P & 08" 8 g "
e 2 3
et H+n—-"H
£ > " 4 | 6 o I 2 3 4
r [tm] r [fm]
channel GFMC HH channel GFMC HH
< S, 1.30 1.30 S S, 1.61 1.60
2 0.0223 0.0225 ANC S, 6.49 ~6.48
ANC S, 2.14 ~2.12
d -0.0842




p-shell: spectroscopic factors

S
A A-1  channel GEMC exp
°He(g.s) P, 0.406 0.44(6), 0.42(4)
P, 0.230
‘Li(g.s.) L@s) - Pe 0439
»'S 0.668 0.74(11), 073(5)
SLi(3+) P, 0.435  0.72(14), 0.58(13)
SLi(0+) Py, 0.203 0.19(3)
P, 0.060
Li(1/2-) °Li(g.s) Py, 0.759
s 0819 1.15, 0.90(9)

SFs for overlaps with ‘Be(g.s) are close to 'Li(g.s)
Shell-model SFs quenched by as much as 40%.

GFMC systematic uncertainties are 2-3% or less

exp. values: Wuosmaa (2008), Lapikas (1999), Ju (2010),
Li (1969), Towner (1969), Schiffer (1967)



p-shell: ANCs

ANC [fm™?]
A A-1  channel
GFMC exp
°He(g.s) P, 3.52 2.48
P, 1.73
. "Li(gs) P 2.29
7L|(g.S.) 3/2 :
VY ANC? 2.87 1.26-2.82
Li(3+) P, 3.50 2.06-3.00
SLi(0+)  Ps, 2.39 1.71-2.62
P, 0.57

Li(L/2-) °Li(g.s) P, 2.85
VY ANC® 2.91

ANCs for overlaps with ‘Be(g.s) are close to "Li(g.s)

GFMC systematic uncertainties are 5% or less

exp. values: Gulamov (1995), Bekbaev (1991)



A BETTERMETHOD FORANCS

O(r — o00) =

e Best laboratory handle on many
astrophysical reactions
e Much recent expt. interest

e Normalization to overlap tails is difficult

0.7 L B L L A
dashed: p, ,

solid: pg, .

e Can be recast into a short-ranged integrg

: NAIMMJF%(WW)/T
xqf; XY (%) (Urel — Vo) WadR

e This integral is ideal for QMC evaluation
K.M. Nollett and R. B. Wiringa, Phys. Rev. &3, 041001(R) (2011).

(Wa-1lagi(r — o0)|Va)

= Coj W,y s 3 ()7

T | T T T T | T T T T l T T T T |

(nd[*H) s, ,, - (29)(32)
(nd[*H) d/s ratio s (31)
(pdl*He) sy, |_HTLT—H—|8§§
(pd|*He) d/s ratio +—|—|—| (31)
(pt|*He) s, , I—H'?féj\‘ (32)(32)

: H+H (33)
(n°He|*He) s, , |_'H'T|_| (32)(32)
(p°He["Li) () (40)
(noLil"Li) VECE T (e )
(n7LilPLi) P1e H_'_' (5)(full range 10 2.0) (7)
(n7LilfLi) p, , i (5)
(N7LifPLi*) p,, (5)
(n"LilPLi*) Py, e (5)
(p"Bel*B) by, ——— (4)
(p"Bel®B) py . — (4)
(PeBI°C) VICE | Ht:_' | E:;( )
(neLil°Li) VIC2 —— (3)
(p°Lil*Be) P, , (40) (=)
(pPLil°Be) py, (5) 40)

1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1

0.5 0.75 1 1.25 1.5

Ratio to experiment




10C — 1B FErRMI BETA DECAY

One of the Fermi Beta decays being used to determine th€KM matrix element
Extractingv, 4 requires a reliable value of the nuclear matrix element

If 1°C & B wave functions are isospin symmetri¢)B | F| '°C)/v2=1

Up to now, GFMC calculations have assumed isospin consenvit save time

Can still have non-isospin symmetri¢eC & *°B w.f., both with goodI'=1,
by propagating each with differeat

AV18 contains charge-independence breaking (CIB) tertnsng & E.M.
e These could be important for determining the small depardr
(*B | F|'°C)/+/2 from unity

e Have enhanced GFMC to work pm total charge basis
— GFMC wave function has components for all allowed totat s
— A=10 w.f. have~2.5x more components

Wave function times on one Blue Gene/P node using 4 OMP cores
lOC lOB
Components millisec MFLOPS Components millisec MFLOPS

Good isospin 46,080 218 1201 46,080 218 1201
Charge basis 107,520 164 1930 129,024 251 1636

Time does not scale with number of components
e 7 - 7 operation is much simpler for charge basis
e CPU more efficient with longer inner loops



10C & 1'B WITH CHARGE-INDEPENDENCEBREAKING
PRELIMINARY

lOC 1OB

GoodT basis pn basis GoodT basis pn basis

Energies (Mev)
Total -59.99(19) -60.15(16) -62.91(16) -62.77(13)
CiB 0.148(6) 0.045(4)  -0.118(9) -0.2198)
E&M 7.890(31) 7.877(24) 5.506(20) 5.452(18)
Tp — Tn 0.28(1) 0.28(1) 0. -0.03(1)
% T=0 - - : 0.077%
% 1T'=2 - 0.010% - 0.0053%
% T=3 - 0.0033% - 0.0050%

Total energies not accurate enough to see improvement fnange basis
Can see clear improvement MV CIB terms

Some signal of improvement in E&M terms

NonT'=1 components are very small



2 mixing (%)

T=

3 mixing (%)

T=

19C & "B WITH CIB — PRELIMINARY

10c(0*, T=1)- AV18+IL7 + all CIB - 19 Jun 2011
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What is happening with’B 7=0?



10Cc — 1B FErRMI BETA DECAY

Sorry, it's still too preliminary



STATUS OF DELIVERABLES FOR THISYEAR

e Continue improvements to ADLB resulting in community usatbde
— Approach based on puts & gets not competitive on IBM Blue&ien

e Calculate the Hoyle state with GFMC
— Much progress made

e Further calculate homogeneous neutron matter and neutogs th external fields using
GFMC and AFDMC to create pseudo-data for constraining gneéegsity functionals
— PRL published; full paper being written; results beingduse

Following should have been in the list

e GFMC calculations of nuclear overlaps and spectroscogitofa
— Large paper on overlaps up #5=7 posted and submitted



PLANS — REMAINDER OF THIS YEAR

Finish'°C — '°B Fermi Beta Decay

Continue ADLB work aimed at next generation machines
Continue work on*C(0;) Hoyle state

More *2C calculations, including™ state and=2 transition

VMC (GFMC?) computation of density matrix



PLANS — AFTER THIS YEAR




