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Ab Initio CALCULATIONS OF LIGHT NUCLE]

GOALS
Understand nuclei at the level of elementary interactia@ta/ben individual nucleons, including

e Binding energies, excitation spectra, relative stability
e Densities, electromagnetic moments, transition ampasiidpectroscopic overlaps
e Low-energyNA & AA’ scattering, asymptotic normalizations, electroweakaasp
REQUIREMENTS
e Two-nucleon potentials that accurately describe ela$fit scattering data
e Consistent three-nucleon potentials and two-nucleortrel@eak current operators
e Accurate methods for solving the many-nucleon $diirger equation
RESULTS
e Quantum Monte Carlo methods can evaluate realistic Hamdts accurate t601-2%
e About 100 states calculated fdr < 12 nuclei in good agreement with experiment
e Applications to elastic & ineleastig w scattering{e, e'p), (d, p) reactions, etc.
e Electromagnetic momentd/1, E2, F, GT transitions, Coulomb sum calculated

e °He =na scattering and < A < 9 ANCs and widths



NUCLEAR HAMILTONIAN

H = ZK +ZU23+ Z szjk

1< 1<g<k
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Ki=—"0 (oo + o)+ G — )l V3

Moy, Mp

Wiringa, Stoks, & Schiavilla, PRG1, 38 (1995)

Argonne \ig

vig =0+ 0l +vi; vl =D vp(riy)OF, Argonne vqg EJ:S-?
v;: pp, pn & nn electromagnetic terms ' Eg
v~ [Ya(rig)os - 05 + Tr(rij)Sij] @ T - T : g" %
ol = X, T3 il H -t g
v = >, PP+ QPr + RPTQ]W(?“)OZ

O =1,0i-04,8;,L- S,L? L*(0; - 04), (L -S)?]

+ [1,04 - 0j,8:;,L-S,L*L*(0; - 0),(L-S)*]® 7 - 75

+ (1,04 05,5, L -S| ® T,

+ [1,07; ' Uj,Sij,L : S] X (Ti + Tj)z
Argonne \is fitted to Nijmegen PWA93 data base of 1787 & 2514 np observables for
Eiap < 350 MeV with y?/datum = 1.1 plusin scattering length &H binding energy



THREE-NUCLEON POTENTIALS

UrbanaVi;, = Vii" + Vis

Carlson, Pandharipande, & Wiringa, MR01, 59 (1983)

: : 21 P 27 S 3TAR
lllinois Viji, = V22l + Vi2r® + VETAR L VR

Pieper, Pandharipande, Wiringa, & Carlson, P&RC014001 (2001)

lllinois-7 has 4 strength parameters fit to 23 energy leveld K 10 nuclei.

In light nuclei we find (thanks to large cancellation betwéén) & (v;;)):
(Vijr) ~ (0.02100.07) (vi;) ~ (0.15t00.5) (H)

We expect Vi) ~ 0.05 (Vi) ~ (0.01t00.03) (H) ~ 1 MeV in **C.




VARIATIONAL MONTE CARLO

Minimize expectation value off

(Wv |H|Uy)
> F
(Ty|Ty) =77

using Metropolis Monte Carlo and trial function

By =

Wy) = |STJA+ U+ D Uijn) [H fe(ri; ] |®A(JMTT3))

1<J k#1,j5 1<J

single-particled 4 (J MT'Ts) is fully antisymmetric and translationally invariant
central pair correlationg. () keep nucleons at favorable pair separation

pair correlation operators;; = > | u,(ri;)O;; reflect influence o

triple correlation operatar/; ;. added wherV; ;. is present

multiple /" states constructed and diagonalized for p-shell nuclei

ability to construct clusterized or asymptotically cotre@l functions

Uy are spin-isospin vectors B4 dimensions with~ 24 (g‘) components

Lomnitz-Adler, Pandharipande, & Smith, M&861, 399 (1981)
Wiringa, PRCA43, 1585 (1991)



GREEN S FUNCTION MONTE CARLO

Projects out lowest energy state from variational triakction
U(7) = exp[—(H — Eo)7|Uv = » exp[—(En — Eo)T]antn
V(T — 00) =nao¢0
Evaluation of¥(7) done stochastically in small time diffusion stefys
U(R,. 7) = /G(Rn,Rn1)---G(R1,Ro)\IJV(RO)an_1deo

Mixed estimatesised for expectation values

() = LD 1 6/(1)) e + (O sied — (O]

W)
WO | (/2)H )
Ohies = g gy WOt = T a ey =

e Cannot propagatg?, L?, or (L - S)? operators=- useH’ = AV8' + Vj,y
e Fermion sign problem would limit maximum, but ...
[
[

Constrained-path propagatioemoves steps that have' (7, R)¥U(R) = 0
Multiple excited states of samg" stay orthogonal

Carlson, PR(38, 1879 (1988)

Pudliner, Pandharipande, Carlson, Pieper, & Wiringa, BRQ720 (1997)
Wiringa, Pieper, Carlson, & Pandharipande, P62-014001 (2000)
Pieper, Wiringa, & Carlson, PR, 054325 (2004)



Energy (MeV)
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Excitation energy (MeV)
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SINGLE-NUCLEON DENSITIES

ppn(r) = S (WIS — ) T )
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SHe 2.79(3) 1.82(2) 1.94(2) 1.959(16) Brodeur,et al., PRL 108, 052504 (2012)




Ppp (M)

TWO-NUCLEON DENSITIES

1+7m 1475
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TWO-NUCLEON HALO DENSITIES
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INTRINSIC DENSITY OF®BE

®Be w.f.: *He core + 4 p-shell nucleons + pair corr.

M. C. p(r): random walk in ¥ (rq,ro,--- ,rg)|* & periodically for each sefri,ro,--- ,rg)
Labp(r): binrq,ro, -+ ,rg

Intrinsic p(r): find eigenvectors of moment of inertia matrix:

2

_ 2
M = E ViTi  Ys  YiZi :
t 2

rotate to them, and birf,,r5, - - -, r%.
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Wiringa, Pieper, Carlson, & Pandharipande, Phys. Re&d2,@14001 (2000)



A <10 MAGNETIC MOMENTS W/ YEFT EXCHANGE CURRENTS

Hybrid calculations using AV18+IL7 wave functions apREFT exchange currents developed in:
Pastore, Schiavilla, & Goity, PRZ3, 064002 (2008) ; Pastoretal., PRC80, 034004 (2009)
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MAGNETIC DENSITIES
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MAGNETIC DENSITIES MAGNETIC RADII
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SINGLE-NUCLEON MOMENTUM DISTRIBUTIONS

Probability of finding a nucleon in a nucleus with momentkimm a given spin-isospin state:

por (k) :/dr'ldrldrg---drAsz(rll,rQ,...,rA)eik'(rlrll)PaszA(rl,rg,...,rA)

e Useful input for electron scattering studies
e Universal character of high-momentum tails frem tensor interaction

p(k) (fmd)

Wiringa, Schiavilla, Pieper, & Carlson, PR89, 024305 (2014',s§§;g



TWO-NUCLEON MOMENTUM DISTRIBUTIONS

Probability p vn (¢, @) of finding a pair of nucleons with relative momentynand total
momentum) can be defined in a similar fashion:
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e Large ratiop,,(q, @ = 0) / ppp(q, @ = 0) has been observed IAC(e, e’pN) scattering
e Results in good agreement with recéhie(e, ¢’ pN) experiment

Korover,et al. (JLab Hall A), PRL113, 022501 (2014)



MAKING GFMC WORK ON 786,432PROCESSORS AND?C

UNEDF & NUCLEI SciDAC grants to
develop general-purpose load-balancing
library (ADLB) to run under MPI on 49,152
nodes with OpenMP for 16 cores/node

INCITE grant of Argonne BG/P & Q time
used for'“C calculations

e AV18+IL7 Hamiltonian
e Uy has3-a structureand complete set 010————7T T T T

of 0™ p-shell states
e GFMC generatesentral density dip [
e Form factor and sum rules in good 0.06

agreement with experiment

0.08

P, (1)

0.04-

VMC  GFMC Expt. 0.02
E (MeV)  —65.8(2) —93.3(4) —92.16 ;
(r)Y/2 (fm) 236  2.35  2.33 .

Lusk, Pieper, & Butler, SciDAC Review Spring 2010
Lovato, Gandolfi, Butler, Carlson, Lusk, Pieper, & SchimyiPRL111, 092501 (2013)



ELECTROWEAK SUM RULES FOR2C

Coulomb longitudinal and transverse Neutral weak current sum rules for
sum rules for inclusivée, ') scattering inclusive neutrino scattering

o0 Ro(q,w
Sala) = Ca JIF, dw Grsias
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A theory that reproducesscattering is the best predictor ferscattering
Lovato, Gandolfi, Carlson, Pieper, & Schiavilla, PR12, 182502 (2014)



CONCLUSIONS

We have demonstrated that realistic nuclear Hamiltoniadscarrents with accurate QMC
calculations can reproduce many properties of light nuclei

e Argonnew;; + lllinois V;;, gives rms binding-energy errots 0.6 MeV for A = 3-12
e Successfully predict/reproduce densities, radii, mosyeiatransition matrix elements
e Produce spectroscopic overlaps, ANCs, widths for appdingb low-energy reactions

There are many more exciting challenges in the structureeaxtions ofA < 12 nuclei, which
we want to tackle in the next few years, such as:

e '°C excited states and transitions;“C scattering
e Single- & double-intruder states in*%:'*1?Be, %1 B; ML
e More electroweak transitions A < 12

e Charge-independence breakingifc(57)'°B

e Parity-violatingn-« scattering:(°He( ") |Hpy |*He(: 1))
e Cluster-cluster overlaps, SFs, ANCs, widths faA-4)«|A)

For larger nucleid > 12 some possibilities are:

e cluster VMC for'®0, “°Ca (done in 1990s and now being revived)
e exascale computing fdfO (~ 1000x more expensive thaitC)
e AFDMC (auxiliary field diffusion Monte Carlo) or hybrid GFM@FDMC

Gandolfi, Pederiva, Fantoni, & Schmidt, PR8, 022507 (2007)



