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Spin-orbit induced backflow in neutron matter with auxiliary field diffusion Monte Carlo method
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The energy per particle of zero-temperature neutron matter is investigated, with particular emphasis on the
role of theL - S interaction. An analysis of the importance of explicit spin-orbit correlations in the description
of the system is carried out by the auxiliary field diffusion Monte Carlo method. The improved nodal structure
of the guiding function, constructed by explicitly considering these correlations, lowers the energy. The pro-
posed spin-backflow orbitals can also be conveniently used in the Green’s function Monte Carlo calculations of

light nuclei.
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[. INTRODUCTION In addition, this discrepancy is confirmed by other Fermi-

hypernetted chain/single operator chéNC/SOQ calcu-

In recent investigationgl,2] of the ground state and the lations[1], performed by using the approximations of Ref.
magnetic properties of neutron matter with modern nucleaf1l] and the AU8' Hamiltonian. They give AE =
interactions of the Urbana-Argonne typ&4], good agree- —3.7 MeV atp, andAE, s=—10.1 MeV at 3¢, with C, 5
ment was observed between results obtained with the auxibeing —3.9 MeV and—10.7 MeV, respectively.
iary field diffusion Monte CarldAFDMC) [5], a calculation A possible source for this disagreement might be the use
by Ref.[6], performed with the variational chain summation of a less than satisfactory guiding function in the AFDMC
(VCS) method[7,8], and Brueckner-Hartree-Fock estimatesmethod! The nodes of the plane wave Slater determinant
[9,10]. might be too poor, particularly when the interaction includes

However, in spite of the overall agreement of the equatiora spin-orbit potential, like in th& U8’ case. The results of
of state and the spin susceptibility, marked differences exisihe FHNC/SOC calculations of Refl] with the AU8’
between the AFDMC and the VCS calculations, concerningHamiltonian and a trial function of the tyge; (not contain-
the contribution to the energy due to the spin-orbit compo-ing spin-orbit correlations give values foAE, g quite close
nent of the two-body interaction. VCS calculations, per-to the AFDMC ones, which may confirm this hypothesis.
formed with the Argonne ;g [3] and the Urbana-IX three- To clarify this issue, we modify the guiding functions in
body potentialAU18 Hamiltoniar), find large and negative our quantum Monte Carlo calculations to contain explicit
contributions from the cluster termS, s with either spin-  spin-orbit correlations. This is efficiently done by consider-
orbit correlations in the trial function and/or the spin-orbit ing orbitals of the spin-backflow form in the Slater determi-
potential. For instance, in correspondence with optimal triahant, as explained below.
functions, C, 5 amounts to—5.8 MeV at a densityp=p, The structure of this paper is as follows. In Sec. Il we
=0.16 fm 3 and—12.1 MeV at twice the same density. The show the guiding function used. The computational details
AFDMC calculations of Ref[1], performed with the simpli- are given in Sec. IIl. The results are shown and discussed in
fied, but still realistic, version of the Argonne two-body po- Sec. IV. The conclusions and perspectives of the present
tential, vg: [4], plus the Urbana IX three-body interaction work can be found in Sec. V.

(AU8’ Hamiltonian, yield energy difference\E, 5 be-

twe.en theAUS’ H?.miltonians with and WlthOUt the Spin- 1I. SPIN-ORBIT INDUCED BACKFLOW
orbit potential, which are small and positive. At=p,,
AE, s=0.2 MeV and atp=2p,, AE, s=1.12 MeV. Thel- Scorrelation in FHNC/SOC and VCS calculations

Such a discrepancy cannot be ascribed to differences béakes the form
tween the two potentials g anduvg: . It is well known that

they provide very close results for the energy per parfitle 1
Fp(1,2)= Efb(rlz)[rﬂx (Vi=Vy)]-(oy+0r), (1)
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wherer ,=|ry;| and o; are the Pauli matrices for thgh 54 - e
particle. AUB’ oo
By inspection of the cluster terms GAU8’) at the two- = ]
body order, one observes that the largest of the spin-orbit , |
terms are those usually denoted lasc and cbb in the
FHNC/SOC theory12]. In the calculations of Refl] these 51

T
!

terms are responsible for80% of the total contribution g
from all the C® terms in the density range (3fy<p = | - t ]
<(5/2)py. One can easily prove that exactly the same ex- | 3
pressions of theebb and bbc terms are obtained by the 1
following simplified L - S correlation: 8 1
_ 1 a7 e g ]
Fo(1,2= - fo(rlnz (ViX o= Voxoy)]. (2 w6 ‘
-1 0.5 0 O.BS 1 15 2

It is found that, at the two-body level of the FHNC/SOC L .
FIG. 1. Neutron matter energy per particle in MeV as a function

theory,F,, leads to an energy which is onty10% different ¢ ye strengthg of the spin-orbit correlation functior,, at p

from that obtained wittF, . _ =2p, for 14 neutrons. The solid line stands for th&J6’ interac-
The important feature of thie- S correlation of Eq(2) for  tjon, and the dotted line for thaus’ potential.

AFDMC calculations is that, similar to the case of standard

backfIO\_/v [13],_ it can be implgmented in quantum Monte tributions to the energy are large, particularly at high densi-
Carlo simulations by substituting the plane wave orbitals ofjes, and cannot be neglected even in a survey calculation

the Slater function with the following spin-backflow ones: |ike ours.
In neutron matter this interaction can be written in terms

explik- 1) — ¢y(j) =eXp( k-1, of four components:
4

vij= v,(rii)OP(ij), 5
+§|§J fo(rj) (rjgxk)-aj|, (3 1} pgl p(rij)O%(1]) 5

_ o OP(ij)=1,0y-0y,S; ,L-S, (6)
whereg is the spin-orbit strength parameter. B+ 1, there

is a direct correspondence af(j) with Fy,. This spin-  whereS; andL- S are the usual tensor and spin-orbit opera-
backflow ansatz can also be used in the GFMC simulationgyrs. The functions ,(r;;) can be found in Ref4] and also
of small nuclear systemi#},14,15, to includeL -S correla-  in Ref. [1].

tions. . _ _ The Urbana-IX three-body interaction is given by the sum
We present and discuss, in the following, the results ob-
tained in AFDMC simulations of neutron matter energy with Vi :VjsklI +Vjsk[|), 7)

the AU8’ Hamiltonian and the nodal surface of the spin-
backflow Slater function. We will show that these nOdeswhereV-SQ is a spin-independent three-body short range part,
serve to lower the AFDMC energy per particle of the neutronand ther in-dependent aktS(D) in neutron matter reduces
matter by a sizable amount, which, however, is too small tQ P P Pakl

: - to a sum of terms containing only two-body spin operators,
f]?gl\r/}?artggn;?t(i:ess and AFDMC discrepancy, particularly atWith a form and a strength which depend on the positions of

the three particles. Their explicit expressions can be found in
Ref. [1].

lll. CALCULATION DETAILS We have also considered an interaction obtained from the
éAUS’ by dropping the spin-orbit term, and as in Rf], it

Wi ribe the neutron tem the nonrelativisti
e describe the neutron system by the nonrelativist ‘< denoted afhUB' .

Hamiltonian . .
The AFDMC [5] method used in these calculations has
52 been previously described in detdil]. It allows Monte
H=T+Vo+Va=—— > V24> v+ > Vi Carlo simulations to be performed on a relatively large
2 3 om 4 it kT jkl s . .
j=1N j<k j<k<l nuclear system at the required accuracy, thanks to the intro-

(4) duction of auxiliary fields that uncouple the spin-dependent

interaction between particles by means of a Hubbard-

wherem is assumed to be the average of the neutron angtratonovich transformation. While the propagation of the

proton masses and?/m=41.47108 MeVfm; the two- particle coordinates is done as in diffusion Monte Carlo, that

body and three-body potentialg; andVj,, are the Argonne of the spin variables, after having sampled the auxiliary
vg and the the Urbana-IX potentidld]. The three-body con- fields, results in a rotation of each particle’s spinor.

065806-2



SPIN-ORBIT INDUCED BACKFLOW IN NEUTRON . .. PHYSICAL REVIEW @7, 065806 (2003

TABLE |. AFDMC energies per particle in MeV for thaU6’ TABLE 1l. AFDMC energies per particle in MeV for thaU6'
andAUS8' interactions obtained for a system of 14 or 66 neutrons inand AU8’ interactions obtained for a system of 14 neutrons in a
a periodical box with the guiding functiong, JS, and JSBwith periodical box with the guiding function¥, JS, and JSBwith g
B=1) at 2. Error bars for the last digit are shown in parentheses.=1) as a function of the densiyy. Error bars for the last digit are
shown in parentheses.

W N=14 N=66
JS(AUE’) 48.27(9) 53.11(9) P JSAUE’) JSAUS') JSBAUS’)
JSBAUS’) 46.8(1) 52.9(2) 2pg 48.27(9) 48.4(1) 46.8(1)

The gu|d|ng function used in this work is given by a Ja- Figure 1 shows the AFDMC energies per partic|e of 14

AUG6’ and AU8' interactions, as a function of the strength
<RiS|‘I,JSB>:H f(r®s(R,S), (8) parameter3. One can see that for th®U8’ interaction the
<k

energy minimum is aroun@= 1, consistent with the conjec-

_ _ ture thatf,(r) moves the nodes in the optimal way when the
whereR and S denote the set of particle coordinates and ofgpin_orhit potential is included in the Hamiltonian. We have
spinors, respectively. The space and spin orbitaBdiR,S)  gptained a lowering of the energy of 1.6 MeV with respect to
are given in Eq(3), and they operate on the spin states in theyhe case of the JS nodal surface, which correspondg to
following way: =0 in the figure. If we switch off the spin-orbit potential by

) iker ) Apo . considering theAU6' interaction, the minimum is found at
o)1) =e""[(cosiA(i) ]+ AL sin{ A1) DI T) B=0, confirming that the spin-backflow nodes are energeti-
+ (A +HiIAY())sINH A ]| )], ) gﬁgpgggﬁ??gzéus only in the presence of the spin-orbit
AFDMC simulations for theAU8' Hamiltonian with the
JSB guiding function have also been carried out for 66 neu-
B trons. As in the case of the 14-neutron system, we have
5 & fp(riprij ¥k (100  found a minimum of the energy @~ 1. The result obtained
17 is compared in Table | with those gt=0 for both theAU8’
A s . and theAUG6' interactions. In spite of sizable differences
andA(i), (@=x.y,z) are the components of an unit Vector penyeen the energies per particle of the 14-neutron and the
in the direction ofA(i). A similar expression can be ob- gg_neutron systems, the gain in energyE(JSB
tained for the action over the spin down single-particle state,_ E(J9]/N is roughly independent of the number of par-

We denote this function by JSB, as opposed to JS, whiclcies in the box. The large differences betweBfl4) and
stands for a function without explicit backflow correlations, E(66) are mainly due to the effect of the three-body interac-
i.e., with simple plane waves in the spatial part of the orbitalsjon It has been showfil] that the finite size effects on

in the Slater determinaitf,(r)=0]. The AFDMC method E(66) are rather small.

d(_ascribed in Ref[1] nee<_j§ only slight modifications t(_) deal "The dependence of the JSB energy on the density is re-
with (R,S|W;sg) as a guiding function. They refer mainly to nqiteq in Table II for the 14-neutron system. There is a very
calculating the kinetic energy part of the local energy, and, gk dependence afE, s on the density, in contrast with
the gradient of the guiding function in the drift of the walker. \;cg results.

The Jastrow and spin-orbit correlation functidi{s) and In order to make a comparison with recent quantum
fp(r) have been taken as the first and fourth components,
respectively, of the FHNC/SOC correlation operator that
minimizes the energy per particle of neutron matter at the'-\/I
desired density11].

where

A(i)=

TABLE lll. Spin-orbit contribution to the energy per particle in

eV of neutron matter at density,. The constrainedCP) and
unconstrainedUC) GFMC results, as well as the VCS ones, are
taken from Ref[15]. The AFDMC results obtained with the JS

IV. RESULTS guiding function are taken from RéfL]. Error bars for the last digit

. . . . are shown in parentheses.
We have made our calculations within the full simulation P

box, and we have taken into account the 26 neighboring

boxes in the tabulation of the correlatioh) and f,(r), Method ABLs
and of the various componentg(r) of the two-body poten- GFMC-CP —1.26(4)
tial, as described in Ref1]. Our results are therefore already =~ GFMC-UC -2.9(3)
tail corrected for a Hamiltonian with two-body force only.  AFDMC-JS —0.14(6)
Tail corrections for the three-body potential were not in-  AFDMC-JSB -1.2(1)
cluded. However, previous analygdg have shown that they VCS -38

are small for systems with 66 neutrons.
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Monte Carlo calculations performed for 14 neutrons interactefficient parametrization of the spin backflow is obtained
ing via thevg two-body potential by Ref.15], we report in ~ from the spin-orbit correlation of FHNC/SOC theory. These
Table Il the corresponding AFDMC results. The table dis-spin-backflow orbitals can also be conveniently used in other
plays the energy differencAE, 5 between the energy ob- quantum Monte Carlo calculations, for instance, the Green'’s
tained withvg andv two-body potential. function Monte Carlo simulations of small nucleon systems.
The calculations of Ref[15], to which the results re- The nodal surface provided by this new guiding function is
ported in Table IIl refer, have been performed with the able to decrease the energy by about 5%. This amount is not
potential cutoff at the edge of the box. Therefore, the valuesufficient to solve the spin-orbit discrepancy between the
of AE, ¢ extracted from there might not be completely com-variational chain summation and the AFDMC results, how-
parable with ours, since ours are already tail corrected an@ver, the AFDMC results are in good agreement with con-
have been obtained without introducing any discontinuity instrained GFMC simulations.
the potential. AFDMC seems to agree reasonably well with
the GFMC in the constrained path approximati@FMC-
CP). The VCS estimate seems to be too large. ACKNOWLEDGMENTS
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V. CONCLUSIONS
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