
Neutron Matter and Drops
LANL : A. Gezerlis, M. Dupuis, J. Carlson
ANL:  S. Pieper, R.B. Wiringa

 Neutron Matter
EOS
 Computational Aspects
 Pairing Gap and Dispersion
 Other Quantities

 Neutron Drops
 Energies and Saturation
 Comparing ab-initio energies with Skyrme
 Pairing and Single-Particle Energies

 Future



0 0.1 0.2 0.3 0.4 0.5
kF [fm-1]

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Neutron Matter
Cold Atoms

0 2 4 6 8 10
- kF a

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

E 
/ E

FG

Lenz

QMC unitarity

Neutron Matter EOS

Equation of State at Low Densities

Neutron Matter properties less well-known than Nuclear Matter near equilibrium density
Ab Initio calculations can provide guidance to the density functional
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FIG. 21: Results for E0,NLO/Efree
0 versus Fermi momentum kF [87].

in lattice volumes 53, 63, 73 at lattice spacings a = (100 MeV)−1, at = (70 MeV)−1. In

Fig. 21 we show results for the ratio of the interacting ground state energy to non-interacting

ground state energy, E0,NLO/Efree
0 , as a function of Fermi momentum kF . For comparison

we show other results from the literature: FP 1981 [189], APR 1998 [190], CMPR v6 and

v8′ [191], SP 2005 [192], and GC 2007 [193]. There is good agreement between the different

results near kF = 120 MeV, but there is disagreement on whether the slope is positive or

negative. The analysis in [87] shows that much of the P -wave contributions from different

spin channels cancel numerically, and the small positive slope in E0,NLO/Efree
0 appears to be

generated by the S-wave effective range correction.

VIII. SUMMARY AND OUTLOOK

We have reviewed the current literature on lattice simulations for few- and many-body

systems. In this article we attempted to cover the relevant principles from effective field

theory as well as different formalisms and algorithms used in lattice calculations. We have

focused much attention on techniques which can be applied to both cold atoms and low-

energy nuclear physics as well as common methods used in work by different collaborations.

Lattice effective field theory combines the theoretical framework of effective field theory

54

Dilute Neutron Matter
various simulations

Dean Lee (08)
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Computational Approach:

GFMC:   sum over spin/isospin explicitly
Diffusion MC:     spin-independent (s-wave interactions)
AFDMC:  Monte-Carlo sums over spin/isospin

All algorithms are branching random walks:
     Significant linear algebra at each step in the walk
      

Neutron Matter Diffusion Monte Carlo
~65 particles (scales like N3)
Gap with even/odd staggering
Need << 1 MeV accuracy

Each calculation (fixed ρ,N, k) takes of order 1/2 day on 1000 processors
                   approximately 1 Tflop on Franklin
                   90% parallel efficiency up to 1000 processors
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Pairing Gap for Atomic Gas
Experimentally confirmed to ~10%

Neutron Matter Pairing Gap
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FIG. 3: Polarization versus radius, theory and experiment, for
different values of δ and tc at T ′ = 0.03 and T ′ = 0.05. The
dashed curves show the local finite temperature gap. The
results indicate that the data provide both an upper and a
lower bound on the gap: 0.5 ≥ δ ≥ 0.4.

order transition somewhere in between. In contrast, the
comparison between theory and data at T ′ = 0.05 sug-
gests that the superfluid extends further out. Polariza-
tion in the superfluid state (dotted curve) extrapolated
to p ! 0.4 provides a better description of the data than
the normal state. A clear signature of a first-order tran-
sition is also absent. In both cases there appears to be
evidence for a mild decrease in the gap with increasing
T/EF and polarization.

For a fixed central density and R↑, our analysis pre-
dicts that the phase-boundary Rc moves outward in the
trap with increasing temperature. This behavior is sen-
sitive to the thermal properties of both phases at low
temperature. At small temperature and polarization, the
thermal response of the superfluid phase in the vicinity of
the transition is stronger than that of the normal phase
– driven entirely by the fact that spin-up quasiparticles
are easy to excite and have a large density of states.

The comparison in Fig. 3 provides compelling lower
and upper bounds for the superfluid gap. Even if the
temperature was extracted incorrectly from the exper-
iment, the extracted gap cannot be too small. A gap
smaller than ≈ 0.4EF would produce a shell of polarized
superfluid before the transition even at zero temperature.
Furthermore, the radial dependence of this polarization
would be quite different than observed experimentally,
rising abruptly from the point where ∆ = δµ and being
concave rather than convex. A gap larger than ≈ 0.5EF

would be unable to produce the observed polarization in
the superfluid phase. We have also examined the depen-
dence of our results on the universal parameters ξ and
χ. Both of these are expected to be uncertain by 0.02.
These uncertainties, as well as the uncertainties in the

superfluid quasiparticle dispersion relation do not signif-
icantly alter the extracted bounds on the superfluid gap.

In summary, we have extracted the pairing gap from
measurements of spin up and spin down densities in po-
larized Fermi gases in the unitary regime. These systems
have an extremely large gap of almost one-half the Fermi
energy – the value extracted in this work is clearly the
largest gap measured in any Fermi system. Future more
precise experiments extending over the BCS-BEC transi-
tion region would allow an experimental determination of
the evolution of the pairing gap from the weak-coupling
regime of traditional superfluids and superconductors to
the strongly-interacting regime. This could resolve long-
standing issues regarding, for example, the pairing gap
in neutron matter and the cooling of neutron stars.
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Analysis of cold atom experiments
gives Gap/Ef = 0.45 (05).

Largest Gap/Ef in any system!
Carlson and Reddy, PRL 08

Calculations also agree;
new AFDMC calculation
much closer to DMC
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New Calculations:
Dispersion of Single-Particle States

Can be a constraint to Skyrme models
weak reaction rates, spin susceptibility,...

 of interest in neutron stars

kf a = -10
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Neutron Drops

Information beyond constant (local) density:
Adjustable External Potential

Woods-Saxon, Harmonic Oscillator
      adjusts density, deformation, ...

Can compare microscopic theory and DF
Energies
Density
Pairing
etc.



Neutron Drops
Present: Compare ab-initio with Skyrme Models
Future: Additional Constraints to Skyrme,...
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Single-Particle Densities
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Pairing and single-particle states

Just starting in Skyrme models

Both GFMC and Skyrme give 1s lower than 0d
  in N=9 Woods-Saxon wells
  Note:  17O has opposite behavior

Magnitude of splitting; dependence on well
     being investigated



Plans:  Remainder of year 2

Neutron Matter: finish s.p. excitations and comparisons w/ other results
Neutron Drops:  finish first round of drops, including pairing and HO pot.
Nuclei: contribute to improving initial 12C

Plans:  Year 3

Neutron Matter/Drops:  Additional external potentials 
     quadrupole, other fields in drops
     static density response in matter

Nuclear Scattering:    Benchmark low-energy scattering in A<12
Light Nuclei:              External Wells

Improvements in 12C toward Hoyle state
Algorithms:               AFDMC / AFMC methods

                            promising initial results in (polarized) cold atoms Stetcu



(Preliminary) Plans:  Years 4 and 5

Quantum Monte Carlo for largest computers
      (Roadrunner, BGP, ...)

Scattering/Reactions for Light Nuclei

12C calculations, Hoyle state and transitions

Larger Nuclei and Matter w/ QMC methods
(AFDMC and/or AFMC)


