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Neutron matter is an important many-body system that provides valuable constraints for the equation of state
(EOS) of neutron stars. Neutron-matter calculations employing chiral effective field theory (EFT) interactions
have been extensively used for this purpose. Among the various many-body methods, quantum Monte Carlo
(QMC) methods stand out due to their nonperturbative nature and the achievable precision. However, QMC
methods require local interactions as input, which leads to the appearance of stronger regulator artifacts
compared to nonlocal interactions. To circumvent this, we employ large-cutoff interactions derived within chiral
EFT (400 MeV < A, < 700 MeV) for studies of pure neutron matter. These interactions have been adjusted to
nucleon-nucleon scattering phase shifts, the triton binding energy, as well as the triton S-decay half-life. We
find that regulator artifacts significantly decrease with increasing cutoff, leading to a significant reduction of
uncertainties in the neutron-matter EOS. We discuss implications for the symmetry energy and demonstrate how
our new calculations lead to a reduction in the theoretical uncertainty of predicted neutron-star radii by up to

30% for low-mass stars.

DOI: 10.1103/r314-6r62

I. INTRODUCTION

In the past decade, exciting multimessenger data on neu-
tron stars (NSs) invigorated the field of dense-matter physics.
Observations of heavy pulsars [1-4], gravitational-wave ob-
servations of NS mergers [5-7], and x-ray pulse-profile
modeling of rapidly rotating pulsars [8§—12] provided a wealth
of new information. Many studies analyzing these measure-
ments additionally use input from nuclear-theory calculations
of pure neutron or neutron-rich matter [13-21]. Neutron mat-
ter is an important many-body system that provides valuable
constraints for the equation of state (EOS) of NSs, and hence,
high-fidelity calculations of neutron matter are an impor-
tant ingredient for astrophysical data analyses. State-of-the-art
neutron-matter calculations are based on the combination of
systematically improvable nuclear interactions from chiral
effective field theory (EFT) [22,23] and modern many-body
methods that solve the nuclear many-body problem. One of
the main benefits of chiral EFT is its capability to provide
robust uncertainty estimates (see, e.g., Refs. [24,25]).
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Among the various many-body methods, quantum Monte
Carlo (QMC) methods stand out due to their ability to pro-
vide virtually exact nonperturbative solutions to few- and
many-body nuclear systems [26]. They solve the Schrodinger
equation by performing a diffusion in imaginary time to
project out the ground state of a system starting from a given
trial wave function. With current algorithmic developments,
QMC methods are stochastically exact methods and typically
reach a precision of a few percent [27]. QMC requires lo-
cal interactions as input, and in recent years, local chiral
EFT interactions up to next-to-next-to-next-to-leading order
(N3*LO) have been constructed specifically for QMC methods
[28-33]. The combination of chiral interactions and QMC
methods has led to new theoretical calculations for atomic
nuclei [27,31,34] and dense matter [30,35,36].

However, microscopic calculations with nuclear interac-
tions, such as those from chiral EFT, require regulators. The
effects from the cutoff in the regulator can be absorbed by
higher-order interactions but may also lead to artifacts that
can be sizable for local interactions [30]. Regulator effects
are proportional to the inverse of the momentum-space cutoff
but, for local interactions, lead to interactions in all partial
waves, making it difficult to correct for regulator artifacts
(see Refs. [37-39] for detailed discussions). Local regulator
artifacts can be especially impactful in neutron matter for typ-
ical cutoff choices [30,36], increasing the uncertainty of the
results and affecting astrophysical analyses. Here, we expand
on the work of Ref. [39] and employ local large-cutoff chi-
ral interactions to next-to-next-to-leading order (N2LO) with
400 < A. < 700MeV, in studies of neutron matter. We show

Published by the American Physical Society
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FIG. 1. Left panel: Neutron-matter energy per particle at saturation density as a function of coordinate-space cutoff Ry and approximate
momentum-space cutoff A, at leading order (LO), next-to-leading order (NLO), and next-to-next-to-leading order (N>LO). At N2LO, we show
the three different three-nucleon (3N) implementations of Ref. [30]. Results are obtained from transient estimates and carry Epelbaum, Krebs,
and MeiBner (EKM) uncertainties. We also compare with previous results of Lynn et al. [30] [at diffusion Monte Carlo (DMC) level] and
Lonardoni er al. [35] (transient estimates). These two calculations use the same computational setup as the present work but use a different
local regulator function with Ry = 1.0 fm, corresponding to A, ~ 500 MeV. Right panel: Neutron-matter energy per particle at different
chiral effective field theory (EFT) orders as a function of density for Ry = 0.6 fm. At N’LO, results are obtained by including only the 3N
two-pion-exchange (TPE) interaction. For our main results, we show the EKM uncertainty band and present uncertainties using the Gaussian
process approach of Ref. [24] (dotted red lines). We compare with the lower-cutoff N2LO results of Refs. [30,36] with EKM uncertainty (gray

band) and using the Gaussian process approach (dotted gray lines).

our main results in Fig. 1. We find that, when increasing the
momentum-space cutoff for local interactions, the impact of
regulator artifacts reduces significantly, leading to a reduction
of the uncertainty of the neutron-matter energy by a factor of
3 compared with the lowest cutoff result.

II. LOCAL LARGE-CUTOFF CHIRAL INTERACTIONS

The local chiral EFT Hamiltonians used here were con-
structed following the approach of Refs. [28,33]. Up to N’LO,
contact operators are chosen to be local with the exception of
the spin-orbit interactions, which can however be treated in
QMC. Regulators are chosen as specified in Ref. [33] and
are Gaussian for short-range pieces. The interactions have
been adjusted to neutron-proton scattering phase shifts by
performing a least-squares minimization, details of which can
be found in Ref. [33]. The interactions used here span a
range of coordinate-space cutoffs from Ry = 1.0 to 0.6 fm,
approximately corresponding to A, ~ 400 to ~670MeV,
respectively. Typical cutoffs chosen in the community for cal-
culations of neutron matter are in the range of ~400-500 MeV
[40,41]. This is because low-cutoff interactions show a bet-
ter many-body convergence [28,42]. As QMC methods also
show excellent convergence for high-cutoff interactions, here,
we can explore a larger range of cutoffs which allows us to
reduce the size of regulator artifacts. We are only limited

in cutoff by the appearance of spurious bound states [43].
Note that the least-squares fits here are slightly different than
the ones reported in Ref. [33] because, here, the theoreti-
cal truncation uncertainty estimate is included in the cost
function [38].

In addition to the two-nucleon (NN) part of the
Hamiltonian, at N2LO, the leading three-nucleon (3N) inter-
actions enter. In neutron matter, for nonlocal regulators, only
the parameter-free 3N two-pion-exchange (TPE) interaction
contributes [44], as the short-range 3N contact interaction
(Vg) and the midrange one-pion-exchange—contact interaction
(Vp) vanishes due to the Pauli principle and the pion cou-
pling to spin. With local regulators, however, the shorter-range
terms contribute [30] because the local regulators induce a
finite range when applied to contact interactions. Effectively,
this creates momentum-dependent 3N regulator artifacts that
allow for three neutrons to interact. The strength of these
contributions is proportional to the respective low-energy cou-
plings (LECs), c¢p and cg, as well as the inverse of the cutoff
A", and depends on the chosen 3N operator structure [38].
Hence, when studying local interactions in neutron matter,
we need to include these shorter-range interactions and study
their impact as a function of the cutoff scale. Similarly to
Ref. [30], here, we define two different 3N contact operators,
VE.r and Vg 1 that we study in detail. As the Vp, contribution is
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FIG. 2. Short-range low-energy coupling (LEC) cg as a function
of ¢p for five different cutoff scales for the Vg, three-nucleon (3N)
interaction. The bands are obtained by adjusting the 3N interactions
to the *H binding energy, assuming a 3% uncertainty for the latter.
For each of the cutoffs, we have then adjusted the value of ¢y to the
3H beta-decay half-life, indicated by the circles.

very small in neutron matter, even for low cutoffs A., we fix
it to Vp 2 [30].

To determine the unknown 3N LECs c¢p and cg, we solve
the Faddeev equations for the *H binding energy for each
operator choice and cutoff (see, e.g., Ref. [45]). This yields
a relation between the two LECs for each cutoff, shown in
Fig. 2 for Vg ., where we have assumed a 3% theoretical
uncertainty on the 3H binding energy for the fit. Then for each
cutoff, we adjust the LEC cp to the *H B-decay Gamow-Teller
matrix element (see also Refs. [31,46]). This matrix element
is sensitive to cp entering the axial-vector two-body currents.
Together, the H binding energy and Gamow-Teller matrix
element allow us to determine both 3N LECs. The resulting
fit values are given in Table I. While the cp, cg contributions
only appear via regulator artifacts in pure neutron matter,
the full 3N interactions as obtained here are necessary for

TABLE I. Values for the short-range 3N LECs obtained from fits
to the experimental *H binding energy and 3H beta-decay half-life
(see Fig. 2).

Ve Ve
Ry [fm] Cg cp CE Cp
0.6 —0.144 —3.396 0.134 —3.384
0.7 0.229 —0.704 —0.207 —0.699
0.8 0.476 1.223 —0.437 1.240
0.9 0.709 2.469 —0.665 2.502
1.0 0.861 3.264 —0.823 3.304

future studies of systems containing protons such as nuclei
and (a)symmetric nuclear matter.

III. RESULTS FOR PURE NEUTRON MATTER

To calculate the energy per particle of neutron matter,
we perform auxiliary-field diffusion Monte Carlo (AFDMC)
[26,47] calculations, similar to Refs. [30,36]. Each simulation
is performed in a finite box containing 66 neutrons at a chosen
density, which determines the box size. Starting from a trial
wave function with plane-wave basis states, AFDMC recasts
the problem into a diffusion equation and uses an imaginary-
time evolution to project out the ground state, allowing us to
extract the energy per particle. To combat the sign problem,
these simulations employ the constrained-path algorithm [48],
introducing a systematic uncertainty in the final result. For
good trial wave functions, this systematic uncertainty is small,
but for more complicated wave functions, it can be of the
order of a few MeV [49]. To extract solutions, we release
the constrained-path approximation in the end and perform
fully unconstrained evolutions to extract the final result from
the time evolution before stochastic noise begins to dominate
[34]. Our final N?LO results are based on such transient es-
timates. More details on the method and the computational
setup can be found in Ref. [50].

We begin by studying neutron matter at a fixed density,
which we choose to be nuclear saturation density ng =
0.16fm™>. In the left panel of Fig. 1, we show the energy
per particle at saturation density as a function of cutoff at
leading order (LO), next-to-leading order (NLO), and N2LO
for the three different 3N-interaction implementations. One
Hamiltonian only includes the 3N TPE interaction, whereas
the two other Hamiltonians additionally include the two dif-
ferent operator choices for Vg mentioned before. The regulator
artifacts are gauged by the difference between these three
Hamiltonians: In the absence of artifacts, all three bands
would coincide. The values for c¢p and cg are fixed using
the fitting procedure discussed above. At N?LO, we give
EFT truncation uncertainties estimated using the approach by
Epelbaum, Krebs, and Meifiner (EKM) [25] to compare with
our previous results. The EKM truncation uncertainty is based
on analyzing results order by order. Assuming the chiral EFT
expansion to be a power series in Q = {m,, p}/ A, with the
typical momentum p and the breakdown scale Aj,, we can
express any observable X as a sum of all interaction terms

X:XOchQk. (1)

k=0

In the EKM scheme, the error due to the truncation of the EFT
expansion at k = kn,x can be estimated as the first omitted
term Xocy,,+1Q"*!. The size of the unknown expansion
coefficient ¢y, 11 1is estimated as the absolute maximum of
the k < kmax coefficients. Note that we did not compute LO
results for Ry = 0.8-1.0 fm, as we find that neutron mat-
ter collapses for these cutoffs [51]. Consequently, the EKM
uncertainty band at Ry = 0.8 fm vanishes for the Vg ; inter-
actions, as the NLO and N2LO results are almost identical,
leading to an almost vanishing expansion coefficient. For large
coordinate-space cutoffs (low momentum-space cutoffs), we
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expect regulator artifacts to be sizable, as they are proportional
to the inverse of the momentum-space cutoff to an even power,
in our case, n = 2. We find that the regulator artifacts lead to
variations at the ~5MeV level and dominate over truncation
uncertainties at the low cutoffs ~400 MeV. When increasing
the cutoff, we find that the regulator artifacts decrease as
expected. At cutoffs ~500 MeV, we recover similar results
to our previous calculations performed at a comparable cutoff
[30,35], and regulator artifacts are of the same order of mag-
nitude as the truncation uncertainties. Cutoffs ~500 MeV are
the limit of what is commonly employed in the community.

In this work, we explore higher cutoffs, up to ~700 MeV.
We find that, when increasing the cutoff to these values, the
regulator artifacts decrease significantly and become much
smaller than the EKM truncation uncertainty estimates. As
a result, the energies for the three different 3N Hamiltoni-
ans at Ry = 0.6 fm agree remarkably well in the left panel
of Fig. 1. At the constrained-path level, the 3N TPE and
Vg .1 interactions are almost indistinguishable, with an energy
difference of only 10keV, and the Vg , interaction provides
only an attractive contribution of ~400keV. After the tran-
sient estimate, the difference reduces to ~200 keV, compared
with the EKM uncertainty of ~1MeV. We have also checked
the differences in the energy per particle for the different
Hamiltonians at 2ng, at the constrained-path level. The differ-
ence between 3N TPE and the Vg 1 interaction remains small
and is ~100keV. Similar to past work [30,36], the attractive
3N regulator artifact (Vg ;) increases toward larger densities,
and we find here an additional attraction of ~2 MeV. How-
ever, this is much smaller than the EKM truncation uncertainty
of ~5MeV at 2ng,. We note that the reduction of the regulator
artifacts is aided by the decreasing magnitude of cg resulting
from our fits. However, we stress that the increasing cutoff
is the driving factor behind the reduction of the regulator
artifacts. At Ry = 0.6 and 0.7 fm, the cg’s are of similar size,
see Table I, but the regulator artifacts continue to decrease
as the cutoff is increased from ~900 keV at Ry = 0.7 fm to
200 kev at Ry = 0.6 fm. This is a result of regulator artifacts
being proportional to inverse powers of A. [38] and signals
that the reduction of regulator artifacts is independent of the
details of the 3N fit.

Finally, we note that the change of the energy per particle
with cutoff in the left panel of Fig. 1 is not flat at Ry = 1.0 fm.
This is due to the change of the NN interactions with cutoff,
see, e.g., the NLO result as a comparison. The NN interactions
are adjusted to scattering phase shifts and lead to the best fit
for Ry = 0.6 fm [33]. With lower Ry, the reproduction of NN
scattering worsens. Because of this, the vanishing regulator
artifacts, and the appearance of spurious bound states for
smaller Ry, we choose Ry = 0.6 in the following.

Having explored the cutoff dependence of the neutron-
matter energy per particle, next we study its density depen-
dence. We focus on the neutron-matter EOS at N’LO for
Rp = 0.6fm, as it has minimal regulator artifacts. Because
regulator artifacts are small at this cutoff, in the following,
we employ only the 3N TPE interaction, which is the only
contribution of the leading 3N forces to neutron matter for
nonlocal regulators [44]. We show the results for the EOS
in the right panel of Fig. 1 at different chiral orders and,
at N’LO, at the constrained-path level and with transient

estimate. The latter is our final result, and we have calculated
uncertainties using both the EKM approach and the Gaussian
process (GP) Bayesian uncertainty model from Ref. [24].
For the GP Bayesian uncertainties, we use a reference en-
ergy Eni/N = 16 MeV(n/ng)*?, an expansion parameter
Q/Ay, = kg /(600 MeV), and an inverse x> prior. We find that
both uncertainty estimates are consistent, and our results are
in excellent agreement with our previous N2LO QMC calcula-
tions [30,36] but with significantly reduced uncertainties by a
factor of 3. In the left panel of Fig. 3, we compare our final
result with the N2LO calculations of Refs. [41,52,53]. Our
results are overall in good agreement but predict a slightly
softer neutron-matter EOS.

IV. IMPACT ON NEUTRON STARS

Next, we study the impact of our calculations on the sym-
metry energy Egm(n) and on NSs. For this, we employ the
metamodel of Refs. [54,55], see also Ref. [56]. The isovec-
tor parameters of the metamodel, i.e., the nuclear empirical
parameters that govern the symmetry energy, are fit to the
neutron-matter results presented above. We do not explore
variations in the isoscalar metamodel parameters that deter-
mine the symmetric-matter EOS and fix these parameters at
Eq/A = —16MeV, ng = 0.16fm™>, Ky, = 230 MeV, and
neglect the higher-order parameters. This is justified because
the lower-order parameters are better constrained by nuclear
experiments [54,55,57] and therefore, within uncertainties,
are less important for Eyp, (n) than the neutron-matter behav-
ior. On the other hand, the higher-order isoscalar parameters
play an important role but only at densities outside the range
considered here. Therefore, while we have effectively fixed
the EOS of symmetric matter, our calculation still provides
a useful estimate of Egyy,(n), which is shown in the middle
panel of Fig. 3. We find that our results predict Egym (n5) =

31.9 4 1.3MeV and its slope L = 3ng 2n®|, =404+
8.1 MeV. These results are consistent with previous determi-
nations from chiral EFT [24,44,53] and the unitary-gas bound
of Ref. [58]. As common for chiral EFT predictions of L, the
value is smaller than the one extracted from the Lead Radius
Experiment (PREX) [59].

Finally, we study the impact of our results on NS struc-
ture. Following Ref. [19], we have generated 10 000 samples
from the metamodel by sampling over its symmetry energy
parameters in a uniform range Egn, =[28,39]MeV, L =
[20, 60] MeV, and Kgym = [—300, 0] MeV. Higher-order em-
pirical parameters are neglected, and the isoscalar parameters
are fixed as before. Then we impose our N?°LO QMC results
for neutron matter by ensuring that the EOS of each sample
lies within the EKM uncertainty estimate shown in the right
panel of Fig. 1 up to 2ng,. Above 2ng,, we perform a general
extrapolation in the speed of sound, see Ref. [19] for more de-
tails. As in Ref. [19], the EOS of the crust is fixed to be the one
from Ref. [60]. The resulting NS EOS is used to calculate the
structure of NSs by solving the Tolman-Oppenheimer- Volkoff
(TOV) equations.

We show the resulting posterior for the radius of a 1.0M
NS R in the right panel of Fig. 3. We focus here on light
NSs because their central densities are lower so that they
are most sensitive to improvements in the EOS at nuclear
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FIG. 3. Left panel: Comparison of different chiral effective field theory (EFT) calculations of the energy per particle of neutron matter at
next-to-next-to-leading order (N>LO). We show results of this work for Ry = 0.6 fm with Guassian process (GP) Bayesian uncertainties and
the N?LO calculation of Tews et al. [53]. We also compare with Drischler et al. [52] and Keller et al. [41] at a cutoff of 450 MeV, both with GP
Bayesian uncertainties. Middle panel: Symmetry energy as a function of density at N’LO for Ry = 0.6 fm obtained from transient estimates
and with EKM uncertainties. We compare with previous results of Tews et al. [36]. Right panel: Posterior probability distribution function
(PDF) for the radius of a 1.0 M, neutron star using the neutron matter results of this work as input compared with Tews et al. [36] using

lower-cutoff N2LO results.

densities. Based only on the neutron-matter calculations and
the existence of 2.0M,, NSs, we extract a radius of Ry =
11.627028 km (Ry o = 11.70")¢8 km) for the new (previous)
QMC neutron-matter result at the 68% confidence level. For

a typical 1.4M NS, we find Rj 4 = 11.70703 km (R4 =

11.7610-¢ km) for the new (previous) QMC neutron-matter
result. We therefore find a 20-30% reduction in the uncer-
tainty of astrophysical NS observables based on the improved
nuclear theory input.

In summary, we have presented AFDMC calculations of
the neutron-matter EOS with local chiral interactions at large
cutoffs. While local interactions can lead to sizable regulator
artifacts in the EOS, we have shown that these regulator ar-
tifacts systematically decrease with increasing cutoff values
and become smaller than the EFT truncation uncertainties
for cutoffs of ~700 MeV. This leads to significantly reduced
uncertainties compared with previous QMC calculations and
provides improved constraints that can be employed in astro-
physical studies of NSs and their mergers [13,18,21,61].
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