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perturbative for low-momentum interactions, at least in the
particle-particle channel [10]. The difference at small densities
is not surprising: the presence of a two-body bound state
necessitates a nonperturbative summation in the dilute limit.
We note that below saturation density, the ground state is not
a uniform system, but breaks into clusters (see, for example,
Ref. [24]).

In chiral EFT without explicit deltas, 3N interactions start at
N2LO [21] and their contributions are given diagrammatically
by

π π π

c1, c3, c4 cD cE

We assume that the ci coefficients of the long-range
two-pion-exchange part are not modified by the RG. At
present, we rely on the N2LO 3NF as a truncated “basis”
for low-momentum 3N interactions and determine the cD and
cE couplings by a fit to data for all cutoffs [22]. In the future,
fully evolved three- and four-body forces in momentum space
starting from chiral EFT will be available (see Ref. [25] for
an application of evolved 3NF in a harmonic-oscillator basis).
The fit values of Table I are natural and the predicted 4He
binding energies are very reasonable. We have also verified
that the resulting 3NF becomes perturbative in A = 3, 4 (see
also Refs. [10,15,22]), i.e., the calculated individual 3NF
contributions are largely unchanged if evaluated for wave
functions using NN forces only.

The evolution of the cutoff ! to smaller values is accompa-
nied by a shift of physics. In particular, effects due to iterated
tensor interactions are replaced by three-body contributions.
The role of the 3NF for saturation is demonstrated in Fig. 2. The
two pairs of curves show the difference between the nuclear
matter results for NN-only and NN plus 3N interactions. It is
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FIG. 2. (Color online) Nuclear matter energy of Fig. 1 at the
third-order level compared to NN-only results for two representative
NN cutoffs and a fixed 3N cutoff.

evident that saturation is driven by the 3NF [10,15]. Even for
! = 2.8 fm−1, which is similar to the lower cutoffs in chiral
EFT potentials, saturation is at too high a density without
the 3NF. Nevertheless, as in previous results [10,15], the 3N
contributions and the cD, cE fits are natural, and the same is
expected for the ratio of three- to four-body contributions.

The smooth RG evolution used in the results so far is
not the only choice for low-momentum interactions. A recent
development is the use of flow equations to evolve Hamiltoni-
ans, which we refer to as the similarity renormalization group
(SRG) [27–29]. The flow parameter λ, which has dimensions
of a momentum, is a measure of the degree of decoupling
in momentum space. Few-body results for roughly the same
value of SRG λ and smooth Vlow k ! have been remarkably
similar (see, for example, Ref. [11]). With either RG method,
we can also change the initial interaction. The results presented
so far all start from a chiral EFT potential at a single order
with one choice of EFT regulator implementation and values.
There are several alternatives available [8,19,30], which are
almost phase-shift equivalent (but the χ2 is not equally
good up to Elab ≈ 300 MeV). Universality for phase-shift
equivalent chiral EFT potentials as ! decreases was shown for
smooth-cutoff Vlow k interactions in Refs. [9,20] in the form of
the collapse of different initial potentials to the same matrix
elements in each partial wave channel. An analogous collapse
has been found for N3LO potentials evolved by the SRG to
smaller λ [9].

Based on this universal collapse for low-momentum inter-
action matrix elements, it is natural to expect a similar collapse
for the energy per particle in nuclear matter. We consider
four different chiral NN potentials: the N3LO potential by
Entem and Machleidt [19] for two different cutoffs 500 and
600 MeV, and the N3LO NN potential by Epelbaum et al. [30]
(EGM) for two different cutoff combinations 550/600 MeV
and 600/700 MeV. The results for the energy are presented in
Fig. 3. The upper panel shows the energies for Vlow k NN-only
interactions derived from different chiral NN potentials (solid
lines) in comparison to Brueckner-Hartree-Fock (BHF) (which
means resummed particle-particle ladder) results based on
unevolved chiral potentials (dashed lines). For clarity, we
only display the two extreme BHF results. As shown in the
lower panel we find a model dependence of about 13 MeV for
the unevolved N3LO potentials around saturation density and
approximately 2 MeV for the Vlow k and SRG low-momentum
interactions, comparable to the cutoff variation in Fig. 1. The
latter spread reflects the residual RG/SRG dependence on the
initial interactions.

By supplementing the low-momentum NN interactions
with corresponding 3NFs we can probe the sensitivity of
the energy to uncertainties in the ci coefficients (see also
Refs. [16,31,32]). We consider three different cases: first, we
take low-momentum interactions evolved from the N3LO NN
potential EM 500 MeV (EM ci’s: c1 = −0.81 GeV−1, c3 =
−3.2 GeV−1, c4 = 5.4 GeV−1); second, low-momentum
interactions from the EGM 550/600 MeV potential (EGM ci’s:
c1 = −0.81 GeV−1, c3 = −3.4 GeV−1, c4 = 3.4 GeV−1);
and third, low-momentum interactions from the EM
500 MeV potential combined with the central ci values
obtained from the NN partial wave analysis [33] (PWA ci’s:
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