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Abstract: Using bare Argonne V4' (AV4'), V6' (AV6'), and V8' (AVS') nucleon—nucleon (NN) interactions, the nuc-
lear equations of state (EOSs) for neutron matter are calculated with the unitary correlation operator and high-mo-
mentum pair methods. Neutron matter is described using a finite particle number approach with magic number
N = 66 under a periodic boundary condition. The central short-range correlation originating from the short-range re-
pulsion in the NN interaction is treated by the unitary correlation operator method (UCOM), and the tensor correla-
tion and spin-orbit effects are described by the two-particle two-hole (2p24) excitations of nucleon pairs, where the
two nucleons with a large relative momentum are regarded as a high-momentum (HM) pair. With increasing 2p2h
configurations, the total energy per particle of the neutron matter is well-converged under this UCOM+HM frame-
work. Comparing the results calculated with AV4', AV6', and AV8' NN interactions, we demonstrate the effects of
the short-range correlation, tensor correlation, and spin-orbit coupling on the density dependence of the total energy
per particle of neutron matter. Moreover, the contribution of each Hamiltonian component to the total energy per
particle is discussed. The EOSs of neutron matter calculated within the present UCOM+HM framework agree with
the calculations of six microscopic many-body theories, especially the auxiliary field-diffusion Monte Carlo calcula-

tions.
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1 Introduction

Properties of neutron matter play a crucial role in de-
termining the structures of not only neutron stars [1-7]
but also extremely isospin-asymmetric nuclear systems
[8-11]. Though finite nuclei have provided much inform-
ation about nuclear matter at sub- and around saturation
densities [12-19], it is difficult to extrapolate the proper-
ties to a higher-density region. To obtain a reliable equa-

tion of state (EOS) of nuclear matter in the overall dens-
ity region, microscopic many-body calculations can be
conducted based on bare nucleon—nucleon (NN) interac-
tions. In a short-distance region, the central force of the
NN interaction has a strong repulsion core, while in inter-
mediate- and long-distance regions, there is a strong
tensor force [20-22]. The high-momentum components in
the nuclear system are mainly induced by the aforemen-
tioned two types of forces. The short-range repulsion can
decrease the wave function amplitude of the relative mo-
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tion at short-range distances for the two nucleons in a
nucleon pair, while the tensor force can introduce the D-
wave state because there can exist strong S—D couplings.

Different approaches have been proposed to treat the
NN correlations originating from the NN interaction,
such as the utilization of correlation functions introdu-
cing the Jastrow factor and the renormalization of the NN
interaction using unitary transformation. In our recent
variational approach proposed for finite nuclei, namely
tensor-optimized antisymmetrized molecular dynamics
(TOAMD) [23-27], the central- and tensor-operator-type
correlation functions are employed to treat the short-
range and tensor correlations, respectively. Within this
method, the antisymmetrized-molecular-dynamics (AMD)
[28] bases are used as the basis wave functions. With bare
NN interactions, the two aforementioned correlations in
s-shell nuclei, as well as their structure and properties,
have been successfully investigated [24-27]. Recently,
Yamada proposed another variational theory to study the
properties of nuclear matter, namely, the tensor-optim-
ized Fermi sphere (TOFS) method [29, 30]. In this meth-
od, the nuclear matter is described within a Fermi sphere,
and the correlation functions multiplied with the Fermi-
sphere state are used to treat the NN correlations in nuc-
lear matter. The minimal energy of nuclear matter is
searched to determine the parameters in the functions.
With Argonne V4' (AV4') central NN potential [22],
which can induce short-range correlation, the obtained
EOS of symmetric nuclear matter within TOFS agrees
with the benchmark results calculated with other theories
[29, 30].

The short-range correlation can be also treated by the
unitary correlation operator method (UCOM) by employ-
ing the unitary correlation operator [31-33]. The short-
range repulsion results in decreasing the wave function
amplitudes for the two nucleons in a nucleon pair for the
relative motion at short-range distances. It has been
shown that UCOM can effectively describe the short-
range correlation in finite nuclei [31-35]. Under the re-
lativistic and nonrelativistic frameworks within the
Hartree-Fock (HF) approximation for a Fermi sphere [36,
37], Hu et al. employed UCOM to further describe the
short-range correlation in neutron matter. The obtained
EOS of neutron matter agrees well with those calculated
by the Relativistic Brueckner —Hartree —Fock theory,
which indicates that the short-range correlation in neut-
ron matter can also be treated by UCOM [36, 37].

To describe the tensor correlation, besides employing
correlation functions, other approaches have also been
successfully proposed in our previous studies on finite
nuclei. As is well known that the two-particle two-hole
(2p2h) excitations can describe the strong tensor correla-
tion originating from the tensor force in nucleon pairs, the
tensor correlation can be described by optimizing the

2p2h configurations, as introduced in the tensor-optim-
ized shell model (TOSM) [33-35]. In the TOSM, the total
wave function is superposed by the standard shell-model
state and sufficient 2p2/ states. By optimizing the 2p2h
configurations without truncation of the particle states,
the tensor correlation can be treated based on the frame-
work of the shell model. Within the extension of HF the-
ory [38], the 2p2h configurations are employed to de-
scribe the high-momentum components of nuclear matter.
The obtained results are similar to those of
Brueckner—Hartree—Fock (BHF) theory, and the corres-
ponding momentum distribution is found to have high-
momentum components because of the 2p2h excitations.
In our recently developed approach, namely high-mo-
mentum AMD (HM-AMD) [39-43], a high-momentum
(HM) nucleon pair is introduced, in which both nucleons
for a 2p2h excitation involve a large transfer momentum
in an opposite direction [44]. Similar to the TOAMD ap-
proach, the AMD bases [28] are used as basis wave func-
tions. However, the 2p2h excitations are employed in
HM-AMD to treat the NN correlations instead of the cor-
relation functions used in TOAMD. This new approach
clearly describes the HM components in finite nuclei [39-
43].

In the study of nuclear matter, there are several other
microscopic theories treating the NN correlations, start-
ing from the bare NN interactions, such as BHF and
Brueckner-Bethe-Goldstone (BBG) [45-47], self-consist-
ent Green's function (SCGF) [48-51], Fermi hypernetted
chain (FHNC) [52-55], auxiliary field diffusion Monte
Carlo (AFDMC) [56-58], Green's function Monte Carlo
(GFMCQ) [59, 60], and coupled cluster theory (CC) [61-
63]. The BHF approach can be interpreted as the lowest
order under the framework of the BBG theory. The
ground-state energy of the latter is calculated by employ-
ing the linked cluster expansion by means of the G-mat-
rix, which is ordered based on the number of independ-
ent hole lines. The diagram corresponding to the hole line
with a number n describes the n-body correlations. In the
BHF approach, the total energy is calculated within the
truncation of two hole-line approximation, which only in-
cludes the two-body correlations. In the SCGF approach,
the total energy is calculated from the in-medium one-
body propagator, which is obtained from the Dyson equa-
tion by using the ladder diagram expansion. The FHNC
approach is one of the variational methods different from
the above nonperturbative ones. With a given trial wave
function multiplied by correlation operators, the total en-
ergy can be evaluated within the cluster expansion by us-
ing the FHNC integral equations [52]. Besides, both the
AFDMC and GFMC approaches are extended for nucle-
ar systems under the framework of the quantum Monte
Carlo (QMC) method, which has successfully described
the ground state of infinite atomic systems [64, 65]. The
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difference between AFDMC and GFMC mainly exists in
their treatments of the spin and isospin channels. The AF-
DMC samples the spin-isospin states according to the
Hubbard-Stratonovich auxiliary fields, while the GFMC
sums all the states. Compared to AFDMC, GFMC can
treat nuclear systems with more accuracy but smaller
mass number. The comparison of benchmark results ob-
tained by Baldo er al. by applying the different above-
mentioned theories for nuclear matter with several types
of Argonne bare NN interactions [45] results in similar
density dependence of the total energy per particle of
nuclear matter. In detail, if only the central potential, in-
cluding the short-range repulsion, is considered, the cal-
culated results agree with each other. However, when the
tensor and spin-orbit forces are additionally included in
the NN potentials, there will be large differences among
the density dependences, especially for the symmetric
nuclear matter [45], which mainly result from the differ-
ent treatments of the tensor force as tensor correlations.
The intermediate- and long-range properties of the tensor
correlation derived from the NN interaction can induce
many-body correlations, which is important for nuclear
matter studies. In particular, the saturation property of
symmetric nuclear matter has a close relation to tensor
correlation. Besides the bare two-body NN force, there
are also studies discussing the effects of many-body
forces on the properties of nuclear matter, especially
three-body force (TBF) [66-71]. A detailed analysis with
several different forms for TBF in Ref. [70] showed that
the TBF can have a large impact on the EOS of nuclear
matter at high densities. Considering the several uncer-
tainties in many-body forces, we mainly concentrate on
the bare two-body NN interaction to investigate the prop-
erties of neutron matter in this study.

In our recent paper, we proposed a new variational
approach for nuclear matter description starting from the
bare NN interaction [72]. Under a periodic boundary con-
dition, the nuclear matter is described in a cubic box with
finite size. This finite particle number approach has been
successfully used in AFDMC, GFMC, CC, and electron
systems [73]. Allowing for the different correlations ori-
ginating from the NN interaction, UCOM is employed in
the new variational method to treat the central short-range
correlation induced by the short-range repulsion. In addi-
tion, the 2p2h excitations of nucleon pairs are further in-
cluded to describe the HM components in nuclear matter.
The 2p2h configurations are added into the total wave
function in the same manner for finite nuclei [33-35].
Both nucleons in the nucleon pair for a 2p2h excitation
obtain a transfer momentum with opposite directions,
which results in a large relative momentum for the two
nucleons of a 2p2h excitation. The aforementioned new
framework for nuclear matter is named UCOM+HM [72].

We have previously validated the present
UCOM+HM framework to study the neutron and sym-
metric nuclear matters [72]. From the calculation for nuc-
lear matter with AV4' central potential involving the
short-range repulsion, we confirm the applicability of
UCOM to treat the central short-range correlation. Be-
sides, the additional 2p2/ excitations are found to con-
tribute to the total energy around the normal nuclear
density in nuclear matter by several MeVs per particle.
The EOSs provided by the present method for the neut-
ron and symmetric nuclear matters are consistent with
those of other theories from low- to high-density regions
[72], which indicates the reliability of this new variation-
al approach.

In the present study, we concentrate on the effects of
tensor correlation and spin-orbit coupling on the proper-
ties of neutron matter. The tensor correlation is well
known to be important for the symmetric nuclear matter,
especially the saturation property. It is also interesting to
investigate the tensor correlation in neutron matter. With
Argonne V6' (AV6') and V8' (AVS8') NN interactions
[22], the effects of not only tensor correlation but also
spin-orbit coupling on the EOS of neutron matter are
studied, and their respective contributions to the total en-
ergy of neutron matter are obtained. In addition, the cor-
responding EOSs of neutron matter calculated with dif-
ferent NN interactions are compared with those of sever-
al other microscopic many-body theories. In Section 2, a
detailed formulism of this new variational framework is
presented. In Section 3, the calculated results of neutron
matter are discussed. A summary is provided in Section
4.

2  Formulism
2.1 Bare nucleon-nucleon (NN) interaction

The Argonne V18 (AV18) potential is, currently, one
of the most accurate bare NNinteractions [20-22]. Be-
cause of its sophisticated operatorial structure for some
many-body schemes, several simplified versions of AV18
potential have been devised for benchmark purposes,
such as AV4', AV6', and AV8' NN interactions [22]. The
AVS' potential can be written as the summation of the
first eight components of AV18 potential:

Vij= Z Vk(rij)ij- (1

k=1,....8

The other six quadratic spin-orbit and four charge-de-
pendent components of AV18 potential are removed for
the AV8' version, and the radial functions v(r;;) are read-
justed to preserve experimental data on the phase shifts
and properties of deuterons. The eight operators Of.‘j in
Eq. (1) include the spin, isospin, tensor, and spin-orbit
coupling components of nuclear force [22]:
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O =1, o0, 1T, (070 )3T,
Sijs Sij(Ti-T)),
L-S, L-S(t;-7)). )

By removing the last two spin-orbit coupling compon-
ents and refitting the radial functions, the first six com-
ponents in Eq. (2) constitute the AV6' potential. Simil-
arly, without considering the tensor and spin-orbit coup-
ling components, the AV4' central potential only in-
cludes the first four components of Eq. (2), but the radial
functions have been refitted by the deuteron binding en-
ergy. With these simplified NN interactions, namely
AV4', AV6', and AVE', the EOSs of neutron matter will
be microscopically calculated in the present study and the
effects of the tensor correlation and spin-orbit coupling
on the results will be discussed.

2.2 Wave function

As introduced in our recent study [72], the 0p0/ state
of neutron matter is defined by the Slater determinant as

| N

10pOR) = Wdet{],:[ $a, (n)}, 3)
_ 1 ik, r, o

do(r) = \/?e Xa> 4

<¢a|¢af’> = 50,0’7 (5)

where N is the neutron number of neutron matter, ¢,(r) is
the plane wave function of a neutron, k, isthe mo-
mentum, and x9 is the spin component, which can be up
or down. The index a represents the quantum number for
both momentum and spin. The neutron matter is de-
scribed in a cubic box with finite size L, as given in Eq.
(4), which is determined by wave function normalization.
With the periodic boundary condition ¢,(r+L%)=
¢o(r) employed in the description of neutron matter, the

. . 2n
neutron momentum is discretized by the gap Ak = —. By
using an integer vector n = (ny,ny,n;), the momentum of

each neutron can be calculated by k = T p. Within a lat-

tice in momentum space corresponding to the cubic box
in coordinate space, as shown in our previous study [72],
the momentum eigenstate of each neutron can be repres-
ented by the grid point.

On account of the periodic boundary condition and
symmetry of the wave function in Eq. (3), there exist ma-
gic particle numbers corresponding to the shell closures,
where  the  corresponding  grid  points  are
Ny =1,7,19,27,33,57,.... For each grid number N,, be-
sides the single neutron wave function with momentum
ki (i=1,..,N,) in the Op0h state, the total particle num-
ber becomes N = 2N, because of the spin.

For the 2p2h excitations of neutron matter, the 2p2h

configurations can be written as

12p2h) = |mn;i™ j7') = a},alaa;|0pOh, (6)

m-n

where the indices i and j (i,j=1,...,N) represent hole
states from lower magnitude of momenta, and the indices
m and n (m,n> N) are particle states in 2p2h configura-
tions. The total momentum between two holes and two
particles is conserved under the following condition:

k,'+kj = km+kn, (7)

kmzk,'+q, knzkj—q. (8)

. 2r . .
The quantity ¢ = 7 M 1 the transfer momentum to link

the two particles and two holes in a 2p2h configuration,
which are correlated with the relative momentum of the
two particle states. Besides, the periodic boundary condi-
tion leads to the transfer momentum also being discret-
ized with the mode n, = (ngy,ngy,ny;). If the transfer mo-
mentum is large enough, the HM components in neutron
matter can be naturally induced by 2p2/4 excitations. For
example, if the neutron number N = 66 and normal dens-
ity p=0.17 fm™>, the magnitude of the transfer mo-

. . 2 .
mentum is approximately |g| = —ﬂlnql =5.2fm™! with the

integer mode |ny| = 6. Compared to the empirical Fermi
momentum kp = 1.4fm™', it is large enough to excite
nucleons to HM regions. The HM component is closely
related to the descriptions of both short-range and tensor
correlations [40-43]. In the present study, a maximum in-
teger for the magnitude of the transfer mode n, as nj'™ is
employed under the condition ng®™* > |n,|. The total num-
ber of 2p2h configurations is determined by the quantity
ng™, which affects the basis space for the present calcu-
lation. By increasing this parameter, we first check the
energy convergence of neutron matter at normal density.

By superposing the Op0Z and 2p2h configurations, the
total wave function @ of neutron matter can be written as
[72]

Nopoi
@ = Col0pOh) + Z C,12p2h, p), )
p=1

where N,po, is the total number of 2p24 configurations
and {C,} are the configuration amplitudes, which can be
variationally determined. The index p represents each
configuration, where p =0 corresponds to the Op0/ state.
In Fig. 1, by taking the neutron magic numbers N = 14
and N =66 as examples, we show the variation in the
number Ny, with the maximum transfer mode ng®. As
shown in Fig. 1, the total number of 2p2A configurations
approximately exponentially increases with the maxim-
um transfer mode. That is, the mode space of the present
calculation will increase sharply with the maximum trans-
fer mode.
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Fig. 1.
Nopoy varied with the maximum mode ngx of the transfer

(color online) Total number of 2p2h configurations

momentum in neutron matter by taking neutron magic num-
bers N =14 and N = 66 as examples.

2.3 UCOM

For the short-range repulsion in NN interaction,
UCOM is further used to treat the corresponding central
short-range correlation in neutron matter. Within UCOM,
the correlated wave function ¥ considering the short-
range correlation in the nuclear system can be obtained
by multiplying a unitary correlation operator C, with the
uncorrelated one ®: ¥ = C,®, where the unitary correla-
tion operator C, is defined as [31, 32]

N

Crzexp{_izgij]z l—[Cr,ij, (10)
i<j i<j

where g is a pair-type Hermite generator and c,;; is a

nucleon pair. The specific form of operator g can be writ-

ten as

1
8 = 51Prsr) + sy, (i

where p, is the parallel relative momentum between the
nucleons and s(r) is the variation in the relative wave
function. By using the transformation ¥ = C,® under
UCOM, the transformed Schrodinger equation for @ can
be written as H® = E®, where H is the Hamiltonian
transformed from the original, H =T +V as

H=C/HC,=C/TC,+C/VC, =T +V, (12)
N N N
TZZII'+ZM[./', V:Zf}['i' (13)
i=1 i<j i<j

With the unitary correlation operator C,, we first derive
the transformed Hamiltonian A within UCOM. Then, by
using the total wave function ® given in Eq. (9), the
Hamiltonian matrix H can be calculated for different

Hamiltonian components as

<0IP7|0>~ <0|F1I2,!9 =1)
H=| @p=1H0 Qp=1H2p=1) ..| (14

where |0) and [2, p) denote the configurations |0p0Oh) and
[2p2h, p), respectively. Within the power method [74-76],
we can solve the energy eigenvalue problem for the
Hamiltonian matrix with N0, + 1 dimensions. Then, the
configuration amplitudes {C,} in Eq. (9) can be variation-
ally determined by minimizing the total energy as well as
each Hamiltonian component energy. In fact, Eq. (10)
shows that as the operator C, is a many-body operator,
we also confront a many-body problem regarding the
transformed Hamiltonian H. However, it is reasonable to
take the two-body operator truncation for the short-range
correlation case, as discussed in previous studies [31-35].
For the transformed kinetic part T in Eq. (13), there are
two terms, the uncorrelated one-body term # and the cor-
related two-body term u;;, where the latter originates
from the short-range correlation between nucleons and is
closely related to both the momentum and angular mo-
mentum of relative motion:

u(r)—w(r)-i-l 2 | + ! 2]+ L (15)
- 217 2 " 27| 2pa(rr?

where the forms for the functions w(r), u,(r), and uq(r)
are, respectively, [32]

R (TRAr) 1R)(r)
M= (1 Ri() 2 Rf(r))’ (1
1 1{ 1
2u,(r) ~ Z(Rf(r) - 1)’ an
1 1 2
2ua(r) E(Ri(r) B 1)’ (19

where the function R, (r) is usually employed to replace
the previous function s(r) for UCOM calculations. For
the two-body potential part V in Eq. (13), the potential
energy v is also related to the function R, (r) and is usu-
ally calculated by v(R,(r)). The function R, (r) indicates
the transformed relative distance from the original one r
[31, 32]. The relation between the two functions R, (r)
and s(r) is
dR.(r) _ s[R.(r)]
dr ~ s(n)

(19)

cj re, = Ry (7). (20)

The function R, (r) can decrease the wave function amp-
litude of the relative motion of the two nucleons in a nuc-
leon pair at short-range distances, which can simulate the
effect of the short-range correlation. The specific forms
of R.(r) for the even (odd) channel with positive (negat-
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ive) parity are given as [31, 32]

Reven(r)_r+a,(r)yex [—CX (z)] (21)
< = B p P ik

RO (r) = r+a[1 - exp(—g)] exp [—eXP (é)] (22)

where «, B, y, and ¢ are the parameters variationally de-
termined by minimizing the total energy per particle of
the Op0/4 state within UCOM for neutron matter, which
corresponds to the Op0A+UCOM calculation. The values
of the parameters «, B, v, and ¢ are listed in Table 1. For
neutron matter, the parameters of R,(r) are naturally de-
termined to be the same for AV4', AV6', and AVS' NN
interactions. This is because, for the three aforemen-
tioned NN interactions, the differences among them exist
in the isospin-singlet channels 3E and 'O, which are ab-
sent in neutron matter. For the two active channels 'E
and *0 in neutron matter, the corresponding central parts
are identical. In addition, the tensor and spin-orbit forces
are not included in the process of determining the values
of the three parameters, i.e., only the Op0A+UCOM calcu-
lation is involved. As the number of 2p24 configurations
increases very sharply with the maximum transfer mode,
as shown in Fig. 1, it is difficult to determine the para-
meters with UCOM+HM calculation. Besides, we find
that the small changes in the parameters slightly affect the
total energy. Hence, we determine the values of the para-
meters at the Op0A+UCOM level without much loss of
accuracy.

Table 1. Values of the parameters @, B, y, and § in the function
R, (r) for UCOM with ' E and 30O channels in neutron matter.

a/fm B/fm Y o6/fm
'r 1.33 1.00 0.31
30 0.65 1.39 0.24

For the UCOM transformation, the wave function
contains two-body correlations. In addition, as shown in
Eq. (9), the 2p2h configurations with HM components are
included in the total wave function. Physically, there are
up to 4p4h correlations involved in the present approach.
This new method is called UCOM+HM hereafter.

3 Numerical results

First, we validate the present finite particle number
approach for neutron matter. We calculate the HF ener-
gies for infinite neutron matter and the energies of the fi-
nite neutron matter system with the finite particle num-
ber approach. In Fig. 2, we show the absolute values of
the relative error of the Hamiltonian component energy
changing with the neutron magic number for both the

012} Neutron Matter |
01l AV4', p=0.17 fm .
;; 0.08F Kinetic energy |
F.Z 0.06 |~ |N=66] e 0pOR+UCOM
~ 0041 w
0.02r
ok
0.12+ |
0.1 |
;2 0.08 1 Potential energy
= I —=— (OpOh |
= 0.06 = OpOh+UCOM
= 0.04}
0.02+
0 i :
0 200 400 600 800 1000
Neutron Number N
Fig. 2. (colour online) Relative errors of the Hamiltonian

component energy for both 0p04 and Op0s+UCOM wave
functions calculated with AV4' potential.

0p0/ and 0p0A+UCOM wave functions. The calculations
with the AV4' potential and normal density p = 0.17 fm™>
are demonstrated as an example. The quantities 7y and
Vi are the kinetic and potential energies for a finite neut-
ron matter system, while T, and V., are those for infin-
ite neutron matter, which can be directly calculated using
the Fermi sphere wave function with the infinite-space in-
tegral from the Hamiltonian matrix elements.

As shown in Fig. 2, the relative errors for both the
kinetic and potential energies roughly decrease with the
increasing neutron number N. In a small-neutron-number
region, regardless of the kinetic or potential energy, the
relative energy errors between the finite particle number
approach and infinite neutron matter are the smallest with
the neutron magic number N =2N, =66. In our recent
study [72], the relation between the total energy of nucle-
ar matter and the particle magic numbers was investig-
ated. The results confirmed that, with the grid number
N, =33, i.e., neutron magic number N = 66, the numeric-
al results of the kinetic and potential energies per particle
for the OpO0# state within the present approach can provide
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the best simulation for those of the infinite nuclear mat-
ter at the HF level for smaller magic particle numbers
[72]. The same conclusion has also been obtained by oth-
er microscopic calculations for nuclear matter with this
finite particle number approach, such as AFDMC [56-
58], GFMC [59], and CC [62]. As a result, in the present
study, the neutron number N =2N,=66 is chosen
throughout the calculations for neutron matter.

In addition, Fig. 2 shows that, for the kinetic energy,
the difference in the relative error between the 0p0/ and
0p0A+UCOM calculations is relatively small. With neut-
ron magic number N = 66, the values are approximately
0.5% and 0.4% for the 0p0/4 and 0p0A+UCOM cases, re-
spectively. However, the relative errors for the potential
energy calculated with the Op0A+UCOM wave function
are generally much smaller than those calculated with the
0p0/ wave function, especially in a small-neutron-num-

ber region. With the neutron magic number N = 66, the
relative error decreases from 2.7% for the OpOk case to
0.4% for the Op0A+UCOM case. This indicates that the
UCOM can effectively treat the short-range correlation
resulting from the NN interaction in neutron matter.

As mentioned before, the maximum mode of transfer
momentum ny™* is introduced to control the model space
of the present calculation. Thus, we first check whether
the total energy per particle can converge with the in-
creasing value of the integer mode ny'*. Fig. 3 shows the
dependencies of energies per particle on the maximum
mode ng™* within UCOM+HM by including 2p2h excita-
tions to describe the high-momentum components in
neutron matter. The mass number of neutron matter is set
as N =66 and the neutron density is the normal value
p=0.17fm™>.

The Hamiltonian components per particle varying

60
(@) AVA T (b) AV6 T

40}
= 20}
=
=
Z |
= 20t v, LA

1 1 1 1 1 1 1 1 1 8 . 5
(d) Total energy per particle,

I N=66, p=0.17 fm~ 118.0

s {17.5
T—a— AV4' 117.0
| —@— AV6' 1165
R | —A— AVS'
gqol— 1 160
OpOhO 1 2 3 456 7 8 OpOhO 1 2 3 456 7 8

. ma;
Maximum mode n *

Fig. 3.

. ma.
Maximum mode n *

(color online) Convergence of the Hamiltonian components as well as the total energy per particle for neutron matter with the

increasing maximum mode of transfer momentum »7** in UCOM+HM. The energies at n, = 0 correspond to the 0p0A+UCOM cal-
culation. Panels (a), (b), and (c) correspond to the results obtained with AV4', AV6', and AV8' NN interactions, respectively. The
term £ is the total energy, 7 is the total kinetic energy, Tuncorr. is the uncorrelated one-body kinetic energy, and V., Vr, and V;, are
the potential energies corresponding to the central, tensor, and spin-orbit forces of the NN interactions, respectively. The total en-
ergy per particle £ converging with the maximum mode of transfer momentum #»** for the above three potentials is shown in panel

(d).
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with the maximum mode ng™ corresponding to AV4',
AV6', and AVS' NN interactions are shown in panels (a),
(b), and (c) of Fig. 3, respectively. The energies at n, =0
correspond to the 0p0A+UCOM calculation. Our previ-
ous study [72] clearly showed that the finite particle num-
ber approach with the 0p0/4 and Op0A+UCOM wave func-
tions by using the neutron number N =66 can success-
fully reproduce the EOSs with a Fermi sphere at the HF
and HF+UCOM levels for neutron matter, respectively,
which validates the present calculations. By comparing
the results obtained with the OpOi and OpOA+UCOM
wave functions, it can be seen in Fig. 3 that, for each NN
interaction case, there exists a large rise in the kinetic en-
ergy and a larger fall in the central potential, leading to a
smaller total energy. This is because of the short-range
correlation induced by the short-range repulsion in the
central force, which has been successfully treated by
UCOM. Because of the amplitude decrease in nucleon
pairs induced by the short-range correlation at short-range
distances, there is a more attractive central force and an
additional correlated two-body part of the kinetic energy,
as shown in Eq. (13). We can obtain the effect of the
short-range correlation from the correlated two-body part
of the kinetic energy as a result of the difference between
the total one T and the uncorrelated one Tyncorr., Where the
latter corresponds the one-body operator Y.V, in Eq.
(13) without UCOM. All contributions of the short-range
correlation to the kinetic energy for neutron matter
amount to approximately 9 MeV per particle for the
AV4', AV6', and AV8' potentials. Furthermore, with the
0p0A+UCOM-+HM wave function, by including the 2p2h
configurations, the convergences of the Hamiltonian
components per particle for the AV4', AV6', and AVE'
potentials are clearly confirmed for each component, as
shown in Fig. 3. Similar behavior for the three aforemen-
tioned potentials is also obtained under the consideration
of 2p2h excitations as HM pairs, where both the kinetic
energy and potential energy slightly increase.

The variation in the total energy per particle with the
maximum mode of transfer momentum ng® for the three
aforenoted NN interactions is shown in panel (d) of Fig.
3. It is apparent in panel (d) that the total energies per
particle converge well with the increasing maximum
mode ng®* for the three potentials. Though the number of
2p2h configurations Ny, increases by more than two
times from 1.8x10° with nJ® =6 to 4.0x10° with
ng® =8, the energy differences between the two maxim-
um modes for the three potentials are only tens of keV.
Compared to the values calculated with nJ®™ =6, the en-
ergies with n7®™ =8 only decrease by approximately
0.3%, 0.3%, and 0.4% for the AV4', AV6', and AV8' NN
interactions, respectively. Allowing for a sharp increase
in the model space and a small energy decrease, it is reas-
onable to take the maximum mode of transfer mo-

mentum 7 =6 to perform all the following calcula-
tions.

Table 2 shows the values of the total energy per
particle calculated with the 0p04, Op0A+UCOM, and
0p0A+UCOM+HM wave functions. The neutron density
considers the normal value p =0.17 fm™ as an example.
The results with neutron numbers N = 14 and N = 66 are
both listed here. In the last two lines, the quantities
Aucom and Agy denote the calculated total energy differ-
ences between the OpOh and Op0~A+UCOM wave func-
tions and between the 0p0is+UCOM and 0p0/+UCOM+
HM (ng** = 6) wave functions, respectively. The former
denotes the contribution of short-range correlation, while
the latter corresponds to the contribution of HM pairs.
Table 2 thus clearly shows that, for the same neutron
number, the short-range correlation contributes the same
amount for the three NN potentials. As mentioned above,
the differences among the three potentials exist in chan-
nels 3E and 'O, which are absent in neutron matter.
However, for the two active channels !E and 30 in neut-
ron matter, the corresponding central parts are identical,
which results in the same contribution of the short-range
repulsion. Compared to the effect of short-range correla-
tion, the high-momentum pairs make a relatively smaller
contribution to the total energy per particle of neutron
matter. For example, with neutron number N =66, the
short-range repulsion contributes to a total energy of ap-
proximately 23.995 MeV per particle for AV4', AV6!,
and AV8' NN interactions, while the corresponding at-
tractive effects of HM pairs for the three potentials are
only 0.682, 0.831, and 1.585 MeV per particle, respect-
ively. This indicates that, for neutron matter, the majority
correlations originating from the AV4', AV6', and AVE'
NN interactions can be treated by UCOM and the resid-
ual part is described by the high-momentum pairs, includ-
ing tensor correlation and spin-orbit effect. This is con-
sistent with our previous study [72]. Besides, from the
above-mentioned values for the HM pairs, the effect of
high-momentum pairs is successively increased for AV4',
AV6', and AVS8' NN interactions. This is because of the
existence of the additional tensor and spin-orbit forces in-
cluded in AV6' and AVS' potentials, which will induce
more excited high-momentum pairs than those with AV4'
potential.

Compared to the results for neutron number N = 14 in
Table 2, the results for N = 66 obtained with the Op0/4 and
0p0h+UCOM wave functions are both slightly smaller.
By including the HM pairs into the total wave function,
ie., 0p0A+UCOM+HM wave function, the converged
total energies with N = 66 are generally larger than those
with N = 14 at each maximum transfer mode ng® for the
three NN potentials. This trend E(N = 66) > E(N = 14) is
in good agreement with the results given in Ref. [57].

Fig. 4 shows the density dependence of the total en-
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Table 2.

Values of the total energy per particle at the normal density p = 0.17 fm™ calculated with 0p0/, 0p0s+UCOM, and UCOM-+HM wave func-

tions for AV4', AV6', and AV8' NN interactions, respectively. The results obtained for both neutron numbers N = 14 and N = 66 are given here. The

quantity Aycom denotes the difference in the total energy calculated by 0p04 and 0p0A+UCOM wave functions, which corresponds to the contribu-

tion of the short-range correlation. Similarly, the one Agv denotes the difference in the total energy calculated by 0p0s+UCOM and
0p0~h+UCOM+HM (with ng®* = 6) wave functions, which represents the contribution of HM pairs.

nmax

E(N = 14)/MeV

E(N = 66)/MeV

q

AV4' AV6' AVS' AV4' AV6' AVE'
0p0h 42.064 42.064 42.064 41.873 41.873 41.873
0p0A+UCOM 0 17.963 17.963 17.963 17.878 17.878 17.878
1 17.629 17.505 17.311 17.766 17.759 17.749
2 17.473 17.298 16.691 17.579 17.542 17.455
3 17.274 17.062 16.109 17.432 17.332 16.933
4 17.212 16.988 15.980 17.323 17.196 16.600
0p0A+UCOM+HM
5 17.162 16.932 15914 17.241 17.100 16.388
6 17.136 16.903 15.884 17.196 17.047 16.293
7 17.124 16.890 15.871 17.168 17.015 16.250
8 17.118 16.884 15.865 17.145 16.988 16.221
Aucom 24.101 24.101 24.101 23.995 23.995 23.995
AaMm 0.827 1.060 2.079 0.682 0.831 1.585
120 : : :
—=— 0pOh
100 T—e— 0p0h-+UCOM 7
—a— 0pOh-+UCOM+HM

E/N [MeV]

1 1 1 1 1

0 L L L L L L
0.1 0.2 0.3 0.4 0.1 0.2

Fig. 4.
0p0A+UCOM, and 0p0A+UCOM-+HM wave functions.

ergy per particle of neutron matter calculated with the
0p0A4, 0p0A+UCOM, and O0p0A+UCOM+HM wave func-
tions for AV4', AV6', and AV8' NN interactions, respect-
ively. The figureclearly shows that, for the three NN in-
teractions, the behaviors of the calculated results are sim-
ilar by successively using the Op04, 0p0A+UCOM, and
0p0A+UCOM-+HM wave functions. Under only the Op0h
wave function, the EOS of neutron matter is rather stiff.
After considering the short-range correlation treated by
UCOM, i.e., by using the 0p0A+UCOM wave function to
calculate the EOS, the total energy per particle decreases
considerably at all densities. That is, the short-range cor-
relation described by UCOM leads to a significantly more
attractive EOS compared to that of the Op0/ state without

0.3 0.4 0.1 0.2 0.3 0.4 0.5

3
p [fm"]
(color online) Comparison of the EOS for neutron matter calculated with AV4', AV6', and AVS' potentials by using 0pO0#h,

involving any NN correlation. With the 0p0A+UCOM+
HM wave function, including the 2p2h configurations, to
describe the HM components in neutron matter, the EOS
can be further softened, as shown in Fig. 4.

Fig. 5 shows all Hamiltonian components as well as
the total energy per particle dependent on the neutron
matter density calculated under UCOM-+HM with the
AV4', AV6', and AVS' NN interactions. The figure shows
that, for the three aforementioned potentials, for neutron
matter, the kinetic and central parts of potential energies
mainly contribute to the total energy per particle (abso-
lutely for AV4' potential), while the tensor and spin-orbit
parts of potential energy are both relatively small. As a
result of the difference between the total and uncorrel-
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160 . . . : :
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Fig. 5.

0.0 0.1 0.2 0.3 04 0.0 0.1 0.2
p [fm”]

(color online) Density dependence of all Hamiltonian components, as well as the total energy per particle for neutron matter,

0.3 0.4 0.4 0.5

calculated under UCOM+HM with AV4', AV6', and AV8' NN interactions. The term FE is the total energy, 7 is the total kinetic en-
ergy, Tuncorr. 18 the uncorrelated one-body kinetic energy, and V., Vr, and V,, are the potential energies corresponding to the central,

tensor, and spin-orbit forces of the NN interactions, respectively.

ated kinetic energies, the effect of short-range correlation
on the kinetic energy T — Tyncorr. increases with the dens-
ity of neutron matter for three types of NN interactions,
which can be as large as 32 MeV per particle with
p=0.5fm™3. Besides, the results obtained with the AVS'
potential indicate that the effects of both tensor force and
spin-orbit force are definitely small throughout the densit-
ies for neutron matter. Though the tensor force is con-
sidered to substantially contribute to symmetric nuclear
matter, it is weak for neutron matter because of the ab-
sence of the isospin-singlet channels *E and 'O in neut-
ron matter [36-38, 45]. The values of the Hamiltonian
components, as well as the total energy per particle of
neutron matter, at some densities calculated under
UCOM+HM are summarized in Table 3.

Under the present UCOM+HM framework, we calcu-
late the EOSs of neutron matter by using the AV4', AV6',
and AVS8' NN interactions. In Fig. 6, we compare the
EOSs provided by UCOM+HM with those calculated un-

Table 3.

der six different microscopic many-body approaches,
namely BHF, BBG, SCGF, FHNC, AFDMC, and GFMC.
The results corresponding to AFDMC CP and
AFDMC UC given in Ref. [58] are, respectively, calcu-
lated with constrained- and unconstrained-path approxim-
ations for the complex wave functions and propagators to
alleviate the sign problem in AFDMC approach [77-79].
It can be clearly seen from Fig. 6 that the present results
agree with the corresponding ones obtained with the six
aforementioned theories for three NN interactions. In de-
tail, at lower densities, the energies calculated by the
present UCOM+HM are similar to those of other six the-
ories, while at higher densities, there exist differences
that increase with the density of neutron matter. In partic-
ular, the present results provided by UCOM+HM for the
three NN interactions are all close to those calculated
with AFDMC in Refs. [45] and [70], as well as in Ref.
[58], with the constrained-path approximation. The res-
ults corresponding to the unconstrained-path approxima-

Values of the Hamiltonian components, as well as the total energy per particle for neutron matter, at some densities calculated under

UCOM+HM with AV4', AV6', and AV8' NN interactions. Total, kinetic, central part, tensor part, and spin-orbit part of potential energies are given as

E, T, V., Vt,and Vj,, respectively.

s AV4'/MeV AV6'/MeV AV8'/MeV
/fm™
P E T Ve E T Ve 1% E T Ve Vr Vso

0.03 5.93 13.42 —7.49 591 13.42 =747 —0.04 5.87 13.43 —7.43 —0.05 -0.09
0.05 7.91 19.14 -11.23 7.87 19.13 -11.19 —0.08 7.74 19.15 -11.07 -0.09 -0.25
0.10 11.97 31.23 -19.26 11.88 31.23 -19.17 —0.18 11.49 31.28 —18.84 -0.18 -0.77
0.17 17.20 46.07 —28.87 17.05 46.09 —28.75 —0.30 16.29 46.22 —28.20 —0.28 —1.45
0.20 19.47 52.08 -32.62 19.30 52.12 —32.48 —0.34 18.40 52.27 —31.85 -0.31 -1.70
0.30 27.52 71.35 —43.82 27.30 71.41 —43.66 —0.45 26.01 71.63 —42.81 —0.40 —2.41
0.40 36.48 89.86 —53.38 36.21 89.94 -53.19 -0.54 34.62 90.23 =52.19 —0.46 -2.96
0.50 46.38 107.98 -61.60 46.07 108.08 -61.39 —0.61 44.24 108.44 —60.27 -0.52 —3.41
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Fig. 6. (color online) Comparison of the EOSs of neutron matter between the UCOM+HM and six other many-body approaches,

namely Brueckner-Hartree-Fock (BHF), Brueckner-Bethe-Goldstone (BBG), self-consistent Green's function (SCGF), Fermi hyper-
netted chain (FHNC), auxiliary field diffusion Monte Carlo (AFDMC), and the Green's function Monte Carlo (GFMC). The results
corresponding to AFDMC_CP and AFDMC_UC are, respectively, calculated with constrained- and unconstrained-path approxima-

tions for the complex wave functions and propagators to alleviate the sign problem in AFDMC approach [77-79].

tion in Ref. [58] are much smaller than the above four
calculations, especially at larger densities, which indic-
ates the importance of the treatment of the sign problem
in the AFDMC approach. Besides, by comparing the res-
ults under UCOM+HM calculated with the AV4' and
AV6' potentials, it is found that when the tensor force is
included in the NN interaction, the difference in the EOS
is small. This is because of the absence of channels 3E
and 'O in neutron matter, with especially the former
providing a strong tensor correlation. Hence, the tensor
force makes little contribution to the total energy per
particle of neutron matter, as shown in Table 3. When the
spin-orbit force is considered, the present UCOM+HM
provides a more attractive EOS in the overall density by
comparing the results of the AV8' potential with those of
the AV4' and AV6' potentials. In the present study, we fo-
cus on the nuclear EOSs of neutron matter calculated
with the AV4', AV6', and AV8' NN interactions and
study the tensor correlation and spin-orbit effect in neut-
ron matter. In the future, we will employ the AV6' and
AVS' potentials to further investigate the properties of the
symmetric nuclear matter, in which the tensor correlation
can play a significant role.

4 Summary

With our recently proposed variational approach,
UCOM+HM, for describing nuclear matter, we calculate
the EOS of neutron matter with the AV4', AV6', and
AVS8' NN interactions. The neutron matter is described
under a finite particle number approach with neutron ma-
gic number N =66 under a periodic boundary condition.
UCOM is used to treat the short-range correlation in-

duced by the short-range repulsion in the NN interaction.
In addition, the 2p2h excitations as HM nucleon pairs are
included to describe the high-momentum components of
neutron matter, where the two nucleons in a 2p2h config-
uration involve a large relative momentum. The 2p2h ex-
citations contribute toward treating the non-central tensor
and spin-orbit forces in neutron matter.

Under the present UCOM+HM framework, the total
energies per particle of neutron matter for the three afore-
mentioned potentials are all well-converged with the in-
creasing 2p2h configurations. By comparing the total en-
ergies for neutron matter calculated with the OpO#,
0p0A+UCOM, and 0p0h+UCOM+HM wave functions,
the same conclusion is found, where for neutron matter,
the majority correlations originating from the NN interac-
tion can be treated by UCOM and the residual part is de-
scribed by the HM pairs, such as tensor correlation and
the spin-orbit effect. Besides, as the tensor and spin-orbit
forces can induce additional excited HM pairs, the effect
of HM pairs is successively increased for the AV4', AV6',
and AV8' potentials.

We also obtain the density dependence of all
Hamiltonian components as well as the total energy per
particle for the three aforementioned potentials. The res-
ults indicate that the kinetic and central parts of potential
energies mainly contribute to the total energy per particle
for neutron matter, while both the tensor and spin-orbit
parts of potential energy are relatively small. Besides, the
effect of short-range correlation is found to increase with
the density of neutron matter.

The obtained EOSs of neutron matter calculated un-
der the present UCOM+HM framework are also com-
pared with those of other microscopic many-body theor-
ies with the same bare interactions. The comparison
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shows that the calculated total energy per particle of neut-
ron matter is similar to those of other approaches, and it
is especially consistent with that concerning AFMDC.
The absence of the isospin-singlet channels *E and 'O in
neutron matter leads to the effect of the tensor correla-
tion being small. When the spin-orbit effect is included in
the calculations, a more attractive EOS of neutron matter
is obtained.

In the future, we will extend the investigations to the
properties of symmetric nuclear matter to study both the
tensor correlation and spin-orbit effect, because of the
significance of the tensor correlation. In addition, it will
be interesting to study the effect of a three-body force on
EOSs of both neutron and symmetric nuclear matters.
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