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We evaluate the second-order (beyond-mean-field) contribution to the equation of state of nuclear matter
with the effective Skyrme force and use cutoff and dimensional regularizations to treat the ultraviolet
divergence produced by the zero-range character of this interaction. An adjustment of the force parameters
is then performed in both cases to remove any double counting generated by the explicit computation of
beyond-mean-field corrections with the Skyrme force. In addition, we include at second order the rearrangement
terms associated with the density-dependent part of the Skyrme force and discuss their effect. Sets of parameters
are proposed to define new effective forces which are specially designed for second-order calculations in nuclear

matter.
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I. INTRODUCTION

The energy-density-functional (EDF) theory has been
developed in nuclear physics over the last several decades.
In this theoretical framework, the energy of the system is
computed by using functionals of the density, which are
usually derived from effective interactions [1], with some
exceptions (see, for instance, the work reported in Ref. [2]).
Mean-field-type models constitute the basis on which this
theory was constructed starting from the 1970s. Such models
have strong analogies with the leading order of the many-body
Dyson perturbative expansion [3], based on the independent-
particle approximation, and are currently applied to numerous
many-particle systems.

Mean-field-based models are extensively employed in the
study of medium-mass and heavy nuclei, and are particu-
larly successful in describing with a good accuracy a large
number of known masses and radii. Despite this success,
more sophisticated beyond-mean-field models are necessary,
for instance, to perform accurate spectroscopic analyses for
nuclear ground states or to provide reliable descriptions of the
physical fragmentation of nuclear excitations. In these cases,
additional correlations, with respect to what is contained in
a mean-field picture, have to be included in the theoretical
scheme. Going beyond the mean field, with respect to the
many-body Dyson perturbative expansion, implies including
higher orders. This is a challenging task to accomplish for
several reasons: among them, the highly increased numerical
cost, and the conceptual problems implied by the choice of the
interaction to be used. Some of these problems are mentioned
in what follows. Within the EDF theory, the currently used
density functionals are usually produced by phenomenological
interactions or Lagrangians in the nonrelativistic and relativis-
tic cases, respectively. Skyrme [4,5] and Gogny [6,7] forces
are the most used interactions in the nonrelativistic framework.
The fitting procedure of their parameters is performed with
mean-field calculations for nuclear matter and some chosen
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nuclei. It is obvious that, if such interactions are used in cases
where higher orders are explicitly included in the theoretical
models, double-counting problems arise. Furthermore, in those
cases where the effective interactions have a zero range,
ultraviolet divergences may occur beyond the mean field and
have to be treated.

Our objective is to construct a generalized EDF framework,
where new effective interactions are introduced, which are
now designed to treat both matter and finite nuclei in beyond-
mean-field models, avoiding double-counting problems and
regularizing ultraviolet divergences. We started this work with
the Skyrme interaction [8—10]. Second-order calculations were
performed to compute the equation of state (EOS) of sym-
metric, neutron, and asymmetric matter. First, only symmetric
matter and a simplified form of the Skyrme interaction (contact
interaction with a density-dependent coupling constant) were
analyzed [8]. This simplified Skyrme model corresponds to
the so-called 7y — 73 model, where the velocity-dependent,
the spin-orbit, and the tensor terms of the Skyrme force
are omitted. The second-order contribution was evaluated
analytically and its cutoff-dependent part was identified. The
divergent part was found to have a linear asymptotic behavior
with respect to a momentum cutoff. The set of parameters
(three in that case) were adjusted on a benchmark EOS for
several values of the cutoff. These parameter sets were recently
employed in a simplified test-calculation for the nucleus '°O
[11]. The second-order correction to the total binding energy
was evaluated in this nucleus and encouraging results were
found, indicating a reasonable convergence with respect to the
chosen cutoff.

We then performed the same type of procedure (analytical
derivation of the second-order contribution and adjustment
of the parameters) by including also the velocity-dependent
terms in the Skyrme interaction. Two directions were ex-
plored, namely (i) keeping the cutoff-dependent terms [9] and
(i1) applying the dimensional regularization technique to
extract only the finite part [10].

©2016 American Physical Society
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We recently realized that some aspects of the formal
derivation on which both studies [9,10] were based are
not correct, and we aim here at providing the correct full
formulas and results. For the sake of clarity and to present
a self-contained reference on the topic, we provide here all
the needed details via reference to previous literature, new
formulas and, for an easy comparison with Refs. [9,10],
the same type of figures. In addition, we illustrate the
effect on the EOS related to the inclusion of the proper
rearrangement terms at second order. Rearrangement terms
were neglected in Refs. [9,10]. The general way of com-
puting them in beyond-mean-field models was discussed in
Ref. [12].

The ultraviolet divergence at second order is handled in two
ways: (i) by using a cutoff regularization, as in Ref. [9]. The
cutoff-dependent results are adjusted on a benchmark EOS and
several sets of parameters are generated for each chosen value
of the cutoff; (ii) by applying the dimensional-regularization
procedure. Only the finite parts of the second-order corrections
are thus extracted as in Ref. [10] and the cutoff-dependent part
is eliminated by the dimensional regularization. A unique set
of parameters is thus produced by adjusting on a benchmark
EOS.

As a first approximation, in the first part of the article we
replace the effective mass m™ with the bare mass m, as done
in Ref. [13] (this approximation will be abandoned in the last
part of the article). We find in this case that the finite part
of the EOS calculated for symmetric and neutron matter is
consistent with the recent results shown in Ref. [13]. There
are differences from Ref. [13]: (1) The tensor and spin-orbit
parts are omitted for simplicity in the interaction. For the
tensor part, this is first justified by the fact that many currently
used Skyrme interactions do not contain such terms. Spin-orbit
and tensor terms do not contribute to the first-order EOS. In
principle, they contribute when the second order is included.
(2) We also calculate the cutoff-dependent part in the second-
order contribution because we perform a cutoff regularization.
(3) Also asymmetric matter is treated here. (4) The density-
dependent part of the Skyrme interaction is not omitted. It is
well known that this term is necessary to reproduce the correct
saturation point of symmetric matter at first order. In Ref. [13]
it is stressed that this term is indeed necessary for properly
reproducing the saturation density of symmetric matter also
at second order. The second-order curves obtained there by
omitting the density-dependent term do not reproduce at all the
saturation point, providing a saturation density of ~0.22 fm=>.
It is well known that the inclusion of such a term may be
problematic in many respects (see, for instance, Ref. [14]).
Several drawbacks related to the density dependence were
identified, such as the existence of pathologies in some

"We note that such terms were taken into account in Ref. [13];
however, the adjustment of the parameters performed in that work
for the second-order EOS of symmetric matter (done by omitting the
density-dependent term) provided Wy = t4 = t5 = 0, where W, t4,
and #s are the parameters that tune the spin-orbit (W) and tensor (#4
and t5) terms introduced in Ref. [13].
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applications of the generator-coordinate method [15]. Our
pragmatic choice is to use density-dependent interactions as a
starting point in our work because of their good performance,
and we leave for a future work the discussion of the associated
problems.

Note that, despite the explicit density dependence in the
interaction, the Hugenholtz—van Howe theorem [16] is satis-
fied in the Skyrme case whenever the proper rearrangement
terms (associated with the density dependence) are explicitly
introduced, as is usually done within the random-phase ap-
proximation (RPA) and as was recently done also in the specific
case of the second RPA [17]. Reference [18] pointed out that
the matrix elements of the interaction used for the computation
of the energy in second-order perturbation theory are related to
B RPA matrix elements. The RPA residual interaction (second
derivative of the Hartree-Fock energy functional [19], which
automatically includes the rearrangement terms) has thus to
be used to calculate the second-order energy correction. As
a first approximation, as done in Refs. [9,10], we neglect
rearrangement terms. We then include them (together with
the effective mass) in the last part of the article for symmetric
and neutron matter and provide sets of parameters where their
effect is taken into account. Such sets of parameters may
be considered a very reasonable starting point to construct a
bridge between infinite matter, where our effective regularized
interactions are presently adjusted, and finite nuclei, where we
eventually plan to employ them.

We analyze here the second-order integrals using two
choices for the momentum cutoff. While the numerical Monte
Carlo integration is performed with a cutoff (A) on the
transferred momentum q, it turns out that the use of a cutoff
(1) on the outgoing relative momentum K’ is more convenient
for the analytical derivation. This choice is analogous to that
adopted for instance in the low-momentum interaction Vioy.x
[20]. The analytical derivation is performed here only for
symmetric and pure neutron matter. For asymmetric matter,
we solve numerically the second-order integrals with the
Monte Carlo method. To present a coherent analysis of the
obtained results and discuss figures with a unique choice for
the momentum cutoff, we show in this article, in the case of
the cutoff regularization, second-order EOS’s obtained in all
cases numerically, with a cutoff equal to A.

The article is organized as follows. In Sec. II the cutoff
regularization is discussed. First, the analytical expressions of
the second-order EOS’s are shown in the cases of symmetric
and pure neutron matter (Sec. Il A). Numerical results for
the second-order EOS’s, obtained with the Monte Carlo
method, are then shown for several values of the cutoff A
for symmetric, neutron, and asymmetric matter. Adjustments
of parameters are presented and discussed (Sec. IIB). In
Sec. III the dimensional-regularized results are illustrated and
the adjustment of the parameters is discussed also in this
case. Section IV illustrates results obtained for symmetric and
neutron matter in the case where the approximation m* = m
is not employed (m* is taken equal to its mean-field value)
and rearrangement terms are included. Sets of parameters are
provided. We draw conclusions in Sec. V. The Appendix lists
the factors appearing in front of the different types of integrals
which are solved by the Monte Carlo method.
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II. CUTOFF REGULARIZATION

A. Analytical derivation of the second-order contribution for
symmetric and neutron matter

We start by writing the standard Skyrme interaction,
v(k.K) = to(1 + x0Py) + 511(1 + x1 P, )(K”? + K*)
+6(1 4+ x2P)K -k + t63(1 + x3P,)p%, (1)

where we adopt the following convention,
v(k,K) = f / drd’re ™ y(r,r)e . )

As already anticipated, we have omitted the spin-orbit and
tensor parts, for simplicity. The parameters (¢;, x;, and «)
are in this case nine. P, is the spin-exchange operator, P, =
%(1 + 01 - 02). The mean-field or first-order contribution to the
EOS of symmetric matter is the well-known expression

Egn _ 31 (3n2\' 33 (3m\T
A Tom\ 2 ) P Tglr gl sP

1
—t
+ 16 3p%F
where ®g = 3#; + 1,(5 + 4x;). For neutron matter, the first-
order contribution to the EOS is written as
Epow 3 12

neutr 2.2 2 1
= — 3 3 3 —1 1—
4 1Om(n);o +4op( Xo)

Wi

1
Ot + ot (1~ x3),

with Oy = #,(2 + x1) + £(2 + x3). In symmetric matter, the
total density and the Fermi momentum kp are related by the

3 2
+ 5537 (O —

. 2 173 .
relation kp = (3%,0) . Neutron and proton Fermi momenta
are in this case equal to kr. In neutron matter, the Fermi
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FIG. 1. (a) Second-order EOS of symmetric matter computed for
several values of the cutoff A and compared with the mean-field EOS;
(b) second-order correction to the energy per particle for symmetric
matter. The used parameters are those of SLyS.
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FIG. 2. (a) Second-order pressure; (b) second-order incompress-
ibility modulus. The used parameters are those of SLy5.

momentum kp, is related to the total density (which is equal
to the neutron density) by the relation kp, = 3w p)l/ 3

The second-order contribution is calculated by solving the
integral

1 Q3
E® = — i G )9/41*1( /d*k /d*

where V =v/Q, Q is the box volume where the wave
functions are normalized, v is the Skyrme interaction written
in Eq. (1), k; = q + ki, K, = ks — q, and q is the transferred
momentum. Eq. (3) may be written as

1 Q o
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FIG. 3. Difference between the refitted second-order EOS and
the mean-field EOS for symmetric matter.
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FIG. 4. Second-order refitted EOS compared with the SLy5-
mean-field EOS for symmetric matter.

where we have introduced the propagator G,

27002
_ _—1 O = ki 5)
€ +e—e—e 1T 2m*’
1 2 1 2 i
with
k1| < kr1, |Kz| < kp2,
lq +Kki| > krpi, |k2 —q| > kp. (6)

In Eq. (5), m} represents the nucleonic effective mass. In this
work, we first take the approximation m} = m for simplicity.
Such approximation will not be adopted in Sec. IV. As is
well known, the k dependence of the potential U is absorbed
in the effective mass while a constant term in U cancels
out in the denominator of Eq. (3) and is consequently not
written.

In the integral of Eq. (4), k; and k; lie inside the Fermi
spheres associated with kp; and kp,, respectively, and the
integrals on k; and k; do not diverge. An ultraviolet divergence
appears in the computation of the integral on the transferred
momentum ¢ and a cutoff A is put in that integral as a
regulator.

We now introduce the incoming k and outgoing K’ relative
momenta, appearing in the Skyrme interaction, Eq. (1), and
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FIG. 5. (a) Difference between the second-order pressure and
the mean-field-SLy5 value; (b) same as in panel (a), but for the
incompressibility modulus. The black arrow indicates the maximum
deviation of the compressibility from the mean-field-SLy5 value at
the saturation point.

related to Ky, k;, and q by

ki—k o, K-k k—k

k LK =
2 2 2

+q. (D

In this work, the analytical derivation of the second-order
contribution to the EOS has been done following Ref. [21].
This specific derivation can be adapted only to the cases
of symmetric and pure neutron matter, where there is a
unique Fermi momentum kr; = kpp, and not to the case of
asymmetric matter, where kr; # kp,. For asymmetric matter,
the EOS is computed numerically by a Monte Carlo integration
and discussed in Sec. II B together with all the other numerical
results. In the present section, as well as in the following,
we neglect the rearrangement terms associated to the density-
dependent part of the interaction. Such terms will be included
in Sec. IV.

1. Symmetric matter

In symmetric matter as well as in neutron matter (next
subsection) it is advantageous to perform the change of

TABLE 1. Parameter sets obtained with the fit of the second-order EOS of symmetric matter for different values of the cutoff A compared

with the original set SLy5. In the last column, the x? values are shown.

14} 151 15} I3 Xo X1 X2 X3 o X
(MeVfm®) MeVfm’) MeVim®) (MeVim*+H®)

SLy5 —2484.88  483.13 —54940  13763.0 0778 —0.328 —1.0 1267  0.16667

A (fm™)

0.5 —1461.868  497.986 —1471.462  9915.064 0.5360 —1.529  —1.068 8298 03201 2.08 x 1073
1.0 —1207.550 645.148 —1361.666  6942.115 04854 —2.106 —1.092 5575 02831 146 x 1073
1.5 —1124277 614238 —1063.666  5711.048 04333 —2.690 —1.349 5103 02070 226 x 1072
2.0 —530.285 227.301 —389.370  8927.183 0.9383 —0.7346 —0.3959 04783 0.6680  3.13 x 1072
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FIG. 6. (a) Second-order pressure compared to the SLy5-mean-
field curve; (b) same as in panel (a), but for the incompressibility
modulus.

variables given by Eq. (7) to write the propagator as
G— —m
- R2(k"? — k2)‘
Starting from Eq. (4), dividing by the number of particles
A = Qp, writing explicitly the sums over spin and isospin and
the direct and exchange terms, the second-order correction to
the EOS is equal to

®)

ng)n 3m g N
R TYwerere Z (2T +1) &I’K P’k d’k

F STMgMy
2

(X5, s (e ) = (—)5*T vy (k) [ X3 )
" (k% — k%)
©)

Here S and T are the total spin and isospin, respectively, Mo is
the projection of S on the z axis, and X i’fgm is the two-body spin
state. The interaction vgy is always the interaction v of Eq. (1),
after having evaluated the expectation value in the isospin
state, and where we have explicitly indicated spin and isospin
labels for convenience. Note that the additional factor 1/ 2m)°
in Eq. (9), with respect to the corresponding expression in
Ref. [21], comes from the different convention adopted in
Eq. (2). The two terms in Eq. (9) represent the direct and
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FIG. 7. (a) Second-order EOS of neutron matter for several values
of the cutoff, calculated with the SLy5 parameters, and SLy5-mean-
field EOS; (b) second-order correction.

exchange contributions. We have introduced a third variable
K, which is chosen in the same way as in Ref. [21]; that is,
K = k; + k;. Since both k; and k; lie inside the Fermi sphere
associated with kp, the integrals on the incoming relative mo-
mentum k and on K do not diverge. A regulator must however
be put on the diverging integral in k' (we call this cutoff A
and we will use later the dimensionless cutoff A = X/kr). If
this cutoff is chosen smaller than kg, also the integral on the
incoming momentum must be regulated by the same cutoff A.
The interaction can be expanded in partial waves,

vsrkK) = Y vl k)i @ @)L (0)
JIM;I

IMy
where y;¢"’ is written as

iRy = (IMISmMs) Y, ROXY, . (1)

my,Ms

In general, [ and !’ in Eq. (10) must have the same parity. By
imposing antisymmetrization, it holds that

(_1)1+S+T — (_l)l/+S+T = 1.

TABLE II. Parameter sets obtained with the fit of the second-order EOS of neutron matter for different values of the cutoff A compared

with the original set SLy5. The x?2 values are shown in the last column.

1y 151 15} I3 Xo X1 X2 X3 o X
(MeVfm®) (MeVfm’) MeVfm®) MeV fm*¥)

SLy5 —2484.88 483.13 —549.40 13736.0 0778  —0.328 -1.0 1.267  0.16667

A (fm™)

0.5 —1859.971 474.575 —715911  16306.843 0.7102 —0.7273 —09174 1230 0.1625 2.19 x 102
1.0 —3524.393  569.934 —686.914  11329.194 1.048  —0.7025 —0.8657 1.680  0.08796 2.14 x 1072
1.5 —3924.552  677.302 —724.123  11822.333 1398  —0.5270 —09360 2.141  0.09518 3.01 x 1072
2.0 —1701.409  159.406 —733.505  24941.293 1246  —0.6726 —1.1089 0.9313 0.09610 1.71 x 102
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This implies that the exchange term in Eq. (9) is equal to the direct term. After some manipulations, and, by evaluating the

spin matrix elements, Eq. (9) becomes

E® 3m
wmo_ 8s118s712T + DQ2J + DQ2J + DL + 1)~!
N 6 PR > SsmidsriCT + DR + DT + DL+ 1)
STJJLMIUIT
x [(21 + DI + DI + DI + 1)1V2(L0J1100) (LO|I'T'00)yW (J JII; LS)W (J JI'l"; LS)
x f / / PRERPK YR}y R0l kWi ke KE? = k)7 (12)
{
with and
L[] (ST , 477)? ,

Ssti =31 =(=1) I 13) Vi ey (koK) = ( 9) 551+ x)*(K'k)?, (15)

In Eq. (12), W indicates Racah coefficients. In our case, the
interaction is diagonal in / and independent of J; that is,
Uér,”/(k,k/) = 5IZ’US,T,l(k,k/)« The product 57,8577 in Eq. (12)
implies that / and / must have the same parity. This means
that, for a given (S,T), only even-even and odd-odd partial
waves of the interaction may mix at second order. The Skyrme
interaction of Eq. (1) contains only one type of even waves,
the s-wave 1y, t3, and t; terms, and one type of odd waves,
the p-wave t, term. Consequently, / and  must be the same
(equal to O or 1) and the only quadratic terms that enter in the
second-order contribution are proportional to 12, t3, 17, fot3,
toty, t3t1, and t22 (the only possible values for L are L = 0
and 2 for the p-wave case and L = 0 for the s-wave case).
Interference terms proportional to #yt,, 31, and t,, are absent
in the EOS of symmetric and pure neutron matter. We stress
that, on the other side, such interference terms are present in
the EOS of asymmetric matter. This occurs due to the different
Fermi momenta between neutrons and protons in asymmetric
matter. Also the different effective masses of neutrons and
protons would be responsible for such interference terms.

We write now explicitly the squares of the interaction
v 7, (k,k') in the different channels. For the isovector case
T =1, one has S=0 (P, =—1) for [ =0, and S=1
(P, = 1)forl = 1. The square of the interaction is then written
as

U%:o,r:u,z:o(k’k/)
= (4;1)2 [r2(1 — x0)* + 13 (1 — x2(K* + 2Kk + k*)
51— x3)°0* + to(1 = x0)r1 (1 — x1)(K” + k?)
+ gzla — x)(K + kP)i3(1 — x3)p”

+ 310(1 — x)t3(1 — x3)p°] (14
J
AED. 18mk*
gix =H _ _ 47147;2” Z(zT + 1D(2S + Dé8sr // dy dy/ y
AE(z) 1=0 18mk4
m ’ y
ix( ) = _4n4h§ Z(SSTO//dydy

for the two cases, respectively. Note that the factors (477)? and
(4m)? /9 in Egs. (14) and (15), respectively, come from the
partial wave expansion, Eq. (10), of the Skyrme interaction. In
the isoscalarcase T = 0,onehas S = 1 (P, = 1)for/ = Oand
S =0 (P, =—1) for [l = 1. The expressions for the square
of the interaction vi_, ;_,_o(k.k") and vi_, ;_o,_ (k.,K')
may be obtained from Eqs: (14) and (15), resbectively, by
substituting (1 4+ x;) to (1 — x;) in Eq. (14) and (1 — x;) to
(1 4+ x») in Eq. (15).

We perform a change of variables to use dimensionless
vectors,

k , K K (16)
= —, = —, X=—.
Y Y T ke 2kr
The new variables y and y’ should satisfy the conditions
lyl <1, |y] < A. a7

We integrate over all angles by using the function

Jim(x.y.y) = / / / didydy Yiu(DY[y().  (18)
After some manipulations, one can write
Jim(x,y.y") = 167°8y,02L + DAL)AL x), (19)

where the explicit expressions of the functions A(L) are given
by Egs. (3.16a)- (3.17b) of Ref. [21]. The radial integration
on x is done and the functions /& are introduced,

1
IP(y,y) = f PdxAL (DA, X, (20)
0

The following expressions for the s- and p-wave contributions
to the EOS may be finally written:

5 [1% V) + 2190, y)s.r.1(kry kry)I,

1% V)ls.r.olkry,key ). 21)
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The expressions of the EOS’s may be then obtained analytically. The two terms that should be summed up are

2
AEsym(l:O) _ mk‘;
A 110880A%7*

r—1
{[—6534 + 11881n[2] + 35641 — 196024 — 59401° + (1782 — 207901*) In [,\ n 1]
2

22— 17~
+ (249481 — 594017) In [TH Ty + [—14696 +21121n[2] + 5280A — 28601° — 488401.°

r—1 22 ~ o~
— 1848017 + (2640 — 554401%) In [m] + (7128017 — 184801°) In [ = Hk% TosT)

r—1
+ |:—9886 + 11281n[2] + 2520A + 14723 — 36541° — 3528017 — 151201° + (1260 — 41580A%) In [—}

A+1
9 1 V=117 ,45
+ (554402 — 151204 In | o | KA T, 22)
and
2
AEéy?n(l:l) _ mk.

" = 0 { [—1033 + 1561n[2] + 420X + 14013 — 8404° — 588017
4

A+

~

T} } , (23)

=1
—25201° — (=210 + 69301%) In [ } +(92401° — 25201 In [ ﬂ

)»2

where we have introduced the combinations of parameters
2

~ 1 2 1
Ts [fo(l — xp) + 6t3(1 - xa)Pa:| + |:t0(1 + xo) + 813(1 +x3),0a] ,

T~12

1 1
th[(l —x)+ 1 +x)?] = ztf(l +x1),

~ ~ 1 1
Ty = %|:|:t0(1 — Xxo) + gf3(1 —x3)/0a](1 —x1)+ |:lo(1 + xo) + gta(l +x3),0°’i|(1 +X1)],

T2 = [2(1 — x)® 4+ 92(1 +x°] /0 = §t§(5 + 81, + 512). (24)

The asymptotic behavior can be written as a polynomial form in A. One has to sum up the two terms

2 ~ ~ o~ ~ ~ ~ o~ ~
AES) -0 asymr. __Omki kTR s (G TwTy | KTEY T3 L KTl | TP,
A 22| 360 108 240 72 60 140
N 44K2 Tos T) (—167 + 241n[2]) 4 k4 T?(—4943 + 564 1n[2]) + 297T4(—11 4 2In[2])
249480
7-023 k 12v %3 Tl k‘; iz -2
—(=& A+ OO 25
(240 a0 T 20 00 25)
and
AED omkS T 1 1 —1033 + 156 In[2
sym(/=1),asympt. MKg 3 + n[2] 1 —2. |52

=— — A —a - A+ 007 |TE. 26
A 2n2t [720 et T ( 332640 1080 +OOL (26)

2. Neutron matter

Note that the triple integral is the same for neutron and symmetric matter. The factors are not the same (see the nn contribution
in the Appendix), leading to a different combination of the Skyrme parameters, and kr — kg, . Here we report the final result.
One has to sum up the two terms

A= _ _ iy —6534 + 1188 In[2] + 3564A — 196023 — 594015 + (1782 — 20790A*) In Aol
A T 166320R274 A+ 1

2

A2 —1
+(249481° — 594017) In [TH Ty + [—14696 + 21121n[2] + 52802 — 28602° — 488401°

034311-7



YANG, GRASSO, ROCA-MAZA, COLO, AND MOGHRABI

A—1
— 1848017 + (2640 — 5544015 In [m] + (7128017 — 184801°%) In [

+ [—9886 + 11281n[2] + 25201 + 14723 — 36541° — 3528017 — 151201° + (1260 — 415804%) In [
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21
= Hk%” Tos T

A—1
A+

554401° — 15120111 Mol kg T} 27
+( - ) n )\'2 Fy*'1 ( )
and
My _ ik, —1033 + 156 In[2] + 4202 + 1401> — 8402% — 5880" — 25201
A ~ 110880274
(=210 + 6930131 rol +(92401° — 25201111 G T? (28)
— (- n — n|——— ,
A+1 22 :
where now the combinations of parameters are defined as
Tos = to(1 — xo) + 13(1 — x3)p%,
Ty = 31(1 — xp), (29)
T = (1 + x2).
The asymptotic behavior is written as the sum of the two terms
(@)
AEneutr([:()),alsympt. — _ 3’nk‘[‘fN kéI‘TN T12 5 k%"N T03 Tl + k;l:N T12 )\3 + T_()23 + k%“}v TO3 Tl ké}TN le
A x4 | 360 108 240 72 60 140
44k12”~ To3T1(—167 4 24 1n[2]) + k‘}N T2(—4943 + 564 1n[2]) + 297T%(—11 + 21n[2])
+ 249480
T Kk Tuli KR TE\ /o oo 30
_(% 20 T 270 )/+ ( )} (30)
and
AE®. _ 3mkS. T 1 1 —1033 4 156 In[2] 1
neutr(/=1),asympt. Fy 3 -2 2
=— — A+ —AX - A+ O T;. 31
A h2m4 |:720 + 560 + ( 332640 ) <1080>/ + O )] 2 3D

One may note that in both EOS’s (symmetric and neutron
matter) the divergence is linear in A if only the 7y — 3 part
of the interaction is taken, and goes like A7 if the other terms
of the interaction are also included, as was already indicated
in Refs. [8,9]. The strongest divergence is provided by the #
term.

B. Numerical results and fits of parameters for symmetric,
asymmetric, and pure neutron matter

We solve the second-order integrals for symmetric, neutron,
and asymmetric matter in the illustrative case § = 0.5, where
8 is the asymmetry parameter § = (o, — pp)/(pn + p,) and
pn and p, are the neutron and proton densities, respectively.
Several types of integrals are solved numerically (according to
the specific second-order contribution). The factors for which
such integrals are multiplied are shown in the Appendix for all
terms.

The adjustment of the parameters is done in all cases
on the benchmark SLy5-mean-field EOS [22]; we use nine
points, seven of them located up to 0.16 fm~ and two of
them located at higher densities, between 0.16 and 0.3 fm 3.

(

The x2 values are calculated as x2 =1/(N — 1) ,(E; —
Ei,ref)z / AEiZ, where N is the number of points on which the

_ 0.061- ! .
O 1\ ]
2. 0.04}- A D ! ]
é i 1\ A B ]
= 0.02f R ARy AR .
2 L S s / \\ v ]
! /- Lt '_ * . . .
g O\, .I 7/ r _./ 1 ._I vl
:;5’ PO - \ . /
l{l‘; [ X * \'I '/ / . ¥ ‘.
;;-0.027~ \.7 \' ..... A=0.5 fin” \./.'/-\ .I".. -
' r A=1 fm” N4 I}
< 0.041- s— = A=15fm’ v i
= L = A=2fm” v
i ‘ ! ‘ ! ! ‘ ! ! !
0'060 0.05 0.1 0.15 0.2 0.25 0.3
3
p [fm "]

FIG. 8. Difference between the refitted EOS and the SLy5-mean-
field EOS for neutron matter.
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3
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FIG. 9. Refitted second-order EOS for neutron matter compared
with the SLy5-mean-field EOS.

adjustment is done (the sum runs over this number), E; e is
the benchmark value corresponding to the point i, and AE;
are all chosen equal to 1% of the reference value. This means
that, if the x? is less than 1, the average discrepancy between
the adjusted curve and the benchmark EOS is less than 1%.

1. Symmetric matter and incompressibility modulus

We plot in the upper panel of Fig. 1 the EOS of symmetric
matter calculated up to second order for several cutoff values
A. These curves are compared to the benchmark EOS. All
the second-order curves are obtained by using the same
parameters of SLyS5. In the lower panel, we plot only the
second-order correction. The ultraviolet divergence is very
visible, especially at densities larger than the saturation
density. Starting from some values of the cutoff between 1.5

1
—
W
T T T
—~

a)

251
L l o 1o 4 L L N
-— . . I I r
— -5 L ]
5 -10[ ]
E _15 [ =— SLy5 mean field b
< ook @ Scc. Order, A=0.5 fim” 1
@m sl Sec. Order, A=1 fm™ R
= (b ¢ Sec. Order, A=1.5 fm”' 1
-30r ""‘ Sec. Order, A=2 fm>l‘ ‘ | i
3% 005 01 0I5 02 025 03
p [fm”]

FIG. 10. (a) Second-order EOS of asymmetric matter (6 = 0.5)
for several values of the cutoff, calculated with the SLy5 parameters,
and SLy5-mean-field EOS; (b) second-order correction.
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3
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FIG. 11. Difference between the refitted EOS and the SLy5-
mean-field EOS for asymmetric matter (§ = 0.5).

and 2 fm™!, one observes that the EOS decreases (instead of
increasing) at large densities.

The pressure P and the incompressibility modulus K may
be computed from the EOS as first and second derivatives,
respectively, that is,

d E
P(p,A) = p*—=(p,A)

32
oA (32)
and
K(p,A)=9 2 & E( A) (33)
P, A)=9p dp? A P, AN).

The second-order pressure (upper panel) and incompressibility
modulus (lower panel) calculated with the parameters of the
interaction SLy5 are displayed in Fig. 2 and compared with
the corresponding mean-field curves.

4
2 B
—— SLy5 mean field 1
0% ®  Sec. Order, A=0.5 fm! 7
'%‘ Sec. Order, A=1 fin! 1
E‘ 2 ¢  Sec. Order, A=1.5 fm! 7
< | Sec. Order, A=2 fm! 1
m -4 .
-6 .
8k .
\ \ \ \ \ \
0 0.05 0.1 0.15 0.2 0.25 0.3
3
p [fim ]

FIG. 12. Refitted second-order EOS for asymmetric matter (§ =
0.5) compared with the SLy5-mean-field EOS.
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TABLE III. Parameter sets obtained with the fit of the second-order EOS of asymmetric matter (§ = 0.5) matter for different values of the
cutoff A compared with the original set SLy5. The x? values are shown in the last column.

fy h 15} 13 X0 X1 X2 X3 o X
(MeV fm?)  MeVIm®’) MeVim’) MeVim>H9)

SLy5 —2484.88 483.13 —549.40 13763.0 0.778  —0.328 -1.0 1267  0.16667

A (fm™h)

0.5 —1639.753  584.294 —732.339  19750.210 0.5989 —0339  —0.886 3.328  0.284 476 x 1073
1.0 —1252.011 558.930 —744.859  10167.053 0.5887 —0.4652 —1.018 2853 0.2272 1.19 x 1072
1.5 —1328.894  594.658 —443.008  8579.156 04993 —0.8051 —1.038 2222 0.1640 1.76 x 107!
2.0 —745.086  358.107 —338407  9905.0844 0.3919 —0.4444 —0.6662 0.6221 0.9432  6.87 x 1072

The adjustment of the nine Skyrme parameters is then
performed and Figs. 3 and 4 show the curves obtained with the
refitted parameters. Figure 3 presents the difference between
the refitted second-order curve and the SLy5-mean-field curve,
whereas the absolute values are displayed in Fig. 4. The
saturation density is, for all values of the cutoff, the same
as the benchmark one; that is, 0.16 fm™>. The refitted
parameters are listed in Table I together with the x? values.
The quality of the fit looks remarkably good as indicated
by the x2 values which are, in all cases, not larger than
~3 x 1072

The pressure and incompressibility modulus are then
computed at second order, this time with the new values for
the parameters. Figure 5 displays the difference with respect
to the mean-field curves for the pressure (a) and the in-
compressibility modulus (b). Figure 6 shows the absolute
curves compared with the mean-field ones. We observe that the
maximum deviation of the incompressibility modulus from the
SLy5-mean-field value at the saturation density (~ 230 MeV)
is only ~ 5 MeV. This deviation is indicated by a black arrow
in the lower panel of Fig. 5. From the upper panel one can note

A

8 E/A [MeV]
S
W

8 E/A [MeV]
S
i N O W - W W

4 | 4

'
—
W

L L B

|
0.153
p [fm”]

0.30

FIG. 13. Second-order EOS’s obtained with the simultaneous fit
of symmetric matter (a), asymmetric matter with 6 = 0.5 (b), and
neutron matter (c) compared with the SLy5-mean-field corresponding
curves.

that the pressure is non strictly equal to zero at the saturation
density. The deviation in the derivative is, however, very small
and accounts for very small variations in the saturation density
for the different fits.

2. Neutron matter

We show in Fig. 7 the second-order EOS for pure neutron
matter (a) and the second-order correction (b). In Table IT we
list the values of the refitted parameters. Figures 8 and 9 show
the refitted results (differences with respect to the mean-field
curve and absolute values, respectively). The fit is also this
time extremely good, and the x? values are of the order of
1072,

3. Asymmetric matter in the case of § = 0.5

For asymmetric matter we take the illustrative case corre-
sponding to § = 0.5. Figure 10 shows the second-order EOS
(a) and the second-order correction (b). Figures 11 and 12
present the refitted results shown again as differences with
respect to the benchmark EOS (Fig. 11) and as absolute values
(Fig. 12). Table III contains the refitted parameters and the x>
values, which range from 1073 to 10~!, according to the value
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FIG. 14. Difference between the global refitted EOS’s and the
SLy5-mean-field EOS’s for symmetric (a), 6 = 0.5 (b), and neutron
(c) matter.
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TABLE IV. Parameter sets obtained with the global fit of the second-order EOS including symmetric, § = 0.5 and neutron matter for
different values of the cutoff A compared with the original set SLy5. The x? values are shown in the last column.

fy 141 I I3 X0 X1 X2 X3 o X

(MeV fm®)  (MeVfm’) (MeVfm®) (MeVfm* %)
SLy5 —2484.88 483.13 —549.40 13736.0 0.778 -0.328 -1.0 1.267 0.16667
A (fm™)
0.5 —2245.402 493.322 —1832.783  11961.86 0.7462 —0.3936 —0.9684 1.309 0.1832 0.25
1.0 —1239.909 674.272 —387.948 4687.107 0.3649 —0.5993 —1.1349 3.4299 0.5558 3.96
1.5 —803.325  670.917 —42.426 4854.284 0.1165 —1.1436 —2.6727 3.4271 1.1831  13.9
2.0 —668.075  80.904 0.8980  8779.939 0.1605 0.3874 —0.2652 0.0004687 1.4723  10.7

of the cutoff. The x? values are still lower than 1. We can
conclude that the quality of the fit is always extremely good in
the three cases of symmetric, neutron, and asymmetric matter.

4. Simultaneous fit of symmetric, neutron, and asymmetric
matter in the case § = 0.5

We have then adjusted simultaneously the second-order
EOS’s of symmetric, asymmetric (6 = 0.5), and neutron
matter, as was done in Ref. [9]. The obtained curves are
shown in Figs. 13 and 14 in absolute values and as differences
with respect to the benchmark EOS’s, respectively. The values
of the adjusted parameters are reported in Table IV with the
associated x 2 values. We observe that now the deviations from
the benchmark EOS’s are larger than in the previous single
fits providing however acceptable EOS’s in all cases. The
average discrepancy is less than 2% for cutoff values of 0.5 and
1 fm~" (x? values equal to 0.25 and 3.96, respectively), and is
~3.5% for cutoff values of 1.5 and 2 fm~! (x? values equal to
13.9 and 10.7, respectively). The corresponding pressure and
incompressibility modulus are shown in absolute values and
as differences with respect to the mean-field curves in Figs. 15
and 16, respectively. The incompressibility modulus at the
saturation point has a maximum deviation from the mean-field

6 \
L /4
—4 @ SLy5 mean field W
r?g * Sec. Order, A=0.5 fm™!
Nl Sec. Order, A=1 fin” ]
ec. Order, A=1 fm
% 2 -1 n
b - == Sec. Order, A=1.5 fm ]
: o Sec. Order, A=2 fm! i

PR T IR NI I VI AV

e
[\
G

FIG. 15. Pressure (a) and incompressibility modulus (b) com-
puted with the parameters of the simultaneous fit and compared with
the mean-field curves.

value of ~25 MeV, as indicated by the black arrows in the
lower panel of Fig. 16. Also in this case the pressure is not
strictly equal to zero at saturation. The deviation is now larger
than in the previous case (larger deviations in the saturation
density for the different fits).

III. DIMENSIONAL REGULARIZATION

In the present section, we report the revised results,
with respect to Ref. [10], concerning the application of the
dimensional regularization to the second-order integrals and
the extraction of the corresponding finite contributions in the
EOS’s of symmetric, neutron, and asymmetric matter, for the
case § = 0.5. This regularization technique, that was originally
introduced for the electroweak theory [23-25], is based on the
solution of the divergent integrals with the use a continuous
parameter d which replaces their integer dimension. After the
evaluation of the integral, the parameter d returns to the integer
value.

In Ref. [10], the first analyzed case was the simple model
to — t3 applied to symmetric matter (the case analogous to that
of Ref. [8]). This was correctly treated and the corresponding
results are reported in Secs. II A and IIT A and up to Fig. 2 of
Ref. [10].

T T T
0.6 @ A
E 04 A
E 0.2 /."//5
T OpmemesEms e T T NS \;_-;:,6-7{""—‘
© 02 T .
I P P P P R
N + T + T + T T T T T T ]
150F ® 7t A=0.5fm” P
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= | -== A-lfm A
2 1007 == A=1.5 fm o0 R

= 1 - -7
g 50 T A=2 fm At -
(,% r . ;/”//..:/_ ....... 1
()—--—-'Q_,_-,:_:,-r_",:::..‘.'-—-:-._._.:..;_f,".’.'.g---/" <
L | | | | | . | ]
0 0.04 0.08 0.12 0.16 0.20 0.24
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FIG. 16. Differences with respect to the mean-field curves of the
pressure (a) and incompressibility modulus (b), computed with the
parameters of the simultaneous fit.
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FIG. 17. (a) Dimensional-regularized second-order EOS for sym-
metric matter compared with the corresponding SLy5-mean-field
EOS. (b) Second-order correction.

For the other cases (Skyrme interaction containing all terms
except the tensor and the spin-orbit parts, and the treatment of
also asymmetric and neutron matter) the same corrections done
in the previous section have to be performed in the evaluation
of the second-order contribution. We provide in what follows
the analytical expressions of the second-order contributions
for symmetric and neutron matter. We analyze the results for
symmetric, neutron, and asymmetric matter in the case § =
0.5. The case of asymmetric matter is not derived analytically,
but the finite part of this EOS is extracted from the numerical
Monte Carlo calculation.

Also in the present section we employ the approximation
m* = m and we neglect the rearrangement terms at second
order. These approximations will be abandoned in Sec. IV.

A. Symmetric matter

Starting from the Skyrme interaction of Eq. (1), the
dimensional-regularized second-order result for symmetric
matter is written as

EQY  mki (3 ~
L — (11 = 21In[2DT?
A h2n4(560( nl2DTes

1 ~ ~
+ %(167 — 241n[2))k2 Tos T

PHYSICAL REVIEW C 94, 034311 (2016)

N —— SLy5 mean field 1
0 \ — — - Sec.Order, Dim Reg. ]

E/A [MeV]

|
0.10  0.15
-3
p [fm ]

FIG. 18. Refitted dimensional-regularized second-order EOS for
symmetric matter compared with the corresponding SLy5-mean-field
EOS.

1 -
—— (4943 — 564 In[2)kET?
* S5a20¢ n2DkrT

1 452
+ 73920 (1033 — 156 In[2))k T, ) , (34
where F stands for finite part. The second-order EOS com-
pared with the SLy5-mean-field EOS is displayed in Fig. 17.
The refitted curve is plotted in Fig. 18 and the corresponding
parameters are written in Table V (§ = 0).

We could correctly reproduce the saturation region only
by restricting the fit of the parameters in a narrow region of
densities close to the saturation point. The EOS is, however,
poorly described in the other density regions, as can be seen in
Fig. 18; this implies that the incompressibility modulus is not
well reproduced (368 MeV). An improvement is however seen
with respect to the adjustment presented in Ref. [13], where the
equilibrium point was completely missed. This improvement
is due to the density-dependent term which allows us at least to
shift the equilibrium point to its correct value. We do not report
for this case the x2 value because the reference points for the
fit are taken only close to the saturation point and such x>
value would thus not be comparable with those obtained from
the previous fits where the reference points were distributed in
the whole region of densities.

TABLE V. Parameter sets obtained with the fit of the dimensional-regularized second-order EOS compared with the original set SLy5.

o 121 12} 13 X0 X1 X2 X3 o
(MeVfm®) (MeVfim’) (MeVim’)  (MeVfm**)
SLy5 —2484.88 483.13 —549.40 13763.0 0.778 -0.328 -1.0 1.267 0.16667
8
1 —3746.7 264.38 1607.4 —4537.9 0.8322 —1.3524 —1.1643 —13.7421  2.0301
0.5 —920.60 544.55 —783.28 —879958 0.0289 —0.2788 —0.0681 —10650 9.1666
0 —938.36 975.87 —887.06 —348964.5 —0.156 —0.331 0.00265 —0.442 3.104
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FIG. 19. (a) Dimensional regularized second-order EOS for
neutron matter compared with the corresponding SLy5-mean-field
EOS. (b) Second-order correction.
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FIG. 20. Best fit for dimensional regularized second-order EOS
of neutron matter compared with the SLy5-mean-field EOS.
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FIG. 21. (a) Dimensional-regularized second-order EOS for
asymmetric matter in the case § = 0.5 compared with the corre-
sponding SLyS5-mean-field EOS. (b) Second-order correction.
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FIG. 22. Best fit for dimensional-regularized second-order EOS
for asymmetric matter (6 = 0.5) matter compared with the SLy5-
mean-field EOS.
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FIG. 23. Same as Fig. 1 but with an effective mass computed
within the mean-field approximation.
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FIG. 24. Same as Fig. 7 but with an effective mass computed
within the mean-field approximation.
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TABLE VI. Parameter sets obtained with the global fit of the second-order EOS including symmetric and neutron matter for different
values of the cutoff A compared with the original set SLy5. Here the mean-field effective mass is used in the second-order calculation. The x?

values are shown in the last column.

Iy 121 123 13 X0 X1 X2 X3 o X

MeVfm®) (MeVfm®) (MeVfm’) (MeV fm*H)
SLy5 —2484.88 483.13 —549.40 13736.0 0.778 —0.328 -1.0 1.267 0.16667
A (fm™h)
0.5 —2254.55  555.99 —496.33 12099.62 0.7429  —0.3723  —0.9236 1.2982 0.1844  0.39
1.0 —1090.87  290.62 —552.05 11613.08 0.2255 —53624  —0.8087 2.1436  0.6404 10
1.5 —433.47 20322 —280.96 6704.25 03570  —5.4828  —0.9308 27269  0.8262 1.9
2.0 —667.98 79.28 35.51 8842.99 0.6230 42801 —0.2024 —0.3620 1.3769 1.4

B. Neutron matter

The analytical expression for the second-order contribution
is

EQY  mkd (1
—neutr _ — (11 = 21n[2DTA
A h2n4<280( n2D o5

1
+ @(167 — 241n[2])k3 To3 T

1
—— (4943 — 564 In[2])k% T2
* 53160 n2Dkn T

+

110880(1033 - 1561n[2])k4NT22>. (35)

The corresponding EOS is plotted in Fig. 19 and compared
with the corresponding SLy5-mean-field EOS. Figure 20
shows the curve obtained with the adjusted parameters and
Table V presents the associated parameters (§ = 1). In this
case, the nine reference points chosen for the fit are distributed
in the whole region of densities. The X2 value is ~91,
indicating an average deviation from the reference points of
about 9.5%. The quality of the fit is lower than that obtained

0 I I
[ —— SLy5 mean field )
% =l -+ ++ Sec. Order, A=0.5 fm" N
S [ Sec. Order, A=1 fm™!
< -10- -=-= Sec. Order, A=1.5 fm! 7
H r *=-+ Sec. Order, A=2 fm! 7
SE @ -
£ f | f | f | f | f | f
i - | - | - | - | - | - ]
P
_30r /,/ _
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E 20+ //’ *
< 7 ,// 1
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3
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FIG. 25. Second-order EOS’s for symmetric (a) and pure neutron
matter (b) adjusted on the SLy5-mean-field EOS’s, with an effective
mass equal to the mean-field effective mass, for different values of
the cutoff.

for neutron matter in the case of the cutoff regularization, but
is still reasonably good.

C. Asymmetric matter

The second-order EOS of asymmetric matter (for the case
8 = 0.5) and the refitted curve are plotted respectively in
Figs. 21 and 22. The parameters are listed in Table V. Also in
this case, as for symmetric matter, the equilibrium region can
be described only by taking a narrow region of densities around
the minimum to perform the adjustment of the parameters.
The EOS is clearly very poorly described in the other density
regions.

We may conclude that, when dimensional regularization is
used, the fit of the parameters has a global good quality only
for the case of pure neutron matter. We will see, however,
in the next section that results are considerably improved for
symmetric matter when the rearrangement terms are taken
into account.

IV. EFFECTIVE MASS AND REARRANGEMENT TERMS

We worked so far by using two approximations: We have
approximated the effective mass with the bare mass and
we have neglected the second-order rearrangement terms
generated by the density-dependent part of the interaction.
In the present section, we include first an effective mass in
the computation of the second-order EOS for the cases of
symmetric and pure neutron matter. Then, we also include in
these cases the corresponding rearrangement terms.

We use the mean-field approximation for the effective
mass, where only the velocity-dependent terms contribute. For
symmetric matter, one has

(i pes) (36)
m 852'0 N )
whereas for neutron matter one has
" (1 ™ s ey 37)
m o a2 Pos T )

By using m* instead of m in Eq. (5), new EOS’s for symmetric
and pure neutron matter are obtained. In the case of cutoff
regularization, they are evaluated by multiplying Egs. (22),
(23), and (27), (28) by Eqgs. (36) and (37), respectively. In
the case of dimensional regularization, they are obtained
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FIG. 26. Second-order EOS’s for symmetric (a) and pure neutron
matter (b) compared with the SLy5-mean-field EOS’s, calculated with
the SLy5 parameters for the case where m* = m and rearrangement
terms are neglected (red circles and dotted line), for the case
where a mean-field effective mass is used and rearrangement terms
are neglected (gree squares and dotted line), and for the case
where a mean-field effective mass is used and rearrangement terms
are included (blue dashed line).

by multiplying Eqgs. (34) and (35) by Egs. (36) and (37),
respectively. The corresponding curves evaluated with the
SLy5 parameters show a density-dependent rescaling effect,
as obviously expected. This may be observed in the illustrative
case of cutoff regularization: Figures 23 and 24 describe the
same quantities as Figs. 1 and 7, but with m* # m.

Fits of parameters may be done for symmetric and pure neu-
tron matter and we provide here the illustrative results obtained
in the case of the cutoff regularization. We show in Fig. 25 the
curves corresponding to a global fit done on the benchmark
SLy5 EOS’s by including simultaneously symmetric and pure
neutron matter. The obtained parameters are listed in Table VI.
The incompressibility modulus ranges from 202 to 238 MeV,
according to the different cutoff values. The quality of the fit
is globally very good with a maximum average deviation from
the reference curve of ~3%. We mention that, in the case of
dimensional regularization, we found that the inclusion of an
effective mass is not sufficient to improve the quality of the fit
of the second-order EOS for symmetric matter, which remains
similar to that shown in Fig. 18.
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FIG. 27. Second-order EOS’s for symmetric (a) and pure neutron
matter (b) adjusted on the SLy5-mean-field EOS’s, with an effective
mass equal to the mean-field effective mass and with the inclusion of
the rearrangement terms, for different values of the cutoff.

We discuss now the rearrangement terms. As already
anticipated in Sec. I, Ref. [18] pointed out that the square of
the interaction entering in the computation of the second-order
energy correction coincides with the square of the RPA B
matrix, which means that the rearrangement terms have to
be computed by using the second derivative of the Hartree-
Fock energy functional, as done in RPA. By following such
procedure and using the Landau parameters computed with the
Skyrme force for symmetric and pure neutron matter [26], the
combinations of parameters containing the 73 part in Eqs. (24)
and (29) may be replaced by

~ 1 1 2
TRy = |:fo(1 —x0)+gls(l—xs)/)“+3—2t3p°’a(3+a)i|

1 1 2
+[l0(1 +x0)+8t3(1+x3)p"‘+§t3p"‘a(3+a):| ,

Troy TR, = 1 i1 —x0)+ 2 151 —x3) "+ = £ (3-+a0)
2 6 32

1
x (1 — JC1)}|-%1 |:[t0(1+x0)+6t3(1+x3)p°‘

1
+ 3—2t3,0“a(3 + ot)i|(1 + xl)i|,

TABLE VII. Same as in Table VI, with also the inclusion of rearrangement terms.

fo h 12} 13 Xo X1 X2 X3 o X
(MeV fm?) MeVfm®) (MeVfm’) (MeVfm**)

SLy5 —2484.88 483.13 —549.40 13736.0 0.778 —0.328 -1.0 1.267 0.16667

A (fm™)

0.5 —2226.39 833.57 —1054.76 12615.02 0.7243  —0.3572  —0.8483 12719 02020  0.03
1.0 —9.43 1004.59 —3683.79  —10057.96 —21.7819 3.1346  —1.2868  —0.2921 0.8324  3.48
1.5 520.74 664.84 —2226.01 —8415.55 1.7992  —1.6278 —1.3517  —6.5449 0.6387  2.15
2.0 894.01  —122.55 —968.37 —3284.51 1.3452 8.1176  —1.9424 —16.1373 0.7411  2.20
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FIG. 28. Same asin Fig. 18, but with an effective mass equal to the
mean-field effective mass and with the inclusion of the rearrangement
terms.

1
Tk = to(1 — x0) + gts(l — x3)p”

+ %@p“a(a + 3)(1 — x3), (38)
where R indicates the inclusion of the rearrangement terms.

Figure 26 shows, as an illustration, how the dimensional-
regularized second-order EOS’s (computed with the SLy5
parameters) are modified by the inclusion of the rearrangement
terms. One observes that, for the case of neutron matter, the
inclusion of rearrangement terms in the EOS has a very weak
effect compared to the much more important effect coming
from the inclusion of the effective mass. On the other side,
for the case of symmetric matter, rearrangement terms modify
the curve. Such modification, with respect to the case where
rearrangement terms were omitted, allows us to obtain a much
better refitted dimensional-regularized EOS for symmetric
matter, as will be shown below.

For the case of cutoff regularization, we present in Fig. 27
the curves obtained with a global fit including symmetric and
neutron matter (the corresponding parameters and x? can be
found in Table VII). The incompressibility modulus ranges
from 200 to 250 MeV, according to the different cutoff values,
and the quality of the fit is very good as indicated by the x>
values.

The same global fit does not provide any good results for the
case of dimensional regularization. We have then performed
separately the two fits for symmetric and neutron matter
(Figs. 28 and 29 and Tables VIII and IX). The incompressibility
modulus is equal to 250 MeV. The quality of the fit is now less

PHYSICAL REVIEW C 94, 034311 (2016)

40 T T T

— SLy5 mean field
e Sec. Order, Dim. Reg., with rearr. terms+m*

E/A [MeV]
3] W
(e (e

[ [

| |

—
(=
T
°

|

! ! \
0 0.05 0.10 0.15 0.20 0.25 0.30

p [fm”]

FIG. 29. Same as in Fig. 28, but for neutron matter.

good but still reasonably good in the case of symmetric matter
(average deviation of 13%) and acceptable for neutron matter
(average deviation of 21%).

We see here the importance of including the density-
dependent part of the Skyrme force. The inclusion of this part
without the rearrangement terms allowed us in the previous
section to shift the equilibrium point of symmetric matter to
the correct one (compared to the EOS obtained in Ref. [13]
where the #3 part of the Skyrme force was totally neglected).
The inclusion of the rearrangement terms allows us now to
correctly describe the EOS of symmetric matter also in the
other density regions and to have a reasonable value for the
incompressibility modulus.

V. CONCLUSIONS

We have presented a study devoted to the computation of
the second-order correction in the EOS of symmetric, neutron,
and asymmetric matter, with the use of the Skyrme effective
interaction. Owing to the zero range of such force, the second-
order contribution to the nuclear-matter EOS diverges and a
momentum cutoff must be used to regularize the divergent
integrals. The divergence is linear in the momentum cutoff in
the simplified 7y — #3 model [8] and goes like the fifth power of
the cutoff in the case where the velocity-dependent terms of the
Skyrme interaction are also included. For simplicity, we have
omitted the spin-orbit and tensor terms in the used expression
of the Skyrme interaction. In addition to the occurrence of an
ultraviolet divergence, second-order calculations performed
with such an effective interaction present also a well-known
risk of double counting, because the parameters of the force are

TABLE VIII. Parameter set obtained for symmetric matter with the fit of the dimensional-regularized second-order EOS compared with
the original set SLy5. The mean-field effective mass and rearrangement terms are included. The x2 value is shown in the last column.

o 121 123 13 X0 X1 X2 X3 o X
(MeVfm®) (MeVfm®) (MeVfm’) (MeVfm’H*)
SLyS  —2484.88 483.13 —549.40 13763.0 0.778 —0.328 -1.0 1.267 0.16667
—142543  —16732.70 134558 373005.96 —0.0279 —0.1885 —5.2091 —0.2014  0.5796 184
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TABLE IX. Same as in Table VIII but for neutron matter.

I 1 12} 13 X0 X1 X2 X3 o X
(MeV fm®)  (MeVfm’) (MeVim®)  (MeV fm*t*)
SLy5 —2484.88 483.13 —549.40 13763.0 0.778 —0.328 -1.0 1.267 0.16667
1591.32 —837.21 —1498.53 2582.80 1.5534 1.7740 —0.9306 7.2733 1.3874 466
adjusted to reproduce observables with leading-order (mean- that is,

field) calculations. This implies that the parameters already
contain in an implicit way some correlations. The cancellation
of such double counting is then required.

We have treated the ultraviolet divergence appearing at
second order in the EOS of nuclear matter by using cutoff
and dimensional regularizations, as was done in Refs. [9,10],
respectively: in the first case, the full second-order correction is
calculated with all the cutoff-dependent terms. The analytical
derivation of all the terms is presented for symmetric and neu-
tron matter. Results obtained numerically with a Monte Carlo
integration for symmetric, neutron, and asymmetric matter are
discussed. For each value of the introduced momentum cutoff,
a new set of parameters is obtained by adjusting the second-
order EOS to the chosen benchmark SLy5-mean-field EOS.
This procedure eliminates both double-counting problems and
divergences. In the case of dimensional regularization, only
the finite part of the EOS is kept. In such a case, only
double-counting problems arise and they are removed also,
this time by an adjustment of the parameters. Unique sets of
parameters are produced for each type of EOS (no cutoff). The
objective of this work is to present in a complete and detailed
form revised results and figures with respect to those illustrated
in Refs. [9,10]. We have realized recently that those results
are incomplete in some aspects concerning the analytical
derivation of specific second-order contributions. In addition,
we have evaluated the effects associated to the rearrangement
terms entering in second-order calculations and related to
the density dependence of the interaction. Sets of parameters
adjusted for symmetric and neutron matter, taking into account
an effective mass evaluated at the mean-field level, and
including also the proper rearrangement terms, are provided.
Such sets may be considered a very reasonable starting point
within our general objective; that is, the construction of
generalized effective interactions that are specially designed
to be used in a beyond-mean-field scheme: parameters are
adjusted at the same level of the performed calculations (no
double counting) and produce results which are independent
of the chosen energy or momentum cutoff. Such regularized
interactions will open the possibility of performing robust
beyond-mean-field applications to finite nuclei.
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APPENDIX: FACTORS IN FRONT OF THE INTEGRALS

The second-order correction written in the proton (p) and
neutron (n) basis is the sum of nn, pp, and np contributions,

[ N I, N
AE® = 5} (1J|VGV|l]>pp+§§ (ijIVGVIij)n
ij ij

+ Y (JIVGVIijup

ij

(AD)

Here i and J are the labels of the two particles. Note that
= (2n)9 [dk; [d°k, [d*q, and V = v/ Q. For the np
case, we associate i ton and j to p. The factor 2 in the np part
with respect to nn and pp parts accounts for the symmetric pn
contribution.

When evaluating the matrix element, the exchange term
is included by inserting (1 — P, P, P;) from the left, where
P, P, , P, are the space, spin, and isospin exchange operators,
respectively. The exchange contribution is thus equal to the
direct one in the nn and pp channels in the cases of even-even
and odd-odd mixing of the interaction. In the cases of even-odd
mixing of the interaction, one has 1 — P, P, P, =1+ P, P,
for the nn and pp channels (P, provides a minus sign). The
exchange term is always equal to zero in the np channel.

1. £ (£2) matrix element

We start with the square of the term v = (1 + xo Py)
(analogous expressions may be written for the square of the #;
term).

(a) nn channel. In this case, T = 1. The mixing of the
interaction is even-even (I = 0) and this leads to S = 0. P,
acting on the spin singlet state provides a minus sign. One has

1

tzsz
= (20 g /d3k1/d3k2/d3qG
T

x Z(X,fls}(1+2xoPa+x§)|Xf4§) ,
SMg

(A2)

where M is the spin projection. By applying the spin exchange
operator and by performing the sum (there is only one term:
S = 0; Mg = 0) one has

1 .. ..
EE <1J|VGV|1J>nn
ij
KR 2 3 3 3
=l 2o+ ad] [ [ @'k [ d9G a3)
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We introduce the quantities

— ki - kx _ q
k = > k = 7> = 7>
T Tk Tk
— k — |’¢
k=~ K= (A4)
N N
_ A 2
A=—, G=Gk
ky
Then
1 Y 1 e [ o B 3
— JIVGV|ijn = ——=|1—2 k d’k d’k a’qG. A5
3 S GIVGVIifh = o[ =20+ 4] FN/O 1/0 2/0 q (AS)

ij
(b) pp channel:
The pp contribution is the same as the nn contribution, with kr, — kr, in Eq. (AS).
(c) np channel (in the np channel, the operator P, provides a plus sign when applied to the spin triplet states and a minus sign
when applied to the spin singlet state).
We introduce the quantity

kr, 1—-58\'"°
a . <1+8> (A6)
Then
> VGV ij)ap = o )9k;N/ d3k1/ d*kQ/ G| Y (X5 | (1+ 2x0 P + x3)| X3, (A7)
ij SMs
tOQ 7 3 3 3
=4k (L 30+ ) [ k| " e, (A8)

2. t()(t3)t2 part

This contribution is equal to zero in the case of symmetric and neutron matter, because it mixes even and odd terms of the
interaction. One has

vGv = 1y(1 + x9 Py)t2(1 + x, P,)K KG. (A9)
By including the direct and exchange terms,
(ijlvGulij) = K kG (ijltot2(1 + x2 Py + X0 Py + xox2)(1 + Py Pr)|ij). (A10)

(a) nn channel:
In this case, both particles are neutrons and the antisymmetrization condition must be imposed. Therefore, as in Sec. I A, the
odd-even mixing of the interaction is not allowed. Thus,

D {ijIVGVlijyum = 0.
ij
(b) pp channel:
The pp part is the same as the nn contribution and thus equal to zero.
(c) np channel:
Now the two particles are not identical if their densities are different (different Fermi momenta). We have the following
nonvanishing term:

, » 10122 o
> VGV Iij)np = (022)9k3N/ d*klf d*sz A*qRKG| > (X3 |1+ (x0 + x2) Po + x0x2| X3 )
ij SMs
totr 2 9 3 [ p—
= 2(2 )ngN(2+x0 +x +2x0x2) d K i k2 qk kG. (A11)

Note that if protons and neutrons have the same density, then they can be considered as identical particles. This is reflected in the
above equation: by setting a = 1, the integral leads to zero, as for the nn and pp cases.
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All the other matrix elements can be evaluated in the same way as above. We list the results of the other terms
below.

3. t()(t3)t1 part

(a) nn channel:

1 totlQ
T 20ny K

—Z {1V GVI1if)mn

ij

1 1 A
(1 —x9—x1+ )C())Cl)/ d3E1 / d3E2/ d3Q(E/2 + EZ)E (A12)
0 0 0

(b) pp channel:
The pp part is the same as the nn part, by replacing kr, — kp, in Eq. (A12).
(c) np channel:

fot1 €2

= Gn )gk%N(2+x0+x1+2x0x1)/ d k1/ d*sz PgE’ +K)G. (A13)

Y VG Vlij)y =
ij
4. ht pal‘t
(a) nn channel. It is analogous to the nn part of the 7yt, part (even-odd mixing):
> i1V GVIij)wm = 0. (Ald)
ij
(b) pp channel:

The pp part is the same as the nn part and is equal to zero.
(c) np channel:

16 L R S S N
D GiIVGVIijhy = (‘22)9k;;<2+x1+x2+2x1x2) / &'k, / 4’k / FgE” + KK KG. (A15)
— v 0 0 0
i
5. £} part
(a) nn channel:
lZ(ij|VGV|ij) L [1— 2x) + 22kl /1d3E /1d3E /Ad3G(E/2+E2)25 (A16)
= nn — - 1 1 2 s
2 o 4 (2m)° Y L 0 0
(b) pp channel:
The pp part is the same as the nn part, with kp, — kp,.
(c) np channel:
Q 11 3L 31, 3—
Y GjIVGVij)ap = = on )ngN(l—i-xl—l—x d K " k2 d G’ +k)G (A17)
ij
6. ¢} part

(a) nn channel. In this case, T = 1. The mixing of the interaction is odd-odd (I = 1) and this leads to S = 1. P, provides a
plus sign for each of the triplet states:

Q 11 31 3% 3~
[1+2x 4 x3 ]k, d k; d k2 d G- k) (A18)

1, y
5 2_MiIVGVIij)m =3 (2 3

ij
(b) pp channel:

The pp part is the same as the nn part, with kp, — kp,.
(c) np channel:

D IV VIijhap —4(22 )gk‘plN( +x2+ %3 / d3k1/ d3k2/ FqE K C. (A19)
ij
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