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We generalize to N2LO Skyrme functionals the semi-classical approach of Grammaticos and
Voros |1, 2] in order to calculate the Extended Thomas Fermi expressions of the new densities
and currents appearing at the N2LO level. Within a one dimensional symmetric semi infinite nu-
clear matter model and using a simple Fermi-like density profile, we obtain an easy-to-use formula
for the surface energy including the contributions of the central, density-dependent and spin-orbit
terms up to A%. Such a formula can be easily used as a first attempt to constrain the surface prop-
erties of new N2LO Skyrme parametrizations. The N2LO parametrization tested in this paper is
shown to exhibit a shift (compared to a full Hartree-Fock calculation) which is quantitatively similar
to the one obtained with the traditional Skyrme parametrizations.

I. INTRODUCTION

Microscopic self-consistent models based on the mean field approximation have demonstrated their usefulness to
describe precisely a wide range of nuclear properties such as binding energies, radii, separation energies, energy spectra
or also fission barriers of heavy nuclei. At this time, they even allow rather pertinent analysis of spectroscopy of
superheavy nuclei for which there exists a lot of recent experimental results. All these models use as a basic ingredient
an effective interaction containing parameters which must be determined from a panel of pseudo and experimental data
within a precise protocol. Among the pseudo data used in the fitting procedure, properties of infinite matter are usually
incorporated but those of semi-infinite nuclear matter are often neglected because of the required computational time.
However, the surface energy has been recognized in the early years as one of the fundamental properties of nuclei and
thus entered the liquid drop formula even in its simplest form. In this particular formula, its role is to keep a nucleus
spherical (against Coulomb repulsion for instance) but more generally, its physical meaning is related to the shape of
a nucleus and its ability to deform. From a fundamental point of view, since this last property is controlled by the
compressibility for small density oscillations, both quantities are related |3, 4]. From a practical point of view, the
surface energy naturally contributes to the deformation properties of nuclei [5, [] and thus in fusion reactions |7-11],
to the determination of fission barriers |12, [13] or in cluster decay [14] and neutron-star matter |[15]. It is therefore of
the utmost importance to determine precisely the surface energy and each of the aforementionned constraints could
be used to fine tune the parameters of an effective interaction [5, [16, [17]. Historically, this was not the case and the
huge difference between the result obtained with a Skyrme parametrization and the experimental fission barrier height
of 24°Pu induced the adjustment of SkM* [5]. This parametrization is a modified version of SkM [1§] fine tuned in
such a way that the height of a semi classical calculation of the fission barrier [19] is well reproduced without any
modification of infinite nuclear matter isoscalar properties. The parametrization SkM* is still quite commonly used
for the description of fission phenomena [20].

Since neither the fission barriers neither a full Hartree-Fock (HF) calculation of the surface energy [21] can be
directly used in a fitting protocol because of the numerical cost, semi-classical methods and especially the Extended
Thomas Fermi (ETF) expansion method [1, 12, 19, 22-24] were developed as an alternative. This kind of approach is
of great interest when one is concerned by an approximation of the total energy of a fermionic system, let us say a
nucleus made with neutrons and protons, but not by an approximation of the total wave function. Generally speaking,
semi classical methods are mainly based on the Strutinsky theorem, such that one can split the Hartree-Fock energy of
a system of fermions in two parts: an important smoothly varying part which can be roughly described by the liquid
drop model, plus a smaller, but not smooth, part purely related to shell effects [25-29]. Semi-classical expansions are
actually known to give an accurate description of the smooth part of the energy. Practically speaking, they consist
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of an expansion in powers of i of the density matrix which allows us to express each of the densities and currents
appearing in the energy density functional as functions of the Fermi modulus kp, the effective mass field f and their
spatial derivatives. Then, by eliminating kr, one can express the energy with respect to the density and it’s spatial
derivatives alone. The great advantage comes from the variational principle with respect to the individual wave
functions which is replaced by a simpler variational principle with respect to the density profile itself. This leads to
an easy-to-use formula which reduces drastically the computer time when compared to microscopic HF calculations.
Two methods have been used in the past to obtain an ETF expansion. First an expansion in powers of & of the Bloch
density [19, 22-24] and second the Wigner-Kirkwood transform of a one-body hamiltonian [1,[2]. A direct and recent
application of this approach can be found in Jodon et al. [30] and in Ryssens et al. |[G] where the authors examined
the correlation between the surface energy and the deformation properties of heavy nuclei. In Jodon et al. [30] in
particular, the authors revisited a very simple ETF expansion obtained by Krivine and Treiner |31, 132] in order to
obtain a simple formula for the surface energy and thus to obtain an easy-to-implement constraint in the fitting
procedure which leads to the so-called SLy5s parametrizations [30]. In this work, we extend the method developed
by Grammaticos and Voros [1, 2] to Skyrme energy density functional (EDF) containing 4th gradient terms (named
N2LO) which are expected to improve the calculated properties of nuclei [33]. Temperature effects, relativistic models
as well as the possibility of superfluidity are not been considered here. The paper is organized as follows. Section
IT recalls the N2LO Skyrme EDF considered here. Section III generalizes the results obtained in [1, [2] for the new
densities appearing at the N2LO order. Section IV uses the semi-classical ETF results of the third section to calculate
the surface energy of a N2LO Skyrme functional within a 1D semi-infinite nuclear matter model. Section V presents
the discussion of our results.

II. THE SKYRME ENERGY DENSITY FUNCTIONAL AT THE N2LO ORDER

A. Local densities and currents

The interaction used in this paper is the so-called N2LO extension [34-37] of the traditional Skyrme interaction.
It implies gradients up to fourth order. In Ref.[38], the authors considered specific densities more suited to 3D HF
numerical calculations but for this formal work, we keep here the more compact notations for densities introduced
in [39]. The density matrix elements (the ¢-index is for the n/p representation) in direct and spin spaces reads:

Par @1y + 8,r @6

(ro|pglr’c’) = py(ro,x’'c’) = %pq(r,r') Opor + %sq(r,r’) (ola|o’) = (ro] 5 Ir'o’) | (1)
where
Par = Tro(pq) (2a)
Sqr = Tro(pgd) - (2b)
We introduce now the useful local densities as:
pq(r) = pq(rarl)‘r:r/ ’ (33“)
Sq(r) = Sq(rvr/)’r:r/ ) (3b)
T,(r) = V-V’ pq(r,r’)|r:r, , (3¢)
1
7o (®) = 5 (VYo + V) e r)] (3d)
Qq(r) = AA/Pq(rvr')L:r, ) (3e)
1 I !
Jgu(r) = % (VM - Vﬂ) Spq(r,T )‘r:r/ , (3f)
1
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Time reversal invariance is assumed which restrict our work to even-even nuclei or unpolarized infinite systems. Using
this assumption, the time odd part of the Skyrme EDF vanishes so that the corresponding densities do not appear
in the list above. The treatment of the time odd part of the NLO part of the Skyrme EDF has been made by
Grammaticos and Voros in [1]. It requires the definition of the corresponding currents but does not imply any specific
issues and will be treated in future developments.



B. The Skyrme EDF

We consider in this paper a Skyrme pseudo potential containing a 2-body central (C) term and a spin-orbit (SO)
term up to NLO order (see Ref.[40] for notations) plus a central N2LO component as developed in [33]. Let us note
that the tensor (T) part of two body pseudo-potentials as developed in [41] could be also introduced without major
changes since the spin-gradient coupling present in the C part already generates a tensor component in the Skyrme
EDF (see the expression of HYM, Eq. (al) below). Similarly, the central three body part developed in [42, 43] could
be also taken into account by a modification of the concerned one body fields.

Finally, we can write the functional as (the ¢ = n/p refers to the neutron/proton representation while the ¢ = 0,1
index refers to the isoscalar/isovector representation):
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where J; and C; are the vector components of J; ,,,, and C% ,, respectively and where the repeated p,v indexes are
summed over the cartesian coordinates. At this stage, we made a second assumption which induced the reduction of
the tensor currents to their vector part. This occurs in spherical nuclei and also in semi infinite nuclear matter as we
will see in a further section.

C. The one body hamiltonian

The one body hamiltonian associated to the above N2LO EDF is given by:

oE 0

hy(ro.x'0") = (rolhglr'o’) = dpg(r'a’xa) — dpg(r'o’,ro) /[Rs A

= Uy()3(r — 1) 0y — Y, [Bq,w(r)v,,a(r - r’)] Soor + A {Dq(r)Ad(r - r’)} Soor
+iW,(r) - (<a|&|a’> X V(r — r’)) +iV- [ [V, (r) - ((0]&]o’) x V)] Vo(r — r’)} . ()

where the fields can be separated in their NLO+N2LO components as

Uy(r) = UM (r) + U*(x) (6a)
By (r) = BYO(r) 6, + BeiClr) (6b)
Dy(r) = DY*(r) (6¢)
W, (r) = W) + W) | (6d)
V,(r) = V#(r) (6e)



The expressions of all the above fields in terms of densities and currents are given in Appendix [Al At the N2LO
order two new fields appear, i.e. Dg4(r) and V4(r). Moreover, B,(r) field is no longer a scalar (as for NLO) but now
becomes a symmetric rank 2 tensor with a non-zero contribution of its scalar part and its deviator (i.e. symmetric
and traceless) part.

III. THE SEMI CLASSICAL EXTENDED THOMAS FERMI APPROXIMATION
A. The Wigner-Kirkwood transform

We now focus on the semi-classical expansion of the N2LO functional and follow the notations of Grammaticos and
Voros [1, 2]. The Wigner-Kirkwood transform of an operator A and of a product of operators AB are respectively
given by [44]:

AvRop ) = [ (R L ARIR+ e -
R3

and [45]

(AB)w = Awet" N By, (8)

W:Z:(%ﬁ_%?) o)

with

Or; Op;  Op; Or;

where the above operator acts on left or right side depending on the arrows. The object of interest we want to expand
in powers of & is the density matrix which, at zero temperature, reads :

pq =O(Erg ﬁr@d = hyq) (10)

where qu is the one-body hamiltonian and Ef, the Fermi energy of species ¢q. Since we consider the case with a
spin-orbit term, the Wigner transform of h, can thus be expressed as (x = (R, p)):

(ﬁq)W(Xv h) = Hga(R, p)ﬂa +hHgso(R,p) - & (11)

where H, . represents the classical limit (obtained formally when & goes to zero) and Hq ¢ the spin-orbit part, which
enters the expansion as a first-order i correction (see Ref.|2]). Given any analytical functions F of the hamiltonian

qu, the expansion in the vicinity of its classical value reads:

= Z %F(n) (Hg,cl (X))(;Lq — Hyl (x)ﬂr®0)n (12)

so that the Wigner-Kirkwood transform is

oo

(F (g (5,) = 3 = F O (Hy ()G 5, ) (13)

n

with

Gan(x,1) = ((hg — Hy,t () Lrgo)")w (X', ) (14)

x/'=x

I Note the presence of some sign errors in the derivation of the following formula in Ref [45]. However, the final result is correct.



which are universal operators for a given Hamiltonian, i.e. independent of the function F. At order h?, we recover
the results of Grammaticos and Voros [2] :

Gq,O(xu h) = :ﬁ-a

Goa(x,h) = hHqso - &

A K2 A

Gg2(x,h) = h [4Hq,so (agupu Hy.ct) (6§upqu,cl) - (‘ﬁuml,Hq,cl) (azgupquml)] 1, + O(h3)

R h2
gq73(xa h) = Z [ (agup q,cl) (6pqu,cl) (&quq,cl) - (agum,, q,cl) ((9 Hq cl) (6pqu,cl)
— (93 p, H,ct) (Ou, Hy,et) (O, Hy,e1) | 1o + O(B)

PuPv
We thus immediately obtain for the density matrix :

(3o (,0) = O(Frg — Hyulr,p) ip — 3 222N 500 (g1 0 ) — B,

and the non zero densities and currents read

3
) = [ o (aw(np) (15

=18 [ 2 e + [ R ) (16)
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A = 588 [ 2w + [ o D) - 58 [ R )
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Tul®) = | (2f§)3 P (5w (D) (19
1

with

(Pgr)w(r,P) = Tro[(pg)w(r,P)]
(8¢,0)w (r,pP) = Tro[(pg)w(r, p) O]

If Hy ¢ is invariant under rotations in momentum space, the above expressions can be simplified since the angular
average can be done explicitly. By instance, we define, following Ref.[1]

brg i (r) = /OOO dp p’“"<(ﬁq,r)w(r,p)> ; (21)

where (f(r,p)) = & [» d*(B) f(r,p) is the momentum angular average over the unit 2-sphere S2. Taking Hg,c as
the new integration vanable% we can then write
r—1
k oo k-1
R _ PF 1 19 p 5
Aq(r) = -1 — > ] <_3H—w8_p S (Yar) (22)
r=1 op Op p=pr(r)

2 We have to be careful at N2LO with this change of variable, since, for negative values of the p highest order term, the energy density
starts to quickly decrease to —oo for large values of p. This generates a high momentum unphysical set for which the associated energies
are below the Fermi level. One may need to introduce a momentum cutoff at the N2LO level to avoid this unphysical region.



Because of the spin-orbit and N2LO terms, we also need

r—1
X | 1 0 pk=2 5
g rp(r)=—Y_ 5 <_ma_> <m<pu G (23)
r—1 ap dp p=pr(r)
; N 1o\
A p p 5
(€)= oG =3 (‘m%) <m<pﬂpv gq,r>> (24)
r=1 dp dp p=pr(r)
We can thus write
TI‘U(& 73)
po(r) = — 55— (25a)
ATro(dqs) | Tro(dgs)
Tq(r) = 87T2h,3 + 27T2h5 9 (25b)
s ViV Tro (g 3) Tro(Gg,5,uv)
T (1) = 87213 T T Sam ’ (25¢)
A2Trg(dq_,3) ATr, (G 5) Tr, (Gq,7) V.V, Tre(6g,5,u0)
Q)= =5 5m ~ e omm 272 R ’ (25d)
TI‘U(& A4, (3’1,)
Ja,uv(r) = 72;25: ) (25¢€)
ATrg(&qA_#[Tl,) V#V,{Trg(quﬁ@,) Trg(dq_ﬁ“u[fl,)
Copv(r) = S2p - o R (25¢)

Concerning the NLO deunsities, our results agree with Ref.[2]. The only differences lie in the new densities and currents
specific to the N2LO order.

B. The one-body N2LO hamiltonian

The form of the hamiltonian we derived earlier is not very well suited for the Wigner-Kirkwood transform. We thus
consider the following form

2~ ~ /7 R ~ /7 . - / .
(rlhglr') = T, <I”;r ) 5(r— )i, — By (%) V.V, — )i, + D, (I”;r ) AAS(r — )i,

—ig- {Vq (r;rl) xVA&(r—r')] i {Vvq (#) X V&(r—r')} (26)

Both are of course equivalent if their fields verify the relations:

D,=D, ,

1
Buw = Bogw + ViV Dy = 58Dy,

- 1 1
Uy = Uy + Vo VB + 7500D,

Vaq=Vq ,

. 1
Wo=Wq— AV, (27)

The Wigner transform of <r|izq|r’ ) is then straightforward :

R ~ R ~ R ~ 4 ~ B 2
(ha)w(R.P) = Ug(R)s + By (R)ZGL, + Dy(R)2ris + 6 (W (R) x ) — 6+ (Vo(R) x ) 2 (28)

As we can see, this hamiltonian is far much more complicated than the ones considered in Refs.|1, [2]. Because of
this complexity the calculation is no longer possible formally, which is the main advantage we are looking for. In
particular, the p* and PPy terms in the hamiltonian make a very tedious calculation of the & since their denominator



would contain polynomials of p and trigonometric functions so that only a numerical angular average becomes feasible.
Moreover, the N2LO fields in the single particle hamiltonian would lead to a equation over 7, highly non linear which
is not easily solvable by hand. Obviously, approximations are mandatory and we will proceed perturbatively: we will
keep only NLO potentials in the Wigner transform of the one-body hamiltonian but we will consider the N2LO terms
in the functional. As already described in Ref.[33], the 4-gradient terms give small numerical contributions to the
densities so that the approximation made here seems totally justified. In that case, the total one-body hamiltonian
simply reduces to:
2

(h)w(R.P) = U(R)s + fo(R) -1, + 16 - (g,(R) x ) (29)

with a direct correspondence with Ref.[2]:

~ 1

Uy= Uy = Uy + 708, (30)
2m =~ 2m

Jo= 53 By = 53 B¢ (31)
1 =~ 1

g, = ﬁwq = ﬁwq . (32)

Explicit expressions for G; and &; functions are given in Appendix [Bl They contain several contributions (Thomas-
Fermi (TF), Extended Thomas-Fermi at order A2 (ETF2) and spin-orbit (ETF2so0)) which are easily identified. We
are thus now in position to determine the different densities and currents within the approximation described above.
We obtain (the r dependencies of all the densities are omitted for sake of simplicity)

Te = 7,(;rF i 7_;:TF2.,C i 7_;:TFz.,so (33)
with
3 2/3
TqTF =t (37%) / pz/?’ , (34a)
1 1 (Vpg)2  1Vf,-Vp 1 Vi 1 Af
ETF2,c q q q q q
©— Z A - z — —4 - 34b
K 3% T35, 6 7, 1271\, 6717, (34D)
2 2
1 /2m W
ETF2,s0 __ q
wre=g G) (5 1
and similarly for the other densities or currents
R 1 2/3
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1 1 1Vf,-Vp
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3 6 \ fq 3 fq 54 \ pq 3 fepq 9 pg
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ETF2,;s0 __ TF q
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Concerning the currents, there is no TF contribution and we have
2m \\%
g (B 0 e (361)
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One can easily check the agreement of our results with Ref.[19] and Refs.[1, 2] for all equations concerning NLO currents
and densities. Coming back to the full N2LO one-body hamiltonian one can justify the ”perturbative treatment” of
the N2LO component by inspecting by instance Eq. (34D): at N2LO order, the f field depends on 7 itself, so that
the extraction of 7 from the highly non linear Eq. B3] would be impossible. This remark holds also for the other
densities.

IV. THE SURFACE ENERGY IN 1D SEMI-INFINITE NUCLEAR MATTER

We use here the definition of the surface energy extracted from the simple one-dimensional semi-infinite nuclear
matter model which was originally developed by Swiatecki [46] and by Myers and Swiatecki [47, 4&]. One considers
a medium where the density is constant along the two infinite directions x and y and a plane surface perpendicular
to the z—direction with neutron and proton density profiles denoted as pq(z) (¢ = n,p). Since we are only interested
by the surface energy of a symmetric system we consider here only the isoscalar density po(z) = pn(z) + pp(z). Inside
the matter, i.e. for z — —00, po(z) — psat Where pgat is the equilibrium density in infinite nuclear matter and
E(z)/po — a, the energy per particle in symmetric infinite nuclear matter. Outside the matter, i.e. for z — +oo,
po(z) = 0 and £(z) — 0.

From now on, the surface energy can be simply written as

%zs[fw{ﬂmm—éﬁﬂm@}, (37)

psat

Densities and currents have to respect the same symmetries as our system which are:
e translation invariance with respect to any axis which is orthogonal to z axis

e time translation invariance

rotational invariance with respect to z axis

reflection invariance with respect to any axis which is orthogonal to z axis
e time reversal invariance

Space and time translation invariances imply that the densities and currents will not depend on x,y cartesian
coordinates and time. Time reversal invariance associated with time translation invariance imply a vanishing time
odd part of the functional as already said. Rotational and reflection invariances coupled with translation invariance

induce the cancellation of every remaining densities and currents components except pg, 74 es Tagy Tates Jg.oys Jaa:

. . . . (s) _ (9 _
Qq, Cq,zy and Cy 5. Furthermore, because of rotational invariance again, we also have 74 2. = T4yy, Jg,zy = —Jgy=
and Cy zy = —Cgq,yz- Thus, only the 2 component of the vector parts of J, ,, and Cy ,, tensors remains. Moreover,

since we are here interested in symmetric nuclear matter, we have (omitting the z dependence) :

U,=U,=U |, (38a)
2m
W,=W,=W=-C1Jg—Cy’'Vpy . (38c)

Therefore, the energy density finally takes the following form
2

h 1
Elpo] = 570 + Cflpol pf + C3* po&2po + CF po1o — 505 Jo. + Cy pod.do,:

2 2 s s s
+ O (@200)" + " [0 Qo + 78+ 2 (260002 + ()2 — . 920 ) |
1
LoMT [2 JozCos — 5 Jo,zﬁfJQz} . (39)

The variational principle can then be applied with a simple Fermi-like density profile

Psat
= 40
Po (Z) 1+ e0z ( )




where the o parameter is determined in order to minimize the surface energy and pg,t is the equilibrium density of
symmetric nuclear matter. The result is

Es =S Aoe3+Boz+g : (41)
«

where the A, B, C coeflicients can be written in such a way that one can easily identify the different contributions of
the Skyrme EDF and the different levels of approximation (TF, ETF2¢, ETF2s0). The results are presented below,
order by order.

2 2
For the sake of clarity, we introduced b = h—ﬂ;C'g Psat, C = h—? psatCOT and d = b — ¢ in the following sections.

A. The TF order

At the TF order the densities occurring in Eq. (39) are replaced by their TF values, and the result is

ANLO, TF _ (42a)
BNLO, TF _ % COAP pgat , (42Db)
CNLO, TF _ _ g <§)2/3 2L % g {1 + % - 10g3] — oot -l gpf-’at

+CF g (3%2)2/3 s (—% - 2—\% + 31(;g3) , (42c)
AN2LO, TF _ 3_10 CéAp)z P (42d)
prwo.1 = 2 oy () (120
oo e (S e (S 28 s (1)

The third term of CNFO TF coefficient corresponds to the density dependent term. This one has been chosen as
pY with v = 1 in order to compare our result with Ref.|l] where the autors considered the SIII parametrization.
However, many other exponents have been widely used in the literature and we give in Appendix [C] the expressions
for a various panel of values of ~.
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B. The Central ETF2 contribution

Up to k2, the central ETF2 contributions to the 7, 7, and Q densities generate contributions to the surface energy
through the A, B, C coefficients asF

ANLOETF2e _ (43a)
B o1 1 7,1 b41
BNLO, ETF2¢ _ 0 2 CTol, — |4 = 2 " 1oo(1+b 43b
om 18 /et T G0 5 | gt pE T e el 0) | (43b)
CNLO, BTF2c _ (43c)
AN2LOETF2c _ Mp 02 |- v 13 331 899 119
0 Fsat 1944 324b  TT76b2 129603  324b*
17 20 379 119
log(1+b 43d
<81b2 Tom Tt T 324b5) og(1+ )] ! (43d)
37T2 2/3 7 1 1 2
BN2LO, ETF2,c _ (27 oMe 8/3 ) L, > 2
2 0 Pt \ T T 105 1082 T 309
4+b [1 (1+b1/3)2 1 213 -1 o«
z — ‘7 | _ _—_arctan—— — —— 43
NETOE [6 © [1 I AVEROTES N S 6v3)) (432)
ON2LO, ETF2c _ ( (43f)

C. The Spin-Orbit ETF2 contribution

We now take into account the spin-orbit field in the one-body hamiltonian. This constitutes the most elaborate
calculation presented in this paper. In our 1D semi infinite nuclear matter model, only the J,(z) component of the
vector part of the current J(r) survives. Combining the ETF2 expression for J (see Eq. (BGal) and the expression for
W (see Eq. (A3a)) we can write

2m W
W= Cy (ﬁ) P Co'Vpo (44)

which gives easily the result already obtained in Refs.[30, 49]: [

—Cy”’ Vo

W= __ 0 YF0
-G iy

(45)

As it can be easily seen, we also retrieve the case of Ref.[1] by taking C{' = 0. With the above expression, we can get
the spin-orbit contribution for each of the densities and currents:

Téfl)LLETF2,so _ i <2h—?00v‘])2 ! (Vpo)%g,;;Z;))oQ)(Vupo) (46a)
, ) Psat

a5 = 3 (Zres) 7(1(31) (461)

JS:TFzso _ (2}1_7?OOVJ> 2 - _;_VC?% (46¢)

C(];:TF2,so _ _g (ii_?covJ> 7IF % (46d)

3 The BNLO, ETF2.c 4 BNLO, TF 34 CNLO, TF parts corresponds respectively to the B and C coefficient of eq (IT1.19) of [1].

4 Notice the misprint in Eq.(20) of Ref.[30] where po is missing.
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As expected there is no SO contribution at TF order so that the new contributions to the surface energy arising from
the SO term in the one-body hamiltonian read for NLO parts

ANLOETF250 _ g (47a)
111 1 1 1 1

BNLO, ETF2s0 _ mil: 2l (L4= log(1 +d 47b

(cy )psatHQd Ftog 6\t )lell+d| (47b)

CNLO, ETF250 _ (47¢)

where the J,,,, density contributes via the d coefficient. One can again retrieve the results of Ref.[2] by taking CZ =0
ie. c=0.[ Concerning for the N2LO contributions, we obtain

AN2LO, ETF2s0 _ ~Mp It m éCVJ ! 6 |_567 6237 4239 8l + 81
0 p8 \370 sat | 4q8  32d7  64dS  32d5 ' 640d*
@Jr 8505 N 1215 N 405 log(1 + d)
19 3245 T 8aT T 165 ) 8

2 /4 2 17 3 9 9 3 1 15 9 7
oMp ™ (Zovs)y o4 2 0 Y T 9 ) 10e(1 -
T T (3 07 ) peE T T w s\ a T Te Taw e )| e+
2 /4 2 13 15 11 1 13 71 1
oMp ™ (Zovy) o4 140 10 10 I A
T <3 0" ) Pz |z e T 1o T\ @t 608 9602 b
2 /4 2 113 9 9 3 7 69 27 13
cMp (2 v A 7 A L S
T g (3 0" ) Para |3 T eB TR TRa T\ 1l et BB 168

9 ( 5 21 27 5 39 335 28 45 1 d
o\ F ot taeE) T ar Tse T taar)] et

2 14 17 3 15 11 7 55 173 1
cMp (2 v 4 Lo 1o 1D T I L A
%o ( 0" ) PatE |73 16 16d T \aat T 168 T o6 T Rd

o 5 8 19 1 s 39 257 217 17 23
Rl e e ol Il et — +

2d5 8  16d1  24d3 ' 43042
2 2
18 99 57 3 18 135 18 9
oY) il 2y 2 (222 log(1+d)| (48
3 ( ) Poe |Gt 1E T30 Taoe \T T i TF T ) sl H )| sy

2 302\ *? /4 2 63 243 81 81
BN2LO, ETF2;s0 _ (Oéws _Oéwp) m- <L) <§ OOVJ> p14/3 {__ _ " _

+Cé‘“

o\ 2 sat 2d5  20d* ' 40d3 17642
9(14+11d) [1 (14 d'/3)? 1 9d1/3 — 1 -
T 9q17/3 6 8T 2 arctan 7

V3 Vi 63

ON2LO, ETF2s0 _ (48¢)

V. RESULTS AND DISCUSSION

From a practical point of view, we first apply the variational principal to E[pg]/A and Eg to determine pg,s and
« respectively. The surface energy is then calculated for a surface S given by S = 4nr2,, where 74, is the radius
of a nucleon at saturation density defined as 3773, psar = 1. In other words, we have S = 47(3 /47 pgar)?/3. The
results are presented in Table [l for the SN2LO1 parametrization of [33]. As expected, psa; is independent of the
level of approximation since N2LO terms do not contribute to E[pg]/A in infinite nuclear matter (gradients terms).
On the contrary, « is slightly modified when the h? second order-expansion is taken into account, in agreement with
Grammaticos and Voros [1]. This translates into a difference of 1.1 MeV of the surface energy, which is thus the
typical order of magnitude we can expect when we go from TF approximation to order A2 in the expansion. Actually,
the main effect comes from the spin-orbit combined N2LO terms in the functional: we obtain a decrease of 3 MeV,
which is of course not negligible. However, beyond the numbers, what is really important and motivated the present

5 The reader may note differences between our result and the Eq. (IT1.26) in Ref.[d] due to some misprints in the power of the coupling
constant Cy/ and in the log(1 + b) factor.

(48b)
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work, is the possible use of the explicit expressions of the surface energy written above, directly in the fitting protocol.
In that case, what is important is the shift between the ”exact” value (solution of HF equations) and the approximate
value coming from the semi-classical expansion presented here: a constant shift would enable us to fine tune directly
the surface energy during the fitting procedure, disregarding the numerical value itself. Since there is only one stable
N2LO parametrization in the literature, we decided to compare with results coming from series of Skyrme NLO
interactions.

From a practical point of view, we first apply the variational principal to E[po]/A and Eg to determine pg,y and «
respectively. The surface energy is then calculated for a surface S given by S = 4mr2,, where rg, is the radius of a
nucleon at saturation density defined as 3772, psas = 1. In other words, we have S = 4m(3/47mpsat)?/3. In this way
we used three series of NLO Skyrme parametrizations: i) The SLybsx series |6, 50] which has been constructed to
check the simple MTF (Modified Thomas-Fermi) semi classical approach in a fitting protocol to adjust the surface
properties of a symmetric semi infinite nuclear matter system. The MTF expansion was developed originally in [31] to
simulate effective mass and h? effects with only two gradient terms beyond the TF term of the kinetic energy density.
The authors used such an approximation to generate a simple formula for the surface energy in semi infinite nuclear
matter [32]. This method was recently generalized to Skyrme EDF containing tensor terms as well as a full three-body
interaction [50]; ii) The SV series [51] which vary the bulk properties of infinite matter keeping constants the others;
iii) The SAMi series [52] which uses a quite similar protocol based on the SAMi parametrization. The results are
depicted on Fig. [ for the series of SLy5sx parametrizations, on Fig. 2l for the series of SV and finally on Fig. Bl for the
series of SAMi parametrizations. On Fig.[] is also shown the results obtained for the series: SIII, SkM, SkM*, SLy5
and SLy5* parametrizations taken here as references. On each Figure are presented (left panel) the numerical value of
the surface energy obtained with an HF solver (empty circles), within the ETF2 approximation presented here (empty
triangles), within the ETF4 approximation described in Ref.[l] (empty squares) which corresponds to an expansion
up to h* of the density matrix and within the MTF (Modified Thomas-Fermi) approximation. To clearly exhibit the
difference of each semi classical calculation we present on right panel of each Figure the difference with the HF result.
On right panel of each Figure, we clearly see, for ETF4 and MTF approximations, a constant shift with respect to
the HF results in SLybs series (respectively +0.5 and -0.5 MeV). Moreover, this shift is actually quite independent
of the fitting protocol (see SLy5, SLy5*, SkM, SkM*, as well as the SLy5sx, SV and SAMi series). And this is an
important feature. This fact was already noticed in Ref.|50] and gives a good insight about the existence of a constant
shift: the surface energy calculated by hand is sufficient to obtain the result of a full numerical solution of the HF
equations. The SIIT parameter set was added for completeness and does not sustain the previous conclusion. However,
SIII is a particular case since this parametrization has special features like the density-dependent term by instance.
If we now come to the ETF2 approximation, the shift, instead of being constant, is seen varying in a range [0.7, 1.2]
MeV, which is however quite reasonable. The ETF2 calculation gives then a quite accurate order of magnitude of the
surface energy, which is sufficient to be incorporated in a fitting protocol including the surface energy as a primary
ingredient. Finally, an important feature of our results comes from the comparison to the HF result (see Ref.[53]) for
the SN2LO1 parametrization which exhibits quite the same shift (relative sign and amplitude). Even if the statistics
if of course not significant, there is however a valuable hint about the possibility to use safely our formulas in the
fitting procedure of future N2LO parametrizations.

order | TF | TF + ETF2,c ETF2

Ww (B +V) i |(J + V)i |(fE2 +V) 1o + h(gx D) &

psat (fm™3) 0.162 0.162 0.162
a (fm™1) 1.916 2.021 2.233
Es (MeV) 20.41 19.29 17.68

TABLE I. Numerical results obtained within different approximations with the SN2LO1 parametrization [33]. Second column
gives the TF results, i.e. A° order. Third and fourth columns give respectively the results which include TF + ETF2,c and TF
+ full ETF2 (central + spin-orbit contributions, i.e. ETF2c and ETF2so parts.



13

SLy5s1 | IAAIDOA L A m] NI o SLy5s1
SLy5s2 | AADoA 4F a o A A -4 SLy5s2
SLy5s3 AAQOA 1F & o A A -4 SLy5s3
SLy5s4 | AAOO A 4F a o a A 4 SLy5s4
SLy5s5 | A AQO A 4F A oA A 4 SLy5s5
SLy5s6 [ A AQO A 41F 2 oA A 4 SLy5s6
SLy5s7 | A AO0O A 4F a oA A 4 SLy5s7
SLy5s8 [ A AOO A 41 F & oA A 4 SLy5s8
SLy5* | A AOO A 4F A oA A - SLy5*
SLy5 AADOO A 4F & oA A -4 SLy5
Sl AA O oA 1F & O aa A Sl
SkM* F AA OOA 4F 2 o A A 4 SkM*
SkM | A2 DoA 1F 2 o aa 1 SkM
SN2LO1 A AO 1r A A 4 SN2LO1
15 16 17 18 19 20 -1 0 1 2

asyri (MeV) Aag,s VS HF (MeV)

O HF OETF4 4 MTF 4 ETF2 2~ ETF2-Fermi

FIG. 1. (Color online) Surface energy coefficients obtained within HF (empty circles), MTF (wide triangles) and ETF (empty
squares) approaches for the SLy5s series of Skyrme parametrizations (see text). The Figure has been enriched with the standard
SITI, SkM, SkM*, and SLy5 and SLy5* parametrizations taken as references. The Figure shows also a preliminary HF result
for the N2LO SN2LO1 parametrization of Ref.[33].

VI. CONCLUSION

The semiclassical calculations are an alternative to Hartree Fock calculations which allow us to derive observables
without using wave functions formalism. In this paper, we extended the method developed in Refs.|[1, 2] to Skyrme
N2LO functionals to get a handly expression of the surface energy. Our results have been obtained within two
approximations. The first one is the restriction to the order A? in the Wigner-Kirkwood expansion of the density
matrix. This is justified since one of the conclusions of Ref.[1] is the non necessity to expand the density matrix Wigner
transform up to A* order to get a good estimate of the surface energy compared to TF and ETF2 approximations. The
second approximation lies in neglecting the N2LO terms in the one-body hamiltonian. It comes from the impossibility
to derive formally the surface energy because of these terms. It is however justified by the relative size of N2LO terms
which are supposed to be small compared to NLO terms (see [33]). With this kind of semiclassical approach, there is
a loss of around 1 MeV in the precision of the surface energy with respect to the Hartree Fock results. However, for
NLO functionals, the difference between ”exact” Hartree Fock and ETF formula is close to constant: there is only a
constant shift between both results which enable us to incorporate the surface energy directly in the fitting procedure.
Since the same behavior appears to be true with the N2LO functional of Ref.[33], there is a good hint suggesting the
possibility to use the ETF estimations of the surface energy as pseudo-datas for a fitting program of N2LO functionals.
One can imagine to construct a similar fitting protocol already used in Ref.[50] to adjust the surface properties In
this regards, the results of this paper open opportunities to fit new N2LO parametrizations which shall incorporates
new fundamental features by construction.

ACKNOWLEDGMENTS

The authors thank M. Bender for very fruitful discussions and for the private communication of the Hartree
Fock result for SN2LO1. The authors thank also P.-G. Reinhard and G. Colo for the private communication of the
unpublished parameters of the SV Skyrme (SAMi respectively) pseudo-potentials. The authors gratefully acknowledge
support from the CNRS/IN2P3 Computing Center (Lyon-France) for providing computing resources needed for this
work.



sv-L2s | A A OoA " dF O atoaa ]svizs
SV-bas-L32 f A A O oOA 4 F A.OA4A A 4 SV-bas-L32
SV-L40 | A A O O0A 1F A [m VAN 4 SV-L40
SV-min-PG A A Ooa 1t ArgA A 4 sv-min-PG
SV-L80free | A A O oA 1F A-OA A -1 SV-L80free
SV-K218 | A A OoA 41 F AOoA A 1 SV-K218
SV-K226 | A A OO0A 4 F A-O0A A 4 SV-K226
SV-bas | A A O oA 4 F AlOA A 4 SV-bas
SV-K241 A A 0O OA 1F A [m VAN 4 SV-K241
SV-mas07 A A Do A 41r A:oa s {svmasor
SV-mas08 | A A pOoA 1F A.-O A A -4 SV-mas08
SV-bas | A A O oA 1F A-O04A A 1 SV-bas
SV-mas10 | A A O oA 1 F A-O A A 1 SV-mas10
SV-sym28 | A A O O0OA 4 F AlO A A 4 SV-sym28
SV-bas A A O O0A 1F A0 A A -4 SV-bas
SV-sym32 A A OO0A 4 F A0 A A 4 SV-sym32
SV-sym34 | A A O oOA 4 F A.-OA A 4 SV-sym34
SV-kap00 | A A OoA 4 F Aipg A A 4 SVv-kap00
SV-kap02 [ A A O oA 4 F A.O A A 4 SV-kap02
SV-bas A A O OA 1 F AO A A -4 SV-bas
SV-kap06 | A A O O0A 4 F A.O A A 4 SV-kap06
Sv-min | A A OoOA 1 AiOA A 4 SV-min
SV-TLS | AI A II:| OAI 1t . A; [m] .A A . 4 SV-TLS
15 16 17 18 19 2 -1 0 1 2

asyi (MeV) Aag, s VS HF (MeV)

o HF OETF 2 MTF 24 ETF2 2 ETF2-Fermi
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FIG. 2. (Color online) Same as Figure 2] for the SV series of NLO Skyrme parametrization (see Refs.|51, 154]).

Appendix A: N2LO one body hamiltonian

We give here all the expressions of the various parts of the N2LO one body hamiltonian (see Eq. (Bl)). We have
successively (omitting the r dependence of the densities in the right hand sides for sake of simplicity)

e central fields

UNO) = 2 [CF — Cf ) po + 4CY g
+2 (€8 = Cf"] phpo + 4 oy + 7 [C + Cf | A8 = A CE gl pg + 4 CE gy 2
+2 [OOA” - cfp} Apo + 4C Apy + [CT — CT ] 10 + 2CT 7,
+[CY = OV ] (Vi deo) +2CY (Vi deg) (Ala)
Ua20(r) = 2 [ G — | Anpo + 2037 Ay,

+ [cé”f’ - CIMP} Qo +20M7Q, — 2|} — M| v, Vi, — 4CMPV,V, ), (Alb)

q,uv

where the density dependent coupling constants C¥ [pg] have been expanded as already noticed in Eq. (Zal).
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SAMi-m60
SAMi-m65
SAMi-bas

SAMi-m70
SAMi-m75
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asurt  (MeV) Aag, s VS HF (MeV)
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FIG. 3. (Color online) Same as Figure 2] for the SAMi series of NLO Skyrme parametrization (see Refs.|52, |55]).

o cffective mass fields

2

I
BYYO(r) = o~ + [C§ — Cf 1 po +2CT py (A2a)
BY2O(r) = 2 [ Gy = O | modu + 4O 78 + 4 | OO = CMP | 70, + 8OO,
—2 [ = ] VuVupo — 4GPV, Vp, (A2b)
DYO@) = (3" = ' | py + 20177 p, (A2)
e spin-orbit fields
W) = — [¢y) = Y] Vpo —2CY 7 Vp, — [Cf — CT] Jo —2CT 3, (A3a)
W 2Or) =2 [C'T — oM7) G + 40T Cy (A3b)
VIO () =2 [CT — M) Jo + 4CMT T, (A3c)
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Appendix B: Explicit expressions of G; and &; functions

If we use the explicit expressions of Hy . and Hq o with x = (r, p), we obtain:

QAq,o(x, h) = :ﬁ.
Goa(x,h) =N (gy X P) - 6
Qq,2(xv h) = 8h—2 [8m2 °p° —8m? ( )2 +2(p- qu)2 - fqPQqu - 2quAV:Jﬂa + O(hg)
Ga,3(x,h) = 1: 5 [41P% (P - V)2 +8mfy(p- V)P - VVy) = 2f7p*(p- V) fy —4mfi(p- V)V, — [,p*(V fy)?
—Am fp*(V fo) - (VVy) — 4m? f4(VV,)?]1, + O(h®) (B1)
We thus get

3 2, 2 2 2 2
o0 =24+ 1 [pr, (B IV D) (VA (FV) Q%) o ( (TW] )],

12 96f2  12fy)  prg 2413 12fs ) Prg 2413
+O(h%) (B2)
o =~ L (5 ), + O (83)
q
P :p%,qfslwﬂ L2t 2m°gq %8 _ m*gqugaw | 19(V f4)* 6 _ (Vutfa) (Vo fa) _ (Afq)duv + "(VuVyfa)
Kl 15 7 F.a 32 32 2882 9f2 18f, 721,
+m pr V.V, Vy _ (AVq)5MV + (qu) . (V‘/CI)(SHV _ (Vﬂfq)(Vqu) _ (vaq)(vthz)
o\ 12y, 12f, F 1277 1277
m? (Vvq)25uv A 3
+— | —%5— ) |1 + Ok B4
Prgq ( 24f3 >:| ) (B9
5 22 2 2 2
. Phq 3 2 Sm7gq” | 25(V/fe)” _ 5(Afe) 5(Vfe) - (VVg) AVe\  m” ((VVe)"\ |+
Qg5 == 1o +h { q< 572 + 2832 2/, +Mm prg 242 6/, + D 872 1s
+O(h%) (B5)
G =~ W PEL G ¢ ), 4+ O (B6)
q
7 22 2 2
A~ _Prg: 2| 5 Tm°gq (Vi) 3 (35(Vfq) (VVq) _ 5(AVq) 2 5(VVy) 5
Qg7 = 7 :H'U+h |:pF,q< 3f3 + 96f3 +mpF,q 72f3 36fq +m PF,q 8qu 1,
+O(h%) (B7)

where pr 4 is the Fermi momentum. The corresponding Fermi energy is given by fq 5L +V, = EF 4. Since densities

and currents are not space independent, the Fermi momentum and the fields f; and V depend on the space variables
unlike Er 4. Thus, we get

 Prg(Vufa)
mV, Ve = Lo R B) — —Prqfe(VuPryq)
2
mvuvu% = —% —pF,q(Vufq)(vaF,q) _pF,q(vufq)(vuqu)

- prqfq(vuvuprq) - fq(v,upF-,q)(vuprq) (B8)
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so that :
3 25 2 2 2
N Prg 2 <m ga (Vfq) Afy | (Vfy) (Vprg) | Aprg (Vprg) ) A 3
g3 =—41, + hpp, + -y + + i, +O(h B9
773 Pa\ 2 2412 24f, 12f,pr.q 12pp,  24p%, () (BY)
3
R mp N
Qgapu=—h 3fF’q (6 x g), + O(R?) (B10)
q
N 7p%-,q6W - H2p3 2m23q25w/ m29q-,u9q711 (qu)zaltl’ (Vuf) (Vo fe)  (Af)du | ViV fy
R T L ] ey B L Y B . . T
q q q q q q
_ Vuvpr,q + (APF.,q)(S,uu + (qu) ’ (VpF.,q)(S,uu - (v,upF.,q)(vupF,q) 4 (VPF,q)25,uu>ﬂ 4 O(h3) (Bll)
12pp g 12pp,q 12f,pF.q 12p%., 8%, 7
5 2, 2 2 2
N Prg 2.3 <5m gq (qu) Afy (qu) ) (VpF,q) Aprq 7(VpF,q) > 5 3
Gg5 =——1,+h + + + + 1, +O(h B12
@ 7p Pra\ 7352 22 T2f, Afupr.g 6pr.q 24p%. (") (B12)
5
G =~ hg (6 X o)y + O(H) (B13)
q
7 2, 2 2 2
A Prg 2.5 Tm-gq 5(qu) (qu) 5(qu) : (VPF-,q) 5(APF¢1) 55(VPF¢1) - 3
=—"41,.+h — 1, h
Y7 7 + pF.,q< 3fq2 + 72f, 72fq2 + 12fepFq + 36pF,q + 72p%7q +O(")

(B14)

Appendix C: Density dependent term in the CNY©: TF coefficient

The ONLO: TF coefficient of the surface energy (see Eq. ([@2))) is obviously dependent of the exponent «y of the density
dependence occurring in the Skyrme EDF. In the text, i.e. in Eq. [#2]), we gave the result for v = 1. In the general
case, the contribution due to the density-dependent term, namely

v 53
CYOT = —CF py5 (C1)
has to be replaced by
CNLO-TF = _ o ppt? (C2)

where the C, coefficient can be read in Table [l for the density dependencies commonly used in the literature.

Y ¢y

L 2

2/3 %_’_#5_31?3

1/2 8 —log4

1/3 %_ﬁg_?)lggﬁ

1/4 22 _log8

1/5 %—%ﬁs—élogﬁi—g 1—|—%
1/6 48 mys _ 33 _Jog4

TABLE II. Expressions of the C, coefficient (see text) according to the value of the power of the density dependent term in
the NLO Skyrme EDF.
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