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Instabilities of infinite matter with effective Skyrme-type interactions
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The stability of the equation of state predicted by Skyrme-type interactions is examined. We consider
simultaneously symmetric nuclear matter and pure neutron matter. The stability is defined by the inequalities
that the Landau parameters must satisfy simultaneously. A systematic study is carried out to define interaction
parameter domains where the inequalities are fulfilled. It is found that there is always a critical gepsity
beyond which the system becomes unstable. The results indicate in which parameter regions one can find
effective forces to describe correctly finite nuclei and give at the same time a stable equation of state up to
densities of 3—4 times the saturation density of symmetric nuclear matter.
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[. INTRODUCTION culated with microscopic methods and realistic interactions.
The Skyrme interaction RATHRayet, Arnould, Tondeur, and

Nucleon-nucleon effective interactions with an explicit Paulug [4] takes into account the variational microscopic
density dependence have been largely employed since thesults of Ref[5]. More recently, the set of SLy interactions
seventies for studies of nuclear properties. Once the form di6,7] have included the variational results of Rgg] among
the interaction is chosen, either a zero-range force othe conditions required to fix the parameters. It is worth not-
Skyrme-type[1] or a finite-range force of Gogny-tyge], ing that these microscopic variational calculations are not
the parameters are determined by fitting some selected propxempt from uncertainties since realistic interactions are not
erties of doubly magic nuclei and symmetric nuclear matteicompletely known, especially their three-body part. Indeed,
at saturation. Within a Hartree-Foc¢klF) scheme these in- the same theoretical modg8] employing different realistic
teractions are able to describe quantitatively the properties dhteractions leads to different equations of state, both in sym-
stable as well as unstable exotic nuclei. The interactions ammetric nuclear matter and in pure neutron matter, and size-
thus well controlled around the saturation dengigyof sym-  able differences appear for densities beyond the saturation
metric nuclear matter, for moderate isospin asymmetries andalue p,. Although this type of approach gives a precious
zero temperature. This type of effective interactions has alsguide for the determination of the effective interaction pa-
been employed to study nuclear matter in conditions of asrameters, it cannot replace the empirical data that are the
trophysical interest, for instance, neutron matter with a finitenatural input for the phenomenological interactions.
proton fraction at densities up to several timgsand finite The extrapolation of effective interactions can result in an
temperatures. This system at such conditions is relevant farnphysical behavior of nuclear mat{&. For instance, most
studying protoneutron stars. The effective interactions ar&kyrme parametrizations predict that the isospin asymmetry
thus extrapolated to conditions of density and isospin asymenergye, becomes negative when the density is increased.
metry that are not experimentally accessible, and one shoul@onsequently, the symmetric system would be unstable at
then ask for the limits of validity of such an extrapolation. some density beyond the saturation one, preferring a largely

Of course, the description of nuclear matter consisting oasymmetric system made by an excess of either protons or
nucleons is no longer valid beyond some value of the denneutrons. Another type of instability refers to the magnetic
sity, as other degrees of freedom appear. For instanc@roperties of neutron matter. The possibility of a ferromag-
strange matter is expected beyond (3pd4t)3]. For the netic transition at high densities has been studied long ago,
present discussion, we shall arbitrarily accept that for densiemploying different theoretical ingredients, and the results
ties up to 4, only nucleons are needed to describe nucleawere contradictory. Currently used Skyrme interactions pre-
matter. Even in this range of densities the effective interacdict that neutron matter becomes spin polarized at densities
tions are not well determined. For instance, different effecin the range (1.1-3.%), [9,10]. This transition would have
tive interactions can give similar equations of state for symimportant consequences for the evolution of a protoneutron
metric nuclear matter and very different results for purestar since the mean free path of neutrinos would be zero
neutron matter. Indeed, the extreme asymmetry of isospin ig,11]. However, Gogny-type effective interactions either ex-
not part of the usual input to determine the interaction paclude such a ferromagnetic transition or predict it at very
rameters. In some cases, the determination of the parametéiigh densitied9]. Relativistic mean-field calculatiorf42—
includes a fit to the equation of state of neutron matter cal14] predict that such a transition could appear at densities
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beyond=4p,. Finally, recent Monte Carlo simulatiof&5]  ric nuclear matter. In this study we follow a different proce-
as well as Brueckner-Hartree-Fock calculatiph®,17] using  dure, using some accepted nuclear matter values to fix as
modern two- and three-body realistic interactions do excludénany interaction parameters as possible and using the stabil-
such an instability. ity criteria to put bounds on the remaining parameters.

The purpose of this work is to analyze whether the pres- Our starting point is given by the empirical values of the
ence of instabilities is inherent or not to the Skyrme-typefollowing quantities in symmetric nuclear matter at the satu-
interactions. In Sec. Il we explain the restrictions on theration point: densityp,, energy per particles, effective
Skyrme parameters imposed by the requirement that no if@ssmg , compression modulus,, surface energys, and
stabilities should appear at densities in the range (Jpy4) ISOSPIN asymmetry energs . Imposing that a Skyrme-type
Furthermore, the sound velocity/c in matter must remain  interaction reproduces the values @f, €, m;, andKg
smaller than unity, and this adds a new constraint. Section |[fompletely determines the parametégs t;, o, and the

contains the discussion of the results. Conclusions are drawgPmbinationTo=[3t, +(5+4x,)t,]/8. The explicit expres-
in Sec. IV. Useful expressions are given in Appendixes ASIONS are given in Appendix A. With a Skyrme interaction,
and B. the surface energys depends on the previously fixed param-

eters, on the combinatiohs=[9t; — (5+4x,)t,]/8 and on

the strength, of the spin-orbit ternj19]. The value ofW,
Il. CONSTRAINTS FROM THE LANDAU PARAMETERS is usually determined by fitting the spin-orbit splitting of

The condition that the spin-unpolarized neutron matteSOMe selected levels in finite nuclei, and for the present dis-

should be the most stable phase at any density was used q,_qssion weishaII assume the often used vaNg
Ref.[18] to constrain the Skyrme parameters. As the poten-_ 120 MeV " Furthermore, the symmetry energy can
e expressed in terms of the above parameters and of the

tial energy of the fully spin-polarized phase only depends orf o o
the combinatiort,(1+Xx,), ferromagnetic collapse is neces- solgr combinationsx; (i _O._i)' "}.Sg&nmam from the ten
sarily avoided if this combination is positive. Taking into yrme parameters, one Is kept fix (D’.S'X parameters
account current Skyrme parametrizations, the authors of Re r comb|nat|ons.are. determined by the six elmp|r|cal Inputs,
' ; ”» nd three combinations are free. We found it convenient to
[18] conclu'd'ed that- 5/4<>'<2< — 1. However, thls c.ondltlon choose the free combinations=t;x;, y=t,X,, and z
is not sufficient: the family of SLy parametrizatiof6,7] —taXs.
imposes this constraint but at densities of about 0.37°fra From here on, our task is to analyze the possible domains
ferromagnetism instability is predicted in neutron maf8r  of the (x, y, 2 space for different densities. For a given value
Here, we make a systematic use of the stability criteriggf the densityp we would like to know what is théx, y, 2
related to the adimensional Landau paramefrsG,, F{,  domain where no instability can occur. Stability implies that
and G| in symmetric nuclear matter, arfl™ and G(™ in  any adimensional Landau parameter of multipolatitpust
neutron matter. These criteria simply establish that any pabe larger that—(2l+1). Skyrme forces only contain mo-
rameter of multipolarityl should be greater thanr- (2l nopolar and dipolar contributions to the particle-hole inter-
+1). Current effective interactions satisfy these conditiongaction so that all Landau parameters are zerd fet. Thus,
at saturation, and we shall investigate if they can be mainwe have twelve inequalities, eight coming from symmetric
tained for densities up togh. nuclear matter, and four from neutron matter. Explicit ex-
Since the original work of Skyrme and the first parametri-Pressions of the 12 Landau parameters are given in Appendix

zations for nuclear structure calculatiofig, most Skyrme-

like effective interactions have been built according to the Two of the twelve inequalities, however, play a special

sity as long as &m* (py) <m, which is the case. The Lan-
1 ' dau parameteF, only depends o, t3, o, and the com-
V(r1,12) =to(1+X%oP?) (1) + 5ty (1+x,P7) (k5(r) bination To, which are determined by the initial inputs.
Exploring the inequalityFo>—1 as a function of the den-
+8(r)k?) +a(1+x,P7)k’ - 8(r)k sity, it is found that it is violated at a density smaller than
1 It corresponds to a density where the compression modulus
+t5(1+ x5P7) [ p(R)]76(r) becomes negative, which is the spinodal point, i.e., the oc-
6 currence of a liquid-gas transition. Note that within a Skyrme
interaction framework, the spinodal density is completely de-
termined by the saturation propertieg, pg, Ko, andmg .
with r=r;—r,, R=(ry+r1,)/2, andk=(V,—V,)/2i is the After excluding the inequalities related kq andF,, we are
relative momentum acting on the right, akdlis its conju-  €ft with ten inequalities to be satisfied by the yet free com-
gate acting on the lefP?=(1+ o,0,)/2 stands for the spin- bPinationsx, y, z
exchange operator. This standard form of the Skyrme inter-
action contains ten parameters, eight of them denotdgd, as

+iWg(o1+0,)-[k' X 8(r)k] (1)

A. Symmetric nuclear matter

X; (withi=0, 1, 2, 3, the other two being the powerof the The parameter§, andG; give two constraints foy
density dependence and the strengép of the zero-range
spin-orbit term. These parameters are usually determined by _ 10C1(p) 2 @

fitting some selected properties of finite nuclei and symmet- L +3(To=2Ts),
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However, it is possible to take the linear combinatief
+ G, to get another constraint independentzofNote that
Eq. (7) reduces to the trivial conditiog,>0 whenp=p,. It
is due to the fact that the symmetry enekgyhas been used
to write Xq in terms of the remaining parameters.

B. Neutron matter

The parameter§{”, and G{" give two constraints on
combinations o andy:

3 4Cy(p) 4

X— §y< + 1—5(T0—2TS), (8)
1 2Cy(p) 2

X—gYy< - E(To_sz)- 9

The remaining Landau parametd®§”, andG{" constrain
combinations of all three, y, zparameters:
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Note that the linear combination;Fj+G{" gives another
constraint independent af

C. Sound velocity constraint

In addition to the constraints from stability requirements it
is important to check that for each density the sound velocity
vs remains smaller than the speed of light, i.e., superlumi-
nosity does not occur. The sound velocity is directly related
to the compression modulus(p) that can itself be ex-
pressed in terms of the Landau paramefegand F:

1 A%E 1+F
mui== K 2 °.
3m 1+1F,

9 (12

In symmetric nuclear matter it turns out that depends
only on the parametetg, t;, o, and the combinatioii,, all
of which being already determined by the six initial empiri-
cal inputs. Therefore, there will be no additional bounds on
the allowed volume in(x, y, 2 space. However, Eq.12)
shows thatv increases with increasing density and for a
given choice of initial empirical inputs there is always a
value pgo,ngeyond whichvg/c is greater than 1. The value
of psounddepends essentially on the adopted valueKgr
For instancepgynqis around 3.p, if Ko=350 MeV and it
may become g if Ko=250 MeV. Thus, there is no Skyrme
interaction that can be reasonably be used beyapg, be-
cause it would predict unphysical values of the sound veloc-
ity.

The situation is somewhat different in pure neutron mat-
ter. Now, the Landau parameters in Efj2) depend also on
the (x, y, 2 parameter combinations. The requirement that
vs/c remains smaller than unity adds one more constraint to
the determination of the allowed volume in tlie, y, 2
space. We shall see in the following section that the sound
velocity in neutron matter does not bring any effective re-
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FIG. 1. Comparison of the sections of the volufi¢p) by a FIG. 2. Comparison of the sections of the voluf¢p) by a
horizontal plane= const, in units of MeV frd** ). The horizontal  horizontal plane, for choices afdifferent from Fig. 1. The various
and vertical axes are for the parametgrandy, respectively, in  closed contours correspond to different valuep.dfhe largest area
units of MeV fn?. Casega) and (d) correspond to the constraints is for p=p,, the next one corresponds to an increase by a step of
from the Landau parameters of symmetric nuclear matter. Gases 0.5p,, and so on. The calculations are done using the full con-
and () include also the constraints from neutron matter. Two val-straints. The values o are in units of MeV fmi(* ),
ues ofz have been used, namely=2X 10* for cases(a) and(b),
andz=—2x 10" for cases (8 and (B). The different closed con-
tours correspond to different values @f The largest area is fqr ; .
=po, the next one corresponds to an increase by a step pf 0.5 straints at densities beyond, .

and so on. For the sake of clarity, they are alternatively represented Ve have performed two types of calculatiortal using
by solid and dashed lines. only the six constraints from the Landau parameters of sym-

metric nuclear matter and disregarding those of neutron mat-

- ) ter; (b) using all eleven constraints from symmetric nuclear
striction on the allowed volume in the parameter space, ahatter and neutron matter plus the sound velocity constraint

least around the values of the six empirical inputs used in thg, neutron matter. In Fig. 1 are displayed some typical re-
present study. ~ sults. We have chosen a positive and a negative value of
We must mention that a study of the sound velocity insjnce there is na priori limitation on z. The valuez=2
asymmetric nuclear matter was made in R&0]. The aim  x10* MeV fm3(1+) correspond to Figs.(&) and Xb), and
was to find the conditions to be satisfied by the Skyl’meZ: —2X% 104 to F|gs Ia’) and Ib’) Results inv0|ving 0n|y
parameters so that superluminosity would never appear gfandau parameters of symmetric matter are displayed in
any density whatsoever. The conditions that were found argjgs. 1a) and ¥a’), whereas Figs.(b) and Xb’) correspond
very restrictive. In the present work, our point of view is to results using all eleven constraints. The contours are
quite different since we do not think that the Skyrme effec-grawn every 0.p, starting fromp,,.
tive approach should be valid at densities beyopg.4 Let us first examine the results without neutron matter
constraintg Figs. Xa) and Xa’)]. At p=pg the contour is a
polygon whose upper and lower horizontal sides are deter-
[ll. RESULTS AND DISCUSSION mined by the constraints oG, and G,, respectively,
whereas the left and right sides correspond-foand G, .
Whenp increases the lower side becomes tilted and the con-
es=18.0 MeV, ande, =32.0 MeV. straint onF| gradually appears as a new side on the right

For a given value of the densify the various constraints Nand side of the polygon. At=2p, and above thé&, con-

define in the(x, y, 2 parameter space an allowed volume thatStraint is dominating over th&, constraint. The surface of
we call Q. The surface of)(p) is made of planes because all the polygon shrinks ag increases. The value pf; is above
constraints are linear ir, y, z Any point outsideQ is for-  4-300- This value is reached forandy both negative iz is

bidden because some of the inequalities would not be fulPositive, whereas for negativep,, corresponds ta=0 and
filled. To present the results and facilitate the discussion w<0.

will explore thez axis. The intersection of a volum@(p) The IS|tuat|on changes somewhat when neutron matter
with az= const horizontal plane gives a polygon that can beconstraints are addefgFigs. Ib) and 1b')]. At p=p, the
represented in théx, y) plane. By varyingp in the range lower side is given by thsg‘) constraint while the right side
po—4po one can follow the evolution of the polygons. The of the polygon is mainly determined by th-‘é,“) constraint
vanishing of the area of the polygon at some critical densitythat limits severely the allowed area. It must be noted that
por indicates that there is no Skyrme interactitvaving the  the sound velocity does not bring any limitation on tikey,

chosen value of) which can fulfill the chosen set of con-

The inputs used in the present study aeg=
—16.0 MeV, py=0.16 fm 3, K,=230 MeV, m§/m=0.70,
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FIG. 3. Sensitivity to some empirical inputs. Cdagresults for P 0 n + (0 5 0 5 10

2x10 2x10 4x10 -
z % variation from standard values

mg/m=0.6, 0.7, and 0.8respectively, dotted, solid, dasheleep-
ing the remaining empirical inputs to their fixed values. Cése
same asa), with K,=210, 230, and 250 MeV\tespectively, dotted,
solid, dashe Case(c) same aga), with the surface energyg
=16, 18, and 20 MeMrespectively, dotted, solid, dashedll
cases have been calculated far10* MeVfm3(*) and p

=2pg.

FIG. 4. Casda) p, as a function of [in units of MeV fn#(1
+a)] for different values ofm§/m=0.6, 0.7, 0.8(respectively,
dotted, solid, dashedCase(b) p., as a function of relative varia-
tions of some empirical inputs; dotted line: variation rof;/m,
solid line: variation ofK,, dashed line: variation ofg.

* .
z) parameters in the domain explored here. One can see th glue ofmp/m makes the allowed domain larger and there-

the critical densityp., has now a lower value as compared to ore, the critical density, is ;shi_fted to higher valuc_es. On the
the case of Figs. () and 1), contrary, the allowed domain is reduced when higher values

There is no natural limitation to the domain of thea- of m§/m are considered, and instabilities appear for densities

rameter and therefore, we must explore the dependence BEIOW 2po. Hence, to avoid low density instabilities, one
the results ore. In Fig. 2 we present calculations where all should prefer lowmg/m. The sensitivity toes is also non-
eleven constraints are included, exploring thexis from  negligible, whereas the dependencekonis moderate.
negative to positive values. The interpretation of the different In Fig. 4 we present the calculated values of the critical
sides delimitating the contours is the same as in the case €€NSsityp; (in units of po). Figure 4a) showsp,, as a func-
Fig. 1. One can see that, is highest wherz is between 0 tion of the parametez for various choices of the empirical
and 3x 10%. For negative values of the allowed area gt input mg/m around the value 0.70. As pointed out above,
=2.5, is already fairly small. Belowe=3x 10" the poly- one can see clearly that it is more favorable to chopse
gons of largerp are contained inside those of smalteri.e.,  positive and less than>310* in order to havep, not too
interactions stable at densipyare also stable at all densities small, and that larger values ofi§/m tend to yield lower
betweerp, andp. Forzlarger than X 10* the allowed areas p,. The three curves of Fig.(8) represenp,, as a function
at largerp tend to move outside the area pf=p,, which  of the relative variationgin percentagearound the standard
means that such interactions might seem acceptable at larghoice of m§/m, Ky and es. The value ofz is fixed at
densities but they have the defect of having instabilities at.o* MeV fm3*(** ) These curves show that, depends little
normal density. on Ko whereas moderate increasesng§/m (from 0.70 to

So far we have discussed the results obtained with thg 75 or of €5 (from 18 to 20 MeV can lowerp,, below
values of empirical inputs as adopted in Sec. Il. It is inter-3po_
esting to see how the conclusions may depend on this choice. Now, the question arises whether these bounds for
In Fig. 3 we study, for a fixed value gf=2p, and a chosen  Skyrme parameters are useful or not for calculations in pure
z=10" MeV fm3(1*?), the evolution of the allowed poly- nucleon matter and finite nuclei. In principle, we expect a
gons when one changes one of the empirical inputs: the efualitative positive answer for finite nuclei because the used
fective massmg/m [Fig. 3@)], the incompressibilityK,  inputs guarantee that the first terms in a leptodermous expan-
[Fig. 3(b)], the surface energys [Fig. 3(c)]. It can be seen sion of the mass formula are well described. To be more
that the results are sensitive to the valuergf/m. A smaller  quantitative, we have constructed several parametrizations

TABLE |. Skzn parametrizations. All of them have the following common values: 0.1694,t,=
—2471.10 MeV fni, t;=439.85 MeV fnt, andt,=13732.8 MeV fmi**?), as they come from the initial

inputs.
z X y t, Xo X1 X, X3
MeV fm31+9)  MeVim® MeVfm® MeVm®

Skz—1 -10 570.42 266.2 —299.14 -—-0.2665 1.2968 —0.8899 —0.7282
Skz0 0 458.0 215.0 —258.18 0.1986 1.0413 —0.8328 0.0
Skz1 1d 217.0 221.0 —262.98 0.6052 0.4933 —0.8404 0.7282
Skz2 2x<10* 24.0 227.0 —267.78 1.0290 0.0546 —0.8478 1.4564
Skz3 3x10* —265.5 233.1 —272.66 1.4174 -0.6082 —-0.8549 2.1846
Skz4 4x 10 —-512.0 239.15 —277.50 1.8226 —-1.1640 -0.8618 2.9127

014303-5



J. MARGUERON, J. NAVARRO, AND NGUYEN VAN GIAI PHYSICAL REVIEW C66, 014303 (2002

E/A (MeV) m*/m & (MeV) ten parameters, we have shown that seven parameters or
_ lﬂful'-';“:"ffl 1S Iﬂf":-'ln‘jftffl 0 lsf‘““:““l“"l ~ combin_ations_thereof can be gpproximately fixed by physical
4 /o 1 T 11— quantities which can be considered experimentally known to
[, 1 [ E 1000 St some extent. Thus, the problem reduces to the study of al-
18~ 1 30 \\“\-._  |==- Skz2 lowed domains in a three-dimensional space spanned by
FNTa Ve three parameter combinations.
0 05 L L e sl SRR The results show that, for any Skyrme-type interaction
0 0150304506 0 0150304506 0 0.150.3 045 0.6 there is a critical densityp., above which one cannot insure
p (fm”) p (fm”) p (fm”)

all stability conditions. This critical density does not exceed
FIG. 5. Predictions of several Skzparametrizations for the (3.5—4), for a reasonable choice of empirical inputs. It is
binding energy and the effective mass of pure neutron matter anfievertheless an interesting result to know that it is possible
for asymmetry energy as function of the density. to find Skyrme-type interactions that can give stable nuclear
matter and neutron matter up to such densities. The param-
using the following criteria. We first fix an arbitrary value of eter domains are well identified and it would be worthwhile
z, going from—10* to 4x 10%, and then we take the values to look inside those domains for Skyrme interactions that can
of x andy as the coordinates of the poifi(p.,). In thisway also describe accurately finite nuclei. Our exploration with
instabilities are pushed to the highest values of the densit}parametrizations Skz has shown that reasonable ground
The sets of parameters are dubbedrSkad they are given state binding energies and charge radii can be obtained. A
in Table I. Of course, the criteria of highest value®f is  more systematic study over a wide number of nuclei would
purely arbitrary but our intention here is just to explore thepe necessary to get the Skyrme-type interaction that is stable
resulting parametrizations and not to give the best parametgfyer the largest range of densities. This new interaction
set. In Fig. 5 are displayed the results for pure neutron matz iq be very useful for neutron star calculations, as for
ter. One can see that choosing negative valugsreults in  hgtance, the neutrino mean free path or the URCA process.
an increasing neutron effective mass for increasing densities. the present analysis is restricted to Skyrme interactions,
On the other side, values afgreater than 21,04 produce  pecause the simplicity of the resulting expressions allows for
too low binding energies. We have then restricted our calcUzn gigebraic study. The presence of instabilities in nuclear
lations in finite nuclei to parametrizations Skz0, Skz1, andyatter and neutron matter beyond some critical density could
Skz2. In Table Il are displayed the ground state binding enpe atributed to the zero-range form of the interaction, and its
ergies and charge radii of some doubly magic nuclei togetheg2 gependence of the effective masses. Finite range effective
with the results obtained with SHI and SlLy4 interactions. jyteractions[2] are an alternative choice for describing the
The results are reasonably satisfactory. We have noticed thal, jation of state of nuclear and neutron matter. We know
convergence prz%blems occur with Skz0 when looking for thpa¢ the actual parametrizatiof®1,D1S,D1R do not predict
HF solution of 2Pb. To obtain better results one should instabilities[9] for densities below=5p,. We have not con-
relax the condition of highest value for the critical density, gijered a systematic study of Gogny effective interactions
and of course include some finite nuclei results in the fing)gcquse they contain more parameters, and they do not allow
tuning of the parameters. for a simple algebraic analysis.

IV. CONCLUSION
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TABLE II. HF binding energies and charge radii for severalisgarametrizations. NC means that the HF
calculation has not converged.

Nucleus Observable Skz0 Skzl Skz2 Expt. Sl SLy4
%0 B/A (MeV) 8.39 8.38 8.38 7.98 7.95 7.97
re (fm) 2.76 2.76 2.76 2.73 2.76 2.80
“ca B/A (MeV) 8.87 8.85 8.85 8.55 8.48 8.55
re (fm) 3.47 3.47 3.47 3.49 3.50 3.51
208pp B/A (MeV) NC 7.97 7.91 7.87 7.79 7.80
re (fm) NC 5.48 5.49 5.50 5.58 5.52
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INSTABILITIES OF INFINITE MATTER WITH . ..

APPENDIX A:  NUCLEAR MATTER RELATIONS To simplify the notation used in Sec. Il we have intro-
duced the following functions of the density:

Employing a Skyrme interaction, the energy density of

semi-infinite symmetric nuclear matter is written as 52
Colp)= =+ Top, (A8)
_ " +3t 24 1t "+2+1T Vp|?
H= S5 T glop™+ 15tap 8 Vol 5 w1 1
o Cilp)=—| 17, tTop ot gtet oatsp’s (A9)
=27 Vs Vol (A1)
Colp)=— LS K- SN
2P)==5\ oP|~13~ 5lo
whereV,=9W?/16. 2\m pe 2
Denoting bypg, €g, Ko, andmg , respectively, the den- 1
sity, energy per particle, compressibility, and effective mass — 57:(oc+1)(o+2)tzp?, (A10)
; . - 24
at saturation of the bulk symmetric nuclear matter, it turns
out that the Skyrme parametess t3, o, and the combina- 152 w1 1
tion Ty can be written as Cs(p)=— 3 E+T0p p_1’§+ §t0+ 1—2t3p , (A11)
h? K%\ 1 . . .
To=|—— —|—, (A2) which contain only known parameters. We have also intro-
Mo M/po duced the constants
1 2 252 4\ U3 AL
g ot €0t | Ton~ 15m3)k§(0) al:(ﬁ) ! azz(?) ' (A2
7 307 h? ’ (A3
_ - _ 2 .
€t 10m SmE)kF(O) APPENDIX B: LANDAU PARAMETERS
The Landau parameters in symmetric nuclear matter are
t 10 1{ + sh”_ )kZ(O)} (A4) 3 2m*k
3T 176 | €T | Tam T B | KF , m* ke
o 10m 5m, == _ o _
Po o Fo=|ztot 1g(0t(a+2)tsp )W F1,
to=ms 3 k(0 tapg ™7 A5 o
0—3—p0 €0 10m3 F( ) 1_6 3P0 ) ( ) 1 . om* ke
Go=|{ 7 to(2%o= 1)+ 5,13p"(2X5—1) 2.2 G
where po=2/(3)%k2(0). Once the parametety, t;, o, (B2)
and the combinatiofy have been fixed, the surface energy
only depends on the combinatiohs and the spin-orbit N 1 Ke
strengthW,. The surface energy can be written as an integral Fo=| —ato(2xo+1)— ﬁtiﬂp (2x3+1) K22 F1,
over the density19] (B3)
=8 prod " 5T 1T m*V 21/2 Gi= 1t 1t o| 2K G, B4
€s=87To | dp| 350~ 36 0Pt gTer~ 72 Vs 0=| ~ zto~ 5ztp” | 722 ~Cu1. (B4)
2 , 1 n 1/2 %
X| 1om* KFt glort 1gtap” : (A6) Fi=—3Tor7p, (B5)
wherer=[3/(4mpy) 1% is the unit radius, and a Thomas- *
Fermi approximation up té? order has been used to replace G1=—3Tiz7p, (B6)
the kinetic energy density.
Then, the following relation involving the symmetry en- *
ergy €, can be used to relate, to the already known param- F1=3T2?p, (B7)
eter combinations and to the free parametgrs, 2:
*
3 1 "= 3T
toxo=| = 5%+ 1Y+ 5 (To=2T9) apdP- = zp§ G1=3Ts52 P, (B8)

6

4
—2Cy(po)— p—";' (A7)
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where theT;’s are the following parameter combinations:
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Ti=3[2x+2y—t;+1,], (B10)
To=3[2x—2y+t;—t,], (B11)
Ta=3[ti—t5], (B12
and the effective mass is
h%  h?
=+ Top. (B13)

The Landau parameters in neutron matter are

1 1
F§"={ 5 to(1=X0)+ 5 (0+1)(0+2)tap"(1-X3)

m? ke

xi,?”?—— Fi, (B14)

PHYSICAL REVIEW C66, 014303 (2002

*

1 1 m; Ke
G =| Sto(xo= 1)+ T5tap”(x3— 1) 77" G",
(B15)
(n) my
Fi :—3(T0_T2)?P, (B16)
() My
Gi =_3(T1_T3)FP, (B17)
and the effective mass is
2 2
W: E+(TO_TZ)p- (818)
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