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We investigate density-fluctuated states of nuclear matter as a result of clustering below the saturation
densitypg by description in terms of the Bloch function. The Bloch description has the advantage of a unified
representation for a density-fluctuated state from an aggregate of uncorrelated clusters in extremely low-density
regions to the plane-wave state of uniform matter in relatively high-density regions. We treat the density-
fluctuated states due to and %0 clustering in symmetric nuclear matter and duelfbe clustering in
asymmetric nuclear matter. The density-fluctuated states develop as the density of matter decreases below each
critical density around 0.2—0.4, which depends on what kind of effective force we use.

DOI: 10.1103/PhysRevC.69.035802 PACS nuner21.65+f, 26.60+c, 21.60.Gx

I. INTRODUCTION tion densities are also studied by a quantum molecular-

In many cases, nucleons in a nucleus are considered gynamics(QMD) model, which is a rather quasiclassical
independent particles moving in an average potential creategiolecular-dynamics modg¢l1-13. Especially, Watanabet
by all the nucleons. On the basis of this idea, the ground staf@- "eProduced the geometrical structure of dilute nuclear
of nuclear matter is considered to be uniform near thdnatter proposed by liquid drop models by treating the long-
nuclear saturation density such as in the interior region OEr_lge property of the Coulomb interactiff]. QMD simu-
nuclei. Therefore, the ground state of infinite nuclear mattefations provided an insight into the properties of nonuniform
is described by the Slater determinant wave function ofilUt€ nuclear matter in a microscopic point of view.
plane-wave single-particle states. Overhaugrwas the However, in the QMD_method, the fermionic nature of
first to consider the stability of the plane-wave solution ofnUCIGOHS’ the Fermi motion, and the exchange effects are

nuclear matter. He found that if one assumes the existence sjmulated by an effective potential. It is highly desirable to
. : . P present DFSs by the antisymmetrized wave function. Poza-
density-fluctuated statéDFS9 instead of plane-wave states

) g L ' mantir and Overhauser investigated a one-dimensional DFS
there could be a considerable gain in the binding energy. ot symmetric nuclear matter in the quantum treatment using
If uniform nuclear matter is uns’gabl_e _and prefers to formine Bloch function[14]. They found that the binding energy
clusters below the saturation density, it is expected from thef the system increases compared with that for uniform
importance ofa-clustering effects in light nuclgl] that this  nyclear matter due to density fluctuation with a 15—-27 fm
might be due to some periodic distribution@tlusters simi-  wavelength, which corresponds to the slablike nuclei in lig-
lar to the structures of ideal crystals. Akaishi and Band uid drop models.
investigated a periodic DFS due doclustering by using the The aim of our study is to understand the clustering prop-
Bloch function in analogy with electrons in crystdls]. erties of nuclear matter as the many-body quantum system.
Brink and Castrd4], and Tohsak[5,6] also studied the ex- As the first step, we treat here the DFS with the simple cubic
istence of a lattice structure @f clusters by the generator periodicity due to'®O clustering as well ag-clustering in
coordinate method. Their results suggest thatlustering symmetric nuclear matter and due t6He clustering in
effects might be important in low-density regions such as the@symmetric nuclear matter. We describe DFSs due to cluster-
surface region of heavy nuclei. Furthermore, recent theoreinhg by a Slater determinant wave function where single-
ical investigations suggest the possibility @fparticle con-  particle states of nucleons are represented by the Bloch func-
densation in low-density nuclear mattét,8]. Although the tion. For the purpose of treating DFSs due to the clustering
above studies have led to some understanding of thap to Qp-shell nuclei, we extended the Bloch description in
a-clustering effect in symmetric nuclear matter, nothing hasRef. [3] using the tight-binding approximation to include the
been said about DFSs due to clustering in asymmetri®©s and (o orbits. The Bloch description has the advantage of
nuclear matter and about DFSs due to the clustering of clus unified representation for DFS from an aggregate of uncor-
ters heavier tham clusters. related clusters in extremely low-density regions to the

In extremely low-density regions like the inner crust of plane-wave state of uniform matter in relatively high-density
neutron stars, crystalline structure ¥Fe is expected be- regions. Section Il explains the Bloch description. Section Il
cause®Fe is the nucleus with the most binging energy perinvestigates energy behaviors of DFSs due to clustering of
nucleon. At subsaturation densities, liquid drop models prodoubly closed-shell nucléiHe, %0, and®He. Section Ill A
posed several characteristic geometrical structures of dilutshows the general energy profile of DFSs, and, in Sec Il B,
nuclear matter, such as spherical, rodlike, and slablike nucleie attempt to estimate the spurious energy of each constitu-
[9,10. Inhomogeneous states of nuclear matter at subsaturant cluster, which originates in its center-of-mass motion.
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Section |l C describes the transition from the simple cubic 1 2 N2

lattice of 10 to the face-centered-cubic lattice @fparticles PpX) = —1,2<—> > e"‘ma<pp(x -ma), (7)
with the density of matter within the classical treatment. Sec- N pk N/ me

tion Il D shows that critical densities at which DFSs start to

develop depends on what kind of effective force we use. Va2 o2

Finally, Sec. IV includes the summary and discussion. ep(¥) = 2] b ' (8)

| DESCRIPTION OF A DENSITY-FLUCTUATED STATE and Nyp« and Ny, are normalization factors. It is noted that
' WITH PERIODI(-:ITY the Qp orbital Bloch functions(5a—(5¢) are orthogonal not
only to the G Bloch function(2) but also among themselves.

We consider a DFS as a simple cubic lattice of nuclei withAccordingly, the Bloch functions{y;} are orthonormal
mass numbeA. The lattice is considered to be built fran¥  functions,
cubic unit cells with sidea. We consider a variational total _
wave function of a system in analogy with electrons in a (Wokloric) = oot S ©)
lattice as follows: whereo ando’ denotes,op,,op,, andop,.

There are two parameters in the Bloch description: one is
1) the lattice spacinga, which corresponds to the density of
matter, and the other is the width parameter of harmonic
oscillator wave function®, which corresponds to the size of
wherel,//Oiki andy; represent the spatial and spin-isospin partsa cluster. The size parameteris optimized by minimizing
of theith single-particle wave function of nucleons, respec-the expectation value of Hamiltonian at the fixed lattice pa-
tively. The nucleons are assumed to occupy Bloch functionsametera. In this paper the Fermi surface is fixed to the
constructed from atomic orbits under the periodic boundaryrermi cube(—ke <Kk, ,<kg,ke=7/a).
condition. The subscripts; andk; denote an atomic orbital Before proceeding to the main subject, we show the be-
and a Bloch wave number vectds;=(277/Na)n; with n; haviors of the Bloch functions with respectadb. Figure 1
being an integer vectdn,,n;,,n;,). The Bloch wave number displays the rea(left panel$ and imaginary(right panely
vectors{k;} become continuous variabl&sasN approaches parts of thes-wave (upper panels p-wave (middle panelgs

AN3

® = AT o (ri) - xi(i, 7).

i=1

infinity. and op-wave (lower panel$ Bloch functions in the case of
In Ref.[3] the DFS due tar clustering was described by a=1 andk=/2. At a largea/b value (the dotted line for
using the @ orbital Bloch function as follows: a/b=10), sswave andp-wave Bloch functions become local-
ized single-particle wave functions at lattice sites, and the
Padr) = be (X) - beic () - bsi(2), (2)  opwave Bloch function is almost identical to thewave
Bloch function. As the rati@/b approaches zero, tleewave
1 12 N2 andp-wave Bloch functions, Eq$3) and(7), become plane-
PgX) = AT”(N) > kMg (x —ma), (3)  wave functions,
sk m=-N/2
and lim ¢gx) = %eikx,
alb—0 VL
2 1/4 o
Ps(X) = 2 € (4)

. 1 _
. . . . . lim ¢pk(x) — ? |-sgr(k)-ﬂn-/2e|kx,
wherem s an integer, angV, is a normalization factor. The alb—0 VL

0Os orbital Bloch functions{¢g} are orthonormal functions, whereL=Na. The limit of the p-wave function shifts from

skl Psic) = e _ _ the ordinary plane-wave function by the phase
For DFSs due to clustering ofogshell nuclei, we assume _; .sgrik)-7/2. Due to the orthogonality to the-wave

that nuclgons occupprorbith Bloch state; in addition to  g|och function, theop-wave Bloch functior(6) becomes a
the Gs orbital ones. The P orbital Bloch function orthogonal plane-wave function with the wave number vecthr

to the G orbital one(2) are defined as follows: —sgr(k) - 2 in the limit thata/b—0,
Yop k(1) = dopk (X) - bk (Y) - dsk(2), (5a)
op,k opk, sk, sk, lim ¢opk(x)=ir i-sgrik)-w/Zei-{k—sgr{k)-2k;:}x_
a/b—0 L
Do) = et (X) - ok (V) - bsi(2), (5b) )
Figure 2 displays the kinetic energies of thevave(solid
- ) ) lines) and op-wave (dotted line$ Bloch functions. At large
Yopx(1) = sk () - Pk (¥) - Popi (2, (50 a/b values(the top panel indicates the case thab=5), the
where kinetic energies of the-wave andop-wave Bloch functions
) with any wave number vector aréi?/2M)(1/b? and
2 2 ; ; N ati
bopiX) = N1/z[ bor(X) — (¢bs J Do bsd¥)], (6) (h /2M)(3/b ), resp.ectlve'ly, which corresppnd to.the kinetic
opk energies of harmonic oscillator wave functions with quantum
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0.05 [ Real part of s-wave Bloch function ¢ (x) withk =m/2ata=1 | [ Imaginary part of s-wave Bloch function ¢ 4 (x) with k = m/2 ata =1 |
: Y 3

—sin(k-2m)x
2

FIG. 1. Behaviors of the Bloch functions with respectt in the case whera=1 andk=7/2. The left and right panels display real
and imaginary parts of the-wave (top panely p-wave (middle panely andop-wave (bottom panelsBloch functions, respectively. The
dotted, dashed, dotted-sashed, and two-dotted-dashed curves indicate the casedhwied, 2, and 1.

numbers 0 and 1, respectively. As the valuaf decreases E=T+Unua+ Ycou— Tem- (11
(from the top panel to the bottom panehe kinetic energies

of the swave andop-wave Bloch functions with the wave The first term represents the kinetic energy, and the second
number vectork gradually approach those of plane wave: gnd third terms represent the nuclear and Coulomb parts of
(72/2M)K? and (7:/ 2M ){k—sgr(k) - %}?, respectively. the interaction energy, respectively. The fourth term repre-
Accordingly, in the limit thata/b— 0, the DFS due to sents the spurious energy arising from the center-of-mass
a-clustering described by treewave Bloch function with the  (c.m) motion of a constituent cluster. We adopt the modified
Fermi cube goes to uniform matter described by the plan&/olkov force (MV1 case 3 [15], as an effective nuclear
wave with the Fermi cube: ke <k, ,<kg, while the DFS  force. The MV1 force consists of the two-range Gaussian-
due to 'O clustering described by the-wave and the type two-body part and the-type three-body part. The
op-wave Bloch functions with the Fermi cube becomes uni-three-body part is indispensable to reproduce the saturation
form matter described by the plane wave with the protrudingsroperty of uniform nuclear matter. The parameters in the

Fermi surface, MV1 force are determined in order to reproduce the binding
energies of doubly closetHe, 0, and“°Ca nuclei. Table
— ke < ko< 2ke, —ke =k, =<ke, | lists the calculated energies per nucleorfdg, %0, and

He nuclei by using the simplest harmonic oscillator
“de sk < 2ke, —ke<kuske, 10 wave functiong, WhiC% are comgared with the experimen-
—2Kke sk, < 2kg, —Keskgy<ske. tal data. The calculated value of the saturation energy of
uniform symmetric matter with the Fermi sphere is
23.51 MeV at 0.261 frié, while the empirical value is
lll. ENERGY BEHAVIOR OF DENSITY-FLUCTUATED 15.6 MeV at 0.17 friv’.
STATES DUE TO CLUSTERING When we attempt to evaluate the expectation value of
Hamiltonian(11) for DFSs, we face two problems. The first
First, we show the energy profiles of constituent clusterspne deals with the spurious energy from the c.m. motion of
4He, %0, and'®He nuclei. The total energy per nucleon of each constituent cluster. It is not possible to obtain the exact
the system is divided into four parts: value of the spurious energy for a correlated cluster in an
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Km;ﬁce;lergie's of Bloch functions with b'=1at'a=5_ function of the average density, ignoring the spurious and
] Coulomb energies. In Table |, the energy values obtained by
_Ar - excluding the Coulomb energy and/or spurious energies have
P ] also been listed. Especially, am cluster has considerable
% ] spurious energy coming from the zero-point oscillation in its
w2t s-wave Bloch function : c.m. motion, as indicated in Table I. We estimate this in
~ op-wave Bloch function 1 terms of the single-particle kinetic energy of the @bital
] Bloch state withk=0 in Sec. Il B. In Sec. lll C, the crystal-
= line structure ofa particles in the uniform background of
Kinetic energies of Bloch functions with b=1 at a=4 T electrons has been discussed within the classical treatment.
1 Finally, the dependence of energy behaviors of DFSs on ef-
54 i ] fective forces has been analyzed in Sec. Ill D.
{i' | A. Development of density fluctuation due to clustering
w2b s-wave Bloch function i with the decrease of density
" op-wave Bloch function ] We first show that the energies of DFSs described by the
; Bloch function smoothly change from an aggregate of iso-
0 —_— lated clusters fixed at lattice sites to uniform matigane-
Kinetic energies of Bloch functions with =1 at a=3 1 wave stateswith the increase of density. Figure 3 shows the
Al ] energy curves of the DFS due féle (left pane) and O
= ] (right pane) clustering as a function of the width parameter
& l b at the fixed lattice spacing. Here, the Coulomb and spu-
f 2 b i s-wave Bloch function e rious energies are ignored. In the region of the small width
s op-wave Bloch function ] parameters, energy curves at various fixed lattice sada®
T ] almost similar to those of the isolated cluster lingolid
0 e ] lines). As the width parametds increases, the energy curves
T ] deviate from the isolated cluster limit and approach the ex-
Kinetic energies of Bloch functions with b=1 at a=2 . . .
10 P - pectation value of plane-wave statesiform mattey, which
_ N ] are indicated by the arrows on the right. The deviation from
§ the isolated cluster limit increases with a decrease in lattice
® sk k ] spacinga (density increasing
® L s-wave Bloch function . | .It should be notgd that thg energy curve has a minimum
= e op-wave Bloch function ] point(crossey and its energy is lower than that of the plane-
\ / wave state. This means that the DFS is energetically favor-
O able compared to the plane-wave state. This minimum point
40 | Kinetic energies of Bloch functions with b=1at a=1 4 shifts to the larger width parameter when the lattice spacing
VAN ] a decreases. In other words, the density fluctuation gradually
S30f ] decreases as the density of matter increases, and an aggregate
N o ] of clusters finally melts into uniform matter.

PR T ] Figure 4 summarizes the minimum energy points of DFSs
0 ,,,__,__,_____,f}})"f@‘ﬁ/fﬁ%@ﬁ“ﬁ'ﬁgﬁn shown in Fig. 3. The left panel displays energy curves of
\ / DFSs due to*He (two-dotted-dashed lineand %0 (dotted-

= L . 1 dashed ling clustering in symmetric nuclear matter as a

1

k/ ke function of the density of matter. The right panel depicts the
case of'%He (dotted ling clustering in asymmetric nuclear
FIG. 2. Kinetic energies of thewave (solid line) andop-wave ~ matter with the proton ratio/,=0.2. In the left panel, the
(dotted ling Bloch functions withb=1. The cases 0&=5,4,3,2, dashed curve indicates the uniform limit of the DFS due to
and 1 are displayed from top to bottom. “He clustering, and the solid curve indicates the uniform
limit of the DFS due t0°0 clustering. The solid curve in the
aggregate though it definitely can be evaluated for an isoright panel indicates the uniform limit of the DFS due to
lated nucleugclusted. The second one deals with the Cou- 1®He clustering. It should be noted that the energy of the
lomb energy of an infinite nuclear system. The Coulomb enuniform limit of the DFS due t0'®0 clustering is slightly
ergy of nuclear matter diverges logarithmically unless alower than that due tdHe clustering. Such a difference is
neutralizing background of electrons is considered. In unicaused by the difference between the Fermi surfaces of the
form nuclear matter, the Coulomb energy becomes zero dugvo uniform limits, namely, the uniform limit of the DFS due
to complete cancellation of positive and negative charge disto “He clustering has the cubic Fermi surface, while that due
tributions. However, if a DFS arises, the Coulomb energyto 1O clustering has the protruding Fermi surface given by
obtains a certain value due to the difference between positiveqg. (10). In both panels, arrows on the left indicate the en-
and negative charge distributiofisg]. ergies of isolated clustefauclei, ignoring the Coulomb and
Section Il A describes the energy behaviors of DFSs as apurious energies listed in Table I.
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TABLE |. Binding energies per nucleon dHe, 10, and'®He nuclei using MV1 force and the wave
functions of the simplest harmonic oscillator shell model. In each nucleus, the first row represents the
minimized total energy, the second represents the minimized energy excluding and the third one

represents the minimized energy excludlog,, and T, .

b(fm) T(MeV) Up,(MeV) Ucq(MeV) T.n(MeV) Theor.E(MeV) Expt. E(MeV)

“He 2.14 13.58 -17.57 0.19 3.40 -7.19 -7.07
2.14 13.58 -17.57 3.40 -7.38
2.31 11.66 -15.88 -4.22

160 2.45 15.54 -23.65 0.86 0.65 -7.90 -7.98
2.44 15.67 -23.90 0.65 -8.76
2.46 15.43 -23.53 -8.11

10He 2.59 12.98 -14.80 0.06 0.93 -2.68 -3.02
2.59 12.98 -14.80 0.93 -2.74
2.70 11.95 -13.80 -1.85

As clearly seen, we are able to recognize that the Bloch 3K2 1
description smoothly describes the disappearance of density 0~ M AD2’ (12

fluctuation with the density of matter from an aggregate of
isolated clusters to uniform matter. Furthermore, we immewhereM is the mass of a nucleon aridis the mass number

diately find that the DFS due t&°O clustering is always of the cluster. In relatively high-density regiofgery small
energetically favorable as compared with that due*t®  values of the ratica/b), constituent clusters melt into uni-
clustering. However, we must not arrive at a conclusion hastform matter and in principle, the spurious energy becomes
ily because the spurious and Coulomb energies are ignorexkro. In intermediate-density regions, it is not possible to
in the present calculations. Especially, as was shown in Tablevaluate the spurious energy precisely, but it must satisfy the
I, a “He cluster has considerable spurious energy. In the folfollowing condition:
lowing section, we attempt to remove the spurious energy of
each constituent cluster correlating among them. 0=Tem=To (13
i _ _ Tohsaki evaluated the spurious energy &ecluster matter
B. Spurious energy of the_ c.m. motlc_m of each constituent by solving the dynamical equation where one of thelus-
cluster with correlation ters is allowed to move in its cavity formed by all the other
The energies of DFSs shown in Fig. 4 include the spuri-w clusters at lattice sites in the framework of the generator
ous energy originating from the c.m. motion of each con-coordinate metho¢6].
stituent cluster. In extremely low-density regiaivery large Here, we estimate the spurious energy from the feature of
values of the ratiaa/b), clusters placed at different lattice the kinetic energy of the Dorbital Bloch function withk
sites does not correlate; therefore, we should subtract the0. As shown in Fig. 2, the kinetic energy of the érbital

zero-point oscillation energy from the energy of DFSs in theBloch function withk=0 changes fronAT, to O as the ratio
c.m. motion of each cluster, a/b decreases. We first define the development of the cluster,

7T 7T
5 Isolated cluster limit (a = o) E 0 L Isolated cluster limit (a = o) N
—— — a=60fm 1 3 —— —a=80fm R
= = I ———=-2a=70fm
8 8 e a=65fm
g g [ c—— 2=60fi
2 g S N
= =
& &
% % —
2 2 10| -
= kg [ .
-10 r Energy curves of DFSs due to “He clustering ] [ Energy curves of DFSs due to %0 clustering
1 2 L L . | L . . L 1 L 1 L L L L 1 2 2 L 2 |
-15
3 4 2 3 4
b [fm] b [fm]

FIG. 3. Energy curves of DFSs due te (left pane) and 0 (right pane) clustering as a function of the width parameleat various
fixed lattice spacing. In the left panel, the long-dashed, short-dashed dotted, dotted-dashed, and two-dotted-dashed curves show energy
curves ata=6.0,5.5,5.0,4.5, and 4.1 fm, respectively. In the right panel, the long-dashed, short-dashed dotted, dotted-dashed, and two-
dotted-dashed curves show energy curvea=8.0,7.0,6.5,6.0, and 5.8 fm, respectively. The solid curve shows the energy curve of the
isolated cluster limi{a=) in each panel. The arrows on the right denote the energies of plane-wave(statesn mattey. The crosses

display the minimum energy points of DFSs at each lattice spaxing
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L B e L B e e e e S R L e T B e e e B e e e B e L
0 . N . .
F Symmetric nuclear matter 0 Asymmetric nuclear matter with ¥, = 0.2
g 1 % |
] = I P
= . i s =2 e 7
g —— I
% -10[ . 1 =
E [ ——— DFS due to ‘He clustering E
- 16 ; L .
= i DESducty OMSRINg ot e T E— DFS due to He clustering
[ — — Unuorm limit o ue to € clustering F Unife limit of DES due 10]_1 Tusteri
-15 L Uniform limit of DFS due to %0 clustering orm fmito ueto " He clusiering
PR RS BT R AR RS RS R
0.0 0.1 02 0.3 04 0.0 0.1 02 03 04
P Po P Po

FIG. 4. Energy curves of DFSs in the symmetiift pane) and asymmetric nuclear matter with the proton ratigr 0.2 (right panej
as a function of the density of matter. The density is normalized by the theoretical saturation density of the symmetric matter with the Fermi
sphere,pp,=0.261 fm3, using the Modified Volkov force. The two-dotted-dashed, dotted-dashed, and dotted curves show the density
dependence of the energies of DFSs duéHe 160, and®He clustering ignoring the Coulomb and spurious energies, respectively. In the
left panel, the dashed curve indicates the plane-wave state with the Fermi surface of the proton and neutctmeautiésm limit of the
DFS due to*He clustering, and the solid curve indicates the plane-wave state with the Fermi surface of proton and neutd) Ehe
uniform limit of the DFS due td'®He clustering. The arrows on the left in each panel indicate the energies of isolated clusteie)
ignoring the Coulomb and spurious energies listed in Table I.

N., as the ratio of the kinetic energy of the Orbital Bloch  as the density in which the optimized width parameids
function (3) to that of the @ harmonic oscillator wave func- equal to the lattice spacirgwhere the development of clus-
tion (4), ter N, is zero.
In a similar manner, the Coulomb energy may not affect
N = { eolty] P ety @) (14) the critical densities of the DFSs. We usually assume that a
uniform background of electrons neutralizes nuclear matter.
Figure 5 displays the behavior &f, with respect toa/b. It Near critical densities DFSs are almost uniform; therefore,
changes from unity at the isolated cluster lifdfb—) to  the Coulomb energy is expected to be zero because of the
zero at the uniform limitta/b— 0). Accordingly, it is rea- complete cancellation between positive and negative charge
sonable to assume thil is regarded as the development of distributions. Accordingly, in a uniform background of elec-
cluster. We estimate the spurious energy of each constituetions, the Coulomb energy causes no inversion between en-
cluster correlating among them on the basis of the developergies of DFSs due ttHe and*®O clustering. Below critical

ment of clusteiN, as follows: densities, the difference becomes small because the internal
Coulomb energy of a constituent cluster raises the energy of
Tem=ToN.. (15  the DFS due td®0 clustering compared with that due4de
clustering.
It fulfills the inequality (13). Before concluding that the DFS due 60 clustering is

We reoptimize the width parametbrto minimize the ex-  always energetically favorable compared with the DFS due
pectation value of Hamiltonian from which the spurious en-to He clustering, we must inspect the lattice structure of
ergy of each constituent cluster is subtracted according to Egjysters because so far we have only considered DFSs with
(15). Figure 6 shows the dependence of energies of the DFSge simple cubic latticé SCL) of clusters. In the following
due to*He, *°0, and'®He clustering on the density of matter. section, we investigate the transition of the lattice structure
In the zero-density limit, the energy per nucleon of each DF& « particles within the classical treatment and point out the
becomes the corresponding energy of the isolated clustgfossibility that the'®O cluster is further divided inter clus-
without the Coulomb energgarrows at the left which are  ters near a critical density in the nuclear matter medium.
given in Table I. After subtracting the spurious energy, the
energy of each DFS also approaches that of the correspond-
ing uniform limit with the increase of density.

Compared with the results in Fig. 4 before subtracting the
spurious energy, the energy difference between DFSs due to .
4He and®®O clustering becomes small, but there is no inver- = 05F
sion between them. Furthermore, critical densities are not I
affected by whether or not the spurious energy is subtracted.
This is because the single-particle state represented by the |
Bloch function is almost identical to the plane-wave state Y S
near critical densities and DFSs scarcely possess any spuri- b
ous energy. The critical densities of the DFSs dué¢He,

180, and ®He clustering are listed in Table Il. Here, we  FIG. 5. Behavior of the development of clustdg defined by
define the critical density from the DFS to the uniform state,Eq. (14) with respect tca/b.

L e L L N A
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L B e L B e e e e S R L e T B e e e B e e e B e L
0 . N . .
F Symmetric nuclear matter 0 Asymmetric nuclear matter with ¥, = 0.2
E! 1 % |
= =
- - =2 -
& ‘ &, R
Uy —N 1%
E [ ——— DFS due to ‘He clustering * E
- 16, ; L .
e r 3F isfd“elt}’ ,to f“;‘)’;’;‘;“gt o etoston W4 DS dueto He clustering
[ — — Unuorm limit o] ue to € clustering h F Unife limit of DES due 10]_1 Tusteri
-15 L Uniform limit of DFS due to %0 clustering orm fmito ueto " He clusiering
PR RS BT R AR RS RS R
0.0 0.1 02 0.3 04 0.0 0.1 02 03 04
P Po P Po

FIG. 6. Energy curves of DFSs duette and'®O clustering in the symmetric nuclear matttire left panel and 1®He clustering in the
asymmetric nuclear matter witi,=0.2 (the right panel which are calculated by taking into account the correction of the spurious c.m.
energies of individual clusters. The presentation of the curves in similar to that in Fig. 4.

C. Transition of lattice structure of « particles sity of matter increases, the sides of a regular tetragonal also
increase, and the SCL dfO changes to the FCCL of
particles. Accordingly, it remains a possibility that the tran-

sition of the lattice structure may occur between the SCL of

round of electrons. As an effective o potential, we adopt ;
?he Lennard-Jonet,12) potential P Pt 160 cluster and the ECCL dHe cluster, especially, near the
’ ’ critical density.

Uy—a = Ue{(rg/r)¥2 = 2(ry/r)®}, Furthermore, considering the uniform limit of the Bloch

: . . . . description, it is necessary to discuss the lattice structure. As
where'r is the interparticle Q|stanceup IS th? depth of the previously mentioned, the uniform limit of the DFS based on
potential well(u,>0), andr, is the pair bonding length. The the SCL of“He cluster has a cubic Fermi surface while that
parametersu, and ro are set asup=4.14 MeV andro ot the DFS based on the SCL &0 cluster has an uneven
=3.30 fm to reproduce the binding energy of th€0 oy giyface given by Eq10). The energy of the uniform
nucleus and the saturation property of nuclear matter. Thigit o the 160-cluster-like DFS is slightly lower than that of
binding energy of®O that has a regular tetrahedron @f 4o _c ster-like one. Since the lattice structure is reflected in
particles whose sides a32 fm is 14.40 Me\below the o Fermi surface, we need to systematically investigate
threshold of 4 decay, which is coincident with the ex- prgg que tdHe and™®O clustering in the Bloch description
perimental data. _ _ including the transition of lattice structure.

The Coulomb and Lennard-Jones potential energies of an
aggregate of point charges are evaluated by the expressions
derived in Ref[16]. In a classical description like QMD in
which the width of Gaussians is fixed, uniformity implies the  Finally, we state the dependence of DFSs on effective
uniform distribution of point particles. If we recognize the nuclear forces. Various kinds of effective nuclear forces have
face-centered-cubic lattic¢FCCL), which is the close- been proposed to satisfy the saturation property of nuclear
packed lattice, o particles as the uniform nuclear matter, matter [15,17-21; furthermore, the shell-model-like and
the saturation energy is -16.0 MeV at 0.172 frtaking into  clusterlike aspects in finite nuclei are extensively studied us-
account the internal energy of anparticle (-28.3 MeV). ing those force$21—24. In the Bloch description for nuclear

We describe the transition between the SCLX clus-
ters and the FCCL ofv particles in the following manner. —
The FCCL consists of four SCLs. When the relative dis- :
tances among the SCLs af particles is small, it can be
regarded as the SCL dfO with a regular tetrahedron af
particles. On the other hand, when four SCLs are at the cen-
ter of face of one another, it is regarded as the FCCla of
particles. Figure 7 shows the density dependence of energies
per nucleon of the SCldashed curveand the FCClL(solid —— — SCLof a particles
curve) of « particles, and the SCL dfO (dotted curve As = 15 o O partcles
clearly evident, the SCL of®O is the most stable among the -
three lattice structures in the low-density region. As the den- P — 015 E—

P/ Po

We regard anv cluster as a classical point charge with 2
and consider an aggregate @fparticles in a uniform back-

D. Dependence of DFSs on effective forces

L
S

E [MeV per nucleon]

L
L
T

TABLE II. Critical densities of DFSs due ttHe, 10, and'°He
FIG. 7. Density dependence of energies per nucleon of the SCL

clustering.
(dashed lingand the FCCIL(solid line) of « particles and the SCL
“He:0.22, 160;0_3%0 10|-|e;o_2g70 of 180 (dotted lind. The density of matter is normalized by the
0 saturation density of FCCL a# particles,py=0.172 fn13.
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T is suggested that it may be easy for clustering aspects to
Symmetric nuclear matter 1 appear as excited states in finite nuclei by the use of the BB

g force. Furthermore, by comparing the four kinds of param-
§ I etrizations in the BB force, we can find that the tendency to
£ ! T | form « cluster in medium is supposedly related to nuclear
E- incompressibility. Thus, the Bloch description serves as a
2 i . - guide to study finite nuclei, and the manner in which clus-
o 10 T D e 50 ctomene : tering degrees of freedom respond in medium depending on
| —— — Uniform limit of DFS due to *He clustering | what kind of an effective force is used.
Uniform limit of DFS due to ‘0 clustering
! s L { ! ! ! | ! ! L
0.0 0.2 0.4 0.6
P/ Po IV. SUMMARY AND DISCUSSIONS
FIG. 8. Energy curves of DFSs due #and 10 clustering in We have discussed DFSs of nuclear matter due to cluster-

the symmetric nuclear matter by the use of the @B) force. The ing below the saturation density. We assumed that clusters
density of matter is normalized by the saturation density of theare formed in nuclear matter below the saturation density and
uniform matter with the Fermi sphergy=0.206 fn73. The presen-  that they make up a SCL. We described DFSs due to clus-
tation of the curves is similar to that in Fig. 4. tering by the Slater determinant where single-particle states
of nucleons are represented by the Bloch function. The Bloch

matter, the uniform limit of DFSsa/b<1, corresponds to a description has the advantage of smoothly representing DFSs
shell-model-like state in finite nuclei, while a DFS with from an aggregate of isolated clusters in extremely low-
a/b>1 corresponds to a clustering excited state. density regions in one limit and the uniform matter in rela-

We calculated the energies of DFSs duetite and®0  tively high-density regions in the other limit.
clustering by using the Brink-Boek€BB) force [17] instead We treated DFSs due ttHe and'®O clustering in the
of the MV1 force. Figure 8 displays the energy behaviors ofsymmetric nuclear matter arfHe clustering in asymmetric
DFSs due td'He and®O clustering with respect to the den- nuclear matter withy,=0.2 by the tight-binding approxima-
sity of matter in the case d8, parametrization of the BB tion including G and @ orbits. We found that all DFSs have
force. Energy behaviors of DFSs are qualitatively similarcritical densities below which they are energetically favor-
both in the cases of MV1 and BB forces. However, the criti-able compared with the uniform state. In symmetric nuclear
cal densities calculated by using the BB force are higher thamatter, the'®O clustering gains energy for the system com-
those calculated by using the MV1 force. Using several papared with*He clustering in any density region.
rametrizations of MV1 and BB forces, the critical densities  This feature remains after subtracting the spurious energy
of the DFS due td*He clustering are listed in Table Ill in of each constituent cluster originating in its c.m. motion,
which the characteristics of tH#le nucleus and the uniform which is approximately estimated on the basis of the kinetic
symmetric nuclear matter with the Fermi sphere are als@nergy of thes-wave Bloch function wittk=0. The subtrac-
listed. tion does not affect the critical density because sheave

As clearly shown in Table Ill, the BB force tends to causeBloch function is almost identical to the plane-wave function
DFSs due to clustering more easily in low-density regionsnear the critical density. In a similar manner, the Coulomb
compared with the MV1 force at all parametrizations. Thisenergy is also not expected to affect the critical density under
tendency is originated in the character of an effective forcethe assumption of a uniform background of electrons. This is
To reproduce the saturation property of nuclear matter, théecause the uniform distribution of electrons cancels out the
BB force possesses the anomalous Majorana parameter whiliistribution of protons, which becomes almost uniform near
the MV force possesses tlietype three-body interaction. It the critical density.

TABLE Ill. The critical densities of the DFS due ttHe clustering, which are normalized by the theo-
retical saturation densityo, and characteristics of thiHe nucleus, and uniform symmetric nuclear matter
with the Fermi sphere by using several versions of MV1 and BB forces.

DFS of “He ‘He Uniform symmetric nuclear matter

perl po E(MeV) Rpdfm) K(MeV) E(MeV)  po(fm™)  K(MeV)

BB caseB; 0.41 -7.05 1.49 79 -15.69 0.205 183
BB caseB, 0.35 -7.06 1.49 90 -15.75 0.206 203
BB caseB; 0.33 -7.07 1.49 102 -15.80 0.206 225
BB caseB, 0.33 -7.06 1.49 113 -15.75 0.206 249
MV1 case 1 0.25 -7.23 1.64 99 -21.01 0.218 296
MV1 case 2 0.26 -7.43 1.63 101 -21.61 0.222 307
MV1 case 3 0.22 -7.19 1.61 97 -23.51 0.261 324
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We have not discussed the DFS duéde clustering in  classical treatment, we pointed out that there exists the pos-
asymmetric nuclear matter, because the introduction of onlgibility that the SCL oft®O clusters transits to the FCCL of
the orthogonalp-wave Bloch function is not sufficient to clusters near the critical density. In a similar manner, the
describe!®He clustering. The phenomena of halo and skincrystalline structure ofFe is certainly realized in extremely
have been observed in the neutron-rich region. In order tdow-density regions such as the inner crust of neutron stars;
treat the core and valence neutrons independently, we have kmwever, it is also obscure near the critical density at which
introduce thes- and p-wave Bloch functions with different a DFS starts to develop. Besides the crystalline structure of
width parameters or higher nodal orbital Bloch functions.nuclei, there have been recent theoretical investigations on
This is one of the future subjects to broaden our study of théhe possibility of @ cluster condensation in low-density
clustering phenomena in neutron-rich nuclear matter. nuclear mattef7,8]. If phase transition between the crystal-

We also investigated the dependence of energy profiles dine structures of nuclei and condensation occur, constitu-
DFSs due to clustering on effective nuclear forces using tw@nt nuclei need to be excited to amgas state near the
kinds of effective forces, namely, the MV1 and BB forces. a-breakup threshold24-26 owing to interference among
We recognized that the critical densities depended on thsuclei at different lattice sites.
kind of effective nuclear force used, although the qualitative Therefore, our future task will aim to investigate the tran-
behavior did not. The BB force tends to cause density flucsition between DFSs due @ and *°O clustering using the
tuation more easily in low-density regions compared with theBloch description in order to understand the clustering phe-
MV1 force. It is suggested that it may be easy for clusteringnomena in nuclear matter. In the transition region between
aspects to appear as excited states in finite nuclei using thbe SCL of'®O nuclei and the FCCL o# clusters, constitu-

BB force. The uniform limita/b=1, of the Bloch descrip- ent %0 nuclei are excited tar-clustering states, which is
tion corresponds to the shell-model-like ground state in finitecapable of being a door-way state between the normal phase
nuclei, while a DFS witra/b>1 corresponds to a clustering and a condensation in nuclear matter. Such an extension,
excited state. Thus, the Bloch description provides beneficialvhere clusters are distributed within a unit cell, will lead to a
information for studies on finite nuclei on the basis of howmicroscopic study on the structure of the inner crust of neu-
clustering degrees of freedom respond in medium dependinigon stars with zero temperature and supernova matter with
on what kind of effective force is used. finite temperature.

However, the present study cannot conclude that the DFS
due to %O clustering is always energetically favorable as
compared with the DFS due ttHe clustering because we One of the authoréH.T.) wishes to acknowledge the sup-
only considered DFSs with a SCL of clusters. Within theport provided by the Shinshu University.
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