Can Nuclear Matter Consist of a-Particles?
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MATTER CONSIST OF a-PARTICLES?

A sufficient condition for the spatial collapse in an infinite system of interacting Bose parti-
cles is obtained on the basis of the variational principle with the use of trial functions with the
Jastrow pair correlation factors. The instability of a hypothetical infinite system of a-particles
with respect to the spatial collapse is shown under the assumption of the Ali-Bodmer interac-
tion potentials between such Bose particles. Thus, it becomes clear why the hypothetical nuclear
matter is naturally treated with the use of at least the nucleon degrees of freedom.
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1. Introduction

The “He nucleus, or an a-particle, is known to be a
strongly bound system of two protons and two neu-
trons (with the binding energy of about 28.3 MeV)
with zero spin and isospin. The structure of an a-
particle is well-known (see, for example, [1]). Inside
the nuclei, one can reveal the a-clusters. A number
of light nuclei can be treated as a definite number
of interacting a-particles (see [2] and references ibid)
or a system of a-particles with additional nucleons
[3-6]. There exist some approaches [7] treating the
nuclei (up to the heaviest ones) with even and equal
numbers of protons and neutrons as the systems of
a-particles.

But what about the hypothetical nuclear mat-
ter: can one treat this system as consisting of a-
particles? This question is analyzed in the present pa-
per, and it is shown that the system of a-particles is
unstable with respect to the spatial collapse if one
ignores the Coulomb repulsion between the particles.
To prove this assertion from the very first principles,
we consider a Hamiltonian of N interacting Bose par-
ticles with pairwise interactions. We use the varia-
tional principle and derive a sufficient condition for
the spatial collapse in this system. The obtained suffi-
cient condition is a generalization of the one obtained
in [8], and it is more refined. Using this criterion, we
show that an infinite system of a-particles with the
known Ali-Bodmer interactions [9] between them is
unstable with respect to the spatial collapse. As it
is clear from the criterion formula given below, the
same result is valid for any other possible realistic
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versions of a-a interactions of the same type with
attraction at some distances of about a few fermi
and any non-singular repulsion at short distances. It
should be noted that, as usual in the nuclear mat-
ter theory, we do not consider the Coulomb repulsion
between particles, otherwise the system will be de-
stroyed by this long-range repulsion and will not be
bound at all. Just due to the Coulomb repulsion, the
nuclei heavier than those with Z > ~10? are not sta-
ble, nothing to say about Z — oc.

In the next section, we obtain a sufficient condition
for the spatial collapse to take place in an infinite
system of Bose particles. We start with the Hamil-
tonian containing the pairwise potentials, and then
we use the Ritz variational principle to derive this
condition. As compared to the criterion [8] obtained
with the use of trivial trial function in the form of the
product of one-particle functions, we now account for
the Jastrow pair correlation factors and obtain a more
delicate criterion.

We stress that, as it was shown in [8], the spa-
tial collapse of an infinite system of interacting Bose
particles can not be analyzed on the basis of the well-
known Gross—Pitaevskii equation [10-12] because the
presence or absence of the spatial collapse is not de-
termined by the two-particle scattering length value.

2. Variational Estimation
for the Energy with the Use of Trial
Functions with the Jastrow Factors

We consider a system of IV identical interacting Bose
particles of mass m with the Hamiltonian

N f)Z N
=3 2E 4 37 V(irw - ), M
k=1 n>k=1
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where the short-range pairwise potential depends on
the distance between particles. We assume that the
profile of this potential has the general form with
some (possible) attraction of finite range and some
(possible) repulsion at short distances.

Now, we are going to find a sufficient condition for
the spatial collapse of the system under considera-
tion to take place at N — oo. In the previous paper
[8], we proposed a simple sufficient condition of the
spatial collapse in an infinite system of interacting
Bose particles to be [V (r)dr < 0. But, for a sys-
tem of a-particles, this simple criterion appears to be
too mild in order to decide unambiguously whether
one has the spatial collapse in an infinite system of
a-particles (without the Coulomb repulsion). Really,
let us consider the a-a interaction potential in the
form proposed by Ali and Bodmer [9]. Then, only
for two potentials denoted by ag and by, one obtains
JV (r)dr < 0, ie., the collapse takes place without
any doubts. For the rest versions of Ali-Bodmer po-
tentials, this sufficient condition is not fulfilled, and
the answer is undetermined. This only means that the
used criterion is to be improved.

In the previous paper [§]|, we used the trial func-
tion in the simplest form of a product of one-particle
Gaussian functions:

U (ry,ro,..,ry) = ﬂ exp (— (rk/R)Q) =
k=1

1 N
:m§mz@, )
k=1

where R is a parameter of the order of the size of
the system. To improve the variational estimation, we
now consider the wave function with the Jastrow pair
correlation factors taken into account:

N
O(ry,ra,...,Ty) = H f(ren)¥(r1,ra, .yrn),  (3)

k>n=1

where function ¥ has the form (2), and the Jastrow
correlation factors f(rg,) are chosen in the form

Frin) =1 = exp(=r3,/75), (4)

where 1, = |r, — ri|, and r( is the radius of the or-
der of the range of repulsion in the pair potential V' (r)
of interaction between particles. Note that the choice
of a specific form of the correlation factors can change
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slightly the form of the criterion to be obtained. But
the chosen form (4) is sufficient for our purpose to
study the spatial collapse in an infinite system of a-
particles with the Ali-Bodmer interaction potentials.
To apply the Ritz variational principle (see, for in-
stance, [13]) for the ground-state energy of the sys-
tem,
o (®lH]9)

< e ©)

one has to calculate the matrix elements of the ki-
netic and potential energies, as well as the matrix el-
ement (®|®) in the denominator necessary to normal-
ize the trial function (3). To carry on calculations in
an explicit form, we consider, for simplicity, the corre-
sponding expressions in the limit R > rg, where the
radius R of the system is fixed, but much greater than
the radius rqy of correlations. We also assume that R
is much greater than the radius of short-range forces
being of the same order or compared with ry. Thus,
the limit R > 7y means also that R is much greater
than the potential radius. Then we consider the ma-
trix element of the potential energy in this limit:

a N(N -1
@3 Vira) [9) = YA a0 v(rn) 0) =
n>k=1
E%/drl, ey dey Uy, TN X
N
x V(rio) T] £2(rkn) 85 o
k>n=1
R;ro N(NQ_ 1*) CB,N/drldP2f2(7"12)V(7“12) X
<oxp (< 5003+ 1), ©)

where we used the notation

N
CK,N E/dI‘K,...,dI'N H f2 (Tkn) X

k>n=K

g
X exp <_R2 ri) (7)

k=K

In particular, the normalization matrix element
(®|®) = C1,n can be rewritten (at R > rg) as

3
CLN R 3w @ R°Cy . 8)

ISSN 0372-400X. Vxp. ¢is. orcypn. 2022. T. 67, N 1



Can Nuclear Matter Consist of a-Particles?

If one use the new variables r = r; — ry and p =

1(r1 4 r2), one obtains, instead of (6),

N
(@D V() [®) 53,
n>k=1

N(N-1) RY
Wt g ean (5) e [Poven o)
in the limit R > ro. Thus, the matrix element of the
potential energy (®|V |®) (9) divided by the normal-
ization matrix element (8) becomes as follows:

(@V]e) wm%—%/ﬁ(r)v(r)dr.(m)

(@[a) ">

To calculate the average of the kinetic energy, it
may be suitable to represent the matrix element of
the kinetic energy operator in the form

N p2 p
7]‘: = - =

k=1 k=1

2

h? h
=——N(P|A1|P)=—N P|V,P 11
o (@ Ay |@) om (V1i2|V:1 @), (11)
where the gradient
N XN
V1id = H f(rnk) exp <_R2 ZT?) X
n>k=2 s=2
2\
xVi |exp (]%12) Hf(rlj) (12)
j=2

can be found explicitly. Substituting the result of
differentiation into (11) and integrating over dr; and
(for convenience) over dry, in the limit R > rg, one

has
)

P
<‘1’|Z %|@>R;;’o
k=1

2
3p4 —
R>>ro g%’ﬂ' 'R CB’NN@—’_MR +O(R)> (13)

Dividing this expression by the normalization matrix

element in the form (8) and adding (10), one ulti-

mately has the variational estimation for the energy

of the ground state in the limit R > rq:

E 3 h?
<

B N -1 3527“0
N — 2mR?

I [,
SR §EE +g f(r)V(r)dr).
(14)
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It is obvious from the obtained expression that, under
the condition
o 3 hz To

= 3w s +7Ti% FAr)V(r)dr <0,
one has the spatial collapse in the system of interact-
ing Bose particles at N — co. Really, in this case, the
energy (per one particle!) goes to minus infinity, as
it is clear from (14). At the same time, at a fixed pa-
rameter R, the system of particles has a finite volume
~R3, but the number of particles tends to infinity re-
sulting in an infinite density of particles. Note that
the obtained sufficient condition (15) generalizes our
more simple criterion [8] [V (r)dr < 0, which follows
from (15) at ro — 0.

In the next section, we use the obtained criterion
of the spatial collapse in a Bose system to analyze
whether a hypothetical system of a-particles can form
a nuclear matter. There, the negative answer will be
obtained, since an infinite system of a-particles with
typical c-«v interaction potentials (without regard for
the Coulomb repulsion) obeys condition (15) of spa-
tial collapse.

(15)

3. The Spatial Collapse

of a Hypothetical Infinite System
of a-Particles without the Coulomb
Repulsion

Now, consider typical interaction potentials between
a-particles in the form [9]

V (r) = Vyexp (—p2r®) — Vyexp (—par?) (16)
with a few sets of parameters for attraction and re-

pulsion given in the Table. It is worth to note that
the a-a interaction [9] depends on the the angular

Parameters of some a-a potentials
from [9]. The first column contains a notation [9]
of the corresponding version of a potential

Potential | pq (fm™1) | Vo (MeV) | pr (fm™1) | V& (MeV)
ag 0.35 30 0.65 125
bo 0.42 150 0.55 325
co 0.45 190 0.6 500
do 0.475 130 0.7 500
dy 0.475 130 0.8 1300
e 0.5 150 0.8 1050
19
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Dependences of the left hand side A of the criterion (15) on
the radius of correlations r, for different Ali-Bodmer a-a po-
tentials [9] (see also the Table)

momentum. But, in the states with [ # 0, the inter-
action potentials are more attractive than in the state
with [ = 0. We simplify the problem and assume the
potentials to be the same in all the states. In this case,
the interaction generally becomes a little bit less at-
tractive. If we shall demonstrate that, even with such
a simplified interaction, the hypothetical a-particle
matter does collapse, then this effect should be ob-
served for original versions of a-« interaction [9] even
more so.

Criterion (15) contains the radius of correlations
ro which can be chosen in such a way that to make
the contribution of repulsion of the a-a potential into
the integral in (15) sufficiently small. As a result, the
integral of the potential with the correlation factor
squared becomes negative. Due to the rather small
contribution of the first term originating from the
kinetic energy matrix element, the correlation fac-
tors at a definite ro turn the left-hand side of (15)
to negative values at almost any short-range repul-
sion (except the singular repulsion, in particular like
“hard core”).

In Figure, we show how the left-hand side A of
expression (15) depends on 7. It is seen that, for
potentials ag and by from the Table, the criterion
(15) is fulfilled already at 79 = 0. But, for the rest
Ali-Bodmer potentials, the inequality (15) is valid at
nonzero rg. We do not depict the dependences at
ro — oo for two reasons. First, the term originating
from the kinetic energy in (15) is proportional to 7o,
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while the potential energy, due to the increase of the
radius of correlations, vanishes at ry — 0o, and thus
A becomes positive at a definite rg (depending on
the version of potential). Second, obtaining expres-
sion (15), we assumed that ro < R, where R is fixed
(although may be rather large as compared to the ra-
dius of forces). Therefore, it is not correct to tend the
ro to infinity in expression (15).

As it is clear, all the other possible versions of “re-
alistic” local a-a potentials should also give A < 0
at a definite radius of correlations ry. Thus the hypo-
thetical system of a-particles is unstable with respect
to the spatial collapse.

4. Conclusions

To summarize, we note that a variational estimation
with the account for Jastrow pair correlation fac-
tors enabled us to demonstrate that an infinite sys-
tem of a-particles can not form a hypothetical nu-
clear matter due to its instability with respect to the
spatial collapse (if the Hamiltonian contains the Ali—
Bodmer or similar a-a short-range interaction poten-
tials and does not contain the Coulomb long-range
repulsion). We stress once more that, as shown in [8],
the sign and value of the scattering length of the pair
potential can not be used as a criterion of the ef-
fect of spatial collapse in Bose systems of interacting
particles.

The obtained criterion of the spatial collapse of
an infinite system of Bose particles can be used for
studying a possible spatial collapse in other physical
systems including imperfect Bose gases.
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YU MOZKE SIIEPHA
MATEPIA CKJIAOJATUCHA 3 a-HACTUHOK?

Ha ochnoBi BapialmilHOro HNpPHUHIUIY 3 BUKOPUCTAHHSM IIPO-
OHuX (DYHKIIH 3 mapHUMU KOpessauiitHuMu pakropamu fcrpo-
Ba OTPHUMAHO JIOCTATHIO yMOBY IIPOCTOPOBOTO KOJIAIICY B He-
CKiHYeHHIIl cucreMi B3aeMozirounx 603e-gacTuHOK. [lokazaHo,
10 TinoTeTuYHa HECKIHYEeHHa CUCTEMa (-4aCTUHOK HeCcTabisib-
Ha [0 BiJIHOIIEHHIO JI0 MPOCTOPOBOrO KOJIAICY Y IPUILYIIEH-
Hi moreHmiaJaiB B3aemoxil Asi—-Boamepa MixK TakuMu 603e-yac-
TuHKaMu. B pesyibrari cra€ 3po3yMisiuMm, 4OMy TiOTETUYHY
SIIEPHY MaTepito IPUPOIHO PO3IJIsiIaTy IPUHANMHI 3 BUKOPH-
CTAHHSIM HYKJIOHHHMX CTYIIE€HIB BiJIbHOCTI.

Katwwoei caoea: 603e-cucreMa 3 -<IaCTHHOK, IIPOCTOPO-
BHil KOJIAIIC, A/IepHA MaTepid.
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