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We investigate the change introduced by = condensation in the equation of state of neutron matter.

The question of the phase transition in which a 7 con-
densate is produced in nuclear matter was considered
in*!, It was shown later!®3! that in a neutron medium at
a density n=n? the 71°-meson field becomes unstable
and a 7°-condensate is produced. At approximately the
same density, n=n’~n?, there appears one more in-
stability, namely there appears in the spectrum of the
771 ~-mesons a point where the sum of their energies
vanishes. This instability leads to the formation of an
electrically neutral condensate of 7°7” meson pairs.
The appearance of condensates lower the energy of the
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ground state of the system and restores its stability,
i.e., the frequencies of the 7°-mesons and the sum of
the energies of the 7* and 7 -mesons are positive after
the appearance of the condensates.

It follows from our calculations (see®!) that the criti-
cal densities 7% and n} are close, but their ratio depends
entirely on the values of the nucleon spin-spin interac-
tion constants g™ and g~, which are unknown for a
neutron medium (n)=0.4 =x! at g"" and g~ equal to the
corresponding constants for a medium with N=2, g™
=1, and g"=0.8).
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We consider in this paper a neutron medium with
density » >nl, n:. Assuming for simplicity that n=n}
=n, and confining ourselves to perturbation theory in
terms of the condensate field, we find the change pro-
duced in the equation of state by the 7-condensate and
the structure of the condensate field.

In the presence of 7-condensate, the energy density
of a system of neutrons at densities close to n, can be
expressed in the form (F=m,=c=1) V!

E(n.'=E(,(n)-%(n--nc/z nyn,, (1)

where »n is the neutron density and Eo(n) is the neutron
energy in the absence of the condensate. The second
term represents the decrease in the neutron-system
energy due to the 7-condensation. Thus, the change in
the equation of state near the transition point is deter-
mined by the constant y.

The structure of the 7-condensate and the value of y
depend on the values of the constants g™ and g~ of the
nucleon spin-spin interaction, and also on the interac-
tion of the 7°-condensate and of the condensate of the
7'7" pairs. We shall first estimate the value of y, as-
suming the condensates to be noninteracting. In this case
Y =¥,0 t¥,: Where ydescribes the contribution of the
7°-condensate to the energy of the system and y,, de-
scribes the contribution of the condensate of the 7°7~
pairs.

A convenient method of ascertaining the structure of
the static field ¢(r) of the 7° condensate and of estimat-
ing the value of y is the Thomas-Fermi approximation
in which ¢(r) is assumed to be long-wave, i.e., k3/4p%
<« 1 (k, is the wave number of the 1°-condensate field).
As we show in'®!, in this case we have

d\’ a¢2+fi22> -1
1 <[('a—,') *(‘5;) <0Z)] > @)

Yo =0.6(1+09g"")* Q +_3

2] )

The angle brackets denote here averaging over the
coordinates, and the factor (1 +0.9g™)* is the result of
allowance for the nucleon correlations.

As seen from this expression, the largest y , corre-
sponds to a condensate field ¢(r) having the form of a
three-dimensional lattice

(1Y =afcosk x+cosk y+ cosk z), alun=-n_. (3)

In this case

Yar = 041409 "4, 4)

By way of example, we present the values of y o for the
field ¢ in the form of plane layers and a two-dimen-
sional structure:
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¢ =acosk x, y

(4

¢ =a(cosk x +cosk, y).

The contribution of the 7*7”-pair condensate to the
system energy (i.e., to the quantity v,+) can be esti-
mated in the following manner: Assume that the field of
the condensate is given by

¢(r, 1) =ta cos eyt =w t); asin(k,r —w 2); 01 (5)

(we recall that the meson field ¢ ={¢,, ®,, ¢5} is con-
nected with the fields of the #*, 77, and 7° mesons in the
following manner: ¢ +=(d, +i¢,)/V2; ¢,0=0;). Then,
as shown in'*!, the effective Lagrangian of the pion field
in the neutron medium can be expressed (in the approx-
imation in which [w,| > kv;) in the form

al2 nw

LngL(¢)-L(0)=(w2-w,§)——--—2—-(E-l), (6)
2

where w,=1 +k? £t2=1 +4f%%2/0% f=1 or 0 is the
7N-interaction constant. Variation of L, with respect to
a, leads to an equation for a, "*:

2nf %k?
w2=wz+—’-;f——- . (1)

fw

The electric-neutrality condition, as explained in detail
by us in'®!, leads to the following equation for the deter-
mination of w, '*!:

a? =0, (8)

The wave number %, is determined from the condition
that there be no current in the ground states of the sys-
tem (see'®’)

aL 2nf 2 2
L 1 =0.
7 0 or < + Fo ) ay 9)

Using the equality (see'®’)

aL,
Ep=w EW

and taking (6)—(8) into account, we easily obtain expres-
sions for the energy E, and for the condensate-field
amplitude a,

4 c mt
1 (10)
a2 = —(n-~n_)
t 4
It turns out here that w, = -1 and does not depend on the
density; k2=(n/n.) +1 and nf =(1/2f%) =n,.
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Expression (1U) was obtained under the assumption
that |w,| > kv, and that the field of the 7*7r -condensate
is of the form of a traveling wave (without assuming
smallness of the condensate field). In'®!, without as-
suming that | w,! > kv,, we considered other field con-
figurations. From among these, the field (5) gives the
lowest energy. We show in the same paper how the re-
sult (10) is altered by taking nucleon correlations into
account, We present here the value of y,,, which turns
out in this case to be

ypo = 21(1+0.257)" (11)

So far we have disregarded the interaction between
the 7°-meson condensate and the condensate of the 7°7~
pairs, which influences significantly the structure of the
condensate field and the value of y. A detailed discus-
sion of this question is contained in'®'. The main resuits
obtained in this case are the following:

1. If the nucleon spin-spin interactions constants g™
and g~ satisfy the inequality

g < 2.3+0.8 g (12)
then a 7°-meson condensate and a 7*7 -meson pair con-
densate exist in the system simultaneously. The most
convenient in this case is a field in the form (k,k,)

&) =le costkr @), asinkr-wzr) a cosk rl,

for which we have

y= L1y 2+ Vprd = 0-6\/}/("13 Y (13)

e

2, If g™ >2.3 +0.8g", then only a static 7°-condensate
exists in the neutron medium. The condensate field
takes the form of the three-dimensional lattice (3), and
the corresponding quantity y=y'3’ is given by (4). This
condensate stabilizes the system, and no condensation
takes place.

In conclusion the authors thank A, B. Migdal for
numerous useful discussions,
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