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ABNORMAL NUCLEAR MATTER AND PION CONDENSATION

. *
P. Hecking

Nuclear Science Division
Lawrence -Berkeley Laboratory
University of California
Berkeley, California 94720 U.S.A.

- Abstract

The possibility of nucleaf matter undergoing a combined phase
transition into abnormal matter and a pion-condensate is investi-
gated. Various Lagrangians for the meson (¢ and ﬂi) fields, based
on the o-models, are used in mean field approximation; and the
entire system (mesons-%nucleoﬁs) is treated fdlly relativistically.
Equilibrium conditions of nuclear matter are obtained with N-N-
repulsion, parametrized by the excluded volume approximation. It
turns out that the formation of abnormal matter'depends crucially
on the choice of the o-model—Lagraﬁgian and considerably less on

the additional pion-condensate. )



I.. Introduction

Exotic states of nuclear and neutron matter, such as pion-
condensates or abnormal matter (characterized by a small or zero
effective nucleon mass m*) have been the object of considerable

1-8. Calculations have been performed, based on o-models

interest
and on methods that consider the pion-propagagor:in dense nucleon
matter.

These calculations indicate that a pion-condensate could
exist in nuclear and neutron matter for densities p 2 2-3 % (% =
0.17 fm ® is the equilibrium density of nuclear matter). However,
no convincing experimental proof has been found up to now. More-
over, it is doubtful whether a pion-condensate will significantly
influence the equation of state of nuclear matter, once realistic
short—rangé nucleon-nucleon correlations and pion-nucleon vertex
cutoffs are taken into accountg’ls.' |

The situation for abnormal matter is more controversial.
Whereas L'ee3 and Kia'.llmari-4 find a critical transition density pc~%,

Nyman and’Rho5 obtain pc~10 % . In these calculations, the pionic

degree of freedom was suppressed. Chanowitz'andvsiemens6 include

_pion~condensation, however in a non-relativistic approximation,

and find a coﬁbined transition of neutron matter into a pion-
condensate and abnormal state at p"l-ZY% . For a set of o-models,
Moszkowski and Kéllman8 do not obtain an abnormal state in neutron
matter, even if pion—condensétion is taken into account.

Here we would like to present a qualitative study about the

influence of pion-condensation on the possibility, that ligquid



nuclear matter undergoes a phase transition into abnormal matter.

The frame of this survey calculation is the o-model; various types

of Lagrangians within this model are used. Bpth the meson (O,ﬂi)

as well as the nucleon system are treated without non-relativistic .
approximation. The degrees of freedom of nt reSp;‘ﬁ°—d—condensation

are treated separately with no mixture of them being allowed

Short-range repulsive N-N-correlations in the pion-like
channél, A-isobars and.vertex.cutoffs are included in the wN-
interaction Lagrangian. That part of the nucleon-hﬁcleon-répulsion,
which is not induced by the pion-condensate, is parametrized by an
excluded volume, which is the only parameter in addition to the o-
mass m_; both are fitted to the equilibrium properties of nuclear
matter. The effects of solidificatiop and/orbanisotropy of nuclear

matter are not considered.

II. o¢-model with nucleons and pions

A. Various o-model Lagrangians

Following the procedure of ref. 10, we start from a model

Lagrangian including o, T and nucleons:

- T(s U_= -
= - +im, T, +
L w{lyua g(o 1nJ,TJys)}w Ly , (la)
with N W1 ' |
LM =3 auoa c-+§-3unj8 ﬂj'+Ui(¢)f'Ui(¢:=0)-+LSB {(1b)

The coupling constant g is given by §-fw=rn=6.7 m_. The pion

decay constant is fﬂ==94;5 MevV. For LSB we take the "standard"

symmetry breaking term fnmio. Another kind of symmetry breaking
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‘is (-%)m;wjnj. There is no experimental reason to favor either of
these. We make four different choices for Ui(¢), where ¢ =

(<c-c>-+<njiﬂj>)%-oo.The vacuum.expectation value of <o> is % =£f_,

T
2 2 2 .2
ms -m : m_ = 3m »
= - vw o _ T 2 o "1
U1 = (¢+00) -—8-?7—;2-—+(¢+00) 7 (2a)

' .18
U has been used in the works of Lee and Margulies ,.Nyman»and
1 . . : .
RhoS, and Chinlz, since it is renormalisable, which is necessary
for dealing with gquantum (loop) correctiéns. 'quever, U1 gives

too large a 3-body-force from the ¢ >-terms.

"The mass m of the o-meson is not very well known. It is doubtful,

whether tﬁe "g-meson" of 550 MeV, which can describe N-N scattering

in the T=0 JP==0+-channel, is a genuine particle rather than a

-simulation of the 2m-exchange. The connection of the latter oc-meson

’

to that of the o-model is unclear. As iong as the chiral radius
R==(<c-c>-+<ﬂjfnj>)%_equals~fn, m, can be taken as infinite. For
Ii%fn,_however, the Lagrangian depends on m, . Since this is the
case in the present calculation, the value of m is essential for
the energy of the mesonic subsystem, and thus for the equation of

state of the entire system of mesons and nucleons. We determine

m by the equilibrium conditions (11l) of nuclear matter. In U2 the

¢® and $*-terms are dropped:

m; - mTzr mé - 3m72r
U = -(40%¢ +602%¢2) =+ (¢ +0 )2 ——— (2b)
2 .0 Q 8f,n. 0 4

In addition we will consider the form Ua, where the ¢° and ¢* terms
are weighted by factors of y and YZ respectively. We take y=-.55,
a value which has been used by the authors of ref. 8 in order to

fit the equilibrium properties of nuclear matter:
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‘ m;-m;
U =U = (4vyo ¢ +v20") » 470 (2¢)
3 2 0 : 8fTT :
U2 and U3 are not renormalisable, since they contain the expression

¢02+12, and can be used only in mean-field approximation. Also
Banerjee, Glendenning and GyulassyzO have forsaken renormalisability
in order to obtain .a model, which is in mean-field-approximation

" consistent with nuclear matﬁer properties. No one has yet succeeded

in finding a renormalisable model, which in mean-field satisfies

nuclear matter properties and m-mT-scattering simultaneously.

U represent the potential energy in mean field-approximation.
However, internal pion linesbin the nuqleon.bubbles are treated

-to a certain degree,_sihce they are partially included in the repul-
sive N-N-correlations, which are treated within the framework of

the Fermi-liquid theory (section II.C). In order to study the

influence 0f lowest order quantum corrections of the o-field coup-

12

ling to nucleons, we will adopt the approach of Chin and Lée and

Marguliesls. The nucleon loop contributions in the presence of an

external o¢g-field yield a correction AEq'c

**loa (™) + 1 0% (mem®) - 2 m? (mem®)24 53 mmem*)? - 25
m lOg(m)ji-2 m? (m-m*) 7 (m=m* )%+ 2 m{m-m*) 53

N

1
8Bq.c. "zwz | (mem*)* ]

(24d)

The sum of U and AE

(called Uu) is the fourth choice for our

model Lagrangian.

Further discussionAof‘quantum fluctuations can be found, f.i.
in refs. 5b, 18. We are conscious of the fact, that those.quantum
effects might have an important‘influence on the equation of state
However, the present calculations are not meant to be precise pre-

dictions of the equation of state, but to give an idea of how much
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the (possible) transition into abnormal matter could be affected

by pion condensation.

' B. Energy eigenvalues in liguid nuclear matter

The most general ansatz for the mean field mesonic-wavefunc-

‘tions in liquid (translationally invariant) nuclear matter was
given by Dautry and Nymanl3:

+.]-E-) .
T = XY R sin(3)

+

. (3)
o xi w® =R cos (6) T
We would like to treat m° and m°-o-condensation sepérately. The
most general condensation is, of course, a mixture of both, but this
gives rise to many complications such as various geometrical arrange-
ments of both condensates and/or solidification.

It should be noted that, although the ﬂt— and w°-condensates are.
isospin-symmetric (i.e. have the same threshold for an infinitesimal
condensate), the nt and w°-c-condensates are not symmetric, since the
latter one has mixed isdspin.

In the case of a nI-condensate, there is §==O and conseéuently

7 =0 as well as o =R cos(8) (the phase factors are chosen in
a Qaf to obtain real fields o  and ﬁ°'). The =% -fields have

the same strength Rvsin(e) and linear momenta *k. For m°-o-condensation
there is m* =0 and consequently 6 = 0. .Then g =R cos(&?) and
| m? =R sin(a;). In the second case there is less freedom in the

system, since-=in the absence of a ni-condensate--the n%-field has

either full strength for g # 0 or doesn't exist at all for g = o.

After subtraction of the vacuum expectation value of the

symmetry breaking term the mesonic Hamiltonian Hy is given by

N

2%k24in2(8)=m 2 222 = +
R<k“*sin“(6) m_ fﬂR cos(e)+m“ffATr Ui(¢)4-Ui(¢ 0) for w (4a)

~U,; (¢) +U; (¢ =0) for 1% (4b)

Noj
W
N
o]
N

where k = |k| and q = |{].



Note that the energy of the mesonic system is discontinuous at
the threshold of ﬂ°;condensation, different from ﬂi-condensation.
Thi; is a consequence of <0> being zero for all non-zero values
of a. A combined‘iséspin and chiral transforﬁation of the nucle-
onic part of 1, which is given in detail f£.i. in ref. 10, results
in a Hamilton density (including'the usual Lagrange-multiplier X

in order to gain baryon conservation) :

. . 3 .
Hyuel. = —i0¥Ve + m*Py - ATy v
; : — ‘ 1_- . ‘ e +
5 cos(e)kwy13¢ + 5 s1n(e)gAkwyysT2w for w (5)
1 s . '
5 gAqWYstaw ‘ - for =°

The m-N-interaction in eq. (5) is a pure p-wave interaction. ' The
s-wave-interaction, which is important in neutron métter, is very
weak in nuclear matter; Moreover, its off-shell. behavior is not
very well understood. We shall not consider it further.

By a compafison of eqg. (la) and (5) it is obvious, that the
field strength (<c-c>+<n5~nj>)% of the combined meson fields is
the sole source (within this model) of the nucleon masé. Thus
the effective mass m* is coupled to the chiral radius R by the
expression

m*

M* = gR or = él | (6a)

0
The energy gain of pion-condensation depends much on the axial-
vector coupling constant da- Unfortunately there is no unique
way to obtain 9p- One could either take the experimental value

1.24 or rely on the Goldberger-Treiman relation
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gy = —= I = 14.5 (6b)

which gives 1.36. In principle, the value of 9a depends on the
state of the nuclear matter, and the value 1.24 refers to the
vacuum only. There is no experimental information about the behav-
ior of gA for densities 1érger than % and/or small effective
nucleon mass. ~One possible aSsumption is, that gA==l.36 in the
entire mass/density region. Another possibility is the application
of a modified Goldberger—Treiman reiation, where fﬁ_is replaged'by
R: V |

=5 , | (6c)

which gives the conventional value 1.36 in the vacuum (R==fn).v

An argument in favor of eq. (6¢c) is the linear dependence of the
»ﬂ*N-interaction of 9a in eq. (5); Since the field strength, given
by R, is proportional to the w-N-iﬁteraction, it doesn't seem unrea-
vsonable to couple =N with R. The latter definition of 9a is aif-

- ferent from refs. 6, 13. 1In the following caléulations we wiil

take both choices (hereafter called gi and gil

(from eqg. (6c)).
‘The true value of 92 probably lies between these two extreme possi-
bilities.

The diagonalization13

of eq. (5) in spin-isospin space yieldé
the eigenvalues (for the positive energy solutions) with subtracted
rest mass

E, = (p?> +m*? +0a? t(62-+4a2pzz)%)%-m ‘ (7a)

2 : .
a? [cosz(e)-+g;sin2(9)]%r B =m*kg,sin(0) for w* (7b)

. 2 .
gi %r B =m*qg, for w° (7¢c)



the pion momenta E and k are oriented in the z-direction. The
chemical potential A for a given set of m*, 6 and k (or qgq) is

obtained numerically from

p=21z1§ ZrrT (A -E) - (8)

The summation I is extended over two Fermi-seas of quasiparticles,
. + .

which are mixtures of protons and neutrons. For further discussion
of this point see refs.'9 and 15. Up to now, no nucleon-nucleon-
repulsion has been included in thé model, but without repulsion

the equation of state for nuclear matter has no minimum at p=;%.

7'8'1l have been made to describe this repulsion

Several éttempts
in a mean-field theory including the w-meson. However, Pandharipande’
and Smith7 found the w-repulsion too weak to prevent nuclear matter
from coilapse in the conventional G—modelv(Ul);‘ For densities

larger than % much additional repulsion comes from the Pauli-

: blocking in the second-order tensor—force_contribution to the

binding energy. In addition to the Q,fheavier mesons might play a
certain role. Actually, nothing reliable is known up to now about

the equation of state for high densities. As a consequence, we

parametrize the repulsion by an excluded volume approximation

Erep = E(p) -~ E(p) | (9a)
B kF v y
_ kF3 _ f (p2 +m*2) d3p .
with p = 1572 and E(p) = 2 — (9b)
. ) T
F .
[ adp
1]

where the effective Fermi momentum Ef is given by



EF -—=— (9¢)
(1--L)
ey

q, is the other parameter (in addition to mc)'of the presented
model. Thus eq. (10) yields the expression for the single particle

energy.

‘E =231 s -2R g G(A-E)+E o+ H
P ' + 3 Tz Tt rep ?

(27 (10)

M

The values of mg and q, are numerically determined from the equi-

librium properties of nuclear matter:

i) Es.p.(po)'= -16 MeV
BES (p) BES p
ijy —S=P- |- = 0 together with —ao-B- =0 (11)
3p . _ om¥* -
p=p p=p

Pion condensation does not occur for p=;%, so k=g=6=0. m and

: q0 are, of course, different for each Ui‘ The value of qo, used

at p:=p0, is used at higher densities as well. It is an open gues-

tion how the repulsion behaves for p > % . Since any hypothesis

regarding this point is little more than speculation, we take a

single q,- which fulfills the minimal requirement of fitting the

nuclear equilibrium properties.

C. Nucleon-nucleon correlations and pion-nucleon-vertex cutoff

The essential features of the model up to now are:

(1) a combined o-m-mean field with self-interactions;

(2) an attractive m-N~interaction;

(3) an attractive O-N-interaction resulting from m*(R); and

(4) a repulsive N-N-interaction in the non-pion-like channels,
parametrized by an excluded volume. ' :



Not included are:

(1) short-range repulsive N-N-correlations in the pion-like-channel
(2) A-isobar admixture to the nucleon states

(3) finite range TN-vertex cutoffs.

These three effects have an important influence on pion-condensa-

tion9'14’15.

The Landau,Fermi-liquidkparameter g' determines the
strength of repulsive correlations in the pion-like-channel; most
of them probably arising from m-exchenge in addition to the 7 orv
combined w—p—exchange. Realistic valﬁes of g' at p==% lie between
0.6 and 0.7 with 0.5 as the lower bound (in units Qf m;?). Not
very much is known about the behavior of g' at densities larger
than %ﬁ except that it probably smoothly decreases with p17. We
assume g' =0.5 in all calculations independent of k (or q),.e,

p and m*. This will result in a slight overestimation of the
strength of the pion-eondensate and thus.its effect on the equation
of state. For a detailed discussioﬁ of the g'-problem we refer to

refs. 9 and 15. In a similar way (as in refs. 9 and 15), N-N-

~ correlations in the pion-like-channel are treated by replacing
gAk' sin(8) > g,k sin(8) - 4g'? (12a)
9pd > 9,9 - 49" (12b)
in o and B of egs. (7b) and (7c¢).

The non-diagonal spin-isospin—density,,5==<%-oztz>, should be
evaluated between the quasiparticle eigenvectors belonging to E_,
which arise from the chiral transformation and are no longer iden-
tical with either pure protons or neutrons. In addition, the static

pion-nucleon interaction for 6>0 (resp. g#0) admixes A-isobar compo-

nents to the nucleon wavefunctions. Both effects have been treated in
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detail in a prévious workg. .Since p depends on a and B8, it can be
determined only numerically in a self-consistent calculation. We

choose instead the simple parametrization:

~p sin(®)c for nt _
5 = - . (13)
o c for w°

This formula can be understood this way: p is certainly propor-
tional to the diagonal density p. In the case 6f ni, the pion-
condensate induées a mixing of proton and neutron states, which is
(for small chiral angles 08) proportional to sin(8) (compare eq.

Al6 in ref. 9b). For 1% there is full mixing above the threshold.
E
" The energy shift 75 due to pion-condensation has been determined

in a previous workga, performing a self-consistent calculation of
P ' E

p. The parameter ¢ is obtained from a fit to 75 with 0.9 as the

‘best value. This is in agreement with the fact that 5==f% p in

the high density limit (9==% for ni), as shown in ref. 15. For
lower densities than ~2.S p0 the répuléion is somewhat underesti-
mated by this choice of c¢c. The subtraction 49'p (with the parame-
ter ¢) in eq. (12) includes the effects of both the N-N-correlations
in the pion-like-channel as well as the A-admixture, since the lat-

ter one has been treated explicitly in ref. 9a, in order to obtain

E _
75. The limit 5==f% o is obtained only, if A-admixture is included.
Otherwise it would be 5=={% 0.

Next, we include finite-range pion-nucleon vertex cutoffs

by multiplying each pion-nucleon vertex with a monopole form factor



A% - m?2
- m
£(k) = g%z (L4a)
This is done by replacing
9a > 9"t .
(14b)
B > pe£?
A reasonable value for A is 1.2 GeVlG’lg. In order to avoid double

counting of the repulsive correlations by introducing 4g9'p in a
and B, a term 2g'52p_1 must be subtracted from Es p in (10).

Hence, the final expression for the single particle energy with a

pion-condensate is given by

= ' - rx2 —1
Es.p. Es.p. (of eq. ;0) 2g'p°p (15)

with the replacements (12) and (14) made.
It should be noted that no experimental evidence for g' and
A is available for'p,>po‘and low effective mass. Only some model

calculationsl7

of g' up to p~2 po exist. The assumption of con-
stant g'_and A over the entire mass~density range is a severe
‘approximation.v'To curb this uncertainty, we have made calculations
with various values of A, and by the choice g'=0.5 we intend not

to underestimate the strength of the pion-condensate.

IIT. Results and Discussion

For a given Lagrangian U ) M and q are varied, as long
1=y 0

as the equation of state Eg b {(p) fits the equilibrium properties
e dE :
(11) of nuclear matter. The condition —7%$?L==0 is required for

all sets of p, q0 and mc. Since no pion—condensate exists at
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pP=p it is suppressed by setting k=g=6=0. For gZI_\ a pion-
condensate would occur even at. densities lower than p0 for certain
combinations of A and Ui’ The values of q, and M, thus obtained,

are kept for the entire deﬁsity range. Above tﬁe.pion threshold
: . , : . oE
there are further minimum conditions (in addition to —7§$§44=0) to

be fulfilled:

oE 9E :
S.P. _ S.p. _ +
K = =B = 0 for =
(16)
3E _
~—%c'ip—'—=0 for w°

Calculations have been performed for both casés. However, only

the results for ﬂ# are discussed and shown, since the results for
n°arequalitatively the samé( and often even quantitatively similar.
For deﬁsities well above the pion-condenéation threshold the chiral
angle approaches %. In this case the results for n* and m° are
identical. For lower densities, however, both types of condensates
differ, since the 7% has one degree of freedom (the chiral angle §6)
less than the m°. Thus the 7° cannot developvsmoothly with an
increasing 6, but sets in with full strength. The n%-threshold

is always larger, and the energy gain in the vicinity of the threshold
is smaller than for w°. It should be noted that this is different
in neutron matter, where the p-wave attraction for n* is reduced by
a considerable s-wave-repulsion, which is absent in the case of

.n.D

. Hence, the energy shift in neutron matter due to m°-condensa-
: - + .

tionwill.generally be larger as for n -condensation.

Let us first regard the results for the equation of state

Es p {p). The result, that a pion-condensate occurs above p ~ 1-2 pé,



supports previous work on this subjectl'2’9’14’15. From Fig. 1l(a-d)

it is obvious that bbth the vertex cutoff and the axial vector
coupling constant have a strong influence on ;he'energy shift due
to pion-condensation. This is more pronounced for Ui than for
'UZ_“. Deep second minima occur for gi, even for A=1.2 GeV. 1In
some cases even the first minimum vanishes, if pion-condensation
starts at o <po. There is no experimental evidehce either for a
condensation threshold at p"po or for an equation of state with
such pronounced second minima. Normal nuclei would have a tendency
to collapse ihto a high-density'state; The coupling constant gil
probably comes closer to reality, if combined Qith g'=0.5 and a
realistic A=1.2 GeV. An ihfinite A is unrealistic, sincé experi-
mental evidence as well as theoretical calculations favor a finite
cutoff.

| The Lagrangian U1 prodﬁCes a secopd minimum, deeper than ﬁhe
first one, even for gil and A=1.2 GeV. This was not obtained in
a previous workg. However, in ref. 9 m* was predetermined as a
function. of pwith R==fTT fixed; different from the procedure in
the present work. 1In additibn, the approximation (13) overestimates
the attraction for about 5 - 10 MeV in the second minimum. A slightly
larger g' together with a self-consistent calculation of p in’' (13)
would flatten this minimum. For Uz; , no second minimum is obtained
for gil and A=1.2 GeV, the curves, however, are rather flat. Fbr
U3, the compressibility K= 340 MeV comes close to the experimental

value, the other Lagrangians give somewhat "harder" equations of

state.
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Thé corresponding results for the effective mass m*(p) are
shown in Fig. 2(a-d). For U, _.- in the absence of a pion-conden-
sate, the effective mass decreases smoothly with the density and
no abnormalvstate occurs. It is however, a matter of definition
what could be called an abnormal séate. Is it established for all

m*< 0.5 or only if m* -is precisely zero? We do not regard it as

" justified, to call a state with m* =0 abnormal and one with m* =0.05,
£.i., normal, since tiny variations of the Lagrangian which describes
the system can result in such a small difference. A non-zero but
small effective mass is already a clear sign that something substan-
tial has changed in the nucleon system, compared with the m* =m
state. We would like to call a state with m* = 0.3 or smaller an
abnormal state. Therevis, of course, no clear Separation between
both regions of the effective mass.

For gil; pion-condensation has a rather small effect on the
effective mass at all densities. There is no unique tendency in
the shift of m* for various cutoffs. For A=1.2 GeV, m* can be
even larger than in the non-condensed phase. For gi, the effects
are considerably larger. However, even in this case, which probably
overestimates the effects of pion—cohdensation arbitrarily, no
abnormal state is reached.

For Ul,‘we get a differept scenario. Between ~1.2 % -and
~1.6 % there is in all cases a drastic decrease of the effective
mass, and a moderate increase for p> 2.5 % . An abnofmal state
exists with aﬁd without piOn-condensatibn, for.all considered
values of 9a and A. The main effect of the pion-condensate is the

reduction of the threshold density for the abnormal state from



p. ~ 1.6 % down to Pe ™ 0.95 % for the strongest condensate.’

c
Different from‘Ui_“, the behavior of the effective mass in
vthe vicinity of pion-condensation threshold ié rather complicated.

There are discontinuities and/or cusps, which result from the
. crossing of two equations of state, which correspond to two dif-
ferent local minima of Es The effects of pion-condensation

on the effective mass are generally larger for U1 than for Uz_u.
This was also the case for the single-particle energy. No signs
of the drastic drop of the effective mass in the non-condensed
phase between p ~ 1.2 % and ~l.6_% occur in the equation of state
for Ui, which has a behavior as smooth as that of Uz_ and other .
conventional equations of state.

From the above results it is apparent that pion-condensation
has more influence on the equation of state than on the effective
mass. This situation is.feversed>for the o—model:Lagrangians Ul_u

in the absence of pion-condensation. They give different results

for m*(p), but the equations of state are remarkably similar.

IV. Conclusion.

Pion-condensation in the frame of the o-model is considered
in a relativistic calculation up to‘a density of ~2.5 % . Above
2.5 % it is doubtful whether the above procedure gives an adequate
description of the mNN-interaction, even if we had reliable infor-
mation about the axial vector coupling constant'gA, thé TNN cutoff
A and the Landau parameter g' at high density, which we don't have.
For all combinations of Ipr A, and g', which give reasonable

‘equations of state without a second minima much deeper than the



first one, pion;condensation has no drastic effect on the effec-
tive mass m*. Only a moderate decrease of the threshold density
for the transition into an abnormal state (if at all existing)
could be obtained. In this case, the effective mass @* has a
discontinuity in the presence 6f pion-condensation. In no case
--not even for a choice of éafameters which give an overestimation
of the condensate effect--does the occurrence or nonoccurrence of
an abnormal state depend on the axistence of the pion-condensate.
The existence of an abnormal state depends strongly, however, on
the o-model Lagrangian. Could quantum corrections of the Lagran-
gian and ﬁhe possible existence of a combined ni-ﬂ°-condensate‘
(with or without solidification of baryon,matter) changé this
scenario? Nucleon loop corrections-of the o-field do not seem
to do this. It is likely that inclusion/ of higher order quantum
effects would result in a mesonic Lagrangian, more réalistic than
the mean~field approximation. This would, however, not refute the
result that the transition to abnormal matter depends strdngiy

on the choice of the Lagrangian. -Concerning the combined mt-q0-
13

condensate, it has been pointed out by Dautry and Nyman~~ that

- +
it gives a lower energy than either 7~ or T°

aione. It is unlikely,
however, that a combined condensate should have a substantially
larger effect on the effective mass than.any one of the separate
1 or m’-condensates.

If an abnormal'state.in liquid nuclear matter should exist
up.to p~ 2.5 po, and if the whole meson-nucleon system should be .

described adequately by a g-model, then this abnormal state will
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mostly depend on the o-model Lagrangian and'much less on the
existence and/or strength of an additional pion—condensate;

I am very indebted to W. Weise for stimulating discussions
and carefully reading the manuscript.
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Figure Captions
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Fig.

Fig.

Fig.

Fig.

l(a)

1(b)
1(c)
1(4)
2 (a)
2(b)

2(c)

2(d)

The single-particle energy Es.p. as a function of the
nucleon_density p for the Lagrangian Ui. The full
curve corresponds to m =0, the dashed oneé to m#0 with
A =o and thg dot-dashed one to "m#0 with A=1.2 GeV.
The compressibility for m=0 at p==po is K=450 MeV.

Two curves correspond to gi, as marked, the others to

IT
gA. .

The same as Fig. l(a) for U2. The compressibility is

K=400 MeV .

The same as Fig. 1l(a) for Us. The—compressibility is

K= 340 MeV.

The same as Fig. l(a) for Uu. The compressibility is

K =580 MeV.

The effective mass m* as a function of the nucleon
density p for the Lagrangian U1' Otherwise the same

description as in Fig. 1l(a) is applied.
The same as Fig. 2(a) for Uz.
The same as Fig. 2(a) for U .

3

The same as Fig. 2(a) for U. .
N
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