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We review our earlier results on the role of chiral symmetry in pion condensation and show how they are
completely consistent with Sawyer's observations in the preceding comment.

In the preceding comment, ' Sawyer gives a cor-
rect and useful example of the limitations of the
use of chiral symmetry in pion-condensation cal-
culations. However, in referring to our original
work on this subject,"he somewhat overstates
our claims, possibly giving the impression that
we asserted that the existence of pion condensa-
tion in high-density nuclear matter is a definite
prediction —a theorem, if you will —of chiral sym-
metry. In fact, we never made such a claim; this
is fortunate for us, because it would have been
false. The existence of pion condensation in nu-
clear matter' is not a theorem of chiral symmet-
ry. Note, however, that this statement does not
contradict the assertion that an approach based on
chiral symmetry can provide a useful framework
in which to study pion condensation. This we did
assert, and we feel that subsequent calculations
have supported this claim. ' " But since the issue
of the role of chiral symmetry in pion condensa-
tion has now been revived, for the purpose of clar-
ity it is perhaps useful for us to recall, briefly
and qualitatively, the precise nature of this role.

Our initial articles on pion condensation were
two." In the first (hereafter I), entitled "I. Mod-
el-dependent results, " we presented (and labeled
as such) a simplified, model calculation of pion
condensation in the linear o model to illustrate
some of our ideas. The second article (hereafter
II) was called "II. General formalism. " Note in
particular that the title was not "Model-indepen-
dent results. " In this article we tried to separate
clearly those aspects of pion condensation which
are substantially determined by chiral symmetry
from those which are not. Thus it is perhaps ap-
propr iate to begin our specific remarks with this
point.

In I and II we considered the case of charged-
pion condensation in (essentially) pure neutron
matter. Thus we shall restrict our comments
here to this case. We began with the standard
Ansatz for the condensed (charged) pion field

(v(x, f)) =A sin8e' "'" "'

where k is the momentum of the condensate, p, is
the energy (= the pion chemical potential), and A
is a fixed constant. '" The threshold for pion con-
densation occurs for 8=0, whereas a well-devel-
oped condensate has a finite value of 8. In order
to study both the threshold conditions and the equa-
tion of state at finite 8, in II we set up the calcula-
tion of the energy of neutron matter in the presence
of a charged-pion condensate with an arbitrary 8.
In particular, we showed that it was possible to di-
vide this energy into three pieces. These were

(I) E', the "vacuum" energy, which depends only
on the condensed-pion field and is independent of
the neutron density p Ii.e., O(po)];

(2) E", the "Hartree" energy, which is defined
to depend on interactions of the condensed field
with single nucleons and hence is linearly propor-
tional to p; and

(2) Ec, the "correlation" energy, which loosely
speaking includes interactions of the pion with two
or more nucleons (irreducibly, of course) and thus
intrinsically involves the nuclear correlations (N
N interactions) and is (naively) proportional to p'
(and higher powers).

As noted, we made this division for arbitrary 8.
In the limit 9-0, the general result that'

E(8, (a&, k) =E(0) — '
A 8 +O(8)+ ~ ~ ~ (2)

D i((u, k)

allows us to retain this division for terms contrib-
uting to the inverse pion propagator D '. Indeed
E~—as expected —involves the free propagator,

whereas E" involves terms linear in p in the pion
polarization (self-energy) 11 and Ec terms of O(g)
and higher in II.

Our reason for isolating these three terms in
the energy (or propagator) was that chiral symmet-
ry (plus an explicit form for the symmetry break-
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ing) completely determines E" for all 8 and also
predicts the structure of E" (in terms of vector
and axial-vector current matrix elements), again
for arbitrary 8. Note that the explicit form and
numerical value of E" depend on considerations
beyond chiral symmetry —e.g. , the inclusion of
the h(1236) resonance and an accurate modeling
of the low-energy isospin-even mN s wave —but
these effects can be incorporated into the chiral-
symmetry formalism as phenomenological modi-
fications.

Intuitively, one can see that chiral symmetry
should have little to say about E~, the correlation
energy. This is so because chiral symmetry
has to do with "soft pions" and thus, while giving
information about v-v (-Ev) and v N(-E-") inter-
actions, does not say much about N N( Ec)--inter-
actions. Thus in both I and II we stated clearly
and explicitly that Ec was not determined (even in
structure) by chiral symmetry; rather, it had to
be modeled consistent with the phenomenology of
N-N interactions.

Having made this division clear, we can now
see how Sawyer's remarks fit into this framework
and discover whether in fact "other chiral mod-
els"—i.e. , other than the linear 0 model —"have
been effectively discarded" in our work. From
Sawyer's Eq. (11}we see that in the chiral model
B (with the p meson} the pion polarization is given,
in notation and sign convention consistent with
those of I and II, by"

Expanding this in powers of the density shows im-
mediately that the term linear in p—coming from
E, in our terminology —is, as expected, identi-
cal'4 to that found in the c model. ' Equation (4)
differs from the o-model result in O(p') and high-
er, and thus these differences arise, in our term-
inology, from E~, that part of the energy which
we said is not determined by chiral symmetry.
From this perspective it is not at all surprising
that chiral models having different N-N interac-
tions —as do the two models considered here—
give rise to different results. Indeed, in Sec. V
of I we discussed (among other nuclear force ef-
fects) precisely this p exchange correction and
showed (qualitatively) how to include it as a phe-
nomenological modification (like the b, resonance}
in our formalism.

We are now in a position to explain the relation
between Eqs. (3.6) and (3.15) of II, which equa-
tions Sawyer felt led to some confusion. As ref-
erence to II clearly shows, Eq. (3.6) refers to the
full effective Lagrangian and thus would give rise
to contributions to all of E~, F", and. E~. Equa-

tion (3.15), however, is clearly labeled as referr-
ing only to E"; the "missing" terms have been
subsumed —correctly, as Sawyer's calculation
nicely shows —into E . Further, far from being
dismissed as unimportant, the effects of the inter-
action terms in Z»M, including the way in which
the explicit I9-dependent terms act in concert with
spin- or isospin-dependent forces, are discussed
in detail in Sec. V of I.

From all this discussion it should be clear that
our approach is not limited to the 0 model and
that we did not effectively discard other chiral
models. One final aspect of our division of the to-
tal energy into E, E", and E remains to be
stressed. Nothing in this division asserts that any
of these is the "largest" or "most important" con-
tribution. Indeed, as a comparison of Sawyer's
two calculations shows, the terms can be roughly
comparable. " The virtue of the division is that
it collects in one term —E~—those effects which
we can not determine from chiral symmetry.
Further, since this term involves essentially N-N
interactions, about which we know a good deal em-
pirically, one can hope to model this term phenom-
enologic ally.

This last remark leads naturally to the question
of how one should model these nuclear correla-
tion effects in pion-condensation calculations. Al-
though this question is by no means settled, since
even a partial answer is illuminating, let us close
with a few relevant remarks on this subject. For
definiteness, we will study these effects only at
threshold and focus on their influence on the P-
wave part of the pion polarization, which is dom-
inated" by the particle-hole state shown schemat-
ically in Fig. 1(a).

In Figs. 1(b) and 1(c) we show two types of (in
our terminology) "nuclear correlation" effects.
The first effect, which is shown in Fig. 1(b), pro-
duces shifts in the energies of the particle and
hole states and is often called a "dispersion cor-
rection. " This is exactly the effect discussed by
Sawyer and a straightforward calculation of the
(appropriate charge versions of the) diagrams
shown in Fig. 1(b) yields the P wave part of II in
Sawyer's model B. In place of the p exchange
shown explicitly in Fig. 1(b), of course, one
should include all possible exchanges, as descri-
bed, for example, by the full nuclear Q matrix.
This amounts to "dressing" the particles to "qua.-
siparticles" by calculating the self-consistent po-
tential in which the particles move. Precisely
this calculation has been done by Bertsch and
Johnson. " They find "" that at threshold (assu-
ming this occurs near twice nuclear density) the
total "dispersion corrections" are small but that,
as suggested earlier by Bethe and Johnson, "for
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FIG. 1. Generic particle-hole diagrams contributing
to the P-wave pion polarization part. (a) The bare dia-
gram; (b) diagrams with "dispersive" corrections to the
particle and hole energies arising from the expectation
of the p field induced hy the neutron medium; (c) the
particle-hole interaction which corresponds to the sec-
ond-order Lorentz-Lorenz effect and involves the "ex-
change" of the NN correction function [g(r)] plus one
plonk

a well-developed condensate such corrections can
produce large, repulsive (i.e. , tending to inhibit
condensation} effects." The second effect, shown

in Fig. 1(c}, is the (second order) Ericson-Eric-
son Lorentz-Lorenz effect '"'" and can be
thought of as describing a particle-hole interac-
tion which lessens the P-wave attraction and thus
inhibits pion condensation. It is currently felt
that the bulk of the (repulsive) nuclear correlation
effects can be modeled by allowing the parameter
describing the size of the Lorentz-Lorenz effect
to be determined phenomenologically. Both the
existence and the structure of the pion condensate
are very sensitive to the actual value of this pa-
rameter, "but for the most favored value, pion
condensation does occur. Nonetheless, as Sawyer
notes, the greatest remaining uncertainties in

pion-condensation calculations may arise from
uncertainties in these nuclear correlation effects,
particularly when the 6 resonance is included.
Clearly more detailed studies of these effects,
both at threshold and for a well-developed conden-
sate, are needed. In this regard, it is interesting
to note that both the "dispersive corrections" dis-
cussed by Sawyer and the (phenomenological) Lo-
rentz-Lorenz effect, although by no means conse-
quences of chiral symmetry, can be readily in-
corporated into the chiral-symmetry formal-
ism."

Qne last point should precede our concluding re-
marks. In view of the established limitations on

the o model, it is fair to ask the extent to which
one can view it as a general paradigm for —or,
more specifically, use it for calculations involv-
ing —pion condensation. '4 From the perspective
of pion condensation the grossest defects on the o

model involve the absence of (1) repulsive nuclear
correlations (which can be modeled by the Lo-
rentz-Lorenz effect) and (2) attractive contribu-
tions to the mNP waves coming from the 6 reso-
nance. For the expected values of the parameters,
these two effects tend roughly to cancel, both at
threshold' ' and over the entire range of 8.' Fur-
ther, the extent to which they do not cancel can be
described by a phenomenological renormalization
of g„,upward (downward) if the attractive (repul-
sive) effects are stronger. For these reasons,
particularly in investigative qualitative calcula-
tions, ' the use of the simple cr model seems justi-
fied.

To conclude we note that we are in full agree-
ment with Sawyer's statement that chiral symmet-
ry does not predict pion condensation in nuclear
matter. However, we feel that our formalism
based on chiral symmetry has aided, and will con-
tinue to aid, more detailed, phenomenologically
accurate studies of pion condensation. Thus we
submit that our fundamental assertion in I—"the
approximate SU(2) x SU(2) chiral symmetry of the
strong interactions can provide a framework of
significant conceptual and modest calculational
utility in confronting the very real intricacies of
pion condensation" —remains true.
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