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The possible occurrence of precritical phenomena in finite nuclei due to the relative
proximity of the pion condensation threshold is investigated. We point out that such pre-
critical behavior may occur in inelastic scattering differential cross sections for the ex-
citation of unnatural-parity states at high momentum transfers lg =~ (2-8)m,]. As an ex-
ample, we discuss inelastic proton scattering to 1* states in 28pp,

The question whether pion condensation appears
as a new phase of dense baryonic matter has been
of continuous interest in recent years.!™® While
early estimates' have suggested that the critical
density for condensation in nuclear matter should
be lower than normal nuclear matter density, p,
=0.5m,% more realistic approaches incorpo-
rating A isobars, short-range repulsive baryon-
baryon correlations, and the density dependence
of the effective nucleon mass come to the conclus-
ion that pion condensation in symmetric nuclear
matter is very unlikely to appear around or below
Po-* Nevertheless, the question has been raised
which nuclear properties could serve as a possi-
ble indicator of critical behavior in channels
carrying pion quantum numbers, even if a pionic
soft mode is not expected to appear in ordinary
finite nuclei.®*®

The possible occurrence of precritical phenom-
ena has been suggested by Gyulassi and Greiner”
and by Ericson and Delorme,® who use the term
“critical opalescence” for the physical conse-
quences of an effective enhancement of the pion
field inside the nucleus, as the pion condensate
is approached. Let us illustrate the nature of pre-
critical behavior close to a pion condensate in the
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case of infinite nuclear matter. Consider the
coupling of a low-frequency (w <m,) pion, for
example by inelastic proton scattering, to a pion-
like particle-hole excitation, as illustrated in
Fig. 1, through various virtual intermediate nu-
cleon-hole and A-isobar-hole states. This many-
body renormalization of the pion propagation

FIG. 1. Inelastic proton scattering into a low-lying
“pionlike” excited state through intermediate excitation
of high-lying nucleon- and isobar-hole states. Shown
are one-pion—exchange pieces (n) and additional contri-
butions from short-ranée baryon-baryon correlations

).
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modifies the basic one-pion-exchange interaction such that the effective interaction in this channel can
be written

V‘n’(a) = Vw(a)/G(CI) ’ (1)

where the driving term contains the free one-pion-exchange interaction plus short-range correlations
which are described by a Landau parameter g’:

Vﬂ(a) = _[fz(q2)/m"2][('61 '6-62 'a)/(qz +m1r2) "g/ 61 '62]?1 '_7’-27 (2)

where f%(g?)/47=0.08[ (A% —m ,?) /(A% +¢?))? is the pion-nucleon vertex factor, and the static limit has
been taken in Eq. (2) since we consider excitation energies w <<m, only, The Landau parameter g’ is
meant to incorporate p exchange, additional short-range correlations and other many-body vertex cor-
rections®,

The polarization denominator in Eq. (1), which we may call the “dimesic function,” becomes

) =1+[g" - /(@ +m AN /m 21 Uyq) +4Ux(0) ]. (3)

The Lindhard functions Uy(g) and U q) include all the effects of the virtual intermediate nucleon-hole
and isobar-hole excitations, respectively. The form of Uy, and U, is given in Ref. 4 and the factor of
4 multiplying U, in Eq. (3) is the standard ratio of 7NA and 7NN coupling strength.?

Note that pion condensation appears in this model at the density p, where € ~0. This situation takes
place at large momenta, typically ¢~(2-3)m,. Thus, if the interaction of Eq. (1) is used in the descrip-
tion of an inelastic scattering process, one expects that € has the tendency of becoming small around
the critical range of momentum transfers ¢ even if the density of the system is still much below the
critical density for condensation. This can lead to an enhancement in V,(g), and therefore in the scat-
tering cross section. This characteristic enhancement is what we would like to refer to as “precriti-
cal behavior,”

Applications to finite systems are complicated by the fact that momentum conservation is lost in the
summation over intermediate particle-hole excitations which lead to the dimesic function €, In order
to calculate the pion self-energy, or polarization function, in a finite nuclear system (omitting short-
range correlations for the moment), we expand in partial waves:

H(ﬁ, ﬁ’) = "'Z) .mz p,h;J(q) YJM(q)[l/(E p- Eh) ] Qp,h;.]*(ql)YJM*(q,)

=27, (g, ¢)[(2J+1)/47)P (G -7"), (4)
where §’, and § are the incoming and outgoing pion momenta and
Qi (a) =i f (D) ala/m o) Ty (L1; I |Gy jin; SI(IO|O[ LOYF 1.1(9) (5)

where @ =2 for nucleons and & for isobars, respectively, Furthermore, (L1; Jlj,,j,,; J) denotes the
LS-jj transformation coefficients and F, 1, .(¢) is
2

/2 w
Fonlg) = (477)’/2(—1')"(—1)1}‘((——13%—1—1)1(%%&1—)) (ZPOZhOILO)fO v2drj (qr)R,(r)Ry* (7). (6)

In the process of iterating the pion self-energy, we encounter in second order integrals of the type

m,®q, q) =, %%’% ,(q, k) Do(R)T1 (%, q") (M

where Dy(k) = —(k* +m ,%) "', the free-pion propagator, We have to study the degree of nonlocality in
the partial-wave self-energies IT (g, #). First, let us investigate the diagonal part 11 /g, g) in some de-
tail, A typical example is shown in Fig. 2(a). The various curves in Fig. 2(a) show the degree of con-
vergence with increasing particle space. While convergence is obtained already at N =10 (N is the
maximum oscillator shell considered) for g=m,, thirty major shells are required to collect the full
strength for ¢ ~(2-3)m,. This means that a full-sized random-phase—approximation diagonalization
taking into account the one-pion-exchange tensor force would require extremely large particle-hole
spaces in order to describe correctly the high—-momentum-transfer behavior in pionlike excitation
nels,

The momentum-space nonlocality in II (g, k) is studied in Fig. 2(b). We observe that II ,(q, #) peaks
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FIG. 2. The partial-wave pion self-energy Il ;(q, %) of Eq. (4), for the example of J"=1" and a hypothetical
closed-shell system with A=140. Particle-hole excitations are calculated in a harmonic-oscillator basis with os-
cillator constant #w =414-1” MeV. (a) Diagonal part It s@,q). Numbers indicate the maximum principal quantum
number which truncates the particle space. (b) Nondiagonal values 1I,(q,%), showing the momentum-space nonlo-
cality. Approximation by the form Eq. (9) gives R = 5.94 fm,

strongly at g=% as a result of cancellations for
intermediate excitations with ¢ #2. We choose
the representation

11 ,(q, k)=- gJ(q)dJ(q -k)g, k), (8)

where d (g - &) is a distribution and d,(0)=1. Ac-
cording to Fig. 2(b), this distribution can be very
well approximated for not too small nuclei (4 = 16)
by a Bessel function: d,(q) ~j,(¢R,), where the
parameter R, by its inverse, measures the size
of the momentum-space nonlocality and turns out
to be close to the nuclear radius R, as expected.
In this particular case, Eq. (7) can be approxi-
mated for g, g’ >m , to a very good degree of ac-
curacy by

I, =(87R,) g ,(q9)d (g -q"8.,q")
X[g2/(g2+m )]0 (7,9, (9

where 7 is the mean value of ¢ and ¢’.'°® Succes-
sive iteration of 11, to all orders, using Eq. (9),
yields

Hd(m)(% q) = HJ((I, q’)/€J(c’1) s (10)
where
€ =1+[g%/(G@%*+m D))y, 1,q,7. (11)

Although the form of Eq. (11) is similar to that
for nuclear matter (in the absence of short-range
correlations), we note that the dimesic function
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€,, Eq. (11), is now J dependent. The inclusion
of short-range correlations (in terms of g’) into
Eq. (11) is straightforward.

We shall now present an application of the
formalism developed above to the case of inelas-
tic proton scattering into J"=1" states in 2°°pPb,!!
in order to show how precritical behavior might
develop. Here the distribution d ,(q) in Eq. (8) is
localized in a relatively small range (Aq =~7/R),
and the approximations Egs. (9) and (10) concern-
ing the momentum-space nonlocality are sup-
posed to be well founded. The scattering ampli-
tude is then calculated according to the diagram
of Fig. 1, using plane waves for the ingoing and
outgoing proton,

Calculations of the 1* states are performed as
follows. The “Ofiw” excitations (whg/,%,,/,”" and
Viyy/stis/” ") are taken into account explicitly,
whereas all other intermediate particle-hole
states, including also the isobar excitations, are
treated in terms of the pion self-energy [see Eq.
(4)). Thus, most of the polarization strength is
described by the dimesic function € ;-,+. As a re-
sult, we observe a pronounced enhancement in
the effective interaction at ¢ ~(2~3)m,. On the
other hand, the O%w particle-hole matrix ele-
ments and therefore the excitation energies of
the two 1% states show relatively small influence
from the polarization effect. [E(1,%)=6.7 MeV,
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E,(1;%)=17.8 MeV for g’=0.6 and E(1,%) =5.7
MeV, E, (1,")=17.0 MeV for g’=0.42; the varia-
tion is mainly due to the change in g’. Since
28ph has N #Z, we also take into account a spin-
spin interaction of the form g0, -G, with g=g".]
This is clearly due to the fact that the momentum
distributions of the 0%w wave functions are peaked
at g ~m, and decrease so rapidly that the pro-
nounced enhancement at large momenta is hardly
felt by the small-space matrix elements.

The result for do/dQ in plane-wave Born ap-
proximation for the lower 1% state is presented
in Fig. 3 as a function of momentum transfer gq.
The various curves show the dependence on g,
which is strong, as expected at ¢~(2-3)m,

do/df T T T
(mb/sr]
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FIG. 3. Proton inelastic-scattering cross section to
the lowest 1* state in 28Pb, The calculations are per-
formed within the plane-wave Born approximation for a
proton energy E,=5m,. The various curves show the
dependence on the Landau parameter g’ which describes
the short-range interaction. The long-range polariza-
tion effects are included in terms of the dimesic func-
tion €4+ (see text) in the effective particle-hole inter-
action.

while only small changes appear for ¢ <1.5m .
We note that the precritical behavior in this 1*
excitation becomes critical (in the sense that

€ s=1+—0) for g’=0.40 which is somewhat smaller
than the critical g’ in nuclear matter (g’=0.45 ac-
cording to Ref. 4). Note that for g’=0.5 the pre-
critical enhancement in do/dQ2 around ¢~ (2-3)m
would still be one order of magnitude as com-
pared to a calculation with €,.,+=1. Distortion
effects of the ingoing and outgoing proton waves
have been estimated by using wave functions x *)
e k(#iNT normalized to obtain the proper damp-
ing in the nuclear interior. The resulting do/dQ
is then reduced by an overall absorption factor,
but the relative enhancement due to precritical
behavior at ¢ ~(2-3)m , is not destroyed as long
as y=0.1 (a reasonable upper limit at energies
as high as E,~5m,).

In conclusion, we have outlined the possibility
of a precritical enhancement in differential cross
sections for inelastic scattering to pionlike exci-
tations in heavy nuclei. A strong enhancement at
momentum transfers g ~(2~3)m, would indicate
the proximity of the pion condensation threshold,
whereas the energies of such states would still
remain relatively unaffected. Such precritical
behavior, if existent, would be the result of
strong coherence in a large number of very high-
lying particle-hole states, and would be invisible
in standard random-phase-approximation calcula-
tions using small model spaces.
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