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We show that if the +-wave interaction volumes relevant for construction of the pion-
nucleus optical potential used in pionic-atom studies turn out to be simply related em-
pirically to the free-space pion-nucleon scattering volumes, then this would be indica-
tive of both sets of quantities being dominated by the &(1236 MeV), which can be treat-
ed as an independent baryonic excitation in nuclei. Within this framework, we give a
simple derivation of modifications to the optical potential coming from baryon-baryon
short-range correlations.

In this note we consider the four I'-wave interaction volumes for slow pions, first for scattering on
free nucleons and then for interaction with nucleons in nuclei subject to the restrictions of the Pauli
principle. The exclusion principle and associated many-body effects can, in general, modify the sum
of diagrams usually calculated in the Chew-Low-type theory, so that it is not clear that the usual as-
sumptiorP' that the free-space and in-medium volumes are the same is justified. Strong-interaction
shifts in pionic atoms should be especially sensitive to possible dynamical modifications. We show
that if the free-space and in-medium volumes turn out to be simply related empirically, this could be
interpreted in terms of the 4(1236 MeV) behaving as an independent baryonic excitation in nuclei, and
we then can give a very simple description of the effect of short-range baryon-baryon correlations.

Approximate solution of integral equations of the Chew-Low model leads to the P-wave interaction
volumes n»» for the scattering of slow pions on free nucleons:

o.„=,„m. ' —=0.21m, ' (0.215 0.005),
1 —rn „/co*

S 2

o.'„=,„m, ~ =——0.14m„' (- 0.09+ 0.01),1+-m„fee~

o» = n» = —& f'm„~= —0.053m, ' (-0.035+ 0.005).

Here m, denotes the pion mass, v'=—2m„denotes the pion total c.m. energy at resonance, and f'
= 0.08. The numbers at the right are the empirical free-space scattering volumes. ' The approximate
solutions effectively sum series of graphs, a few of which are shown in Fig. 1.

Now consider the case of scattering from a nucleon in a nucleus with N=Z, viewed as a Fermi sea,
for pion momentum going to zero. In pionic atoms, the pion momentum k will be small compared with
typical nucleon momenta. ' The Born graphs, Figs. 1(a) and 1(b), in each eigenchannel' will be sup-
pressed by the Pauli principle, since the pion brings in no momentum, and therefore the nucleon can-
not make a transition to an unoccupied state. Since the (3, 3) resonance is built up out of an infinite
number of such graphs, one might expect that. the resonance will still be present, but that a suppres-
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sion of one graph would lead to a diminishing of the scattering volumes for v-m, . This might be
roughly estimated from'
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would be expected from Eq. (2) to be less (since
1/~ ( 1/2m, ) than 0.16m, ', whereas empirical-
ly co& (0.21+0.0'l)m, ' is indicated. Note, how-
ever, that since the Born terms do not contribute
to c0 in the static Chew —Low approximation, we
cannot ascribe any difference betmeen theoretical
and empirical values to suppression of the lou-
est-order terms by the exclusion principle.

There is an alternative interpretation of the
free-space pion-nucleon P-wave scattering vol-
umes, compatible with the dispersion relation
from which the dynamical model of Chew and
Low may be constructed. This involves simply
calculating these volumes from the four graphs
shown in Fig. 2 where the 6(1236 MeV) isobar
is treated as a basic excitation of baryonic mat-

Some contributions to the building up of the 1/&u*

relevant for the medium will also be suppressed
by the exclusion principle, and there will be ad-
ditional many-body processes. In the important
processes shown in Figs. 1(c) and 1(d), the nu-
cleon can have large intermediate momenta due
to the presence of a high-momentum virtual pion,
so one mould not expect the Pauli principle to
have a very large effect on these higher-order
graphs. The usual I'-wave part of the optical
potential' for a nucleus mith N=Z is

2~&~(&u, r) =4wV ~ c,p(r)V,

where the coherent parameter c, given by

ter, characterized by a mass and coupling con-
stant. ' The results of this calculation are

G'm, /~* ~G'm „/~*
ss — r +1 —m, /&u~ 1+m

=—0.25m „

q G m „/(d

= —0.33m, ',

with

g G'm „/&u*
31 13 Y + 1+M „/(a) +

=- -0.033m„',

G'/m „' = (m*/m) —'r "/(h*) =—0.137m, ',
for m* =—1236 MeV, 2y~=—60 MeV, and k*= 225
MeV/c. These numbers are quite similar to the
empirical ones of Eq. (1)."

The a~ represents tan6~~/h~. Thus if one com-
putes the resonant scattering amplitude, setting
G'=—& f', one obtains the usual Chew-Low re-
sult, '

~f2h'/(um, 2

83)s n $3 1 ~/, g . 4f2js/ 2' (5)

One might be tempted to ascribe the (d ' depen-
dence in the numerator to a ~-N vertex function
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FIG. 1. Graphs (a) and (b) represent the Born terms,
and (c) and (d) some contributions of 0(f ) for P-wave
&-+ scattering.

(c) '

FIG. 2. Graphical representation of I'-wave &-N
scattering via nucleon exchange and isobar excitation.
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of the form" [we take the Chew-Low v(k) =—1]

I'(k) =a*/v~ =Z(I+k'/m, ') "', (6)
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and a corresponding optical potential parameter

t."0=0.24m ~ (6)

but this model shows that such an interpretation
may be unjustified. There are no vertex func-
tions in the elementary processes in Fig. 2; the
pseudo vertex function (6) arises from the sum
of the two elementary processes.

Inside a nucleus with N=Z, viewed as a Fermi
sea, the Pauli principle will suppress the nucle-
on-exchange terms, so that one is left with only
the terms from the intermediate isobar in Eq.
(4), giving

FIG. S. Series of isobar-hole excitation graphs lead-
ing to the P-wave part of the pion-nucleus optical po-
tential. The wiggly line connecting two bubbles repre-
sents the effective isobar-nucleon force with the one-
pion-exchange piece subtracted out.

which is close to the number which would be ob-
tained by substituting (without justification) the
emjirical free-space volumes into Eq. (Sb),
namely, -0.21m, s.

Within our model for the origin of the I'-wave
scattering volumes in nuclei, a simple derivation
of the effect of a short-range baryon-baryon cor-
relation upon the optical potential can be given.
This potential is represented by the sum of iso-
bar-hole excitation bubbles (Fig. 2) corrected for
the short-range correlations between successive
bubbles. In terms of the basic "self-energy" bub-
ble'w II(k, &u) =O'U(k, v), it is given by

—4wk'U(k, &u)

1 + 4w (g (k, &u ) —[-k'/(k'+ m ~' —v') ]}U(k, & )
'

where g(k, &u) represents the full nonstatic (v e 0)
isobar-hole effective interaction analogous to the
effective particle-hole interaction g (k, u)." For
a pure single-pion exchange potential, we would

have

g(k, (u) = —k'/(k'+ m „' —(u'), (10)

for which case the denominator in Eq. (9) would
become unity; i.e. , there would be no short-
range correlation. However, this potential con-
tains a 5-function attraction in configuration
space, of the form'3

O'S S [- w5(r)]

where G'S, ~ S, replaces the usual f'8, ~ 8, when
one refers to isobar-hole excitation, with S a
transition spin operator. ' It is /ikely to be re-
moved by a hard core in the isobar-nucleon force,
just as it is removed by a hard core in the nucle-
on-nucleon force. " Thus removing the 6-func-
tion piece, we have

g(k, (d) = —k'/(k'+m, ' —(d') + g,
(12)

2(u V(k, u)) = —4wk'U(k, (u)/[I + w'wU(k, (u)].

In a simple approximation, ' U(k, v)-c,p(r) and
—k'U(k, &)-&.U& in configuration space, Eq.
(12) becomes identical to the Ericson-Ericson
potential for the P-wave pion with the Lorentz-

Lorenz correction taken into account.
There are two points worth noticing in the der-

ivation of Eq. (12). The first is that the baryon-
baryon short-range correlation manifests itself
in a simple and crucial way. The single-scatter-
ing approximation contains among others the sit-
uation where two nucleons are on top of each oth-
er. If the nucleons are kept apart by small hard
cores, these contributions must be subtracted.
This is just what the Lorentz-Lorenz correction
does. Secondly, as noted, our model shows that
the I/v"&u factor which multiplies v(k) in the Chew-
Low amplitude, and also appears in the off-shell
amplitude constructed from a separable poten-
tial, "must be removed in any analysis which
seeks empirical evidence for a bona fide w N N--
vertex structure. The most recent empirical
analysis" limits such a hypothetical vertex struc-
ture to a shorter range (&0.4 fm) than that affect-
ed by the N-N hard-core size, and hence there
is no drastic reduction in the Lorentz-Lorenz ef-
fect of the sort discussed by Eisenberg, Hufner,
and Moniz. "

Our simple derivation has been carried out for
a pion following a straight-line path with momen-
tum k through infinite nuclear matter and making
successive isobar-hole excitations so long as the
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two successive nucleons are outside of the hard
core." However, the connection with the multi-
ple-scattering picture in a finite nucleus is clear:
Between successive scatterings, a virtual pion
can propagate with high momentum q with an ef-
fective propagator q'[irr5(q' —0')+ P(q' —k') 'J,
where P denotes the principle value in the inte-
gration over d q. The effect of the hard core is
again to remove the 5 function in configuration
space,

2q +A'

which, as expected, simply weakens the high-
momentum components of the virtual pion. Thus
the correction for hard-core interactions cuts
down the off-shell part of the propagation and

would presumably account for the success of the
approximations (e.g. , Glauber theory) which neg-
lect off-shell propagations. (The hard cores
make the pions go a certain minimum distance
between interactions; it is easier for them to go
a long distance on-shell than off-shell. )

Our general conclusion is that the optical po-
tential built with free-space m-N amplitudes can
be successful in pionic atoms mainly because
of the prominent role played by the indejendent
isobar excitation. The Lorentz-Lorenz correc-
tion appears in this picture simply as a conse-
quence of a short-range isobar-nucleon correla-
tion. Furthermore the observation of the behav-
ior of baryonic excitations induced by pion probes
in nuclei yields basic information toward an un-
derstanding of the nature of these excitations,
complementing the information obtainable from
exciting free nucleons.
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