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We analyze the physics of relativistic nuclear collisions and demonstrate that an adequate treat-
ment of pions must include the quantum time-energy uncertainty principle and nonsequential
three-body collisions. We apply relativistic quantum field theory to obtain exact equations deter-
mining the time evolution of hadronic fields and their fluctuations in terms of the effective interac-
tions describing scattering in matter. These equations relate the main physical observables to the
sought-after properties of nuclear matter, and involve only these quantities and the corresponding
properties of free-space one- and two-body processes. We show how to regularize the singularities
by employing the internal structure of the mesons, while maintaining causality and unitarity. We
show that, in a very good approximation, the dynamic quantities reduce to functions of eight
variables—those of the Boltzmann equation, supplemented by the energy of the hadron. Our
method appears capable of deducing the properties of hot dense nuclear matter from data already
measured in experiments on the collisions of heavy nuclei.

I. AIM OF THE PAPER

The properties of nuclear matter at high density and
excitation remain unknown after more than a decade of
relativistic heavy-ion experiments in which such matter is
created and its decay products are observed. This para-
doxical circumstance seems to be due mainly to theoreti-
cal rather than experimental inadequacies. Experiments
have been able! to observe and record hundreds of parti-
cles in the final state of a collision of heavy nuclei at
center-of-mass excitation energies up to several hundred
MeV/nucleon. They have also succeeded in analyzing
these observations quantitatively in terms that surely car-
ry information about the properties of the hot dense
matter: the degree of stopping, amount of transverse
flow, number of pions and kaons per baryon, entropy of
baryons measured by cluster probabilities, shapes and
flow patterns measured by two-particle interferometry,
and recently dilepton spectra. Simple theoretical models
have demonstrated’ that these observables are indeed
sensitive to interesting properties of baryonic matter:
compression energy, heat capacity, viscosity and thermal
conductivity (or equivalently scattering cross sections in
the matter), potential energies of mesons and baryons in
the matter, and rates of production and absorption of
mesons and excited baryons. Nevertheless, convincing
quantitative interpretations of the observations are still
lacking; the interesting theoretical quantities all remain
uncertain by at least a factor of 2.

The source of the problem seems to be that each of the
observed quantities is sensitive to several of the unknown
properties of the hot dense matter. Thus no subset of the
measurements can be interpreted validly without simul-
taneously interpreting the remaining measurements. (A
possible exception is the dilepton data, which seem to be
sensitive mainly to meson spectra;’ unfortunately these
measurements are as yet very incomplete.) As a result, a
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theoretical model is faced with very stringent require-
ments. First, it must be able to address all the important
data just described; otherwise it will not be sufficiently
constrained by the measurements to permit any unique
interpretation. Second, it must contain a plausible ac-
count of all the theoretical properties mentioned; other-
wise all its other inferences will be tainted by the residual
uncertainty which in every case has been demonstrated to
be very large. Finally, it must be quantitatively reliable
at a good level of accuracy; otherwise the errors in each
of the half-dozen important theoretical or experimental
variables will compound to render them all so uncertain
as to be uninteresting.

None of the currently available models of relativistic
heavy-ion collisions meets these demands. The best mod-
els to date are based on the Boltzmann transport equa-
tion, with Fermi statistics included by blocking factors in
the collision term. These models, often known by such
labels as  Boltzmann-Uehling-Uhlenbeck, Vlasov-
Uehling-Uhlenbeck, or Nordheim-Vlasov, have been
developed to address all the important data, and are able
to give reasonable account of most of the theoretically
necessary physics.? Their most conspicuous failure is in
their treatment of pions, whose creation, absorption, and
propagation in the matter is described as though the
pions were classical particles interacting with the matter
only by scattering off baryons and by being created or ab-
sorbed via the A excitation of the nucleon. Actually,
most of the pions observed in nuclear collisions have mo-
menta (relative to the baryonic matter) about equal to
their rest mass; thus their wave packets must overlap
many nucleons simultaneously instead of colliding with
only one at a time. (The baryons, by contrast, have sub-
stantially larger momenta and thus can be somewhat
better localized.) Furthermore, pions have a large, at-
tractive potential energy in the matter due to their p-
wave interaction with the nucleons; this interaction is so
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large that in the impulse (Kisslinger) approximation it
roughly cancels their kinetic energy at normal nuclear
density.* Therefore, any model which neglects the poten-
tial energy of the pions in nuclear matter cannot be con-
sidered to be even semiquantitative. The importance of
an adequate account of pions in nuclear collisions around
1 GeV/nucleon is apparent: half the NN cross section
consists of inelastic collisions in which the pion takes
nearly all the available center-of-mass energy.

While clever tricks might make it possible to include
the pions’ potential energy and even their wave nature
within the fundamentally classical transport theory based
on extensions of the Boltzmann equation, there is an even
more daunting obstacle to a quantitative treatment of
their creation and absorption in the matter. When a pion
in the hot dense matter collides with a nucleon, their rela-
tive kinetic energy typically places the /N system about
halfway down the low-energy tail of the A resonance.
Thus the amplitude for creation and absorption of pions
will be sensitive to the width and shape of the A. This
width, due in free space to the decay of the A into 7N,
must be modified by the presence of the matter in several
ways:® the potential energies of the 7, A, and N in the
matter, the Pauli blocking of the nucleon in the final state
into which the A decays, and the broadening of the A by
collisions with other particles in the matter, which shares
the pion’s energy among several nucleons.® This latter
effect is not only essentially three body in nature, casting
serious doubt on the Boltzmann stosszahlansatz; it is also
a fundamentally quantum effect resting on the time-
energy uncertainty principle. The extension of the classi-
cal Boltzmann equation to include a quantitatively reli-
able description of the propagation, creation and absorp-
tion of pions in hot dense nuclear matter seems
unpromising. We have elected instead to pursue a more
fundamental approach.

In this paper we derive equations of motion for the rel-
ativistic Green’s functions describing the quantum propa-
gation of baryons and mesons in excited nuclear systems.
We start from a low-energy effective Lagrangian contain-
ing nucleons, deltas, pions, and other heavier mesons
motivated by the boson-exchange model of nuclear forces
as well as the nuclear phenomenology of quantum hadro-
dynamics.” We show how to obtain a hierarchy of Dyson
equations for one-, two-, and three-point Green’s func-
tions, and then truncate this hierarchy by parametrizing
a four-point residual effective interaction in a manner in-
troduced by Migdal.® This nonperturbative truncation
leads to a coupled set of equations for functions of two
space-time variables (i.e., eight real numbers), within the
capability of the latest computers. Collisions of the
mesons and baryons are included by way of self-energy
loops; we show how to regulate the ultraviolet diver-
gences of the loops by a unitary, causal cutoff
procedure—necessary ~ because our inclusion of
derivative-coupled spin-3 particles precludes renormal-
ization but perfectly acceptable in a low-energy effective
theory. An overview of our method is presented in Sec.
11, together with our choice of effective Lagrangian. Sec-
tion III derives the transport equations for a general La-
grangian with cubic interactions. Section IV shows how
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to regularize the short-distance singularities we en-
counter in our equations of motion. We conclude in Sec.
V with a summary of our results, a critique of the ap-
proximations involved, and a sketch of a plan to imple-
ment our method.

II. INGREDIENTS OF THE THEORY

To give a quantitatively reliable description of nuclear
collisions at center-of-mass energies of a few hundred
MeV/nucleon, a theoretical model must incorporate
many aspects of our extensive experience of nuclear
structure and forces. It must give a good account of NN
and 7N scattering in its energy regime because the parti-
cles in the final state of the collision collide with each
other pairwise after the density of the matter has been at-
tenuated but before they are detected. It must accurately
describe the motion of nucleons and pions in normal nu-
clei, including the scattering of nucleons and pions from
nuclei, not only because the model must be tested in
known cases, but also because of the presence of specta-
tor fragments of nuclear matter in the final states of many
relativistic heavy-ion collisions. It must have free param-
eters to adjust the properties of hot and cold high-density
nuclear matter because the comparison of a range of
model predictions to measured data is essential to the
process of inductive reasoning from which conclusions on
the significance of experiments must be drawn. The
theory also should include the main known aspects of nu-
clear collective motion, since we are hoping to uncover
collective effects in the hot dense matter. Of course, it
has to be built within the framework of relativistic quan-
tum mechanics.

A. Degrees of freedom: the effective fields

The foregoing general considerations determine in
large degree the ingredients of our model. The only
quantitative, relativistic descriptions of nucleon-nucleon
scattering’ are based on the exchange of at least three bo-
sons, corresponding to three of the spin-isospin channels
of the NN system. It has been possible to successfully
identify these bosons with the known 7, p, and » mesons.
We add a fourth boson, a scalar o, as a surrogate for the
strong intermediate-range scalar attraction thought to
arise’ from the exchange of two pions correlated by their
interactions, in order to avoid having to incorporate
these complicated and controversial correlations into the
structure of the model’s equations. The short range of
the p and o exchange induces strong correlations between
the nucleons at distances less than about 0.7 fm, where
the effects of the structure of the hadrons may also be
coming into play. We do not believe that the details of
this short-distance behavior are crucial to intermediate-
energy nuclear collisions; thus we are content to intro-
duce additional parameters, at least one for each spin-
isospin channel plus an overall cutoff, to summarize the
effects of short-range correlations and hadronic substruc-
ture. These parameters are introduced in the manner of
Migdal,® as described following; together with the meson
masses and coupling constants, they give us at least three
parameters per spin-isospin channel to describe NN elas-
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tic scattering over the relevant energy range of up to
several hundred MeV in the center-of-mass (c.m.) system.

To provide a simple but realistic description of 7N
scattering® we include explicitly the A(J =3, T=3)as a
fundamental field of our Lagrangian. While there is a
long history of attempts to build this state as a resonance
out of the interactions of pions and nucleons, we do not
wish to encumber our theory with this additional burden;
besides, the discovery of the quark substructure of the
hadrons makes it clear that such an additional, indepen-
dent degree of freedom does indeed exist. It may justly
be argued that the physical A contains large admixtures
of mN components; this feature is also reflected in our
model, as we shall see. Because we include the A as a
fundamental spin-3 field, our theory is not renormaliz-
able. Recognizing this, we tentatively choose the phe-
nomenologically simpler pseudovector form for the 7N
coupling instead of the renormalizable pseudoscalar cou-
pling, which would have to rely on extensive cancella-
tions of large terms to correctly describe the small s-wave
7N scattering length (but our method does not depend on
this choice). In order to provide a good description of
the nonresonant spin-isospin amplitudes which play an
important role in low-energy 7N scattering, we include
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three-meson couplings prm and ow; the latter has the
additional, desirable effect of broadening the o, which is
not observed as a well-defined resonance.

B. The model Lagrangian

We are now ready to write the effective Lagrangian of
our model, after a few conventions of notation. We de-
scribe the A by the Rarita-Schwinger formalism,'© and as-
sume that the superfluous degrees of freedom are project-
ed out as necessary. We denote Lorentz indices by Greek
subscripts and superscripts, and isovectors by underlines.
Thus the meson fields are written , o, P and @, Re-
peated indices are summed, and isospin scalar and vector
products are denoted by - and X respectively. Spinor
fields are understood to include the isospin as well as
Dirac components in their columns and rows; we use N
for the nucleon and A, for the delta.

Our Lagrangian density is written as

L(x)=L%x)+L"(x) , (2.1

where £%x) and .L"(x) are the free-field and interaction
Lagrangian densities. The free-field Lagrangian density
is

LOUx)=Nx)iy*d,—My)N (x)+A(x)(iy"d,— M)A (x)+ 1[3,m(x)-dm(x) —mZm(x)*]

38,0 ()0 (x)—m o (x) 1= LEL) (x)-EP¥(x)+tm ) p,(x)-pH(x)

—IF R (x)F " (x)+1tm ko, (x)e"(x) ,

where the field tensors for the rho and omega are given in terms of their potential fields by

E£)(x)=8,p,(x)—3,p,(x)

and

FL‘i)(x)Eauwv(x)—aku(x) .

The interaction Lagrangian .£L™(x) consists of meson-baryon and meson-meson terms,

LM x)=LI0 (x)+LIM (x),

which are given by

LB (x)=—ig nyN(x)yPy sTN (x)-0,7(x) + 8 yy N (XN (x)a (x)— 18 Jyn N (x)y*IN (x)-p,(x)

Luv

— 18NN (x)o* IN (x)-E\5) (x) =g ,ny N (x)7*N (X)w,(x)

+8valAH(x)TN (x)-3,m(x)+ N(x)TA(x)-3,m(x)]
+8,nal B (x)ysy*IN (x)-Ef) + Nx)y sy TAY(x)-E}f) 1= ig san B ()Y sTA,(x)-0,m(x)

+g,aal “(x)AH(x)cr(x)—gpMK“(x)y”IAﬂ(x)-Bv(x)—gwAAK“(x)y"A#(x)a)V(x)

and
LX) =8 g (x)(x) (%)

(2.7

In these expressions the operators £ and T are the isospin
operators in the nucleon and the delta sectors respective-
ly, and 7 is the nucleon-delta isospin transition opera-
tor;'! 0¥ is the spin tensor operator. With this choice

+gpmr£‘u(x)'[auz(x)><£(x)] .

(2.6)

r

our interaction Lagrangian density contains only cubic
terms.

C. Green’s functions as dynamical quantities

While the hadron fields provide the fundamental dy-
namic degrees of freedom of the model, we need to map
them onto numbers in order to reduce the dynamics to
computable form and thus permit comparisons to data.
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This mapping is performed by forming expectation
values, not only of the fields, but also of products of
fields: the Green’s functions of the theory. These
Green’s functions play a role in our theory analogous to
the role of the probability density in the Boltzmann equa-
tion. Indeed, the probability density matrix may be ob-
tained from the two-point Green’s function G f,zlg)(xl,xz)
of two adjoint fields ¢,, ¢z, by setting its time arguments
equal, as is evident from the definition,

G (x1,%) = To(x)g(x1)) = bolx3) ) (Pglx)) .
(2.8)

The two-point Green’s function is a more relativistic dy-
namic quantity than the density matrix, which has two
spatial arguments but only one time argument and thus
inherently treats time and space asymmetrically. This
point may be further appreciated by considering the
Wigner transform of the propagator,

G Yx,p)= [d*x'GY e™ . (2.9

x' x'
+X x—
XTI

The Wigner transform of the density matrix—the quan-
tum analog of the phase-space probability distribution of
classical statistical mechanics—is the integral of
G Sfﬁ)(x,p) over the energy variable p,. Here again we see
that the Green’s function treats the complementarity of
time and energy on an equal footing with the complemen-
tarity of coordinates and momenta. By choosing the
Green’s functions as dynamic variables instead of the
density matrix, we satisfy the requirements of both quan-
tum mechanics and relativity.'> Meanwhile, the fact that
the density matrix may be easily extracted from the prop-
agator permits us to adopt for comparison with observa-
tions the same techniques that have been developed in the
context of the Boltzmann-derived models. We conclude
that a theory describing the motion of two-point Green’s
functions could satisfy the requirements of being relativ-
istic, quantum mechanical, and able to be compared with
observations.

Dyson and Schwinger showed!® that the equations of
motion for n-point Green’s functions involve a knowledge
of the (n +1)-point Green’s functions. As a well-known
example, in mean-field theory the values of the mean
meson fields, which are one-point Green’s functions, are
determined by the baryon densities, which are parts of
the two-point Green’s functions (see Fig. 1). Similarly, in
the theory of pionic collective modes in nuclei, the Dyson
equation for the two-point Green’s function (Fig. 2) in-
volves a three-field mNN vertex, closely related to the

Y+ (O—-O— = x

FIG. 1. Mean-field equation for boson field X in terms ot
bare three-point vertex (dot), free boson propagator (wavy line),
dressed fermion propagator (straight line with solid oval), and
dressed boson propagator (wavy line with solid oval). For an
algebraic realization of these equations see text, Eq. (3.47) or
(5.7).
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FIG. 2. Dyson equation for (a) boson and (b) fermion propa-
gators in terms of dressed three-point vertex functions for
three-boson vertex (open triangle) and fermion-boson vertex
(triangle with bar). Notation as in Fig. 1. For an algebraic real-
ization of these equations see (a) Egs. (3.52) and (3.53) or (5.9)
and (5.10) and (b) Egs. (3.59) and (3.61) or (5.11) and (3.12).

three-point Green’s function which is the expectation
value of the product of the pion field with the baryon
fields and their adjoints; the three-point Green’s function
and the three-field vertex function both describe the pro-
cess of pion emission and absorption by baryons. This
three-field vertex function, in turn, is determined (see Fig.
3) by a four-point vertex, the 7 matrix, describing the
scattering of hadrons from each other.

D. The phenomenological residual effective interaction

The Dyson equations relating the n-point Green’s func-
tions to those with n +1 fields form an infinite hierarchy
of coupled integral equations which clearly cannot be
solved without approximations. For our problems, we
believe that an appropriate approximation is to
parameterize the four-point vertex describing two-body
scattering. In fact, such a phenomenological parametriz-
ation procedure is highly desirable for our purposes, since
a knowledge of two-body scattering in hot dense nuclear
matter is an important part of the information we hope to
learn from the data on nuclear collisions; as pointed out
before, we have to be able to study how the observations
depend on the unknown quantities if we are to draw con-
clusions from the data. Inspired by the usefulness of the
Skyrme effective interaction in low-energy nuclear phys-
ics, then, we seek to introduce a simple parametrization
of the short-range parts of two-body scattering that are
not already determined by the one-, two-, and three-field
Dyson equations (which for example build in the one-
boson exchange forces, as seen in Fig. 3). As in the
Skyrme program, we will permit our parameters to de-
pend on the densities of baryons in the neighborhood of

(a)y

7

by g =

+
=
]
=

FIG. 3. Dyson equation for (a) three-boson and (b) fermion-
boson vertices in terms of T matrices for two-boson scattering
(open square), boson-fermion scattering (square with bar), and
fermion-antifermion scattering (square with two bars). Nota-
tion as in Figs. 1 and 2. For an algebraic realization of these
equations see (a) Eq. (3.64) and (b) Eq. (3.67).
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FIG. 4. Introduction of a two-particle irreducible interaction
V in two cases: (a) Lippmann-Schwinger equation for two-
fermion scattering; (b) Bethe-Salpeter equation for fermion-
boson scattering.

=

<
=

the scattering; unlike that low-energy program, however,
we will have to insist that the zero-density limit of our
effective interactions should give a reasonable representa-
tion of free-space two-body scattering, when used in the
few-point Dyson equations which (see Fig. 3) are con-
structed to include explicitly the longer-range boson-
exchange forces in NN scattering as well as the direct-
channel A resonance in #N. The aims of our program are
thus complementary to that of ter Haar and Malfliet'*
who seek to compute from few-body data the in-medium
scattering which we parametrize.

Dyson’s hierarchy of equations is well suited to dealing
with collective effects in the strong interactions, since
each equation sums an infinite set of terms in the pertur-
bative expansion of the Green’s functions. There are
several complementary ways to introduce an effective re-
sidual interaction into the hierarchy of Dyson equations.
One of the most familiar is based on the Lippmann-
Schwinger equation for two-fermion scattering, Fig. 4(a).
This scheme sums ladders of repeated two-body interac-
tions; its residual interaction is related to the full T ma-
trix in the same way as the potential is related to the full
scattering matrix in the Schrodinger equation. The
Bethe-Salpeter equation performs a similar function for
boson-fermion scattering, Fig. 4(b). These equations are
the most important for a microscopic understanding of
scattering processes in free space and in the medium. By
contrast, Migdal introduces the effective residual interac-
tion in the particle-antiparticle channel, Fig. 5. Migdal’s
formulation is especially suited to understanding the
self-energies of mesons in matter, because here the

= [0 - D=
@) @ = [0 - <
[ = [ - D>—<
= O-0 T+ foTu
(1t M = [ - L o + CLTol
[ - O- 0 W+ Gl

FIG. 5. Migdal reduction of effective interactions to elimi-
nate (a) one-boson intermediate states, leaving one-body irre-
ducible vertices; (b) two-boson and fermion-antifermion inter-
mediate states, leaving one- and two-body irreducible four-point
vertices. Notation as in Figs. 1, 2, and 3. For an algebraic reali-
zation of these equations see (a) Egs. (3.68)-(3.70) or
(5.15)-(5.17) and (b) Egs. (3.73)-(3.75) or (5.18)-(5.20).

RELATIVISTIC TRANSPORT THEORY OF FLUCTUATING ...

2645

q = e s <[ - <
q = -+ <TW- <"

FIG. 6. Dyson equations for three-point vertices after intro-
ducing Migdal’s effective interactions. Notation as in Figs. 1, 2,
3, and 5. For an algebraic realization of these equations see
Eqgs. (3.76) or (5.13) and (3.77) or (5.14).

fermion-hole states provide low-energy intermediate
states for the interactions to mix with the meson
fields.>®!! These various schemes for truncating the
Dyson hierarchy are related to each other by the crossing
relations among scattering amplitudes of particles and
antiparticles; they would all be equivalent if their residual
interactions were evaluated exactly. However, when we
introduce a simplified parametrization of the residual in-
teraction, we are likely to break the crossing symmetry
inherent in the otherwise-exact equations. We then have
to choose the formalism based on which part of the phys-
ics we wish to emphasize. Since we are most concerned
with the effects of the nuclear medium on the properties
of mesons, we choose Migdal’s way. First reducing out
the single-meson state from the particle-antiparticle
channel [Fig. 5(a)], we then eliminate also the two-body
intermediate states, both two-meson and particle-
antiparticle [Fig. 5(b)]. The remaining residual effective
interaction, which is one- and two-body irreducible in the
given channel, is then approximated by a local, zero-
range force to be chosen phenomenologically.

By truncating the hierarchy of Dyson equations
through the introduction of an effective residual two-
body interaction, we gain an unexpected advantage of
great practical importance: the numerical problem is
greatly simplified. At first sight, it seems that we have to
deal with functions of four space-time variables, or 16
real numbers, a task far beyond the capacity of existing
computers. However, when we introduce the residual
effective interaction as a zero-range local force in the
Midgal formulation of the equation relating three- and
four-body scattering, then the equations for the one-,
two-, and three-point Green’s functions are reduced!® to
a coupled set of equations for functions of only two
space-time variables, or eight real numbers, as may be
seen by inspecting Fig. 6. Such equations appear compu-
tationally approachable: for comparison, recall that the
Boltzmann equation involves a function of seven real
variables.

E. Program of applications

The equations of motion sketched previously and de-
rived following may be applied to many different situa-
tions. In fact, it is essential to our program that the same
theory should describe NN and wN scattering, nuclear
ground states and their collective and independent-
particle excitations, nuclear matter in its ground state
and at high excitation, and the scattering of nucleons and
pions from nuclei, as well as nuclei in collision. In each
case, the Lagrangian, residual interactions, and equations
of motion are the same; the different situations corre-
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spond to different wave packets used to form the expecta-
tion values represented by the Green’s functions.

Of course, it is not necessary (and indeed would be im-
possible) to construct the wave packets themselves; in-
stead, the various solutions are distinguished by the way
their initial values and/or boundary conditions are
specified. For example, the Green’s functions describing
two-particle scattering in free space are obtained by
specifying the usual scattering boundary conditions on
the Green’s functions. Nuclear matter is produced by in-
troducing an appropriate chemical potential to enforce
the nucleon density. Nuclear ground states correspond
to localized wave packets where the mean fields differ
from their vacuum values in a localized region of space;
to find these wave packets will probably require an itera-
tive procedure similar to that commonly employed in
Hartree-Fock computations. The construction of a nu-
clear ground state will necessarily involve the propaga-
tors of nucleons and mesons in that state; thus the
scattering of nucleons and mesons from nuclei will be au-
tomatically included as part of the construction of the
ground state.

All the previously described situations correspond to
stationary states in the sense that the Green’s functions
depend only on time differences, which should help sim-
plify the computations. To describe nuclear collisions,
we would begin by constructing such stationary-state
wave packets to describe the initial target and projectile;
we would then find an initial condition for the collision
problem by boosting these wave packets along classical
trajectories aimed to make them collide, as is commonly
done for the time-dependent Hartree-Fock model of low-
energy nuclear collisions.
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The equations we derive following go far beyond the
mean-field approximation,’ which also involves two-point
functions for the fermions: by including the two-point
functions describing the fluctuations of the meson fields,
the equations are able not only to include collective
modes at the level of random-phase approximation (RPA)
theory, consistent with the best descriptions of pions in
nuclei, but also to incorporate the effects of collisions on
the motion of both baryons and mesons, as in the most
advanced theories of the optical model for nucleon-
nucleus and pion-nucleus scattering; since these collisions
are responsible for the lifetime of single-particle excita-
tions; they provide a natural description of the collision
broadening of the A in the hot matter which is so impor-
tant for pion creation and absorption in nucleus-nucleus
collisions. Furthermore, since our theory encompasses
the four-point function, the 7 matrix, it can naturally ac-
count for the correlations among pairs of hadrons in the
final state which are usually called interferometry. Our
theory is thus a theory not only of mean fields but also of
their fluctuations; it is a transport theory, since it de-
scribes the time evolution of probability densities. We
refer to it as the transport theory of fluctuating fields.

III. DERIVATION OF THE TRANSPORT EQUATIONS
FOR A CUBIC LAGRANGIAN

In this section we derive integral equations for Green’s
functions starting from the Lagrangian of a theory con-
sisting of a set of boson fields, ¢,, interacting to cubic or-
der with a set of fermion spinors ¥,. The theory de-
scribed in Sec. II is an example of such a theory. The La-
grangian density for this case has the form

L(x)=1 3 [8,0x)BE3"$5x) = §o(x)m2edg(x) 1+ 3 P, (x)i7#d,— M, ), (x)
a,B a

-3 fdy dz ¢y(z)l"f(3);aﬁ,,(x,y,z)¢ﬁ(y)¢,1(x)— > fdy dz Jc(z)r‘}?);abc(x;y,z)tpb(y)dla(x) .

a,B,y

The bilinear metric tensor B may be identified by com-
paring Eq. (3.1) with Eq. (2.2). The vertices T'{3) are of
infinitesimal range, proportional to delta functions or the
derivatives of delta functions. We give the explicit forms
of these vertices in Appendix A.

A. Functional-integral definitions and identities

We shall derive the Dyson equations using functional-
integral methods.!® We define a generating functional
W(j,m,7) for connected Green’s functions by introduc-
ing sources j,(x) for the boson fields and anticommuting
sources 7,(x) and 7,(x) for the fermion spinor fields
¥,(x) and their adjoints ¥,(x). In applications, the
source currents j,, 7,, and 1, vanish; they are merely in-
troduced as devices for systematizing the field theory.
Once the source currents are set to zero, the expectation
values of fermion fields also vanish, as do all expectation
values involving an odd number of fermion fields. We
define

(3.1)
a,b,c
[
o ZGsm)
W= —— - ) (3.2)
Z(smm=e T (3.3)
= [Dig;9,Pe'4, (3.4)
A=I1(d;9,9)
+ [d% |3 jo(x)ga(x)
+ 3 [, ()Y, () + 4, (xIm, ()] |, (3.5)
I, D)= [d*x LI(x)9(x),d(x)], (3.6)
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in which the symbol D(¢;¢,¥) denotes functional in-
tegration over the boson and fermion fields. I(¢;v,7) is
the classical action of the theory. The fields are obtained
by varying G.(j;7,7) with respect to the sources,

_8G.Gsm,m)
P (x)= 5jux) (3.7)
8G.(j;m,7)
(X)=— 3.8
P, (x 57, (x) (3.8)
— 8G.(j;m;m7M)
,/,a(x):___w . (3.9)

—idn,(x)

The two-point Green’s functions for the boson fields
are given by

il
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G2 x1,x) = Ty )bg(x1)) = (bplx3) Y B(x,))

8%G,
T 18j5(x2)idj0(x1) |jyn o
= —L (3.10)
8jp(x5)8j,(x1) 170
For the fermion fields we have
Gy (x 1, x2) =Ty (x, 1P, (x))
_ 8’G.
_iSﬁb(xz)—iSna(xl) 0
- Y6 (3.11)
87, (x3)8m,(x1) |50

Similarly, the three-point Green’s functions for the
three-boson vertex and for the boson-fermion vertex are
given by

GSB)V(XI’XZPXB)E(T¢V(x3)¢l3(x2)¢a(xl )>_<¢7/(‘x3)><¢[>’(x2))<¢a(xl )>
— @, (x3)) G B (x,x,) = (Pplx,)) G2 (x1,%3) = (Ba(x1)) GG (x,%3)

B 8°G,
08, (x3)i8jp(x)i8] (X 1)

for the three-boson vertex and

G (5%, %3) = (T (%395 (x2)Bo(x1)) — (bolx1)) G (x2,x3)

B 8°G,
187, (x3)—i8m(x,)i8)q(x ;)

for the boson-fermion vertex.

The four-point Green’s functions for boson-boson scattering are

Gsz‘};)ys(xl:xz,x3,x4 )=( Ts(x4)d,(x; )bp(x3)o(xy ) —G(yza)(x3x4 )Gr%)(xl’xz)

—GF (x5,%)G 2 (x1,x3)— G (x,x4)G ) (x5,x3)

—G(/33y)8(x2vx3>x4)<¢a(x] ))—G;3,,)5(x1,x3,x4)(¢,3(x2))

_G%&(xl’xzyxﬂ(lﬁy(ﬁ))—G‘”

=GR (x3,x4)(Pp(x3)) (olx1)) — ($s(x4)) (e, (x3))GH(x},x,)
— G (x2,x)hy(x3))(Be(x1)) = GH(x1,%4){ b, (x3)) ($p(x3))
—(s(x4) bp(x,)Y G2 (x1,x3)— (bs(x4)) (bolx, NG (x,5,x3)
— ()Y (b, (x50 (B30 Y {blx,))

8*G

(o

T i8)5(x4 )18, (x3)i8]5(x)i8) o(x7)

and for ¥ annihilation to mesons by

G 8 (x1,%55%3,%4) = { Thg (x) P (x3)bp(x2 )b ) =[G H(x1,x,)+{Ppx2)) (Bo(x1))IGF (x3,%4)

(Bl x 1)) GGl (x25%3,%x4) = bp(x2)) G Gy (x 13x3,X4)

§4G,

. 8°G, (3.12)
=]— ; ; ’
im0 OJy(x3)8jp(x2)8j4(x1) | im0
8°G,
—— . (3.13)
jnm—0 8% (x3)8m,(x2)8j4(x1) |jpzm—0
aﬁy(xlyxz’x3)<¢8(x4)>
8*G.
- : _ . , (3.14)
P 8]5(x4)8]7,(x3)SJB(XZ)BJa(xl) jnm—0
584G,
__ ' . (3.15)
jni—0 87(x4)6m(x3)8j5(x5)8j4(x 1) |jnm-0

8T (x4)—i8(x3)i8j59%5)iB) (X))
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The four-point Green’s function for fermion-antifermion scattering is
Glpoa (X 15%2,%3,%4 )= Ty (x4)9 (630 (x5 ), (x 1)) — G (x3,%4)Gg3 (x1,%,)+ GPx, x4 )G (x3,%,)
8*G, 8'G,
(3.16)

B lsﬁ(X4)—18n(X3)ISTI(XZ)'—'IE"](X]) jnii—0 STI(X4 )617(X3)6'T](x2 )87](.’(1) jni—0 '
Higher-order Green’s functions for five or more fields may be defined analogously; we shall not need to refer to them ex-
plicitly.

In addition to the Green’s functions G we shall also need to introduce the proper (i.e., one-body irreducible) ver-
tices I, I'® is the inverse propagator or wave operator [see Egs. (3.24) and (3.26) following]; for n >2, the I'™ can
be thought of as effective interactions. To introduce them, we define the generating functional for proper vertices,
I'.(¢;4¢,9), which is obtained by taking the Legendre transform of the generating functional of connected Green’s func-

tions,

Fo58 D=6 imm = [ dx |3 jalx)baln)+ 3 17, (508, (0+F, (x)m,(x)] (3.17)
The sources are obtained by varying I",(¢; 1, %) with respect to the fields,
8T (¢;9,9)
. - 3.18
Ja(%) so.x) (3.18)
8T (¢;9,9)
1;,,(x)=———-:?i¢—~ , (3.19)
Stl}b(x)
8T (43¢, 9)
7 =— 3.20
N,(x) 59, (x) ( )
The two-point vertex is defined for the boson field by
8T
D 2x %)= , (3.21)
8hp(x3)8¢4(x1) |jnm0
and for the fermion field by
8T
T (x,x,)= ———— . (3.22)
81, (x,)0¢,(x,) jnii—0

The relation between Gf,zﬁ)(x 1»X) and l"ffﬁ)(xl,xz) can be obtained by differentiating (3.7) with respect to the field ¢4

o . {SG” =8,50%x; —x,)
Bdp(xy) | i8j,(xy) @
—i [ dx, {2 . BZGC‘ 8T, rs SzGC. SZFC_
" 8j,(x3)8j,(x ) ddglx,)8¢,(x3) & oM. (x3)8j,(x,) 8¢p(x,)89,(x3)
-3 &6, L . (3.23)
S, (x3)0)4(x;) Obalx2)5W, (x3)
Taking the sources to zero, we find using (3.10) and (3.21)
i8,g8%(x; —x2)= 3 [ dx3G2) (x,x3)T % (x3,x,) . (3.24)
14
A similar relation can be obtained for the fermion field by differentiating (3.9) with respect to ¥,
6G,
SJba(xz) —i87,(x,) =808 =x2)
8%G, 8T, 8%G, 8T,
=ifdn |- 3 87, (x3067a(%1) BTy(xs )06 (x0) > 81 (x3)0ma(x1) BT, (%2167, (x2)
y Yy a B X209, (X3 c < a p{X2 0P (X3
8%G. 8T,
(3.25)

+ pi .
g 87 (x3)0m,(x,) 8¢, (x,)8¢.(x3)
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Taking the sources to zero, we find using (3.11) and (3.22)
—i8,,8%x, —x, fdx3G‘ %30T P(x5,x,) . (3.26)

'We see that the two-point vertex functions [''? are the inverses of the Green’s functions G2,
We now define three-point dressed couplings for the three-boson vertex and for the boson-fermion vertex. We have

( - 8T, 3.27)
Ty (x1,%2,%3 8¢y(x3)5¢ﬁ(x2)5¢a(x1) jui0 |
8T,
T3 (. 35,5 ) = — . (3.28)
89y (x3)89,(x3)8¢0(x1) |50

To derive the relationship between G

(x,,x,,x4) and Fﬁli;)y(xl,xz,x;;), we differentiate Eq. (3.23) with respect to ¢,,.
Taking the sources to zero, we find

aBY

0=ifdx42 fdxs 2 &G &r. &
5 6j.( x5)815(x4)51a x1) 8¢,(x3)8¢(x5) 8da(x, 8¢8 xy4)
+— SZG”. 5T (3.29)
8js(x4)8j,(x1) 8¢, (x3)8hp(x,)8¢s(x4)

We now insert the definitions of two- and three-point functions, preceding to get

i [ dx,dxs 2 G (x1,%4,%5 )T x5, )T x4, x,)=— [ dx, 2 GR(x,x )T (x4,%,%3) . (3.30)
Multiplying by F;a(x6,xl ), summing over a, integrating over x,, and using (3.24), we get

L (x6,%2,X3)= % fdx4dx5dx1F§a(x6,x1 )G e (X1, % 4, % )T 2(x5,%3)T§5(x4,%,) . (3.31)

ade

This expression can be inverted using (3.24). We find

G (xy,x4,x5)=—1i >, fdxzdedxéG%)(xl,x6)I‘g;)y(xﬁ,xz,x3)G(ﬁ%)(xz,x‘,)G;,zs)(xyxs) . (3.32)

Br¢

A similar expression can be derived for the boson-fermion vertex starting from (3.25). Varying with respect to ¢, and
then taking the sources to zero, we find

3G, 87T, 8T,
B0 53 )67, (1) 561585055 57y, B (x5)
83

0=i[dx,3 fd“sz

62G

c

+ (3.33)
87 (x4)87,(x1) 8y %3089, (x)8¢.(x,)
Inserting the definitions of two- and three-point functions, above, we get
i [dxgdxsS GRh(xs;x ,x ) Tilxs,x;) TR (x 0 x,)= 3 [dxyG2(x1,x,)T 0, (x33%4,%,) - (3.34)
Be c
Multiplying by I'?(x4,x, ), summing over a, integrating over x,, and using (3.26), we get
T3 (x35x6,x)=— 3 [ dx dxydxs T x s, %3003 (x,%5)G i (53 1, % TR (x6,% ) - (3.35)
afe
This expression can be inverted using (3.24) and (3.26). We find
GaL(xs3x,x)=—i3F [dxrdx;dxeG3(x1,x6) T (X 33%6:%,)G H (x3,x5)G2(x,5,%,) . (3.36)

abd

Finally, we define the effective interactions 7" which describe two-body scattering. The T matrix is defined by

Topys(x1,X9,X3,X4) =1 > f dxsdedx7dx8F§3E)(x1,x5)F(},z,;(x3,x7)G‘S‘Z),lg(xs,x6,x7,x8)F‘;%;)(xé,xz)Fg%)(xs,x‘;) 3.37)
eéno
for boson-boson scattering and by

T opeaX1:X25X3,X4) =1 3, fdedxédx7dx8nge)(xl,xs)I“(C?(x3,x7)G‘S‘a,h(xs,xﬁ;xpxg)I“(g%)(xé,xz)l"fd)(xg,xé‘) (3.38)
elgh
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for the fermion-antifermion annihilation vertex. The T matrix for 1y scattering is

Topea(X15%2,%3,X4) =i 3,
efgh

The effective interaction T has a simple relation to two-
body scattering: its matrix elements between asymptotic
plane waves, taken in first-order Born approximation,
yield the exact on-shell scattering amplitude.

B. Equations of motion for the fields
and two-point Green’s functions

The equation of motion for the boson field is obtained
by varying W with respect to ¢,

0= [ D9, 9) | 527 5 Fialx) e (3.40)

5(]5(

and expressing the fields as variations of the generating
functional G, with respect to the sources,

fdxsdxsdxﬂxsrf,?(x,,xs)rg§>(x3,x7)Gg};,,(xs,xé,x7,x8)r‘fz,)(xﬁ,xz>r§,2d>(x8,x4) .

(3.39)
-
ing it in the definition of I, Eq. (3.6), to obtain
0=|j.(x)—13 (B453"3,+B}4:d"3,
B
8
2 + 2
o) )
— d d I'\(S) ( Vs )_—______
,327 J ay dz T(3j0p, 0.9,z i8],(2) i8j,5(y)
o) ) G
— dv d F(S) :y, c
?’f > 42 Dloione X30:2) 50 ) Ty |
(3.42)

where the symmetrized three-boson bare vertex is defined
by

_ 14 6.8 b . -
T | 8gu(x) |18 isg idn ]+]“(X) Wi - T (Sapy(%:3,2) =T (Glapy(%,9,2) + T(Glp, 03,2, %)
(3.41) +1r3) yapf(Z:%,p) . (3.43)
We can evaluate (3.41) for the Lagrangian (3.1) by insert-  Carrying out the differentiations, we have
J
8G, 8’G 8G 6G,
0=+ 3 [dx ;T (x5 — 3 [y dz TR (x.0,2) | 7o e s T o 7w
Jalx) azlf 1 ‘0"’“1(xx1 18 (x1) Ef y dz D(§ap,(%,7,2 i8j,(2)i8jaly)  i8j,(2) i8jg(y)
8%G 6G 8G
— dy dz T3} (x59,2) < +— = (3.44)
% / (Oaabe —ibm (2)idT,(y)  —idn.(2) i87,(y)
where we have introduced the free-boson wave operator
T (3)a,(X,x1) = — L(By,' 33, + BL%,3"9,+m 7, +m] ,)8(x —x,) . (3.45)

Taking the source currents to zero, we find the equation of motion for the expectation value of the ¢, field (i.e., the
one-point Green’s function for the ¢,, field). Using Egs. (3.7)—(3.11) and recalling that the fermion fields and sources an-
ticommute, we obtain

S [ dx TR (6%, (x, >—zfdydzr Bapy X0 2GE (0, 2)+ (350 $,(2))]
ay

- z [ dy dz T(§) e (x5, 2GR (2,y) . (3.46)

Notice that Eq. (3.46) requires the Green’s functions at equal times and coordinates, because of the locality of the bare
vertices. Since the Green’s function is the expectation value of the time-ordered product of fields, Egs. (3.10)-(3.11),
there is an apparent ambiguity in the diagonal part of G‘z) We can resolve the ambiguity by noticing that the term
containing G2’ arises from the term in the Lagrangian proportional to the density of fermions: the source of the ¢,
field is the fermion density n. Similarly, Eq. (3.46) states that the source of the mean boson field is the average fermion
density. This observation determines the time ordering to be used: for particles, we need ¥, for antiparticles or holes
we need ¥1J; i.e., we need the density matrix n,(z,y) instead of G?)(z,y). Thus Eq. (3.46) has to be supplemented with
this information:

2Nz,p)— —ny,(y,2), where ny.(y,2)=—Gp(»,2)+Gglz,p) (3.46a)

and G (z,y) are the propagators for particles and antiparticles defined in Sec. IV A. By multiplying with the free-
particle Green’s function G (3), integrating, and using (3.24), Eq. (3.46) may be cast in the form of an integral equation
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($o(x)) =13, fdxldyldzlG(())aa xX1) 2 FO)alﬁl (xsynzong  (v1,2y)
%
+ 3 T¥apy,xypz)IGE), Wiz + {8 1)), (201 ] . (347
Byvy

which is the familiar Hartree equation for the mean field illustrated in Fig. 1. The equations defining the free-particle
Green’s functions G |3} are given explicitly in Appendix A.
We now derive Dyson equations for the boson two-point Green’s functions. Differentiating (3.44) with respect to

i q,> we find

i80,a00x,—x)=3 [dx;T3}uq (x,x 2
aa 2 P 1 (O)aal ’ 1)i5ja2(x2)i8jal(x1)
§3G 8%G, 8G,
- dy dz T3 (x,, < +— e
%f y dz T3, (x,3,2) 184, (%,)18], (DiBjp(y) | 180 (%,)i8],(2) 8]5(y)
5G, 8%G,

+
18],(2) 18], (x,)i8]4(y)

83G. 8%G, 8G,
+ 5 -
184, (x7) =181 (2)i87,(p) 18], (x2)—18m.(2) i87,(y)

- 2 fdy dz rgggabc(x;y;z)
be

5G, 8%G,

N (3.48)
—i81.(2) 8, (x,)i87,(p)

Taking the limit 7,7, j—0 and using the definitions (3.7)—(3.13) of the one-, two-, and three-point Green’s functions,
(3.48) becomes

i8,8(x;—x)=3 [ dx T, (x,%)GZ, (x1,x3)

a

—zfdy dzT By, (%, 3,2 G o, (9,2:%2)+ G2 (2,%,)($5»)) + G2} (9,x,)($,(2))]
+ 3 fdy dz T3} gpe (x3,2)G azcb(xz;z,y) . (3.49)
be -

Using relations (3.32) and (3.36) between three-point Green’s functions and three-point vertices we find

800,800, 0= 3 [ dxiToq,(x,x1)G 2, (x1,32)

ay

-3 de1dZ1F(S)aﬁly( X,Y1,21)

Bivy
X [<¢Bl(y1)>G‘;la2 21,%)) (b, (2)))G . (71,%5)
- a}ﬁﬂ} fdx3dy3dz3Gﬁ,3 (yl’yS)Gy3y,(z3’zl )F33y3a3(J’3’23»x3)G£z,a (x3,%,)
- 2 fdyldzldxsdysdhl‘?élablcl(x;y1,21>

biejazbye,

XGC‘2C3(21,23 )Gb b (Y37J’1)Fa3c3 3(x3,z3,y3)G5123’az(x3,x2) . (3.50)
Equation (3.50) may be rewritten
ara 2 =X = 3 [ dxa TG, (x1%3) =Ty (x1,%3)1G E, (x5,%2) (3.51)

a3

in terms of the polarization function
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M, o (x1,x3)= 3 fd)H[ng;aiﬁ‘a}(x],J’pM)+F§§§ala3ﬁl(x1’x3dh g (1))
By
—i fdJ’1dZ1dJ’3d23F S)alBlyl(xl;yl’Zl )Gﬁ/B ()’3’}’1)Gy 73 (21’23)Fa3y33 (x3,23,93)
31713373
ti X fdJ’1d21d}’3dz3r§(3);alb[c[(x1§)’1’21)Gb b, (¥3,91)G¢ c3(zliz3)ra30 Jx55z3p3) . (3.52)

byepbsey

In transcribing Eq. (3.52) from Eq. (3.50) we have made use of the permutation symmetry of the boson Green’s func-
tions and vertices in order to emphasize their parallelism with the fermion terms. Equation (3.51) is often written in
terms of the bare two-point Green’s function G (3] in the form

Gl (x2X ) =G o0 (x2,x)— 3 i fdx3dx4G(0)a2a4(x2,x4)Haa}(x4,x3)Gix,,(x3,x1) (3.53)

H211
Biry

which is obtained from Eq. (3.51) by multiplying through by G {%{, summing, and integrating. Equation (3.53) is the
Dyson equation for the boson two-point Green’s function. Its graphical representation is shown in Fig. 2(a).

To derive the Dyson equation for the fermion two-point Green’s function, we start from the equation of motion for
the fermion field. Varying W with respect to 9,(x), we find analogous to Eq. (3.41)

- &Z(Zﬂ 72—17%—7%7— () [ W) | (3.54)

Inserting the definitions of I and W, Eqgs. (3.2)—(3.6) together with the Lagrangian (3.1) we obtain analogous to Eq. (3.44)

Ozna(x)+(i7/”8#—Ma)—6—G—-—- S [dydz Tp,(y;2,%) &G 42 : S.G“ (3.55)
i87,(x) % i87,(2)i8jgly)  i87,.(z) i8js(y)

In the absence of sources the fermion fields vanish, so Eq. (3.55) is trivially satisfied when jn7—0.
To find the equations of motion for the two-point Green’s functions we vary (3.55) with respect to —in, then set the
sources to zero. ‘We obtain for jn7—0

0=1i8,,,8(x —x,)—(iy"3,—M,)G 2} (x,,x) +2fdydz L) 752X G R c13x1,2)+ G2x 1, 2)(bs»))] . (3.56)

Introducing the three-point dressed couplings I'®’ via Eq. (3.36) we have
184, 8(x —x)=(i7#3,—M,)G,2, (x1,x)

-2 fdyldzlF(O)ﬁ]cla(}’l;zl’x)
Bye,

x 682, iz ) 1))

> fdxzd)hdzzGc(}Zgl(23’21)6}323)/310?3»}’1)F(ﬁizz}c}(h?"wzs)Ga(?z)z3(x1’x3)

a3Bycy
(3.57)
Equation (3.57) may be rewritten
—i8, 4 8(x; =% )— fd)@GéfL}(xz,x3)[I"E(2,;a3al(x3,xl)+2a3al(x3,x1)] (3.58)
in terms of the fermions’ self-energy
2a,a,(X3,X1)= 2 fdylr(0)31a3 (DX xq) <¢BlJ"1 )
By
*iﬁ ZB fdyldzldyadafga ¢, V33%3,23)G g (93,9106 (23,20 (g o W1321,%1) (3.59)
¢, B5¢5
where the free-fermion 1wla\ie operator is
I‘(o),,3 ](x3,x1) 8a3a (z'y"a3u+Ma )0(x3—x,) . (3.60)

We can invert Eq. (3.58) by multiplying on the left by G({3)T"* and on the right by G'*, then integrating and using
(3.26) to obtain

G (x2,x)=G({), o (x3,%)—i [dx3dx,G (8}, 0, (X3,%4)5, 4 (x3,%)G 2] (x3,%)) . (3.61)
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The graphical representation of Eq. (3.61) is shown in Fig. 2(b). We note that there is no ambiguity of time-ordering
analogous to the one arising in the Hartree equation (3.47), since no Green’s functions need to be evaluated at equal
times; this is because contact terms in the equations for two-point and higher Green’s functions would be factorizable,
and thus are eliminated in terms of lower-order functions.

C. Dyson equations for the dressed vertices

We have now found equations for the two-point Green’s functions which describe the mixing of the fundamental fer-
mion and boson degrees of freedom with two-particle composite states appearing inside the self-energy insertion = or
polarlzablhty IT for fermions and bosons, respectively. The strength of this mixing is given in terms of the three-point
vertices I'®), These vertices are themselves dynamical quantities satisfying Dyson equations.

The Dyson equation for the three-boson vertex is obtained by differentiating Eq. (3.48) with respect to the boson
source current i, . Setting the sources equal to zero, we have

— 2) (3)
0=3 fdxlr(O)aal(x’xl )G 4 aya, (X15X2,X3)

a

—zfdy dz T(apy (6,0, 2[ G o 0, (0,2,%2,%3) + G 4 (2,%2,%3)(p(»))

+Gﬁa2a3 Y, X2,X3 <¢y >+G;,2(22(z,x2)G;323(y,x3)+G;;2a)2(y,x2)G(,,2(33(z,x3)]

+ 2 Jdy dz T3)pe (x33,20G ), o (x5,%352,9) . (3.62)

We can eliminate G® and G'* in favor of T'*) and T via Egs. (3.32) and (3.37)—(3.38):

0=BE fdy dz |i 3 fdx,dxd“f%;,m‘(x,xl)Gi,zl)%(x1,x4)F£,i}37(x4,y,z)
’)/ .

a|a4

-0 S [dyidzidz, T8, (60120085 (91)GP), (21,22 T, (25,3,2)
17’17’2

+< ¢yl(zl ) >G;32‘)y2(y 1°22 )F(y?ﬁy(zz’yrz)] + F}g;aﬁy(x:y’z)‘i_ F}?S‘))ayﬂ(xrz’y)

> fdyldyzdzldzzl“g))aﬁlyl(x,yl,zl)G(ﬁ?z’,,»l(yz,yl)Gﬁfl)n(zl,zz)Tﬁzyzﬁy(yz,zz,y,z)
BByv v,

i X fdJ’1dJ’2dzldzzr}(3);ablcl(x§J’1>21)

bibyccy

XGLEL, (y2:21 )Géfiz (21,220 gy b, (¥2,2259,2) G}ﬁz’z(y,x2 )G(fa’s(z,x3 ). (3.63)

We can use Eq. (3.50) to evaluate the first term; then, multiplying from the right by I''?) twice and integrating, we find

aﬁy(x’y’ z)= Fg‘))aﬁy(X,y’Z)+F£§))ay/3(x,2,y)

+ 3 fdx3dx4dy1dy3dzldz3

a3a4

X| ¥ Iy aByy, (%Y 1,21 )G /33(}’1,,"3 )Gym (23,2 )FB3y3a3(y3iz3’x3)
BiByv 73

. 3) (2 (3)
- 2 Fgggablcl(x>yl’zl) clc3 (ZI)ZS)Gb b, (.V3’y1 )Falc by (x3,z3,y3) Ga3a (x3,x4)l“a4ﬁy(x4,y,z)
bybyeycy

—i ¥ fdy,dyzdzldzzl“fé’)aﬁlyl(x,yl,z, )G(Bzziil 2,0 )Gg/zl)yz(zl 1220y 8y (92,22, 952)
31527’17’2

+i b bz [ dyidy,dz,dz T4, o (x591,200G2, (12,91)GEL (21,2 Ty s, (1,2592,22) - (3.64)
192€1¢2
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Equation (3.64) is represented in Fig. 3(a).

To derive Dyson equations for the three-point vertex I'

respect to —i7, and then with respect to i7,.

0= Efdxl O)aa(xxl)Gabc(xl’y))

ay

-3 fdyldzl

By

+ 3 [dyidzi Tl ¢, (x591,20068) 001,205, = Gi3) (1,106 2 z,,2)] -

biey
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(3)
abc

Taking the sources to zero, we have

we start from Eq. (3.44) and differentiate it first with

g‘))ab’ 71( WY1:21 [GB];/ bc(yl’zlyy’z)—*—Gy bc(zl:yfz)<¢3 .VI))+G/3 be J’1,y,z)<¢y (Zl )]

(3.65)

We can eliminate G and G in favor of I''® and T via Egs. (3.36), (3.38), and (3.39):

0=b2fdydz P>

a1a4

2 2 3 .
fdxldx‘1rgo;aal(x,xl )G(Cll)(l4(x1’x4 )F514)[)c(x4’yyz)

- fdyldzleZF(SaB ey 1z (yl)>G(7/21)y Z1,2y F'y be(2259,2)

/3’1717’2
+<¢V ZI)>GB1,V yl,ZZ)FY bc(Zz,y,Z)]

+r(0)abc(x ,2)—

B 32717/2

+i 3

bibyeyey

XGlgfz(J’hy)Gc(czl)(z,zl) .

fdJ’1dJ’2dz1dzzr(sm/3 r (XY 1:24 )GBB (J’z’}H)Gy v, 215220 gy pe(252239,2)

fdyldhdzldzzrzggablcl(x V1:21 )Géﬁi, (2,1 )Gc(,zgz (21,2207, 6c (¥252251,2)

(3.66)

We can use Eq. (3.50) to evaluate the first term; then, multiplying from the right by I''? twice and integrating, we find

rabc( abc(X;y’Z)

+ 3 [dxidx,dy,dysdz,dz;

a3a4

x;p,z)=

x| 3 g Sap,r, (x7y1’zl)GB/3 (»1,3)GY, yl(ZB’Zl )y 73%()’3,23”‘3)

BBy 73

— (3) . (2) ) 3) :
2 T@ab,c,(x391,21)G 5 (21,23)G 5 (03,91 g e b, (X3523,93)

bybseyey

XG(Z) (X3,X4)Fa bc(X4,y,Z)

> fd.VldJ’deldzz S)aﬁy,( ’yl’zl)G[)‘/;?(yZ’yl)G(ly (21,25)T g,y b (V2522595 2)

BBy 17,

+i 3 [dydy,dzdz; T, e (51,2006, (92,9168 (21,2)T b be(92,22,9,2) -

blbzclcz

The graphical representation of Eq. (3.67) is shown in
Fig. 3(b).

D. The irreducible effective interaction

Like the Dyson equations for the two-point Green’s
functions, the Dyson equations for the three-point ver-
tices I''® take account of the dynamic role of two-body
intermediate states in the interactions between two of the
three fields involved at each vertex. When these three-
point vertices are inserted in the Dyson equations for the
two-point Green’s functions, their two-body intermediate
states give an additional admixture of two-body com-

(3.67)

[
ponents into the quasiparticle wave functions beyond the
admixtures displayed explicitly in the Dyson equations
for the two-point Green’s functions. For a successful
description of the many-body effects on quasiparticle
propagation, it is clearly essential to include all the
sources of two-body admixtures: both the two-point
Green’s functions and the three-point vertices must be
dressed in a consistent way. Furthermore, the effective
interactions T appearing in the three-point Dyson equa-
tions produce a similar admixture of the same set of two-
body states; we must also include these intermediate
states in our description of 7.

The equations we have obtained, namely, Eqgs. (3.64)
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and (3.67), are not the only such equations satisfied by the
vertex functions: they represent a choice of which pair of
fields are allowed to interact with each other via the T
matrix. Had we so chosen, we might just as well have ob-
tained similar equations exhibiting the interactions of any
given pair of fields. Of course, all these equations would
be equally true, describing the same vertex in different
ways. The fact that they must be equivalent illustrates
how complex an object the T matrix is, since it must bear
the burden of ensuring the equality of the different forms
of the vertex equations.

Nevertheless, despite this complexity, we are com-
pelled to seek an appropriate approximation for the T
matrix. Two reasons motivate this need: (a) two-body
scattering is a convenient place to introduce a phenome-
nological parametrization, since it is among the funda-
mental processes whose strength we wish to adjust to fit
the measured data, and (b) a complete numerical treat-
ment of a function of four space-time variables (16 scalar
quantities) will probably remain beyond the capacity of
even the largest computers for many years to come.

To motivate our choice of approximations for the two-
body scattering matrices 7—and by the extension the
three-point vertices I''*—we appeal to an argument
similar to the one we used to motivate our choice of the
effective Lagrangian: we will treat explicitly those de-
grees of freedom whose modest energy permits them to
be strongly excited in intermediate-energy nuclear col-
lisions, while tolerating an abbreviated description of de-
grees of freedom with larger excitation energies. The
lowest-energy degrees of freedom of a many-fermion sys-
tem are the particle-hole excitations and the collective os-
cillations constructed by superposing them coherently.
Note the contrast with the baryon-free vacuum, where
nucleon-antinucleon states play a much less dynamic role
at low energies. In vacuum, the pion is the lowest-energy
hadronic excitation, followed by two pions, which are so

strongly correlated as to require the introduction of a
J

Ty V2200, 2)=Tp 5, (3,25, 072)+i 3, J dx,dx TR a(¥2,22,%2)G 20 (x2,%) TG4, (x,,2)

ala

szyzbc(yz,zz;y,z)zTﬁzyzbc(yz,zz;y,z)—H > fdxzdxl“B?;,zaz(ypzz,xz)G(azz)a(xz,x)rifb)c(x;y,z) ,

aa

and

Tclzbzbc()’z:ZZ:J’»Z)ETczbzbc(J’2»22’)”Z)+i 2 fdxzdxrfx?czbz(xzﬂzd"z)Gixzziz(xsz)Fabc(x;yyZ) .

ala
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scalar field o to describe their interactions; in baryonic
matter, the excitation AN of a nucleon to a delta must be
included with the pionic degrees of freedom. All other
strong-interaction degrees of freedom require more than
0.5 GeV to excite and therefore may reasonably be sub-
jected to a simplified description in terms of few param-
eters: they are not expected to be strongly excited in col-
lisions where the available energy per nucleon is less than
0.3 GeV in the center of mass (laboratory kinetic energy
~1.4 GeV). We conclude that our first priority must be
the explicit inclusion of NN, AN, m, o, and 27 degrees of
freedom and their mixing with each other.

We can now see how to choose the best set of Dyson
equations for the three-point vertices: they should be
chosen to explicitly exhibit the lowest-energy two-body
intermediate states. We see that our choices in Egs.
(3.64) and (3.67) do indeed fulfill this criterion, when we
recall that NN includes particle-hole excitations in the
nucleonic medium.

We now apply these considerations to the problem of
approximating the 7T matrix for two-body scattering.
Since the same T matrix describes, for example, NN and
NN scattering, or 7N scattering and NN annihilation to
arm, different sets of intermediate states will appear de-
pending on which process is being described. In princi-
ple, we would like to eliminate all the low-energy states in
all channels; in practice this leads to equations beyond
the reach of numerical computations. Faced with a
choice of which channel to favor, we choose to extract
the intermediate states in the channels in which T is used
in the Dyson equations for the three-point vertices,
namely, those channels which include NN, the lowest-
energy states in baryonic matter.

We begin by separating out in the T matrix all process-
es in which a single meson appears as an intermediate
state. We therefore define the one-body irreducible part
T’ of the scattering matrix as illustrated in Fig. 5(a):

(3.68)

(3.69)

Y (3.70)

The relation between T and T is represented graphically in Fig. 5(a). In terms of the one-particle irreducible effective

interaction T, Egs. (3.64) and (3.67) become, respectively,

rﬁz}[}y(x’y>z): rf??;aﬁy(xvy:z)+ rg))ay/)’(x:z»y)

—i 3 fdyldyZdzleZFg))aﬁlyl(x’yl’zl)G;}z)ﬁ‘(ybyl)G(yzl)yz(zliz2)T’ﬁzyzﬁy(yzyzzyy’z)

B\Byy 17,

+i 3 fd)’1dJ’2dzldzzrf(3>;ablcl(x§.V1»Zl)Gl(aiz (y2’y1)GL('lzc)'Z(ZI’ZZ)T}j’yCZbZ(y72;y2>22)

bybyeycy

and

1

(3.71)
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abc(x’y’ z)= F}g;abc(X;y’Z)
> fdyldyzdzldzzl“g),aﬁlyl(x,y,,zl )G(BZZ};I (y2:¥1 )G(Vzl)yz(zlaz2)T;jzyzbc(yZ’ZZ;y)z)
BiByv 17,
+i 3 fdJ’1dJ’2dZ1derzgiab‘c (x ,y1,21)Gb b, (¥2,1)G. (Zl,zz)T 20y be(¥2,2230,2) . (3.72)
bybyeicy

Because it no longer contains the single-particle intermediate states, 7" is a better candidate for simplified parame-
trization than 7 was. But 7" still contains the low-energy two-body states which we also want to describe explicitly. In
order to eliminate these parts of 7', we have to introduce yet another four-point function U, which will be called the re-
sidual interaction. This residual interaction is defined by the integral equations

szyzﬁy(y2’22’y,z)= UBszBY(yZ’zz’y’z)
—i fdy3dy4dz3dz4T}j»272/34y4(y2,22,)’4,24 )Gg;%(h,h )ng23)7/4(23,24 )U33y33y(J’3’23,y,Z)

~i—ifa’y3dy4dz3dz4T;jzhb‘ﬁ(yz,zz;y4,z4)Glﬁi},3 (y4,y3)Gc(szc)‘t(zpz‘,)UBW},,3 »,z3y3,23) , (3.73)

szyzbc(}h,zz;y,z): Uﬁzyzbc(h,zz;y,l)
i [ dysdydzsdziTly py, (92,2209020G 5, 0093061 (23,200 Upg e (93,2350:2)
+ifdy3dy4d23dZ4T;3272b4c4 (yZ!ZZ;y4’Z4 )Ggi;)S (y4’y3 )Gf(ft)‘at(23’24)UC3bcbc(y3’Z37y,Z) s (3.74)

Tc,2b2bc()72’22’yi2)= Uczbzbc(yZ’zz’y’Z)
—i fdy3dy4dz3dz4 T};’4y4bzc2 (¥2:223Y4524 )G;a’zjg (Yays )G(}/23)-;/4(23’Z4 )U/3373bc (¥3,2359,2)

+i [ dysdy,dzydz,T.,, b4c4(}’2»zz,J’4,24)G1§i}73()’4’)’3)62334(23’24)Uc3b3bc(J’3r23,)’»Z) . (3.75)

The relation between T’ and U is shown graphically in Fig. 5(b). These definitions ensure that the residual interac-
tion U we have introduced is irreducible in the NN or, equivalently, the meson channel with respect to one- and two-
body intermediate states.

With these definitions, the equations for the three-point vertices take on the form used by Migdal: 8 using these
definitions in Egs. (3.71) and (3.72), we obtain

i, (x, $,2) =Ty 6%, 2, y)=r}§;aﬁy(x, ¥,2)

—i 3 [dyidy,dzdz,[T5 , (x,91,21) = T(Eay,p,(%:2101)]
/3327’17’2

XGp 92:31)G ), (21:22)Up iy (92,22,9:2)

+i 3 fdJ’1d)’2dzld22F$x3b),cl(x;J’1a21)

bibyeyey
X G2, (y2,01)G2 (21,20 Upye,p, (1:2592:22) (3.76)
and
T (%,0,2) = T{@)ape (X 5,2)
S [dyidy,dz,dz,[T5 , (x,91,20) = TiElay,s,(%:2001)]

B\By¥ V2
XGﬁg (¥2:21 )G‘V 7 (zl’zz)Uﬁzy be(V2:22;952)
+i 3 fd)’1dJ’2dzdez ab1c1<X;yl’Zl)szbl(yZ’yl)Gclzz(21’22)szczbc(yZ’ZZ’y’z) - (3.77)
bybyeiey

The graphical representations of Eqs (3.76) and (3.77) are shown in Fig. 6.

We have now introduced the main equations of our theory, which determine the mean field {¢,(x)) [Eq. (3.47)], the
two-point Green’s functions G? for the nucleons and mesons [Egs. (3.53) and (3.61)], and the vertices I'® describing
the coupling of mesons to nucleons and to other mesons [Egs. (3.76) and (3.77)]. This set of equations determines the
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evolution of the dynamical quantities in terms of the free-two-point Green’s functions G (3] and bare vertices ['(3) of the
Lagrangian, together with the residual effective interactions U(x;,x,;x3,x4). When these quantities are known, the
two-body scattering matrices T (x,x,;X3,%4) may be found from Eqgs. (3.68)-(3.75).

E. The Migdal phenomenological effective interaction

In principle the residual effective interactions are determined by a further set of Dyson equations which could be ob-
tained by additional variation of the generating functionals; these Dyson equations would in turn introduce further un-
knowns, the five-point functions. Instead, for our purposes, as we have explained in Sec. II, it is more useful to regard
the effective residual interactions as quantities to be determined inductively by fitting experimental information. Thus
we close the hierarchy of Dyson equations by making the main approximation of our method. Following Migdal® and
Pines and Aldrich!” we shall approximate the residual interactions as local functions of their coordinates, proportional
to delta functions of the coordinate differences of the particle and antiparticle or to the derivatives of delta functions,
where the coefficient functions have to depend on the medium in which the effective interaction is occurring. It seems
reasonable to suppose that the properties of the medium will be reasonably well represented by the mean boson fields,

which according to the Hartree equation (3.47) are proportional to the fermion densities; thus we set

Up,y,8y(¥2:22:3:2)=Up o, 5, (2 =93 {{$o(3)),{ ey, ])8(y, —2,)8(y —2) ,

Uﬁzyzbc(beZ;y’z): Uﬂzyzbc(y2 =15 {{a1)),{Bo(¥2))})8(y, —2,)8(y —2) ,

(3.78)

Uczbzbc(a‘)sz;y’z): Uczbzbc(yZ s { <¢a(y))’ (¢a(y2)> } )S(yZ —2Z )S(y —_Z) ’

where the delta functions may in some cases be chosen as
the derivatives of delta functions to allow for gradient
couplings. Alternatively, U could be taken to depend on
the mean fields in between its endpoints

Uyy,—y;{{day +y2/2))})
instead of

U=y ({0, {day))}) .

This form of U is a relativistic generalization of the pseu-
dopotential of Pines and Aldrich;!” when he originally in-
troduced the phenomenological residual interaction, Mig-
dal also made the further simplification of approximating
U as zero range, i.e., proportional to 8(y,—y).. Clearly
we would prefer the simplest form that can adequately
represent the effective interaction. There are some physi-
cal constraints on the choice of U, which will be dis-
cussed in Sec. V.

If we insert the zero-range local residual interactions
(3.78) in Egs. (3.76) and (3.77), we find that the three-
point vertices I'\}). are local in the fermion coordinates
while the vertex I‘ﬁfﬁ)y is local in the coordinates of bosons

Band y.

T (x15%5,%3)=T3) (x,3%,,%3)8%x, —x3) , (3.79)

TR (x1,%0,%3) =T (x1,%5,%3)8%x, —x3) , (3.80)

or similar relations involving the derivatives of delta
functions. The three-point vertices are now functions of
only two space-time coordinates, just as are the two-point
Green’s functions. It is this feature which gives hope of a
numerical treatment of these coupled integral equations.
The structure of these equations is displayed in Fig. 7.
Similarly, Eqgs. (3.68)-(3.70) and (3.73)-(3.75) imply that
also the T matrix itself is only a function of two space-
time coordinates, and thus equally amenable to numerical
treatment. We will return to the discussion of the physi-

cal consequences and plausibility of the Migdal locality
approximation in Sec. V. First, however, we have to deal
with an inevitable consequence of our use of zero-range
interactions in both the Lagrangian and the Migdal resid-
ual interactions: the loops which dress the two-point
Green’s functions and vertices in our theory diverge. We
therefore devote the next chapter to the regularization of
loops.

IV. REGULARIZATION OF LOOPS

The approximation of the residual interaction by a lo-
cal effective force reduces the equations of motion to a set
of coupled equations for functions of two space-time vari-
ables F,(x,y) in which all the terms can be constructed
by successive combinations of two such functions into a
single new function of two space-time variables. For the
moment we will pretend that the effective interactions
and bare vertices are truly local, ignoring the derivative
couplings; the extension to derivative couplings is

(a)

— XD~ +
+ ——{}0—

FIG. 7. Graphical representation of the integral equations (a)
for the two-point Green’s functions [Egs. (3.53) or (5.9) and
(3.61) or (5.11)] and (b) for the three-point vertices [Egs. (3.76)
or (5.13) and (3.77) or (5.14)], in every case assuming the local
form (3.78) for the residual interaction U.

(b) @
| ®

]
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straightforward and will be discussed at the end of Sec.
IVD. For local couplings, there are two operations of
combination: convolution,

C(x,9,Fy(x,2),Fg(z,y)= [ dz Fo(x,2)Fy(2,) , @.1)
and loop formation,
L(x,y,F,,Fg)=F,(x,y)Fg(y,x) . 4.2)

While the convolution of two singular functions presents
no special difficulties, it is to be expected that the forma-
tion of loops leads to ultraviolet divergences associated
with the singular short-distance behavior of the effective
interactions. The preferred treatment of these diver-
gences would be renormalization, a procedure unavail-
able in our case because of the presence of spin-3 parti-
cles and their derivative couplings. We therefore must
seek another way of regularizing the ultraviolet diver-
gences of the loops. Since the divergences arise from the
assumption that the hadrons are point particles, we find a
satisfying resolution by introducing their structure in an
appropriate way.

A. Causality, unitarity, and dispersion relations for loops

Since the purpose of our equations is to investigate the
flow of probability with time, it is essential that any regu-
larization method must preserve, in the resulting equa-
tions, the features of unitarity and causality which are, of
course, automatically present in the equations derived
above. These requirements are quite stringent, as we can
see by considering the simplified case of stationary or
steady-state motion in which the Green’s functions de-
pend only on the difference of times,

G2 (x,x")=GZ(x,x",xqg—x() . (4.3)
In the following development we will suppress the spatial
variables, assuming only that a real representation has
been chosen for them. Thus we introduce the shorthand
notation

F, (t)=F_ (x,x4,X',xo—1t) , (4.4a)
L g(t)=L(x,x,%',x0—t,F,,Fp)
=F,(t)Fg(—1) . (4.4b)

We consider first the case where F, and Fg are both
two-point Green’s functions G, and Gg, where in the in-
terests of brevity and legibility we suppress the super-
script (2) and compress the subscripts @ and a’ of Eq.
(4.3) into a single generic subscript a; we will eventually
establish that all other quantities that appear as F, in
loops have similar properties so that the discussion ap-
plies to all loops.

Since the Green’s functions are the expectation values
of time-ordered products, they are the “causal” functions
which propagate particles and antiparticles, respectively,
forward and backward in time:

G, ()=0)G ) ()+(—)*0(—1)G (1), 4.5)

where G and G are the propagators for particles and

'Eaﬁ‘(w):f
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antiparticles respectively, and (—)* is —1 when «a is a
fermion and + 1 when a is a boson. The associated prop-
agators G [ (w), defined as i times the time Fourier trans-
forms of the Green’s functions

G Ho)=i [dreGEr), 4.6)
are, like all physical propagators, analytic in @ except
along the real axis. Because G | (w) represents the prop-
agation of particles, its singularities lie along the real axis
above the chemical potential p,; conversely, G ; (w) has
singularities only for w <y, representing antiparticles or,
for fermions, ‘“holes” in the Fermi sea. Using the
theorem that a function F¥(z) is proportional to 6(+z) if
and only if F [defined analogous to Eq. (4.6) as i times its
Fourier transform] obeys a dispersion relation

do' P

ReF Ho)==
eF o) f T o'—w

ImF (o), 4.7)
where P denotes a principal-value integral, we realize
that each term in Eq. (4.5) obeys such a relation with the
sign determined by whether we are dealing with particles
or antiparticles, i.e., whether the frequency o’ is greater
than or less than the chemical potential u,. We can
therefore combine the two terms to find'® a dispersion re-
lation for G (),

~ do' P ~
R =[ee )sgn(a’ — :
eG, (o) f - m,_wImGa(w)sgn(w By (4.8)
or, equivalently,
~ _ rdo .
G, (o) f——-ﬂ_ w,_wsgn(a) He)
+irdlo' —o) | ImG (') . (4.8

We see that ReG (o) is determined by ImG (@), which
we will concentrate on because it is the most closely relat-
ed to the probability current.

The decomposition (4.5) immediately implies a similar
decomposition for the loop, Eq. (4.4b):

L g(0)=(—)P()G f()Gg (—1)

+H(=)0(—1G (G5 (—1) . 4.9)
We see that L,z only has terms where one of the Green’s
functions represents a particle and the other an antiparti-
cle; there are no particle-particle or antiparticle-
antiparticle terms. Using Eq. (4.8’) in the definition
(4.4b) we obtain, after a brief computation (see Appendix
B), the dispersion relation for L, defined like Eq. (4.6) as i
times the Fourier transform of L:

do'

T

o —o el gt pp)

+imd(e' —o) | ImL 4(0') . (4.10)
This result is completely analogous to Eq. (4.8a), if we
identify the chemical potential of the loop as the
difference of the chemical potentials of the internal lines,
as would be expected from equilibrium thermodynamics.
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We conclude that the loops have an analytic structure
completely analogous to that of the Green’s functions, al-
lowing their real parts to be readily computed from their
imaginary parts.

The same computation (Appendix B) which leads to
Eq. (4.10) also gives us a simple expression for Imf:aﬁ(co):

- dw,dog ~
ImL g(w)= f *”—S(wa—wﬁ—w)lmGa(wa)

X Iméﬁ(ﬂ)ﬁ){ G(wa—,ua)f)(,uﬁ—wﬁ)
T, —0,)0(wg—pug) .
4.11)

As expected from Eq. (4.9), we see that I:ag(w) has only
particle-antiparticle terms but no particle-particle or
antiparticle-antiparticle terms. Of course, Eq. (4.10) and
(4.11) together imply the structure (4.9). Inspecting Eq.
(4.11) verifies that its two terms have singularities only
for ®>p,—pg and o <p,—pg, respectively, in harmony
with the discussion in the preceding paragraph. Because
of the identification of the imaginary parts of Green’s
functions with the probability densities, Eq. (4.11) pro-
vides an explicit realization of unitarity, the conservation
of probability density: the probability density associated
with a loop is the sum of terms representing various pos-
sibilities (i.e., combinations of particles and antiparticles)
for intermediate states which can occur in the propaga-
tion of the particle in whose Green’s function the loop
appears; each of these terms is the product of the proba-
bility densities of the independently-propagating com-
ponents of the corresponding intermediate state.

B. Implications of causality and unitarity for cutoff procedures

We have established that the loop formed from two
Green’s functions has the same analytic properties,
particle-antiparticle decompositions, and dispersion rela-
tions as a Green’s function, provided that its chemical
potential is chosen in the natural way. It is easier to see

that the same is true for the convolution of two Green’s
|

Eaﬁ(q,ql,a))= f d_ClJ

imT |o'—w

and

sgn(o’ —p,+ug)+imdlo' —o) %[faﬁ(q,q’,m’)ﬁ-faﬁ(q,q’, —-w')],

functions: since the Fourier transform of a convolution is
the product of the Fourier transforms of its constituents,
all evaluated at the same frequency, we only need to note
that the fact that particle ¢ can turn into particle S,
which is implied by the diagram leading to the convolu-
tion, requires that their chemical potentials be equal; this
common chemical potential may then be identified as the
chemical potential of the convolution. Typically, one of
the factors in the convolution will be a loop; the require-
ment then is that the net chemical potential of the parti-
cles (minus antiparticles) of the loop should equal the
chemical potential of the other factor in the convolution,
as expected.

We are now in a position to discuss the choice of cutoff
procedures, which need to respect causality and unitarity
and therefore must preserve the relations (4.10) and
(4.11). We will eventually want to determine the cutoffs
by considering processes occurring in vacuum, so the
cutoffs have to be introduced covariantly. For this
reason it is useful to complete the Fourier transformation
to momentum space, including the spatial variables as
well as the time variables. Introducing the notation

Gp,p')= fdx dx'e?*~PX'G(x,x")
=278(py—po)G(p,p’,Po) > (4.12)

we have from Eq. (4.6).
C_?(p,p',po)=—i-fdx dx'e PITIR NG (x x' po) . (4.13)

Noting that G,(x,x’) and Gg(x',x), gnd therefore
L ,5(x,x’), are real, we can eliminate ImG,, in favor of

at

ImG,=Imi [ dr e'“'G (1)

=%[(~?a(w)+éa(—w)] 4.14)

with a similar relation for L. Equations (4.13) and
(4.14) enable us to rewrite Egs. (4.10) and (4.11) in
momentum representation:

(4.15)

T ’ ’ T o —_ ' ! N [ Y )
HE op @050 )+ Eopla,q', —a)]= [(4RIPIRAK 5 0)s(p'—k'—q')

(27)®

1
X Efdwada)gﬁ(wa

“wﬁ—ﬂ)l){g(wa“,ua)e(,uﬂ_wﬁ) +9(/.ta*a)a)6((03_,u/3)}

X[Ga(p’p,’wa)+6a(p’p" _wa)]

X[G 4K k,wp)+Gp(k',k, —wp)] .

The most obvious move is to try to associate cutoff fac-
tors with the propagators inside the loop, following Feyn-

man and Pauli-Villars. If these cutoffs are introduced co-
variantly, then Egs. (4.15) and (4.16) imply that they are

(4.16)

[
ineffectual, as is most readily seen in a momentum repre-

sentation. Covariance requires the cutoff factor f(p?) to
depend only on the invariant mass p? of the momentum
of the propagator. Inspecting first for simplicity the ap-



2660

proximation of free propagators, we realize that their
imaginary parts are nonzero only for p>=m? so that the
integrals (4.15) and (4.16) are simply multiplied by a con-
stant factor f(m?), conventionally chosen to be unity.
Since we expect at least some of our self-consistent propa-
gators to exhibit quasiparticle poles with finite residues,
we must anticipate that a similar difficulty will persist in
the case of loops computed from self-consistent solutions.

Another commonplace method of regularizing the
propagator involves subtracting from it the propagators
of one or more fictional, very massive particles
(p2—M?)" . This procedure, which reduces to a special
case of the previously mentioned method

FpH=M*—m?)/(p?—M?)

when applied to a free propagator, has the additional

disadvantage that the coefficient of the singularity at M?

corresponds to a negative probability density. This latter
problem is unimportant for stationary-state applications
where high energies are never realized; however, in our
application in the time domain all frequencies contribute
to the short-time propagation, and thus unphysical be-
havior cannot be avoided in the presence of such a sub-
traction.

Because the cutoffs cannot readily be associated with
the propagators, we have to try to incorporate them in
the vertices. We begin by inspecting the three-point irre-
ducible vertex. Defining its Fourier transform

I'(g,p, k)= fd4x d*y d*z T(x,y,z)expi(xq +yp +zk) ,

(4.17)
|
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we realize from this argument that it will be useless to in-
troduce any cutoff depending on only one momentum.
Of the size combinations of two momenta, the sums of
pairs of momenta are equal to the remaining individual
momentum for the case of translational invariance; the
differences are reasonable candidates. Inspecting the
Migdal approximation

I'(x,y,z2)=T(x,(y +2)/2)(y —2) ,

Eq. (3.78), we see that I'(g,p,k)=T(q,p +k) is indepen-
dent of the combination p —k, while it already falls off
with p —q or ¢ —k. Apparently we need to have our
cutoff depend on (p —k )%

The simplest way, then, to cut off the loop integrals is
to multiply the vertex function by a factor f[(p —k)/2]
which depends only on (p —k)*:

T(q,p,k)=T(q,p +k)Fl(p —k) /2], (4.18a)

which would lead to a corresponding factor in coordinate
representation

L(x,y,z)=T(x,(y +2)/2)f(y —z) . (4.18b)

We see that the Migdal approximation corresponds to
setting f(y —z)=8(y —z). Relaxing the locality assump-
tion is necessary to make the integrals converge. We can
interpret f (y —z) as a structure function for decay of the
boson at (y +2z)/2 into hadrons at y and z.

Unfortunately, however, the simplest ansatz (4.18)
leads to an acausal self-energy loop. For example, if x is
the external coordinate, a typical self-energy term be-
comes [for fermion-loop insertions in a boson propagator,
Eq. (3.52)]

Mo (x,x ) =03, [ dy dz Tgpe(x39,2)G,(3,x")G, (x",2)TY,
be

=i3 [dY T (x; V) [ dZ £(2)G, Y+—§—,x' G, x',y—% ro,
be
=i3C(x,x",T gy (x;Y),L(Y,x",G., G, )T, . 4.19)
be
The cutoff loop L, defined by the last two lines of Eq. (4.19) may be evaluated using Eq. (4.5):
’ Z ’ — ’ Z ’ ZO ' __ _é
LAY,x',G,,G,)= [dZ f(2) |G Y+ 2 |Gy | ¥ =5 |6 xp—Yo< 5 |0 |x)—Yo< =
Z ’ ] Z ZO ZO
-G Y+ox G’ XY= xo=Yo<—~ 0 xO—Y0>-T
- Z |- z Zo Zy
—GC Y+—2',x Gb x,Y_7 xO_Y0>T 6 xO_Y0<'_T
- V4 z
+G, Y+~§",x' Gb+ x"Y——% xO_Y0>TO 0 x(’)_YO>_TO' ] (4.20)

While the first and last terms have the appropriate causality/unitarity structure, the middle terms permit particles and
antiparticles, respectively, to propagate both directions in time unless f(Z) contains a 8 function in Z,. Apparently a

more subtle procedure is called for.
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C. Proposed cutoff procedure: Momentum representation for stationary states

Fortunately, Egs. (4.10) and (4.11) allow us to construct a cutoff procedure which leads to causal functions. We con-
struct the self-energy operator II(x,x’) from the loop L, as given in the last line of Eq. (4.19), but to ensure that L i
causal we evaluate the real part of L + from the dispersion relation, Eq. (4.10), and introduce the cutoff explicitly only in
the computation of the imaginary parts. Using the momentum representation (4.14) and (4.15), we thus define the cutoff
loop L by introducing the cutoff factors into Eq. (4.16):

do’
imT |o0'—w

Ef(q,q’,w,Fa,Fﬁ)=f sgn(w’' —p,+pp) +indlo' —w) | 1L, (q,q,0",F,,Fg)+L(q,q,—',Fy,Fg)] ,

4.21)

where
L/(q,q9",0,F,,Fp)+L(q,9 —0,F,,Fg)]

dpdp'dkdk’ ., . oy L o

= e Pk as(p k) [dodogho,~oz—o)

><[B(coa—,u,,)6(,uB—w,,)-l—e(p,a-—wa)e(wﬁ—uﬁ)}[(-;a(p,p',wa)+(—¥a(p,p’,—cua)]

2 2 2
_ _ - ot | lo+x ot
X[G(K K 0p)+ Gylk' k, —p)1] | | BE .- ]f Ak |2 ] 4.22)

Here, we have introduced the cutoff symmetrically at both ends of the loop, in order to preserve the symmetries of the
self-energies and vertices. The symmetrization of the cutoff is physically acceptable because the locality of the bare ver-
tex, like that of the Migdal interaction, is also only a low-energy, long-wavelength approximation to an interaction
which ought to take account of the hadrons’ structure.

Our prescription, then, for regularizing loop integrals consists of introducing a factorized smearing (in coordinate
space) or form factor (in momentum space) in the computation of the imaginary part of the loop; where the smearing or
form factor is related to the distance which the Migdal locality approximation had set to zero. We have illustrated our
prescription for the case when the particles whose coordinates were chosen for smearing are both interior
to the loop; the loops appearing in the equations for the dressed three-point vertices I' and the T matrix are all of this
type. The other case, when one of the smeared coordinates is external, may be obtained analogously. For example, in
the case of a boson-loop insertion in a fermion propagator, we have a term [Eq. (3.59)]

wa(%,x)V=—=i3 [dy dz Tp,.(9,%,2)Gp(y,x")G,(x",2)T%,..
Be

=iy Ls(x,x",Gg, C(x,x", T, (%,9), G (y,x" )Ty, (4.23)
Be

where
%[L__’/(qu,yw’Fa’Fﬁ)+L_}(q7q,; —a):Fa,F/j)]

_ rdpdpdkdk’ . . RN
[ 8(p—k—q)8(p'—k'—q )Z‘;fdwadwﬁﬁ(wa—wﬁ—a))

(27r)°
X {00, —pa)0(pp— )+ 0(u,—0,)0(0p—up)} [G o (p, P’ 0,) + Gy (p,p, —w,)]
2
_ _ _ —+ ’ ’
X[k’ k) + Gk K, —0p)1] | [B14 S lf x4 —‘w“:w ] (4.24)

and L’ 7> like L 7» obeys the relations (4.10), (4.15), and (4.21). The boson loops appearing in the equations for the
dressed boson propagators are either of the form (4.22)—in the case of 27 insertions in the o and p propagators—or of
the form (4.24) when the loops appear in the pion propagator.

D. Cutoff as smearing in coordinate representation; nonstationary states

We can further illuminate our cutoff procedure by considering its consequences for the construction of loops in coor-
dinate representation. This will also allow us to generalize our procedure to the case of nonstationary states, where we
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cannot use the simple dispersion relations employed in the case of stationary states.

We will show in detail the case when the smeared-cutoff variables are internal to the loop. We begin by performing
inverse Fourier transforms on the spatial variables of the cutoff loop obtained earlier for the case of stationary states.
This leaves us with relations among the time-Fourier-transformed functions (~? and L. Equation (4.22) becomes

- , dowdog
ImLf(r,r,w,Ga,GB)l‘f—T~8(wa~wﬁ—a)){G(wa—,ua)()(,uﬁ—wﬁ)-i-O(H(Z—wa)e(a)ﬁ-—,uﬁ)}

_ w,tws | _ w,tw _ 4
desds’f s, a2 s -l £ ImG, r+—§—,r'+%,wa
XImGB r’_%,r_%,wﬁ (4-25)

Here we have used the fact that G, and G4 are real and have assumed that f is a real function depending only on the
magnitude of its argument; f is defined as i times the time-Fourier transform of f, as in Eq. (4.6). As intended, Eq.
(4.21) reverts to the dispersion relation (4.10) upon inverse Fourier transformation of the spatial variables. Using the
dispersion relation, we have

, 1 dq() —igg(xy—x() = ,
Lf(x’x ’Ga,Gﬁ)=7f77T-e oo oLf(x’x yq07Ga,G/3)

—7)—sgn(w——,ua+yﬁ)+i1r8(co—~q0) ImL(x,x',40,G,,Gpg) . (4.26)

:lf dq, e~fq0<x0~xg>fd_w
i 2T T | ®—qg

We now introduce the cutoff expression ImL r from Eq. (4.25):

dgs —io ix—x’
Ly(x,x",G,Gp) = [ Z12, 0% "O)de“’

7

sgn(w—p,+ug)+irdlo—q,)

i 2 w—q,
do,dog
><f—ﬂ———smamﬁ—m{e(wa—uawm,,.—wﬁ)+e<p,,—wa)9<m,3—uﬂ);
"7 a)+a),3~’w+a)ﬁ ~ s ,, 8§
desdsf s, a2 fis a2 ImG, ‘r+5,r+7,wa
~ , s s
XImGg |1 —-E,rwz,wﬁ} . (4.27)
Using the theorem
dg i
[E0 L v sgnr (4.28)
T 4o
the integrals over first g, and then o are readily performed:
, do —iolxy—x() ,
Ly(x,x ,Ga,GB)=f2—;"e T sen(x g —x § Jsgn(@— g+ pg) + 1]
dwadwﬁ
><f———ﬂ_——S(wa—wB—a)){H(a)a—-/,ta)e(yﬁ—wﬁ)+6(,ua—-a)a)9(a)3—,u3)}
Vx| @atoeg || o, tog ~ s ,, 8 _ . s s
X [dsds'F |s,~ | |s',~"—F |ImG, |1+ 2"+ 2,0, [ImG) |r'— 21— 2 0p
do dog —i(w —wo)x. —x"
zf;izﬂe (@, wp)xgy 0)[sgn(x0—x{,)sgn(wa—w,,—,uaJruBHl]
1r
X {0(0q—116)0 15— 0p)+ 811, — 05605 — i)
)
x| @atop ||, 0, tog ~ s ,, 8§ ~ | .8 s
desdsf[s,—%— Jf s,~52—— ImG,, r+5,r +?,wa ImGy |r ——T,r—?,(oﬂ
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_ rdodaog —ilwg—wghxg—xg) , ,
—f—z——e {0(xy—x0)0(w,— )0 ug—wg) +O0(x o —x0)Np,—w,)0wg—pg)}
m

’

’ S S
r -?,r—3,w5

w,tog
2

, w,tog

S, s, >

X [dsds'f ImG,, r+%,r’+%,wa ImG

(4.29)

The factor in curly braces in Eq. (4.29) affirms that our procedure enforces the required structures of causality and uni-
tarity.

To complete our computation we have to perform inverse Fourier transforms in order to express the result in terms
of the coordinate representations of G,, G, and f. We first introduce the coordinate representation of the smearing
function f:

Lp(x,x",Go,Gp)= [dsds'f (s)f (s')

—iwy(xq —x(')+50/2—-s6/2)

do ~
X [ —*ImG,

r+£,r‘+

2T T %

s’ s Viwgxg—xp—sq/2+sp/2)
r'——,r——,wgle P70 70 0O

do
ﬁ~

X | —ImG

fﬂ'mﬁ 2 2

X {0(xg—x0)0@,—1,)0(g—wp)+0(x 5 —x0)0(1n,—0,)0(0s—pg)} - (4.30)

To perform the inverse Fourier transform of G, we start from the spectral representation of G,

, ___1_ do, —iwy(yo—y) = ,
Galyy')=- f——zﬁ e G,y y,0,)
. d(l)a _iwa()"o_yll)) ' ' ~ ’
=2 —. € [6(yo—y0)0(w,—t1,)+ 0y —p0)0(ty—0,) [ IMG ,(y,y', 0,) - (4.31)

The last equality in Eq. (4.31) follows from Eq. (4.8') and (4.28), together with the discussion following Eq. (4.6). The
expression (4.31) enables us to evaluate the integrals appearing in (4.30): by considering separately the cases y, >y and
Yo <y and recalling that G,(y',y)=G(y’,y)* we readily verify that

dwa —iwa(yo—yé) ~ ’ — ror ’ ' ’
fTe N, —p MG (Y, Y, 0,) =G (¥,¥0,¥,¥0)0(y0—y0) T Go(¥,50,¥0)0(y o —¥o) (4.32a)

and

do, —iw (y,—yl)
f__,iz_e Yo yOe(

- Ba—0)IMG o (y,Y',0,) =G 1(y,50,¥,56)036 =)+ G o (¥,96,¥,70)0y0—¥s) . (4.32b)

These results allow us to evaluate the integrals in (4.30). Identifying y and y’ by inspecting the arguments in (4.30) we
find

L(x,x",G o, Gg)= [ ds ds'dy dy’dz dz'f(s)f (s')8 x+—;--—y 5 x'+—S2——y' 8 x—%—z 8 x'—%—z'

X {0(xo=x0)[Ga¥,90,¥:70)0(r0—0)+ G o(y,6,¥,70)0(y s —o)]
X[GB(Z’,z(’,,z,zo)O(zo—-z('))+GB(z’,zo,z,z(',)6(z(’)—zo)]
+6(x0—=x0)[Gol¥,90,¥,50)000 =)+ G o(¥,50,¥,30)0(yo—y0)]
X[Gy(2',20,2,20)0(z —20)+ G 4(Z',20,2,2)0(z0 —2))]} - (4.33)

‘An analogous computation gives for the case when one of the smeared variables is exterior to the loop, the other being
the argument of G,
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Li(x,x',G,,Gg)= fds ds'dy dy'dzdz'f(s)f (s')8

N
+___.
z ) y
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s’ s
8 ’+._‘_ ’ —_
z > y z > x

X{0(xo—=x0)[Go(y,y0,¥,90)000—=y0)+Go(¥,50,¥:30)0(y 5 —y0)]

X[Gp(2',20,2,20)0(20—20)+Gpl2',20,2,20)0(z( —2()]

+0(xo—x0)[Go(¥,30,¥,70)0(y0 =0)+Go(¥,90,5,90)0(yo—»0)]

X[Gp(2',20,2,20)0(z0 —20)+Gpl(Z',24,2,20)0(z5 —2()]} .

Note that Egs. (4.33) and (4.34) reduce to Eq. (4.4b) in the
limit when f (s) approaches 6(s).

Motivated by our study of the stationary-state case, we
propose to apply the cutoff prescriptions (4.33) and (4.34)
in all cases, even when the wave packets have the more
complicated time dependence needed for describing nu-
clear collisions. We observe that our cutoff prescription
consists of two elements. (1) The ends of the loop are
smoothed by convolution with the smearing function f.
This is the feature that eliminates the ultraviolet
infinities. f results from the structure of the boson whose
hadronic decay is described by the vertex. (2) During this
convolution, the time arguments of the loop’s factors are
interchanged as necessary to preserve the causality/uni-
tarity structure of the diagram. The covariance of this
procedure is assured by its construction in the momen-
tum representation, where the covariance is manifest.
Covariance is obscured in the coordinate representation
by the frame-dependent parametrization of the light
cone.

We have until now ignored the fact that some of the
pointlike interactions contain derivative couplings.
Those can be reduced to the cases considered above by
starting with a partial integration to move the derivatives
out of the vertices and onto the Green’s functions: then
the functions F, and Fjz may contain derivatives of
Green’s functions. After the smearing procedure, the
derivatives may again be moved back to the vertices by
partial integration. The result will be that the smearing
function f (s) is replaced by its gradient, in precise analo-
gy to the gradient of the delta function which appeared in
the original point interaction; no additional computation
is necessary.

E. Choice of cutoff function

The covariant cutoff function f(s?) or f(g?) may be
chosen to fulfill simultaneously a number of roles. First,
and most important, it has to ensure convergence of the
dispersion integrals and therefore of the loops. Obviously
this requires that f(g?2) falls off rapidly enough for large
g% Since we have couplings proportional to the gra-
dients of boson fields, the most divergent loops are those
with one fermion and one boson propagator, which go for
large g like [d*q g ~'f(g*)?. Thus it is necessary to have
f(g?) fall off faster than ¢ —*/? for large g2, for example
like 1/g% However, the large-g? behavior of f is not
sufficient to make the integrals converge; it also has to be
integrable on the real axis, in order to give finite results in
the dispersion relation. In fact, we surely ought to re-

(4.34)

quire that both f(s?) and f(g?) are smooth and mono-
tonically falling for real values of their arguments. This
mild criterion excludes the most familiar form, which is
the dipole

Falg®)=(M*+q2)/(M*+4q%),

where M is the cutoff momentum scale and g2 is the
reference point at which the form factor is normalized to
unity (of course this normalization could be absorbed into
the coupling constants which always multiply the cutoff
function). Obviously the dipole form factor is singular at

g*=—M? and therefore unusuable for our purposes. A
modified dipole form,
172
_ M4+ (q 2 . )2
(gH = | — (4.35)
fmd q M4+(q2)2

fulfills the criteria and has the added advantage that its
square, which appears in free-space and nuclear-matter
loops, is convenient for analytical manipulations such as
inverse Fourier transformation or complex integration.
Of course, in many cases a more rapid falloff for large ¢
may be desirable; then a power larger than 1 could be
chosen in (4.35).

Besides the mathematical criteria introduced above, we
can also try to use physical insight to help with the
choice of the cutoff. In fact, we can be glad for the cutoff
or smearing in our theory of hadron fields, since these
fields are not elementary and therefore should not be used
to describe short-distance or high-momentum phenome-
na. As a result neither the Lagrangian vertices I'° nor
the residual effective interactions U ought to be pointlike,
but ought to become smooth on a distance scale of the or-
der of hadronic sizes. The electromagnetic form factors
of hadrons are dominated at long distances by the pion
clouds surrounding them, which are built into our theory
by the self-energies that dress our bare fields. Thus the
scale on which we should expect structure is not the 0.8
fm of the rms charge radii, but rather the much shorter
distance scale where quark-gluon substructure becomes
evident, about 0.1-0.2 fm corresponding to a cutoff mass
M of 1-2 GeV. This cutoff mass has to be chosen at the
same time and by the same methods as the parameters of
the Lagrangian and the residual interaction, i.e., when
fitting to two-body scattering and meson production data.
We hope that most of these data will turn out to be rela-
tively insensitive to the cutoff, as they would be for a
large enough cutoff mass in a renormalizable theory.
However, we have to anticipate that at least the non-



40 RELATIVISTIC TRANSPORT THEORY OF FLUCTUATING . ..

renormalizable parts of the theory, notably the #NA cou-
pling, will surely be sensitive to the cutoff mass and
perhaps even to the shape of the cutoff function. Thus we
may expect that the structure of the hadrons plays a role
in the results obtained, especially in the case of p-wave
couplings.

V. DISCUSSION OF THE MODEL

We have now completed the formal field-theoretic
derivations of our model. We conclude by discussing
some physical implications of the equations and approxi-
mations we have introduced. To facilitate this discus-
sion, we first introduce some simplifications in our nota-
tion.

A. Recapitulation of main equations in simplified notation

In the formal development above we have emphasized
the parallels between n-point Green’s functions and n-
point irreducible vertices. We have thereby introduced a
number of intermediate quantities along the way which
do not appear in the set of equations with which we final-
ly shall be working. These equations contain only the
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mean fields, the two-point Green’s functions, the three-
point vertices and the four-point functions 7 and U.
Thus we may safely dispense with the superscripts that
specify the orders of the Green’s functions and vertices.
Also, since all quantities are now expectation values in-
stead of field operators, we can suppress the bras and
kets. We therefore introduce the following simplified no-
tations:

B (x) for (P (x)) , (5.1)
G.p(xy,x,) for Gf,zﬁ)(xl,xz) , (5.2)
Gop(x1,x,) for Giyup(xi,x,) , (5.3)
Lo (X1,%3,%3) for T3 (x1,%5,%3) , (5.4)‘
I, (x1,%5,%3) for T@).p,(x1,%2,%3) , (5.5)
Fgﬁy(xl,xz,xﬁ for I‘g))aﬁy(xl,xz,xﬂ , (5.6)

with similar substitutions in cases involving fermions.

Applying this simplified notation, we collect the trans-
port equations from Sec. III. The Hartree equation (3.47)
reads

¢a(x)=i2fdxldyldznga‘(x’xl) > Fglblcl('xl;yl’zl)nblcl(yl’zl)

i byey

+X Filﬂlyl(xl’yl’zl )[Gﬂlyl(}’l’ﬁ )+¢BI(J’1 )¢yl(21 )]

By

where, from Eq. (3.43),

T35,(%,,2)=T%5,(x,3,2) + T3, 4(3,2,x) + T4z, %,p) .

(5.7

The Dyson equation (3.53) for the boson two-point Green’s function is

0

Gazal(xz,xl)=Ga2a1(x2,xl)——ifdx3dx4G22a4(x2,x4)Ha4a3(x4,x3)Gazal(x3,x,) ,

where the polarization function is given by Eq. (3.52) which reads

My o (x1,%3)=3 fdyl[rilﬁlas(x 1Y 1X3)+ Fgla_.,/.?l(xhxbyl Vg, (1)

By

B 18373

+i 3 fd)’Idzldhdzsrglblcl(x1,}’1,21)Gb3bl()’3’J’1)G

byeybyey

> fdyldzldy3dz3rglﬁlyl(xl’yhzl)Gﬁ3Bl(y3’y1)67173(21’23)Fa3y353(x3’23’y3)

cch(Zsz)Fa3c3b3(x3§z3d’3) . (5.10)

The Dyson equation (3.61) for the fermion two-point Green’s function becomes

Gazal(xZ’xl )=Gt?2al (xZ?xl )—i fdx}dx4G¢?2a4(x2’x4 )20304()&'3,){4 )Ga3a1(x3’x1) ’

where the fermion self-energy from Eq. (3.59) is

Sai0,(x3x1)=3 [T 00 V13%3,%1)65 (1)

1

—i 3 fd}’1d21dY3dZ3FB3a3c3()’3;x3,23)Gﬁ331(}’3,)’1)Gcﬁ(zs’zl)Fglclal()’ﬁzl,xl)-

BicBse;

(5.11)

(5.12)

The Dyson equation (3.76) for the dressed three-boson vertex becomes
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Cop(%.3,2) = Toyplx,2,9)=Top (x,3,2)—i 3 fdyldyzdzldzz[r‘aﬁly)(x,yl,zl)—Fi},l,;‘(x,z,,yl)]

BiByv 172

><G,32,31 (¥2,4 )Gm,z(zl,zz )Uﬁzhﬁy(yz,zz,y,z)

+i 3 [dyidyadzidzCap c (x391,20)Gy0 (92,91)

bibycyc,

while the Dyson equation (3.77) for the boson-fermion vertex reads

Cope(x30,2)=Top(xsp,2)—i 3 fdJ’1dJ’2d21dzz[ra/s‘yl(x;h)h)_nglﬁl(x’zh,vx)]

BiByy 172

+i 3 fdyldyzdzleZFablcl(x;yl’zl)szbl(yZ’yl)Gclcz(zlvzz)Uczbzbc(yzazz;y;Z)-

bibycqc,

The one-body irreducible effective interaction of Egs. (3.68)—(3.70) becomes

szyz(yz,zz,y,z)z Tp,y 8y ¥2:22,0,2)Fi Y fdxzdx L 100, (92:225%2)G 0,0 (%5,X U o5 (X, ,2)

a]a

Tbﬂ,zbc(yz,zz;y,z)z Tﬁzyzbc(y2722;y’2)+i2 fdxzdx I“Bzhaz(yz,zz,xz)Gaza(xz,x)l"abc(x;y,z) ,

ala

and

Tclzbzbc(yZ’ZZ’y’z)E Tczbcbc(y2’227y’2)+i2 fdxldx razczbz()‘z;Zz:Jh )Gaza(x2>x )Fabc(x ;y,z) .

ala

The two-body irreducible residual effective interaction of Egs. (3.73)-(3.75) is given by

T;3272B7/ (J’zyzz,y,2)= U/jzyzﬁy(yZ’ZZ’y’Z)

+i f dy;dy,dz3dz, T, b, (92:22:Y4:24)Gp 5,V 4,93)G

T;jzyzbc(yZyzz;y)z)= Uﬁzyzbc(yz,zz;y,z)

Tclzbzbc (2,222, 2)= U, 5, bc (V25225 952)

—i f dy,dy,dz;dz, T;izyzb4c4 (¥2,225Y 4,24 )GB4/33()’4J3 )G73y4(23’z4 )Uﬁﬂsbc(m,zﬁ,\’,Z)

XGe,e,(21,2:)Upye,p, (0:252,22) (5.13)
XG};sz (,V2>,V1 )Gyn’z(zl’zl)Uﬂzyzbc(ybzz;yaz)

(5.14)
(5.15)
(5.16)
(5.17)

_ifdy3dy4dzzdz“Tbﬂzﬁ‘t“(yz’zz’y“’z“)G/aﬁz(y“%)Grm(zs’zaz>UB373ﬁy(Y3,za,y,z)
C3C4(Z3’z4)Uﬁ7L‘4b3 (}’,Z,)’3,23) ) (5.18)

—ifdy3dy4d23d24szyzﬂ“y“(yz’zby“,z“)Gﬁws(y“’y-”)G7’37’4(23’z4)U337’3bc(y3’23;y,2)
+ifdy3dY4dZ3dZ4sz7’zb4C4 (25225424 )Gb4b3(y4’y3)Gc304(23’z4)Uc3b3bc(}"3,23,y,2) s (5.19)
e3¢, 73200V b be (3,23,0,2) (5.20)

+i fdyde4dz3dz4Tc,2b2b4c4 (¥2:22,4,24)Gp 5, (¥4,53)G

B. Effects of symmetries on means fields,
two-point Green’s functions, and vertices

The dressed two-point Green’s functions and vertices
of the model are given by the general equations above
with the substitutions of Appendix A for the bare two-
point Green’s functions and vertices. These equations
respect the conservation laws implied by the symmetries
of the Lagrangian; however, not all the solutions of the
equations possess all the symmetries of the Lagrangian.
In general, we need to be able to prepare wave packets

corresponding to initial conditions which break the sym-
metries of the Lagrangian: for example, a scattering
wave function singles out the beam direction. Further-
more, we may expect to find stationary solutions of the
theory which break the symmetries spontaneously, or in
which the explicit breaking of one symmetry leads to
solutions which break another, as when a nonzero chemi-
cal potential for baryons leads to mean-field solitons that
break translational and boost symmetries.” Since our
theory includes the RPA or iterated-loop correlations, it
goes a long way toward restoring the broken symmetries
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by projecting out spurious modes.* Although our theory
goes beyond the mean field, the mean field has such a
prominent- part in our equations that we expect similar
broken-symmetry solutions to play a comparable role.

In the absence of broken symmetries, we expect only
the scalar field to have a mean value ¢,(x)=0, which
has to be independent of the coordinates. In the presence
of symmetry-breaking mean fields, the two-point Green’s
functions and vertices will also describe processes that
violate the symmetries of the Lagrangian. For example, a
position-dependent mean field will lead to two-point
Green’s functions and vertices that do not conserve
momentum. Similarly, solutions describing nuclei with
unequal numbers of neutrons and protons can have two-
point Green’s functions and vertices in which isospin is
not conserved, so that rhos can turn into omegas; if the
nucleus is not spin saturated, nucleons can also turn into
deltas. Similarly, the description of spin-polarized nuclei
may lead to two-point Green’s functions and vertices
where parity and angular momentum are exchanged with
the mean fields. In these cases, all of the terms in the
Dyson equations will contribute to each two-point
Green’s function and vertex, and no simplifications can
be counted on beyond those inherent in the zero-range
effective interactions.

In simpler cases, however, we may hope to find solu-
tions which break only a few of the fundamental sym-
metries, such as translational and boost invariance. For
example, ignoring the effects of Coulomb forces and the
tiny charge and isospin dependence of the nuclear forces,
the ground state of an even-even nucleus with N =Z has
isospin zero both globally and locally. If we restrict our
considerations to nuclei with equal and even numbers of
neutrons and protons, then isospin and parity should be
good quantum numbers conserved by the mean fields and
therefore also by the dressed two-point Green’s functions
and vertices. Thus the mean fields of the isovector
mesons 7 and p vanish. We expect this condition to per-
sist dynamically in the collision of two such nuclei. The
isoscalar mesons o and w, however, do possess nonvan-
ishing mean fields.” For a time-independent stationary
state (such as the nuclear ground state), the mean vector
field ¢ _, will have only a timelike component 11 =0, but in

time-dependent situations with spatial inhomogeneities
other components of the mean vector field may appear.
By inserting the bare vertices of Egs. (A3) and (A4) in the
Hartree equation (5.7), we see that ¢, and ¢ , originate

from the scalar and vector densities of the nucleons and
deltas.

Since each meson of the model has a unique combina-
tion of isospin and parity, its propagation also involves
admixtures of a unique set of intermediate states when
these quantities are conserved. Thus there are four
different parity-isospin classes of one- and two-body bo-
sonlike excitations which propagate independently of
each other except for their mutual effects on the dressed
quasiparticle excitations, which appear pairwise in the in-
termediate states of the boson two-point Green’s func-
tions and vertices and also contribute to the mean boson
fields. The propagation of the scalar field o involves in-
termediate states of NN, AA, and 77 coupled to isospin
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zero and natural parity. The propagation of the isoscalar
vector meson o involves only NN and AA pairs. The
propagation of the pseudoscalar isovector field 7 involves
intermediate states not only of NN and AA, but also NA
and AN; in addition, there are intermediate states of wo
and mp resulting from the meson-meson coupling. The
isovector vector meson propagates through intermediate
states of NN, AA, NA, AN, and 7.

C. Critique of the Migdal approximation

The central approximation of our transport theory is
Migdal’s phenomenological parametrization of the resid-
ual effective interaction U by a zero-range local function
of the fields. We have shown how this approximation
truncates the heirarchy of Dyson equations, reducing
them to a finite set of coupled equations for functions of
two space-time variables. A main virtue of our formula-
tion is that U is well defined in terms of the T matrix for
hadron-hadron scattering. Thus we can compare the ap-
proximate form we need to our knowledge and expecta-
tions about the exact result.

The first, most striking objection to Migdal’s approxi-
mation is that it breaks crossing symmetry. The equa-
tions relating T and U reduce out one- and two-particle
intermediate states only in the channel with excitations
carrying no baryon number; such states are still present
in the crossed channels. In principle we could try to per-
form the reduction in a crossing-symmetric way, adapt-
ing the parquet-diagram techniques of Lande and
Smith.!® However, the resulting equations would surely
involve functions of at least three space-time variables
even if the fully irreducible residual interaction (analo-
gous to U) were approximated by a zero-range force.
Thus they would be numerically tractable only in situa-
tions of high symmetry, such as free space or uniform nu-
clear matter. While such equations would be interesting
in their own right, they do not promise to help interpret
data from nuclear collisions.

Since we must reconcile ourselves to the loss of cross-
ing symmetry, we need to evaluate the seriousness of the
resulting deficiency. Here we recall the argument used in
Sec. IIID to choose which channel to favor: we have
tried to take explicit account of the lowest-energy excita-
tions.

To judge the effect of the resulting approximations for
hadron scattering, we begin with the single-meson ex-

(a) M (c) E
v L - dX
FIG. 8. Treatment of single-meson exchange graphs in the
transport theory: (a) included in NN scattering, (b) not included

in NN scattering, (c) included in NN scattering, (d) not included
in NN scattering.
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change graphs. Figure 8 shows the consequences for NN
and NN scattering. The graph of Fig. 8(a) is generated
explicitly by Eq. (5.17), while Fig. 8(b) has to be included
in U. This is a reasonable approximation because the
meson in Fig. 8(b) is far off its energy shell, making the
resulting diagram a smooth function of the four-momenta
of the fermions in the kinematic region of interest, which
may reasonably be taken as a constant—the pure Migdal
approximation—or as a slowly falling function—the re-
sult of the smearing procedure employed to regularize the
loops. The corresponding crossed-channel diagrams for
NN scattering are shown in Figs. 8(c) and 8(d) respective-
ly, which together constitute the one-boson exchange
force. The diagram of Fig. 8(c) is included explicitly in
our approximation, while the locality approximation on
Fig. 8(b) results only in a zero-range contribution to the
one-boson exchange in Fig. 8(d). However, this unac-
ceptable defect is easily remedied by taking care to use
antisymmetrized wave functions when evaluating the
scattering produced by the T matrix computed from the
transport equations; when this is done, Fig. 8(d) will be
correctly generated from Fig. 8(c). We must accept that
we have to be careful to carry the antisymmetry in the
wave packets, rather than allowing ourselves the conven-
tional reliance on the exchange properties of the T matrix
that normally make explicit antisymmetrization unneces-
sary. With this caveat, however, we see that the single-
meson exchange is treated in an acceptable way.

The two-meson exchange graphs of NN and NN
scattering are not treated as explicitly as the single-meson
graphs, since we are missing the crossed-meson exchange
diagrams that cannot be restored by antisymmetrization
of the initial and final states. However, the correlated
two-pion exchange is approximated by the scalar field o;
other two-meson graphs lead to forces of short enough
range that they may reasonably be approximated by our
smeared & functions. The most important two-particle
intermediate states appear instead in the meson self-
energies, where we have taken pains to include them ex-
plicitly. Of course, these arguments show that our
chosen truncation scheme is tailored to our intended ap-
plications. On the other hand, we cannot hope to give a
satisfactory account of, e.g., NN annihilation without ma-
jor extensions of the transport theory, since such process-
es reach far beyond the kinematic regime where our argu-
ments apply.

Even in its realm of validity, the truncation of iterated
meson exchanges means that our equations do not au-
tomatically enforce unitarity in the NN channel,?° as they
would if they summed ladders. Instead we have to ensure
the unitarity of NN scattering as a constraint on its pa-
rametrization. This leads to a rather complicated condi-
tion on the phenomenological effective interaction.

A second objection to the Migdal type of phenomeno-
logical force is that the effective interaction U should de-
pend in principle not only on the mean fields—or,
equivalently, local density—but also on higher moments
of the fields or momentum distributions, for example the
temperature in an equilibrated system. Extending the
model to include such dependences would be quite
straightforward and ought to be included among the phe-

nomenological investigations.

A third objection to the truncation scheme that we em-
ploy is that it does not automatically incorporate the
thermodynamic or variational relationships among global
and single-particle properties.?! For example the chemi-
cal potential used to separate particle from antiparticle
states in the Green’s functions may not be equal to the
derivative of the energy calculated from the one and
two-body density matrices determined by the Green’s
functions and 7T matrices. It is unfortunate that this
desirable characteristic is not guaranteed by the structure
of the equations, as it would be in an exact theory; how-
ever, it can be enforced as a constraint on the density
dependence of the phenomenological residual effective in-
teraction U.

We conclude that the Migdal approximation should be
not merely adequate but actually quite good for the appli-
cations we propose. Our arguments are in good agree-
ment with decades of satisfactory experience with
density-dependent local effective forces in nuclear-
structure applications. There, the most serious deviation
from the local approximation appears in magnetic collec-
tive excitations, which are sensitive to crossed-channel
meson exchange.”? Another major effect which we may
not be able to reproduce quantitatively is pairing, which
relies on high-order multiple scattering in the NN chan-
nel to build up the correlations. Thus we expect to be
able to reproduce most but not all features of nuclear
structure.

Our analysis of the truncation scheme suggests a
reasonable simplification in the equations to be solved:
we may as well limit the sums over intermediate states to
only those lowest-energy states which we have argued to
be specially important. Thus, for example, no important
loss would be suffered by omitting most NN channels in
the meson propagators, retaining only those correspond-
ing to holes or retarded meson-nucleon scattering; of
course the same states would have to be omitted from the
three- and four-point vertex equations. Similarly, the re-
lation between T and U could be truncated to discard in-
termediate states of two heavy mesons, provided these
were also consistently removed from the Dyson equations
for the two-point Green’s functions and dressed vertices.
While these steps do not provide a simplification of prin-
ciple, they could be of substantial practical advantage in
the numerical treatment of the coupled equations.

D. Conclusions and outlook

We have presented a transport theory for hadrons
which appears to be capable of giving a quantitative in-
terpretation of nuclear collisions in the regime of labora-
tory energies around 1 GeV/nucleon. Since our theory
includes the one-body density matrices of the hadrons, it
can be used directly in the phenomenological context al-
ready developed around the Boltzmann equation; in addi-
tion our theory includes predictions for the correlations
of hadrons, usually called interferometry. Before apply-
ing the equations to the case of relativistic heavy ions, it
will first be necessary to address the simpler cases of
hadron-hadron collisions at low and intermediate ener-
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gies. There, we will fit the parameters of the Lagrangian
and the free-space residual interaction to the observed
scattering data. Our model incorporates barely enough
parameters to permit success at this program. Corre-
sponding to each of the four spin-isospin channels of NN
scattering, we have four exchanged mesons, each de-
scribed by at least three parameters: a bare meson mass,
a bare meson-nucleon coupling constant, and one or more
Migdal parameters giving a range to the meson-nucleon
vertex. These parameters plus the meson-A couplings
and two meson-meson couplings have to describe not
only NN scattering but also 7N scattering and pion pro-
duction (including the physical pion mass); in addition we
have at our disposal a cutoff mass scale used in smearing
the vertices to regularize the loops. Success at this stage
will be a good indication of the quality of our theory.

After fitting the Lagrangian and free-space Migdal pa-
rameters to these elementary processes, we plan to
proceed to nuclear matter and finite nuclei. Here our
model will be an extension both of the density-dependent
mean-field method and of the self-consistent delta-hole
model, including the binding forces on an equal footing
with the explicit pion propagation. These studies will al-
low us to fix the low-density behavior of the Migdal pa-
rameters, and perhaps also to resolve any ambiguities
that may remain from the two-body phenomenology.
The Green’s functions that solve the transport equations
for nuclear ground states will automatically describe the
scattering of nucleons and mesons from those nuclei as
well as their normal modes of collective vibration. Thus
the properties of the theory will be thoroughly tested be-
fore proceeding to the most demanding computations of
nuclear collisions. We hope that experience gained in the
preliminary studies will lead to further simplifications
and clever techniques for treating our transport equa-
tions.
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APPENDIX A: BARE PROPAGATORS

AND VERTICES OF THE MODEL
The bare vertices Ty, =T(3),p, and Tig. =T'(3),. are
found by comparing Egs. (3.1) and (2.6) and (2.7):

I‘f,o,, 7 (%:1,2) = =8 8y 8(x —p)8(y —2) (Ala)
3
() - —)—9% sy —
Fpﬁlﬂk(x,y,z): 8 prr€ijuO(x y)ayHS(y z),
TN (x;5p,2)=—g and(x —»)8(y —2) , (A2a)
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DOy (X53,2) = —ig 77 57 =0 8x —3)8(y —2) ,
oxH

(A2b)
L W (x53,2) =g v v#8(x —y)8(y —2) , (A2¢)
r((ﬁ)tNN( x3y,z)= %ggNNV”_'_gPTNNUW 82" i
X8(x —y)8ly —z), (A24)
F(ONA,LL( ,y,z)zgﬂNATi—g;ES(x —y)8(y —z), (A2e)
DO X 59,2) = —gomays [Pi o — =2 | T,
Pi ox ox#
X8(x —y)dly —z), (A2f)
OA#AV(X VZ)= —8oan8unO(x —)8(y —2) , (A2g)
F(O)AMV(X »z)= ‘ignAAgW‘}’)"TsTi’é%ﬁ(x —y)y —z2),
(A2h)
T8 g (X33,2) =8 yan& ¥ 8(x —p)8(y —2) , (A2i)
AAuAv(x,y, 2)=8,an8 Y AM8(x —p)8(y —z2) , (A2))

remembering that the Lagrangian also includes terms
Hermitian conjugate to (A2e) and (A2f).

The free two-body propagators G2’ =G |3}, of bosons
and G\¥=G{}),, of fermions may be found by solving
Egs. (3. 51) and (3.58) in the case where II=X=0. Identi-
fying T'{3) from Egs. (3.45) and (3.60), using Egs. (3.42)
and (2.2)—(2.4), we find the defining equations for G{3):

i[3,0*+m21G? (x,y)=8(y —x) , (A3a)
i[9, +m21G ) (x,y)=8(x —y) , (A3b)
i[3%9, +m2 ]G (x,p)=gH*8(x —y) , (A3c)
i[8"3,+m?2 ]GO (x,y)=g""8(x —y) , (A3d)
—i[iy"d,— My ]G\ (x,y)=8(x —y) , (Ada)
—i[iy"0, ~ M 1G O™ (x,y)=g"8(x —y),  (A4b)

where all the free Green’s functions are diagonal in iso-
spin and particle type. The free Green’s functions solving
Eqgs. (A3) and (A4) are well known and need not be dis-
cussed further here except to note that the phase conven-
tion is determined by the inhomogeneous terms in the
wave equations (A3) and (A4), and to recall that the
Green’s function for the A is proportional to the projec-
tor into the S =2 subspace of the +® 1 Rarita-Schwinger
representation, while the free propagators of the massive
vector mesons are divergenceless leaving three indepen-
dent degrees of freedom in contrast to the two transverse
components of the massless vector photon.
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APPENDIX B: DISPERSION RELATION ImEaB(w)= _ f do [Re@a(w-l—w’)ReGB(m’)
FOR LOOP INTEGRALS 2
To obtain the dispersion relation for the loop integral, —ImG,(0+0")ImGglw")] . (B2)

Eq. (4.10), we begin with the time Fourier transform of

. . . G, and G g each satisfy dispersion relations of the form
Eq. (4.40). Suppressmg spatial coordinates, we have

L . do' P ,
Lyplo)=—>— fdw dogd(w,—0s—0)G o(0,)G5lap) ReG(w)= [ 7‘;’ ———ImG(o)sgn(o’'—p) , (B3)

= EL f do'Gy(o+a")Ggle) (B1)  where u is the chemical potential.
™ In order to evaluate (B2), we need the theorem of Poin-

from which we obtain care and Bertrand:'®??
J
® 73 @ 7) _ © o0 ?) 7-) 2

I fﬁwdyy_xf(x,y) fﬁwdyf_wdxx_u 5o ) =TS ) (B4)

as well as the identity

d d = d d .

f jl y f y f X ——— ) —x—a (BS)
Using this theorem we compute

fda)’ReGa(w+a)')ReC~¥,3(a)')=—12-fda)’fdwa—cp——lméa(a)a)sgn(wa-—,ua)
T

’
W0 —w

X fda)B wl:)-co’ ImGB(a)B)sgn(wﬁ—~,uB)

— ﬁ; fdwalméa(wa)sgn(a)a~,ua)

, P P ~
X fdco pO——— fdwﬂcoﬁ—w' ImGglwglsgn(wg—pug)

=;:7fdwaImGa(coa)sgn(a)a—-,ua)fdwﬁlméﬂ(wﬁ)sgn(wﬁ—uﬁ)
P P

" __ —
O'—w,To vg—o

dew’

2
+Z—2—fdwaImGa(a)a)sgn(wa——,ua)lméﬁ(wa—w)sgn(w,,~—w—,uB)
T

= fdwaImGa(wa)sgn(ma~ya)ImGﬁ(wa—w)sgn(wa—w—,uB) , (B6)

so that

ImL 4(w)= f %%Im@a(w-f-a)’ MmG (o)1 —sgn(w+o' —p,)sgn(o’ —pg)]

dwada)ﬁ ~ —~
=fTS(wa—wB—w)ImGa(wa)ImGB(coﬂ)[l-sgn(a)a—,ua)sgn(a)ﬁ—,uﬁ)] . (B7)

Noting that the integrand vanishes unless o, and wg are on opposite sides of their respective chemical potentials, we
confirm that only particle-antiparticle (hole) contributions survive. Equation (4.11) is a simple rewriting of Eq. (B7).
Turning now to the real part of the loop, we have from Eq. (B1)

_ dod _ _ o
ReL 5(w)= [ %S(wa—wﬁ—w)[ImGa(wa)ReGB(wB)+ReGa(a)a)ImGﬁ(wﬁ)]
do,dow g ~
=f____§8(a) —wg— o) [ImG 4 (w )f - —a;ﬁ—i)-a—’;lmGB(wb)sgn(w}j—yﬁ)

+fdw;_~,1>—

™ wa—wa

ImG ,(w,)sgn(w, —p,)ImG glwp)
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Using the 8 function to integrate over wg and w, in the first and second terms, respectively, we find after substituting

variables
do,dog P

ReEaB(a))=-f

ImG ,(w,)ImG glwp)[sgn(wg—pg) —sgn(w,—p,)]

272 W, — W~ ®
do,dog P ~ ~
=—[ ImG (0, ImG g(wp)[ Oty — 050 wp—15) — 0l — )0 ug—wp)] . (B8)
T 0,0
As before, we confirm the absence of the particle-particle terms.
Finally, we confirm that the loop obeys a dispersion relation of the form (B3). Using Eq. (4.11) we compute
dCO’ ? — , . _ do' dwade 7-’ _ .
fTw’—w ImL g0 )sgn(e’ —p,+ug) 2f - f e w,_wﬁ(a)a wg— ')
Xsgn(o' —p,+up)ImG ,(0,)ImG g(wp)
X[0(w,—p)0(ug—wg)+0(n,—0,)Hwg—pg)] ,
dodog P ~ ~
= f :—2 wa_wﬁ_wSg“(“’a—wB—:“a'*‘“B)ImGa(wa)ImGB(“’ﬁ)
X [O(wa—,ua)e(,uﬁ—a)ﬂ)“i—G(Ma_(oa)O(wﬂ—,uB)]
dodo - ~
= [22C% P 110G (0)ImG lwp)
T ©,— 0=
X[0(wq— 1y )0(ng—wg) =0, — @y )0 wg—pg)] . (B9)

Comparison with Eq. (B8) verifies that the loop fulfills the dispersion relation (B3) characteristic of the propagators,
with the appropriate choice of chemical potential as discussed in the text.
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