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We consider loop expansions for the chirally symmetric linear 0 model. The conventional loop
expansion is reviewed, and the tachyon problems due to the large attractive o7 and oo couplings
are investigated. We then study a modified loop expansion that sums the repulsive baryon loops to
all orders at each order in meson loops. Renormalizability is explicitly demonstrated to modified
one-loop order, which corresponds to the relativistic random-phase approximation. We show that
tachyons present in the conventional loop expansion are avoided to a large extent, but ghosts arise
due to the unphysical behavior of the vacuum loops in this field theory that is not asymptotically
free. Implications and possible solutions to this problem are discussed.

I. INTRODUCTION

Reliable methods for calculations of nuclear phenome-
na at high energies or densities are necessary but not
available at present. While traditional nonrelativistic nu-
clear physics based on nucleon and meson degrees of free-
dom is successful at energies small compared to the nu-
cleon mass, the regime of perturbative quantum chromo-
dynamics (QCD) sets in only at energies that are much
larger than the nucleon mass. A large gap remains in be-
tween.

Renormalizable relativistic field theories with hadronic
degrees of freedom can in principle provide a framework
for systematic calculations with a minimal number of pa-
rameters. Quantum hadrodynamics' is a model of this
type. To be realistic, any such model will contain large
couplings, and it is essential to use nonperturbative tech-
niques. The simplest of such techniques are the mean-
field and relativistic Hartree approximations, which have
been quite successful from a phenomenological point of
view. These successes make it even more important to
systematically improve these approximations.

Moreover, to properly connect traditional nuclear
physics to the regime of perturbative QCD, hadronic
models should maintain some symmetries of QCD. In
spite of its phenomenological success, the Walecka mod-
el of quantum hadrodynamics (QHD) lacks chiral sym-
metry, an important feature of both QCD and low-energy
pion physics. In the present work, we consider the
chirally symmetric linear & model® and study its behavior
using a loop expansion. Chiral symmetry imposes con-
straints on the form and magnitude of the nonlinear
meson couplings, and pion dynamics is explicitly includ-
ed. The relationship between the ¢ model and the
Walecka model has recently been discussed in Ref. 4.
The results indicate that the o model can also provide a
reasonable starting point for describing nuclear physics.

The relativistic Hartree approximation represents the
first order of the familiar loop expansion.’ Recently, the
second-order (“two-loop”) contribution to the energy
density has been calculated in the Walecka model.® The
loop expansion, however, appears not to be very useful:
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The two-loop results do not indicate any kind of conver-
gence. One of the goals of the present work is to see if
chiral symmetry can improve the situation. This is
relevant since several existing calculations claim a suc-
cessful description of nuclear matter in the o model when
certain loop contributions are included.” ~*

In applying the loop expansion to the linear o0 model,
however, one immediately encounters a problem: The
strong attractive o interaction gives rise to a tachyonic
pion (m2 <0) even at very low densities and in the one-
loop approximation. This produces a complex effective
potential. Strictly speaking, the one-loop effective poten-
tial is not defined at all, since the Legendre transforma-
tion from the generating functional to the effective poten-
tial is not possible. Although the loop expansion has
been used previously to calculate the binding energy of
nuclear matter in the linear o model, the tachyon prob-
lem has traditionally been ignored”® by omitting the
pionic contributions completely. A similar problem
occurs also for the o meson, but at higher density. In
Refs. 10 and 11 the tachyon problems associated with the
pion and scalar propagators are recognized, but no satis-
factory solution is given. Clearly, approximations that
include o loops but ignore 7 loops treat the o and 7
asymmetrically and probably violate chiral symmetry.

A modified loop expansion was proposed by Weiss in
Ref. 12. In this approach, the meson loops are included
order-by-order in #, but baryon loops (which provide
repulsion) are summed to all orders. Weiss developed
this technique for field theories with broken symmetry at
finite temperature, where the effective potential can also
be complex, and he argued that in some cases, the com-
plex effective potential of the conventional loop expan-
sion can be avoided. The modified loop expansion
preserves both renormalizability and chiral symmetry. In
Ref. 13, the 0 model was considered in the zero-loop ap-
proximation to the modified loop expansion, which in-
cludes only baryon tadpoles. In this approximation, the
tachyon problem does not occur.

Here we apply the modified loop expansion to the
linear 0 model. To one-loop order, which corresponds to
a relativistic random-phase approximation, we demon-
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strate renormalizability at finite density and show that
this expansion technique indeed moves the pionic
tachyon pole to higher densities. Unfortunately, there is
a price to pay: The summation of the baryon loops to all
orders introduces additional ghost poles.

The ghost poles arise because the underlying hadronic
model is not asymptotically free.!*”!” Ghost poles are
also present in quantum electrodynamics, but they occur
at energies above the Planck scale, because the elec-
tromagnetic coupling is small at zero momentum
transfer. In the o model, they occur at much lower ener-
gies and produce an imaginary part in the effective poten-
tial that is much larger than the real part. Thus, while
the modified loop expansion can, to a certain extent, solve
the tachyon problem, the resulting effective potential is
dominated by its imaginary part, signifying an unstable
ground state.'® The occurrence of unwanted poles in the
random-phase approximation is not unusual; indeed,
similar poles produce an unphysical pion condensate in
nonrelativistic nuclear models. In our case, the ghost
poles come from the unphysical behavior of vacuum
loops at high momenta.

The paper is organized as follows. In Sec. II we review
the conventional loop expansion to first order for the
chiral model and highlight the resulting problems. In
Sec. III we describe the modified loop expansion and ap-
ply it to the chiral model. The renormalizability of the
modified one-loop energy density is explicitly demonstrat-
ed in Sec. IV. In Sec. V we consider the special case of
the conventional two-loop approximation for the Walec-
ka model. We show how it can be obtained from the
modified loop expansion and demonstrate agreement with
the results obtained in Ref. 6. New results for the chiral
model are presented in Sec. VI, and Sec. VII contains our
conclusions.

II. ONE-LOOP APPROXIMATION

Systematic methods for calculating in strong-coupling
field theories are rare because of the lack of a suitable ex-
pansion parameter. The loop expansion is an expansion
in Planck’s constant # or equivalently in the number of
loops,’ and it is nonperturbative in the mean fields. It
can be obtained by systematic expansion of the exact
path-integral representation of the generating functional.
As applied to the Walecka model of quantum hadro-
dynamics,’ keeping only the first-order terms is
equivalent to the relativistic Hartree approximation. The
two-loop energy density for this model has been evalu-
ated in Ref. 6. The results do not indicate convergence of
any kind for the loop expansion.

We now proceed to discuss the loop expansion for the
linear 0 model. The o model is chirally symmetric and
thus shares an important feature of QCD and correctly
describes low-energy pion phenomenology. The La-
grangian is given by

L, =V[id—gl(s +iys77T)]¥ +5(9,s0¢s +0,707)
—IMs?+ 7 —v?)tes . 2.1)

Here ¥, s, and 7 are the nucleon, scalar meson, and pion
fields, and g is the 7N coupling constant. The parameters
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A and v describe the strength of the meson self-couplings,
and € is a chiral symmetry breaking parameter related to
the pion mass. This Lagrangian exhibits spontaneous
symmetry breaking; the vacuum expectation value (s ) of
the classical scalar field, defined by minimizing the tree-
level effective potential, is nonzero and provides the nu-
cleon and the scalar meson with their masses. In the
chiral limit (e=0) the pion is the massless Goldstone bo-
son of the spontaneously broken symmetry.
In terms of the shifted scalar field

o=(s)—s

and the nucleon mass M, scalar meson mass m,, and pion
mass m . defined by

(2.2)

2 2
mS _mﬂ
M=g(s), e=%mf,, }\=—‘2ﬂi—g2 . (2.3)

the Lagrangian reads

L;=V[id—(M —gd)—igys7 7]V +1(3,43"¢ —m2¢?)

+i@mwr—min?)—V($,7), 2.4)
where
Vg, 7)=—gd(d*+7 ) +g,($*+72)?, (2.5
with the abbreviations
_ msz—m,z, _ zmsz—mfr
8178 BT T (2.6)

Since the nucleon mass, pion mass, and 7N coupling are
assumed known, the linear o model has only one free pa-
rameter, the mass of the scalar meson. The coefficients of
the nonlinear meson couplings are all related to each oth-
er and prescribed by chiral symmetry. It is possible to
add a neutral, massive vector meson (@) without destroy-
ing either the chiral symmetry or the renormalizability.

The generating functional Z with a source j for the
scalar field is given by

Z[j)=exp | WL

=N [DI DYDY Drexp | 1 [d*x[L+id1 |,

2.7

with the normalization constant

N= [ DY DY D¢ D7 exp

%fd“xi(b]

zero density

(2.8)

The Lagrangian £, [Eq. (2.4)] has to be supplemented by
counterterms that are not written explicitly here and will
be discussed later. Equation (2.7) is to be interpreted in
the canonical ensemble at finite density p, which is
achieved by imposing the appropriate boundary condi-
tions on the baryon propagator used to evaluate the path
integral. We will assume that all observable fields are
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uniform and that the ground state has well-defined parity,
so that the expectation value (#) of the pion field is zero
to all orders in the coupling. The observed ground-state
expectation value of the scalar field is given by

SwW

(¢)= lim 5/

j—0

(2.9

The classical field equation for the scalar field in a uni-
form system (¢, =const) reads

mlbo+Vy(dg)=j ,
with

(2.10)
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V(g)=V($,7=0)=—g,¢*+g,06*, (2.11)

v
Vyld)= dd; ) = —3g,4°+4g,¢4° . (2.12)

The loop expansion now proceeds by expanding the
scalar field around its classical value,

d(x)=¢o+#"%0(x), (2.13)
and by rescaling the fluctuating pion field:
#(x)—>#"*7(x) . (2.14)

Insertion into the generating functional Z produces

Z[j1=N""exp

4 [Steo1+ [ax g '

X [ DYDY Do D7 exp [ifd“x (Lol —O—m2—V4(do)lo+T[iB— (M —g o) 1¥

+iF —O—m2 =V, . (¢o) 17+ 5 gWVo —i#' g Wy 7¥7

+#%g, —4g,do)0(a*+72)—Hig,(a?+ 72} |, (2.15)
which is still exact. Here we have defined the derivatives of the potential as
d*V(¢)
V¢¢(¢)=T&Q—=6( —81$+28,4%) , (2.16)
2 ~
Vo) =2V ST o grag,47, 2.17)
o7 #=0
and S[¢,] is the classical action
Slgol= [ d*x[—1im2g—V (4] (2.18)
that gives rise to the classical or tree-level effective potential U'°((¢,). For exact chiral symmetry,
m 2 (MZ _M*Z )2
U0y =—5-———r" 2.19
¢0 8g2 M2 ( )
where the effective nucleon mass is defined by
M*=M—g4, . (2.20)

The physical minimum of U'*(¢,) occurs at ¢,=0.

The remaining terms in Eq. (2.15) describe the inverse scalar meson propagator as modified by the scalar meson self-
interactions, the inverse baryon propagator in the presence of the classical scalar field, the modified inverse pion propa-
gator, the interactions of the baryons with the fluctuating fields, and the boson field self-interactions. The last two
groups of terms involve additional powers of 7 and therefore do not contribute to one-loop order. Thus, in the one-loop
approximation, the path integrals can be evaluated separately for the scalar meson, baryon, and pion:

—1 [ 4 e _ d*k Vss(40)
N, ffDO’ exp lfd x{zol—0—m;—Vy4(do)lo} ]—exp —%fd“xf (2”)411’1 l—m ’ (2.21)
4
W' [DEDY exp [i [ d'x (TiB—(M —gdol¥) |=exp | [d'x [ (‘2’ Strin |1+ kg‘b]“w ] : 2.22)
T —
—1 — . 4 T a2 _ _ d4k er(¢0)
N, fﬂﬂexp tfd x{i#[—0-—mi—V,_ (dy)]7)} ]—exp —%fd"xf (277_)4111 1——m (2.23)
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Here N,, Np, and N, are appropriate normalization
constants determined from the noninteracting propaga-
tors. The boundary conditions on the fermion propaga-
tor are left unspecified and will be imposed later to gen-
eralte the analytic structure appropriate for finite densi-
ty.

The one-loop effective action I''"[¢] is obtained from
the connected generating function W'V[j] by a Legendre
transformation from the sources to the fields:

r'g1=wjl- fd*x jg .

On the right-hand side, the source j drops out because
the classical action is stationary about ¢, which satisfies
Eq. (2.10). The one-loop effective potential U''(¢) is ob-
tained from

F(l)[¢]:_fd4x U(])(¢)

and in the linear 0 model, apart from counterterms, is
given by

U(l)(¢)=%ms2¢2+ V(¢)

(2.24)

(2.25)

_ifipdtk 1 Vasld)

27 @2t k*—ml+in

ifi 0 dk Varld)
-3 In|1— "

2 Y (2m)t k*—mi+in

4
+iva [ LK |1+ 82| 20
(2m) —

Here N denotes the baryon isospin degeneracy, and tr
denotes a trace with respect to Dirac indices only.

The remaining integrals can be evaluated after dimen-
sional regularization, and counterterms are introduced.
As discussed in Ref. 13, the structure of the counterterms
is restricted by chiral symmetry. We renormalize in the
limit of exact chiral symmetry, thus minimizing the num-
ber of renormalization conditions. To order #, the re-
quired counterterms in the original Lagrangian (in terms
of the unshifted scalar field s) are

8L, =AlaM¥ (s> +7 ) +b (s2+7)?

+c(3,s0"s +0,70"7)] (2.27)

where a, b, and ¢ are constants to be determined by re-
normalization conditions. After shifting the scalar field
by its vacuum expectation value, 8L, becomes

_ a2 2 a3 3 (14 _

B,
T2 o422 TR 4222
TR T T

| 1
- EQWDW‘ E§S¢D¢ , (2.28)

where the constants a;, B;, and ¢ are related to a, b, and ¢

vial?

3
@=— 21;4 2% (2.29)
g
a,=2M"* |a+ —6% : (2.30)
g
ay=—242b (231
a,=24b , (2.32)
B,=2M" |a +31;— J , (2.33)
g
g,=—sMb (2.34)
g
Bs=8b , (2.35)
£=6=2 . (2.36)

The finite parts of the counterterms are determined by
renormalization conditions. We choose the first two con-
ditions so that the pole of the pion propagator A_(q)
occurs at g2=0 with unit residue in the vacuum. This
determines the coefficients 8, and §, and automatically
guarantees that the s-wave, isospin-averaged 7N scatter-
ing length vanishes at threshold. We also observe that f3,,
the coefficient of the pion mass counterterm, is propor-
tional to a,, the coefficient of the term linear in the scalar
field ¢. Thus proper renormalization of the pion mass
automatically ensures, via chiral symmetry, that the
minimum of the one-loop effective potential at zero densi-
ty is still at ¢ =0. The third renormalization condition is
imposed on the scalar propagator A (q). For simplicity
and since the scalar meson mass is not a physical observ-
able, we require that

A7 Ng?=0)=—m}. (2.37)

This condition guarantees an unchanged quadratic term
1ml¢? in the effective potential (and energy density) and
determines the coefficient @,. Note that chiral symmetry
does not allow us to independently impose unit residue at
the pole; in fact, it is well known® that in the linear o
model, the residue at the pole of the scalar meson propa-
gator is different from unity.

To one-loop order in uniform systems, only the polyno-
mial terms in ¢ [the coefficients a; to a, in Eq. (2.28)]
enter explicitly, since all the other terms involve an addi-
tional power of # from either #—#'/?% or ¢=¢,+#' %0
with ¢,=const. Equations (2.29)—(2.32) imply that the
a; depend only on a and b, not on c¢. Therefore the
meson mass renormalization conditions alone determine
the renormalized one-loop effective potential. This is a
nontrivial result, since the first four powers of ¢ generally
have divergent coefficients.

Explicit evaluation!? of the baryon contribution US" to
the renormalized one-loop energy density at finite baryon
density p yields
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U(l)( k ):ﬁ MZ(MZ__MtZ)_s(M4_Mt4)
B ¢, F 8772 %
M*z ]
—iM**In
2 MZ
k R
+ N v R (2.38)
m Jo
where k. is related to the density by
N 3
=—k7, (2.39)
P 371'2 F

and M*=M —g¢. This is the only one-loop contribution
retained in Ref. 13. The contribution U!" from the sca-
lar meson is (see also Refs. 7 and 9)

#m? V(o)
U(¢)=—=F |22 |, 2.40)
(e 6472 m? (
where
F(x)=(1+x)n(1+x)—x —ix?, (2.41)

and V,, is defined in Eq. (2.16).

It is clear from this explicit formula that the scalar
contribution becomes complex for Vi, (¢)< —m2
Therefore, in the limit of exact chiral symmetry, the con-
tribution to the energy density from scalar loops is real
only for

M*/M>1/V3. (2.42)

The value of M* at any given density is determined by
minimizing the energy density with respect to M*. For
example, if we keep only the baryonic and scalar contri-
butions U and U'”+ U!", and add a repulsive » meson
with parameters as determined in Ref. 13 for the chiral
model, we find that the energy per nucleon

(1)
=Y _uy (2.43)

p
has a minimum in the range of real energy density only
for Fermi momenta below

kg=2.37 fm~" . (2.44)

This is illustrated in Fig. 1, where the energy per nucleon
of symmetric nuclear matter is given as a function of
M*/M for four different densities. At kp=1.3 fm™!,
there is a well-defined minimum (solid line). This
minimum is already rather broad at k=2 fm ! (dashed
line), and for kp=kf=2.37 fm~! (dotted line) the
minimum occurs just at the critical value of M*/M,
where the effective potential acquires an imaginary part.
At higher densities (the dot-dashed line is obtained for
kr=3 fm~!) the minimum occurs outside of the range of
real effective potential.

The occurrence of a complex contribution to the ener-
gy density from the scalar meson is directly related to a
tachyonic scalar propagator. From Egs. (2.15) and (2.16),
we see that the scalar meson propagator that enters in the
one-loop approximation is
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FIG. 1. The energy per nucleon E =(U/p)—M as a function
of M* /M for nuclear matter in the conventional one-loop ap-
proximation with baryon and scalar meson loops. The solid line
is obtained at ky=1.3 fm !, the dashed line at k;=2.0 fm~!,
the dotted line at kr=2.37 fm~!, and the dot-dashed line at
kr=3.0fm™ .

ATk, @)=k —[mI+V,(8)], (2.45)

and therefore the squared effective scalar meson mass be-
comes negative, i.e., the scalar meson becomes tachyonic,
if V()< —ml.

We can view the same problem in yet another way. To
make the Legendre transformation of Eq. (2.24), it is
necessary to invert the function ¢y(j), where @y(j) is
determined from the field equation (2.10) or equivalently
from finding the minimum of the function

V(do :‘;'ms2¢(2)+ Vigo)—jdo -

Solutions @o(j) with ¥ ,4(¢y) <O correspond to unstable
configurations that must be rejected, since the function
J(¢g) is not defined there and the Legendre transforma-
tion is not possible. The condition ¥ 44(¢) <0 for a well-
defined Legendre transformation is exactly the same as
that derived before for a real effective potential.

We now consider the one-loop pionic contribution U}
to the energy density, as obtained from Eq. (2.23). It can
also be written in terms of the function F defined in Eq.
(2.41):

(2.46)

3fim*

T

647?

Vis($)

2
T

U= F (2.47)

3m

Thus, in the limit of small pion mass, the argument of the
logarithm in the function F is negative even for a very
small scalar field. We find, with

<1, (2.48)

mi—m?
a real effective potential only for M* /M >(1—r). A typ-
ical value for the scalar meson mass'> is m, =769 MeV,
which yields » =0.03. As for the scalar meson, this prob-
lem is already apparent in the pion propagator of Eq.
(2.15):
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A7k =kP—m?, mi=ml+lo(ri-pM?) .
g

(2.49)
Because m2 <<m?, the pion becomes tachyonic for much
smaller values of the scalar field than does the scalar
meson.'® In the exact chiral limit, the pion becomes
tachyonic for any positive value of the scalar field.

In Fig. 2 we show the real and imaginary contributions
from the scalar meson (solid and dashed lines) and from
the pion (dot-dashed and dotted lines) to the one-loop
effective potential as a function of the ratio M* /M. The
parameters are taken from Ref. 13. As discussed, the
imaginary part from the pion occurs even at very small
values of the scalar field. For both the scalar meson and
the pion, the imaginary parts are of the same order of
magnitude as the real parts and certainly not negligible.

This feature of the one-loop approximation to the
linear o model raises doubts about its usefulness. The
physical origin of the problem is the strong attractive in-
teraction between the mesons and the classical scalar
field, while the potentially stabilizing repulsive baryon in-
teractions are not included. In general, an imaginary
part of the effective potential may be interpreted either as
an actual dynamical instability of the ground state or as a
shortcoming of the model or approximation used. In the
conventional loop expansion for the linear o model, how-
ever, it is quite clear that the imaginary part of the
effective potential indicates an inappropriate approxima-
tion in light of the strong meson self-couplings. For the
scalar meson, there have been attempts to solve the prob-
lem”® by increasing the scalar mass by inclusion of parts
of higher-loop contributions. This procedure, however, is
rather ad hoc and unsatisfactory, since it does not corre-
spond to a well-defined, systematic approximation
scheme. The pion contribution to the one-loop effective
potential is typically ignored completely (both the real
part and the imaginary part). Thus 7 and o are not treat-
ed symmetrically, as they should be in a chirally sym-
metric model.

1000 — T T L

500

-500

U /p (MeV/nucleon)

—1000
]

FIG. 2. Meson contributions to the energy per nucleon as a
function of M*/M at kr=1.3 fm~! in the conventional one-
loop approximation. The solid and dashed lines are the real and
imaginary parts of the scalar meson contribution U@, kf).
The dot-dashed and dotted lines are the real and imaginary
parts of the pion contribution U (¢, k).
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III. MODIFIED LOOP EXPANSION: FORMALISM

In Ref. 12 Weiss proposed a modified loop expansion
that, in n-loop approximation, sums the meson loops to
finite order n but includes iterated baryon loops to all or-
ders. In view of the origin of the tachyon problems dis-
cussed at the end of Sec. II, the modified loop expansion
certainly has the potential to solve these problems (or at
least shift them to larger values of the scalar field, thus al-
lowing for a real energy density at larger densities). We
therefore briefly review this technique as applied to the
linear 0 model at zero temperature.

Our starting point is the exact path-integral represen-
tation of the generating functional Z given in Eq. (2.7).
For simplicity, we suppress the scalar source, since we
will need only the modified one-loop result, for which the
Legendre transformation is immediate. The baryonic
path integral can be integrated formally to yield

Z[j=01=Nz" [ D¢ D7 det(G,G ~exp

>

i ~
ES[‘#’W']

(3.1

where
S[¢,7]= [ d*x[1(3,40"¢—m2p?)

+1@mr—miw?)—V(,7)],

(3.2)
and the normalization is provided by
Nz = [ D¢ D7 det(G,G ')
Xexp | =S[¢,7] (3.3)
# :
zero density

The inverses of the noninteracting and interacting baryon
propagators are

Gi M x,y)=(id, —M)8¥(x —y) , (3.4)
G (x,p)=G, '(x,y)
+[gd(x)—igy7m(x)]18¥(x —p), (3.5)

and the compactly written convolution G,G ~! is defined
by

(GoG ™ (x,p)= [ d*z Gy(x,2)G " N(z,p) (3.6)
=8W(x —y)+gGy(x,)d(y)

The determinant of a matrix can be written as the ex-
ponential of the trace (Tr) with respect to space-time,
spin, and isospin indices,

Trf(x,y)=fd4x trf (x,x) , (3.8)
of the logarithm of the operator. Thus
Z=Nz"'[ D¢ D7 exp é.§[¢,1~7]] , (3.9)

with
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S[¢,71=S[¢, 71 —i#ATrIn[6'*(x —y)+gGo(x,y)d(y)—igGo(x,9)y T F(y)] . (3.10)

This modified action S contains all baryon contributions.

In the conventional loop expansion, the zeroth-order effective potential is obtained by minimizing S [¢,, 7#=0] with
respect to the background scalar field ¢,. The modified loop expansion defines a modified background field by minimiz-
ing instead S[¢y, 7=0]. Thus, the modified classical field involves no meson loops, but iterated baryon loops are includ-
ed to all orders. Any model with mesons and N identical species of baryons really contains two expansion parameters:
a mesonic 7% and a baryonic N7, each counting the number of the corresponding loops. While both are treated on equal
footing in the conventional loop expansion, the modified n-loop approximation exploits the presence of two different ex-
pansion parameters and includes all powers of N7 at each order #" of meson loops, while retaining renormalizability
and chiral symmetry.

Therefore, apart from counterterms, the modified zero-loop result is given by [compare Eq. (2.26)]

4
. l+-——g—¢—
21) K—M

U g, kp)=1m2*+V($)+i(N#) [ ——trln . (3.11)

(

Here ¢, has been replaced by ¢ through the Legendre transformation, and the trace is now over Dirac indices only.
The density dependence of U ‘¥’ is contained in the as yet unspecified boundary conditions on the baryon propagator.

After imposing the pole structure corresponding to the density p, which is related to ky as in Eq. (2.39), and after re-
normalization, we obtain

U, kp)=U$)+ UL S, k)

m? 2 prx2y2 «2
=_2_(M—A2_4_._)+ﬁ£2 MZ(MZ_M:.:Z)__%(M4_M*4)__;_Mﬂ.ln M2
8g M 87 M
k —
+N—f’f ‘R2akvV M+ K2, (3.12)
T 0

with U'? from Eq. (2.19) and U WV from Eq. (2.38). This is exactly the result obtained in Ref. 13, which has here been
identified with the zeroth-order modified loop approximation. Notice that U ‘*) is an even function of M*, as required
by chiral symmetry.? Thus the asymmetric treatment of baryon and meson loops in the modified expansion does not
violate chiral symmetry. This conclusion is also apparent in the conventional one-loop result, since the baryon, scalar,
and pion vacuum contributions each scale as the fourth power of a different (independent) mass parameter: M*, m}, or

4
m.

To one-loop order, we expand around the modified zeroth-order fields as in Eqgs. (2.13) and (2.14) and use this expan-
sion in the modified action. After expansion of the logarithm in Eq. (3.10), we obtain

SW[pl=— [d*x U g, kp)+4 [ d*x [d¥plo(x){[—O,—m2—V,y($)16V(x —y)— I, (x —y,4)}0(»)
+4i [ d*x [dyim()([—0,—m2 =V, ($)18(x —p)—IL(x —y,8)}7(y) , (3.13)

with II; and II, the (baryonic) polarization insertions in the presence of the uniform background scalar field ¢:
I (x —y,¢)=—ig (N#Ir[G 4(x —p)G4(y —x)] , (3.14)
I(x —y,¢)=ig (N#tr[G 4(x —p)ysGy(y —x)ys] . (3.15)

The baryon propagator is
Gyl (x,y)=(ig, —M +g$)8"(x —y) , (3.16)

with boundary conditions appropriate for finite density (see the discussion below). We recognize the modified scalar
and pion propagators as

AN x —y)=[—0O,—m2—V,,($)18(x —p)— I (x —y,¢) , (3.17)

AN x —y)=[—0,—m2—V, ($)]16¥(x —p)—I1(x —y,¢) . (3.18)

After replacing § with § (!’ in Eq. (3.9), it is possible to evaluate the remaining path integrals in Eq. (3.9) with respect
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to the scalar and pion fields, yielding an energy density

U N, kp)=U "¢, kp)+ U N, kp)+ TV (@, kp) (3.19)

_ i# o d%k | KPmml=V(9)—TL(k,¢)
=T ¢, kp)— 22 1
L k2—m2—T1,(k,0)
3if ¢ d'k | | KPmmi—V.($)—TI (k) (320
_ o .
2 Y @) k*—m?2—1I_(k,0)

Here the denominators of the logarithms are the vacuum subtractions arising from W', Note that II (k,0) and
IT1,(k,0) are to be evaluated at zero classical field and zero density. The polarization insertions are proportional to N,
and the energy density therefore explicitly includes all powers of N#. In the Walecka model, the corresponding result
from the first-order modified loop expansion is the ring energy as investigated by Chin in Ref. 14, generalized to include
the vacuum contributions. We have thus identified the first order of the modified loop expansion as the relativistic
random-phase approximation (RPA). The modified scalar and pion propagators differ from those in the conventional
loop expansion, as given in Egs. (2.45) and (2.49), by the presence of the polarization insertions. We will see in Sec. IV
how this stabilizes the result to a certain extent against the tachyon poles present in the conventional one-loop approxi-
mation.

To evaluate the integrals in Eq. (3.20), it is useful to perform a Wick rotation to Euclidean space. This is a straight-
forward procedure if all masses are real, but in the present calculation, we will have both tachyon and ghost poles (or
branch points) to consider, even after the rotation. We will include all singularities that occur on the imaginary fre-
quency axis, and we assume that no other singularities arise in the first and the third quadrants of the complex frequen-
cy plane. It is possible that there are additional poles at complex frequencies, but we will leave this as a topic for future
study.

The constraint of finite density is implemented by replacing g, by g, —iu in the baryon propagators that appear in
the Euclidean loop integrals for the meson polarizations. The Euclidean baryon propagator in momentum space is thus
given by

ivelg°—in)—y-q+M*
qQ“+M**+(g"—ip)

This is equivalent to working in the grand canonical ensemble, and now the effective action I is directly proportional to
the grand canonical (thermodynamic) potential.

The modified one-loop result for the grand canonical potential density (2 at fixed chemical potential u in the relativis-
tic RPA becomes

B #iopdkp | kptmltV, )+ (k)
Q V(b u)=1m2p*+V($)+ UL (d,u)+ —
¢.u' zms¢ ¢ B ¢y’ 2 f (277_)4 n ké+m52+ns(kE’0)
34 d*ky i ki+mi+V, ($)+1 (kg o) (3.22)
2 2m)* ki+m2+1,(kg,0) ’ '

apart from counterterms, which will be discussed in the following section. The squared Euclidean four-momentum k2
is here defined by

ki=k3+K?, (3.23)

and since we will henceforth always work in Euclidean space, we omit the corresponding index on the four-momentum
variables for brevity.
The chemical potential p corresponding to the density p can be evaluated from the thermodynamic relation

[s19)
== 151> (3.24)
p EM
and the energy density at fixed density is then obtained by
Up)=Q(u)+up . (3.25)

To order # this procedure can be simplified considerably.?® We expand the thermodynamic potential O !’ and chemical
potential u'!) in powers of 7,

QV(w)=0Pu)+#0 V() , (3.26)
,u(”=u(°’+ﬁ6,u‘“ : (3.27)
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and note that p'® is implicitly defined in terms of the density by

=— 3.28
== o (3.28)

The energy density U at fixed density can then be obtained from

aﬁ(o)
S (1)
9

U(l)(p)zﬂ (1)(ﬂ(]))+ﬂ(l)l7 =ﬁ(0)(p(0))+ﬁ m +ﬁ8ﬁ(l)('u(O))+p('u(0)+ﬁ8“(1))+0(ﬁ2)

'u(O)
zﬁ (0)(#(0)) +ﬁ8\ﬁ (1)(“(0))+p“(0)+0 (ﬁZ) , (3.29)
=T Op)+#88 V(u©)+0 (#2) . (3.30)

Evidently, to order # it is sufficient to evaluate the modified one-loop grand potential ‘!’ at the chemical potential pu'®’
obtained in the modified tree-level calculation. The chemical potential u'? is simply related to the baryon density via
p—_‘—A’——k;‘ 2[( (0) M*2]3/2 . (331)
37 37
Each meson polarization can be decomposed into a density-independent Feynman part I1¥ and a density-dependent
part IT2. The Feynman part is renormalized by imposing the renormalization conditions discussed after Eq. (2.36). For
the pion we obtain

2 * 2 *
Nk, )= | X2 i | M| (k2 | M2 M2 M0 ] g e iy (3.32)
47 M 2 * __
and the corresponding result for the scalar meson reads
2 * *2 *
Nk, )= | NP8 11— [ 22| 2= (M2 —smer 3o | M0 | | = ez | 5L (3.33)
4 M n*—1
where
AM*? 172
*= 1+ e (3.34)
For the density-dependent contributions, we find
%2 Lk 4k3EX*+(k*—2q]k|)?
N2k, ¢)= Nﬁg [fra’de  NAg'k® *rgdq) f,_’E"z I (3.35)
o ES  8rik| Yo Ef | 4kJEr*+(k’+2qlk])
and
k2 *2) _k 4kIEX?+(k*—2qlk|)?
NP2k, ) = Nfzg f 4 Mg 2+4M )f rqdg oF; i q : (3.36)
0 E‘ 8% k| o E; 4kJEY*+(k*+2q|k|)

with EX =V M*?+g°. Here k*=(k%k) is a Euclidean four-momentum. The remaining integrals can be evaluated
analytically, but the results are rather lengthy.

IV. RENORMALIZATION OF THE RELATIVISTIC RPA

While the reordering of the standard loop expansion allows us to treat the baryon contribution to the energy density
exactly for each order of # associated with meson fluctuations, a practical calculation requires that finite results can be
obtained in each order of the modified loop expansion with a renormalization procedure that preserves chiral symme-
try. Here renormalizability will be demonstrated explicitly for the first-order pion fluctuation contribution to the ener-
gy density.

In the spirit of Ref. 12, we isolate divergent terms by first expanding the inverse propagator in powers of 1/k? to find

ANk, kp)=k2+mi+V, (6)+11_(k,¢)

2 2 *2
—Z Dk m2— 2 g pget) = NP8 |y e K2 VAR Ly ey M2
g2 2 M? 8m2 k2 k?
2
4AN#ig? ko 4k? 1
+ 1-—— | |+0|— 4.1
L k2fo o 3k? Ol | @
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where

2
Z(khH=1+ Nﬁgz —L nk_ (4.2)
41 8’ M
For the expansion of the pion propagator [Eq. (4.1)], the polarization insertion Il is taken from Egs. (3.32) and (3.35).
Using this expansion, the first-order pion contribution U {"(¢,ky) is proportional to

d k 1 1 A *2 Nﬁg 2 *2 k2
InA; (k, k)——————lZ Hkl4mi]l- ————— | S (M2—M*H)+ > M2+ M*n—
f(z yo drkep)= [ [ mzl Z(k)k2+m? | g2 472 M?
! k2 |
__.(]‘l2 Al"2 +_i M2+Mt21n
2[Z(k k2+mi]? 47? M?
2 *4 2
_Nﬁgz 21”2 272 H_ZIH%
8m* [Z(k“)k“+m7 ]k k
2 *2 k 2
_ Nrg L Lmrn M gy TR o L
8w [Z(kHk *+milk M o E* k

(4.3)

where all terms written explicitly are divergent as the number of dimensions » —4. We must now demonstrate that all
divergences in Eq. (4.3) can be removed using counterterms that are consistent with chiral symmetry and that are
defined in terms of vacuum amplitudes.

The first term in the integrand is independent of the scalar field and the density and is removed by a vacuum subtrac-
tion. The next three terms are independent of k5 and produce a divergent fourth-order polynomial in the scalar field ¢.
Due to chiral symmetry, these four divergent terms can be removed by a second-order polynomial in M *2,

8U gy =cotc;M**+c,M** . (4.4)

The constant term c,, represents a vacuum subtraction, while ¢, and ¢, are chosen to fix the ¢ and ¢* coefficients in the
effective potential.
The fifth term, which is density dependent and which contains divergences (as n —4) in all powers of ¢, can be re-

moved by defining a bare mass (M) and coupling constant (g, ) by setting
2
g0 2

ME|~

1 .
zf (27r PETEI—LTE +finite terms 4.5)
to O(#). Using the bare parameters to 0 (#) in the zeroth-order result [Eq. (3.12)] then produces O (#) corrections that
precisely cancel the fifth term in Eq. (4.3). We emphasize, however, that in general, the finite contributions arising from
the appropriate renormalization of the baryon mass and vertex make quantitative contributions to the energy density.
The redefinition of g2 in Eq. (4.5) is precisely what is needed to make the pion-exchange contribution to the baryon sca-
lar vertex function finite to first order in # and to all orders of N#. Chiral symmetry ensures that this redefinition ap-
plied to M3 also renders the baryon self-energy finite to this order. (An independent wave-function counterterm is also
needed.) Additional finite contributions to these redefinitions are prescribed by fixing the pole position of the baryon
propagator or the strength of the scalar coupling. Therefore, to fully specify g, and M (and hence the modified one-
loop energy density), one must compute the baryon self-energy and vertex function to the relevant order in #. In what
follows, we omit the “finite terms” in Eq. (4.5) for the modified one-loop results because it is difficult to determine the
quantitative relationship between bare and physical parameters, and finite corrections will not affect our conclusions.

Finally, a finite expression for the pion contribution to the energy density can be written in terms of the integral of
Eq. (4.3), along with chiral counterterms, as

o 4 ANk, p, k) 2
U(.”“((ﬁ,k}:):iﬁ‘ dk4 n . f’ F 21 5 _A_'_( M*2)+Nﬁg M2+M*2lnk—
2 Y @2m Z(kHk2+m?  Z(kDk*+m? | g? 472 M?
2 2
1 > —(M2 M*)+ Nﬁg M2+ M *2n K-
2Z(k2)k*+m?) w? M?
Nig? M** M? N#g? 1
2 21,2 77,z |1 T2In—— 2 21,2 27972
872 [Z(kH)k2+m2lk k 87 [Z(kH)k2+m2lk
*2 k
2M"‘1nM2 —sm*2 " teop oM e MH 4.6)
M 0
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where A_ ! uses the full polarizations in Egs. (3.32) and (3.35). Although the integral of Eq. (4.6) is now finite in four di-
mensions, we must still determine the finite counterterms cg, ¢}, and ¢, numerically. Thus the integral of Eq. (4.6) is
evaluated numerically, and the finite counterterms ¢, are chosen to satisfy the three conditions

U N(¢=0,kp=0)=0,

d
— U V¢, kp=0) =0, 4.7)
d¢ $=0
d?
—U ' M,kp=0) =0.
ed¢2 ¢ F =0

Similar considerations allow the renormalization of the scalar meson contribution to first order in the modified loop
expansion. The analogous expression for the scalar contribution is

d*k '(k,¢,kp) 1 3\ N#g? k2
UM, kp)= + “S(MP=M*)+ ==~ M —4M**+3M**In—
b kr)= f(z ¥ | Z(kOk2 4 m? | Z(kDk +m? | g2 4 M2
2 2 |)?
+ Y G e F L YT VLN YT L 2
2[Z (k?)k>+m?] 4r M
Ntig? M+ 3y M2 | _ N#g? 3
2 2\1.2 2 2 2 2 2y7,2 21,2
8% [Z(k2)k>+m?lk k 8% [Z (k2K +mllk
*2 k
2M‘“‘1nM2 —sM*? [ ”Ld’i Y0 A0 VAL 4.8)
M 0

The finite constants ¢, , are determined numerlcally from the conditions of Eq. (4.7) with the pionic contribution T !’
replaced by the scalar meson contribution U {!. A comparison of the final term in curly braces in Eqgs. (4.6) and (4. 8)
reveals that the divergent parts of the subtractxons generated by the bare mass and coupling cancel when the pion and
scalar contributions are added. Similarly, due to chiral symmetry, the divergent contributions to the baryon self-energy
from pion and scalar exchange cancel, and only finite renormalizations are actually needed for the full one-loop self-
energy.

V. REPRODUCTION OF THE TWO-LOOP RESULT

Before proceeding, we illustrate the new renormalization technique developed in the preceding section by applying it
to the conventional loop expansion in the Walecka model. We calculate the two-loop contribution to the energy density
for a special case where nuclear matter saturation is obtained without including the @ vector meson (parameter set B of
Ref. 6). This demonstrates that our technique, which represents a very different numerical realization of renormaliza-
tion, can reproduce the results obtained in Ref. 6.

The Walecka model result can be obtained from the chiral model by the following modifications: (1) remove the pion
contribution; (2) turn off all scalar meson self-couplings; (3) allow counterterms multiplying the first four powers of ¢ to
be adjusted independently; and (4) expand the modified one-loop result (which contains all orders in N#) to order #i(N#)
and set N=2 for symmetric nuclear matter. Thus, the conventional two-loop term can be identified as the part of the
modified one-loop term that is explicitly of order A(N#).

The zeroth-order term follows directly from the classical part of the Lagrangian and is given by

2
s

UP($)=1m 2¢2— S(M*—M)* . (5.1
Since there are no meson self-couplings in the Walecka model, the term of O (#) is given entirely by the one-baryon-
loop graphs. The one-loop contribution is then'*®

*
U k=T M

—2M3 M*—M)—TM*(M* —M)—2M(M*—M)>—3(M*—-M)*

px i F 2
+-— pEjdp, (5.2)

which differs from the result in Eq. (3.12) only in the choice of the finite parts of the counterterms. In Eq. (5.2) all
density-independent terms behaving as a quartic polynomial in ¢ have been removed by renormalization conditions.

To make contact with the two-loop contribution of Ref. 6, we expand the modified scalar one-loop term in Eq. (3.22)
to order #i(N#i) and set N=2. This gives
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_fi dk 1
U ¢, k) I, (k,$)—11,(k,0)]+ tert , (5.3)
w (@, kp f 2m) Kt [ ¢)— ]+ counterterms

where the counterterms are of two types. The first type is a fourth-order polynomial in ¢ that is chosen to remove the
first four powers of ¢ from U2'(¢,kr=0). In addition, we must interpret the parameters in U}y (¢, k) as bare parame-
ters and reexpress them in terms of the physical mass (M) and coupling (g) to first order in #, which generates addition-
al counterterms of order #2. These terms will be density dependent and contain all powers of the background field .
Both M and g in U} (¢, ky) are to be replaced by M, and g,,, where the parameters M, and g, are determined by exam-
ining the baryon propagator G given in Minkowski space by

Z7'GT(#,4)=P —Mo+god—2(F.9) . (5.4)

As in Ref. 6, the baryon self-energy 2 is needed only to first order in #i. In Minkowski space, the unrenormalized
self-energy is

1 1
)=ifig? (5.5)
2F,¢)=ifg f(z v | k—m2+in | | f—k—M*+in
The parameters M, g, and Z are determined by the three renormalization conditions:
G N p=M,$=0)=0, (5.6)
d 1y 4= -
;;G (#,6=0) p_M—l , (5.7)
d c-lg= -
WG (F=M,¢) ¢_O—g . (5.8)
We find
2
My=M 1+1—%§r —% fdaz a)M?*a?+ml(1—a)]"/P7?
2 M*2+m2(1—a)
L e 2fda(2 in : (5.9)
(21r)" (k2 +m )k 327 167 m;
and
fig? n 1 2.2 2 (n/2)—2
1+——=T|2—— da(2—a)[M*a*+ 1—
672 5 fo a2—a)[Ma*+mi(1—a)]
B PO M2 [ lda a2 -l MPad+m21—a) [P
1672 2
n—d My pg? 1 *(2—a)
-9 _ M2 [ d .1
DAY 1672 fo M**+mi(1—a) .10

to O(#), which yield the same renormalized self-energy as in Ref. 6. Here both the infinite and the finite pieces of the
self-energy can be evaluated explicitly. This is in contrast to Eq. (4.5), where the presence of the baryon polarization in-
sertion II; in the meson propagator makes the evaluation of the finite pieces of the integral much more difficult. As in
Eq. (4.5), the divergent parts of the bare parameters are here expressed as an n-dimensional Euclidean integral that
diverges as n —4. This is a convenient way to generate additional subtractions in the integrand of Eq. (5.3) that make
the overall integral finite as n —4. The finite parts of Egs. (5.9) and (5.10) must be retained, as they produce additional
finite contributions to the two-loop result.

The density-independent contribution to IT; that decays at least as fast as k ~* follows from Eq. (3.33) and is given by

#ig?
272

ﬁg k

t2

k2

kZ

2

IM**+6M**n k2

f(M* 2k2 M*Z

7*’In —’1———1 +In=—5-

(5.11)

All terms that decay slower than kK~ % are removed by either a vacuum subtraction, or by fourth-order polynomlal coun-
terterms 2}_,C;¢’, or by the divergent contributions from the redefinitions of Egs. (5.9) and (5.10) used in U{}’. Inser-
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tion of Eq. (5.11) into Eq. (5.3) produces a finite result. However, the conventional renormalization conditions for the
Walecka model must be enforced by removing the first four derivatives of f(M*,k?) with respect to M*. The deriva-
tives are

2
(M, k?)=6M 1n:{—+k— M2+M21nA"l— —nln —’7—1 (5.12)
2 2
f"(M’k2)=6 ,fln%-i——kz—z M2+M21n% —(27,—-17—1)111—:;%} , (5.13)
24M | 8M?* _ k? S +1
(3) 2y — 2__ A 1 3 1
[(M,k*) 2 2 7 3lnM2 +(2n~" '+ )lnn_1 , (5.14)
2
f“”(M,kz)=—% 8—21]_2—617_4—31n—:;{+3n_51n—?7%— (5.15)

The density-dependent part of Il has exactly the same form as in the chiral model and again produces divergences to
all orders in ¢. As before, these divergences are removed by subtractions that arise when bare parameters are used in
the density-dependent part of U

Therefore, the complete two-loop contribution to the effective potential at finite density can be written as

ﬁ2 2 4 . )
U ke = f FIM* D)= S fOMENM*—MY
j=0
g kr p? 2 L4 2ram e (k*—2|k|p)*+4k3E,?
f Tk +m2 Sy % 8lklp  (k2+2|klp)2+4k3E>?
4
2
A me2 |22 2 1—itg
k2 2 3k2
8w [, . M*a*+mX(1—a) 2 (1 a*(2—a)
3 — Jk
) 2+f0dcz(2 a)ln oy +2M fodaM2a2+mf(l—a) 1(é,kp)
16#%g* M2 22—a) 2#%g?
- Cy(¢,kp)—E—C\(4,kp) (5.16)
(4m)* fo M2a2+m2(1 "oy | ORI T gy 1R

All integrals are now explicitly finite and can be evaluated numerically. The first term of Eq. (5.16) contributes to the
vacuum energy and is easily evaluated as a one-dimensional integral over k2. The second term follows directly from the
density-dependent part of II; in Eq. (5.3) and from the divergent part of the mass and coupling constant redefinition in
Uy, The integration over p is done analytically, leaving a two-dimensional Euclidean integration over k2 and k,. The
third and fourth terms of Eq. (5.16) arise from the finite parts of the mass and coupling redefinitions in Egs. (5.9) and
(5.10). They contain both vacuum terms and density-dependent parts in the functions C; and C, defined by

*x2 k 2
Crldkp) =M™ - —2MA(M*—M)—TMAM* —MP— 2 M(M*—MP - 2(M*—M)*—aM*? | P s
M o E}
*2 k 2
ol kp)=M* M M _op3 M+ —M)—SMHM* — M}~ S M (M* — M)~ {(M* — M)~ 4M*M [ F%’,ﬂ .
P
(5.18)
M

Notice that the density-independent parts of both C, and two variables, consider the integral
C, start at order (M *—M)>.

The final term of Eq. (5.16) arises because in Ref. 6, all
integrals (including the one contained in II;) are taken to  Il(k;7)= fdfq u(k,q)=alk)+p(k) [2— (5.19)
four dimensions simultaneously, whereas here we insert

the renormalized four-dimensional vacuum polarization

I1; into the Euclidean integral (5.3) and take the number
of dimensions to four at the end. Let us illustrate this
subtlety with a simple example. For some function u of

in 7 dimensions that is finite and equal to a(k) as 7—4.
Then the renormalized n-dimensional integral I(n,7) of
II(k ;7), with a weight function f (k), is given by
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I(n,n)= [d" f(k)M(k;)—al 2= (5.20)
=l-Zir2=Z |p+c+d2—Z|, 621
2 2
where the constants a, b, ¢, and d are defined by
[dk f(k)atk)=aT 2—% +c, (5.22)
Jd"k fioBk=bT |2— 2 | +d . (5.23)

From Eq. (5.21), it is clear that the finite value 1(4,4) de-
pends on how the limits 7—4 and n —4 are taken. For
this example, we obtain

lim im I(n,7)=c , (5.24)
n—4r—4
1im41(n,n)=c +b . (5.25)

Our numerical renormalization procedure corresponds to
the first way of taking the limit, while in dimensional reg-
ularization (as used in Ref. 6), one must consider the
second way. 2!

For the conventional loop expansion discussed in this
section, the additional finite piece b [which is contained
in Eq. (5.16) as the last term] can be evaluated analytical-
ly by expressing I17 as an n-dimensional integral and in-
serting this expression into Eq. (5.3). In the relativistic
RPA calculation of Sec. IV, however, this difficult calcu-
lation is omitted, because we have already dropped the
finite terms in Eq. (4.5). [These would produce finite con-
tributions analogous to the third and fourth terms in Eq.
(5.16).] This omission from the modified one-loop results
will not qualitatively affect our conclusions, as we discuss
in Sec. VI, but all the contributions must be computed
here to compare with the results of Ref. 6.

We can now use Egs. (5.1), (5.2), and (5.16) to repro-
duce the two-loop result of Ref. 6 by calculating the ener-
gy per nucleon

E =%[U§3’(¢)+ U, kp)+UR (b kp)]—M  (5.26)

with parameter set B of Ref. 6 at saturation density
kp=1.3 fm~!. In Fig. 3, we show E as a function of
M* /M. 1t has a minimum at M */M=0.875 with the ex-
pected value of E =—15.75 MeV. Similar agreement is
obtained at other values of k.. We emphasize that Eq.
(5.26) has been computed here with the techniques
developed for the renormalization of the relativistic
RPA, and it represents a very different numerical realiza-
tion of the two-loop contribution than that used in Ref. 6.

VI. MODIFIED LOOP EXPANSION: RESULTS

In Sec. III we derived expressions for the energy densi-
ty in the first order of the modified loop expansion of the
linear 0 model. The contribution from the scalar meson,
apart from the counterterms discussed in Sec. IV, is given
in Eq. (3.20) as a four-dimensional integral over a Eu-
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FIG. 3. The energy per nucleon at saturation density as a
function of M* /M in the conventional two-loop approximation
to the Walecka model.

clidean momentum. The integrand is the logarithm of
the inverse scalar meson propagator at Fermi momentum
kp and classical scalar field ¢, normalized by the propa-
gator at zero density and zero scalar field (vacuum sub-
traction). After introducing four-dimensional polar coor-
dinates, the two angular integrals corresponding to the
direction of the three-momentum are trivial and give a
factor of 47. The remaining two-dimensional integral
with respect to k2 and the angular variable

al (6.1)
X =—= .
Vi

is evaluated numerically and is finite when the counter-
terms are included as discussed in Sec. IV.

At zero density, the integrand does not depend on x,

and its real part is shown in Fig. 4 as a function of

k?/M? for g¢/M=0.15, m_ =135 MeV, and m =550

L S e T T

PP N

1rl(A_l/AAlo)

D R P SR T

FIG. 4. The real part of the integrand for the modified one-
loop contribution from the scalar meson for g¢/M=0.15 at
zero density.
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MeV. There is a logarithmic singularity whenever the
numerator or denominator of the argument of the loga-
rithm passes through zero. We will refer to these new
singularities, which arise from poles in the modified one-
loop propagator at Euclidean momenta, as (Landau)
ghost poles, and reserve the name ‘“‘tachyons” for poles
present already in the tree-level propagator. The denomi-
nator (the vacuum subtraction) vanishes at k2/M?~0.16
and generates the first pole, while the numerator vanishes
at k?/M?~2.31 and causes the second pole. The pole at
zero density occurs at a rather low value of (k2/M?) be-
cause in the chiral model, as already remarked after Eq.
(2.37), the wave function renormalization for the scalar
meson propagator cannot be adjusted independently, but
is prescribed by chiral symmetry. The argument of the
logarithm is negative between these two poles, giving rise
to an imaginary part of the effective potential. The sign
of the imaginary part is chosen to be negative, corre-
sponding to a decaying ground state.

The poles of the real part of the integrand are evalu-
ated by finding the pole positions numerically and sub-
tracting the (integrable) singularity from the integrand.
The singular part of the integrand is then computed
analytically, and the remaining smooth integrand can be
easily evaluated numerically. In the case of a single zero
xg of a function f (x), this procedure yields

f(x)

X _xo

[ldx inf(x)=[‘dxn

+ [ dx In(x —x,) . (6.2)
Alternatively, the real part of the integral can be obtained
by smoothing the pole with a small parameter ¢,

b . b
Re [ dxInf ()= lim } [ "dx [ f2(x)+€?] . (63)

In our calculations, these two methods agreed to at least
four digits. The imaginary part of the integral is simply
proportional to the difference of the pole positions to the
fourth power.

At finite density, the integrand depends on k? and the
angular variable x [see Eq. (6.1)] separately. Its real part
is shown in Fig. 5 for k;=1.3 fm~! and g¢/M=0.15 at
the angular variable x=0. The argument of the loga-
rithm here is negative at k=0 and the denominator is
zero at k2/M?=0.16, thus resulting in the first pole at
the same position as at zero density. (This pole arises
from the vacuum subtraction and is thus independent of
the density and the scalar field.) The other ghost poles
are caused by zeros of the numerator, and thus their posi-
tions depend on both the density and the scalar field
strength. The imaginary part of the effective potential
here arises from the region between zero and the first
pole, and from the region between the second and third
poles.

A better overview of the situation at finite density can
be obtained from Fig. 6, which shows the pole positions
for the scalar meson integrand as a function of k2 and x
for different values of the scalar field, at fixed Fermi
momentum k;=1.3 fm~!. The pole from the vacuum
subtraction is not shown, as it always occurs at
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FIG. 5. The real part of the integrand for the modified one-
loop contribution from the scalar meson for g¢/M=0.15,
krp=13fm~! and x=0.

k?/M?=0.16. The solid and dashed lines correspond to
gé/M=0.1 and g¢/M=0.2, respectively, and the dot-
dashed line is obtained for g¢/M=0.025. The pole at
small angles disappears as ¢ decreases, and the second
ghost moves to smaller values of k2.

In Fig. 7, we show the pole positions as a function of
kp at fixed scalar field g¢ /M =0.15. The solid lines are
obtained for kx=1.3 fm~!. The two poles at small angles
correspond to the second two poles in Fig. 5. (The first
pole in Fig. 5 results from the vacuum subtraction and is
not shown in the present Fig. 7.) At kz=0.5 fm™'
(dashed line), there is only one pole, and its dependence
on x is even weaker than for the corresponding pole at
kp=1.3 fm~!. (As noted before, the position of this pole
at zero density is independent of x.) As we increase the
Fermi momentum to kr=2.0 fm ™' (dot-dashed line), the
angular dependence becomes strong, and no pole is
present below x =0.08, two poles exist for 0.08 Sx <0.26,
and one pole exists for x R 0.26.
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FIG. 6. The pole positions in the integrand for the scalar
meson contribution as a function of k2 and x at kp=1.3 fm™".
The solid lines are obtained for g¢/M=0.1, the dashed lines for
g¢/M=0.2, and the dot-dashed line for g¢/M=0.025.
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FIG. 7. The pole positions in the integrand for the scalar
meson contribution as a function of k2 and x at g¢/M=0.15.
The solid lines are obtained for kz=1.3 fm~!, the dashed line
for kz=0.5 fm ™', and the dot-dashed line for k;=2.0 fm~".

So far we have discussed the pole positions for the sca-
lar meson contribution. In Fig. 8 we show the pole posi-
tions for the pion contribution to the energy per nucleon,
as a function of the scalar field ¢ for k;=1.3 fm ™! and
pion mass m_ =135 MeV. (This figure corresponds to
Fig. 6 for the scalar meson.) For g¢/M=0.2 (dashed
lines), there are two poles present for all values of x
(again, we do not show the additional pole from vacuum
subtraction). The first pole corresponds to the tachyon
pole in the conventional first-order loop expansion. It
disappears for g¢/M <0.115 (solid line: g¢/M=0.1;
dot-dashed line: g¢/M=0.05). This demonstrates that
the modified loop expansion can improve, to a certain ex-
tent, the tachyon problem that plagues the conventional
loop expansion. (Recall that at conventional one-loop or-
der, the tachyon was present even for very small values of
¢.) At each density, the self-consistent value of the sca-
lar field is determined by minimizing the energy density
with respect to ¢. At densities for which the self-
consistent value of ¢ is below the critical value of
g#/M=0.115, the pion is no longer tachyonic. It is in-
teresting to note that for m =0, this critical value is just
the self-consistent value of the scalar field in the modified
zeroth-order loop expansion.

Figure 9 shows the pion pole positions at the fixed
value of g¢/M=0.15 for different values of k. As for
the scalar meson poles, one of the ghost poles depends
weakly on x for small k. (dashed lines: kr=0.5 fm™!)
and increasingly stronger for kp=1.3 fm~! (solid lines)
and k;=2.0 fm~! (dot-dashed line). The tachyon pole
disappears with increasing density at fixed g¢ /M.

Having analyzed the pole structure of the integrand for
the contributions from the scalar mesons and pions, we
now show results for the real and imaginary parts of the
energy density. They are obtained by numerical evalua-
tion of the integrand as discussed previously, but after re-
normalization. In practice, as discussed in Sec. IV, this
amounts to subtracting from the integrand terms that de-
cay slower than k ~°. Furthermore, we numerically sub-

k2/M2

FIG. 8. The pole positions in the integrand for the pion con-
tribution as a function of k2 and x at kz=1.3 fm~'. The solid
line is obtained for g¢/M=0.1, the dashed lines for
gé#/M=0.2, and the dot-dashed line for g¢/M=0.05.

tract the first two powers of M *2 from the finite real part,
thus ensuring an unshifted minimum at zero density and
an unmodified coefficient m?2 of the quadratic term in ¢.
Since the subtractions generate an additional unphysical
pole at k?/M?~9 [from a zero of the denominator in Eq.
(4.5)], we invoke this subtraction only for k2 above some
value A >9M?2,

Ideally, we would also evaluate the bare parameters
M, and g, to modified one-loop order in terms of the
physical baryon mass M and meson coupling g and thus
determine the precise values of M, and g, to be inserted
in the zeroth-order energy density. In Sec. V we showed
how this identification can be achieved in the second or-
der of the conventional loop expansion, as obtained by
expanding our modified first-order result to O(#(N#)).
In the present calculation, we simply drop the finite terms
from Eq. (4.5). The ambiguity of the finite result is
reflected in the arbitrariness in the choice of the subtrac-
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FIG. 9. The pole positions in the integrand for the pion con-
tribution as a function of k? and x at g¢/M=0.15. The solid
lines are obtained for ky=1.3 fm~', the dashed lines for
kr=0.5 fm !, and the dot-dashed line for kz=2.0 fm ™.
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tion point A. We find a smooth dependence of the result-
ing real part on A. We expect that a more elaborate cal-
culation that determines M, and g, completely** would
give qualitatively similar results. In particular, the imagi-
nary part of the energy is determined solely from the pole
positions of the integrand and is thus independent of A.
(It does depend, however, on the choice of M and g.)
Figures 10(a) and (b) show the real part of the energy
per nucleon as a function of g¢ /M at kp=1.3 fm ™!, for
two values of the scalar meson mass: m; =769 MeV [Fig.
10(a)] and m,; =900 MeV [Fig. 10(b)]. The subtraction
point is A=20M?2 The dotted line shows the modified
zeroth-order result (after subtraction of the nucleon
mass), which is on the order of MeV. The dot-dashed
line shows the pion contribution to the energy, which is
approximately a linear function of the scalar field ¢. In
contrast, the contribution from the o meson (dashed line)
has a minimum. Therefore the sum of all three contribu-
tions (solid line), i.e., the total energy per nucleon in the
renormalized relativistic RPA, has a (local) minimum.

Re U/p — M (GeV)

T

T

T

Re U/p — M (GeV)

PR R S BT SR

0 0.02 0.04 0.06 0.08 0.1

g/ M

FIG. 10. The real part of the energy per nucleon as a func-
tion of g¢/M at ky=1.3 fm ™!, for m . =135 MeV and m, =769
MeV [part 10(a)] or m; =900 MeV [part 10(b)]. The dotted line
shows the result from the zeroth-order modified loop expansion.
The dot-dashed and dashed lines show the contributions to the
energy from the pion and scalar meson, respectively. The solid
line shows the sum of all three contributions.
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While the exact position and depth of the minimum de-
pend on the scalar meson mass m, and the parameter A,
it is important to note that the minimum typically occurs
at g¢ /M =0.06, well below the onset of the tachyon pole
at g¢/M =0.11. This result indicates that the modified
loop expansion can indeed solve the tachyon problem.
Note, however, that the magnitude of the first-order
corrections relative to the zeroth-order contribution does
not indicate convergence of the modified loop expansion
for the linear o model.

In Fig. 11 we show the imaginary part of the energy
per nucleon at k=13 fm~! for m, =769 MeV. The
dot-dashed line is the contribution from the pion, the
dashed line gives the scalar meson contribution, and the
solid line is the sum. At the minimum of the real part of
the binding energy, the imaginary part is approximately
—30 GeV/nucleon, which is roughly one order of magni-
tude bigger than the real part. Following the interpreta-
tion of the imaginary part by Weinberg and Wu'® as half
the decay rate per volume, this signifies a highly unstable
ground state in the modified loop expansion to first order.

The different orders of magnitude for the real and
imaginary parts of the energy arise because we have en-
forced the renormalization conditions from Eq. (4.7) for
the real part of the effective potential, but not for the
imaginary part. The latter would correspond to inserting
complex counterterms in the Lagrangian defined so that
the meson masses are real in the vacuum. The vacuum is
now stable by construction, although nuclear matter may
still be unstable at finite density. In Fig. 12 we show the
results for the imaginary part of the energy after general-
izing the renormalization subtractions. The contribu-
tions from the pion (dot-dashed line) and the scalar
meson (dashed line) are now of the same order of magni-
tude as the real part, but they have opposite sign and re-
sult in a comparatively small total imaginary part (solid
line). Note that this approximate equality of the real and
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FIG. 11. The imaginary part of the energy per nucleon as a
function of g¢/M at k;=1.3 fm ™! in the modified one-loop ap-
proximation. The dot-dashed line shows the contribution from
the pion, the dashed line gives the contribution from the scalar
meson, and the solid line shows the sum of these contributions.
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FIG. 12. The same as Fig. 11, but with the subtractions from
the renormalization conditions (4.7) also applied to the imagi-
nary part.

imaginary parts of the energy density is reminiscent of
the conventional one-loop result (Fig. 2).

VII. CONCLUSION

We have studied loop expansion techniques for the
linear ¢ model. While the conventional loop expansion
for the Walecka model of quantum hadrodynamics, as
carried out to first and second order, does not show any
signs of convergence, the additional constraints due to
chiral symmetry might change the situation. We have re-
viewed the situation for the linear ¢ model: The conven-
tional loop expansion gives rise to a complex effective po-
tential, even to first order in A. Due to the strong attrac-
tive interactions with the classical scalar field, the pion
becomes tachyonic even at very small densities. The re-
sulting imaginary part of the effective potential is of the
same order of magnitude as its real part and cannot sim-
ply be disregarded as negligible or irrelevant. This prob-
lem has traditionally been ignored or at best, mentioned
only in passing.®~!!

The modified loop expansion developed by Weiss'?
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offers the prospect to solve these problems, since the
repulsive baryon loops are summed to all orders, while
the mesonic loops are truncated at some finite order n.
We have identified the first order of the modified loop ex-
pansion with the renormalized relativistic random-phase
approximation. Our results indicate that at least near
saturation density, the tachyon problem does not occur in
the renormalized RPA. Unfortunately, the infinite sum-
mation of baryon loops changes the analytic structure of
the propagator, and we have traded the tachyons for
ghost poles. These new poles of the propagators in Eu-
clidean space are present for any value of the classical
scalar field or density, they occur at rather low values of
the momentum, and they give rise to a very large imagi-
nary part of the effective potential.

Ghost poles can be expected in any model that is not
asymptotically free, and similar poles are also present in
comparable nonrelativistic calculations, producing, for
example, an unphysical pion condensate. An expedient
solution would be simply to disregard the offending vacu-
um loops, but this would violate unitarity, Lorentz co-
variance, and electromagnetic current conservation.?? In
the framework of relativistic approaches to nuclear phys-
ics, the challenge is to construct nonperturbative, sys-
tematic approximations that avoid these ghost poles or
shift them to momenta in the range of validity of pertur-
bative quantum chromodynamics. Methods must be
found to eliminate the ghost poles by modifying the
high-momentum structure of the vacuum loops. This
might be achieved by including short-range correlations
and vertex corrections in the hadronic framework, or
perhaps by matching the behavior of loop integrands to
that predicted by asymptotic QCD.
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