neutron star. This distance increases with increasing
power of the GW source. It is interesting to note that
at this distance from a neutron s t a r one can also detect
GW. In fact, at this distance.the GW energy flux density
equals

According to ~ r a ~ i n s k ei tr al.,"] one can, with the help
of an electromagnetic detector, register GW in the radio
spectrum with an energy flux density

This makes it possible to select an object for setting up
an experimental detection of GW on the basis of the
singularities of the EMW (10) resulting from the interaction and coming from a neutron star.
In conclusion we note that, in the case of GW incident
from the outside on a rotating magnetic dipole, the expressions for j
and q,, (6) can be expanded in a s e r ies with an infinite number of terms of spherical harmonics of the first kind. Consequently the solution of
Eq. (5) for the potentials a and @ obtained in this case

.,

also a s an infinite series of spherical harmonics of the
f i r s t kind, while the coefficients of this s e r i e s have a
form which significantly complicates further analysis
of the obtained solution.
'Ya. B. Zel'dovich, p r e p r i & l p ~ AN SSSR h s t i t u t e for Probl e m s in Mechanics, USSR Academy of Sciences, Moscow) No.
38 (1973).
2 ~ B.
. Braginskii, L. P. Grishchuk, A. G. Doroshkevi~h,Ya.
B. Zel'dovich, I. D. Novikov, and M. V. Sazhin, Zh. Eksp.
Teor. Fiz. 65, 1729j1973) [SOV. Phys. J E T P 38, 865 (197411.
3 ~ V.
. Gal'tsov, Zh. Eksp. Teor. Fiz. 67, 425 (1974) [Sov.
Phvs. J E T P 40. (197511
*G. bapini and ~ . . ~ a l l u r iCan.
,
J. Phys. 54, 76 (1976).
G. Papini and S. Valluri, Can. J. Phys. 53, 2312 (1975).
6L. P. Grishchuk and M. V. Sazhin, Zh. Eksp. Teor. Fiz. 68,
1569 (1975) [Sov. Phys. J E T P 41, 787 (1975)l.
'V. I. Denisov, Collected Scientific P a p e r s (Institute of Physics, Belorussian SSR, Minsk, 1976) p. 133.
L. D. Landau and E. M. Lifshitz, Teoriya Polya (Nauka, Moscow, 1973); Eng. transl. The Classical Theory of Fields
(Pergamon).
$G.N. Watson, Bessel Functions (Cambridge University P r e s s ,
1922).
F. Dyson and D. t e r Haar, Neutron Stars and P u l s a r s (Russ.
transl.) (Mir, Moscow, 1973).

.

Translated by K. Lean

Theory of hadron plasma

c. V. Shuryak
Institute of Nuclear Physics, Siberian Bmnch of the Academy of Sciences of the USSR
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Zh. Eksp. Teor. Fiz. 74, 408-420 (February 1978)
The characteristics are calculated of a new state of matter corresponding to densities n and temperatures
T such that ficn ' I 3 , T 2 1 GeV. This is the hadron plasma in which quarks that are the components of
hadrons under ordinary conditions are collectivized. The calculations are performed within the framework
of the so-called quantum chromodynamics, i.e., the theory of strong interactions. The results obtain for
cold plasma with high density of baryon charge are applied to the collapse of neutron stars and to the
problem of the repulsive core of nucleons. Results on the properties of hot neutral plasmas are applied to
cosmology and to hadron collisions at high energies.
PACS numbers: 21.65. +f, 12.40.Bb, 97.60.Jd

1. INTRODUCTION

the interaction is transported by massless vector fields.

The present paper is concerned with the description of
the properties of matter a t densities much greater than
the density of atomic nuclei, or temperatures exceeding
the characteristic hadron mass m-1 GeV. It i s based on
the theory of strong interactions with non-Abelian gauge
fieldsn1 which i s frequently called quantum chromodyn a m i ~ s [(see
~ ~ also the review by PolitzerD1). Under
the above conditions, the separation between the hadrons
becomes smaller than their dimensions, and they cease
to behave a s individual objects, i.e., the quarks of which
they a r e made up a r e collectivized.@'51 By analogy with
the similar behavior of atomic electrons, this state of
matter can be referred to a s hadron plasma, in contrast
to the normal state, i.e., the hadron gas. This analogy
is considerably enhanced by the similarities between
chromodynamics and electrodynamics: in both cases,

To explain the notation used below, we recall that the
Lagrangian density in chromodynamics has the form
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where the fields b: correspond to the gauge vector
fields, the gluons, and 9, represent quarks of flavor
N, i.e., ordinary quarks u and d, the strange quark s,
the charmed quark c, and, possibly, other quarks up to
flavor N,. Greek subscripts correspond to Lorentz subscripts and run over values between 0 and 3, and Latin
superscripts a r e color indices running over values 1-8;
'A a r e the Gell-Mann matrices of the group SU,, and
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their indices will be omitted. We recall, for the sake
of completeness, that the indices of three-dimensional
vectors will be indicated by Latin letters.

An important feature of this theory is the so-called
asymptotic freedom o r antiscreening, i.e., the interaction is turned on a t short distances. The asymptotic
equation of state of the hadron plasma in the limit of
high densities is, therefore, the equation of state of the
plasma gas."' The aim of this paper is to calculate corrections due to the particle interaction, and to locate
more precisely the gas-plasma transition point.
We recall that for momentum transfer k, i.e., over
distances 1/k, the invariant charge g(k) is given by '2s

where m, is an arbitrary normalization point which, to
be specific, we define by a, (m,) = 1. The absolute value
of m, is important because it determines the conditions
for the validity of expansions in a,, which we shall use
below. Data on cp and JI meson decays ['I and on the violation of scaling in eN and @
scatteringB1
I
yield m,
-0.2 GeV, whereas model parametrization of hadron
spectra[Q1yields m, -0.4 GeV. These values of m, a r e
used below a s the upper and lower limits.
Our material is arranged a s follows. In Sec. 2, we
investigate Green functions for gluons in hadron plasmas and show that antiscreening a t short distances is
replaced by screening at large distances, and that transverse gluons assume nonzero effective mass, which
removes the difficulties in the theory in the infrared.
Section 3 gives a calculation of the characteristics of
cold plasma, i.e., a medium with high density of baryon
charge and zero temperature. It i s shown that the transition to the baryon-hyperon gas[lo1 occurs for baryon
densities -1 - 2 fm-3. A brief discussion is then given
of the correspondence between the results obtained here
and the characteristics of the repulsive nucleon core,
and of the consequences of these results for neutrons t a r collapse. The characteristics of hot plasma, i.e.,
a medium with zero density of all charges and high temperature, a r e calculated in Sec. 4. Comparison of these
results with the characteristics of the hadron gasU1]
shows that the "ionization" of hadrons occurs a t temperatures of 0.4-0.6 GeV. Apart from cosmologic applications, these results can be used within the framework of the statistical approach to hadron reactions. r~~~
In particular, this approach can be used to calculate the
rate of production of leptons and photons in hadron
plasma.
The calculations a r e performed with the aid of the
A particular techtemperature Green functions. U3-15
nical problem, which is important for calculations and
has not been adequately discussed in the literature,
namely, the separation of the contributions due to particles in the medium and virtual particles, is elucidated
in the Appendix. The presence of the medium determines the coordinate frame, s o that the most natural
for our purposes is the Coulomb gauge in which quanti213
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The
~ Hamzation has been performed by K h r i p l ~ v i c h . ~
iltonian for the problem is

where p i i s the canonical momentum that is the adjoint
of bO, and, a s in electrodynamics, the zero components
of the potential b: a r e not independent and must be substituted in (3) after the solution of the equations of motion:

However, in contrast to electrodynamics, this can be
done only in the form of an infinite series, so that the
Hamiltonian (3), in fact, contains an infinite number of
vertices.
Finally, we note that, s o long a s the problem of confinement of quarks remains unresolved, the validity of
thermodynamics a s a description of strong interactions
in general, and the validity of perturbation theory at
short distances in particular, cannot be regarded a s
established. At present, these theories a r e based on
only indirect experimental evidence. [3' ''
It is also important to note that the original version of
the present paper, published in the form of a preprint,
has been substantially extended, and some of the coefficients in the formulas have been corrected.
2. INTERACTIONS I N HADRON PLASMA

Equation (2) gives the interaction between two charges
a s a function of the distance between them. According
to this formula, in vacuum, the coupling constant inc r e a s e s and approaches unity a s the hadron size approaches l/m,. The question is: what is the interaction
between the charges in plasma? It is clear that, at
distances less than the characteristic interparticle distance Y, n-' k , the presence of the medium should have
no effect, and (2) should remain valid. However, it is
not immediately clear what happens a t distances in excess of yo, and this is the subject of the present section.

-

In the Coulomb gauge, the general form of the polarization operator i s
I,.

-

(0.
k)

(6.,,,

- k,,k,/li')

A

(w, k)

02k,k,
+noo(o,k),
k'

and the gluon Green function is

Figure 1 shows the perturbation-theory graphs contributing to n,,(w,k) and A(w,k) in the second order in
g. The corresponding analytic expressions can be con-
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vacuum, the Green function has a nonphysical pole in
this approximation for k2-m2, whereas, in plasma, the
pole corresponds to plasma oscillations with WE
=g2N, p2/67r2. Transverse gluons assume the effective
mass fl =A(w = k ) =g2p2/4r2, although the static "gluomagnetic" field is not screened, i.e.,
f

I?

Y

h

FIG. 1. Graphs giving the second-order contributions to n ,&
-d) and n,(e - h). Here and henceforth, solid lines represent
the Green function for quarks; broken lines represent transverse gluon functions; dotted lines represent the Coulomb field.
Numerical factors shown against these diagrams represent
combinatorial factors by which the expressions obtained from
the usual Feynman rules have to be multiplied.
structed in accordance with the standard Feynman rules,
but a r e too unwieldy to be reproduced here. Only the
graph of Fig. l c deserves attention here since the Hamiltonian (3) does not contain this vertex. The point is
that the contribution of graph b i s

Time derivatives which appear in the canonical momenta
they a r e taken outside the T-product sign
give an additional t e r m which is identical with the contribution of diagram c with the vertex taken formally
from the Lagrangian (1).

p z =a,b",hen

Summation over frequencies is performed by the method described in the Appendix. Since each graph has only
one loop, the polarization operator i s equal to the sum
r~(1 =n?) +n(med)
"J 9. where n';;B,"is the vacuum part calculated by ~ h r i p l o v l c hand
~ ~iI'rd' is the contribution of
the particles in the medium, which takes the form of the
same Feynman integral but with one of the Green functions in the loop replaced by the special Green function
with the "cross" (see the Appendix), which contains the
6 function on the mass surface and the statistical occupation factors. These factors ensure convergence a t high
momenta such that I I p ' need not be normalized. For
the same reason, the vacuum contribution
-g2kz 1n(k2/mt) exceeds II(:td)-gz/<
a t large distances
w, k ~ l / % ,i.e., the presence of the medium is unimportant at short distances, a s indicated above.

II'F)

Let us now consider the region of large distances,
beginning with the case of cold plasma. This case is
particularly simple since, for T =0, the plasma does
not contain real gluons and the only contribution to
is that due to the quark loops (Figs. l a and e )
which a r e completely analogous to those describing
screening in ordinary plasma. For w, k << p , where p
is the chemical potential, we have

The case of nonzero temperature is much more complicated because r e a l gluons then appear in the medium.
It is important to emphasize that the problem of secondorder characteristics of the medium i s not exhausted by
the eight graphs shown in Fig. 1 because, for the gauge
field, the polarization operator depends on the chosen
gauge and the simultaneous inclusion of corrections to
the vertex functions is essential. However, this can be
avoided in certain important special cases.
In the Coulomb gauge, corrections to the vertices with
the Coulomb quantum vanish in the limit a s cu =0, k - 0
because the total charge of the system is conserved. ['I
For gauges using nonphysical degrees of freedom, this
argument is no longer valid. The corresponding limit
n,,(w =0, k 0) - x z therefore assumes an invariant
significance where the screening length u-' is given by

-

The individual t e r m s in this expression correspond to
the contributions of the diagrams in Figs. l a -d. The
polarization operator for the transverse quanta A(""")~s
gauge-invariant on the mass shell, i.e., for w =k. It is
then expressed in terms of the scattering amplitudes
which, since they a r e physical quantities, a r e gaugeindependent. In fact, by considering the Green-function
"crosses," we can readily see that the diagram of Fig.
l e can be expressed in terms of the quark forward-scattering amplitude (see diagrams 5b and c), whereas diagrams f, g, and h can be expressed in terms of the
gluon scattering amplitudes (Figs. 5, d, f, and e ) . The
amplitudes summed over the polarizations a r e , respectively, given by

and the effective mass of the transverse quanta is

IIped'

s o that, in this region, II b","d' >> nr,""' -gzkz In k2 and the
interaction is screened at distances of the order of
(gp)-'. If the medium is so dense that g p Bm,, the
Coulomb interaction is small at all distances, and the
perturbation theory in g is valid.') We note that, in
214
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The Coulomb field in the medium is, therefore, screened and the transverse quanta assume an effective mass.
This means that the infrared singularities of chromodynamics a r e naturally cut off in the medium, s o that
the characteristics of a sufficiently dense medium can
be unambiguously calculated within the framework of
perturbation theory.
3. CHARACTERISTICS OF COLD PLASMA

As noted in the Introduction, the zero-order approximation to the cold plasma with high baryon-charge density is the ideal gas of quarksB1 in which the energy
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density is

The quantity a, appears inside the logarithm because the
boundaries of the logarithmic region a r e defined by the
momenta k2 pa and k2 I npyl cu, CL'.

-

where P , is the Fermi momentum of quarks of flavor
N, p i = p2 - m i , and n, =$;/a2. The baryon charge density is

and this, together with (111, determines the required
equation of state ~ ( n , ) .
The second-order diagrams a r e shown in Fig. 2. The
f i r s t of them corresponds to the mean-field approximation and provides no contribution because the medium
is "colorless," s o that only the contribution of exchange
forces remains. According to the "cross rule" (see
Appendix), the sum over the frequencies of the two
loops in this graph can provide contributions with O , 1 ,
and 2 "crosses." The first corresponds to the vacuum
energy and must be rejected. The second corresponds
to the mass operator of the quark on its mass surface
and, in the usual renormalization procedure, is zero by
definition. However, in thermodynamics, it is nonzero
when the Green function is normalized at the point m,,
but is proportional to rn; and small in comparison with
the contribution with two crosses, which corresponds
to the interaction between real particles of the plasma:

The nonrelativistic limit of this formula is similar to
the well-known Wigner-Seitz expression, whereas ultrarelativistic calculations yield

Graphs of order g4a r e shown in Fig. 2c-f. They a r e
very laborious to evaluate and we shall, therefore, confine our attention to the leading logarithmic terms. The
emission of soft gluons leads to doubly logarithmic divergences in graphs d-f separately, but these cancel
out in the sum because the charge does not affect direction. We a r e thus left with the double logarithmic correction to backward scattering in graph d. This is
analogous to the well-known resulta6] in electrodynamics:

(

6Qrd'=69(" 1+%lnzc

3n

).

,

(14)

FIG. 2. Graphs corresponding to contributions of order g2(a,
b) and g
- 4 ( c-f)to the thermodynamic parameters of cold plasma. Wavy lines correspond to gluons, both transverse and
Coulomb.
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-

-

Graph c provides a logarithmic contribution in the region of small k:

As regards logarithms of ultraviolet character, these
can all be taken into account by replacing a, (m,)by
a, ( p ) , which corresponds to the characteristic interparticle separation 1 / ~ .Henceforth, we shall omit the
argument of a,, but itwill always be assumed that we a r e
dealing with a, (p).
Thus, collecting all the above terms, we obtain

and hence the density of the baryon charge is:

where we have neglected the relatively small contributions due to d a s (p)/dp. The final result is

Figure 3 shows a comparison between (18) and the
baryon-hyperon gas model[101 (lower part of figure). We
note that the exchange correction to the energy is calcu,lated inh7' where a, i s assumed to be 2.2 for all p.IS1
The next question is the rate at which the validity of the
asymptotic expansion (18) is established, and whether it
i s valid right up to the transition region n, =1- 2 fm-'.
If we consider this expansion on its own, then since the
numerical coefficients a r e small, the corrections should
be small even for a, -1. It i s clear, however, that this
i s influenced by effects due to the "nonescape" of quarks,
which we have neglected.
Nevertheless, it is possible to argue that these effects
a r e turned on relatively sharply, in the transition region,
i.e., the transition from curve f in Fig. 3 to curve g and
h does, in fact, occur in the above transition region.
The f i r s t of these effects is the sudden onset of scaling
in lepton-hadron s ~ a t t e r i n g . ~ ~ ]
A similar conclusion is reached when we compare our
calculation with nuclear-physics data on the nucleonnucleon interaction. This, it is well known that, when
the nucleon separation is 1 fm, the repulsive component
is turned on and its height at 0.5 fm is of the order of
0.5-1 GeV. This is the so-called nucleon core which is
due toc9' the Fermi repulsion between quarks of the
same color. In the upper part of Fig. 3, our curves for
the plasma (without strange quarks) cut the nucleon-gas
curve a t n, = 1 2 fm'=, i.e., r,,- 1 fm, where the potential turns over and, a t r,, =0.5 fm, the specific energy €/n, does, in fact, increase by roughly 1 GeV.

-
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FIG. 4. Second-order graphs for thermodynamic parameters
of hot plasma.
paper by Landau and ~ e l e n ' k i i @'I
.

FIG. 3. Specific energy c /nB (Ge~haryon)as a function of
baryon charge density n, for the isoscalar cold plasma without strange quarks (upper curves, left-hand scale) and with all
types of quarku, d , s, c (lower curves, right-hand scale).
a-ideal nucleon gas; b , g, and c , h-hadron plasma with m
=0.2 and 0.4 GeV; d and e-nuclear-matter calculations; L25f;
f-nucleon-hyperon gas.
Arrows show no-the nuclear
density, r a n d C-threshold for the appearance of strangeness and charm.
This suggests that the knee on the function ~ ( n , a) t
n, 1-2 fmm3does, in fact, correspond to reality.

-

In accordance with the foregoing, we assume that the
equation of state has the form shown in Fig. 3 up to the
point of intersection between the curves, and proceed to
apply it to the collapse of neutron s t a r s . It follows from
the work of Zel'dovichC4]and Saakyan and Vartanyan n9
that, if we use the baryon-hyperon gas model, the cent r a l density of the s t a r at the limit of stability is -2-4
fm-'. This means that collapse and the gas-plasma
transition occur practically simultaneously and there
a r e no stable quark stars. This conclusion has also
been obtained in the l i t e r a t ~ r e ~on
~ 'the
~ ~basis
]
of a
somewhat different approach. The stability limit thus
corresponds to a stellar mass of 1.6-2 stellar masses,
which is in agreement with published data, D91 but the
collapse process itself proceeds in a different way,
i.e., more rapidly.
4. CHARACTERISTICS OF HOT PLASMA
By hot plasma we understand the medium at a temperature exceeding the chemical potentials of all charges. The zero-order approximation i s the ideal gas of
quarks, antiquarks, and gluons, for which the energy
density is

At zero chemical potential, the potential Q, for which
the diagram technique is developed, coincides with the
free energy F(t). Graphs of second order in g a r e
shown in Fig. 4, and if we use the "cross rule" (see
Appendix), we can verify that the graphs include a whole
s e r i e s of physical effects (Fig. 5) such a s the exchange
interaction between quarks and antiquarks, the direct
interaction along the annihilation channel (Fig. 5a), the
direct interaction between quarks and gluons (Figs. 5b
and c ) , and the exchange interaction between gluons
(Figs. 5d-f 1. The derivation is relatively laborious but
standard, and the final result is

Corrections of fourth order in g a r e of two types and
contain two o r three Green functions with a "cross"
(see Appendix). The f i r s t type consists of radiation
corrections to the above processes and, a s in Sec. 3,
they a r e dominated by the square diagram which provides a contribution of the order of 6 F - a: T41n2a,. The
second type corresponds to the multiparticle forces and
contains diagrams which have apawer-type divergence in
the infrared. Thus, a s I p, - p21 0, the graph of Fig.
6a provides the contribution

-

-

since no,- const in (8) a s Ip, -p2( 0. It i s clear that,
by virtue of (lo), this type of divergence does not occur
for the transverse gluons. As in ordinary plasma, [221
the sum of a s e r i e s of divergent diagrams leads to the
replacement of one of the Green functions by the complete function, 1/q2 1/(q2 -no,), and this removes the
divergence. The contribution of the region of small momenta (k2--noo)in graphs a , b i s the so-called correlation energy2)

-

Collecting together the calculated contributions, and

The second equation in this expression neglects the
quark masses. General formulas can be found in the
216
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FIG. 5. Physical processes corresponding to the contributions
of graphs in Fig. 4 with two "crosses."
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FIG. 6. Graphs containing power-type infrared divergences
and leading to correlation energy. Shaded circle corresponds
to the sum of graphs in Figs. la-d.

The above results can be used in cosmology to describe the expansion of the Universe a t different stages
of evolution. The usual equation of state P = ~ / 3 ,where
P is the pressure, is valid in our approach for T>0.8
GeV and for T < 0.1 GeV (where photons dominate),
2 ~ the
whereas, in the intermediate region, p ~ 0 . and
expansion of the Universe is somewhat accelerated.

This expression3' is shown in Fig. 7, where 6, = n 2 P / 3 0
and can be interpreted a s the energy per spinless particle. The ratio €/€,, is convenient because it i s a measure of the effective number of degrees of freedom, for
example, for thermal Planck radiation, it is equal to
two, i.e., the number of photon polarizations. Curve 1
corresponds to a pion gas, and curves 2 and 3 to the
hadron-gas model,
including both stable particles
and resonances.

The other a r e a in which these results can be used is
much closer to experimental physics: it is the theory
of hadron collisions at high energies. Our results show
that the results reported by LandauD4] (see also the
review by Felnberg et al. OZ1)with the equation of state
p = € / 3 a r e valid only for incident particle energies
E,,2 lo4 GeV, whereas, a t most, the initial temperature reaches 0.7 GeV. At lower energies, including
those accessible to existing accelerators, the equation
of state p =0.26 i s in better agreement with experiment, U21 We have also givenGB1other arguments in
favor of low initial temperature. These were based on
the "tails" of the spectra of particles with high transverse momenta. The explanation of this again involves
the inclusion of a large number of degrees of freedom.

Comparison of these curves leads to the conclusion
that quark collectivization occurs a t T =0.4-0.6 GeV.
It i s interesting to note that, according to our previous
papers,O1] the range of validity of this approach i s set
by the condition T 2 m p , where m p is the p-meson mass
(the exchange of this meson is responsible for most of
the forces between the mesons), and this is in agreement with the quark collectivization limit.

In conclusion, we give one further example of the application of the above theory. Fe;nbergk7] has pointed
out that thermal fluctuations in the medium, produced
during hadron collisions, may generate lepton pairs
e+e' and p+ p - . We can readily use our approach to calculate the rate of this process, i.e., the probability of
creation of a lepton pair per unit time per unit volume
of plasma consisting of u, d, and s quarks:

evaluating the energy densities, we obtain [ a, = CY,(T)]:

The necessity for the fast increase in E(T) a t T =0.10.6 GeV was predicted earlierc1'] but, from the point of
view of chromodynamics, it has a very simple interpretation: this is the region in which we have the transThe rate of production of photons, charmed quarks,
ition from the pion gas with three degrees of freedom to
and
s o on, can be calculated similarly.
the hadron plasma with about forty degrees of freedom.
At the same time, it becomes obvitus that the approyach
The author i s indebted t o A. I. ~aynshteinand I. B.
of Hagedorn and Ranft and of Bugrii and ~ r u s h e v s k i i ~ ~ Khriplovich
]
for numerous useful discussions and to
is inconsistent, since they tried to extrapolate the
E. S. Fradkin for useful consultations.
Bethe-Uhlenbeck method to arbitrarily high densities
and temperatures.
APPENDIX
The technique of temperature Green function^^^-'^^
automatically takes into account the contribution of real
particles in the medium a s well a s the contribution of
virtual particles (i.e., ,radiative corrections). In this
Appendix, we shall consider a simple method of separating these two contributions, which simplifies derivations and facilitates interpretation. This problem
does not a r i s e in traditional applications of this technique because the nonrelativistic approximation is then
adequate and does not involve the radiative corrections.

T, GeV

The ratio C / E as a function of temperature ( C is the
o energy
energy density in hot plasma and E O = ~ T ' T ~is/ ~the
density per massless and spinless particle). 1 - gas of pions;
2 , 3-gas of hadrons, both stable and resonance [it]; 4,s
-hadron plasma with m o= 0.4 and 0.2 GeV.
FIG. 7.
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It is well known that the above technique differs from
standard Feynman rules only by the replacement of integrals over frequencies by sums over n, where w,
=i nT(2n + 1 ) (Fermi statistics) o r w, =2ui Tn (Bose statistics). T o be specific, we confine our attention to the
f i r s t case. Standard replacement of a sum by an integral gives n5
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where ff(z) = *[I +exp(r z / ~ ) ] " and the contour of integration c lies on both sides of the imaginary axis. We now
represent *(z) by the sum @+ (z) +@,(.z),
where (z)has
singularities only in the right half-plane and (z) only in
the left half-plane. In the integral including , we takef'
and take the right-hand side of the contour c to +rn. The
singularities (poles) of a+(z) give the contributions

*+
*,
*+

-

C

res @+ (z.) f- ( 4 ) .

In the integral of this term over the left-hand part of the
contour c, we put'f =f - 1. The term involving f' is
zero because the contour can be shifted to - without
encountering singularities, and there remains the integral
+

over the imaginary axis, which is nonzero if * + ( z ) does
not fall fast enough in the left-hand half-plane. The r e sult is that the original sum can be written in the form

polarization operator depends explicitly on the chosen
gauge (Sec. 2).
The appearance of nonzero effective mass is contrastwith the conclusions of
ed by Kislinger and Modey
Kirzhnits et al.D91 about the long-range nature of weak
interactions in theories with spontaneous symmetry violation a t T>T,, where T, is the point of phase transition
with the restitution of symmetry. This important problem requires further analysis.

"''

-

In the above papers,[291 the long-range interaction is,
in fact, the static limit w =0, k 0, whereas the effective mass corresponds to o = k. It thus turns out that the
situation is precisely the same a s in electrodynamics,
e.g., in superconductivity. For T > T,, the "electric"
fields a r e screened off and the "magnetic" a r e not. It
is clear, however, that the usual plasma screening does
not solve the problems encountered in the case of the
uncompensated weak charge.
There have also been papers by Chapline et al. c301 on
cold plasmas and neutron stars. To the extent to which
they overlap our work, their conclusions a r e in agreement with ours.
We note that the condition T, /.i>>moi s also sufficient to enable us to neglect the quark m a s s e s m=md< m , 0.3 GeV.
Whenever the charmed quark with m, 1.5 GeV i s important,
i t i s taken into account but, for simplicity, we reproduce
only the ultrarelativistic expressions.
2, In this formula, the charge must be taken to be g ( g T ) , in
contrast to the previous formulas. This contribution was
calculated incorrectly in the preprint version of this paper.
s)The l a s t t e r m in (23) i s not included. F r o m this coefficient
onward, the perturbation theory s e r i e s coefficients a r e
found t o increase rapidly and the s e r i e s diverges.
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These three terms represent the contributions of particles in the medium, antiparticles (holes), and radiation corrections. We note that the Feynman rules for
integrating around poles reappear when the last integral is taken along the real rather than the imaginary
axis.
The above result can also be formulated in the form
of the following "cross rule": the result of summation
over frequencies in each loop in a diagram is the integral over this frequency of the same expression plus the
sum of terms in which one of the Green functions in the
loop is replaced by singular expressions which we indicate by lines with crosses. In cold plasma, the cross e s appear only on quark lines and correspond to
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Abnormal states of nuclear matter and ?I condensation
I. V. Krive and E. M. Chudnovski
Khar'kov State University
(Submitted 10 July 1977)
Zh. Eksp. Teor. Fiz. 74, 421-431 (February 1978)
It is shown within the framework of relativistic field models of the a N interaction that the instability of
nuclear matter to a condensation becomes stronger when the Fermi velocity tends to the relativistic limit.
The results agree with Migdal's theory and point to the need for taking a condensation into account in
the Lee and Wick model for abnormal states of atomic nuclei.
PACS numbers: 21.65. +f

1. INTRODUCTION
There have been discussions in recent years of the
possible existence, a t nuclear density, of an energy barr i e r whose surmounting (e.g., in collisions of heavy nuclei) may be the next step towards a genuine ground
state of a system of N nucleons. Thus, for example,
calculation of the dependence of the nuclear energy on
the effective mass M* of the nucleon, carried out in the
a model by Lee and wickr" (see also r21)points to the
existence of a local energy minimum a t M* s 0. An increase in the density of nuclear matter may make this
minimum absolutera1-the nucleus may go over via a
relativistic phase transition into an abnormal state with
M* =O.

On the other hand, Migdal's theory of n condensation13] (see also later -DaDers
by- Migdal
and co-workersL4])predicts, at a certain density, the onset of an inhomogeneous classical pion field in the ground state of
nuclear matter,
The possibility of n condensation was not considered
bv Lee and Wick in connection with the ~ r o b l e mof abnormal states. The formation of a n condensate in nuclear matter was investigated later, within the framework of the u model of strong interactions, by Dashen,
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Campbell, and Manassah. [51 The nonrelativistic approximation used by them does not explain, however, the
role of IT condensation i n the model of abnormal states
with M* =O.
We have investigated the stability of nuclear matter
to the appearance in i t of a classical pion field,using the
relativistic quasiclassical approach employed by Lee
and Wick. In this approach the solution of the problem
is similar to finding the energy E = - ( 1 / 2 ) ~ ~of' an electron gas in an external magnetic field ( X is the magnetic
susceptibility). It is known that the susceptibility of an
electron gas is positive, but since the electromagneticinteraction constant is small, the susceptibility i s small
compared with unity. Therefore the decrease of the energy of a metal i n a n external magnetic field is small
compared with the self-energy H2/8n of the field.
The situation changes in theories with strong constants. In particular, the gain in the energy of nucleons
situated i n a classical pion field can exceed the self-energy of the field and may favor the formation of the n
condensate.
Starting with Dirac's equation, we find the energy of a
relativistic nucleon in an inhomogeneous classical
((n) #O) pion field of small amplitude. We construct next
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