neutron star. This distance increases with increasing
power of the GW source. It is interesting to note that

at this distance from a neutron star one can also detect
GW. In fact, at this distance the GW energy flux density
equals

5=3.1-10"° erg/cm?s.

According to Braginskii et al.,27 one can, with the help
of an electromagnetic detector, register GW in the radio
spectrum with an energy flux density

S=10-* erg/cm?s.

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 inter-
action 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 ex-
pressions for j, . and g, (6) can be expanded in a ser-
ies with an infinite number of terms of spherical har-
monics of the first kind. Consequently the solution of
Eq. (5) for the potentials a and ® obtained in this case
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also as an infinite series of spherical harmonics of the
first kind, while the coefficients of this series have a
form which significantly complicates further analysis
of the obtained solution.
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The characteristics are calculated of a new state of matter corresponding to densities n and temperatures
T such that ficn '3, TR 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 present paper is concerned with the description of
the properties of matter at densities much greater than
the density of atomic nuclei, or temperatures exceeding
the characteristic hadron mass m~1 GeV. It is based on
the theory of strong interactions with non-Abelian gauge
fields®™? which is frequently called quantum chromody-
namics 1 (see also the review by Politzer 7). Under
the above conditions, the separation between the hadrons
becomes smaller than their dimensions, and they cease
to behave as individual objects, i.e., the quarks of which
they are made up are collectivized.®' 51 By analogy with
the similar behavior of atomic electrons, this state of
matter can be referred to as 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,
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the interaction is transported by massless vector fields.

To explain the notation used below, we recall that the
Lagrangian density in chromodynamics has the form

Ny
L=— 2—F,V~F,.v~ +Y e, ( i+ —g—;."bﬁ,. - m,.) ¥, o
Nemi

F,=08,b"—0,b,°+gf"b,b,

where the fields b} correspond to the gauge vector
fields, the gluons, and ¥, represent quarks of flavor

N, i.e., ordinary quarks « and d, the strange quark s,
the charmed quark ¢, and, possibly, other quarks up to
flavor N,. Greek subscripts correspond to Lorentz sub-
scripts and run over values between 0 and 3, and Latin
superscripts are color indices running over values 1-8;
A* are 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 or antiscreening, i.e., the inter-
action is turned on at 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.®1 The aim of this paper is to calculate cor-
rections due to the particle interaction, and to locate
more precisely the gas-plasma transition point.

We recall that for momentum transfer %, i.e., over
distances 1/k, the invariant charge g(k) is given by ®'8?

= £ w1+ (- D)l By

2 3 m,?

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 ¢ and y meson decays'? and on the vio-
lation of scaling in eN and pN scattering®? yield m,
~0.2 GeV, whereas model parametrization of hadron
spectra®? yields m;~0.4 GeV. These values of m, are
used below as the upper and lower limits.

Our material is arranged as follows. In Sec. 2, we
investigate Green functions for gluons in hadron plas-
mas and show that antiscreening at short distances is
replaced by screening at large distances, and that trans-
verse 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 is shown that the trans-
ition to the baryon-hyperon gas°? 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 neutron-
star collapse. The characteristics of hot plasma, i.e.,
a medium with zero density of all charges and high tem-
perature, are calculated in Sec. 4. Comparison of these
results with the characteristics of the hadron gas®!?
shows that the “ionization” of hadrons occurs at tem-
peratures of 0.4-0.6 GeV. Apart from cosmologic ap-
plications, these results can be used within the frame-
work of the statistical approach to hadron reactions. 22!
In particular, this approach can be used to calculate the
rate of production of leptons and photons in hadron
plasma.

The calculations are performed with the aid of the
temperature Green functions.®3"151 A particular tech-
nical problem, which is important for calculations and
has not been adequately discussed in the literature,
namely, the separation of the contributions due to par-
ticles in the medium and virtual particles, is elucidated
in the Appendix. The presence of the medium deter-
mines the coordinate frame, so that the most natural
for our purposes is the Coulomb gauge in which quanti-
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zation has been performed by Khriplovich.®! The Ham-
iltonian for the problem is
1 1
H= Tp,.."p,,." + - 025,28 ,b,° + g0 b, b tb,¢
2 ¥
+ ng:befadcbmbbncbmdbﬂ. — _;__ boaA b,,' (3)

+Yw, [ ( i0m+ %}.‘b,.') R - %rbo"'{o] ¥,
N

where pj, is the canonical momentum that is the adjoint
of by, and, as in electrodynamics, the zero components
of the potential b5 are not independent and must be sub-
stituted in (3) after the solution of the equations of mo-
tion:

bo.ﬂg e mb m¢+ ™ n‘ i a
A £24bn’ (P + Bb) + ‘V;“w"m V.. )

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, so long as the problem of con-
finement of quarks remains unresolved, the validity of
thermodynamics as a description of strong interactions
in general, and the validity of perturbation theory at
short distances in particular, cannot be regarded as
established. At present, these theories are based on
only indirect experimental evidence.®*7: 8}

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 co-
efficients in the formulas have been corrected.

2. INTERACTIONS IN HADRON PLASMA

Equation (2) gives the interaction between two charges
as a function of the distance between them. According
to this formula, in vacuum, the coupling constant in-
creases and approaches unity as the hadron size ap-
proaches l/mo. The question is: what is the interaction
between the charges in plasma? It is clear that, at
distances less than the characteristic interparticle dis-
tance 7, ~ n~'%_ the presence of the medium should have
no effect, and (2) should remain valid. However, it is
not immediately clear what happens at distances in ex-
cess of 7,, and this is the subject of the present section.

In the Coulomb gauge, the general form of the polari-
zation operator is 5]
@*kmkn
k‘

Mn (@, K) = (8nn — kunka/k*) 4 (0, k) + oo (@, k), (5)

and the gluon Green function is

— §u

— 8% (8mn — kmka/K?) (6)
K — (o, k)’ )

Dmn® (0, k)= —
(k= T

Dy (o, k)=

Figure 1 shows the perturbation-theory graphs con-
tributing to Il ,,(w,k) and A(w,k) in the second order in
g. The corresponding analytic expressions can be con-
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FIG. 1. Graphs giving the second-order contributions to Il @
—-d) and 1 ,,,(e — k). Here and henceforth, solid lines represent
the Green function for quarks; broken lines represent trans-
verse 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 are too unwieldy to be reproduced here. Only the
graph of Fig. 1c deserves attention here since the Ham-
iltonian (3) does not contain this vertex. The point is
that the contribution of graph b is

g

I’ (z — y)= 5 I T L’ (2) b (2) Pa’ () Ba* () 1. (7

Time derivatives which appear in the canonical momenta
Pm=08,07 when they are taken outside the T-product sign
give an additional term which is identical with the con-
tribution of diagram c¢ with the vertex taken formally
from the Lagrangian (1).

Summation over frequencies is performed by the meth-
od described in the Appendix. Since each graph has only
one loop, the polarization operator is equal to the sum
I, =09 +I5E®, where I} is the vacuum part calcu-
lated by Khriplovich®? and II'"‘ed) is the contribution of
the particles in the medium, Whlch takes the form of the
same Feynman integral but With one of the Green func-
tions in the loop replaced by the special Green function
with the “cross” (see the Appendix), which contains the
S function on the mass surface and the statistical occupa-
tion factors. These factors ensure convergence at high
momenta such that I1;*¥ need not be normalized. For
the same reason, the vacuum contribution H‘,‘jﬁf’
~ g%k In(k*/m?) exceeds N;¥~g2/7r2 at large distances
w, k>1/r, i.e., the presence of the medium is un-
important at short distances; as indicated above.

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
Y is that due to the quark loops (Figs. la and e)
which are completely analogous to those describing
screening in ordinary plasma. For w, k<<, where p
is the chemical potential, we have

n&e? (o, k)= —

2 2
gNk“[1- |

m+k|
2n? -2_k—n|

+ 29 e(k m)] 8)

so that, in this region, [I("'ed’ >3 ~g2k2 Ink? and the
interaction is screened at dlstances of the order of
(gu)™'. If the medium is so dense that gu > m,, the
Coulomb interaction is small at all distances, and the
perturbation theory in g is valid.!) We note that, in
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vacuum, the Green function has a nonphysical pole in
this approximation for k2 ~m?, whereas, in plasma, the
pole corresponds to plasma oscillations with «?

=g2N, u%/67%, Transverse gluons assume the effective
mass M2 =A(w=k)=g2u2/4n2, although the static “gluo-
magnetic” field is not screened, i.e.,

A(0=0, k~0)=0(k?).

The case of nonzero temperature is much more com-
plicated because real gluons then appear in the medium.
It is important to emphasize that the problem of second-
order characteristics of the medium is 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 as « =0, =0
because the total charge of the system is conserved. !
For gauges using nonphysical degrees of freedom, this
argument is no longer valid. The corresponding limit
O, (w=0, k=~0)= - n? therefore assumes an invariant
significance where the screening length »~! is given by

A"+1_+—+0)—g (1*%) ©

"=gT(6 2

The individual terms in this expression correspond to
the contributions of the diagrams in Figs. la —d. The
polarization operator for the transverse quanta A ‘™ jg
gauge-invariant on the mass shell, i.e., for w=~k. It is
then expressed in terms of the scattering amplitudes
which, since they are physical quantities, are gauge-
independent. In fact, by considering the Green-function
“crosses,” we can readily see that the diagram of Fig.
le can be expressed in terms of the quark forward-scat-
tering amplitude (see diagrams 5b and c), whereas dia-
grams f, g, and k can be expressed in terms of the
gluon scattering amplitudes (Figs. 5, d, f, and e).
amplitudes summed over the polarizations are, re-
spectively, given by

The

Myt=Myt==2g°8" M, "*=-—24g*8"
and the effective mass of the transverse quanta is

Mr=A(med) o —k) =g?T2(1/2+N,/12). (10)
The Coulomb field in the medium is, therefore, screen-
ed and the transverse quanta assume an effective mass.
This means that the infrared singularities of chromo-
dynamics are naturally cut off in the medium, so 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 approxi-
mation to the cold plasma with high baryon-charge den-
sity is the ideal gas of quarks®? in which the energy
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density is

e(u)=-—h3—22 [p,.-u(m,.-’+2pn’)—m~‘ In (%&)]. (11)

where p is the Fermi momentum of quarks of flavor
N, p% =p?-m3%, and ny=p3/m2. The baryon charge den-
sity is

Ng== —;—2 Ny,
N

and this, together with (11), determines the required
equation of state €(ng).

The second-order diagrams are shown in Fig. 2. The
first of them corresponds to the mean-field approxi-
mation and provides no contribution because the medium
is “colorless,” so 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 0,1,
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 72 and small in comparison with
the contribution with two crosses, which corresponds
to the interaction between real particles of the plasma:

('pu):g_z I, Sp['{u(i’s"'mﬂ)‘h(}):'*'mu)]
" 2 2 '[ Tpdp: e (p—pa)?(20)* (12)

N 1!',ll<nr
The nonrelativistic limit of this formula is similar to
the well-known Wigner-Seitz expression, whereas ul-
trarelativistic calculations yield

(2) ot
QI =——, (13)

Graphs of order g* are shown in Fig. 2c~f. They are
very laborious to evaluate and we shall, therefore, con-
fine our attention to the leading logarithmic terms. The
emission of soft gluons leads to doubly logarithmic di-
vergences in graphs d-f separately, but these cancel
out in the sum because the charge does not affect direc-
tion. We are thus left with the double logarithmic cor-
rection to backward scattering in graph d. This is
analogous to the well-known result®®! in electrodyna-
mics:

sao=sa®(1+2lte). (14)

0o @ © @

FIG. 2. Graphs corresponding to contributions of order gz(a,
b) and g‘(c —f) to the thermodynamic parameters of cold plas-
ma. Wavy lines correspond to gluons, both transverse and
Coulomb.
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The quantity a, appears inside the logarithm because the
boundaries of the logarithmic region are defined by the
momenta k%~ p? and k2~ |1, | ~ a, u2.

Graph ¢ provides a logarithmic contribution in the re-
gion of small &:

A d% 8N 2|y (k) I* ~ 0.64 (15)

Q) e — N 2 2.4
7)) @ " - Nlalp‘lna,.

As regards logarithms of ultraviolet character, these
can all be taken into account by replacing a, (,) by

ag (1), which corresponds to the characteristic inter-
particle separation 1/u. Henceforth, we shall omit the
argument of a,, but it will always be assumed that we are
dealing with a,(u).

Thus, collecting all the above terms, we obtain

Nu'r, 2a 2at
Q=—k__ - Int ! o o ~--]
o [1 - It 009N, It (16)

and hence the density of the baryon charge is:

10Q Ny 2ct,
= [1+:t +] an

where we have neglected the relatively small contribu-
tions due to da, (1)/dp. The final result is

9 ¢ (3 h 2a, , 22} .
o= ( Nk) [ 220+ 2 a0, 0,080 N,,xna.+...]. (18)
Figure 3 shows a comparison between (18) and the
baryon-hyperon gas model™! (lower part of figure). We
note that the exchange correction to the energy is calcu-
lated in"7? where a, is assumed to be 2.2 for all u.®?

The next question is the rate at which the validity of the
asymptotic expansion (18) is established, and whether it
is valid right up to the transition region 7,=1-2 fm=-3.

If we consider this expansion on its own, then since the
numerical coefficients are small, the corrections should
be small even for a,~1. It is clear, however, that this
is influenced by effects due to the “nonescape” of quarks,
which we have neglected.

Nevertheless, it is possible to argue that these effects
are 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 first of these effects is the sudden onset of scaling
in lepton-hadron scattering. !

A similar conclusion is reached when we compare our
calculation with nuclear-physics data on the nucleon-
nucleon 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 to®’ 8] 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 at ng=1-2 fm™3, i.e., 7yy~1 fm, where the po-
tential turns over and, at 7,,=0.5 fm, the specific en-
ergy €/ng does, in fact, increase by roughly 1 GeV.
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FIG. 3. Specific energy e /ng (GeV/baryon) as a function of
baryon charge density ng for the isoscalar cold plasma with-
out strange quarks (upper curves, left-hand scale) and with all
types of quarku, d, s, ¢ (lower curves, right-hand scale).
a—ideal nucleon gas; b, g, and ¢, h—hadron plasma with m
=0.2 and 0.4 GeV; d and e—nuclear-matter calculations; (25
f—nucleon-hyperon gas. "% Arrows show ny—the nuclear
density, " and C—threshold for the appearance of strange-
ness and charm,

This suggests that the knee on the function €(ny) at
ng~1-2 fm-* does, 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 stars. It follows from
the work of Zel’dovich™) and Saakyan and Vartanyan P°!?
that, if we use the baryon-hyperon gas model, the cen-
tral density of the star at the limit of stability is ~2—-4
fm-3. This means that collapse and the gas-plasma
transition occur practically simultaneously and there
are no stable quark stars. This conclusion has also
been obtained in the literature™?'2°1 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,®?? 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 tem-
perature exceeding the chemical potentials of all char-
ges. The zero-order approximation is the ideal gas of
quarks, antiquarks, and gluons, for which the energy
density is
d’p 16p d’p 12e,

+
(271)* exp(p/T)—1 Z\l-‘. (271)* exp(ep/T)+1
_ San‘ + TN T* )
15 20

e(ﬁy (T)___

19)

The second equation in this expression neglects the
quark masses. General formulas can be found in the
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FIG. 4. Second-order graphs for thermodynamic parameters
of hot plasma.

paper by Landau and Belen’kii, ®!?

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 are
shown in Fig. 4, and if we use the “cross rule” (see
Appendix), we can verify that the graphs include a whole
series of physical effects (Fig. 5) such as 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 ¢), and the exchange interaction between gluons
(Figs. 5d-f). The derivation is relatively laborious but
standard, and the final result is

§F® =510, T* (—23+—32—) (20)

Corrections of fourth order in g are of two types and
contain two or three Green functions with a “cross”
(see Appendix). The first type consists of radiation
corrections to the above processes and, as in Sec. 3,
they are dominated by the square diagram which pro-
vides a contribution of the order of 8F ~ a2 T*In?a,. The
second type corresponds to the multiparticle forces and
contains diagrams which have a power-type divergence in
the infrared. Thus, as |p, - p,| =0, the graph of Fig.
6a provides the contribution

a'p,d’p:
Pipz(271)"
x PiP2TPsP:
 lexp(p//T)+1][exp(p./T) +1] @1)

T
(ps—p:)*

sF=2¢* |

since 1~ const in (8) as |p, —p,| = 0. It is clear that,
by virtue of (10), this type of divergence does not occur
for the transverse gluons. As in ordinary plasma, 2?1
the sum of a series of divergent diagrams leads to the
replacement of one of the Green functions by the com-
plete function, 1/¢2~1/(g®>-11,,), and this removes the
divergence. The contribution of the region of small mo-
menta (k*~I1 ) in graphs a, b is the so-called correla-
tion energy?

6F=—g;l:-( 1 +%)"’ [ (3N, —~24)8(3) +4°— ‘_1\,‘] ) (22)

Collecting together the calculated contributions, and

\ /Ny N NS A4
- \/
\ / ) ( ZN X
VA U A N A U 7N\
a b ¢ d e f .

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.

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

8n* 7N, na.N,
=[S T Tk Ve —13g°
e=T [15 + n D 2na, 1.3g]. (23)

This expression® is shown in Fig. 7, where €,=7%T*/30
and can be interpreted as the energy per spinless par-
ticle. The ratio €/¢, is convenient because it is a mea-
sure 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, ®7 including both stable particles
and resonances.

Comparison of these curves leads to the conclusion
that quark collectivization occurs at T =0.4-0.6 GeV.
It is interesting to note that, according to our previous
papers, ™7 the range of validity of this approach is set
by the condition T s m,, where m, is the p-meson mass
(the exchange of this meson is responsible for most of
the forces between the mesons), and this is in agree-
ment with the quark collectivization limit.

The necessity for the fast increase in €(T) at T=0.1-
0.6 GeV was predicted earlier™'? but, from the point of
view of chromodynamics, it has a very simple inter-
~ pretation: this is the region in which we have the trans-

ition from the pion gas with three degrees of freedom to
the hadron plasma with about forty degrees of freedom.
At the same time, it becomes obvious that the approgch
of Hagedorn and Ranft and of Bugrii and Trushevskii®3’
is inconsistent, since they tried to extrapolate the
Bethe-Uhlenbeck method to arbitrarily high densities
and temperatures.

€l |
1001+ -

1
|
J

1
1

7, GevV

FIG. 7. The ratio € /€, as a function of temperature (€ is the
energy density in hot plasma and €= 72T4/30 is the energy
density per massless and spinless particle). 1 —gas of pions;
2, 3—gas of hadrons, both stable and resonance l1]; 4,5
—hadron plasma with m,=0.4 and 0.2 GeV.
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The above results can be used in cosmology to des-
cribe the expansion of the Universe at different stages
of evolution. The usual equation of state p =€/3, where
b is the pressure, is valid in our approach for T>0.8
GeV and for T< 0.1 GeV (where photons dominate),
whereas, in the intermediate region, p =0.2¢ and the
expansion of the Universe is somewhat accelerated.

The other area 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 resul!:s reported by Landau®4? (see also the
review by Feinberg et al.[21) with the equation of state
p =€/3 are valid only for incident particle energies
E ;2 10* GeV, whereas, at most, the initial tempera-
ture reaches 0.7 GeV. At lower energies, including
those accessible to existing accelerators, the equation
of state p =0.2¢ is in better agreement with experi-
ment. "2 We have also given™®! other arguments in
favor of low initial temperature. These were based on
the “tails” of the spectra of particles with high trans-
verse momenta. The explanation of this again involves
the inclusion of a large number of degrees of freedom.

In conclusion, we give one further example of the ap-
plication of the above theory. Fe{nberg‘z” has pointed
out that thermal fluctuations in the medium, produced
during hadron collisions, may generate lepton pairs
e*e” and pu*p~. We can readily use our approach to cal-
culate 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 #, d, and s quarks:

AW, .- na’ » (24)

=—T"

dz 108

The rate of production of photons, charmed quarks,
and so on, can be calculated similarly.

The author is indebted to A. 1. Va{nshte{n and I. B.
Khriplovich for numerous useful discussions and to
E. S. Fradkin for useful consultations.

APPENDIX

The technique of temperature Green functions ®3-1%]
automatically takes into account the contribution of real
particles in the medium as well as the contribution of
virtual particles (i.e., radiative corrections). In this
Appendix, we shall consider a simple method of sep-
arating these two contributions, which simplifies deri-
vations and facilitates interpretation. This problem
does not arise in traditional applications of this tech-
nique because the nonrelativistic approximation is then
adequate and does not involve the radiative corrections.

It is well known that the above technique differs from
standard Feynman rules only by the replacement of in-
tegrals over frequencies by sums over #, where w,
=inT(2n +1) (Fermi statistics) or w,=27éTn (Bose sta-
tistics). To be specific, we confine our attention to the
first case. Standard replacement of a sum by an inte-
gral gives 5]

7Y 0lo) =3[ & @0 (),
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where f*(z)=x[1 +exp(¥ z/T)] ~! and the contour of inte-
gration c lies onboth sides of the imaginary axis. We now
represent ®(z) by the sum &, (z) + . (2), where ®_ (z)has
singularities only in the right half-plane and ®_(z) only in
the left half-plane. In the integral including ®, , we take f~
and take the right-hand side of the contour ¢ to +«, The
singularities (poles) of ®, (z) give the contributions

- Z res @, (z.) f~(2a).

In the integral of this term over the left-hand part of the
contour ¢, 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 in-
tegral

j.-dz D, (z)

-fo

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

Z ®(0n) =—Z res @, (z.) f~(z.)

+Z res ®_(z,) f* (z) + I 0 (z)

-i00

dz
2ni

These three terms represent the contributions of par-
ticles in the medium, antiparticles (holes), and radia-
tion corrections. We note that the Feynman rules for
integrating around poles reappear when the last inte-
gral 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 inte-
gral 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 in-
dicate by lines with crosses. In cold plasma, the cros-
ses appear only on quark lines and correspond to

m

g

5 271i6(e—ep)0(n—ep).
2,

and, in hot plasma, they appear only on the quark and
gluon (non-Coulomb) lines, in accordance with

GO ptm [ 2nid(e—ep) 2nib (et+ey)
™ 2e, Lexpl(ep—p)/T1+1  exp[(e,+p)/T]1+11’
D™ (0,K) = 276 (0*—k?) §° (8mn—kmka/k?)
20 exp(o/T)—1

ADDENDUM (October 18, 1977)

In a recent paper, Kislinger and Morley®®! discuss
the interaction between gauge fields for T#0. They cal-
culate the plasma frequency, i.e., the limit =0,
w=0, and not the effective mass, as we have done. The
validity of this result is not clear because the initial
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polarization operator depends explicitly on the chosen
gauge (Sec. 2).

The appearance of nonzero effective mass is contrast-
ed by Kislinger and Morley ! with the conclusions of
Kirzhnits et al.2°) about the long-range nature of weak
interactions in theories with spontaneous symmetry vio-
lation at T>T,., where T is the point of phase transition
with the restitution of symmetry. This important prob-
lem requires further analysis.

In the above papers, ! the long-range interaction is,
in fact, the static limit w =0, k2—~0, whereas the effect-
ive mass corresponds to w =k. It thus turns out that the
situation is precisely the same as in electrodynamics,
e.g., in superconductivity. For T> T,, the “electric”
fields are screened off and the “magnetic” are 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. 7 on
cold plasmas and neutron stars. To the extent to which
they overlap our work, their conclusions are in agree-
ment with ours.

D We note that the condition T, f >m, is also sufficient to en-
able us to neglect the quark masses m=m,; <mg~ 0.3 GeV.
Whenever the charmed quark with m, ~ 1.5 GeV is important,
it is taken into account but, for simplicity, we reproduce
only the ultrarelativistic expressions.

2 In this formula, the charge must be taken to be g(gT), in
contrast to the previous formulas. This contribution was
calculated incorrectly in the preprint version of this paper.

3 The last term in (23) is not included. From this coefficient
onward, the perturbation theory series coefficients are
found to increase rapidly and the series diverges.
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Abnormal states of nuclear matter and » condensation
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It is shown within the framework of relativistic field models of the # N interaction that the instability of
nuclear matter to 7 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 7 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, at nuclear density, of an energy bar-
rier whose surmounting (e.g., in collisions of heavy nu-
clei) 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
o model by Lee and Wick! (see also [?7) points to the
existence of a local energy minimum at M*=0, An in-
crease in the density of nuclear matter may make this
minimum absolute')—the nucleus may go over via a
relativistic phase transition into an abnormal state with
M*=0,

On the other hand, Migdal’s theory of 7 condensa-
tion!® (see also later papers by Migdal and co-work-
ers!?) predicts, at a certain density, the onset of an in-
homogeneous classical pion field in the ground state of
nuclear matter.

The possibility of 7 condensation was not considered
by Lee and Wick in connection with the problem of ab-
normal states. The formation of a 7 condensate in nu-
clear matter was investigated later, within the frame-
work of the o model of strong interactions, by Dashen,
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Campbell,and Manassah. 51 The nonrelativistic approx-
imation used by them does not explain, however, the
role of 7 condensation in the model of abnormal states
with M*=0.

We have investigated the stability of nuclear matter
to the appearance in it 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 € = —(1/2)x H? of an elec-
tron 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 electromagnetic-
interaction constant is small, the susceptibility is small
compared with unity. Therefore the decrease of the en-
ergy of a metal in an external magnetic field is small
compared with the self-energy H®/87 of the field.

The situation changes in theories with strong con-
stants. In particular, the gain in the energy of nucleons
situated in a classical pion field can exceed the self-en-
ergy of the field and may favor the formation of the 7
condensate.

Starting with Dirac’s equation, we find the energy of a
relativistic nucleon in an inhomogeneous classical
((m) #0) pion field of small amplitude. We construct next
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