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Abstract 

A Lee-Wick abnormal phase transition exists in a relativistic nuclear 

field theory that is simultaneously compatible with nuclear matter 

properties. The phase transition is first order. The phase diagram is 

calculated and the abnormal phase lies below the expected deconfinement 

region. According to the Rankine-Hugoniot shock relation, the abnormal phase 

is accessible at total center of mass energy per nucleon of 2-4 GeV. 
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A decade ago Lee and Wick suggested that matter might exist in an 

abnormal state in which the nucleon effective mass nearly vanishes. 1 The 

excitement that was provoked eventually waned as it was realized that the 

theory employed to describe the abnormal state could not simultaneously 

describe the propertes of ordinary matter, not even its saturation. 2 

In this note we draw attention to the fact that a first order phase 

transition of a similar character has been found3 in a relativistic nuclear 

field theory that is an extension to include baryon resonances of the so 

called Walecka model, 4 which does describe ordinary matter and single

particle properties of finite nuclei rather well.5 Because of its success 

with Drdinary matter and its relativistic covariance it has proven interesting 

to study the predictions of the theory for the properties of matter under 

extreme conditions of temperature and compression including the high 

temperature behavior with3 and without6 the inclusion of baryon 

resonances, high compression as in neutron stars, 7 pion condensation,8 

delta isomerism, 9 and hyperon matter. 10 

Although a phase transition was observed in the theory several years 

ago, 3 it was not at that time associated with the Lee-Wick state, and its 

phase diagram was not calculated. Below we shall show that the transition 

from the normal to the abnormal state is expected to occur at moderate energy 

densities and therefore below the quark deconfinement phase transition. If 

this is so, the transition to the deconfined phase is from the abnormal 

Lee-Wick phase, and vice versa, rather than from the normal phase, as is 

customarily believed. 

We also note here that two other groups have recently found a phase 

transition in baryonless (p = ~ = 0) matter. 11 , 12 This is of the same 

nature and a special case of the one found in ref. 3, as we also show below. 
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Recall that the relativistic nuclear field theory of ref. 4 involves 

nucleons that are Yukawa coupled to a scalar (a) and vector meson (w ). 
'1.1 

Because the phase transition that we are interested in is one iri which the 

scalar field becomes large and hence baryon masses become small, it is 

necessary to take account of baryon resonances, even at moderate temperature. 

Therefore we couple universally all well established baryon resonances of mass 

up to 1.8 GeV both strange and non-strange and include in addition a thermal 

gas of pions. If produced in a collision, the evolution of the system will 

presumably occur on a time scale that is small compared to that of strangeness 

non-conserving reactions (-1o-10 sec). Therefore the chemical potentials of 

the strange baryons are cbosen to be zero. The equations describing the mean 

field approximation to the field theory in the general case of finite· 

temperature and baryon number and including resonances can be found in the 

appendix to ref. 3. 

To understand why such a phase could exist in hadronic matter, we 

reproduce below the equations governing the mean amplitudes of the scalar (a) 

and vector (w
0

) fields in a thermal ensemble at temperature T, 

g a 
a 

* 
-;::===m====- (n(p,l.l) + n(p,-l.l))p 2dp 

I 2 *2 'J P + m 

2 (n(p,l.l) - n(p,-l.l))p dp 

where n(p,l.l) and n(p,-'1.1) are the Fermi-Dirac distribution functions for 

nucleons and antinucleons respectively, 

(1) 

(2) 

(3) 

v 
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and m* = m- g
0

cr in the nucleon effective mass. The generalization to 

include resonances is given in ref. 3. Note that (1) is an equation which 

determines g cr self-consistently in the medium. The scalar _field gives rise 
cr 

to an attractive energy because it reduces the nucleon mass by g cr, while 
cr 

the vector field contributes a repulsive energy by shifting each nucleon 

eigenvalue by g
00

w
0

, i.e. 

E = g w + Jp2 + (m - g cr)
2 

p w 0 cr 
{4) 

(Comparing {3) and {4) note that the true chemical potential is ~ + g
00

w
0
.) 

Now it is possible to see what drives the phase transition. Notice that 

the vector repulsion is driven by the difference in baryon and antibaryon 

densities, {2), i.e. by the net baryon density denoted by p, while the scalar 

attraction is driven by the sum of the scalar densities (1). Consequently it 

can become advantageo~s at sufficiently high temperature or compression, for 

copious baryon pairs to appear in the medium, which reduces the baryon 

effective masses through a growth in the scalar field, at no cost in repulsion 

from the vector field. We can also note that the possibility of such a phase 

transition is not tied to a particular choice of Lagrangian. The presence of 

baryons automatically insures that scalar and vector densities <BB> and 

<By B> will exist which can drive meson fields having the corresponding 
~ 

quantum numbers. Thus such a phase may be a very general phenomenon occurring 

for some range of coupling constants and energy densities in any relativistic 

field theoretic description of matter which is solved self-consistently. Of 

course the particular form that the self-consistency condition (1) takes will 

depend on the couplings and self-interactions, i.e. on the particular 
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Lagrangian. The contribution of this note and ref. 3 is to show that, within 

such uncertainties, the Lee-Wick phase is compatible with the properties of 

ordinary nuclear matter. 

In Figure 1, solutions showing the scalar field, g a, as a function of 
a 

t~perature for fixed chemical potential are shown. On each curve of constant 

~, the scalar field undergoes a sudden growth as the temperature is increased. 

The baryon effective masses correspondingly are shifted downwards from their 

vacuum values. For these calculations we use the coupling constants 

{5) 

yielding for normal matter a binding B/A ~ 16 MeV and saturation density 

p = 0.145 fm-3• The curve with ~ = 0 corresponds to pure baryon-antibaryon 

matter with no net baryon density p. The curves·with ~ > 0 correspond to 

finite baryon density and the figure shows that above a temperature T2 ~ 150 

MeV the abnormal phase is the only available state over the entire density 

range. Between T1 ~go MeV and T2, three solutions, the normal one, the 

abnormal one and an intermediate ~nstable phase, exist over a finite density 

interval that includes p = 0. ForT< T1, both stable phases can exist over 

an interval of finite baryon density, but not including p = 0. Thus at 

temperatures less than T1 the abnormal phase can exist only in matter with 

finite baryon number. 

For one sample temperature the pressure is shown as a function of density 

in Fig 2. The phase transition is clearly not of the typical Van de Waals 

type. Both normal and abnormal phases are simultaneously stable over the 

entire transition region. The location of the Maxwell construction is shown, . 

v 
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corresponding to equal pressure, temperature and chemical potential in the two 

phases. 

The sum of baryon and anti baryon densities is also shown in Fig 2, and it 

can be noted that the onset of the abnormal phase is accompanied by an 

increase in low mass baryon-antibaryon pairs. However their total density is 

not so large ·as to automatically invalidate the theory. The entropy per 

baryon is larger in the abnormal phase in the coexistence region of the normal 

and abnormal phases as is also revealed in Fig 2. 

The phase diagram for the transition is shown in Fig 3. The solid line 

marks the trajectory of Maxwell points and the dashed lines mark the 

boundari~s of .the coexistence region throughout which both phases are stable.· 

According to these calculations, the transition to the Lee-Wick phase lies 

below the decohfinement transition, which is expected at T ~ 200 MeV when 

p = 0. 

· Th~ lotation of the structure in Fig 2, in accord with Fig 3, moves to 

higher or lower baryon density as th~ temperature is lowered or raised. As T 

approaches T1 ~ 90 Mev from below, the point where the abnormal phase merges 

with the unstable intermediate one approaches the p = 0 axis, and thereafter 

the abnormal phase is isolated. This is the situation depicted in the tables 

of'ref~ 3 at T = 125 MeV. As Tis further increased to T2 ~ 150 MeV, the 

point where the normal and intermediate phase join moves to the p = 0 axis, 

and forT~> T2, only the abnormal phase exists. 

To assess the experimental accessibility of the abnormal phase we have 

solved the relativistic Rankine-Hugoniot shock condition to estimate the 

conditions that would be produced in a collision of two normal nuclei. As Fig 

4 shows, above a total center of mass energy per nucleon in the medium of 
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about 2 GeV, matter is produced in the abnormal phase. The temperature, 

entropy per nucleon and baryon density in the shock zone are shown as a 

function of the relativistic factory which is related to the center of c.m. 

mass energy per nucleon by E /A = y (m - B) with B the binding per c.m. c.m. 
nucleon in the normal state. Of particular note is the high entropy in the 

abnormal phase. This corresponds to the abundance of low-mass baryon pairs. 

To summarize, the Lee-Wick abnormal phase exists in a relativstic nuclear 

field theory that simultaneously describes the normal state correctly. Baryon 

resonances up to masses of 1.8 GeV are universally coupled to the meson 

fields. We discussed only the mean field solutions. Within that limitation 

the phase transition is first order, all baryon masses are strongly shifted 

from their vacuum values, the baryon charge is carried mainly in resonances 

rather than nucleons, at finite temperature there is an abundance of low-mass 

baryon-antibaryon pairs, both strange and non-strange, and the entropy is 

high. The phase diagram indicates that the abnormal phase exists between the 

normal and deconfined phases, and the shock condition suggest that it can be 

produced at moderate center of mass energy per nucleon in the range 2-4 GeV. 

I acknowledge useful discussions with G. Baym, J. Boguta, J. Kapusta, and 

T. Matsui concerning.this work. 

This work was supported by the Director, Office of Energy Research, 

Division of Nuclear Physics of the Office of High Energy and Nuclear Physics 

of the U.S. Department of Energy under Contract DE-AC03-76SF00098. 
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Figure Captions 

Fig 1 The phase transition is shown along curves of constant chemical 

potential. In the normal state the scalar field is small. In the 

abnormal state it is large. 

Fig 2 At T = 80 MeV, the pressure, total baryon density, PB + pB' and 

entropy per net baryon are shown as a function of net baryon density 

P = PB - PB showing change of conditions across the phase 

transition. On the pressure curve the Maxwell construction joins the 

normal and abnormal phases on a constant pressure line marked at M. In 

the other two curves it is indicated by the dotted line. In the middle 

frame, the difference between the solid curve and the one labeled 

PB = 0 is the density of baryon pairs. 

Fig 3 Phase diagram in the T - p plane. The solid line joins the mid-density 

of the Maxwell constructions. The dashed lines mark the boundaries 

between which both phases are stable. 

Fig 4 Temperature, density and entropy per net baryon reached in the shock 

zone as a function of y or, on the top scale, the total center of c.m. 
mass energy per net baryon. For convenience, the laboratory kinetic 

energy per projectile nucleon is plotted for a symmetric collision with 

fixed target. 

J 
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