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Relativistic Field Theory of Neutron Stars 
and their Hyperon Populations 

Norman K. Glendenning 

Lawrence Berkeley Laboratory 
Nuclear Science Division 

Berkeley, CA 94720 

The traditional approach to the nuclear many-body problem is the non-relativistic 
Breuckner - Bethe theory, which seeks to account for the bulk properties of nuclear matter, in 
particular the binding and saturation density, in terms of the free nucleon- nucleon interaction. 
It is powerful in the class of diagrams that are summed. However it is an extreme extrapolation 
from the interaction in vacuum to the properties of matter at saturation density, and even more 
extreme to the conditions of matter at super-nuclear densities. Recent systematic calculations 
employing this approach over estimate the saturation density by 50% . This result is consistent 
with all many-body calculations based on the two-body potential; the binding and saturation 
density fall within the so-called Coester band, which does not intersect the empirical point. The 
conclusion seems inescapable that the properties of nuclear matter cannot be derived from 
static two-body potentials between nucleons determined by scattering experiments in the non
relativistic Bruckner-Bethe theory [1]. 

An alternative approach, which has been explored in recent years, involves the formula
tion of an effective relativistic field theory of interacting hadrons. This approach, which is out
lined in greater detail below, is presumed to be valid below the deconfinement phase transition, 
and amounts to identifying the appropriate degrees of freedom at the scale under discussion. It 
is like discussing the properties of ordinary matter in terms of atoms, molecules and electrons 
instead of neutrons, protons and electrons (or quarks, gluons and electrons). This is by no 
means a new idea, early work having been published by Johnson and Teller, and by Duerr, who 
addressed many of the same questions in the 1950's for finite nuclei that have been reexamined 
in recent years. Others at this conference will tell you about these recent developments. 

A relativistic field theory of hadronic matter is especially appropriate for the description 
of hot or dense matter, because of the appearance of antiparticles and higher baryon resonances, 
and also because it automatically respects causality, which the Schroedinger theory frequently 
violates when used to describe dense matter. My own interests for the last half dozen years 
have been in exploring the predictions of relativistic nuclear field theory with respect to 
unusual states of matter, such as the phase transition to an abnormal phase at high tempera
ture, which we referred to as delta matter [2,3], to pion condensation [4], which I reported on 
here in 1980, on neutron star matter which I discussed a year latter [5], and hyperon matter [6]. 
At this time I will report my findings on the composition and structure of neutron stars [7]. 

What are compact stars that are at the endpoint of their evolution made of, stars that are 
customarily called neutron stars? First we note that all stars must be essentially charge neutral. 
The two forces which determine this are the long range ones, the attractive gravitational and 
repulsive coulomb forces. The whole mass and charge of the star act on every additional 
charged particle, and the much stronger coulomb force dictates that the Z/A ratio is less than 
w-36. In stars like our sun, charge neutrality is achieved through a balance between positive 
ions of various elements, and electrons. As thermonuclear processes continue, heavier elements 
are built up until fusion ceases to be a source of energy. The core of the star at this point is 
molten metals of iron, nickel and so on. With the loss of a source of thermal and radiant 
energy, there is nothing to resist the gravitational attraction and the star begins to collapse from 
a radius of the order of 105 kilometers. As you know, it is believed that the infalling material 
sets off shock waves in the condensing matter which triggers an enormous explosion, a super
nova. The remnant of material remaining in the core continues to collapse, forming either 
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a neutron star of a radius of ten kilometers, or black hole, depending on the mass of the rem
nant. 

The physics of neutron stars is a fascinating one, and one aspect of this physics is the 
actual hadronic composition. But I am forced by time constraints to concentrate on a very par
ticular aspect even of this one subject. The aspect that is most relevant to the theme of the 
conference is the following. From the vast zoology of hadrons, which ones are dictated by 
physics to be the relevant fields in a relativistic field theory of matter and in particular, neutron 
star matter? After dealing with this question in detail, I will then touch only lightly on the rest 
of the theory, and present a few results on the internal structure of neutron stars. 

To begin such a discussion, it is necessary to say a few words about chemical equilibrium 
in a star, and in this connection it is useful to recognize that a star evolves in time before it 
reaches what is a possible ground state configuration, a cold neutron star. Many different reac
tions occur during the evolution, and toward the end, reactions between the hadrons occur. 
Some of the photons and neutrinos that are produced eventually leak out, thus lowering the 
stars energy, and bringing it closer to it's ground state, while at the same time causing certain 
reactions to become irreversible. There are certain quantum numbers that are conserved in the 
reactions, either absolutely, or on a time scale that is long compared to the evolutionary epoch 
of the star. Electric charge is absolutely conserved, and baryon number is at least conserved on 
a very long time scale. However other quantum numbers, in particular isospin and strangeness 
are violated by the electro-weak interactions which has an extremely short time scale compared 
to the evolutionary epoch of the star. Therefor for any particular theory of interacting matter, 
the ground state configuration of a neutron star can be found by solving a problem of chemical 
equilibrium subject only to the constraints of baryon and electric charge conservation. Strange
ness and isospin conservation of the strong interactions have no bearing whatsoever in this 
problem. Thus for example, as the density of the star matter increases, the fermi energy of the 
nucleons rises, and such reactions as 

N+N-N+A+K (1) 

become possible. The associated kaon is free to decay, because, as I will show later, it is not 
driven by a finite baryon current. Some of the decay modes are, 

(2) 

The star's energy is lowered through the eventual leakage of the photons and neutrinos. Conse
quently the lambdas become Pauli blocked. Thus as the star cools and condenses, its strange
ness quantum number, which was initially zero, will grow. 

Of course solving a problem of chemical equilibrium does not require that we enumerate 
all the possible reactions that take place. We are required simply to know what quantum 
numbers are conserved on a long time scale. The electroweak interactions determine which 
ones are not conserved over the life of the star, and to high precision they play no further role. 
The equation of state and particle populations are determined by the strong interactions, the 
baryon masses, charges, isospin projections, their interactions with the meson fields, subject 
only to the constraints of charge and baryon number conservation. All particle chemical poten
tials can therefor be written in terms of two independent ones, which we take to be the neutron 
(J.L ) and electron (J.L ) chemical potentials for baryon and charge conservation. Typical reactions 
th~t can occur can ebe used to deduce the chemical potential of any particle, in terms of these 
two. Neutrinos and photons do not take part in the equations of chemical equilibrium because 
their number is not conserved; they eventually leak out of the star. In general, for an arbitrary 
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particle, 

(3) 

where qb and qe are the baryon and electric charge of the particle. This particle will be present 
and in equilibrium when J.L exceeds the lowest eigenvalue of the particle in the medium. 

Mesons and baryons play very different roles in a field theory of matter, and I will discuss 
the simpler case of baryons first. Baryon charge is conserved, and they obey the Pauli principle. 
In uniform matter, which approximates the center of nuclei, and in neutron stars, the state of a 
baryon is characterized by its spin, isospin, strangeness and momentum. Pure neutron matter 
satisfies the condition of charge neutrality. However, as the density of matter is raised, the 
momentum of the highest occupied neutron level will increase and eventually its energy will 
exceed that required to make a proton and electron, at which point it will decay. As the density 
further increases a succession of thresholds will be reached, the delta, hyperon and other excited 
baryon states will be populated together with the necessary number of leptons required for 
charge neutrality. Pure neutron matter is therefor unstable and there can be no such thing as a 
pure neutron star. Since the density of a neutron star increases toward its center, we can antici
pate that while the neutron will be predominant at the surface, where the density is low, other 
baryon populations will increase toward the core of the star. We must be prepared therefor to 
include in our theory as many baryon species as is dictated by a generalized beta stability, and 
this depends on the highest density that can be reached in the most massive neutron stars. 

What of the mesons? They are bosons, and so can all occupy the lowest energy state. 
Moreover, if they are free, they decay on a time characterized by the weak interaction, about 
w-to seconds. This latter observation is very important for it means that the only mesons that 
will be present in the ground state of a star will be those that are driven by their coupling to a 
non-vanishing baryon current. Exactly what I mean by this will be explained shortly. The 
mesons of course mediate the interaction between the baryons. Let us make a partial list of 
them, together with their quantum numbers and the scalar that can be formed with a baryon 
current, which can be a part of the interaction lagrangian. 

Table I. 
Partial list of mesons ordered as to quantum numbers and the corresponding 
part of the interaction Lagrangian. The parentheses enclose the various baryon 
currents to which the mesons are coupled. 

Meson r 
(J o+ 

w 1-

7r o-

p .-
K o-

K* .-

I 

0 

0 

1/2 

1/2 

IS' 
I I 

0 

0 

0 

0 

~nt 

g (J(BB) 
(1 

g w (B "l' B) w p. 

g .. 1r • (B'Ys r B) 
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I have listed them in increasing complexity of their quantum numbers, starting with the scalar. 
One might wonder where the list should terminate, or if it does. I will show that it does ter
minate, fortunately. To see why this is so, and which are the relevant fields, let us examine in a 
general way the lagrangian for a hadronic system, which I write as the sum of the free lagrangi
ans for baryons (B), mesons (M) and their interactions. 

2'strong = ~ 2'8 + ~ ..2"jh + 2'int 
B M 

(4) 

where B is summed over the baryons 

B = n, p, A, ~-,o,+, z -.o, A -.o:+.++, ... (5) 

We have argued already that the number of baryon degrees of freedom will depend on the den
sity of the system, and we are prepared to include all those that are required, by the stability of 
the system. This is easy enough because all of them couple to a meson in the same general 
form. Clearly however the problem becomes increasingly complex as the variety of mesons, and 
complexity of the exchange quanta they carry, is increased. I shall now show how the number 
of relevant mesons is strictly limited. 

The Euler-Lagrange equations for the ground state expectation values of the meson fields 
are, 

(D + m1) <a> = ~&ra <BB> 
B 

(D + m;) <w~t> - a~t a• <w.> = ~ g.;,a <B 'Y~t B> 
B 

(D + ml) <K> = gK <A·rsN> + 

(6) 

The kaon has both neutral and charged states and the appropriate baryons are understood to 
appear on the right. The sources in these field equations are the ground state expectation 
values of the baryon currents that appear in the interaction Lagrangian of Table I. 

Certain of these sources have familiar meanings. For example, the baryon number den
sity is 

n = ~<B'Yo B> = ~ <Bt B> 
B B 

This density drives the w-meson. The 3-component of the isospin density 

I -
<I3> =2~<B'Yo r 3 B> 

B 

(7) 

(8) 

drives the neutral p-meson, while the scalar density, <BB> drives the a-meson. However, not 
all source currents on the right sides of the field equations (6) will be simultaneously finite. We 
define the normal state of infinite matter to have the following characteristics: it is uniform 
and isotropic, and, in addition, the baryon eigenstates in the medium carry the same quantum 
numbers as they do in vacuum. Then pseudo-scalar and pseudo-vector currents vanish in the 
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normal state_as well as the nondiagonal currents that are sources of the charged rhos and the 
kaons. The A'YsN current, for example, changes the number of nonstrange and strange baryons 
each by one unit and therefore has vanishing expectation value in the normal ground state. 
Consequently such mesons, -rr, p±, K, K* as would be driven by these currents satisfy the field 
equation for free particles in the normal ground state, and therefore they can decay freely. The 
star's energy will be lowered in the subsequent leakage of any neutrinos and photons produced 
in the decays. 

We come now to the question of phase transitions by which we mean a change in the 
character of the ground state of the system such that additional source currents besides the 
three mentioned . above acquire a finite value. The meson coupled to such a source current 
then ceases to be free and is driven to have a finite amplitude. The pion condensate has been 
extensively studied. The repulsive s-wave -rr-N interaction inhibits condensation by raising the 
effective mass of the pion in matter. Consequently condensation, if it occurs, will do so by vir
tue of the attractive p-wave interaction. For this reason the pion condensed phase has finite 
wave vector k and corresponds to a phase in which the isotropy of matter is broken. We now 
consider the plausibility of additional condensates. 

Consider the kaon as a general example of a meson whose source current vanishes in the 
normal state. Rewrite the field equation for the Fourier components as 

where k; = k6 - ~2• Consider this at the threshold of a possible phase transition. 
rrK is known as the polarization operator or self-energy and can be written as 

rr I. <J> 
K =- liD 

<K>-0 <K> 

(9) 

In this case 

( 1 0) 

where J is the source current on the right side of (6). The nonrelativistic form of (10) is the 
Lindhardt function. The essential point, however, is that (9) implies that the condition for 
nonvanishing <K> is 

(11) 

The threshold baryon density for the charged K- condensate is that density for which this 
equation first has a solution for real k and for k0 = f.l , the electron chemical potential. A simi-

- e 
Jar equation holds for the -rr-. We can now discuss the plausibility of phase transitions in terms 
of the pion condensate. First note that from nuclear matter density, the electron chemical 
potential, f.l = f.l - f.l , is an increasing function of density until it attains a value on the order 
of the pion e mas~. At ~hat point negative pions will condense, and being bosons they can con
dense in the same energy state. Therefore, f.le will tend to saturate. The saturation point would 
be precisely m if the pion did not interact with other hadrons. The behaviour of the chemical 

7r 

potential in this case is depicted in Fig. 1 by curve (b). In the presence of interactions the dis-
cussion is more complicated. The s-wave repulsion in the -rr-N interaction produces a positive 
polarization operator and tends to inhibit condensation. In this event f.le would not saturate at 
m but at some larger value or not at all. The p-wave interaction, on the other hand, is attrac
ti;e but requires that the pion have non-zero wave number, k. Actual calculations of pion con
densation in neutron star matter indicate that a condensate is expected with k - 1.5 fm -t and 
that f.le saturates at -177 MeV [8]. The behavior of f.le is shown for this case as curve (a) in Fig. 
l. Now suppose that all these arguments concerning the pion and its interactions are wrong; 
that for example the interaction is always repulsive and strongly so, so that the effective mass 
of the pion is much larger than its mass. Even so, as we shall see, negatively charged hyperons 
will cause the chemical potential to saturate around 200 MeV as shown by curve (c). The 
consequence of the saturation of f.le near the pion mass, and in particular below the mass of the 
kaon is that the possibility of other types of phase transitions is foreclosed. Since k

0 
= f.lK- = 

f.le in (ll) is bounded from above by the pion, the polarization operator I1 for the K- would 
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have to be very large and attractive so as to overcome its large mass in order that ( 11) be satis
fied. However, the experimental evidence on kaon-nucleon interactions suggests that they are 
weaker than pion interactions. In this case the kaon cannot condense. It is even less plausible 
that the K* would condense. 

Our conclusion, therefore, is remarkable - the only meson that can condense in neutron 
stars is the 1r-, other than those that are driven by finite baryon source currents in the normal 
state (the u, w, p

0
). The complexity of the interaction Lagrangian, relevant to ground state pro

perties of charge neutral matter, is thus strongly limited by the behaviour of the electron
chemical potential either by virtue of pion condensation or the inevitable appearance of 
hyperons in dense charge-neutral matter. It follows then that the Lagrangian from which we 
can derive the equation of state of neutron star matter can be written for the hadronic phase as 

2= ~ B(i')'" a" - mB + SaB u - SwB ')'" w") B 
B 

- gP P"3 J3 + 22 + 22 + 2g + 2~- U(u) + ~ 'lllx(i')'" a"- m>..)'lllx (12) 
X 

Where J 3 is the isospin current. From this all of the field equations can be derived. One must 
write down in addition the equation that expresses the fact that the star has zero net charge, 
and also all of the equations that express chemical equilibrium for the various species. There 
are 7 + N such coupled non-linear equations, where N is the number of baryon species, and 
their solution provides the meson field amplitudes, Fermi momenta, and chemical potentials. 
The list of unknowns is therefore 

Once the solution is obtained, say at a chosen value of the baryon density, the total energy den
sity and pressure including leptons are 

_ U( ) + I 2 2 + I 2 2 I 2 2 p - u 2 mu u 2 mw wo + 2 mP P03 + n,.m,. 

lu 

+ 2; -\-J (p2 + ml)'l2p2dp 
X 7r 0 

(13) 

l 22+1 22 l 22 P = -U{u)- 2 ffi11 U 2 mwwo + 2 ffipP03 

(14) 

.... 
I 

d • 
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These equations provide the equation of state of neutron star matter, and from the fermi 
momenta at a given density of the star, one has the populations of the various baryon species. 

The equation of state in the hadronic region of densities is shown in Fig. 2 by the solid 
line and is compared with the equation for the more conventional picture of neutron stars as 
being made of neutrons, protons and leptons in beta equilibrium by the dotted line. Both these 
are solutions of the relativistic mean field theory. The softening effect of the hyperons is quite 
apparent, especially at higher density. Three other simple models are shown also, the ideal neu
tron gas used by Oppenheimer and Snyder in the classic paper on neutron stars, the ultrarela
tivistic equation of state, and the causality limit, where the speed of sound is equal to that of 
light. 

Let us now compare the composition of matter corresponding to the two relativistic field 
theory models, the one involving a generalized beta equilibrium which brings in hyperons and 
the conventional picture. Fig. 3 shows this comparison. In both cases, for low density, neutron 
star matter is essentially all neutrons, but as the density is increased other thresholds are 
reached. In part (a) of this figure, the calculation has converged; all other particles in the parti
cle data table were considered, but they do not appear in the range of density shown. 

Once one has the equation of state, one can solve the field equations· of general relativity 
to find how matter will arrange itself in a star. One free choice can be made, say the density at 
the center. Then everything else is determined, including the mass of the star and its moment 
of inertia. These are shown in Fig. 4. Solid line is the complete theory, the dashed line lacks the 
pion condensate, and the dotted line refers to the conventional model. The limiting masses are 
1.8 and 2.1 solar masses respectively. Condensed stars with masses above these limits would for 
the underlying theory of matter, lead to a black hole. Under the influence of gravity, all but the 
lightest neutron stars are very compact. This is shown in Fig. 5, where we see that for most 
masses, the radius is between 10 and 13 km. The distribution of energy density is shown for 
several stars in (b). Ninety-five percent of the stars mass is interior to the point marked by the 
dot. showing that the hadronic matter dominates the structure. Only the outer crust, lies at 
lower densities. 

Having solved the field equations of general relativity for the equations of state under 
consideration, on can next look at the composition of matter as a function of radial coordinate. 
This we see in Fig. 6 for the model of generalized beta equilibrium, and the conventional 
model, where in each case the proper number densities are shown in an onion skin depiction. 
Each population is represented by the areas between curves. Thus at the center, neutrons and 
protons have about equal populations, but lambdas are more populous than either. In the ·con
ventional model, neutrons dominate at all radii. Also shown in this figure by the dashed line is 
the radial metric function. From this we can infer the fractional redshift of light emitted from 
the surface to be about 40% and 60% respectively. This figure pertains to stars of particular 
mass, at the limit of stability. The hyperon fraction as a function of star mass is shown in Fig. 
7. The code for the three curves is the same as for Fig. 4. We see that hyperons attain a max
imum population of about 15 to 20 percent, and produce a considerable softening of the equa
tion of state. 

It is of course very interesting to be able, through theory, to gain some insights into the 
possible internal structure of neutron stars. They are observable due to their pulsar effect, and 
more than 300 are known. It would be even more interesting if one could observe the conse
quences of the present theory. There is some possibility of this. We noted the different redshift 
of our star compared to the conventional model. So far as I know gravitational redshift meas
urements have not yet been made, however. There is an even more exotic effect of our theory. 
Independent of pion condensation, the lepton population is strongly suppressed by hyperons. 
This may have a strong effect on the electrical conductivity; it will be lower if hyperons are 
present than if they are absent. The electrical conductivity in turn determines the decay rate of 
the strong magnetic field needed to produce the pulsar beam effect. Consequently the presence 
of hyperons in a pulsar may register itself in the active lifetime of the pulsar. This is estimated 
from astrophysical data to be less than several million years. 
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It has long been known that the maximum neutron star mass (Oppenheimer-Volkoff 

limit) of a theory is of interest for two reasons. The first is that some neutron star masses are 
known and the largest of these imposes a lower bound on the maximum mass of theoretical 
models. The current lower bound is about 1.5 ± 0.1 solar masses. The other reason is that the 
maximum mass can be useful in identifying black hole candidates. Thus if the mass of a com
pact companion of an optical star is determined to exceed the maximum mass of a neutron star 
it must be a black hole. The maximum mass of stable neutron stars in our theory lies in a nar
row range of 1.79 to 1.98 solar masses with 1.81-corresponding to our best estimate. The varia
tion about this figure corresponds to the presence or absence of a pion condensate and the 
assumption of universal baryon coupling or to a reduced coupling for hyperons as motivated by 
quark counting arguments. For comparison if hyperons, isobars and pion condensate are 
suppressed, the limiting mass increases to 2.15 solar masses. On the other hand 
Pandharipande's equation of state for hyperon matter is much softer than ours and leads to a 
limiting mass of 1.41 solar masses. Most theoretical models yield limiting masses in the range 
1.3 to 1.8. All of these are considerably lower than a variational upper bound of 3.2 and there
fore appear to provide a useful consensus on the limiting mass, as being somewhat less than 
two solar masses. 

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 7. Hyperon fraction in neutron stars. 
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