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Abstract

A fully  relativ istic  model of the strong interactions 

between hyperons, fitted to nuclear matter, is used to inv esti­

gate the properties of superdense matter. This model can be 

solved exactly , and the low temperature limit applied directly 

to construct neutron star models. Our results predict a

significantlv  higher mass stab ilitv  limit (M_ „ = 2.39M „) which 
°  ' °  ' max 0

has far-reaching implications for black hole astrophysics. It 

also predicts moments of inertia well above the observational 

lower bounds for pulsars. The model predicts a phase tran si­

tion which includes nuclear densities , and  has  significant 

implications for the detailed structure of neutron stars. De­

spite the low central densities fo un d  for stable masses 

(ec < 2 x 101 5 g/cm5) all members cf the first Sl'(3) symmetric 

octet except the = enter as stable constituents.

In addition, quarks may be used as fundamental consti­

tuents for a species of superdense matter applicable to models 

of the hyperons. Our results indicate that this approach may 

be fruitful in explaining such phenomena as precocious scaling 

and quark confinement.
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I . Introduction

The observation of exotic astrophysical phenomena during 

the last decade has stimulated an interest in the investiga­

tion of matter under extreme conditions. In this paper we 

study what is commonly calied superdense matter.* These are 

the states of matter which occur near the limit of gravitational 

collapse. We are particularly interested in superdense matter 

in neutron stars because they play a central role in current models 

o f  pulsars and compact x-ray sources in binary systems. In 

addition , vie mention briefly  the application of this kind of 

matter to models of elementary particles .

A general feature shared by all  previous models of neutron 

stars ’ s that the more massive have average core densities 

greater than 10*Sg/cm3 . With few exceptions these models all 

predict stars with masses less than 1.4Mg to I.76M g. These 

models are developed from non- relativistic theories and are

1 2
based on our understanding of the properties of nuclear matter. ’

A disturbing feature o f this situation is that the high mass 

models involve densities which are above nuclear density where 

relativ istic  effects are significant and cannot be ignored. It 

is therefore necessary to approach the problem from a fully  re la ' 

t iv istic  interacting many-body theory.

2

In this paper we Teport the results of a study of super- 

dense matter based on a fully  relativ istic  phenomenological 

description of the strong interactions. The strengths of 

these interactions are determined by a f it  to nuclear matter. 

These are then employed within the framework of a many-body 

theory, which is also re la t iv ist ic , to calculate baryon com­

position and the pressure-energy density equation of state for 

stellar matter. The relativ istic  stellar structure equations 

at T=0 are then integrated using this equation of state.

The predictions of this model d iffer  significantly  from

2
previously described results, and stand in more satisfactory 

agreement with current evolutionary predictions and observational 

lim its. The stab ility  limit against gravitational collapse is 

Z.39Mg. This higher mass limit is particularly important since 

it  implies that black hole formation may be less frequent than 

current theories of superdense matter suggest. The moments of 

inertia for intermediate and high mass stars (> lO ^ g /c m 3) 

bring models of pulsars as rapidly rotating neutron stars well 

within the limits set by observations.3 ’ ^ Finally we note that 

our model leads to a picture of compact object formation 

which is in general accord with the results of evolutionary 

stu dies .*5
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The results of our investigations w ill  be discussed in 

the following order. In Section II we use a phenomenological 

lagrangian to explore the properties of strongly interacting 

superdense matter in Born approximation. This approach, which 

is found to be inadequate, leads to the consideration of an 

expansion in density rather than in the coupling constants.

This expansion in density then motivates construction of an 

effective  lagrangian which retains the major features of the 

strong interactions for densities relevant to neutron stars.

This construction is given in Section I I I .  From this lagrangian 

we obtain relativ istic  fin ite  density Green's functions. These 

are used to obtain expressions for the baryon effective masses , 

and self-consistency conditions on the baryon number and proper 

number densities . In Section IV we derive expressions for the 

chemical potentials, pressure, energy density and speed of 

sound. We then fix the coupling constants by fitting  the model 

to nuclear matter. A numerical solution of these quantities , 

including a phase transition in the vicinity  of nuclear density, 

is presented in Section V . In Section VI we consider cor­

rections to the chemical potentials and effective masses due 

to finite  temperature effects in the high density, low tempera­

ture lim it. Our T=0 results are then used in Section V II to 

construct neutron star models. The relation between our results

4

and the implications of evolutionary studies and observa­

tional limits are discussed. In Section V III  we consider the 

expected effects of non-normal ground states. Also discussed 

are the limitations of the model and its possible application 

to models of elementary particles.

Throughout our discussions we have set IT * c = 1 .^
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I I .  Fundamental Interactions

In a field  theoretic approach to many-body theory the bound­

ary conditions which reflect the fin ite  density and temperature 

of the system are most nati-rally incorporated through the use

of Green's functions. The relativ istic  formulation of this

7 8
problem has already been discussed. ’

It  is natural, in formulating a model of superdense matter, 

to try to include a large fraction of the known particles and 

resonances as possible constituents. A reasonable trial group 

might include the first  SU(3) symmetric octet c f  baryons, the 

electron and muon, and low-lying mesons. Adopting these as 

fundamental f ie ld s , the system can be described by the lagran- 

gian density

L(x) = I * B(x)(i^-m B) * B (x)

B

+ l  ?LCx) (i?-mL)*L(x)
I>

♦ Z ip * * V  ( 2 -1 )

Baryons are denoted by B , leptons by L and mesons by P.

Lc contains all mass counterterms, and the physical masses 

mD and m. are included in Table 1.
D L

The term Lj represents the meson exchanges among the

14 3
hadrons. In the density range of interest, c - 10 g/cm up to

-1 0 1 6 g/cm3 , the important exchanged mesons are the n, n, p ,  

ui, S and $ . Because of charge constraints the presence of 

the leptons has an important effect on the relative concen­

trations of the other species, but their interactions with the 

baryons aTe negligible . The interaction term can then be 

written as

*■1 = rBB'P *B ' *P gBB!P*
B ,P

The rBe,p include pseudoscalar, scalar and vector couplings, 

and the strengths ggB ,p may be fixed by requiring that ( 2 . 2 ) 

reproduce the nucleon-nucleon scattering data in the Born 

approximation.

The two point functions are defined in terms of the 

elementary fields by

Gp8  ̂fx-x') = -i<T^B (x )? B (x ')>  (2 .3 )

and

d £P ) (x -x ’ ) = -c<T*p (x ) * p Cx')> (2 .4 )

where the brackets denote a suitably defined relativ istic

thermodynamic average .7 At zero temperature the latter is

over the baryon N-body ground state , and T is the time

rp)
ordering operator. The equations of motion for D,: and 

Gj: which couple to higher order N'-point functions are gene­

rated from (2 .1 )  in the usual wav. Approximations must be 

made i f  we are to solve these equations. One approach is to

6
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solve the Green's function Dyson equations truncated to second 

order in perturbation theory.

The appearance of real mesons in the system would intro­

duce complications. Being bosons, they may form condensates, 

which would require the incorporation of non-normal ground 

states. These effects may be included in our approach. How­

ever, as argued in Section V I I I ,  their presence is not expected 

to alter the basic structure of neutron stars. We 

therefore set Lp = 0 in ( 2 . 1 ) and consider only virtual mesons, 

described by the usual vacuum propagators, in this calculation.

The non-interacting spin H baryon propagator corresponding 

to a finite  density T = 0 system is

“  f r  * -ir~ :--------- < r ^ r — 1’ ( 2 -5>
p ‘ p -E-̂ +.te p -Ê -x-e p +E^--cc J 

v p P

where np(p) is the T=0 Fermi distribution step-function, and

7
all other variables have their usual meaning. The number of 

baryons N in a system of volume V is related to the Feir.ii wave 

vector by

3*2N /V  * qp. (2 .6 )

8

Standard perturbation theory applied to a model o f this 

kind leads to baryon self-energy diagrams such as those shown 

in Figure 1. Tadpole diagrams (F ig . la) vanish identically  

for the exchanged mesons discussed above, since a non-vacuum- 

valued quantum number is carried by each. To lowest order, the

( D"\
self-energy contains only bubble diagrams and Gp (p ,q F) w ill

g
be given by

{ « - * (B ) (P ,q F) )  - (mB+Z(B ) (p ,q F) ) }  GjB ) (p ,q F) = 1 (2 .7 )  

fBl fRI
where t and £ contain a contribution from each o f the 

exchanged mesons. In each of these self-energies we can 

uniquely separate out a fin ite  density dependent part:

Z (B ) (p ,q F) = j i s f V )  + xJ3 ) (P ,q F) (2 . 8)

r CB)(P ,q F) - m ^ j0 0 ^ 2) + 4 B ) (p ,q F) .  (2 .9 )

The terms Sj and represent the elementary particle s e l f ­

energy which survives at zero baryon density. These terms are 

divergent, and are renormalized by subtraction to the baryon 

physical mass. Although and are not explicitly  den­

sity dependent, there is an implicit dependence, since they

2
are sensitive to the value of p which is driven off the mass 

shell by the density effects.
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The excitation energies and chemical potentials of the

( B)
baryons nay be obtained from the poles of Gp (p ,q p ) . In the 

interest of sim plicity let us discuss the exchange of only one 

meson. We find  that

,  .  N(P>qF) a6 

lF'

where the denominator is given by

D (p ,q F) * {p °(l- S2 (p2)) - iJCp .qp ) ) 2

- (|p|(l-S2 (p 2 ) )- ^ (p ,q F)} 2-{mE Cl+S1 (p 2 ))+ E £ (p >qF)r .  (2 .1 1 )  

The term Z^ represents the 3-vector magnitude of Z * (»j* 1  ,2  ,3) .

F*
The excitation energies p^ » p**(qP ,p) are obtained as solu

tions of

IH P °,P ,qF) = 0 , (2 .12)

and the chemical potential (equal to the Fermi energy at 

T = 0) is given by

k CQ-1 - p°(fp| - flp.^p)- (2 .1 3 )

The solutions of (2 .1 2 )  for pseudoscalar, scalar , and 

vector mesons have been investigated numerically for densities 

< (qp/mB ' 1 ) .  Low density expansions have also been made 

for the region <1p/®g '  * 1 . We find generally that (a) the

10

terms S^(p  ) are sensitive to deviations away from mass shell;

0 v
(b) t f , Z^ and Z^, though strongly density dependent, beat 

against one another in such a way that their leading order 

contributions cancel.

For the dominant exchanges of u and p we found several 

additional features. For some range of the renormalized 

coupling constant g^jj a ghost develops and sol itions to ( 2 . 1 2 ) 

are not found for real values of p*\ For sufficiently  weak 

coupling solutions are founJ in the density range considered 

(0 .0 S  < qp/mN < 1 .0 ) .  The leading order terms in the n 

exchange model yield  attractive nucleon-nucleon interactions. 

However, these terms cancel in ( 2 .1 2 ) ,  and the next order 

terms correspond to an effective increase in the value of 

p*\ In fact the chemical potential v is greater than that 

of a free gas at the same density .^ Analysis of o exchange 

leads to much the same conclusion: Leading order effects 

tend to cancel, and higher order terms yield a chemical 

potential for vector exchange which lies below a free gas, 

which is the opposite of the expected result of repulsion.

A model based on Born terms is clearly inadequate. At 

the very least we should retain terms representing fourth 

order processes (Figure lc-ld) in a calculation of the 

Green's functions. Analysis of these terms for baryons
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shows that they have leading order density dependence propoitional 

baryon number density. Furthermore in the density range 

of interest the dominant term in each i s ,  to within a density 

independent factor, the .same as the tadpole term (Figure la ) .

Tn fact the finite  order contribution should also  show a 

density dependence at most proportional to in this range.

These observations suggest that expansion in powers of 

the renormalized coupling constants should be replaced by 

an expansion in density as illustrated schematically in 

Figure le . The first  term in this series is just the tadpole 

graph which was discarded previously. Moreover, this 

simple term is proportional to the leading order corrections 

from the higher order expressions in Figure le . Thus we 

approximate the interactions due to meson exchange in super- 

dense matter by expressions proportional to the primitive 

tadpole diagram represented in Figure la. The constants 

of proportionality may be determined phenomenologically.

Since we treat only spin 'i baryons the only phenomenological 

field.- of interest are the scalar and vector fields .

hhen the self-energy corresponding to Tigure la is 

examined for these cases it is found to be repulsive for 

Wvti'r  exchange. Scalar exchange produces attraction in the 

le^er density region, but becomes repulsive at larger densities.

12

The system treated in this fashion thus enjoys all the e x ­

pected behavior for the exchanges studied, and does not 

suffer from the d ifficulties  of nearby ghost states with 

their associated anomalous properties.
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i n .  Phenomenological Model

The analysis of the previous section suggests that we 

consider as a model of the strong interactions in superdense 

matter the baryons coupled via a vector and a scalar field  

which have vacuum quantum numbers. A universal SU(3) symmetric 

coupling w ill  be assumed. The effective lagrangian density 

thi.i has the form

t(x) » I ? B(x) (-tf-mg) 'i'gCx)
B

- I<gs'>B Cx}'!>B(x ) « s (x )*g v,?B(x)>(u«B( x ) * “ (x) I 
B

+ «j(3u«s ( x ) 3 % s (x )- w ^s (x )2 }->fFuv(x )F (x )iiv

- ’i '4 * v (x n v (x )v , (3 .1)

where

Fuv(x) - au»y(x)-3v«“ (x ). (3 .? )

The counter terms have been dropped since all expressions 

to be considered below are f in ite . Accordingly we under­

stand to represent the baryon physical masses.

A more appropriate effective lagrangian,which is con­

sistent with our earlier statements about the non-observabi­

lity  of the meson degrees of freedom, should contain only

14

baryon fields . A non-local lagrangian, equivalent to the 

above, is

L(x) » I  ? B (x)U?- m B) *B(x)

B

* I iydeg2?B(x ) * B (x )i(x- C )^B , ( C ) * B ,(5 )
BB *

♦ ydCg- *B(x )Y (j«-B(x )A llvCx-e)*B ,C5)-rv iB , ( e ) } .  (3 .3 )

Tho A 's  appearing in (3 .3 )  are the time symmetric vacuum two- 

point functions for phenomenological scalar and vector fields .

We thus retain the role of the mesons as mediating the inter­

actions without allowing their presence as physical p articles? 1 

Functional variation of the thermodynamic average of this 

lagrasJgian yields the equations of motion for the baryon 

Green's functions. These are

( ^ - m ^ G ^ t x - x * )  - -S(x-x')

’  I Rj/d^t*(x- ?)GpB^ ^ (x c .x 'c * )
B ' J

* I « 5 / i 4 U  u (x- 5)^BcJB B , , l x c .x 'e ‘ )T W, (3 .4 )
B' J ~

where we have defined the four-point function by

C*B B ' ) (\y,.\, y ')  ? ( l /< ) : <TtB(x ltB liy )c !, . l y 'l F B(x 'i>  , (3 .5 )

and the not.ition c signifies  that the time component is 

infinite- irally  earlier  than
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The Hartree-Fock approximation to (3 .4 )  results i f  we

set

r>pBB ^ C x y .x 'y ’ ) =

- G£B )(x-y)G{.B , ) ( y . x ' ) « BB, .  (3 .6 )

The notation in the last term reflects the fact that the 

two-point functions are diagonal in baryon index. This term 

leads to self-energy contributions like the bubble diagram 

shown in Figure lb , while the first term leads to tadpole 

diagrams (Figure l a ) . Motivated by the discussion of the 

previous section, we retain the first or Kartree term in ( 3 . 6 ) ,  

since it  represents the leading order correction in powers of 

the density. The resulting equations of motion become

-mB)GpB  ̂(x-x1) = -A(x-x’ )

♦ | { g ^ 4U ( x - O G j B,)a - r )

+ s l f d * U v v ( . x - O y ' ' ^ B ' h K - Z  ' ) y ' , )G^B ) (x-x'). (3 .7 )

A substantial sim plification results i f  we consider (3 .7 )  in 

momentum space. Using

G_fB) (x- x') - p) (3 .8 )

( 2 0 * P

and

A(x-x’ ) = f  c ' Bc* (x *x n 4 (k) (3 .9 )

(2 - r )
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for the scalar and vcctor propagators, it immediately follows 

that

(#-»B)Gj-B1(p ,q FB ,qFa) = 1

Mo“ BM'B*/û ^ ciq̂ B,)(q’qFB,,qFa)J (5-10)

8 7 Uv / 4 f 4  e,q ntIt ° GFB ,'’ (q 'tlFB'
0

Y
(2*)

-2 -2 7 
The factors -u and -uv are the k“ - 0 scalar and vector

f B 1 ] 0 ( B 11
propagators, and the traces over Gp and y Gp have been

- 0
shown explicitly. The factors e ltl n specify the integration 

contour in the q° plane, and result from the temporal con­

straint on t in ( 3 . 7 ) .  The density dependence of G^8  ̂(p ,q FB,qFa) 

has been explicitly  exhibited. It should be emphasized that 

each baryon Green's function depends on its density q _
rft

and,through the interactions,on the density of all  other 

baryons actually present in the system. The latter are 

collectively denoted by qpQ . The terms in brackets are the vec­

tor and scalar self- energies, which we denote by

(BB ’ J g'  '  — °-
s

U
and

^ no*f 7 T / eiqntf3FB,)(q2’ (3-n)us n*G •' (2ir)

«~0* J  ( 2 *) 4 L J
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In terras of and J ^ t h e  G r e 'n 's  functions are given

by

-»B-S ( 4 BB ' )+ V°5:!-B B ,) ) } G p ) (p) = 1- (3 .1 3 )

The last equation may be inverted directly  to obtain

Gp (p) -
r° (p° -i v65 ) -r •P+mB+4 B^

I p '- z P l W - t - s + i ™ ! 2 ’

(3 .1 4 )

= £ e ^bb   ̂ has been used for

S '

where the obvious notation I 

scalar and vector self-energies of the baryon B, and explicit  

dependence on all baryon densities has been dropped for no-

7
tational sim plicity . The finite density boundary conditions 

are introduced through (2 .5 )  and Dyson’s equation

g £B ) CP) = s£B ) (p)+s£B ) (p )z fB)G<.B ) (p ). (3 .1 5 )

Denoting the excitation energy and effective mass fo rea c h  

baryon by

<Tb Cp) s Ip1♦h£ .b1 '

(B)
” e , B  5 V 1 *

the finite  density baryon Green's functions are

(3 .1 6 )

(3 .17 )

i-4 b ) (p)

P ° ' e vR) -<|(p) + ic

0 (B) jg> . 0 iB) .
P ' Zv -®B Cp)-ie P -zv +< % (p )*ie

( 3 . 1 8 )

18

The Z'iro temperature distribution functions and the Fermi 

wave vcctor of the baryon B are defined according to

nj;B ) (P) = e (q FjB-p) (3 .1 9 )

q ^ B = 3it2Nb/V  . (3 .20J

The total number of baryons in the system is given by

N = Ib Nb . (3 .2 1 )

We observe that the three terms in the propagator (3 .1 8 )  

correspond to: ( 1 ) positive energy excitations above 

the fille d  Fermi sea; ( 2 ) positive energy excitations below 

the Fermi sea (h o le s ); (3) and negative energy excitations.

The ground state is devoid of physical anti- particles, although 

they may contribute through virtual states.

The baryon number and proper number densities n and 

n ^ \  defined by

n (B1 * '« g (x )C B(x)> = -i lim t r{ r°G (x-x ’ ) \{ 3 .2  2)

x ' ~x*0

and

—(R 1 — , . . , » ^(B)-
n = 'A g v x H g fx ):' » lim tr Gp (x-x’ J

x ’-*x*0

= -i lim f  -^-2- e ip ^ tr g[B ) (P] , (3 .2 3 )

r-O '7 C-r)



are related to and through the as in (3 .1 1 )

and ( 3 .1 2 ) :

and

rfBB') = . f| nCB-). ,5)

<*s

Through ^ ( p )  and me R , as given in (3 .1 6 )  - (3 .17 ), the n 

and n are themselves functions of the £ ‘ s .

In evaluating (3 .3 1 )  and (3 .1 2 ) we have dropped infinite 

terms which arise from the number densityof filled  negative 

energy states. The appearance of these terms is a direct 

consequence of the form of our ligrangian, and may be eliminated 

at the outset in either of two ways: ( 1 ) by normal ordering 

the lagrangian; or ( 2) by defining the physical number den­

sities  as the difference between 11 or n and the corresponding 

quantity at :cro density. In either case we find the

appropriate prescription in place of (3 .11 }  or ( 3 . 1 0  is

. 0  . 0  . 0  

to replace the factor e ir> n by (e ip ,’+e ’ lp n) / 2 .

The solutions for the Cieen's  functions will be complete 

i f  they are required to so I f-consistent 1 y reproduce the 

and n . Using (3 .1 8 )  in (3 .2 2 ) , it immediately follows thal

20

This is identical to (5 .2 0 )  and shows that the number d e n s i t y  

of each species is a u t o m a t i c a l l y  self-consistent. Thus (3 .2 2 ) 

is a trivial constraint and simply serves to define qj. 0 . The 

proper number densities (3 .2 3 )  lead to the consistency con­

dition

-(B) _ A- .H  O i l  " c .B  

h &&o <=v

-  mg >B ( 0  2
' 2 ,2  ^ P . B ^ . B ^ . B  ,!’

1 e ,B

(3 .27 )

f  n l ,

To complete the solution we require that n (or equivalently 

2 i —
m n ~ mn - (g / a “')n  ) be given bv this transcendental 

C ,1’ n * > S  *■ *

algebraic equation. !t is easily  shown that in the low density 

limit (qj./mg‘0 ) ^ approaches m^ and n ^  approaches n ^ .

The consequences of (3 .2 7 ) are -significant: in the high 

densitv limit (q „/m„ -* <») the number density n 1*^ - llow-
h , B n

ever, the only consistent solution of ( 3 . 2 ' )  m  this limit is

m „ •* 0 . It will be obseued  that this does not occur in 
e ,B

the absence of the self-consistency requirement, ^  since then

_/  D  ̂ ■> _f  tl ^
n goes asymptotically as q " . Because n is proportional 

to Z and enters only as a correction to the phvsical mass,
>

we may interpret ( 3 .2 " )  as a s e 1f -cons istencv condi ten on

the effective masses m „ .
e , R
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For a system comprised of N different types of baryons 

there w ill be N conditions of the form ( 3 .2 7 ) .  Each is an 

explicit  function of one baryon mass me p , and an im plicit 

function of all others. Equations (3 .2 7 ) therefore represent 

a set of coupled transcendental equations for the m
€ j  D

The relative sim plicity of (3 .2 7 )  is dependent on the fact

B B
that in this model both self-energies z and Z are independent

S V

of external momentum. Generally speaking they could contain 

explicit  dependence on the baryon four-momentum. The self-con- 

sistency conditions would then be replaced by a coupled set of 

transcendental integral equations whose solution would be 

extremely d ifficu lt , even by numerical means.

IVe conclude this section by emphasizing that the results 

above are fully relativ istic ,as  regards both finite  density 

and strong interaction e ffe cts , and treat the baryon physical 

degrees of freedom consistently throughout.

IV. Equations of State

The formal Green's function approach developed in the 

previous section will be used below to study the bulk pro­

perties of a system of superdense matter. To this end we 

review the physical information contained in the baryon 

Green's functions. IVe then f it  the parameters of our model 

to nuclear matter.

A. Physical Information Contained in G ^ ^ p )

Inspection of (3 .1 8 ) shows that the excitation energies

ro-)
of the system as given by the poles of GJ. (p) are

< % c p) = ^ B) -

Since the self-energies are real, the excitations have an 

infin ite  lifetim e, and represent eigenstates of the effective 

Hamiltonian obtained from (3 .3 )  treated in the Hartree approxi­

mation. In accordance with (2 .1 3 ) the chemical potentials of 

the baryons are given by

(B) fB) Pi 2 
u = Ev + V * F . B rae ,B  * (4-2)

The chemical potentials determine the equilibrium  concentrations

for the baryons in the system.

B. Bulk Properties Determined by G ^ ^ (p )

Ke have already discussed the number densities n l and
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n^B' as determined by (3 .2 2 )  and ( 3 .2 3 ) .  The chemical 

f Bl
potential (4 .2 )  and n J constitute N-2 of the N equations 

of state needed for a complete thermodynamic description 

of the system. Of the remaining two, the temperature is 

t r iv ia l : T = 0. The final equation of state is given by 

the pressure,

p V / P ' B w W 1 1 ,

■ P *  - V s , F -'

= -I lim I /d n (B)/ - ^ r  elp n tr{Y °G^B )( p ) } . (4 .3a ) 

n-»0 (2u)

The summation includes only those baryons actually present

in the system at a given density. Equation (4 .3a ) involves

an integration over densities, through p , which is not

always convenient. An alternate expression for P which

involves integration over momenta follows from the stress

energy tensor. As shown in Appendix A , the total baryon

pressure is

P =  I  <«0 l ^ l  v  - { p(B)
B

. , .  / " d4p ip°nv „ rl- - (B) J 0 (B ) , _CB) , .
= -•<. lim /-- e F L trC-Y-p+z^ *y ^  Gp '( p ) .

n->0 (2n) B

(4 .3b )

Wien using (4 .3b ) the effective mass entering through 

( B1
and E is constant so that the momentum integrals may be
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carried out analytically . Equation (4 .3a ) requires that

m be known for each value of w ^  . The Green's function 
e , a

is given by ( 3 .1 8 ) ,  so that (4 .3b ) yields

'yu ~

rtn r
pCB) „ f  d p  tj (B) r (B) f  d p  (B) ,  ,

= 2J ---^  s r f r r  n i  ( p ) + _ 2 n  JJ ---^  n '  (p )
•/ (2w )3 e BCP) F I J  I-

_  jj(B) f d _ £ _  _eJlB__n (B) fp,

, 2  ^ ( 2 , ) 3 ^ ( p )  F

r ’ 2 b.̂  2 ^F 4
f l v n(B) _ _ ? = * ( « )  + J - f . - J L J Z -

2» l  k  w

2 ~ 2

L v “ s

f
where c is defined below. Equation (3 .2 7 ) has been used to

—■ f B)
introduce the term m n ' / 3 .  A term corresponding to the 

infinite pressure of the filled  negative energy states is 

included in (4 .3b ), but is easily  removed by the method described 

in Section I I I .  The r e s u l t , equation ( 4 .4 ) ,  is fin ite .

All of the equations of state are now known, at least 

in principle , and the thermodynamic potentials could be found. 

However it is more direct to proceed with the Green's functions. 

The thermodynamic potential which we need to complete our 

analysis is the ground state energy density, which is just the
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expectation value of the hamiltonian. We show in Appendix 

A that the ground state energy is given by

CB)
(4 .5 a )

CB>
r 4 ' 0

lim e^P n tr [ (y°p  +vp+m  )G*-B:)(p) ] .(4 .5 b )
n-*0+ ( 2ir)

In addition to the physically occupied positive energy 

states , the equations above contain contributions from all 

filled  negative energy states, and these are removed as before. 

Notice that the physical mass mg enters in the trace in 

( 4 .b ) .

( B}
The last equation may be applied directly to Gp ( p ) , 

and leads to

P +mB me ,B }

qF,B ™  me 

6itZ V 4

4 \ ^ f , b 4 3,b

( a, 2 . qF ,B *< % .B  I 

| F>B<? ,B  e ,B  me>B j

^ e  ,B qF,B  ^ F ,B
e ,B

(4 .6 )

An alternate expression for the pressure,which follows from 

the first law of thermodynamics,uses the ground state energy density 

and is

p = n2 i l £ /H i  .

3n
(4 .7 )
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Finally consider the speed of sound vg defined thermo­

dynamically by the derix-ative at constant entropy

v 5 ( 3P / 3e) 
s s

(4 ,8 )

for a system consisting of one baryonic species. Then P and 

e are functions of q ^ , and

2 3P j ,  n  dw /dtlFV = f. /  |~°c- .-i « _________ £.
s 3qp s 3(]p s y dn/dq^ ’

(4 .9 )

as follows from (4 .3 a )  and the definition  of the chemical 

potential y ;  (B e /s n )^ . Equations ( 4 . 2 ) ,  ( 2 . 6 ) ,  the self-consis­

tency relation (3 .2 7 )  for m , and straightforward algebra 

leads to the following expression for the adiabatic speed 

of sound:

2 3 tp 2 2 3 

2 ^ v qF F ^ gs eqF A

qF + 2
P2 B

s ___ F

2 2 «v qF ^ F

’ F + me + - f i T T
vv 3it

(■*.1 0 )

A = 1 -
me&F

In | (4 .1 1 )

2 3

gs V * F  
B = 1 + ~2 2 j?  

p s « mB®  p

(4 .1 2 )

In the high density limit we find that A and ? -» 1 , 

and consequently

lira vs = 1  • (4 .1 3 )
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Inspection of (4 .1 3 ) shows that this is in fact just the 

asymptotic sound speed for a pure vector coupling g_. = 0 . The 

scalar coupling Cgv = 0) would y ield  an asymptotic sound speed

*  1/5  equivalent to a relativ istic  free gas. It  is notable 

that without the self-consistency imposed on me by (3 .2 7 )  , 

the scalar and the vector coupling would separately have the 

same limit ( 4 .1 5 ) .  The limit (4 .1 3 ) is significant since it 

shows that a consistent treatment based on lorentz invariant 

nonlocal interactions at the lagrangian level automatically 

yields results consistent with macroscopic causality .

C. Kuclear Matter

Our model contains four quantities gs , g^ , us , uv which

hr.ve yet to be specified . Inspection of (3 .1 0 )  shows that

2 2 2 2
these enter as the pairs gy/wv and &s / vs so that we actually

are dealing with only two adjustable parameters. The model

has a simple physical interpretation. I f  ^  the scalar

attraction xvi 1 1  dominate at relatively low densities with the

vector repulsion becoming important at higher densities. We

fix the two parameters in our theory by requiring that a

system with equal numbers of protons and neutrons be bound at nuclear

densities (q]; n =qp p = 1 .4 2fm "X) with binding energy ER =

-15.75 MeV per nucleon. Denote the total energy density by

n d ^ P
e = e +e , the nucleon number density by n = n +n ,and assume

2 8

a baryon mass m = 939.0MeV. Then (4 .6 )  and
D

e ' nla3
Eb  = (4 .14 )

2 2 2 2
y ield  a binding energy of -15.74 MeV for gs / Hs / ’-‘g ’' “

2 2 2 1
2 7 .0 4  and = 19 .83 . Our model is completely specified  by the

requirement that it  satisfactorily  describe nuclear matter.

In this context we then realize that the intrinsic  limits 

on this nodel stem from the uncertainties as to what consti­

tutes nuclear matter. The sensitivity  of the fit  is discussed 

in Section V I I I .

The energy density (4 .6 )  for nucleons is identical with 

a result obtained by Walecka through an entirely different 

g
approach. Ke remark that his f i t  to nuclear matter and 

ours are the same. A thorough comparison of the model's pre­

dicted properties (binding energy, effective mass, symmetry 

energy, e tc .)  with those obtained by other methods is gi\-en 

by Chin and K alecka .*^  As stressed there, agreement with 

phenomenological parameters is quite good.

It may appear surprising that a model as simple as one 

based on scalar and vector exchange should be in such close 

agreement with data on nuclear matter and nuclei. However, in 

view of our earlier  remarks motivating the expansion in den­

sity  we see that it should contain the essential physics of
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superdense matter. Further refinements of the approximations 

are possible , but are not expected to have a dramatic effect  on 

the equation o f state , at least as regards normal Fermi flu ids . 

With this groundwork for the development of the model, we feel 

that we are in a position to proceed to numerical values for 

superdense matter with the assurance that these Tesults are 

firmly based on a strong theoretical relatively model inde­

pendent foundation.

50

V . Bulk Properties o f Superdense Matter

The results of the last section w ill  be applied to 

determine the equations of state for the T = 0 system of 

leptons and baryons given in Table 1. This is accomplished 

in two stages. First,baryon chemical potentials are found 

from (4 .2 )  and ( 3 .2 7 ) .  Chemical equilibrium  conditions 

then determine the densities at which each hyperon species 

appears in the system. Having found the constituents as a func­

tion of total baryon number density, we construct the ground 

state energy density and pressure equations of state from 

(4 .7 )  and ( 4 .6 ) .

A . Composition of Superdense Matter

The particles given ir. Table 1 selected as the constituents 

for our model are the lowest mass spin h baryons known. Prob­

ably the only serious omission in this set is the which 

because of its low mass and negative charge would be expected 

to enter between the A® and The inclusion of spin 5/2

particles would require straightforward but significant 

modification to the approach discussed here. An estimate 

of the effect of these missing constituents is given with 

our numerical results. Our equation of state yields matter

7  3
at low densities e < 1 .x  10 g/cm which consists of nearly 

free protons and electrons. As the density increases it
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bccoK o  cut-rue t ical ly favorable for protons to undergo e" 

c-tpturc, wit!; rhc sinultancous appearance of a non-zero den­

sity of neutrons. At higher densities these weak interactions 

result in hypcron production (hyperonization). The basic 

jirscr«sps involved at T « 0 for an equilibrium  ground state 

say be written as

B ( e ',v c )B ' and B(vc ,c+)B ' (5 .1 )

with R and B 1 suitably chosen members of the first baryon 

rctrt. Since the decays (5 .1 )  are weak, the total electric 

chargc Q and baryon number arc conserved, and the change 

in charge and stranneness S of the barvons satisfies  aS = iQ .

The chcaical potentials of the constituent baryons 

determine thr equilihriua composition. In this sense 

ihe r'f act 4 > particle production thresholds. This has been 

thoroughly discussed in the literature.^ The equi librium 

l'i'S.iiti«!i< on the i ’ s which follow from (5 .1 )  are given by 

A^hartsuay.m Two doainant mechanisms determine the den- 

> iU r s  at nhich various baryons appear. The effective masses, 

•-HU*h decrease with increasing density, tend to depress the 

threshold of each harvonic species. Due to the presence of 

e" in the >yvtcs, the chcmical equilibrium conditions have the 

opposite on the positively charged baryons. Table 1

suaa.iri the order in which the baryons appsar. The chemical 

potentials for individual species arc shown in Figure 2. We

note that the interacting baryons enter in the same order as 

they would in a free hyperon gas. The number density of each 

species is shown in Figure 3 as a function of the total 

baryon number density, and the effective masses for selected 

baryons are shown in Figure 4.

B. Pressure and Energy Density

The ground state energy density is obtained from ( 4 .6 ) .

fin
A particular baryon w ill  contribute a term e to the total

ground state energy only when the number density n causes

the chemical potential to exceed its production thres-

(
hold. Once the total ground state energy density e = Z c

B

has been found as a function of n ,  the pressure is obtained 

from (4 .7 )  by numerical differentiation . Alternately (4 .4 )  

and the self-consistency condition (3 .2 7 )  may be used. The 

first approach is numerically the simplest and has been fo l­

lowed here. Representative values of c , P and n are pre­

sented in Table 2 and Figure 5 . For energy densities 

13.40 log e «_ 14.11 the slope of P(e) is negative, and for 

13.64 <_ log c <_ 14.23 the system pressure in negative. 

Throughout this density interval the system contains no hyperon 

The dip in pressure indicates that the system possesses two 

different phases. The pressure r at which the phase 

transition occurs is determined by the usual Maxwell con­

struction. Pc may be found by two equivalent means, as



illustrated in figure 6 , which shows P vs. 1/n and vs. P.

!n terras of the specific  volume 1 / n ,  P i s  determined by the re 

quirement that the integrals /P  d (l /n )  from a to b and from 

b to c along the curve P (l /n ) be equal (the region P < 0 is 

to be included). Alternately, ?c may be found as the 

point where the curve for the baryon chemical potential v(P) 

intersects it se lf  as shown in Figure 8b . For present purposes

vi CP) may be replaced by y ^ ( P )  in determining P . Since 

the relative concentration of protons is sm all, this leads 

to negligible e r r o r W e  have calculated Pc both ways and 

find by each method log Pc ■= 3 0 .3 3 6 . The phase transition 

occurs over the density range 3 .44  * 1 0 <  e < 1.72 x 10*4g/cm3 

The bulk modulus of the fluid  in each phase is proportional 

to the slope of P (e ) . According to the standard convention 

the high density phase w ill  be called a liquid while the lower 

phase w ill  be called a gas. A detailed discussion of the 

ordering properties of the fluid  in each of these phases is 

outside the scope of the present investigation. Therefore 

we w ill  retain the simple classifications above for each fluid  

phase.

At low densities the equation of state approaches a

free gas . The attractive interactions dominate above the

14 3
transition region until e :  1 . 8Z x 10 g/cm , at which point

34

repulsive effects become s ig nificant . At higher densities 

repulsion dominates, and asymptotically P +  e as discussed 

previously. Hyperonization sets in at the Z threshold,which 

occurs for e z 4 .2 3  « 1 0 14  g/cm3 ; the last hyperon in the 

octet appears when e ;  2 . 1 4 * 1 0 ^  g/cm3 .
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V I . Finite Temperature Corrections

Matter inside neutron stars w ill not be in its ground 

state during the initial formation process. Current evolu­

tionary models suggest that the dense core w ill  cool rapidly.

Except for a short period following collapse the matter w ill

18
be at nearly ;ero temperature. It is therefore reasonable 

to assume that such systems w ill  have temperatures satisfying 

kT << v (where u is the baryon chemical potential) when den­

sities  > e,.. fv'c present below the lowest order temperature 

corrections to our model, restricting attention to a single 

component system. The inclusion of additional components 

offers no formal obstacles and may be achieved by a straight­

forward extension of the method discussed below. The expansions 

about T = 0 used below do not limit the relativ istic  nature of 

the interactions or the kinematics of the system. Our results 

therefore represent temperature corrections to a fully 

rel:>: iv istic  system.

The finite  temperature of the system w ill  be incorporated 

as boundary conditions on the fenaion Green's functions which 

fc-Iiov. from the effective lagrangian ( 3 . 3 ) .  As a result of

temperatures, fermions w ill  not be restricted to their 

lev..-*: po>sihle energy states. Instead they will occur in 

ti.v- onercy state p° with probability of occupancy given

36

by

n F Cp0’ 3} = e iT pV T„j-- • (6- D

The finite  temperature Green's function for fermions is thus 

given by ( 2 .5 )  w i t h n F (p) replaced by ( 6 . 1 ) .

This method of introducing boundary conditions is com­

pletely equivalent, at least for low temperatures, to the 

one employed by Bowers and Zimmerman in terns of the elementary 

lagrangian (2 .1 )  and the Green's functions. The latter 

quantities contain suitably defined thermodynamic averages, 

a specific  representation of which has already been discussed. 

The same thermodynamic averages for fermions are used here.

The chemical potential v entering through (6 .1 )  is a function 

of temperature T = ( 8k) 1  i-heTe k is Boltzmann's constant, 

and is determined by the number density through

n = 2/ - ^ T n ( p ,S). (6 . 2 )

J  C 2 n h

The analysis of Section 4 is applicable to finite  temperature 

systems i f  ( 6 .1 )  is used. In particular the Green's function 

follows from (3 .1 8 )  i f n p(p) is replaced with ( 6 . 1 ) .  Note now 

that and will depend on 3 . Eqn. (3 .2 2 )  now gives

n ■ if el Pz {exp S U  ♦ <f(p,?)-u] + 1! \  (6 .3 )

(2  '
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while the proper nu*ber density is , from (3 .23)

n(g) .  <exP * f Jv* <?(P.8)-wl * I I * 1 . (6 .4 )

where «^«4) * *>g - (g^/a~)n(8) and is the baryon 

physical aass. At T > 0 »c (-) and <?(p,-) reduce to (3 .16 ) - 

( 3 . 1 ' ) .  The last equation represents the finite temperature 

sc}f cc.n*i*tency co»J! iion and reduces to (3 .27) at T » 0 .

Eqti.ition (6 .3 ) defines v. Since the two self-energies £y and 

are each functions of n and n , we see that the latter are 

now coupled.

In general integrals over np(p ,8) must be evaluated

nuaerically. However we shall assume that W  << u (semi-

19
degeneracy), and expand about the T •  0 solutions. If  we 

nake the change of variable p « ^< ? 2 -m2 and define 

* > * ( ! •< ? * « )  we obtain

,  f  V (**8u- er ) 2 -m2 B2
n *  —r s f  lx*5u-6E ) ------ ------- dx, (6 .5)

s » •'a. e ♦ 1

where a = 8 (®e ♦ Ev*t») • We shall assume that a < 0. as is

true at T * 0. As long as this condition is satisfied,

a - ■» as T * 0 , and n may be expanded about T * 0. Retaining

56

lowest order terms we find that

2 2 3 /2  2 2 
[(„-£y) -m‘ ] 2ty-I r - n ‘  2

n * ---- --- ^ ---- + -----v- ■ (kT) . (6 .6 )

v e

Proceeding in siroiiar fashion, the proper number density 

may- be expressed as

m •

n = X ?  /v B ■'fc

i
2 2 ** 

(x +Bp -BIv) -B m“

ex+l
dx

which is , to lowest order in the temperature,

me (u-Ev)

Zv

yZ 2
J  -»e

---- j  In
2*

i-E +\(.v-Z ) 2 -m 
v V  V I

(6 .7 )

V ' V  2
e V—  (kT)

6^/(u-rv) 2 -m^

( 6 . 8)

Although m and v are functions of temperature, their T = 0 
e

values are to be used in the last term of (6 .7 ) and ( 6 . 8) .

The latter equations may be used to show that to lowest ordf-r 

in T ,

u (B )  = u ( » )  + AS
-2

me (B) ia ('•») + Bs **. 
e

(6

( 6.10)
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Substituting ( 6 . 9  - 6 .1 0 )  into ( 6 .6 ) and retaining lowest 

order terms leads to the following relation between A and B:

„ 2( 2 qj>m“ )

A “ -s6 - B - ---- 7 —  • t6 -11)
*  6 q ^ p

We then substitute (6 .9  - 6 .1 0 )  into (6 . 8) ,  use (6 .1 1 )  to 

sim plify the result and find , to lowest order in T ,

(g J /6 ^ ) me f(q F)

B

8s (# Zul*F ,  2 ] V < £ f ] )  ( 6 ' 12)

2 tr y ' w r 1 e
s

whe re

f(q F) i 1 - m */2q2 . (6 .1 3 )

All quantities appearing in (6 .1 1  - 6 .1 5 )  arc evaluated at

T » 0 ,  and are thus known.

The analysis above shows that the vector coupling does

not effect  the low temperature corrections to or to y .

We also see that the temperature dependence of me results

entirely from the scalar coupling, and that rae (B) = i f

gs » 0 . When gfi = 0 ,  B = 0 and (6 .1 1 )  equals the coefficient

of the lowest order temperature correction to the chemical

19
potential of a free relativ istic  gas of fermions. We thus 

see that the vector coupling has no effect on the chemical 

potential to lowest order in T .
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Next consider the high density limit of B and A . Re­

calling that me («>)-0 and u (“ )-*qF , in this limit we find

2 -2
lim m ( 3 ) = ”>(•■») fl + —  --7— 1 (6 .1 4 )
# 6 6 -

^F S”  3qF

2 -2
lia  = u ( “ ) - — - . (6 .1 5 )

qF/mg» ^ F

For fixed q , finite temperature corrections tend to increase
r

m , but the coefficient of fi ^ tends to zero with increasing 
e ’ b

qp . Equation (6 .1 5 )  shows that the temperature dependence at 

high density is independent of the interactions; the latter 

enters only through u (“ ) .

Once is known at T = 0 , the coefficients A and B

may be found at each value of q ^ . Table 3 gives these for 

a system of neutrons in our model.
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The T*0 equations of state discussed in Section V have

been used to construct model neutron stars. We present masses,

radii and moments of inertia for slowly rotating neutron stars

based on our model, and compare these with current models.

The method of constructing fully r e la t iv ist ic , slowly

rotating neutron stars at zero temperature is well known. This

procedure, including a detailed discussion o f the numerical

2
program, has been reviewed by Arnett and Bowers. The essential 

steps are the following: E in stein 's  equations for a stationary 

axially  symmetric rigidly  rotating medium are expanded about 

the non-rotating solution .20 The s ta r ’ s angular velocity is

T C
assumed to be t} << flc = (MG/R ) . Expansions in (R/Qc)

are obtained for the moment of inertia I ,  the gravitational mass

Mg, and the mass s ra^X where m^ is the atomic mass

l 7 21 
unit based on C and N is the proper baryon number. To

within limits set by the uncertainty in any recently con­

structed equations of state , including the present model, 

the corrections to Mg and resulting from rotation are not 

sig n ifican t , at least for values of the angular velocity n 

as presently observed in pulsars. For the pulsar in the 

crab nebula acrajj is approximately 200 sec * . The moment of 

inertia , however, does contain terms proportional to C/iic 

which have been retained.

V II . Neutron Stars

42

Model neutron stars based on other published equations of 

2
state have been surveyed. The numerical structure program employed

here is the same as that used by Arnett and Bowers. Thus

our results may be compared directly  with the other models as

reported there.

In order to construct neutron star models an equation of

state is needed which covers the density range e < e < e ,
' s — max

wheTe £max is generally expected to be in the range 1 0 *^ - 1 0 ^ g /c m  

The surface density es has been taken as 7.86g/cin3 (the T=0 den­

sity  of Fe3^ ) . Our equation o f  state could be used throughout 

the density range above. However, the properties of low 

density cold catalyzed matter in neutron stars are well under­

stood. According to current theories, as summarized in Table 4 , 

the least reasonable equation of state at low densities is 

that of a gas. Therefore we patch to more nearly realistic

low density models below the phase transition. S pecifically ,

2 “>
the results of Baym, Pethick and Sutherland "  (BPS) have been 

used for e <_ 2.20 *10*~ g/cm3 . For densities e > 1.72 * 10 * 4g/cm3 

our results have been used.

-Selected neutron stars are given in Table S. Each is 

parameterized bv its central density E . The mass Mg is 

shown in Figure 7 along with models based on the equations 

of state of Pandharipande^ and Cameron, Cohen, Langer, and



43

Rosen (C C L R ).1^ The latter treat the interactions non-rela-

t iv is t ic a lly . Figure 8 gives as a function of ec for the

sane equations of state. The horizontal mark in Figure 7

gives Mj. corresponding to “ 1.41Mg, and represents the

mass of a supernova rcnnant favored by present evolutionary

studies . ^ ’ 5 Stable neutron stars are those for which dM/dcc > 0

for both M, and M_. Configurations beyond the mass peak aTe 
A G

gravitationally  unstable and are expected to become black 

h oles . 18

The maximum stable mass at T=0 has , according to our 

model, a gravitational mass Mg = 2.39Mg and MA = 2 .89M g , and 

a central density e « 2 .0 0  * 101 ^g/''"i^. This represents an 

increase of as much as 60% over values recently reported in 

the literature . I f  supernova remnants are in fact limited 

to masses lying in a narrow range about 1.41MQ , then the 

increased maximum mass is expected to have a dramatic effect 

on the predicted ratio of neutron stars to black holes pro­

duced by supernova. In essence our increased Mmax implies 

that few b U c k  holes would be expected to result directly  from 

the late evolutionary stages of isolated stars, and it may 

reduce the number of neutron stars in close binary systems 

which become black holes as a result of mass transfer.
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Examination of M and R for models in Table 5 snows an

interesting feature. As the mass decreases, the model radius

R increases until the average density o f  the star falls  below

14 3
e ~ 8 * ID g/cm . It  then decreases with decreasing M until 

the average e enters the phase transition region. For 

e < 2 .2  x 101 2 g/cm3 we again find that R increases as M de­

creases until the mass minimum is reached. The interval' 

dM/dR > 0 corresponds to the region where the bulk 

modulus is large due to the steep slope of the P vs. e 

curve. In fact the star distributes mass in this region as 

i f  it  were nearly incompressible, the added matter primarily 

extending the surface while having a small effect  on the 

central density.

Representative energy density profiles are shown in 

Figure 9 . Also shown are mass fractions for selected models.

Of the top three curves, the middle one corresponds to M
max

In these models more than 95% of the stellar matter is at 

densities greater than nuclear, corresponding to the highly 

incompressible fluid  phase. For this reason the phase transi­

tion and the low density portions of P (e ) have little  effect 

on the structure. The density profiles are nearly flat out to 

r ■ R and then drop nearly vertically  to t = The lower three

curves correspond to models which do feel the phase transition, 

and are sensitive to the equation of state at low densities. The
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profiles are remarkably flat up to the phase transition , drop

rapidly through this region, and then develop a low density

envelope which balloons to large rad ii. The latter is due to

the BPS equation of state. The sharp fall  o ff  in density makes

it possible to clearly distinguish the inner core with

14 3
e > 1 .7  x 10 g/cm from the envelope for which e < 2 .2  x 

12 3
10 g/cm . The high density portion of the profiles are

extremely flat  out to the transition region, and account

for nearly all of the mass of the star.

Moments of inertia  have also been calculated for the

neutron stars in Table 5 . We find that the maximum moment

15 3
of inertia  occurs at e of 1 ,5  * 10 g/cm , and has the value 

45 2
I = 3*13 x 10 g-cm . Furthermore, stable models with

U ld A

masses in the range M > lMg have moments of inertia greater 

45 2
than 10 g-cm . The maximum moment of inertia occurs at

lower density than Mmax as shown in Figure 10. Also shown

are moments of inertia based on the non-relativistic equations

of state of Pandharipande and of CCLR.

The two dashed horizontal lines in Figure 10 represent

24
the region in which Trimble and Rees place the lower bound 

on the moment of inertia  for the pulsar in the crab nebula.

TheiT estimate is based on the nebula's luminosity. Considera-

?5
tions of additional observational data“ suggest that the lower
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bound may approach 10  g-cm , in which case most neutron

star models based on non-relativistic equations of state could be

ruled out since they tend to yield  I < 10^g- cm 2 . In fact
max

the relatively high values of I for our model appear to be 

favored by estimates based on current observational data.

Out equation of state contains several features which 

bear directly on the internal structure of neutron stars.

One is the clear distinction between the core and the crust.

This follows from the essentially  discontinuous change in 

density at the phase transition , which occurs over nearly 

two order of magnitude in density and at a pressure which 

corresponds closely with the pressure associated with neutron 

drip. In our model the phase transition is clearly identified  

with the formation of nuclear matter -- a highly incompressible 

fluid  -- and therefore changes the usual mechanism for the 

smaller phase transition known as neutron drip. In our case 

the lattice of nuclear clusters is no longer viewed as vapor­

izing  into a nucleon gas phase, but directly dissolving into 

the nuclear fluid  as density increases. This direct, single 

transition from crystallized nuclear clusters into nuclear 

fluid  provides a marked distinction between the low density 

matter in the envelope and the high density core. The develop­

ment of an outer phase is thus a natural consequence of the
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physics of the core. This modified picture of neutron star

structure w ill have far ranging consequences for such

phenomena as star quakes, couplings to magnetospheres,

possible d ifferential rotation rates , and the dynamic formation

process it s e l f .

Experience with neutron stars based on non-relativistic

equations of state indicates that an increased maximum stable

mass due to increased repulsion is associated with a reduction

in core density. Associated with this is a tendency toward fewer

hyperon species. In the CCLR model (M = 2 .45M „ and p = 
r max 0 c

1 .99  * 1 0 ^ g /c m ^ ) the only hyperons which actually contribute

to the equation of state are the £ , and A , the latter of which

enters essentially  at maximum mass . The remaining hyperons

in thj -.c.-;t appear at significantly  higher densities corresponding

to unstable stellar  equilibrium . Our equation of state shows

nearly the same degree of repulsion as found in CCLR, and the

maximum mass model occurs at practically  the same density

IS 3
le = 10 g/cm ) .  However all members of the octet, with 

the exception of the s i  contribute to the structure. This 

may be understood by examining the way in which the scalar 

and the vector interactions influence the equation of state 

and the particle thresholds. The relative stiffness of the
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pressure-energy density curve is due almost entirely to the

vector coupling,which dominates the scalar attraction above 

14 3
e = 2 .x  10 g/cm . The thresholds, however, are most strongly 

influenced by the self-consistency requirement which drives 

the heaviest baryon's mg asymptotically to zero with increas­

ing density (m __ - 400 MeV when e - 2 * 1 0 ^g /c m ^) as shown 

in Figure 6 . This effectively  increases the number of species 

that occur at a given density.

A complete analysis of the relation between observational 

data and the structural implications of this model are beyond 

the scope of this paper but w ill  be reported elsewhere.
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V tll . Conclusion

When the scalar and vector couplings were fitted  in

Section A'we observed that the greatest uncertainty in our

model reflected that inherent in our description of nuclear

matter. There we assumed Eg = -IS. 75McV/baryon at a nuclear densi

parameterized by t(_ =  1 . 42fm However these values depend 
r »N

on the way in which the bulk properties of nuclei are ex ­

tracted from experimental data. Values of E„ used in published
D

26
models vary in the range -15.3 > Eg > -16.5 Quoted values

27
of q _  are equally uncertain.

t" yti

In order to test the sensitivity  of our model we varied

2 2
our values of Eg and q .̂ ^ by ±2 % and redetermined 8 s/w s ai>d 

■> 2
g“ / u v . The variation in binding energy at fixed q^ ^ leaves

the coupling constants unchanged to three significant figures.

Thus to within the limits of currently accepted values these

variatio/35 may be ignored. Variation in q_ has a more

significant effect on the equation of state. A 2i uncertainty

shifts the value of the vector and scalar couplings by about

S i. We estimate that the neutron star stability  limit will

also change by about 2 f , but in the direction opposite to

qp j. . Therefore the two percent uncertainty in qp ^ implies

approxin.itelv a 0 .05M „ uncertaintv in M 
r 0 wax
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We have included the baryons from the first  SU(3) sym­

metric octet as possible constituents in our treatment of 

superdense matter. Threshold considerations show that the 

lowest mass pion-nucleon resonances should also be included.

It  is most likely  that of these only the & and A0 need to 

be considered. The former probably enters at about the same 

density as the , while the would be expected to follow 

the i ^ . ^ K e  have not included these resonances for two reasons: 

(1) kineraatical complication associated with spin 3/2  propaga­

tors; (2) these couplings lead to phenomenological tensor 

meson exchange which would be d ifficult  to determine from the 

physics o f nuclear matter. We do not feel that a detailed 

treatment o f these added constituents would greatly modify

14 3
our general conclusions. For models with ec < S » 10 g/cm 

the results of Section VII wculd remain unchanged. For models 

having higher central densities we can estimate the possible 

importance of the resonances by treating them as additional 

fermions in the system. Experience with neutron star models 

shows that the addition of a few extra fermion species results 

in a pressure decrease typically on the order of 104.

N'on-normal ground states -such as superconductivity, super­

flu id ity . pion condensation, ferromagnetism and crystal struc­

ture may play an important role in deterj.iining the properties
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of superdense matter. These effects may be incorporated in 

our approach by modifying the boundary conditions imposed on 

the Green’ s functions. It is probable that the first  two have 

only a snail influence on P and e for static configurations, 

and thus should not produce substantial changes in our ir.ass
I

limit! Arguments based on non-relativistic models of normal

29
•superiluids scaled to the regime of nuclear densities imply

that i'f super effects do arise , the gap in the excitation

I 15 3
spectrum should close when the density reaches 10 g/cm .

Since the maximum central density obtained in our model

15 3
is 2 » 10 g/cm , it  is possible that these effects persist 

into the core, because at least seven baryons enter at 

these densities , it  may be possible that each contributes 

a super phase.

Pion condensation and related phenomena30 are also in ter ­

esting processes since the reactions e -» * + ve and

-* ■: + _ can occur at high densities and can carry off an 

ir.pressive fraction of the star 's  energy. Physical v can be 

produced only when u = %-■ Using the physical value of the pion 

mass as the chemical potential of a T=0 condensed boson state 

•_o would have to exceed 140MeV for production to occur. At

all Uenfities in our model u < 125MeV. However it should
e

be clear from our results that there are possible interaction 

effects which could substantially  reduce the pion effective

2 8
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mass. The univeisal scalar meson coupling would have an 

effect on the s-meson propagators similar to that found in 

the case of the baryons. The baryon me 's were decreased 

by about 800 MeV at densities on the order of 1 0 ^ g /c m 3 . Jt 

is not d ifficu lt  to imagine that the pion effective mass, 

even i f  coupled weakly, raay be greatly reduced at similar 

densities. As this happens the e and u decay modes 

sh ift  towards pion production. Real - w ill then appear 

as a condensate, reducing the system pressure. Since this 

w ill  only effect the lepton pressure, which is negligible 

compared to the baryon pressure, u condensates w ill  not 

have a large direct effect on static neutron star structure. 

Table 6 summarizes the important physical parameters for 

selected neutron star models.

Another candidate for a physical realization of cold 

superdense matter is the strongly interacting particies .

There are clear experimental indications that these hyperons 

are composed of a sea of objects which interact locally 

with an external current, have spin one-haJf, and obey s ta t is ­

tics which are either Fermi or parafermi These objects,called 

quarks, carry with them the internal symmetries which are mani­

fested by the strongly interacting particles. They are ex ­

pected to be confined within the hyperons by interactions very 

sim ilar to those iihich manifest themselves between the hvpcrons.
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They are confined at energies and densities which are clearly 

re lativ istic . Furthermore, there are indications of pheno­

mena in particle physics which require a many-body theory for 

32
their description. It  is therefore appropriate that we discuss 

the applicability  of our approach to this problem. The study 

of superdense matter yields predictions which cannot be obtained 

from the study of systems comprised of only a few particles .

Only a slight modification of the formal approach which

we have developed to treat superdense matter in neutron stars

w ill  be required in order to develop a preliminary model of the

hyperons. In fact the results of Sections I I I  and IV may be

carried over directly to describe a simple quark model of the

hyperons. In order to explore the feasibility  of this approach

we take as elementary constituents three quark species each having 

33
mass Hq = 6 GeV. We assume that each quark species couples 

with a universal scalar and vector coupling to baryon number, 

with strengths determined by our previous analysis. In treat­

ing the many-body aspect of the problem, the quarks are described 

by the usual Fermi many-body propagator (2 .S )  with raB replaced by 

The effect  of parafermi statistics would lead only to a change 

in the degeneracy factor of order unity. Bach type of quark is 

thus considered to have kinematic and collective properties similar 

to that of a massive spin 1/2  fermion. The model is now completely 

speci fit?d.
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Proceeding as in Section IV we solved for the quark

binding energy which reached its minimum value Efi = -535MeV

39 -3
for a quark number density n = 7 * 10 cm . This is nearly 

forty times the number density for which the nuclear binding 

energy is a minimum. The quark effective masses m n and the 

chemical potentials were found to have the same qualitative 

appearance as those of the baryons. The decrease in mg ^ 

is impressive, reaching a value m of HOOMeV at minimum 

binding energy. This effect alone could provide the explana­

tion for the precocious scaling observed in the high energy 

phenomena.

Finally we obtained the equation of state which is 

qualitatively sim ilar to our hyperon equation of state. Fur­

ther analysis , though, yields a Maxwell construction which 

occurs at a negative critical pressure. This is indicative 

of a system possessing a single condensed phase. It  is 

possible that an analysis at finite temperature would pro­

duce two stable phases sim ilar to our baryon results. The 

lower density phase would be identified  as an interacting 

quark gas, and the highdensity phase, a fully  condensed 

liq uid , would be the only one surviving at T = 0 . The m ini­

mum density for liquid quark matter in the model is 

7 .0  k 101Og/cm3 .
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In order to apply the model to hadronic matter it w ill

be necessary to investigate these phases in d e ta il . We have

in mind a liquid droplet picture vith the droplets being

associated with baryons in equilibrium  with a quark gas

phase. The preliminary analysis above indicates that this

simple picture is not consistent. The model indicates that

a fully  condensed fluid phase is the natural T = 0 state of

a quark sea, and that cold droplets can be produced only

by some additional formation mechanism. In other words, we

find that quark confinement appears to be less d iffic u lt  to

explain than the formation process. However, i f  we construct

a droplet of liquid quark matter at the minimum stable density

and confine it  to a volume derived from the proton Compton

-24
wavelength, the enclosed mass is 2 .7  « 10 gm. It  is re­

markable that this correspond1; roughly to a proton mass.

In order to obtain complete quark confinement within 

the droplets we would require additional physical mechanisms. 

One possible mechanism would u tilize  surface binding. It is 

notable that this is the mechanism of nuclei formation. Our 

model of nuclear matter is also found to possess oniy a liquid 

phase at ;oro tonperature. A consistent description of atomic 

nuclei would then require the incorporation of additional forma 

tion r.ech.mi sms. A second and more interesting mechanism can

5b

be inferred from our discussion of pion condensation in neutron 

stars. I f  the meson exchanges which are responsible for our 

fundamental interactions are also composed cf quark constituents 

coupled universally to baryon number, these mesons w ill  have 

their effective masses reduced s ig nificantly , possibly even to zero. 

In this context the vector meson octet could provide us with 

a candidate for a Yang-Mills non~abelian ivcf or g.mge fie ld .

This field  would be the source of an infrared catastrophe, and 

could thus lead to complete confinement. A fuller treatment 

of the implications of our model of superdense matter to 

elementary particle physics w ill  appear separately.

A final observation concerns the applicability  of our 

approach to symmetry breaking effects and the masses of elemen­

tary p articles . The formalism includes finite temperature 

e ffe cts , and may be used to study particle effective masses 

at high densities and high temperatures. In this regime it 

is possible that m^ approaches zero, and that a critical 

temperature exists below which specific  masses "freeze out" 

to form a particle spectru . Examination of these problems 

will require additional development of the finite tenperature 

effects on the moson propagators.
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APPENDIX A

The pressure and ground state energy density for a system 

of baryor.s may be expressed naturally in terms o f Green’ s func­

tions. The analysis could be carried out starting Kith (3 .1 )  

for t ( x ) ,  and the Hartree approximation. The elimination of 

meson degrees of freedom can be performed at the end of the 

analysis. This procedure is unduly complicated for our present 

purposes. Instead consider the effective lagrangian density

<•(*) - I ? B(x)
B

H  - n,
B

t-v
(X) * „ , ( * )  ' "7 Y°

uv

(Al)

The equations of motion for * B(x) are given by
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and its adjoint. The stress energy density tensor is

» I »b *b Cx )
a l - gVV t(x) .

Using (Al) this becomes

<y UV'(x )  - I «B (x) c * V * B(x) - s '"' I f * ) .

B

The hamiltonian d e n s i t y f o l l o w s  imacdiatcly:

*•<£> • ?♦©-,«*f(x ) - I *B(x) 
B

B

- T l Rs -

B ’ i ,  I * 8 * ^  ^ B * ^  

! 2ws

0 -

r 2
*v „ - 
-J  T f g .C x )  Y

Z u 
. v

(A4)

(AS)

*B (x)

■ I  ? „ ( * ) ( - t v - 7 *

B B* Zv“

I * n ^ . { x j  .
B* 2« ‘  5

( A6)

The last step corresponds to the Hsrtrre approxination, in

—  0  « ./  f t )  / j j  »
which li^x) ^ x )  and 4^x1 y ^{x) are replaced by n and n ' 

respectively. The pressure P in * spherically symmetric and 

homogeneous systee aay he related t« the expectaricn value of 

i f ’’1'* as ieJlofcs:

u u

Here u is the vcleeiiy  fuar-vrcic? .» fluid r ; r = m : ,  .■snd
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c is th«* ground state energy density. The theraodyrtaaic 

average in (AT) is taken over the g r o u n d  state

r * < y . 7 ° ° !  V  ’  * {A#>

It follows fron (A7) and (AS) that the total baryon pressure 

of the ground state is

r ‘  J
(A9)

s ’14- •  I *» (*) i ^ V - V  * i
B' 2;

■ i j  ,% < > •> ]  L ,

* “v J }

• I V * >
B

r ■» •*

*7Y*7 * I
!*- »<»•>  . f s _ „ < * v

3 B' 2u .
. * v j

« „(x ). (A10)

The last form follows fron the equations of aotion.

The definition of the baryon Green’ s function (2 .3 ) 

is now used to rewrite t’le gronnd state averages of 

(A6 ) and CAP) in terns of Gp®^(p). Consider the first tera 

in (Aol. Take the ground state average and rewrite it *s 

follow.-

l i»  tY*v <«B( x ')  « „ ( * ) »
x '- **0

« -lira iy-'3 <T«B(*)i0<*')’ 
x ’*x*0

( A l l )
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•  *i t ia  * » • ?

The notation x ’ -**0 that w*th * * positive

in H n ilcsisat . ?H« tisc or4vrtfl( ojs^rsttar ;tiar4fstec? th?T 

the proper or<s*-r£tsg at vifi  . tiMf f-*ze gt&eral pro-

ccji'.rc «« to 5r » s

ublain

. * ► JT

r .  - • * -(S‘ )
• ** l i *  tfj ■ * _  • I »—v  l»

Jt * -**0 i?

« * * ’ ’  )] . CAIi)

fhc equation* of *?t»li<sn s&ay fee w>c4 cls*»ft*5c She 

action terss*. tt tHi* i> 4oftp «tr efcuin

e * I  * - U *C

■T ( j 7  • • (A1S)

Substituting (5 .1 * )  for *»;«* {a|?j tead* directly

to the aowentits $p;»ce rr|»r<“>rs!.s!»«i In thi' fora

f ss
.ill interaction effect* «*ntrr ;Hrn«gh st, *r=.  afs*I **is£c the
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integration is over baryon momentum the effective mass way 

be treated as a constant. We note that (4.5b) and the 

thermodynamic expression

- J„< B>d.»(B> (A14)

yield similar integrals (one over p and the other over q ^ ) . 

Both give identical results.

Proceeding in similar fashion for P we arrive at (4 .3b ). 

The details are straightforward and will not be reproduced 

here. As check the results above may be used to reproduce 

P and e for a relativistic gas of non-interacting baryons.

Figure 1

Figure 2

Figure 3

Figure 4 :

FIGURE CAPTIONS

: Typical low order irreducible self-energy diagrams 

resulting from (2 . 1 ) for exchange of vector, scalar 

or pseudoscalar particles (a-d). Leading order 

contributions to the expansion in density are given 

in ( e ) .

: Baryon chemical potentials in superdense matter vs.

(total baryon number density}1^ .  Arrows on the abscissa 

indicate hyperon thresholds. The chemical potentials of 

all similarly charged baryons are equal. The chemical po­

tential for I below threshold has not been shown.

: Particle number densities vs. total baryon number 

density, both in cm The hyperon concentrations 

rise rapidly from zero once their thresholds are 

exceeded. The p* concentration drops to zero 

for log ny 2 38 .6 . At higher densities there 

is a tendency for the n ’s to approach the same 

value. The actual threshold density for each 

hyperon is given in Table 1.

Representative baryon effective masses (MeV) vs. 

total baryon number density (cm . To the scale
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of the figure the effective mass of the nucleons 

are equal. The upper curve is for the z~. Note 

that the baryon n ^ 's  sh ift  together. The physical 

rest masses are denoted on the ordinate. The arrow 

on the abscissa corresponds to nuclear density.

Figure 5 : Equation of State: (a) Baym, Bethe, Pethick and

Baym, Pethick , Sutherland equation of state ;

(b) results of this calculation; (c) free neutron

gas. The horizontal line corresponding to log P = 30.

represents the phase transition region. Curve b

2
asymptotically approaches P = ec .

Figure 6 : Maxwell construction: (a) Schematic plpt of total 

pressure P vs. 1 /n . The dashed line represents 

the equation of state in the phase transition 

region, (b) Baryon chemical potential p vs. pres­

sure P. The thermodynamically realized state 

corresponds to the lowest value of p. The transi­

tion pressure Pc is determined by the intersection 

of the p curves for the liquid and gas phases.

Figure 7 : MG vs . ec for slowly rotating neutron sta-r-.

Curves a and b are described in Figure 5 . Curve 

c represents the GCLR equation of state. The hori­

zontal slashes indicate the mass Mg corresponding 

to a remnant mass = 1 .4 1 Mq .
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Figure 8

Figure 9

Figure

: M. vs. c for slowly rotating neutron stars. The 
A c

treatment follows Figure 7 , except that the CCLR

results have been omitted. The slash corresponds to

M. ■* 1.41M-.
A 0

: Energy density profiles for selected neutron star 

models (le ft  sca le ). Note pronounced core for 

intermediate mass models. Three gravitational mass 

fraction curves are also shown (right scale ). The 

arrow indicates the corresponding density p rofile . 

The extended envelopes are seen to contribute 

negligible mass to the system.

): Moment of inertia vs. Mg. Treatment follows 

Figure S. The (♦) denotes the model with -

1.41Mq . The range in the lower bound on Icr3b 

is shown by the dashed lines.
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Table 1

Table :

Table 3:

TABU: CAPTION'S

: Particle thresholds. The columns give; f 1) p article ; 

( ’ ) rest mass in MeV; (3) total baryon number density 

(cm 3) for which particle appears in the interacting 

system; 14) same as (3) for free p articles ; (S) thres­

hold in total bjryon energy density (g/cm3) .  The 

proton (nip «= 9 38 .3  MeV) and electron (m » 0 .S I1  MeV) 

are present from zero density.

: Equation of State. The first three columns give the 

baryor. energy density e(g/cm 3) ,  pressure P(dynes/cm2) 

and total number density n (cm '3) .  The last three 

columns give the proton, neutron and l~ chemical 

potentials (MeV) in the system. Scveial entries are 

Riven in the region of the phase transition; these 

valuc-s of the pressure, indicated by * ,  were re­

placed by 2.1651:30 for the present calculation. 

Temperature corrections to me and y for neutrons.

The coefficients A and B appearing in (8 .9  - 8 .10) 

as well as u for pure neutrons are given.

Table 4

Table 5

Table 6

: Composition of cold matter as expected for neutron 

stars .

: Slowly rotating neutron stars. The columns give:

(a) central density (g/cm3) ;  (b) gravitational mass

in solar units (Mg ■= 1 .987  x 103 ',g ) ; (cl mass

in solar units (see Section V I I ) ;  (d) radius (ton);

2
(e) moment of inertia (g-cm ) ;  (f) binding energy

per barycn (MeV/baryon). The notation E15 means * lO1^ ,

etc.

Summary of neutron star structure. The three models 

listed are ; (a) critical raodel representing the 

most massive stable neutron star ; (b) the model having 

maximum moment of inertia ; (c) model whose "remnant” 

mass = 1.41M0 .
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TABLE 1

Particle

Rest

Mass

(MeV)

- - X
n « 10 (cm J) e * 1 0 ' 15 (g/cm 3)

Interacting Free Interacting

n 939 .6 = ! 0 ' 8 = io-8 = i o '8

u 10S.7 0 .2 13 0 .462 0 .369

z * 1197.4 0 .245 0 .617 0 .4 23

A° 111S .6 0 .3 27 1.22 0 .5 7 7

.0
i. 1192 .S 0 .511 3 .33 0 .950

= 1321.3 0 .697 3.91 1 .43

♦
£ 1189 .4 0 .712 >6.8 1 .48

.0
1314.9 0 .951 >6.8 2 .14
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TABLE 2

e (g /cm 3)
*>

P(dynes/cm") n(cm 3) pP (MeV) un (MeV; pS (MeV)

2.340E11 3.810E28 1.396E35 938 .2 940 .0

4.7S5E11 1.159E29 2.837E35 938 .1 940 .3

1.113E12 4.251E29 6.637E3S 937 .9 9 4 0 .7

1.914E12 9.465E29 1 . 142E36 937 .6 941 .0 . . .

3.443E12 2.16SE30 2.053E36 937 .0 941 .5 . . .

6 .681E12 5 . 107E30* 3.981E36 935 .9 942 .2

1.265E13 1.014E31* 7.533E36 9 3 3 .7 942 .7

2 .305E13 1 . 431E31* 1.372E37 930 .1 943 .0

3 .542E13 9 .347530* 2.108E37 925 .9 942 .8

4.33SE13 4. 798EZ9* 2 .580E37 923 .2 942 .6 . . .

6.688E13 -4.673E31* 3.981E37 915 .6 9 41 .7

1.695E14 -2.086E31* 1.010E38 887.9 941 .4

1.723E14 2.818E30 1.027E38 887 .3 941 .5 . . .

1.732E14 1.132E31 1.032E38 887 .1 941 .6

1.760F.14 3.790E31 1.049E38 886.5 9 41 .7 . . .

1.82SE14 1.088E32 1.088E38 885.2 9C2.Z . . .

1.972E14 3 .216E 32 1.175E38 S82.4 943 .4 . . .

2.272E14 1.027E33 1.354E38 S77.7 946 .9 . . .

2 .730E14 3.036E35 1.625E38 873 .4 9 55 .4 . . .

2 .996E14 4.868E33 3. '81E38 872 .7 962 .3 . . .

3.530E14 1.041E34 2.091E38 875 .8 9 80.4

4 , 184E14 2.102E34 Z . 46 4E38 888 .8 1010. 1131.

S.261E14 3 . 790E34 3.051E3S 930 .2 1048. 1165.

6.621E14 7.290E34 3 .? S 7E38 1003. 1111. 1220.

8 .02  IE 14 1.264E35 4.438E3S 1094. 1193. 1292.

1.1144EI5 2.514E35 5 .50  7E38 1264. 1349. 1434.

1. 1461:15 3.102E55 5.919E3S 1333. 1413. 1493.

1.333E15 4.265E35 6 .033E3S 1456. 1529. 1601.

1.017E15 6.137E35 7.623E38 1630. 1693. 1756.

1.966E1S 8.S20F.35 8. :it>E38 1820. 1875. 1930.

2 . i 191: IS 1 . 177F.30 1 .0OOE39 2044. 2091. 2139.
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TABLE 3

qF ,N Cfm' 1}
uN(MeVD AfMeV"1) BCMeV*1)

0 .05680 9 3 9 .7 1.541E+2 1.664E+2

0 .1420 9 40 .0 2.46GE+1 2.664E+1

0 .2272 9 40 .4 9.630E0 1 .04  IE* 1

0 .3124 9 41 .0 5.084E0 5.S04E0

0 .4260 9 4 1 .8 2.715E0 2.947E0

0 .5680 942 .6 1.499E0 1.635E0

0 .7100 9 43 .0 9.272E-1 1.018E0

0 .8520 9 42 .9 6.095E-1 6.758E-1

0 .9940 942 .2 4.129E-1 4.642E-1

1.136 9 41 .2 2.822E-1 3.Z34E-1

1 .278 940 .5 1.910E-1 2.252E-1

1.420 9 41 .4 1.259E-1 1 .S4'c- 1

1.562 946 .1 7.915E-2 1.038E-1

1. 70 J 9 58 .8 4 .6 16E-2 6.739E-2

1.84tj 985 .9 2.386E-2 4.216E-2

. 9 3 S 1035. 9.885E-3 2.560E-2

2 .130 1113. 1.997E-3 1.S46E-2

2 .272 1220. -2.017E-3 9.596E-3

2 114 1355. -3.911E-3 6.256E-3

2.556 1S16. -4.749E-3 4.300E-3

:.6:>S 1701. -5.077E-3 3 , 100E-3

2 .840 1908. -5.154E-5 2.323E-3

SO

TABLE 4

P Cg/cm3) Composition

104 - 7 * 10° Normal nuclei and non- relativistic e

7 » 106 - 4 * 1011
R clativistic  e ’ and Coulomb lattice of 

increasingly neutron rich nuclei

4 x 10U  - 2 » I0 14
Neutron drip ; accumulation of free 

neutrons and nuclear clusters

> 2 - 1014
Clusters dissolve; n , p ,"a n d  e Fermi 

fluids

> 3 - K>14 Hyperonization
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TABLE 5

Neutron Star Models

c
c

(g/cm 3 )
V M0 V M9

R(km)
* 2 

(g-cm )

eB

CMeV/baryon)

2.000E15 2 .39 2 .89 11.42 3.05E45 172 .0

1.500E15 2 .3 3 2 .8 1 11 .89 3.13E45 167 .1

1.259E13 2 .2 4 2 .6 8 12 .14 3.05E45 159 .3

1.000E15 2 .02 2 .36 12 .37 2.70E45 142.2

8.000E14 1 .68 1 .91 12.40 2.12E45 118 .8

7.499E14 1 .57 1.76 12 .36 1.92E45 111 .2

6 .402E14 1 .28 1.41 12.16 1.45E45 94 .1

6 .310E14 1.26 1 .38 12 .14 1.41E45 91 .5

5.623E14 1 .06 1.15 11.90 1.10E45 79.2

4.000E14 0 .540 0 .564 10 .78 3.93E44 45 .8

S2

TABLE 6

• \ v. • V

M/Mg R(km) I x 10*45

Critical model 2 ,3 8 11.42 3 .05

Maximum moment 

of inertia
2 ,3 3 11.89 3 .1 3

Remnant model

(Ma  =
1 .28 12.16 1 .45
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