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Abstract

Vacuum renormalization corrections are calculated for normal nu-
clear matter and neutron star matter in the chiral-sigma model. The
theory is generalized to include hyperons in equilibrium with nucleons
and leptons. The equations of state corresponding to two compression
moduli, a ‘stiff’ and ‘soft’ one for nuclear matter, are studied. It is
shown that fully one half the mass of a neutron star at the limiting
mass is composed of matter at less than twice nuclear density. Neu-
tron star masses are therefore moderately sensitive to the properties of
matter near saturation and to the domain of the hyperons, but dom-
inated by neither. The predictions for the two equations of state are
compared with observed neutron star masses, and only the stiffer is
compatible.
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Vacuum Renormalization of the Chiral-Sigma Model and
the Structure of Neutron Stars

Norman K. Glendenning

July 7, 1987

1 Introduction

In the last few years there has been great interest in relativistic nuclear field
theory, both concerning the normal state of nuclear matter and nuclei [1] and
states of matter under extreme conditions. Examples of the latter are high
density as is found in neutron stars [2] or transiently in high energy nuclear
collisions and which may induce a phase transition to a pion-condensed
phase [3], or high temperature as may induce a phase transition to abnormal
matter, characterized by low effective masses and an abundance of baryon
pairs [4]. Presently, the only relativistic field theory that can account for
normal nuclei is the scalar-vector-isovector theory involving the coupling of
o, w and p mesons to the baryons [1]. This theory is very successful in
describing a large number of nuclear properties but unfortunately is not
invariant under the chiral transformation whose symmetry is knowg to be
rather well satisfied at the elementary level. On the other hand the chiral-
sigma theory [5] cannot even describe the saturation curve of normal matter

[6] unless vacuum corrections are taken into account [7]. Even then, it seems



not possible to find solutions for finite nuclei that describe normal nuclei [8].
Instead the lowest energy solutions correspond to bubble nuclei, that have
the baryon density concent‘rated on the surface.

Nevertheless, it is of interest to investigate the uniform matter properties
of the theory, particularly in the event that a solution to the above dilemma
can be found. In this paper we shall take into account vacuum corrections,
which are essential to obtain a normal saturation curve [7]. Since we are
interested in calculating neutron star properties predicted by this theory, it
is essential to generalize it to include the hyperons, because these baryon
states become favorable in high density neutron star matter [2]. This raises
the question, both for nuclear and for high density matter, as to which
baryons are assumed to possess a filled negative-energy sea. We resolve this
question by reference to the underlying theory of which the hadronic theory
is assumed to be an effective one, valid in the density domain below the
quark-gluon phase transition. The stable quarks are the u and d, and these
therefore have filled seas. The othérs are composites on a long time scale.
Accordingly renormalization should be carried out on the nucleon only.

Hyperons form an important component in neutron stars, and have been
shown to soften the equation of state appreciably in the moderate to high
baryon density domain [9]. As previously noted, this could be a critical fac-
tor in the first bounce mechanism for supernovae, since the time scales of star
collapse are long (seconds) compared to the electroweak processes involved
in relaxation of dense nucleon matter into hyperon matter [9]. The situa-

tion is opposite in high energy nuclear collisions which are fast compared to



these processes so that net strangeness is not developed. Accordingly, for
application to neutron stars we generalize the chiral-sigma model to include
hyperons.

In the following sections we summarize the chiral-sigma model, derive
an expression for the symmetry energy coefficient, fit the parameters of the
theory to nuclear matter properties, assuming a ‘soft’ and ‘stiff’ compression
modulus, and exhibit the corresponding equations of state for nuclear and
pure neutron matter, and the various contributions to it. Subsequently, the
hyperons are incorporated, and their effect on the equation of state of neu-
tron star matter is computed. The equilibrium composition of such matter
is discussed. The structure of neutron stars is calculated, and the effects
of beta stability evaluated. Redshifts, masses, radii and binding energies
for the two cases of ‘stiff’ and ‘soft’ nuclear matter equation of state are

computed.

2 The Chiral-Sigma Model

The Lagrangian for the chiral-sigma model is

Lo = YN[i7,0"* — g(0 + iysT-T)]YN

+ %(aﬂ'aapa + auﬂ"@“ﬂ') — ‘—11'/\(0’2 + T — 0—3)2 (1)

to which we add the Lagrangians for the vector and vector-isovector mesons,
w and p, which are coupled to the conserved baryon and isovector currents
respectively. They give rise to an energy density that is quadratic in the

baryon density and isospin density respectively. The first is essential for



saturation of nuclear matter and the second is important in accounting for
the observed asymmetry energy of nuclear matter, and is of course important

to a description of the very isospin asymmetric neutron star matter. Thus,

L = Lo+[ jwumw” + §miww] + [~ 3o 0 + Fmip, p]

_QZ’N[gw'Yp.wu + %gp’YpT’P“ o ]"pN (2)

The ellipsis represent other parts of the isospin current contributed by the
p and m mesons which in principle are present, but which vanish in the
normal state of matter [10]. Bold face characters are used to denote isospin
vectors, and the notational conventions of ref. [11] are used for the metric
and Dirac-gamma matrices.

In this paper we shall be concerned only with the normal non-pion-
condensed state of matter, so we take = = 0, and inconsequentially therefore,
also m, = 0. The constants appearing in the Lagrangian can be related to

the masses through,

mN = g0o (3)

mye = \/i—)\_ao (4)

The Dirac equation for the baryons is the Euler-Lagrange equation of £,

and is readily obtained as,

[u(p* — guw* — 39,7-0*) — golpn =0 (5)

This can be easily solved in the mean field approximation. That means that

we consider uniform static matter in which the meson fields are replaced



by their mean values in the ground state. Without change in notation the
meson fields will denote henceforth the mean value, 0 = (o), etc. Then
the Dirac equation above can be solved immediately. The corresponding
coupling terms in eq.(5) appear also in the Euler-Lagrange equations for the
mesons. These source currents are replaced by their expectation value in
the ground state defined with respect to the occupation of the above Dirac
states up to the Fermi momentum for the desired density. This then poses a
self-consistent problem for the determination of the mean meson amplitudes.
The mass term in eq.(5) appears in the form go, which is referred to as the

effective nucleon mass,
my = go (6)

to be compared with the vacuum mass, eq.(3). The energy eigenvalue is

readily obtained as,
en(k) = guwo + goposlan + (k2 + m;cv2)l/2 (1)

where I3y is the isospin of the baryon (nucleon) N. In writing this we have
already anticipated the vanishing of the space-components of w, and p, (and
the isospin 2 and 3 components of the latter). Otherwise the momentum in
eq.(7) would be shifted.

The energy density can be found as the diagonal time-component of the

stress-energy tensor,

T = gyu£+28(gf¢) V¢ (8)



where the sum is over the various fields of the Lagrangian, denoted by ¢.

The energy density is then found to be,

2J 1
€ = - %m%& - fmppo;, + 1>\(0 - 02)2 + Z—ﬁi’/o (k)kzdk

m?
87r2 642 )

= smiwd + mp/f’os‘*‘l/\(Or - o8)?

*x 4
E[zu3 — Szu— Lln(z + u))
N

My
472

+

md mé
87r2 F(n) 6472

(9)

The last two terms have been separately added and represent the one-loop
expressions for the renormalization of the energy arising from shifts in the
spectrum of the filled Fermi sea of nucleons and the zero point energy of the
o field, in comparison with the vacuum [7].

It has not been found how to calculate the renormalization of the p-
meson. In the uniform matter case, the only contribution of this meson is a
term in the energy density that is quadratic in the isospin density. We may
regard this as a phenomenological term, and determine the coupling by the
empirical symmetry energy.

Since the baryon eigenvalues, eq.(7), are independent of spin, but depend
on isospin projection, the sum over the spin-isospin states of N are expressed

in eq.(9) by (2Jn + 1) where Jy denotes the spin and the sum on N is over



the isospin states of the nucleon. We have used the other definitions,

F(y) =

kn/m¥y , u=V1+ 22 (10)
(0/00)* =1 (11)
—~2Jy+1 ¢? kn Cajo,

3 2 4

N+ %: 272 m—a2/(; (k'2 + my ) 324 dk

3+ LN S 3] 12
21T o 2 ;[79’“ +2/u—3ln(z +u)] (12)
(1+9)’In(1+y) -y - 3v° (13)

The field equation for the scalar field can be obtained as the condition

that the energy is stationary at fixed baryon density,

namely,

p= Wkpa ) (14)

2n

Ao(a? — o) + gy’ > lzu -1
0 2 n(x + u)]
N

_mNOF(n)  mg 9F(A) _

872 Qo 6472 fo 0 (15)
The field equations for the w and p are simply,
G \2

Juwo = (m_) p (16)

9o \2Pn — Pp
gopo3 = \—) —F5— 17
12 (mp) 9 ( )
w, = p,=pi=0, (»=123),(:=12) (18)



where the the Lorentz indices are denoted by Greek, and isospin indices by
Roman letters. The formal proofs of eq.(18) can be found in ref. [10]. How-
ever the physical reason in the case of space-components is that the source
term in the Euler-Lagrange equation for these will contain the vector -,
whose expectation over a uniform system (isotropic) vanishes. In the case of
the 2 and 3 isospin components of p, these correspond to the charged mesons,
and their diagonal expectation therefore vanishes to conserve charge. The

densities and Fermi momenta are related by
kn = kp(1+0)Y3,  k,=kp(1-1)/3 (19)

Pn — Pp
t = — 20
; (20)

where kp is the Fermi momentum defined in eq.(14) for symmetric matter.

For neutron stars it is very important to control the symmetry energy.
To compute it in this theory we isolate the parts of the energy that depend
on p, — pp,. The symmetry energy coefficient is the coefficient of ¢? in ¢/p,

which we can find as,

9*(¢/p)
- 1(9\¢/P)
asm = H 5z s
_ (g_p)ZkF"‘ N ki
m,/ 1272 6(kF2+m7v2)1/2

3m,? [82F(A)( 2g? kgp® 2
256kp3 L 0A% \372m,? (kp? + m7v2)3/2)

+

OF(A) 247 kr® (z 3 kp? )] (21)
A 32m,2 (kp? + mi2)32\3  kp? 4+ my2



The pressure can be found as any one of the diagonal space-components
of the stress-energy tensor, and the contribution of the vacuum fluctuation
terms can be separately calculated from p = p(de/dp) — €. For systems at

constant relative neutron excess, t, (such as nuclear or pure neutron matter)

we find,
p = §miwd+ zmipls — 1M(0? — i)’
my* 3, 3 3 my
+12ﬂ_2 ;[m u— jru+ 3ln(r 4+ u)] + 8_7r2—F(77)

+

ma g2 0F(A) 1 kS,
7|~ — 22
642 [ F(A)+ 672m2 OA kp gv: (k% + m7v2)3/2] (22)

In fitting the theory to the empirical properties of nuclear matter, we
shall use the three coupling constants, g, g., g, and the scalar meson mass,
m,. The vector meson masses are taken from experiment and are m, =
783 MeV and m, = 770 MeV. Since the value of the nuclear compression
modulus is currently debated, we shall use two valﬁes for K, one that we
refer to as soft, X = 200 MeV, and one that is stiff, K = 300 MeV.
The matter properties are shown in Table 1 and the corresponding coupling
constantsvin Table 2. The ‘experimental’ values quoted for the first three
properties in Table 1 are taken from ref. [12]. The effective nucleon mass at

saturation is taken from ref. [13].

The equation of state is shown in Fig. 1 and 2 for nuclear matter and
pure neutron matter, in the form of binding energy per nucleon as a function

of density,

B/A =¢/p—mp. (23).



Table 1: Nuclear Matter Properties at Saturation

Po B/A Asym K EM
(fm=3) (MeV) (MeV) (MeV)

soft 151 -16.3 32,5 200. .865
stiff .152 -16.2 32.5 301. .838
expt. 153 -16.3 32.5 ? .83

Also shown are the two contributions Vy and V, to the shift of the nucleon
and o vacua, whose sum is V, the two-body contribution F3 and the sum
of the three- and four-body contributions, F3 + E4. The nucleon renormal-
ization is seen to be strong and repulsive. It almost cancels the two-body
attractive contribution in the region of nuclear saturation, but saturates at
higher density. Recall that the solution to eq.(15) in the absence of the
renormalization terms yields a saturation curve that bears no resemblance
to that of normal nuclear matter. Instead the normal state is bifurcated by
an abnormal state and terminates.

The ‘stiff’ and ‘soft’ equation of state for nuclear matter are compared

in Fig. 3.
3 Inclusion of Hyperons

At the high density of neutron stars, where typical interior densities are five
times normal nuclear density, the nucleons at the top of the Fermi sea would

have more energy than the masses of many of the hyperons. In this case
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Table 2: Parameters of the Theory

2 2
(MeV)
soft | 16.8 2.74 6.3 982
stiff 18.24 3.514 6.08 1071.5

they will be converted throﬁgh interactions to other baryons which have
unfilled eigenstates that lie below the nucleon Fermi momentum. In normal
matter, the associated kaons obey the field free Klein-Gordan equation and
therefore decay. Strangene.ss_ is not conserved on the time-scale of the star.
Any neutrinos or gamma rays produced escape from the star and a lower
ground state is found consisting of nucleons, hyperons, electrons, muons and
perhaps a pion condensate in 'genera.l equilibrium. We have studied the re-
sulting equilibrium mixture for the scalar-vector-isovector theory previously
[2]. The equation of state is softened at the thresholds for the conversion of
nucleons to hyperons and we have shown that the limiting mass of neutron
stars can be lowered by as much as 1/2-3/4 Mg in comparison to the case
where ordinary beta equilibrium is established between neutrons, protons
and leptons. Therefore we need to generalize"‘the above theory to include
the hyperons. We could also include the delta, but the favored charge state, }
A~, having the same sign for its isospin projection as the neutron and value

-3/2, is strongly isospin unfavored by the symmetry energy, and does not

11



appear in the density range of neutron stars [2].

From eq.(3), the obvious generalization of the scalar coupling [14] is

0o = mn/g = mpfgr = mz/gz - (24)

The nucleon terms, N, in eq,(i,2,9,12,15) should be interpreted as sums
over the charge states of N ,A, 2,-5,- -+. The pressure in this general case
can be computed from p = p(de/dp) — €. In addition, we add the energy and
pressure of the leptons.

Neutron stars are electricaily neutral, and they are in chemical equi-
librium. The field equations, conditions of chemical equilibrium expressed
through the Fermi momenta a,;d the two chemical potentials, p. and py,
corresponding to the conserved electric charge and baryon number, and
condition of charge neutrality, comprise a system of non-linear equations in

the quantities,
0,W0, P03y Hns He, ke, ku; kn, kp’ ka, ky-, k}.‘.o tt kE—’ t (25)

of which there are (74+n) where n is the number of nucleon and hyperon
charge states that come into equilibrium at the relevant densities. The field
equations and their modificatioris due to the hyperons were discussed above.
The other conditions have been described elsewhere (2].

The equilibriuﬁ admixtuge of nucleons, hyperons and leptons is shown
in Fig. 4 for K = 200 MeV for neutron star matter, which is charge neutral
matter in equilibrium. The results are simiia.r for X = 300 MeV. Low

density charge neutral uniform matter is of course composed only of neu-

trons. The Fermi energy of the neutron increases with density and already

12



at p ~ .02fm~3 exceeds the threshold for neutron decay to proton and elec-
tron. (The neutrinos leak out of the neutron star so there is no Fermi sea of
neutrinos.) The next threshold is for muons, which occurs when the electron
chemical potential exceeds the muon mass. Thresholds for hyperons occur

when

HH = pn — qHpe = €H(0) (26)
where gp is the hyperon electric charge and e is its eigenvalue given by
eq.(7). The first such threshold occurs for the A at about three times nuclear
density. At not much higher density, the A and proton tégether comprise
almost 40 percent of the baryons.

Below the hyperon thresholds, the electron chemical potential is a rapidly
increasing function of density, which is reflected in the rapid increase in the
lepton populations in the lower density domain. However when the hyperon
threshold is reached, charge neutrality can be more economically maintained

through the conversion of neutrons to A’s or protons to =7 ’s, etc., rather
than neutron beta decay to proton and relativistic electron. The rapid
increase in p. is therefore arrested, and it never exceeds 280 MeV in the
density domain of neutron stars. As observed before [2], this makes kaon
condensation very unlikely.

The equation of state for neutron star matter corresponding to the two
cases of Table 1 are shown in Fig. 5 and 6. Three comparisons are made in
each case, pure neutron matter, matter in which neutrons and protons are

in equilibrium with leptons, and the full generalized equilibrium consisting

of nucleons, hyperons and leptons. The softening of pure neutron matter

13



by beta decay of some neutrons to protons is evident by the shift to lower
pressure, and the additional softening due to hyperons at their thresholds is
clearly evident. All three lie below the causal limit, p = ¢, and reach it only

asyptotically far beyond the domain of neutron star densities.

4 Neutron Stars

The structure of a neutron star corresponding to a particular equation of
state is found by solving the Oppenheimer-Volkoff equations, which are the

special form that Einstein’s equations take for spherically symmetric static

bodies,
4rridp(r) =
_ GM(r)dM(r) o(r) aredp(r)\ (. 2GM(r)\ ™’
% (1 + e(r)) (1 + SON ) (1 . ) (27)
dM(r) = 47r7_'2e(7') dr (28)

The first equation expresses the condition of hydrostatic equilibrium and is
written to display the balance between the force acting on the inner surface
of a shell of matter at r due to the net pressure of matter, and the force
of gravity acting on the mass, dM, of the shell. The second expresses the
mass energy of the shell. For each chosen density of matter at the center
of the star, ¢, = €(0), the equations have a unique solution, yielding a ra-
dius, gravitational mass, and chemical composition of the star as well as
the distribution of energy density in the star. These quantities are contin-

uous functions of the central density. The mass, as a function of central

14



density, has a maximum value referred to as the limiting mass, for the par-
ticular equation of state. Configurations With central densities above that
corresponding to the limiting mass are ﬁnstable black holes. The limiting
mass is especially interesting because an acceptable theory of matter must
be able to account for neutron stars whose masses are known. The most
accurately measured mass is for PSR1913+16 with M = 1.451 £+ 0.007M¢
[15]. The largest measured mass is 1.8513:35 for 4U0900-40. Until recently,
measurements of neutron star masses were interpreted as though the stars
belonged to a population all having the same mass. In this interpretation
the common mass compatible with the existing measurements and their
errors is 1.4 & 0.2Mg [16]. It has been pointed out recently that the theo-
retical prejudice underlyingl this interpretation is no longer justified in view
of recent developments [17]. In this case the constraint on theory must be
takeﬁ provisionally as the largest mass that is apparently observed, namely
1.85Mp. '

In Fig. 7 and 8 we show the calculated masses corresponding to the soft
and stiff equations of state for pure neutron matter, beta stable neutron-
proton matter, and the case of generalized beta equilibrium of nucleons,
hyperons and lepténs. The last is the one that provides the limiting mass of
the corresponding equation of state, the first two being shown to illustrate
the magnitude of the effects of beta stability. The effects on the limiting
mass are appreciable, neutron-proton stability and nucleon-hyperon stability
amounting each to about 1/4Mg. These effects are not as large as those

found for the scalar-vector-isovector theory [9].
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We conclude that K = 200 MeV is marginally compatible with the
limit 1.4 + 0.2Mg in agreement with our earlier analysis of the constraints
placed on K by neutron stars [18]. However it cannot account for the mass
1.85Mg. In fact the “stiff” equation of state can only marginally account
for the latter (ie. compatible within the lower érror limit). ’

Now we address the question as to what density regions of the equation
of state the mass of neutron stars are sensitive. This is answered in Fig. 9
for the star at the limiting mass. There the fraction of mass of the star,
M(p)/M, that is composed of matter at baryon density greater than p is
shown. From this figure we learn that about 85 percent of the star’s mass
resides in matter that is at densities greater than nuclear (p = 0.153fm=3)
but that half the mass is composed of matter that is at densities less than
twice nuclear density! More precisely, 15 % of the mass is contributed by
matter that is below nuclear density, 35 % between nuclear and twice nu-
clear, and the remaining 50 % by matter at more than twice nuclear density.
Thus the sensitivity to the compression modulus arises in two ways. First
although K is a property at saturation density, by continuity of the theory
and the causal constraint that the speed of sound in matter cannot exceed
the speed of light, the stiffness or softness at saturation is reflected also in the
high density equation of state. Secondly, because of the three dimensional
geometry, much of the mass of the star is composed of matter at moderate
density. The plateau region in Fig. 9 corresponds to the threshold for hy-
perons that is registered in the equatiorn of state of Fig. 5. The fact that

only about a third of the star’s mass is contributed by matter at densities

16



above this threshold accounts for the moderate dependance of the limiting
mass on the pfesence of hyperons as was noted above. The central baryon
density for the limiting mass star is 6.2 and 5.9 normal nuclear density for
the soft and stiff equations of state, respectively.

Gamma-ray bursters may ultimately provide interesting constraints on
theories of neutron star structure, if the spectral line between 300 and 500
KeV [19] can be unambiguously associated with the gravitational redshift
of electron-positron annihilation at the star’s surface, and the mass of the
burster is also determined. At present corresponding redshift and mass mea-
surements do not exist. In Fig. 10 the surface gravitational redshift is shown
as a function of star mass. It is defined as the fractional shift in the wave-

length of light emitted from the surface of the star, and is given by,

2= AT/\ = R/2_ : (29)

where the radial metric function is given by,

e = 1 §7£/T e(r)ridr
r Jo

2
1———5‘—”—, forr>R (30)

where M is the star mass, R its radius and €(r) is the radial distribution of the

energy density in the star as obtained from the solution of the Oppenheimer-

Volkoff equations.
In Fig. 11 the radius-mass relationship is shown. The radii of the lower

mass neutron stars grow very rapidly as the mass decreases, corresponding

17



Table 3: Properties of Neutron stars at the limiting mass, the central baryon
density in units of normal nuclear density, radius, gravitational mass in solar
mass units, binding energy in solar mass units, total baryon number, A, and
surface gravitational redshift.

pc/po R M[im/MQ B/M@ A Z
(km) (10°7)

soft | 6.22 12.0 1.30 0.150 1.73 0.215
stiff | 5.90 12.3 1.65 0.226 2.23  0.286

to the imminent onset of the instability of bodies whose central density lies
between the domain of white dwarfs and neutron stars (10° < ¢, < 104
g/cm3). The binding of neutron stars is shown in Fig. 12, and the loss of
binding as the lower mass limit is reached from above corresponds to the
rapid growth in the radius. The properties of stars at the limiting mass for

the two equations of state are summarized in Table 3.

5 Summary

We have studied the vacuum renormalization effects for nuclear and pure
neutron matter, and for electrically neutral dense neutron star matter in
generalized equilibrium. Two sets of coupling constants were found that
yield the empirical saturation density, binding and symmetry energy, but
which have compression moduli K = 200 MeV and K = 300 MeV for
nuclear matter. In both cases, hyperons become appreciable components in

the higher density domain of neutron star matter and hence in the cores of
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neutron stars. They cause a dramatic softening in the equation of state at
their threshold at about 3.3 nuclear density. The effect on the limiting
neutron star mass of generalized beta equilibrium, as compared to pure
neutron matter is a reduction of 1/2 to 3/4 Mg depending on whether
the equation of state is otherwise stiff or soft. Because the time scale
of core collapse is long compared to the electroweak processes involved in
the conversion of nucleons to hyperons, it should be taken into account in
supernova simulations. About half of this energy is contributed by neutron
beta decay to proton and the other half to nucleon conversion to hyperons.
The central density of the limiting mass star is 5.9 and 6.2 times the baryon
density of normal nuclei, in the two cases, respectively, but fully one half
of the mass of the star is contributed by matter at less than twice nuclear
density. Consequently neutron star properties depend on the properties of
matter in the domain near saturation as well as the domain of the hyperons,
and is dominated by neither. Some neutron star properties were calculated
for both cases. The softer of the two cases cannot support a star of the mass
observed for PSR1913+16 (M = 1.4514 0.007Mg). The stiffer has limiting
mass of 1.64 Mg, and can account for the above star, and provisionally
for 4U0900-40 (M = 1.853335M). Although the model is quite different
in structure from the scalar-vector-isovector model, the above conclusions
are in close agreement with those arrived at previously for the latter model
[18,17].
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Fig. 1 For the ‘soft’ equation of state the binding per nucleon is shown
for nuclear matter as a function of baryon density. Also‘ shown are the
contributions to it, the two, three and four-body parts, and the vacuum
polarization energy of the nucleon (Vy) and o meson (V,), and their sum,

denoted by V.
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Fig. 2 For the ‘soft’ equation of state the binding per nucleon is shown
for pure neutron matter as a function of baryon density. Also shown are the

contributions to it as in Fig. 1. and their sum, denoted by V.
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Fig. 3 The nuclear matter equation of statefor the ‘soft’ and ‘stiff’ cases.

25



relative populations

1_
0.1
0.015 ; ;o
i ! b |
I B , =0
] l | E =" \
0001 —L 1 l/
O 05 1 1.5

baryon density (fm™3)

XBL 877-3371

Fig. 4 Populations relative to total baryon density, in charge neutral

beta stable neutron star matter as a function of total baryon density.
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Fig. 5 Equation of state, p vs ¢, in the case that K = 200 MeV for
nuclear matter. The curve marked ‘n’ is pure neutron matter, ‘n+p’ is
neutrons and protons in equilibrium with electrons and muons, and ‘n+p+H’

has hyperons in addition. The causal limit is p = €.
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Fig. 6 Equation of state, p vs ¢, in the case that K = 300 MeV for

nuclear matter. Labeling is as in Fig. 5.
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Fig. 7 Neutron star gravitational mass in solar mass units as a function
of central energy density for the ‘soft’ equation of state. The curve marked
‘n’ is pure neutron matter, ‘n+p’ is neutrons and protons in equilibrium

with electrons and muons, and ‘n+p+H’ has hyperons in addition.

29



2.5

K = 300 MeV

M / MSUH

I l t

14 14.5 15 15.5 16
log (e g/cm?3)

XBL 877-3376

Fig. 8 Neutron star gravitational mass in solar mass units as a function
of central energy density for the ‘stiff” equation of state. Notation as in

Fig. 6.
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Fig. 9 For the star at the limiting mass in the case of the ‘soft’ equation
of state, the fraction of the mass of the star M (p)/M contained at baryon

density greater than p is shown as a function of p.
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Fig. 10 Gravitational redshift as the fractional shift in the wavelenght of
light emited at the surface of a neutron star, as a function of star mass for
the ‘soft’ and ‘stiff’ cases. The dot at the high end of the curves marks the

star at the limiting mass.
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Fig. 11 Neutron star radius as a function of mass for the ‘soft’ and ‘stiff’

cases. The dots mark the limiting mass stars in the two cases.

33




0.25

0.20 —
c
>
3 K= 300
= 016- = 200 MeV o
~
2
5 0.10
g
0
0.0b
n+p+H
().()() | A T T T ]
O 0.5 1 1.5

XBL 877-3381

Fig. 12 Neutron star binding energy in solar mass units as a function of

mass for the ‘soft’ and ‘stiff’ cases.
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