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7 Abstracf -
Neutron. stars are'étudied in the framework of relativistic interacting
field theory of nucleons, hyperons, and mesons. A large component. of strange
:baryons is found, and in the: interior the nehtron,popu]ationvis-minor.
o
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A description of neutron star matter is developed here in‘the framework
of a relativistic field theory of interacting nucleons, hyperons, and mesons.
The theory is solved in the mean field approximation. Re]ativfstic covariance
of the theory is retained throughout. |

The important bd]k properties of nuc]éaf matter are imposed as
Constraints. These are the saturation density, binding energy, ' : Qw
compressibi11£y;.and isospin symmétry energy. Subject to these constraints
the equation of sfate is calculated for cold dense charge-neutral matter that
_is in chemical equilibrium.

The ranQe of validity of the theory is from nuclear matter densities up
-~to the density where a deséription of nuclear forces between hadrons that is
mediated by meson'exchange'becomes increésing]y unreliable. Above this
density the quarks and gluons would have to be considered as the basic
fields. This critical dénsity is of great intérest but is unknown. Based on

‘the radius ofquark bag models

it could occur anywhere from nuclear to

fifteen times nucleqr density. - The lower limit is'presumably rq]gd out by the

~ degree to which the nuc]gar shell mode1 provides a successful first |

orientation in nuclear physics. At even higher densities a phase transition

to aﬁ asymptotically free gas of'quarks and gluons may occur. This transition -

point, in cb]d matter, is estimated to be in excess of ten times nuclear

_density.2 |
Our starting point is a Lagrangian describing interacting fields of

nucleons and the scalar and vector mesons o and mu. The saturation density

and binding of symmetric ﬁucleér'matter can be accounted for in this | W

way.3’4 Boguta and Bbdmers introduced self-interactions of the scalar

meson, and these are essential for softehing the extremé]y stiff equation of

state of the Walecka mbde],4 which has a compression modulus 550 MeV. A
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large number of sfng]e-partic]e properties of finite nuclei can be accounted

for quite'Well in_addition to the saturation_density, binding, -and

: compressibi]ity of nuclear matter. These are the charge density of nuclei |
over the entire mass range, the single-particle states including the

6-8 the energy dependence of the opt1ca1 potent1a19

sp1n -orbit sp]1tt1ng,
and the spectra of A hypernuc1e1.10 The symmetry energy coeff1c1ent of the
Walecka mode) is only about half -as large as it should be. Therefore the
isovector rho meson is an essential ingredient for asymmetrmc matter.?

As the density of matter rises, the Fermi energy of the neutrons will
eventua]ly exceed the thresho]d for decay, f1rst to protons and then to the :
hyperons most espec1a11y the A, Z, s, and A, w1th the emission of e]ectrons,
muons, or plons as requ1red by charge conservat1on, and chem1ca1 equ111br1um.
1fThe strange particle decays are, of course, not forbidden on a time scale that

is 1arge compared to 10° -10 sec.. TherefOre, the theorylﬁs extended, as in

our ear11er work, to 1nc1ude the hyperons. n . -
o At some sufficiently h1gh density, the nature of the ground state may
undergo a. phase trans1t1on to the pion condensed state.. We do»notnallow for a
_structura] change in the ground state here but we do.allow a.condensate of
_free p1ons to deve]op when the chemical equ111br1um wou]d requ1re it.
L1kew1se of course, the e]ectrons and muons are in chem1ca1 equ111br1um w1th

the hadrons but may be treated as free particles becaqse‘the interaction is
' electro-Weak. Our\complete'Lagrangian is thus (h = ¢ = 1),
L = :%: ¢B>(18 My *+ 930 - 9.8 w, Y ) U
- 9, P13 J3 + ;g f £@ + £p + £ﬂ' U( o) v (1)

+ Z : i’-)\ (18‘ mA) ll’)‘
A=e ,u” - |
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The sum B is over theébaryons p, n, A°, " and B
stands for their quantum numbers

being respectively the spin, isospin, 3rd componenf of isospin, and
hypercharge. These ake Yuk awa cbup]ed to the scalar and vector mesons O and ' i

U
of the baryons, .

w . The rho meson and nucleons are‘coupled through the isospin four-current

T M | |
J3 =5 :%: <¢B Y T, ¢B> v | o (3)

The free Lagréngians for the mesons are denoted by £5s ... £",ethe'1epten

Lagrangians by £A’ and finally the o-field self-interactions by U(o),

U(o) = [omy + ¢ (30)] (g.0)° . 0

The mean field aéproximation eonsists of replacing all nhcleon cerreets
in the Eu]ér-Lagrange equatiens derived from'(l), by a grouhd state
expectation value, with the Fermion ground state eonsisting of a degenerate
Hartree state constructed from the solutions of the field equation for the
bafyohs\in which meson fields are replaced by their mean values. The
resulting equations are solved self-consistently for fhe mean fie]dsi' The

Dirac equations for the béryons are
(8 - 9,54 - 79,5 T3#03 = (Mg = 9590 ¥ = O : (5)

which have the spin degenerate eigenvalue spectrum for'partic]es'given by

B N R . 2 N . (‘(
Ea(R) = 95 o * 9paP03 T35 *L(D = 95 @ - 9og Tyeep)” + (mg - 995)°1'/(6) ’

(The notation of Bjorken and DreT] is emp]dyed.]z In particular g = Yu pu

and the metric is g = (1,-1,-1,-1).) From the Dirac equation (5) the



-5-
nucleon sourée‘curréﬁts;invthe meson field equations can be evaluated. We
find that the mean meson fields satisfy

2 . dU, v o
G AR TRE R Y

- (2,+1) Mo-g .0
=-%H+Zg, > j 8o p2dp. (7)
S IR A S o >
m U)o 2 guﬁ <'¢B Y lp|3>
K B
= ) N B - Z .
_ 3 ‘
'9é0=% - o : (9)
nl R < B R |
My Po3 = %: 9.8 7 <V YofT:; USS . |
o | | | (10)
= g ,
g B B2

Charge neutra]ity»and'chemicallequi]jbrium_impose relations among the Fermi

_momenta ko. The total charge is

3 3 .
| k k o
) 20, +1) 5 - A L5 6 (u -m) -
A= S (

| A
where the charge on species B is

+Y,/2 |

9 = I3g *+ Yp/

The three terms are the electric charge densities of baryons, leptons, and

negative pions. For a neutron star, the electric charge, Q, mUsthyanish; other-

wise the Coulomb repulsion would counterbalance the gravitatibna] attraction.*

*The ratio of net chafges to mass number of a star'must not exceed 10-36,
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Chemical equi1ibfium with respect to the various transmufations of the
particles p + e; en, p+T en ,p+u en , N en+y, etc.
can be expressed in térms of two independent chemical potentials My and Uo
(corresponding to baryon and electric charge conservation) by

Mg My -Gy ke s Mp = W, =W

where ng is the chemical .potential for baryon type B. The Fermi momenta,

kB,'of the baryons therefore satisfy the equations

o R Y
Mg = 9,8 Yot 98 po3-133*\/‘3+(m5‘9os 9) (14)

when these equations,haVé real'so1utjons; otherwise kB vanishes. Similarly

_ _ 2. 2 _ 2 . 2

o = ke +m. = -k + mu = k1T o o (15)

Since the pions are bosons, they can condense'in the zero momentum state when

“e>m1r‘ ‘
Equations (7-15) comprise a set of coupled transcendental equations for

the (8 + N) quantities

G, wo9 003,.11“9 Ue, ke, k].l’ k_n_, kp, kn e k"—

~ which determiné the properties of the system at the density (8) and éharge
(1), when.ue <m. The lowest energy state has g sém". When the
equality holds, then Py replaces My @s an unknown, and ifs value is
prescribed by (11). | | _

The energy density p and pressure P can be found from the canonfcal

expression for the stress-energy tensor

- - a£ ) | . | |
:rw 9 L+ Z e 3, ¢ | (16)

iV}
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~ being the time-1like and the:(equal) space-1ike diagonal components. We find

p = U(o) + %-mz 02 + %-mi wg #i% mg p33 + pﬂ:mﬁ'
v K v
B
+Z ——g—f \/P + (m 908 0) de o (17)
1 22,122,122
P = -U(o) -gm oo * 7 M Wy ty mp Po3
. .
B o , .
2d,+1 4
s1s 62_& pdp | I

These are required to find the structure of a neutron star. The matter: then

arranges itself accord1ng to the solution of the Oppenheimer- -Volkoff

k equat1ons which fo]]ow from the general theory of relativity for a stat1c :

spherically symmetric geomet,r"y.]3

'A]fhough the four bulk nuclear properties mentioned in the introduction

éré"the mosf impbftant constraints on the theoryvthat we can think of that -

“would influence the structure of the'star they are not suff1c1ent to -

determine all the parameters.. ‘The single- part1c1e propert1es of finite nuc1e1

8,9 Following Moszkowsk1 514

serve to' further narrow the Cho1ce.
appiicétion‘of:SU(35‘symmetry and based on quark counting arguments the -

nucleons and As are éoup]ed.with the same constants to the meson fields, but
thevCOupTings of- strange baryons ke]étiQe to nuc]ednS'are reduced by a factor

(gs/gN)2 = 2/3.  With the nucleon-meson coupling constants

"

(g /m.) 9-957 , ‘(gw/mw) = 5.354

n

(gp/mp)z 6.2 , b=0,00414 ,  c=0.00716
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we obtain the correct saturation density and binding of 0.145 fm = and 15.95

MeV per nucleon respectively, a compressibi1ity coefficient K = 285 MeV and a

symmetry coefficient of 36.8 MeV, in accord with the droplet model

determination from the atomic masses.]5

At sub-nuclear densities, matter is not a uniform hadronic liquid but '

clusters into neutron rich nuclei that are arranged on a lattice and.immersed

in a neutron and a relativistic electron gas.]6

13 3

Therefore, be]ow(

we join our'equation of state to that of Negele and
6 1

p<7x 10" g/cm

Vautherin.'® At even lower densities, 10° < D/(g/cm3) <10, matter

forms a solid Coulomb lattice of nuclei and a relativistic electron gas. In

3

the region, 10 < p/(g/cm3) < 10]], we use the Harrison-Wheeler equation.

v These regimes of density occur only in the crust and have

of state.
negligible effect on the mass of the heavier neutron stars and a small effect
on the 1ightek ones. | | »

Figure 1 shows the populations of dense matter as a function of the
baryon number density. While neutrons are the dominant population of stable |
chakge.neutra1 matter at densitiés iﬁ fhe vicinity of normal nuélear density,
thevpopu1atibns of protons, pions, and hyperons rise steeply as their
thresholds are reached so that at a few times nuclear density the neutron
becomes a fraction of the total baryon population. This contraéts with
scenarios based only on neutrons, protons and leptons, in which case the

18 Note also that the uncharged

matter remains relatively pure in néutrons.
A hés the 1owest hyperon threshold, in contradiction to argumentation based on
free gases. In the latter case, tggﬂ§}~thresh01d would be Tower because the NV
e” +n > I reaction absorbs an electron and neutron, both of high

' momentum, to produce a low momentum £ . The essehtia]]y diffefent results

found here follow from several factors.
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Even in a free: Fermi gas model, at:some density it w1]1 become more
energetically favorable to populate higher mass barybns than high momentum -

neutron states. In this interacting theory, the threshold is additionally
influenced by the?éharge and(isospin of the baryons as can be seen in (14)¥f
In parﬁ%tuiar.'the p meson, which is essentfa]‘in accounting for the known
symmetry- energy of nuclear mattek7. drives the system}toward isospin
symmetry. This téndency-is partia)]y checked by thehcontraint-Of charge
neutrality. Subjéct to such competing influences the popu1atiohs evolve as a
fUnCtion-Qf density; *Through'the dependence on the density, the particle
populations will vary as a function of radius in a star. For a,§tar of 1.82
solar ma;ses (the ‘maximum star mass for this theory) these populations ake;‘
dispiayéd in Fig. 2. The tdté] baryon number-density:is represented by the
top curve,’ andfit is broken down into its components by the other curves above
the axis. Below the éxis.(for cbnvenience) fhe pibn‘pOpﬁlétion is shown. One
sees that the strange bar&ons represent about 2/3 of the baryon popdlation in
the deep interior and thafxcharge neutra}ity is mainfained not by a paucity of
ché}ged:bart1§1es (as in models that consider oﬁ]y heutrons.-protons and-
leptohs) but by-an abuhdancé of charged partic1es of both signs. The electron
and meson popu]atioﬁs are both‘eXfreme]ey small, not exceeding 0.012 and 0.003
fm'3 anywhere. The pion_condénsate is very influential in quenching the
1ebton populations (see Fig. 1) at intermediate density. .

For stable configurations of collapsed mattek,'thfs theory predicts-a
maximum mass of 1.82 solar masses and maximum moment of inertia of . |

45 2

2.1 x 10 .g-cm , which exceed the observational lower limits of 1.6 and

2. respectively. The fractional graVité;iona] redshift of

1.5 x 10** g-cm
a spectral line emitted at the surface of this star and observed at infinity

s A/X = 0.42, which for a stable star is 1arge;
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It is probably safe to §ay that the composition;and strangeness of a
neutron star will never be directly measured. HoWeVer, it is not excluded
that observable propertﬁes may be influenced by the hadronic composition.
’,géVéral things come to mind in addition to the much studied probiem of neutron
ﬁétAr.coo1ing. There can be vibrational modes associated with the isospin and
;traﬁgeness composition.v Moreover, since thebcharge is carried mainly by

massive baryons, rather than half of it on electrons and muons, as is usually
assumed, the e]ectricaléébnductivity.wi]1 sﬁre]y be influenced. The active
lifetime of pulsars depends sensitive]y oﬁ theve1ectriéa1 conductivity because
it plays a decisive role fn the decay rate of the magnetic field, which is-
,théught to be responsible for their beamed radiation.

This workkwaé supportéd by the Director, Offjce of Energy Research,
Division of Nuclear Physics of the Office of High Energy and Nuclear Physics
of the U.S. Debartment of Energy under‘Contract DE-AC03-76SF00098.
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The particle populations in dense neutral matter plotted as a ratio
to the total baryon number density are shown as a function of baryon

density.
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The proper number densities (as measured in a locally inertial
reference frame) of the various particles are plotted as a function
of.the star radius. On this scale the electron and mes<on popula-

tions are not huch larger than the thickness of the lines. The

vertical distance between 1ines represents the population densities.
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