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Effects of Strange Particles on Neutron-Star Cores
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We show that uncertainties in the strength of interactions of hyperons among themselves and with nu-
cleons lead to an uncertainty in the maximum allowed neutron-star mass of nearly a factor of 2, even if
the properties of nuclear and neutron matter were known with infinite precision around normal nuclear
density and below. The possibility of a transition to quark matter places some constraint on the strength

of the hyperonic interactions.

PACS numbers: 97.60.Jd, 12.38.Mh, 21.65.+f

There has been tremendous interest and activity for
nearly three decades in the relation between the
nuclear-matter equation of state and the properties of
neutron stars. This interest has intensified in the last de-
cade with the theoretical activity in the simulation of the
supernova event itself,' and with the activity surrounding
heavy-ion collisions and efforts to extract nuclear-matter
properties from them.? Much recent emphasis has fo-
cused on the stiffness of nuclear matter, particularly in
the density range ¥ Sn/ng<S2 (ng=0.153 fm ~3), al-
though certainly the compressibility K is a density-
dependent quantity.>* At higher densities (usually
n/no> 2 but this is model dependent), hyperons appear
due to strangeness-changing weak interactions. Al-
though hyperons have been included in many (but not
all) of the commonly used equations of state® a sys-
tematic study is still lacking, as emphasized recently.*
Here we report on the somewhat surprising sensitivity of
neutron-star masses to the uncertainties in the strength
of hyperon interactions among themselves and with nu-
cleons. It is a real challenge to nuclear physics to deter-
mine these interactions with more precision than is
presently available.

We use the theoretical framework of relativistic nu-
clear mean-field theory.® Other theoretical frameworks
are possible: The advantage of this one is that the result-
ing equation of state is automatically consistent with spe-
cial relativity and it readily incorporates hyperons and
their interactions. In our opinion it is best to view rela-
tivistic nuclear mean-field theory as a convenient way of
parametrizing the equation of state. Therefore the pa-
rameters involved may differ somewhat from their values
determined on some other basis, for example, phase-shift
analyses of nucleon-nucleon scattering.

In our calculations we allow for the presence of n, p,
A, X7, e, and pu~ in the star. Strong interactions are
mediated by the mean fields of the mesons w, p ~, and a
scalar o which are generated by the presence of the
baryons. The pressure is

P=1imlo’+ tmlp’— t m25*+U(o)

+ZPFG(E1gml)s (])

where

8u® =(gu/my)*[n,+n,+ R,(ns+n)l,

g0 =(g,/m,) 2[5 (n, —n,) — Rynsl ,
2)
8,6 =(go/m;)*[ny+ni+ Ro(ng +n})

—bmpy(g,5)*—c(g,5)°]

are the mean fields. The coupling of w to nucleons is
denoted by g,, its coupling to hyperons relative to nu-
cleons by R, =gu,r/g0 =gx0/gw, and similarly for the oth-
er meson couplings. The particle densities are related to
the Fermi momenta by n; =k?/372 and the n{ are scalar
((wy)) densities.® The effective chemical potentials
i =(m?+k?)'? are related to the true chemical poten-
tials by

Un=[n+gu,0— ‘fgpﬁ, Hp =Ep+gwﬂ—)+ ;_gpﬁv

HA=AT R g0, ur=js+ R,g8,0 — R,gpp 3)
MHe=fe, Hy=Hy.
The baryons have effective masses

My =m, —gs0, Mp=nmp,=gs0,
4)

ma=mp—R,g,6, Mms=mz— R;g,0.

The chemical potentials must obey the equations of
chemical equilibrium and electrical neutrality. There is
only one independent chemical potential, which is the
baryon chemical potential u,. The nonlinear potential is
U(&) = — $bmn(g,5)*— + c(g,5)*. Finally Pgg is the
relativistic Fermi-gas pressure.

Apart from the hyperon couplings this equation of
state has five parameters: g,/mg, go/Mey, 8/M,, b, and c.
These are determined by four macroscopic properties of
isospin-symmetric nuclear matter at saturation: density’
no=0.153 fm ~3, binding energy’ 16.3 MeV, symmetry-
energy coefficient”’ asym=32.5 MeV, and compressibili-
ty”® K =300 MeV. The fifth parameter is determined
by a microscopic property, the Landau mass’
my =(myx 2+k2)/>=0.83my. Since uncertainties in
these numbers have been considered elsewhere >* we sim-

© 1989 The American Physical Society 13



VOLUME 64, NUMBER 1

PHYSICAL REVIEW LETTERS

1 JANUARY 1990

ply fix and focus on the hyperons.

The strengths of the couplings of hyperons relative to
nucleons, R,, R,, R,, are of immediate concern. First
consider the complete omission of hyperons. It is
known '° that relativistic nuclear mean-field theory yields
an equation of state which is nearly identical to the high-
ly regarded one of Friedman and Pandharipande,'’
which is based on two-body free-space potentials and
phenomenological three-body forces, when K and m; are
adjusted to match. Solving the Oppenheimer-Volkoff-
Tolman equation yields the neutron-star mass as a func-
tion of central density as labeled by N in Fig. 1. The
maximum mass is 2.1M@. At the other extreme we
could allow the presence of hyperons but decouple them
from the mean meson fields, R,=R,=R,=0. The re-
sulting mass curve is labeled O in Fig. 1. The maximum
mass is reduced to about 1.15M . In going from N to O,
nucleons are converted to hyperons with increasing den-
sity. This reduces the energy stored in the repulsive vec-
tor fields and softens the equation of state. Neither of
these extremes seems likely.

In his studies Glendenning® assumed universality
among the coupling constants, R,=R,=R,=1. This is
not unreasonable in the absence of any information. But
Boguta and Bohrmann'? have studied the energy levels
of A hypernuclei within the framework of relativistic
mean-field theory. Using the values R,=R, =+ (equal-
ity of R, and R,, is suggested by the quark model) they
obtained a good representation of the available data.
When more data became available, Rufa et a/.'* made a
reanalysis. With the constraint R,=R, they obtained
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FIG. 1. The masses of neutron stars as functions of the cen-

tral density. The curves display the sensitivity to hyperon in-
teractions. The curve labeled NV does not include hyperons.
The other curves are labeled by the value of R, =R, (with the
exception of the curve labeled R,=0.48 in which case
R, =0.56) used in the equation of state. The curve R, =0 rep-
resents a case where hyperons are present as noninteracting
states.
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0.21 £0.02. When that constraint was relaxed it was
found that 7 (R,+R,)=0.52+048, R,—R,=0.08
+0.13, a tremendous uncertainty (the y?/Npf are 4.4
and 3.6, respectively). In the absence of further infor-
mation we assume that R,=R,, and that X’s behave
identically to A’s apart from their vacuum masses. The
resulting mass curves are plotted in Fig. 1 (in one case,
labeled 0.48, we have taken R,=0.56 and R,=0.48).
There is a large uncertainty induced in the maximum
mass by uncertainties in the strengths of the hyperon
couplings.

The large spread in the values of the maximum mass
seen in Fig. 1 can be compared to known masses of neu-
tron stars. A good example is PSR 1913+ 16, whose
mass has been determined to be'* M =(1.442
+0.003)M . Our equation of state is only compatible
with this observation for R, = 0.4.

More uncertainties may be caused by effects not con-
sidered here. The =~ will appear at the higher densities.
This would further soften the equation of state. Since it
has strangeness — 2 its couplings are even more remotely
related to those of the nucleons. In addition, a ¢-meson
condensate may be generated by the presence of hype-
rons. Being a vector meson it would stiffen the equation
of state. However, in the naive quark model, its presence
would not affect the curves labeled NV and 0 but would
only shift the interior curves. These topics will be taken
up in a more detailed paper.

Is there a phase transition to quark matter before
gravitational instability sets in? We describe the quark
phase in terms of the leptons, massless u and d quarks, a
massive s quark (m; =180 MeV), one-gluon-exchange
interactions among the quarks,'> and a bag constant
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FIG. 2. The equation of state for nuclear matter (thin lines
labeled by R,=0.33, 0.48, and 1.00) and for quark matter
(thick lines labeled by a; =0.0 and 0.3). Not all choices of R,
and a; are thermodynamically consistent with a phase transi-
tion to quark matter.
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FIG. 3. The masses of neutron stars assuming a phase tran-
sition to quark matter at ng =2no, 3no, and 4no as labeled. The
nuclear equation of state assumes R,=0.48. The horizontal
portion of the broken curves represents the density discontinui-
ty associated with the phase transition.

B > 0 to simulate confinement. The kinetic and interac-
tion pressure (neglecting the additive bag term — B) for
several values of the strong coupling a; is plotted against
the baryon chemical potential in Fig. 2, as are several of
the nuclear pressures. Reasonable values of B lie in the
range from 50 to 450 MeV/fm3. It is clear from this
figure that the R’s and a; cannot be chosen arbitrarily,
but their allowed values must be correlated. For exam-
ple, R=1% would imply that even at very high density
nuclear matter would be thermodynamically favored.
When R,=0.48 the nuclear curve would be inconsistent
with a; =0.3 because, with suitably chosen but not atypi-
cal values of B, quark matter would be stable at both low
and high densities whereas nuclear matter would be
stable at intermediate densities. However, a; =0.2 poses
no such inconsistencies. Since the underlying dynamics
is QCD it should be no surprise that a; and the R’s must
be correlated, although in practice the relation cannot be
presently determined.

The mass curves of Fig. 3 show that a quark core is
possible if R,=0.48, a; =0.2, and if the transition out of
the nuclear phase begins at 2no or 3no. If it begins at
4ng gravitational instability sets in and no quark core is
possible. Further parameter choices will be considered
in an upcoming paper.

We can estimate the maximum Keplerian frequency of
rotation from the formula

Qx=(7.2%x10%s ~")(M,/Mo) "*[R,/(10 km)] =2, (5)

where M; and R; are the maximum mass and corre-
sponding radius for the spherical nonrotating star.'®
Fixing R,=0.48, we find that in the absence of a transi-

tion to quark matter Qg =7400 s ', whereas with a

transition at n=(2-3)ng, Qx=9700-9100 s~'. In
these cases we cannot obtain a frequency as high as that
reported'” for the remnant of SN 1987A, @ =12370
g1

Our main conclusion is that even if we had perfect
knowledge of the nuclear equation of state up to about
2no there is still a large uncertainty in the maximum
neutron-star mass induced by uncertainties in the
strengths of the hyperon interactions. It is a very real
challenge to nuclear physics to determine these strengths
in laboratory experiments. Our other conclusion is that
consistency between the nuclear- and quark-matter
equations of state must be maintained. There are prob-
ably commonly used nuclear equations of state which are
incompatible with a transition to quark matter. Both of
these issues should be investigated in theoretical frame-
works other than relativistic nuclear mean-field theory.
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