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A new equation of state of superdense matter is proposed. It is derivable by treating
superdense matter as a perfect, degenerate tachyon gas. Yet the velocity of sound in the
medium, B, which this equation leads to, satisfies the inequality 0 <g%<1. Model calcula-
tions for superdense stars based on this equation of state are presented. By appropriately
choosing a certain parameter, dynamical stability can be achieved for arbitrarily large
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central densities. Also, a somewhat larger than usual value for the maximum mass is

obtained.

The role of the equation of state of matter at
ultrahigh densities (i.e., = nuclear density) in de-
termining the over-all properties, such as the
mass-energy (M) and the radius (R), of superdense
stars has been investigated extensively.! It has
been found that for all the equations of state stud-
ied so far, the general characteristics of the
mass-energy versus the central-energy-density
(p;) curve remain essentially the same. The nu-
merical values of the macroscopic parameters M
and R vary by much less than an order of magni-
tude, and more importantly, by application of
Chandrasekhar’s variational-principle approach,?
it has been established that the dynamical instabil-
ity with respect to small radial perturbations sets
in precisely at the central density corresponding
to the first (“neutron-star’”’) mass peak for all the
equations of state tried.® In this sense, none of
these equations seems to lead to results which
could be considered very different from those fol-
lowing from the simple equation of state corre-
sponding to the free degenerate neutron gas.

The physical restriction on the equation of state
can be formulated in terms of the quantity 8, which
gives the velocity of sound in the medium (in units
of the velocity of light ¢). One has

(%) _2P
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where P and p stand, respectively, for the pres-
sure and the energy density. The physically ac-
ceptable equations of state are those equations for
which 8 satisfies the following inequality:

0<pg2s1. (1)

The upper bound here comes from considerations
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of causality and special relativity while the lower
bound simply means that we cannot allow “negative
pressure.”

It may be noted that for all the equations of state
proposed hitherto for the high-density regime, g2
is a monotonically increasing function of the ener-
gy density p, i.e., 882/9p>0.

The object of this note is to propose a new equa-
tion of state, for the high-density region, which (i)
is consistent with the physical requirement, Eq.
(1), (ii) is different from all other equations of
state in that 882/8p< 0 for high densities, (iii)
when fed into the Tolman-Oppenheimer -Volkoff
(TOV) relativistic equation of hydrostatic equilib-
rium, yields superdense stars which have signif-
icantly larger peak values for mass (M) and radi-
us (R) than those of all other models, and finally
(iv) leads to the possibility that a stable super-
dense star may exist for arbitrarily high central
density.

Relegating the discussion of the motivation for
this new equation of state to the last part of this
note, we give here the result. Our equation of
state can be exhibited in a parametric form as fol-
lows:

p=kG(p, q) ) (2a)

P=kF(p, q), (2p)

”=noy(p, q) ’ (ZC)
where

G(p, @)= (2p° - p)(p* - 1)/2 = 2(g° - q)(g® - 1)*/2
-In{[p+ @ -1)"2)/[ g+ (g% -1)*2]}, (2d)
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Fp,q)=(Gp+p 34> - )2+ (2¢° - q)(¢* - 1)''?
+In{[p+@*-1)"2)/[g+(g?-1)"2]}, (2e)
v(g, p)=p*-q°, (2f)
and
k=(gmyic®/16m%1%),
ny=(gmyic®/6n2n%),

Here 7 is the number density of the particles

g=2s+1. (2¢)

constituting the matter, and s their spin. The quan-

tity m, is a mass parameter corresponding to the
particles constituting the matter.* The quantities
p, P, and = are all functions of p and q. Here g is
restricted to be > 1 but is otherwise free; different
values of g will give us different equations of state.
Once q is specified, for any n, p can be deter-
mined from Eq. (2c); in particular, =0 gives
p=q, and for any other value of n, p>g¢q. Thus, for
any given value of g, we have P and p as functions
of » and consequently P as a function of p. Equa-
tions (2) constitute our equation of state.

By direct calculation, we find that

B%=(*-q°%/3p (»*-1), (3)
ap%/op=(=-2p°+3¢°p% - q°)/24kp*(p* - 1.  (4)
An examination of the preceding equations re-
veals that
0<p3<3} (5)

and that B2 is not a monotonic function of p but
shows a maximum at a certain energy density p,,
corresponding to p=p,, where p, is a solution of
the cubic equation

2pm8—3pm2q3+q3=0 (6)

such that p,>gq.
In other words

8p2/ap <0 for p=p,. (7
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FIG. 1. A plot of 8% vs p for a free degenerate Fermi

gas of tachyons with ¢=1.009 and for a free degenerate
neutron gas.

This behavior of 82 as a function of p for ¢=1.009
is depicted in Fig. 1 and is one of the distinguishing
features of our equation of state. The correspond-
ing B2 versus p curve for the free degenerate neu-
tron gas is also shown in Fig. 1.

Having established Eq. (2) as a physically valid
equation of state, we return to its application to
superdense stars.

Working within the general-relativistic frame-
work,’ we have for the mass of the star

M=m(R), m(r)=4n frp(r’)r'zdr', (8)
V]

where R is the radius. One may calculate M for
any given central density p., with the help of the
TOV equation

_Z_f=%t47—)[4ﬂPr2+m(T)]/[1 - ZQC%(”’_)]
(9)

together with our equation of state (2). The calcu-
lation of M and R from Eqgs. (2) and (9) is a stan-
dard numerical exercise. We give in this note
only our final results (see Fig. 2).

The dynamical stability of our model of the su-
perdense star can be investigated by the use of
Chandrasekhar’s variational-principle approach.?
This enables us to calculate the eigenfrequency w
for the lowest mode of oscillation (corresponding
to small radial perturbations). A positive value of
w? corresponds to dynamical stability; if w? is
negative one has dynamical instability. The ex-
pression for w? is standard>® and we do not re-
produce it here [it simplifies a little for the equa-
tion of state (2)].

The M versus p, curve which follows from the
present model is shown in Fig. 2 for two different
values of the parameter ¢. It can be seen imme-
diately that the shape of this curve is essentially
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FIG. 2. The mass of superdense stars as a function of
the central density for the cases ¢=1.009 and ¢=1.017.
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the same as that resulting from the other known
equations of state. (For ¢=1.009, the peak value
of M is 11.9M, and the corresponding value of R is
99.9 km; the central density corresponding to the
mass peak is 2.8X10'? g/cm3.) Unlike all other
equations of state, however, for our case the
quantity w? remains positive all along the M vs p,
curve (i.e., w2>0 for any p,) provided q is re-
stricted® by the inequality 1< ¢<gq,,, where q,,
=1.019. This implies that for all the equations of
state (2) for which 1<¢<gq_,,, we obtain super-
dense stars which are stable with respect to radi-
al perturbations for any central density.” This is
indeed a new result which does not follow from any
other equation of state known to us.

We conclude this note with a discussion of the
motivation for our equation of state. As noted
earlier, the changes which the various known equa-
tions of state produce in the gross characteristics
of the superdense stars are essentially insignifi-
cant. Thus, it seems that to obtain any significant-
ly new result, one might have to attribute to high-
density matter properties fundamentally different
from those underlying the conventional equations
of state and yet such that they are consistent with
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the physical restriction given by Eq. (1). The
physics underlying our equation of state is simply
to consider the ground state of an assembly of free
fermions for which the single-particle energy-
momentum relation is that of the tachyons,® name-
ly, E@@)=@2-m2)"? with |p|>m,, rather than
that of the tardyons, E(@)=(@2+m)"/? with |B[>0.
It is of course quite intriguing that in a medium
which is composed of tachyons, the velocity of
sound is still restricted by bounds which are con-
sistent with those for normal matter. The behav-
ior of B2 as a function of energy density (see Fig.
1) is a feature which distinguishes our equation of
state from all earlier ones and it is this feature
which seems responsible for our new result,
namely, stability with respect to radial perturba-
tions for superdense stars with ultrahigh central
densities.

A derivation of Eq. (2) and some further work
along the present lines will be presented else-
where.
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