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a function of density must always have positive
curvature. And each of the above formulas has
negative curvature for some range of densities,
thus indicating at least the inapplicability of
the formula for this region of densities. Fur-
ther, the phase transition described here is
also present if one includes lowest order tem-
perature effects.
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FIG. 2. Curve depicting the value of ko at which a
phase transition occurs for various values of A, . The
associated densities are given by Eqs. (4) and (5).

and there is also an intermediate-density for-
mula given by Nozieres and Pines. " In a re-
port to be published elsewhere, it will be shown
that the presently described phase transition
is contained within all of these formulas at ap-
proximately the same density. This can be
easily confirmed by noting that since the den-
sity fluctuations an/s p, must be non-negative,
it follows that the curve for the total energy as
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Several authors' ' have suggested that the
recently discovered' ' extraterrestrial sources
of x rays may be hot neutron stars. The plausi-
bility of this suggestion, and in fact the likeli-
hood that astronomers will ever be able to ob-
serve neutron stars by their x-ray emission,
depend critically upon the cooling times of the
hot stars. The main purposes of this note are
(i) to present the results, and suggest the im-
plications, of some approximate calculations
for the neutrino cooling rates of neutron stars,
and (ii) to point out that some current ideas re-
garding the constituents of neutron stars should
be revised. Our description of the states of a
neutron star and the reactions by which it cools
differ from the work of previous authors'&'&

in that we include in an approximate way the

effects of the strong interactions among all the
hadrons (strongly interacting particles) pres-
ent. The principal new results obtained (for
densities not much greater than nuclear densi-
ties) are' (i) the existence of effective masses
for all the hadrons, (ii) differential shifts in
the threshold densities at which various kinds
of particles are produced, and (iii) much fast-
er cooling rates than previous workers have
estimated. At densities greater than 10 times
nuclear densities, unsolved matters of princi-
ple are of primary importance. " We have there-
fore attempted to phrase our initial questions
in terms of quantities that can be defined inde-
pendent of any specific model for the interac-
tion among the particles that constitute a neu-
tron star. Our practical results are, of course,
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calculated on the basis of a specific model that
has a limited domain of validity which we at-
t.empt to estimate.

The ground state of a neutron star can be de-
termined by minimizing the total energy sub-
ject to the constraints of conservation of charge
and baryon number. Other authors'y'~ have

adopted a noninteracting gas model for all the
particles in the star in order to carry out this
minimization; their approach is valid only in
the low-density limit. We have estimated the
effects of the strong interactions using a pic-
ture ba, sed on an independent pair model (IPrM),
which is similar to the self-consistent indepen-
dent pair model used by Gomes, Walecka, and
Weisskopf" for discussing the ground state of
nuclear matter. We suggest that a necessary
criterion for the validity of any independent
particle model is that the average separation,
d, between hadrons satisfy the following inequal-
ity:

d&0.5x10 "cm.
If inequality (1) is not satisfied (i.e. , the stel-
lar density is —eight times nuclear densities),
then pairs of hadrons spend most of their time
within each other's hard cores, and the concept
of distinct strongly interacting particles is not
meaningful. "

The new results we have obtained by includ-
ing the strong interactions via IPrM are (i) the
neutron has an effective mass of 0.9 and the
proton has an effective mass of 0.6 for densi-
ties not too different" from nuclear density;
and (ii) the threshold densities for producing
various hadrons are differentially shifted from
the threshold values predicted by the noninter-
acting gas model.

The effective masses for neutrons and pro-
tons enter in an important way the numerical
calculations for neutrino cooling rates.

The reason for the shifts in the threshold den-
sities for hadrons is most clearly understood
by considering a specific example. Sigmas are
produced (e +n+n —Z +v +n') at densities
such that

F. (e)+B (n) - (m -m )+[Bp(Z )-B (n)], (2)

where the terms on the left-hand side of Eq. (2)
are the electron and neutron Fermi energies,
respectively, B,(Z ) is the binding energy of
a zero energy Z , and BF(n) is the average
potential energy of a neutron. Equation (2) re-
duces to the usual result'&8&" if the term [Bp(Z )

—BF(n)] is ignored.
Pions are produced (e +n -v +ve+n') at

densities such that

E (e) -m +B (Tt )F v
(3)

In the noninteracting gas model, Z 's are pro-
duced at much lower densities than v 's. '»'
One can show with Eqs. (2) and (3) and the equi-
librium relation between protons, electrons,
and neutrons that pions are actually produced
before sigmas if, for p ~ 3pnucl,

B (v )- p. 5[[m -m -2m ]0 Z

[B,(Z )-Bp(u)-E (P)]), (4a)

or, expressing all energies in MeV,

B (v )&-II-2.5(p/p )'~'
0

'
nucl

+o.5[B,(Z )-Bp(P)] (4b)

If inequality (4) is satisfied, then pions are pro-
duced before sigmas, and the numbers of par-
ticles of various kinds present in neutron stars
are very different from the numbers previous-
ly obtained & "~ by neglecting the strong inter-
actions. This result would have great practi-
cal importance since, as we shall show later,
the presence of a significant number of pions
in a neutron star changes the predicted cooling
rates of a hot neutron star by a large factor
( ip+8)

Equations (2)-(4) are valid for any model that
assumes the existence of individual particles
in a neutron star. Unfortunately, one must in-
voke a detailed theory of strong interactions
in order to calculate quantities such as Bo(v )
or Bo(Z ). We hope that some high-energy the-
orists will apply their methods to the calcula-
tion of these binding energies which are vital
to an understanding of neutron stars. "

In order to compute cooling times, one must
consider the various excited states of a neutron
star. One can imagine that these excited states
are populated (according to the usual Boltzmann
factor) by placing the system in contact with a
thermal bath at a finite temperature T. The
star then has a definite baryon number and to-
tal electric charge but does not have a definite
energy. The rate of energy loss (cooling) by
neutrino emission is given by an expression of
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the form

= constx Q Q QI (S;v IH I & ) I &

v P&o

x g(E E— E-) exp(-E /kT),
P v Q

(5)

where S~ and Sp are states of the entire star,
H+ is the weak-interaction Hamiltonian, Ev is
the energy of the neutrino v that is radiated,
and the summation over P is limited to states
for which Ep & E~.

In practice, cooling times must be computed

by assuming a model; we adopt IprM. We also
approximate the thermal average [Eq. (5)] over
the states of the star by assigning a Fermi-
Dirac or Bose-Einstein distribution to each kind
of particle in the star. The most important
cooling reactions are

n+n -n'+P+e +v,e' (6a)

n+m -n'+ p. +v (6b)

nuclp
x~

~
erg sec

p j
and from (6b) and its inverse [assuming m~
+BO(' )-m ]

(7a)

(7b)

where M, MO, ~c, p, pnucl, nm, and nn are,
respectively, the mass of the neutron star, the

and their inverses, P+e +n' —n+n+ ve and
n'+ p. —n +v + v&. Unlike photons, neutrinos
produced in the interior of a neutron star escape
from the surface with a negligible probability"
of having been absorbed or scattered. Reaction
rates for processes (6) and their inverses (which
have equal rates within our approximation) have
been estimated by distorted-wave Born approx-
imations using empirically determined scatter-
ing potentials and weak-interaction matrix ele-
ments. The exclusion principle for fermions
was included in the phase space with a Fermi-
Dirac distribution function. We find for the
rate of energy loss, from (6a) and its inverse,

(Mlle T
~ =10+-I

v EMOj I,lo~ Kj

mass of the sun, the central temperature of
the star, the central density of the star, 3.7
x10+" g em ', the number density of pions,
and the number density of neutrons. If m„
+BO(w ) &m& (=106 MeV), then Reaction (6b)
is energetically forbidden. In this case, Reac-
tion (6b) should be replaced by n+v -n'+e
+v, and the energy loss of (7b) should be mul-
tiplied by (m~/m&)'=2x 10

Our rate, (7a), for cooling by Reactions (6a)
is two orders of magnitude faster, in the im-
portant temperature-density range, than the
rate estimated by Chiu and Salpeter. '~' One
can show, by using the models of neutron stars
given in references 1 and 3, that the neutrino
luminosity from Reactions (6a) exceeds the pho-
ton luminosity for effective (i.e. , surface) tem-
peratures ~ two million degrees. The energy
loss, Eq. (7b), from neutrino emission by pions
is much greater than from all previously known
cooling processes. The basic reason that the
energy loss from Reactions (6b) is so much fast-
er than from, for example, Reactions (6a) is
that pions are bosons. Each fermion that par-
ticipates in a cooling reaction introduces a fac-
tor in the cooling rate of kT/EF-10 ' to 10
where F.F is the Fermi energy of the particle;
this factor occurs because only the small frac-
tion ( kT/EF) o-f the fermions that are on the
tail of the Fermi-Dirac distribution can make
transitions allowed by the exclusion principle.
No such restriction exists for bosons. Note that
Reaction (6a) involves two more fermions than
Reaction (6b).

The cooling rate (7b) is so great that it seems
very unlikely that neutron stars will be observ-
able with present techniques' ' if this rate ap-
plies [i.e. , inequality (4) is satisfied and B,(v )
~ -34 MeV]. For example, one can show with
the models of reference 3 that the x-ray source
in Scorpius, which Friedman~ indicates might
have a surface temperature of the order of 2
or 3 million degrees, would decrease in photon
luminosity by a factor of 10 in a period of less
than or of the order of a week if Eq. (7b) applies.
Our fast cooling rates are also inconsistent with
the hypothesis that a hot neutron star exists in
the Crab nebula, which is a remnant of a super-
nova explosion that occurred in 1054.

Models of the type (IPrM) used in our calcu-
lations, which rely heavily on the concept of
individual particles, will fail at densities -10
times nuclear densities [cf. Eq. (1)]. In par-
ticular, the distinction between fermions and
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bosons probably disappears at such high densi-
ties that hadrons are continually within a hard-
core distance of each other. ' Thus the tables
that some authors have given which describe
the state of a neutron star in terms of the num-
ber of, e.g. , " 's Present at P &25Pnucl are
unjustified. At pstellar & 10pnucl, it presum-
ably makes sense to specify a definite baryon
number and charge, but one can at best hope to
calculate, for example, an expectation value for
the strangeness per unit volume. The problem
of how to describe the state of matter at very
high densities correctly and in a manner suit-
able for calculation is fascinating but unsolved.
In any event, the hadronic constituents of mat-
ter (if this phrase continues to have an approxi-
mate meaning) at very high densities will be
vastly different from their free-particle ana-
logs.
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