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| & 19 $/ ABSTRACT

énd observability of neutron stars have been studied. For this
/%urpose the opacity of the surface layers is calculated both
'for a pure iron and a pure magnesium composition. It is found
that the non-degenerate layers are only a few meters thick and
in no case exceed 1% of the stellar radius. The star cools mainly
through neutrino emission when T 2 1 ~ 4 x lO8 oK, but at lower
temperatures the cooling is primarily through electromagnetic
radiation. The neutrino cooling mechanisms included were the
neutrino plasma process, the URCA process, and the neutrino
bremsstrahlung process. The cooling behavior is quite compli-
cated. The rate of cooling generally depends on mass, nuclear
potential, and surface composition, émong which the dependence

on mass is the most significant. It will be hard to observe

low mass neutron stars due to fast cooling rates. However,




medium and high mass stars should still have temperatures
6
exceeding about 2 x 10 °K on the surface for times of the
3 5 ) .
order of 10~ to 10” years. Hence it should not be imposs-
ible to observe massive neutron stars relatively close to

us, if there is no x-ray emission of larger flux coming

from the surrounding region. CZL»Zst¢4*

INTRODUCTION

From studies of nucleosynthesis and stellar evolution
it appears likely that the remnants of some supernova ex-
plosions will probably contain a central core of highly
condensed matter of the order of nuclear density whose main
composition is neutrons, and of surrounding envelopes of
ejected material which are expanding continuously (Arnett 1966,
Cameron 1959 a, b, 1965a, Chiu 1964, Colgate and White 1965,
Zwicky 1938, 1939, 1958). The central core, which may

become as hot as ~1011 °k at the peak, will cool down to

~109 oK within ~165 sec or so (Chiu 1964), due to the extremely
high rates of neutrino cooling. Whether the

remnant, if a stable neutron star, will ever be detectable
depends critically on the cooling behavior of the neutron

star itself and on physical conditi&ns in the ejected en-

velope.

When the first, crude, information on the recently




discovered galactic x-ray sources became available (Bowyer,
Byram, Chubb and Friedman 1964 a, Giacconi, Gursky, Paolini
and Rossi 1962, 1963, Fisher and Meyerott 1964), it was
tempting to identify these x-ray sources with neutron stars,
for a neutron star of photospheric temperature Te~106 to

107 °K would emit soft x-rays with peak near 30 ~ 3f if it
can be regarded as a black body. The first series of cool-
ing calculations showed that neutron stars of this range of
temperature can be sufficiently luminous and last sufficiently
long to be consistant with the early observational data (Chiu
and Salpeter 1964, Morton 1964, Tsuruta 1964). In the mean-
time, possible cooling mechanisms have been reexamined and
some faster cooling mechanisms have been proposed (Bahcall
and Wolf 1965 a, ¢, Finzi 1965a, Tsuruta and Cameron 1965 a).
The results of our latest calculations (whose details are
given in this paper) indicate that a neutron star with

Te~107 °k will cool too fast, 1 day to 10 years (for models
of different mass), tobe detected as x-ray sources, but that

if Te~2xlo6 OK, the medium and high mass stars will last

. 3~ )
sufficiently long for detection (~10 > years). The conclusion
is that the cooling rate alone does not exclude the possibility
that some neutron stars will be detectable, provided that the

thermal soft x-ray emission exceeds the nonthermal background

from the ejected envelope.




If we look at a bare neutron star in a vacuum, there
would be several characteristic features which could be checked.
For instance, a neutron star (of radius ~ 10 km) should appear
to be a point source, and the x-ray spectrum from it should
approximate that of blackbody radiation. A lunar occultation
measurement conducted by Boyer, Byram, Chubb and Friedman (1964 b)
showed that the source in the Crab Nebula has a diameter of
about one light year. Clark (1965) and others reported that
the same source emits a significant x-ray flux in ~ 30 kev
region, which is inconsistant with the spectrum of a blackbody
radiation from a surface of a few million degrees. The MIT
and American Science and Engineering group and the Livermore
group reported that the spectrum of the strongest x-ray source
in Scorpius is inconsistent with the hypothesis of blackbody
radiation (Giacconi, Gursky and Waters 1965, Chodil, Jopson,
Mark, Seward and Swift 1965). These observational results
seem to indicate that the observed x-rays from some sources
do not consist alone of blackbody radiation from a neutron
star. However, we cannot conclude that these results are
evidence against the existence of neutron stars.

One of us (Cameron 1965 b) suggested that a possible
model of an x-ray source may be a vibrating neutron star

with an associated magnetosphere and surrounding hot




gas clouds. (Also, see Finzi 1965 b). The central

neutron core may emit thermal x-rays and the

surrounding area may emit non-thermal x-rays (either
synchrotron radiation or bremsstrahlung). The question of
whether the observed x-rays are thermal, non-thermal, or

a mixture will require more extensive observations. Some
of the recent experiments quoted above only suggest that

the thermal component is not the main contribution to the
observed x-rays, and that the effects from the surrounding
envelopes are dominant. The problem of whether we can dis-
tinguish between the thermal component from the neutron

star and the non-thermal components from the surrounding
area will be considered in the last section of this paper.
As long as there is a possibility that neutron stars are
related to the galactic x=ray source, directly or indirectly,
the study of neutron stars will continue to be of astronomical
importance, as well as of fundamental importance in general
relativistic physics.

In our earlier paper (Tsuruta and Cameron 1966 ) pro-
perties of neutron stars which are independent of temperature
were studied. Here we discuss some thermal properties of
these neutron stars. For this purpose six typical models

have been chosen from our first paper. Three of these are




based on the VR type of nuclear potential, and the other

three are based on the VV type of potential. The different
types of potential correépond to different assumptions about
the possible nuclear forces which will govern the interactions
between the constituent baryons. Among the three models for
each type of potential, one is of low mass at the low density
base of the principal mass peak, one is half-way up the peak,
and the other is near the top of the peak. The characteristic
properties of these models are listed in Table 1. Each model
is designated by its potential type and approximate mass value.

It has been suggested that a model with density p > 8 p (p

nucl "nucl

is the nuclear density=3.7 X 1014 gm/cm3)is unreliable (Bahcall
and Wolf 1965 a, b) due to the uncertainty in high energy
physics. Our model (VB’lMG) is denser than this critical limit.
However, all other models lie roughly within the limit of wval-
idity and the general conclusions deduced from these models are
expected to be reasonably reliable.

Typical models of quite different mass value and nuclear
potential have been chosen in order to avoid as far as possible
the danger of drawing general conclusions from limited assump-
tions. The main approach was, therefore, to set upper and
lower limits which define the range where the most probable

models of neutron stars would lie.




W

In the following sections the surface properties of
neutron stars will be studied first, the cooling and re-
lated calculations will be presented, and finally the

problem of detectability will be discussed.

ENVELOPE STRUCTURE EQUATIONS
The structure equations for the outer layers of a

neutron star are:

(Eir__ _[Pr/cz-ln p(r) G (4nr3Pr/C2+Mr)
(1) dr = r (r-2M G/c%)

dMm
(2) E?E = 4ﬂr29(r)

For radiative equilibrium or electron conduction:

r _ 3 n(r) p(r) I

(3) dr 4 ac Tr3 4ﬂr2

For convective equilibrium:

T dp
dTr - (l—%) r r
(4) dr N P, dr

where M., T, P po(r) and »x(r) are the mass, temperature,
pressure, density and opacity at a distance r from the center,
L is the total luminosity of the star, G is the constant of
gravitation, a is Stefan's radiation constant, c¢ is the vel-
ocity of light, and T is the ratio of the specific heats

cp/cv. The assumption was made that the star is spherically

symmetric and in hydrostatic equilibrium and that there is no



energy generation or sinks in the envelope. The general
relativistic expressions are used in the hydrostatic equa-
tions (1) and (2) because the general relativistic effects
are quite important even near the surface for some of the
denser stars (Tsuruta and Cameron 1966).

Near the surface, the above equations are more easily
integrated in electronic computers if they are expressed
in logarithmic form, and it is better to use pressure as
an independent variable because the pressure gradient is
gquite high near the photosphere of neutron stars. Then
Egs. (1)-(3) can be expressed as:

d(tnr) _  exp (&nli_"»{nA—LnB—&nG—&nD)
(5) d(inp. )"

M
d(&n ) _ _ exp (3 &nr—&nMr+&n<§ﬁ>+an(r)

d(%nPr G

(6) +LnPr+£nA-&nB—£nD)

a(**T)  exp [tn(3/16macG)+4in (r)+MmP(r)-4rl-4L1T ~inr
d(»ﬁnPr -

(7) +&nPr+LnA—LnB—&nD]

where

A=exp (inr)-exp (Ln2+&nMr—2&nc+£nG)
(8) B=exp (ILnp(r)+exp (&nPrf2&nc)

D=exp (LnMr)+exp (Ln4ﬂ+3£nr+&nPr—2%nc)




The equation of state in non-degenerate layers is

(9) 'Ee H

=
P L + d ) fieT + x a T4

L. 3

ion
where the first term is the gas pressure and the last term
is the radiation pressure. In degenerate envelopes, all
pressures except the degenerate pressure of electrons are
negligible and the following equation for degenerate electron

gases is applicable:

, 3 _
P=A £(X): p=nueH =B X , X—PF/mec

L -
£(x)=X(2X%=3) (x3+1)?+3 sinh” 'y
(10)
A=nme c5/(3h3) =6.le1022, B=8nme3c3ueH/3h3=9.82x105ue.

4 and u. are defined as
e ion

M = [2 A&n(A&lZ%)]/ [f‘ z, n(a, zi)J

(11)

4ion™ [f 247 (B 20 VIZ n(a;.7)]

where n(Ai'Zi) is the number density of the nucleus i of
mass number Ai and atomic number Zi’ H is the proton mass,
and the remaining notation is conventional. The equilibrium
composition of matter as found by Tsuruta and Cameron (1965b)
was used. In the envelopes of neutrbn stars the equation of
state is relatively simple as shown above, but the behavior
of the opacity is quite complicated. For this reason, the

opacity is treated separately in the next section. Generally,
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great care has to be taken in evaluating I if the envelopes
are in convective equilibrium. However, as is shown
later, convection appears to play no role in neutron
stars.

To obtain a proper boundary condition at the surface,
it was assumed that the ordinary theory of stellar atmospheres
would apply in the atmospheric layers above the surface of
neutron stars, provided that general relativity effects are
correctly taken into account in some of the denser models.
The surface of the star is defined as the point where the
actual temperature is equal to the effective temperature Te
(the temperature of the black body which would radiate the
same flux as the star itself). Then the total luminosity of
the star L is expressed as
(12) L = 4ﬂoR2Te4 ,
s is Stefan's constant.
If we assume that the opacity is independent of both height
and wave length in the atmosphere but that it has the constant
value determined at the photosphere, the theory of radiative
transfer in stellar atmospheres leadsus to the following

simple relation:

.
] P P ,

(13) N 9o Pon) 2 9 b on)

o nlogy To ) 3 wlpgy o)

where Ty is the optical depth at the surface, (pph’ Te) is the
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opacity at the photosphere and the general relativistic form

of g(?ph' pph) is:

3P -1
GM P . ATR” “phNso 26M

(14) g= ~gRo PR+ lX“ 2 Xl' 2> .
phc Mc Rc

The subscript ph stands for the value of the respective vari=
able at the photosphere. Noting that the mass content and the
thickness of the atmosphere of neutron stars are negligible,
the radius and the gravitational mass of the cold models of
neutron stars can be used for R and M above. Then eqguations
(9), (13) and (14) evaluated at the photosphere give us
sufficient boundary'conditions at the surface of a neutron

star of surface temperature Te'

OPACITY

The total opacity » in a neutron star can be expressed as

=

= +
R c

X |
x|~

(15)

=

where MR and n, are the radiative and conductive opacity,
respectively. Radiative opacity is due to the various pro-
cesses of atomic and molecular absorption, emission, and
scattering of radiation in whiéh electrons play the major
role. The relative importance of these processes depends
strongly on the temperature-density combination. For in-~

stance, in matter of high temperature and of relatively low
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density, electron scattering is dominant, while in the region
of intermediate density and temperature the various photo-
electric effects are the most important. In degenerate matter
of high density, electron conduction is the most efficient
mechanism. The major processes of atomic absorption are

the bound-free, free-free, and bound-bound processes. Excited
electrons emit photons in the inverse processes. The scatter-
ing processes are Thomson scattering if TsleO8 oK and Compton
scattering for higher temperatures.

The opacity generally depends on density and temperature
in quite a complicated way. In recent years, various ex-
tensive tables based on detailed computations have been
published which give the absorption coefficient for many
different compositions and for a large number of points in
the temperature~density diagram. The most accurate method
of obtaining opacities at present appears to be through use
of the computer code for opacities constructed by A.N.Cox
and his colleagﬁes of the Los Alamos Scientific Laboratory
(Cox, 1961), which includes most of the possible major
processes coﬁtributing to opacity, and this code was kindly
made available for our calculations. It includes bound-
free and free-free abosrption, electron scattering (both

Thomson and Compton scattering), negative ion absorption
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and electron conduction. The bound-free absorption depends
on the equilibrium number of electrons which are bound in
the various atomic states. When the ionization of one ele-
ment is completed, no more bound-free absorption due to that
element can occur. For high densities the effect of de-
generacy is taken into account in all but the electron
scattering term. At low densities and low temperatures not
all electrons are ionized. An ionization code was used in
conjunction with the opacity code in these regions to cal-
culate the degree of ionization, the partial pressure of
electrons, and the number of free electrons in the opacity
calculations,

At temperatures above about 5xlO7 oK, almost all ele-
ments are ionized. The existing tables are used to obtain
absorption cross sections for various kinds of processes.
The electron scattering term is obtained for the non-degen-
erate case, and pair production of electrons and positrons
is not considered. Therefore, the opacity is independent
of density but dependent on temperature in the high tempera-
ture region where Compton scattering is dominant. Different
approximations are applied for different degrees of de-
generacy to evaluate the conductive opacity.

Values of the opacity were calculated for a pure iron
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composition and a pure magnesium composition, in the range

. 10
of temperature from 103 7 °K to 10 OK, and of density from

10_4'3 gm/cm3 to 1014 gm/cm3. The reason for these particular
choices of composition is explained in the next section.
Opacities at densities higher than lO14 gm/cm3 have not been
included because degeneracy sets in at densities far below
this. Calculations at temperatures higher than lOlO OK has
not been carried out because the assumptions of nondegenerate
electron scattering and no electron~positron pair creation
cause serious errors there. Also, neutron stars of tempera-
ture higher than this are of no interest to us because they
would cool too quickly. The case Te <103'7 °K and P <10-4'3
gm/cm3 was not included because the opacity code did not
work in these low temperature, low density regions.

Results obtained are plotted in Figure 1. The solid
curves represent the opacity of iron 56 as a function of
density at different temperatures, while the dashed curves
represent the same for magnesium 24, The opacity shows quite
a complicated dependence on density and temperature in the
region pglO6 gm/cm3 and Tslo8 oK, where the transition from
electron scattering or electron conduction to bound-free
opacity occurs. The almost straight horizontal lines for

T2109 °k and p<106 gm/cm3 are due to Compton scattering.

The almost straight lines of negative slope in the region




- 15 -

of high density are an indication that electron conduction

is the dominant factor in the transport of energy there.

We can assume that degeneracy starts as soon as the opacity
in Figure 1 starts to follow one of these straight nejatively
sloping lines. The opacities (lnn) thus obtained have been
stored as an input deck of cards in the form of a two-dim-
entional table corresponding to given 1nT and 1lnp combina-
tions, for later use.

The results from the opacity code calculations were
checked in the various asymptotic regions of density and
temperature, using simpler, analytic approximations. In the
region where photbelectric effects are dominant, the Kramers
opacity formulae (see, for instance, Schwarzschild 1958)
were used. The opacity due to electron scattering was checked
through the equations given by Sampson (1959). 1In order to
check the opacity in the region of electron conduction the
relations in Schatzman (1958) were used. The agreement was
quite satisfactory. It turned out that the neglect of degen-
eracy and electron-positron pair creation in the formulae
for electron scattering in Cox's opacity code causes no

serious errors in the problem of neutron stars.



- 16 -

ENVELOPES AND THEIR CHARACTERISTICS

A computing program has been prepared for the 7094 com-
puter which carries out the surface integrations and other
related computations automatically. The program was constructed
so that the equation of state automatically switched over from
Equation (9) to (10) as soon as the point was reached where
these two became equal. The surface boundary values were
calculated through the subroutine for the atmosphere whenever
a new set of values of radius R, mass M and photospheric
temperature Te of the star were given. The interval of in-
tegration Aln P was automatically adjusted so that the change
of every variable was kept smaller than a suitable preassigned
limit. For a given 1ln T and 1ln o combination the correspond-
ing opacity (lnx) was obtained by linear interpolation in the
input opacity table. The surface boundary values of two

typical models of stable neutron stars (VB,O.6 MO) and (v ,2 Mo)
Y

with a pure iron atmosphere are shown in Table 2.

To determine the temperature distribution in a typical
neutron star envelope, the integration was first carried out
from the photosphere down to the point where p=1014 gm/cm3,
for a representative model of M=1 M®'and R=10 km. This was
repeated at several different surface temperatures. The

results are shown in Table 3. The temperatures at different
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densities are listed in terms of the given surface tempera-
ture Te' Tb and pb are the temperature and density where
degeneracy starts (where equation (9) gives the same pressure
as equation (10)). Degeneracy starts at about pb=lO6 gm/cm3

7 o

when TewlO K. But when the surface has cooled down to

. 4 3 . .
about 106 oK, degeneracy sets in at p, =10 gm/em . A signi-

b
ficant result is that even after the degeneracy boundary
has been passed, the temperature still continues to go up as
we go inwards. The fractional rise in temperature as the

. . 6 9 3,
density increases from 10 to 10~ gm/cm 1is about 10% when

- 5 o0 7 o .

Te=7.7x10 K, but at Te=lO K the temperature at the point

9 3, . 6 3
0=10" gm/cm  is about 3 times that at p=10 gm/cm . As we

. . . 3
go in toward the center from the point with p=lO9 gm/cm” to

12
p=10 gm/cm3, the fractional rise in temperature is about

0.5% for Te=lO6 °K and about 3% for Te=lO7 °K. The table
shows that the temperature gradient is completely negligible
. . 12 3 )
for density higher than about 10 gm/cm” . The conclusion
is that the temperature gradient is very high in the outer-
most thin non-degenerate layers, the temperature continues
to rise as we go through the degenerate outer layers of
heavy ions and electrons, but the inﬁer neutron core (with

3
p? lO12 gm/cm ) is isothermal even for the models of the

hottest neutron stars. Hence, the core temperature TC (which
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is also the central temperature of the star) can be defined
as that temperature where p=lO12 gm/cm3_

The central temperatures are plotted against surface
temperatures in Figure 2. The solid curves are for Fe and
the dashed curves are for Mg atmospheres. Curves drawn for
three models of the VV type are marked by the corresponding
mass. Similar but simpler calculations were made by Chiu
and Salpeter (1964) and Morton (1964). Their central tempera-
ture was defined to be the temperature where the degeneracy
sets in (our Tb), but we have noted that the temperature
continues to rise considerably as we go inwards passing the
degeneracy boundary (Tc )Tb). Therefore, our central tempera-
ture should be higher than their values in general. However,
in high temperature regions where the electron scattering is
the most important mechanism for the opacity, they used the
constant value x~0.2 cm?/gm, Thomson scattering opacity,
while the Compton scattering included in Cox's code which
we used lowers the opacity from the constant value of Thomson
scattering. This, in effect, lowers our values of central
temperature. These two causes of discrepancy compensate one
another and there is good general agreement among our results

9 o

and their results for Tc>10 K. We see in Figure 2 that the

central temperature is somewhat lower for Mg than Fe at the
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same surface temperature. This is due to the fact that some-—
what lower opacities are associated with Mg than Fe as is
revealed in Figure 1. For some of the coolest neutron stars

4
(Te~lO OK) the central temperature is only about 10 times

the surface temperature, while for hot models ( of Te~lO7 OK)
the core is about 100 times as hot as the surface. In any
case, however, the ratio of the central temperature to the
surface temperature is quite small as compared with that of
ordinary stars.

To examine the region near the surface more in detail,
temperature is plotted against distance from the photosphere
as measured inward in Figure 3. Each curve is marked by the
surface témperature. The model with one solar mass and iO km
radius is used to illustrate the general behavior of the
surface properties. The crosses marked by y=2.5 represents
points where the degeneracy starts. This criterion for de-
generacy is derived from the fact that the kinetic energy of
a non-relativistic fermion (about 3/5 of the Fermi energy EF)
and the thermal energy of a free particle with no internal
degrees of freedom (3kT/2) should be equal at the boundary
between the non-degenerate and degenérate layers. The re-

sult of the present calculations shows that even for the

hottest models degeneracy starts before we go inward by 100
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meters from the surface and that the non-degenerate layers
are less than 1% in thickness for even the hottest models.
The mass contained in the non-degenerate envelopes is
practically zero. In our previous paper (Tsuruta and

Cameron 1966) it is seen that the amount of mass contained
even in the inner degenerate electron-ion envelopes is very
small compared to the total stellar mass. These results
more than justify our previous assumption of constant mass
and radius in the atmospheric calculations and also the
neglect of non-degenerate layers in determining the total
mass and radius of the star in our previous paper (Tsuruta
and Cameron 1966). Hot neutron stars with Te~lO7 °k have
non-degenerate envelopes of about 10~20 meters thick but
when the surface temperature falls to about a million degrees
the thickness of the non-degenerate layers becomes only about
a meter or so. A typical neutron star with the sun's mass,
10 km radius, and 6.7xlO6 OK at the surface (with ~100L®) is
shown to have non-degenerate envelopes of 3~4 meters.

The density profile near the surface is plotted in
Figure 4 for the same model. The distance from the surface
is now shown in centimeters. Within about a meter (0.01% of
the radius) from the photosphere, the density rises to about

2.5

lO5 gm/'cm3 when Te~106 °k and to about 10 gm/cm3 for
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7
hotter stars (Te=l.6x10 OK). In the photosphere the density
rises within a thickness of 10 cm by a factor of about 100

for typical models (Te~lO6 oK). In any case a sharp drop

of density from the central value (10l4 ~1015 gm/cm3) to
the photospheric value (0.01~1 gm/cm3) occurs only at the
very edge of the star.

The distribution of density, temperature and degree of
degeneracy EF/kT within the thin layers about 10 meters from
the surface are numerically shown in Table 4 at several in-
teresting values of surface temperature. On comparing this
table with the previous one, we see that the degeneracy
criterion used in these two tables agrees well with each
other.

The conclusion according to the present calculation
is that neutron stars of abéut lO3 times solar luminosity
are as hot as lO7 OK at the surface and about 109~109K in the
interior, those which are as luminous as the sun (in the

X-ray region) are about l~2x106 °K at the surface and about

108”9°an the interior, and that by the time they cool down

to the point where TC~lO6~7 °K and Te~105 °k they are too
-5 . .
faint to be detected (L~10 Ly). In our previous papers

(Tsuruta and Cameron 1965b,1966) it was shown that the composi-

tion of the surface layers changes sharply from layer to
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layer. Starting from the boundary between the neutron core
and the degenerate electron-ion envelopes the composition
changes from more neutron-rich heavy nuclei to less neutron-
rich ones as we go outwards. In the outermost non-degener-
ate layers with D<lO6 gm/cm3, the main equilibrium composi-
tion should be ordinary iron group nuclei. This is why
iron was chosen in our opacity calculations.

A possible change of surface composition can occur if
a diffusion process is present. The diffusion process can
become quite efficient in the presence of very small density
scale heights and large gravity effects, as is the case in
the atmospheres of neutron stars. Rough estimates of the
effect of diffusion on the surface composition of neutron
stars were made by Chiu and Salpeter (1964). Their con-
clusion is that some lighter elements such as Mg, O and Ne
can be present on the surface of neutron stars. This is
why not only Fe but also Mg was selected in our opacity
and atmospheric calculations earlier. The change of com-
position will not occur if convective mass motions in non-
degenerate layers cause efficient mixing of elements. 1In
this case the original statistical eéuilibrium composition
of iron will be maintained. However, convection appears

to play no important role in neutron star problems since
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the temperature gradients in our model atmospheres are all
subadiabatic. At the present time, the effect of the dif-
fusion is not known. However, the difference between our
results for Fe and Mg compositions is relatively small.
This indicates that the uncertainty of surface composition
due to the effect of diffusion will not cause any serious
errors in our results presented in this paper. We will
see that the uncertainties due to other effects are far
greater.

ENERGY CONTENT OF A NEUTRON STAR

If we assume that a neutron star belongs to the end
state of a thermonuclear evolution, there can be no energy
generation within it. Any stable neutron star is already
so dense that gravitational potential energy due to con-
traction is not available. Even though the matter is
highly degenerate, the only contribution to the total
energy of a stationary neutron star comes from the small
tail of the Fermi distribution function of the particles
which constitute the star. The heat capacity of a nearly
zero-temperature ideal Fermi gas was derived by Chandrasekhar
(1957). Using his result, the totai thermal energy of a

neutron star was found to be

252 % 11,\1/2 2
r fR_ moAD (X4 L
U=l 4 \m; e 2 >n,4nr2dr1%
(16) -0 1 1 ,>S'_ 1 =
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where x; = Pf?(mic)
mi,P:unuirﬁ are the mass, Fermi momentum and number density
of the ith particle, R is the stellar radius and T is the
temperature of the isothermal core. The summation was taken
over all the baryons and leptons present in each layer dr.
The total energy was calculated as a function of temperature
for our models. The results are shown in Tables 5 - 10. It
is seen that as the surface temperature of a star decreases
from about 5 x lO7 °k to lO4 °K the energy content of the
star decreases from about lO50 ergs to 1040 ergs, although
the precise value depends on the type of model in question.
In the above derivation the nuclear interaction between
particles was neglected. The presence of nuclear forces
will modify the heat capacity by an amount which typically
can be of the order of factor 2, according to rough estimates
which we have made. We did not take such modifications into

account in making the actual cooling calculations, because

the uncertainties arising from other sources are far greater.

NEUTRINO LUMINOSITY

The conserved vectorcurrent theory of weak interactions
predicts that neutrino-antineutrino pairs can be radiated

in quantum electrodynamic processes as well as electromagnetic
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radiation. Even though the probability for the neutrino
radiation is enormously small, it plays an extremely import—'
ant role in some stages of stellar evolution because of the
fact that the neutrino mean free path is so large that it
can escape even from a dense star with hardly any inter-
action, while electromagnetic radiation can only diffuse
out very slowly from the interior to the surface. Various
different neutrino processes possible in a stellar interior
have been examined. Consequently, the following three
processes have been found to be the most important in the
problem of neutron stars.

(1) Neutrino pair emission from the plasma process:

(17) y(plasmon)-*\)e+:)e

These neutrinos arise from the decay of plasmons in the
degenerate electron gas in the interior of the neutron star.
The rates are given by (Adams, Ruderman and Woo 1963, Inman

and Ruderman 1964);

7h .
Q (ergs/cm3—sec)=1.228x1022t—2“2§9F(x)
pl \mec -
where F(X)=§_ K2(nx) or
n=1 X
3 1.2 1 2 4
X F(X)=2C(3)+3X AnX=%(24n2+41) X" +X 4nX
96
1 N LN 4
~56 (@n 2-1+4n 27 (2) . for x<2m
(18) 1L N 71 2 1
© / ' [ ) \\ T 7 o0 nn
= —_— = —_ = — .« - =2, —_
c=f (Shc@=f, (55 =5 - C@=f_ 4
n n n
w2 2] &5 £(R) /1_%53_2. N & 4e2p 3¢
Xle o_"'J EP \ ~—E2"‘4ePF BWE)
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2 2.5 2 1/3
E_= (P_ + P_= (3
p = (BL +m)" p - 37 n)
for relativistic degenerate electrons. (In the last three
equations the units are # = ¢ = 1.) Then the neutrino

luminosity due to the plasma process is

PL R 2
= 4
(19) Lv Io Q . nr“dr (ergs/sec)

To evaluate the above integral, a table listing F(y) as a
function of y and the interpolation subroutine were used.
The plasma neutrino emission rates have been calculated as
a function of temperature and electron number density and

are shown in Figure 5.

(2) The URCA process (the beta process and its inverse
process): In the interior of a neutron star it can be

represented by reactions such as:

(20a)

(20b)

(20c)

(204)

The approximate formulas for the rates of these processes

T p

~-n+p+e
- n+p+ U

+ € - n +n

i - n +n
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for a neutron star of uniform density distribution have been
derived by Bahcall and Wolf (1965c). We applied their
results to our neutron star models., The neutrino luminosity

due to the URCA process can then be given by

pURCA jR1020(1+F)T8 (0/0
Vv o 9

2/3 2
nucl) 4rr” dr (ergs/sec)

B 4/3.1/2
(21) F = PF(u)/ PF(e) [1-2.25(pnucl/o) ] for p>1.8p ..

1

0 for p < 1.8 pnucl

where p is the density of the neutron star matter, pnucl is
the density of nuclear matter (= 3.7 x 1014 gm/cm3), T9
is the stellar temperature in units of 109°K,PF(i) is the

. .th .
Fermi momentum of the i species.

(3) The neutrino bremsstrahlung process: In the interior

of a neutron star it can be symbolically expressed as

(22) e + (baryon)'i - e + (baryon)i + Ve +'Ve

The neutrino pairs are emitted when electrons scatter from
positive or negative baryons in the interior of the neutron
star. Ruderman and Festa (private communication) have

kindly provided us with the following approximate preliminary

expression for this process:
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n
(23) QB(ergS/gm-SeC) = 10° 22 -I--?(Tg)6 for Ej >> mc2

where Z is the effective charge of the electron scattering
centers, n, is the number density of such centers, and n

we take here to be the baryon number density. Ruderman and
Festa have suggested that there may be proton clustering in
neutron star interiors in the presence of very large numbers
of neutrons, so that the effective charge of a scattering
center might be 2. However, for some of the massive neutron
stars in which the density exceeds about lO15 gm/cm3 there
will also be a large number of s hyperons, which may hinder
the clustering process. In such a case, we have chosen to
take the effective charge of a scattering center to be 1 and
to count as the scattering centers both the protons and the
il hyperons. The possible error caused by the uncertainty
due to the different interpretation of the scattering centers
and the effective charge is in any case negligible in our
present problem. The neutrino luminosity due to the brems-
strahlung process is

.R

B
(24) L, = { Q, o 4m r2 dr (ergs/sec) .
o

The total luminosity is obtained by adding all the

contributions
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(25) L=10. + 1Pt ; (URA B .
ph v v v
L is the photon luminosity defined by (12).

ph
The results are shown in Tables 5-10. To visualize the

contributions of different processes, the three different
neutrino luminosities and photon luminosity, together with
the total energy, are plotted against the central temperature
for the model (VY,l.lmg and shown in Figure 6. At higher
temperatures the URCA process and the plasma neutrino process
compete with each other but the URCA process is always the
most important. At lower temperatures the URCA process
competes with the bremsstrahlung process but the plasma process
becomes unimportant. At sufficiently low temperatures the
bremsstrahlung process predominates over other neutrino
processes. The point where the bremsstrahlung rate begins
to exceed the URCA rates depends on the stellar mass. For
massive stars, this switching occurs at 3~8x109°K, but for
low mass stars the switching temperature is ~5 x 107°K°
Neutrino cooling of any kind becomes too small as compared
with the photon cooling when the temperature becomes lower
than about 1. 4x 108°K. Hence, the bramsstrahlung process
never becomes important in sufficiently low mass stars

MN Oon ©
( o)
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In the above luminosity calculations we assumed that all
neutrino processes not included here are unimportant in
neutron stars. Bahcall and Wolf (1965a,c) have raised the
question of neutrino cooling from pion decays in neutron star
interiors. Such pion decays can occur only if pions should
have a small effective mass in the presence of a largely
neutron gas. Both Bahcall and Ruderman, as well as others,
have indicated to us (private communication) their expectation
that, under the conditions in which pions may be present in
a neutron star, there will be a predominantly repulsive
interaction between the pions and the neutrons. This would
raise, rather than lower, the effective mass of the pions,
and make it very unlikely that pions will be present in the

interiors of neutron stars.

COOLING TIMES

The cooling time T is computed from the various theore-
tical data of the last sections and from the following

relation:

(26 ) T=-J‘ au__
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where U is the total energy content of a star and L(U) is
the total luminosity, LPh + 7 Lv' expressed as a function of

U. If the above integration is carried out from the initial

energy U, to the final energy U T gives the time interval

1 27

during which the star has cooled from a higher temperature T1

where the total energy is U, to a lower temperature T, where

1 2

the total energy is U The moment at which a supernova

9°
explodes has been defined as the starting point for counting
the age of a neutron star.

The results are tabulated in Tables 5 through 10. An
important parameter which characterizes the cooling behaviour
is the ratio of the central temperature to the surface temp-
erature, a typical value of which is about 100 for a neutron
star. Hence we defined a as the ratio of the central temp-
erature to the surface temperature in units of 100, and the
values of a for each model at different temperatures are
listed in the same tables. We see that this ratio is a
sensitive function of mass, temperature, composition and
nuclear potential. With increase in mass, a decreases. With
increase in temperature, ¢ increases. For the models of the

same mass, temperature and nuclear potential, the value of

a for Fe models is somewhat larger than that for Mg models.
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We see that the detailed behavior of cooling is different for
each different type of model and that this difference comes
mainly through the sensitive dependence of a on the different
kind of model.

Figure 7 shows the cooling curves of our six models with
iron atmospheres (solid curves correspond to VB type and
dashed curves to VY type models)., The point at which the
neutrino cooling rate and the photon cooling rate become equal
is shown by a cross for each curve. The figure shows that for
the same nuclear potential, the neutron stars of lower mass
cool faster than those of larger mass up to an age of about
106 years, but after that the heavier neutron stars cool
somewhat faster.

The complicated effect of the nuclear potential is
observed when we compare the curves of the models of the
same temperature and mass but of different nuclear potential.
To see better the effects of different composition, cooling
curves for the same types of model of the same masses but of
different compositions are shown in Figure 8. Solid curves
represent models with iron atmospheres and dashed curves
those with Mg atmospheres. We see that in the region where

the neutrino cooling predeminates over the photon cooling
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the cooling rates of Fe models are somewhat faster than the
cooling rates of Mg models, but that the reverse situation

is noted in the region where the photon cooling is the main
cooling mechanism. This is easily explained if we note that
the neutrino cooling and the total energy content of the star
depend on the internal temperature while the photon cooling
is a function of the surface temperature and that the opacity
of Mg atmospheres is somewhat lower than the opacity of Fe
atmospheres.

We see in these figures that the models with To 2 lO7 OK

cool too fast for observation, while the strong absorption of
x~-rays from a neutron star by interstellar gases makes it

very difficult for us to observe neutron stars with Te < lO6 OK.
The star's luminosity itself is already low at T_ ~ 10% ok
(Table 2). Hence the most important range of temperature of
neutron stars from the point of view of observation is

107 > T, > 10° Ok, and this portion of the curves is enlarged
in Figure 9. A neutron star will be only about 1 day to 10
years 0ld when T, ~ 107 °x depending on its mass value,

nuclear potential and surface composition, Sut it will take

about 2 x lO3 to 3 x lO5 years before it will cool down to

~10° °X. We note that the effect of mass on cooling time is
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the most drastic. The dependence of cooling on the different
possible kinds of nuclear potential and composition is by no
means negligible when we need detailed theoretical informa-
tion, but this uncertainty is relatively small as compared
with the mass effect. By comparing our present results with
the original calculations (Tsuruta 1964) where only the plasma
process was taken into account as the neutrino cooling
mechanism, we note that the faster rates of cooling by the
URCA process and the bremsstrahlung process cause some
important effects on the cooling behavior at higher tempera-
6

tures (Te > 2x10° ©K), but no significant change is observed

when T, < 2x106 oK.

OBSERVATIONAL PROBLEMS

If a neutron star emits radiation as a black body,
the wavelength kmax giving the maximum intensity in the

spectrum is given by

(27 Aoy () =hc/(4.9651kTe) = 0.2918/Te °K) .

6 7 o

This simple relation indicates that when Te ~ 10" to 10 K
the maximum comes in the soft x-~ray region, 30 > kmax > 3§,

while this maximum shifts to the ultraviolet region when Te
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falls to around 10° - 104 ®°K. From Table 2 we see that a

neutron star with Te > lO6 OK has L > L@ (L@ is the lumino-
5 9 5

sity of the sun), while L ~ 10 L to 10 L when T_ ~ 10

to lO4 ©K. Also it takes about 103 to 4x105 years before a
neutron star cools down to Te ~ 106 ®K. That is, a neutron
star can last sufficiently long to allow our observation in
the x-ray regions even though it will be too faint to be seen
optically.,

Until recently the observation of x-rays from outer
space has been prevented due to the fact that the earth's
atmosphere is strongly opaque to radiation in the x-ray
regions. However, interstellar gases are practically trans-
parent to x-rays of, say, A < 308 (the precise value of the
upper limit to the wavelength depends on the distance between
us and the x-ray emitter). The above considerations lead us
to the conclusion that some of the neutron stars which are
sufficiently close to us and which are not surrounded by
X-ray emitting gas clouds should be observable as x-ray
sources.

Since it became possible to send x-~ray detectors above

the earth's atmosphere, at least 10 galactic x~-ray sources

have been discovered (Bowyer, Byram, Chubb and Friedman 1964a,
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1964b, 1965, Giacconi, Gursky, Paolini and Rossi 1962, 1963,
Fisher and Meyerott 1964). Two major sources which were
discovered first which are best known are Sco XR 1, the
strongest x-ray source in the constellation Scorpio, and
Tau XR 1, a somewhat weaker source near the center of the
Crab Nebula. We use the notation of Bowyer, Byram, Chubb
and Friedman (1965) to designate x=-ray sources. A possible
association of the strongest Scorpius source and the North
Polar Spur, the nebular remains of a supernova explosion
which was supposed to have occurred about 50,000 to 100,000
years ago at a distance of about 30 parsecs away (Brown,
Davies and Hazzard 1960), has been suggested, but otherwise
there is no nebulosity or peculiar star in the vicinity of
Sco XR 1. The Crab Nebula is believed to be the remnant of
a supernova explosion which occurred in 1054 AD about 1100
parsecs away from us. The angular size of the Sco XR 1 was
determined to be less than 7 minutes of arc (Oda, Clark,
Garmire, Wada, Ciacconi, Gursky and Waters 1965)) while the
size of the x~ray source in the Crab Nebula was measured to
be about 1 light year in diameter through the lunar occulta-
tion experiment (Bowyer, Byram, Chubb and Friedman 1964b),

less than half the size of the optical nebula in the Crab,




while the optical nebula is about two to three times smaller
than the radio size. The flux of Sco XR 1 is about 10—7 ergs/
cm2 -sec and that of the Tau XR 1 is about 10-8 ergs/cm2 -sec.
The intensity of other sources is about the same as that of
the source in the Crab Nebula.

All of the x-ray sources, except the Scorpius source,
lie close to the galactic plane and within 90o of the galactic
center. This distribution resembles that of galactic novae.
From this and other evidence it has been suggested that the
probable origins of the x-ray sources are supernova outbursts
(Bowyer, Byram, Chubb and Friedman 1965, Burbidge, Gould and
Tucker 1965, Cameron 1965b,c, Morrison and Sartori 1965,
Oda 1965, Hayakawa and Matsuoka 1964, Finzi 1965). Indeed
there is no evidence against this assumption. Many important
supernovas have not been identified with x-ray sources of
strength comparable with that of the Scorpius source or the
source in the Crab Nebula. This is easily explained if
we note that these supernovas are far more distant from
us than the Crab Nebula or the North Polar Spur. Most
of the discovered x-ray sources are not identified with
known radio or optical objects. This is also no contradiction
to the supernova hypothesis if we noté the possibility

that some of the x-ray production mech-
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anisms will have much longer lifetime than that of the
optical or radio emissions.

As mentioned already, we believe that a remnant of a
supernova explosion consists of a central condensed core in
the form of a neutron star and of surrounding hot gas clouds
in the form of expanding envelopes. How can we observe this
complex assembly of matter? As far as the central core of
neutrons is concerned there will be no hope of observation
except as the emitter of soft x-rays in the narrow range of
about 30 to 3%, because a hotter neutron star of Te > 107 Ok
(corresponding to x-rays of < 3}) will cool too fast (within
less than a day to 10 years) and a cooler neutron star of
T, < 10° ok (corresponding to x=-rays of > 30f) will be too
faint to be detected due to the strong interstellar absorption
and the faintness of the star itself. The situation is more
complicated in the expanding envelopes.

Due to the complex nature of a supernova remnant, the
observed x-rays can be due to non-thermal radiation from the
hot gas clouds, the thermal radiation from the neutron star,
or a mixture of both. The question of whether the thermal
component can be singled out from the'non-thermal component

in the case both are present can be determined if the relative
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strength of each component is known. In order to make some
sensible predictions of the possible nature of some of the
x—-ray sources and their relation to neutron stars, we will
discuss Sco XR 1 and Tau XR 1. The data on other sources are
still too scarce for this purpose. If we know the distance d
and the photon luminosity L of a neutron star, the flux F of
the thermal component of x~rays reaching the region just above

our atmosphere is found from
2
(28) F=L/ (4n d”) .

If we accept the tentative association of the North Polar Spur
and Sco XR 1, the distance and the age of the neutron star

in Scorpius are known. Taking surface temperatures of 1 or
2xlO6 OK, consistent with the soft x-ray fluxes measured by
Friedman's group, the photon luminosity of the star can also
be predicted. The results for our six models are shown in
Table 11. The age of the star T has been taken from our
results in the previous section (Figures 7-9). If both the
North Polar Spur and the x-ray source in Scorpius are indeed
the remnants of a supernova explosion about 30 parsecs away

and about 104~5 years ago, the low mass models of M < 0.3M®

should be excluded because they are too young. However, some
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massive models are sufficiently old to support this hypothesis.
The flux of x-rays from a massive neutron star is also comparable
with the observed x-ray flux from the Scorpius source. The
result shown in Table 1l gives rise to a possibility that the
observed x-rays from the Scorpius source may have a predictable
amount of thermal component, if it contains a massive neutron star of
about 1 ~ ZMO' The spectral measurements of Sco XR 1 were
reported to be inconsistent with the picture of pure black-
body radiation. This may suggest that the nonthermal compo-
nent from the surrounding hot gas dominates over the thermal
component from the neutron star sufficiently to obscure the
black~body spectrum. However, because of the relatively
strong flux from the neutron star as calculated above, the
thermal component in this source may be identified, if the
remnant star is massive enough,and if longer wavelength detectors
can be used which are more sensitive to the peak of the thermal
spectrunm.

Next, consider the source in the Crab Nebula. Here,
+ = 910 years and we get the present temperature and luminosity
from the results in the previous sections. The distance is
about 1100 parsecs. From this information, the thermal
component of the x-ray flux from a neutron star in the Crab

Nebula can be obtained. The results are shown in Table 12,
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for various models of different mass, nuclear potential and
surface composition. We see that, with the exception of the
particular model of VY type, Mg composition and about 2 solar
masses, the flux is less than about 1/4 of the observed x-ray
flux from Tau XR 1. The large size of about one light year
already indicated that the major source of the x-rays from the
Crab Nebula is not thermal emission from a neutron star. The
theoretical calculation also supports this view. If a neutron
star exists in the x-ray source, it will not be identified

if the flux from the neutron star is too weak, as compared with

that from the surrounding region.

We are indebted to Mr. B. Sackaroff for assistance with
the opacity calculations which involved the use of some parts
of the Los Alamos opacity code in regions of temperature and

density for which the entire code does not work.
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TABLE CAPTIONS

Table 1l: Characteristics of our six chosen models. The models are
identified by the type of nuclear interaction VB or VY and
their approximate mass in solar mass units. pmc is the central
density in cgs units, M/M® is the mass in solar mass units, R is

the stellar radius in km, and PC is the central pressure in

P (dyntaj/cmzl )

6.46 x lO36

relativistic units (PC =

Table 2: Photospheric properties of typical neutron stars

(VB' 0’6M®) and (VY, ZMO) at different surface temperatures Te'

Lph is the photon luminosity, pph, Pph and uph are the photospheric

density, pressure and opacity, respectively, and Xomax is the

maximum wavelength without red shift correction.

Table 3: Atmospheric temperature distribution of neutron star

models with M = lMo and R = 10 km. The temperature T at a

specified p, and the temperature T. and density Py where the

b

degeneracy starts are listed as a function of surface temperature

T .
e

Table 4: (Models with M = 1M _, R = 10 km) Temperature and density

Ol
distribution near the surface at different depths (R-r) at
given surface temperatureT_. The point where EF/kT = 2.5

indicates the thickness of the non-degenerate envelopes.




Table 5: The characteristics of the hot neutron star model (VY, 2M®)

with the Fe and Mg atmospheres. (Te and Tc are the surface

and core temperatures, L

oh is the photon luminosity, ZLv is the

. . . -2 . .
total neutrino luminosity, a = ( Eg > 10 ", U is the internal
e
energy and T is the cooling time.)

Table 6: The characteristics of the hot neutron star model

(VY, 1.1M®) with the Fe and Mg atmospheres. (The notation is

that used in Table 5.)

Table 7: The characteristics of the hot neutron star model

(VY, O.2M®) with the Fe and Mg atmospheres. (The notation is

that used in Table 5.)

Table 8: The characteristics of the hot neutron star model

(VB, l.OMO) with Fe atmospheres. (The notation is that used

in Table 5.)

Table 9: The characteristics of the hot neutron star model

(VB' 0.6M®) with Fe atmospheres. (The notation is that used

in Table 5.)

Table 10: The characteristics of the hot neutron star model

(VB' 0.2M®) with Fe atmospheres. (The notation is that used

in Table 5.)




Table 11: The observational problem of Sco XR1. (Te is the
surface temperature, Lph is the photon luminosity. T is
the age of the neutron star of the given temperature and
FLUX is the flux of the thermal component of the x-rays

from a neutron star in Sco XRl, 30 parsecs away. to be

observed above the earth's atmosphere.)

Table 12: The observational problem of Tau XRI. (Te is the
surface temperature of the neutron star of age 910 years,
Lph is the photon luminosity of the neutron star of the
given temperature, and FLUX is the flux of the thermal

component of x-rays from the neutron star.)



TABLE 1

Model (Notation) P mc (gm/cm3) M/M@ R (km) PC
Vs 0.2M 2.33x10% 0.2003 17.78 5x10
V.. l.M 6.89x10'%  1.07a 12,33 0.01
Ve o2M 2.17x10%°  1.953 9,939 0.2
Vg, 0.2M 3.26x107%  0.1996  18.21 7%10"
V. 0.6M 3.55x10%°  0.5927 7.159  0.06
Vge 1M 8.26x10°°  0.9663 5.184 0.7
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TABLE 3

1
SURFACE |

! INTERNAL TEMPERATURE T (°K) T, (OK) | e
TEMPERATURE | |
] ' - ;
Te (°K) ; p=1069m/cm3§ p=1099m/cm3§ p=1012gm/cm3 p=1014gm/cm3 :' (gm/cm3 )
| i r
1.6 x 10 § 9.08x10° | 3.47x10° ' 3.65x10° | 3.65x10° |1.4x10° 4.3x10°
: | '
1.2 x 10’ E 6.86x10% | 2.3ax10% | 2.425x10° | 2.425x10° |7.7x10% 1.5x10°
1 x 107 | s.o2x10® | 1.825%10° g 1.88x10° | 1.sex10® |s.92x18 1x10°
9.4 x 10°  5.75x10°  1.e8x10° E 1.73x10° | 1.73x10° | 4.8x10% 5.4x10°
6.7 x 10° | 4.51x10°  1.10x10° | 1.125x10° | 1.125x10° |2.6x10°|1.4x10°
5.1 % 10° | 3.79x10° E 8.00x10%  8.21x10° § 8.21x10°  |1.5x10° l6.2x10%
4.3 x 10° % 3.395x10% | 6.765x108 § 6.83x10° | 6.83x10° |1.03x18)4.8x10%
3 x 10° % 2.64x10% ¢ 4.62x10° 3 4.64x108 | 4.64x108 |7.ex107| ax10%
1 x 10% | 9.61x107 1.12x10° § 1.125x10° | 1.125%10% |3.5%107 10*
7.7 x 10° % 6.5x107 | 7.18x107  7.35x10° 7.35x10% ' |2.3x10’ 3
{

4.2x10

{
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TABLE 5

_H_m Log H.Huw Log MH_< (ergs/sec) Log _H_o (°K) a = AWV HO|N Log U (ergs) | Log v (years)
(°x) (exgs/sec) Fe Mg Fe Mg Fe - Mg Fe Mg Fe Mg
mxHoq 39.6432 47.39 10.1265 2.67 50.26 -5.21| -4.34
Num“_.o.N 38.0514 42,25 41.48 9.5177 19.4181 | 1.65 1.31 49.021 48.76 | -1.43; ~0.57
Hoq 36.8474 39.39 38.19 9.1047 [8.9791 ) 1.27 0.955 48.19} 47 .87 1.09 1.66
mxHom 35.6432 37.01 35.77 8.7666 |8.5777 | 1.165 0.756 47.49] 47.08 2.89 3.34
2x10° | 34.0515 34.01 | 33.34 8.2038 |8.1520 | 0.986 |0.710 | 46.51| 46.25| 4.50| 4.55
Hom 32.8474 31.49 30.99 7.8299 |7.7550 | 0.750 0.570 45.61| 45.49 5.43 5.25
mxHom 31.6432 28.63 28.01 7.3814 |7.2794 ]| 0.480 0.3808 44 .74 44.49 5.96 5.76
N%Hom 30.0515 24.71 34.34 6.7035 {6.6704 | 0.253 0.2341 43.37) 43.28 6.41 6.23
Hom 28.8474 6.2647 |1 6.2157 | 0.184 0.1641 42.51| 42.41 6.73 6.60
mxHOb 27.6433 5.7925 | 5.6951 | 0.124 0.0994 41.51( 41.29 7.00 6.94
N%HOA 26.0515 . 5.1716 {5.0180{ 0.0743 | 0.0521 40.29] 40.01 7.61 7.29
HoBH 24.8474 4.5990 0.0398
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TABLE 7

.H.m Log H.mvw Log MH_< (ergs/sec) Log .H.o (°K) a = AIV HOlN Log U (ergs) | Log T (years)
(°K) (ergs/sec)
Fe Mg Fe Mg Fe Mg Fe Mg Fe Mg

NxHOq 38.5563 48.78 10.2662 9.225 49.98 -5.8

Hoq 37.3552 44.51 44 .01 9.7377 | 9.6770 | 5.458 4.750 48.91 | 48.77 | -4.2 -3.35
mNHom 36.1481 41.29 40.58 9.3197 | 9.2165 | 4.174 3.288 48.08 | 47.87 | -1.19 | -0.67
waom 34.5564 37.38 36.01 8.8358 | 8.6595 | 3.424 2.281 47.12 | 46.76 l.68 2.60
Hom 33.3523 34.98 33.29 8.5162 | 8.3141 | 3.281 2.061 46.51 1 46.12 3.65 4.48
mNHOm 32.1481 31.74 30.79 8.1029 | 8.0004 | 2.536 2.000 45.74 | 45.51 5.59 5.61
N%Hom wo.mmmw 27.21 26.23 7.4816 | 7.3745 | 1.516 1.1828 44 .44 | 44.25 6.72 6.23
Hom 29.3523 23.82 23.53 6.9866 | 6.9282 { 0.972 0.8495 43.41 | 43.26 7.11 6.76
mxHOb 28.1482 6.5045 | 6.4596 | 0.6398 | 0.576 42,511} 42.37 7.41 7.19
NxHOh 26.5564 5.8944 | 5.8106 | 0.3921 ] 0.3234 41.261 41.12 7.80 7.68
HO# 25.3523 5.4193 0.2621 40.33 8.08
mXHow 24 .4649 5.0643 0.1937 39.61 8.28
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TABLE 9

Te Log Lph Log MH.< Log To B A.H_ov _, | og U Log T
(°K) (ergs/sec) (ergs/sec) | (°K) @ = \Tg/ 10 (ergs) (years)
5x107| 39.3581 48.76 10.4016 6.35 50.24 | -6.5
2x107|  37.7663 43.15 9.6815 2.40 48.74 | -2.49
107 36.5622 39.51 9.2635 1.831 47.88 0.03
5x108]  35.3581 37.56 8.8957 1.571 47.17 1.73
2x10%  33.7664 35.01 8.4669 1.463 46.30 3.54
10° 32.5623 32.58 8.0372 1.089 45.51 4.93
5%10° 31.3582 29.65 7.5651 0.736 44,60 5.86
2x10°|  29.7664 25,81 6.9072 0.4046 43.26 6.51
10> 28.5623 6.4444 0.2783 42.30 6.85
sx10%|  27.3582 5.9847 0.193 41.35 7.14
2x10%  25.7665 5.3599 0.1144 40.10 7.49
104 24.5624 4.8191 0.0659 39.03 7.74
6x10°|  23.6750 4.4320 0.0451 38.30 7.95




0oz°8 09°6¢ 66T1°0 69L0°S 868¥°¥¢ mOme
10°8 15 0% 189¢°0 98¢¥° S zeLe sc voa
VL L 9¢°1v 9zov°o LS06°S €LLG°9C vOHxN
6€°L 06°¢v 069°0 AARRE] 069T1°8¢ voaxm
60°L VAAR A GL6°0 1L66°9 00°v¢ 1eLe 62 WOH
0oL°9 oy v¥ 9%G° 1 ooe6v°L o1°L2 €LLG"0E mOHxN
9€° g 89 °G¥ 6LG"C LOTT1°8 0L " 1€ 0691°¢C¢ mOme
8€°¢ 0s°9% Te€e€ 9¢¢s°8 66 V€ 1eLe €€ woa
0€°1 1 LY Ly ¢ LT¥8°8 8¥°LE ZLLS*¥E woaxm
6€° 1~ ¢ 8y €qcy LLZE"6 oc°1v 0691°9¢ moaxm
LO V- 16°8% 96°9 6SVL°6 19°v¥ TELE"LE hoa
66°9= 10°0¢ €9°6 86LC°0T €L°8d cLLS* 8¢ hOHxN
(saeal) | (sbas) 0T (2L N\ = ™ (1.) |(oes/sbis) | (das/sbxs) 1)
L bog a bog | ¢ ﬁoe v O fot >qw boT smq po1 °z

0T ¥ Td9 VY &L




TABLE 11

. I3 . ! z ! oz 1 N ' Hz
em 2)\ omzev A<< HEQV A<< Nev A<m owev 2m omzev 2@ QV
Log b@ﬁ
(ergs/sec) 34.5564 {34.2386 34,0515 34.5772 33.7664 33.4861
FLUX
0% | (ergs/cm® -sec) 3.33%x107 2.2x10 1.03x10""| 3.49x10”" 5.4x10°° 2.835x10 °
O
o
v Log 7 |Fe 1.68 4.20 4.5 1.38 3.5 4.1
N
(years)| g 2.60 4.65 4.55
Log ﬁwr
(ergs/sec) 33.3523 33.0345 32.8474 33.3731 32.5623 32.2820
4
(o]
FLUX -8 -8 -9 -8 -9 -9
Yo |(ergs/cm?-sec) | 2.08x10 1.0x10 6.5x10 2.18x10 3.376x10 1.763x10
-
b
- .
Log T |Fe 3.65 5.55 5.45 3.35 4.95 5.15
(years)) 3= 4.48 5.36 5.25
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FIGURE CAPTIONS

Figure 1: The opacity in cmz/gm as a function of density in
3 .
gm/cm”, at different temperatures, calculated by the use
of Cox's opacity code and an ionization code. Solid curves

are for iron and dashed curves are for magnesium.

Figure 2: Central temperature as a function of surface tempera-
ture for models of nuclear potential VY with different mass
values. Solid curves are for iron and dashed curves are

for magnesium.

Figure 3: Temperature distribution near the surface of a neutron
star. The temperature is plotted against the distance from
the photosphere in meters for a model of one solar mass,

10 km radius, and with various different values of the
surface temperature Te' The borders between the degenerate

layers and non-degenerate layers are shown by crosses.

Figure 4: Density distribution near the surface of a neutron star.
The density is plotted against the distance from the photo-
sphere in cm for a model of one solar mass, 10 km, and

with various different values of the surface temperature.

Figure 5: Energy loss rates due to neutrino pair emission from

. 3 ' )
plasma in erg/cm” -sec shown as a function of electron number




density in cm_3 at different temperatures.

Figure 6: Neutrino and photon luminosities and total internal
energy of a neutron star model of 1.1 solar mass and of the
VY type nuclear potential are shown as functions of the
core temperature of the star. The neutrino luminosity Lv
due to the plasma process, the URCA process and the
bremsstrahlung process are shown separately. The photon

luminosity for the Mg atmosphere and the Fe atmosphere are also

shown separately.

Figure 7: Cooling curves for the six typical neutron star models
with iron atmospheres. Surface temperatures are plotted
as functions of time in years. Solid curves represent the
models with the VB type nuclear potential and the dashed
curves represent the models with the VY type potential.
Different models are identified by their mass values and
the type of the potential. The points where the major

cooling mechanism shifts from the neutrino emission to the

photon emission are indicated by the crosses.

Figure 8: The effect of composition on cooling curves. Surface
temperatures of models of the VY type potential and with
different mass values are plotted as functions of time in

years for iron atmospheres (solid curves) and magnesium




atmospheres (dashed curves).

Figure 9: Cooling curves for models with iron atmospheres in
the most interesting region for observation are shown in

detail.
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