THE X-RAY EMISSION OF NEUTRON STARS
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RESUME. — A plusieurs modéles d’'étoiles a neutrons. de température centrale comprise entre 2 10° et 2 107 °K, on a
ajouté une atmosphére grise simple pour calculer I'émission de rayons X et le temps de refroidissement. Une étoile a
neutrons de température centrale supérieure & 5 107 0K émetterait dans ces conditions assez de rayons X pour
rendre compte de I'émission X observée dans le Scorpion. Des modéles d’ atmosphéres plus compliqués, comportant
le bord d’'absorption K du carbone de Uazote, de Uoxygéne et du néon ont été construits pour des températures effec-

tives de 107 et 5 108 0K

ABSTRACT. — A stmple gray atmosphere has been fitted to a sequence of neutron star models with central temperatures
ranging from 2 X 109 to 2 X 107 °K in order to estimate the X-ray emission and cooling times. A meutron star
with a central temperature hotter than 5 X 107 °K would emit sufficient X-radiation to account for that observed in
Scorpius. More detailed atmospheric models including the K absorption edges of carbon, nitrogen, oxygen, and
neon were constructed for effective temperatures of 107 and 5 X 108 °K,

Pesome. — K MHOTEM 3Be3JHHIM MOXeJAM H3 HeHTPOHOB ¢ HeHTpaabHOH TeMmepaTypo# 3akioYeHHOH
Mexgy 2.10° m 2.107 °k, npr6aBieHa HOpocTas cepas aTMocepa AIA BHUHCIEHHS sMuccHH gyded X
1 BpeMeHH oxJaxpxenud. He#iTpoEHas 3Be3fa ¢ meHTpPaidbHO# TeMmepaTypo#f mpesmmaromefi 5.107 Ok
6yZeT H3IyUaTh, B STHX YCIAOBHAX X0CTaTouHO Jydeft X, uToGH 00BACHATHL d3MECCHI0 X HAGIONAEMYI0
B Cropmuone. Boxee cioskenne arMocepHEIE MOJXeNH, COZepKamue Kpafi IOTIOmMEHAS X YIJIepoja,
a30Ta, BOZKOPOZA W HEOHA, ORIM IMOCTPOEHH NiA 3(PeKTHBHEIX TeMmepaTyp 107 m 5. 10% oK.

To explain the Scorpius X-ray source found by
BowYEr, Byram, CEHUBB, and FRIEDMAN (1964),
it is necessary to postulate an object that radiates
soft X-rays but no significant visual or radio
energy. CHIU (1964) has suggested such a source,
a neutron star with a surface temperature about
107 oK radiating as a black body. The neutron
stor is a possible terminal phase of stellar evolution
in which the interior has contracted to nuclear
densities causing the nuclei to capture electrons
and become neutrons in a degenerate state. A
geries of models by CAMERON (1959) indicates a
mass limit of about one Sun and a radius of some
10 km. CHrv has argued that a supernova explo-
sion could leave a neutron core with a temperature
of the order of 10° °K but not much hotter because
of rapid cooling due to neutrino processes.

This paper reports scme calculations of the
atmospheric properties of a neutron star to deter-
mine the surface temperature and cooling time.
A typical model is assumed with a mass ot 1.3 Suns
and a radius of 9.25 km, corresponding to a central
density of 1.5 X 10 g cm—3 and a surface
gravity of 2.0 X 10¥ cm s—2 Hamapa and
SALPETER (1961) have shown that a neutron star
is surrounded by a layer of ordinary degenerate
electrons and non-degenerate nuclei. The atmo-
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sphere of non-degenerate particles was fitted to
this at equal electron pressures. The high conduc-
tivity of the degenerate particles must keep the
interior nearly isothermal.

In the atmosphere the opacity is due to electron
scattering and bound-free absorption. The latter
was represented by ‘

x = 1.4 X 10%p2T—72 cm?g—!,

which fits moderately well the KELLER-MEYE-
ROTT (1955) table for a mixture of elements heavier
than helium. The transfer equation and the
hydrostatic equation were combined with the ideal
gas law and the above opacities to ohtain the
model atmosphere. In order to obtain a simple
analytic solution the atmosphere was separated
into an upper layer where bound-free absorption
dominated and a lower layer of electron scattering.
For a sequence of core temperatures T, Table I
lists the effective temperature T. and the distance
d at which the neutron star would give the observed
Scorpius X-ray flux of 1.4 X 102 erg s—! cm—2
A-1at 5 A, assuming a black-body spectral distri-
bution. Ausr is the wavelength at the maximum
intensity. Such a star would be undetectable at
visual wavelengths.
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TABLE I

PROPERTIES OF A TYPICAL NEUTRON STAR
M=13Mp;R=9.25km;g=2.0x 108ems—2;p, =1.5 X 1015 g cm—2,

Tc Tc )\mu d

°K oK A pse
2 x 109 1.6 x 107 1.8 ~1200
100 1.2 x 107 2.4 900
5 x 108 9.4 x 108 3.1 620
2 x 108 6.7 x 108 4.3 320
1.19 x 108 5.1 x 108 5.7 170
108 4.3 x 108 6.8 95

5 x 107 2.0 x 108 14 2

2 x 107 7.7 X 108 38 —

L E At
erg s—1 erg yr
3.9 x 10 1.7 x 106
1.4 X 10% 4.3 x 108 }fgg
4.8%10% 1.1 x 104 Tooo
1.2 X 10% 1.7 x 104 P
4.2 % 10% 6.1 x 108 o
2.0 x 105 4.3 x 108 oaoy
11 x10% 1.1 %108 2200
2.2 x 1082 1.7 x 104

Unless the neutren star is the nearest neighbour
of the Sun, its core must be as hot as 5 x 107 oK.
Even this cool model probably should be elimi-
nated because its X-ray spectrum would be very
weak in the shorter wavelengths of the detector
bandwidth, contrary to the observations.

The available thermal energy E of the star was
calculated from the expression for the specific
heat of a Fermi gas of neutrons. Equating the
luminosity L to the rate of change of the thermal

dE
energy 7 88ve the time At for the core tempera-

ture to cool from one entry to the next in the
table. Thus a neutron star could remain detec-
table for a few thousand years. Such a time scale,
and a distance of 100 pe or more for the Scorpius
source are not inconsistent with the relatively high
galactic supernova rate of 1/30 yr—! suggested by
SERLOVSKY (1960).

These results demonstrate that if & hot neutron
star exists within some 1000 pec, it could emit
X-rags of the intensity observed in Scorpius while

remaining invisible at longer wavelengths. A
detailed report of this investigation is contained
in a paper submitted to the Astrophysical Journal
(MorTON, 1964).

More detailed atmospheric calculations, made in
collaboration with Steven Orszae of Princeton
have included the variation of the absorption
coefficient with wavelength due to the K absorp-
tion edges of carbon, nitrogen, oxygen, and neon as
well as the constant electron scattering. These
edges were located at 25.6 A, 18.6 A, 14.2 A,
and 9.1 A respectively. Models with flux cons-
tant throughout the atmosphere to within 3 to
5 9, were constructed for effective temperatures
of 107 °K and 5 x 10°% °K. In the hotter model
electron scattering dominated so that the absorp-
tion edges gave no more than a 10 9, discontinuity
in the flux, while in the cooler model the oxygen
edge was about 256 9, Otherwise, the spectral
distributions in both models closely approximated
black bodies.

Manuscrit requ le 20 aotli 1964.
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