tered were found in the Caroline area
overlying Neogene basalt. Thus, the
Darwin Rise faces abandonment as a
useful working hypothesis. The se-
quence of layers described above was
initially assumed to be time strati-
graphic (9). The drilling results indi-
cate that the boundary between the
“upper transparent layer” and the
“opaque layer” is broadly transgressive,
ranging from Oligocene south of the
Hawaiian Islands to mid-Cretaceous
east of the Mariana-Bonin arcs.
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Jupiter: His Limb Darkening and the

Magnitude of His Internal Energy Source

Abstract. The most accurate infrared photometric observations (8 to 14 mi-
crons) to date of the average limb darkening of Jupiter have been combined with
the most refined deduction of jovian model atmospheres in which flux constancy
has been closely maintained in the upper regime of radiative equilibrium and a
much more accurate approximation of the 10- and 16-micron vibration-rotation
bands of ammonia has been incorporated. The theoretically predicted emergent
specific intensity has been multiplied by the spectral response function and folded
(mathematically convolved—intersmeared) with the spatial response function of
the atmosphere-telescope-photometer combination. The resulting comparison indi-
cates that Jupiter is radiating from three to four times as much power as the

planet is receiving from the sun.

In the next decade it is likely that
spacecraft missions will be launched to
all of the remaining known planets of
the solar system (7). Jupiter, the most
gigantic member of this group of celes-
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tial bodies, has been a source of pro-
found enigmas (2). One of the most
significant of these has been the sugges-
tion that he may be radiating energy
at a rate that is greater than that at

which he is receiving energy from the
sun. For example, by making bolo-
metric observations of the jovian re-
flected sunlight, Taylor (3) deduced that
the jovian effective temperature (that
of a blackbody of equivalent bolometric
luminosity), if Jupiter’s only source of
energy is the sun, should be 105°K. He
compared this with the brightness tem-
perature at 8 to 14 u (that of a black-
body of equivalent surface brightness
or specific intensity in the same wave-
length range) of 128°K and suggested
that Jupiter was radiating two to four
times as much energy as he was receiv-
ing from the sun. Unfortunately, the 8-
to 14-u. band pass contains a very small
fraction of the jovian thermal spectrum,
and, although brightness temperatures
at other wavelengths have also been
higher than 105°K by varying amounts,
the collection of such measurements
cannot be synthesized into a bolometric
result because of the absence of mea-
surement over significant wavelengths
where extraterrestrial radiation is
blocked by the earth’s atmosphere. Di-
rect bolometric observations made
from high-flying aircraft have yielded
an effective temperature of 134°K (4).
However, the absolute calibration of
such measurements is difficult and the
proper correction for residual absorp-
tion in the earth’s atmosphere is espe-
cially uncertain. The suggestion of the
jovian power excess is thus confirmed,
although the question of its magnitude
invites further discussion.

One approach to the problem of the
total luminosity of Jupiter is through
the predictions of a model atmosphere
for which the true effective temperature
is a characteristic parameter. We have
approached this problem in terms of a
comparison between observed limb
darkening in the 8- to 14-p band pass
and the theoretically predicted bright-
ness distribution.

The basic theoretical approach to
the determination of the model at-
mospheres has been described (5). In
general, it is assumed that the lower
regime of the model is convective and
that radiative equilibrium prevails in the
region above the level at which am-
monia condenses. In the models hydro-
static equilibrium is assumed. The
source of continuous opacity to thermal
radiation lies in the pressure-induced
translational and translational-rotation-
al interactions in molecular hydrogen
and hydrogen-helium mixtures (6). Al-
though the ammonia band absorption
is a rather insignificant contributor to
the mean opacity (hence to the tem-
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perature structure of the atmosphere),
it is quite important in the region from
8 to 14 p and thus cannot be neglected
in a determination of the emergent spe-
cific intensity from 8 to 14 u. The pri-
mary theoretical contribution of the
study reported here has been the in-
corporation of the ammonia bands at
10 and 16 p into the model.

We have developed [the details of
the new theoretical innovations will be
described elsewhere (7)], line by line,
an empirical, theoretical model of the
NH; bands at 10 and 16 p, essentially
by fitting the Ladenburg-Reiche theory
of the curve of growth to laboratory
data and invoking line profiles which
are Lorentzian at the core but which
vary according to an arbitrary power of
frequency displacement in the wings.
The latter assumption was crucial and
made possible an excellent fit. Consid-
erable variation in pressure and path
length appears in the experimental
spectroscopic literature, but low resolu-
tion requires that one make assumptions
regarding half-widths of individual
lines. We assumed that the half-widths
were equal. The half-width thus
emerges in the data-fitting. This as-
sumption, although not strictly correct,
is not crucial. Although the different
pressure-broadening abilities of He and
H,, as compared to those of NHj,, have
been taken into account, any possible
distinction in the actual resulting line
shape has been neglected. The labora-
tory data available to date were gath-
ered entirely at room temperature; thus
it has been necessary for us to assume
that we may adequately take into ac-
count the much lower jovian tempera-
ture by altering the Boltzmann factors
and partition function of the bands,
and that the incorporation of as-
sumptions according to the method of
Townes and Schawlow (8) regarding the
theoretical dependence of collisional
half-width on temperature will also suf-
fice in this matter. With effective values
for pressure, path length, and core and
wing temperature, as deduced from a
given jovian model atmosphere at a giv-
en value of cos 0 (the angle of specific
intensity with the local vertical), we used
the implicd transmission for the molecu-
lar band model to diminish the emer-
gent specific intensity of the model at-
mosphere as computed with these
bands neglected. The resulting frequen-
cy profile from 8 to 14 u was weighted
according to the product of the earth’s
atmospheric transmission and the spec-
tral response of the photometer used to
collect the corresponding observations.
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T Fig. 1. Theoretical and obser-
vational limb-darkening curves
of Jupiter between 8 and 14 u;
— 1/1, is the ratio of the specific
intensity (surface brightness)
at a given value of sin 4 to the
— specific intensity emitted verti-
cally (observed at the center
of the jovian disk). The shaded
— region represents model results
for seeing values from 1 to
5, representing seeing tremor
-— due to atmospheric turbulence
from a blur of approximately
0.3 to 5 arc sec. The model
— chosen is characterized by
an effective temperature of
150°K and a helium-to-hy-
| drogen ratio of zero. The X’s

7% 5 25
SIN ©

(o) represent observations scaled
to this model for a seeing
value of 3. The dashed curve
represents model parameters

identical with those of the shaded region except that the effective temperature is 130°K.
Dots represent observations scaled to the dashed curve.

In addition, the resulting theoretical
limb darkening was precisely smeared
to reproduce the effects of astronomi-
cal “seeing” and of a nonzero photom-
eter aperture.

We thus neglected any greenhouse
effect due to NH,, which can be incor-
porated into the model only with con-
siderable difficulty. Preliminary compu-
tations indicate that the neglect is justi-
fied, although this conclusion is not en-
tirely unambiguous.

In order to determine the limb dark-
ening of Jupiter we made infrared scans
across an approximate jovian diameter.
The 200-inch (508-cm) Hale telescope
of the Palomar Observatory was used.
A total of 41 scans were collected on
various dates throughout the 1965 ap-
parition. As equatorial diametric scans,
they are estimated to have passed within
about 5°, or possibly 10°, of jovodetic
arc of the center of the disk (arc-seg-
ments along planetary circumferences
passing through Jupiter’s sub-carth
point), and the angle of the scan line
with the projected jovian pole varied
from about 73° to 77°. The scan direc-
tion was actually in right ascension at
the rate of +2500 seconds of arc per
hour. A mercury-doped germanium
photoconductor cooled with liquid hy-
drogen was used. Aspects of the tech-
nique and photometric system have
been reported (9). The scans were sta-
tistically analyzed and synthesized into
a mean according to a data reduction
scheme which will be presented else-
where (7).

In order that we might compare
theoretical predictions with observa-
tions, we have normalized the analyzed
observational limb-darkening curve to a

central value of unity and have cali-
brated its abscissa in terms of sin 6 by
requiring the areas under the observa-
tional curve and the smeared theoreti-
cal curve to be equal.

A comparison which is sufficient to
demonstrate the high value of the jovian
effective temperature is shown in Fig.
1. The higher effective temperature is
favored in spite of the fact that the
method of calibrating the observational
sin 6 axis separately for each fit tends
to minimize, if anything, the distinction
in goodness of fit between theory and
observation for the two cases. By com-
parison, the change in the helium-to-
hydrogen ratio to 1 produces a small
effect, which has been computed but is
not shown.
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