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ABSTRACT

The four Galilean Satellites have been observed in two broad bandpasses,
centered near 10 and 20 respectively, during Jupiter's 197 1-apparition.

Two types of measurements were obtained. The first consisted of moni-
toring the infrared flux as a function of each satellite's orbital position, the
other of flux measurements during satellite eclipses. The latter type was
obtained only in the 10y bandpass, and only for lo (J1), EQropc (J2),
and Ganymede (J3), because Callisto (J4) was not eclipsed in 1971,

The flux measurements obtained as a function of orbital position were
averaged for each satellite and bandpass, and from the mean values the
following quantities were derived: (1) the maximum (~subsolar) surface
temperature, Tmax’ (2) the ratio between the effective 20 emissivity,
€20, and the effective 10y emissivity, €10, (3) the bolometric Bond
albedo, Abol’ and (4) the effective phase integral, q. The results, listed
in Table (i), indicate very low "ezo/eio" ratios and high g-values.

TABLE (i)
THERMAL PARAMETERS OF THE GALILEAN SATELLITES: |

Satellite

Tmax €20 /€1o Abol q
J1 146 + 5°K  0.58 £0.12 0.47 + 0.08 0.84 + 0.13
J2 136 + 5 0.62 + 0.12 0.60 = 0.06 0.87 £ 0.09
J3 150 + 5 0.67 + 0.13 0.41 + 0.09 1.02 £ 0.22
J4 161 + 5 0.72 £ 0.14 0.20 + 0.11 1.2 £ 0.6%

*From other considerations, the lower limit appears more plausible.

The 10u flux measurements obtained during eclipses of J1, J2, and J3
have been compared to thermal models, and the following conclusions were

1
drawn. (1) No homogeneous model [single parameter, vy = (kpc) *] can



account for the observed temperafure variations during eclipses. (2) A two-

layer model with a thin, thermally insulating layer covering a highly con-

ductive subsurface is adequate fo explain all the observations. (3) The

atmospheric surface pressure on J1, J2, and J3 is less than 1 mbar. (4) The

results, listed in Table (ii), show that the surface covering of J1 is distinctly

different from that of J2 or J3.

TABLE (ii)

THERMAL PARAMETERS OF THE GALILEAN SATELLITES: 2

TWO-LAYER MODEL

Satel-

Top Layer Subsurface
lite A 1
2 5
y (K cm® sec ) k< T(cm) k
cal
J1 1100 £ 100 7 0.37 £ 0.06 Like that of
J2 3000 + 1000 3 0.2 + 0.1 solid rock or
J3 3400 + 700 1 0.22 + 0.06 dense ice

A
Y = (kpc) ®, k = thermal conductivity and p, ¢, and T are respectively the

density, specific heat and thickness of the top layer.
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I. INTRODUCTION
a) Motivation

In the last decade, the four Galilean satellites of Jupiter have under-
gone fairly intensive investigation. The current interest has probably been
triggered by the prospect of sending probes to Jupiter, but that is not the
sole justification which comes to mind." Firstly, each of the Galilean satel-
lites is as large as the Moon and should, from a geological viewpoint, be just
as interesting. Yet, due to their remoteness, the state of knowledge about
the Galilean satellites is miniscule compared with that of the Moon. Second-
ly, just as the Moon is becoming a key to understanding the evolution of the
terrestrial planets, so might the Galilean satellites become keys to under-
standing the Jovian planets. That is to say, the Galilean satellites are not
just duplicates of the Moon placed in orbit about Jupiter. Their evolution
has been governed by an entirely different environment than that of terrestrial
planets. It is not too much to hope for, that their past history has left an
imprint on their surfaces. By compiling observational data coupled with care-
fully made inferences, one can therefore hope that a decipherable pattern
will eventually emerge.

This thesis deals with the thermal emission from the satellites. To place
the findings in perspective, a brief review of previous investigations is
necessary.

b) Summary of Previous Work

(i) Investigations of Reflected Light
Most observers have preferred to study the properties of light reflected by

the satellites in order to obtain knowledge of the satellite surfaces and test



for the presence of atmospheres. The first quantitative photometry was carried
out by Stebbins (1927) and Stebbins and Jacobsen (1928). Employing a broad
bandpass, which spanned the visible spectrum, these authors measured light
curves of the satellites with periods corresponding to their orbital periods
about Jupiter. They were thus the first to demonstrate that all four satellites
are in synchronous rotation. At the sanie time they also measured the solar
phase function out to the limit of £ 12 degrees imposed by the relative posi-
tions of the Sun, Jupiter and the Earth. The phase functions showed the
characteristic backscatter peak, near zero phase angle, which now is called
the "opposition effect" after Gehrels (1956) and Gehrels, Coffeen and Owings
(1964) discovered that some asteroids and the Moon showed this effect.

Harris (1961) brought UBV photometry to bear on the satellites and discovered
that J1 (lo), J2 (Europa) and J3 (Ganymede) are highly reflecting in the V*-
bandpass (especially J1) and strongly absorbing in the U-bandpass. J4
(Callisto) is more Moon-like in ifs reflectivity. Narrow band photometry has
been carried out by McNamara (1964), Moroz (1966), Johnson (1971), and
Johnson and McCord (1971). Although no definite identification of surface
materials has been possible, due to a lack of known, characteristic absorb-
sion features, important constraints have been obtained: The reflectivity
curves of J2 and J3 decrease beyond 1. This behavior is consistent with
spectra of frosts but not of common silicates. Also the total reflectivity of
J1, J2, and J3 is frost-like, i.e. much higher than that of common
silicates. Yet, the absorbsion in the ultraviolet, exibited by all the satel-

lites, is not characteristic of frosts. The possibility that the surfaces consist

*The effective wavelengths of the U, B, and V filfers used by Harris
were 0.353, 0.448, and 0.554 .



of a material which does not occur naturally on Earth should not be dismissed.
The polarization measurements by Veverka (1971) should also be mentioned
here. Only J4 shows a pronounced negative branch, similar to that of the
Moon. Veverka interprets the absence of negative branches for J1, J2, and
J3 to mean that the surfaces of these three satellites consist of bright, low-
opacity materials.

So far, spectroscopic searches for atmospheres have had negative results.
Searches were carried out by Kuiper (1952), Owen (1965), Kalinyak (1966),
and Binder and Cruikshank (1966). Of these only Kalinyak has reported
finding any non-solar absorbsion lines. Binder and Cruikshank addressed them-
selves to the validity of Kalinyak's findings and concluded that the lines he
had found corresponded to weak solar lines. Spectroscopy is of course limited
to volatiles which have detectable absorbsion features. Another method which
has been employed in search of atmospheres is eclipse-photometry. The ploy
is to look for temporary frost deposits just after eclipse. While the method is
limited to those volatiles which would saturate in the atmosphere due to the
temperature decrease during an eclipse, it is sensifive to very small amounts
(wIO--3 mbar surface pressure) of such volatiles. The results of this type of
search have been somewhat confusing. In 1964 Binder and Cruikshank noticed
an "overshoot" in the brightness of J1 just affer it reappeared from eclipse.
If the signal intensity is measured as a function of time, one would expect it
to increase monotonically from zero, as the satellite reappeared from eclipse,
and approach a constant value assymptotically. Instead, they measured an
increase from zero which overshot their final value by about 10%. The over-
shoot "decayed" in about 15 minutes. They interpreted the "excess brighten-

ing" as being caused by a temporary frost, deposited during the eclipse,



which evaporated on a timescale of ca. 15 minutes. In 1965 they observed
a similar but smaller (~3%) excess from J2. Johnson (1971) verified the
excess brightening of J1 in two narrow bandpasses near 4350,2 and 56002\,
finding it to be greater at the shorter wavelength. On the other hand,
Fallon and Murphy (1970) as well as Franz and Millis (1970) have searched
repeatedly for excess brightening of J1 with negative results. O'Leary and
Veverka (1970) have measured an excess brightening of J1, but qualify their
findings by casting doubt on the sensitivity of the standard photometric tech-
nique (single beam) employed. The main difficulty lies in subtracting the
scattered light from Jupiter. |t appears that Franz and Millis, using a
rapid scan technique, have devised the most sensitive method for subtracting
the "sky signal" from the observed signal. If so, one must conclude either
that the earlier determinations were in error or that the phenomenon is time
dependent.
(ii) Investigations of Thermal Radiation

Only recently has it become technologically feasible to measure the
thermal radiation from the Galilean satellites. Brightness temperatures, or
related quantities, have been reported by Murray, Wildey and Westphal (1964),
Low (1965), Gillett, Merrill and Stein (1970), Matson (1972), and Morrison,
Cruikshank and Murphy (1972). Typical values run from 130°K to 150°K in
the: sequ’ence: J2, Ji, J3, J4. Matson was the first to measure a variation
with orbital phase angle for J3 and J4. His work has been extended in this
thesis to all four satellites in broad bandpasses at 10 and 20 .

Infrared photomeiry during satellite eclipses offers still another way to

search for atmospheres, The method is based on the fact that the thermal



conductivity of the surface material increases with ambient gas pressure.
Because of its direct relevance to this thesis, the method will be discussed
in defail later. At the time of writing, only eclipse results from J3 have
been reported. The first measurement was obtained by Murray, Westphal and
Wildey (1965) at 10u. This was repeated at 20 by Morrison et al. (1971).
Both measurements set an upper limit on"the surface pressure of J3 at 1 mbar.
Eclipses of J1 and J2 have now also been measured; at 20 by Morrison
et al. (private communication), and at 10y by this author. Part IV of this
thesis deals with the results.

(iii) Investigation of Bulk Properties

The satellite masses have been estimated by de Sitter (1931) on the basis
of mutual orbit perturbations. In his paper, de Sitter reviews three of his
own calculations as well as individual calculations by Laplace, Damoisean,
Adams, and Sampson. The reader should be warned that there are large,
unexplained (Marsden, private communication) discrepancies in the mass
determinations of J1 and J4.

The satellite radii have been obtained by several methods, direct and
indirect. Thes'e methods and the results have been reviewed by Dollfus
(1970). The radius of J1 has since been measured with high precision during
the BSco C occultation (Taylor et al. 1972), and found to be 1830+ 3 km -
which is about 130 km larger than the mean value based on the review by
Dollfus. The measurements are discussed in section "l a".

J1 apparently modulates the decametric emission from Jupiter's magnetic
field (Bigg, 1964). An explanation of this effect has been suggested by
Goldreich and Lynden-Bell (1969), requiring an electrical conductivity

8 -1

o> 107 ohm-]cm of JI. In contrast, the conductivity of the outer
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"skin" of the Moon is less than 10-9 ohm_]cm_](Dycl and Parkin, 1971).
However, below the insulating layer, the Moon's conductivity is greater than
IO“4 ohm-]cm—], and it is enfirely possible that J1 could have the required
conductivity.

Lewis (1971) has discussed the satellite interiors on the basis of their
densities, which vary from 2.8 to 1.4 for J1 = J4, and the chemical com=
position in the solar nebula. According to Lewis "the Galilean satellites of
Jupiter...very likely have extensively melted interiors, and most probably
contain a core of hydrous silicates, an extensive mantle of ammonia-rich
liquid water, and a relatively thin crust of ices". On that note we leave
the summary of previous work.

c) Aims and Approach

The goal of this investigation has been to provide data on such surface
properties as can be derived from infrared photomeiry. These properties are
the surface temperature, the infrared emissivity, the bolometric Bond albedo,
the effective phase integral, the thermal inertia, and the presence or absence
of atmospheres on J1, J2, and J3.

The approach has been the following: (i) The thermal flux signal from
each satellite has been measured in two broad bandpasses, cenfered at 10 and
20y, as a function of orbital phase angle. (ii) The signals have been cali-
brated against known standards to yield absolute flux densities at the effective
wavelengths of the bandpasses. (iii) The mean flux density in each band-
pass has been converted to a brightness temperature, and the effective emissi=
vity ratio between the two bandpasses has been calculated. (iv) The mean
flux densities and the emissivity ratio have been used to estimate the maxi-

mum surface temperature, the bolometric Bond albedo, and the effective phase



integral. (v) Eclipses of J1, J2, and J3 have been observed through the
10u bandpass to yield cooling and heating curves. (vi) Thermal models have
been investigated, and agreement between the observed and the predicted
éclipse curves has been demonstrated for one type of model. That model
consists of a thin (®*mm) highly insulating layer on top of a semi~infinite,
highly conducting subsurface. And (vii) from that model the thermal conduc~
tivity and thickness of the top layer has been determined and compared to

laboratory data.



Il. OBSERVATIONS
a) Equipment

The equipment used in this work consisted of the following parts: a
double beam photometer, a liquid helium dewar containing a cooled filter
wheel, limiting aperture, field lens, galium doped germanium bolometer and
load resistory a preamplifier, a phase-lock amplifier, a stripchart recorder in
parallel with a voltage to frequency converter (VFC), and a frequency coun-
ter with printer.

The photometer elements are sketched in Figure 1. Note that the filter
wheel is cooled to liquid nitrogen temperature, while the limiting aperture,
field lens, detector, and load resistor are cooled below the \-point of
helium (2°K) by pumping. The bolometer and preamplifier were purchased
from the Arizona Research Laboratory. The photometer and helium dewar
were constructed at C.I.T. Three broad band filters, centered approximately
at 5, 10, and 20u, were available. However, only the 10 and 20u filters
were employed on the satellites. The two bandpasses are shown in Appendix (d).

The electronic equipment is shown in Figure 2, a flow diagram , indicat-

14

ing the function of each piece.

b) Data Reduction

(i) Method of Measurement
' Except for eclipse data, to be described separately, all the satellite and
calibration data were obtained at the Cassegrain (f/16) focus of the 60 inch
Hale Observatory telescope on Mt. Wilson.
The photometer was operated so as to produce a difference-signal from

two neighboring spots of the sky at a frequency of 15 Hz. The aperture was
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10 arcseconds in diameter and the beam separation was about 12 arcseconds
center to center. The following steps define a "measurement"; a count, € s
was obtained by placing the source in one beam and integrating the pulses
from the VFC for 10 seconds. Successive counts were produced by alternating
the source between the two beams, and the counts were used to form a set of
differences, {—(Cl_cg), + (cz=-ca), - (ca'-ca,),+...}. Finally a measurement,
S, and its standard deviation, ¢, were obtained by averaging the differences
and evaluating their variation. The number of differences making up a mea-
surement varied beMeen 3 and 19, depending on the signal strength, with 5
being typical.
(ii) Standard Star Observations

On each observing night usually two, and often four, calibration stars
were measured. Table 1 lists the stars measured for calibration and the
number of times an independent flux ratio in a given bandpass between any

two stars were obfained. For each flux ratio between star "i" and star "|",
measured on the same night, a relative magnitude, mii' and a weight, Wii'

were assigned according fo

Il

-2.5 logio $/S. = a(A; = A) (N

1l

wi = (=2 A = AL/ + &) @
where 5, is a measurement (previously defined) of the k'th star

Ak is the airmass at which the star was observed

€ is the standard deviation in the measurement

and o is the extinction coefficient for the relevant bandpass. [f one or

more stars were measured more than once during a night, then a weighted
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mean, <m> i was obtained to replace M for the night, in order that all
the relative magnitudes used in the overall average should be independently
determined.

Rather than apply different extinction coefficients for each night, average
values were adopted. They were 0=0.28, 0.10, 0.80 magnitudes per airmass |
for the 5, 10, and 20u bandpasses. Only in the case of the 204 bandpass,
could serious error occur due to an error in a. However, all the 20U satel-
lite data were compared to aSco, which was near Jupiter in 1971, so that the
airmass difference did not exceed 0.4 airmasses. Thus a 30% error in a
would cause less than a 10% error in the satellite flux determination.

At the completion of the observing program for this study, an overall
average was found. For each set of relative magnitudes a weighted mean,
<mii> , was calculated. The means of the relative magnitudes were then
correlated to yield the magnitude of each star relative to alyr. This correla-
tion led to small internal inconsistencies which were minimized by slight ad-
justments of the <mii> values. The residuals, defined by

ri] - <mi> adjusted ~ <mi> original @)
are shown in Figure 3. They are generally of the order of 0.03 and never
greater than 0.07 magnitudes. Because aLyr was below the detection limit of
the 20 bandpass, a value of -4.69 magnitudes was adopted for a.Sco. This
choice was based on an independent 20 flux calibration which will be dis-
cussed later. The results of the calibration measurements are given in
Table 2 fogether with the largest standard deviation in <nl> affecting a par-
ticular value. It is difficult to compare these results to those of other observ-

ers because the exact form of each bandpass varies between systems. The
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current practice in infrared astronomy is for each observer to measure a set
of calibration stars relative to alyr, or some other standard, with the identi-
cal system that he intends to use for further quantitative work. For a recent
review of measurements by other observers in the 8 - 14U atmospheric
"window", the reader is referred to Matson (1972).

TABLE T

NUMBER OF INDEPENDENT RATIOS OBTAINED
BETWEEN CALIBRATION STARS

STAR Bandpass

RATIO 54 100 20

a Lyr - aSco 3 2 0
- o Her 3 3 0
- o Boo 1 3 0
- B Peg 3 3 0
- % Cyg 2 3 b

aSco = aHer 0 1 0
-  Boo 1 6 4
- BPeg 2 2 0
- xCyg . 1 1 2

o Boo - aHer 0 4 1
- B Peg 2 3 0
- xCyg 1 2 2
- aTau 1 2 0

B Peg - xCyg 2 3 0
- aTau 1 1 0
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TABLE 2

MAGNITUDES OF CALIBRATION STARS

Bandpass
OBJECT S5u 10u 20u
abyr =0.00 =0.00
a Sco -3.85 = 0.05 -4.41 £ 0.10 -4.69(Adopted)
a Her -3.40 = 0.05 -3.93 £ 0.12 -3.50 = ?
a Boo -2.84 £ 0.05 -2.95 £ 0.10 =3.10 = 0.09
B Peg -2.17 £ 0.07 -2,37 £ 0.08 =2,79 £ ?
X Cyg (May 22-24,'71) -2,57 + 0.08 =3.55 £ 0.09 -4,24 + 0,06
a Tau -2,90 = ? -2.95 = 0.09

(iii) Satellite Data Reduction
We shall now regard the magnitudes of the calibration stars as known.
To obtain the magnitude of one of the satellites at a given time, we go back
to the original data for the night and assign a system sensitivity, Bi, to each

calibration measurement according to

B, = m, + (2.5 logio Si + G,Ai) (4)

where m. s the adopted magnifude of the i'th calibration star. The k'th sat-

ellite magnitude, adjusted to an Earth-Jupiter distance of 4.2 a,u. is given

by

m, = =2.5 logio S = @A+ (8) - 5 log, (D/4.2 a.u.) (5)
where <B> is the mean of the "Bi} set for that night, and D is the dis-
tance between the Earth and Jupiter.

The mk's obtained during all the observing nights are shown in Figures 4

and 5 as a function of orbital phase angle* The smooth curves shown in the

*The orbital phase angle is the longitude of the satellite seen from
Jupiter's North pole, with zero taken at superior conjunction of the satellite
as seen from the Earth.
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figures are derived from a simple model applied to the visible photometry
data of Stebbins and Jacobsen (1928). Although more recent data exist, see
Harris (1961) and Johnson (1971), the older data have been preferred here
because the broad bandpass used by Stebbins and Jacobsen corresponds roughly
to an infegration over the solar energy spectrum, and that is exactly what
one wants for this application. In brief, the model consisted of assuming
that the brightness temperature would vary with the observed albedo changes
according to

T5Y) =< 11 - AW, (6)
where { is the orbital phase angle. From that assumption it is easily shown

that the infrared magnitude should vary with orbital phase angle as

m(§) = m(o) + —=¥. ["A@r -1 (7a)
AT(o) T=-A()
where A®) = Ao) exp { [n(o) = n( ]/z} (7b)
and vy = he/k = 14413 °K

A = Wavelength denoting the bandpass

z = 2.5/2.3026

n = visval magnitude

§ = o represents the orbital phase angle at which n (V)
equals the mean visual magnitude.

* While this model may be oversimplified, it is clear that the scatter in
the infrared data is too large fo justify a more sophisticated model. Matson
(1972) was the first to attempt to measure the infrared orbital phase curves of
the two brightest (IR) Galilean satellites, J3 and J4. Working with narrow

bandpasses in the 8 - 14 atmosphere window, he observed variations as
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farge as £0.6 magnitudes in the 8.5 bandpass for J4. Such a large
variation is difficult to reconcile with the model above and the 10u data
obtained in this work.

The main purpose of measuring the satellite flux as a function of orbital
phase angle is not, however, to pin down the exact form of the variation,
but to insure that a fair sample is used 'in obtaining mean magnitudes for
further analysis. Antficipating the need to know mean fluxes rather than
mean magnitudes, the following quantity has been calculated for each satel-

lite and bandpass:

m = log < |og_] (m) 2 . (8)

and used as the "mean magnitude" in plotting my (0. "¢ D" implies an
average over the set {log_] (mk)} . Values for m are listed in Table 3.
The uncertainity in these values is difficult to assess because the noise is
superimposed on a real variation. Judging from the uncertainty in the cali-
bration measurements, which is about 0.1 magnitude, one might expect a sim-

ilar uncertainty here.
TABLE 3
MEAN MAGNITUDES OF THE GALILEAN SATELLITES

Bandpass J1 J2 J3 J4
10u -0.21 +0.94 -1.34 -1.98
20u -3.97 -3.31 -5.14 -5.46

1) All magnitudes adjusted to an Earth-Jupiter distance of 4.2 a,u.
2) The uncertainty in both bandpasses is about 0.10 to 0.15 magnitude.

c) Effective Wavelengths

Although wide band photometry is a useful tool for studying radiation too

weak for narrow band photomeiry, results are often difficult to interpret.
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It is easy to conceive of sources with spectral features within the pass band of
the instrument which could cause an erroneous interpretation of the measure-
ments. Within the scope of this work, it has been necessary to assume that
the emission spectra of aLyr near 10y, and of Mars and the Galilean satel-
lites near 10 and near 20y are featureless within the respective pass bands.
The concept of the effective waveléngth of a bandpass is a fime saving
devise corresponding to integrating the flux spectrum of a source over the
instrumental bandpass. Let B(\, T) be the flux spectrum of a source at temper-
ature T, and let S be the instrumental response to the source in a particular

bandpass. Then S is given by
S=0LfB()\,T)cp()\) d\ (9
o)
where a is a proportionality constant, and ¢ (\) is the normalized system re~
sponse i.e. the transmission of the atmosphere, window, and filter together
with the reflectivity of the telescope mirrors, and the efficiency of the

detector. The effective wavelength, xeff’ of a bandpass, a<\ sb, is

defined by that solution to the equation

b b
B0\ ogpe D = [ BT cp<x>dx/f ®(h) d (10)
a a

for which a s A . < b,
eff
' In order to calculate Noff ON€ needs to know o(\) and B(\,T). Since we
wish to deal with sources for which B()\,T) is unknown we shall assume that
the sources behave as black bodies within the bandpass of interest. Then
B(\, T) is the Planck function, and Moff (T) may be calculated as a function of

source temperature. In the calculations @(A) has been taken to be
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o) = a(y) w(r) £F(x) b (V) (1)
where a(\) = atmospheric transmission from Farmer and Key (1965)
w(\) = window transmission (2mm K&r)
f(\) = filter transmission (from manufacturer). See Appendix (d).
b(\) = bolometer response assumed uniform.

The function )\eﬂc(T) is difficult to use because it is ill behaved for flux
spectra which peak close to the bandpass. To avoid the problem one may
define a correction factor, C(T), which will permit the use of a constant
wavelength Ay = )\eff(T"m) in place of )‘eff(T)' C(T) is defined by

.B(XO,T) = C(T) Bo‘eff (M, 7). (12)
)‘eff(T) and C(T) are shown in Figure 6 for the 10y bandpass used in this
work. Note that Co = C(T—%) = 1. It is imporfant to realize that C(T)
represents a small correction to the measured flux density of a source at a
temperature different than the standard source temperafure. Qur assumption,
that the sources behave as black bodies, in this calculation, therefore intro-
duces only a negligible error in the results. this may be clarified by an
example.

Suppose we wish to calculate the flux density at Ao of a disk* at temper-
ature T, area mR?, and a distance D away. Let B(XO,TO) be the known
"zero magnitude flux density" from alyr, and let "m" be the measured mag-

nitude of the disk relative to alyr in the bandpass corresponding to X .

The desired flux density at )‘o’ B(XO,T)/C(T), is then given by

mR? [B()\O,T)]= [B(xo,To):l « 10.7™/2.5 (13)
D3 | C(T) 1

*The angular size of the disk is assumed to be small with respect to the
beam pattern.
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Note that the black body - assumption applies neither to the zero magnitude
flux density, nor to B(Ay,T). Only C(T) contains that assumption as a second
order effect.

Another problem with wide band photometry is the airmass dependence of
the system response. Since the bandpass spans numerous atmospheric absorb-
sion features, the effective wavelength for a given source temperature should
change with airmass. This problem has been investigated under a simplifying
assumption. Let y(z,\) be the transmission of the atmosphere at airmass z
and wavelength A. The assumption is that y(z,\) behaves with airmass
according to

y(z,\) = e-kO‘)Z = y(z=],X)Z . (14)
Because broadening of absorbsion features has been ignored, this is perhaps
not a very good approximation to the actual behavior of y(z,\). It is never-
theless encouraging to note that, within the stated assumption, the investiga-
tion showed the effect to be negligible for airmasses less than 2.5 and source
temperatures greater than 80°K. Calculations of keff(T) and C(T) were
carried out for the 20U bandpass at 1.0 and 2.5 airmasses. In the latter
case, the magnitude error, Am, incurred by neglecting the "airmass effect"
was calculated. The results are listed in Table 4 together with )\eff(T) and

C(T) from the 10 bandpass at 1 airmass.
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d) Flux Calibration

The visible flux from aLyr has been measured by Oke and Schild (1970)
relative to a standard source to yield an absolute calibration at 0.5480u.
Subsequently, Schild, Peterson and Oke (1971) proposed a stellar atmosphere
model for B and A stars that included an extrapolation out to 21w for alyr.
Adopting that calibration, one finds the” zero magnitude flux density for the
effective wavelengths, evaluated for a 10,000° K black body source, to be
the following:

TABLE 5
ZERO MAGNITUDE FLUX DENSITIES

Ao B()\O,TO)

"]6 2
4.80u 17.53 x 10 Watt/cm3u
10.16 1.096 "

20.00 0.0751 o

Because alyr can be measured reliably at wavelengths shorter than 14y,
this calibration can be applied directly for the 5 and 10u bandpasses by
measuring an unknown source relative to aLyr. Other calibration stars are
necessary only as intermediaries to distribute the calibration spatially over
the entire sky. At longer wavelengths, however, one encounters difficulty in
detecting aLyr, and a new, detectable standard must be found and calibrated.
Neugebauver, Becklin, and Hansen (1972) have calibrated aSco relative to

16 Watt/cm® 1

Mars and obtained a flux density from aSco of (5.4 £ 0.5) x 107
at 20.00u. If the flux density from aLyr at 20y is as predicted by the
alyr model, then the flux density measurement from aSco implies a magni-

tude of a.Sco equal to -4.7 £ 0.1 relative to alyr.
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e) Satellite Flux Densities
The mean flux densities in the 10 and 20y bandpasses may now be cal-
culated for each satellite. The results are listed in Table 6. Beware of the
C(T) - factor which has not been taken out of the measurements. Only after
the temperaiure has been found can the factor be removed. In other words,
a few iterations are necessary before the temperature can be determined, but
convergence is rapid due to the weak temperature dependence of C(T).
TABLE 6
SATELLITE FLUX DENSITIES

Band- F)\ X ]0]6 (Watt/cm3u)

pass J1 J2 J3 J4
101 1.3 = 0.1 0.46 £ 0.05 3.8 0.4 6.8zx0.7
20 2.9 £ 0.3 1.6 = 0.2 8.5+ 0.9 11.5+£1.0

To make a clear distinction between the measured and the calculated

flux densities, the symbol "FX" shall be used for the former, and the symbol

" B(XO,T)/C(T)" for the latfer.



27

I, INTERPRETATION

Under certain assumptions, which will be introduced in context, the
results of the last chapter may be used to derive the following quantities:
The 10 and 20y brightness temperatures, the ratio between the 10 and 20
emissivities, the maximum surface temperature, the bolometric Bond albedo,
and the effective phase integral. Two imporfcmf results are derived:
(1) The 20 emissivities are significantly less than the 10U emissivities for
all four satellites. (2) The effective phase integrals of J1, J2 and J3 are
considerably higher than those of the Moon and Mercury.

a) Preliminaries
(i) Satellite Radii

Dollfus (1970) has reviewed a number of radius determinations published
between 1827 and 1961, and obtained by a variety of techniques. A break-
down of the methods employed follows: Double image micrometry (7
observers), interferometry (3), filament micrometry (11), eclipse photometry
(2), and discometry (1). The scatter of values within any oﬁe method is as
high as 25%, and there appears to be systematic differences between methods
as well. Since the review, the radius of J1 has been measured with high
precision during the occultation of BScoC. Several groups cooperated in a
worldwide effort, and have published a preliminary note (Taylor et al. 1972)
giving a value of 1830+3 km to the equatorial radius of J1. In order to use
this determination as a normalization for the other three satellites, the pre-
vious measurements have been graphed in a "smoothed histogram" as follows:
To each published radius value of J1 was assigned a Gaussian curve of equal
height and standard deviation, with its center located at the reported radius

on a radius-axis. Figure 7 shows the sum of these curves plotted as a
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Fig. 7. - Distribution of Satellite Radii Measurements. Abbreviations for the

various techniques are: SO (Stellar Occultation), DI (Double Image), | (Inter-
ferometry), FM (Filament Micrometer), EP (Eclipse Photometry), D (Discometer).
Tickmarks indicate individually published measurements. Data from a review by

Dollfus (1970).
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function of radius. For J2, J3, and J4 the ratio "Jk/J1" was used instead of
the radius itself in order to remove systematic differences in the various
methods. Figure 7 also shows the original data points separated into groups
according fo method of observation. We have adopted the following ratics:
J2/J1 = 0.88, J3/J1 = 1.51, J4/J] = 1.39. If we also adopt the "occulta-
tion radius" for J1, we obtain R = 1830, 1610, 2760, 2550 km for J1-J4.
The uncertainty in the latter 3 values is difficult to assess. If the histogram
curves are thought of as quasi-Gaussian, then one standard deviation away
from the peak corresponds to ~#10% of the radius. Since 24 independent
measurements have been used, the standard deviation of the mean is =#2%.
If this criterion of uncertainty is used, one obtains R = 1830+3, 1610+30,
2760+£60, and 2550+50 km. Two recent radius determinations for J2 and
J3 have been omitted from the analysis because the approach required a ratio
between the radius of the satellite and that of J1. Both determinations were
obtained from eclipse photometry. They were: R(J2) = 1200100 km
(Greene, Shorthill, and Despain, 1971), and R(J3) = 2200£100 km (Price
and Hall, 1971). Both of these are lower than the adopted values, but fall
well within the scatter in the other individual measurements.
(ii) Geometiric Albedos

The geometric albedos of the Galilean satellites have been measured
between 0.3y and 2.5u by Johnson and McCord (1971) and Moroz (1966).
The measurements have been extended to 5u by Gillett, Merrill and Stein
(1970). Data past 2.5u are, however, not important for this discussion
because the insolation becomes negligible beyond that wavelength. The
geometric albedos are shown in Figure 8 together with the solar energy spec-

trum, S(\), taken from Arvesen, Griffin, and Pearson (1969). Straight line
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Fig. 8. - Solar energy spectrum, from Arvesen et al. (1969), and geometric
aloedos of the satellites, from Johnson and McCord (1971), Moroz (1966), and
Gillett et al. (1970), as functions of wavelength.
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segments are linear interpolations between two given values. It is useful to

calculate an effective geometric albedo, Poffr defined by

Posr = o[ P () SO dx/o[ S() di (15)

where p(\) is the geometric albedo.

In making a defermination of p(k),'an observer measures p(\)R® and
deduces p(\) by adopting a value for R. This usage is unfortunate because
each observer prefers his own "adopted" radius. The radii adopted to detfer-
mine p (\) were lower than the ones used in this work, because the observers
did not have the benefit of the "occultation radius" of J1. The reported
geometric albedos have therefore been multiplied by a correction factor, k,
given by

k = (Re/R2) (16)
where R, is the radius used fo derive p(X), and Rz is the corresponding
radius used in this work. The effective geometric albedos are listed in
Table 7.

TABLE 7
EFFECTIVE GEOMETRIC ALBEDOS

Ry (km) Rz (km) k Poff
J1 1686 1830 0.85 0.56
J2 1505 1610 0.87 0.69
J3 2340 2760 0.72 0.40
J4 2285 2550 0.80 0.17

(iii) The Bolometric Bond Albedos

The bolometric Bond albedo, Abol’ is defined as the ratio between the
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total energy reflected by a planet and the total energy incident on a
planet per unit time. |t is obtained by weighting the wavelength dependent

Bond albedo by the solar energy spectrum, i.e.

Aol = of A SO dx/of S() dh . (17)

A(\) has been discussed by Harris (1961) in terms of the geometric albedo,
p(\), and the phase integral, q(A). The discussion shall be repeated here for
convenience.

Consider a rectangular coordinate system, centered in the planet, with
z-axis toward the Sun and with the Earth in the x-z plane. Assume axial
symmetry in the reflected radiation about the z-axis, and let & (8,)\)dQ d\
be the radiation in the wavelength interval A = A + d\ reflected by the

planet into a solid angle dQ in direction 6. Then A(\) is given by

2
AQ\) =[ f ®(0,\) sin 0 db do d)\/TRz S(\) d\ (18)
o ©
where the numerator is the energy in the wavelength interval A = A + d\

reflected in all directions, and the denominator is the incident energy in the

same wavelength interval.

Let  j(8,\) = @(e,x)/ (o, ) (19)
I
then AQ) = 220N /, ) sing d6 . (20)
RZS(\

The geometric albedo, p(\), and the phase integral, q(\),are defined to be

P(A) = &(0,))/ RZS(\) (21)

qr) = 2f i(8,))sing d6 (22)
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=AM = p(M) q(n). (23)

Hence Aol = /' q<x)p(x)3(x)dx//§' S(\)dA. (24)
fo)

o}

P(A) can be obtained for any planet either by measuring 8(0,\), or by extra-~
polating §(8,)\) to zero phase angle. To determine g (A), on the other hand,
one must view the planet at all phase angles: 0= 6<180° This is possible
only for inferior planets and the Moon. For Jupiter and its satellites, the
largest phase angle attainable from Earth-based observations is ca. 12°.

i(6,\) can therefore be obtained only for phase angles at which the multiply-

ing factor, sind, is near zero, so even a crude estimate of g(\) is impossible.

Since the bolometric Bond albedo determines the energy balance of the
planet, one can derive an indirect estimate for Abol’ and hence the phase
integral, from a measurement of the surface temperature. For this purpose we

shall define the "effective phase integral", A ffr by
Gegp | POV SO = Z AN pM) Sk . (25)
°
Then, from the previous definition of "effective geometric albedo” one
obtains
Abol = Yeff Peff

b) Brightness Temperatures and Emissivity Ratio

The brightness temperature, T, , in each bandpass, denoted by A, is
b Y
given by
mR? B()\'O’Tb)

Fy = (27)
D= C(T,)




where F
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is the measured flux density in the bandpass, and BO\O’Tb) is the

Planck function evaluated at )\O = 10.16 or 20.00u, at temperature Tb(]Ou)

or Tb(ZOu). C(Tb) is the correction factor, mentioned earlier, which

adjusts B(Xo,Tb) to B[)\eﬁc(Tb), Tb]. R is the satellite radius and D = 4.2a.u.

The results, listed in Table 8, show that the brightness temperature is lower at

20y than at 10y by about 10°K, for edch satellite. This corresponds fo o

"deficiency" in the flux density at 20y relative to that at 10 & of 30-40%.

We can think of 4 explanations which might in part or wholly account for

the "discrepancy”.

(i)

(i)

That the satellite measurements relative fo the calibration sources
are in error. This explanation seems unlikely, especially for J1,
J3, and J4 in view of the many individual measurements obtained,
under a variety of atmospheric conditions, most of which fall with-
in 10% of the predicted infrared orbital phase angle curves.

That either the 10U or the 20u calibration is in error. The cali-
bration referred to earlier assumed that the ratio £s0/c10* was known
for Mars.  That assumption was based on the Mariner '69 experi-
ment (Neugebauer et al. 1971) which yielded ey/e15 = 0.98+0.03.
Since the Mars calibration applied equally to the 10 and 20y
bandpasses, it is unlikely that there could be a 30-40% relative
error between the 10 and 20u calibrations.

That ez is lower than ey, for each of the Galilean satellites.

While this js an unexpected result, one can offer no logical

*Here and elsewhere, e, shall stand for the effective emissivity obtained
in the bandpass denoted by 2.



35

argument against it without knowing the physical and chemical
form of the surface materials.
(iv) That the directivity of the emissivity is a function of wavelength,
so as to make €z appear lower than €, as viewed from the Earth.
This explanation cannot be distinguished from (iii) on the basis of
observational evidence unless ‘spacial resolution over the satellite
disks is obfained.
To proceed, we shall assume that the third explanation holds. The
emissivity ratio can then be calculated by assuming that the effective surface
temperature is equal fo the 10y brightness temperature. Had we chosen the

20y brightness temperature, we should have obtained an even lower emissivity

€0 — [ Fog [B(10.16, T) 1 Cx (T) (28)
€10 Fio [8(20-001 T)J[Clo (T)}

If we assume a 10% uncertainty in both Fiq and Fy,, the maximum error
Y 0 0

ratio. Thus

possible in ezo/ €10 is 20%. The results are listed in Table 8.
TABLE 8
BRIGHTNESS TEMPERATURES AND EMISSIVITY RATIOS

Bandpass
Object 10u 201 <.§.a°_>
R SRR 10
T (°K) C(T,) - T.(°K) C(T)
Ji 137  0.715 124 1,02 0.58+0.12
J2 127 0.657 117 1.0l 0.62%0,12
J3 140  0.732 130 1.03 0.67£0.13

J4 151 - 0.750 141 1.05 0.7240.14




36

c) Maximum Temperatures

It is clearly desirable to relate the flux density measurements to the
surface temperature. To do so, it is necessary to assume a temperature dis-
tribution over the surface. Since for all practical purposes the subsolar
point coincides with the subearth point, we shall use the coordinate system
defined previously, i.e. z-axis toward the Sun and x-z plane passing
through the Earth. One of the results from the eclipse photometry is that
the surfaces of the Galilean satellites are even more insulating than the
lunar surface. For a planet with little or no atmosphere, this implies that
the maximum surface temperature occurs close to the subsolar point. We

shall therefore assume the surface temperature distribution to be given by

1
Tmcx[w + (1-w)cos* 8] 6 = 1/2

T(©) = 29
© T w 82 m/2 (%)

max
where w is the ratio of the dark side and limb temperature to Tmax' We
have also assumed axial symmetry about the z-axis. Equatorial and polar
temperature-scans have been obtained at full Moon by Saari and Shorthill
(1967). Their data, as reported by Bastin and Gough (1969), are shown in
Figure 9 together with the assumed temperature distribution for w = 0.3, 0.4,
and 0.5, Again using the fact that the satellite surfaces are more insulating
than the lunar surface, we have chosen w = 0.3 fo represent the Galilean
satellites. We shall show, however, that the determination of Tmax depends
only weakly on the choice of w. Note that the lunar data include the
infrared phase function, i.e. the directivity of the emissivity for the Moon.

We therefore need not account for the directivity of the safellite emissivities

in this context if we assume that they are roughly equivalent to the Moon's.
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Fig. 9. - Polar and equatorial temperature scans at full Moon. Data
from Saari and Shorthill (1967).



Finally, we assume that the 10U emissivity, e, is equal to 0.95.

38

The max-

imum temperature is then given by a numerical evaluation of the equation

Fio
D 2

- 2610 Rzﬂ/
O

/2

B[10.16u, T(8)]

C[T(6)]

cosh sind d6

(30)

The results are listed in Table 9. To place limits on the uncertainty in T,

we consider 4 sources of error:

[n these expressions y = hc/k = 14413u°K.

oT

w : — =~ =8,5°K
< W
2
Fio _B_T_ ~ .)i
oF vF
- 2
R - 9_'[ ~ 22T
oR YR
3T _ -AT®
€10 _—
e Ye

4

Aw=0.2-AT=-1,7°K

AF = 20% — AT
F

AR

R

Ae

10% = AT

]

10% = AT = 1.5°K

If these uncertainties are

assumed fo be random, the expected uncertainty in Tmax is less than 5°K.

MAXIMUM SURFACE TEMPERATURES

TABLE 9

Ji

J2

J3

J4

T K

max

146 £ 5

136 = 5

150 = 5

161 £ 5

d) Bolometric Bond Albedo and Phase Integral

In order to estimate the bolometric Bond albedo, further assumptions are

necessary:

(i)

The satellite surfaces are assumed to be in thermal equilibrium.
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i.e. the energy radiated away by the entire sphere is equal to the
energy absorbled by the sphere.

(ii) The energy received from Jupiter is assumed negligible compared to
the energy received from the Sun. Were it not for eclipses, the side
of J1 which faces Jupiter could receive as much as 10% more energy
than the other side due to Jovian thermal radiation and reflected sun=
light. The effect is largely cancelled out, however, because the
Jupiter-side of J1 is preferentially deprived of solar energy during
eclipse.

Under these assumptions, the bolometric Bond albedo is given by

@

|

2 2 T

e()\)ﬂP[)\,T(G)]d)\}sinG de (31
)

where S is the insolation evaluated at Jupiter's distance from the Sun, and
PIA,T(8)] is the Planck function. Measurements of S at 1 a.u. have
recently been reviewed by Labs and Neckel (1971) who prefer SG(] a.u,) =
1.95 cal/cm® min.

Because the emissivity depends on wavelength, we cannot use €oT*(6)
for the wavelength integral. Instead 2 models, shown in Figure 10, have
been investigated. Both models are consistent with the previously deduced
emissivity ratio. In addition fo these two models, Abol has been calculated
for a wavelength independent emissivity for comparison purposes. This last
model is, however, not consistent with the observed emissivity ratio.

Since Abol = Pogr Yefpr O already discussed, one obtains an estimate of
Aot for each value of Abol calculated. Table 10 lists results from the 3
emissivity models. The uncertainty given behind each value corresponds to a

temperature uncertainty of ¥ 5°K.
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By (normalized to peak)
o
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04
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0 | ] } | |
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10k \ /
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W
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WAVELENGTH (4)

Fig. 10. - Emissivity models. Top: Planck function, By, for a 140°K source.
(@): Model (a), €10 = 0.95, dip adjusted to €20 for each satellite. (b): Mo=
del (b), €10 = 0.95, € (\) = €50 A>15u. Model (c), not shown, has €20 =
€0 = 0.95. Model (c) is inconsistent with the measured €20/€10 ratio.
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TABLE 10
BOLOMETRIC BOND ALBEDOS AND EFFECTIVE PHASE INTEGRALS

Object Model(a) Model(b) Model(c)

Peff  Abol Do Apol Aot Aol Deff

J1 0.56 0.47+0.08 0.84+0,13 0.63+0.05 1.11£0,.10 0.41£0.09 0.72+0.15
0.69 0.60+0.06 0.87+£0,09 0.71£0.15 1.03+0.07 0.56+0.07 0.81+0.10
J3  0.40 0.41£0.09 1.02+0,22 0,54+0.07 1.35£0,17 0.35£0.09 0.88+0.24
0.17 0.20+£0.11 1.2 £0.6* 0,33+0.09 1.9 £0.5 0,13+0.11 0.8 £0.6

*From other considerations, the lower limit appears more plausible.

We note the following

(i) The two "realistic" models, (a) and (b), both yield values for the
effective phase integral which are considerably higher than the phase
| integrals of the Moon (0.585) and Mercury (0.563), (Harris, 1961).

(i) Even if the 20 emissivity were not lower than that at 10y, one
still obtains phase integrals which are greater than those of the Moon
and Mercury (Model c).

(iii)  The uncerkinty inherent in the defermination of 9o ff for J4 is so
large, due to J4's low geometric albedo, that the calculation appears
useless. However, J4 is the hottest of the satellites and the assumed
5°K temperature uncertainty is probably too conserva'ﬁve.

e) Summary
" The main results from this study, applicable to each of the Galilean
satellites, are the following:

(i) the mean flux densities in the 10 and 20u band passes have been
obtained, and the brightness temperatures have been calculated.

(i) the effective 20u4 emissivity has been shown to be significantly less
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than the effective 10U emissivity.
(iii)  the maximum temperature has been calculated.
(iv) the bolometric Bond albedo has been indirectly determined, and
(v) the effective phase integral has been estimated, and shown to be

greater than the phase integral of either the Moon or Mercury.

A discussion of the implications of these results will be deferred until

the eclipse data have been presented.
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IV. ECLIPSES
a) Introduction

In 1971 Jupiter's satellite plane was oriented relative to its orbit plane
in such a way that lo (J1), Europa (J2), and Ganymede (J3) passed through
Jupiter's shadow once every orbit. These events are referred to as "eclipses
of the Galilean satellites". They should not be confused with occulations,
in which Jupiter blocks the line of sight between the satellite and the Earth.
Both events are characterized by the satellite becoming invisible to an
observer on Earth, but there the similarity stops. During an eclipse, which
lasts about 2 hours for each of the satellites, the satellite is denied solar
energy with two predictable results: (i) the reflected light drops to zero,
and (ii) the surface cools down due to radiation losses. Figure Il depicts an
eclipse of J3. For J1 and J2 the two events always merge in the following
sense: Before Jupiter's opposition J1 and J2 are seen to dissappear info
eclipse and reappear from occultation, and after Jupiter's opposition they are
seen to disappear into occultation and reappear from eclipse. In other words,
it is impossible fto follow J1 and J2 completely through an eclipse.

Eclipses of satellites with little or no atmosphere offer an ideal opportu=-
nity for remote determination of various surface properties. To be more
specific, infrared flux measurements at wavelengths long enough to measure
predominantly thermal emission are indicative of the thermal conductivity and
heat capacity of the upper soil layer, when obtained during or shortly after
eclipse. For that reason, eclipses of the Moon have been measured and
interpreted by several observers. Interpretation of iunar eclipses is compli-
cated by two factors which, we shall see, do not significantly affect the

interprefation of the Galilean satellite eclipses. The first of these is the
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OCCULTATION ECLIPSE

ﬁ EARTH

Fig. 11. - Eclipse configuration of J3 before Jupiter's opposition. J1 and J2
are so close to Jupiter that eclipses merge into occultations and vice versa
(after opposition). Scale distorted.
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high lunar daytime surface temperature (ca. 350°K). It turns out that the
thermal parameters used in the interpretation of eclipse phenomena become
severely temperature dependent above ~200°K. This fact has caused serious
misinterpretations of lunar eclipses which only recently have been corrected.
The reader is directed to Winter and Saari (1969) and Linsky (1966). The
second factor is the length of the penumbral period. For the Moon that
period is about 60 minutes, whereas for the Galilean safelli*es it is less
than 13 minutes. In the latter case, the brevity of the penumbral period
enables us to make certain assumptions that are not valid for lunar eclipses.
These assumptions will be discussed in context,

The infrared flux from Jupiter's satellite Ganymede (J3) has been mea-
sured during eclipse by Murray, Westphal and Wildey (1965). They were
able to measure the cooling and subsequent heating rate, but could not detect
the satellite during the intermediate period of the eclipse. From the
observed rates they were able to conclude that J3 was essentially without an
atmosphere and that its surface consisted of particulate material (low thermal
conductivity). The measurement was repeated recently at 20 with some-
what better signal to noise ratio by Morrison et al. (1971). Because of
improved sensitivity and the use of a longer wavelength, these authors were
able to record measurements right through the eclipse of J3, and saw the
flux level drop to about 15% of maximum infensity by the end of the eclipse.
By fitting their data with a homogeneous model (thermal models will be dis-
cussed later) they obtained a best fit for y = (kpc)_% = 1400 + 500 ecm®°K
sec%/cal, where "k" is the thermal conductivity, and "p" the density and

"c" the specific heat. The homogeneous model did not adequately account
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for the high heating and cooling rates observed, however, and the authors
(Morrison, 1972) are considering a more sophisticated model.

In view of the interesting nature of the visible light eclipse photometry
of J1 and J2, it is, however, these two satellites that promise to be most
rewarding for infrared investigation. It was therefore decided to give top
priority fo eclipses of J1 in this work. "

As a result of this investigation, we shall show (1) that the surface
materials of J1, J2, and J3 are particulate, (2) that any atmosphere present
on either J1, J2 or J3 must have a surface pressure less than 1 mbar, (3) that
a homogeneous thermal model cannot account for the observed heating rates
of the satellites, and (4) that the surface material on J1 differs fundamentally
from that on either J2 or J3.

b) Eclipse Data
(i) Measurements

All the eclipse data used in this work were obtained in 1971 between
June 17 and September 20, The opposition of Jupiter occurred on May 23,
placing all the observations after opposition. This means that only reappear-
ances of J1 and J2 could be observed. That is not a serious drawback,
however, because all the available information is contained in that part of
the eclipse. Because of the geometry, J3 could be seen to enter and leave
eclipse on both sides of opposition. Attempts were made to measure every
available eclipse, but,because of weather conditions and other difficulties,
only 10 satisfactory data sets, all at 10u,were obtained . The relevant obser~
vational data are listed in Table 11.

Measurements were made using the same double beam sky subtraction
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TABLE 11
DATES OF ECLIPSE OBSERVATIONS

Satellite Event 1971 Date Telescope Aperture
Diameter
1 Ec.R. June 17 100in. M. W, 7.5"
1 Ec.R. July 2 20Qin. P.M. 7.5
3 Ec.D. July 3 200in. P.M. 5
1 Ec.R. July 4 200in. P.M. 5
1 Ec.R. July 11 60in. MW, 10
1 Ec.R. July 27 200in. P.M. 5
3 Ec.D. Aug. 15 200in. P.M, 5
1 Ec.R. Sept. 4 200in. P.M. 5
1 Ec.R. Sept. 11 200in., P.M. 5
2 Ec.R. Sept, 17 200in. P.M. 5

Ec.R.: eclipse reappearance, Ec.D.: eclipse disappearance, M. W.: Mt.
Wilson, P.M.: Palomar Mountain,

technique described earlier. In the case of eclipses, however, the object
was not moved from beam to beam due to the proximity of Jupiter. Instead,
deflections were made by alternating between having both beams on the sky
and one beam on the satellite with the other on the sky. Contamination
from Jupiter was a suspected source of error. Figure 12 shows Jupiter, the
three satellites during times of observation, and the beam size most frequently
used for the measurements. To check contamination from Jupiter the sky was
measured alternately to the east, west and south. No significant difference
was observed for the three positions, and it was concluded that contamina-
tion from Jupiter was not an imporfant source of error.

Perhaps the greatest advantage of using the 200 inch telescope for this
kind of measurement was the ability to locate and measure J1 prior to
reappearance. On three occasions it was possible to measure the flux before

the satellite was again heated.
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Fig. 12. - Positions of the satellites at various eclipse dates. The aperture

size and spacing used on the 200 inch telescope is indicated. Approximately
to scale.
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(ii) Data Reduction
To improve the signal fo noise ratio, all the data sets for each satellite

have been separately normalized, combined into one set, and then smoothed
with a "Gaussian filter" with o = 0.8 min. as follows. An average point
was derived for every two minutes along the time axis by weighting data
points according to

w= e t7/20° (32)
where "w" is the weight assigned to a data point aquired at time "f"
relative to the time for the average point. To count each data point

equally requires that

Af/z 2 2 3 2 2
f (1-e~1720%) gy = fe‘* /20° 4 . (33)
) At/2

For At = 2min., 0 = Af/,\/?TT ~ 0.8 min.
Error bars may be assigned to the averaged points by analogy between
the Gaussian filter and a "square box filter", i.e. the standard deviation of

the averaged point is taken fo be

S‘(F - fi)gwi; i
s = &= z < wi>2 (34)

in the Gaussian case, instead of

D(F- £
-|=—) /N (35)

-

S

in the "square box" case. In equations 34 and 35, F is the average point,

and fi is the i'th datum contributing to F.
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The averaged points, with fotal error bars equal to twice the standard
deviation, are plotted in Figures 13 through 15. The continuous curves will
be discussed later.

The only assumptions going into the smoothing process is that there are
no high frequency variations in the satellite temperatures, and that systematic
differences between separate data sefs are negligible compared to the noise
within any given data set. The first assumption clearly holds from physical
considerations. The second has been justified by comparing the averaged
poinfs to each data set by itself and verifying that the individual set was
compatible with the averaged poinfs.

c) Thermal Models

(i) Mathematical Formulation

Laboratory measurements of the thermal conductivity, k, and the heat
capacity, pc, will be reviewed in the next section. It will be shown that
these parameters may, to a good approximation, be treated as constants at
temperatures lower than 150°K. The thermal problem therefore reduces to
solving the heat diffusion equation in a semi-infinite solid with constant
parameters. For bodies much larger than the thermal skin depth, as is cer-
tainly the case with a natural satellite, the problem reduces to one dimension
(Wessellink, 1948). Assuming that internal heat sources are negligible, the

equations are

coTHo,8) = (1 = A) Sy x f() + k 2101 [ x =6 (36)
ox
pcé_]-_(xl f) - k_a_i:r_(xlf) (%b)
ot ox?

T(x = « 1) = constant (36¢)
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where ¢, 0, A, S@ are the emissivity, Stefan-Boltzmann constant, bolometric
Bond albedo, and solar flux at Jupiter defined in Part lll, and T(x,t) is the
temperature at time "' a depth "x" below the surface. Because k and pc
are assumed to be constants, they may be combined into a single constant

a
vy = (kpc) ® by scaling the depth parameter. Let z = x/k, then

3T, 1) = 1 3T(z, 1) 4 37T, 1) - 17 32T(z,¥)
Jx k dz 3 x® k® 2z"
Hence
coTHo, 1) = (1 = A)S, xf(H) + 20L& D | 2 =6 (37a)
oz
_B__T(z,f) = v? __5_2__1(211‘) (37b) -
ot dz*?
T(z = »,t) = constant (37¢)

The second equation set may be solved by implicit numerical techniques
for various choices of v. The technique employed in this work was taken
from Burnett (1971) and modified to suit the problem at hand. A brief
description of the numerical technique is given in Appendix (a).

(ii) Model Assumptions

To reduce computing cost, the following assumptions have been made:
(1) that the satellite may be treated as a flat disk facing the sun, (2) that
the eclipse occurs simultaneously over the entire disk, (3) that the tempera-
ture is uniform with depth prior to eclipse, and (4) that the gradual decrease

and increase of the insolation is adequately described by

f(1*) = cos? [T x 2 (38)
2t
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where fpen is the penumbral period and t* is either the time from the start of
the eclipse (0 < t* < tpen) or the time before the end of the eclipse

(f S trst
€

pen nd>‘

The first 2 assumptions have been tested and found to hold extremely
well, provided an "effective temperature", similar to the brightness tempera-
ture, is used in the calculations. The ‘test results are discussed in Appendix
(b). The third assumption is based on the rapid return (%20 min.) to normal
surface temperature following an eclipse, evident in the data. The last
assumption has been tailored to the visible eclipse photometry, which is an
excellent measure of the gradual extinction of the insolaﬁon‘. The sources

for the visible photometry are: J1 (Franz and Millis, 1970) = 3 min.,

fpen
J2 (Greene, Shorthill, and Despain, 1971) rpen = 6.5 min., and J3 (Price
and Hall, 1971) t = 13 min,

pen

d) Results

(i) Homogeneous Model

Eclipse curves have been calculated from the homogeneous model for a
wide range of y-values. Attempts to fit the J1 eclipse data are shown in
Figure 17. The dashed curve in the figure corresponds to the data.
Referring to Figure 17 the following important points can be seen. (1) For
y-values less than 40* typical of solid rock or dense ice, no appreciable
cooling takes place during the eclipse. We may therefore conclude that JI
does not have a solid rock or ice surface. (2) The flux level just prior to

reappearance can be predicted from the model with y ~ 500, a value

wj-

/cal.

. . . - [»]
**Here and elsewhere, Y is given in units of K e¢m?® sec
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corresponding fo porous rock in vacuum. However, the predicted heating
rate with such a y=-value is much lower than that observed, so we have to
go fo considerably higher y-values. (3) As vy is increased the predicted heat-
ing rate approaches that observed, but the predicted flux level prior to
reappearance falls below the observed level. In fact, there exists no value
of y for which the homogeneous model predicts the observed eclipse curve.
(ii) Model With Lateral Inhomogeneity

To modify the homogeneous model, one can introduce lateral or vertical
inhomogeneity. For the first type, we note that the observed heating rate
requires a very high y for one component of the surface material. That
component will exibit a near zero flux level prior to reappearance. There-
fore the second component, assuming a two-component system, must have a
low vy (®20), and cover a fraction of the area roughly equal to the flux
fraction observed just prior fo reappearance. For J1 this fraction amounts to
having ~#35% of the surface covered wifh the low=-y component. Since vir-
tually no cooling of that material takes place, we may simply add a con-
stant (~0.35) to any of the high-y curves, and renormalize the result.
Again one fails to find a y-value for which the model predicis a return to
normal surface temperature in 15-20 minutes, as observed, without overshoot-
ing the initial heating rate. We conclude that lateral inhomogeneities are
inadequate to explain the observed eclipse curve.

(iii) Two-Layer Model

The nexi simplest model involves a vertical inhomogeneity in the form of

a two-layer structure. The top layer must respond quickly to the insolation;

therefore its y=value will be high. Yet, it must not cool too much during
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the eclipse; hence it must be supplied with energy from the lower layer at a
significant rate. For energy fo reach the surface through a low conductivity
(high v) layer, that layer must be thin. If the top layer is thin, the lower
layer will cool, thus shutting off the energy supply, unless the conductivity
in the lower layer is very high. We are therefore forced to the following

model:

The surface of J1 consists of a thin upper layer with low thermal
conductivity covering a subsurface with high (rock or ice-like) thermal

conductivity.

For simplicity the preceeding statements were made in relation to JI1.
However, they apply equally well to J2 and J3. The two-layer model has
therefore been investigated for all three satellites. From the homogeneous
model, it is seen that "low y-material" does not cool to any extent during
the eclipse; the solution for the two-layer model was therefore simplified by
holding the temperature at the bottom of the top layer fixed in time. A
best fit, decided visually, to the eclipse data yields two parameters: the
v-value and the thickness, T, of the top layer. No detailed information is
obtained about the subsurface, other than its high thermal conductivity.
Numerical values for the two-layer model parameters are listed in Table 12,
In order to specify k and T, it is necessary to assume a value for pc. We
have made a fentative choice of pc = 0.45 Joule/®Kcm®, which will be

explained later. For any other choice of pc, the relationships are ks = ki

(pch/(pc)e and T2 = (peh /(pc)z -
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TABLE 12
SURFACE PARAMETERS DETERMINED FROM TWO-LAYER MODEL

s Y o 10%k T

atel- i

lite (°K cm®sec®/cal) (Watt/°K cm) (cm)

J1 1100 £ 100 32 +7 0.37 £ 0.06
J2 3000 = 1000 ’ 4 £ 3 0.2 £ 0.1
J3 3400 £ 700 4 % 1 0.22 + 0.06

(iv) Limits of Uncertainty in v, k, and T

The limits of uncertainty shown after each v, k, and T in Table 12 were
derived from the uncertainty in the data as follows.

It was found that the computed eclipse curves for the two-layer model
could be characterized by two parameters: A = k/7, which governed the
flux fractions just prior to reappearance, and B = k/7%, which confrolled the
steepness of the heating curves. In particular, the computed flux fraction,

h, and the time-lag* for heating, t, were found to be linear in A and B,

i.e.
h=a + (dh/dA)A (39)
t = b + (dt/dB)B (40)
= AA:.I_S.IA .LS.Ah Ealf.Ah (41)
Adh/T T
aB=({LldB\k sy = gk oA (42)
B dt/ 72 T2

where Ah and At are the uncerfainties in the observed flux fraction prior to

*The time-lag for heating was taken arbitrarily as the time beiween the
end of the eclipse (first ray of sun) and the time when the flux level had
reached 90% of maximum intensity.
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reappearance, and the fime-lag for heafing respectively. It is easily shown

that

Ak/k = 2aah + BAt (43)
and AT/T = adh + BAt. (44)
Also y = (kpc-)% = Av/y = -0.5 Ak/k . (45)

The values of o and B, determined by varying A and B in the model, and
the values of Ah and At, adopted by considering the uncertainty in the
observational data, are listed in Table 13.
TABLE 13
UNCERTAINTY FACTORS FOR v, k, T

Satellite Ah At a B(min™)
J1 0.02 2 min. 3.33 0.050
J2 0.05 6 " 6.67 0.033
J3 0.03 4 " 5.00 0.033

(v) Discussion

The eclipse curves, generated from the two-layer model using the param-
eters listed in Table 12, are plotted over the observational data in
Figures 13 - 16.

The model parameters for J3, as well as their uncertainty factors, were
not obtained from the 10u eclipse photometry of this work. The 20y data
from Morrison (1972) were considered more suitable because they included the
heating part of the eclipse curve. However, the 10u flux curve, computed
for the parameters obtained by fitting the 20 data, is in excellent agreement
with the 10y observations (Figure 15).

We wish to stress two points:
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1) The two-layer model has only 2 free parameters, vy and T. Yet the agree-
ment between the predicted and the measured eclipse curves is excellent
throughout the observed portions of the eclipses. We consider this agreement
as a strong indication that the two-layer model is essentially the correct
representation of the satellite surfaces.

2) The y-value of Jlis distinctly different from the y-values of J2 and J3.

We shall come back to that point after a discussion of laboratory measure-
ments.

e) Comparison With Laboratory Data

(i) Preliminaries
In general both the conductivity, k, and the specific heat, c, are
temperature dependent. The "effective" disk temperatures used in the model
calculations were 134, 122, and 138°K for J1+J3. The corresponding
temperature decrease during eclipse, as deduced from the observed flux ratios
were 13, 24, and 29°K. While the effective temperatures do not apply to
the entire surface, the "mean" temperature drops can be taken as representa-
tive of the actual temperature variation. For simplicity, we shall therefore
consider a temperature range of 110 s T < 150°K in the following discussion.
(ii) Specific Heats
Measurements of the specific heat of several rock materials including
quartz, magnesium silicate, calcium feldspar, diabase, diorite, granite,
basalt, and silica glass have been reviewed by Winter and Saari (1969).
They find that
c(T) = -0.034 T% + 0.008 T - 0.0002 T% , (46)

where T is in °K and ¢(T) is in Joule/°Kgm, adequately describes all the
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available data. For water ice, the Handbook of Physics and Chemistry gives
c(T) = 0.18 + 0.0069 T . (47)
Thus, for the relevant temperature range, we have
c(130 £ 20°K) = 0.36 = 0,06 Joule/°Kgm (Rock) (48)
c(130 + 20°K) = 1.08 + 0.14 " (Water Ice) . (49)
This temperature variation is so small that constant values may be adopted
without infroducing serious error.
(iii) Thermal Conductivities of Solids
Horai et al. (1970) have measured the thermal conductivity of two lunar
rock types (A and C). For T = 130°K their results are |
-2 Watt

cm K

k(130 + 20°K) = (1.3 = 0.1) x 10 (Type A) (50)

k(130 £ 20°K) = (0.6 + 0.05) x ]0—2 " (Type C) (51)
These values are lower than the corresponding values for earth rocks by about
a factor of two, presumably due to intersticial water in the latter. Highly
porous rocks in vacuum have slightly lower thermal conductivity. Wechsler
and Glaser (1965) have summarized measurements on rocks with porosities
~0.2 - 0.5, which have conductivities as low as 10_3 watt/cm®K. For
solid water ice, Dean and Timmerhaus (1962) have measured the thermal

conductivity to be

K(T) = 6.36/T Matt 20 < 1< 273°k (52)
em®K
or k(130 £ 20°K) = (4.9 F 0.8) x 1072 Yo (Water Ice) (53)

em’K
(iv) Thermal Conductivities of Powders in Vacuum
According to Watson (1964), and other investigators, the thermal con-

ductivity of a powder in vacuum may, to a good approximation, be written
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k=k, +k T° (54)

where kc represents the contact conductivity between the grains and krT3 is
the contribution to k due to radiation. The values of kc and kr vary from
one material to another as well as with the particle size and density of the
material. For the Moon, the term krTa is comparable fo k. and must be
taken into account for a successful infe}prefa’rion of the observed thermal
behavior of the lunar surface (Winter and Saari, 1969). The Galilean satel-
lites, however, are much colder than the Moon, with the result that

krTs << kc for common materials. Consider the thermal conductivity express-

ed as

k=k (1 +=7T9 (55)

and study the two relevant columns in Table 14. Note that, except for
pumice powder and large glass beads, the term 1 +(kr/kc) T2~ 1 for

T < 150°K . The error involved in neglecting the (kr/kc) T® term is there-
fore small, and we may assume that k is independent of temperature for the

Galilean satellites.
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(v) Thermal Conductivity of Powders Under Ambient Gas Pressure

If a powder is immersed in a gas, ifs thermal conductivity is affected.
According to data summarized by Wechsler and Glaser (1965), there are three
quite sharply defined gas pressure regimes dictated by the mean free path of
the gas molecules: a low pressure (p < 0.1 mbar) regime in which the ther-
mal conductivity of the powder is independent of ambient gas pressure, a
medium pressure (0.1 mbar < p < 500 mbar) regime in which the thermal con-
ductivity of the powder is directly proportional to the gas pressure, increasing
from the vacuum conductivity by a factor of 100-200, and a high pressure
(p > 500 mbar) regime in which the thermal conductivity again is roughly
independent of gas pressure.

(vi) Discussion

Since the thermal conductivities inferred for the upper layers of J1, J2,
and J3 are as low as those of powders in vacuum (Tables 12 and 14), we
conclude that the surface pressures on these three satellites are probably
lower than 0.1 mbar, and almost certainly less than 1.0 mbar. It goes with=
out saying that the amount of solid rock or ice present on the surfaces of
either of the three satellites must be negligible.

The thermal conductivity data from Table 14 were evaluated at T = 140°K
and plotted in Figure 18, as a function of powder density. Also shown in
the figure is the loci of thermal conductivities of J1, J2, and J3 consistent
with the inferred y-values and the specific heat of rock and mineral powders.
The lower limit on the soil density is taken from Hapke and Van Horn (1963)
who experimented with "fairy castle" structures. They found that fine grained

powders, laid down in a few centimeters thickness, were quite stable against
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Fig. 18. = Loci of thermal conductivities consistent with the measured y-values
and specific heat = 0.36 Joule/gm°K. Experimental data from Table 14.
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disruptive forces for densities as low as 10-20% of the solid-phase density.

In accord with this result the lower soil density limit has been taken to be
15% x 2.7 gm/cm® = 0.4 gm/cm®. The upper limit to the soil density is
difficult to ascertain, but must be somewhat less than the solid phase density.
We would choose 1.6 gm/cm?®-as a plausible upper limit, but that limit does
not affect the interpretation. The mean’ density of the powders appears to be
about 1.25 gm/cm?® leading to a heat capacity of 0.45 Joule/°Kem®. That
is the value adopted to derive k and T from y for Table 12. Figure 19 is a
plot for water frost similar to Figure 18 for silicate powders. We are not
aware of laboratory data pertinent to this figure. Generalization to other
frosts, by scaling the density axis, is obvious.

Referring to Figures 18 and 19, we have reached the conclusion that the
surface material on J1 differs fundamentally from the materials on J2 and J3,
as follows.

if J1 and J3* were covered with the same type of silicate powder, then
either the parficle size or the density of the powder must differ considerably
between the two satellites. We should be able to investigate the first poss—
iblity by comparing the emissivity ratio, €ao/ep, of J1 to that of J3, since
that ratio is affected by the particle size distribution. Because the emissi-
vity ratios for J1 and J3 (Table 8) are nearly equal, it seems unlikely that
the difference can be explained as a particle size effect. The second poss—
ibility requires that the powder density of the upper few millimeters of sur-
face differs by a factor of #2 between J1 and J3. Such a porocity differ-

ence should lead to observable differences in the phase functions for small

*We consider J2 to be similar to J3.
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phase angles (Oetking, 1966). However, the phase functions of J1 and J3
are virtually identical (Stebbins and Jacobsen, 1928). We therefore con-
clude that J1 and J3 are not covered by the same type of silicate powder.
The same arguments can be applied to any other powder. In other words,
J1 is covered by a powder type which is distinctly different from the pow-

der types covering J2 and J3.

f) Conclusions From Part 1V

1) The surface of J1, of J2, and of J3 consists of a thin (~mm) layer of
thermally insulating, particulate material covering a subsurface with high
(solid rock or ice-like) thermal conductivity.

2) The surface material on J2 appears to be similar to that of J3.

3) The surface material on J1 is significantly different from that of either
J2 or J3.

4) The atmospheric surface pressures on J1, J2, and J3 are probably all

less than 0.1 mbar, and almost certainly less than 1 mbar.
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V. SUMMARY
The main results of this work are reconsidered below, in an attempt to
form guidelines for future observations of the Galilean satellites, and restate
the constraints on the range of possible surface materials.

a) Emissivity Ratio

The effective emissivity ratio, €20/€10, inferred from the 10 and 20
brightness temperatures, is significantly less than unity for each of the four
Galilean satellites. This result is difficult to reconcile with the fact that
the surface materials on J1, J2 and J3 are particulate. Naturally occurring
silicate powders (Griggs, 1968) and frosts (Keegan and Weidner, 1965) are
expected to have infrared emissivities which are essehfially independent of
wavelength and colse to unity. A thorough examination of the possible
causes of the low emissivity ratios is beyond the scope of fhis thesis. Two
hypotheses have, however, been considered:

(1) The size distribution of the surface materials is very narrow compared
to common terresirial particulate materials.

It can be shown from Mie-scattering theory (Appendix c) that a
powder, of which each particle has radius "a", exhibits a pronounced dip
in its emissivity, € (\), at A ® 2a. Thus, if a significant fraction of the
surface particles were about 10y, a low 20 emissivity should be expected.
(2) The surface material is very fine ( a < 3u ) silicate powder.

Hunt and Logan (1972) have shown that for small optically thin

silicate particles, an emission maximum is produced in the restsirahlen region
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( 9u). Their experiment was designed to measure the emissivity of an
array of single particles, and does not necessarily relafe to a three~
dimensional surface. However, Conel (private communication) has found
empirically that a loosely packed powder tends to emit very much like the
predicted emission from an array of single particles.

There are presumably other ways'fo explain the low 20p emissivity,
including the previously mentioned directivity factor. It seems likely that
the observed effect is real, however, and as such should be accounted for
in any successful identification of the surface material on the Galilean

satellites.

b) Maximum Surface Temperature

The maximum surface temperature, T_ has been determined for
each satellite (Table 9). From T4y the approximate surface temperature,
anywhere on the daytime hemisphere, may be derived from the assumed
temperature distribution (Equation 29). These temperatures are more
relevant than brightness temperatures to questions of the presence of
volatiles and frosts. That is to say, the vapor pressure (which is to be
compared to the upper limit on the surface pressure) of a volatile surface
material is governed by the mean surface temperature, not by the brightness

temperature. The theory of frost formation has recently been discussed by

Veverka (1970), and shall not be reconsidered here.

¢) Phase Integrals

The effective phase integrals of J1, J2 and J3 are nearly equal to 1.
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The determination for J4 is too uncertain to warrant further consideration.
Table 15 compares these values to directly measured phase integrals of the

terrestrial planets.
TABLE 15

PHASE INTEGRALS OF THE TERRESTRIAL PLANETS
AND THE GALILEAN SATELLITES

Planets Phase Integral, g Reference
Mercury 0.563 From Harris (1961)
Moon 0.583 "

Mars 1.04 "
Earth 1.095 "
Venus 1.296 "

J1 0.84+ 0.13 Present Work
J2 0.87+ 0.09 "

J3 1.02+ 0.22 "

J4 1.2 + 0.6% N
Lambert Sphere 1.500

Note that only planets with reflecting atmospheres have phase integrals
as high as those of the Galilean satellites. Yet, we have shown the
surface pressures on J1, J2, and J3 to be less than 1 mbar. For Ji the
upper limit is ]0_3 mbar (Taylor, et al 1972). It is doubtful that an
atmosphere with a surface pressure less than 10_3 mbar could affect the
reflectivity of J1. Since J1's q-value is similar to those of J2 and J3,
there is little reason to suppose that atmospheric reflection plays a role in
increasing the phase integral of either of these three satellites. We there-
fore look to the surface material for an explanation. It is believed (Hapke,

1963, and 1966) that the lunar phase function can be understood in terms of

*From other considerations, the lower limit appears more plausible.



74

the microstructure of the surface material. A planet covered with dark,
high opacity, loosely packed material should have a phase function which
decreases sharply from zero phase angle, and continues to decrease mono-
tonically with increasing phase angle. If the decrease is great enough

( Minnaert, 1961), such a phase function leads fo a phase integral

similar to that of the Moon or Mercur);. The surface materials on J1, J2,
and J3 are bright (Harris 1961, Johnson 1971 ) powders ( this thesis ) with
low opacity (Veverka, 1971). In such material multiple scattering takes
place, and one might expect a gentler decrease in the phase function
with consequently larger phase integrals. According to Johnson ( 1971),
the phase functions of J1, J2, and J3, measured out to a =% 12°, do
decrease more gently than the lunar phase function. In making the
comparison the upsurge of the Moon's phase function for a<2°

(Van Diggelen, 1965) is ignored because of the difficulty in observing the
Galilean satellites at phase angles less than that.

The indirect determination of a phase integral is important for two
reasons. (1) For J1, J2, and J3 the inferred q- values support previous
evidence that the surfaces are covered by a bright low-opacity material.
(2) It has been conventional to assume that atmosphere-less bodies have
q-values close to the Moon's q-value. We have shown that this assump~-
tion is false for J1, J2, and J3, and presumably for other bright satellites

as well.
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d) Layered Surface Structure

The only thermal model investigated which could account for the
sustained high heating rates observed for J1, J2, and J3, was one in
which a thin (mm ) insulating layer covers a highly conductive sub-
surface. It is impossible to say whether other models, which have not
come to mind, could also explain the observed behavior. We can,
however, claim that the two-layer model is simple, plausible, and adequate
to explain the data. If the model is essentially a true picture of the
surfaces of J1, J2, and J3, the question remains, to. what extent is the
boundary between the two layers sharp? The same eclipse curves could
undoubtedly be generated from a model with an extremely steep gradient
in the thermal conductivity with depth. The only requirement is that the
conductivity should increase by a factor between 1,000 and 10,000 over a
distance of 2-3 millimeters. Although such a gradient can be introduced
into a thermal model, in reality it amounts to a fairly sharp boundary -
between two materials of widely different thermal conductivity.

e) Surface Pressure

Because of the high y - values inferred for J1, J2, and J3, it is
unlikely that the surface pressure, P, , exceeds 1 mbar on either of these
satellites. The results of this study, relating to the question of atmospheres,
are therefore the following (1) The upper limit (Ps<1 mbar) set for J3

by Murray, Westphal, and Wildey (1965) is confirmed. (2) The upper
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limit ( PS < 1073 mbar) set for J1 by Taylor, et al. (1972) is supported.
(3) An upper limit (p <1 mbar) for J2 has been determined for the first
time.

f) Concluding Remarks

The thermal conductivity of the surface material of J1 is greater
than that of either J2 or J3 by a factor of almost 10, from which we
have concluded that the surface material on J1 is fundamentally different
from J2's and J3's. Since the surface material on J4 is different from
any of the inner three satellites ( its geometric albedo, phase function,
and opacity is lunar=like ), there are at least fhrée distinct types of
surface material on these four satellites, presumably formed in the same
environment. In spite of such differences there are two siriking similarities:
The emissivity ratio, 620/ €lo, is low for all four satellites and, in
contrast to the Moon, at least the three inner satellites are covered by
thin (mm) layers of particulate material.

Because the similarities are not likely to be of genetic origin, due
to the differences discussed above, it seems plausible that they indicate
environmental control over some surface conditions. If so, perhaps we are
holding a new key to understanding the Jovian environment.

g) Future Work
The findings in this thesis have suggested that the following lines of

investigation should be fruitful:
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1) The spectral emissivities between 10y and 30y should be determined by
narrow band photometry. J3 and J4 are most suitable targets for the

first attempt because (i) they are the brightest (I.R. ) of the four
satellites, and (ii) they exhibit very little orbital phase angle variation.
2) The large difference found between -the thermal conducﬁyify of J1 and
that of J2 or J3 is important, and should be confirmed. 20y eclipse
photometry of these three satellites have been obtained by Morrison (1972)
and will be published in 1972. If the 10i and 204 eclipse data are to be
compared, the reader should be reminded that both sets are normalized to
the pre- or post- eclipse flux value. Therefore, a necessary condition of
compatibility between the normalized 10uand 20u data is that the 20y

flux just prior to eclipse reappearance should be approximately equal to
the square root* of the 101 flux. In other words, if the pre-heating 10u -
flux level from J1 is 35%, we should expect the 20y flux level to be

% 60 %. Note that this compatibility condition holds for J3 (Figures 15
and 16).

3) Beginning with the 1972 apparition of Jupiter, J4 will also be eclipsed.
The next few years therefore offer an ideal opportunity to investigate the

surface material of J4.

* 1
<

Fzo =~ exp X —_]. = exp . _l.-l ~ Fo?

]
200 \T, T ou\T T
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4) We do not believe, however, that the surface materials on the Galilean
satellites can be definitely identified by further observations. The break-
through more likely will come from extensive laboratory work on a few
specific compounds. By applying the constraints developed in this and
previous work, as well as constraints imposed by chemical equilibria
considerations, we should be able to narrow down the range of possible

surface materials.
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VI. APPENDICES

a) Numerical Technique for Thermal Model

We have shown that the thermal parameters, k and pc,are virtually
independent of temperature for the Galilean satellites. We have therefore
been able to use an implicit solution technique described in detail by
Burnett (1971). The only significant modification made is that we have
applied the solution to a finite surface layer, by holding the temperature
constant at the bottom of that layer. This approach is applicable to a
thermal model which has a thin upper layer of insulating material (powder or
frost) covering a highly conductive (solid rock or ice) subsurface. Such a
model is justified in Part IV, section d. Assuming an absence of important,

internal heat sources, the equations are:

_ oT
€0 T‘;zo = (1-A) S@ x f(t) + k= _ (574q)
x| x=0
~<
o2l = 1T (57b)
ot 3x=

Tx = 71,1 = To (57¢)
T(x,0) = To (57d)

f(t) is the normalized insolation function, and T is the thickness of the insu-
lating layer.

Numerical Solution:

Let t= (j=1) At (58a)
x = (i-2) Ax (58b)
T(x=0,t=0) = Ty, 1 _ (58c)

Note that T1,] is a fictitious temperature in the void, one Ax-step above the

surface, and that Tz, is the surface temperature as a function of time.
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Define:
ky = Atk/pcAx® (59a) ke = 20xe0/k (591)
ks = 2/ky + 2 (590) ko = ks/k: (599)
ks = 2/ky - 2 (59c) g1 = k1 x ke (59h)
ka = 2k /ka (59d) g2 = ka(ke - 2/ka) (591)

ks = 2k,ax(1-A)/k (5%) -
Then, for each time step (j), the solution for temperature with depth is given

by the following matrix equation:

2 %, 0 0 0 0 0 0 Tui | (R
"'] kg -] O 0 . O O O Tg,i Ra,i
0 -1 ks -1 0 0 0 O Ta, | Ra/j

X = (60)

0 0 0 0 -1 ke -1 0 T . R .
m-2, | M-z, |

0 0 0 O 0 1 -4 3 T . .

S M, m-a, ] j
0 0 0 0 0 0 0 1 . .

__ " LM L™

where the R-vector, given below, must be computed for each time step.
Note that the square mairix contains no time dependent quantities, and can
be inverfed before any computations are made. This is the great advantage
in being able to use constant thermal parameters. Having inverted the

square mairix, the T-vector (i.e. the temperature with depth)is computed as

follows:
(i) Compute the R-vector
- : 61
Rili Ti‘lli‘l N ksTili—l ¥ Ti+1,i—l l # ]’m ( c)
R .=T (61b)

m, | o



(ii) Let ga= kiR +R =T ) F kR L+ ksSo(h) 62)
and T(n=1) = Te;i"l (63)

then iterate over "n" to obtain a first estimate of the new surface tempera-
ture, Tzl., according to

o) = BaT-1) + 0l /a1 + 0l (©4)
When ’?(n) R~ ':I:(n- 1), stop the iteration, and set Tzl. = ﬂ:l"(n). This will
give a first estimate of the new surface temperature, subject to slight modi-

fication in the final solution.

en — - 4 -
(iii) Evaluate Rlli = ko Sef(f) kGTzri Ra,i (65)

(iv) Compute the new Ti—vecfor.

The time steps were taken to be 1 minute each in order to provide good
resolution over the 20 minute heating history, and the depth steps were
taken to be 1/12 the thermal skin depth, L,for the homogeneous model, and
1/12 the thickness of the insulating layer in the two-layer model. The

thermal skin depth is given by

-

L = (kAt/pc)® where At = 20 min. (66)
This "grid" was found empirically to be adequate in the sense that decreasing
the grid spacings did not alter the solution.

b) Tests of Model Assumptions

Of the four assumptions made in the thermal model, two have been tested
for J1 after the determination of the correct model parameters. The results
are discussed below

(i) Treating the Satellite as a Flat Disk

The "flat disk" model, in which the actual temperature distribution is
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replaced by an "effective temperature” defined by

TT/2
BOL, T ff f 0)] cosb sind d6 (67)

has been compared to a model which accounted for spherical geometry and
actual temperature distribution. The second model was also crude in the
sense that 5 equally sized (in terms of 'pro]ecfed area), concentric infegra-
tion cells were used to represent the Hemisphere. Nevertheless, it is much
more realistic than the "flat disk" model. The result of the comparison,
shown in Figure 20, was that there were no essential differences in the pre-~
dictions of the two models. We may therefore assume that the "flat disk"
model is adequate for modeling eclipses.
(ii) Simultaneous Eclipse over Entire Satellite Disk

If the satellite moves its own diameter relative to Jupiter's shadow in a
time short compared to the time required to heat up the surface at any parti-
cular place, we may assume that the eclipse occurs simultaneously over the
entire satellite disk. The ratios of these periods for J1, J2, and J3 are:
3.5/20 ~ 0.18, 3.8/25 =~ 0.22, 8.4/28 ~ 0.28. As a test case, the disk of
J1 was divided into 7 vertical sirips. Each strip was assigned a flux pro-
portional fo its area and given a time dependence similar to the observed
integrated flux, but offset in time in the obvious manner. The flux sum
from the strips was found and plotted as a function of time together with the
flux from a uniform disk. The results are shown in Figure 20, and show
that eclipses may be assumed to occur simultaneously over the entire satel-

lite disk.



83

*uondwnsso
Ayyowoab ootreyds s/A sip 104 ysa)  (q) -uoydwnsso osdijos snosupy|nuis oy ys3  (©) - oz ‘614

(uiw) JNIL

ogl 021 ol 00l 06 08 0OL 09 O0OS O 0g 02 Ol o
_ _ _ _ _ _ T 1 T _ T | _ 0

¥SIp W40Jiun Wod4} Xnj4 ¥SIP WIOHIUN UI04) XN| o meme

, sbuis sdi4jS |DO1}ABA
J14jUdd2U0D dAI} WOJ} WNS XNj4 00 O USASS W04} WNS XN|{ 000

—

(P)

|
(€0)
(@]
XN14 701 a3ZINVINEON

B It NO SLS3L 13d0N




84

c) Mie-Scattering and Emissivity

Conel (1969) has developed a model for the infrared emissivity of particu=-
late materials, and applied it to a study of silicate powders in the wave-
length region from 7y to 15u. His model involves two free parameters:
the single scattering albedo, wo, and the mean assymmetry factor, <cos(6)>.

In the model, the spectral emissivity is‘given by

e(\) = 1/ (1+v) (68)
%
where u = 1 - wo<cos> . (69)
] - Wo

Wo and <cosb>, both of which are wavelength dependent, may be determined
for a given material,from Mie-scattering theory, if its real and imaginary
indices of refraction and its absorbsion coefficient are known as functions of
wavelength. The calculation is extremely complicated, and has not been
attempted here. However, lrvine and Pollack (1968) have carried out the
calculation for water and ice spheres with radii 0.3, 1.0, 3.0, and 10.0y,
and have tabulated values of wo and <cosB>for Tu < A < 200u. A;suming
Irvine and Pollack's (1968) table and Conel's (1969) formula, ¢ ()\) has been
calculated for ice spheres of the given radii, and plotted in Figure 21.

Note the pronounced dip in the emissivity at 20u for particle radius equal to

10u.
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d) Bandpasses
The 10 and 20ubandpasses are shown in Figure 22. In calculating the

bandpasses, the filter, atmosphere, and window transmissions were accounted

for.
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Fig. 22 - (@) 10u bandpass, (b) 20u bandpass.
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