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ABSTRACT

An observational program designed to study the albedo and spectral
reflectivity of the Galilean satellites of Jupiter was carried out during the 1969
opposition of Jupiter. A two-channel photoelectric photometer was used in con-
junction with a high-speed pulse-counting data system to obtain and record the
data. Narrowband interference filters (AX ~ 0,02.) were used with ITT FW-118
(S-1) and FW-=130 (5-20) phototubes to obtain spectral reflectivity curves from
0.3x to 1.1 . The 24-inch telescope on Mt. Wilson was used for most of the work
but the 60-inch instrument was used for some observations. The results of the ob-
servations were the following. 1) Spectral reflectivity curves from 0.3y to 1.1n
for each satellite for many values of orbital phase angle and solar phase angle were
obtained. 2) Speciral structure not resolved by broadband UBV work was found in
J1's curve near 0.58u and the similarity of the spectral reflectivity curves of J2,
J3 and J4 was noted. 3) The very high geometric albedos of J1, J2 and J3, noted
by Harris (1961), were confirmed. 4) The variation in brighiness with orbital
phase was confirmed for each satellite. 5) The spectral reflectivity was found to
vary with the same period as the brightness, as indicated by UBV observations
(Harris, 1961). 6) Variations in the spectral reflectivity of J1 and J2 beyond 0.6,
not previously seen, were discovered. 7) The spectral form of the variafion was
found to be similar for each of the satellites, with the brighter side having a higher
reflectivity in the blue and uliraviolet relative to 0.56y than the darker side.

8) The eclipse brightening of J1 found by Binder and Cruikshank (1964) was con-

firmed at two wavelengths, 0.435, and 0.56. .



iv

The conclusions drawn from these results and previous work are as follows.
1) J1 and J2 probably possess tenuous atmospheres while J3 and J4 probably do
not. 2) All the satellites have significantly higher geometric albedos than Mer-
cury, the moon or Mars, even allowing for large errors in the measurement of di-
ameters, OFf the satellites, J4 has a distinctly lower albedo and density than J1,
J2 or J3. 3) The high geometric albedos and spectral reflectivities of the satel-
lites can be explained by surfaces of silicate powders, possibly with considerable
amounts of glassy material, having low opacities and some ingredient absorbing in
the ultraviolet and blue, possibly Fe' ', However, the possibility of surfaces of
frost or some combination of frost and rock cannot be completely evaluated without
further laboratory study. 4) The similarity in the variation of spectral reflectivity
with orbital phase among the satellites suggests a similar cause for each. A simple
model for J1's spectral variation suggests that some fraction of the bright side of
J1 must be covered by a material with similar spectral reflectivity but higher
albedo than the dark side (such as might be caused by particle size differences or
a difference in the amount of the absorbing ingredient). The fraction of surface
that must be covered and the exact form of the spectral reflectivity of the added
material depends on the albedo chosen for this component. 5) The eclipse
brightening observations at two wavelengths indicate that, if this effect is caused
by the condensation of some volatile during the eclipse, the condensed material
must have a very high geometric albedo, probably greater than unity. The simple
model applied to the spectral variation, when applied to the eclipse brightening
data, suggests that the condensed material is not gray in spectral character but has

a lower reflectivity at 0,43 than at 0,564 .
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. INTRODUCTION

Knowledge of the four brightest satellites of Jupiter dates from the very
beginnings of modern astronomy; they were first seen by Galileo when he turned
his telescope on Jupiter. These satellites, often called the "Galilean satellites"”,
are, after the earth's moon, by far the easiest satellite bodies to observe in the
solar system, being bright enough to be seen with the naked eye but for their
proximity to Jupiter.

The Galilean satellites are especially interesting to students of the solar
system for two major reasons. First, they are part of the largest satellite assem-
blage in the solar system, often likened to a miniature solar system, revolving
around the largest, and perhaps most interesting planet in the solar system. Sec-
ond, their densities place them on the borderline between the so-called "ter-
restrial” and "Jovian" type planets (i.e., those with silicate or ice type densities,
respectively).

Despite the relatively long time that the Galilean satellites have been
observed, very little is known of these bodies compared to what has been learned
of the moon and the planets. Both the bulk compositions and the nature of the
surfaces of the satellites are unknown and the question of possible atmospheres is
an open one. The lack of information conceming these characteristics is prima-
rily due to the difficulties in observing the satellites close to the bright disk of
Jupiter and due to the fact that only integral disk measurements of the satellites
are possible (at opposition the satellites subtend approximately 1 arc second at

the earth, the disks being discernible only through large telescopes under the
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best of conditions). Also, the range of solar phase angle over which it is pos-
sible to observe the satellites is small (0 to 12 deg) due to Jupiter's distance
from the earth and sun.
The most complete body of observational knowledge conceming the Gal-
ilean satellites is based upon the radiation reflected from their surfaces. Harris'

article in The Solar System, Vol. Ill, (1961), presents a review of previous work

and a compilation of some new results. The primary points of interest in this
study are the following. 1) J1 differs significantly in U-B and B-V color from
the other satellites, being one of the "reddest" objects in the solar system.

2) All four satellites show some variation in brightness with orbital position,
the period of variation being equal to the satellite's orbital period. 3) The
U-B and B-V color of J1 varies with the same period as its brightness and J2
and J3 show some evidence of variability in U-B color between their leading
and trailing sides. 4) The geometric albedos of the satellites, especially J1
and J2, are abnormally high compared to other bodies in the solar system.

From previous studies of the reflectivity of the moon and laboratory
studies of silicate powder reflectivities, it was felt that observing the satellites
with increased spectral resolution (AX = 0.02x) and over an expanded spectral
range (0.3u to 1.1x) would produce: 1) reflectivity curves with greater com-
positional information than the broadband UBV work; 2) information on the
nature of the spectral changes with orbital phase, and 3) possible new spectral
variations with orbital phase not resolved by the UBV observations. Furthermore,
with the use of a double-beam photometer system, it was hoped that the accuracy
of absolute photometric observations could be improved, particularly the values

of the geometric albedos of the satellites.



I1. OBSERVATIONS

Equipment. A double-beam photoelectric filter photometer developed
for lunar reflectivity measurements by McCord (1968) was used to carry out the
observations. Narrowband interference filters (AN = 0.02y), spaced every 0.02u
to 0.05x from 0.3u to 1.1x , were placed one at a time behind an aperture in
the focal plane of the telescope. Table 1 shows the effective wavelengths for
the filter sets used. Cooled ITT FW-118 (S-1 surface) and FW-130 (5-20 surface)
photomultiplier fubes were used with a high-speed, dual-channel pulse-counting
data system to detect and record the signals. The $-20 tube was used with the
Vis and UV-Vis filter sets and the S-1 tube with the Vis-IR set.

Because of the necessity of obtaining data at many positions of the satel-
lites, most of the observations were carried out with the 24-inch telescope on
Mt. Wilson, where the required amount of observing time was available. Some
of the data was taken with the 60-inch telescope on Mi. Wilson.

Techniques. The most difficult problem in observing the Galilean satel-
lites is their proximify to a large, bright, extended object, Jupiter. Light from
Jupiter scattered in the earth's atmosphere and in the telescope produces a field
of brightness around the image of Jupiter in the focal plane. Thus, when the
image of a satellite close to the planet is placed in the aperture, a considerable
amount of scattered light from Jupiter also enters and is detected.

There are two basic methods of reducing the problem of scattered light.
First, the aperture may be reduced to the minimum required to keep most of the

light from the satellite in the aperture al all times. [F was found that apertures



Table 1. Effective Wavelengths of Filters (Microns)

UV-Vis Vis Vis-IR
0.3060 0.4032 0.4060
0.3200 0.4224 0.4350
0.3400 0.4422 0.4660
0.3600 0.4612 0.4990
0.3860 0.4800 0.5320
0.4060 0.5040 0.5650
0.4350 0.5210 0.5980
0.4660 0.5403 0.6300
0.4990 0.5600 0.6640
0.5320 0.5782 0.6970
0.5650 0.6032 0.7300
0.5980 0.6180 0.7620
0.6320 0.6380 0.8000
0.6640 0.6637 0.8570
0.6970 0.6976 0.2000
0.7300 0.7204 0.9500
0.7620 0.7610 1.0000
0.8000 0.7990 1.0400
1

.0800
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of 10 or 20 arc seconds (depending on seeing conditions) represented the best
compromise between scattered light errors and errors due to losing part of the
satellite signal from seeing changes, irregularity in telescope tracking, and the
motion of the satellite. Second, the use of the double~beam photometer allows
the scattered light component to be subtracted with some accuracy . As described
more completely by McCord (1968), the double-beam photometer permits the
alternate imaging (at 30 Hz) of two beams whose relative position in the focal
plane may be adjusted in both separation and angular position. For use in ob-
serving the satellites, the second beam was placed at minimum separation
(~1 mm in the focal plane, corresponding to ~20arcsec at the 24-inch plate
scale) at approximately the same distance from the planet as the satellite being
observed. The signal from this beam was then subtracted in the data system from
the satellite plus scattered light signal in the first beam, thus obtaining the
signal from the satellite alone. Jupiter's semi-diameter, at opposition, is
23 .43 arc sec. Observations of satellites were made as close to Jupiter as half
an aperture (either 5 arc sec or 10 arc sec) and as far from Jupiter as 10 minutes
of are (J4's distance at mean opposition).

During an observing period, the following procedure was used. First, the
photometer was set up with the first beam on the satellite and the second beam
positioned to measure the sky brightness as described above . The filters were
placed, one at a time, behind the aperture by a filter wheel, and the value of
the signal was measured for a preset integration time in each filter. The integra-
tion time was chosen to yield enough counts in the filter with the lowest count
rate to give a statistical error of ~10%, with the error in most filters being <1%.
The signal in each beam, the difference between the two beams, the filter num=

ber and the total integration time in each filter were recorded by a Hewlett
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Packard data printer. This sequence constitutes an "observation" .

After an observation of a satellite, the telescope was either moved to
another satellite or to a standard star, depending on the total time necessary to
go through a filter set. Standard star observations were made at intervals of
about 15 minutes when possible. Sometimes up to 30 minutes were required be-
tween observations of the standard star, particularly when using the infrared-
sensitive tube (5-1), which, because of its low efficiency, required longer inte-
gration times. With the $-20 surface tube, it was common to take data on two
satellites in a row before observing the standard star; the S-1 tube required
switching back and forth to the standard star after every observation to ensure

frequent enough standard observations.



111. REDUCTION OF DATA

Definitions. One of the most important photometric quantities associated
with a planet is the ratio of the total light reflected from the planet to the total
light incident on it. This ratio is defined as the Bond albedo, A()\), and is usually
given as the product of two other quantities, the geometric albedo, p(A), and the
phase integral, q. The geometric albedo is defined as the ratio of the planet's
brightness at a= 0 to the brightness of a perfectly diffusing disk with the same
heliocentric position and apparent size as the planet, where a is the solar phase

angle (sun-planet-earth). The phase integral is given by Equation 1:

U 5= z>[’r¢(a)sina da
0

where ¢(q) is the phase law, the change of the planet's brightness with @, with
#(0) = 1. g may also be a function of wavelength, but is usually taken to be
constant. The geometric albedo, p, may be written in terms of the observed

stellar magnitude of the planet and the stellar magnitude of the sun:

2). logp(\) +log ¢l@) = 0.4 m®(>\) - mplcnef(x)] HE ( rRAJ

where r = sun-planet distance in AU

A = earth-planet distance in AU
R = planet radius in AU = unit distance semi diameter in arc sec/206265
The difference between stellar magnitudes is defined by Equation 3:
F
3). my ~my = -2.5 log :
2

where F, and F2 are the fluxes outside the atmosphere from object 1 and object 2

respectively (A len , 1963).



Another geometric factor of importance in dealing with the satellites is the
orbital phase angle, 8 . 8 is measured counterclockwise around the satellite's
orbit from the point of superior geocentric conjunction. This angle refers only
to the earth-Jupiter line, so the same value of 8 will always result in the same
satellite~planet geometry being presented to an observer on the earth. If the
satellite is synchronous with Jupiter, there will be one-to-one correspondence
between this angle and the longitude of the subearth point on the satellite’s
surface . Since the satellites vary in brightness with their orbital period, it is
assumed that they are synchronous. The term "rotational phase angle" will
therefore be used interchangeably with "orbital phase angle” hereafter. Also,
the terms "leading side" (<180 deg) and "trailing side” (6>180 deg) will be
used. For this study, 8 was calculated by assuming circular orbits for the satel-
lites (the eccentricities are all less than 0.001). Equation 4 gives & af time t4:

o~ !
4), g =| —5| x 360 deg

T
P

fO = observation time

t = time of last superior conjunction

5C

T = orbital period

Figure 1 shows the geometry schematically for the earth-sun-Jupiter plane
.(since the orbital inclinations to the ecliptic of Jupiter and all four satellites
are less than 1 deg, no correction for aspect was made in any calculation).

For convenience, it is useful to define a quantity which is independent of

the geometrical factors. This is the normalized reflectivity, R(\), given by:
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Figure 1. Schematic geometry of the earth-Jupiter-sun plane.



10

5. R( = PA
p(Ay)

where )\0 = 0.56uin this study .

From Equation 2, this becomes:
6. logR() = 0.4[m®(>\) - m@(ho)] - 0.4 [mplcnet(X) - mpionef('\())]

From the definition of stellar magnitudes, Equation 3, R(\) may be written
in terms of the normalized flux outside the atmosphere from the planet and the

normalized solar flux:

[F y F (0
7). RO = Elcnet( ) @( )
.Fplcner()\()) FQ(AO)

The normalized solar flux used in this study is given in Fig. 2. This curve was
obtained by combining the solar flux given by Lambert (1967) from 0.4 to 1.1
with the ultraviolet flux given in Robinson (1 966) . Robinson's curve agrees with
both Lambert's and Allen's (1963) between 0.4 and 0.5 .

Thus the important spectral information may be obtained from R(A), while
the geometric albedo for all wavelengths may be obtained from R(\) and P(ko) °
The method of obtaining R(\) from the observations will be discussed first since
fewer assumptions are needed to calculate this quantity . Then the calculation of

p()\o) from observed quantities will be discussed.

Data Reduction. Unfortunately, the number of counts recorded by the data

system in a given time through a given filter is not directly proportional to the flux

outside the atmosphere, F (\), which is needed for the calculation of R(A).

planet
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Fplaner()‘) is modified by: 1) the atmosphere of the earth, and 2) the effect of
the telescope, filter, detector combination. The measured flux, Fplcnefo‘)’ can

be written in terms of F ()\) as follows:
planet

8)'0 (X) = G(-ﬁ‘l >\l f‘l) T(A) F ()\)

fplqnef planet
where affy, X, f]) is the atmospheric transmission as a function of the planet's
position in the sky, wavelength and time. T(\) is the telescope, filter, detector
through-put function.

" There are two basic ways to find Fpanef()\) from f (\). One way is

planet
to carefully calibrate T(A) and then measure the object at many positions and
times in order to remove the atmospheric effect. This is a very exacting and
time-consuming procedure. The second method is to compare the measured flux
from the planet with that of another object, usually a star, measured through

the same system and as nearly as possible at the same time and position in the

sky . The ratio of these measured fluxes is given in Equation 9:

] Fplanef()‘) ” [G(F]' o t'f) Fplanef(”
Fa(0) o, 2 ty) | |Fad)

where T’] 4 and FE, t, are the position and time of observation for the planet
and star respectively. If the star's flux has been previously determined by the

first method, F (7) can be determined if the atmospheric functions can be

planet
dealt with.

In order to remove the atmospheric effect, it is first assumed that the
variation due to position in the sky is directly proportional to the variation in

air mass, which is given by the secant of the zenith angle, sec z, where one air

mass is the atmosphere between the ground and object at zenith. By using a
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standard star as close as possible to the planet, the error due to this assumpticn is
minimized.

In practice, the removal of the sec z effect is accomplished by choosing
to =ty where t, is the time when the star is at the same sec z as the planet at
time =k The flux observed from the star at this time, t., is taken from a plot
of count rate vs time for the star. Such a plot was made for each filter on each
night.

Figures 3 and 4 illustrate the above procedure for the 0.4612y filter on
1 March 1969, If ’rs is the time of observation of the planet, t, is then found as
shown in Fig. 4 from the sec z vs time curve and the value of the star's observed
flux at this time is found from Fig. 3, which gives count rate vs time. Systematic
deviations from a smooth variation in the star's flux at t. can be taken into account
if it is assumed that the same variation affects an entire area of the sky, including
the position of the planet. With E and t, chosen in this manner, c(i—’] ™ ts) is

approximately equal to a(f,, A, t.) and:

10). fEIQnetO‘) - FElanefO‘)
fa (V) Fs(N)

hoomag 75,

During the observing program, the star, o Virgo (a = 12
8= +09°00'38") was used as a standard (as shown in Fig. 4), since it was close to
Jupiter and was of spectral class G5, close to that of the sun. All stellar coordi-
nates given here are for epoch 1950. In order to determine F0 Virgoo\)’ o Virgo

h05'"42.7'5, § = +12°12'44"), a Leo's

was measured relative to a Leo (@ = 10
flux has been measured by comparison to a Lyr, whose flux has been determined by
the first method mentioned above (Oke, 1964; Code, 1960). The normalized flux

curve for a Leo is given in Fig. 5. R()\) for the satellites was then determined

from Equation 7 in the following form:
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Figures 3 and 4, Measured flux vs time at 0,4612y for the standard
star, o Virgo, and air mass vs time for o Virgo and Jupiter on

1 March, 1969.
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fsm‘ellii'e(kk) Fo Virgo(X) a Leo()‘)

M R ) =| b2 Virge™ ] \a Leo™ o B
satellite e ONE . ) E )
satellite**0 o Virgo0 a Leo”'0

Lfo \/irgo(XO) fa Leo(k()) HF@O\O) E

b———’w—'—‘—'-"-‘

measured calculated

from Fig. 2, Fig. 5

The normalized spectral reflectivity, R (\), is one of the two major

satellite
outputs of the observational program,

The second major output is the value of the geometric albedo at X,
p()\o), from which p(\) at all wavelengths can be determined from Equation 5
and knowledge of R(\). The calculation of p()\o) is complicated by the geomet-
rical factors, ¢(a), r, A, and R of Equation 2 as well as by uncertainty in

o) (/\O), the absolute magnitude of the sun at 0.564 . p(AG) can be written, from

Equation 2, as:

F (o) 2
12). p()\o) _ | planet**0 (r A ¢—1(a)
FGO‘O) R

Writing this in terms of quantities measured in this study, calculated quantities,

and assumed functions, Equation 12 becomes:

o Vi rgoO‘O)
0ng)

M

1cscn“el lite O‘O) f

()\O) fa Leo

13) Petelliteo) =

o Virgo
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The first quantity in brackets is directly obtained from the observations. The
second quantity must be calculated from the difference in magnitudes between
aleo and the sun by Equation 3. These magnitudes are obtained from previous
photometry using the V filter of the UBV system, having an effective wavelength
of 0.5545. Although the passband of the V filter (A = 0.14) is different from
the passband of the 0.56, filter used in the present study (AX = 0.02y), the
estimated error in determining Mg is large (~ 0.1 mag.) and therefore V magni-
tude values were used in this study without correction for passbands. The Mg
chosen here is mgy = -26.81*0.1 mag. from Harris (1961), while m =

a Leo
1.34 mag. was taken from Oke (1964). These values result in:

]4) = FQ Leo()‘O) =12

F

= (5.5:0.4)x 10
o)
The third quantity in brackets in Equation 13 contains the distance of the

planet from the earth, A, the sun, r, and the planet radius, R, all in units of AU.
R must be found from published measurements, r and A are obtainable from the
ephemeris. The radii of the satellites are difficult to measure accurately since
they present very small disks (~1arcsec) even at opposition. Various measure-~
ments of R using different techniques are discussed in Chapter IV, in the section
devoted to the satellites' albedos.

The final factor, the inverse of the phase law can, in theory, be deduced
from the change of the measured fluxes with solar phase angle. In the case of
the Galilean satellites, the variation in brightness due to orbital phase makes
the determination of (@) difficult even over the small range of a's possible
(0 to ~12 deg). The procedure usually adopted is to assume a phase law in the
form of Equation 15:

15) Am(a) = -2.5log (@) = Aa+Ba™ +. . . . .
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and to determine the coefficients from the data. The degree of coefficient

which can be determined depends on the range of a. Only A was determined
for the satellites in this study, as described in Chapter IV,

Sources of Error. The possible sources of error fall info two categories:

those due to errors in the unreduced numbers and those due to the reduction
process. In the first category are statistical errors due to a low number of de-
tected photons and errors arising from the scattered light of Jupiter. Photon
statistics should follow a Poisson distribution. For such a distribution, the statis-
tical errors are proportional to (N)_]/z, where N is the number of pulses counted.,
N is smallest and the errors are largest in the ultraviolet and infrared regions.
In the ultraviolet, the solar flux curve is decreasing rapidly and atmospheric
absorption is increasing; both effects reduce the number of photons reaching the
detector. In the infrared, the quantum efficiency of the S-1 photosurface,
already much lower than for the $-20, is dropping very rahidly, reducing the
number of photons counted. The integration time was chosen to compromise
between getting adequate statistics in the infrared and UV filters and being able
to cycle the filters often enough to provide good extinction curves. For the
§-20 surface, 2.5 sec/filter integration time was used on the 24-inch telescope;
for the S-1 surface, 5 sec/filter was used. The resulting statistics yielded
statistical errors of 10% or greater, for a single observation in the first one or
two filters of the UV-Vis and for the last one or two of the Vis-IR filter set, with
errors from this source running 1% or less over the majority of the filters.

The amount of scattered light received by a 20-arc sec aperture placed
1 or 2 Jupiter diameters from the planet was about 20-30% of the satellite signal
in the blue, and approximately 10% toward the red and infrared. At 3 or more

diameters separation, the scattered light was typically down by a factor of 2
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from the above figures. Trials of observing the scattered light at various positions
indicated that the subtraction procedure outlined in Chapter Il resulted in an
error for a given observation of a few percent of the satellite signal. Independent
positioning of the second beam for each satellite observation during a night pro-
vided some cancellation of systematic errors due to mechanical positioning, since
the second beam should then be placed too close, as often as too far, from the
planet. Comparison of data taken af nearly the same distance from the planet,
but at different orbital positions, indicates that the overall error due to scattered
light in averaged results is probably on the order of 1%.

In the second category of errors, those due to the reduction process, are
errors arising from the extinction corrections and from the choices of flux curves
for the standard star and for the sun. The uncertainty in extinction is particularly
severe in the blue and ultraviolet, where the changes during the night are large
due to Rayleigh scattering (the flux change from 2-1/2 air masses to transit at
approximately 1 air mass being ~30% at 0.40324). [n the infrared, the secular
changes become as large as the air mass effect and make the accurate choosing
of an extinction correction difficult. Thus, these errors are largest where the
statistical errors are also large. This combination probably contributes most of
the scatter seen in the data during a single night.

Comparison of reflectivity curves obtained on different nights is a good
check on the accidental errors due to extinction. Systematic changes in the
atmosphere during a night, such as a general decrease in transmission over one
part of the sky, might not be compensated for by the extinction correction, but
such a change would not be expected to occur in exactly the same way on

repeated nights over a period of @ month. The agreement of reflectivity curves
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taken on different nights indicates that such effects are not producing errors of
more than a few percent.

The errors possible in the choice of solar and standard star flux curves
are systematic in nature. An error in slope of one of these flux curves would
simply introduce a proportionate error in the slopes of the reflectivity curves of
the satellites. A confirmation that there are no gross errors of this sort is provided
by the agreement in slope of the curves found in this study with the UBV curves
from Harris (1961), where an entirely different set of standard stars was used and
the UBV color of the sun was used instead of the solar flux curve chosen in this
study .

Systematic errors in brightness between the sun and standard stars were
discussed above and found to be of the order of at least 0.1 mag. in the sun's V
magnitude. The effect of this type of error is to alter the values of the geometric
albedos of the satellites. Recalling the definition of geometric albedo, it is

easily seen that the percentage change in geometric albedo is given by:

16, LR - 0.48mgfn 10 = 0.928mg
P

where dmg, is the error in mdgni'rudes in the V mégni'rude of the sun.

The scatter in reflectivity data for several observations of a satellite
during one night gives an indication of the magnitude of random and short period
errors such as those due to Poisson statistics, different settings of the scattered
light subtraction beam and short term atmospheric effects. An estimate of this
scafter was made for each night for each satellite by averaging all the reflectivity
observations of each satellite for that night and then calculating the standard

deviation of the average value given by:
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,11/2
7). o =|_Z&7
M OIN(N -1)
where A =R(\) - Ravg()‘) and N is the number of curves averaged. This proce-
dure neglects changes due to changes in the orbital phase angle, 8, over a night.
With the possible exception of J1, the variation of the reflectivity curve due to
changing 8 over one night was of the same order as, or smaller than, the scatter
due to the above. The average value for the ratio of each satellite to the stan-
dard star at the normalizing wavelength and the - associated with it were

also calculated.



22

IV. RESULTS

Chapter 1V presents the results of the observational program carried out
during thé 1969 opposition of Jupiter. These results are presented in the fol-
lowing order:

Section 1). Standard Star. This section contains the normalized ratio of
o Virgo to the sun as a function of wavelength, and the stellar magnitude of
o Virgo at 0.56..

Section 2). Satellite Reflectivites. Section 2 contains the average R()\)

curves for each satellite from 0.3uto 1.14.

Section 3). Changes in Spectral Reflectivity with Orbital Phase. This

section gives the variation, as a function of 8, of R(\) af several wavelengths and
the variation in R()\) between two 8 values as a function of wavelength.

Section 4). Brighiness Variations with Solar Phase Angle and Orbital

Phase. Section 4 treats the phase laws, ¢(a), and the variation in mean opposi -

tion magnitudes of the satellites with 8.

Section 5). Geometric Albedo and Density. Section 5 treats the uncer-

tainty in these quantities due to uncertainties in radii determinations.

Section é). Bond Albedo and Phase Integral. This section covers several

methods of estimating the phase integral, g, for each satellite, and the various
resulting Bond albedos.

Section 7). Eclipse Brightening. Section 7 presents data taken at 0.435:

and 0,56 of an eclipse reappearance of J1.
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Standard Star. The standard star, o Virgo, was measured relative to
a Leo on 4 nights throughout the observing program. Table 2 gives the date,
filter set and number of observations of o Virgo for each of these nights. These
measurements were carried out with both of the phototubes used over the total
range of the filter sets, 0.3u to 1.1u. Figure 6 shows the resulting normalized
ratio of o Virgo to the sun, calculated using Oke's flux curve for a Leo (Fig. 5)

and the solar curve (Fig. 2). These values for each filter are given in Table 3.

Table 2. Log of o Virgo Observations

Date Filter Set Number of Observations
per Night
03/04/6% Vis 5
03/22/69 Vis 3
04/17/69 UV-Vis 3
04/22/69 Vis-IR -3

Since the flux of g Leo is uncertain at 0.386y, due to a discontinuity in
a Leo's flux curve, the value shown in Fig. 6 for this wavelength has been
chosen to give a smooth curve between 0.36u.and 0,406, . The high value of the
star-solar ratio for 0.3200. appears to result from some systematic error. Satel-
lite reflectivities obtained by using this curve also show an anomalously high
value for this filter, while direct ratios of one satellite against another show a
smooth variation in this region. As it seems unlikely that a spectral feature of
this type would appear in both satellite and stellar curves in the same way, an
error in either the assumed flux of a Leo or the sun is indicated. All solar curves
used give approximately the same shape for the solar curve in this part of the
ultraviolet, However, the flux of a Leo was not measured by Oke below 0.33%.

The error, then, probably lies in the assumed extrapolation of a Leo's flux. The
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point,
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Table 3. Normalized o Virgo/Sun Ratio

UV-Vis

Neff Ratio
0.3060 0.398
0.3200 0.487
0.3440 0.372
0.3600 0.416
0.3860 0.449
0.4060 0.496
0.4350 0.664
0.4660 0.818
0.4990 0.892
0.5320 0.937
0.5650 1.000
0.5980 1.045
0.6300 1.095
0.6640 1.156
0.6970 1.184
0.7300 1.216
0.7620 1.254
0.8000 1.246

Xeff

0.4032
0.4224
0.4422
0.4612
0.4800
0.5040
0.5210
0.5403
0.5600
0.5782
0.6030
0.6180
0.6380
0.6637
0.6976
0.7204
0.7610
0.79%0

Vis

Ratio

0.554
0.575
0.745
794
.882
.888
925
-960
.000
.035
.074
.058
.102
. 147
=199
247
274
266

Vis=IR

Neff

0.4060
0.4350
0.4660
0.4990
0.5320
0.5650
0.5980
0.6300
0.6640
0.6970
0.7300
0.7620
0.8000
0.8570
0.9000
0.9500
1.0000
1.0400
1.0800

.450

425
.523
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possibility of a similar error in the 0.300xpoints also exists since the same

extrapolation was used .

The average value for the ratio of o Virgo to a Leo at 0.56x was found
to be 0.086620.0012. This corresponds to a magnitude of 3.99630.,015 (taking
the magnitude of @ Leo as 1.34 from Oke), although it must be remembered that
this is not si‘ricHyl a V magnitude difference since the filter passbands used are
much smaller than those of the V system filters.

Satellite Reflectivities. The bulk of the data taken is in the form of nor-

malized reflectivity curves, for this function contains all of the spectral informa-
tion, and such curves for different objects and different nights may be directly
compared. Table 4 presents a log of observations, listing those nights which
were good‘ enough to produce reflectivity curves with a scatter of a few percent
or less. The solar phase angle, filter set, the satellites observed, the orbital
phase angle for each satellite, and the number of observations for each satellite
are given in succeeding columns. |t will be noted that the UV-Vis and Vis-IR
filter sets were not available during the earlier portions of the program. Asa
result, the total coverage in terms of orbital position was not as good for the
spectral regions covered by these sets. J1 was observed directly with the UV-Vis
set only for §>180 deg. However, it was possible to recover some UV-Vis data
for 8<180 deg from relative (J1 vs J4) measurements.

Figure 7 shows a composite normalized reflectivity curve for each satellite
from 0.3x to 1.1x. These were formed by combining curves taken with the dif-
ferent filter sets but at nearly the some orbital phase angle. The visible region of
the curves is taken from one night for each satellite; the UV and IR portions, be-
cause of the larger errors in one night's observation, are averages of all observa -

tions of each satellite, for one side of the satellite. The designations "leading”



Date

03/01/69

03/04/69

03/05/69
03/10/69

03/11/69

03/22/69

03/23/69

03/26/69

04/10/69

04/11/69

a
(deg)

4,17

3.42

3.23
2.25

2,05

0.0

0.51

1.08

4.00
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Table 4, Log of Satellite Observations

Filter
Set

Vis

Vis

Vis
Vis

Vis

Vis

Vis

Vis

Vis

Vis

Satellites
Observed

41
J2
J4

J1
J2
J3
J4

J1

J1
J2
J3
J4

J1
J2
J3
J4

6
(deg)

254
262
320

125
203
146

25

320

278
88
88

153

121
195
139
174

209
223
330

55

35
320
15
74

250
137

93

208
104

273

252
124

Number of Observations
per Satellite
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Date

04,/13/69

04/16/69

04/17/69

04/18/69

04/20/69

04/21/69

04/22/69

04/29/69

05/12/69

05/13/69

(dgg)

4.55

5.09

5.26

5.43

5.78

5.94

8.82

8.92
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Table 4., Log of Satellite Observations (Contd)

Filter
Set

Vis=IR

UV-Vis

Vis=IR

UV-Vis

Vis=IR

Vis=IR
Vis=IR
UV-Vis
1
UV-Vis

Vis=IR

Vis=IR

Satellites
Observed

J1
J2
J4

8
(deg)

325
295
168

228
235
148
232

79
339
202
256

273

7
250
277

238
316

152
19

340

340
118

4,4

334
105

82
154

100
340
152

75

300
77

96

Number of Observations
per Satellite

— N NN O D) it ey o~ O~ 0 O SR W

— NN W W — N

W — W W — — A NN O B



NORMALIZED REFLECTIVITY R (N
PoOooON DPDPOOONM PO ONMVPO®

29

lllllllll]lr];llT—lllllfllllllllll]lllf

J1 (TRAILING SIDE)

| O L L)

| Y 1 O 1 O I O |

e e ® go ¢ :

1.2 . ¥ 3§
‘.O_ . ° oe—= i—_

;. .O. * :

N J2 (TRAILING SIDE) ]
| : e O0 © o oo °* i @ 1 :

ce—a ° g I

Mo oo 0 I
ot J3 (LEADING SIDE) :
Ko]® g 80 s e o s ow B §

)

;. o. ) '_'

J4 (TRAILING SIDE) f
I : o o & 9 ® - - 2 o:
| R

’ L ;

ke :

lIIllllIlll}lllllLlIlllllll!llllll[J—lll

3 4 5 6 17 8 9 10
WAVELENGTH (p)

Figure 7. Normalized spectral reflectivity of the satellites. The data
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deviation of the average is shown where larger than the diameter of the
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(6<180 deg) and "trailing" (68>180 deg) are included on the graph. For Fig. 7,
the side shown was chosen for which the greatest number of observations in the
UV=Vis set existed. The error bars shown are the standard deviation of the aver=
age . |f the error is smaller than the diameter of the point, no error bar is shown.
The large open circles are the UBVRI reflectivities taken from Harris (1961). As
mentioned in Chapter Il1, Sources of Error, the agreement in overall slope be-
tween the narrowband data and the UBVRI points indicates a lack of systematic
error in the slopes of the flux curves chosen for the standards and for the sun.

It can be seen that all four curves are qualitatively similar in overall shape.
J1's curve has, however, a much steeper slope in the blue than the other curves.
J1's curve also shows a broad spectral dip between 0.51 and 0.6 which is not
apparent in the other curves. (Note that the UBV measurements lack the spectral
resolution necessary to detect this feature.) The quantitative differences in the
curves show up clearly in ratios of one curve to another. Figure 8 shows several
such ratio curves. From this figure, the steep blue slope of J1 and the presence
of the spectral feature in its curve, as well as the comparative similarity of the
curves of J2, J3 and J4 are apparent. For J1/J4 and J2/J3 direct ratio data are
plotted as open circles.

Changes in Spectral Reflectivity with Orbital Phase. The UBV results

given in Harris' article show that the satellites all vary in brightness with orbital
phase angle and that the color of J1, J2 and J3 varies to a greater or lesser ex-
tent, with J1 having the largest variation. The color variation may be examined
in detail by looking at the normalized spectral reflectivity curves at different
orbital phase angles. The orbital variation in brightness is given by the variation
in the ratio of the satellite to o Virgo at 0.56u , after the solai phase angle el

fect has been removed. This section describes the spectrally dependent variation
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and the next will deal with the variation in brightness.

Two effective ways to display the variation in spectral reflectivity are,
first, to examine the change with orbital phase of the normalized reflectivity at
a few selected wavelengths. (Note that since the spectral reflectivity is norma-
lized to Ag = 0.5, the reflectivity at any other wavelength is the ratio of the
reflectivity at that wavelength to that at 0.56,., and therefore, is directly re-
lated to the "color difference” in magnitude units by: m(x) - m(ko) =
-2.5 logR(A\).) The second method is to look at the speciral curves at two values
of orbital phase angle and at the ratio of these curves.

Figures 9-12 show the variation of the the reflectivity at 0.4u and 0.724
as a function of orbital phase angle for each satellite. These values are taken
from the reflectivities in the 0.4032, 0,406y filters and the 0.72y, 0.73u
filters, depending on which filter set was used. The slight difference in effective
wavelengths between the filter sets had a negligible effect at 0.72p because of
the relative flatness of the spectral curve in that region; however, the steeper
slope of the spectral curve in the blue did produce some difference in the 0.4y
filters. This was corrected for by finding the factor which made the two values
agree for J3's curve (which showed little or no variation with orbital phase at
this wavelength); this factor was found to be 1.07 and brought the values at all
@'s into very good agreement for each satellite.

For J1 (see Fig. 9) the change in the 0.4y reflectivity is quite large, as
expected from the B-V and U-B color variations. The change from maximum to
minimum reflectivity at this wavelength corresponds to a color difference of
~0.33 mag., which is between the 0.18 mag. B-V and 0.5 mag. U-B color dif-
ferences given by Harris. The plot of the 0.72u reflectivity vs 8 also shows a

variation, in the opposite sense to the blue variation. This is the first time this
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effect has been noted (to the author's knowledge); Harris gives reflectivities for
the R("\eff =0.690) and 1(xeff = (0,820) filters but mentions no variation in R-V
or -V color with 8,

J2 (Fig. 10)exhibits a much smaller change in 0.4 reflectivity; again,
this is consistent with the UBV data which indicates no change in B-V color but
shows evidence for ~0.2 mag. difference in U-B color. A variation in 0,72,
reflectivity is evident here also; again, no prévious mention of such an orbital
phase effect at this wavelength is known.

J3(Fig. 11) shows no appreciable effect at either 0.4x or 0.724. Harris
indicates the probability of @ U-B color change of 0.04 mag.; and, as will be
shown shortly, a variation with 8 for wavelengths shorter than 0.4u was noted in
;he UV-Vis measurements made in this study.

Although the scatter is slightly greater, J4 (Fig. 12) shows a change in
0.4y reflectivity with 8 of slightly smaller magnitude than that shown by J2
but in the oppasite sense, the trailing side having a slightly higher 0.4y reflec-
tivity. No significant change in 0.72, was noted. Harris lists no variation at
all in U-B or B-V color for this satellite.

It should be noted that these curves contain points taken over the entire
range of solar phase angle, @, covered (0 to ~9 deg). The smoothness of the
curves indicates, therefore, that there is no a—dependent spectral effect present
of the same magnitude as the orbital phase effect. There may be a small effect
due to a in J&4's 0.4/ and 0.724 curves, but this is based primarily on the rela-
tively greater scatter of the points compared to the other satellites and is not
conclusive.

In order to illustrate the variation in spectral reflectivity over the range

0.3u to 1.1y between two values of 8, the ratio of the spectral curve at 8] is
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taken with respect to the spectral curve at 6,. Figure 13 shows such a ratio as
a function of wavelength for each satellite. These ratios are the ratios of com-
posite curves for 8>180 deg (irailing side) to 8<180 deg (leading side) in each
case. Because of the lack of complete phase coverage in the UV-Vis and Vis-IR
mentioned earlier, the composite curves ratioed here are not always taken at the
extrema of the spectral variations illustrated in Figs. 9-12. Table 5 gives the
date, number of observations, and 8's for each of the curves used in the compos-
ites,

The ratio curve for J1 shows that the variation noted in the 0.4u filters
(Fig. 9) is part of a systematic change extending from 0.3u to 0.5 . The open
circles represent the maximum changes in the U and B filters (Harris, 1961). The
discrepancy between the U filter point and the ultraviolet points from this study
is probably due to the J1 composite curves not being taken at the extrema of the
spectral change. Also, the leading side UV-Vis data was -obfqined through a
secondary reduction from a J1/J4 direct ratio and the J4 composite curve. The
error in this double reduction may account for the high 0.3y ratio, or this feature
may be real. The 0.72, effect noted in the discussion of Fig. 9 is evident here,
although the magnitude is reduced due to using composite curves. This effect
seems to be part of a larger spectral variation extending from ~0.68x to ~0.% .

J2's ratio curve shows an ultraviolet feature similar in form to that of J1
but of less depth and extending only just beyond 0.4u (the small but defectable
variation at 0.4y is shown in Fig.10)., The approximately 20% variation in the U
filter and the lack of variation in the V filter reported by Harris (plotted as open
circles) are in agreement with the feature observed here. The 0.72y variation
plotted in Fig. 10 can be seen from Fig. 13 to be part of a broader spectral

feature similar to J1's 0.72u variation, although the full magnitude of the effect
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is again not evident because  curves at several 8's were averaged to produce
the composite curves.

The ulfravioleflfeutu.re in J3's ratio curve does not appear until ~0.38..
The shape of the feature from 0.3y to 0.38y is similar to the steep slopes of J1's
and J2's features, but it cannot be determined here whether the feature levels
off below 0.3, as would be expected if the feature is qualitatively like those
of J1's and J2's curves, The.evidence for this feature is weaker than for those in
J1 and J2, since it is based on only two samples of the trailing side in the UV-
Vis filters, and since there is no variation evident in the Vis part of the spectrum,
The slight effect in the U filter reported by Harris (open circles) is supporting
evidence for the existence of this feature. No significant feature in the spectral
range of the 0.72, features in J1 and J2's curves can be seen, confirming the
flat 0,724 curve shown in Fig. 11, The slightly high values of the 1.04. and
1.08y ratios must be regarded as very inconclusive since these points are based
on only one observation of the trailing side with the Vis-IR filters.

The ratio curve for J4 shows an ultraviolet feature somewhat similar in
shape to the ones described above, but in the opposite sense to that of the other
satellites, that is, the trailing side has a somewhat higher ultraviolet normalized
reflectivity than the leading side. This is in agreement with Fig. 12, which
indicates a 0.4y reflectivity for the leading side slightly lower than that of the
trailing side. Since the overall change in the ultraviolet is similar in magnitude
to that of J3, it might be possible to observe this change with the U filter. Harris
reports no such variation; this may be due to the smaller effect at 0.3, and
0,321 (~20% for J4, as opposed to ~30% for J3), since the U filter integrates
flux over a large spectral bandpass. No effect in the region of 0.72, can be

seen, but the slight rise of the curve from 1.0u to 1.1u may be real since it is
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based on 6-10 observations of both sides in the Vis-IR filters.

Brightness Variations with Solar Phase Angle and Orbital Phase . Since the

brightness change due to solar phase angle over the period of a satellite may be of
the same order as the variation due to 8, the two effects are difficult to separate.
Stebbins (1926) first determined the phase functions of the satellites photoelectri=
cally by assuming a phase law in the form of Equation 15, choosing the first and
second degree coefficients until the brightness vs 8 curve was smooth. Harris used
the phase functions so derived by Stebbins to reduce most of the Mt. Hamilton
observations given in his article.

The method adopted here is a modification of the above. The quantity
given in Equation 18 was plotted against 8 for different choices of $(a):

rA } . )]

af@-1)

fSatellite ()\0’9)-|
fo Virgo (AO) J

sun-planet distance in AU

18). K(y,8) =

r
A

a

earth-planet distance in AU

semimajor axis of Jupiter = 5.2028 AU
(@) = 10-0-4(Aa + Ba?)

K(A9) is related directly to the mean opposition magnitudes of the satellites by:

19). 8) = m (\g) = =2.5 log K(xy-6)

satelh're( 0’ o Virgo

and to p().o), from Equation 13, by:

K(:
20). ( )

ﬁ:(u _ ] o Virgo(x )| a Leo()\{))
a Leo ()‘0) FG)( O)

Stebbins' phase coefficients A and B were used as first approximations in the cal-

pscx’rellite()\o) =

culation of ¥a). The resulting curves of K(AO,G) vs orbital phase were relatively

smooth. Small variations of A improved the orbital phase curves in some cases,
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however. The sensitivity of this type of determination is not extremely high,
especially as few observations immediately before or after opposition were ob-
tained. Figures 14-17 illustrate the change in orbital phase variation as A is
varied approximately 20-30% around the value chosen as best for each satellite.
The error bars represent the standard deviation of the average value of the satel-
lite vs star ratios and do not indicate the errors in the choice of phase law.
Points without error bars have errors less than or equal to the diameter of the
point. Points plotted as x's represent values for single observations and should
not be given the same weight as the average points,

The central curve in each figure is the curve resulting from the A coeffi-
cient chosen as best. Each point is labeled with the phase angle at which it was
taken. One of the major criteria used to choose the best A value and the limits
of variation was the separation of points taken at nearly the same 8 but at dif-
ferent a's. It can be seen in these figures that as A is varied in either direcfion
from the chosen value, such points separate, points with larger a's moving down
relatively with decreasing A and up with increasing A. The best value of A was
chosen fo minimize scatter in this sense.

Several points should be mentioned here. The scatter, even for the A's
chosen, is on the order of several percent. This may be due to the form of the
phase law not being exactly right; the moon shows an "opposition” effect very
close to @ = 0 deg which is not taken into account by Equation 15 (Van Diggelen,
1965). Also, variation of fhe second coefficient, B, was not considered, because
of the lack of observations near opposition, Several anomalous peints, such as
the low point at 300 deg in J1's curve and the high point at 252 deg in J3's
curve, are averages of only two or three observations. Scatter in J4's curve may

be a result of different phase laws for different 68's as indicated by Harris (1961).
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Not enough data near opposition were taken in this study to definitely confirm this
effect. Finally, the variation of A, as shown, does not affect the mean value of
K(Ay:6) by more than a few percent. Thus, the major uncertainty in the brightness
of the satellites comes from the uncertainty in the limits of the rotational varia-
tion. Table 6 lists Stebbins' values of A and B and the value chosen from this
study for each of the satellites. Note that the largest difference is for J1; this is
not unreasonable when one considers that the errors in Stebbins' early observations

are probably greatest for observations near the planet due to scattered light.

Table 6. Phase Law Coefficients

Satellite A (Stebbins) A(Best Fit) B tebbins)
J1 0.0460 0.0360 -0.00100
J2 0.0312 0.0262 -0.00125
J3 0.0323 g 0.0273 ‘ -0.00066
J4 0.0780 0.0830 -0.00270

Figure 18 shows the phase law, ¢(a), (0-10 deg), for each of the satellites,
calculated from the coefficients in Table 6. Also included are the phase laws of
the moon and Mercury taken from Harris (1961). The moon's phase law given in
Harris does not include the "flash up" or "opposition effect” mentioned earlier,
but since the near opposition observations of the satellites were not sufficient to
see such an effect in their phase laws, the average $(@) given by Harris gives
some indication of how the satellites compare with the moon over the range of
0-10 deg.

. Table 7 gives the mean value of K(ko,a), EQ)—, for each of the satellites,
the mean opposition magnitude which corresponds fowﬂnd the maximum
variation due to orbital phase angle. It also contains the mean opposition magni-

tudes in the V filter and rotational variation from Harris' article.
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Table 7. Mean Opposition Magnitudes

This Study Harris
— Ty Maximum Rotational 'rﬁo Maximum Rotational
Satellite K()\o) (mag.) Variation ( ) Variation
. (mag.) mag. (mag.)

J1 0.442 4,88 0.22 4,80 0.21

J2 0.354 5.13 0.28 5.17 0.34

J3 0.660 4.44 0.14 4.54 0.16

J4 0.272 5.41 0.14 5.50 0.16 (for
a>8 deg)

‘Geometric Albedo and Density. In order to determine the Bond albedo,

both the geometric albedo and the phase integral must be known. The geometric
albedos of the satellites will be discussed in this section, and the Bond albedo
and phase integral (which must be estimated since ¢(a) is known only over a
small range of a) will be discussed in the next section.

Equation 20 gives p(XO) in terms of measured or calculated quantities. The
only quantity in this expression which has not been discussed yet is the satellite
radius, R. As mentioned before, the radii of these objects are difficult to
measure due to the small disk they present.

A good review of the available methods for measuring planetary diameters
and a discussion of the errors involved with each methed is given in Sharonov
(1958) along with the most important observations of the diameters of many bodies
in the solar system, including the Galilean satellites. Table 8, taken from
Sharonov, gives diameters measured for the Galilean satellites; the following
paragraphs give a brief description of each method and a comment on the types

of errors possible, also following Sharonov.
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Table 8. Diameters of the Galilean Satellites

Angular Diameter

Observer MMefhod of - 5AU
easuremen J1 J2 13 J4
1. Sallet and Bosler Double Image o9 o091 .48 1.3
Micrometer
2, Michelson Interferometer 0v.95 0©0".88 1*.25 1°.2%
3. Hamy Interferometer  0".86 0".78 1".14 1".15
4, Danjon interferometer .90 o778 1".22 1*.08
5. Camichel Discometer 0.9 0. 78 1*.35 1".25
6. Dollfus Double Image .97 0".85 17,38 1*.52
Micrometer
7. Mean o*. 93 0".83 1'.29 1. 2%

Measurements with the double image micrometer are made by bringing
two images produced by a birefringent polarizing prism info contact. Sharonov
regards this as having the highest accuracy of the standard methods although it
still suffers from effects which blur the edge of the object, such as seeing, focus
inaccuracies and irradiation (the physiological effect that tends to make bright
objects look larger).

The Discometer, developed by Camichel, produces an "artificial planet”
of the same color and brightness next to the real object by optical means. The
size is then adjusted to match the object and the images superimposed. The
superposition is done from both the right and left and the mean taken to cancel
systematic effects. The method has the advantage that accidental errors are the
same for both large and small disks. The accuracy of the method is limited by
image shimmering, limb darkening, and dark markings on the object measured.
Although the accidental error for one measurement is quite small, readings taken

at Pic du Midi on different evenings have a scatter of 5-10% (Sharonov, 1958).
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Sharonov regards the knowledge of systematic errors in this system as incomplete.

Interferometric measurements, where available, should have accuracies as
high or higher than the above methods. Interferometry, developed by Michelson
(1891),. consists of observing the fringe visibility function of the object, particu-
larly the zeros of visibility function. From this, the angular size of the object
can be determined.

Measurements of the radii of the satellites also affect another important
parameter, the satellites' densities, p. The masses of the satellites can be deter-
mined from the mutual perturbations in their orbits. Two solutions to this problem
are commonly quoted, that of Sampson and that of De Sitter. Table 9 gives the

masses of the satellites from each of these sources Porter, 1960).

Table 9. Satellite Masses

Mass (x ]024 gm)

Sateilite De Sitter Sampson
J 73 86.5
J2 47 .5 56.3
J3 - 154.0 182.5
J4 95.0 112.6

To illustrate the manner in which p(Ay) and p depend on the radii chosen,
Fig. 19 shows, for each satellite, a region in the p=p plane and a point which
represents the p(xo) and p for the mean diameter in Table 8. The horizontal error
bar on the mean point gives the limits of the two sets of mass determinations in
Table 9. The vertical error bar represents the limit of rotational variation. The
region shown for each satellite is the area swept out by the error bars as the diam-
eter is varied through the values in Table 8. The possible 0.1 mag. error in mg,

will affect these regions by moving each mean point up or down by ~10%. These
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regions thus represent the ranges of p, p values possible within the given errors
for the satellites. The values of p and p for Mercury, the moon, Mars and Titan
are shown for reference.

By comparing the diameters of Table 8 with the method of determining these
diameters, it seems that the interferometric measurements tend to yield smaller
diameters and therefore higher albedos than the micrometer measurements, with
the Discometer results somewhere in between. This indicates systematic errors in
the methods used, and makes the evaluation of a "best" value for p and p difficult.
The mean values of the satellite diameters given by Sharonov have been used to
determine the value of p for each satellite given in Table 10, but it should be
remembered that a value anywhere in the regions outlined above is probably as
likely, and indeed these values, especially for the two smaller satellites, may be

off by considerably more.

Table 10. Mean Geometric Albedos

Satellite Albedo
J1 0.792
J2 0.796
J3 0.615
J4 0.266

Even within the above limits, several general observations can be made .
While J1, J2 and J3 have high geometric albedos, above 0.5 or 0.6, and have
densities above ~3 gm/cmB, J4 has a distinctly lower geometric albedo and den-
sity than the other satellites. Also, despife the large errors due to uncertainties
in radii, all of the satellites have p and p regions far different from Mercury, the
moon, or Mars, and only J4 approaches the p and p values of Titan, whose radius

is also uncertain due to its small apparent size.
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Bond Albedo and Phase Integral. In order to find the Bond albedo of a

satellite, the phase integral, g, must be known. The Bond albedo is a more
physically meaningful quantity than the geometric albedo since it represents the
ratio of incoming energy to outgoing energy for a surface. Unfortunately, be-
cause of the limited range of phase angle over which Jupiter can be observed

(0 to ~12 deg), the phase integral is not known very accurately. Two methods
that have been used to estimate q are: first, to assume that the surface is lunar-
like and use the q for the moon; and second, to adopt some empirical or semi-
empirical law relating the phase coefficient to the phase integral.

The first procedure is the one adopted by Harris. The arguments for this
method are: first, that both the moon and Mercury have nearly the same q,
despite very different environments; and second, it has been noted in laboratory
studies, (Hapke, 1963) that the composition of the surface does not strongly affect
q as long as the necessary surface mocrosi'ruct;Jre is present and the materials are
of low albedo,

On the other side, there is the fact that the satellites show variety in
their phase functions over the first 10 deg. Figure 18 shows the phase functions,
$(@), for the satellites as well as for the moon and Mercury. It can be seen that,
over the first 10 deg of @ at least, J1 is similar to the moon, J4 is more back-
scattering, and J2 and J3 are less backscattering than the moon. Since the
largest contributions to the phase integral, q, are made at larger angles than 10
deg, this initial behavior of $(a) cannot be regarded as conclusive. [t does,
however, indicate that the application of the lunar value of q to all of the satel-
lites may not be a good approximation.

Another fact which suggests that the assumption of the lunar g for the

satellites is not necessarily good is the great difference between the geometric



56
albedos of the satellites and that of the moon. As Fig. 19 shows, even J4 has a
geometric albedo more than twice that of the moon and J1, J2 and J3 all greatly
exceed the moon in geometric albedo. Hapke's work (1963) indicates both ex-
perimentally and theoretically that surfaces of high albedo approach the phase
law of @ Lambert surface, that is, higher values of q. Even the relatively sharp
decrease in brightness from 0 deg to 10 deg phase shown by the satellites (Fig. 18)
does not rule out high values of g since it has been shown (Oetking, 1966) that
even near-Lambert surfaces exhibit an "opposition effect” near zero phase. It is
the behavior of the phase law at larger phase angles (usually 30-60 deg) which
determines the value of the phase integral.

The adoption of an empirical law is also fraught with problems. Several
schemes have been proposed, the best known probably being Russell's Law, which
states that q = 5.2 #(50 deg) . This law yields very good results for a surprising
variety of theoretical and observed phase functions (Harris, 1961); however, it
requires, for its proper application, knowledge of $(50 deg), which reduces its
usefulness for objects with heliocentric distances greater than that of Mars.

An extension of Russell's Law was proposed by Stumpff (1947), Stumpff
used the fact that $(50 deg) can be estimated by assuming a linear form of the
phase function in magnitude units, Am(a) =~ Aa. If one uses Am(a) = Aq,

$(50 deg) is given by exp(20A/log e), and Russell's Law then gives:
2%). logq = 0.34242 - 20A

This function, shown in Fig. 20, agreed quite well with the values of q and A
for Venus, Mercury, the moon, and Mars available to Stumpff (plotted as filled

circles). However, more modern determinations of these quantities (plotted as
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The curve shown is calculated from the extension of Russell's Law
proposed by Stumpff (1948).
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open circles) do: niot it so well (Harris, 1961; Allen, 1963). The discrepancy
at large A arises primarily from the higher q value for Mercury now accepted.
Table 11 gives values of the Bond albedos of the satellites at 0.56p cal-
culated both with the lunar q and with the q from Stumpff's formula, using the
mean value of p found in this study. The differences are large and estimates of
the Bond albedo should probably be regarded very critically until better deter-

minations of the radii and phase integrals of the satellites are available.

Table 11. Bond Albedos

q A
Satellite Lunar Stumpff Lunar Stumpff
J1 0.585 0.420 0.463 0.333
J2 0.585 0.530 0.465 0.422
J3 0.585 0.510 0,359 0.313

J4 , 0.585 0.048 0.156 0.012

Eclipse Brightening. Binder and Cruikshank have reported that J1 and,

to a lesser extent, J2, are anomalously bright for a period of about 15 minutes
after emerging from Jupiter's shadow (Binder and Cruikshank, 1964 and 1966q).
Although observation of eclipse reappearances was not a major objective of the
present observational program,data were obtained on a particularly favorable
reappearance of J1 on 1 May 1969.

The observation was carried out with the same equipment as was the rest
of the program on the 24-inch telescope. Only two of the filters were used, with
effective wave|erngi'hs of 0.4350. and 0.5650p. The full filter set could not be
used because of the short time in which the observations had to be made. The
second beam of the photometer was positioned to remove the sky background as
soon as J1 could be seen reappearing. Three 5-second integrations were per-

formed with one filter in place, then the other filter was placed behind the
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aperture and three more integrations taken. This procedure was continued for
about 40 minutes after J1 was first seen. Observations of J4 were taken before
and after the eclipse reappearance period to check for atmospheric changes and
to evaluate the effect of changing air mass.

Figure 21 shows the signal as a function of time for each filter, normalized
to the value 40 minutes after reappearance. This normalized signal is defined as
the brightness excess, given in flux units. The magnitude of the effect at 0.4350.
is similar to that observed by Binder and Cruikshank in the B filter of the UBV
system. The brightening is also apparent in the 0.5650, filter but it is a smaller
effect than that in the 0.4350 filter.

The shape of the brightness excess vs time curve is somewhat different than
most of those reported by Binder and Cruikshank, being more sharply peaked im-
mediately after reappearance. This is probably due to the better time resolution
of the present experiment, resulting from the use of the high—speed pulse=counting

system,
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V. DISCUSSION

Chapter V presents a discussion of the results given in Chapter 1V and of
relevant work by previous researchers. This discussion is organized by topics in
the following way:

Section 1). Atmospheres. This section contains a discussion of the possi-
bility of atmospheres on the satellites in the light of theoretical studies and obser-
vational evidence.,

Section 2). Surface -- Albedo. Section 2 presents a discussion of the

albedos of the satellites relative to other bodies in the solar system and to labo-
ratory studies of the albedos of silicate powders.

Section 3). Surface -- Reflectivity. This section gives a comparison

between the satellite reflectivities and those of other solar system bodies. The
reflectivity of silicate powders and the relationship between albedo and reflec-
tivity are also discussed.

Section 4). Surface -- Rotational Variation. Section 4 discusses pos-

sible causes for the satellites' variation in albedo and spectral reflectivity with
orbital phase and applies a simple, two-component model to the variation shown
by J1.

Section 5). Eclipse Brightening. This section discusses the implications

of the two-color eclipse reappearance data presented in Chapter IV and applies
the model derived in Section 4 to the eclipse brightening phenomenon.

Section 6). Summary of Discussion.
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Atmospheres. The only data obtained in this study which relate directly
to the question of atmospheres are the J1 eclipse brightening measurements.
Since the existence or absence of a volatile phase on a satellite can affect
strongly the interpretation of other data, it is important to make a judgment
concerning the existence and probable composition of possible satellite atmos-
pheres. For the purposes of discussion, two cases can be defined, that of @
tenuous atmosphere and that of a thick atmosphere. After Kuiper (1952), a ten-
uous atmosphere is one where over half of the long wavelength radiation emitted
or reflected to space comes from the surface.

Thick atmospheres of elements which have spectral lines in the visible
and near-infrared are ruled out for all four satellites by the upper limits placed
by the spectrographic results (Kuiper, 1952). Kalinyak (1966) reported spectra
of the satellites showing lines not present in the solar spectrum, but Binder and
Cruikshank (1966b) suggest that they are bands of faint solrcr lines. The small
ability of the satellites to retain gases over the age of the solar system argues
against the retention of a neutral thick atmosphere, N, being the only common
neutral species which might be retained by all of the satellites (Binder and
Cruikshank, 1964).

An interesting question is the possibility of a volatile atmosphere, either
too tenuous to be detected spectroscopically or composed of elements having no
absorptions in the regions studied, which might exist on one or more of the satel-
lites. The eclipse brightening phenomena of J1 and J2 observed by Binder and
Cruikshank (1964, 1966a) might be explained by such an atmosphere. In their
first paper they present a brief discussion of possible atmospheric constituents
based on a Jeans escape model, with Kuiper's maximum subsolar temperatures

(Kuiper, 1952). They conclude that the only likely constituents for tenuous
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atmospheres are CH4 and N, for J1, and only N, for J2, with H,O being either
frozen out or escaped for all four satellites. Binder and Cruikshank also mention
that Sagan had pointed out that the actual escape times for N, and CH, might
be shorter than those used because of exospheric heating.

Noting that the actual escape rates for N, and CH, might be higher
than those they used, Binder and Cruikshank suggested that replenishment of the
atmosphere is therefore implied if the eclipse brightening phenomena of J1 and
J2 are actually meteorological in origin. One mechanism for replenishment is
outgassing (Binder and Cruikshank, 1964); another is some form of transport from
Jupiter's exosphere, which might explain the apparent decrease in eclipse
brightening with distance from Jupiter (J1 brightens ~0.1 mag., J2 ~0.01 mag.,
and J3 has no detectable brightening).

Watson, Murray and Brown (1963), considering the problem of the stabil-
ity of volatile ices (HZO’ CHy, NH5 and COZ)’ concludéd that only HyO ice
would be stable on the surface of a satellite of Jupiter. This analysis of volatile
stabilities leads to the conclusion that it would be difficult for these satellites to
retain even a tenuous atmosphere without some replenishment.

Another observation relative to the presence or absence of tenuous vola-
’riles. on the satellites is that of the eclipse cooling curve of J3 (Murray , West-
phal and Wildey, 1965). Murray, et al, report that the entire cooling or re-
heating episode transpires within 15 minutes, based on observations of the 8 to
14, flux, Combined with the visible light curve from Harris (1961), these obser-
vations imply a lag time between visible and infrared light curves of 5 minutes
or less. This short lag fime suggests that J3 has at least as low a thermal inertia
as the moon, and the authors state that the outer few millimeters probably must

be devoid of significant gas phase in order to explain this low inertia.
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The temperatures of the satellites are important in determining escape rates.
The infrared emission of the satellites at 10u has been observed by Murray, Wildey
and Westphal (1964). Upper limits were found for the brightness temperatures of
J1 and J2. Average values of brightness temperatures were found for J3 and J4
which exceeded temperatures calculated for insulating gray bodies heated only by
solar radiation. In the case of J4, the observed flux exceeded, by a factor of
about 2, the flux calculated for a black body. Low (1965) has also reported 8 to
14, brightness temperatures for the satellites; his values are somewhat lower than
those of Murray, et o_l., Table 12 gives both sets of brightness temperatures, as
well as the maximum subsolar temperatures used by Binder and Cruikshank. Since
both the reduction of infrared flux observations to brightness temperatures and the
calculation of theoretical fluxes are dependent on the values of the satellites'

radii, the brightness temperatures are subject to serious error from this source.

Table 12, 8-14u Brightness Temperatures

Satellite Murray , et al Low .
J <135 142+5 143
2 <141 12245 125
J3 154.5 14415 156
J4 168.5 15925 166

_ o 1/4 -1/2 )
*Tmax =390 (1-A)""a (Kuiper, 1952)

Jupiter's magnetic field and radiation belts are also of interest since they
influence the environment of the satellites. It is known that J1, at least, modu-
lates the decametric radiation (DAM) bursts from Jupiter (Bigg, 1964; Duncan,
1965). Binder and Cruikshank (1966a), in discussing the eclipse brightening of

J2, speculated that frozen free radicals were not likely to occur on J2 since its



65
orbit lay outside the radiation belts of Jupiter while J1's orbit lay within them.
Although J1's orbit is outside the observed limit for decimetric (DIM) radiation
by 4 to 5 Jupiter radii (Warwick, 1967), it is possible that the orbit is within the
outer part of the radiation belt (Duncan, 1966).

To conclude the discussion of atmospheres, it is felt that thick atmospheres
are unlikely for any of the satellites. J1 and J2 probably have tenuous atmos-
pheres, but if so, these atmospheres probably must be replenished by some mechan-
ism. J3 almost certainly does not have even a tenuous atmosphere . There is no
direct evidence for or against an atmosphere for J4, but the trend of eclipse
brightening and J4's higher brightness temperature suggest that J4 has as little
atmosphere as J3.

Surface == Albedo. The geometric albedos of the satellites depend on the

measured brightnesses and radii. The Bond albedos depend on the phase functions,
as discus;ed earlier. In discussing possible surface materials for the satellites,
there are two options: first, to accept the measured radii and the geometric al-
bedos they imply, or second, to assume that the radii are not correct and that

the albedos may be almost any value. For the purposes of this discussion, it will
be assumed that the radii and geometric albedos of the satellites lie within the
range shown in Fig. 19. The Bond albedos are very uncertain due to the ex-
tremely small range of phase angle that can be observed.

With these limitations in mind, it is interesting to compare the geometric
and Bond albedos of the satellites with those of other bodies in the solar system.
Table 13 lists [S, g, and A for several planets and satellites (Allen, 1963), along
with the p values found in this study for the Galilean satellites. Figure 19 illus-
trates the very high geometric albedos of the satellites relative to other solar

system bodies. Indeed, the only bodies in the solar system with such high measured
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geometric albedos are the smaller satellites of Satum (whose radii are, however,
even more uncertain than those of the Galilean satellites), and Venus, which has
an ai‘moséhere. These high albedos of the Galilean satellites relative to the rest
of the solar system were noted by Harris (1961). It is also apparent that only very
small values of q, relative to those observed for the other bodies could make the
Bond albedos of J1, J2 and J3 as low as those observed for the moon, Mars, or
Mercury.

Table 13. Albedos of Some Solar System Bodies

Object P q A
Mercury 0.076 0.61 0.059
Mars 0.140 1.07 0.150
Moon 0.110 0.62 0.068
J1 0.778
J2 0.782
J3 0.604
J4 0.261

Thus, the Galilean satellites either have higher surface albedos than the
moon, Mars or Mercury or have different phase functions. [f, as has been pro-
posed (Murray, 1969), the very low albedos of Mercury and the moon are due to
saturation of some solar darkening effect, the high albedos of J1 and J2, as well
as the range of albedos among the Galilean satellites, indicate that such an effect
is not operating at Jupiter. This puts strong constraints on such an effect, indica-
ting either some threshold for darkening or a very strong functional dependence on
distance, Two other possible alternatives are: 1) that the satellites are protected
l?y Jupiter's magnetosphere, or 2) that the albedos depend more on initial mate-

rials and environments than on a later darkening process.
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Thus, the surfaces of the Galilean satellites are unlike much of the rest of
the solar system in albedo. In order to investigate whether other known materials
or some modification of known planetary surfaces can match the characteristics of
the Galilean satellites, it is necessary to look at laboratory measurements. There
are two categories of materials which are of particular interest for the Galilean
satellites, silicate rocks and frosts.

The major way in which high albedos can be achieved is by using materials
with low opacities. In studies of silicate rock powders, made by Adams and
Filice (1967), it was found that basaltic rock powders, with high opacities, could
not be made more than about 35% reflecting, even by reducing the grain size to
below 20.. (35% is near the lower limit for the Bond albedos of J1 and J2, as-
suming lunar-like phase integrals,) Since such basalts are similar to the surface
materials found in the lunar mare (L.S.P.E.T., 1969), and those proposed for
Mars (Adams and McCord, 1969), it seems unlikely that the surfaces of the Gali-
lean satellites could be composed of this type of material.

Silicate powders of low opacity (Rhyolite and obsidian were used in Adam's
study) may be made very bright by reducing the grain size, however. Adams and
~ Filice found that by reducing the mean grain size to between 40 and 50 Rhyolite
tuff powders became 40-50% reflecting and obsidian became 60-70% reflecting.
In each case, unsorted samples of powder had very nearly the same reflectivity as
the 40-50usize fraction.

The early analysis of the returned lunar samples (L.S.P.E.T., 1969) has
indicated the presence of large amounts of glass (up to 50% of the fine grain
material) in one form or another, on the lunar surface. This glass is presumably
related to repeated impact events on the surface. The Galilean satellites, being

riear both Jupiter and the asteroid belt, may very possibly have impact rates as
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high as or higher than the moon's. Thus, it is possible that the high albedos of J1,
J2 and J3 may be due to the presence of large amounts of glassy material formed
from low opacity silicates.

Frosts of volatiles also have high albedos, usually in the 70-90% range .
However, the low stability of frosts other than H20 frost at 5 AU, mentioned
earlier, puts severe limits on possible CH,, NH, or N, frost surfaces for the
satellites, since the presence of such extensive surface deposits, unprotected by
large atmospheres, would imply massive replenishment of these volatiles over
the age of the solar system.

Surface -- Reflectivity . Of the previous studies of the visible reflectivity,

the data collected by McNamara should be mentioned. McNamara (1964) ob-
tained reflectivities of the satellites for 0.3175); to 0.620y with 12 narrowband
interference filters, using G-types stars (HR 483, 16 Cyg A) to remove the solar
spectrum. The overall shapes of the curves he obtained are very similar to those
obtained in this study, although the slopes are slightly different, probably due to
a difference between the solar spectrum used in this study and the spectra of the
G stars McNamara used. When plotted with the R(0.6%9), 1(0.82,) data points
from Harris (1961), the reflectivity curve for J1 given in McNamara's study shows
some indication of the spectral dip between 0.5 and 0.6y noted in the present
study . Relative spectra of J1 vs J3 taken in 1967 by McCord (personal communi=
cation) and preliminary reflectivity curves of J1 and J3 obtained by McCord and
the author in 1968 also indicate this feature in J1's reflectivity curve, which had
notbeenspectrally resolved by Harris' UBV photometry .

Little previous work in the near-infrared has been done. Moroz (1966)
reported spectra of the Galilean satellites, obtained in 1963 and 1964, ranging

from 0.8 to 2.5.. These spectra indicated that J2 and J3 had very low
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reflectivities in this region, and that their reflectivities show spectral detail
similar to water frost. J1 and J4 were reported to have relatively flat reflectivi-
ties in this region. Also, Kuiper has reported 21/1y intensity ratios for J2 and
J3 which were lower than for J1 and J4 (Harris, 1961). Considering the problems
of removing the telluric water vapor absorption in this part of the spectrum and
the scattered light problem when working close to Jupiter, these results should
not be considered conclusive.

Comparison of spectral reflectivity curves also shows differences between
the Galilean satellites and other solar system bodies, but these are not as striking
as the differences in geometric albedos. Figure 22 shows the normalized reflectiv-
ity curves of J1 and J4 from this study, the lunar mare from McCord (1969), Mars
dark and bright regions from McCord and Adams (1969) and a red band of Jupiter
from McCord and Pilcher (1969). This figure shows that J1 and J4 (and J2 and J3,
since their curves are nearly identical to J4's) do not have reflectivities which
are identical to those of any of the other bodies. The lunar mare reflectivity is
distinctly different from those of the satellites. Jupiter's red band curve is quali-
tatively similar in the 0.34 to 0.5u region, although generally flatter than the
curves for J1 and J4; beyond 0.6y the absorptions from methane dominate the
curve. Of those curves presented, the reflectivity of the Martian dark area is
perhaps closest to those of J1 and J4, but the slope of the curve from 0.4, to
0.5u is somewhat flatter than the slope of J1's curve.

Studies of the spectral reflectivities of silicate powders (Adams and Filice,
1967) show that the curve shapes exhibited by the Galilean satellites are within
the range of those of the silicates. The type of sharp decrease in reflectivity at

short warrelengths shown by J1, and, to a lesser extent, by the other Galilean
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satellites, is seen in silicates. In silicate reflectivities, this feature is probably
due to the presence of FeH-'_(Adqms, personal communication).

Laboratory data on frost reflectivities in the visible to near-infrared

range are not nearly as good as the data on silicates. However, a few general
comments can be made. H,O and CO, frosts are essentially "white" in this part
of the spectrum. Almost no data exist on CH4 or NH3 frosts, although such
frosts appear white to the eye, probably ruling out such frosts as the main surface
constituent of J1 at least. Without more experimentation, however, the possibil-
ity must remain open that frosts of this type could display reflectivity curves
similar to those of the Galilean satellites under some conditions or with certain
impurities.

One other aspect of the satellites' reflectivities should be noted; despite
the low albedo and density of J4 relative to J2 and J3, the spectral reflectivity
curves of these bodies are nearly identical. The difference in albedo between
J2 and J4 is almost as large as the difference between the rest of the satellites
and the moon, as Fig. 19 shows, while the reflectivities of J4 and J2 are much
more similar than those of the moon and J2, or even the moon and Mars. If the
similarity in spectral curves indicates similarity in surface materials, there is
difficulty in explaining this difference in albedos since the addition of opaque
materials or a surface effect such as radiation demage often changes the spectral
curve as well as the albedo of the surface.

Particle size differences also affect the shape of the spectral curve, ina
manner which depends primarily on the particle opacity. In studying silicate
powders, Adams and Filice observed the ratio R/B, the ratio of reflectivity at
0.7u to that at 0.4u. [t was found that for the less opaque materials studied,

Rhyolites, obsidians and granites, the R/B ratio first increased with increasing
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albedo (and therefore decreasing particle size) and then began steadily decreasing
as the albedo was raised further, the turnover occurring at about 20% albedo for
the samples studied, corresponding to a change in particle opacity (Adams and
Filice, 1967). Because of this characteristic maximum in R/B, it is possible to
have surfaces with nearly the same R/B ratio but very different albedos.

Since no work on frosts with spectral features in the visible is available,
the dependence of spectral curves on albedo for these types of surfaces cannot be
evaluated directly. However, the same reasoning that Adams and Filice apply to
transparent powders and rock glasses should hold to first order for frosts with some
visible absorbing ingredient. Such frost would then be expected to behave simi-
larly to the Rhyolite and obsidian samples described above.

If the similarity in spectral reflectivity between J4 and J2 implies a sim-
ilarity in surface materials, then the difference between their densities (Fig. 19)
implies that one or both of these bodies have surfaces whicH are not similar fo
their bulk composition. That is, if J2 is a silicate body and J4 has a higher per-
centage of ices, then either: 1) both J2 and J4 have frost surfaces, or, 2) both
have silicate surfaces, or, 3) both have some surface of some material which is
not representative of either's bulk composition.

The general conclusions that one can reach on the basis of observed albe-
dos and reflectivities of the satellites and the available laboratory data are these:
first, it is difficult to make lunar- or Mars-like surfaces with albedos high enough
to compare with those of J1, J2 and J3, even assuming large errors in the radii
uand phase integrals of these satellites; second, it is possible to make high albedo
surfaces out of either low opacity silicate powders or volatile frosts; third, sili-

cate materials with visible absorptions, probably due to Fe' ', can match the
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reflectivity-curves of the satellites. Frosts with impurities or ingredients which
absorb strongly in the short wavelength visible and ultraviolet are possible surface
constituents, but no data on spectral reflectivity or stability of such materials are
available at present. Jupiter's red bands, however, do exhibit curves with such
low blue and ultraviolet reflectivities. Finally, it is possible to account for the
range of albedos and similarity in spectral reflectivities among J2, J3 and J4 by
particle size differences if the surfaces are low opacity silicates or frost which
have similar absorption properti es, although this process depends on the exact com-
position of the satellites' surfaces.

In the light of the above, the author feels that the best hypothesis at
present is that the surfaces of the Galilean satellites consist of low opacity sili-
cates, possibly with large amounts of glass; that if this is true, J1's surface prob-
ably contains silicates with more absorbing components (poésibly Fe+++) than the
other satellites; and that J2, J3 and J4 may have very similar surface compositions,
the differences in albedo possibly being due to particle size differences. If the
surfaces are not silicates, the second hypothesis is that the surfaces are frosts
with absorptions in the blue and ultraviolet, possibly similar to material in
Jupiter's bands.

It should be noted here that the laboratory data on the changes in total
spectral reflectivity with particle size and phase angle for silicates have not yet
been extended to cover more than a few types of rock and that data on frosts are
practically nonexistent. Also, the very important spectral region from 1u to 2p
has not been observed in detail for the satellites except for the observations re~

ported by Moroz (1966).



74

Surface -- Rotational Variation. The satellites' variation in brightness

and spectral reflectivity with orbital phase angle provides additional clues to sur-
face composition and processes. The narrowband photometry presented in this
study indicates systematics in both brightness and spectral variations which were
not obvious in earlier broadband work. First, it is usually stated that the leading
sides of J1, J2 and J3 are brighter than the trailing sides (Harris, 1961), That
this is only approximately true cqn‘ be seen by close examination of the V magni-
tude variation given by Harris or of the light curves at 0.56u presented in Figs.
14-17. Such examination shows that J1 remains high in brightness until well
after 8 = 180 deg, the light curve dropping sharply to its minimum at about

6 = 300 deg. J2, on the other hand, begins to decrease in brightness somewhat
before 180 deg, falling to a much broader minimum just short of 300 deg. J3's
light curve has begun to decline by 8 = 120 deg and actually appears to have its
minimum just beyond 180 deg. J4, away froma = 0, has a minimum in its light
curve short of 180 deg. The spectral variations of J1 and J2, for which detailed
variations with & in spectral reflectivity were observed, seem to be in phase with
“the light curves.

Figure 23 gives the rotational angle of the point where the light curve
crosses the mean value as a function of distance from Jupiter for the four satellites.
The error bar ils derived from the spread in mean crossings between the exireme
variations of A given in Figs. 14-17. The variation shown illustrates that no
simple separation of "leading side" and “trailing side" effects completely describes
the observations.

The spectral form of the orbital variation, given in the preceding chapter,
is very similar for all four satellites, the differences between them being primarily

the exact position of the ultraviolet-blue variation and the presence or absence of
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a variation in the red part of the spectrum. This similarity in the satellites' orbital
variation strongly suggests that the process or processes involved in the variation
may be the same on each satellite. This is compatible with, but not proof of,
similar surface compositions for the satellites.

Several possible explanations for the rotational variation of the satellites
exist. Probably the most straightforward of these is that the satellites have areas,
or spots, of different composition on their surfaces. Such a theory was mentioned
by Harris (1961). The visual descriptions of dark and light areas on the satellites
and the fact that other solar system bodies, the moon and Mars in particular, have
such regions of apparently different composition are support for this theory. The
similarity in variation among the satellites and the connection between brightness
and spectral variations indicates that, if such compositional differences exist, they
are similar on all the satellites. The systematic variation of the brightness with
8 shown in Fig. 23 suggests that some type of connection between surface composi -~
tion and the dynamics of the satellite's orbit may be present, as is the case with
the moon's synchronous rotation and the distribution of mare areas.

A possible explanation which is similar to the above compositional hypoth-
esis is a change in the texture or age of the satellites' surfaces from side to side.
Either effect might alter the spectral curve of the surface. The above remarks on
non-random distribution apply here as well as to the compositional discussion.

Meteorological explanations for the rotational variation have also been
advanced, particularly the possibility of a morning limb arc which persists on the
leading side (Firsoff, 1968). The regularity of the rotational variation and its
similar form for all the satellites, despite evidence of different degrees of atmos-

pheric phenomena (eclipse brightening and eclipse cooling, for instance) among
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the satellites, tend to argue against a meteorlogical source for the rotational var-
iation. However, some combination of frost with compositional differences, pos-
sibly due to an associated temperature difference cannot be ruled out at present.

Comment should be made here on the possibility that something in the near
environment of Jupiter is directly responsible for the variation in spectral curves
and brightness of the satellites. Such an effect is considered unlikely for two
major reasons. First, the satellites show a maximum of brightness and spectral
change at different points in their orbits relative to Jupiter. Second, the rotation
period of Jupiter is shorter than the orbital period of any of the satellites. There-
fore, the same orbital phase angle would not correspond to the same position
relative to Jupiter's "surface " or magnetic field even on two successive revolu-
tions.

In order to investigate more completely the effects of compositional vari-
ations, frosts, or particle size differences on the spectral reflectivities and
albedos of the sc’rellifesl, it is useful to construct a simple model for the reflectivity
of a mixture of two materials. [t is assumed that the albedos of the two components,
A(X\) and B()), will affect the albedo of the mixture, C()\), in proportion to the
fraction of the surface covered by each. Thus, if a fraction, X, of the surface is

B(M) and (1 - X) is A(A), C()\) is given by Equation 22:
22).  C(N) = XB(\) + (1 = X) AN

To put this equation in terms of measured quantities, the normalized reflectivities
RA()\), RB(A), RC(X) and the ratios of C and B to A at Ay are used. The ratios of
C and B to A at AO’ @, and 3 are defined by:

23), = — ; B=——
A()\O) Alrp)
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Using t he definition of Ri()\), the normalized reflectivity of component i, in the

form:

24). RN = ._'(_’\_)_

and dividing Equation 22 by A()\O), we obtain:
25). R = BXRGA) + (1= X)Ry(N)

Evaluating this equation at A = A, where the reflectivities are unity, an expres-

sion for X in terms of @ and 3 is obtained:

Using this relation, Equation 25 can be written as:

27). RN = (1~ EaZS)RA(M +£ai‘,, Rg()

Applying this model to the satellites, RA('\) becomes the reflectivity of
the dark side, RC()\) the reflectivity of the bright side, and RB()\) the reflectivity
of some hypothetical component which must be added in fraction X to the dark
side in order to produce the bright side. @, then, is the observed rafio of bright-
ness at )\O" between the bright and the dark side, and 3 is the ratio of the unknown
material to the dark side ut)\oe Since X, B, ond a are related by Equation 26,
and since @ is known, it is only necessary to choose either 8 or X in order fo
solve Equation 27 for RB()\), the unknown reflectivity.

As an example, the model is applied to J1, which has the largest spectral
rotation effeci. Since J1's geometric albedo is high te begin with, some limits
can be placed on B's for realistic materials. Taking p(\;) = 0.7 for the geometric

albedo of the dark side, for the mean radius (see Fig. 19), B's greater than 2,
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corresponding to a geometric albedo >1.4 for the unknown material were not
considered . RBO\)'S were found for three different combinations of RC()\) and Q,
taken at different 8's, using the same RA{R)o Figure 24 shows these three RB()\)
curves for each of three different values of S,

The curves in Fig. 24 illustrate three cases. The first case is shown in the
lower curves. These curves indicate that for small B's, fairly large areas of the
surface (20-60%) must be covered with a material with a reflectivity very similar
to the reflectivity of the dark side, but somewhat less absorbing in the blue, This
case corresponds physically to a large percentage of the satellite's surface being
covered with a material very similar in reflectivity and only slightly higher in
albedo than the dark side. Such a difference could be accounted for by particle
size difference or some minor surface alteration.

The second case, illustrated by the middle curves, shows that, for a B
giving a near unity geometric albedo for the unknown component, 5-15% of the
surface must be covered with a material having a relatively flat reflectivity from
0.4 to 0.95,, with a sharp drop for A<0.4,.. Unfortunately, only one curve
in the ultraviolet is available, so there is no confirmation of the apparently sharp
drop in RB(X) shown. Case 2 represents the presence on the satellite's bright side
of relatively small amounts of very bright material which is gray from 0.4y to
0.95u. This case implies that the added component may have a different compo-
sition, perhaps frost, if the drop in the ultraviclet is not real.

The third case indicates that, for 3~2, 1-6% of the surface must be
covered by material with a reflectivity which has a nearly 40% drop from 0.4, to
0.95u. Again the drop in the ultraviolet is uncenfirmed. This is an exireme case

of a very small area on the satellite being covered with a very bright substance.
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This case shows that, for 8>2, not only does the albedo become unrealistically
high, but the RB(K) curves also tend to become more extreme and unrealistic.

To summarize, investigation of a two-component model indicates that in
order to match the rotational variation in albedo and spectral reflectivity observed
for J1, it is necessary to assume that a fraction of one side of the satellite is
covered by a material with a higher albedo and a different spectral reflectivity
than the other side. The model also indicates that for realistic values for the
albedo of the bright fraction, the spectral reflectivity of this fraction must be
qualitatively similar to that of the other side. Such differences in spectral reflec-
tivity might be caused by particle size differences or a change in the amount of
the absorbing material . The addition of a fraction of bright, gray material (such
as HéO frost) does not seem compatible with any of the cases presented, although
Case 2 above is close if the drop in the ultraviolet is not real.

It should be noted again that the mode! presented here is very simple. It
presents only a two-component system, and assumes that the fraction, X, of com-
ponent B, varies as the projected area of B for a spherical surface. A three-
component system produces non-unique solutions since the albedo and reflectivity
of two of the components are then unknowns.

Eclipse Brightening. The observation of eclipse brightening at two wave-

lengths, reported in the previous chapter, not only confirms the existence of this
phenomenon but also provides further information about the possible cause of the
brightening. Binder and Cruikshank (1964) calculated the percent of surface that
must be covered by a frost with 0.8 albedo in order to give the observed bright-
ening at 0.455. Such a frost would not be bright enough to account for the
brightness excess ~1.7 at 0.5¢; (see Fig. 21) if J1 has a geometric albedo

greater than 0.47, which it almost certainly does (see Fig. 19).



82

Furthermore, the change in the 0.435,/0.56y ratio, given by the dif-
fering brightness excesses at these two wavelengths, allows the use of the model
of the previous section to calculate the RB(O'435'U') of the material supposed to
have been deposited during the eclipse. The normalized reflectivity for J1 at
0.4354 is about 0.49. This is taken as R (0.4354) in Equation 27. The increase
in R(0.435.) at the time of maximum brighiness excess is a factor of 1.13. This
yields R~(0.4354) = 0.554. The brightness excess at 0,56y yields a=1.68.
RB(0°435}.¢) can then be calculated for different choices of B (and therefore X).

Table 14 gives several values of RB()\ = 0.435u) for various 83 values,

along with the X and p(:» = 0.56) values for the added material.

Table 14, RB(X = 0.435y) for Various B Values

B X p(h =0.56u) RB()\ = 0.435u)
2.0 0.68 1.56 0.570
2.5 0.45 1.95 0.585
3.0 0.34 2,34 0.595

Thus, if the brightness excess at 0.56u is real, the material which must
be added to the surface to explain it must not only have a high geometric albedo,
but also have a decrease in reflectivity toward the shorter wavelengths, as shown
by the RB()\ = 0.435.) values. Further observations of eclipse brightening at
many wavelengths are needed to resolve this problem.

Sumrhary of Discussion. The following statements summarize the major

conclusions reached in this chapter. 1) None of the satellites is felt to possess
optically thick atmospheres. 2) J1 and J2 probably have tenuous atmospheres,
which may imply some replenishment of volatiles for these satellites over the age

of the solar system. 3) J3 and J4 probably do not possess even tenuous
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atmospheres. 4) The albedos of the satellites' surfaces are almost certainly not
lunar-like or Mars-like, 5) The reflectivities of the satellites' surfaces are not
identical to those of the moon, Mars or Jupiter, but they are qualitatively similar
in some respects fo the curves for Mars and Jupiter. 6) Surfaces of either low
opacity silicates, possibly glassy in form, or frosts with ingredients which absorb
in the blue and ultraviolet are necessary to explain the high albedos and reflec-
tivity curves of the satellites. However, the existence of frosts would raise theo-
retical problems in view of the low stability of most frost species at Jupiter's
“heliocentric distance. 7) The similarity in rotational variation among the satel-
lites suggests that this variation is caused by similar processes on each of the
satellites. 8) Investigation of a two-component model for J1's rotational variation
yields two likely cases. The first case has large areas of the surface covered by
material differing only slightly in albedo and reflectivity from the rest of the
surface, possibly due to particle size differences. The second case involves
small areas of the surface covered by material significantly brighter than the rest
of the surface and having a different reflectivity curve, probably implying a dif-
ferent composition. 9) The observation of eclipse brightening at both 0.435.
and 0.56u implies a very bright (p>1), colored deposit, if the brightening is
meteorological in origin., This observation needs to be confirmed at several

wavelengths before firm conclusions can be drawn.
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VI. FUTURE WORK

Since the major part of the rotational spectral variation appears to occur
in the ultraviolet for J2, J3 and J4, more orbital phase coverage in the ultra-
violet is needed, not only to confirm these variations, but also to supply more
information about the variation with 8. Special attention should be given to
confirming J4's phase law and to searching for a possible change in spectral
variation with solar phase . More observations close to opposition should be made
to determine the phase laws of the satellites more accurately and to look for a
possible "opposition effect”.

Another extension of the present work that is needed is an increase in the
spectral range covered. Observations between 1 and 2 (where many important
absorptions occur in some silicates and frosts) would be very useful, both in con-
firming Moroz's work and in the possible discovery of rotational variations in
this spectral range .

Laboratory work on frosts and further work on silicate powders is also
needed. In particular, the dependence of albedo and spectral reflectivity on
particle size should be investigated.

The wavelength dependence of the eclipse brightening phenomena may be
very useful in understanding the cause of the phenomena and the possible sub-
stances involved . Therefore, confirmation of the eclipse brightening effect on
J1 at 0.56u and the exf-ension of these observations to several other wavelengths
should have a high priority during the next opposition. A search for similar

effects on the other satellites, particularly J2, should also be made . Also,
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concerning the question of possible satellite atmospheres, eclipse cooling curves
for all the satellites should be obtained as soon as possible .

Since the Bond albedos of the satellites are very important in determining
surface composition and condition, accurate radii and phase laws are needed.
While it may be possible to obtain better measurements of the radii from better
earth-based or earth-orbital observations, the phase laws can be practically
determined only by a fly-by, unmanned spacecraft mission. Both radii and the
phase laws could be determined by a relatively simple photometric system on
such a fly-by spacecraft. Since this basic information is important to the design
of more complicated experiments to investigate the satellites, an attempt to
determine radii and phase laws should be made at the earliest opportunity . If
the system used for taking these measurements is an imaging system, first order
information on the distribution of surface materials, the history of cratering, and

the existence of tenuous atmospheres might also be obtained.
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APPENDIX A

This appendix contains a computer listing of the basic data for determining
the albedo at 0,56u . For each date there is a card giving the date, the solar
phase angle (immediately after the date for all but 03/01/69), the sun-Jupiter
distance, the earth-Jupiter distance, the number of filters used, and the filter
number of the 0.56u filter. Following this card is a card for each satellite observed
on this date, listing the date, the satellite, the average observed ratio of the
satellite flux to o Virgo flux at 0.56u, the standard deviation of the average, the
average satellite/o Virgo ratio corrected for r, &, and phase law (called K()\O,G)
in the text), the standard deviation of the average for this quantity, the number of
observations of the satellite, and finally, the average orbital phase angle for the

satellite on that date.,
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