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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 (6A - O,02fL) were used with ITT FW-118 

(5-1) and FW-130 (5-20) phototubes to obtain spectral reflectivity curves from 

O,3fL to 1.1fL. 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 0.3fL to 1.1fL 

for each satellite for many values of orbital phase angle and solar phase angle were 

obtained . 2) Spectral structure not resolved by broadband UBV work was found in 

Jl's curve near 0 .581-1 and the similarity of the spectral reflectivity curves of J2, 

J3 and J4 was noted, 3) The very hi gh geometri c a Ibedos of J 1, J2 and J3, noted 

by Harris (1961), were confi rmed. 4) The variation in brightness with orbital 

p'-lase 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 Jl and J2 beyond 0.6fL, 

not previously seen, were discovered. 7) The spectral form of the variation was 

found to be simila r for each of the satellites, with the brighter side having a higher 

reflecti vi ty in the blue and ultraviolet relati ve to O. 56fL than the darker side . 

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

firmed at two wavelengths, 0.435f1. and 0 .56f1.. 
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The conclusions drawn from these results and previous work are as follows. 

1) Jl 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. Of the satellites, J4 has a distinctly lower albedo and density than Jl, 

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 consideroble 

amounts of glassy material, having low opacities and some ingredient absorbing in 

the ultraviolet and blue, possibly Fe+t+. However, the possibility of surfaces of 

frost or some combination of frost and rock cannot be completely evaluated without 

further laboratory study. 4) The simi larity in the variation of spectral reflectivity 

with orbital phase among the satellites suggests a similar cause for each . A simple 

model for J l's spectra I variation suggests that some fracti on of the bri ght side of 

Jl 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 volati Ie duri ng the ec Ii pse, the condensed materia I 

must have a very high geometri c albedo, probably greater than unity . The si mple 

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 O. 43fL than at O. 56fL . 
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I. 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, bei ng bri ght enough to be seen wi th the naked eye but for thei r 

proximity to Jupiter. 

The Gali lean 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 composi tions 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 concerning 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 concerning the Gal­

ilean satellites is based upon the radiation reflected from their surfaces. Harris' 

article in The Solar System, Vol. III, (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) Jl 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 variabi I ity in U-B color between thei r leadi ng 

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 (l::,).. ::::: 0.02fL) and over an expanded spectral 

range (0.3fL to 1.1fL) 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. 
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II. 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 (6)''::: 0.02fL), spaced every 0.02fL 

to 0.05fL from 0 .3fL to 1. 1fL , 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-11B (5-1 surface) and FW-130 (5-20 surface) 

photomultiplier tubes were used with a high-speed, dual-channel pulse-counting 

data system to detect and record the signals. The 5-20 tube was used with the 

Vis and UV-Vis filter sets and the 5-1 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 

ML Wi Ison, where the required amount of observing time was avai lable. Some 

clf the data was taken with the 60-inch telescope on Mt. Wi Ison. 

Techniques. The most difficult problem in observing the Gali lean satel­

lites is their proximity 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 aperturtl 01 nil I-irne : • . It ww, fUIJI"] tho l oporillre, 
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Table 1. Effective Wavelengths of Fi Iters {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 
0.6300 0.6380 0.8000 

0.6640 0.6637 0 .8570 
0 .6970 0.6976 0 .9000 
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 arc (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 fi Iter whee I, and the va lue 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 ::01%, 

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 observati ons of the standard star, particu larly when using the i nfrared­

sensitive tube (S-1), which, because of its low efficiency, required longer inte­

grati on ti mes. Wi th the S-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 observati ons. 
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1110 REDUCTION OF DATA 

Definitions. One of the most important photometric quantities associated 

with a planet is the ratio of the total ligh t reflected from the planet to the total 

light incident on it. This ratio is defined as the Bond albedo t A(A)t and is usually 

given as the product of two other quantities t the geometric albedo t p(AL and the 

phase integral t q 0 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 p la net t where a is the solar phase 

angle (sun-planet-earth) 0 The phase integral is given by Equation]: 

1)0 q = 2fo
7T

¢(a)sina da 

where ¢(a) is the phase law t the change of the planet's brightness with at with 

(/;(0) = ] 0 q maya Iso be a function of wave length t but is usua Ily taken to be 

constant. The geometric albedo t Pt may be written in terms of the observed 

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

2)0 log p(\) + log ¢(a) = OA[m0(A) - mplanet(\)] + 2 log t r~, ) 

where r sun-p lanet distance in AU 

6 = 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: 

3)0 
Fl 

-2.5 log--

F2 

where F] and F2 are the fluxes out~ide the atmosphere from object 1 and object 2 

respectively (Allen t 1963). 
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Another geometric factor of importance in dealing with the satel lites is the 

orbital phase angle,8 0 8 is measured counterclockwise around the satell ite's 

orbit from the point of superior geocentric conjunction 0 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 0 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 satell ite's 

surface 0 Since the sa tellites vary in brightness with their orbital period, it is 

assumed that they are synchronous 0 The term "rotationa I phase ang Ie " wi II 

therefore be used interchangeably with "orbital phase angle" hereafter. Also, 

the terms "leading side" (8<180 deg) and "tra iling side" (8)180 deg) will be 

used 0 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 8 at time to: 

to = observation time 

t = time of last superior conjunction 
sc 

T orbital period 
p 

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 ca Iculation) 0 

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

the geomet rical factors. This is the normalized reflectivity I RCA) I given by: 
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SATELLITE-~ 

EBEARTH 

Figure 1. Schematic geometry of the earth-jupiter-sun plane . 



10 

5). R(>..) = M 
p(>"O) 

where AO = 0 .56,u in this study. 

From Equation 2, this becomes : 

From the definition of stellar magnitudes, Equation 3, R(A) may be written 

in terms of the normalized flux outside the atmosphere from the planet and the 

normalized solar flux : 

7). 

The norma lized solar flux used in this study is given in Fig . 2 . This curve was 

obtained by comb ining the solar flux given by Lambert (1967) from 0.4 to 1.1,u 

with the ultraviolet flux given in Robinson (1966). Robinson's curve agrees with 

both Lambert's and A lien 's (1963) between 0.4 and 0 ,5f-L ' 

Thus the important spectral information may be obtained from R(>..), while 

the geometric albedo for all wavelengths may be obtained from R(A) and p(AO) , 

The method of obtain ing R(A) from the observations will be discussed first since 

fewer assumptions are needed to calculate this quantity, Then the calcu lation of 

p(AO) from observed quantities will be discussed. 

Data Reduction , Unfortunately, the number of counts record"d by the data 

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

outside the atmosphere, F I t(A), which is needed for the calculation of R(A) 0 

pane 
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Figure 2. Normalized solar flux from Lambert (1967) and Robinson 
(1966) • 
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F I t(>") is modified by: 1) the atmosphere of the earth, and 2) the effect of pane 

the telescope, fi lter, detector combination. The measured flux, f I t(>")' can pane 

be written in terms of F I t(>") as follows : 
pane 

8). f I t(>") = a(T,1' >.., t 1) T(>") F I t(>..) pane pane 

where a\ri, >.., t
1
) 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 functi on. 

There are two basi c ways to find F I t(>") from f I t(>"). One way is pane pane 

to carefully calibrate T(>..) and then measure the object at many positions and 

times in order to remove the atmospheric effect. This is a very exacting and 

t ime-cOflsuming 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: 

fplanet(>") 

f*(>..) 

where ij, tl and~, t2 are the position and time of observation for the planet 

and star respectively . If the star's flux has been previously determined by the 

fi rst method, F I t(lI.) can be determi ned if the atmospheri c functi ons can be 
pane 

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 ang le, sec z, where one air 

mass is the atmosphere between the ground and object at zeni th " By usi ng a 
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standard star as close as possible to the planet, the error due to this assumption is 

minimized. 

In practice, the removal of the sec z effect is accomplished by choosing 

t2 = t*, where t* is the time when the star is at the same sec z as the planet at 

time t1 = ts. 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 OA612fL filter on 

March 1969. If t is the time of observation of the planet, t* is then found as 
s 

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 . s 

if it is assumed that the same variation affects an entire area of the sky, including 

the position of the planet. With ts and t* chosen in this manner, a(r1, A, ts) is 

approximately equal to a('2' A, t*) and : 

10) • 
fplanet (A) 

f*(A) 

F planet (A) 

F * (A) 

During the observing program, the star, 0 Virgo (a = 12h 02
m 

39.7
s

, 

8 = +09
0

00' 38") was used as a standard (as shown in Fig, 4), since it was c lose to 

Jupiter and was of spectral class GS, close to that of the sun. All stellar coordi-

nates given here are for epoch 1950. In order to determine F V. (A), 0 Virgo o Irgo 

was measured relative to a Leo (a = 1 Oh OSm 42.i, 8 = +12
0

12' 44") . a Leo's 

f lux 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(A) for the satellites was then determined 

from Equation 7 in the following form: 
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11) 0 Rsatelli te (A) x 

measured calculated 
from Fig 0 2, Fig 0 5 

The normalized spectral reflectivity, R t IIOt (A), is one of the two major 
sa e I e 

outputs of the observational program 0 

The second major output is the va lue of the geometri c albedo atAO' 

p(AO), from whi ch p(A) at all wavelengths can be determi ned from Equation 5 

and knowledge of R(A)o The calculation of p(AO) is complicated by the geomet­

rical factors, ¢(a), r, 6, and R of Equation 2 as well as by uncertainty in 

m0 (AO)' the absolute magnitude of the sun at Oo56fL o p(AO) can be written, from 

Equati on 2, as: 

Writing this in terms of quantities measured in this study, calcu lated quantities, 

and assumed funct i ons, Equaf'i on 12 becomes: 

13) 0 x 

calculated assumed 
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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 

a Leo 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 0.554fL. Although the passband of the V filter (6A:::: O.lfd is different from 

the p:lSSband of the O. 56/-L fi I ter used in the present study (6 A :::: 0, 02/-L), the 

estimated error in determining m<!) is large (- !O. 1 mag , ) and therefore V magni­

tude values were used in this study without correction for passbands. The m<!) 

chosen here is m", = -26.81! 0.1 mag. from Harris (1961), while m L = 
~ a eo 

1 .34 mag. was taken from Oke (1964). These va lues resu I tin: 

14) • 
F (A ) 
a Leo 0 = (5.5!0.4)x 10-12 

F <!) (AO) 

The third quantity in brackets in Equation 13 contains the distance of the 

planet from the earth, 6, the sun, r, and the planet radius, R, all in units of AU. 

R must be found from published measurements, rand 6 are obtainable from the 

ephemeris. The radii of the satellites are difficult to measure accurately since 

they present very small disks (-1 arc sec) 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 fi na I 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 ¢(a) 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) , 2 6m(a) = -2.5 log ¢(a) = 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 satel lites in this study, as described in Chapter IV. 

Sources of Error. The possible sources of error fall into 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)-l/2, where N is the nu mber of pulses counted, 

N is smallest and the errors are largest in the ultraviolet and infra red 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-l photosurface, 

already much lower than for the 5-20, is dropping very rapidly, 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 

5-20 surface, 2.5 sec/filter integration time was used on the 24-inch telescope; 

for the 5-1 surface, 5 sec/ filter was used. The resulting statistics yie lded 

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 

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 II resulted in an 

error for a given observation of a few percent of the satellite signal 0 Independent 

positioning of the second beam for each sa te llite observation during a night pro­

vided some cancellation of systematic errors due to mechanica l position ing, since 

the second beam shou Id then be placed too c lose I as often as too far, from the 

planet. Comparison of data taken at nearly the same di stance 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 th e reduction process, are 

errors arising from the extinction corrections and from the choices of flux curves 

for the standard star and for the suno The uncertainty in extinction is particularly 

severe in the blue and ultraviolet, where the changes during the night are la rge 

due to Ray lei gh scatteri ng (the flux change from 2-1/2 ai r masses to transi t at 

approximately 1 air mass being - 30% at o A032,IL) 0 In the infrared, the secular 

changes become as large as the air mass effect and make the accurate choosing 

of an extinction correction difficulto Thus, these e rrors are largest where the 

stati sti cal errors are a Iso la rge. This combinati on probab Iy 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 0 Systematic changes in th e 

atmosphere during a night, such as a general decrease in transmission over one 

part of the sky, mig ht not be compensated for by the extinction correction, but 

,~uch a change wou Id not be expected to occur inexactly the same way on 

repeated nights over a period of a month. The agreement of reflectiv ity 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. 

Systemati c errors in bri ghtness 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 

easi Iy seen that the percentage change in geometri c a Ibedo is gi ven by: 

16) • 
l;p 

p 

where om0 is the error in magnitudes in the V magnitude 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 peri od 

errors such as those due to Poi sson stati sti cs, di fferen t setti ngs of the scattered 

light subtracti on beam and short term atmospheric effects. An esti mote of th i s 

scatter was made for each night for each satellite by averaging all the reflectivity 

observations of each sate llite for that night and then calculating the standa rd 

deviation of the average value given by: 
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17) • _ 2:6 ~ 2 J 1/2 
G"avg - N(N -1)" 

where 6 = R(>") - R (>..) and N is the number of curves averaged 0 This proce-
avg 

dure neglects changes due to changes in the orbital phase angle, 8, over a night. 

With the possible excepti on of J 1, the variation of the reflecti vi ty curve due to 

changing 8 over one night was of the same order as, or smaller than, the scatter 

due to the above 0 The average value for the ratio of each satellite to the stan-

dard star at the normalizing wavelength and the G" associated with it were 
avg 

also calculated. 
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IV. RESULTS 

Chapter IV presents the results of the observational program carried out 

during the 1969 opposition of Jupiter . These results are presented in the fo l­

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 0.561-'-. 

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

curves for each satellite from 0 . 31-'-to 1.11-'-. 

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

section gives the variation, as a function of 8, of R(A) at several waveiengths and 

the variation in R(A) between two 8 values as a function of wavelength. 

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

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

tion magnitudes of the satell ites with 8 . 

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

tainty in these quantities due to uncertainties in radii determinations. 

Section 6) . Bond Albedo and Phase Integral. This section covers several 

methods of estimating the phase integral, q, for each satellite, and the various 

resu I ti ng Bond a I bed os. 

Section 7) . Eclipse Brightening . Section 7 presents dato taken at 0.43~ 

and 0.561-'-0f an eclipse reappearance of J1. 
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Standard Star. The standard star, 0 Virgo, was measured relati ve to 

a Leo on 4 nights throughout the observing program. Table 2 gives the date, 

filter set and number of observations of 0 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, 0.3fL to 1. 1fL. Figure 6 shows the resulting normalized 

ratio of 0 Virgo to the sun, calcu lated using Oke's flux curve for a Leo (Fig. 5) 

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

Date 

03/04/69 

03/22/69 

04/17/69 

04/22/69 

Tab I e 2. Log of 0 Vi rgo Observati ons 

Filter Set 

Vis 

Vis 

UV-Vis 

Vis-IR 

Number of Observati ons 
per Night 

5 

3 

3 

3 

Since the flux of a Leo is uncertain at 0.386fL, due to a discon tinuity in 

a Leo's flux curve, the value shown in Fig. 6 for this wavelength has been 

chosen to give a smooth curve between 0.36fLand 0.406fL. The high value of the 

star-solar ratio for 0.3200fL 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 fea ture 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 

ultravio let. However, the f lux of a Leo was not measured by Oke below 0 ,339fL. 

The error, then, probably lies in the assumed extrapolation of a Leo's flux. The 
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Figure 6. Normalized 0 Virgo/solar ratio. The points shown are an 
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Table 3. Normalized 0 Virgo/ Sun Ratio 

UV-Vis Vis Vis-IR 

Aeff Ratio Aeff Ratio Aeff Ratio 

0 .3060 0.398 0.4032 0.554 0 .4060 0.502 

0.3200 00487 004224 0.575 0.4350 0.664 
0.3440 0.372 0.4422 0.745 0. 4660 0.818 
0 .3600 0.416 0 . 4612 0.794 0.4990 0.892 
0.3860 0.449 0.4800 0.882 0.5320 0.937 

0.4060 0.496 0 .5040 0.888 0.5650 1.000 
0.4350 0.664 0.5210 0.925 0.5980 1.045 

0.4660 0 .818 0 .5403 0.960 0.6300 1.095 

0.4990 0.892 0.5600 1.000 0.6640 1 . 156 

0 .5320 0.937 0.5782 1.035 0.6970 1 . 184 

0 .5650 1.000 0.6030 1.074 0.7300 1.216 

0 .5980 1.045 0.6180 1.058 0.7620 1.254 

0.6300 1.095 0 .6380 1.102 0.8000 1.246 

0 .6640 1 . 156 0.6637 1.147 0. 8570 1.341 

0.6970 1. 184 0 .6976 1. 199 0.9000 1.404 

0.7300 1.216 0 .7204 1.247 0 . 9500 1.450 

0.7620 1.254 0.7610 1.274 1.0000 1.464 
0.8000 1.246 0.7990 1.266 1.0400 1.425 

1 .0800 1.523 
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possibility of a similar error in the 0.300fLPoints also exists since the some 

extrapolation was used. 

The average va lue for the rati 0 of 0 Vi rgo to a Leo at O. 56fL was found 

to be 0.0866::0.0012. This corresponds to a magnitude of 3.996::0.015 (taking 

the magnitude of a Leo as 1.34 from Oke), although it must be remembered that 

this is not strictly a V magnitude difference since the filter passbands used are 

much smaller than those of the V system fi Iters. 

Scitellite 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 gi ven in succeedi ng col umns. I t wi II be noted that the UV - Vi s and Vi s-IR 

filter sets were not available during the earlier portions of the program. As a 

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 8>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 0.3fL to 1. 1fL. These were formed by combining curves token with the dif­

ferent filter sets but at nearly the some orbital phose 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" 
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Table 4. Log of Sate II i te Observati ons 

Date a Fi Iter Satell i tes 8 Number of Observations 
(deg) Set Observed (deg) per Satellite 

03/01/69 4.17 Vis J1 254 9 
J2 262 6 
J4 320 8 

03/04/69 3.42 Vis J1 125 6 
J2 203 2 
J3 146 3 
J4 25 2 

03/05/69 3.23 Vis J1 320 

03/10/69 2.25 Vis J1 278 8 
J2 88 4 
J3 88 6 
J4 153 4 

03/11/69 2.05 Vis J1 121 9 
J2 195 2 
J3 139 8 
J4 174 3 

03/22/69 0.0 Vis J1 209 4 
J2 223 7 
J3 330 3 
J4 55 7 

03/23/69 0.51 Vis J1 35 5 
J2 320 6 
J3 15 8 
J4 74 10 

03/26/69 1.08 Vis J1 250 4 
J4 137 3 

04/10/69 4.00 Vis J1 93 7 
J2 340 2 
J3 208 4 
J4 104 6 

04/11/69 4.18 Vis J 1 275 4 
J2 83 2 
J3 252 2 
J4 124 4 
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Table 4 . Log of Satellite Observations (Contd) 

Date a Fi Iter Sate llites 8 Number of Observations 
(deg) Set Observed (deg) per Sa tellite 

04/ 13/ 69 4.55 Vis-IR Jl 325 3 
J2 295 2 
J4 168 4 

04/ 16/ 69 5.09 UV-Vis Jl 228 6 
J2 235 5 
J3 148 6 
J4 232 6 

04/ 17/ 69 5.26 Vis-IR Jl 75 2 
J2 339 1 
J3 202 1 
J4 256 2 

04/ 18/ 69 5.43 UV-Vis Jl 273 5 
J2 77 2 
J3 250 2 
J4 277 5 

04/ 20/ 69 5.78 Vis-IR Jl 238 2 
J4 316 1 

04/ 21/69 5 .94 Vis-IR Jl 152 2 
J2 19 1 
J3 41 3 
J4 340 3 

04/ 22/ 69 6 .10 Vis-IR Jl 340 2 
UV-Vis J2 118 2 

" J3 90 2 
II J4 4.4 ' 1 

04/ 29/ 69 7.18 UV-Vis Jl 334 4 
J2 105 6 
J3 82 7 
J4 154 9 

05/ 12/ 69 8.82 Vis-IR Jl 100 4 
J2 340 1 
J3 152 1 
J4 75 3 

05/ 13/ 69 8.92 Vis-IR Jl 300 3 
J2 79 1 
J3 63 1 
J4 96 3 
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(8<180 deg) and "trailing" (8)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 0 If the error is smaller than the diameter of the point, no error bar is shown 0 

The large open circles are the UBVRI reflectivities taken from Harris (1961). As 

mentioned in Chapter III, 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 s lopes of the flux curves chosen for the standards and for the sun. 

It can be seen that all four curves are qualitati vely similar in overall shape. 

J1's curve has, however, a much steeper slope in t he blue than the other curves. 

J1 's curve also shows a broad spectral dip between 0.5fL and 0.6fL which is not 

apparent in the other curves . (Note that the UBV measurements lack the spectral 

resolution necessary to detect this feature 0) The quantitative differences in the 

curves show up clearly in ratios of one curve to another. Figure 8 shows se vera l 

such rat io curves. From this figure, the steep blue slope of J 1 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 0 

Changes in Spectral Reflectivity with Orbital Phase. The UBV results 

given in Harris' article show that the sa tellites 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 0 Vi rgo at 0.56fl, after the so la, phos.· ongk, ef­

fect has been removed" This section describes the spectrally dependent va riation 



31 

J2/J3 

J2/J4 

Figure 8. Ratios of the spectral reflectivity curves of several of the 
sate 1\ i tes. 
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and the next will deal with the variation in brightness , 

Two effective ways to display the variation in spectral ref lectivity 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 AO = O,56p.., the reflectivity at any other wavelength is the ratio of the 

reflectivity at that wavelength to that at O,56p.., and therefore, is directly re­

lated to the "color difference" in magnitude units by: meA) - m(Ao) = 

-2,5 log R(A).) The second method is to look at the spectral 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 0.4p.. and 0,72p.. 

as a function of orbital phase angle for each satellite. These values are taken 

from the reflectivities in the O,4032p.., 0.406p.. filters and the 0.72p.., 0.73p.. 

filters, depending on which filter set was used. The slight difference in effective 

wave lengths between the fi Iter sets had a negligible effect at 0.72p.. because of 

the relative flatness of the spectra I curve in that regi on; however, the steeper 

slope of the spectral curve in the blue did produce some difference in the 0. 4p.. 

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 

Ii's into very good agreement for each satellite. 

For Jl (see Fig . 9) the change in the 0.4p.. 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-Vand 0 , 5 mag . U-B color dif­

ferences 9iven by Harris , The plot of the 0.72p.. reflectivity vs 8also shows a 

variation, in the opposite sense to the blue variation . This is the first time this 



33 

.400 I I I J T 

,f 
I 

.380 ~ f u -

o .360 - • -
t- I <{ 

r a:: .340 ~ -
:t 

<D 
~ .320 l- • -
" f :t 

1%~ ~ .300 l- .! -
~ \ J 

.280 I- ·i f -
t 

.260 I- -
I 1 I 1 1 

'1 
I 1 I T 

~.36 r- -
0 

1%f 
~ -1.32 I- -a:: • 
:t t 

I <D ~ LO ~ .28 -. 
it ~ ~! ......... 

I J 
:t 

(\J t24 ~ -
"- • 1 . t 
~ 

J 1.20 ~ t -

~ .16 I I I I r 

0 60 ~20 180 240 300 360 

e (ROTATIONAL PHASE ANGLE) 
Figure 9. Jl O.72fL/O.56fLratioj Jl O.4fL/O.56fL ratio. 



34 

.700 
I t I I I I 

o .680 .... ~ i -
~ ! iI a:: .660 ~ -
:t. • <D I t f U1 .640 ~ f-
" :t. 

! ~ .620 
- 1%~ . -

N 
J 

.600 - .-
1.24 I I I I I 

I I I I 

1 o -1.20 - 1%~ -
• ..... « 

I 
I I a:: 1.16 - -

:t. 
, 

t ! <D • U1 ~.12 -
! 

-
" 

I~ 
:t. 

N 
I'-- ~.08 -

I I 
-. 

N 
J ~.04 - -

• 
tOO I I I I I 

0 60 120 180 240 300 360 

8 (ROTATIONAL PHASE ANGLE) 

Figure 10. J2 0.721-'-/0.561-'- ratio; J2 0.41-'-/0.561-'- ratio. 



35 

0 I I I 1 11 

~ .720 - ~~ -
a::: 

II 
f 0 

i .700 -f I 'I ! -1 t • t " • 
} .680 - • -. 
r<> 
J 1.20 I I I I I 

I I I I I 

0 

_1%{ ~ 1.16 • -a::: 
:t. I ~ 1.12 ~ r i -

.......: f • 

I~ J :t. -I • 
~ ~.08 I I -. 
rt') 

I I I I I J ~.04 
0 60 ~20 ~80 240 300 360 

8 (ROTATIONAL PHASE ANGLE) 

Figure 11. J30.72}-L/O.56}-L ratio; J3 O.4}-L/O.56}-L rati o . 



36 

.700 I I I T f I 
0 t r- .680 l-

f 
-

« 

I It } 
i f 

er t • :t. .660 ~ -
• (0 

lO t "i .640 ~ t F -

1 v . 
11% v·620 ~ -

-:> 

~.20 I I I I I 

I I I T T 

0 

If 
~ ~.16 l- t-er • 

~ 1.12 
• 

I- ! ! • ! -
lO t ! " ~1% :t. ! N (08 ~ -
f'-; 

V I I I I I -:> ~.04 
0 60 ~20 '180 240 300 360 

e (ROTATIONAL PHASE ANGLE) 

Figure 12:. J4 O.72fL/O.56fL ratio; J4 0.4fL/O.56fL ratio . 



37 

effect has been noted (to the author's knowledge); Harris gives reflectivities for 

the R('\ff = 0.690) and I (A
eff 

= 0.820) filters but mentions no variation in R-V 

or I-V color with 8. 

J2 (Fig. 10)exhibi ts a much smaller change in 0.4fL ref lectivity; 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 O.72fL 

reflectivity is evident here also; again, no previous mention of such an orbital 

phase effect at this wavelength is known. 

J3(Fig. 11) shows no appreciable effect at either 0 .4fL or O.72fL. Harris 

indicates the probability of a U-B color change of 0.04 mag.; and, as will be 

fihown shortly, a variation with 8 for wavelengths shorter than 0.4fL was noted in 

the UV-Vis measurements made in this study. 

Although the scatter is slightly greater, J4 (Fig. 12) shows a change in 

OAfL refl ectivity with 8 of slightly smaller magnitude than that shown by J2 

but in the opposite sense, the trailing side having a slightly higher OAfL reflec­

tivity. No significant change in O.72fL 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, a, covered (0 to - 9 deg). The smoothness of the 

curves indicates, therefore, that there is no a-dependent spectral effect present 

of the some magni tude as the orbi ta I phase effect. There may be a sma II effect 

due to a in J4's 0 .4fL and O.72fL 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 

0.3fL to 1.1fL betwee'n two values of 8, the ratio of the spectral curve at 81 is 
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taken wi th respect to the spectra I curve at 82 , Fi gure 13 shows such a rati 0 as 

a function of wavelength for each satellite. These ratios are the ratios of com­

posite curves for 8>180 deg (trailing 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 a lways taken at the 

extrema of the spectral variations illustrated in Figs. 9-12. Table 5 gives the 

date, number of observations, and 8'5 for each of the curves used in the compos-

i tes , 

The ratio curve for Jl shows that the variation noted in the 0.4fL filters 

(Fig. 9) is part of a systematic change extending from 0.3fL to O.SfL. 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 Jl composite curves not being taken at the extrema of the 

spectral change. Also, the leading side UV-Vis data was obta ined 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 0.3fL ratio, or th is feature 

may be real . The O.72fL 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 .68fL to -0 .9fL. 

J2's ratio curve shows an ultraviolet feature similar in form to that of Jl 

but of less depth and extending only just beyond OAfL (the small but detectable 

variation at 0.4fL 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 0.72fL variation 

plotted in Fig. lOcan be seen from Fig . 13 to be part of a broader spectral 

feature simi lar to Jl's O.72fL variation, although the full magnitude of the effect 
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J1 (TRAILlNG)/J 1 (LEADING) 
• • •• • ! • 

J2 (TRAILlNG)/J2 (LEADING) 

• • • • • • • • • 

J3 (TRAILlNG)/J3 (LEADING) 

• 

J4 (TRAILlNG)/J4 (LEADING) 

Figure 13. Ratio of the spectral reflectivity for 8>180 deg (trailing 
side) to that for 8<180 deg (leading side) for each satellite. 
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is again not evident because curves at severa I 8's were averaged to produce 

the composite curves. 

The ultraviolet ' feature in J3's ratio curve does not appear until -0.38fL. 

The shape of the feature from 0.3fL to 0.38fL is similar to the steep slopes of Jl's 

and J2's features, but it cannot be determined here whether the feature levels 

off below 0.3fL , as would be expected if the feature is qualitatively like those 

of J 1 '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 0.72fL features in J1 and J2's curves can be seen, confirming the 

flat 0.72f1- curve shown in Fig. 11. The slightly high values of the 1.04fL and 

1.08f1- 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 0.4f1- 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 ,3fL and 

0.32f1-(-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 O.72fL can be 

seen, but the slight rise of the curve from 1.0f1- to 1.1f1- 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 ang le 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 0 

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 coeffi.c ients unti I the brightness vs 8 curve was smooth. Harris used 

the phase functions so derived by Stebbins to reduce most of the ML Hamilton 

observations given in his artic Ie 0 

The method adopted here is a modification of the above 0 The quantity 

given in Equation 18 was plotted against 8 for different choices of ¢(a): 

18) 0 

r = sun-planet distance in AU 

t:, = earth-planet distance in AU 

a = semimajor axis of Jupiter = 5.2028 AU 

¢ (a) = 10-0 ,4(Aa + Ba
2

) 

K(AO,8) is re lated directly to the mean opposition magnitudes of the satellites by: 

19) 0 m t II·t (AO,8) - m V· (AO) = -2.5 log K(AO,8) sa e leo Irgo 

and to p(Ao), from Equation 13, by: 

20). p II. (AO) = [K(AO,8)j ra(a -l)]2lfO Virgo(Ao)J~Fa Leo(Ao)] 
sate I te 2 [ f (A ) F (A) 

R a Leo 0 <:) 0 

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

culation of ¢(a). The resulting curves of K(A
O

,8) vs orbital phase were relatively 

smooth. Sma II variations of A improved the orbita I 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 d iameter of the 

point, Points plotted as x's represent values for single observations and should 

not be gi ven the same wei ght 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 a but at dif­

ferent a's. It can be seen in these figures that as A is varied in either direction 

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 to 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 a = 0 deg which is n.:>t taken into account by Equation 15 (Van Diggelen, 

1965), Also, variation of the second coefficient, B, was not considered, because 

of the lack of observations near opposition, Several anomalous points, such as 

t he 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 resu It of di fferent phase laws for different a's as indi cated 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(AO,8) 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 i 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 (S tebbins) A(Best Fit} B (S tebbins) 

J1 0.0460 0 .0360 -0 .001 00 

J2 0.0312 0.0262 -0.00125 

J3 0.0323 0.0273 -0 ,00066 

J4 0.0780 0.0830 -0 ,00270 

Figure 18 shows the phase law, cp(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 4>(a} 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("0,8)' K(A
O
), for each of the satellites, 

the mean opposition magnitude which corresponds to K("O), and the maximum 

variation due to orbital phase angle 0 It also contains the mean opposition magni­

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

This Study Harris 

mO Maximum Rotational mO Maximum Rotational 
Satellite K(>..O) (mag .) Variation" 

(mag.) 
Variation 

(mag .) (mag.) 

Jl 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>8deg) 

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

both the geometri c a Ibedo and the phase integra I must be known. The geometri c 

albedos of the satellites will be discussed in this section, and the Bond albedo 

and phase integral (which must be estimated since cp(a) is known only over a 

small range of a) will be discussed in the next section. 

Equation 20 gives p(>..o> in terms of measured or calcul"ated 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 

measu re due to the sma II disk they present. 

A good review of the available methods for measuring planetary dia meters 

and a discussion of the errors involved with each method 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 

Observer Method of Angular Diameter 

Measurement 5 AU 
J1 J2 J3 J4 

l. Sallet and Bosler Double Image 0".98 0",91 1",43 1".33 
Micrometer 

2. Michelson Interferometer 0".95 0",88 1",25 1" .21 
3, Hamy Interferometer 0".86 0".78 1" • 14- 1".15 
4. Danion Interferometer 0".90 0".78 1 JI .22 1".08 
5. Camichel Discometer 0".90 0".78 1".35 1".26 
6. Dollfus Double Image 0".97 0".85 1".38 1".52 

Micrometer 

7. Mean 0".93 0".83 1".29 1".26 

Measurements with the double image micrometer are made by bringi ng 

two images produced by a birefringent polarizing prism into 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 Cami chel, produces an "artifi cial planet" 

of the same color and bri ghtness next to the rea I ob ject by opti ca I 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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S haronov 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 l 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 sate II i tes from eac h of these sources (p orter, 1960). 

Table 9. Sate II ite Masses 

Mass 
. 24 

(x 10 gm) 

Satellite De Sitter Sampson 

Jl 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(AO> and p depend on the rad ii chosen, 

Fig. 19 shows, for eac h satell ite, a region in the p-p plane and a point which 

represents the p(AO> 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 rotat ional variation . The 

region shown for each satellite is the area Slwept out by the error bars as the diam­

eter is varied through the values in Table 8. The possible :0.1 mag. error in me 

will affect these regions by moving each mean point up or down by -10% . These 
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Figure 19. Geometric albedo vs density of the satellites. The point 
for each satellite represents the va lues of p and p for the mean of the 
measured diameters . The density error bar gives the limits of !wo mass 
determinations (Porter, 1960) and the geometric albedo range is deter­
mined from the rotation variation shown by the satellite. The regions 
indicated for each satellite ind icate the limits of the given error bars 
for the range of diameter measurements compi led by Sharonov (1958). 
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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 Me rcury, the moon, Mars ond 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 yie ld smaller 

diameters and therefore higher a Ibedos 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 satel lite 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 

':)ff by considerab Iy 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 genera l 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/cm3 , J4 has a distinctly lower geometric albedo and den­

sity than the other satellites. Also, despite 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, w~e rod iu; 

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

satellite, the phase integral, 'I, must be known. The Bond albedo is a more 

physically meaningful quantity than the geometric albedo since it represents the 

rati 0 of i ncomi ng energy to outgoi ng energy for a surface. Unfortunate Iy, 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 'I are: first, to assume that the surface is lunar­

like and use the q for the moon; and second, to adopt some empi ri ca I or semi­

empirical law relating the phase coefficient to the phase integral. 

The fi rst procedure is the one adopted by Harris. The arguments for this 

method are: first, that both the moon and Mercury have nearly the same 'I, 

despi te very di fferent en vi ronments; and second, it has been noted in laboratory 

studies, (Hapke, 1963) that the composition of the surface does not strongly affect 

'I as long as the necessary surface macrostructure is present and the materials are 

of low albedo. 

On the other side, there is the fact that the satellites show variety in 

their phose functions over the first 10 deg. Figure 18 shows the phase functions, 

cp(a), for the satell ites as well as for the moon and Mercury. I t can be seen that, 

over the first 10 deg ofa 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 cp(a) cannot be regarded as conclusive. It 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 whi ch suggests that the ossumpti on of the I unor q for the 

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

exceed the moon in geometric albedo . Hapke's work (1963) indicates both ex­

perimenta Ily and theoretica lIy that surfaces of high albedo approach the phase 

law of a 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 satelli tes (Fig . 18) 

does not rule out high values of q 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 ang les (usua lIy 30- 60 deg) whic h 

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 = 2.24>(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 4>(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 4>(50 deg) can be estimated by assuming a I i nea r form of the 

phase function in magnitude units, 6m(a)::::: Aa. If one uses 6m(a)::::: Aa, 

4>(50 deg) is given by exp( 20A/log e), and Russe II's Law then gives : 

21). log q = 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 

c irc les). However, more modern determinations of these quantities {plotted as 
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log q = .34242 - 20 A 
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A 

Figure 20. Phase integral, CI, vs phase coefficient, A, for several 
bodies, giving old (filled circles) and new (open circles) values . 
The curve shown is calculated from the extension of Russell ' s Law 
proposed by Stumpff ( 1948), 
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open circles) do not fit 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 0.56fL cal­

culated both with the lunar q and with the q from Stumpff's formula, usi ng 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 (Binde r and Cruikshank, 1964 and 1966a). 

Although observation of eclipse reappearances was not a major objective of the 

present observational oprogram,data ~reobtained on a particularly favorable 

reappearance of J 1 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 wavelengths of 0.4350fL and 0.5650fL' The full filter set could not be 

fJsed because of the short time in which the observations had to be mod0 . 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 ec I ipse reappearance period to check for atmospheric changes and 

to evaluate the effect of chang ing air mass. 

Figure 21 shows the signa I as a function of time for each fi Iter, norma lized 

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 0,435<f;. 

is similar to that observed by Binder and Cruikshank in the B filter of the UBV 

system, The brightening is also apparent in the 0.5650fL filter but it is a smaller 

effect than that in the 0 .4350fL fi Iter. 

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 resolut ion 

of the present experiment, resulting from the use of the high-speed pulse-counting 

system, 
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Figure 21. Brightness excess (flux normalized to normal, after eclipse 
reappearance, value) vs time for J1 reapp~arance of 1 May 1969 at 
o .435f.l and 0.56f.l. . 
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V. DISCUSSION 

Chapter V presents a discussion of the results given in Chapter IV 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 re lative 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 bFightening phenomenon . 

Section 6). Summary of Discussion. 
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Atmospheres. The only data obtained in this study which relate directly 

to the questi on of atmospheres are the J 1 ec Ii pse bri ghteni ng measurements. 

Since the existence or absence of a volati Ie 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 atmas­

pheres. For the purposes of di scussi on, two cases can be defi ned, that of a 

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 spoce 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 solar 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, N2 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 Jl and J2 observed by Binder and 

Cruikshank (1964, 19660) 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 



63 

atmospheres are CH4 and N2 for J1, and only N2 for J2, with H20 being either 

frozen out or escaped for all four satellites, Binder and Cruikshank also mention 

that Sagan had poi nted out that the actua I escape ti mes for N2 and CH 4 mi ght 

be shorter than those used because of exospheri c heati ng. 

Noting that the actual escape rates for N2 and CH4 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), consideri ng the problem of the stabi 1-

ity of volatile ices (H 20, CH4 , NH3 and CO2), concluded that only H20 ice 

would be stable on the surface of a satellite of Jupiter , This analysis of volati Ie 

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 ­

ti les on the satellites is that of the eclipse cooling curve of J3 (Murray, West­

phal and Wildey, 1965), Murray, et 01, report that the entire cooling or re­

heating episode transpires within 15 minutes, based on observations of the 8 to 

14fL 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 time suggests that J3 has at least as Iowa 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 sate II i tes are important in determi ni ng escape rates. 

The infrared emission of the satellites at lOfL has been observed by Murray, Wildey 

and Westphal (1964). Upper limits were found for the brightness temperatures of 

Jl 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 

14fL brightness temperatures for the satellites; his values are somewhat lower than 

those of Murray, et al. 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. 8-14fL Bri ghtness Temperatures 

* 
Satellite Murray, et al Low T 

max 

Jl <135 142~5 143 

J2 <141 122':5 125 

J3 154.5 144:!:5 156 

J4 168.5 159:!:5 166 

*T = 3900 (1 - A) 1/4 a -1/2 (Kuiper, 1952) max 

Jupiter's magnetic field and radiation belts are also of interest since they 

influence the environment of the satellites . It is known that Jl, at least, modu­

lates the decametri c radiati on (DAM) bursts from Jupiter (Bigg, 1964; Duncan, 

1965). Binder and Cruikshank (19660), in discussing the eclipse brightening of 

J2, speculated that frozen free radicals were not likely to occur on J2 since its 
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orbit lay outside the radiation belts of Jupiter whi Ie 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 (lNarwick, 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 

a re unlikely for any of the satellites. J1 and J2 probably have tenuous atmos­

pheres, but if so, these atmospheres probab Iy must be rep len ished by some mec han­

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 ec I ipse 

brightening and J4's higher brightness tempera ture suggest that J4 has as little 

atmosphere as J3 • 

5 urface -- Albedo. The geometric a Ibedos of j-he satellites depend on the 

measured brightnesses and radii. The Bond a Ibedos depend on the phase functions, 

as discu$sed 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 interest ing to compare the geometric 

and Bond albedos of the satellites with those of ether bodies in the solar system . 

Table 13 lists p, q, 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 Saturn (whose radii are, however, 

even more uncertain than those of the Galilean satellites), and Venus, which has 

an atmosphere • . 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 J 1, 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 0.14D 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 a lbedos than the 

moon, Mars or Mercury or have different phase functions. If, 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 Jl 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 a lternatives are: 1) that the satellites a re protected 

by Jupiter's magnetosphere, or 2) that the albedos depend more on initial mate-

rials and environments than on a later darkening process . 



67 

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 

sate II i tes, si I icate 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/L. (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 (Adoms 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 SOIL 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 4O-50/Lsize 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 satell ites, being 

near both Jupiter and the asteroid bel t, may very possibly have impact ra tes as 
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high as or higher than the moon's. Thus, it is possib Ie that the high a Ibedos of J1, 

J2 and J3 may be due to the presence of large amounts of glassy materia I formed 

from low opacity silicates. 

Frosts of volati les a Iso have high albedos, usua lIy in the 70-90% range. 

However, the low stabi lity of frosts other than H20 frost at 5 AU, mentioned 

earlier, puts severe limits on possible CH4 , NH3 or N2 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 0.620~ 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(0.69~, 1(0.82~ data points 

from Harris (1961), the reflectivity curve for J 1 given in McNamara's study shows 

some indication of the spectra I dip between 0 .5~ and O. 6~ noted in the present 

study. Relati ve · spe~tra of Jl vs J3 taken in 1967 by McCord (persona I 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 

simi lar to water frost. J 1 and J4 were reported to have relati vely flat reflectivi­

ties in this region. Also, Kuiper has reported 2fL/lfL intensity ratios for J2 and 

J3 which were lower than for Jl 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 J 1 and J4 from this study, the lunar mare from McCord (1969), Mars 

dark and bri ght regi ons from McCord and Adams (1969) and a red band of Jupi ter 

from McCord and Pilcher (1969). This figure shows that Jl 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 O.3fL to O.5fL region, although generally flatter than the 

curves for Jl and J4i beyond O.6fL the absorptions from methane dominate the 

curve. Of those curves presented, the reflectivity of the Martian dark area .is 

perhaps closest to those of J 1 and J4, but the slope of the curve from O. 4fL to 

o .5fL is somewhat flatter than the slope of J l'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 wa"elengths shown by J 1, and, to a lesser extent, by the other Gali lean 
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Figure 22. Spectral reflectivity for J1, J4, Mars light and 
dark regions, lunar mare, and a red band of Jupi ter 
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satellites, is seen in silicates. In silicate reflectivities, this feature is probably 

due to the presence of Fe +H-(Adams, persona I communi cati on} . 

Laboratory data on frost reflectivities in the visible to near-infra red 

range are not nearly as good as the data on silicates. However, a few general 

comments can be made . H20 and CO2 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 

i mpuri ti es. 

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 ref lectivity 

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 damage often changes the spectral 

curve as well as the albedo of the surface. 

Particle size differences also affect the shape of the spectral curve, in a 

manner which depends primarily on the particle opacity, In studying silicate 

powders, Adams and Filice observed the ratio RiB, the ratio of reflectivity at 

O.7fL to that at OAfL. It was found that for the less opaque materials studied, 

Rhyolites, obsidians and granites, the R!B ratio first increased wi th jncr0a~in9 
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albedo (and therefore decreasing particle size) and then began steadi Iy 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 RIB, it is possible to 

have surfaces with nearly the same RIB ratio but very different albedos. 

Since no work on frosts with spectral features in the visible is available, 

the dependence of spectra I 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 shou Id hold to fi rst order fE>r frosts wi th 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 to 

their bulk composition. That is, if J2 is a si licate body and J4 has a higher per­

centage of ices, then either: 1) both J2 and J4 have frost surfaces, or, 2)both 

have si Ii cote surfaces, or, 3) both have some surface of some materi a I whi ch is 

not representative of either's bulk composition. 

The genera I conc lusi ons that one can reach on the basi s of observed a Ibe­

dos and reflectivities of the satellites and the available laboratory data are these: 

first, it is difficu lt to make lunar- or Mars-like surfaces with albedos high enough 

to compare with those of Jl, J2 and J3, even assuming large errors in the radii 

and 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 visib le 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 

avai lable 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 

porticle size differences if the surfaces are low opacity silicates or frost which 

have similar absorption properties, 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 si licates with more absorbing components (possibly 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 

Jupi ter's bands . 

It should be noted here that the laboratory data on the changes in tota l 

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 114 to 214 

has not been observed in detail for the satellites except for the observations re­

ported by Moroz (1966). 
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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 J I, J2 and J3 are brighter than the trai ling sides (Harris, 1961) . That 

this is only approximately true can be seen by close examination of the V magni-

tude variation given by Harris or of the light curves at 0 .56fL presented in Figs. 

14-17. Such examination shows that Jl remains high in brightness until well 

after 8 = 180 deg, the light curve dropping sharply to its minimum at about 

8 = 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 from a = 0, has a ' minimum in its light 

curve short of 180 deg. The spectral variations of Jl and J2, for which detailed 

variations with 8 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 is derived from the spread in mean crossings between the extreme 

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 spectra I variati ons indi cates that, if such composi ti ona I di fferences exist, they 

are similar on all the satellites . The systematic variation of the brightness with 

8 shown in Fi g. 23 suggests that some type ,of connecti on 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 1/ or magnetic field even on two successive revolu-

ti ons. 

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 satellites, it is useful to construct a simple model for the reflectivity 

of a mixture of two materials. It is assumed that the albedos of the two components, 

A(>") 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(>..) and (1 - X) is A(>") , C(>..) is given by Equation 22: 

22) . C( >..) = XB(>") + (1 - X)A( >") 

To put this equation in terms of measured quantities, the normalized reflectivities 

RA(>"), RB(>") , RC(>") and the ratios of C and B to A at >" 0 are used. The ratios of 

C and B to A at >"0' a, and f3 are defined by: 

23) • 
C(>'O) B(>..O) 

a = f3 = 
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Using the definition of Ri(A), the normalized reflectivity of component i, in the 

form: 

24) • R.(A) 
I 

= i(A) 

and dividing Equation 22 by A (AO) , we obtain : 

Evaluating this equation at A = AO' where the reflecti vities are unity, an expres ­

sion for X in terms of a and (3 is obtained: 

26) • a - 1 X = 
f3-1 

Using this relation, Equation 25 can be written as: 

Applyi ng this model to the satellites, RA (A) becomes the reflectivity of 

the dark side , RC(A) the reflectivity of the bright side, and RB(A) the reflectivity 

of some hypotheti cal component which must be added in fraction X to the dark 

side in order to produce the bright side. a, then, is the observed ratio of bright-

ness at AO' between the bright and the dark side, and f3 is the retio of the unknown 

material to the dark side at AO' Since X, {3, and a are related by Equation 26, 

and since a is known, it is only necessary to c hoose either (3 or X in order to 

solve Equation 27 for RB(A), the unknown reflectivity. 

As an example, the model is applied to Jl, which has the largest spectral 

rotation effect . Since J1's geometric albedo is high to begin with, some li mits 

can be placed on f3's for realistic materials. Ta king p(AO) = 0.7 for the geometric 

albedo of the dark side , for the mea n radius (see Fig. 19), {3' s greater than 2, 
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corresponding to a geometric albedo > 1.4 for the unknown material we re not 

considered. RS(A)'S were found for three different combinations of RC(A) and a, 

taken at different 8's, using the same RA(A). Figure 24 shows these three RS(A) 

curves for each of three different values of f3. 

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 similor 

to the reflectivity of the dark side, but somewhat less absorbing in the blue . Thi s 

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 f3 

giving a near unity geometric albedo for the unknown com'ponent, 5- 15% of the 

surface must be covered wi th a material having a relatively flat reflectivity from 

0.4fL to 0.95fL , with a sharp drop for A::5:0.4fL. Unfortunately, only one curve 

in the ultraviolet is avai lable, so there is no confirmation of the apparent ly sharp 

drop in RS(A) shown. Case 2 represents the presence on the satellite's bright side 

of relatively smal l amounts of very bright material which is gray hom O.4fL to 

0.95fL. This case implies that the added component may have a different compo­

sition, perhaps frost, if the drop in the ultraviolet is not real . 

The third case indicaioes that, for f3-2, 1-6% of the surface must be 

covered by material with a reflectivity which has a nea rly 40% drop from 0 .4fL to 

0.95fL. Again the drop in the ultraviolet is unconfirmed . Thi s is an extreme case 

of a very sma II area on the sate II ite bei ng covered with a very bri ght substance. 
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This case shows that, for 13:<:2, not only does the a Ibedo become unrea I istica Ily 

high, but the RB(A) curves also tend to become more extreme and unrealistic. 

To summarize, investigation of a two-component mode I 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 H
2

0 frost) does not seem compatib Ie wi th 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 model presented here is very simple. It 

presents on ly 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 a Iso provides further i nformati on about the poss ib Ie 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 .56~ (see Fig. 21) if J 1 has a geometric albedo 

greater than 0.47, which it almost certainly does (see Fig. 19). 
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Furthermore, the change in the 0.435~ /0.56fL 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(0.435fL) of the material supposed to 

have been deposited during the eclipse. The normalized reflecti vity for J1 at 

0.435fL is about 0.49. This is taken as RA(0.435fL) in Equation 27. The increase 

in R(0.435fL) at the time of maximum brightness excess is a factor of 1.13. This 

yie lds RC<0.435fL) = 0.554. The brightness excess at 0.56fL yields a= 1.68. 

RB(0 . 435fL) can then be calculated for different choices of (3 (and therefore X) . 

Table 14 gives several values of RB(A = 0.435fL) for various f3 values, 

along with the X and p(A = 0.56fL) values for the added material. 

Table 14. RB( A = 0.435fL) for Various (3 Values 

(3 X p(A = 0.56fL) RB(A = 0 . 435fL} 

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 .56fL 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(A = 0.435fL) values. Further observations of eclipse brightening at 

many wavelengths are needed to resolve this problem . 

Summary of Discussion . The following statements summarize the major 

conclusions reached in this chapter . 1) None of the satellites is felt to possess 

opti ca lIy thi ck atmospheres. 2) J 1 and J2 probab Iy 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 to the curves for Mars and Jupi ter. 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 mcxlel for J]'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 reflecti vity 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 O.435fL 

and O.56fL implies a very bright (p > l), colored deposit, if the brightening is 

meteorological in origin. This observation needs to be confirmed at several 

wavelengths before fi rm conc lusions 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 2fL (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 spectra I range. 

Laboratory work on frosts and further work on si I icate powders is a Iso 

needed . In particular, the dependence of albedo and spectral reflectivity on 

particle size should be investigated. 

The wave length dependence of the ec I ipse brighteni ng 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 

J 1 at 0 .56fL and the extens ion of these observations to severa I 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-orbita I observations, the phase laws can be practica Ily 

determined on Iy 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 f1y-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 materia Is, 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 0.56f-L. 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 0.56f-L fi Iter. Followi ng 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 0 Virgo flux at 0.56f-L, the standard deviation of the average, the 

average satellite/ o Virgo ratio corrected for r, t::., and pl,ase law (called K(AO,8) 

in the text), the standard deviation of the average for this quantity, the number of 

observations of the satellite, and finally, the average orbita'i phase angle for the 

satellite on that date. 
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